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DPalton Transactions

Synthesis of [Os(bpy),(py)(OH,)]1(PF¢), Substituted Pyridine Com-
plexes; Characterization of a Singly Bridged H3;0," Ligand

Jiangtian Sun,? Jingwen Sun,? Brandon J. Jolly,2 Martin-Louis Y. Riu,? Tyler A. Kerr,? Yi-An Lai,? Michael
J. Pung,? Chong Liu*2t and Matthew Nava*?

Proton-coupled electron transfer (PCET) underpins energy conversion processes in biological systems and fuel-forming
reactions. Interrogation of the dynamics of electron and proton transfer in PCET processes requires tunable models, with
synthetic transition metal aquo complexes being particularly well-explored examples. A previous study on a PCET model,
[Os"(bpy).(py)(OH,)]?* (bpy = 2,2'-bipyridine; py = pyridine), reported synthetic intractability which limits access to this class
of models. Herein, we report an improved protocol to synthesize a family of [Os"(bpy),(py)(OH,)]** complexes enabling the
modular tuning of the pyridine ligand (py‘) with electron-donating or -withdrawing groups on the para-position. The
modification of the electron density about the osmium center is reflected in Hammett plots of half-wave peak potential for
the Os"/0s" couples and pK, values of the coordinated water. Moreover, a hydrogen-bonded osmium dinuclear structure
featuring a short, strong hydrogen bonding network in the solid state was observed; we find the dinuclear Os structure is

likely not maintained in solution. Our work expands access to osmium aquo complexes and provides a venue to understand

how modification of supporting ligands can influence PCET processes.

Introduction

Proton-coupled electron transfer (PCET) is a chemical process
involving the net transfer of a hydrogen atom (proton and
electron) between a donor and acceptor.! The explicit pathway
by which protons and electrons are transferred in PCET
reactions is consequential in numerous energy conversion
processes such as photosynthesis and respiration,?® catalysis,”
and homolytic bond activation.®® Platforms such as small
organic molecules, including phenols and quinones, as well as
enzyme mimics are frequently employed to interrogate the
fundamental dynamics of PCET.1%-14 However, the flexibility to
tune the properties of these systems can be limited due to the
extensive synthetic efforts required which pose a significant
challenge for in-depth mechanistic studies, particularly when
the factors governing PCET reactivity  are still
underdeveloped.'>1® Therefore, it is crucial to develop a
platform that features synthetic tunability, enabling the
systematic investigation of molecular properties through
strategic ligand selection.”

An exemplary system for the study of PCET processes on
account of their potential for synthetic modularity and prior
experimental examinations is transition metal aquo complexes
(Fig. 1A).18220 For example, Meyer et al. reported that
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[Ru"(bpy).(py)(OH,)]?* would undergo successive oxidations to
[Ru"(bpy).(py)(OH)]?* and [Ru(bpy),(py)(0)]?*.?* Savéant et al.
synthesized the related analogue, [Os"(bpy).(py)(OH,)]1(PFe¢)s,
and found similar oxidation behavior (Fig. 1B).2° Kinetic analysis
has indicated both the ruthenium and osmium complexes
undergo concerted proton electron transfer (CPET).2%22 Within
the family of [M"(bpy).(py)(OH,)]** complexes, controllable
selection of pyridine ligands is vital for structure-function
studies of supporting ligands on PCET processes and the
synthetic challenges faced during the installation of a simple
pyridine ligand in [Os"(bpy),(py)(OH,)]** underscore the need
for systematic investigation into the nature of the assembly of
this family of complexes.

The literature synthesis of [0s"(bpy).(py)(OH,)]?* first proceeds
through a reduction and ligand exchange reaction of
(NH4),0sClg with bpy, yielding Os(bpy),Cl, (1, Scheme 1)
followed by a salt metathesis reaction with Na,COs to produce
the precursor Os(bpy),COs (2). Treatment of 2 with acid then
yields [Os(bpy)2(OH2).]?* (3), and a subsequent ligand exchange
reaction with pyridine afforded the product
[Os"(bpy)a(py)(OH2)1** (4).2° To explore the role of the
supporting ligand in PCET processes, we have targeted the
modification of the pyridine ligand of 4. To offer the largest
possible scope, modification of the pyridine ligand over
bipyridine was chosen due to synthetic and commercial
accessibility reasons. As prepared, the pyridine and bound
water of complex 4 are in a cis configuration, suggesting that
changes in the pyridine ligand may have both an electronic and
spatial influence on the water undergoing PCET.2°
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Scheme 1. Synthetic routes for the preparation of 4-10 and line drawings of potential byproducts 11-15.
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Fig. 1 A. An archetypal model for examining PCET processes B.
Illustration of 1le/1H* PCET square diagram of
[0s"(bpy),(py-)(OH,)1(PFe)y (py!: para-substituted pyridine; PT:
proton transfer; ET: electron transfer; CPET: concerted proton-
electron transfer).

Herein, we report an improved procedure for the preparation
of an osmium-based PCET platform (4) which allows for the
facile access of substituted pyridine derivatives with electron-
donating or electron-withdrawing groups on the para-position
of the pyridine (Fig. 1B). To provide a modular platform for the
investigation of supporting ligands in PCET processes,
complexes 4-8, containing pyridines of variable donating ability,
and 9 and 10, with varied overall charge, were synthesized. The
synthesis of complexes 9 and 10 is of particular interest as a
previously reported copper(lll)-hydroxide system, bearing a
charged trimethylammonium substituent, showed an
anomalous rate of PCET.23 Accordingly, the substituted pyridine
derivatives 4-10 display a range of Os'/Os'" redox potentials and
pK, values of the coordinated water. Plots of half-wave peak
potentials and pK, values versus Hammett constant show
expected correlations and highlight the degree of electronic
tunability imparted by the pyridine ligand. The resulting
Hammett plots may serve as a predictive tool for estimating the
redox potentials and pK, values of other osmium aquo
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bipyridine complexes bearing para-substituted pyridines and
bipyridines. Moreover, calculated bond dissociation free
energies (BDFEs) for the effective O-H bond strength of the
coordinated water in complexes 4-10 showed minimal
perturbation by the pyridine ligand. Successful preparation of 4-
10 was predicated on the usage of “in situ cyclic voltammetry”
analysis,
monitoring of thin layer formation and quantum dots reactions,

a commonly used technique for the real-time
to observe reaction speciation and optimize product yield.?42>
In addition, during the characterization of the PCET model
complexes, of the complexes
assembled into hydrogen-bonded dinuclear structural motifs
featuring a bridging H30,~ ligand in the solid-state. The bridging
H30, structural motif is analogous to a previously reported

we observed that several

seven coordinate ruthenium (IV) water oxidation catalyst.26
Electrochemical diffusion coefficient measurements indicate
that, for Os based systems,
structure in solution is unlikely at electrochemically relevant

maintenance of the dinuclear

concentrations, ruling out the possibility that the complex itself
can act as the proton acceptor during PCET processes in
aqueous buffer. Overall, this work establishes a readily tunable
metal aquo platform for PCET mechanistic studies, where the
electron density about the metal center and pKj, values of the
coordinated water (proton donor) are modulated by various
pyridine ligands, contributing to the advancement of synthetic
strategies used to access transition metal aquo complexes.
These model complexes are envisioned to serve as archetypal
models for future PCET investigations.

Results and discussion

The reported method for synthesizing the PCET model,
[Os"(bpy).(py)(OH,)1%* (4), involved heating the precursors for 2
hours, resulting in low yields (20%) and the formation of several
byproducts which require tedious purification processes.?°
Through a detailed speciation analysis, we have developed an
improved protocol conducted under ambient conditions which
achieves not only improved vyields (67+11%) without further
purification, but also facile access to substituted pyridine
derivatives. The precursors 1 and 2 were prepared according to
literature methods characterization is

and additional

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 11



Page 3 of 11

A
——PH=350 Impurities

0.004 ——pH=5.50 P

0.002
<
E
g) 0.000
5
o

-0.002

-0.004

T T T T T T T T T T T T
-0.2 0.0 0.2 04 0.6 0.8 1.0
Potential (V vs Ag/AgCl)
B 4
=0 min
0209 20 min v
|—— 50 min v A
T 015 4 5 hours ‘
21 hours K/)
34 0.10 4 46 hours y

Current (mA)

-
1L/

T T T T T T
04 02 0.0 0.2 04 06 0.8 1.0|
Potential (V vs Ag/AgCl)

T

Absorbance (a.u.)
N

T T T T T T T T T T T
200 300 400 500 600 700 800

A (nm)

Fig. 2 A. CVs of isolated 4 at varying pH values in B-R buffer as
prepared according to the literature procedure.?’ B. Room
temperature UV-Vis spectra of 3 in B-R buffer at pH = 6.78
monitored over 20 h at half-hour intervals. Concentration of 3
= 0.74 mM,; Figure inset: CVs of 3 in B-R buffer at pH = 6.80.
Concentration of 3 =17 mM. All CVs were recorded with a scan
rate of 100 mV/s in B-R buffer and tested with automatic iR
compensation.

documented in Sections S1 and S$2.2027 The synthesis of
compound 4 was initially reported by Savéant et al. and
involved the treatment of 2 with acid affording 3 in which the
waters adopt a cis configuration. Further treatment of 3 with
pyridine (100 equiv) followed by precipitation with NH,;PFg
yielded 4 in 20% yield.2° The low isolated yield of 4 prompted us
to evaluate the osmium speciation to improve synthetic access
to the target compound with the hope that an optimized
protocol would facilitate access to other pyridine derivatives.
We replicated the original protocol with aqueous pH 6.80
Na,S0,4/H,SO,; solution and identical amounts of pyridine
followed by refluxing the reaction mixture for 2 hours. After
cooling the mixture down to room temperature and
precipitation with NH4PFg, cyclic voltammograms (CVs) of the
collected precipitate redissolved in buffer indicated the
presence of byproducts in the crude reaction mixture,
exhibiting peaks at 0.15 V and 0.57 V vs Ag/AgCl, 1 M KCI (Fig.
2A). Notably, these peaks are unaffected by the pH of the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 A. In situ cyclic voltammetry monitoring of the reaction
mixture that ultimately affords 4. Starting concentration of 3 =
17 mM. B. CV traces of isolated 4. Concentration of 4 =2 mM.
At pH 6.8: reversible waves at 0.073 (Os'"/") and 0.433 V (Os''/V)
vs Ag/AgCl (1 M KCl). All CVs were recorded with a scan rate of
100 mV/s in B-R buffer and tested with automatic iR
compensation. Figure inset: Pourbaix diagram of 4 generated
by variation of the apparent standard potential with pH.

Britton-Robinson (B-R) buffer (40 mM boric acid, 40 mM
phosphoric acid, and 40 mM acetic acid), indicated the absence
of coordinated water ligand(s) on the metal center.?8730 These
data suggest that the primary byproducts are likely
[Os(bpy)a(py)2]?* (11) and [Os(bpy).(py)(Cl)]* (12) as inferred by
cyclic voltammetry. The presence of 11 and 12 in the mixture
was further confirmed by adding pyridine and NaCl into a pure
B-R buffer solution of 4 (Fig. S12 and S13).

In addition to 11 and 12, oxidization, dimerization and
oligomerization products of 3 were also detected in crude
reaction mixtures. Previously,
[(bpy)2(OH,)0s"00s"V(OH)(bpy).]** (13) was characterized by a
diagnostic peak at 513 nm in the UV-Vis spectrum which was
also apparent in our reaction mixtures (Fig. 2B).3! The loss of
peaks in the CVs of solutions of 3 without pyridine indicated the
formation of oligomers (Fig. 2B inset) and suggested 3 is not
indefinitely stable in solution. Moreover, excess pyridine used

J. Name., 2013, 00, 1-3 | 3
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Table 1. Summary of physical properties and yields for compounds 4-10.

;;ﬂ;:;:” pK, value | Calculate
Compound of d BDFE .
(Vvs . Yield (%)
a Ag/AgCl, 1 coordinat | (kcal/mo
IgVI KgCI):’ ed water® 1)d
4 (R=H) 0.073 9.10 72.3 6711
EC,JI(VIR:) 0.033 9.16 71.4 5745
6 (R=Me) 0.054 9.25 72.0 368
7 (R=CN) 0.112 8.50 72.4 45+23
8(R=Cl) 0.083 8.80 72.1 5914
9(R= 91 (mixed
CHPOL) 0.033 9.53 71.9 with salts)

in the formation of 4 was found to precipitate as pyridinium
hexafluorophosphate (15) which could be observed in samples
of isolated 4 by *H NMR spectroscopy (Fig. S14).

To prevent the formation of byproducts 11-15, a new method
for synthesizing 4 and its pyridine substituted derivatives was
developed (Scheme 1). B-R buffer (pH 6.8) was identified as an
ideal reaction medium as opposed to 0.1 M H,SO, due to
suppressed formation of 11 and other impurities (Fig. S15). In
addition, NH4PFg was replaced with NaPFg as the precipitation
agent of 4 to avoid the formation of additional byproducts
which we hypothesize to arise from NH; coordination to the
osmium center (Fig. S16). At pH 6.8, NH;* and NH;3 are in
equilibrium (NHz* pK, = 9.24) and ammonia complexes of
osmium are precedented.3?3* We also reduced the amount of
pyridine from 100 to approximately 20 equivalents to alleviate
difficulties associated with handling the product and the partial
solubility of the product 4 in pyridine. However, if less than 5
equivalents of pyridine was added to the reaction mixture, the
apparent rate of conversion of 3 to 4 was significantly reduced
due to lengthened reaction times and subsequent oxidation of
Os(ll) by O, affording oligomerized products (Fig. 2B, Fig. S18,
and S19). To optimize the vyield of 4 and minimize
oligomerization of 3 at room temperature, we turned to in situ

4| J. Name., 2012, 00, 1-3

cyclic voltammetry reaction monitoring (Fig. 3A). During in situ
monitoring of a typical reaction mixture at pH 6.80, peaks with
E;/; at —0.15, 0.34 and 0.57 V vs Ag/AgCl (1 M KCI) decreased
(representing the precursor 3) while the peak with an E;/; at
0.073V, (representing the product 4) increased.

With an optimized procedure in hand, we successfully prepared
complex 4 in 67£11% vyield which displayed electrochemically
pure CV traces without the need for crystallization (Fig. 3B).
Moreover, the improved synthetic protocol for 4 allowed for
the efficient preparation of complexes bearing para-substituted
pyridines with electron-donating (5,6) and electron-
withdrawing groups (7,8) in modest to high yields with slight
modifications to reaction time and pyridine equivalents added.
For charged pyridine derivatives [Os"(bpy).(py!)(OH,)]* (R =
CH,PO3?7) (9) and [Os"(bpy)a(py*)(OH2)](PFe)s (R = CH;NMes?)
(10), precipitation with acetone, as opposed to the PFg anion,
was utilized to remove unreacted 3. Detailed synthetic
procedures and characterizations of 4-10 are provided in
Section S3. Pyridines with substituents in the ortho-position,
such as 2-methoxypyridine, 2-N-(pyridin-2-ylmethyl)-N,N,N-
trimethylammonium, quinoline, and 1,8 naphthyridine, did not
yield desired products which we hypothesize is due to steric
clashing (Section S4).

This journal is © The Royal Society of Chemistry 20xx
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O1-H1-02: 2.440(7) A

0O1-H1-02: 2.445(4) A

Fig. 6. Solid-state structures of: A mononuclear complex 6 (CCDC 2345821), B Complex 16 (CCDC 2366172) which was obtained through the
crystallization of complex 10, C seven-coordinate ruthenium (IV) water oxidation catalyst.26 Thermal ellipsoids are plotted at the 50%
probability level and all hydrogens (except for those bound to oxygens), counter ions, and solvent molecules are omitted for clarity. Selected
interatomic distances [A] and angles [deg.] for A 0s1-01 2.130(3) A; B 01-H1-02 2.440(7) A, 0s1-01 2.103(4) A, 0s1-01-01 116.3(2)%; C

01-H1-02 2.445(4) A, Ru1-01 1.962(2) A, Ru1-01-01 117.40(1)°.

We sought to understand how varying the pyridine ligand of the
complex would modulate the spectroscopic and physical
properties of the coordinated water molecule. Hammett plots
are often used to correlate the substituent on an organic
molecule to physical properties such as redox potential and pK,
for benchmarking and prediction purposes.3> The CVs of 4-10
were recorded in B-R buffer at constant pH and shown in Fig. 4.
The pK;, values of 4-10 were determined using the Pourbaix
diagram (Fig. 3B inset and Section S3) whose consistency for
complex 4 was corroborated through determination via UV-Vis
spectroscopic titrations (Fig. S23). A pK, range of 8.50 (R = CN)
to 9.53 (R = CH,PO3;?") was observed for the complexes
highlighting the degree of electronic tunability imparted by the
pyridine ligand. A Hammett plot illustrating the relationship
between the Hammett constant g, E;, of the Os"/Os'"' couples
and pK, values (Fig. 5) was obtained. As expected, o and Ey/;
displayed a positive linear correlation (R? = 0.924, slope =
+0.078) while o and pK, displayed a negative linear correlation
(R? = 0.933, slope = -0.80). The magnitude of the slope in a
Hammett plot provides qualitative insight as to the extent a
substituent's electronic properties influence the overall physical
properties or reactivity of a compound.3® Copper aquo
complexes have a positive linear correlation for plots of o vs Ey 5,
with a slope of +0.26.23 Similarly, positive linear correlations
were observed between o vs E;/, for ruthenium (slope = +0.19)
and manganese (slope = +0.09) based aquo complexes.37:38 |n
contrast, negative linear correlations were observed between o
and pK, for ruthenium (slope =-2.14) and manganese (slope = -
2.29) complexes. Given the different solvent systems used for
the measurement of thermodynamic properties, any direct
comparisons between the systems in question should be
approached with caution. The E;, of the Os'/Os'" couples, pK,
values, and yields for compounds 4-10 are summarized in Table
1. The overall trends in the Hammett plots illustrate that the
pyridine ligands are able to tune the relative electron density
about the osmium center and the Hammett plot may serve as a
tool for predicting the redox potentials and pK;, values of other

This journal is © The Royal Society of Chemistry 20xx

osmium aquo bipyridine complexes with para-substituted
pyridines.

The bond dissociation free energy (BDFE), a key metric for
assessing effective O-H bond strength, is typically determined
using a thermodynamic cycle (Fig. 1B) and is governed by the
formalism pioneered by Bordwell (Eq. 1):

BDFE = 23.06E° + 1.36 pK, + Cg (D
where E°(V vs H,) represents the one electron redox potential
while Cg represents the free energy constant, which is 52.80
kcal/mol in water.324° This formalism implies that a large BDFE
may arise through either a high pK, value of a bond in question
or lowering of the reduction potential of the conjugate base of
the Brgnsted acid. In molecules, however, increasing the pK,
value of a bond often results in the lowering of E°, leading to
minimal perturbations of the net BDFE of a bond. Thus, despite
efforts to manipulate the acidity of the coordinated water
molecule through variation of the pyridine ligand in 4-10, the
calculated BDFEs (Table 1) did not exhibit significant variability.
While spectroscopic data suggested a cis configuration of the
coordinated water and pyridine ligands, we sought to verify the
geometric configurations of the complexes in a single crystal X-
ray diffraction (SCXRD) study. Crystals of 6, suitable for SCXRD
studies, were obtained by layering a concentrated ethanol
solution of 6 with diethyl ether in an NMR tube at room
temperature for 2 days. Refinement of the diffraction data lead
to a model in which the coordinated water and pyridine adopt
a cis configuration (Fig. 6A) in support of our spectroscopic data.
In addition to a hexafluorophosphate ion, a chloride counterion
was also present in the lattice, likely originating from residual
chloride present in compound 2. Since very few crystals were
formed from the layering protocol, we speculate that the
structure in Fig. 6A may not necessarily reflect the bulk
composition. Supporting this notion, inductively coupled
plasma mass spectrometry (ICP-MS) analysis detects only trace
levels of chloride in bulk samples of 6 (Fig. S43).

The solid-state structure of compound 10 was obtained by
layering a concentrated methanol solution of 10 with diethyl

J. Name., 2013, 00, 1-3 | 5
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Table 2. Summary of transition metal complexes bearing H30,™ as a bridging ligand in the solid state.

Complexes 0-0 distance (A) | M-O distance (A) M-(?::ga;\ gle Reference
[{Os"(bpy)a(py*)}a(u-02H3)I** (py* = Complex 16, this
NCaH,CHaNMie) 2.440(7) 2.103(4) 116.3(2) work
[{W30,(0,CC;Hs)s(0OH,)2}2(u-0,H;) 13 2.48(1) 1.99(1) 116.5(2) 43
[{Mo030,(0,CC,Hs)6(0OH3),}2(u—05H3)3* 2.52(1) 2.01(1) 118.9(2) 43
cis-[Cr'"(bpy),(u—-0,H3)1%* 2.446(5) 1.925(3) 127.1(2) 42
trans-[Co" (en),(u-0,H3)]** (en =
ethylenediamine] 2.441(2) 1.916(1) 130.4(1) 42
trans-[Rh"(terpy)(OH)(H,0),]%* (terpy =
2,26 2" -terpyridine) 2.440(1) 1.980(2) 127.8(7) 44
cis-[(PSiP-iPr)Ir"(H)(OH)(H,0)] (PSIP-R = [{2-
. 2.587(4 2.200(3 97.9(1 45
(RyP)CeHa},MeSil) “) 3) (1)
[{LRu"(acac)},(u-0,H3)13*(L = 1,4,7-trimethyl-
1,4,7-triazacyclononane, acac = 2.494(7) 2.043(4) 117.8(2) 48
acetylacetonate)
trans-[{Ru"(bpy),(OH,)(OH)]** 2.538(7) 2.007(3) 127.2(1) 49
I ; _ 3+ PR
[{LRu"(badi)}>(1-0;Hs)P*" (badi = 0 2.459(6) 2.066(3) 124.9(2) 50
benzoquinone diimine)
cis-[{RU"NO(NH3),Cl,},(1-O,Hs)]Cl 2.407(3) 1.988(2) 135.0(1) 51
[{RuL(pic),}2(u-0,H3)13* (L= (2,2"-bipyridine-
6,6'-dicarboxylic acid, pic = 4-picoline) 2.445(4) 1.962(2) 117.40(1) 26

ether in an NMR tube at room temperature for 2 days (Fig. 6B).
Similar to compound 6, the cis configuration of the water and
pyridine ligands were observed in 10. However, a unique
intermolecular hydrogen-bonding interaction present in the
structure of 10 was observed in which the oxygen of the water
molecule shows an unusually short contact (2.440(7) A, 0-0
distance) to another water counterpart in a neighboring unit
cell. Based on the overall charge of the complex, the solid-state
structure of 10 is described as an Os'"-OH fragment bound to a
Os'"-H,0 with a short, strong hydrogen bond (SSHB),*! or
alternatively, the structure can be described as the symmetric
H30,™ ligand between two osmium(ll) centers. The formula of
the solid-state structure derived from compound 10 is
[{Os"(bpy)2(py*)}2(u-02H3)1(PFe)s (R = CH,NMes*), designated as
16 for accuracy, and is the dinuclear of complex 10 but missing
HPFe¢. Buffer was not used during the crystallization of the
complex which we speculate is crucial to the observation of
deprotonation of the aquo ligand in the solid state. The non-
bridging hydrogen atom of the Os—OH unit could be located
from the difference Fourier map and has an angle of 116(3)° and
closely matches that of the Os—0-0 angle of 116.3(2)°. We were
curious as to whether the other osmium pyridine aquo
complexes 4-9 are capable of forming dinuclear structures in
the solid state and conducted a SCXRD study of 6 crystalized
under similar conditions that that of 16 and were able to obtain
a structure exhibiting an identical dinuclear SSHB network as in
complex 16 (Fig. S81). Unfortunately, severe disorder of the
anion and solvent prevented the authoritative reporting of
bond metrics, and thus, only connectivity can be inferred from
the structure of dinuclear 6. Nonetheless, the dinuclear
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structure of 6 suggests that ability of [Os"(bpy),(py:)(OH,)]**
complexes to form SSHB networks is general.

To further corroborate the SSHB present in the solid-state
structure of 10, the strong hydrogen bonding system was
analyzed by IR spectroscopy (Fig. S71), which exhibited a broad
peak at 3450 cm™L. Bands corresponding to O-H stretching of the
coordinated water ligand were observed by IR spectroscopy for
pyridine derivatives 4-10 (Section S3); however, no discernable
trend in the O-H stretching frequency was observed.
Understanding hydrogen bonding interactions is crucial for
interpreting the kinetics of PCET, where the identity of the
proton acceptor and the distance between the proton donor
and acceptor significantly influence reaction rates. According to
three-phase vapor tensiometry (TPVT) results obtained by Bino
et al, aqueous solutions of [Cr(bpy),(OH;),]1(NO3)s, remain
mononuclear until high concentrations of the metal ion are
reached (120 mM) and bridging H3O, is formed, whereas at a
low concentration (0.5 mM), the chromium species remain as
mononuclear aquo ions.*? To evaluate whether the SSHB
present in the structure of 16 is maintained in solution, we
performed diffusion coefficient measurements. It was
observed, based on electrochemical
measurements, that compounds 4 (D = 3.0 = 0.6 x 10® cm?/s)
and 10 (D = 2.8 + 0.8 x 10% cm?/s), whose value was
corroborated by 'H DOSY measurements (Fig. S28 and S72),
displayed diffusion coefficient values invariant of their
respective concentrations and the pH of B-R buffer implying
that the complexes are mononuclear in solution (Tables S1 and
S2).The measured diffusion coefficient values of 4 and 10 were
close to that of [Os(bpy)s](PFs), (D = 3.5 £ 0.3 x 10°® cm?/s) in B-

diffusion coefficient

This journal is © The Royal Society of Chemistry 20xx
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Table 3. Summary of osmium complexes that have not been previously identified to contain bridging H;0,™ ligands in the solid

state.
0-0 M-0 M-0-0
. . Refere
Complexes distanc | distanc angle
e(Ad) | e(A) | (deg) | "
[Os"(OH)(H,0)(tpa)]?
*(tpa = tris(2- 2.467(6 | 2.062(4 | 119.7(2 52
pyridylmethyl)amine) ) ) )
[Os"(OH)(H,0)(L-
NaMe;)]** ( L~
NsMe;, = N,N'- 2.423(9 | 2.029(7 | 120.4(2 53
dimethyl-2,11-diaza- ) ) )
[3,31(2,6)pyridinopha
ne)

R buffer which is incapable of intermolecularly hydrogen
bonding to itself further supporting the supposition of the
mononuclear nature of the osmium pyridine aquo complexes in
solution (Table S3). Given that our electrochemical
measurements were conducted at a low concentration (2 mM),
it is likely that the osmium species remain as mononuclear in
aqueous solution. Furthermore, the comparatively low
solubilities of the PFg salts of 4-10 prohibit examination of their
solution speciation at higher concentrations. Therefore,
osmium pyridine aquo complexes showing SSHBs in the solid
state may not accurately reflect the structures present in
solution.H30,™ is a relatively rare ligand in transition metal
coordination chemistry. Bino et al. reported the first solid-state
structural evidence of a bridging H30,~ ligand in metal
complexes, thus confirming spectroscopic results suggesting
the existence of bridging H3O,~ ligands.** The complexes
[{M30,(0,CC;Hs)6(OH;)2}o(u-0,H3)]** (where M = W or Mo)
display 0-0 distances of 2.48(1) A and 2.52(1) A, and M-0O
distances of 1.99(1) A and 2.01(1) A, respectively (Table 2).43
Subsequent studies by the same group led to the discovery of
two additional metal complexes containing H30,” as a
coordinating ligand: cis-[Cr'"(bpy),(u—0,H3)],** (O-0 distance of
2.446(5) A and Cr-O distance of 1.925(3) A) and trans-
[Co"(en),(u-0O,H3)]?* (en = ethylenediamine, O-O distance of
2.441(2) A and Cr-O distance of 1.916(1) A).*2 trans-
[Rh"(terpy)(OH)(H,0),]?* (terpy = 2,2:6’,2"”-terpyridine)
features an 0-0 distance of 2.440(1) A and a Rh-0 distance of
1.980(2) A% cis-[(PSiP-iPr)Ir"(H)(OH)(H,0)] (PSiP-R = [{2-
(R,P)CgH4},MeSi]") features an O-0 distance of 2.587(4) A and
a Ir-0 distance of 2.200(3) A.%> From these studies, it can be
generalized that cis aqua hydroxo ions typically form dinuclear
complexes bridged by two H3O0,™ ligands, while trans aqua
hydroxo ions assemble into polynuclear chains bridged by single
H30," ligands. Additionally, Bino proposed that olation reactions
mechanistically proceed through the elimination of water
molecules from H30," bridges followed by the formation of OH
bridges between the metal ions in both in the solid state and in
aqueous solutions.*? The chemistry of the H30,  ligand
coordinated to transition metals has branched out since Bino’s
original foundational research. Monge et al. studied the first
metal-organic framework (MOF) that incorporates bridging
Hs0,~ ligands within its structure.*® The stabilization of H30,~
ligands in MOF materials introduces a new tool to address

This journal is © The Royal Society of Chemistry 20xx

protonic conductivity and catalysis mediated by a H30;"
bridge.*¢

While numerous examples of metal complexes bearing the
bridging H3O," ligand have been uncovered, to our knowledge,
a singular H30;" ligand coordination to an osmium center in a
terminal or bridging fashion has not been structurally identified
prior to our work.*” Comparison of the metrical parameters of
16 with that of other known complexes bearing H;0, bridging
ligands suggests that the H30,~ of 16 is unremarkable while the
Os-0 distance of 2.103(4) A is quite long due the osmium’s
relatively low oxidation state. The hydrogen atom of the SSHB
of 16 is positioned at the crystallographic inversion center
between the two Os(ll) units and the SSHB network bears a
striking resemblance to several Group 8 octahedral ruthenium
complexes in the formal Il and Il oxidation states.
[{LRu"(acac)},(u-0,Hs)]3* (L = 1,4,7-trimethyl-1,4,7-
triazacyclononane, acac = acetylacetonate) features an O-O
distance of 2.494(7) A and a Ru-0 distance of 2.043(4) A while
trans-[Ru"'(bpy),)(OH,)(OH)]?>* features an O-O distance of
2.538(7) A and a Ru-O distance of 2.007(3) A.484°
[{LRu"(bqdi)},(u—0O,H3)]3* (bqdi = o-benzoquinone diimine)
features an O-0 distance of 2.459(6) A and a Ru-0 distance of
2.066(3) A.50 cis-[{RU""NO(NH3),Cl,},(n-0O,H3)]Cl  features an
0-0 distance of 2.407(3) A and a Ru-0 distance of 1.988(2) A.5!
An outlier, from a geometric and oxidation state perspective, is
the structurally characterized seven-coordinate ruthenium (IV)
dinuclear H30,~ complex, [{RuVL(pic),},(u-0,H3)13* (L= (2,2' -
bipyridine-6,6' -dicarboxylic acid, pic = 4-picoline), that serves
as a competent homogenous water oxidation catalyst (Fig.
6C).2® The ruthenium water oxidation catalyst system in
question features a symmetric O-H---O bond and O-0 distance
of 2.445(4) A, although this system displays additional waters
hydrogen bonding to the dangling OH bonds of the H;0," ligand.
The authors speculate that the unique structural features of the
dinuclear facilitate water oxidation by providing a proton
transfer channel.

While scrutinizing the Cambridge Structural Database for
transition metal complexes bearing combinations of OH~ and
H,0 ligands, we identified three osmium complexes that, upon
expansion of the crystallographic packing, revealed pairs of
bridging H30,~ ligands in their solid-state structures.
[Os"(OH)(H,0)(tpa)]**(tpa = tris(2-pyridylmethyl)amine)
features a bridging H30, ligand with an O-O distance of
2.467(6) A and an Os-O distance of 2.062(4) A (Table 3).
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Although this complex was reported to catalyze the
stereoselective cis-1,2-dihydroxylation of alkenes upon
oxidation by H.0,, the presence of the two Hs;O,™ bridging
ligands in the solid-state structure was not identified.>? A similar
omission of the identification of bridging H;O,™ ligands in two
other osmium aquo complexes was noted: [Os"(OH)(H,0)(L—
NsMe,)]%* (L—-N4sMe; = N,N’'-dimethyl-2,11-diaza-
[3,31(2,6)pyridinophane), featuring an O-0 distance of 2.423(9)
A and an 0s-O distance of 2.029(7) A, and
[Os"(OH)(H,0)(BPMCN)]2* (BPMCN = trans-N,N’-dimethyl-N,N"-
bis(2-pyridylmethyl)-1,2-cyclohexanediamine) with an O-0
distance of 2.457(6) A and an Os-0 distance of 2.059(4) A. The
two aforementioned complexes serve as precatalysts for the
stereoselective oxidative cyclization of 1,5-dienes and the
stereoselective dihydroxylation and aminohydroxylation of
styrene, respectively.>3>* All three structures have similar 0O-O
bond lengths to that of 16 and have shorter Os—0 bonds which
would be expected for an Os" complex. Given that osmium
aquo complexes can serve as catalysts or precatalysts in
numerous reactions, our structural observations suggest that it
may be critical to evaluate whether dinuclear structures may
persist under catalytically relevant conditions.

Conclusion

In conclusion, we have described an improved synthetic
protocol to synthesize PCET models [Os"(bpy).(py!)(OH,)](PFg)y.
Notably, this new procedure, guided by in situ cyclic
voltammetry analysis, enabled the facile synthesis of osmium
complexes bearing a variety of para-substituted pyridine
derivatives in good yield and high purity. The new complexes
exhibited varied Os'"/Os'" half-wave potentials and pK; values of
the coordinated water where Hammett constant o and half-
wave peak potential displayed a positive linear correlation while
o and pK, displayed a negative linear correlation. The obtained
Hammett plot indicates the degree of electronic tunability
imparted by the pyridine ligand and provides a useful reference
for the design of new systems. In our SCXRD study of complex
10, we observed a hydrogen-bonded osmium dinuclear
structure featuring short, strong hydrogen bonds in the solid
state (16), similar to a previously reported homogeneous
ruthenium water oxidation system. The dinuclear H30,™ bridged
structural motif was also present in the solid-state structure of
complex 6. These dinuclear bridged structures represent the
first reported examples of osmium H30,~ complexes and our
structural and solution studies indicate that osmium may have
more complex speciation then originally appreciated which
could play a role in osmium-based catalysis in water. However,
electrochemical diffusion coefficient measurements suggest
that the dinuclear structure is unlikely to be maintained at
electrochemically relevant concentrations in the solution state
for [Os"(bpy).(py!)(OH,)]** based systems. Overall, our work
provides a promising platform for researchers to elucidate the
role of supporting ligands in modulating PCET processes.
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