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Ruthenium Nitrosyls Derived from Tetradentate Ligands Containing Carboxamido-N and
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In order to examine the role(s) of designed ligands on the NO photolability of {Ru-NO}® nitrosyls, a set of three nitrosyls with
ligands containing two carboxamide groups along with a varying number of phenolates have been synthesized. The nitro-
syls namely, (NEty)o[(hybeb)Ru(NO)(OEL)] (1), (PPhy)[(hypyb)Ru(NO)(OE)] (2), and [(bpb)Ru(NO)(OE?)] (3) have been
characterized by X-ray crystallography. Complexes 1—3 are diamagnetic, exhibit vy in the range 1780—1840 cm™ " and
rapidly release NO in solution upon exposure to low power UV light (7 mW/cm?). Density Functional Theory (DFT) and Time
Dependent DFT (TDDFT) calculations on 1—3 indicate considerable contribution of ligand orbitals in the MOs involved in
transitions leading to NO photolability. The results of the theoretical studies match well with the experimental absorption
spectra as well as the parameters for NO photorelease and provide insight into the transition(s) associated with loss of NO.

Introduction

In recent years, the unique chemistry of nitric oxide (NO)
has drawn much attention because of its regulatory role in
several biological processes.' ® Endogenous NO produced
by nitric oxide synthase (NOS) has been shown to participate
as a signaling molecule in vasodilation and neurotransmis-
sion (both in low nM concentrations)”* and in cell apoptosis
(in high uM concentrations).”'° These findings have spurred
the development of several synthetic exogenous NO donors
that mimic and even enhance the utility of endogenous NO
production. For example, organic nitrites (trinitroglycerol)
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and S-nitrosothiols (SNAP) have been used clinically as
vasodilators.'"'* These compounds are systemic donors that
release NO in response to stimuli such as heat, pH change, or
enzymatic activity. As a consequence, they cannot be used in
site-specific controlled delivery of NO, and there is a clear
need for compounds that can provide high doses of NO at
selected targets under controlled conditions.

The photolability of NO-containing transition metal com-
plexes (metal nitrosyls)'® has recently been exploited in
controlled delivery of NO. Among metal nitrosyls, ruthe-
nium nitrosyls are a promising class of NO donor because of
their increased thermal stability in biological media com-
pared to other metal (Mn and Fe) nitrosyls.'*'*> Complexes
such as [Ru(salen)(Cl)] (salen = N,N'-ethylenebis-
(salicylideneiminato) dianion), [(bpb)Ru(NO)(CI)] (bpb =
1,2-bis(pyridine-2-carboxamido)benzene dianion), K,[Ru-
(NO)(C)s] all release NO when exposed to UV light.'®!
However, there is still a need to increase the efficiency
(quantum yield) of NO release from ruthenium nitrosyls
when exposed to lower energy light for delivery of NO to
biological targets. Progress in this area requires understand-
ing of the structural and electronic parameters that lead to the
absorption of lower energy light in ruthenium nitrosyls.
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Figure 1. Tetradentate dicarboxamide ligands containing zero, one, or two phenolato-O donors.

Theoretical studies by Franco and coworkers on simple
{RuNO}® nitrosyls such as [Ru(NH;)sNOJP** and
[Ru(NH;),(CI)NOJ*", suggest that the photolability of these
complexes are likely 1n1t1ated by a high ener%af (330 nm)
dn(Ru) — 7*(NO) transitions (vide infra).””*" However,
over the years, our group and others have identified several
ligand characteristics that increase the efficiency of NO release
from the resulting ruthenium nitrosyls.'®!” For example, the
use of charged ligands like CI™ compared to neutral ligands
like H-O or pyridine accelerates the release of NO in
[(salen)Ru(NO) (CDJ*' and [(Me,bpb)Ru(NO)(C1)].** The
use of strong o—donating anionic donors such as carbox-
amido-N or phenolato O has been shown to enhance the
photolability in these ruthenium nitrosyls.'® Indeed, results
of theoretical studies indicate that the metal-to-ligand charge
transfer (MLCT) transitions observed in the electronic ab-
sorption spectra of [(salen)Ru(NO)(CI)] and [((OMe),bQb)-
Ru(NO)(CI)] are not purely dzz(Ru) — 7*(NO) in character
but mixed transitions which include some (phenoxo) —
JT*(NO and (carboxamide) — *(NO) character, respec-
tively.>2* It is therefore evident that the photolability of
designed {RuNO}® nitrosyls can be modulated by careful
choice of ligand(s).

Scrutiny of the known photosensitive {RuNO}° nitrosyls
reveals that apart from NHs,> most of the nitrosyls contain
pyridine-N,* phenolato-O,*"*” and carboxamido-N>** do-
nors around the metal center. However, there are a limited
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number of theoretical studies on closely related ruthenium
nitrosyls containing systematically modified multidentate
ligands that examine the effects of these donors. Thus, in
the present study, we were interested in examining the effects
of tetradentate ligands combining anionic carboxamido-N,
phenolato-O donors, and neutral pyridine-N donors using
density functional theory (DFT) and time dependent DFT
(TDDFT) to gain insight into the roles of specific donor
atoms involved in the absorption of lower energy light
leading to the photorelease of NO. We have therefore
synthesized three nitrosyls derived from a set of tetradentate
dicarboxamide-N ligands containing zero, one, or two
phenolato-O donors, namely, 1,2- b1s(pyr1d1ne-2 carboxanudo)

benzene (H,bpb), 2 1-(2-hydroxybenzamido)-2-(2-pyridine-
carboxamido)benzene (H3hypyb) 3031 and 1,2-bis(2-hydroxy-
benzamido)- benzene (Hzhybeb)®', respectively (Figure 1).
Herein we report the syntheses, structures, spectroscopic
properties, and NO photolability of (NEty),[(hybeb)-
Ru(NO)(OEt)] (1), (PPhy)[(hypyb)Ru(NO)(OEt)] (2), and
[(bpb)Ru(NO)(OE?)] (3). In addition, we report the results of
DFT and TDDFT calculations which provide insights into
the electronic transition(s) associated with NO photolability
in these ruthenium nitrosyls.

Experimental Section

Materials. All chemicals were purchased from Aldrich Che-
mical Co. and used without further purification except for the
acetylsalicyloyl chloride and quinaldic acid which were pur-
chased from Acros Organics. The solvents were dried by stan-
dard techniques and distilled prior to use.

Syntheses of Ligands. The ligand 1,2-bis(pyridine-2-carbox-
amido)benzene (H,bpb) was synthesized by following literature
procedure.”’”  Both  1,2-bis(2-hydroxyben-zamido)benzene
(H4hybeb) and 1-(2-hydroxybenzamido)-2-(2-pyridinecarbox-
amido)benzene (Hshypyb) were synthesized by methods that
were modified compared to their original procedures.”®

1,2-bis(2-hydroxybenzamido)benzene (Hjhybeb). To a solu-
tion containing 500 mg (4.6 mmol) of phenylenediamine in 5 mL
of dioxane was slowly added 1.83 g (9.3 mmol) of neat acetyl-
salicyloyl chloride. The mixture was allowed to stir for 20 h at
room temperature at which point, 1 mL of conc HCI was slowly
added to the solution. The pink solution was stirred for an
additional 20 h, followed by addition of 40 mL of water resulting
in a white precipitate. The product was filtered, washed several
times with water and MeCN to remove impurities, and dried in
vacuo. Yield: 1.29 g (80%). Selected IR frequencies (KBr disk,
em ™ 1): 3281 (vam, W), 3049 (w), 1640 (ve—o, m), 1591 (m), 1533
(vs), 1496 (s), 1313 (m), 1223 (m), 751 (s). "H NMR (500 MHz,

(29) Barnes, D. J.; Chapman, R. L.; Vagg, R. S.; Watton, E. C. Ll
1978, 23, 349-350.

(30) Keramidas, A. D.; Papaioannou, A. B.; Vlahos, A.; Kabanos, T. A.;
Bonas, G.; Makriyannis, A.; Rapropoulou; Terzis, A. Sigktmiabdid. 1996, 35,
357-367.

(31) Hanson, G. R.; Kabanos, T. A.; Keramidas, A. D.; Mentzafos, D
Terzis, A. iinidaiabgi 1992, 3/, 2587-2594.


http://pubs.acs.org/action/showImage?doi=10.1021/ic9017129&iName=master.img-000.png&w=310&h=73

Article

(CD;),S0, 6 from TMS): 11.74 (s, 2H), 10.42 (s, 2H), 8.01 (d, 2H),
8.81 (t, 2H), 7.42 (t, 2H), 7.28 (dd, 2H), 6.96 (t, 4H).

N-(2-Nitrophenyl)pyridine-2-carboxamide) (Hpycan). A batch of
1.00 g (8 mmol) of picolinic acid was weighed out into a 50 mL
round-bottom flask, and 10 mL of thionyl chloride was added. The
resulting solution changed from white to green. It was then heated
to reflux for 3 h when the color of the solution changed to a
burgundy red. Next, the excess solvent was removed, and the
resulting red solid was triturated 3 times with dichloromethane.
The solid was then dissolved in 100 mL of tetrahydrofuran (THF)
and added dropwise to a solution containing 1.76 g (16 mmol) of
triethylamine and 1.21 g (8 mmol) of 2-nitroaniline also in 100 mL
of THF. The solution was stirred for 20 h, and the resulting
NEt;- HCI was filtered off using a Celite pad. The filtrate was
condensed to half the original volume and cooled to —20 °C causing
the product to precipitate. The filtered product was washed 3 times
each with cold ethanol and diethyl ether and dried in vacuo. Yield: 1.7
2 (80%). Selected IR Frequencies (KBr disk, cm™"): 3276 (vay, m),
1690 (vc—o0, 8), 1606 (s), 1580 (s), 1497 (vs), 1446 (s), 1423 (s), 1341
(s), 1271 (s), 1148 (m), 787 (m), 743 (s), 686 (m). 'H NMR (500
MHz, CDCl;, 6 from TMS): 12.78 (s, 1 H), 9.06 (d, 1H), 8,76 (d,
1H), 8.30(t,2H), 7.95 (t, 1H), 7.74 (t, 1H), 7.54 (dd, 1H), 7.24 (t, [H).

N-(2-Aminophenyl)pyridine-2-carboxamide (Hpyca). A solu-
tion of 5.00 g (20.6 mmol) of Hpycan and 30 wt % of hydro-
genation catalyst (10% Pd on activated carbon) was prepared in
150 mL of acetone. Dihydrogen was admitted to the reaction
vessel, and the mixture was stirred for 16 h under 45 atmos
pressure of dihydrogen. The reaction product was then sepa-
rated from the catalyst by filtration using a Celite pad, and the
filtrate was evaporated to dryness to yield an yellow-brown oil.
The oil was dissolved in dichloromethane, and hexane was
slowly added under vigorous magnetic stirring until a slight
precipitate formed. This solution was refrigerated overnight to
allow more yellow product to precipitate. The precipitate was
filtered, washed with hexane, and dried in vacuo. Yield: 3.95 g
(90%). Selected IR Frequencies (KBr disk, cm™"): 3387 (vny, m),
3314 (vau, m), 1667 (ve—o0, 8), 1629 (vc—o, m), 1588 (m), 1527
(vs), 1453 (m), 1431 (m), 1315 (m), 761 (s), 696 (m), 970 (m). 'H
NMR (500 MHz, CDCls, 6 from TMS): 10.89 (s, 1 H), 8.64
(d, 1H), 8.31(d, 1H), 7.92 (t, IH), 7.50 (d, 2H), 7.10 (t, |H), 6.87
(t, 2H), 3.89 (s, 2 H).

1-(2-Hydroxybenzamido)-2-(2-pyridinecarboxamido)benzene
(Hshypyb). A batch of 460 mg (2.4 mmol) of neat acetylsalicyloyl
chloride was slowly added to a solution containing 500 mg
(2.4 mmol) of Hpyca dissolved in 5 mL of dioxane. After the
mixture was stirred for 20 h at room temperature, 1 mL of conc
HCl was slowly added to the solution. The orange solution was
stirred for 20 h followed by addition of 40 mL of water added
dropwise to the stirred solution. The resulting white precipitate
was filtered, washed several times with water, and dried in
vacuo. Yield: 800 mg (75%). Selected IR frequencies (K Br disk,
em™1): 3252 (vap, m), 3058 (W), 1665 (ve—o, ), 1641 (ve—o, ),
1593 (s), 1544 (vs), 1518 (vs), 1491 (s), 1339 (m), 1227 (m), 751
(vs), 692 (m). "H NMR (500 MHz, (CD3),SO, ¢ from TMS):
11.58 (s, 1H), 10.55 (s, 1H), 10.46 (s, 1H), 8.59 (d, 1H), 8.14
(d, 1H), 8.04 (t, 1H), 7.99 (d, 1H), 7.86 (d, 1H), 7.69 (d, 1H), 7.64
(t, 1H), 7.42 (t, 1H), 7.29 (dt, 2H), 6.96 (t, 2H).

Syntheses of Complexes. (NEty),[(hybeb)Ru(NO)(OEt)] (1).
A slurry containing 100 mg (0.3 mmol) of Hshybeb and 200 mg (1.2
mmol) NEtCl in 15 mL of ethanol was treated with 35 mg (1.4
mmol) of NaH under dinitrogen. The solution was then filtered to
remove NaCl, producing a clear tan solution of the deprotonated
ligand. Subsequently, 68 mg (0.3 mmol) of RuNOCI; dissolved in
10 mL of degassed ethanol was added to the reaction flask under
dinitrogen via cannula generating an orange brown solution. The
solution was heated under refluxing condition for 24 h and then
cooled to room temperature. The solution was concentrated and
cooled to —20 °C. Upon addition of 5 mL of diethyl ether to the
cold solution, an orange solid precipitated. The solid was filtered
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and washed several times with diethyl ether and dried in vacuo.
Yield: 52 mg (25%). Anal. Calcd. for C3gHs7NsOgRu: C 58.44; H
7.36; N 8.97; found: C 58.29; H 7.15; N 8.60. Selected IR
frequencies (KBr disk, cm™!): 2982 (w), 1783 (vno., S), 1594
(Vc=0, 8), 1558 (s), 1526 (m), 1465 (vs), 1438 (vs), 1347 (vs), 1259
(m), 1034 (vco, W), 761 (m). "H NMR (500 MHz, (CD5),S0, ¢
from TMS): 9.08 (dd, 2H, J = 6 and 4 Hz), 8.12(d, 2H, J = § Hz),
7.01(t,2H,J = 8 Hz), 6.77 (d, 2H, J = 8 Hz), 6.69 (dd, 2H,J = 6
and 4 Hz), 6.44 (t,2H, J = 8 Hz), 3.37 (q, 2H, J = 7Hz),3.17 (q,
12H,J = 7THz), 1.13 (t, I8H, J = 7Hz), 0.48 (t, 3H, J = 7 Hz).
Electronic absorption spectrum, Am,, nm (e, M~' em™!) in
EtOH: 320 (23 270) and in MeCN: 325 (25 000).

(PPhy)[(hypyb)Ru(NO)(OEL)] (2). A batch of 100 mg (0.3 mmol)
of Hszhypyb was dissolved in 5 mL of ethanol and mixed with a
solution containing 29 mg (1.2 mmol) of NaH in 5 mL ethanol to
generate a light yellow solution. To this solution, 71 mg (0.3 mmol)
of RuNOCI; dissolved in 5 mL of ethanol was added dropwise, and
the mixture was heated to reflux for 5 h. The resulting dark red
brown solution was then treated with 135 mg (0.4 mmol) of PPh,CL
Subsequently, the solvent was removed and replaced with MeCN to
filter off solid NaCl. About S mL of diethyl ether was added, and the
solution was cooled to —20 °C. The mixture was filtered after 24 h to
remove a small quantity of an impurity. The filtrate, upon further
cooling, afforded the desired product as an orange powder. The
product was filtered and washed several times with diethyl ether and
dried in vacuo. Yield: 120 mg (45%). Anal. Caled. for C4sH37N,4Os5.
PRu: C 63.90; H 4.41; N 6.62; found: C 63.85; H 4.31; N 6.55.
Selected IR Frequencies (KBr disk, cm™!): 3052(w), 1793 (vno, VS),
1625 (vc—o, V8), 1593 (vc—o, V8), 1557 (vs), 1534 (s), 1462 (vs), 1436
(vs), 1342 (vs), 1108 (vs), 1042 (vco, m), 756 (vs), 723 (vs), 688 (s),
526 (vs). "H NMR (500 MHz, CDCls, 6 from TMS): 9.06 (d, 1H,
J = 8 Hz),8.77 (d, IH, J = 8 Hz), 8.60 (d, 1H, J = 8 Hz), 8.28
(t, 1H,J = 8 Hz), 8.15(d, IH, J = 8§ Hz), 8.11 (d, 1H, J = 8 Hz),
7.96 (t,4H, J = 8 Hz), 7.82 (m, 9H), 7.73 (dd, 8H, J = 1 and 8 Hz),
7.05(t,1H,J = 8 Hz), 6.86(d, 1H,J = 8§ Hz), 6.81 (t,2H, J = 8 Hz),
6.46(t, IH,J = 8Hz),3.42(q,2H,J = THz),0.38 (t,3H,J = 7Hz).
Electronic absorption spectrum, Ap,ax, nm (g, M~!'em ™) in EtOH:
315 (10 700) and in MeCN: 315 (9 250).

[Ru(bpb)(NO)(OEt)] (3). A slurry of 100 mg (0.3 mmol) of
H,bpb in 10 mL of ethanol was deprotonated via addition of
23 mg (0.9 mmol) of NaH dissolved in 5 mL of ethanol. A
solution containing 74 mg (0.31 mmol) of RuNOCI; in 10 mL of
ethanol was added to the flask containing the deprotonated
ligand. The resulting dark orange solution was heated at reflux
temperature for 10 h. The solution was then cooled to —20 °C to
precipitate impurities and filtration. The filtrate was then con-
centrated, and 5 mL of diethyl ether was added. Upon cooling,
the target complex precipitated out as an orange solid which was
filtered, washed several times with diethyl ether, and dried in
vacuo. Yield: 62 mg (40%). Anal. Calcd. for Co0H7NsO4Ru: C
48.78; H 3.48; N 14.22; found: C48.75; H 3.41; N 14.18. Selected
IR Frequencies (KBr disk, cm™'): 2923(w), 1838 (vno. $), 1632
(Vc=0, V8), 1595 (), 1472 (s), 1356 (s), 1286 (m), 1047 (vco, m),
782 (w), 752 (m), 683 (w), 502 (w). '"H NMR (500 MHz,
(CD3),S0, ¢ from TMS): 9.34 (d, 2H, J = 6 Hz), 8.54 (dd,
2H,J = 6and 4 Hz), 8.38(t,2H,J = 8 Hz),8.19(d, 2H, J = § Hz),
7.93(t,2H,J = 6 Hz),7.08 (dd, 2H,J = 6 and 4 Hz), 3.34 (q, 2H,
J = 7 Hz), 0.30 (t, 3H, J = 7 Hz). Electronic absorption
spectrum, Amay, nm (e, M~ em™!) in EtOH: 380 (7680) and in
MeCN: 380 (9800).

Physical Measurements. The 'H NMR spectra were recorded
at 298 K on a Varian Inova 500 MHz instrument. A Perkin-
Elmer Spectrum-One FT-IR spectrometer was used to monitor
the IR spectra of the complexes. The electronic absorption
spectra were obtained with a scanning Cary 50 spectrophot-
ometer (Varian Associates). Release of NO in aqueous solution
upon illumination was monitored by using the i#NO Nitric
Oxide Monitoring System (Innovative Instruments, Inc.) fitted
with the ami-NO 2008 electrode. The NO amperograms were
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Table 1. Summary of Crystal Data, Intensity Collection and Refinement Parameters for (NEty);s(Na)os[(hybeb)Ru(NO)(OEt)]-EtOH(1-EtOH),

(PPh4)[(hypyb)Ru(OEt)]- MeCN(2-MeCN), and [(bpb)Ru(OEt)](3)

1

2 3

empirical formula C;,H9sNgNaO4Ru,
formula weight 1545.78
crystal color dark orange needles

C47H40N505PRU C20H17N5O4Ru
886.89 492.46
red blocks red-orange blocks

crystal size (mm?) 0.81 x 0.76 x 0.34 0.40 x 0.16 x 0.10 0.07 x 0.05 x 0.03
temperature(K) 150(2) 150(2) 150(2)
wavelength(A) 0.71073 0.71073 0.71073
crystal system monoclinic triclinic orthorhombic
space group P2,/n P1 Pnma

a(A) 11.827(2) 9.9537(14) 15.6611(17)
b(A) 18.817(4) 12.5967(17) 13.0504(14)
c(A) 33.222(7) 17.043(2) 9.1589(10)

o (deg) 90 86.677(2) 90

p (deg) 96.74(3) 73.852(2) 90

y (doe§) 90 86.616(2) 90

V(A7) 7342(3) 2047.1(5) 1871.9(4)

VA 4 2 4

doy (g/em?) 1.398 1.439 1.747
u(mm™") 0.486 0.476 0.878

GOF“ on F* 1.028 1.043 1.050

final R indices R, = 0.0434 R, = 0.0400 R; = 0.0213
[1 > 20(D)] wR, = 0.1183 wR, = 0.1018 wR, = 0.0513
R indices R; = 0.0628 R; = 0.0483 R, = 0.0261
All data“ wR, = 0.1077 wR, = 0.1073 wR, = 0.0536

7;2(/}51:(: g;]vltngoz — F2?/(Ny — N)]' (N, = number of observations, N, = number of variables). * R; = STFol = 1F/Y I Fol. “WRy = [Zw(FO2 -
F.~ w(Fy5) .

Table 2. Selected Bond Distances (A) and Angles (deg) of 1, 2, and 3 along with the Optimized DFT Bond Distances and Bond Angles for Comparison

complex 1 complex 2 complex 3
X-ray DFT X-ray DFT X-ray DFT
Bond Distances
Ru—N3 1.733(3) 1.726 Ru—N4 1.738(2) 1.732 Ru—N35 1.742(2) 1.742
N3-05 1.174(4) 1.173 N4-04 1.161(3) 1.166 N5-03 1.153(2) 1.159
Ru—NI1 2.019(3) 2.043 Ru—NI1 2.019(2) 2.008 Ru—NI1 1.986(1) 1.988
Ru—N2 2.024(3) 2.029 Ru—N2 1.985(2) 2.002 Ru—N2 1.986(1) 1.985
Ru—01 2.028(3) 2.034 Ru—01 2.024(2) 2.029 Ru—N3 2.130(1) 2.166
Ru—04 2.028(3) 2.058 Ru—N3 2.107(2) 2.127 Ru—N4 2.130(1) 2.144
Ru—06 1.976(3) 1.978 Ru—05 1.973(2) 1.975 Ru—04 1.967(2) 1.956
Bond Angles

Ru—N3-05 170.5(3) 170.2 Ru—N4-04 177.6(2) 176.6 Ru—N5-03 176.1(2) 177.0
N3—Ru—-06 177.0(1) 177.0 N4—Ru—-05 177.8(1) 177.5 N5—Ru—-04 175.9(1) 175.1
NI—Ru—N2 83.0(1) 83.2 N1—Ru—N2 83.4(1) 83.3 NI1—Ru—N2 83.8(1) 84.1
Ol—Ru—04 82.8(1) 84.8 Ol—Ru—N3 97.4(1) 97.0 N3—Ru—N4 114.9(1) 114.3
NI1—-Ru-0Ol 96.3(1) 95.3 N1-Ru—Ol 96.8(1) 97.6 NI—-Ru—N3 80.3(1) 80.0
N2—Ru—04 97.0(1) 96.2 N2—Ru—N3 81.3(1) 80.7 N2—Ru—N4 80.3(1) 80.6

recorded using stirred solutions contained in open vials. X-band
electron paramagnetic resonance (EPR) spectra were obtained
with a Bruker ELEXSYS 500 spectrometer at 125 K.

X-ray Crystallography. Vapor diffusion of diethyl ether into a
solution of 1 in acetone afforded orange crystalline needles
suitable for X-ray studies. The structure revealed that the crystal
included one Na™ ion per two anions leading to a composition
(NEty); sNag 5[(hybeb)Ru(NO)(OEt)]. Red orange -crystals
of 2, suitable for diffraction study, were obtained via vapor
diffusion of diethyl ether into a solution of 2 in MeCN while
vapor diffusion of pentane into a solution of 3 in THF afforded
orange crystals used for the structural studies. Diffraction
data for 1-EtOH, 2-MeCN, and 3 were collected at 150 K on
a Bruker APEX-II instrument using monochromated Mo Ko
radiation (A = 0.71073 A). All diffraction data were corrected
for absorption and calculations were performed using the
SHELXTL (1995—99) software package (Bruker Analytical
X-ray Systems Inc.) for structure solution and refinement.

Additional refinement details are contained in the CIF
files (Supporting Information). Instrument parameters, cry-
stal data, and data collection parameters for all the comp-
lexes are summarized in Table 1. Selected bond distances
and bond angles for 1-EtOH, 2-MeCN, and 3 are listed in
Table 2.

Photolysis Experiments. The quantum yield (¢) values were
obtained using a UV-transilluminator (UVP-TM-36, A,.« =
302 nm; intensity, 7mW/cm?) and IL 410 Illuminator (175 W/cm?)
equipped with a high energy light filter (380 nm cutofY).

Standard ferrioxalate actinometry was used to determine the
quantum yield values at 300 nm (¢300) and 400 nm (¢h490). Samples
of 1, 2, and 3 were prepared in MeCN and placed in 4 x 10 mm
quartz cuvettes, 1 cm away from the light source. All solutions
were prepared to ensure sufficient absorbance (>90%) at the
irradiation wavelength, and changes in electronic spectrum at
600, 700, and 800 nm for 1—3, respectively (< 10% photolysis),
were used to determine the extent of NO photorelease.
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Figure 2. Anionic tetradentate dicarboxamido-N ligands with either
pyridine- or quinoline-N donors.

DFT and TDDFT Calculations. DFT calculations were car-
ried out using the double-{ basis set 6-311G* for all atoms
except Ru, for which the quasi-relativistic Stuttgart—Dresden
effective core potential (ECP) was implemented. Calculations
were carried out with the aid of the program PC-GAMESS*
using the hybrid functional PBEO. For TDDFT calculations,
solvent (EtOH) effects were added using the Polarized Con-
tinuum Model (PCM).*® The X-ray coordinates of 1, 2, and 3
were used as a starting point for each geometry optimization and
molecular orbital (MO) energy level analysis. MOs were visua-
lized in MacMolPIlt for analysis.** Graphical representations of
TDDFT data were created by the ChemCraft Software.>>

Results and Discussion

Synthesis. During the past few years, we have synthe-
sized a series of {RuNO}® nitrosyls derived from anionic
tetradentate ligands that include carboxamido-N donors
along w1th pyrldme- or quinoline-N donors such as
[Me,bpb]>~, [Me,bQb]*~, or [(OMe),bQb]*~ (Figure 2).'**
These mtrosyls were umformly synthesized by the reac-
tion of RuCl; with the deprotonated (with NaH) ligands
in N, N-dimethylformamide (DMF) followed by the addition
of NO(g). However, as we included both carboxamido-N
and phenolato-O donors in the ligand frame (as in
[hybeb]*™ and [hypyb]’ "), surprisingly, this method did
not afford the desired nitrosyls. After several attempts, it
became evident to us that both the choice of solvent and
the starting metal source required change. We soon
discovered that the desired products could be obtained
with RuNOCI; as the starting metal salt and EtOH as
solvent (use of RuNOCI; in DMF also did not afford any
product with these two ligands). One interesting outcome
of using EtOH (instead of DMF) as the solvent was the
isolation of the final products as the ethanolate (-OEY)
bound species, namely, [(hybeb)Ru(NO)(OEt)]*~ (1) and
[(hypyb)Ru(NO)(OEt)]” (2). In both cases, no chloride-
bound nitrosyl was obtained. It is important to note that
the reaction of [bpb]*~ with RuNOCI; in EtOH also
afforded [(bpb)Ru(NO)(OEt)] (3) in good yield while
the reaction of RuCls with [bpb]*~ in DMF followed by
addition of NO(g) afforded [(bpb)Ru(INO)(CI)] in our
previous work.?® It is thus evident that in ethanol, the
ethanolate-bound nitrosyls are the predominant products

(32) Nemukhin, A. V.; Grigorenko, B. L.; Granovsky, A. A. Moscow
Univ. Chem. Bull 2004, 45, 75.
(33) Miertus, S.; Scrocco, E.; Tomasi, J. il 1981, 55, 117-120.
(34) Waller, M. P.; Braun, H.; Hojdis, N.; Buhl, M. i
. 2007, 3, 2234-2242.
(35) Zhurko, G. A. ChemCraft Software, Version 1.6; (http://www.
chemcraftprog.com).
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Figure 3. Thermal ellipsoid (probability level 50%) plot of [(hybeb)-
Ru(OEt)]*~ (anion of 1) with select atom- -labeling. H atoms are omitted
for the sake of clarity.

particularly under the basic conditions of the synthetic
procedures. This is not surprising since we have synthe-
sized [(Meszb)Ru(NO)(OH)] and [(Me;bQb)Ru(NO)-

(OH)] 1n moist MeCN in the presence of a base like
aniline.'* Clearly, presence of a protic solvent and a base
give rise to the HO- or EtO-bound nitrosyls in this type of
reaction. Search of the literature also reveals that ruthenium
nitrosyls such as trans-[Ru(OEt)(2mqn),NO] (H2mqgn =
2-methyl-8-quinolinol)*® and #rans-(NO, OC,Hs), cis-(Cl,
OC,Hj5)-[RuCl-(OC,H;5)(NO)(terpy)|PFg (terpy = 2,2
6',2""-terpyridine)*” have also been synthesized in EtOH
under basic conditions. It is apparent that in such reac-
tions, CI™ ions are better leaving groups, and the Ru—NO
moiety prefers O-donors (trans to NO). For example,
when [(bpb)Ru(INO)(CI)] is heated to reflux in EtOH in
the presence of triethylamine (as base), one obtains the
EtO™ bound product and NEt,CI.

Structures. (NEty); s(Na)o 5[ (hybeb)Ru(NO)(OEY)]- EtOH.
The structure of the anion of 1 is shown in Figure 3 and
selected structural parameters are listed in Table 2. The
ruthenium center of 1 resides in a slightly distorted
octahedral geometry with one of the phenolato moieties
slightly raised above the rest of the [hybeb]*~ ligand frame
in the equatorial plane. A similar distortion is seen in
ruthenium nitrosyls containing [salophen]®~ type ligands
The average Ru—N, 4. bond distance (2.022 A) of 1is
longer than that found for [(bpb)Ru(NO)(CD)] (1.983 A2
presumably because of the increase in charge in the equatorial
plane of the ligand frame. Similarly, the average Ru—
Ophenoxo bond distance (2.028 A) is slightly longer than that
noted for [(‘Bussalophen)Ru(NO)(CI)] (2.022 A, ‘Bussalo-
phen = N,N'-1,2- phenylenedlammebls(3 tert- butylsahcyh-
deneiminato) dianion)?' which contains neutral imine-N
donors in place of the charged carboxamido-N donors.
In 1, the bound NO molecule is trans to the EtO ™ ligand
and the Ru—NO distance (1.733 A) as well as the Ru—NO
bond angle (170.5°) are as expected for this type of
{Ru—NO}° nitrosyls. Finally, the Ru—OEt bond dis-
tance (1.976 A) of 1is longer than that observed for other
ruthenium nitrosyls containing an EtO ™ ligand trans to
NO, such as trans-[Ru(OEt)(2mqn)>NO] (1.928 A)** and

(36) Wang H.; Hagihara, T.; Ikezawa, H.; Tomizawa, H.; Miki, E. [ygrg,
2000, 299, 80-90.
(37) Nagao, H Enomoto K.; Wakabayashi, Y.; Komiya, G.; Hirano, T.;

Oi, T. M 2007, 46, 1431-1439.
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Figure 4. Thermal ellipsoid (probability level 50%) plot of [(hypyb)-
Ru(OEt)]™ (anion of 2) with select atom-labeling. H atoms are omitted for
the sake of clarity.

Figure 5. Thermal ellipsoid (probability level 50%) plot of [(bpb)-
Ru(NO)(OEt] (3) with select atom-labeling. H atoms are omitted for
the sake of clarity.

trans-(NO, OC,Hs), cis-(Cl, OC,Hs)-[RuCl-(OC,Hj5)-
(NO)(terpy)]PFg (1.943 A).>’

(PPh4)[(hypyb)Ru(NO)(OEt)] (2). The structure of the
anion of 2 is shown in Flgure 4, and selected structural
parameters are listed in Table 2. The deprotonated
[hypyb]’~ ligand is bound to the ruthenium center in the
equatorial plane, and the phenolato moiety is slightly out
of the plane compared to the rest of ligand resulting in a
slightly distorted octahedral geometry. The Ru—Ophenoxo
and Ru—N,qe bond distances (2.024 and 2.019 A re-
spectively) on the right side of the ligand frame (as shown
in Figure 4) are similar to those noted in complex 1.
Similarly, the Ru—N, ;4. bond distance (1.985 A) next to
the pyrldme moiety (on the left side of the ligand in
Figure 4) is comparable to that noted for complex 3
(1.986 A) However, the Ru—N,,, distance of 2 (2.107 A)
is shorter than the same bond distance in complex 3 (avg
value 2.130 A). This difference could arise from distortions
caused by the asymmetry of the ligand framein 2. The EtO™
ligand is bound trans to NO in the axial positions. The
Ru—OEt and Ru—NO bond distances (1.973 and 1.738 A
respectively) of 2 are similar to those of 1 and the Ru—NO
bond angle (177.6°) is almost linear, as expected for a
{Ru—NO}® nitrosyl.

[(bpb)Ru(NO)(OE)](3). The structure of 3 contains a
2-fold symmetry (Figure 5) as reflected in the bond
distances and angles related to the bpb®~ ligand in the
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Figure 6. Electronic absorption spectra of 1 (dashed line), 2 (solid line),
3 (dotted line) in EtOH.

equatorial plane (Table 2). The Ru—N_miqe (1.986 A) and
Ru—N,, (2.130 A) bond distances of 3 are very similar to
those of gbpb)Ru(NO)(Cl)] (1.990 and 2.131 A re-
spectively).”= The presence of pyridine-N donors versus
phenolato-O donors does not appear to have any signifi-
cant effect on the Ru—NO (1.742 A) and Ru—OEt (1.967
A) bond distances of 3 compared to those observed in 1
and 2.

Spectroscopic Properties. The carbonyl stretching fre-
quency (vc—o) of the free ligands Hyhybeb (1640 cm™ "),
Hshypyb (1641 and 1665 cm™ "), Hobpb (1676 cm™') all
shift to lower energy upon formation of complexes 1
(1594 cm™ 1), 2 (1625 and 1593 cm™ '), and 3 (1632 cm ™),
respectively (Figure S1—S3, Supporting Information). As
the charge on the deprotonated hgand decreases from
[hybeb]*~ to [hypyb]’~ to [bpb]*~, the corresponding
ruthenium nitrosyls display NO stretching frequencies
(vno) of increasing energy (1, vno = 1783; 2 vno = 1793;
3, vno = 1838). This trend suggests an increase in metal
to (NO)xr* pi-backbonding as the overall charge of the
complex increases.

All three complexes are diamagnetic (as expected for
{Ru—NO}° nitrosyls) and display narrow-width peaks in
their "H NMR spectra in (CD5),SO (Figure S4, Support-
ing Information). The symmetry of 1 and 3 is confirmed
by the overlap of '"H NMR peaks of equivalent aryl
protons. Conversely, the spectrum of complex 2, which
contains the asymmetric ligand [hypyb]®~, displays in-
dividual aryl proton peaks corresponding to the pheno-
late and pyridine moieties.

The electronic absorption spectra of 1,2, and 3in EtOH
are shown in Figure 6. Complex 1 exhibits an absorption
band at 320 nm with the highest extinction coefficient
value of the three complexes. Two smaller absorption
bands at 315 and 420 nm are observed in the spectrum of 2
while 3 displays an absorption band at 380 nm, similar to
the spectrum of [(bpb)Ru(NO)(CI)].>*> A more in depth
discussion of the electronic transitions responsible for the
absorption bands observed in these spectra is included in
the DFT and TDDFT section below.

Photochemistry. Exposure of solutions of 1—3 to low
power UV light causes rapid release of NO (as evi-
denced by the responses of an NO-sensitive electrode).
Such NO photorelease (eq 1) also brings about notable
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Figure 7. Changes in the electronic absorption spectrum upon photo-
lysis of 2in MeCN following illumination with intervals of UV light. Inset:
NO amperogram of 2 in H,O upon illumination with UV light for time
periods as indicated.

changes in the electronic spectra of these nitrosyls. For
example, photolysis of 2 in MeCN under UV light
(Amax = 302 nm; intensity, 7 mW/cm?) produces pro-
minent changes in its absorption spectrum (Figure 7).
New absorption peaks at 700 and 490 nm are gene-
rated along with a clean isosbestic point at 355 nm.
As discussed before, the low energy transition at 700 nm
arises from a ligand to metal charge transfer (LMCT) band

[(L)Ru(NO)(OEt)]"~ [(L)Ru(MeCN)(OEt)]"~ +NO (1)

MeCN

arising from the negatively charged ligand to the Ru(III)
metal center of the photoproduct [(hypyb)Ru(MeCN)-
(OEt)].* In case of 1, the generation of a new absorp-
tion band at 540 nm and shoulder at 400 nm with an
isosbestic point at 375 nm (Figure S5, Supporting
Information)indicates clean release of NO upon illumi-
nation. Complex 3 also behaves similarly upon expo-
sure to UV light. The color of the orange solution
of 3 changes to blue-green, and new bands at 790 and
590 nm appear in addition to an isosbestic point at
320 nm (Figure S6, Supporting Information).

The photoproducts of 1, 2, and 3 all display strong EPR
signals characteristic of low-spin, d> Ru(III) metal cen-
ters. For example, the photoproduct of 3 exhibits its EPR
signals with g = 2.30, 2.18, and 1.91 in MeCN glass
(Figure S7, Supporting Information).

To study the effects of combining carboxamido-N and
phenolato-O donors on the efficiency of NO photolability
in this type of {Ru—NO}° nitrosyl, we have measured the
quantum yield values of 1, 2, and 3 under similar condi-
tions at both 300 and 400 nm. In MeCN, the quantum
yield values at 300 nm (¢3g0) for 1, 2, and 3 are 2.5%,
6.7%, and 5.1% respectively. The addition of one phe-
nolato-O donor in 2 slightly increases its quantum yield
above that of 3 which contains no phenolato-O donors.
Interestingly, the addition of a second phenolato-O

(38) (a) Bordini, J.; Hughes, D. L.; Da Motta Neto, J. D.; da Cunha, J. C.
ittt 2002, 41, 5410-5416. (b) Sellmann, D.; Hauﬂmger D.; Gottschalk-
Gaudig, T.; Heinemann, F. W. Z. Naturforsch. 2000, 55b, 723~ 729
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donor, in complex 1, lowers the quantum yield value
below that of 3. When exposed to lower energy light
(400 nm), only nitrosyls 2 and 3 (which contain lower
energy absorption bands at 420 and 380 nm, respectively)
are photoactive. The quantum yield values measured at
400 nm (¢p490) for 2 (0.8%) and 3 (1.4%) reveal that both
are less efficient NO donors when they are exposed to low
energy light.

DFT and TDDFT Calculations. To elucidate how
changes in the ligand frame affect the absorption of
lower energy light leading to the photorelease of NO, we
have performed DFT and TDDFT calculations on 1, 2,
and 3. The lowest 20 calculated energy transitions are
shown as a bar graph in Figure 8a. The height of each
bar corresponds to the calculated oscillator strength of
each transition. Descriptions of all calculated transi-
tions can be found in the Supporting Information
(Table S4). The experimental electronic absorption
spectrum of each complex (solid lines) and the spectra
derived from the calculated data using Lorentzian
broademng (dashed lines) are also shown for compar-
ison in Figure 8a.*° The relative intensities and wave-
lengths of the calculated data match very well with the
corresponding experimental data and thus support the
theoretical treatment.

The molecular orbital (MO) energy diagrams shown in
Figure 8b summarize the electronic configuration of
complexes 1, 2, and 3. The highest occupied molecular
orbitals (HOMO) of all three nitrosyls are predominately
derived from orbitals on the negatively charged dicarbox-
amido-Ns delocalized across the phenylenediamine por-
tion of each ligand ((PDA)). There is significant overlap
of d(Ru)—m(NO) bonding orbitals (z(RuNO)) with the
(PDA)in the HOMO of 3 while the HOMO of 2 has only
slight overlap and 1 has none. The replacement of neutral
pyridine with charged phenolato donors raises the energy
of the HOMO of 2 (—5.28 eV) and further in 1 (—4.87 V)
compared to that of 3 (—5.74 eV). However, only the
HOMO of 2 contains phenolato sr-orbital (z(PhO)) char-
acter whereas the HOMO of 1 is purely 7(PDA). The
corresponding m(PhO)/7(RuNO) MOs of 1 are the
HOMO-1 and HOMO-2.

The lowest unoccupied molecular orbitals (LUMO) of
all three nitrosyls contain d(Ru)—s*(INO) antibonding
character (7*(RuNO)). Franco and co-workers have
suggested that in ruthenium nitrosyls, MLCT transitions
into *(NO) orbitals would lead to the formation of a
formal Ru(III)~NO° moiety. From this singlet excited
state, relatively efficient interconversion and intersystem
crossing to lower energy triplet excited states can occur.
Rapid solvation of such triplet species could be competi-
tive with other deactivation pathways and account for
NO photolability.?>*® Optimization of the lowest energy
triplet excited states of 1, 2, and 3 reveal elongated
Ru—NO bond lengths (1. 936 1.937, and 1.926 A res-
pectively) compared to those observed in the calculated
singlet states (1.726, 1.732, and 1.742 A respectively).
In addition, the Ru—N—0O bond angles (170°, 177°, and

(39) Nazeeruddin, M. K.; De Angelis, F.; Fantacci, S.; Selloni, A.;
Viscardi, G.; Liska, P.; Ito, S.; Takeru, B.; Gritzel, M. i
2005, 127, 16835-16847.

(40) Greene, S. N.; Richards, G. nsusssmisln. 2004, 43, 7030-7041.
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Figure 8. (a) TDDFT calculated energy transitions and oscillator strengths

(shown as vertical lines, red = major low energy transition), experimental

(solid lines) and calculated (dashed lines) electronic absorption spectra. (b) Calculated HOMO/LUMO energy diagram of complexes 1 (left), 2 (middle), and
3 (right). The most prominent MOs involved in the lowest energy transitions (labeled in red) and their diagrams are shown. Other orbitals involved in

TDDFT calculated transitions are labeled in black.

177° in the singlet state for 1, 2, and 3, respectively)
decrease to 139°, 140°, and 138° in the triplet state.
These changes in geometry agree with a Ru(I)—NO™ to
Ru(IIl)=NO° transformation which would decrease
the amount of s-back bonding and cause bending of the
Ru—N—-0 bond which is characteristic of an Ru(I1I)—
NO° moiety.*!

Diagrams of the orbitals involved the lowest energy
transitions of appreciable oscillator strength for each
complex are shown in Figure 8b at their corresponding
energy levels (in red). All three transitions start from
orbitals with some 77(PDA) character and end in orbitals
with 7*(RulNO) antibonding character. However, consid-
erable mixing of the 7*(RuNO) with pyridine based
orbitals (7(py)) is seen for 2 (—1.50 eV, LUMO+2) and
3 (—1.80 eV, LUMO+3). Interestingly, this mixing has
lowered the energy of these 7*(RuNO) orbitals compared

(41) Karidi, K.; Garoufis, A.; Tsipis, A.; Hadjiliadis, N.; den Dulk, H.;
Reedijk, J. istiniakmi. 2005, 1176-1187.

to that of complex 1 (—1.17 eV, LUMO+1), which con-
tains no pyridine donors. The most prominent low energy
transition of 2 (420 nm) and 3 (380 nm) both start in
their respective HOMOs. However, the higher energy
(RuNO)/7(OPh) orbitals of 1 (HOMO—1 and —2) are
not involved in any of the predicted transitions. Instead,
the lowest energy transition of complex 1 (334 nm) starts in
the HOMO-4 which contains ethanolate oxygen nonbond-
ing p-orbital character (p(OEt)) in addition to 7(PDA).
Opverall the addition of phenolato-O donors raises the
energy of the highest occupied MOs while addition of
pyridine donors lowers the energy of the lowest unoccu-
pied MOs. Thus complex 2 which contains both pheno-
lato and pyridine donors has the lowest energy transition
from an occupied orbital with phenolato character into
an orbital with pyridine character. In addition, complex 1
which has all charged (electron-donating) donors and no
electron-accepting groups exhibits only high energy tran-
sitions. Thus, it becomes apparent that the correct mix of
electron-accepting and electron-donating groups in the
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ligand frame promotes the absorption of lower energy
light (and comcomitant NO photolability) in this type of
ruthenium nitrosyls derived from designed ligands.

Summary and Conclusions

The following are the summary and conclusions of the
present work.

(1) Three ruthenium nitrosyls, namely, (NEty),[(hybeb)-
Ru(NO)(OEt)] (1), (PPhy)[(hypyb)Ru(NO)(OEt)] (2), and
[(bpb)Ru(NO)(OEt)] (3), have been synthesized and structu-
rally characterized by X-ray crystallography. 1 and 2 are the
first examples of {RuNO}® nitrosyls containing both pheno-
lato-O and carboxamido-N atom donors.

(2) All three nirosyls are diamagnetic and exhibit v in the
range 1780—1840 cm™'. They release NO upon exposure to
UV light of low power (7 mW) with concomitant production
of EPR active low-spin Ru(III) photoproducts of the type
[(L)Ru(solv)(OEY)]"".

(3) The quantum yield values at 300 nm of the three
nitrosyls follow the trend 2 > 3 > 1 and 3 > 2 at 400 nm.

(4) Results of DFT and TDDFT calculations indicate that
the ligand orbitals are critically involved in the transitions
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observed in the electronic absorption spectra of 1—3. The
lowest energy transitions are from MOs with (electron-
donating) phenolato and carboxamido character into orbi-
tals with (electron-accepting) pyridine mixed with 7% (RuNO)
antibonding character.
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