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Reaction of benzofuroxans with [Ru([9]aneS3)(dmso)Cl,] ([9]aneS3 = 1,4,7-trithiacyclononane) and
[Ru(bpy)»(CH;CN),]** yields the ruthenium complexes [Ru([9]aneS3)(ON*NO)CD]" (la-1c) and
[Ru(bpy),(ON*NO)]"™" (n = 2: 2a and 2b; n = 1: 2a” and 2b"), respectively, containing neutral or
10 monoanionic N,N'-coordinated 1,2-dinitrosoarenes (ON"NO). The oxidation states of the ON*NO ligands
(0 for 1a—1c, 2a and 2b; —1 for 2a” and 2b") have been deduced through detailed structural, spectroscopic,
and theoretical studies. In other words, not only does this work demonstrate the trapping of the putative
1,2-dinitrosoarene intermediate of benzofuroxan tautomerization by coordination to ruthenium, it also

provides access to a new family of redox-active bidentate ligand.

15 Benzofuroxans,'” one of the most studied class of heterocyclic
compounds in medicinal chemistry, are known to exhibit diverse
bioactivities.*® They undergo tautomerization, with transient 1,2-
dinitrosoarenes believed to be formed as intermediates in the
process (Scheme 1):%°
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The existence of these putative 1,2-dinitrosoarenes has been
evidenced by kinetic studies,' theoretical calculations,'’? and
formation of its chemical derivatives by reaction with p-anisyl
»s azide and diphenyldiazomethane."® Trapping the transient 1,2-
dinitrosoarene itself through metal complexation would not only
strongly support the proposed tautomerization mechanism, but
given that coordinated nitrosoarene can exist as either neutral,
monoanionic, or dianionic ligand,"*'® it may also provide a new
s family of ligands with redox non-innocent behavior.'*!” More
specifically, 1,2-dinitrosoarenes would be expected to behave in
an analogous fashion to well-known bidentate a-diimine,
dioxolenes and dithiolene redox-active ligand systems, which all
exhibit rich redox chemistry,'® and are known to play important
ssroles in catalysis,'” material research®® and bioinorganic
chemistry.21 In this study, we confirm this to be the case via the
synthesis, spectroscopic characterization, and theoretical
calculations of two series of ruthenium complexes, one with
neutral 1,2-dinitrosoarenes (ON”NO)’ and the other with
4 monoanionic 1,2-dinitrosoarene radicals (ON"NO)". Although
the chemistry of 1,2-dinitrosoalkane and 1,2-dinitrosoalkene
complexes is well developed (no evidence has been presented of

redox non-innocence),?* these complexes are the first examples of
isolable and structurally characterized metal 1,2-dinitrosoarene
45 complexes.
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Diamagnetic complexes [Ru([9]aneS3)(ON~NO)(C1)]" (la—

1c) were cleanly prepared by reaction of [Ru([9]aneS3)(dmso)Cl;]

so with  benzofuroxans (Scheme 2). In contrast, reacting
[Ru(bpy)»(CH;CN),J** with benzofuroxans did not lead to a
single  product, but a mixture of  diamagnetic
[Ru(bpy),(ON~NO)’1** (2a, 2b) and paramagnetic
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[Ru(bpy)-,(ON*NO)]" (2a", 2b"). However, it was found that
complexes 2a and 2b could be reduced by basic alumina
chromatographic treatment, thereby yielding 2a” and 2b™ as the
sole products.

5 The oxidation states of the ON"NO ligands (0 for la-1c, 2a
and 2b; —1 for 2a” and 2b") have been deduced through detailed
structural, spectroscopic, and theoretical studies. Firstly, the vyo
stretching frequencies for the diamagnetic complexes la—1c, 2a
and 2b fall in the narrow range 1365-1389 cm™!, and are

10 approximately 150 cm™ higher in energy than those for the
paramagnetic complexes 2a and 2b~ (1218-1239 cm™). This
implies a significant weakening of the N—O bond upon reduction,
which is indicative of predominantly ligand-centered reduction.
The X-ray crystal structures determined for la, 1b, 2b, 2a™ and

15 2b” (Fig 1 and S2-S5; Table 1 and S1) further support this nation,
with the N-O distances in 1a, 1b and 2b (1.227(5)-1.243(3) A)
being significantly shorter than those in 2a” and 2b™ (1.265(5)—
1.274(4) A). Interestingly, the Ru-Nyo bonds also decrease in
length upon reduction, from 1.930(3)-1.966(2) to 1.975(3)-

20 2.000(4) A, presumably due to a diminished ligand m-acceptor
capacity in its reduced state.

Fig. 1 Perspective view of la and 2b~ depicted using 30%
probability ellipsoids. Hydrogen atoms have been omitted for
25 clarity.

Table 1 Selected bond lengths (A) and angles (°) for 1a, 1b, 2b,
2a and 2b™

complex la“ 1b* 2b 2a” 2b”
Ru-Nyo 1.945(5- 1.956(2)- 1.930(3), 1.975(3), 1.982(4),
1.9503) 1.966(2) 1.956(3) 1.989(3)  2.000(4)
N-O 12275 12273 1230(4), 1.272(5), 1.265(5),
1.234(5)  1.243(3) 1.241(4) 1274(4)  1.265(5)
Nno—C  1.424(6)- 1418(3)— 1.459(4), 1.383(6), 1.382(6),
1.451(6) 1.448(3) 1.420(4) 1.399(5) 1.383(6)
Cno-Crno  1.393(7), 1.396(3), 1.395(5) 1.421(6) 1.415(7)
1.403(7)  1.400(3)
Nno-Ru— 83.22(15), 82.46(8), 83.32(12) 81.55(14) 81.34(16)
Nxo  83.27(15)  82.54(8)

“The crystal contains two crystallographically independent
cations in the asymmetric unit.

30 Within the spectral guidelines forwarded by Tomson and co-
workers'* for assigning oxidation states of nitrosoarene (PhNO)
ligands bound to transition metal ions, complexes may contain ;'-
bound neutral ligands (PhNO)° with (1) little n-backbonding (dyo
=1.20-1.23 A, and vyo = 1400-1500 cm’l) or (2) considerable

35 metal-to-ligand m-backbonding (dyo = 1.23-1.26 A, and vyo =
13001400 cm™). They may also possess redox states that are
best defined as (3) #'-(PhNO)™ radical anions (dyo = 1.26-1.31 A,
and vyo = 1150-1300 cm™) or (4) #>-(PhNO)*~ dianions (dyo >
1.32 A, and vno = 900-1150 cm™'). Based upon their spectral

40 parameters, complexes 1la—1c, 2a and 2b fall within category 2,
associated with 7'-(PhNO)” possessing strong metal-to-ligand 7-
backbonding, whereas those for 2a” and 2b~ are consistent with
expectations for a #'-(PhNO)~ ligand (category 3). These
conclusions are consistent with our own experimental results and

45 suggest that the aforementioned redox assignment guidelines for
nitrosoarene ligands may be equally valid for dinitrosoarenes.

To rationalize the structural and spectroscopic difference
between these two classes of complexes, density functional
theory (DFT) calculations were performed. The ground state

so structures of S = 0 la—1c, 2a, 2b (referred to in a generic sense as
1 and 2) and their S = 1/2 one-electron reduced forms la—1c’,
2a’, 2b (referred to in a generic sense as 1™ and 2°) reproduce the
observed Ru-Nyo and N-O distances. For example, the
calculated Ru—Nyo and N-O distances are 1.96-1.98 and 1.23 A

ss respectively in 1 and 2, and they are 1.99-2.01 and 1.26-1.27 A
respectively in 1™ and 2~ (Fig. 2). The frontier molecular orbitals
compositions of 1-2 (Table 2) clearly show that their lowest
unoccupied molecular orbitals (LUMOs) have significant
ON”NO contribution (77-82%), signifying a ligand-based

o reduction. The structural changes from 1/2 to 17/2 can be readily
understood based upon the nature of the LUMOs of the former:
the surface plots for the LUMOs of 1a and 2a (Fig. 3) clearly
show that these m(ON~NO)-based LUMOs are m-antibonding
with respect to the Ru—Nyo and N-O bonds, and populating these

s orbitals would therefore lead to elongation of these bonds.
Similarly, the shorter Nyo—C and longer Cyo—Cno distances in 17
and 2° compared with 1 and 2, observed both experimentally and
theoretically, can also be explained by the respective n-bonding
and n-antibonding nature of these bonds in the LUMOs of 1 and 2.
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Fig. 2 Selected bond lengths (A) and angles (°) of the DFT
geometry optimized structures. Ligands other than ON"NO are

omitted for clarity.
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s Table 2 Frontier molecular orbital composition (%) of 1-2

complex MO Ru
la HOMO 3895
LumMo 12.80
1b HOMO 3920
LuMo 12.83
1c HOMO 3988
LuMoO 1243
2a HOMO 62.86
LuMo 12.12
2b HOMO 61.95
Lumo 12.10

Fig. 3 Surface plots of the HOMO and LUMO of la and 2a

ON*NO [9]aneS3 Cl
1682  16.68  27.55
81.80  4.60 0.80
2430 1431 22.19
81.69 472 0.76
1952 1618 2442
8225 458 0.74
1345 - -
7729 - -
1695 - -
76.62 -

2 x bpy

(surface isovalue = 0.06 au) taken from DFT calculations.

10 The X-band EPR spectra of 2a” and 2b", recorded at room
temperature, show signals consistent with S = 1/2 electronic
ground states (Table 3). The narrow linewidths and narrow
distribution of g-values that do not diverge greatly from that of

the free electron suggest that the unpaired electron is in both

15 cases ligand-centered. The EPR spectrum of 2b™ has a more
complex hyperfine structure than 2a” (Fig. 4), with the former
displaying two distinct '"*N-hyperfine coupling constants
(Aio{"N} = 2.5 x 10™ and 4.3 x 10* cm™), and the latter
displaying a hyperfine interaction with two chemically equivalent

2 "“N-atoms. This reflects the asymmetry of the ONANO ligand in
2b due to the presence of methoxy substituent, and confirms that
the unpaired electron is localized on the ON~NO, rather than on
the bpy ligand. The room temperature EPR spectra of
electrochemically generated 1b™ and 1¢™ (see ESI) display similar,

2s but more poorly resolved hyperfine coupling patterns. Their
spectra are once again consistent with the unpaired electron
residing on the ON”NO ligand, which is confirmed in 1b by
observation of a hyperfine interaction to two chemically distinct
“N-atoms.

g-value
204  2.02 2
2a
dy"/dB
2b
dy"/dB
335I | I34|10I | I345
B (mT)

30
Fig. 4 Perpendicular mode X-band EPR spectrum (black line) and
spectral simulation (red line) of 2a” and 2b™ recorded in CH,Cl,
solution at room temperature. Conditions: frequency 9.65 GHz;
power 2.0 mW; modulation 0.005 mT for 2a” and 0.03 mT for
35 2b". Simulations were performed using the parameters listed in
Table 3.

Table 3 EPR spectroscopic parameters for 1b~, 1c”, 2a” and 2b~

complex gio  Aio{"N}, 10%cm™” Ao {""'Ru, “Ru}, 10* cm™
b 2.032 42,25 32
1c 2.032 3.1 2.4
2a 2.031 3.1 2.7
2b” 2.031 43,25 43

Consistent with the EPR findings, the calculated Léwdin spin

40 densities for both 17 and 2~ are localized mainly on the ON*NO
ligands with populations close to 1 electron (Fig. 5). Note that in
1b™ and 2b” the spin density distributions over the ON~NO
moieties are asymmetric (spin populations for the two N atoms
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are 0.13 and 0.20 in 1b", and 0.12 and 0.19 in 2b7), consistent
with their EPR spectra both featuring two distinct Ao { *N}-
values. Based upon the aforementioned structural, spectral, and
theoretical studies, the ON~NO ligands in 2a” and 2b™ can be
confidently assigned as being monoanionic 1,2-dinitrosoarene
radicals (ONANO)"
correspond

[

whereas those in la-1c, 2a and 2b
neutral (ONANO)° ligands.

Léwdin

SpinDensity: 1a~  1b~  1c~  2a  2b"
Ru 0.00 0.02 0.01 0.02 0.03
ONANO 1.00 098 1.02 099 0.98
[9]aneS3 0.00 0.00 0.01
Cl 000 000 0.00
bpy -0.01 -0.01

10 Fig. 5 Lowdin spin density distribution in 1~ and 2 (surface isovalue = 0.002 au) taken from DFT calculations. Positive and negative

spin densities are shown in pink and cyan, respectively.

Last but not least, the ON*NO-ligated complexes exhibit two
reversible redox couples in the range of 0.0 to —1.1 V vs Fc™°
(Table 4). The first, found between —0.13 to —0.30 V versus Fc'°,

is correspond to the ligand-centered ONANO”" couples, and the
second (—0.86 to —1.05 V) are tentatively assigned as belonging to
ONANO'™ redox couples. These potentials are significantly less
negative than those in the nitrosoarene-centered reductions
reported for the complexes [Ru([9]aneS3)(ON”N)(CH;CN)J**
and [Ru([14]aneS4)(PhNO)CI]" (-0.67 and —0.94 V respectively;
ON”N = 2-(2-nitrosophenyl)pyridine, [14]aneS4 = 1,4,8,11-
tetrathiacyclotetradecane).'>*°, and the bpy-centered reduction in
[Ru(bpy)s** (~1.76 V)2
In trapped the putative 1,2-
dinitrosoarene intermediate of benzofuroxan tautomerization by
coordination to ruthenium. Moreover, the N,N'-coordinated 1,2-
dinitrosoarenes represent a new class of redox-active bidentate
ligand, for which ruthenium complexes bearing neutral
(ON~NO)° or monoanionic radical (ONANO)"~ have been isolated
s0 and structurally characterized. The aforementioned redox
processes occur at mild potentials, so provide easy access to
reduced ligand states. The neutral (ON~NO)’ and the
monoanionic  radical (ON”NO)™ are structurally and
spectroscopically distinct, hence this work also provides a
3s benchmark for further exploration of these ligands. The
isolation/characterization of ONANO>-ligated species, and the
development of functional molecular electronics and catalysts
based on the ON”NO-ligated complexes are currently under
investigation in our laboratory.

2

S

conclusion, we have

2:

G

40 Table 4 Electrochemical data’

complex Ei%/V vs Fc™
Ist reduction  2nd reduction

la —0.24 -0.99

1b -0.27 -1.00

1c -0.30 -1.05

2a —0.13 -0.86

2b -0.17 -0.90
[Ru([9]aneS3)(ON~N)(CH;CN)J>* -0.67 ~1.69°
[Ru([14]aneS4)(PhNO)CI]* ~0.94 ~1.98¢

“Supporting electrolyte: 0.1 M [BuyN]PF, in CH;CN. %E;, = (Epe
+ Ep,)/2 at 298 K for reversible couples. “Quasi-reversible; the
recorded potential is the cathodic potential at scan rate of 100 mV
s “Irreversible.
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