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ABSTRACT: Dinuclear compounds [L,Ru(y-E)RuL,]” where L is acetylacetonate
(acac™, 2,4-pentanedionate), 2,2-bipyridine (bpy), or 2-phenylazopyridine (pap) and
EH, is ellagic acid, an antioxidative bis-catechol natural product, were studied by
voltammetric and spectroelectrochemical techniques (UV—vis—NIR and electron
paramagnetic resonance (EPR)). The electronic structures of the isolated forms
(NBu,),[(acac),Ru(y-E)Ru(acac),] ((NBuy),[1]), [(bpy),Ru(u-E)Ru(bpy),]ClO,
([2]ClO,), and [(pap),Ru(u-E)Ru(pap),] ([3]) were characterized by density
functional theory (DFT) in conjunction with EPR and UV—vis—NIR measurements.
The crystal structure of (NBu,),[1] revealed the meso form and a largely planar Ru(u-
E)Ru center. Several additional charge states of the compounds were electrochemi-
cally accessible and were identified mostly as complexes with noninnocently behaving
pap”*~ or bridging ellagate (E"") anions (n = 2, 3, 4) but not as mixed-valence
intermediates. The free anions E"", n = 1—4, were calculated by time-dependent DFT
to reveal NIR transitions for the radical forms with n = 1 and 3 and a triplet ground
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B INTRODUCTION

The polyphenols constitute a major section of antioxidative
natural products as found in various classes of organisms,
including plants." Their potential for (metalloenzyme-cata-
lyzed) oxidation, for example, to quinones via radical
intermediates may be considered as one possible mechanism
of antioxidant activity. A particularly intriguing and widely
distributed antioxidant occurring especially in nuts, berries, and
other fruit as well as in wood (pulp processing, barrique
treatment of wine) or other biomaterial is ellagic acid, EH,, a
symmetrical bis-catechol with a planar multicyclic conjugated 7-
system including two lactone rings.””

0
HO O
HO O O OH
0o OH
ellagic acid, EH,

While the value of ellagic acid as a dietary supplement, for
example, in the suppression of cancer’ is not unambiguously
proven, its potential as antioxidant is undisputed.l’2 Although
the interaction of metal ions with EH, or with its deprotonated
(“ellagate”) forms has long been known from the problem of
wood processing,’z’5 from biomedical studies,”® and from
investigations concerning nanomaterials,” the binding of metals
and their effect on the property and function of ellagic acid/
ellagate have been reported only in a superficial way. In
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particular, a detailed investigation of the coordination chemistry
in context with the redox behavior of the potentially
noninnocent®™'? ellagate polyphenolate has not yet been
performed. Despite the apparent interest in the role of ellagic
acid in various different sectors of applied chemistry,'~” rather
little attention has been given to this remarkable molecule from
mainstream chemistry.

The present study has thus been undertaken to deal with the
question of suitability and potential of this naturally occurring
oligophenol (bis-catechol) for metal binding and with the
consequences for the redox behavior. Employing the unique
chemistry'" of ruthenium complexes with 1,2-dioxolene ligands,
which provide the o-quinone/o-semiquinone/catecholate two-
step redox system, our goal was to probe the metal stabilizing
effect on various oxidation states and to identify the character
of such states. Specific questions pertain to the potential
formation of mixed-valent'"'” dinuclear intermediates or of
bridging ellagate or terminal radical ligands, the structural
response to electron transfer, the stability of the ester functions,
and the possible intramolecular interaction of the two metal-
chelating dioxolene functions within a planar oligocyclic
arrangement.

Considering our experience'” with the fascinating interplay
between 1,2-dioxolene redox-active ligands and the inert
binding ruthenium ions (Ru", Ru, Ru") as mimics of the
lighter homologue iron, we set out to prepare and characterize
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dinuclear complexes of the potentially bis-chelating ligand E*~
and its neighboring oxidation states. The possible noninnocent
behavior of E"~ was probed using structural, electrochemical,
and spectroelectrochemical (UV—vis—NIR, electron para-
magnetic resonance (EPR)) information. The experimental
methodology is supported by DFT calculations, which are also
used to assess the degree of metal—metal interaction, including
possible mixed-valency,'""> in symmetrical dinuclear species
[L,Ru(u-E)RuL,]", L = acetylacetonate (acac”, 2,4-pentanedi-
onate), 2,2'-bipyridine (bpy), or 2-phenylazopyridine (pap).

B RESULTS AND DISCUSSION

Synthesis and Characterization. The dinuclear com-
plexes (NBu,),[(acac),Ru"(4-E*")Ru""(acac),] ((NBu,),[1]),
[(bpy),Ru'"(4-E**")Ru''(bpy),]Cl1O, ([2]ClO,), and
[(pap):Ru" (4-E*")Ru(pap),] ([3]) (Figure 1) were synthe-

(a) (NBU4)2|7 CHs

Figure 1. Representation of compounds (a) (NBu,),[1], (b) [2]ClO,,
and (c) [3].

sized from the respective metal precursors cis-Ru"(acac),-
(CH;CN),, cis-[Ru"(bpy),(C,H;OH),]*", or cis-trans-cis-[Ru-
(pap),(C,Hs;OH),]*" and ellagic acid (EH,) in the presence of
triethylamine as a base in refluxing ethanol. The complexes
were isolated via chromatographic purification on a neutral
alumina column. The presence of two chiral metal centers in
the complexes leads to the possible formation of two
diastereoisomeric forms, namely, meso (AA) and rac (AA/
AA);'* however, only one form has been selectively obtained in
each case. The crystal structure of (NBu,),[1] and the 'H
NMR spectra establish the meso form of (NBuy,),[1] and the
rac forms of [2]ClO, or [3], respectively.

The complexes exhibit electrical conductivities and micro-
analytical and mass spectral properties in agreement with their
formulation (see the Experimental Section and Figure S1). The
meso diastereomeric form of [1]*” with internal inversion
center exhibits '"H NMR resonances corresponding to the half
of the molecule over a wide chemical shift range from S to —25
ppm in (CD;),SO (Figure S2) due to paramagnetic contact
shift effects.”> The complexes [2]ClO, and [3] in (CD;),SO

display '"H NMR signals corresponding to the full molecule in
each case over chemical shift ranges from 15 to 6 ppm and from
9 to 6.5 ppm, respectively (Figure S2).

The chemical shifts in the 'H NMR spectra indicate
paramagnetism not only for the odd-electron species 2" but
also for 177, in agreement with a calculated triplet ground state
and mixed spin distribution between the bridging ligand and
both metal centers (see Tables below).

Crystal Structure of meso-(NBu,),[1]. The bis-
(tetrabutylammonium) salt of 1?7 crystallized with two
independent molecules in the unit cell (Figure 2). The
molecular parameters derived from structure analysis (Table
1 and Table S1) were not significantly different (Tables S2—S4
and Figure S3), Table 1 indicates a good reproduction for
selected bond lengths by DFT.

In agreement with the connection of four nearly planar six-
membered rings the bridging ligand on the whole is virtually
planar (Figure 2b) and cannot twist such as the related systems
4" and §" (Figure 3) in their fully oxidized (n = 4) or fully
reduced forms (n = 0).7"°

The rigidity of the polycyclic system is also responsible for
relatively small metrical effects as dependent on the oxidation
state. Formally, the metal-coordinating OCCO chelates with
their characteristic C—O bond lengths, ¢ and the central C—C
bond with its single/double bond character” (EH, vs EH,,
Figure 4) should indicate the oxidation state (Table 1, Tables
§2—S8, and Figures S3—S5).

However, the size and rigidity of the polycyclic E"™ system
allows only for small structural variations in the dinuclear
compounds. The average C—O distance of 1.33 A would be
compatible with a catecholate/o-semiquinonate assignment as
is the mean value of 1.42 A for the central C—C bonds in 1>~
(1.426 A in EH,?). The intramolecular metal—metal distances
are rather long at ~11.6 A, while the shortest intermolecular
Ru—Ru distance is only 7.6 A. We therefore recur to
spectroelectrochemical studies to extract the most appropriate
oxidation state combinations of metals and terminal and
bridging ligands.

Electrochemistry. The isolated complexes were studied by
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) in aprotic solution (Table 2, Figure S, and Figure S6).

The bis-tetrabutylammonium salt of 1>~ exhibits two
reversible oxidation waves with a slight difference in intensity
in the CV experiment; however, the DPV measurements
confirm the equal amount of electrons being transferred
(Figure S6). Further oxidation and reduction proceeds
irreversibly under the chosen conditions, as observed also by
spectroelectrochemistry (cf. below).

The compound [2]ClO, exhibits four reversible one-electron
steps (Figure S) in a similar fashion as the related system 4"*.”*
By comparison with 4™, the potentials (Table 2) are shifted by
~0.3 V to higher values in 2", caused by the acceptor effect
from the lactone ester groups.

A further such anodic shift by ~0.3 V is observed for system
3", reflecting the stronger zm-acceptor properties of the pap
coligands relative to bpy. Additional four reductions in the form
of two pairs of closely spaced waves take place for the pap
coligands at negative potentials (<—1.0 V, Figure S, Table 2).
The potentials from Table 2 allowed us to calculate
comproportionation constants K, especially for the para-
magnetic intermediates. These values appear to illustrate the
typical™ range of K,; and K from 1 X 10** to 1 x 10%° for
interaction between two molecular halves, whereas the larger
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Figure 2. Molecular structure of meso-(NBu,),[1] in the crystal; (a) asymmetric unit and (b) anionic part of one full molecule. Ellipsoids are drawn

at 50% probability level. Hydrogen atoms are removed for clarity.

number of K, = 1 X 10" to 1 X 10" reflects the metal/chelate
interaction. Similar effects were recorded earlier for system
4% A rather large K, = 1 X 10%! is observed between the
waves associated with reduction of same metal-coordinated pap
coligands (cf. below).

Spectroelectrochemistry (UV—vis—NIR, EPR) and
Time-Dependent DFT Calculations. Information from
magnetic resonance (IH NMR and EPR; Figures S2, S7, and
S8) and UV—vis—NIR spectroelectrochemistry in conjunction
with DFT-calculated spin densities (Figures 6—8, Table 3, and
Figure S9) and time-dependent (TD) DFT calculated
electronic transitions (Table 4, Tables S9—S11) serve to
establish the most appropriate oxidation state combinations
within the various charged forms of the dinuclear complexes
(Scheme 1).

Starting with the structurally characterized 1>7, this may be
described by the two alternatives Ru™(u-E*")Ru™ or Ru"(y-
E**7)Ru"™. DFT calculations suggest a triplet ground state
(Tables S12—S15) with spin density on the bridge and on both
metals (Figure 6, Table 3), which is in agreement with the
widely shifted '"H NMR signals (Figure S2) and with a “hole
mechanism” for donor bridge-mediated valence exchange.'” No
EPR signal could be detected down to 4 K. The lowest-energy
transition at 712 nm is assigned to a ligand-to-metal charge
transfer type of process (Table 4). The results point to

comparable contributions from both the oxidation state
descriptions given above.

The necessity to describe a [Ru"(Q™)]f charge form with
more than one integer oxidation state combination n/m has
been pointed out earlier based on experiment''* and theory."'”
Remenyi and Kaupp have thus stated that “the true situation in
a given complex may be intermediate between integer oxidation
numbers”.

Oxidation to 1~ produces an EPR-silent'” species even at 4 K
and a near-IR absorption at 1785 nm (Figure 9). DFT
calculations yield again spin densities on the metals and on the
bridge where it is concentrated at the metal-coordinating
chelate functions (Table 3, Figure 6, and Figure S9). The TD-
DFT calculations point to an intraligand transition for the NIR
band (Table 4). The formation of long-wavelength (NIR)
absorptions in bridged dinuclear complexes with redox-active
metals is frequently attributed to intervalence charge transfer or
metal—metal charge transfer processes in mixed-valence
situations.'*>'® However, EPR studies and molecular orbital
(MO) calculations (Tables S16—S31) may often correct such
first-hand assignments because many radicals and radical
complexes have also low-energy transitions involving the singly
occupied MO."”

A TD-DFT calculation of the free ligand E", n = 3—, supports
this intraligand transition assignment for 17, yielding a long-
wavelength transition at 1487 nm (Table S11). The whole
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Table 1. Selected Experimental and DFT-Calculated Bond
Lengths for meso-(NBu,),[1]¢

bond lengths (A) of

molecule I bond lengths of molecule II
1> (X-ray) 1> (DFT) 1>~ (X-ray)
Rul-01 2.037(3) 2.052 Ru2—09 2.046(3)
Rul-02 1.992(3) 2.014 Ru2—-010 1.993(3)
Rul-03 2.027(3) 2.096 Ru2-011 2.025(3)
Rul—-04 2.007(3) 2.067 Ru2—-012 2.009(3)
Rul-05$ 2.045(3) 2.072 Ru2—-013 2.040(3)
Rul—06 2.056(3) 2.095 Ru2—014 2.029(3)
C1-01 1.326(4) 1.305 C18—09 1.323(4)
C2-02 1.330(4) 1.323 C19-010 1.339(4)
Cc7-07 1.388(4) 1.386 C23-015 1.402(4)
C6-07 1.398(4) 1.381 C24-015 1.382(4)
C7-08 1211(4) 1219 C24-016 1.213(5)
Cl1-C2 1.441(5) 1.446 C18—C19 1.437(5)
C1-Cé6 1.396(5) 1415 C18—C23 1.391(5)
C2-C3 1.394(5) 1.403 C19-C20 1.392(5)
C3-C4 1.388(5) 1.398 C20-C21 1.387(5)
C4-CS 1.411(5) 1.420 C21-C22 1.416(5)
C4-C7’ 1.462(5) 1.465 C21-C24’ 1.464(5)
C5-Cé6 1.388(5) 1.393 C22-C23 1.387(5)
C5-Cs’ 1.433(7) 1.430 C22—C22/ 1.414(7)

“Asymmetric unit of (NBu,),[1] contains two independent molecules
I and IL

2+

(bpy)zRu\’ 0 —|

\

o— Ru(bpy)2

n —| 4+
(bpy)zRu\/ N y
== s
\N __Ru(bpy),
H

Figure 3. Representation of reported analogus ruthenium-bipyridine
complexes.

HO 0-C
C-0  OH
4

Figure 4. Representation of the doubly oxidized form of ellagic acid.

calculation series for E"~, n = 1—4 (Tables S11 and S15), also
suggests a triplet ground state for E*~ (Figure 10), involving the
two connected but apparently weakly coupled coplanar o-
semiquinones.
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Figure 5. Cyclic voltammograms of meso-(NBuy),[1] (upper),
prereduced [2]ClO, (center) and [3] (lower) in Pt/CH,CL/0.1 M
Bu,NPF vs Fc/Fc*; scan rate 100 mV s~

(f‘: | (b) ;

Figure 6. Spin-density representations of (a) 1 (S=1), (b) 17 (S=1/
2), and (c) 1>~ (S = 1).
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Figure 7. Spin-density representations of (a) 2** (S = 1), (b) 2** (S =
1/2), (c) 2** (S = 1), and (d) 2 (S = 1/2).

It appears from these results that the Ru™(u-E**7)Ru™
three-spin'*'** formulation is more appropriate for the
oxidation state description of 17 than the alternative Ru™(u-
EX)Rul.

Table 2. Electrochemical Data”

E0298/ A4 (AE, mV)b

ox4 ox3 ox2
1> 0.80° —0.04 (80)
2" 0.70 (90) 0.37 (60) —-0.35 (70)
3 0.92 (100) 0.67 (80) 0.03 (50)

ox1 redl red2
—0.33 (80) -1.76°
—0.61 (80) —-2.20°
—0.34 (60) —1.329 (130) —1.807 (130)

“From cyclic voltammetry in CH,Cl,/0.1 M Bu,NPF6 at 100 mV s~'. “Potential in volts vs Fc/Fc'; peak potential differences AE, mV in
parentheses. “Irreversible process. “Two-electron wave with small splitting (<80 mV).
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Figure 8. Spin-density representations of (a) 3** (S =1/2), (b) 3** (S
=1),(c) 3* (§=1/2), (d) 3> (S=1), and (e) 3* (S=2).

Table 3. DFT-Calculated (UB3LYP/LanL2DZ/6-31G*)

Mulliken Spin Densities

complex Rul
1(S=1) 0.704
17 (S=1/2) 0.695
1 (S=1) 0.541
complex Rul
2% (S=1) 0.757
2% (S =1/2) 0.343
2% (S=1) 0.187
2" (S=1/2 0.033
complex Rul
3 (S=1/2) 0.230
3 (S=1) 0.113
3" (S=1/2) 0.016
37 (S=1) —0.083
3" (S=2) 0.559

Scheme 1. Redox Transitions for Systems 17, 2", and 3" with
Assignments to Most Appropriate Oxidation States

1 LRuV(z-E")RuVL,

2-

e

1" LRu"(4-E")RuL,

e

~ LRu'(u-E)RuMLy

LRu"(4-E*)RullL,

2 LRu™(u-E*)Ru'ML,

- e’1L +e
LoRu"(-E=5")Ru'MLy/
LzRum(y—Ez’)RuHLz

e

22+ LRu'(u-E*)Ru'L, 3%

e

2* LRu(u-E*)RulL,  3*

e

2 LyRu'(u-EY)Ru'L, 3

LoRu'(4-E*")Ru"'L,
—-e l+ e
LoRu'(#-E**")Rul'L,

e

LoRu'l(4-E*)Ru''L,

The second oxidation to neutral 1 is accompanied by the
formation of an NIR absorption at 4,,,, = 1080 nm, which is of

mixed metal/ligand character (Figure 9, Table 4). The
concentration of spin density on the metals and on acac™ in

Ru2 E acac”

— 26’” +2e”
0.957 0.009 0.330
0.695 ~0.506 0.116 37 (L)LRu"(-E)RuILL™)
0.541 0.880 0.038 —26’1l+2e’
Ru2 E bpy 3% (L*),Ru"(u-E*)RuM(L*),
0.757 0.454 0.032 " g o
0.343 0.318 —0.004 (L= acac) (L= boy) L=
0.187 1.646 —0.020
0.033 0.946 —-0.012 2
Ru2 E pap v 12— 1- <
0.230 0.556 —0.016 £ £
0.113 1.790 —-0.016 T T
0.016 0.964 0.004 = =
—0.083 —0.138 2.304 P &
0.559 0.250 2632 é é

500 1000 1500 2000 0 500 1000 1500 2000
Alnm Alnm

Figure 9. UV—vis—NIR spectroelectrochemistry of 1" (n = 0,—,2—) in
CH,CL/0.1 M Bu,NPF,

Table 4. Experimental and TD-DFT ((U)B3LYP/CPCM/CH,Cl,) Calculated Electronic Transitions for 1"

2, nm (e M~ em™) 2, nm (f)
(expt) (DFT)*

1 (S=1)

712(5740) 879(0.46)

428sh 362(0.13)

380(14 550) 352(0.16)

17 (S=1/2)

1785(4220) 1520(0.33)

665(6900) 811(0.17)
615(0.10)
441(0.16)

360(17 060) 348(0.11)

1(5=1)

1087(14 790) 1142(0.07)
1065(0.14)
921(0.07)

660(5940) 681(0.04)

350sh 322(0.07)

“Transitions with f > 0.04.

transitions

HOMO(B) — LUMO()(0.83)

HOMO(B) — LUMO+6(§)(0.29) HOMO—2(a) —
LUMO(a)(0.29)

HOMO-2(a) — LUMO(@)(0.63)

SOMO — LUMO(a)(0.98)
HOMO—-4(a) — LUMO(a)(0.58)
HOMO-6(a) = LUMO()(0.55)
HOMO-1(f) - LUMO+1($)(0.51)
HOMO(f) — LUMO+2()(0.86)

HOMO-2() — LUMO+2($3)(0.50) HOMO—-11(j) —
LUMO+1(5)(0.37)

SOMO1 — LUMO()(0.83)
HOMO(B) — LUMO(B)(0.71)

HOMO—4(a) — LUMO(a)(0.47) SOMO1 — LUMO(a)
(0.40)

HOMO(f) — LUMO+2(f)(0.48) HOMO—1() - LUMO
+2()(0.35)

HOMO-2(f) - LUMO+4(f)(0.53) HOMO—11(8) —
LUMO+1()(0.32)

10053

character

E(7)/Ru(dz) — Ru(dz)/E(z*)
E(n)/Ru(dr) — E(x*) Ru(dr)/E(n) — acac(n*)

Ru(dz)/E(x) — acac(n*)

E(n)/Ru(dr) — E(z*)

Ru(dr)/E(x) — E(x*)

acac(z)/Ru(dr) — E(x*)

Ru(dr)/acac(n) — Ru(dr)/E(x*)
Ru(dr)/E(z) — E(n*)

E(n)/Ru(dr) — E(x*) E(x) — Ru(dr)/E(z*)

E(n)/Ru(dr) — E(z*)/Ru(dr)

E(n)/Ru(dr) — E(z*)/Ru(dr)

acac(r)/Ru(dn) — E(x*)/Ru(dr) E(x)/Ru(dr) —
E(z*)/Ru(dr)

E(n)/Ru(dr) — Ru(x) Ru(dr)/acac(n)/E(x) —
Ru(z)

Ru(dr)/acac(r) — acac(n*) acac(z)/Ru(dr) —
Ru(dn)/E(n*)

DOI: 10.1021/acs.inorgchem.5b01868
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Figure 10. Representation of the doubly oxidized form of
deprotonated ellagic acid (E*7).

the triplet ground state suggests an oxidation to Ru' instead of
E>~ (Table 3).

The 2" jon in the isolated compound [2]ClO, is best
formulated as a Ru"(u-E*>)Ru" species (Figure S4 and Tables
S13 and S15). The EPR at g =~ 2.03, the spin density
concentrated on the bridge (Figure 7, Table 3), and the long-
wavelength (NIR) absorptions with intraligand (IL, at 2135
nm) and metal-to-ligand charge transfers (MLCT) character
(at 1100 nm) are all confirming this assignment. Reduction
leads to the singlet species 2 with Ru"(u-E*")Ru" configuration
and weak 7(E*") — #*(bpy) ligand-to-ligand charge transfer
(LLCT) and typical metal-to-ligand charge transfers (MLCT)
dn(Ru) — 7*(bpy) transitions (Table S9).

Oxidation of 2" is assumed to occur at the bridge, with little
changed EPR resonance and low-energy transitions (MLCT,
IL, Figure 11) involving the z* orbital of partially oxidized E"~

'

E
o

103 ¢/ M1 cm™1
N

2. 2. ¢ ;

103 ¢/ M1 cm™

2t—=2

w
o

-
o
—
-—

'

500 1000 1500 2000 500 1000 1500 2000
Alnm i Alnm

(=]
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(=)
w
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IEso 22+— 23+ E 23+_o 4+
[*] o
s S 2]
| |
=20 =
P < 1044 b
T 10 T
o o *
-— -
0 v T > v
500 1000 1500 2000 500 1000 1500 2000
Alnm Al nm

Figure 11. UV—vis—NIR spectroelectrochemistry of 2" (n = 4+,3+,2+,
+, 0) in CH,CL/0.1 M Bu,NPFq.

(n = 2). The next oxidation to 2** is formulated as leading to a
mixed system involving Ru"(4-E**")Ru™ and Ru"(-E*~)Ru™
contributions, retaining the band system at ~1200 nm in
diminished form. Oxidation to 2*' is assigned to produce a
Ru™(y-E>7)Ru™ formulation with a still further diminished
1200 nm absorption, again attributed to transitions between
largely Ru/E-mixed frontier orbitals. These features are
similarly observed for system 4"*.”

Using the pap coligand, which is a strong m-acceptor and
tends to stabilize exclusively ruthenium(II), the isolated
nonmagnetic (NMR, EPR) neutral form 3 is formulated as
Ru"(u-E*")Ru" (Figure S5, Tables S14 and S15), which can be
ligand-oxidized to Ru"(u-E**~)Ru" with bridge-based spin. The
EPR signal for 3" at 120 K (g, = 2,011, g, = 2.002, g; = 1.987)
and the DFT-calculated spin densities (Table 3, Figure 8, and
Figure S7) confirm this assignment, as does the intense
absorption around 2000 nm, assigned to a donor ligand (E**7)
to m-acceptor ligand (pap) transition (ligand-to-ligand charge

transfer; see Figure 12). Actually, most electronic transitions in
the 3" series have the 7*(pap) orbitals as target (Tables S10

304
‘I-E 3+_,32+
© 20 y
T {
= t '
101
T
o
ol . ; — * oL, . . .
500 1000 1500 2000 500 1000 1500 2000
30- Alnm 30 A/ nm
T —e32" T
E 3—3 £
o (3]
T -
s s
= <
T T
o o
- f -
0= v ; v 0
500 1000 1500 2000 500 1000 1500 2000
Alnm Al nm

Figure 12. UV—vis—NIR spectroelectrochemistry of 3" in CH,Cl,/0.1
M NBu,PF,.

and S11). Reversible reduction is also possible, taking place at
the pap ancillary ligands according to calculated spin densities
(Table 3 and Figure 8) and experimental EPR results with
slightly diminished"” g values (3°7), 120 K: g, = 2.021, g, =
1.990, g3 = 1.973, Figure S8).

B CONCLUSION

In addition to its numerous and diverse biological and
physiological functions”™” the ellagic acid/ellagate system
represents a remarkable ligand for coordination chemistry.
Our present study of diruthenium complexes shows that
ellagate is a symmetrically dinucleating bis-chelate ligand,
involving two conjugated and lactone acceptor-connected
redox-active catecholate functions within an essentially planar
polycyclic arrangement. There is clearly potential for non-
innocent ligand behavior with several conceivable charge states
of E", n=1-4.

Our investigations of three redox systems with donating
(acac™) or differently accepting (bpy, pap) coligands at
ruthenium suggest that the well-established'" strong coupling
between o-semiquinone chelates and Ru" or Ru" leads to
relatively weak interactions within the bridging ligand. The
connection of the dioxolene moieties by one CC bond and two
ester functions in the lactone rings is more relevant for the
thus-enforced planarity than for electronic coupling. No
evidence has been found for any reactivity of the lactone
functions under the aprotic conditions employed. As a
consequence of the rigid polycyclic configuration, the structural
changes for the various states u-E"" of the bridge were
calculated to be rather small in the complexes, affecting the use
of experimental structure data for oxidation state assignment.
Radical intermediates were identified by EPR, whereas mixed-
valent formulations play a minor role. The results obtained here
confirm the similarity of systems 2" and 4" except for the
“decoupled” doubly reduced (n = 0) and doubly oxidized forms
(n = 4), as presumed by Ward and co-workers who invoked
twisting around the central CC bond.”

While the suitability of conformationally rigid ellagate in
various charge states E"” as a noninnocently behaving bis-
bidentate bridging ligand is demonstrated in the present article
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using prototypical ruthenium complex fragments, the observed
radical complex formation and the potential for metal—metal
valence exchange may also be investigated for other transition
metal compounds of this antioxidative polyphenol z-system.
The TD-DFT calculations presented here for uncoordinated
E" constitute a basis for possible uses of this ligand in
coordination chemistry. Thus, the presence of two coplanar but
weakly coupled catecholate/o-semiquinonate chelate sites may
invite studies of magnetism,20 and the bis-bidentate chelate
function can become part of redox-active coordination polymer
frameworks.”'

B EXPERIMENTAL SECTION

Materials. The precursor complexes cis-Ru(acac),(CH;CN),,*” cis-
Ru(bpy),CL,” and cis-trans-cis-Ru(pap),Cl,>* were prepared accord-
ing to procedures reported in literature. The ligand ellagic acid (EH,)
was purchased from Alfa Aesar. Other chemicals and solvents were of
reagent grade and used as received. For spectroscopic and electro-
chemical studies HPLC grade solvents were used.

Physical Measurements. The electrical conductivity of the
solution was checked by using an autoranging conductivity meter
(Toshcon Industries, India). The EPR measurements were made in a
two-electrode capillary tube'® with an X-band (9.5 GHz) Bruker
system ESP300 spectrometer. Cyclic voltammetric and differential
pulse voltammetric measurements of the complexes in the isolated
native state were done using a PAR model 273A electrochemistry
system. Glassy carbon working electrode, platinum wire auxiliary
electrode, and saturated calomel reference electrode (SCE) were used
in a standard three-electrode configuration with tetraethylammonium
perchlorate as the supporting electrolyte (substrate concentration = 1
X 107 M; standard scan rate 100 mV s™'; Caution! Perchlorate salts
are explosive and should be handled with care). UV—vis—NIR
spectroelectrochemical studies were performed in CH,Cl,/0.1 M
Bu,NPFy at 298 K using an optically transparent thin-layer electrode
cell® mounted in the sample compartment of a J&M TIDAS
spectrophotometer. All spectroelectrochemical experiments were
performed under a dinitrogen atmosphere. '"H NMR spectra were
recorded on a Bruker Avance III 400 MHz spectrometer. The
elemental analyses were recorded on a PerkinElmer 240C elemental
analyzer. Fourier-transform IR spectra were recorded on a Nicolet
spectrophotometer; the samples were prepared as KBr pellets.
Electrospray mass spectral measurements were done on a Micromass
Q-ToF mass spectrometer.

Preparation of Complexes. Synthesis of (NBu,),[Ru,(acac),(u-
E)], (NBuy),[1]. A mixture comprising cis-Ru(acac),(CH;CN), (100
mg, 0.26 mmol), the ligand EH, (40 mg, 0.13 mmol), and NEt, (0.08
mL, 0.54 mmol) in 50 mL of EtOH was heated to reflux for 8 h under
a dinitrogen atmosphere. The solvent was then removed, and the
residue was moistened with a few drops of CH;CN. The addition of a
saturated aqueous solution of NBu,Br led to the precipitation of the
desired complex, which was filtered, washed with chilled water to
remove excess NBu,Br, and dried in vacuo over P,Oy,. The product
was purified further on a neutral alumina column, and the green
complex (NBuy),[1] was eluted by a 30:1 CH,Cl,/CH;OH mixture.
The solvent was removed to yield pure (NBu,),[1]. Yield: 142 mg
(78%). MS (ESI+, CH,OH): m/z {(NBu,),[1]}* calcd: 1382.53;
found: 1382.48. 'H NMR (400 MHz) in (CD3),SO [§, ppm (J, Hz)]:
44 (s, 2H(E)), 4.23 (s, 6H(CHj-acac)), 3.18 (m, 16H), 2.99 (s,
6H(CHj-acac)), 1.55 (m, 16H), 1.31 (m, 16H), 0.95 (t, 7, 24H),
—3.01 (s, 6H(CHj-acac)), —10.95 (s, 6H(CHj-acac)), —20.3 (s,
2H(CH-acac)), —24.7 (s, 2H(CH-acac)). IR (KBr): v(CO, cm™):
1698, 1678. Anal. Calcd (%) for CgH,0,N,0,Ru,: C, 57.37; H, 7.44;
N, 2.03; found: C, $7.10; H, 7.40; N, 2.14. Molar conductivity
(CH,CL): Ay = 185 Q7' cm® M™%,

Synthesis of [Ru,(bpy),(u-E)ICIO,, [2]CIO,. The starting complex
cis-Ru(bpy),(Cl), (100 mg, 0.21 mmol) and AgClO, (87.07 mg, 0.42
mmol) were taken in 50 mL of EtOH and refluxed for 2 h. The
precipitated AgCl was filtered off through a sintered Gooch crucible.

The filtrate, the ligand EH, (32 mg, 0.105 mmol), and NEt; (0.06 mL,
0.42 mmol) were heated to reflux for 12 h under a dinitrogen
atmosphere. The solvent was evaporated, and the residue was
moistened with a few drops of CH;OH, followed by the addition of
a saturated aqueous NaClO, solution. The precipitate thus obtained
was filtered, washed with chilled water to remove excess NaClO,, and
then dried in vacuo over P,O . The product was purified on a neutral
alumina column, and the brown complex [2]ClO, was eluted by 15:1
CH,Cl,/CH;0OH mixture. The solvent was removed to yield pure
[2]ClO,. Yield: 85 mg (67%). MS (ESI+, CH;OH): m/z {[2]}*:
caled: 1126.07; found: 1126.06. "H NMR (400 MHz) in (CD,),SO [5,
ppm (J, Hz)]: 144 (m, 3H), 12.4 (m, 3H), 10.55 (m, 3H), 9.4 (m,
2H), 8.3 (m, 13H), 7.35 (m, 3H), 6.85 (m, 3H), 6.75 (m, 1H), 6.05
(m, 3H). IR (KBr): v(CO, cm™): 1690, 1666, (ClO,~, cm™): 1085,
621. Anal. Caled (%) for Cy,H;,CINgO ,Ru,: C, 52.97; H, 2.80; N,
9.1S; found: C, 52.66; H, 2.98; N, 9.25. Molar conductivity (CH,CL,):
Ay =94 Q' em®* ML

Synthesis of [Ru,(pap) ,(u-E)], [3]. The starting complex cis-trans-cis-
Ru(pap),Cl, (100 mg, 0.19 mmol) and AgClO, (79.04 mg, 0.38
mmol) were taken in EtOH and refluxed for 2 h. The precipitated
AgCl was removed by filtering the mixture through a sintered Gooch
crucible. The filtrate was mixed with the ligand EH, (28 mg, 0.095
mmol) and NEt; (0.06 mL, 0.42 mmol) and heated to reflux for 10 h
under a dinitrogen atmosphere. The solvent was evaporated under
reduced pressure, and the residue was extracted by dichloromethane.
The solid product thus obtained on removal of solvent under reduced
pressure was washed several times with ice-cold water and dried under
vacuum over P,Oy,. It was then purified on a neutral alumina column
using CH,CL,/CH;OH (40:1) mixture as eluent. The solvent was
evaporated under reduced pressure to yield the pure complex [3].
Yield: 70 mg (60%). ESI MS(+) (in CH;OH): m/z caled for {[3]}":
1234.10; found: 1234.07. '"H NMR (400 MHz, (CD,),SO, 298 K,
TMS): 5, ppm = 8.78 (m, 4H), 8.39 (m, 1H), 8.25 (m, 3H), 8.1 (m,
2H), 7.85 (m, 4H), 7.7 (m, 2H), 7.4 (m, 4H), 7.2 (m, 9H), 7.05 (m,
2H), 6.8 (m, 4H), 6.65 (m, 3H); IR (KBr): v(CO, cm™): 1686, 1669;
Anal. Caled (%) for CsgHyN;,OgRu,: C, 56.49; H, 3.11; N, 13.63;
found: C, 56.75; H, 3.30; N, 13.25. Molar conductivity (CH,CL,): Ay,
=9 Q' cm®> ML

Crystal Structure Determination. Single crystals of (NBu,),[1]
were grown by slow evaporation of a 1:1 CH,Cl,/CH;O0H solution. X-
ray diffraction data were collected using a Rigaku Saturn-724+ CCD
single-crystal diffractometer using Mo Ka radiation. The data
collection was evaluated by using the CrystalClear-SM Expert
software. The data were collected by the standard w-scan technique.
The structure was solved by direct method using SHELXS-97 and
refined by full matrix least-squares with SHELXL-97, refining on F*.*°
All data were corrected for Lorentz and polarization effects, and all
non-hydrogen atoms were refined anisotropically. The remaining
hydrogen atoms were placed in geometrically constrained positions
and refined with isotropic temperature factors, generally 1.2U, of their
parent atoms. Hydrogen atoms were included in the refinement
process as per the riding model. Additional crystallographic
information is available in the Supporting Information.

Computational Details. Full geometry optimizations were
performed using the DFT method at the (U)B3LYP level for 1" (n
=+,0,—,2—,3-),2" (n=4+3+2+,+),3" (n=3+2++,2—,4-),
and (R)B3LYP for 2 and 3.7 All elements except ruthenium were
assigned the 6-31G(d) basis set. The LanL2DZ basis set with effective
core potential was employed for the ruthenium atom.*® All calculations
were performed with the Gaussian09 program package.” Vertical
electronic excitations based on (U)B3LYP optimized geometries were
computed using the TD-DFT formalism® in dichloromethane using
the conductor-like polarizable continuum model (CPCM).*" Chem-
issian 1.7°> was used to calculate the fractional contributions of various
groups to each molecular orbital. All the calculated structures were
visualized with ChemCraft.*®
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