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ABSTRACT: The compound {(¢-Nindigo)[Ru(acac),],} = 1, H,(Nindigo) = indigo-N,N’-diphenylimine _(__(
and acac” = 2,4-pentanedionate, has been structurally characterized in the rac form, which exhibits two Q) o
edge-sharing six-membered chelate rings involving ruthenium, and the former f-diketiminato functions o““Rlu/ =)

with a twist angle of 33.9° around the central C—C bond. The metric parameters suggest a neutral 7 N ‘
acceptor bridge containing coupled s-trans configurated a-diimines, which are coordinated by two . N
ruthenium(II) centers. DFT calculations confirm the experimental structure and oxidation state assignment
of the rac form; both diastereoisomers are present in solution according to "H NMR spectroscopy. A very Bl
intense long-wavelength MLCT absorption at 630 nm (¢ = 66 800 M~' cm™") and a weaker near-IR band 60/1"‘\ Ph
at 1120 nm (& = 3000 M~ cm™!) are observed for the CH,CN solution. Reversible one-electron reduction )

and oxidation steps were studied by cyclic voltammetry, differential pulse voltammetry, EPR, and UV—vis— )_);
NIR spectroelectrochemistry to exhibit metal-centered oxidation and mixed metal/ligand-centered 1

reduction. These results are supported by TD-DFT calculations of the species rac- or meso-1", n = 3+, 2+,
+ 0, — 2—.

B INTRODUCTION

Diruthenium complexes of redox-active and thus potentially

R
N
noninnocently behaving bridging ligands have become O r—< O R-Nindigo®

rewarding subjects of electron transfer research’ because they N N4
offer a readily analyzed alternative between a (Class II or Class s
III) mixed-valent metal-metal configuration with a super-
exchanging bridge (A)?* versus a homovalent dimetal arrange- R\N o
ment with an oxidized radical bridge (B).? m
O o O R-Nindigo?
[RU(-L™MRU™ [Ru(u-L™)Ru 0 g N/\
or R R=ay!”® @
[RUMO5( 4L MRU™05] n=2 R\ﬁ) o here: R = phenyl
A B
R-Nindigo*
Several different kinds of molecular bridges have thus been g
employed in connection with })airs of ruthenium complex é\l AN
fragments such as [Ru(bpy),]"** or [Ru(acac),]".> A recent R
addition to the set of bis-chelating unsaturated bridging ligands®
has been the (R-Nindigo)" system (eq 2), H,(R-Nindigo) = Ac?ording to eq 1, ruthenium is a prime giréuﬁdate f.or
indigo-N,N'-diarylimine, derived from the indigo structure.” studying metal/ligand electron transfer reactivity.” ™" Herein,

we report a first study of a diruthenium complex, {(u-
Nindigo)[Ru(acac),],} = 1, H,(Nindigo) = indigo-N,N’-
diphenylimine and acac™ = 2,4-pentanedionate, including the
crystallographic characterization of 1 in the rac form, the
spectroelectrochemical analysis of oxidation and reduction
reactions of the rac/meso isomer mixture, and TD-DFT
calculations of various species 1" in both meso and rac forms.

Previous reports on some first coordination compounds
containing Pd or Co have clearly suggested that the (R-
Nindigo)"~ systems can act as noninnocent ligands.”®

The Nindigo bridge is distinguished by being able to form
dinuclear bis-chelate complexes with two fused six-membered
chelate rings, in contrast to the better studied five-membered
ring variety.”>” In the neutral form, the two A-diketiminato
functions sharing a common C—C edge also involve three s-
trans-configurated a-diimine sections (eq 3), another poten- Received: February 14, 2013
tially redox-active moiety.'® Published: July 16, 2013
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B RESULTS AND DISCUSSION

Synthesis and Structure of 1. Reaction of H,(Nindigo),
NEt;, and Ru(acac),(CH;CN), under atmospheric conditions
in ethanol, followed by column chromatography, yields the
product 1 in 60% yield. It was identified by CHN analysis,
conductivity, mass spectroscopy and 'H NMR spectroscopy
(Experimental Section, Figures S1 and S4, Supporting
Information) as a mixture of meso and rac diastereomeric
forms due to the presence of two chiral metal centers; the
single crystal isolated for X-ray diffraction was that of the rac
isomer (Figure 1).

Aerial oxidation is assumed during the formation of 1 from
reduced components, which is well-known to occur for dihydro
compounds under basic conditions.'” Side products accounting
for 40% yield could not be removed from the column during
chromatography. The use of dehydronindigo’® gave essentially
identical results.

The molecular structure of neutral 1 could be obtained for
the rac form, which crystallized as a hydrate (Figure 1). Two C,
symmetrical enantiomers and the water molecules are related
by the inversion center in space group C2/c. The molecular
structure reveals a bis-chelate arrangement with two equivalent
edge-sharing six-membered rings, each involving a chiral
ruthenium center and one of the former p-diketiminato
functions of (Nindigo)”. The oxidation state combination
implying two Ru" ions and an oxidized neutral ligand follows

from the metric parameters (eq 4, Table 1) of the bridging
ligand,”® clearly corresponding to Nindigo® (“dehydronindi-
go”"®) in eq 2.

R compound rac-1 (R = Ph)
'\; a=1.329(5) A
d b =1.456(5) A
b ¢ =1.345(5) A )
-N® d=1.412(7)A

Single and double bonds are well distinguished in the
molecular structure and are incompatible with the charged
forms of Nindigo in eq 2. Instead, they correspond to a-diimine
structures in the s-trans conformation (eq 3). The central C—C
bond at 1.412(7) A separates two rings twisted by 33.9°, the
previously reported central C—C bond lengths for coordination
compounds of R-Nindigo ligands being slightly shorter at
1.396(15), 1.368(5), 1.379(7), or 1.393(2) A.*™® The
intramolecular metal—metal distance at 6.042 A is longer
than the approximately 4.8 A found in compounds with edge-
sharing five-membered chelate rings.>* The N-phenyl rings are
twisted relative to the C8—N2—C14 imine function with an
angle of 83.4°. The structural features of this rac isomer of 1
could be reproduced by DFT calculations (Table 1 and Tables
S1, S2, Figure S2, Supporting Information), including the
central C—C twist angle of 30.6° (exp.: 33.9°). Because the
studies in solution described in the following were carried out
with a mixture of rac and meso forms, the latter has also been
calculated by DFT to show only marginal differences relative to
the rac isomer (e.g, 31.6° C—C twist angle; Tables S3, S4 and
Figure S3, Supporting Information).

Spectroscopy. The observed diamagnetism of 1, including
conventional 'H NMR resonances (Experimental Section and
Figure S4, Supporting Information), is in agreement with two
low-spin d® centers bridged by a closed-shell ligand. The 'H
NMR spectrum of 1 in CDCI, exhibits eight CH;(acac), four
CH(acac), and 18 “aromatic” proton resonances (Experimental
Section and Figure S4), corresponding to the presence of both
meso and rac isomeric forms.

Figure 1. ORTEP diagram of the rac-form of 1. Ellipsoids are drawn at the 50% probability level. Hydrogen atoms and solvent molecules are omitted

for clarity.
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Table 1. Experimental and DFT Calculated Selected Bond Distances (A) and Bond Angles (deg) in 1 (rac)

bond distance (A) X-ray DFT
Rul-N2 1.976(3) 2.034
Rul-N1 1.992(3) 2.040
Rul-04 2.016(3) 2.068
Rul-0O1 2.042(3) 2.086
Rul-03 2.043(3) 2.081
Rul-02 2.061(2) 2.098
NI1-C7 1.345(5) 1.335
N2-C14 1.329(5) 1.313
C7—-C7#1 1.412(7) 1419
Cl14—C7#1 1.456(5) 1.476
Rul—Rul#l 6.042 6.092

bond angle (deg) X-ray DFT
N2—Rul—-N1 90.04(12) 89.08
N2—Rul—04 85.24(11) 8475
N1-Rul—04 90.85(11) 90.65
N2—-Rul-01 94.88(12) 96.15
NI-Rul-O1 91.01(12) 90.93
04-Rul-01 178.14(10) 178.18
N2-Rul—03 177.14(11) 17539
N1-Rul-03 90.29(11) 93.26
04—Rul—03 91.92(10) 9124
O1-Rul-03 87.95(10) 87.78
N2-Rul-02 91.34(11) 92.88
NI-Rul—02 176.65(11) 177.17
04—Rul-02 86.23(10) 87.51
O1-Rul-02 91.91(11) 90.87
03-Rul-02 88.18(10) 84.63

Table 2. UV—Vis—NIR Spectroelectrochemical Data of 1" in CH;CN/0.1 M Bu,NPF,

1" A [nm] (e [M71 cmfl])

13 720(34 610), 620(26 430), 580(25 190), 430(24 500), 270(63 100), 240(70 130), 210(80 510)

1* 720(28 610), 620(30 730), 580(sh), 430(24 690), 340(31 660), 270(65 780), 240(66 410), 210(77 810)
1" 1120(1520), 780(sh), 620(47 520), 500(sh), 340(37 700), 270(70 190), 210(76 400)

1 1120(3000), 630(66 820), 520(sh), 360(39 120), 270(84 680), 210(69 650)

1- 850(16 320), 590(27 160), 400(sh), 360(36 830), 270(95 140), 210(93 450)

1> 1120(10 150), 850(sh), 500(33 060), 380(sh), 280(110 880), 220(98 490)

The typical intense absorption of the indigo chromophore in
the visible occurs around 600—650 nm with £ =~ 15000 M™*
cm™, attributable to an internal donor (amine-N)-to-acceptor
(CO) transition. H,(R-Nindigo) species have similar spectral
features (amine-to-imine transition).7’13 In the present case 1,
the absorption of the metal complex is also observed at a
wavelength of about 630 nm, however, with a significantly
larger molar extinction coefficient of &€ = 66 800 M~ cm™ (see
Figure 3a and Table 2). An additional weak, broad absorption
occurs at 1120 nm (& = 3000 M~ cm™"). TD-DFT calculations
(Table 3 (rac), Table S21 (meso), Supporting Information)
were used to assign both of these features as MLCT (d—x*,
metal-to-ligand charge transfer) transitions from electron-rich
Ru" to the neutral Nindigo® acceptor, which features coupled s-
trans configurated a-diimine functions (eq 3).!° Characteristi-
cally, the neutral form in eq 2 features quinonoid pyrrole rings,
whereas both dianionic and tetraanionic charged forms contain
67 heteroaromatic pyrrole rings. Both the metal-originated
multiple charge transfer and the quinonoid electronic structure
are believed to contribute to the high intensity of the
absorption of 1 in the visible region.

Electrochemistry and EPR. The potential of coordinated
R-Nindigo species to act as noninnocent ligands™® with
possible oxidation or reduction was probed for 1 by cyclic
voltammetry, differential pulse voltammetry, EPR, and UV—
vis—NIR spectroelectrochemistry. Figure 2 and Table 4 show
that two one-electron reduction steps and three oxidation steps
can be discerned. The third oxidation is less well-defined, and
the comproportionation constants K, (RT In K, = nF(AE)) for
the monocation and monoanion are rather large at about 10'.

The DFT calculated molecular orbital compositions on
optimized geometries of 1" in both meso and rac forms (Tables
$5—S18, Supporting Information) suggest the involvement of
{Ru(acac),} fragment and mixed ligand(nindigo)-metal frontier
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orbitals in the successive oxidation and reduction processes,
respectively.

Electrogenerated 1" and 1~ were analyzed by EPR
spectroscopy (Figure 4). At 110 K in frozen acetonitrile
solution, both systems exhibit rhombic spectra; however, with
g1 = 2.334, g, = 2.180, g3 = 1.831, and g—g; = 0.503, the g
factor anisotropy of 1* is almost 5 times larger than for 17 (g;—
g; = 0.112), corresponding clearly to metal-centered spin'* and
thus to a Ru™Ru" mixed-valent situation with a (Nindigo)°
acceptor bridge. Remarkably, there is no conspicuous
intervalence charge transfer (IVCT) absorption in the near-
infrared region for 1%, in agreement with the frequently noted
low intensity of such 7*-mediated IVCT absorptions in bis-
chelate situations.”"

The reduction to 1~ produces a labile species with an EPR
spectrum (g; = 2.031, g, = 2.003, g3 = 1.919), the g anisotropy
g1—g; = 0.112 suggesting a mixed metal/ligand-centered spin
distribution,'*'® corresponding to significant {Ru'[(u-
Nindigo)*~JRu""} and {Ru"'[ (4-Nindigo)*~JRu""} participation.
DFT calculated spin densities (Figure S, Table S for rac form,
and Figure S5, Table S22 for meso isomer, Supporting
Information) support and quantify this experimental result,
yielding very different metal spin density values of 1.208 for 1"
but of 0.440 for 1~ in the rac form (meso form: 1.231 and 0.486
for 1" and 17, respectively). Again, no significant near-IR
absorption was observed.

UV-Vis—NIR Spectroelectrochemistry. Analysis of the
full set of UV—vis—NIR spectroelectrochemical information
(Figure 3, Table 2) requires an understanding of the underlying
electronic structures based on DFT calculated geometries
(Tables S1—S4, Supporting Information), molecular orbital
situations (Tables S5—S20, Supporting Information), and
electronic transitions (TD-DFT: Table 3 for rac and Table
S21 for meso, Supporting Information).
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Table 3. Experimental” and TD-DFT (B3LYP/CPCM/CH;CN) Calculated Electronic Transitions for 1" (rac)

state A [nm] expt. (DFT) e M em™] (f) transitions character
1(S=0)
1120 (1252) 3020 (0.03) HOMO—LUMO(0.53) Ru(dr)—L(z*)
630 (623) 66820 (0.23) HOMO-1-LUMO+1(0.47) Ru(dz)—L(7*)
HOMO-3—LUMO+1(0.34) Ru(dz)—L(7*)
HOMO—LUMO(0.27) Ru(dz)—>L(7*)
13 520 (512) sh (0.07) HOMO-8—LUMO(0.66) acac(m)—L(x*)
41 360 (361) 39120 (0.02) HOMO—11-LUMO+1(0.57) L(z*)—>L(7*)
72 270 (305) 84680 (0.04) HOMO-9—LUMO+1(0.30) acac(r)—L(z*)
1" (S=1/2)
s 1120 (1057) 1520 (0.02) HOMO(ar) >LUMO(a)(0.85) acac(m)—L(z*)
10 780 (758) sh (0.08) HOMO-2(a)—»LUMO(a)(0.61) acac(r)/Ru(dr)—L(x*)
14 620 (646) 47520 (0.10) HOMO—-7(8)—~LUMO(5)(0.55) acac(x) /Ru(dr)—Ru(dz)
33 500 (504) sh (0.05) HOMO-11()—LUMO()(0.55) L(7)—Ru(dr)
HOMO—8(f)—LUMO(5)(0.47) L(z)—Ru(dr)
68 340 (400) 37700 (0.04) HOMO-7(a)—LUMO+1(a)(0.68) L(z)—L(z*)
1 (S=1)
18 720 (721) 28 610 (0.07) HOMO-2(a)—»LUMO(«)(0.61) acac(m)—L(7*)
HOMO-11()-»LUMO()(0.33) Ru(dr)/acac(z)>Ru(dz)/L(z*)
27 620 (647) 30730 (0.06) HOMO—4(f)—>LUMO+1(8)(0.44) acac(z)—>Ru(dr)
37 580 (572) sh (0.04) HOMO-12(a) >LUMO(a)(0.50) Ru(dz)—L(z*)
HOMO—8(f)—LUMO+1(8)(0.57) L(z)—Ru(dx)
70 430 (443) 24690 (0.04) HOMO-5(a)—LUMO+1()(0.40) L(z)—L(z*)
HOMO-13(f)»LUMO+1(5)(0.66) L(x)—Ru(dx)
1 (S=1/2)
37 720 (700) 34610 (0.12) HOMO-14(a)—»LUMO(a)(0.60) L(x)/Ru(dn)—Ru(z*)/acac(n*)
HOMO-6()—>LUMO($)(0.33) acac(r)—>Ru(dr)/acac(n*)
HOMO-4(f)—»LUMO+1()(0.43) L(z)—Ru(dr)/acac(n*)
50 620 (628) 26430 (0.06) HOMO-3(a)—LUMO+1()(0.63) L(z)—L(z*)
HOMO-5(8)>LUMO+2(/3)(0.26) acac(r)—>L(x*)
69 580 (530) 25190 (0.03) HOMO-8(a)—LUMO+1(a)(0.65) acac(z)—L(7*)
80 430 (492) 24500 (0.02) HOMO-13(a)—>LUMO+1(a)(0.44) L(z)—L(z%)
1" (S=1/2)
9 850 (807) 16320 (0.04) HOMO—2(a)—LUMO(a)(0.52) Ru(dz)—>L(7*)
HOMO—-4(8)—~LUMO()(0.49) Ru(dz)—L(7*)
HOMO—1(8)—LUMO+1()(0.45) Ru(dr)—L(z*)
14 590 (642) 27160 (0.19) HOMO—4(a)—>LUMO(a)(0.46) Ru(dr)—L(z*)
HOMO-1()—~LUMO+1(8)(0.61) Ru(dz)—L(z*)
63 400 (395) sh (0.03) HOMO(a)~LUMO+8(a)(0.70) L(z)—L(z*)
77 360 (377) 36830 (0.01) HOMO-12()-»LUMO($)(0.32) L(7)—=L(x*)
1> (S=0)
3 850 (733) sh (0.15) HOMO-2—LUMO((0.60) Ru(dz)—L(z*)
18 500 (478) 33060 (0.14) HOMO—-6—LUMO((0.60) Ru(dz)—L(z*)
38 380 (385) sh (0.04) HOMO—2—LUMO+5(0.40) Ru(dz)—>L(7*)
HOMO-3-LUMO+1(0.33) Ru(dr)—acac(n*)
7 280 (330) 110880 (0.08) HOMO—12—LUMO(0.63) L(z)—=L(z%)
1 (S=1)
3 850 (919) sh (0.09) HOMO—-2(8)—~LUMO()(0.90) Ru(dr)—L(z*)
HOMO()—-LUMO($)(0.31) Ru(dr)—L(7*)
2 500 (497) 33060 (0.05) HOMO-6(8)—~LUMO()(0.49) L(z)—L(z*)
HOMO()—>LUMO+4(5)(0.27) Ru(dr)—acac(z*)
80 380 (383) sh (0.05) SOMO(a)—»LUMO—-15()(0.74) L(z)—Ru(dr)/acac(n*)

“Experimental data for rac/meso mixture.

From these and earlier discussed data, the following picture
emerges, illustrated by Scheme 1.

Oxidation of the {Ru"[(Nindigo)°JRu""} precursor 1 leaves
the bridge unchanged and involves the metals and, for higher
positive charges, the whole {Ru(acac),} metal complex
fragments (Tables S5—S12, Supporting Information). The
capacity of Ru(acac), to get oxidized up to the formal Ru"
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state under participation of the donating acac™ coligand is well
established.'” Accordingly, the main long-wavelength absorp-
tions of the cationic forms involve LMCT (ligand to metal
charge transfer), LMLCT (ligand/metal to ligand charge
transfer), and LLCT (ligand to ligand charge transfer)
transitions (Table 3 for rac and Table S21 for meso, Supporting
Information). The question of a localized or delocalized mixed-

dx.doi.org/10.1021/ic400390b | Inorg. Chem. 2013, 52, 8467—8475
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Figure 2. Cyclic voltammogram (—, black) and differential pulse
voltammogram (— — —, green) of 1 in acetonitrile/NEt,ClO, at 298

K. Scan rate: 100 mV s’

valent intermediate 1" cannot be straightforwardly answered;
the absence of an intense IVCT transitions seems to suggest
weak electronic coupling (Class II according to Robin and
Dayls), while the large K. value of 10" would be more
compatible with a Class III (valence-delocalized) situation.
Reduction to 17 leads to the mentioned mixed metal/ligand
formulation (Scheme 1) based on EPR (Figure 4) and spin
density (Ru/Nindigo: 0.440/0.542 (rac) and 0.486/0.491

(meso)) information (Figure S, Table S for rac and Figure SS,
Table S22 for meso, Supporting Information). The calculated
geometry of this ion would still be compatible with a neutral
bridge (Tables S1—S4, Supporting Information), whereas the
dianion, calculated with close lying singlet and triplet states
(Tables S1, S20 for rac and S3, S19 for meso, Supporting
Information), is computed with a lengthened N1—-C7 bond
(Tables S1 (rac), S3 (meso), Supporting Information), which
indicates negatively charged pyrrole N atoms as in Nindigo®~
(eq 2). Low-energy absorptions of 1°, 17, and 1>~ are thus
dominated by MLCT transitions (Table 3 (rac) and Table S21
(meso), Supporting Information).

H CONCLUSION

In contrast to the previously reported palleldium(II)7a’b and
cobalt(I1)* complexes, which illustrated the potential of R-
Nindigo ligands to undergo up to four electron transfer steps
and thus behave decidedly noninnocently, the present result
involving the ruthenium complex fragments [Ru(acac),]
revealed a less pronounced proclivity toward redox non-
innocent behavior when compared to other ligand-bridged
diruthenium complexes.”> Neutral and oxidized compounds 1"
(n = 0,1+,2+,3+) contain the bridge as dehydro-indigo-N,N'-
diphenylimine, whereas the anionic species involve partially
reduced Nindigo (Scheme 1). Remarkably, the MLCT
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Figure 3. UV—vis—NIR spectroelectrochemistry for 1" in CH;CN/0.1 M NBu,PFq.
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Table 4. Electrochemical Data® for 1

Ey4 [V] (AE [mV])®

Ox3 Oox2 Ox1 Redl
0.89 (50) 0.76 (70) 0.11 (70) —0.88 (90)

—145S (110)

d
Ky® K, Kcsc'f K,

(4
4
1.1 x 10" 1.6 X 107 6.0 X 10'°

4.6 x 10°

“From cyclic voltammetry in CH;CN/0.1 M Et,NCIO, at 100 mV s™". bPotential in V versus SCE; peak potential differences AE [mV] (in
parentheses). “Comproportionation constant from RT In K, = nF(AE). 9K., between Oxl and Ox2. °K_, between Ox2 and Ox3./K_; between Oxl

and Redl. éK_, between Redl and Red2.

e
2400 2800 3200 3600 4000
B/G

Figure 4. EPR spectra of 17 and 1* in CH;CN/0.1 M NBu,PF at 110
K (shoulder at g = 2 due to decomposition product).

absorption of 1 occurring in the same spectral region (630 nm)
as that of indigo exhibits a very high intensity at € = 66 800 M~
cm™". The fused double six-membered chelate ring arrange-
ment in dinuclear coordination compounds of R-Nindigo
ligands can thus be expected to produce further remarkable
results with different metal species, considering the a-diimine
substructures (eq 3) of the dehydro form.

The results from Scheme 1 based on experiments and
calculations are surprising in that the [Ru(acac),]™ complex
fragment prefers higher oxidation states of the metal (+III,
+IV), that is, n = 1 or 2."” Examples include 2,2'-azobispyridine
(abpy) and 1,4-dioxido-2,3-bis(3,5-dimethylpyrazol-1’-yl)-
benzene (L*”) bridged dinuclear complexes, which were
isolated in forms describable as [(acac),Ru**(u-abpy®~)-
Ru®’(acac),]*® and [(acac),Ru™(u-L*") Ru(acac),]> re-
spectively. It is also unexpected that the R-Nindigo bridge
adopts the twisted neutral dehydronindigo form instead of the
67 heteroaromatic dianionic form as preformed in the H,(R-
Nindigo) precursor. In the present situation, the twist is
probably favored by the space demand of N-substituents and
the [Ru(acac),] complex fragments; the dehydro form does not
require planarity at the central C—C bond as does the dianion
with a formal C=C double bond, which thus disfavors ligand-

centered versus metal-based electron transfer.

B EXPERIMENTAL SECTION

Materials. The starting complex, |:Ru(acacaz(CHg,CN)z],19 and the
bridging ligand indigo-N,N’-diphenyldiimine7 were prepared accord-
ing to the literature reported procedures. Other chemicals and solvents
were reagent grade and used without further purification. For
spectroscopic and electrochemical studies, HPLC grade solvents
were used.

Physical Measurements. UV—vis—NIR studies in CH;CN/0.1 M
Bu,NPF, at 298 K were performed using an optically transparent thin
layer electrode (OTTLE) cell,*® which was mounted in the sample
compartments of a J&M TIDAS spectrophotometer. "H NMR spectra
were recorded on a Bruker Avance III 400 spectrometer. The EPR

Figure 5. DFT calculated Mulliken spin density plots of 1" (rac).

Table 5. DFT Calculated Mulliken Spin Distributions for 1"

(rac)

complexes Ru acac L
1" (S =1/2) 1.208 0.148 —0.348
1% (S=1) 1482 0.599 —0.049
1 (S=1/2) 0.506 0.498 0.003
17 (S=1/2) 0.440 0.020 0.542
17 (S=1) 0.464 0.01 1.53

dx.doi.org/10.1021/ic400390b | Inorg. Chem. 2013, 52, 8467—8475
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Scheme 1. Oxidation State Combinations for Different
Redox States

13 [Ru(uLY)Ru'VP*

5=1/2

_e.wr

Rul(z-LORu) 2
5=1
4

-e-||+e=

I [Ru(@L)RuM

$=1/2

+e
/
1 ¢ [Ro"LYRu"]
5=0

A
-e

-e-

+e
f

[Rll"(#-L‘) R“"l_ -« [Rul"w_LZ-)Ru"]—
§=1/2
A

-e~||+e-

127:  [Ru'(@LP)RuP™

5=0

measurements were made in a two-electrode capillary tube'®® with an

X-band Bruker system ESP300, equipped with a Bruker ER035 M
gaussmeter and a HP 5350B microwave counter. Cyclic voltammetric,
differential pulse voltammetric, and coulometric measurements were
carried out using a PAR model 273A electrochemistry system.
Platinum wire working and auxiliary electrodes and an aqueous
saturated calomel reference electrode (SCE) were used in a three-
electrode configuration. The supporting electrolyte was Et,NCIO,, and
the solute concentration was ~107> M. The half-wave potential E®,qq
was set equal to 0.5(E,, + E,), where E,, and E, are anodic and
cathodic cyclic voltammetric peak potentials, respectively. Elemental
analysis was carried out with a Perkin-Elmer 240C elemental analyzer.
Electrospray mass spectra were recorded on a Micromass Q-ToF mass
spectrometer.

Preparation of Complex {(u-Nindigo®)[Ru(acac),],} (1). A
mixture of Ru(acac),(CH;CN), (100 mg, 0.26 mmol), ligand (L =
indigo-N,N’-diphenyldiimine) (53 mg, 0.13 mmol), and Et;N (24 mg,
0.24 mmol, freshly distilled over KOH) was heated to reflux under
atmospheric condition in EtOH for 15 h. The initial orange solution
gradually changed to deep blue. The reaction mixture was evaporated
to dryness under reduced pressure and purified by column
chromatography on neutral alumina. Deep blue 1 was eluted with a
mixture of n-hexane/CH,Cl, (1:2). Evaporation of the solvent under
reduced pressure yielded the pure complex 1 as a dark colored solid,
which was further dried under vacuum. Yield: 80 mg (60%). '"H NMR
in CDCl, [8/ppm (J/Hz)]: 8.01 (d, 8.16, 1H), 7.54 (d, 6.52, 1H), 7.49
(t, 6.24, 6.15, 1H), 7.34 (m, 2H), 7.26 (m, 6H), 7.13 (d, 5.24, 2H),
6.96 (t,7.12,7.16, 1H), 6.70 (t, 6.12, 6.4, 1H), 6.58 (d, 5.84, 1H), 6.50
(d, 7.88, 1H), 6.09 (d, 7.44, 1H), 5.48 (s, 1H, CH(acac)), 5.22 (s, 1H,
CH(acac)), 5.06 (s, 1H, CH(acac)), 5.02 (s, 1H, CH(acac)), 2.23 (s,
3H, CHj(acac)), 2.14 (s, 3H, CHs(acac)), 2.13 (s, 3H, CHs(acac)),
1.93 (s, 3H, CHj(acac)), 1.85 (s, 3H, CHj(acac)), 1.83 (s, 3H,
CH,(acac)), 1.79 (s, 3H, CH;(acac)), 1.75 (s, 3H, CHs(acac)). MS
(ESI*, MeCN): m/z {{MH]*} calcd, 1010.05; found, 1010.41. Molar
conductivity (MeCN): Ay = 6 Q7' cm®* M™. Anal. Calcd for
CusHyN,OgRu,: C, 57.13; H, 4.59; N, 5.55. Found: C, 57.43; H, 4.44;
N, 5.27.
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Crystal Structure Determination. Single crystals were grown by
slow evaporation of a solution of 1 in CH,Cl,/n-hexane (1:1) mixture.
X-ray crystal data were collected on a CCD Agilent Technologies
(Oxford Diffraction) SUPER NOVA diffractometer. Data collection
was evaluated by using the CrysAlisPro CCD software. The data were
collected by the standard phi-omega scan techniques, and were scaled
and reduced using CrysAlisPro RED software. The structure was
solved by direct method using SHELXS-97 and refined by full matrix
least-squares with SHELXL-97, refining on F>.>' 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. Hydrogen atoms of the solvent water molecules could
not be located; however, these have been considered for the empirical
formula in Table 6.

Table 6. Selected Crystallographic Data for 1 X 1.5H,0
(rac)

compound 1 X 1.5H,0
empirical formula CysH4oN,Og 50Ru,
formula weight 1033.03
crystal system monoclinic
space group C2/c

a (A) 21.5351(4)
b (A) 13.4540(S)
¢ (A) 16.2783(4)
a (deg) 90

B (deg) 92.024(2)

v (deg) 90

v (A%) 4713.4(2)

Z 4

u (mm™) 0.700

T (K) 150(2)
D (g em™) 1.456
F(000) 2104

0 range (deg) 3.05—25.00
data/restraints/parameters 4129/0/303

R1, wR2 [I > 26(I)]

R1, wR2 (all data)

GOF

largest diff. peak/hole (e A™%)

0.0379, 0.0982
0.0475, 0.1059
1.065

1.130/—0.588

Computational Details. Full geometry optimizations were carried
out by using the density functional theory method at the (R)B3LYP
level for 1, 1~ and (U)B3LYP level for 1%, 1**, 13*, 17, and 1>~ for
both the meso and the rac isomers.”> Except ruthenium, all other
elements were assigned the 6-31G* basis set. The LANL2DZ basis set
with effective core potential was employed for the ruthenium atom.*®
The vibrational frequency calculations were performed to ensure that
the optimized geometries represent the local minima and there are
only positive eigenvalues. All calculations were performed with the
Gaussian 09 program package.** Vertical electronic excitations based
on (R)B3LYP/(U)B3LYP optimized geometries were computed for
1" (n = 43, 42, +1, 0, 1—, 2—) using the time-dependent density
functional theory (TD-DFT) formalism™ in acetonitrile using the
conductor-like polarizable continuum model (CPCM).*® GaussSum?®’
was used to calculate the fractional contributions of various groups to
each molecular orbital. All calculated structures were visualized with
ChemCraft.

B ASSOCIATED CONTENT

© Supporting Information
X-ray crystallographic files in CIF format for rac-1, DFT data
set for 1" (Tables S1—S22, Figures $2—S3, SS), mass spectrum

dx.doi.org/10.1021/ic400390b | Inorg. Chem. 2013, 52, 8467—8475



Inorganic Chemistry

of 1 (Figure S1), and "H NMR spectrum of 1 (Figure S4). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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