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Abstract

Development of Dinuclear Metal Complexes for Catalytic Transformations in Artificial
Photosynthesis

by
Timothy Charles Davenport
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor T. Don Tilley, Chair

The storage of solar energy in chemical bonds has attracted much interest as a “clean”
alternative to petroleum-based fuels. In such systems, a current major challenge is the
development of high efficiency catalysts for the oxidation of water to dioxygen and the reduction
of carbon dioxide to carbon-based fuels. This dissertation examines novel dinucleating ligands
for the formation of dinuclear first-row transition metal complexes and studies their potential for
catalytic applications.

In Chapter 1, a dinuclear cobalt molecular structural analog of a proposed Co-Pi active
site was synthesized from the novel dinucleating ligand 2,7-bis(fluoro-di(2-pyridyl)methyl)-1,8-
naphthyridine (DPFN) as [Co,(u-OH),(OH,)>(DPFN)][NOs3]4. The structure features a bis(u-OH)
dinuclear cobalt “diamond-shaped” core with a terminal aqua ligand on each cobalt center in a
syn configuration analogous to a dinuclear unit of a cobalt oxide surface site. The compound was
found to be ineffective for electrocatalytic water oxidation activity. The low catalytic activity of
the complex may result from the substitution of terminal aqua ligands for phosphate in KP;
electrochemical solutions. Reaction of the complex with potassium phosphate forms the «?,k*-
phosphate-bridged tetranuclear cobalt complex [{Coz(p—OH)z(DPFN)}2(K2,K2—PO4)][N03]5. It is
suspected that formation of similar phosphate complexes under electrochemical conditions is
responsible for the low catalytic activity of [Co,(u-OH)2(OH,)2(DPEN)][NOs3]s4.

A series of dinuclear and tetranuclear first-row transition metal complexes, [Co(U-
CI),CI(CH30H)(DPEN)],[CoCl4]-8H,0,  [Niy(u-Cl),CI(CH3;0H)(DPEN)][C1]-4H,0, [Cus(u-
Cl)(DPEN),][Cl],-6H,0, and [Cu,(u-OH),(NO3)(OH,)(DPEN)]-2H,0, were synthesized with
DPFN and compared to [Co(DPFN)(u-OH)>(OH»),][NOs]4 in Chapter 2. The dinuclear and
tetranuclear complexes possess pseudo-octahedral geometries about the metal centers and
contain chloro, hydroxo, and aqua bridging ligands forming a “diamond” shape. The metal-metal
distance between the two metal centers varies from 2.7826(5) to 3.2410(11) A. High-spin metal
centers are formed with 2+ oxidation state metal centers, in contrast to the low-spin diamagnetic
Co(II) complex. The complexes are characterized by electronic spectroscopy, electrochemical
and potentiometric titration methods.

In Chapter 3, the ligand 2,7-bis(di(2-pyridyl)ethyl)-1,8-naphthyridine (DPEN) promotes
the formation of a rare p-n'm' acetonitrile-bridged dicopper(I) complex, [(DPEN)Cu,(u-
NCMe)][PF¢],. The acetonitrile has unusually short Cu—N bond distances for an acetonitrile-
bridged complex of 2.004(3) and 1.979(3) A. Infrared spectroscopy and computational studies
indicate that the acetonitrile is involved in a primarily 3-center 2-electron bond that is stabilized
by a cuprophilic interaction. The labile acetonitrile of the acetonitrile complex can be substituted
with xylyl isocyanide and carbon monoxide. These complexes may lead to the development of
catalysts for the reduction of carbon dioxide to fuels.



Chapter 4 investigates the interactions of molecular water oxidation complexes with
inorganic frameworks for eventual use in photoactive materials. The “ruthenium blue dimer”
was incorporated into the mesoporous silica material SBA15. Base treatment of SBA15 was
found to greatly increase loading of the complex onto the surface. The identity of the adsorbed
species was determined to be the ruthenium dimer cation electrostatically adsorbed onto the
surface using diffuse reflectance UV-Vis spectroscopy, diffuse reflectance infrared spectroscopy,
Raman scattering. The activity of the adsorbed dimer towards water oxidation was explored
using aqueous (NHy4),Ce(NOs3)g as a sacrificial oxidant.



For Steven
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Chapter 1

A Molecular Structural Analog of a Proposed Dinuclear Active Site in Cobalt-Based Water
Oxidation Catalysts



Introduction

Increased global concern over future sources of renewable energy has resulted in
considerable research on the development of artificial photosynthesis, and its necessary reliance
on the challenging half-reaction for water oxidation.' To date, research efforts on water oxidation
catalysis have generally yielded catalysts that are either inefficient, or based on very expensive
components such as Ir or Ru.”® Promising exceptions to this trend are solid-state catalysts based
on cobalt, including Co30,4 nanoparticles’ and the amorphous cobalt phosphate system (Co-Pi)
which operates under neutral pH conditions.'’ These catalysts are associated with moderately
high overpotentials (ca. 0.4 V at 10 mA/cm” current density), but the promise of cost-effective
catalysts based on cobalt has stimulated considerable research activity in this area.'' One major
research theme seeks to identify the mechanism by which these cobalt catalysts operate, to
enable the design of more efficient catalysts. As a model of the Co-Pi system, computational
studies on a Co304 cubane structure indicate that the mechanism may proceed through the
coupling of two adjacent Co''=0 moieties to form a peroxo-bridged intermediate in the rate
determining step,'? which is consistent with experimental evidence.'” However, as is often the
case for heterogeneous catalysts, the identification of a detailed mechanism has proven quite
challenging.

Further mechanistic insights should result from the synthesis and study of well-defined
molecular models for candidate active sites. For this purpose, the proposed dinuclear site shown
in Figure la was targeted for modeling since it represents the minimal unit active in bond-
breaking and bond-making events in recent proposed mechanisms.'® This dinuclear site contains
a pair of essential structural features. First, the dinuclear center contains two adjacent terminal
hydroxo ligands. On oxidation, these ligands should be deprotonated to give adjacent terminal
oxo ligands which would then couple in the O—O bond forming step. Second, the cobalt centers
are bridged by two oxo/hydroxo ligands in a diamond core structure. This bridging structure
positions the terminal ligands at a distance appropriate for O—O coupling. In addition, oxo or
hydroxo bridging ligands provide strong electronic communication between the cobalt centers,
facilitating multi-electron chemistry. To this end, dinucleating ligands based on the 1,8-
naphthyridine core were designed to accommodate two octahedral metal centers at a distance
optimized for bridging by two oxygen atoms and coordination of two terminal aquo ligands. In
this contribution, we describe the synthesis and characterization of this type of dicobalt complex,
[Coy(n-OH)2(OH,)2(DPEN)][NOs]4 (1, Figure 1a).

Within the context of molecular models for cobalt-based molecular water oxidation
catalysts, it is notable that few molecular cobalt catalysts have been reported,”’15 possibly due to
the limited stability of such catalysts under the necessarily high oxidizing conditions.'®
Significantly, a mono-cobalt complex related to 1, [Co(Py5)(OH;)][ClO4], (Py5S = 2,6-(bis(bis-2-
pyridyl)-methoxymethane)pyridine) (Co(Py5)), has been reported to be an electrocatalyst for
water oxidation under basic conditions. Intriguingly, the electrochemical evidence suggested that
Co(Py5) does not degrade under these conditions, though formation of a small amount of
catalytically active Co3Oy in situ could not be ruled out. Recently, a dinuclear cobalt complex
based on the bispyridylpyrazolate ligand was reported to catalyze water oxidation under low pH
conditions (pH = 2.1) at 2.0 V vs. NHE."’



OHH OH
H.O., | 0,1 .0OH,
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Figure 1. a) Expected binding of Co into a naphthyridine-based ligand. b) Proposed minimal
catalytic active site for Co-Pi.

Results and Discussion

The dinucleating ligand used in this work, 2,7-bis(fluoro-di(2-pyridyl)methyl)-1,8-naphthyridine
(DPEN), was prepared starting from 2,7-dichloro-1,8-naphthyridine (eq. 1).
s

N N. CI._N._N_ CI ngyLi

P = N~ THF

Reaction with lithiated 2,2’-dipyridylmethane afforded the compound 2,7-bis(di(2-
pyridyl)methyl)-1,8-naphthyridine (DPMN, 22% yield). The solid-state structure of DPMN is
shown in Figure 2. It was found that although DPMN could be used as a dinucleating ligand, the
methine C-H bond in DPMN was oxidatively unstable under certain conditions. For this reason,
DPMN was converted to DPFN by reaction with two equivalents of SelectFluor (eq. 2, 39%
yield).

The solid-state structure of DPFN is shown in Figure 3. Reaction of DPFN with two equivalents
of Co(NO3),'6H,0 in ethanol, quickly followed by addition of excess hydrogen peroxide,
resulted in a red precipitate which is dissolved in water and crystallized to afford red crystals of
[Cox(n-OH)2(OH)2(DPFN)][NOs]4 (1) (eq. 3).

[NOs4
OH2 OH2
| (j
xs. H,0, /\Q\l C

ovov
| I l\l

EtC N NS
A

2 Co(NO3),-6H,0 + DPFN ———
|

N



Figure 3. Crystal structure of DPFN.



The solid-state structure of 1 is shown in Figure 4. Each metal center is bound to three
nitrogen donors of DPFN in a facial manner. Each cobalt centers features an octahedral
coordination geometry, and the two octahedrons share an edge via bridging of the hydroxide
ligands. The coordination spheres of about each cobalt center are completed by a terminal aquo
ligand. Metric comparisons of the dinuclear core of 1 with that measured by EXAFS for
dinuclear units in the Co-Pi system, give a. Co-(u-OH) bond length is 1.89(1) A, which is very
close to the Co-O distance of 1.89 A in Co-Pi. This results in a Co-Co distance of 2.78 A, very
close to the 2.82 A separation observed in the Co-Pi system.

[INO;],

Figure 4. Crystal structure of 1. DPFN hydrogen atoms and the NOs™ counterions have been
omitted for clarity. Selected bond lengths [A] and angles [°]: Col-Col” 2.7826(5), Col-Ol1
1.879(2), Col-02 1.908(2), Col-N1 1.941(2), Col-N2 1.918(2), Col-N3 1.9306(2), Col-O1-
Col’ 95.85(7).

The electrochemistry of complex 1 was studied in the context of its facility for water
oxidation electrocatalysis. Cyclic voltammetry of 1 in phosphate-buffered solution revealed
irreversible both oxidation and reduction events (Figure 5). A Pourbaix diagram was constructed
over the pH range 1 — 12 in phosphate-buffered solution using differential pulse voltammetry
(DPV) to measure the potentials for redox events (Figure 6). At pH 1.3, 1 exhibits a single
irreversible reduction process (A) at 0.54 V vs. NHE. This reduction process exhibits a pH
dependence of —27 mV/dec to pH 2.4. At pH 2.4, the reduction becomes pH independent up to
pH 4.7, and then the reduction exhibits a pH dependence of —38 mV/dec to pH 6.7. Above pH
6.7 the reduction exhibits a pH dependence of —63 mV/dec to pH 9.6, after which it is no longer
observed.

Below pH 3.8, only the reduction process A is observed, however, above pH 3.8 a new
irreversible reduction process (B) is observed that increases in current as the first process
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decreases until it is no longer observed above pH 9.6. This observation indicates that the two
reduction processes represent independent species (Figure 7). The reduction process B is
observed at 0.27 V vs. NHE at pH 3.8. B exhibits a pH dependence of —29 mV/dec up to pH 4.4,
after which the process is pH independent to pH 7.2. At pH 7.2, the process exhibits a pH
dependence of —30 mV/dec through pH 12. Analysis of 1 in 0.1 M NaBF, electrolyte solution in
the pH range 3 — 7 indicates that process A is present in both NaBF, solutions and phosphate
solutions, while process B exists only in phosphate solution. On the basis of this observation,
process A is attributed to 1, while process B is attributed to a 1-PO4 complex of unknown
composition.

100 ,

80 |- -

60 |- -

Current (nA)

- —

' T T B B BT
-200 0 200 400 600 800 1000 1200 1400
Potential vs NHE (mV)

Figure 5. Cyclic voltammogram of 2 mM 1 at pH 9.0 in 0.1 M KP; aqueous buffer solution.
Scanning rate is 100 mV/s and potentials are reported relative to the normal hydrogen electrode.
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Figure 6. Pourbaix diagram of 1 in phosphate buffer solution from pH 1-12 in the potential
window 0-1.8 V vs. NHE. Potentials of electrochemical events are determined by differential
pulse voltammetry.
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Figure 7. Cathodic differential pulse voltammograms of 1 with variation of pH from 1.4-6.5.



With the above information, the reduction processes can be assigned to the following
species (Scheme 1). Below pH 2.4, process A is assigned to a 2-e¢”, 1-H' reduction event
consistent with the —27 mV/dec pH dependence, involving the reduction of 1 to 1*+H" where
the two Co™ centers of 1 are reduced to Co". From pH 2.4 — 4.7 this process becomes pH
independent and is assigned to the reduction of 1 to 1*". From pH 4.7 — 6.7, the pH dependence
of =38 mV/dec is attributed to a 2-e~, 1-H* process involving the reduction of 1-H* to 1°". Above
pH 6.7 further deprotonation of 1 to the 1-2H" species results in a 2-e”, 2-H" reduction process
involving the reduction of 1-2H* to 1>~ consistent with the —63 mV/dec pH dependence. The
presence of the species resulting from deprotonation of 1, invoked above, was confirmed by a
potentiometric titration of 1. This titration revealed two acid dissociation constants of pK,; =
4.1(1) and pK,, = 5.8(1). For process B, the reductions are also assigned to two Co" — Co
events associated with a 1-PQy4 species of unknown composition and are thus not represented in
Scheme 1. Thus, from pH 3.8 to 4.4, the pH dependence of —29 mV/dec indicates a 2-e~, 1-H"
reduction process that takes 1-PQOy to (1-PO4)2'+H+. From pH 4.4 to 7.2, the pH-independent
reduction process indicates a 2-e~ event for 1-PQy4, which is converted to (1-PO4)2'. Above pH
7.2, the 2-¢7, 1-H" reduction event reduces the (1-POy4)-H" species to (1-PO4)2', consistent with
the —30 mV/dec pH dependence.



Scheme 1. Electrochemically coupled species of 1 observed in phosphate buffer.

pH < 2.4

+2e, +H"

24 <pH<4.7

In the anodic direction, no oxidative event is observed below pH 6.5. Above pH 6.5, two
overlapping irreversible oxidations are observed at 1.49 V vs. NHE (pH 6.5, C), and at 1.41 V vs.
NHE at (pH 7.0, D). Process C exhibits a pH dependence of —50 mV/dec which is attributed to a
1-e7, 1-H" event which can occur up to pH 12. Up to pH 9.7, process D exhibits a pH dependence
of =53 mV/dec also attributed to a 1-¢”, 1-H" transfer and above pH 9.7 D exhibits a pH
dependence of —120 mV/dec through pH 12. These processes are assigned to oxidation of one
Co™ center to Co'"; however, the nature of the species in solution corresponding to processes C
and D are unknown. The relative charge passed by process C versus process D changes from run
to run, indicating that these processes represent independent species in solution. In addition, in
0.1 M NaBF, electrolyte solution no oxidation processes are observed below pH 10.0, indicating
that the processes represent phosphate-bound species.

Complex 1 was evaluated as an electrocatalyst for water oxidation by controlled potential
electrolysis (CPE) at pH 9.0 (Figure 8). The catalytic current of 27 uA/cm2 observed at an
overpotential of 0.9 V (1.6 V vs. NHE) represents a negligible amount of water oxidation.



0.5

04 |- -

03 |- —

current density (mA/cm?)

0 100 200 300 400 500 600
time (s)

Figure 8. Controlled potential electrolysis of 1 at 1.6 V in phosphate buffer solution at pH 9.0.
The electrode was pretreated by holding at 1.6 V for 10 min in phosphate buffer solution at pH
9.0.

Due to the apparent reactivity of 1 with phosphates, an attempt was made to synthesize
and characterize phosphate deriviatives of 1. Reaction of 1 with one equivalent of K;POy4
resulted in formation of the phosphate-bridged tetranuclear cobalt complex 2 (Eq. 4). Crystals of
sufficient quality for X-ray crystal structure determination were formed by vapor diffusion of
acetonitrile into an aqueous solution of 2 (Figure 9). The phosphate-bridged complex 2
represents one possible species formed in phosphate-buffered solutions for electrochemistry.
Because the terminal aqua ligands are expected to participate in the mechanism for oxygen
evolution,” substitution of the aqua ligands for phosphate may inhibit oxygen evolution.
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Figure 9. Crystal structure of 2. DPFN hydrogen atoms and the NOs counterions have been
omitted for clarity. Selected bond lengths [A] and angles [°]: Col-Co2 2.692(1), Co3-Co3’
2.679(2), Col-0O1 1.867(3), Co2-01 1.861(3), Col-N1 1.940(5), Co2-N2 1.939(5), Col-N3
1.914(3), Co2-N4 1.913(3), Col1-02 1.904(4), Co2-03 1.888(4), Co3-06 1.892(3), Col-O1-
Co0292.5(1).
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1 + KsPO,

Although complex 1 is not effective as a molecular water oxidation catalyst, further
analysis of the complex may inform future attempts to design molecular cobalt catalysts for
water oxidation. To this end, the various protonation and oxidation states were analyzed
computationally to obtain insights into the observed electrochemistry. The HOMO molecular
orbitals of 1 and its deprotonated states are shown in Figure 10. For 1, the HOMO is a diffuse
orbital located on the pyridine rings of the DPFN ligand. Because of this, oxidation of 1 does not
result in removal of an electron from the cobalt centers, explaining why no oxidation events are
observed for this species by electrochemistry. On the other hand, deprotonation of 1 to give 1-H*
or 1-2H" results in a HOMO localized on the oxygen atoms, and corresponding to the lone pairs
of the terminal hydroxo ligands. Proton-coupled electron transfers involving 1-H* or 1-2H" to
1*-2H" or 1'-3H", respectively, thus results in the removal of an electron from an orbital of this
type as shown in Figure 11 to give a species formally containing a Co' =0 moiety where
significant radical character is present on the oxygen atom. It is apparent from the
electrochemical experiments that although a species of this type might form, decomposition of
the complex in solution occurs competitively. A further proton-coupled electron transfer
involving 1*-2H" or one electron oxidation of 1*-3H" results in the formation of an O-O bond
(1**-3H*, Figure 12), in a similar fashion to that calculated for Co-Pi."> This analysis indicates
that future dinuclear cobalt complexes must promote the oxidation of 1*-2H" or 1*-3H"* over
decomposition to be effective water oxidation catalysts.

Figure 10. HOMO of a) 1, b) 1-H", and ¢) 1-H".
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Figure 12. O-O bond formation in 1**-3H*.

Conclusion

In light of the computational results, it is possible to speculate about the requirements for
an effective dinuclear cobalt molecular water oxidation catalyst. First, deprotonation of cobalt-
aquo species is necessary to access oxidizable molecular orbitals relevant to water oxidation.
Second, less positive potentials for oxidation are necessary to match oxidation potentials to the
thermodynamic potential for water oxidation. This could be accomplished by increasing the
Lewis acidity of the cobalt centers by using harder, more electronegative donors in the
dinucleating ligand. Future efforts towards the development of molecular Co-Pi analogues will
be focused in this direction.

We have developed a structural analog of the minimal dinuclear unit for cobalt-based
water oxidation catalysts. While electrochemical results show that the reported complex is not an
effective water oxidation catalyst, these studies provide important information regarding the
inherent characteristics of such systems.

Experimental

General Considerations. Solvents were purchased from Aldrich at spectroscopic grade. For
synthesis purposes, distilled, deionized water was used. Deuterated solvents were purchased
from Cambridge Isotope Laboratories and used as received. n-Butyllithium, Co(NO3)-6(H,0),
and 1-Chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)
(SelectFluor) were purchased from Aldrich and used as received. The reagents 1,1-di-(2-
pyridyl)methane and 2,7-dichloro-1,8-naphthyridine were prepared according to literature
procedures.'®* NMR spectra were recorded on Bruker AV-600, AVQ-400 and AV-300
spectrometers at room temperature. 'H NMR spectra were referenced to residual protio solvent
peaks (8 7.24 for d-chloroform, & 5.32 for d,-dichloromethane, & 4.80 for d,-water). Bc{'H)}
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NMR spectra were referenced to solvent resonances (6 77.23 for d-chloroform, & 54.00 for d,-
dichloromethane). Elemental analyses were carried out by the College of Chemistry
Microanalytical Laboratory at the University of California, Berkeley. UV-Vis spectra were
recorded on a Varian-Cary 300 Bio spectrophotometer at 1 nm resolution. Potentiometric
titrations were performed using a Thermo Fisher Orion 3-Star pH meter with a Ag/AgCl
combination pH electrode. Measurement of acid dissociation constants were not corrected for
ionic strength.

Synthesis of 2,7-bis(di(2-pyridyl)methyl)-1,8-naphthyridine (DPMN). n-Butyllithium (1.6 M
in hexanes, 125 mL, 200 mmol) was added dropwise to a stirred solution of freshly distilled 1,1-
di-(2-pyridyl)methane (34.0 g, 200 mmol) in 400 mL of THF at 0° C under a N, atmosphere. The
red solution was stirred for 30 min. after which 2,7-dichloro-1,8-naphthyridine (17.3 g, 87 mmol)
was added. The purple solution formed was stirred for 16 h as the vessel warmed to room
temperature. After addition of 50 mL of water, the mixture was filtered. The orange precipitate
was dissolved in a 1:1 CH,Cly:H,O mixture and filtered to remove residual 2,7-dichloro-1,8-
naphthyridine. The organic fraction was washed with H O (2 x 100 mL) and then dried over
MgSO, and evaporated to dryness. The crude material was crystallized from hot acetonitrile to
give light orange crystals of 2,7-bis(1,1-di-(2-pyridyl)methyl)-1,8-naphthyridine (DPMN) (yield:
9.0 g, 19 mmol, 22%). Additional crystallizations from hot ACN (2 times) was performed to
prepare light orange X-ray quality crystals. "H NMR (d;-dichloromethane, 600.13 MHz): & 8.53
(d, Jun =4.1 Hz, of d, Juy = 1.7 Hz, d, Jun = 0.9 Hz, 4H), 8.10 (d, Juu = 8.4 Hz, 2H), 7.65 (t, Jun
=7.7Hz, of d, Jug = 1.9 Hz, 4H), 7.60 (d, Jun = 8.4 Hz, 2H), 7.37 (d, Jun = 7.9 Hz, 4H), 7.17 (d,
Jun = 7.4 Hz, of d, Jux = 4.9 Hz, of d, Jux = 0.9 Hz, 4H), 6.16 (s, 2H). "C{'H} NMR (d>-
dichloromethane, 150.92 MHz): § 165.6, 161.4, 155.8, 149.9, 137.3, 137.0, 124.9, 123.9, 1224,
120.7, 65.4). EA Anal. Calcd (%) for C30H2Ng (466.55): C, 77.23; H, 4.75; N, 18.01. Found: C,
77.55; H, 4.70; N, 17.85.

Synthesis of 2,7-bis(fluorodi(2-pyridyl)methyl)-1,8-naphthyridine (DPFN). SelectFluor (10.2
g, 29 mmol) was dissolved in 175 mL of ACN. DPMN (6.7 g, 20 mmol) was added and the
mixture was refluxed for 16 hrs during which the DPMN dissolved. To the solution was added
75 mL of CH,Cl, and 75 mL of H,0. The organic phase was washed with HO (2 x 50 mL) and
then dried over MgSO,4 and evaporated to dryness leaving a yellow solid. The product was
purified by crystallization from slow cooling of a hot ACN solution as pale yellow crystals (2.8
g, 5.6 mmol, 39%). Further crystallization from hot ACN (2 times) was performed to prepare
analytically pure colorless material and X-ray quality crystals. "H NMR (d,-dichloromethane,
300.13 MHz): 6 8.56 (d, Jug = 4.5 Hz, 4H), 8.25 (d, Jug = 8.7 Hz, 2H), 7.82 (d, Jyy = 8.4 Hz,
2H), 7.77 (t, Jua = 8.1 Hz, of d, Jun = 1.5 Hz, 4H), 7.58 (d, Jun = 7.8 Hz, 4H), 7.29 (t, Jun = 4.8
Hz, of d, Jun = 1.5 Hz, 4H). “C{'H} NMR (d,-dichloromethane, 100.62 MHz): 5 164.2 (d, *Jcr
= 25 Hz), 159.9 (d, *Jcr = 25 Hz), 154.1, 149.3, 137.6, 137.2, 123.8, 123.1 (d, *Jcr = 6 Hz),
122.3 (d, *Jer = 5 Hz), 121.8, 100.8 (d, 'Jor = 179 Hz)). "F{'"H} NMR (d>-dichloromethane,
376.48 MHz): 6 —142.1. EA Anal. Calcd (%) for C30Hy0F2Ng (502.52): C, 71.70; H, 4.01; N,
16.72. Found: C, 71.53; H, 4.15; N, 16.64. UV/Vis (acetonitrile, A [nm] (¢ [M"-cm™ + 10°])):
214 (82.5 £9.0), 255 (17.6 £ 1.8), 259 (17.8 £ 1.8), 308 (9.6 £ 0.97), 315 (10.2 + 1.0).

Synthesis of [Co,(u-OH)2(OH,)(DPFN)][NOs]4 (1). DPEN (0.3 g, 0.6 mmol) was dissolved
with heating in 120 mL of EtOH to which was added a solution of Co(NOs3)-6H,O (0.35 g, 1.2
mmol) in 30 mL of EtOH. The resulting orange solution was stirred for 2 min. after which 30%
H,0; (600 pL, 5.9 mmol) was added. The solution was filtered after stirring for 30 min. to afford
a pink precipitate that was washed with EtOH (2 x 30 mL) followed by Et,O (2 x 30 mL) and air
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dried. The product was dissolved in a minimum amount of hot H;O (~ 2 mL) and crystallized
overnight to afford X-ray quality crystals (0.43 g, 0.080 mmol, 76%). "H NMR (d,-water,
300.13 MHz): 6 9.19 (d, Jug = 8.7 Hz, 2H), 9.10 (d, Jug = 5.1 Hz, 4H), 8.85 (d, Jug = 7.2 Hz,
2H), 8.45 (m, 8H), 7.94 (t, Jun = 5.4 Hz, 4H). EA Anal. Calcd (%) for C30H26C0,F2N;¢O16
(938.45): C, 38.40; H, 2.79; N, 14.93. Found: C, 38.10; H, 2.85; N, 14.51. UV/Vis (water, A [nm]
(e [M'em™ +10°))): 312 (11.8 £ 0.4), 324 (12.4 £ 0.4), 522 (0.30 = 0.01).

Synthesis of [{Co(n-OH),(DPFN)}L(%,k%-P04)][NO3]s:15 H,0 (2). 1 (0.05 g, 0.05 mmol) was
dissolved in 5 mL of water to which was added a solution of K,HPO,4 (0.009 g, 0.05 mmol) and
KOH (0.05 mL of 1M agq. soln) in 5 mL of water. The solution was stirred for 16 hr. after which
the solvent was removed under vacuum. The red precipitate was dissolved in 10 mL of EtOH
leaving undissolved a white powder. The solution was filtered and the solvent removed under
vacuum after which the EtOH step was repeated. The product was dissolved in a minimum
amount of water (~ 0.5 mL) and crystallized by vapor diffusion of acetonitrile into the aqueous
solution to afford a crude mixture containing X-ray quality crystals of 2 (0.026 g, 0.013 mmol,
52%). EA Anal. Calcd (%) for CgoHasCo4F4N17035 (1984.04): C, 36.32; H, 3.76; N, 12.00.
Found: C, 36.91; H, 3.53; N, 11.10.

X-ray Crystallography Details. X-ray diffraction data were collected using Bruker AXS three-
circle diffractometers coupled to a CCD detector with graphite-monochromated Mo Ka (A =
0.71073 A) or Cu Ka (A = 1.5478 A) radiation cooled under a stream of N, to 100 K. Raw data
were integrated and corrected for Lorentz and polarization effects using Bruker APEX2 v.
2009.1. Absorption corrections were applied using SADABS. The structures were solved by
direct methods using SHELXS and refined against F* on all data by full-matrix least squares with
SHELXL-97. Refinement details for all compounds are detailed below:

DPMN
All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model.

DPFEN
All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model.

[Coz(u-OH)>(OH2)2(DPEN)][NOs]4 (1)

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model except
hydrogen atoms of the aquo and hydroxo ligands, which were located from the electron
difference map.

[{Co(-OH)2(DPEN) }5(i*,k*-PO4) | [NO5157 H;O-CHACN (2)

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model except
hydrogen atoms of the water solvate molecules and hydroxo ligands, which were located from
the electron difference map if possible or excluded when not possible. Two nitrate anions were
located on an inversion center or mirror plane and were modeled as disordered over two
symmetry-related sites with appropriate structure occupancy factors. One nitrate anion was
located on a mirror plane and was modeled as disordered over two symmetry-related sites and
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one additional rotated site with a total structure occupancy factor of 1. For the site with the
lowest occupancy, one nitrogen-oxygen bond length was restrained to a chemically appropriate
value due to disorder. One nitrate anion was disordered over two sites and was modeled with half
occupancy of each site. Due to disorder, bond lengths were restrained to chemically appropriate
values, one site was restained to be coplanar, and the aniosotropic displacement parameters of
the two sites were restrained to be similar. Two water solvate molecules were found to have
partial occupancy and were modeled with 0.5 structural occupancy factors. For four water
solvate molecule sites, hydrogen atoms could not be located from the electron difference map
and were omitted from the model. For other water solvate molecules hydrogen bond lengths and
angles were restrained to chemically appropriate values and isotropic displacement parameters
were constrained to 1.5 times the isotropic value of the parent oxygen atom. For hydroxyl ligand
hydrogen atoms, bond lengths were restrained to chemically appropriate values.
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Table 1. Experimental details for the X-ray crystal structures of DPMN, DPEN, 1, 2.

L1

DPMN DPEN 1 2
Chemical formula C3()H22N6 C30H20F2N6 C30H26C02F2N10016 C62H61CO4F4N13030P
Formula Mass 466.54 502.52 938.47 1880.96
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
alA 8.072(2) 8.7660(5) 26.800(2) 16.5997(17)
bIA 12.076(3) 23.8721(16) 10.8131(8) 12.8750(14)
clA 12.881(3) 11.4381(7) 12.7351(10) 18.2563(19)
al® 69.775(4) 90.00 90.00 90.00
pI° 84.874(4) 96.074(4) 106.8370(10) 112.203(2)
y/° 79.297(4) 90.00 90.00 90.00
Unit cell volume/A® 1157.3(5) 2380.1(3) 3532.3(5) 3612.4(7)
Temperature/K 131(2) 100(2) 100(2) 100(2)
Space group P1 P2(1)/c C2/c P2(1)/m
No. of formula units per unit cell, Z 2 4 4 2
No. of reflections measured 4230 11151 3207 50251
No. of independent reflections 4230 3941 3207 6842
Rin 0.0281 0.0302 0.0313 0.0456
Final R; values (I > 20(])) 0.0353 0.0360 0.0245 0.0739
Final wR(F?) values (I > 2a(I)) 0.0820 0.0934 0.0680 0.2159
Final R; values (all data) 0.0499 0.0419 0.0256 0.0907
Final wR(F?) values (all data) 0.0889 0.0976 0.0692 0.2403

Goodness of fit on F* 1.243 1.041 1.091 1.034




Electrochemistry Details. Electrochemical experiments were recorded with a BASi Epsilon
potentiostat using a 3 mm diameter glassy carbon working electrode, a Pt wire counter electrode
and a [Ag]/[AgCl] reference electrode (sat. KCl, 0.197 V vs. NHE). The glassy carbon working
electrode was polished between runs with an alumina slurry and rinsed with water. Buffer
solutions were made using Milli-Q water and a phosphate buffer (0.1 M H3zPOy4, 0.1 M KH,POy,
or 0.1 M K;HPO,) and the pH was adjusted using aliquots of a 1 M KOH solution with an
analyte concentration of 2 mM. The potentials of redox events were measured as the potential at
peak current from a differential pulse voltammogram. Controlled potential electrolysis (CPE)
experiments were conducted in a pH 9.0 phosphate buffer solution for a period of 10 min at 1.6
V. Due to initial deposition observed from the buffer solution onto the electrode, the electrode
was pretreated by CPE for 10 min at 1.6 V in pH 9.0 phosphate buffer solution only before
conducting the experiments.

Computational Details. DFT calculations were performed at the Molecular Graphics and
Computation Facility of the University of California, Berkeley using the Gaussian 09 suite of ab
initio programs.” Atoms were modeled using the meta generalized gradient approximation
functional M06,20 and all-electron 6-31G"" basis sets for all atoms.?! This functional/basis set
combination was compared with combinations of the 0)B97XD,22 TPSS,23 and B3LYP?* with the
cc-PVDZ (C,H,N,O)25 / cc-PVTZ?® (Cu) and STO-3G?’ basis sets as the closest match metrically
of the optimized computational structure to the crystal structure of 1. The DFT structures were
optimized as gas phase structures using unrestricted wavefunctions. Protonation and oxidation
states different from 1 were created by modification of 1 using Gaussview and optimized.
Ground states were confirmed by comparison with optimized higher-spin analogues up to the
high-spin limit for two high-spin cobalt centers. The 3D molecular structure figures displayed
were drawn using the Gaussview and Adobe Illustrator visualization and manipulation programs.
Molecular orbital surfaces were exported from Gaussview as cubefiles, visualized in VMD? and
rendered with the Pov-Ray raytracer program.
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Chapter 2

A Series of Dinuclear First-Row Transition Metal Complexes with a Naphthyridine-Based
Dinucleating Ligand
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Introduction

The study of multinuclear metal complexes is an active area of research since
multinuclear metal centers play an important role in various catalytic systems of interest,
including metalloenzymes and the active sites of heterogeneous catalysts.' In the case of
dinuclear systems, many metalloenzymes are known for which interaction of the two metal
centers is thought to play a crucial role in the catalytic function of the enzyme including
hemerythrin?, methane monooxygenase’, ribonucleotide reductase®, urease’, purple acid
phosphataseG, catechol oxidase’, and aurginalse.8 Indeed, even enzymes containing multinuclear
active sites such as the tetramanganese center in the Oxygen Evolving Complex of Photosystem
IT are thought to have only two manganese centers that participate in bond-making and bond-
breaking events in the catalytic cycle.” On this basis, many synthetic water oxidation catalysts
have been developed with dinuclear metal centers such as the ruthenium blue dimer,
[(Ru(bpy)2(OH»))2(1-0O)][C1O4]4, which generally outperform similar mononuclear catalysts.lo_13
The dinuclear metal complexes are expected to have several advantages over mononuclear
complexes including cooperative reactivity of substrates with the neighboring metal centers, the
requirement of lower oxidation or reduction potentials to store multiple redox equivalents on the
complex, promotion of catalysis via of multielectron processes, and potentially beneficial
electronic interactions between the metal centers.'"

Interest in the catalytic capabilities of dinuclear metal complexes has led to the study of
specifically designed dinucleating ligands, for which the structure is tailored to a specific
purpose.'>'® Such ligands can be designed with several beneficial properties. The ligand can be
rigid, to enforce a fixed coordination environment around the metal centers, in a manner
analogous to that provided by polypeptide frameworks in metalloproteins. Such ligands may also
be employed to dictate a given metal-metal distance, with controlled electronic interactions
between the metal centers.'” Also, the number and positions of donor atoms can be controlled to
achieve a particular coordination geometry, and influence the coordination modes of other
ligands.

This report describes the dinucleating properties of a ligand based on the 1,8-
naphthyridine core, 2,7-bis(di(2-pyridyl)fluoromethyl)-1,8-naphthyridine (DPFN). The 1,8-
naphthyridine core has been described as a “masked carboxylate,” capable of emulating the syn,
syn bridging mode of the carboxylate group commonly found in biological systems.'® In
addition, substitution of the naphthyridine group at the 2 and 7 positions easily affords additional
chelating sites at geometric positions favorable for coordination to metal centers bound to the
naphthyridyl-N position.'** In DPEN, the 2 and 7 positions of the naphthyridine core have been
substituted with di(2-pyridyl)fluoromethyl groups (Figure 1). This arrangement gives the
resulting compound DPFN with six chelating N sites that favorably bind two metal centers, each
with 3 N donors coordinated in a facial manner. In this arrangement, the metal-metal distance is
expected to be in the range of 2.3 to 4.0 A* and, for metal centers preferring octahedral
coordination environments, two coordination sites between the two metal centers are suitable for
bridging ligands. With two such bridging donor atoms, the dinuclear complex adopts a diamond-
shaped configuration. Each metal center has an additional open coordination site that may
accommodate terminal ligands in a syn geometry. This structural feature is of interest in the
design of synthetic molecular water oxidation catalysts,”> as well as other catalysts (e.g., for
oxidative dehydrogenation).24’25 In this report, the dinucleating ability of DPFN is described for
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the first-row transition metals from manganese to copper, with chloro, hydroxo, and aqua
bridging ligands that give the diamond-shaped core structure.

Figure 1. Coordination geometry of DPFN around two octahedral metal centers. Coordination
sites for secondary ligands are represented with open squares.

Results

Synthesis of DPFN complexes. The DPFN ligand was prepared as described
previously.26 Metal DPEN complexes of Mn, Fe, Co, Ni, and Cu were prepared with metal
chloride and hydrated metal nitrate starting materials, as shown in Scheme 1. Unlike the later
transition elements, manganese did not form a dinuclear metal complex with DPFN in methanol
or ethanol, regardless of the number of equivalents of manganese starting material used in the
reaction. Instead, the complex [Mn(DPFN),][NOs], (1) preferentially formed in these reaction
mixtures. By ESI mass spectrometry, it was shown that the [Mn(DPFN),]** cation was also
formed when Mn(OTf),:6H,0O and Mn(ClOy),-6H,0O were used as starting materials.
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Scheme 1. Synthesis of complexes 1-6.
[NOl,
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Reactions of anhydrous cobalt(Il), nickel(Il), and copper(Il) chloride, or the
corresponding hydrated nitrate salts, with DPFN resulted in the formation of dinuclear or
tetranuclear metal complexes. For the metal chlorides, two equivalents were added to one
equivalent of DPFN in ethanol solution, and the resulting reaction mixture was stirred for 16 h.
Evaporation of solvent and crystallization by vapor diffusion of diethyl ether or tetrahydrofuran
into a solution of methanol or ethanol resulted in crystallization of [Co(DPFN)(p-
CI),C1(MeOH)],[CoCl4] (2), [Nio(DPEN)(p-Cl),Cl(MeOH)][CI1] (4), and Cuy(DPFN)(u-Cl),Cl,
(5) which were isolated and dried at elevated temperatures (~50 °C) under dynamic vacuum. In
the reaction of CoCl, with DPFN in ethanol, green crystals formed on concentration of the
mother liquor under vacuum. These crystals could not be redissolved in ethanol, but were
recrystallized by vapor diffusion of diethyl ether into a methanol solution to give 2. This
indicates that formation of the CoCl,* anion of 2 may be driven by a favorable precipitation
from solution. Reactions of the cobalt and copper nitrates, Co(NO3),6H,O and
Cu(NOs3),-2.5H,0, with DPFN in ethanol or methanol led to formation of the hydroxo- or aqua-
bridged complexes [Coy(DPFN)(u-OH)>(OH;),][NOs]ls (3) and [Cuy(DPFN)(u-OH)(u-
OH;)(OH,)(NO3)][NOs], (6). The formation of previously reported 3,%° unlike the related
reactions of the DPFN ligand, results in oxidation of the metal centers. This oxidation occurs
spontaneously under laboratory atmosphere; however, the yield of this complex is greatly
increased by addition of excess (10 equiv) H,O, to freshly prepared solutions of Co(NO3),:6H,0
and DPEN. If the addition of H,O; is delayed by more than 10 min, significant formation of the
[CO(DPFN)2]2+ species (presumably analogous to [Mn(DPFN)2]2+) was observed (by ESI mass
spectrometry).

Crystal structures of 1-6. Single crystals of compounds 1-6 were obtained by vapor
diffusion of diethyl ether or tetrahydrofuran into methanol or ethanol solutions. The mononuclear
manganese compound 1 is shown in Figure 2. The manganese center is bound to two DPFN
ligands to give a distorted octahedral geometry, in which each DPFN ligand coordinates in a
facial manner via two pyridyl and one naphthyridyl nitrogen donors. The distortion from
octahedral geometry can be attributed to steric constraints imposed by the accommodation of two
DPEFEN ligands, which results in small N-Mn—N bond angles (81(3)° on average) associated with
a given DPEN ligand, and large N-Mn-N bond angles (107(4)° on average) involving separate
DPEFEN ligands.
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Figure 2. X-ray crystal structure of 1. Thermal ellipsoids are shown at 50% probability;
hydrogen atoms, solvate molecules, and counterions are omitted for clarity. Selected bond
lengths [A] and angles [°]: Mn1-N1 2.216(2), Mn1-N3 2.234(2), Mn1-N4 2.349(2), Mn1-N7
2.222(2), Mnl-N9 2.249(2), Mnl-N10 2.322(2), N1-Mnl1-N10 168.31(7), N4-Mnl1-N7
168.73(7), N3-Mn1-N9 165.17(7).

Crystal structures of the dinuclear and tetranuclear metal complexes 2-6 are shown in
Figure 3 and distance and angle measurements are given in Table 1. All of the metal centers in 2-
6 are six-coordinate in the solid state with approximate octahedral geometries. For each metal
center, three of the coordination sites are occupied by the DPFN ligand in a facial coordination
manner. The two coordination sites trans to the coordinated DPFN pyridyl nitrogens are
occupied by the bridging chloro, hydroxo, or aqua ligands, such that the two coordination
octahedra for the metal centers share an edge. With the exception of §, the coordination site trans
to the coordinated naphthyridine nitrogen is occupied by terminal chloro, aqua, methanol, or
nitrato ligands. In the tetranuclear complex S, the chloro ligands trans to the coordinated
naphthyridine nitrogens form a bridge between two facing Cuy(U-Cl)2(DPFN) moieties. The
M;(p-X), metal-metal distances in 2-6 range from 2.7826(5) to 3.2410(11) A, and correlate well
to the oxidation state of the metal and the metal-bridging ligand bond lengths. Thus, the higher
3+ oxidation state of cobalt, and thus smaller ionic radius, in 5§ compared to the other complexes
all containing M(II) centers results in the shortest metal-metal distance of 2.7826(5) A. Also, the
shorter bond lengths to the hydroxo and aqua bridging ligands of 1.917(5) A and 2.087(4) A,
respectively, in the copper complex 6, results in a metal-metal distance of 2.9534(3) A while the
chloro-bridged copper complex 5, with an average M—(u-Cl) bond length of 2.294(2), has a
metal-metal distance of 3.2410(11).
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Table 1. Selected structural parameters for complexes 2-6

2 3 4 5 6
distance (A)/ angle (°)  Co2(u-Cl2  Co2(u-OH)2  Nia(p-Clz  [Cu2(u-Cl)2]2  Cu2(u-OH)(u-OHz)

M1-M2 3.2382(8) 2.7826(5) 3.2217(8) 3.2410(11) 2.9534(3)
MI1-Cl/O1 2.3995(11)  1.8703(16)"  2.3504(13)  2.2927(14) 2.0905(12)
M1-Cl/O2 2.3968(12) 1.8787(17)  2.3674(13) 1.9204(11)
M2-Cl/O1 2.4326(11) 2.3672(13)  2.2961(14) 2.0842(11)
M2-Cl/O2 2.3878(11) 2.3877(12) 1.9136(11)
MI-NI1 2.250(3) 1.941(2) 2.180(3) 2.609(4) 2.4056(13)
M2-N2 2.346(3) 2.233(4) 2.3767(13)
MI1-N3 2.108(3) 1.918(2) 2.057(4) 2.015(4) 2.0069(13)
M1-N4 2.120(3) 1.9306(2) 2.068(4) 2.005(4) 2.0085(13)
M2-N5 2.095(3) 2.063(4) 1.9787(14)
M2-N6 2.126(3) 2.075(4) 2.0210(13)
M1-X (termin al)b 2.045(3) 1.908(2) 2.076(3) 2.6421(9) 2.3004(13)
M2-X (terminal)’ 2.4132(11) 2.3893(13) 2.3747(12)

M1-Cl/O1-M2 84.15(4) 95.85(7) 86.14(4) 89.87(5) 90.05(4)
M1-Cl/O2-M2 85.19(4) 85.30(4) 100.76(5)

equatorial plane an gled 26.68(8) 12.14(2) 25.57(7) 36.61(5) 25.64(5)

“Due to C, symmetry, only half of the parameters for 3 and 5 are unique. The atom labels are
modified as follows: M2 =M1', C/O2 = 0O1', N3 = N2, N4 = N3. °X = (2)01, 3)02,4) 01, (5)C12, (6)
03.°X = 2)CI3, (4) CI3, (6) O4. dDeﬁned as the angle between the least squares planes determined by
(M1 N3 N4 Cl/O1 CI/O2) and (M2 N5 N6 CI/O1 C/O2).
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Figure 3. Crystal structures of complexes 2-6. Thermal ellipsoids are shown at 50% probability;
hydrogen atoms of DPFN, solvate molecules, and counterions are omitted for clarity.
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Jahn-Teller distortions are most evident in the M—N naphthyridine bond lengths of the &
copper complexes 5 (2.609(4) A) and 6 (av 2.39(2) A). These bond lengths are significantly
longer than the average Cu—N pyridine bond lengths of 2.010(7) (for §) and 2.004(18) A (for 6).
For the d’-cobalt centers in complex 3, the distortion is less pronounced with an average Co-N
naphthyridine bond length of 2.21(4) A and an average Co—N pyridine bond length of 2.066(8)
A.

In general for these complexes, there is no significant deviation from planarity for the
equatorial planes defined by the MN,X, atoms (metal, pyridyl nitrogen atoms and bridging X
groups). Root-mean-square deviations for the equatorial MN, X, planes range from 0.030 A for 4
to 0.061 A for 2. In 2, the largest deviation, 0.106(1) A, occurs for Co2 which is drawn out of the
equatorial MN,X, plane by interaction with the terminal chloro ligand. In contrast, Col, for
which the terminal ligand is methanol, deviates from its MN,X, least-squares plane by only
0.010(1) A. Similarly, in 4 the largest deviation from the equatorial MN, X planes is associated
with the terminal-chloride-bound Ni2 (0.056(1) A) while the methanol-bound Nil exhibits no
significant deviation (-=0.001 (1) A). Complex 5 exhibits a relatively large out-of-plane deviation
of 0.091(2) A for Cul, which is possibly associated with the unique tetranuclear structure, while
the other dinuclear structures exhibit relatively small maximum deviations of 0.0595(6) A for 6,
0.056(1) A for 4, and 0.049(2) for 3.

Another structural parameter that varies significantly in 2-6 is the angle made between
the MIN,X, and M2N,X, equatorial planes. Ideally, with pure octahedral geometries for the
metal centers and an ideal fit inside the pocket of the ligand, the M1N,X, and M2N,X, equatorial
planes would be coplanar. However, in each complex the equatorial planes are angled such that
the single-atom bridging ligands are puckered away from the naphthyridine ring of the DPFN
ligand. The angle made between the equatorial planes varies from 12.14(2)° for 3 to 36.61(5)°
for 5. The variation in this angle is consistent with two main factors: the identity of the bridging
ligands, and Jahn-Teller distortion. Because of the short interatomic distance between the
nitrogen atoms of the 1,8-naphthyridine fragment (2 298(16) A), the optimal M-X bond length
for an idealized octahedral geometry is ~1.62 A. Since the M—Cl bonds at 2.36(5) A are
relatively long compared to the M—OH and M-OH, bonds, the chloride bridging ligands in 2 and
5 enforce greater angles between the equatorial planes, 26.68(8)° and 36.61(5)°, respectively,
than for the hydroxo- or aqua-bridged analogs of the same metal — 12.14(2)° for 3 and 25.64(5)°
for 6. The other factor, Jahn-Teller distortion, results in long M—N(naphthyridine) bonds (vide
supra), which push the metal centers out of the “pocket” of the ligand, and enforce tilted MN, X,
equatorial planes to maintain an octahedral geometry about the metal centers. Thus, the largest
angle of 36.61(5)° occurs for the dg—copper complex 5 having the largest Jahn-Teller distortion,
followed by the moderately Jahn-Teller distorted d’-cobalt complex 2 with an angle of 26.68(8)°,
and the non-distorted d°-nickel complex 4 with an angle of 25.57(7)°. Finally, the smallest angle
of 12.14(2)° occurs for the Co(IIl) complex 3, consistent with the small ionic radius of the
Co(III) ion, which allows the metal centers to better fit into the ligand “pocket.”

Magnetic Measurements. The magnetic moments of complexes 1-6 (Table 2) were
measured by the Evans method.”” With the exception of 3, the only complex not containing
M(I) metal centers, the magnetic moment of each complex is consistent with the spin state
expected for high-spin M(II) metal centers. The magnetic moment of the mononuclear o’
manganese complex 1 is 5.8(2) ug, consistent with a high-spin S = 5/2 Mn(Il) center. The d’
cobalt complex 2, exhibits a magnetic moment of 4.8(2) ug per metal center, a deviation from the
spin-only S = 3/2 value of 3.87 pug typical for high-spin octahedral Co(Il) complexes.”® The

29



magnetic moment of the d° nickel complex 4, psr = 3.04(10) pg per nickel center, is slightly
higher than the spin-only S = 1 value (2.83 ug), as is usually observed for Ni(I) centers.”
Similarly, for the d copper complexes, the magnetic moments of 1.61(5) pg (5) and 1.67(5) pup
(6) per copper center are lower than the spin-only value of 1.73 pg, and also lower than the
typically observed magnetic moment for mononuclear Cu(Il) centers. However, this behavior is
consistent with what has been reported for multinuclear copper complexes and is presumably due
to ligand-mediated magnetic exchange between the copper centers.”® In contrast to the M(II)
complexes, the Co(Ill) complex 3 adopts a low-spin, d° electronic configuration and is
diamagnetic.

Table 2. Physical Properties of complexes 1-6

magnetic moment (pB) d-d transition (nm (M 'em™ ))
1 [Mn(DPFN)]™* 5.85(16)
2 Co2(u-Cl2 4.84(16) 512 (83(5)) 485 (88(5))
3 Co2(u-OH)2 diamagnetic 522 (300(10) ) 362 (sh)"
4 Niz2(u-Cl)2 3.04(10) 625 (11.6(4))
5 [Cuz(u-Ch)2]2 1.61(5) 702 (180(10) ) 431 (170(10))
6 Cuz2(u-OH)(u-OHz) 1.67(5) 599 (52(3) )

“sh = shoulder

Electronic Spectra. Electronic spectra of DPFN and complexes 1-6 were recorded in
acetonitrile (DPFN), methanol (1,2,4,5), or aqueous (3,6) solution. These spectra are shown in
Figure 4 and selected absorption peaks are given in Table 2. Each complex exhibits intense
electronic transitions in the UV region below ~350 nm with high molar absorptivities (¢ > 10,000
M"em™) composed of one absorption band in the region 308-321 nm, and additional transitions
at 255-262 nm and 212-214 nm that not observed in some complexes. These transitions
correspond to those observed in DPFN and are assigned to T-7 transitions of the DPFN ligand.

Absorptions corresponding to d-d transitions are observed in each metal complex, with
the exception of 1. As is common for high-spin d° centers, the d-d transitions for the d°
manganese complex 1 are too weak to be observed. The observed bright yellow color of the
compound is attributed to broadening of the absorbance peak of the m- transition at 321 nm,
and may arise from unresolved charge transfer bands below 450 nm.

Unlike the other metal complexes, the green crystals of d’ cobalt complex 2 change color
when dissolved in methanol, to give a red solution. This color change can be attributed to
reaction of the C0C142' counterion with the water present in solution to form the Co(HzO)62+ ion.
Whereas the CoCl,” ion has a complicated set of absorbance peaks in the region 593-693 nm
with € = 122-653 M'lcm'l, the CO(H20)62+ ion has only a very weak absorption (€ = 4.8 M'lcm'l)
at 513 nm which corresponds well with the observed absorption at 512 nm.*’

30



6 Cu,(1-OH)(u-OH,)

A A A A A o\ A A /
@,
5 [Cu,(u-Cl),],
ne . &* N P Vet - ™y ~
|h | #x - Nt et S Sl Nt Nl Yo -, "
} ]
\_f,‘ .
H %
4 Niy(u-Cl),
(] I h oy | igm® -} ok Y gy -
g - Lt J d L= L= g L LN

3 Co,(u-OH),
—— v— ¥ ¥ ¥ a

2 Co,(u-Cl),
S R VI L iy " — —

v“ \ 1 [Mn(DPFN),I*"
e & & @ & & @

DPFN
P ————————
200 300 400 500 600 700 800

wavelength (nm)

continued on next page

31



b)
100

6 Cu,(u-OH)(u-OH,)

\(/\] /N[Cuz(p-m)zlz

10
200

. v

25
P 4 Ni(u-Cl),
5 s
s 25 o
< 5000 400 »
2 o
o ©
a < > <
< Y —_
< 500 3 Co,(u-OH), w0 2
< 100 i =
= \/t\‘* 3;

2 Co,(u-Cl),
10 PV w——
100
\
- 1 [Mn(DPFN),I**
100 o—0- . 2 @ ® . 4 A e |
DPFN
04 T ——= . * '—__,:__—T:M
400 600 800

wavelength (nm)

Figure 4. Electronic spectra of DPFN (m), 1 (o), 2, (A), 3 (V), 4 (0), 5 (0), and 6 (A). a)
Spectral region from 200-450 nm displaying molar absorptivity up to 35,000 M'cm™ for DPFN,
and 3-6 and up to 75,000 M'cm™ for 1 and 2. b) Spectral region from 350-900 nm displaying
molar absorptivity up to 25 M lem™! for 4, up to 100 M lem™! for DPEN, 1, 2, 5, and 6, 200 M~
lem™ for 5, and 5000 M em™ for 3.

The d° cobalt complex 3 has one well-defined d-d transition at 522 nm, as expected for
six-coordinate, pseudo-octahedral, low-spin d°-cobalt complexes, corresponding to the lAlg -
lTlg transition in pure Oy, symmetry. The higher energy lAlg - szg transition occurs in a region
partially obscured by the - transitions of the DPFN ligand in 3; however, a shoulder at 362
nm may be assigned to this d-d transition. From the energies of these two transitions, an
approximate average crystal field splitting parameter of A = 21,000 cm™ can be obtained using
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the Tanabe-Sugano diagram (C/B = 4.42) for d° ions. This splitting energy is between the value
for Co(H,0)s* (20,760 cm™) and Co(NH;3)s * (22,870 cm™), which is expected given the mixture
of aqua, hydroxo, and pyridine-type ligands in 3, and suggests that the field strength of the
DPEN ligand is approximately similar to that of pyridine.*

The d® nickel complex 4 exhibits one weak (¢ = 11.6(4) M'em™) transition at 625 nm
consistent with the intermediate energy, spin-allowed d-d transition for a six coordinate pseudo-
octahedral complex. The other two expected transitions are not observed; however, the tail of the
low energy transition absorption band is apparent at 800-900 nm at the low energy limit of the
spectrum. The expected high-energy transition is obscured by the ©-m transitions of DPEN, but a
slight shoulder around 375 nm is evident.

The d’ copper complexes 5 and 6 are subject to strong Jahn-Teller distortions which are
evident in the electronic spectra of these complexes. For the Cu,(u-OH)(u-OH;) complex 6, the
Jahn-Teller effect is manifested in the very broad character of the d-d transition with Ap,x = 599
nm. In §, the Jahn-Teller effect is large enough to result in two strongly blue-shifted, distinct

absorptions corresponding to a low energy d,2 — dyy transition at 702 nm and a high energy dy..

y2, dxz, dy, —> dyy transition at 431 nm (axes are defined as shown in Figure 4). The absorption
peak at 431 nm is unusually high in energy for a d-d transition in a Cu(Il) complex but is too
weak (e = 170(10) M'em™) to correspond to a charge transfer band.

Electrochemical Experiments. Cyclic voltammetry traces of DPFN and compounds 1-6
were recorded in 0.1 M 'BuyNPFs DMF with a glassy carbon electrode using a Ag/AgNOs3
reference electrode in acetonitrile. The CV traces shown in Figure 5 are referenced to Fc/Fc*
(0.076 V vs. Ag/NOs in acetonitrile). Due to insolubility of 3 in 0.1 M ‘BusNPFs DMF solution,
two equivalents of 1 M KOH aqueous solution were added to solubilize the complex.

The cyclic voltammetry of DPFN in Figure 5a shows that the compound is anodically
stable in DMF and cathodically stable to —1.8 V after which DPFN is irreversibly reduced at a
peak anodic current of —1970 mV, assigned to reduction of the naphthyridine moiety. Two
additional, significant reduction events occur at —2665 mV and —2777 mV are assigned to
reduction of the pendant pyridine rings (for pyridine E;» = —=2.66 V vs. SCE in 0.1 M Et;NI
DMF’!). In 1-6, additional oxidation and reduction events are assigned to redox events at the
metal centers. In the mononuclear manganese complex 1, irreversible reduction of the
manganese center is observed at —1656 mV for Mn" to MnI, followed by reduction from Mn' to
Mn’ at —1759 mV. No oxidation of Mn" to Mn'" is observed below 1.2 V.
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Figure 5. Cyclic voltammograms of 2 mM DMF solutions of a) DPFN, b) 1,¢) 2,d) 3,e) 4, ) 5,
g) 6. Voltammograms are shown on a common potential scale referenced to Fc/Fc'. The
direction of the initial scanning potential for each experiment is indicated by an arrow. For
DPFEN and 1, two separate cyclic voltammograms for anodic and cathodic potentials are given.
For 2, anodic potentials are scaled to 50 pA while cathodic potentials are scaled to 10 pA.
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For the series of chloride-bridged complexes 2, 4, and S, analogous oxidation and
reduction events are observed. In each case the redox events are irreversible, likely due to
structural changes occurring in the complex. For the dinickel complex 4, reduction to the Ni'Ni'
species is observed as one broad reduction event with a cathodic current peak at —1449 mV,
associated with a corresponding reoxidation at —1302 mV. Oxidation of 4 to the Ni''Ni'" species
is observed as a broad oxidation step with an anodic peak at 599 mV, associated with re-
reduction at 349 mV. Reduction of the tetranuclear copper complex 5 is similar to 4, however
due to the four copper centers, reduction occurs in two two-electron events at —235 mV,
presumably to produce a Cu'Cu'Cu"Cu" species, and at =592 mV, after which the species
decomposes into dinuclear Cu'Cu' units. Re-oxidation of the Cu'Cu' to Cu"Cu" species occur
together at —15 mV. Oxidation of the complex by four electrons occurs in two unresolved
irreversible steps with an anodic peak at 645 mV and a cathodic peak at 365 mV. In the cobalt
complex 2, reduction to the Co'Co' species is observed in two irreversible steps with cathodic
current peaks at —1298 mV and —1500 mV. Anodic oxidation of the Co"Co' step is observed at
—1263 mV (ipa/ipe = 0.3). Scanning to anodic potentials with 3 results in one high current redox
event with E;» = 518 mV attributed to oxidation of the C0C142' anion. Oxidation of the Co"Co"
cation is not observed but may be obscured by the oxidation of CoCl4~.

The hydroxo- and aqua-bridged complexes 3 and 6 show significantly different
electrochemical properties as compared to the related chloride-bridged complexes. The
hydroxide-bridged cobalt complex 3 is strongly stabilized in the Co™Co™ oxidation state, with
respect to the chloride-bridged cobalt complex 2. The Co™Co™ state is not observed for 2,
although due to the obscuring presence of CoCl,” its formation could occur above a potential as
low as 524 mV. Reduction of the Co"Co™ state of 3 occurs in two separate steps to form the
Co™Co" state at =619 mV and the Co"Co" state at —985 mV. These reduction steps are
completely irreversible, probably due to major structural changes that occur on reduction to the
labile Co(II) oxidation state. Further reduction of the complex to a Co'Co' species occurs with
cathodic current peaks at —1481 mV, with re-oxidation at —1375 mV. The similarity of the
reduction potential for this species and that for generation of the Co'Co' state in 2 (-1500 mV)
indicates that reduction of 3 to the Co"Co" state induces reactions that result in a complex
similar to that of 2 in 0.1 M 'BuyNPFs DMF solution. Oxidation of 3 to CoVCo™ or Co™vCo"
species is not observed to 1.2 V.

The hydroxo- and aqua-bridged copper complex 6 exhibits significant stabilization of the
Cu''Cu" state compared to the Cu"Cu" state in the chloride-bridged complex 5. While the
Cu'Cu" state of 5 is oxidized to Cu™Cu™ at 738 mV, oxidation of 6 is not observed up to 1.2 V.
Also, while the reduction of 5 to Cu'Cu' occurs in two steps at —223 mV and —580 mV, the
reduction of 6 to Cu'Cu' occurs in two steps with cathodic current peaks at =491 mV and —1170
mV indicating a much more stable cu'Cu' mixed-valence state, as well as a stabilized cullcu®
state (with respect to 5). Re-oxidation to Cu"Cu" occurs with an anodic current peak at =3 mV.
In addition to reduction to the Cu'Cu’ state for 5, further irreversible reduction to Cu® occurs with
a cathodic current peak at —1573 mV with partial re-oxidation (ipa/i,c = 0.2) occurring at an
anodic current peak at —1406 mV.

Acid Dissociation Constants of 3 and 6. The hydroxo- and aqua-bridged complexes 3
and 6 contain terminal or bridging aqua ligands that should exhibit acidic properties. The acid
dissociation constants for these complexes were determined by potentiometric titration of
aqueous solutions of 3 or 6 using a 0.1 M NaOH solution (Figure 6). For the cobalt complex 3,
two terminal aqua ligands could be deprotonated, with acid dissociation constants measured from
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the half-equivalence points as pK, = 4.1(1) and pK,; = 5.8(1). In the copper complex 6, the
bridging aqua ligand is deprotonated with an acid dissociation constant of pK, = 3.3(1).
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Figure 6. Potentiometric titration curves of 3 (m), and 6 (e). Base was added as aliquots of a
0.1 M NaOH solution.
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Discussion

This work has produced a range of first-row transition metal dinuclear and tetranuclear
complexes formed by the naphthyridine-based dinucleating ligand DPFN. Comparisons of DPFN
can be made with the well-known pentadentate ligand PyS5, and the analogous phthalazine-based
dinucleating ligand bdptz, which have similarly been used to form a series of first-row transition
metal complexes (Figure 7).**** DPFN can be regarded as the dinucleating analog of Py5. Like
PyS5, stable complexes with DPFN tend to contain metals in the 2+ oxidation state having a high-
spin electronic configuration. A comparison of chloride complexes of the DPFN and Py5 (R =
OMe) ligands shows that M—N(pyridyl) distances are slightly shorter for the DPFN complexes,
by an average of 0.07(6) A. In addition, the M-N(naphthyridine) distances in DPFN complexes
are on average 0.15(5) A longer than the M—N bond distance associated with the axial pyridine
of Py5 complexes. This may reflect the operation of strain, induced by the placement two metal
centers in the binding pocket of DPFN. Comparison of the electrochemical properties of DPFN
and Py5 complexes shows that DPFN complexes tend to exhibit irreversible oxidation or
reduction events, while Py5 complexes often display reversible redox events. This is likely due
to the greater flexibility of the ligand pocket of DPEN versus Py5, allowing for significant
structural

Figure 7. Comparison of the coordination modes of a) Py5, b) DPFN, and c) bdptz.

changes during redox events. Also, this may be indicative of greater instability of DPFN
complexes due to tridentate binding to each metal center instead of pentadentate binding as
exhibited by PyS5.

The electrochemical properties of the nickel chloride complexes of DPFN and Py5 are
the most directly comparable due to the presence of multiple, analogous redox events. In the
[(Py5)NICI][C]] complex, oxidation to Ni"" occurs at E;, = 0.39 V (vs. Fc/Fc*) while reduction
to Ni' occurs as Ej» = —=1.91 V. In the dinickel complex 4, oxidation to the Ni'"Ni"™ state is
observed at E, = 0.47 V and reduction to the Ni'Ni! state occurs at Ei» = —1.38 V. The shift of
the oxidation and reduction events to more positive potentials in 4 is likely due to the presence of
three chloride ligands and only three nitrogen donors for each metal center instead of a single
chloride and five nitrogen donors in [(Py5S)NiCl][Cl]. However, at only slightly more positive
oxidative potentials, 4 is oxidized by two rather than one electron, demonstrating the ability of
dinuclear DPFN complexes to store multiple redox equivalents at a lower required potential.

Comparisons can also be made to the similar dinucleating ligand bdptz.**** The ligand
bdptz forms related chloride- and hydroxide-bridged complexes, and due to the coordination
geometry of the phthalazine nitrogen atoms, the range of M—M distances supported in complexes
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with bdptz have a greater range of values (3.754 — 3.121 A) compared to complexes of DPFN
(2.7826(5) — 3.2410(11) A). This ability to support long metal-metal distances may explain why
bdptz easily forms chloro-bridged dimanganese(Il) complexes with an M—M distance of 3.549(2)
A, while DPFN appears to be more resistant toward formation of complexes with higher ionic
radii.

Conclusion

This work illustrates the dinucleating ability of the naphthyridine-based dinucleating
ligand DPFN. Dinuclear and tetranuclear metal complexes were formed with late first-row
transition metals in which the two metal centers are held at separations of 2.7826(5) — 3.2410(11)
A. The structural properties of DPFN are conducive to formation of pseudo-octahedral metal
centers with two one-atom bridging ligands to give “diamond-shaped” dinuclear complexes.

Experimental

General Considerations. Spectroscopic grade solvents were purchased from Aldrich and
distilled water was employed. Deuterated solvents were purchased from Cambridge Isotope
Laboratories and used as received. The ligand DPFN was prepared as described previously.26
NMR spectra were recorded on a Bruker AV-600 spectrometer at 20 °C. 'H NMR spectra were
referenced to residual protio solvent peaks (d4.80 for d,-water, 6 4.78 for dy-methanol). Solution
magnetic susceptibilities were determined by the Evans’ method.”’ Solution UV-Vis spectra
were collected using a Cary 300 Bio spectrophotometer with a 1-cm quartz cell at 1 nm
resolution. Infrared spectra were recorded on powders with a Thermo Scientific Nicolet iS10
using the Smart iTR ATR sampling accessory. Potentiometric titrations were performed using a
Thermo Fisher Orion 3-Star pH meter with a Ag/AgCl combination pH electrode. Measurement
of acid dissociation constants were not corrected for ionic strength. Elemental analyses were
carried out by the College of Chemistry Microanalytical Laboratory at the University of
California, Berkeley.

Electrochemical Measurements. Electrochemical experiments were recorded with a BASi
Epsilon potentiostat using a 3 mm diameter glassy carbon working electrode, a Pt wire counter
electrode and a Ag/AgNO; reference electrode (0.1 M ['BusN][PF¢], 1| mM AgNOs in ACN,
0.076 V vs. Fc/Fc"). The glassy carbon working electrode was polished between runs with 0.05
wm alumina slurry, rinsed with water and dried. Cyclic voltammograms were recorded in 0.1 M
DMF ['BuyN][PFq] solutions. Solutions were purged with nitrogen before analysis.

Synthesis of [Mn(DPFN),][NO;],'SCH30H (1). DPEN (0.2 g, 0.4 mmol) was dissolved in 25
mL of MeOH and then Mn(NOs),-4H,0 (0.05 g, 0.2 mmol) was added. The resulting yellow
solution was stirred for 16 h. The volume of the solution was reduced to ~5 mL and the product
was crystallized from solution by vapor diffusion of THF to afford yellow X-ray quality crystals
(0.25 g, 0.18 mmol, 93%). Magnetic Moment (Evans’): s = 5.92)ug. UV-Vis (MeOH, A
[nm] (e [M"-ecm™-107])): 260 (40(3)), 321 (33(2)), 312 (27(2)). IR (ATR, ¥ [cm']): 1598(m),
1504(w), 1469(m), 1434(m), 1338(s), 1301(w), 1214(w), 1136(m), 1101(w), 1084(w), 1055(w),
1015(m), 995(w), 933(w), 901(w), 859(m), 830(w), 775(s), 749(m), 714(w), 700(w), 689(s),
641(w), 617(w), 593(w), 559(w), 543(w). EA Anal. Calcd (%) for CesHeoFsMnN 404, (1344.21
g/mol): C, 58.08; H, 4.50; N, 14.59. Found: C, 58.07; H, 4.12; N, 14.97.
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Synthesis of [Co(u-Cl);CI(CH30H)(DPFN)];[CoCls]-8H,0 (2). Under a flow of nitrogen,
DPFEN (0.1 g, 0.2 mmol) was dissolved with heating in 75 mL of EtOH and then a solution of
anhydrous CoCl, (0.05 g, 0.4 mmol) in 10 mL of EtOH was added. The resulting pale orange
solution was stirred for 16 h slowly turning brown in color. The volume of the solution was
reduced to ~5 mL, and this solution was allowed to stand at room temperature for 10 min, after
which green crystals of the product formed. The product was recrystallized by vapor diffusion of
Et,O into a MeOH solution to form green X-ray quality crystals (0.06 g, 0.03 mmol, 38%).
Magnetic Moment (Evans’): Ut = 11.1(5)ug. UV-Vis (MeOH, A [nm] (¢ [M"-cm™-107])): 212
(160(10)), 261 (47(3)), 320 (38(2)), 485 (0.088(5)), 512 (0.083(5)). IR (ATR, ¥ [cm™]):
1618(w), 1600(m), 1537(w), 1511(w), 1472(m), 1438(m), 1391(w), 1296(w), 1195)w), 1160(w),
1486(w), 1104(w), 1083(m), 1060(w), 1024(m), 929(w), 856(m), 808(w), 774(s), 713(w),
702(W), 687(m), 642(W), 614(W), 577(W). EA Anal. Calcd (%) for C62H64C110C05F4N12010
(1862.45 g/mol): C, 39.76; H, 3.20; N, 9.02. Found: C, 39.98; H, 3.46; N, 9.02.

Synthesis of [Ni(n-Cl),ClI(CH30H)(DPFN)][Cl]-4H,O (4). Under a flow of nitrogen, DPFN
(0.1 g, 0.2 mmol) was dissolved with heating in 75 mL of EtOH and then a solution of anhydrous
NiCl, (0.05 g, 0.4 mmol) in 10 mL of EtOH was added. The resulting green solution was stirred
for 16 h. The solvent was removed by rotovap to give the product as a green precipitate. The
product was crystallized by vapor diffusion of Et,O into a MeOH solution to form green X-ray
quality crystals (0.10 g, 0.12 mmol, 58). Magnetic Moment (Evans’): ey = 4.3(2)ug. UV-Vis
(MeOH, A [nm] (¢ [M"-cm™107))): 262 (20.0(8)), 313 (14.1(5)), 320 (16.7(6)), 625 (0.0116(4)).
IR (ATR, v [cm™']): 1602(m), 1578(w), 1541(w), 1512(w), 1471(m), 1441(m), 1395(w),
1296(w), 1239(w), 1196(w), 1161(w), 1142(w), 1086(m), 1061(w), 1026(m), 931(w), 853(m),
772(s), 714(w), 702(w), 686(s), 643(w), 615(w), 576(w), 551(w). EA Anal. Calcd (%) for
C31H3,CLsF2NgNi,Os (865.86 g/mol): C, 42.88; H, 3.46; N, 9.84. Found: C, 43.00; H, 3.73; N,
9.71.

Synthesis of [Cuy(u-Cl)(DPFN);]Cl,:6H,0 (5). Under a flow of nitrogen, DPFN (0.1 g, 0.2
mmol) was dissolved with heating in 75 mL of EtOH, and to this solution was added a solution
of anhydrous CuCl, (0.05 g, 0.4 mmol) in 10 mL of EtOH. The resulting bright green solution
was stirred for 16 h. The volume of the solution was reduced to ~5 mL, filtered, and crystallized
by vapor diffusion of Et;O into a EtOH solution to form green X-ray quality crystals (0.16 g,
0.19 mmol, 97%). Magnetic Moment (Evans’): e = 2.27(7)up. UV-Vis (MeOH, A [nm] (€
M'-em™107]): 212 (150(11)), 261 (60(4)), 305 (23(2)), 310 (23(2)), 316 (23(2)), 431
(0.17(1)), 702 (0.18(1)). IR (ATR, v[cm™]): 1603(m), 1578(w), 1544(w), 1502(w), 1471(m),
1436(m), 1296(w), 1246(w), 1196(w), 1162(w), 1140(w), 1083(m), 1064(w), 1026(m), 862(m),
811(w), 778(s), 712(w), 699(w), 686(m), 650(w), 618(w), 570(w). EA Anal. Calcd (%) for
CeoHs2ClgCuysFsN 1206 (1650.94 g/mol): C, 43.74; H, 3.00; N, 10.13. Found: C, 43.65; H, 3.17; N,
10.18.

Synthesis of [Cuz(u-OH)2(NO3)(OH2)(DPFN)]-2H,O (6). DPEN (0.2 g, 0.4 mmol) was
dissolved with heating in 20 mL of MeOH to which was added a solution of Cu(NOs3),-2.5H,0
(0.19 g, 0.8 mmol) in 10 mL of MeOH and 2 mL of H,O. The resulting blue solution was stirred
for 30 min. The solvent was removed by rotovap to give the product as a blue precipitate. The
product was dissolved in ~3 mL of hot water and crystallized by slow evaporation to give blue
X-ray quality crystals (0.25 g, 0.28 mmol, 70%). Magnetic Moment (Evans’): e = 2.38(8)Up.
UV-Vis (water, A [nm] (€ [M™-cm™107)): 260 (25(1)), 316 (10.4(5)), 599 (0.052(3)). IR (ATR,
v [em™]): 1606(m), 1578(w), 1474(w), 1444(w), 1401(s), 1321(s), 1299(s), 1194(w), 1163(w),
1132(w), 1086(m), 1030(m), 1002(w), 930(w), 868(m), 827(w), 811(w), 775(s), 713(w), 699(w),

39



688(m), 655(w), 620(w), 572(w), 557(w), 539(w). EA Anal. Calcd (%) for C3oHa9CusF2NgO14
(904.70 g/mol): C, 39.94; H, 3.19; N, 13.81. Found: C, 39.83; H, 3.23; N, 13.93.
Crystallographic Analyses. X-ray diffraction data were collected for compounds 1-5 using
Bruker AXS three-circle diffractometers coupled to a CCD detector with graphite or QUAZAR
multilayer mirror monochromated Mo Ko (A = 0.71073 A) radiation cooled under a stream of N,
to 100 K. Raw data were integrated and corrected for Lorentz and polarization effects using
Bruker APEX2 v. 2009.1. Absorption corrections were applied using SADABS. The structures
were solved by direct methods using SHELXS and refined against F~ on all data by full-matrix
least squares with SHELXI.-97. Refinement details for each compounds are detailed below:

[Mn(DPFN),][NO3],-:0.5CH30H-1.5THF (1)

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model. Disorder of
one tetrahydrofuran solvate molecule was modeled over two sites with the use of free variables.
Solvent disorder of a second solvate site consisting of 50:50 tetrahydrofuran:methanol was
extensive and was treated as a diffuse contribution to the overall scattering without specific atom

positions by SQUEEZE/PLATON.

[Coz(u-C1),CI(CH30OH)(DPFEN)],[CoCl4]-3.75CH3OH-0.5THF (2)

All non-hydrogen atoms were refined anisotropically except for a CoCl,* chloride atom and the
atoms of a methanol molecule that had very low structural occupancy factors; hydrogen atoms
were included into the model at their geometrically calculated positions and refined using a
riding model except the OH hydrogen atoms of the coordinated methanol ligands which were
located from the electron difference map and the OH bond lengths were restrained to chemically
appropriate values. Disorder of the CoCly* was modeled as partial occupancies over three sites.
Methanol and the diethyl ether solvate molecules were modeled with partial occupancies
appropriate to the electron density. Due to disorder of the diethyl ether solvate molecule bond
and angle restraints at chemically appropriate values were applied and isotrotrpic restraints were
applied to atoms with severe anisotropy.

[Niy(u-Ch,CI(CH3OH)(DPEN)][CI]-3.25CH;0H (4)

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model except the OH
hydrogen atom of one coordinated methanol ligand which was located from the electron
difference map and the OH bond length restrained to a chemically appropriate value. Significant
disorder in the other coordinated methanol ligand prevented location of the OH hydrogen atom
and the carbon atom was treated with a tight isotropic restraint. One chloride anion was
disordered and modeled over two sites with the use of free variables. Extensive disorder of the
methanol solvate molecules consisting of 13 methanol molecules could not be and was treated as
a diffuse contribution to the overall scattering without specific atom positions by
SQUEEZE/PLATON.

[Cus(u-Cl)(DPFEN),][Cl1],-2CH3OH-2THF (5)

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model. The methanol
solvate molecule sites were modeled as partially occupied and treated with isotropic restraints.
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The tetrahydrofuran molecule site was centered on a two-fold axis and one atom site was
modeled as a 50:50 mixture of oxygen and carbon.

[Cux(u-OH)2(NO3)(OH,)(DPEN)]-2H,0 (6)

All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model except for
hydrogen atoms of solvate water molecules and coordinated aquo or hydroxo ligands which were
located from the electron difference map.
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Table 3.Experimental details for the X-ray crystal structures of 1, 2, 4, 5, 6.

1
Chemical formula Ce6.5Hs54F4MnN4Og
Formula Mass 1308.17
Crystal system Monoclinic
alA 13.4808(5)
bIA 25.9908(10)
c/A 17.5035(7)
of° 90
pl° 104.029(2)
y/° 90
Unit cell volume/A®  5949.9(4)
Temperature/K 100(2)
Space group P2,/c

No. of formula units 4

per unit cell, Z

No. of independent 10866
reflections

Rins 0.0536
Final R; values (/> 0.0466

20(D))
Final wR(F?) values (10.1163

> 20(1))

Final R; values (all  0.0661
data)

Final wR(F®) values 0.1248
(all data)

Goodness of fit on F* 1.116

2
C33.875H34Cl5s
Co0,.5F2NgO3.125
937.75
Triclinic
13.6956(16)
15.6624(18)
21.613(3)
82.380(1)
73.241(1)
64.529(1)
4007.5(8)
100(2)

P1

4

14648

0.0446
0.0502

0.1378
0.0692
0.1529

1.057

4

C34.25H37CL4F2NgN1,O4 25

897.89
Triclinic
11.8504(5)
13.3500(6)
23.8878(10)
97.747(2)
93.565(2)
102.721(2)
3636.2(3)
100(2)

P1

4

13562

0.0399
0.0598

0.1405
0.0927
0.1515

1.097

5

C70Hs4ClgCuyFsN 1,04

1751.15
Orthorhombic
15.1594(6)
21.5153(8)
43.7045(17)
90

90

90
14254.6(10)
100(2)
Fddd

8

3262

0.0429
0.0488

0.1318
0.0754
0.1526

1.066

6
C30H29CuoFoNoO 4

904.70
Monoclinic
21.1143(19)
14.7530(13)
23.299(2)
90
106.1750(10)
90
6970.2(11)
100(2)

C2/c

8

6390

0.0205
0.0206

0.0549
0.0222
0.0558

1.053
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Chapter 3

Dinucleating Naphthyridine-Based Ligand for Assembly of Bridged Dicopper(I) Centers: Three-
Center Two-Electron Bonding Involving an Acetonitrile Donor
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Introduction

The three-center two-electron (3c-2e) bond is a well-known type of "electron-deficient"
interaction that typically involves electron-poor, main-group elements such as aluminum or
boron, in combination with strong o-donor ligands such as hydride or alkyls." However, 3c-2e
bonds have also been observed for transition metals, for example in copper(I) aryl complexes in
which the electron-deficient bond is supported by an unusually close Cu(I)-Cu(I) contact (2.37 —
2.45 A) indicative of a cuprophilic interaction.” This attractive interaction between copper
centers is reminiscent of the M—M interactions observed in 3c-2e bonds of main-group metals.'
Over the past decade, similar cuprophilic interactions have been observed to result from 3c-2e
bonds supported by unconventional L-type donor interactions involving, for example, phosphole
ligands.*® The latter complexes represent rare examples of a PR3 ligand coordinated in the u-
n'm' bridging mode.”"* Herein we report the formation of a dicopper complex bridged by
acetonitrile in this unusual p—nlznl mode,"*% whereby the bridging ligand formally contributes
both electrons to the 3c-2e interaction.

The work discussed here derives from an interest in dinuclear metal complexes for
cooperative substrate activations in catalytic reactions. In particular, the use of dinucleating
ligands with rigid frameworks may provide well-defined pockets that promote electronic
communication between the metal centers and create selective binding sites for substrates,
emulating the role of the protein scaffold in enzymes.21 For this purpose we developed a ligand
system based on 1,8-naphthyridine, 2,7-bis(1,1-dipyridylethyl)-1,8-naphthyridine (DPEN).
Ligands based on 1,8-napthyridine have been shown to support a variety of dinuclear metal
complexes with metal- metal distances ranging from 2.5 to 4.0 A.*** The incorporation of 2,2’-
dipyridylethyl groups into the 2,7-positions of 1,8-naphthyridine results in the six-donor DPEN
ligand that should bind to each metal center in a tripodal manner. This binding mode leaves open
coordination sites on both metals that are oriented toward one another, in a manner suitable for
cooperative activation of a small molecule.

Results and Discussion

The synthesis of DPEN proceeds by lithiation of 2,2’-dipyridylethane followed by
reaction with 2,7-dichloro-1,8-naphthyridine (eq. 1). Reaction of DPEN with 2 equivalents of
[Cu(CH3CN)4][PF¢] in THF produced an orange precipitate of [(DPEN)Cu,(u-NCMe)][PF¢], (1,
eq. 2).

N N CI_N_N_ClngyLj

207 1 3+ 1 —r=s
— — N2 THF
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Compound 1 was crystallized by diffusion of THF into an acetonitrile solution of 1 to give
crystals suitable for single-crystal X-ray diffraction (Figure 1). In the solid state structure of 1
each copper center is ligated by four nitrogen donors, one of which is an acetonitrile bridge. The
coordination geometry for both Cu centers is strongly distorted from a tetrahedral environment
by the rigid nature of DPEN, which enforces approximately 90° N—Cu—-N angles involving the N
donors of DPEN. This results in a coordination geometry for Cu that resembles a tripodal ;M
fragment of an octahedral complex capped by the bridging acetonitrile ligand.?® This ligand is
bound in a nearly symmetrical bridging position between the copper centers, with Cu—N bond
lengths of 2.004(3) and 1.979(3) A. These bond lengths are similar to distances found for
terminally bound Cu'-acetonitrile complexes.27 The ligand leans slightly toward the Cu center
associated with the longer Cu—-NCMe bond, resulting in somewhat inequivalent Cu—N—-C angles
of 138.2(2) and 146.0(2)°. This suggests the possibility of a weak interaction with the nitrile -
system.”® The infrared spectrum of complex 1 exhibits an acetonitrile stretch at v(CN) = 2280
cm’'. This value is higher than that for free acetonitrile, v(CN) = 2255 cm’ and similar to values
for terminally-bound complexes of acetonitrile, v(CN) = 2270-2300 cm™.* This is consistent
with the presence of a short C—N bond in 1 (1.111(4) A, compared to 1.157(9) A in free
acetonitrile®®). Based on these observations we suggest that the acetonitrile is best described as a
2-electron donor that participates in a three-center, two-electron bond (Figure 2). This formal
description is supported by the acute Cu—N-Cu angle (75.77(9)°) and a short Cu—Cu contact
(2.4457(4) A) that is characteristic of 3¢c-2e interactions.'
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" C33

Figure 1. X-ray crystal structure of 1. Hydrogen atoms and the PFs counterions have been
omitted for clarity. Selected bond lengths [A] and angles [°]: Cul-Cu2 2.4457(4), Cul-N7
2.004(3), Cu2-N7 1.979(3), Cul-N1 2.012(2), Cul-N3 2.043(2), Cul-N4 2.035(2), Cu2-N2
2.019(2), Cu2-N5 2.040(2), Cu2-N6 2.043(2), N7-C33 1.111(4), N7-C33-C34 178.8(3), Cul-
N7-C33 138.2(2), Cu2-N7-C33 146.0(2), Cul-N7-Cu2 75.77(9), N1-Cul-Cu2 88.28(6), N1-
Cul-N390.43(8), NI-Cul-N4 91.37(8), N4—Cu1-N3 89.76(9).

A number of investigations have addressed the nature of short Cu(I)-Cu(l) contacts (<
2.5 A) of the type exhibited by 1, and considerable discussion has been devoted to whether such
Cu(I)-Cu(I) contacts reflect the presence of a formal bond between the two metal centers®' ™ or
simply results from steric constraints of the bridging ligands.>*> DFT calculations on 1 indicate
that no formal bond exists between the two copper centers, as the d-type bonding and anti-
bonding Cu—Cu interactions are all filled as shown in the filled molecular orbital that have
significant d-orbital character in Figure 3. Further analysis of the Cu—Cu interaction using the
Quantum Theory of Atoms in Molecules®® determined the presence of a bond critical point
between the two copper atoms. Maps of the electron density and the Laplacian of the electron
density with indicated critical points is shown in Figure 4 and 5, respectively. Characteristics of
bond critical points are given in Table 1. The characteristics of the bond critical point between

the two copper atoms (p = 0.038, V?p = +0.091) are consistent with a closed-shell interaction.™
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This is expected for a cuprophilic interaction, but would not be considered a formal single bond.
Additionally, optimization of the geometry of the dicopper complex in the absence of a bridging
ligand by DFT methods resulted in an increase in the Cu—Cu distance by 0.197 A as shown in
Figure 6. This indicates that the presence of the acetonitrile ligand is essential for maintaining the
close Cu—Cu contact. Thus, the Cu-Cu interaction is characterized as a cuprophilic interaction
and is represented in bonding diagrams by a dotted line between the two copper atoms.

CHj

Cu-Cu Llh

Figure 2. Qualitative molecular orbital diagram for the acetonitrile ligand of complex 1. The
Cu—Cu orbitals are constructed from the lowest energy combination of the empty Cu 4s and 4p
orbitals. The N orbital on acetonitrile is from the nitrogen lone pair.
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Figure 3. Molecular orbital diagrams of 1. Only those orbitals containing significant contribution

from Cu 3d orbitals are shown. Molecular orbital surfaces are shown at an isovalue of
0.05¢ A”.
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Figure 4. Contour plot of the electron density p of 1 in the Cul-N46-Cu2 plane. Values listed on
the diagram are the values of the electron density p (e bohr™) for the corresponding bond critical
point (red) or ring critical point (blue). For clarity, only atoms in the plane are shown. Contour
lines are dgawn at 0.001, 0.002, 0.004, 0.008, 0.02, 0.04, 0.08, 0.2, 0.4, 0.8, 2.0, 4.0, 8.0, 20, 40,
80 e bohr™.
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Figure 5. Contour plot of V?p of 1 in the Cul-N46-Cu2 plane. Values listed on the diagram are
the values of V2p (e bohr™) for the corresponding bond critical point (red) or ring critical point
(blue). For clarity, only atoms in the plane are shown. Contour lines are drawn at 0, £0.001,
+0.002, £0.004, £0.008, £0.02, £0.04, +0.08, £0.2, £0.4, £0.8, +2.0, 4.0, £8.0, £20, 40, +80 ¢
bohr™. Positive contour lines are indicated by a solid blue line. Negative contour lines are
indicated by a dashed red line.
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Figure 6. Optimized atomic coordinates of 1 without acetonitrile. Selected bond lengths [A] and
angles [°]: Cul—-Cu2 2.6835, Cul-N3 2.0322, Cul-N7 2.0380, Cul-N5 2.0284, Cu2-N4 2.0349,

Cu2-N10 2.0297, Cu2-N9 2.0380.

Table 1 Properties of selected bond critical points.

p V2 €
Cul - Cu2 0.0382 0.0910 0.7696
Cul - N3 0.0739 0.3497 0.0179
Cu2 - N4 0.0741 0.3509 0.0178
Cu2 - N10 0.0744 0.3516 0.0183
Cul - N5 0.0745 0.3523 0.0183
Cu2 - N46 0.0785 0.3701 0.0339
Cul - N7 0.0747 0.3532 0.0181
Cu2 - N9 0.0746 0.3523 0.0182
Cul — N46 0.0778 0.3668 0.0345
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Scheme 1. Reaction of 1 with xylyl isocyanide and CO to form 2 and 3.

T[F’Fslz
i
N_,,-f'CU ------ CU‘-H:;N
\ N\ N\ 5 /
TH3 —'[PFs]z W
N N P / I-NC 2
@\ ) @ eq. xyly
[PFel2

Because acetonitrile is commonly employed as a leaving group in ligand exchange
reactions, it was of interest to determine the potential for complex 1 to serve as a precursor to
other bridged dicopper complexes (Scheme 1). The yellow xylyl isocyanide-bridged complex
[(DPEN)Cu,(u-CNXyD)][PFel, (2) results from reaction of 1 with one equivalent of xylyl
isocyanide in acetonitrile. X-ray quality crystals were grown by vapor diffusion of diethyl ether
into a nitromethane solution of 2 (Figure 7). Also, the green carbonyl-bridged complex
[(DPEN)Cu,(u-CO)][PF¢]> (3) was formed by stirring a solution of 1 in nitromethane under an
atmosphere of CO, and crystals were obtained by vapor diffusion of diethyl ether into an
acetonitrile solution of 3 (Figure 8). The solid state structures of 2 and 3 reveal that the
coordination geometry observed for 1 is retained after these simple ligand substitutions of
acetonitrile. The Cu—C bond lengths in 2 and 3 are significantly shorter (1.907(2) and 1.910(2) A
for 2; 1.889(3) and 1.898(3) A for 3) than the Cu-NCMe distance in 1, which is consistent with
stronger coordinating abilities for xylyl isocyanide and CO relative to acetonitrile. The xylyl
isocyanide ligand in 2 adopts a somewhat unsymmetrical bridging geometry, as indicated by the
bent nature of this ligand (£ C-N-C = 161.8(2)°). Involvement of the & system of the isonitrile
group of 2 in bonding xylyl isocyanide). A significant n—backbondmg interaction is also reflected
in a relatively low CO stretching frequency for 3 (1974 cm™ ; V(COgqs) = 2143 cm’ Y. This is
similar to corresponding values reported for Cu' complexes of bridging carbonyl ligands.*”
These observations for 2 and 3 are consistent with the expected greater m-acidity of these ligands
relative to acetonitrile. However, it should be noted that Cu' is associated with poor m-basicity, as
indicated by the significantly high v(CO) value relative to typical v(CO) frequencies reported for
bridging carbonyl ligands in other transition metal complexes (1700 — 1860 cm™).*
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Figure 7. X-ray crystal structure of 2. Hydrogren atoms and the PFs counterions have been
omitted for clarity. Selected bond lengths [A] and angles [°]: Cul-Cu2 2.3661(4), Cul-C33
1.907(2), Cu2—C33 1.910(2), Cul-N1 2.065(2), Cul-N3 2.060(2), Cul-N4 2.012(2), Cu2-N2
2.012(2), Cu2-NS5 2.024(2), Cu2-N6 2.028(2), C33-N7 1.179(3), C33-N7-C34 161.8(2), Cul-
C33-N7 147.6(2), Cu2—-C33-N7 134.8(2), Cul-C33-Cu2 76.62(8), N1-Cul—-Cu?2 87.24(5), N1-
Cul-N3 86.81(8), NI-Cul-N4 92.11(9), N4-Cul1-N3 88.78(8).
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Figure 8. X-ray crystal structure of 3. Hydrogen atoms and the PFs counterions have been
omitted for clarity. Selected bond lengths [A] and angles [°]: Cul-Cu2 2.3600(5), Cul-C33
1.889(3), Cu2—C33 1.898(3), Cul-N1 2.011(2), Cul-N3 2.027(3), Cul-N4 2.027(3), Cu2-N2
2.010(2), Cu2-NS5 2.022(3), Cu2-N6 2.039(3), C33-01 1.135(4), Cul-C33—Cu2 77.1(1), Cul-
C33-01 141.5(3), Cu2-C33-01 141.3(3), N1-Cul—Cu2 89.24(7), N1-Cul-N3 89.6(1), N1-
Cul-N4 90.6(1), N4—Cul1-N3 90.9(1).

Conclusion

An unusual u-n'm' acetonitrile-bridged dicopper complex was discovered that exhibits a 3-
center, 2-electron bonding interaction involving acetonitrile supported by a cuprophilic
interaction between the metal centers. Furthermore, this complex serves as a starting material for
the synthesis of other bridging complexes by substitution of the acetonitrile ligand, providing a
versatile platform for studying the interaction of small molecules with dinuclear copper centers.

Experimental

General Considerations. All manipulations were carried out using Schlenk techniques*' ™
under a purified N, atmosphere or in a Vacuum Atmospheres drybox. Solvents were purchased
from Aldrich at spectroscopic grade. Dry THF was prepared by passage through a VAC drying
column. Nitromethane was dried with CaCl,, followed by CaSQ,, and then fractionally distilled
under N,. Acetonitrile was dried with CaH,, and then fractionally distilled from CaH, under N,.
Acetonitrile used for crystallization was vacuum transferred from P,Os. Dry solvents were stored
under N, in Straus flasks. [Cu(CH3;CN)4][PFs], xylyl isocyanide, and rn-bultylithium were
purchased from Aldrich and used as received. CO was purchased from Praxair (99.998%) and
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used as received. The reagents 1,1-di-(2-pyridyl)ethane and 2,7-dichloro-1,8-naphthyridine were
prepared according to literature procedures.”’ NMR spectra were recorded on Bruker AV-600,
AVQ-400 and AV-300 spectrometers at room temperature. 'H NMR spectra were referenced to
residual protio solvent peaks (8 2.05 for (CD3),CO. 8 4.33 for CD;NO,). *C{'H} NMR spectra
were referenced to solvent resonances (6 54.00 for CD,Cl,, & 29.92 for (CD;3),CO). Elemental
analyses were carried out by the College of Chemistry Microanalytical Laboratory at the
University of California, Berkeley. Infrared spectra were recorded on a Nicolet Nexus 6700
FTIR spectrometer with a liquid-nitrogen-cooled MCT-B detector. Measurements were made at
4.0 cm™ resolution. UV-vis spectra were obtained on a Cary 300 Bio spectrophotometer in 1-cm
air-free quartz cells.

Synthesis of 2,7-bis(1,1-di-(2-pyridyl)ethyl)-1,8-naphthyridine (DPEN).

n-Butyllithium (1.6 M in hexanes, 27 mL, 43 mmol) was added dropwise to a stirred solution of
freshly distilled 1,1-di-(2-pyridyl)ethane (8.0 g, 43 mmol) in 200 mL of THF at 0° C. The red
solution was stirred for 30 min. after which 2,7-dichloro-1,8-naphthyridine (3.8 g, 19 mmol) was
added. The purple solution was stirred for 16 h as the vessel warmed to room temperature. After
addition of 10 mL water, the mixture was filtered. The precipitate was dissolved in a 1:1
CH,CI,/H,O mixture and filtered to remove residual 2,7-dichloro-1,8-naphthyridine. The
aqueous fraction was extracted with CH,Cl, (2 x 30 mL) and the combined organic fractions
were dried over MgSO, and evaporated to dryness. The crude material was recrystallized from
hot acetonitrile to give white crystals of 2,7-bis(1,1-di-(2-pyridyl)ethyl)-1,8-naphthyridine
(DPEN). Additional material can be obtained by evaporation of the mother liquor to dryness
followed by extraction and recrystallization (recrystallized yield: 5.9 g, 12 mmol, 62%). 'H
NMR (CD;Cl,, 400.13 MHz): 6 8.52 (d, Jun = 4.0 Hz, of q, Jun = 0.9 Hz, 4H), 7.98 (d, Jun = 8.0
Hz, 2H), 7.61 (t, Jua = 8.0 Hz, of d, Jun = 2.8 Hz, 4H), 7.36 (d, Juu = 8.0 Hz, 2H), 7.22 (d, Juu =
8.0 Hz, of t, Jyy = 0.9 Hz, 4H), 7.15 (d, Juyu = 8.0 Hz, of d, Jyy = 4.0 Hz, of d, Jyy = 1.2 Hz, 4H),
2.37 (s, 6H). “C{'"H} NMR (CD,Cl,, 100.62 MHz): § 168.9, 165.7, 154.3, 148.6, 136.0, 135.3,
123.8, 123.2, 121.3, 1194, 61.0 (C(Me)), 27.1 (C(CH3)). EA Anal. Calcd (%) for C3;HyNg
(494.28): C, 77.70, H, 5.31, N, 16.99. Found: C, 77.24, H, 5.33, N, 16.74. HRMS (ESI): Calcd.
for C3,Hy7Ng [M+H]™: 495.2292; Found: 495.2300.

Synthesis of [Cu,(u-NCCH3)(DPEN)][PFg], (1). DPEN (1.2 g, 2.4 mmol) was dissolved in 100
mL of THF. The light yellow solution was transferred to a mixture of Cu(CH3;CN)4(PF¢) (1.8 g,
4.9 mmol) in 100 mL of THF. The resulting dark red solution was stirred for 12 hrs. during
which time an orange precipitate formed. The solution was filtered to give the orange solid
[Cuy(u-NCCH3)(DPEN)](PFe), (1) analytically pure (2.13 g, 2.2 mmol, 93%). The orange solid
was recrystallized by vapor diffusion of THF into an acetonitrile solution to give X-ray quality
crystals. '"H NMR (CDsCN, 300.13 MHz): & 8.50 (br, 4H), 8.27 (d, Jun = 8.4 Hz, 2H), 7.87 (br,
4H), 7.72 (br, 4H), 7.33 (br, 6H), 2.40 (s, 6H), 1.96 (s, 3H). “C{'H} NMR (CD;CN, 150.92
MHz): 8 169.1, 161.4, 154.6, 150.4, 139.3, 138.9, 124.6, 124.3, 123.9, 121.4, 59.4 (C(Me)), 27.1
(C(CH3)). EA Anal. Calcd (%) for Cu,CssHaoN7P2F1 (952.68): C, 42.87, H, 3.07, N, 10.29.
Found: C, 43.16, H, 3.45, N, 10.61. IR (KBr, v (cm™)): 2273 (w, Veoy )-

Synthesis of [Cu,(u-CNXyl)(DPEN)][PF¢l> (2). Xylyl isocyanide (0.015 g, 0.11 mmol was
dissolved in 5 mL of acetonitrile and the resulting solution was transferred to a solution of 1
(0.11 g, 0.12 mmol) in 5 mL acetonitrile. The resulting yellow solution was stirred for 30 min.
after which it was concentrated under vacuum and the product was precipitated with 20 mL of
THE. The precipitate was washed with THF (3 x 10 mL) and subsequently dried under dynamic
vacuum (0.083 g, 0.080 mmol, 72%). The yellow solid was recrystallized by vapor diffusion of
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diethyl ether into a nitromethane solution to give X-ray quality crystals. '"H NMR ((CDs),CO,
300.13 MHz): & 9.45 (d, Jun = 3.9 Hz, 4H), 9.00 (d, Juu = 8.7 Hz, 2H), 8.66 (d, Jua = 8.7 Hz,
2H), 8.39 (d, Jun = 8.4 Hz, 4H), 8.20 (t, Juu = 7.5 Hz, 4H), 7.68 (t, Juu = 6.2 Hz, 4H), 7.45 (t,
Jun = 7.5 Hz, 1H), 7.33 (d, Juu = 7.5 Hz, 2H), 3.17 (s, 6H), 2.43 (s, 6H). “C{'"H} NMR
((CD3)2CO, 150.92 MHz): 6 163.5, 156.3, 151.6, 151.0, 149.6 (NC) 142.6, 141.3, 136.1, 131.0,
129.5, 129.2, 125.3, 125.0, 124.1, 122.7, 53.9, 23.8, 19.6. EA Anal. Calcd (%) for
Cu,C41H35N7P-F12 (1042.80): C, 47.22, H, 3.38, N, 9.40. Found: C, 47.47, H, 3.50, N, 9.27. IR
(KBr, v (cm™)): 2036 (s, V_y )-

Synthesis of [Cu,(u-CO)(DPEN)][PFg]l> (3). 1 (0.10 g, 0.10 mmol) was dissolved in 5 mL of
nitromethane. CO (1 atm) was added to the reaction vessel and the solution quickly changed
color from red to green. The reaction mixture was stirred for 30 min. after which the solution
was concentrated under vacuum and the product was precipitated with 20 mL of THF. The
precipitate was washed with THF (3 x 10 mL) and subsequently dried under dynamic vacuum
(0.072 g, 0.077 mmol, 77%). The green solid was recrystallized by vapor diffusion of diethyl
ether into an acetonitrile solution to give X-ray quality crystals. '"H NMR ((CD3),CO, 300.13
MHz): 6 9.32 (d, Jun = 4.2 Hz, 4H), 9.07 (d, Juu = 8.7 Hz, 2H), 8.70 (d, Jun = 8.7 Hz, 2H), 8.41
(d, Jun = 8.4 Hz, 4H), 8.25 (t, Jun = 7.4 Hz, 4H), 7.75 (t, Jug = 6.3 Hz, 4H), 3.16 (s, 6H).
BC{'H} NMR ((CDs),CO, 150.92 MHz): § 210.1 (CO) 163.4, 155.8, 151.7, 151.7, 143.4, 141.9,
125.7, 125.4, 124.4, 122.98, 53.9, 23.6. EA Anal. Calcd (%) for CuyCs3Ha6NcOP2Fi2 (939.62):
C, 42.18, H, 2.79, N, 8.94. Found: C, 41.92, H, 2.97, N, 8.86. IR (KBr, v (cm™)): 1971 (s,

Veeo )-

X-ray Crystallography. X-ray diffraction data were collected using Bruker AXS three-circle
diffractometers coupled to a CCD detector with either QUAZAR multilayer mirror- or graphite-
monochromated Mo Ka radiation (A = 0.71073 A). The structures were solved by direct methods
using SHELXS and refined against F~ on all data by full-matrix least squares with SHELXL-97.
All non-hydrogen atoms were refined anisotropically; hydrogen atoms were included into the
model at their geometrically calculated positions and refined using a riding model excepting
hydrogen atoms of water molecules, which were located from the electron difference map. Due
to disorder in the solvent molecules in the structures of 1, and 3, the solvent molecules were
treated as a diffuse contribution to the overall scattering without specific atom positions by
SQUEEZE/PLATON. Experimental details of the crystal structures for DPEN, 1, 2, and 3 are
given in Table 2. An ORTEP diagram of DPEN is given in Figure 9.
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Table 2 Experimental details for the X-ray crystal structures of DPEN, 1, 2, and 3.

Chemical formula

Formula Mass

Crystal system

alA

bIA

c/A

ol°

B

°

Unit cell volume/A®
Temperature/K

Space group

No. of formula units per unit cell, Z
No. of independent reflections
Rinr

Final R; values (I > 20(I))

Final wR(F?) values (all data)

DPEN
C3HNe*H0
512.61
Monoclinic
8.7330(13)
26.926(4)
11.7460(17)
90.00
105.264(2)
90.00
2664.6(7)
138(2)

P2,

4

4993

0.0869
0.0424

0.1022

1
Cux(CH3CN)(C32HasNe)(PFo)2*
2.5(C4Hs0)
1132.92
Triclinic
12.5667(7)
12.6412(7)
14.9476(9)
93.162(3)
102.705(3)
100.697(3)
2264.7(2)
100(2)

P1

2

9596
0.0440
0.0400

0.1042

2
2(Cuy(CyoHoN)(C3,H16Ne)(PF¢)2)®
5.6(CH3NO,)*C;H,,0
2501.53

Monoclinic
16.8461(10)
13.9649(8)
22.7690(13)

90.00

106.553(3)

90.00

5134.5(5)

100(2)

P2/n

2

17858

0.0393

0.0523

0.1399

3
Cu,(CO)(C32H26N6)(PFe),
939.62
Triclinic
12.1315(5)
12.5831(5)
17.3389(7)
95.135(2)
109.192(2)
112.841(2)
2230.87(16)
100(2)

P1

2

8075

0.0380
0.0423

0.1087




Figure 9. Crystal structure of DPEN.

Computational Experiments. DFT calculations were performed at the Molecular Graphics and
Computation Facility of the University of California, Berkeley using the Gaussian 09 suite of ab
initio programs.” Atoms were modeled using the long-range corrected hybrid functional
mB97xD,46 and all-electron cc-PVDZ basis sets (H, C, and N)47, and the cc-PVTZ basis set
(Cu).”® The DFT structures were optimized as a gas phase structure. The optimized geometry
determined for 1 is given in Figure 10 and the atomic coordinates are given in Table 3. The
calculated metal complex has a full-size DPEN ligand without simplification. The ground state
was confirmed as a singlet through comparison with the optimized triplet analog. Calculating the
harmonic frequencies for the optimized structure confirmed there were no imaginary frequencies.
The 3D molecular structure figures displayed were drawn using the Gaussview and Adobe
Ilustrator visualization and manipulation programs. Molecular orbital surfaces were exported
from Gaussview as cubefiles, visualized in VMD® and rendered with the Pov-Ray raytracer
program. Contour plots of the electron density p and Vzp were created using AIMAIL>
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4 J

Figure 10. Optimized atomic coordinates of 1. Selected bond lengths [A] and angles [°]: Cul-
Cu2 2.4865, Cul-N46 2.0088, Cu2-N46 2.0085, Cul-N3 2.0695, Cul-N7 2.0802, Cul-N5
2.0788, Cu2-N4 2.0663, Cu2-N10 2.0793, Cu2-N9 2.0807, N46—-C19 1.1687, N46-C19-C47
179.88, Cul-N46—Cu2 76.48.
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Table 3 Cartesian coordinates of the optimized geometry of 1.

X (A) Y (A) Z(A)

Cul 0 0 0

Cu2 0.8086 1.9956 1.2053
N3 -1.8217 0.9570 -0.2096
N4 -1.0559 2.8384 0.9112
N5 -0.9843 -1.7276 0.5731
c6 -2.0763 2.2100 0.2620
N7 -0.0872 -0.5795 -1.9835
c8 -1.2262 4.0595 1.4017
N9 0.7755 2.6303 3.1744
N10 1.6914 3.7746 0.6216
Cll -3.3316 2.8248 0.0874
C12 -1.2619 -1.0865 -2.3965
C13 -3.5085 4.1237 0.6133
H14 -4.4686 4.6296 0.4984
C15 -4.3306 2.1010 -0.6004
H16 -5.3145 2.5472 -0.7557
c17 0.9424 -0.5029 -2.8366
H18 1.8628 -0.0755 24331
C19 2.8610 -0.2005 0.9479
C20 27642 0.2794 -0.8523
c21 -0.0334 4.7459 2.1348
c22 -3.6735 -1.7376 -2.0676
H23 -3.9753 -1.1233 -2.9247
H24 -4.5250 -1.7990 -1.3792
H25 -3.4737 2.7493 -2.4397
C26 0.7233 3.6353 57516
H27 0.6982 4.0475 6.7611
28 -2.4699 4.7340 1.2628
H29 -2.6144 5.7310 1.6653
C30 -0.6226 2.4902 1.6130
H31 0.2493 2.1470 2.1738
Cc32 -4.0515 0.8443 -1.0649
H33 -4.8252 0.2960 -1.5921
C34 -2.4339 -1.1537 -1.3709
C35 1.1344 1.8705 42172
H36 1.4385 0.8489 3.9794
c37 -2.3985 -4.0156 12174
H38 -2.9654 -4.9159 1.4578
C39 0.3463 4.4268 4.6703
H40 0.0334 5.4492 4.8607
c41 0.8710 -0.9296 -4.1540
H42 1.7359 -0.8477 48114
c43 -1.4086 -1.5376 37112
H44 -2.3449 -1.9542 -4.0707
c45 -2.0496 2.0717 -0.1711
N46 1.8244 0.3066 0.8008
c47 4.1559 -0.8328 1.1344
H48 47727 -0.6820 0.2379
H49 4.0203 -1.9101 1.3038
H50 4.6626 -0.3882 2.0026
cs1 0.3793 3.8990 3.3766
Cs2 2.7248 3.8596 -0.2257
H53 3.0922 29118 -0.6252
C54 1.1713 4.8929 1.1565
Css -0.4656 6.1438 2.6060
H56 0.3567 6.6528 3.1228
H57 -1.3103 6.0866 3.3032
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H58 -0.7668 6.7742 1.7605
C59 -1.2964 -3.6460 1.9778
H60 -0.9649 42348 2.8325
c61 1.1262 2.3250 5.5275
H62 1.4266 1.6686 6.3434
C63 27785 3.2238 0.1373
H64 -3.6427 35264 -0.4466
C65 2.7865 6.2261 -0.0442
H66 3.2092 7.2000 -0.2943
C67 03351 -1.4600 -4.5943
H68 -0.4486 -1.8140 -5.6197
C69 1.7098 6.1419 0.8342
H70 1.3100 7.0602 1.2540
c71 3.3102 5.0620 -0.5921
H72 4.1494 5.0811 -1.2866
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Chapter 4

Immobilization and Water Oxidation Catalysis of the Ruthenium Blue Dimer
[(Ru(bpy)2(H20))2(u-0)][ClO4]4 on Mesoporous Silica
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Introduction

Artificial photosynthesis is a current area of active research in the field of renewable
energy. This concept targets the development of devices that convert solar energy to chemical
energy, commonly via the splitting of water into hydrogen and oxygen gas. Currently, a
significant limitation of this process is the efficiency of the half-reaction for the oxidation of
water (eq 1).

2H,0 — O, +4H +4e (1
This reaction requires the transport of four electrons and protons, coupled with the breaking of
four oxygen-hydrogen bonds and the formation of an oxygen-oxygen bond. It is further
complicated by the endothermic nature of water oxidation, a reaction requiring a half-cell
potential of E® = +1.23 V vs. NHE at pH 0. Thus, few water oxidation catalysts have been
developed and the incorporation of these catalysts into devices for artificial photosynthesis
remains a challlenge.l’2

A number of heterogeneous catalysts have been developed for water oxidation. Several
precious metal oxides have been shown to be efficient catalysts, including RuO,, IrO,, and PtO,;
however, these systems suffer from the high cost of these metals.> Recently, significant
progress has been made with electrocatalytic cobalt oxide systems which operate at a relatively
low overpotential under mild pH conditions.''* However, these materials suffer from the
difficulty of mechanistic analysis and device incorporation. Alternative catalysts might be based
on molecular structures, which could permit efficient utilization of catalytic centers, given
appropriate dispersion of the catalyst onto a high surface area support. In addition, synthetic
methodologies allow systematic variation of the catalytic center to optimize performance.’
However, molecular systems often degrade in the extreme oxidative environments required for
water oxidation. To date, the most effective molecular platforms for water oxidation catalysis, in
terms of catalytic activity and stability, are the ruthenium-polypyridine dimers of the type first
reported by Meyer and coworkers.”>™" Over the past 25 years, work by Meyer'®*, Hurst** >,
and others™*? has focused on studies of the structure and mechanism of water oxidation for one
of the first molecular catalysts reported, the “ruthenium blue dimer” [Ru(bpy).(H,O)]>(u-
0)[ClOy4]4 (Figure 1).

Figure 1. Structure of [(Ru(bpy).(H20))>(u-0)][ClO4]4.

For use of these catalysts in a photochemical cell, it is necessary to attach the catalysts
onto the surface of a photoactive material and to promote a heterogeneously catalyzed water
oxidation. This problem has been addressed by the Meyer group, by attachment of ancillary
phosphate groups to ruthenium polypyridyl systems followed by deposition onto titania.> > In
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this case, the ancillary phosphate groups bind to the surface of titania and are necessary for the
deposition of the catalyst onto the surface. For the ruthenium blue dimer complex, Yagi et al.”’
studied water oxidation catalysis with the catalyst absorbed into a Nafion membrane. In the
research described here, adsorption of the ruthenium blue dimer onto the high surface area,
mesoporous silica material SBA-15 is described. The structure of the adsorbed catalyst is
analyzed using a variety of spectroscopic and analytical means including DRUV-Vis, DRIFTS,
and Raman spectroscopy. The performance of the immobilized catalyst in water oxidation is also
described.

Results and Discussion

Synthesis of Ruthenium Complexes. In earlier work, the ruthenium blue dimer was
obtained as the perchlorate salt, [(Ru(bpy).(OH;)),(u-O)][ClO4]42H,0 (3).15’18 In synthetic
investigations with this compound, use of the alternative counteranions BF,; and PFs was
explored. The tetrafluoroborate salt [(Ru(bpy),(OH,)),(u-O)][BF4]3[NO3]-4H,0 (1) was prepared
by the same method as that reported for 3,18 but a saturated aqueous solution of NaBF,, rather
than NaClO4, was used to precipitate the ruthenium complex. Subsequent crystallizations utilized
aqueous HBF;, solutions. In our hands, the tetrafluoroborate salt 1 was found to be preferable for
a number of reasons. First, 1 was isolated in higher yields after four recrystallizations (24%)
compared to that of the corresponding similarly prepared perchlorate salt, and forms more
crystalline product having a higher solubility in water. In addition, tetrafluoroborate salts avoid
the potential explosive hazards associated with perchlorate. For these reasons, 1 was used
throughout the experiments described below. The mixed-valent Ru™Ru'" salt
[(Ru(bpy)2(OH3))2(u-O)][BF4]4[NO3]-3H,0 (2) could be prepared from 1, in a manner analogous
to that reported for the perchlorate salt [(bpy)z(HzO)RuHI(p—O)RuIV(OH)(bpy)z][ClO4]4-3H20
(4), by addition of one equivalent of (NH4),Ce(NO3)s.

The crystal structure of 1 (Figure 2) was determined for comparison with the reported
crystal structure of 3." Relevant geometrical parameters for 1 are compared to those of 3 in Table
1. The bond parameters are very similar for 1 and 3; however, the C, symmetry observed for 3 is
not present and the space group symmetry is reduced from C2/c to P2,/n. The structure contains
a pseudo-rotation axis through the O1 atom, with atomic positions deviating by 0.3 A (ave) from
C, symmetry for all related atoms. The crystal structure of 2 was also determined, and is shown
in Figure 3. This complex can be compared to the similar crystal structure of the perchlorate salt
[(bpy)>(H0)Ru™(u-O)Ru" (OH)(bpy),1[Cl0414:3H,0 (4) previously determined (Table 1).**
While in 4 the Ru(Ill) and Ru(IV) centers have slightly different ligand sets such that the Ru(III)
center is bound to a terminal aqua ligand while the Ru(IV) center is bound to a terminal hydroxo
ligand, the ligand sets of the Ru(Ill) and Ru(IV) centers in 2 are identical. This results in
crystallographically indistinguishable Ru(II) and Ru(IV) centers that are, related by a C, axis.
Ru—N and Ru-O1 bond lengths of 2 are similar to the Ru-N and Ru—O1 bond lengths of the
aqua-bound ruthenium center of 4, considering the relatively high uncertainty in the bond lengths
of 4, and the Ru—O1-Ru angles are indistinguishable. One major difference between the two
structures is the O—Ru—Ru—O torsion angle between the bond vectors of the terminal aqua or
hydroxo ligands. The O—Ru—Ru-O torsion angle of 117.2(7)° in 4 is significantly larger than the
O-Ru—-Ru-O torsion angle in 2 (96.2(3)°) indicating that the Ru-O bond vectors twist
significantly away from each other once the terminal aqua ligand is deprotonated.
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Curiously, crystals of 1 and 2 contain one nitrate anion that persists through multiple
recrystallizations in the presence of HBF,. This suggests that there is a preferential interaction
between the nitrate anion and the complex cation. However, in the solid state this interaction is
purely ionic in nature, and no short contacts involving this anion are apparent. Attempts to
remove the nitrate ion by substituting AgNO3; with AgBF;, in the synthesis were unsuccessful.

[BFLINO,]

Figure 2. Molecular structure of the cation in 1, [(Ru(bpy).(H,0))>(u-O)][BF4]5[NOs]-4H,0.
Thermal ellipsoids are shown at 50% probability; anions, solvent water molecules, and bpy
hydrogen atoms have been omitted for clarity.
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Figure 3. Molecular structure of the cation in 2, ([Ru(bpy)>(H20)]2(1-0))(BF4)4(NO3)-3H,0.
Thermal ellipsoids are shown at 50% probability; anions, solvent water molecules, and bpy
hydrogen atoms have been omitted for clarity.

Table 1. Comparison of Bond Parameters of 1 and 2 with 3% and 4.

1 3 2 4
Ru-O1 1.869(4) A 1.869(1) A 1.845(DA  1.847(12), 1.823(12) A°
Ru-N1 2.091(5) A* 2.089(4) A 20824) A 2.072(15), 2.085(14) A
Ru-N2 2.059(6) A 2.046(5) A 2081(4) A 2.053(13), 2.105(13) A°
Ru-N3 2.018(6) A* 2.029(5) A 20594 A 2.019(14), 2.122(14) A°
Ru-N4 2.045(6) A* 2.059(4) A 2.0594) A 2.100(14), 2.059(15) A
Ru-02 2.116(4) A 2.136(4) A 2067(4) A 2.148(11), 1.978(14) A°
Ru-O1-Ru 157.29(17)° 165.4(3)° 169.5(3)° 170.0(7)°
O2-Rul-Ru2-03°  63.57(13)° 65.7(2)° 96.2(3)° 117.2(7)°

“ Average of pseudo-symmetry related pairs. ®The first distance given is for the Ru—OH, ruthenium

center; the second is for the Ru—~OH ruthenium center. ‘In 3 and 4, O3 = 02"
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Synthesis of Ru;O-SBA15-OH and Ru,O-SBA15 materials. Immobilization of 1 onto
SBAI15 was accomplished by addition of 0.500 g of SBA15 to aqueous solutions of 5 mg and 10
mg of 1 (eq 1). The resulting mixture was stirred for 16 h to produce grafted materials Ru,O-
SBA15-OH-1 and Ru,O-SBA15-OH-2, respectively, which were collected by centrifugation
and washing with 150 mL of water. These materials have a light blue color attributed to

deposition of 1 onto the surface. This color does not leach from the material when it is washed
with water.

SBA15
SN >  Ru,O-SBA15 N
H,0, RT, 16 h

The mass percentage of ruthenium deposited onto SBA15 was measured using inductively
coupled plasma mass spectrometry (ICP-MS) and compared to the maximum percentage of
ruthenium expected. The results indicate that less than 40% of the complex grafts onto the
surface even though a relatively small amount of 1 is being added to the reaction (Table 2). The
remainder of the complex remains in solution, as determined by UV-vis spectra of the mixture
supernatant. This low surface coverage prompted interest in development of alternative
immobilzation strategies that increase the amount of grafted complex.

Table 2. Adsorption of 1 onto SBA15.

1 (mg) maximumwt% Ru adsorbed wt% Ru % adsorbed
Ru20-SBA15-OH-1 5 0.16 0.058(6) 36
Ru20-SBA15-OH-2 10 0.31 0.076(5) 25

It was hypothesized that the deposition of 1 onto SBA15 occurs by Strong Electrostatic
Adsorption, so that the cation of 1 adsorbs onto SBA1S5 as the counterion of basic sites on the
surface of SBA15 (deprotonated silanol groups).” Thus, it seemed that improved adsorption
could be achieved by increasing the number of basic sites on SBA15 by deprotonation of the
surface silanol groups. For the grafting experiments described below, SBA15 was made basic by
stirring the material in concentrated aqueous NH4OH for 10 min and then washing with 150 mL
of water prior to the addition of 1. A summary of these experiments is given in Table 3 and
shown in Figure 4.

Table 3. Adsorption of 1 onto basic SBA15.
1 (mg) maximumwt% Ru adsorbed wt% Ru % adsorbed

Ru20-SBA15-1 5 0.16 0.165(11) >95
Ru20-SBA15-2 10 0.31 0.31(2) >95
Ru20-SBA15-3 25 0.77 0.74(5) >95
Ru20-SBA15-4 50 1.49 1.27(9) 85
Ru20-SBA15-5 100 2.8 1.76(12) 63
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Figure 4. Observed weight percent of ruthenium on SBA15 versus the total amount of 1 added
during the synthesis. (m) Samples of Ru,O-SBA15-OH. (A )Samples of Ru;O-SBA1S.

As expected, the use of basic SBA15 greatly increased the amount of ruthenium grafted
on the surface. For the experiments with SBA15 less than 40% of the ruthenium added is
deposited onto the surface, whereas with basic SBA15, all of the ruthenium is deposited onto the
surface up to 0.77 wt% Ru addition.. Higher surface loadings can be realized when the amount of
1 added to the reaction is increased, resulting in a highest observed deposition of 1.76(12) wt%
Ru representing 63% of the amount of 1 added.

Characterization of Ru,O-SBA1S. Analysis of the effect of the deposition of 1 on the
surface characteristics of SBA15 in the Ru,O-SBA1S materials was conducted by nitrogen
physisorption and TEM (Figure 5, 6, Table 4). The surface area of Ru,O-SBA1S is significantly
reduced to 400 m2/g or less from the surface area of SBA15 measured at 623(14) mz/g. This
effect is primarily attributed to the pre-treatment of SBA15 with NH4OH which reduces the
surface area to 440(40) mz/g. The mesoporous structure of SBAI1S5 is maintained through
deposition as demonstrated by the Type IV isotherms exhibited in the nitrogen physisorption
data and the presence of channels in the TEM images."’ By comparing the surface concentration
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of silanol groups in SBA15 with the surface concentration of ruthenium on the RuO-SBA1S, it
can be determined that up to 54% coverage of all potential basic sites on SBA15 can be covered
with the [Ru,O]*" cation of 1.

Table 4. Surface area, and silanol and ruthenium surface concentration.

SBA15
Ru20-SBA15-0
Ru20-SBA15-3

Ru20-SBA15-4
Ru20-SBA15-5

wt% Ru

0.74(5)
1.27(9)
1.76(12)

SBET
623(14)
440(40)
400(40)
390(40)
330(30)

[-OH] (nm>) [Ru] (nm °)* 2[Rul/4[-OH] (%)

1.3(3)

0.12(3)
0.22(5)
0.35(8)

18

34
54

*Adjusted for hydration level (10 wt% by TGA)

72



500llllllllllllllll T T T 7 T T 17T 7 17T 17 17T 17T 7T 17T 1T T

O
-~

a)

400

200

Volume (mLg™)

300

100

() | 1 11 I 11 1 | 11 |

- I 11 I | I | 11 I |

BTmmﬂlmIﬁMﬂtlm]ﬁ]ﬂﬁ ‘lﬂm[ﬂlﬂlﬁlﬂﬁmlilf!ﬁl

50Ollllllllllllllll IIIIIIIIIIIII|III

c)

o
~

400

300

200

Volume (mL g™)

100

0 0.25 05 0.75 10 0.25 05 0.75 1
P/P, P/P,

Figure 5. Nitrogen adsorption-desorption isotherms for a) SBA15, b) Ru,0-SBA15-3, c¢) Ru,O-
SBA15-4, and d) Ru,O-SBA15-5.
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Figure 6. Representative TEM images with a) SBA15, and b) Ru,O-SBA1S5-5.

To determine the nature of the ruthenium-containing species on Ru;O-SBAI1S, the
Ru,;0-SBA1S materials were investigated by a number of methods: Diffuse Reflectance UV-vis
Spectroscopy (DRUV-vis), Diffuse Reflectance Infrared Fourier-Transform Spectroscopy
(DRIFTS), Raman Spectroscopy, and Elemental Analysis. Compound 1 has a strong absorption
in the visible region attributed to an MLCT band at 637 nm. Because SBA15 does not absorb
light in the UV-vis region, Ru,0-SBA1S5 was analyzed by DRUV-vis spectroscopy and observed
absorptions are attributed to ruthenium-containing species on the surface. As shown in Figure 7,
the DRUV-Vis spectrum exhibits absorption peaks at 653 and 476 nm. The band at 653 nm
corresponds well to the MLCT band of 1, although with a significant bathochromic shift
attributed to the influence of the polarity of the silica. The absorption at 476 nm is attributed to
the presence of the Ru/Ru" cation of 2 on the surface, which has an MLCT absorption at 444
nm. The presence of this absorption indicates oxidation by atmospheric oxygen of the ruthenium
dimer cation during the deposition process.
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Figure 7. DRUV-Vis spectrum of Ru;O-SBA1S5 with the absorption spectra of 1 and 2 for
comparison. (m) Ru;O-SBA15-3, (e) 1, (A) 2.

The DRIFTS spectrum of Ru,O-SBA1S materials is shown in Figure 8 and compared to
the IR spectrum of 1. Due to the strong absorbance peaks of silica centered around 1345, 1080,
and 999 cm™, most of the absorbance peaks for 1 are obscured. However, subtracting a spectrum
of pure SBA15 from the spectrum of the Ru;O-SBA1S with the highest concentration of
ruthenium species, Ru;O-SBA1S-5, clearly indicates that peaks at 1605 and 1450 cm’ are
present. These peaks are attributable to vibrations within the bipyridine rings of 1 and are
consistent with the presence of 1 on the surface. Infrared spectroscopy can also indicate whether
the tetrafluoroborate and nitrate anions are present on the surface. The anions have characteristic
absorptions at 1060 and 521 cm’! for tetrafluoroborate, and 804 and 1388 cm’! for nitrate. These
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absorption peaks are absent from the DRIFTS spectrum of Ru,O-SBA1S materials. However,
the strongest of these absorption peaks, at 1060 cm’, is obscured by the strong silica absorption
at 1080 cm™' while the other peaks are weak and difficult to definitively identify due to the
relatively small amount of 1 present in the sample.

' I ! [ ! ! ! I ! | ! |

Kubelka-Munk Units
('n V) @ouegqIOSqQY

I | I [ | | | i I 1 I
2000 1750 1500 1250 1000 750 500

Wavenumber (cm’)

Figure 8. Comparison of the DRIFTS spectrum of Ru,O-SBA1S with the IR absorbance
spectrum of 1, (m) Ru;O-SBA1S-5, (e) 1.
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The Raman spectra of Ru;0-SBA1S very clearly correlate with the Raman spectrum of 1
(Figure 9). Particularly, the peak at 374 cm™ is characteristic of the vi Ru-O-Ru stretch.”® The
only significant differences between the two spectra are the three peaks centered at 745 cm’™
present in Ru;0O-SBA1S. These peaks might arise from interaction of the complex with the silica
surface via a Ru-O-Si symmetric stretch from possible substitution of an aqua ligand of 1 with a
surface siloxide site.*!

Counts

500 1000 1500 2000

wavenumbers (cm'1)

Figure 9. Comparison of the Raman spectrum of Ru,O-SBA15-3 with 1. a) Ru,O-SBA15, b) 1.
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The previous spectroscopic analyses provide strong evidence for the presence of the
ruthenium dimer cation of 1 on the surface of the grafted materials Ru;O-SBA1S (Figure 10).
This is supported by elemental analyses of carbon and nitrogen which are consistent with the
amount of ruthenium found on the surface (Table 5). However, these spectroscopic techniques
do not adequately prove the absence of tetrafluoroborate or nitrate ions. To this end, fluorine
elemental analysis using ICP-MS determined, to a detection limit of 0.02%, that no fluorine was
present. On the basis of this accumulated data, there is no indication of decomposition of the
ruthenium dimer cation to any species other than the oxidized Ru"/Ru"" dimer cation, and only
the ruthenium dimer cation deposits onto the surface, held onto the surface by Strong
Electrostatic Adsorption.

SBA-15
Figure 10. Adsorption of the ruthenium blue dimer cation onto SBA-15.

Table 5. Carbon and nitrogen elemental analyses compared to ruthenium analysis.
wt% Ru 9 C expected” % C found 9% N expected” % N found

Ru20-SBA15-3 0.74(5) 1.8 1.8(3) 0.41 0.5(3)
Ru20-SBA15-4 1.27(9) 3.0 3.1(3) 0.70 0.9(3)
Ru20-SBA15-5 1.76(12) 4.2 4.5(3) 0.98 1.2(3)

“Based on carbon and nitrogen to ruthenium ratios for the ruthenium dimer cation.

Water Oxidation Activity of Ru,O-SBA15. Ru,O-SBA15 was analyzed for water
oxidation activity using a 0.9 M aqueous solution of (NH4),Ce(NOs)s as a sacrificial oxidant.
The initial turnover frequency (TOF;) was determined using a fluorescent oxygen probe inserted
into the headspace of the reaction vessel. Oxygen evolution was measured over the course of one
hour (Figure 11). The rate of oxygen evolution is linear over the first 5-15 min of the experiment,
after which the rate decreases substantially. The TOF; was measured from the linear portion of
the oxygen evolution during the first 10 min of the experiment (Table 6). In comparison to water
oxidation by aqueous solutions of 1, the TOF; is significantly reduced on deposition of the
complex onto SBA1S5, to nearly 10% of the rate of 1.
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Figure 11. Representative fluorescent oxygen probe data of water oxidation with Ru,O-SBA15-
3.

Table 6. Summary of water oxidation experiments.

TOF; (hr'')* TON (1 day)
1 29(13) 10(1)
Ru20-SBA15-3 4(2) -
Ru20-SBA15-4 3(1) 5(1)
Ru20-SBA15-5 4(1) 6(1)

“Linear portion of the oxygen evolution rate in the initial 10 min.
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Longer term water oxidation activity of RuO-SBA1S was measured over a period of 24
h. The total oxygen evolution over this period was measured by sampling of the headspace of a
sealed reaction vessel using gas chromatography (Table 6). The amount of O, evolution
measured after 24 h is consistent with the significant decrease in oxygen evolution rate after the
initial 10 min of the experiment, as measured by the fluorescent oxygen probe. Due to the large
excess of oxidant added, loss of catalysis over time is not due to the consumption of oxidant. As
indicated by Meyer et al., loss of catalysis may be due to substitution of available anions for the
aqua ligands of 1."

Characterization of Ru,O-SBA1S5 after oxidation. Oxidized samples of Ru;O-SBA15-
3 and Ru;0-SBA15-5 materials were collected by filtration. These post-oxidation materials were
then analyzed by DRUV-vis and Raman spectroscopy to determine the species present on the
surface after water oxidation. The DRUV-vis spectrum (Figure 12) exhibits oxidation of a
majority of the complex to the one-electron oxidation product. This is expected, since this
species is part of the oxidation pathway of 1 and is stable under ambient conditions. The Raman
spectrum of Ru;O-SBA15-3 (Figure 12) has only one major difference with the spectrum of
Ru,O-SBAI1S5 before water oxidation. Instead of three peaks centered around 745 Cm'l, only a
single peak at 764 cm is seen. This is consistent with the hypothesis that these peaks are due to
interactions of the adsorbed complex with the surface. During the catalytic cycle it is expected
that the aqua site of the complex could react with the surface, which would account for the
change in this region of the spectrum.
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Figure 12. Comparison of DRUV-vis of Ru;O-SBA15-3 before (®) and after (m) water
oxidation. Spectra are offset for clarity.
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Figure 13. Comparison of the Raman spectra of Ru;O-SBA15-3 a) after water oxidation
compared with b) before. Spectra are offset for clarity.

Ruthenium analysis of the materials after water oxidation shows that not all of the
complex remains adsorbed to the surface with a measured decrease from 1.76(12) % Ru to
0.81(8) % for Ru,O-SBA15-5 and a decrease from 0.74(5) % Ru to 0.23(2) % for Ru,O-
SBA15-3. However, UV-vis analysis of the supernatant of the reaction shows that little, if any,
of the complex is identifiable in solution, although this analysis is hampered by the strong
absorption of (NH4),Ce(NOs)s in solution. Also, the supernatant shows no significant further
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water oxidation activity when fresh (NH4),Ce(NOj3)s solution is added. On the other hand,
recycling of the spent catalyst induces partial recovery of catalytic activity.

Conclusion

This work demonstrates the deposition of the ruthenium blue dimer onto SBA-15 by
Strong Electrostatic Adsorption. The complex was deposited onto the surface up to a level of
1.76(12) wt% Ru. The adsorbed complex could be identified on the surface by analytical
methods. Catalysis of water oxidation by the ruthenium blue dimer is significantly diminished
when deposited on the surface. After catalysis, characterization of the resulting oxidized material
showed that the complex remained the only identifiable species on the surface, though the
amount of the complex present on the surface was significantly diminished. These results
demonstrate the capability of Strong Electrostatic Adsorption methods for the deposition of the
water oxidation catalysts on the surface of oxide materials.

Experimental

General. Water used in analytical experiments was distilled and deionized to a resistivity of 18.2
MQcm using a Millipore system. Nitrogen adsorption isotherms were obtained using a
Quantachrome Autosorb 1, and samples were outgassed at 120 °C for at least 20 hours prior to
measurement. Carbon, hydrogen, and nitrogen analyses were performed by the College of
Chemistry microanalytical laboratory at the University of California, Berkeley. Ruthenium,
fluorine, and cerium analyses by inductively-coupled plasma optical emission spectroscopy
(ICP-OES) methods were performed by Galbraith Laboratories with an estimated error of + 10%.
Samples for transmission electron microscopy (TEM) were prepared by depositing an ethanol
suspension of the material onto carbon-coated copper sample holders obtained from Ted Pella,
Inc. Transmission electron microscopy was carried out on a Philips CM200 transmission electron
microscope operating at 200 kV. Infrared spectra were recorded on Nicolet Nexus 6700 FT-IR
and Mattson Instruments Galaxy 3000 spectrometers. Measurements were made at 4.0 cm™
resolution. Transmission IR samples were prepared as KBr pellets. Diffuse Reflectance FT-IR
spectroscopy (DRIFTS) samples were prepared as neat sample powders using a Pike
Technologies EasyDiff diffuse reflectance accessory. UV-Vis and DRUV-Vis experiments were
performed on a Varian Cary 3000 series spectrometer. Magnesium oxide and potassium bromide
were used as white standards for diffuse reflectance UV-Vis and DRIFTS measurements,
respectively. Raman spectra were recorded using a Kaiser Optical HoloLab series 5000 Raman
spectrometer equipped with a Nd:YAG laser frequency-doubled to 532 nm and a Princeton
Instruments TEA/CCD detector operated at 233 K. The laser power level was 25 mW, measured
at the sample. Spectra were recorded with a resolution of 2 cm™ with 30 accumulations for 1 s
each. Samples were pressed into 9 mm diameter wafers at 14 MPa and placed onto a rotating
sample holder located within a quartz cell. Samples were diluted with Csl before pressing except
for adsorbed SBA15 samples which were pressed neat. Gas chromatography was carried out on a
Hewlett-Packard 6890 Series gas chromatograph using a 10’ Hayesep Q 80/100 mesh column.
For oxygen analysis, the column temperature is held at 208 K for 20 min before increasing to
293 K at 10 K/min. Real-time oxygen analysis was measured with an Ocean Optics multi-
frequency phase fluorimeter (MFPF) with FOXY-R and FOSPOR oxygen probes.
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Synthesis of materials. The complexes cis—Ru(bpy)2C12-2H2042 and ([Ru(bpy).(HO)]>(u-
O))(CIO4)4'2H2015’18 were synthesized as described in the literature. WARNING: Perchlorate
salts of transition metal complexes are potentially explosive.

SBA15. SBA15 was prepared as reported previously.*® The prepared material used in this work
had a surface area of 623(14) mz/g using the multi-point Brunauer-Emmet-Teller (BET)
method,** and an average pore radius of 2.8(3) nm by the Barrett-Joyner-Halenda (BJH) method
on adsorption data.®® The surface OH concentration was measured to be 1.3(3) OH nm’> by
addition of dibenzyl magnesium and quantification of the evolved toluene by 'NMR
spectroscopy.*°

([Ru(bpy)2(H20)]2(n-0))(BF4)3(NO3)-4H,O (1). Compound 1 was prepared by a method
analogous to that for the perchlorate salt.'® cis-(bpy),RuCl,-2H,0 (7.1 g, 14 mmol) was
dissolved in 200 mL of water and the resulting solution was heated to reflux. Then, AgNO; (5.9
g, 35 mmol) was added and the solution was refluxed for 30 min. The reaction solution was
filtered and the filtrate was refluxed for an additional 30 min. Saturated aqueous NaBF, (20 mL)
was added and the solution volume was reduced to ~20 mL on a rotary evaporator, then cooled
in an ice bath under reduced pressure until crystals formed. The crude product was collected by
filtration, then recrystallized by slow cooling of a hot water solution (~5 mL) to which was
added ~1 mL of aqueous HBF, (48%) and collected by filtration. Recrystallization was
performed four times to give analytically pure, X-ray quality crystals of 1 (2.1 g, 1.6 mmol,
24%). EA Anal. Calcd (%) for C4oH44NoB3F,0,0Ru, (1273.39 g/mol): C, 37.73; H, 3.48; N,
9.90. Found: C 37.77; H, 3.48; N, 9.94.

[Ru(bpy)2(H20)]2(n-O)(BF4)4(NO3)-3H,O (2). To a solution of 1 (0.50 g, 0.39 mmol) in a
minimum of hot water (~2 mL) was added an aqueous solution of (NH4),Ce(NO3)s (0.22 g, 0.40
mmol, in 1 mL of water). The resulting solution was stirred for 5 min, and then the product was
crystallized on cooling in an ice water bath. The crude product was collected by filtration, then
recrystallized by slow cooling of a hot water solution (~1 mL) to which was added ~0.05 mL of
aqueous HBF, (48%) and collected by filtration. Recrystallization was performed two times to
give analytically pure, X-ray quality crystals of 2 (0.20 g, 0.15 mmol, 38%). EA Anal. Calcd (%)
for C4oH42NoB4F609Ru, (1342.19 g/mol): C, 35.80; H, 3.15; N, 9.39. Found: C 35.42; H, 2.78;
N, 9.72.

Ru;0-SBA15-OH materials. To a stirred solution of 1 (5 — 10 mg) in 20 mL of water was
added SBA15 (0.50 g). The suspension was stirred at room temperature for 16 h. The prepared
Ru;0-SBA15-OH material was collected by filtration, washed with 150 mL water, and dried
under lab atmosphere for 16 h.

Ru;0-SBA15-OH-1: 5 mg of 1. EA (%): sample 1 - Ru, 0.062; C, 0.09; N, not detected; sample
2 —Ru, 0.053; C, 0.06; N, 0.08.

Ru;0-SBA15-OH-2: 10 mg of 1. EA (%): sample 1 - Ru, 0.076; C, 0.14; N, 0.12; sample 2 —
Ru, 0.076; C, 0.180; N, 0.07.

Ru,;0-SBA1S materials. SBA15 (0.50 g) was stirred in 5 mL concentrated aqueous NH,OH
solution for 10 min, then collected by filtration and washed with 150 mL of water. The material
was then immediately added to a stirred solution of 1 (0 — 100 mg) in 20 mL of water was added
0.50 g of SBA15. The suspension was stirred at room temperature for 16 h. The prepared Ru,O-
SBA15 material was collected by filtration, washed with 150 mL water, and dried under lab
atmosphere for 16 h.

Ru;0-SBA15-0: 0 mg of 1. EA (%): sample 1 — C, not detected; N, not detected; sample 2 — C,
not detected; N, 0.19. Surface Area (BET): 440(40) mz/g.
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Ru;0-SBA15-1: 5 mg of 1. EA (%): sample 1 — Ru, 0.168; C, 0.47; N, 0.25; sample 2 — Ru,
0.162; C, 0.47; N, 0.20.

Ru;0-SBA15-2: 10 mg of 1. EA (%): sample 1 — Ru, 0.32; C, 0.86; N, 0.33; sample 2 — Ru,
0.31; C, 0.90; N, 0.36.

Ru;0-SBA15-3: 25 mg of 1. EA (%): sample 1 — Ru, 0.76; C, 1.85; N, 0.56; sample 2 — Ru,
0.71; C, 1.76; N, 0.51. Surface Area (BET): 400(40) mZ/g. Pore Radius (BJH): 3.2(6) nm.
Ru;0-SBA15-4: 50 mg of 1. EA (%): sample 1 — Ru, 1.28; C, 3.30; N, 0.97; sample 2 — Ru,
1.26; C, 2.98; N, 0.85. Surface Area (BET): 390(40) mZ/g. Pore Radius (BJH): 3.0(6) nm.
Ru;0-SBA15-5: 100 mg of 1. EA (%): sample 1 — Ru, 1.84; C, 4.47; N, 1.13; sample 2 — Ru,
1.67; C, 4.55; N, 1.17. Surface Area (BET): 330(30) mZ/g. Pore Radius (BJH): 2.8(3) nm.
Water Oxidation Experiments. To a solution of catalyst in 10 mL of water was added 0.5 mL
of a 0.9 M aqueous solution of (NH4),Ce(NO3)s. For TOF; experiments, oxygen was measured
by the MFPF oxygen probe inserted into the headspace of the sealed reaction vessel. Into an
additional port of the reaction vessel was inserted onto the headspace the temperature sensor of
the MFPF system. Both solutions were sparged with N, prior to combination.

For 24 hr oxygen evolution experiments, both solutions were sparged with He prior to

combination. The vessel was sealed and oxygen evolution was monitored by 0.5 mL injections
into a GC after 24 hr. Data was corrected for trace oxygen from air based on the measured
content of nitrogen.
X-ray Crystallography. Crystals of 1 suitable for single-crystal X-ray analysis were formed by
slow crystallization from dilute HBF4. The X-ray analysis was carried out at the UC Berkeley
CHEXRAY crystallographic facility on a Bruker SMART CCD area detector with graphite-
monochromated Mo K, radiation. Crystals were mounted on a Kapton loop with Paratone N
hydrocarbon oil and held in a low-temperature N, stream during data collection. Frames were
collected using @ scans at 0.3° increments with exposures of 10 s. In the process of structure
solution it was found that the hydrogens of the solvent water molecules led to unstable solutions.
Two of these hydrogens were constrained to bond lengths and angles consistent with water and
four of the hydrogens were omitted. Relevant crystallographic data are summarized in Table 1.
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Table 7 Experimental details for the X-ray crystal structures of 1 and 2.

Chemical formula
Formula Mass
Crystal system
alA

bIA

c/A

al®

pl°

e

Unit cell volume/A®
Temperature/K

Space group

No. of formula units per unit cell, Z
No. of independent reflections
Rint

Final R; values (I > 2a(1))
Final wR(F?) values (I > 2a(1))
Final R; values (all data)
Final wR(F) values (all data)

1
C40HusB3F12N9OoRu,
1273.41
Monoclinic
11.306(7)
19.002(11)
22.903(14)
90.00
93.544(8)
90.00
4911(5)
115(2)
P2/n

4

9457
0.0890
0.0403
0.0676
0.1049
0.0753

2
C4oH42B4F16NoOgRu,
1342.21
Monoclinic
9.782(6)
24.934(14)
21.603(12)
90.00
93.696(9)
90.00
5258(5)
154(2)
C2/c

4

4730
0.0595
0.0425
0.0958
0.0849
0.1153
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