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Abstract

THE INFLUENCE OF LIGAND PARAMETERS ON THE

PHOTOLABILITY OF NITRIC OXIDE FROM DESIGNED

IRON, MANGANESE, AND RUTHENIUM NITROSYLS
UNDER VISIBLE LIGHT

Nicole Lynn Fry

Photoactive metal nitrosyls (NO complexes of ngthave drawn attention as
potential drugs for delivery of nitric oxide (NQ) biological targets under the control
of light. Major success in this area has been aelievith designed metal nitrosyls
derived from ligands that contain carboxamide g(suprhis thesis details the design
strategies used to synthesize such carboxamidainorg metal nitrosyls. As a first
step, DFT and TDDFT calculations were used to dhtei the electronic structures
and varying photoactivities of iron, manganese, ianlenium nitrosyls derived from
identical pentadentate ligand frames, as describ&hapter 2.

In Chapter 3, a set of tetradentate dicarboxanmg@ad frames with different
combinations of phosphine-P, phenolato-O, and/eidme-N donors was employed
in order to uncover which atom types promote lowrgyg light absorption in
ruthenium nitrosyls. Part one details the reactiohphosphine containing ligands
with RuCk and subsequent exposure to NO gas. Such readttiatdo the eventual
isolation of diamagnetic Ru(Il) complexes with axell ligand frames and no bound
NO.

The second part of Chapter 3 focuses on a seRaND}° nitrosyls with

dicarboxamide ligands with a varying numbers of rtate-O and pyridine-N

XiX



donors. The resulting nitrosyls have been chanazeiby X-ray crystallography. All
three complexes are diamagnetic, exhitO in the range 1780-1840 cmand
rapidly release NO in solution upon exposure to lsewer UV light. Results of
theoretical studies on these {RuNOhitrosyls indicate considerable contribution
from ligand orbitals in the MOs involved in tranaits leading to NO photolability.
In Chapter 4, the attachment of resorufin and régcein derived dye
chromophores was explored as a way to further samsiuthenium nitrosyls to
visible light. First, the steric effects of the-ptane ligands in these dye-sensitized
{RUNO}® nitrosyls on their NO photolability were examinelext, the direct
conjugation of dye chromophores was compared wyth attachment via a linker to
understand the mechanism of photoactivation inetlidg®e-bound ruthenium nitrosyls.
In addition the fluorescence properties of these-chnjugated nitrosyls were
characterized and found to provide a potential @igmowing when and where NO

has been delivered.

XX



Acknowledgments

| would like to thank my research advisor, Prafad®p Mascharak for giving
me all the necessary tools for becoming a goodhste His guidance and expertise
has taught me not only how to perform scientifipexxments but also how to think,
talk, and write scientifically.

| must also thank the rest of my thesis committegnbers, Prof. Ted Holman
and Prof. Scott Oliver for their advice and guidatitroughout my graduate career. |
appreciate their taking time to be at my second geaninar, oral exam, and thesis
defense.

Over the years | have worked with several peopttuding Prof. Marilyn
Olmstead, Dr. Allen Oliver, Dr. David Rogow, andrfan Fei during the collection
and solving of several crystal structures. | wdikd to thank each of them for their
help and guidance.

| had the pleasure of collaborating with Dr. Andarkle and Prof. Nicolai
Lehnert (University of Michigan, Ann Arbor) on thRaman and DFT/TDDFT
coupled studies of a few manganese nitrosyls. ntwathank them for taking time to
answer several of my DFT/TDDFT questions.

My fellow lab mates are the people | interact withst often on a day to day
basis. | want to acknowledge all of the help amppsrt | have received from both
past graduate lab members (Dr. Michael Rose, DrAlkgra Eroy-Reveles, Dr.
Genevieve Halpenny, and Gianna Hoffman-Luca) aedent graduate lab members

(Margarita Gonzales, Brandon Heilman, Tara deBaed Samantha Carrington). |

XXi



especially have to thank Dr. Michael Rose for tgkine under his wing when | first
joined the lab. He was always willing to share Wwesalth of experience and patient
with my many questions. | would also like to thah& undergraduate students who |
mentored in the lab (Crystal Nyitray, Tom Zhao, dnda Wei).

Lastly, 1 would like to thank my parents, MikedaAnne Fry, and my three
sisters, Julie, Jocelyn, and Melanie for all ofitheve and support which has helped
sustain me throughout graduate school. They kngwpatential even when | didn't.
| also want to acknowledge my grandfather, Robeyhii¢ and cousin, Virginia Fry
for their great love of education and learninghalve always looked up to them and

want to thank them for inspiring me to continue @alyication.

XXii



Chapter 1

Introduction



1.1 Nitric Oxide in Biology

In biological systems there is a delicate balarfce myriad of molecules that
are highly regulated to insure the proper functobrcells. The importance of the
larger macromolecules found in cells such as pmete@ind DNA has been well
established for many years. However, more recesgiseral small molecules have
been identified that are also important for biot@difunction via cell signaling.
Nitric oxide (NO) is a prime example of one of thesnall signaling molecules. It
exhibits a diverse assortment of physiological @ffe¢hat are greatly dependent on

the location and concentration of NO found in toerd*™

1.1.1 Endogenous Nitric Oxide Generation

NO is produced endogenously by a family of enzymoaiéed nitric oxide
synthase (NOS) which have considerable homologi eytochrome P450. These
enzymes have a heme containing oxygenase dohaainvell as a reductase dom&in
with FMN and FAD binding sites. The two domains éirkked by a polypeptide
interdomain linker which also constitutes a bindsitg for calmodulin (Figure 1.7¢
The proper function of these enzymes requires cexnpbsubstrate and cofactor
requirements that include heme,;, ZIADPH, FAD, FMN, tetrahydrobiopterin and
calmodulin.  When all are present, NO is producesinf L-arginine within the
oxygenase domain via two consecutive monooxygematactions. First the L-

arginine substrate binds directly above the herargpand two electrons are delivered



Calmodulin

Reductase Domain

Oxygenase Domain

Figure 1.1 Structures of the different fragments of NO syn¢habBgned in order of
amino-acid sequence. The dimeric oxygenase domaimN®S (1ZVL) >, CaM-
binding linker of eNOS with bound CaM (INIW)and the reductase domain of
nNOS (1TLL).® (Adapted from Ref. 8)

from the reductase domain (via NADPH dehydrogematio the heme. This allows
the activation of dioxygen and the addition ofragie oxygen

atom into the L-arginine substrate forming N-hydrdxarginine. The second
monooxygenation reaction only requires one eledomxygen activation leading to
the formation of NO and citrulling.

There are three different isoforms of NOS whiok emcoded by separate gene
sequences and found in various region of the bddye two constitutive isoforms of
enzyme are neuronal NOS (nNO'$)andendothelial NOS (eNOS}. The neuronal
isoform is expressed in nerve cells, skeletal neysahd heart muscle while the

endothelial isoform is produced in cells lining dbvessels. The third isoform is



called the inducible NOS (iNO3j expression for this isoform is induced in several
different cell types (such as macrophages) as gfatte body’s immune response.
While all three isoforms produce NO from L-arginiae describe above, there are
some physical characteristics of each that distsigthem from each other. The
iNOS has the shortest amino acid sequence andrall@d" (which is necessary for
NO production)®* Although both eNOS and nNOS activity also reqiioeind C4',
they have a lower affinity for Gathan iNOS. Thus changes in the concentration of
Cd" can greatly affect the production of NO in thesg#dsms* The eNOS isoform
has an additional autoinhibitory loop (Al, Figurd)within the FMN domain as well
as another 42 amino acid extension in its C-terhmgductase domain which are not
present in INOS and are modified in nN@%addition, nNOS has a 200 amino acid
extension in the N-terminal oxygenase domain cal&DZ domain which is used to
localize the enzyme within cells.

The predominant stimulus for the continuous foramabf NO in endothelial
cells is thought to be the shear stress generayethd flow of blood over the
endothelial layer. This shear stress regulatestizyme’s activity by activation of
the serine/threonine protein kinase Akt/PKB whittogphorylates eNOS, leading to
an increase in NO productidh.In the case of nNOS, NO is produced almost
exclusively after activation of NMDA receptors. Tipestsynaptic density protein
PSD95 connects nNOS (via the PDZ domain) to the MMe&ceptors. Activation of
the NMDA receptor directly exposes nNOS to a flixCGa’*. This results in Ca

binding which allows nNOS to further bind calmoduéind results in the production



of NO.” While both eNOS and nNOS are constantly expreskednducible isoform
INOS is only expressed in response to cytokines mmctobial products. For
example, the bacterial lipopolysaccharide (LPSuaes INOS expression via the NF-
kappa B promoter site

on the gene encoding iING5.

1.1.2 Nitric Oxide Reactivity and Biological Funcion

As a gaseous small molecule with rich redox chemisNO is capable of
interacting either directly or indirectly with sewédifferent cellular targets. At low
NO concentrations (less thanuM) NO can interact directly with transition metals
found in various metalloproteins such as hemoglébimuanylate cyclas#,
cytochrome P45€ and cytochrome ¢ oxidaé&However, when concentrations of
NO become higher (abovepM), NO can indirectly interact with biological tets
via reactive nitrogen oxide species (RNOS) gendr&tam the reaction of NO with
either oxygen or superoxide (Figure 1'2)** The indirect pathway can be divided
into nitrosation, oxidation, and nitration chemystrNitrosation occurs when
intermediates generated from the reaction betwe@fOpare added to amine, thiol,
or hydroxy aromatic groups generating nitrosamioe$-nitrosothiol$> °6 RNOS
can also participate in oxidation chemistry via ogal of electrons or hydroxylation
reactions of substrates such as DNAr lipids?® Lastly, nitration of aromatic groups
such as tyrosine residues in proteins can also roetai RNOS generating

nitrotyrosine?



Metal Complexes

[DireCt EffeCtS] Hemoglobin/Myoglobin
Guanylate cyclase

Cytochrome c oxidase
Cytochrome P450

[ Indirect Effects ]

N\

Nitration

Nitrosamine DNA breaks

S-nitrosothiol Lipid peroxidation
Hydroxylation

Figure 1.2 The chemical biology of nitric oxide (Adapted frdRef. 19)

At low pM to nM concentrations, NO promotes normal functodreells. The
constitutive isoforms nNOS areNOS both produce NO concentrations within this
range. Such NO production by eNOS activates smoatiscle cell relaxation
through direct NO binding to the iron center of theme moiety of guanylate
cyclase®® This disrupts the planar conformation of the inshich activates the
enzyme toward cGMP productiGhThe resulting cGMP modulates the function of
cGMP-dependent protein kinase which phosphorylates consequently activates a
calcium-sensitive potassium channel leading to wWlascsmooth muscle relaxation
and vasodilation of blood vessels. Thus NO producis responsible for regulating

vascular blood pressuf. In this manner, NO has also been shown to inhiloiod



platelet adhesion and aggregation (via cGMP praolucteducing the formation of
blood clots®*® In addition, adhesion of leukocytes can also lelutated by NO
resulting in anti-inflammatory propertié$. Similar low concentrations of NO,
produced in neuronal cells by nNOS act as a nemsinitter via the glutamate
receptor, NMDA which mediates most of the fast txgi synaptic transmissions in
the central nervous system. Many studies haveestigd that there is a link between
the activation of the NMDA receptor and the productof NO which leads to
induction of downstream signaling cascades in neito

When the concentration of NO is increased intotheto mM range, the
deleterious role of NO (by means of RNOS) beconpgmient. This is clearly seen
during the activation of body’s immune system whietuses the production of high
concentrations of NO in different phagocytes (sasimacrophages) in order to help
kill invading pathogens. For example, certain cytek and bacterial
lipopolysaccharides can activate macrophages toeegpNOS which then produces
large concentration of N&: *® In this context, the release of NO usually caiesi
with the production of ROS. For example, enzymaeshsas NADPH oxidases
(NADPHox) and xanthine oxidase, become activateanany cellular systems to
actively produce large amounts of superoxidsuch ROS can react with NO to form
RNOS such as peroxynitrite, nitrogen dioxide, andtbgen trioxide (Figure 1.3).

These RNOS are much stronger oxidants than NO aodé¢hus can degrade
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Figure 1.3.Reaction pathways leading to the formation of
reactive nitrogen oxygen specie (RNOS)



microbial cell walls via the oxidation of lipidsjterference with cellular respiration,
and damage to the DNA of the invading pathodens.

It has also been found that such high concentrsitiof NO can induce
apoptosis in certain cancer cells which can leadinwor regression and/or inhibition
of metastasis. Apoptosis or programmed cell desathitiated by specific signals that
activate the elimination/death of unnecessary omha cells in a controlled fashion

(Figure 1.4). Under these conditions, the cellatartents are systematically

Pre-Apoptotic Cell Early Apoptotic Cell Late Apoptotic Cell

blebs

Figure 1.4.Stages of cellular apoptosis

dispersed and up taken by surrounding cells. This direct contrast to cell death
via necrosis (or uncontrolled cell death) which sz cells to swell and burst
releasing cellular content. This leads to inflartioraand damage to neighboring
healthy tissues. Studies have revealed that apispiio response to NO donors or
endogenous NO generation is accompanied by an aadymulation of the tumor
suppressor protein p53, caspase activation, and Babnentatior’? NO has been
shown to directly interact with DNA causing damaugpel inhibition of mitochondrial

respiration via destruction of Fe-S clusters, bafttwhich can elicit a rapid stress



response leading to apopto&ldrurther, high concentration of NO can cause sitrit
accumulation in the cell supernatant and resultp58 accumulation which is a
known regulator of cell deaffl. Lastly, the disruption of the mitochondrial
transmembrane potential by NO can also lead to tapigpvia inhibition of several
mitochondrial enzymes including aconitase and dytmme c oxidasé&’

It has been suggested several research groupgéhatynitrite formation
from the reaction of NO with superoxide is one bé tprimary pathway of NO

metabolisn{

The reaction between superoxide and NO is vesy dacurring at
rates near diffusion contr8t. Once generated, peroxynitrite can interact wétvesal
different molecules. The nitration of tyrosine idees is one such reaction. The
presence of the resulting nitrotyrosine residudsiatogical systems is used by many
researches as a marker of peroxynitrite formatiditcotyrosine is formed from
peroxynitrite through two different pathways depegdon the pH or presence of
carbon dioxide in the environment (Figure I'5).For example, protonation of
peroxynitrite (peroxynitrous acid) can result i fiormation of hydroxyl radicals and
nitrite radicals. The hydroxyl radical can themegeate tyrosyl radicals which will
react with the nitrite radical to form nitrotyrosin Alternatively, nitrosoperoxy-

carbonate can breakdown into a carbonate radichindrite radical. Again throsyl

radicals are generated that further react withtaitadical to form nitrotyrosine.
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Figure 1.5. Reaction scheme of tyrosine nitration by peroxyteitr

1.2 Metal Nitrosyls

1.2.1 Electronic Description

The discovery that nitric oxide (NO) acts as a &gyaling molecule in many
important biological processes has stimulated ésterin the chemistry and

biochemistry of various NO bound metal complexesdgyls). NO forms such metal
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nitrosyls with many different metal centers (sushFe, Ru, Mn, Re, Mo, W, Cr, and
Os to name a few>® In most cases, the metal and ligands type camatieally
affect the electronic configuration of metal niytssdue to the non-innocent nature of
NO (with the possibility of existing as NQ NO or NO in metal-nitrosyl
complexes). The Feltham and Enemark notation {M-N@®}here n represents the
sum of metal d ang* NO electrons) provides a general formalism thedld with the
ambiguous electronic structure of the metal niti®3Yy However, many research
groups have strived to elucidate the exact elerd@scriptions of various nitrosyls.

For ruthenium nitrosyls, the {Ru-N®Jconfiguration is the primary form of
almost all reported ruthenium nitrosyls (Table 1.1This is mainly due to the large
crystal-field stabilization energy of ruthenium whileads to a diamagnetic low spin
Ru(ll)-NO" species. The NCelectronic description is generally accepted duthé
high NO stretching frequenciesnp = 1826-1960 cm®) of {RuNO}° nitrosyls
compared to free NO (1750 &y° Additionally, {Ru-NO}® nitrosyls exhibit
spectroscopic properties (shdip-NMR spectra and EPR silent) similar to those of
true low-spin diamagnetic Ru(ll) species.

In the case of nitrosyls derived from the first ronansition metals such as
iron and manganese, the electronic structures atreas straightforward due to the
accessibility of both high spin and low spin elentc configuration (Table 1.1). This
has made the formal assignment of such nitrosyike @lifficult. For example, Mn

nitrosyls with a {Mn-NO}° electronic description have three possible eleatron

descriptions: Mn(BNO", Mn(I)-NO’ , or Mn(I11)-NO™. In earlier work, researchers
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Table 1.1.Possible electronic structures of iron, rutheniumd mmanganese nitrosyls

Iron Ruthenium Manganese

Fe(ll) Fe(lll) Ru(ll) Ru(ll) Mn(l) Mn(l) Mn(l1)

{Fe-NO}5 | {Fe-NOY}’ Ru-NO}6 {MnNO}> | {MnNO} ¢
Fe(I)-NO* | Fe(l)-NO* Ru(ll) -NO* Mn(Il) -NO* | Mn(l) -NO*
Fe(lll) -NO*| Fe(lll) -NO- Ru(lll) -NO* Mn(lll) =NO*| Mn(ll) -NO*
Mn(lI) -NO-

have suggested formal oxidation states based onntbeic parameters of the
Mn-N-O unit. Using this method, a low-spin MNO" formulation has been
suggested for the diamagnetic {Mn-NOEkomplexes [Mn(TPP)(NO)] (TPP =
tetraphenylporphinato dianion}® and [Mn-(5-CHSALDPT)(NO)] (SALDPT =
dianionic pentadentate Schiff base ligarid)These complexes have similar NO
stretching frequencies((N-O) = 1735 and 1715 chrespectively) indicating similar
electronic descriptions. However, more recently papm and Ghosh have used
density functional theory (DFT) calculaticisin addition to magnetic and
spectroscopic data to assign the paramagneticdoopoand complex, [Mn(NO)(TC-
5,5)], as a Mn(III*NO™ species? Interestingly, the MAN-O angle and MaN/N-O
bond distances of [Mn(NO)(TC-5,5)] (174.1{3)1.699(3) and 1.179(3)A,

respectively) are very similar to those of [Mn(TENRQ)] (174.9(69, 1.644(5) and
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1.176(7) A, respectively). Clearly, the use of metric datanelds not enough to
correctly assign the oxidation states of the metaters in such nitrosyls.

Recently, more researchers have started to useadd8Time-dependent DFT
(TDDFT) calculations to help establish the distivet geometric and electronic
structures of various metal nitrosyf%>* Due to the interesting and varied reactivity
of metal nitrosyls, such studies can provide deemelerstanding of the structure—
function relationships in these NO complexes. Fgangple, the existence of
photoinduced long-lived metastable states M@FQON, O-end-on bonding) and MSII

(n2-NO, side-on bonding, Figure 1.6) has been cowditexperimentally with low

1 \ N—-0
N o \/
I I M
M+ Mt
GS MSI MSII
(m1-ON) (m2-NO)

Figure 1.6. The different metal binding modes of nitric oxid¢Q)

temperature spectroscopy for many metal nitrosts EDDFT studies have provided
additional structural and mechanistic details atibese metastable staf&$° Similar

calculations have also been used to better exgtainmich redox chemistry observed
for many nitrosyls, i.e., the specific locationtbé oxidizing or reducing equivalents

in metal nitrosyls derived from various ancillaiyands®
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It has also been observed that certain metal gigoare photoactive and
release nitric oxide upon exposure to light. Histly, the bulk of research on
photolabile metal-nitrosyls involved iromnd ruthenium-nitrosyl&" ¢ As discussed
earlier, there are many heme containing proteingsh(sas hemoglobin, guanylate
cyclase, and cytochrome C oxidase) that can intevéb NO. In order to better
understand the structure-function relationship e teme active sites of such
enzymes, many small molecule iron-porphyrin moaehplexes were synthesiz&.
In addition, since ruthenium and iron belong to shene group in the periodic table
and thus behave similarly, the corresponding ruthmesporphyrin complexes were
also synthesized and studi®dInterestingly it was found that many of thesaniemd
ruthenium nitrosyls derived from porphyrin-baseghhids are sensitive to light and
release NO upon illuminatiofi.In addition, there are also many non-heme iron and
ruthenium nitrosyls that are photoactive as Well®” More recently several
manganese nitrosyls have also been shown to rel@seon exposure to light.

TDDFT have been wused to better understand the anexh of
photoactivation of several different complexes uwdohg a few metal
nitrosyls®4°3’2"3These studies have mainly been used to calcutaeelectronic
absorption spectra of the complexes and assigspiefic transitions involved in the
absorption of light necessary for photoactivityn many of these studies, such
transitions excite electrons into orbitals with stamtial antibonding character
between the metal center and the photodissociiggad. However, when no such

allowed transitions are noted, a few studies haseduTDDFT to show that
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intersystem crossing (ISC) into nearby exciteddcgéates with antibonding metal-
ligand character which could account for the obsénphotolability in these
complexes. For a set of photoactive ruthenium poigdyl complexes (that release
pyridine ligand derivatives), TDDFT studies havewnh that initial excitation into a
IMLCT singlet excited state is followed by intersysterassing into corresponding
3MLCT triplet excited staté’ Further, TDDFT calculations were used to show that
lengthening of the metal-pyridine bound (as woulel d&bserved during ligand
dissociation) causes a mixing of tAILCT with a *MC (metal centered triplet
excited state) with a substantial amount of antilbog metal-pyridine character.
Thus this state is most possibly responsible ferghotodissociation of the pyridine
ligands in these complexes. Similar TDDFT studiese also been performed to
understand the photodissociation of Co-C bond ithgteand ethylcobalamif? In
this thesis, we have used DFT and TDDFT calculatiorbetter understand the
electronic structures of several metal nitrosyl®tider to uncover the origin of their

NO photolability.

1.2.2 Exogenous NO Donors

In recent years, several groups have been actitheeidevelopment dfiO complexes
of transition metals as exogenous sources of NO @Nirs) that are capable of NO
release upon exposure to light® This distinctive property of metal nitrosyls cdul
be exploited in site-specific delivery of NO to loddr targets under the control of

light. Since several metal-nitrosyls readily release lapgentities of NO upon light
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exposure, they would be ideal for site specifiavael of NO to malignant locations
as a new form of Photodynamic Therapy (PDT} The high concentrations of NO
are capable of inducing apoptosis in cancerouss aglich could lead to tumor
regression and/or inhibition of metastasis. Suaigd bursts of NO produced by
metal nitrosyls could also mimic the activity ofdircible NOS which produces
micromolar concentration of NO that acts as anbéstic against invading pathogens
such as bacteria, parasites, and funi.

To date, many organic molecules have been develagedxogenous NO
donors such as organic nitrites (RONO), nitrate®N®,), S-nitrosothiols (RSNO),
and diazeniumdiolates (NONOates) which have alinbgfgown to deliver NO to
cellular targets (Figure 1.73:? In addition, glyceryl trinitrat§ GTN) and S-nitroso-
N-acetyl-penicillamine (SNAP) have been used ciifijc as vasodilators’ These

compounds are systemic donors that release NGponse to stimuli such as heat,
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Figure 1.7.Systemic exogenous nitric oxide donors
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pH change, or enzymatic activity. As a consequetitey cannot be used in site-
specific controlled delivery of NO. Therefore thas a clear need for compounds
such as metal nitrosyls that can provide high das@$O at selected targets under
controlled conditions to avoid harming surroundmaglthy tissue.

Early on several groups have utlized sodium pitngside
(Na[Fe(CN)K(NO)]) ® and Roussin’s salts ((NMFesS3(NO);] and Na[Fe,S,-
(NO)]) 3 in their light-driven NO release studies (Figur8)1 Studies in this area
have indicated that iron-nitrosyls tend to be nme@ssitive to low-energy visible light
releasing large amounts of NO. However, the toxioit these nitrosyls limit there

use as NO donors. In the case of nitroprussi@eatxiliary CN ligands do not stay

lilO
Fe
o o+ H/S\/ >ISH
ON SH NO ON S NO
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NCa, | aCN FAN\ NE” Srel Sl
s~ \ on” N7 no
NC™ | TCN ON /\ NO
CN ON NO
Sodium Nitroprusside Roussin’s Blank Salt (RBS) Roussin's Red Salt (RRS)

Figure 1.8.Photoactive iron nitrosyls

bound to the iron-center upon NO loss and exhiltanted toxicity. In addition, the

Roussin’s salts were found to be toxic even withexggosure to light and NO release.
Thus these complexes could also harm healthy st haven’t been exposed to
light. A major requirement for successful use oftahaitrosyls as exogenous NO-

donors in biology is their structural integrityagueous environments. Unfortunately,
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many iron nitrosyls exhibiinpredictable stability under biological conditideading
to hydrolytic decomposition, NQlisproportionation reactions, or ferric hydrox{de

oxide) precipitatiorf>

1.2.3 Ruthenium Nitrosyls

Among metal nitrosyls, ruthenium nitrosyls arerampising class of NO donor
because of their increased thermal stability indgeal media compared to other
metal (Mn and Fe) nitrosyf8:®” Complexes such as [Ru(salen)(Cl)] (salen = N,NO-
ethylenebis-(salicylideneiminato) dianion), [(bpoRO)(Cl)] (bpb = 1,2-
bis(pyridine-2-carboxamido)benzene dianion)[RU(NO)(Cl)] all release NO when
exposed to UV light®® Since UV light is inherently detrimental to cellukargets,
there is still a need to increase the efficiencyafgum vyield) of NO release from
ruthenium nitrosyls when exposed to lower energtlifor delivery of NO to
biological targets. Progress in this area requireserstanding of the structural and
electronic parameters that lead to the absorptidoveer energy light in ruthenium
nitrosyls

Research in our lab on NO donating ruthenium syt began with the
synthesis of a nitrosyl derived from the designetypyridine pentadentate ligand
PaPyH  (N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridir2-carboxamide, H
denotes the dissociable amide H) with a single waimido donor, namely
[(PaPy)Ru(NO)](BR), (Figure 1.9F° However, the lowest energy absorption band

of this complexs found at 410 nm, well within the UV-region. Thtie principal
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limitation of this NO donor has been its lack of w@otolability under visible light.
Clearly, further alteration of the ligand frame weasquired to overcome this
deficiency.

With [(PaPyg)Ru(NO)](BR). in hand, we wanted to uncover the specific
features of the polydentate ligand frame that doute to the overall photolability of
the {RUNOY nitrosyl. Most noticeably, the deprotonated cagsoido nitrogen (a
strongo-donating negatively charged donor) is trans to NIis feature prompted
us to first investigate the role of the carboxamidectionality in the overall NO
photolability of the nitrosyls. We therefore syrghmed two other {RuNCH nitrosyls
with similar poly-pyridine pentadentate ligands lwitero or two carboxamido-N
donor atoms, namely [(SBRRU(NO)](BR)s (SBPy = N,N-bis(2-
pyridylmethyl)amine-N-ethyl-2-pyridine-2-aldimine) and [(P¥P)Ru(NO)|BR
(PysPH, = N,N-bis(2-(2-pyridyl)ethyl)pyridine-2,6-dicarbarnide) respectively*
The ligand frame of [(SBR)RU(NO)](BF)s; is similar to that of
[(PaPy)Ru(NO)]|(BF). except for the replacement of the charged carbakaui
with a neutral imine-N donor atom (Figure 1.9). tlBocarboxamido-N and imine-N
donors are bound trans to NO in [(PaiRu(NO)](BR). and [(SBPY)Ru(NO)](BF)s3
respectively. Conversely, [(EB)Ru(NO)]BR contains two carboxamido-N donors
in the equatorial plane with a neutral pyridine-duhd trans to NO. Interestingly, as
one increases the number of carboxamido-N donbes,absorption bands of the
resulting nitrosyls are red shifted. For examfl8BPy)Ru(NO)](BF)s with Schiff

base functionality absorbs at 310 nm while [(P#Ry(NO)](BF). and [(P¥P)Ru-
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Figure 1.9.Pentadentate ligands with zero (SBRPgne (PaPyH), two (PyPHs)
carboxamide donors and the corresponding {RufNt@josyls
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(NO)]BF4 (with one and two carboxamido-N donor) absorb & 4nd 530 nm
respectively (all measurements in MeCN). All thr@&gosyls show photolability
upon exposure to low-power (2-5 mwW) UV light. Howee only
[(PysP)Ru(NO)]BR shows appreciable photoactivity when exposed tblieidight
with a quantum yield at 532 nnpsg,) of 0.050 in MeCN. In addition, the presence of
carboxamide group in such {RuN®hitrosyls imparts more stability in aqueous
medium. For example, unlike [(PajfRu(NO)](BF). and [(P¥P)Ru(NO)|BFR,
[(SBPyw)RU(NO)](BF)s shows partial degradation (with concomitant -NEO,

conversion)®’ in aqueous buffer (pH 7). Thus ligands with cadride groups
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afford {RUNO}° nitrosyls that are more suitable for photoindu®éd delivery to

biological targets.

1.3 Direction of Research

The main goal of this thesis is to uncover new glesstrategies for the
syntheses of visible-light activated metal nitrgsfdr use as NO donors in biological
systems. As a first step, chapter 2 looks atrherent photolability of certain metal
nitrosyls. In this chapter, DFT and TDDFT calcudas are used to describe the
electronic structures and photoactivities of acferon, manganese, and ruthenium
nitrosyls all derived from the same PaHygand frame. The following chapters are
further focused on the design of ruthenium nitresyChapter 3 describes a set of
tetradentate dicarboxamide ligand frames with syate changes in donor atom
type. Different combinations of phosphine-P, pHatmO, and/or pyridine-N donors
are used in order to uncover which atom types pterttte most low-energy light
absorption in ruthenium nitrosyls. Again DFT and OBT calculations were
employed to understand the different light absorptproperties of the resulting
ruthenium nitrosyls. In the final chapter (Ch. #)e attachment of various dye
chromophores is explored as a way to further seasitithenium nitrosyls to visible
light. The direct conjugation of dye chromophoiesompared with dye attachment
via a linker in order to understand the mechani$rphmtoactivation in these dye-

bound ruthenium nitrosyls.
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Chapter 2

Density Functional Theory Studies to
Uncover the Origin of Photolability in
Iron, Ruthenium, and Ehganese

Nitrosyls Derived from PaR¥
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2.1 Background

Our lab became interested in metal nitrosyls wsilelying the non-heme Fe
center found at the active site rfrile hydratase (Fe-NHase}. NO binds the Fe(lll)
center of the enzyme in the absence of light (daaktive form). Upon exposure to
light, NO is released with concomitant binding adter, a step that renders the active
site ready for nitrile hydrolysis. The X-ray struct of Fe-NHase has revealed an
octahedral geometry of the low spin Fe(lll) cernteordinated to two deprotonated
carboxamido-N donors from the peptide backbbn€he equatorial coordination is
completed by two cysteinato-S donors that are passlationally oxygenated to a
sulfinate (-SQ) and a sulfenate (-SO) moieties (in the activenfowhile the axial site
contains a third cysteine-S donor (unmodified). Hreth site is exposed to the
solvent allowing HO (catalytically active) or NO (inactive dark forng bind. Over
the past two decades, our lab as well as otherg ld@veloped several model
complexes of this active site to elucidate the ma@dm of photoactivation of Fe-
NHase via NO release’. For example, we have recently reported a {Fef@itrosyl
containing a ligand with both carboxamido-N andfigato (83;) donor atoms
(Figure 2.1) namely, (N{(Cl.,PhPep{SG},)Fe(NO)(DMAP)]> Due to the close
resemblance of this model complex to that of thevacsite of Fe-NHase it was not
surprising that it also exhibited similar NO phetoility.

Density functional theory (DFT) and time dependBRT (TDDFT) studies
on (NEW)[(Cl,PhPep{SGQ},)Fe(NO)(DMAP)] have revealed the importance of both

the carboxamido-N and sulfinato-8@onors in the photolability of this nitrosyl.
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We had also previously synthesized another phat@a¢EeNO}° nitrosyl derived
from a pentadentate polypyridine ligand with a Bngarboxamide group and no
sulfinato-SQ donors (Figure 2.1), namely [(Paffse(NO)F* which rapidly releases
NO upon illumination with visible light. Thus we became interested in origin of
photoactivity of this nitrosyl since it did not dam the sulfinato-S® donors
necessary for photoactivity in Fe-NHase and the ehodcomplex
(NEL)[(Cl,PhPep{SG},)Fe(NO)(DMAP)]. In addition, we intended to unsiand
why the corresponding {FeN®} species, [(PaRyFe(NO)](CIQy) exhibits no
sensitivity to ligh Therefore we set out to investigate tiederlying principles
behind the difference in photochemical behaviothef two closely-related {FeNG}
and {FeNOY nitrosyl species (derived from [Paffy with density functional theory
(DFT) and time-dependent DFT (TDDFT) studie3he objective of this work was to
gain insight into the electronic structures of thego nitrosyls and the transitions that

lead to their different NO photolabilities.

cl,  cl o
|/\H | N
0O O N N
NH HN
- /
SH HS NN NS
Cl,PhPepSH,, PaPyH

Figure 2.1. Ligands used for model complexes mimicking Fe-NHase
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The high NO photolability of [(PaR)yFe(NO)F* under visible light prompted
the syntheses of the corresponding manganese arigeniwm nitrosyls,
[(PaPy)Mn(NO)]* °and [(PaPyRu(NO)F** In all three of the resulting Pafy
based nitrosyls, NO is bound trans to the carbodas donor (a strong-donating
center) as seen in Figure 2.2. Despite the sirbilading mode of the PaRYigand
frame in these nitrosyls, the manganese and ruthemiomplexes exhibit greater
stability in aqueous media compared to [(PP$(NO)f*. This stability has led to
the successful use of both [(Payn(NO)]" and [(PaPy)Ru(NO)F*as NO donors to
biological targets with the use of light. For example, the kinetics of binding of the
photogenerated NO (from [(Pafyn(NO)]* and [(PaPy)Ru(NO)F") to reduced
cytochrome ¢ oxidase (CcO) and myoglobin (Mb) wereestigated using time-

resolved optical absorption spectroscdpilowever, these studies were done using

Mn, Fe, or Ru :/O

O = 0

N = o

. cC= €
O——©

[(PaPy,)M(NO)]™

Figure 2.2. The similar binding mode of the [PafPyligand frame in
[(PaPy)Mn(NO)]", [(PaPy)Fe(NO)f* and [(PaPy)Ru(NO)f*
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355 nm laser light and for use in living cells,ible or near-IR light is necessary to
assure cell viability. Similar to other ruthenium itrosyls,
[(PaPy)Ru(NO)F* releases NO only upon illumination with UV lightu@ntum yield
value of NO release of 0.05 at 410 niff)On the other hand, [(Pagyin(NO)]
shows a wide range of NO photoactivity throughdwg 450-600 nm visible region.
Quantum vyield values of 0.41 and 0.58 have beensuoned at 500 and 550 nm
respectively for the NO release from [(Pafn(NO)]".*>

As alluded to above, the color of the three nitt®ss strikingly different in
solution as [(PaRyFe(NO)F* is red, [(PaPyMn(NO)]" is green, and
[(PaPy)Ru(NO)F* is orange. Similar to other ruthenium nitrosylse tabsorption
bands of [(PaPyRu(NO)F* are in the UV region. lIts lowest energy absorptand
barely extends into the visible region with gy of 410 nm and moderate intensity (
= 1550 M'cm®, Figure 2.3, bottom panel). Switching to iron time case of
[(PaPy)Fe(NO)f*, this band becomes slightly less intense and sshift 500 nm
(e=1050 M*cm*, Figure 2.3, middle panel). The lowest energyagttion maximum
of [(PaPg)Mn(NO)]" is further red-shifted to 635 nm with an even geealecrease
in intensity € = 220 M'cm™®, Figure 2.3, top panel). The origin of this stoft
absorption maximum to lower energy with differenétad centers in this series of
structurally similar nitrosyls has been investigate gain insight into their NO
photolability. Insights in this regard can provitielp in future design of metal

nitrosyls as NO donors since their use requiresiteity to visible or near-IR light?
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Figure 2.3. Electronic absorption spectra of]l(Pa}IWn(NO)]* (top),
[(PaPy)Fe(NO)F* (middle), [(PaPy)Ru(NO)F" (bottom) in MeCN
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2.2 Electronic Structures

2.2.1 {FeNO}®and {FeNO}’ Nitrosyls Derived from PaPy;H

Examination of the X-ray crystal structures of gfBs)Fe(NO)f* and
[(PaPy)Fe(NO)T (as seen in Figure 2.4) reveals a striking difieesin the Fe-N-O
bond angles of the two complexes that is charatierof {FeNO}° vs {FeNOY
nitrosyls. The more linear Fe-N-O angle (173.1°J(BPaPy)Fe(NO)f* is expected
for {FeNO}°® nitrosyls, while the bent Fe-N-O angle (141.2%}(BaPy)Fe(NO)T is
more consistent with an {FeNO}electronic configuration. —However, these
descriptions do not reveal specific electronic ribstions within the FeNO units.
Thus we have employed DFT calculations to uncawvereixact electronic description
of these two nitroysls. We first optimized the gedry of the nitrosyls to obtain the
lowest energy ground state structures of both [yR&R(NO)f* and
[(PaPy)Fe(NO)]. As expected, there were only slight differensesveen the DFT
optimized ground state structures and the crygiadishically determined structures

(Table 2.1). The linear vs bent Fe-N-O angledefriitrosyls are also supported by

Figure 2.4. X-ray crystal structure of [(PaBye(NO)}* ({FeNO}°, left) and
[(PaPy)Fe(NO)[ ({FeNO}’, right). H-atoms have been removed for clarity.
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the DFT results. However one minor differenceemis the dihedral angle of the
carboxamido group d{PaPy)Fe(NO)f* (Table 2.1). In the optimized structure of
[(PaPy)Fe(NO)f* the carboxamido group (dihedral angle = -172.3fjtslhinto a
more planar configuration compared to that of thestal structure (dihedral angle =
155.4°). This difference most possibly arises from taypacking forces in the solid
state of [(PaPyFe(NO)F". In the case of [(PaBye(NO), the carboxamido moiety
is planar in both the optimized and X-ray crystalictures. Richards and coworkers
have investigated [(PaRFe(NO)f* and also noted this difference in the dihedral
angle in their theoretical study and attributeds thifference to crystal packing
forces™®

Comparison of the geometry of rest of the striestuof the{FeNO}° and
{FeNO}’ species very similar metric parameters in the exigtplane of each
nitrosyl. However, there are striking differenca®ng the Nmigs—Fe-N-O axial
vector. For example, the additional electron ie ffreNO}’ unit increases the
Fe-Namido Fe-N(O), and N-O bond lengths in both the crystal and DFT optimlize
structures.  The lengthening of tie-O bond supports the hypothesis that the
additional electron is more localized im@NO) orbital rather than a d(Fe) orbital in
[(PaPy)Fe(NO)]. Thus as thatraccepting ability of the NO ligand is decreased
(NO* > NO), it becomes more difficult for the negatively ofed carboxamido
nitrogen to approach the Fe metal center causieggihening of the FéN migobond
in [(PaPy)Fe(NO)[. This is clearly observed when the calculated Mayend

orders (MBO)"’ of the two nitrosyls are compared (Table 2.2)r &@ample, the
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Table2.1. Selected bond distances)(@nd angles (deg) of {FeN®and {FeNO¥
complexeg(PaPy)Fe(NO)f* and [(PaPy)Fe(NO)J along with the optimized DFT
bond distances and bond angles for comparison

{FeNO}° {FeNO}’
X-ray DET X-ray DET
Fe-N4(py) 1.978(2) 2.007 1.9801(15) 1.982
Fe-N5(amido) 1.901(2) 1.895 1.9577(15) 1.960
Fe-N6(N) 1.972(2) 2.020 1.9946(16) 2.030
Fe-N7(py) 1.982(2) 2.020 1.9837(15)  1.989
Fe-N8(py) 1.983(2) 2.016 1.9989(15)  2.003
Fe-N9(NO) 1.677(2) 1.673 1.7515(16)  1.758
N9-O3(NO) 1.139(3) 1.153 1.190(2) 1.190
N5-C19(amido) 1.341(3) 1.368 1.322(2) 1.345
C19-02(amido) 1.233(3) 1.223 1.247(2) 1.236
Fe-N9-O3 173.1(2) 171.8 141.29(15) 142.7
Fe-N5-C19-02 155.4 -172.3 -175.5 -171.3

calculated FeNmido) bond order of [(PaRyFe(NO)F* (0.8162) is significantly
higher than that of [(PaByFe(NO)[ (0.6923). This trend in consistent with a
Fe(I)-NO" and Fe(II}-NO" assignment of [(PaByFe(NO)f" and[(PaPy)Fe(NO)T
respectively based on Mossbauer and EPR %datso, it is important to note that
addition of the electron to th&{NO) orbital in thgFeNO}’ species lowers the bond
order of the NO unit. And finally, examination dfet calculated Lowdin population
analysis of both nitrosyls was carried out to fartlinvestigate the differences in
metatligand interactions. The calculated spin densityttef {FeNOY nitrosyl is
somewhat spread over the FeNO unit with +0.326381).and +0.240 spin density

on the Fe, N, and O atoms respectively. This d@tribution attests that the spin
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Table2.2. Selected Mayer bond orders (MBO) of the {FeN@}d {FeNOY
nitrosyls at their PW91-optimized geometries

{FeNO}° {FeNO}’
Bond MBO MBO
Fe-N4(py) 0.7157 0.6923
Fe-N5(amido) 0.8162 0.6923
Fe-N6(N) 0.6739 0.5973
Fe-N7(py) 0.6414 0.6318
Fe-N8(py) 0.6510 0.5951
Fe-N9(NO) 1.3797 1.3086
N9-O3(NO) 1.7726 1.6809
N5-C19 (amido) 1.2487 1.3446
C19-02(amido) 2.0501 2.0325

density of the extra electron in tfiEeNO}’ nitrosyl is located more on the NO

moiety and in turn supports its FeANO" description.

2.2.2 {RuNO}°and {MnNO}° Nitrosyls Derived from PaPy;H

Ruthenium is a second row transition metal and thas a large d-orbital
splitting. As a consequence, all diamagnetic {RuRi@§thenium nitrosyls are
described as having a low spin Ru(ll)-N&lectron configuration. A cledt-NMR
spectrum of [(PaRyRu(NO)F* confirms that it is a diamagnetic S = 0 species an
therefore has a Ru(ll)-NOconfiguration®* Manganese being in the first row
transition series is however not as straightfornsande it can access several different
oxidation states. In the case of {MnNQjitrosyls, several electron configurations

are possible. Four of the most likely are low smn(I)-NO" (S = 0), strongly
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coupled Mn(II>NO" (S = 0), uncoupled Mn(IBNO* (S = 1), and low spin
Mn(lll)-NO" (S = 1). Therefore IR and Raman spectroscopy esudoupled with
DFT calculations were preformed in order to dedldecorrect electronic description
of [(PaPy)Mn(NO)]*.*®

The IR spectrum of [(PaRn(NO)]* contains a strong signal at 1733tm
Upon *N*®0 isotope labeling, this peak shifts to 1664 crvhich confirms its
assignment as the N-O stretching mog®-O) . In order to determine the energies
of the Mn-NO stretching and Mn-N-O (linear) bendimgdesy(Mn-NO) andd(Mn-

N-O) respectively, Raman spectroscopy was apphiggire 2.5 shows the non-

[Mn(PaPy_)(NO)ICIO,
Excitation: 1064 nm

Vv (N-O)

1729

008_-"'l"'l"'l"'l"'l"'l"'l"'l"'l

[Mn(PaPy,)(“N"0)ICIO,
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Intensity (counts)

v (15N_1 BO)

& (Mn-""N-"%0)
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]
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Figure 2.5. FT-Raman spectra of [Mn(Paf§NO)]" (top) and [Mn(PaPy(*°N*®0)]*
(bottom), excited at 1064 nm
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resonance FT-Raman spectrum of [(PAMp(NO)]™ and that of the corresponding
>N*®0 isotope labeled complekrom these data, two isotope-sensitive features are
readily identified at 637 cthand 606 cril, which shift to 623 cm and 592 cr,
respectively, in thé&°N*®0O compound. We assign the higher energy featuiteetdvin-

NO stretch based on the fact that this feature she@gonance enhancement upon
laser excitation in the visible region as showrFigure 2.6 (observed at 639 ¢rin
frozen solution), whereas the 606 tifeature is not observed under these conditions.
Resonance Raman enhancement of metal-ligand \ohgais in most cases related to

charge-transfer transitions between the metal la@digand that lead to a change in
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Figure 2.6. Resonance Raman spectrum of [Mn(RYRD)]" obtained at an excitation
wavelength of 488 nm. Insert: resonance Raman aiait profile of the 639 cthfeature,
showing resonance enhancement of this vibratiomtdsvthe UV region. The ratio ofMn-
NO) tov(C-C) (MeCN) Raman intensity is normalized to thkueaobserved at the excitation
wavelength of 647 nm (intensity ratio set to 1).
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the metal-ligand bond in the excited state resgliman excited state displacement,
AQ.' These excited state displacements are generalgh more pronounced for
metal-ligand bond distances compared to angles, lamte, the metal-ligand
stretching modes are in most cases resonance exthamde the bending modes are
not?°

With these experimental IR and Raman results idh&¥T calculations were
then performed to define the ground state includiegformal oxidation states of Mn
and NO in [Mn(PaPy(NO)]*. Its structure was optimized for both S = 0 and $
as potential ground states. These calculations able to reproduce the geometric
and spectroscopic parameters well in the diamagisti= 0) state of the complex,
whereas in the alternative triplet ground statelistinct weakening of the Mn-NO
bond was observed. In addition, the predicted vitmal data forthe S=0and S=1
states (Table 2.3) provide further support for ittea that [Mn(PaRy(NO)]" has a
diamagnetic (S = 0) ground state. For example MheNO stretch and the Mn-N-O
bend appear to be very sensitive to the differdéncspin state, with a 70-80 ¢m

difference in frequency between the singlet anpldtistates as shown in Table x.

Table 2.3. Comparison of key calculated vibrational data (BFZVP) between the
potential S = 0 and S = 1 ground states of [MRE)(NO)]" and [Mn(PaP3Q)(NO)["

Complex Vibrations| Singlet: S=0  Triplet: S=1 @eximental
V(N-O) 1758 cnt' 1761 cnt' 1733 cnt
[Mn(PaPy)(NO)* | v(Mn-NO) | 653 cm' 582 crmt 637 cnt
3(Mn-N-O) | 613 /631 cnit | 520 /550 cit | 606 cmt*
V(N-O) 1737 cnt' 1746 cnt 1725 cnt
[Mn(PaPyQ)(NO)I' | v(Mn-NO) | 669 cm' 590 cmt
3(Mn-N-O) | 612 / 630 cnit | 525/ 551 crt
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Based on this comparison of these values with dneesponding experimental data, it
can be concluded that [Mn(PafffNO)]" has a diamagnetic (S = 0) ground states.
Room temperature magnetic susceptibility data dagpsresonances in thie-NMR
spectrum of the complex alsomfirm that it is diamagnetic (S = 0) in both sadid
state and in solutioff.

Once the diamagnetic (S = 0) ground state of [MR{E(NO)]" was
confirmed, the DFT optimized structure was usedutther distinguish between a
low spin Mn(I)-NO" and a strongly coupled Mn(HNO' electronic description (both
S = 0) of [Mn(PaPy(NO)]". Examination of the DFT calculated molecular tadsi
with significant Mn and NO character reveal thad tomplex is best described as
Mn(1)-NO*, where Mn(l) is in the diamagnetic,J’ low-spin state, and the NO
ligand forms two very strong backbonds with theydand ¢, orbitals of the metal
(where the Mn-N(O) bond corresponds to the z axik)s explains the strong Mn-
NO bonds observed for this complex as reflecteditbyhigh Mn-NO stretching
frequency discussed above. The strength of thel)MI®" 1 backbond was
estimated from the occupied HOMO-3 which has 54%avid 36% NO character,
whereas the corresponding antibonding LUMO+2 ha% 340" and 37% Mn
contributions. The fact that the occupied MO hagenmetal character is again in
agreement with the idea that these electrons shémichally be assigned to
manganese, in accordance with the Mn(l)"NQ@escription. These charge
contributions correspond to an extraordinarily sgrot backbond, due to the soft

nature of the formally Mn(l) center.
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2.3 Molecular Orbitalsand UV-Visible Spectra

Once the spin states of the different mental sitio were determined, time
dependent DFT (TDDFT) calculations were performedédveal which molecular
orbitals are involved in the absorption of lighsu#ing in the photolabilization of
NO. Specifically, we were interested in assigrtimg lowest energy absorption bands
of each compound in order to gain insights intartdéferent sensitivities to visible
light Comparison of the {FeNG}and {FeNOY nitrosyls revealed that only the
{FeNO}® nitrosyls exhibits NO photoactivity while the {FEN’ species appears to
be insensitive to light. The first part of thiscBen will compare the differences in
the molecular orbital (MO) shape/location and apson spectra of
[(PaPy)Fe(NO)f* and [(PaPyFe(NO)[ to gain insight into the origin of NO
photolability. The second part of this sectionlwdmpare the MO’s and absorption
spectra of the three {MNO}nitrosyls with either Fe, Mn, or Ru centers tot&et
understand the drastic differences in their abii@yabsorb low energy visible light

leading to NO labilization.

2.3.1 Comparison of {FeNO}°and {FeNO}’ Nitrosyls

The frontier MO’s (HOMG4 through LUMO+4) of [(PaPyFe(NO)f* and
[(PaPy)Fe(NO)Jare shown in Figure 2.7. These are the main dsbitaolved in
the lower energy electronic transitions of thesmayls as indicated by their TDDFT

calculations. The singly occupied molecular ot®OMO) of [(PaPy)Fe(NO)T is
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Figure 2.7. DFT-calculated HOMO through HOM€2 orbitals (left) and LUMO
through LUMO-4 orbitals (right) of [(PaPyFe(NO)f*and [(PaPy)Fe(NO)[

its highest occupied molecular orbital (HOMO). Bothtrosyls have partial
d(Fe)-ri{NO) bonding character in their HOMO’s. Howevererth is more of a
Fe-NO t—bonding ({FeNO)) interaction in the HOMO of [(PagFe(NO)f" and
morec—bonding(a(FeNOQ)) in [(PaPy)Fe(NO)]. In addition, both HOMO'’s contain
non-bonding amido (nb(amido)) character. In theecaf [(PaPyFe(NO)f*, the
nb(amido) orbitals are the dominant feature in HOMAile the partial FeENO
bonding orbital is more prominent in the HOMO oP#Py¥)Fe(NO)[. The

HOMO-1 through HOMG4 of [(PaPy)Fe(NO)] has more nb(amido) armfFeNO)
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bonding character similar to the HOMO of [(P@@e(NO)f*. However, the
HOMO-1 and HOMG-2 of complex [(PaPyFe(NO)F* contain d(Feand ni§amido)
orbitals with very little NO character. There isoma pyridine character to the
HOMO-3 and HOMG-4 of [(PaPy)Fe(NO)f*. The LUMO and LUMG1 of
[(PaPy)Fe(NO)f* are perpendicular orbitals predominately(Fe-T{NO) anti-
bonding orbitals {FeNO)). Interestingly in the case of [(PgfFe(NO)[, only the
LUMO has somat{FeNO) anti-bonding character. The LUMO+1 is dortedeby a
de.(Fe)-ol{Nyy) anti-bonding interaction. A similar orbital isbgerved in the
LUMO+2 of [(PaPy)Fe(NO)f*. The LUMO+3 of [(PaPyFe(NO)f* contains an
anti o-bonding interaction along the ;N¢sFe-NO axis. In the case of
[(PaPy)Fe(NO)[, the LUMO+3 and LUMO+4 are dominated by-orbitals
extending over the polypyridine ligand frantgyj.

Interestingly, examination of Figure 2.7 revealdifference in the number of
unoccupied orbitals containing Fe-NO antibondingrelster. Transitions into these
antibonding orbitals would be expected to lead igniicant weakening of the
Fe-NO bond and thus could providealiaect pathway to NO labialization through the
initial electronic excitation. In the case of [Bg)Fe(NO)[, its LUMO is the only
orbital in the series with some Fe-NO antibondirfiaracter while the LUMO,
LUMO+1, and LUMO+3 all contain Fe-NO antibonding achcter in

[(PaPy)Fe(NO)F*. We suggest that this key difference in the amtiting Fe-NO
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characters in the LUMO through LUMO+4 of the twarosyls plays a major role in
their different NO photoactivities.

In Figures 2.8 and 2.9, the TDDFT -calculated gitsmm spectra of
[(PaPy)Fe(NO)f* and [(PaPyFe(NO)] (respectively) are simulated using
Lorentzian broadening of the calculated electraraositions (dashed lines) and the
experimental electronic absorption spectrum of eamhplex (solid lines) is shown
for comparison. The TDDFT calculated transitions stnown as a bar graph with the
height of each bar corresponding to the relativallasor strength of each transition.
The transitions responsible for the lowest eneltggogption bands are highlighted in
red and the orbitals involved in those transitiams shown below the graphlhe
experimental absorption spectra of both {FeR@hd {FeNOY species consist of
two low energy bands that are reasonably well ypred by TDDFT calculations
(Figure 2.8 and 2.9). The lowest energy band pfepable oscillator strength in the
calculated electronic spectrum of [(PgfPe(NO)f* arises from a nb(amido)-
n(FeNO) tor (FeNO) transition (480 nm, HOMG> LUMO+1). The next lowest
energy peak contains another high intensity caledl@&lectron transition (337 nm)
also ending in ther (FeNO) orbital (LUMO+1) from a §-nb(amido) orbital
(HOMO-1). These transitions all originate from MOs witbhnge carboxamido
character and end in A0 antibonding MOs. It is evident that these tiaorss will
significantly weaken the F&O bond, thereby increasing the likelihood of
photodissociation through this initial electronixciation as a direct pathway. In

their theoretical study, Richards and coworkersehago identified similar ligand-to-
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Figure 2.8. TDDFT calculated energy transitions and oscillatengths (shown as
vertical lines, red = major low energy transition)th the Lorentzian broadened
spectra (dashed line) and the experimental electaysorption spectra (solid lines)
of [(PaPy)Fe(NO)F*. The most prominent MOs involved in the lowest rgge
transitions (labeled in red) and their diagramsséi@vn below.

metal transitions (LMCT) as the possible originN®D photolability observed with
[(PaPy)Fe(NO)F*.** Furthermore, TDDFT calculations on the photoactiiteosy!
(NEW)[(Cl.PhPep{SG},)Fe(NO)(DMAP)] also predict transition from the
carboxamido-N into Fe-NO antibonding orbit&lsThe theoretical results point to the
importance of carboxamido-N donor in the visiblghti absorption leading to NO
photodissociation in this complex. The strandonating ability of the carboxamido

moiety appears to facilitate low energy electromiansition into the FeNO
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antibonding orbital, thus promoting photodissoaiati in [(PaPy)Fe(NO)F".
Interestingly, there is an absence of TDDFT prediatlectronic transitions into the
Fe-NO antibonding orbitals of two other Fe-NHase modemplexes without
carboxamido-N donors or NO photolability, namelg(f)S,"**N3(Pr,Pr)(NO) and
[(bmmp-TASN)FeNOJ".*® While carboxamido-N donors are not a necessityNi®
photolability, their presences does appear to ptemidO photolability when
combined with the proper mix of other donor type$NINO} ° nitrosyls.

In the case of [(PaRyFe(NO)T, the two low energy absorption bands in the
calculated spectrum do not contain transitions eeNO antibonding MOs. Instead
the lowest energy band in the calculated spectmisesafrom a transition starting in a
o(FeNO)-nb(Nmia9g orbital and ending in amy orbital (525 nm, HOMO—
LUMO+3). The next lowest energy band also arisesnfa transition originating
from the sames(FeENO)-nb(Nmidg orbital and ending in a higher energy, orbital
(395 nm, HOMO— LUMO+4). There are also two lower intensity trigiogs in the
calculated spectrum that contribute to this secbadd (see Figure 2.9). These
transitions (455 and 430 nm) both end in the SOM@RaPy)Fe(NO)]. The lack
of photolability observed in [(PaBye(NO)] can therefore be explained by the
absence of any calculated low energy transitiotts MiO’s with Fe-NO antibonding
character. In addition, the main low energy tramss calculated for
[(PaPy)Fe(NO)] are mostly metal-to-ligand transitions (MLCT) whase in
[(PaPy)Fe(NO)f* they are more LMCT in character. It thus appedrat tthe

additional electron in the FeNO unit of the {FeN®jtrosyl allows for transitions
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Figure 2.9. TDDFT calculated energy transitions and oscillawengths (shown as
vertical lines, red = major low energy transition)th the Lorentzian broadened
spectra (dashed line) and the experimental eldctiasorption spectra (solid lines)
of [(PaPy)Fe(NO)[. The most prominent MOs involved in the lowest rgge
transitions (labeled in red) and their diagramsséui@vn below.

from MQO'’s centered at the FeNO unit to tiiesystem of the polypyridine ligand
frame. In contrast, the FeNO unit in the {FeN@jtrosyl has less electron density
thus allowing for more electron donation from thans carboxamido moiety into

thet*(FeNO) anti-bonding orbital promoting photolabylit
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2.3.2 Comparison of {MNO}° Nitrosyls (M = Fe, Mn, or Ru)

DFT and TDDFT calculations on [(Pafye(NO)f*, [(PaPy)Mn(NO)]", and
[(PaPy)Ru(NO)F* have been used to assign the electronic transitiesponsible for
the different absorption bands observed for thedgmsyls. One of the main
differences observed when comparing the frontielemdar orbitals of the{FeNG}
{MnNO} °, and{RuNO}° nitrosyls (Figure 2.10) is that the LUMO and LUMD®f

both [(PaPy)Fe(NO)f* and [(PaPy)Ru(NO)F* are perpendicularM)—1t*(NO)

Bk b A
B | A
y

HOMO

HOMO-1

HOMO-2

N

PaPy,;-Ru PaPy,;-Fe  PaPy;-Mn PaPy;-Ru PaPy,-Fe PaPy,-Mn

*«%vﬁ}'%

Figure 2.10. DFT-calculated HOMO through HOMO-2 orbitals (letihd LUMO
through LUMO+2 orbitals (right) for [(PaRyRu(NO)F, [(PaPy)Fe(NO)F*, and
[(PaPy)Mn(NO)]*

antibonding orbitals. However, the LUMO and LUMOefL[(PaP¥)Mn(NO)]" are
predominantly pyridine-based orbitals. The LUMO-also has someat*(NO)
character, but no metal character at all. OnlyLtd&O+2 and LUMO+4 orbitals of
[(PaPy)Mn(NO)]" contain any significant gMn)—r*(NO) antibonding character.
Another key difference is also observed betweenH®®Os of the ruthenium and

iron nitrosyls compared to that of the manganes®syl. The HOMO'’s of both
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[(PaPy)Fe(NO)F* and [(PaPy)Ru(NO)F* haved{M)-1t*(NO) bonding character in
addition to carboxamide character while the HOMO [(RaPy)Mn(NO)]" is
primarily a dy(Mn) orbital.

TDDFT calculations reveal that the lowest energgoaption band of the
{RuNO}® species arises due to a transition (at 418 nm) feord{M)—Tt*(NO)
bonding/carboxamido orbital to ath)—m*(NO) antibonding orbital (HOMO—
LUMO, Figure 2.11). These orbitals are almost édyabe same as those involved in
the low energy transition of [(PaFe(NO)f* (at 514 nm) described above (Figure
2.8). In the case of [(Pap¥n(NO)]*, similar calculated transitions into orbitals
with dominant ¢(Mn)—r*(NO) antibonding character (LUMO+2 and LUMO+4) are
found at 404 and 455 nm (Figure 2.12). The assagnnof these transitions is
supported by a strong resonance Raman enhanceftbatiMn-NO stretch observed
experimentally for [(PaRyMn(NO)]" upon laser excitation in the 400-500 nm
region®® Such strong resonance enhancements suggest aadestite that has a
substantial displacement along the MO bond which agrees with the predicted
electron excitation into a MMNO antibonding orbital. Thus the observed
photolability of [(PaPy)Mn(NO)]* and [(PaPy)Ru(NO)F* using near-UV light could
also be explained by a similadirect pathway as that describe above for
[(PaPy)Fe(NO)f, through a metalNO antibonding excited state that would cause
significant weakening of the metdNO bond. It is important to note that the energy

required for the transition fromyM)—1*(NO) bonding/carboxamido orbital to a
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Figure 2.11. TDDFT calculated energy transitions and oscillatoengths (shown as
vertical lines, red = major low energy transition)th the Lorentzian broadened
spectra (dashed line) and the experimental eldctiasorption spectra (solid lines)
of [(PaP¥)Ru(NO)F*. The most prominent MOs involved in the lowest rgge
transitions (labeled in red) and their diagramsséi@vn below.

d(M)-1*(NO) antibonding orbital (the one responsible KD photolability) in these
{FeNO}®°, {MnNO}°® and {RuNOF¥ nitrosyls follows the order of the stability ofeth
reduced state of the metal center. For exampéentbst stable Ru(ll) center allows
such transition in the ~400 nm range while thetleasistant Fe(ll) center permits
such transfer of electron at 500 nm. The Mn(l)teehes in the middle and hence the

transfer of an electron to theg()—m*(NO) antibonding orbital occurs at ~450 nm in

case of [(PaPyMn(NO)]".
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Figure 2.12. TDDFT calculated energy transitions and oscillatoengths (shown as
vertical lines, red = major low energy transition)th the Lorentzian broadened
spectra (dashed line) and the experimental eldctiasorption spectra (solid lines)
of [(PaPg)Mn(NO)]". The most prominent MOs involved in the lowest rgge
transitions (labeled in red) and their diagramssui@vn below.

The direct mechanism however does not explain N@e photolability of
[(PaPy)Mn(NO)]" observed upon illumination with 500-600 nm lighh no
excited states with significant Mn-NO antibondinlgatacter are predicted in this
region. Instead, the calculated transitions ared@minantly metal-to-pyridine
transitions. Specifically, the lowest energy apsion band of [(PaRyMn(NO)]*
arises due to a transition (at 651 nm) from@\) orbital into ar-pyridine based

orbital with some NO (but no metal d) character (H® — LUMO+1, Figure 2.12).

Therefore it is proposed that NO photorelease BaRg)Mn(NO)]™ in the visible
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region is due to amdirect mechanism. In this mechanism, photoexcitation initially
leads to occupation of thg,/(Mn) — n-pyridine excited state. This initial excited
state then interconverts to a lower singlet excétade that is ideally set up to undergo
intersystem crossing into the corresponding Mn-M@banding triplet state (T1) due
to strong spin-orbit coupling promoted by the str@umixture of g character into
the unoccupiedr orbitals of NO. Such intersystem crossing into the corresponding
triplet state would be advantageous for NO photais® due to the extended life
times of triplet excited states along with the MRNO’ type electronic structure of
M-NO triplet states. Once the molecule has enténedl'l excited state, the Mn-NO
antibonding nature of this state promotes NO dission. Similar indirect
mechanisms have also been demonstrated by rigddd=T calculations for the
photodissociation of ligands in [Ru(bpy}]** (L = 4-aminopyridine, pyridine, and

butylamine) complexe¥ and methylcobalamirfg.

2.4 Conclusions

Theoretical studies of the designed metal nitsidrived from the PaRy
ligand have provided some important clues relatedtheir NO photolability.
Specifically the presence of carboxamido-N don@sears to plays a key role in the
photolability of the three photoactive metal nigiss [(PaPy)Fe(NO)F",
[(PaPy)Mn(NO)]" and [(PaPy)Ru(NO)F"). For example, the TDDFT results reveal
that the calculated electronic transitions of theis®syls in the region of 350-500 nm

all originate from molecular orbitals with signiéint carboxamido character. It was
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also found that these photoactivirosylsall have a low spin dmetal configuration
with NO in the NO oxidation state @M)-NO"). This NO character helps to
facilitate the observed transitions into Fe-NO lamtiding excited states. Such states
cause significant weakening of the metal-NO bordlthns allow NO release directly
through an initially excited singlet state.

In case of [(PaRyMn(NO)]*, an additional low energy transition at 650 nm (a
dw(Mn) — TtEpyridine transition) is observed that does nottebute to NO-
photolability through this direct pathway. Insteadtersystem crossing from the
initial excited state into a(Mn)-z*(NO) antibonding triplet state finally allows NO
release in this nitrosyl. It is important to nakat since manganese resides left to
both iron and ruthenium in the periodic tablesiin a 1+ oxidation state while iron
and ruthenium are in a 2+ oxidation state in th#®®)-NO" type nitrosyls. Thus
unlike the Fe and Ru containing nitrosyls, the esoftature of the Mn-center in
[(PaPy)Mn(NO)]" allows a low energy transition that transfers tixeess metal
electron density into thesystem of pyridine donors of the ligand frame.hug the
Mn()-NO" combination allows for both direct photorelease MO due to
carboxamide— Mn-NO antibonding electronic transitions (in th&03500 nm
region) as well as,dMn) — tepyridine transitions (500-650 nm) that lead to NO
photorelease via low lying Mn-NO antibonding tripéxcited states.

In the case of [(PaRyFe(NO)F*, this #(M)-NO" electronic distribution is
altered resulting in the loss of NO photoactivityThe addition electron in the

{FeNO}’ unit goes to the NOmoiety while the Fe center remains predominanmtly i
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the 2+ oxidation state resulting in a FefN)O" species The decreaseshccepting
ability of the NO moiety in [(PaPy)Fe(NO)] does not favor transitions similar to
those observed in the photoactive PafR§NO} ° nitrosyls. Instead, transitions from
MOs centered on the {FeNO}unit to MOs with 1,y character become more
favorable thus cutting off the direct pathway foD hotolability through the initial
Fe-NO antiboding excited state.

A similarly trend is also observed in the casetwb other related iron
nitrosyls designed (in our lab) from ligands conitag carboxamido-N and thiolato-S
donors, namely [(GPhPepS)Fe(NO)(DMAP)] and [(ChPhPep{SG}2)-
Fe(NO)(DMAP)]".>® The thiolato-S containing nitroysl [(§thPepS)Fe(NO)-
(DMAP)] does not show any NO photoactivity. However NOtphotivity is turned
on when the thiolato-S centers are converted intiinato-SQ moieties (via
oxygenation) in [(GIPhPep{SG}.)Fe(NO)(DMAP)]". Results of DFT and TDDFT
calculations suggest that the S-oxygenation of thgand frame in
[(CI,PhPepS)Fe(NO)(DMAP)] stabilizes a S = 0 spin state in the resulting
[(Cl.PhPep{SG},)Fe(NO)(DMAP)] . For example, at low temperature (-40 °C), the
absorption spectrum of [(hPepS)Fe(NO)(DMAP)]is more similar to that of the
S = 0 TDDFT spectrum which supports a Fe(Il)"Nénfiguration. With rise in
temperature, the experimental absorption spectfitCtPhPepS)Fe(NO)(DMAP)]
changes and at room temperature matches more \chvgtél the TDDFT spectrum

calculated for a S = 1 spin state. It thus apptesthe strong-donating thiolato-S
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donors provide  stability to the Fe(HNO"  configuration in
[(Cl,PhPepS)Fe(NO)(DMAP)] at room temperature leading to some S = 1 spin
crossover. Conversely, the oxygen atoms in thHinato-SGQ, donors of
[(Cl,PhPep{SG@},)Fe(NO)(DMAP)] reduce the amount of negative charge donated
into the metal center thus allowing for an exclasie(I1)-NO" configuration (S = 0).
Together, these results support our conclusion tihatdifference intraccepting

ability of the NO ligand (NO> NO) in these nitrosylaffects their NO photoactivity.

2.5 Computational Methods

The first set of DFT calculations preformed in ¢alb were carried out with
the aid of the program PC-GAMES%.This program worked well for DFT energy
and geometry optimization of both iron and ruthemiitrosyls of various spin states.
In addition, we were able to successfully predigt €lectronic absorption spectra of
compounds with a singlet (S = 0) ground state VRDFT calculations also
preformed using PC-GAMESS. However when we becetesested in predicting
and assigning the electronic absorption spectreoofplexes with more complicated
spin states (such as [(PaBe(NO)T), we had to switch to a new program, namely
ORCA?* ORCA was developed by an inorganic chemist (Fratdese) and
specifically designed to address some of the unigateires of metal complexes, such
as their complex and varied spin states. With OR@Awere then able to perform
TDDFT calculations to gain information about tripkxcited states for complexes

with either singlet or triplet ground states.
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In the studies discussed above, PC-GAMESS was fosdubth the DFT and
TDDFT calculations for [(PaRYRu(NO)F* (with a singlet ground state) while
ORCA was employed for all the calculations done tfa {FeNC}6 and {FeNC}7
nitrosyls. The geometry of [(PagFe(NO)f* was optimized in its low spin (S = 0)
state. Unrestricted Kohn-Sham formalism (UKS) wppliad during the geometry
optimization of the {FeNO}species in its low spin (S = 1/2) and high spir=($/2)
electronic states. The S = 1/2 state was fourfiet@2.18 kcal/mol lower in energy
than the S = 3/2 state thus correctly predicting 8 = 1/2 state proposed by
experimental data. In the case of [(PaRWM(NO)]", the DFT optimization was
preformed by our collaborators using a third DFbgmam, Gaussian #3. The
structure of [(PaPyMn(NO)]" was fully optimized for both the singlet (S = @nd
triplet (S = 1) states using Gaussian 03. ORCA ten used for the TDDFT
calculations. In addition to calculations perfothte assign the electronic absorption
spectrum of [(PaRMn(NO)]*, IR and non-resonance Raman intensities were also
calculated to assist in spectral assignments. fAhese calculations were performed
using Gaussian 03 as well.

Crystal structure coordinates of the previoushytkgsized nitrosyls were used
as a starting point for the DFT gas-phase energyg@ometry optimizations of the
ground states. Different DFT functionals were clmoder these -calculations
depending on the metal center of the nitrosyln the case of the nitrosyls containing
first row transition metel centers (Fe and Mn),gOFT functionals were employed

while hybrid functionals were chosen for second teawnsition metal centers (Ru).
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The specific functionals within either the purehybrid classification were chosen
based on how well the energy, overall shape, aladive height of the peaks of the
calculated TDDFT data matched with the experimedé&d&. For the iron nitroysls,
the results obtained using the PW91 functional nthdemost sense in terms of the
observed differences in the photolabilities of {feNO}° and {FeNOY nitrosyls. In
addition, the use of ORCA COSMO solvation model afetonitrile in the
[(PaPy)Fe(NO)f*" and [(PaPyFe(NO)] TDDFT calculations provided calculated
electronic absorption spectra that matched morgebJowith the overall shape of the
experimental spectra. The BP86 functional was dodo work best for the
manganese nitroysl calculations while the PBEO tional was used for the
ruthenium nitrosyl calculations. It was previoustyind that for ruthenium nitrosyls
the addition of solvent (EtOH) effects using PC-GBSB Polarized Continuum
Model (PCM)?®is necessary to obtain calculated electronic afisorppands with
similar energies to those observed experimentally.

Slightly different basis sets were also used lier tarious atom types (C, N,
O, H, Ru, Mn, Fe) present in these nitrosyls duthregDFT and TDDFT calculations.
Either Ahlrichs or Pople style basis sets were ehofor the first row transition
metals as well as for the C, N, O, and H atomsthBgpes are split-valence (SV)
type basis sets which use more contractions toritbesthe valence orbitals than the
core orbitals in order to speed up calculation §imin the case of [(Pap¥n(NO)]",
Ahlrichs’s triple-zeta valence basis set with om¢ &f first polarization functions

(TZVP) was used for all of the atorfis. For the iron centered PaPwitrosyls
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Ahlrichs’s triple-zeta valence basis set with thes¢s of first polarization functions
(TZVPP) was employetf The extra polarization provides more flexibilipd thus
increased the accuracy but also increased the dintieese calculations. However,
the additional time was not detrimental to the allggrogress of the project. Because
ruthenium has many more electrons compared toancthmanganese, a smaller basis
set is necessary in order to perform calculatibas ¢an be completed in a reasonable
amount of time. We have therefore used Pople siiylhle zeta basis set (instead of
the triple zeta basis sets described above) withrigation (6-31G*)*° for all of the
heavy atoms except Ru for which the quasi-relatwiStuttgart-Dresden effective
core potential (ECP) was implemented. Since dbee orbitals are not generally
affected significantly by changes in chemical bogdiECP treats the inner shell
electrons as an averaged potential rather thanithdil particles. This modification
generates a much more efficient computation thataisgood deal faster.
Unfortunately, ECP is not yet availabier ORCA and thus the [(PapRu(NO)F"
calculations were completed using PC-GAMESS.

The optimized structure geometries as well asntb&ecular orbital energies
and electron densities were visualized with eitacMolPIt* for the PC-GAMESS
data or with Gabedit* for the ORCA data. All calculated absorption efesgand
oscillator strengths were fit to normalized Loreatz functions using Gabedit to
generated the predicted electron absorption specieom these data, it was
established that a constant empirical shift of @v5was required for the calculated

spectra of both {FeNG}and {FeNO¥ nitrosyls in order to compare them with their
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experimental spectra. The calculated electron alisor spectra for both

[(PaPy)Mn(NO)]* and [(PaPy)Ru(NO)F*did not require any adjustments.
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Chapter 3, Part 1

Ruthenium Nitrosyls Derived from a
Tetradentate Ligands with
Dicarboxamido-N and Phosphine-P

Donors
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3.1.1 Background

In this chapter, we describe the development aiNR}® nitrosyls derived
from strategically chosen ligand frames. The fiest ruthenium nitrosyls developed
in our lab (such as [(PapRu(NO)F" discussed in Ch. 2) all contained ligands with
carboxamido-N and pyridine-N donor groups. Howewee discoved that such
{RuNO}°® nitrosyls only release NO upon exposure to highrgnéJV light. We
therefore became interested in designing new {RuN@ijrosysls derived from
ligand frames that contain other donor atonSnce we had previously shown the
importance of the carboxamido-N donor in the phadiity of [(PaPy)Ru(NO)F",
we decided to employ tetradentate dicarboxamidogdnd frames with different

donor atoms, such as phosphine-P or Phenolato-Grslon

@) @) @) R @)
NH HN NH HN
PPh, Ph,P PPh, PhyP
dppbH, dppcH,

Figure 3.1.1.Tetradentate pP, ligand frames with carboxamide-N
and phosphine-N donors
In the first set, the ligand will contain phospdiR donors generating,R
chromophores. We have employed two ligand framesvorkith two
diphenylphosphine-P donors attached via amide bdodeither side of aro-

phenylenedicarboxamide (dpphH Figure 3.1.1) or a (R2R)-trans-1,2-
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diaminocyclohexane moiety (dppgHFigure 3.1.1§. Although the chemistry of the
Pd>* Pt? and RA complexes of these ligands have been reportedRtheitrosyl
chemistry of bothremains unexplored. In [(PafRu(NO)F*, the deprotonated
carboxamido N donors combined with pyridine groppasvide extra stability to the
Ru(lll) center. Thus we were particularly intereste the role of phosphine-P donors

in stabilizing either Ru(ll) or Ru(lll) centers the resulting complex(es).

3.1.2 Synthesis of Phosphine Containing Ligand Fraes

Both ligands frames were synthesized using theesesaction conditions.
Starting with one equivalent of eitherphenylenedicarboxamide (for dpplhHor
(1R,2R)-trans-1,2-diaminocyclohexane (for dppgl dicyclohexylcarbodiimide
(DCC) was used as an amide coupling reagent tewhattao equivalents of 2-
(diphenylphosphanyl)benzoic acid (Figure 3.1.2).ta#ic amounts of 4-
(dimethylamino)pyridine (DMAP) were also added gzr@ton acceptor/donor to aid

in the reaction. The order in which the reagertsaalded together greatly affects the

o)
OH DCC @)
DMAP NH HN
+ 2 D
PPh,
HoN NH> PPh, Ph,P

dppbH,

Figure 3.1.2.Reaction scheme of the dppblitand frame
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yield of these reactions. For the best resules,atid was allowed to react with the
DCC and DMAP before the amine was added. This oaethsulted in yields around
65% while the yields reported in first publishedhtheses of these ligands were

roughly 40% when DCC was added last.

3.1.3 Syntheses and X-Ray Structures of Metal Congates

3.1.3.1 Characterization of [(dppcH)Ru(Cl),]

The metallation of a carboxamide ligand typicakguires deprotonation with
a base (such as NaH or NEN suitable solvent (DMF, EtOH, or MeCN) prior its
coordination to the metal centers. In the presasé, dppckwas deprotonated with
NaH in DMF before the addition of RuCl Upon heating, a green solution was
generated. When the reaction mixture was allowerkach refluxing temperature,
Ruthenium carbonyl type stretching frequenciesd&iD2and 1995 cihwere observed
in the IR spectrum of the resulting reaction migturTherefore in later attempts, the
reaction mixture was only allowed to reach 80°Qldition of NO(Qg) to the resulting
solution caused a color change from dark greenmdoge and the IR spectrum of the
reaction mixture revealed a new NO stretching feemy (no) at 1865 crit.
Attempts to crystallize this NO bound species resuln only small orange crystals
unsuitable for X-ray diffraction studies. Thesgstals formed over the course of just
a few days and their IR spectrum (Figure 3.1.3) wesy similar to that of the
original reaction mixture, suggesting the NO bouittbsyl was still intact. Some of

these
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Figure 3.1.3. IR spectrum of small orange crystals of the nitt®species obtained

from the RuCl + dppé + NO(g) reaction mixture a few days after reaction
(as aKBr pellet)

crystallization vials were stored in the dark otrex course of a few weeks to a month
and one large X-ray quality orange crystal was iobth However, the X-ray
structure revealed that the crystal was not ofNiRebound species, but instead of a
dichloro-species namely, [(dppgiRu(Cl),].

The X-ray structure of [(dppchRu(Cl)] reveals that the dppeHligand
frame is bound in the equatorial plane with twoocdlde atoms bound trans to each
other in the axial plane (Figure 3.1.4). The-Rgmide)bonds (2.241(5) and 2.256(5)
A) are longer than those observed in the struaéiféPaPy)Ru(NO)F* (1.901(2) A)
where the carboxamide-N donor in deprotonitedThis suggests that both
carboxamide-N donor centers are protonated in HpRuU(Cl)]. This idea is
further supported by the tetrahedral geometry ef darboxamide-N donor centers.

This is interesting considering the fact that tigand was deprotonated prior to
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reaction with the metal salt. In addition, no ctaurion is observed in the structure
pointing to an overall neutral charge of this coexplThus the Ru(lll) center must
been reduced to Ru(ll) in the resulting compoulicdseems as though this compound
is a decomposition product of the original nitrosgmpound identified as the main
product by IR. Given the low stability of this misyl compound and its lack of

improved visible light absorption (orange colorg did not purse this species further.

Figure 3.1.4.X-ray crystal structure of [(dppehRu(Cl)] with H atoms omitted
(except for NmiadH) for the sake of clarity

3.1.3.2 Characterization of [(dppQ)Ru(Ch]

Reaction of the deprotonated ligand dpplusing NaH) with RuGlin DMF
generates a dark red solution upon heating (Figur®). Subsequent cooling causes
precipitation of a dark red solid from DMF. Theusture and properties of this

complex(vide infra) indicate that its formation is not jassimple complexation
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dppbH, [(dppQ)RU(CI) ;]

Figure 3.1.5.Reaction scheme of [(dppQ)Ru(&!)

reaction, rather an unexpected redox reaction tplkese when dppbHreacts with
RuCk. As shown below, the Ru(lll) center appears tadmucedto Ru(ll) in the
final product with concomitant oxidation of tbgphenylenediamine (opda) portion of
the ligand too-benzoquinonediimine (bqdi) moiety. As a resulstéad of a dppgb
ligand bound to Ru(lll) center (as desired), onetams a Ru(ll) complex
[(dppQ)Ru(CB] in which the opda moiety of dpfbis modified to a quinonoid (Q)-
type ligand dppQ and coordinated to the Ru(ll) eentia two imine N and two
phosphine P atoms.

When the above reaction is preformed in the alesefcoxygen, there is a
moderate yield of [(dppQ)Ru(G]) suggesting a metal-ligand coupled redox
mechanism is most possibly responsible for the &ion of [(dppQ)Ru(Ch).
Indeed, when the reaction is carried out in thesgmee of air, the yield of

[(dppQ)Ru(CB] increases significantly.  This increase suggetat oxygen
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facilitates the 2 electron oxidation of the boumghhd. Oxidation of bound opda
ligands coordinated to Fe(ll) or Ru(ll) metal ceatéorming such complexes as
[Fe(bqdi})*" and [Ru(bpy)(bqdi)** has been reported previousfy. Additionally,
opda ligands have been shown to react with Ruifilijhe presence of air forming
several Ru(ll) bqdi complexes where the metal ceael oxygen are thought to be
involved in the redox reactioh?

Interestingly, the tetradentate ligand frame @pfQ)Ru(Cl)] is not bound in
a planar fashion (Figure 3.1.6). The X-ray stuuuetof [(dppQ)Ru(Ch] reveals that
the bulky diphenylphosphine ends of the ligand &aane coordinated trans to one
another in the axial positions while the two imiNe of the bqdi moiety occupy
equatorial positions. The cyclohexane group inpp@H)Ru(Cl)y] projects the

carboamide groups in opposite directions providimaye room for the diphenyl-

Figure 3.1.6. X-ray crystal structure of [(dppQ)Ru(€]lwith H atoms omitted for
the sake of clarity
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phosphine groups to bind in a cis configurationowdver in the bqdi group of
[(dppQ)Ru(CIl}], the imine groups are in a planar arrangementirigr the
diphenylphosphine groups to bind in a trans coméigan. Thus, the two Cldonors
are coordinated in the equatorial plads,to one another. Close examination of the
bond lengths of the bqdi ring in [(dppQ)Ru(ljFigure 3.1.7yeveals that the C(3)-
C(4) and C(5)-C(6) distances are shorter (1.336¢1) 1.353(7) A respectively)
compared to the rest of C-C distances of the railir the range of 1.408(7) to
1.439(7) A). This distance distribution in additito two imine double bonds (N(1)-
C(2) = 1.361(7) A and N(2)-C(7) = 1.357(6) A) indies a quinonoid form of the

ligated bqdi moiety.

1.3611.408
N C;. 1.336
1.97 1~§C/ e
L 2 2 L d 4
Ru |1.439 |1.4zo
“‘C “‘C
199 “‘ 7 “t 5
N2/ \cs/1.353
1.357 1.426

Figure 3.1.7.Bond distances (A) within the bqdi portion of tigand in
[(dppQ)RuU(CB]

3.1.3.3 Characterization of(NO.dppQ)Ru(Cl),]

Although Ru(ll) precursors generally require mérsalts and acids to afford
{Ru-NO}® nitrosyls'*™® there was one report on the formation of a {Ru-RIO}

nitrosyl from a Ru(ll) starting complexis[RuCly(dcype)(bpy)] (dcype = 1,2-
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bis(dicyclohexylphosphino)ethane) via direct reawti with NO(g) in

dichloromethané? Interestingly, in the present case, passage ofgN®(ough a
solution of [(dppQ)Ru(C} in DMF (previously deoxygenated) at room or eleda
(90 °C) temperature does not afford any metal nitrodyistead, the bqdi moiety of
the ligand undergoes a nitration reaction, formihg ring-substituted product
[(NO.dppQ)Ru(CH] (Figure 3.1.8). The X-ray structure of [(NdppQ)Ru(Cl)]

(Figure 3.1.9) reveals that nitration of the bqdigr does not alter the metric
parameters of the bqdi moiety. Thus, the quinonoiiety remains intact upon

substitution of the

(@)
(Ph),P
Cl lmy,,, FIQU an AN
N TN D

(Ph),P,

o
o F O
(Ph),P

Cl lirm, I AN
Ol N (9)

Cl nm,,,, I a NS NO,
[(dppQ)Ru(CI) ;] | \N;@

[((NO,dppQ)Ru(Cl),]

Figure 3.1.8. Reactivity of [(dppQ)Ru(C}] with NO(g)
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ring. The Ru-Nnine bond lengths also show no significant changes uyioation of
the ring. However the IR spectrum of [(BppQ)Ru(Cl)] exhibits two distinctvco
bands while that of [(dppQ)Ru(G))only has one. The two stretching frequencies
presumably arise from the breakdown of ligand sytnyngpon addition of the NO
group on the bgdi moiety. A strong band at 1334' @iso confirms the presence of

the NQ group in [(NQdppQ)Ru(Ch].

Figure 3.1.9. X-ray crystal structure of [(NS@ppQ)Ru(Cl)] with H atoms omitted
for the sake of clarity
We have previously reported that when a solutibthe {Fe-NOY¥ nitrosyl
[(bpb)Fe(NO)(NQ)] in DMF was exposed to air, a similar ring-ni&dt product
[(NO2bpb)Fe(NQ)(DMF)] was obtained® In addition, Ford and co-workers have
convincingly demonstrated that Ru(ll) porphyrinsgtoportionate NO to N£N,Os,

and other reactive nitrogen oxide species capahbligand modification:® Since the
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present ring-nitrated species [(BUPpQ)Ru(Cl)] is obtained in the absence of ag
believe the nitration of the bgdi moiety of [(dpgRR)Cl)] is facilitated by NO

disproportionation.

3.1.4 Redox Properties

It is well known that phenylenediamine moiety castess multiple redox
states when coordinated to a metal cefiter.As shown below, phenylenediamine
can exist in its fully reduced (opda)semiquinone (sqdi) or fully oxidized (bqdi)
forms (Figure 3.1.10). For this reason, metal demxgs derived from
phenylenediamine ligands are known to exhibit meldox chemistry. Since the

presence of a redox active Ru center can alsorigigd¢o reversible redox processes,

I
ID ‘ID pe
(0pda)2' (sqdl)l' (bqdi)

Figure 3.1.10. The various oxidation states of thghenylenediamine moiety
we have investigated the redox behavior of [(dpp@iR.]. In DMF,
[(dppQ)Ru(CI}] exhibits a reversible procesgsat a relatively high positive potential

with E;, = +0.90 V (vs aq. SCE, Figure 3.1.11). For ateeldbqdi complex namely,
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Figure 3.1.11. Cyclic voltammogram of [(dppQ)Ru(G])in DMF (0.10 M

NECIO,, scan rate = 50mV/s). Halfwave potentialgdB/alues are
indicated vs aqueous SCE.

[Ru(bpy)k(bqdi)](PFs)2, a similar redox process withE= +1.35 V (vs ag. SCE) has
been assigned to Ru(ll)/Ru(lll) couple by Lever aodiorker$® We believe that the
processA is also related to the Ru(ll)/Ru(lll) couple odppQ)Ru(Cl}]. The
lowered g, value of [(dppQ)Ru(C}] presumably arises from the presence of
coordinated Clligands in [(dppQ)Ru(C}). Indeed, a complex containing a similar
N2P.Cl, donor set, Ru(PRJ(papm)C} (papm = 2(phenylazo)pyrimide), has a
Ru(ll)/Ru(lll) redox couple with |, = +0.897 V’ The other reversible proceBs
observed in the cyclic voltammogram of [(dppQ)Ry£BNith E;» =-0.28 V (vs aq.
SCE), is related to the bqdi/sqdi couple. A simidox process withip = -0.47 V

(vs ag. SCE) has been noted for [Ru(bfdi)](PR).%" Both redox processes
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andB of Figure 3.1.11 are reversible and can be cysé@ral times without any loss
of current heights. There is an additional irreuge reduction process at much more
negative potential (E= -0.90 V; Figure S5, Supporting Information) which we
assign to further reduction of sqdi to opda moiety.

The reaction of NO(g) with [(dppQ)Ru(@])provides further evidence in
favor of the presence of Ru(ll) in [(dppQ)Ru((l) Close examination of literature
reveals that NO(g) readily reacts with Ru(lll) netenters to form {Ru-NC}
nitrosyls’® In contrast, very few Ru(ll) species react witD(g). In the present
work, the reaction of [(dppQ)Ru(G))with NO(g) has been closely monitored under
several different reaction conditions. Addition wdrious amounts of NO(g) to
solutions of [(dppQ)Ru(C4) in DMF at ambienbr elevated temperatures (25-40),
under lightor dark conditions did not produce any material tBghibits avno
stretching band in the 1750-1950 tmange of the IR spectrufi. Even when
[(dppQ)Ru(Cly] is treated with AgBI-(in order to remove a bound LCbefore the
addition of NO(g), no IR band due ta\o is observed. If the metal center in
[(dppQ)Ru(CI}] were effectively Ru(lll), one would expect to elpge the formation
of a {Ru-NO}° nitrosyl. Instead, the reaction of [(dppQ)Ru¢iyith NO(g) affords

[(NO2dppQ)Ru(CH] in which the bqdi portion of the ligand is niteat

3.1.5 Conclusion

Collectively, the chemistry discussed above indisdahat the combination of
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carboxamide-N and phosphine-P donors in dppaitl dppbH leads to metal center
reduction reactions and isolation of the Ru(ll) gbemes, [(dppck)Ru(Cl)] and
[(dppQ)Ru(CIy], in which the carboxamide-N atoms act as neudmiors. Since
phosphine ligands provide stability to lower valemtal centers such as Ru(ll), the
presence of such donors facilitates reduction ef rtietal center with concomitant
oxidation of the carboxamide-N atoms of the ligaftdme. This results in
protonation of the carboxamido-N in [(dpp9Ru(Cl)] and formation of the bqdi
moiety in [(dppQ)Ru(Ch]. Since bqdi is a good-acceptor, it further stabilizes the
reduced product, thus driving the reaction forwahd.contrast, the redox chemistry
observed with the cyclohexane containing ligandhias less favored, taking several
days to occur. This reactivity is notable sincehstedox activity it observed with
other analogous ligands bearing the opda moietyr eikample, ligands like bpbH
(N4),?* HaL (N202),%%* or PhPepSH(N>S)* readily bind various metal centers (Ru,
Fe, Ni) without any redox activity. These findinggarly show that the identity of
the donor atoms (N, P, O, S) dictates the redotustaf the metal centers in
complexes derived from such tetradentate ligands.

Initially, an orange NO bound species was obtaifredch the reaction of
RuCk, dppé, and NO(g). However, its lack of any significatisorption of low
energy visible light absorption led us to abandowy farther attempts to characterize
this nitrosyl. However, given the strong visiblgght absorption bands of
[(dppQ)Ru(ChB] in the 500-600 nm region, we were interestedde g we could

generated an NO bound species that might releasegg® exposure to visible light.

83



Unfortunately, reaction of NO(g) with [(dppQ)Ru(g}lHloes not lead to formation of
the metal nitrosyl; instead, the bqdi ring is ri@éd and one obtains
[(NO.dppQ)Ru(CH)] as the sole product. Collectively, the resultdi¢ate that the
combination of carboxamide unit with phosphine dsmioes not afford in {RUNG}

nitrosyls that can release NO upon exposure toclogrgy visible light.

3.1.6 Experimental Section

3.1.6.1 Syntheses of Compounds

Materials. NO gas was purchased from Spectra Gases Inovasgurified
by passing through a long KOH column prior to uBaiCkexH,O (Aldrich Chemical
Co.) was treated several times with concentrated tel(repare the starting metal
salt, RuC4*3H,0O. The solvents were dried by standard technigunelsdistilled. All
other chemicals were purchased from Aldrich Cheh@za and used without further
purification.

Synthesis of dppcH. A batch of 0.500 g (1.63 mmol) of 2-
(diphenylphosphino)benzoic acid along with 0.352 (708 mmol) of N,N-
dicyclohexylcarbodiimide (DCC) and 0.010 g (0.082nah) of 4-(dimethylamino)
pyridine (DMAP) was dissolved in 15 mL of dichlorethane. Next, a solution of
0.088 g (0.771 mmol) dRR-trans diaminocyclohexane in 5 mL of dichloromethane
was slowly added to it. The turbid solution thustaified was stirred at room
temperature for 6 h. The light yellow solution when filtered through a Celite pad

and the filtrate was dried. The resulting yelloglic was stirred in 30 mL of ethyl
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acetate for 1 h to remove any impurity. The whitedoict was finally collected by
filtration and washed several times with ethanofdmove any remaining urea and
dried in vacuo. Yield: 0.36 g (68%)Belected IR frequencies (KBr disk, ¢jn3280
(W, Van), 3292 (W, V), 2928 (W), 1637 (Vsyco), 1528 (m), 1434 (w), 1226 (w),
1091 (w), 751 (m), 699 (m), 505 ().

Synthesis of dppbH. A batch of 0500 g (1.63 mmol) of 2-
(diphenylphosphino)benzoic acid along with 0.352 (3708 mmol) of N,N-
dicyclohexylcarbodiimide (DCC) and 0.010 g (0.082nah) of 4-(dimethylamino)
pyridine (DMAP) was dissolved in 15 mL of dichlorethane. Next, a solution of
0.084 g (0.778 mmol) a¥-phenylenediamine in 5 mL of dichloromethane wasvk}
added to it. The turbid solution thus obtained st@sed at room temperature for 6 h.
The light yellow solution was then filtered throughCelite pad and the filtrate was
dried. The resulting yellow solid was stirred i@ 8L of ethyl acetate for 1 h to
remove any impurity. The white product was finatlgllected by filtration and
washed several times with ethanol to remove anyar@ng urea and dried in vacuo.
Yield: 0.36 g (68%). Selected IR frequencies (KdBsk, cm): 3320 (w, vnn),
3051(w), 2927 (w), 1640 (vSco), 1592 (m), 1524 (vs), 1512 (vs), 1486 (s), 1433 (
1314 (m), 1089 (w), 744 (vs), 695 (vs), 500 (W. NMR in CDCk, & from TMS:
8.45 (s 2H), 7.75 (dd 2H), 7.39-7.17 (m 26H), 7.237dd 2H), 7.00-6.98 (dd 2H).

Synthesis of [(dppQ)Ru(CI}]. Method A. A batch of 100 mg (0.146 mmol)
of dppbH was dissolved in 20 mL of DMF and deprotonatedh\2i2 equiv of NaH

(8 mg, 0.321 mmol). A solution of 38 mg of RgGH,O (0.146 mmol) in 5 mL of
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DMF was then added to it when the color turnedreeqg. The reaction mixture was
then heated at 100 °C for 2 h. Next, the darkisgddpurple mixture was concentrated
to 15 mL and stored afO for 12 h. The dark red solid thus obtained walkected
by filtration, washed with 2 x 5 mL of diethyl ethend dried in vacuo. Yield: 30 mg
(24%). Vapor diffusion of pentane into a solutiof this solid dissolved in
chloroform afforded dark red crystalline platesiahle for X-ray studies. Selected IR
frequencies (KBr disk, ci): 3050 (w), 1691(vs/co), 1582 (w), 1521 (w), 1481 (w),
1434 (s), 1261 (s), 1217 (vs), 1151 (w), 1128 (b@95 (s), 1017 (s), 880 (m), 868
(m), 747 (s), 694 (s), 520 (s). Electronic absorpspectrum in CHGJ Amaxin NM §
in M™* cm®): 260 (39 000), 460 (8 700), 530 (5 00GH NMR in CDCk, & from
TMS: 8.76 (d 2H), 7.74 (q 4H), 7.70 (t 2H), 7.52#), 7.42 (t 2H), 7.33 (t 4H), 7.04
(t 4H), 6.96 (t 4H), 6.81 (m 2H), 6.59 (m 2H), 6.884H). ESI-MS: m/z 855 (I},
819 (M-CI").

Method B. A batch of 38 mg (0.146 mmol) of Ru€3H,O was dissolved in

5 mL of EtOH and the orange-red solution was hetdedflux for 3 h. The resulting

dark green solution was then added to a slurry06frhg (0.146 mmol) of dpplHn

5 mL of EtOH containing 0.1 mL of g. A slow stream of air was bubbled directly
through this mixture while heating it to reflux tparature. A dark red-brown

precipitate was noted within 3 h. The solution wasled and the precipitate was
collected by filtration. Next, the crude producasvextracted into chloroform (20

mL). Diffusion of pentane into this chloroform stan afforded 80 mg (65% yield)

of [(dppQ)Ru(Ch).
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Synthesis of [(NQdppQ)Ru(Cl)2]. A slurry of 25 mg (0.037 mmol) of
[(dppQ)Ru(Cl}] in 10 ml of DMF was thoroughly degassed and theated to
100°C to obtain a dark red solution. A slow streainpurified NO gas was passed
through this hot solution for 1 h when the colotlod solution changed to orange red.
The solvent was removed to isolate a dark orandesoéd (yield: 89%).Diffusion of
pentane into a solution of this solid in CHGCifforded red block crystals of
[(NO2dppQ)Ru(Ch]. Selected IR frequencies (KBr disk, ¢jn 2924 (w), 1682 (m,
Vco), 1665 (m,vco), 1580 (w), 1508 (m), 1435 (m), 1334 {Ro2), 1278 (m), 1261
(m), 1218 (vs), 1128 (w), 1095 (m), 1015 (m), 748)( 695 (vs), 527 (m), 513 (m).
Electronic absorption spectrum in CHClmax in nm ¢ in M™* cmi): 260 (34 000),
365 (8 000), 450 (8 000), 485 (9500H NMR in CDCE, & from TMS: 8.84 (d 1H),
8.81 (d 1H), 7.78 (t 1H), 7,76 (t 1H), 7.64 (m 4R)56 (s 1H), 7.55 (d 1H), 7.53 (d
1H), 7.45 (t 2H), 7.31 (t 4H), 7.21 (d 1H), 7.0B6.(m 8H), 6.86 (d 1 H), 6.49 (d

2H), 6.45 (d 2H). ESI-MS: m/z 900 () 864 (M- CI").
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3.1.6.2 Experimental Data:'H-NMR and IR Spectra
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Figure 3.1.12. IR spectrum of dppckin KBr pellet
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Figure 3.1.13. IR spectrum of [(dppcERu(Cl)] in KBr pellet
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Chapter 3, Part 2

Ruthenium Nitrosyls Derived from
Tetradentate Ligands with
Dicarboxamido-N and Phenolato-O

Donors
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3.2.1 Background

Theoretical studies on simple {RuN®hitrosyls! such as [Ru(NgsNOJ**
and [Ru(NH)4(CI)NOJ**, suggest that the photolability of these complereslikely
initiated by a high energy (~330 nmy(&u) — 7*(NO) transition”® However, over
the years, our group and others have identifiecers¢igand characteristics that
increase the efficiency of NO release from the Itesp ruthenium nitrosyl&:> For
example, the use of charged ligands like €@mpared to neutral ligands like®l or
pyridine accelerates the release of NO in [(sale(®)(Cl)] and
[(Me,bpb)Ru(NO)(CNI®”  The use of strong—donating anionic donors such as
carboxamido-N or phenolatodias been shown to enhance the photolability inethes
ruthenium nitrosylé. Indeed, results of theoretical studies indicht the metal-to-
ligand charge transfer (MLCT) transitions obseniadthe electronic absorption
spectra of [(salen)Ru(NO)(CD] and [((OMbRb)RuU(NO)(CI)] are not purelyz=gRu)

— 7*(NO) in character but mixed transitions which wdé some (phenoxo)»
7*(NO) and (carboxamide)}> 7*(NO) character, respectivefy’. It is therefore
evident that the photolability of designed {RuNQjitrosyls can be modulated by
careful choice of ligand(s).

Scrutiny of the known photosensitive {RuNO#itrosyls reveals that apart
from NHs;,'® most of the nitrosyls contain pyridine\, phenolato-3:*? and
carboxamido-Nt** donors around the metal center. However, theeeaatimited
number of theoretical studies on closely relatethemium nitrosyls that contain

systematically modified multidentate ligands to rx@e the effects of these donors.
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We therefore became interested in examining thecesffof tetradentate ligands that
combine anionic carboxamido-N and phenolato-O denatong with neutral
pyridine-N donors. Using density functional thedBFT) and time dependent DFT
calculations on the resulting nitroysls we alscemafited to gain insight into the
specific donor atoms involved in the absorptioriasier energy light leading to the
photorelease of NO. We used the same tetradentatrbdxamido-N ligand
framework with two open sites as described in #st section. However, now we
have incorporated charged phenolato-O donors anéidral pyridine donor atoms in
the open sites generating three new ligand franoegaming two, three, or four
negatively charged donors, namely 1,2-bis(pyridirearboxamido)benzene
(H.bpb)*1-(2-hydroxybenzamido)-2-(2-pyridinecarbox-amida)bene  (Hhypyb),
1518 and 1,2-bis(2-hydroxybenzamido)benzene;htheb}® respectively (Figure
3.2.1). Since the incorporation of soft/neutralogbhine-P donors ultimately
stabilized a Ru(ll) center which was unable to fdhm desired nitrosyls, we were
interested to determine the effects of increadmegstrength and negative charge of

the ligand frame on the resulting Ru complexes.

0O
NH HN NH HN NH HN
/ \ / \ OH HO
szpb H3hypyb H4hybeb

Figure 3.2.1. Tetradentate dicarboxamido-N ligands with two, ¢hi@ four anionic
donor atoms (upon deprotonation)
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3.2.2 Syntheses of Phenolate Containing Ligand Frames

We have modified the original synthetic proceduids both 1,2-bis(2-
hydroxyben-zamido)benzene Ahbeb) and  1-(2-hydroxybenzamido)-2-(2-
pyridinecarbox-amido)benzene fypyb) to improve the yields of these ligands.
Previously in our lab, Todd Harrop and Elizabetlpisza attempted to synthesize
an asymmetric tetradentate ligand frame contaibwaycarboxamides, one pyridine,
and one thiophenol donor group. Unfortunately,hsattempts were unsuccessful.
However, the synthetic steps nevertheless affostede tips in the synthesis of the
asymmetric Bhypyb ligand frame. For example, picolinic acid wast converted
into the acid chloride upon treatment with thioehloride. The acid chloride was

then combined with 2-nitroaniline to afford Hpyddfigure 3.2.2). Next the nitro

OH ., Cl NEL NH NO,
2 3
=\, >/ TR > /=
\ 7 \ / HN — NO, \ /N Hpycan
H2
10% Pd/C
Acetone

)
Q 0 1. Dioxane c + 0o ; 2
4
NH HN 2. conc. HCI o NH  NH
7 HO b— \ N
— 0O /,

Hshypyb

Hpyca

Figure 3.2.2. Reaction scheme of theli/pyb ligand frame
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group of Hpycan was reduced to a primary amine rgeimg Hpyca with H in the
presence of 10% Pd/C. The final step in the swighef Hhypyb involves the
addition of acetylsalicyloyl chloride. The desirptdenolate moiety is protected to
insure it does not react with the acid chlorideanbther molecule during this step.
Once the desired amide bond has formed, treatmeghtoonc. HCI deprotects the
phenolate group to give the final product.

Since Hhybeb is not an unsymmetrical ligand likeshpyb, there are
considerably fewer steps in its synthesis. Inste&dusing 2-nitroaniline, 1,2-
phenylenediamine can be directly reacted with twoivalents of the protected
phenolate (acetylsalicyloyl chloride, Figure 3.2.3)ext both phenolate groups are

deprotected by addition of conc. HCI resultingha formation of Hhybeb.

0]
Cl o o
Dioxane| NH HN
Q +2 Q r.t.20 hrs
H5N NH, »

Anc. HCI

g

H hybeb

Figure 3.2.3. Reaction scheme for the synthesis of thkydeb ligand frame
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3.2.3 Syntheses and X-Ray Structures of Metal Complexes

3.2.3.1 Characterization of [(hypyb)Ru(NO)(OEt)]™

One of the first {RUNO} nitrosyls synthesized in our lab was derived from
the Hbpb ligand frame by the reaction of Ry@lith the deprotonated (with NaH)
ligand in DMF followed by the addition of NO(g) té&ng in [(bpb)Ru(NO)(CI)J*
However, as we included phenolato-O donors initfent frame, this method did not
afford the desired nitrosyls. After several attesntbecame evident that some of the
reaction conditions needed to be changed. Wedasided to switch solvents from
DMF to EtOH. We had previously synthesized a femhenium nitrosyls derived
from pentadentate carboxamide and pyridine comtginiligand frames
([(PaP¥)Ru(NO)F* and [(PyP)Ru(NO)T) using ethanol as the solvérit. In this
procedure, RuGlwas heated to reflux in ethanol generating theségr solution”.
Separately, the #ypyb ligand frame was deprotonated with NaH alsdEtOH.
Reaction of the two solutions followed by additiohNO(g) resulted in moderate
yields of the final product as the ethanolate (JOBbund species, namely
[(hypyb)RUu(NO)(OEt)]. It is thus evident that in ethanol, the ethateslzound
nitrosyls are the predominant products particularger the basic conditions (NaH)
of the synthetic procedures. During the synthesighe corresponding [hybeb]
containing {RUNO¥ nitrosyl an improved method of synthesis (deschiBlw) was
discovered and also used to increase the yield§(hgpyb)Ru(NO)(OE?)].

Originally the final product was first isolated #ee sodium salt. However
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exchange of the counter ion by treatment with ,2ZPhelp the formation of X-ray
quality crystals of the resulting (PPlhypyb)Ru(NO)(OEL)]. In
(PPh)[(hypyb)Ru(NO)(OEt)] (Figure 3.2.4) the deprotonated [hypYbligand is
bound to the ruthenium center in the equatoriahg@land the phenolato moiety is
slightly out of the plane of the rest of ligandukisg in a slightly distorted octahedral
geometry.  The Ru-enoxo and RuU-Nmige bond distances (2.024 and 2.019 A
respectively) on the right side of the ligand fraf@s shown in Figure 3.2.4) are
similar to those noted in [(hybeb)Ru(NO)(OBt)] Similarly, the Ru-Mmige bond
distance (1.985 A) next to the pyridine moiety tba left side of the ligand in Figure
3.2.4) is comparable to that noted for [(bpb)Ru((@Bt)] (1.986 A). However, the
Ru-N,y distance of (PP[(hypyb)Ru(NO)(OEY)] (2.107 A)s shorter than the same
bond distance in [(bpb)Ru(NO)(OE(vg value 2.130 A). This difference probably

arises from distortions caused by the asymmettiiefigand frame in

Figure3.2.4. Thermal ellipsoid (probability level 50%) plot fhypyb)Ru(OEt)]
with select atom-labeling. H atoms are omittedtf@r sake of clarity.
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(PPh)[(hypyb)Ru(NO)(OELt)]. The EtOligand is bound trans to NO in the axial
positions. The Ru-OEt and Ru-NO bond distance®7@Land 1.738 A respectively)
of (PPh)[(hypyb)Ru(NO)(OEt)]Jare within the range of other ruthenium nitrosyld a

the Ru-NO bond angle (177.6°) is almost lineaexgsected for a {Ru-NG}nitrosyl.

3.2.3.2 Characterization of [(hybeb)Ru(NO)(OEt)]*

Using either DMF or EtOH (as describe above fayplyb)Ru(NO)(OEL)]),
we were unable to obtain good yields of either @-OEt-bound species of the
desired [hybeB] containing ruthenium nitrosyl. However, reactiarsing EtOH at
least resulted in some of the desired product Wit-bound while reactions done in
DMF did not afford any of the desired product. Thwesdecided to keep EtOH as the
solvent while switching the starting metal salnfr&RuCk to RUNOC}. Reaction of
the [hybeb]™ ligand frame (deprotonated with NaH) with RUN@{®I EtOH resulted
in increased yields of the OEt-bound product, [@y)Ru(NO)(OEtY". In addition,
this procedure also increased the yields of [(hYRyNO)(OEt)]. We believe that
in such reactions, the trans effect of the Ru-bo@ moiety helps drive the
formation of the OEt-bound product with the pregerO-donor (vs Cl-donor) trans to
NO. This preference for O-donors trans to NO gpsuted by fact that the majority
of the X-ray structures of Ru nitrosyls found iret&ambridge Crystal Structure
Database do indeed contain an O-donor bound teaN©t"’

The [(hybeb)Ru(NO)(OEH] product was first isolated as the sodium salt as

102



was also the case for [(hypyb)Ru(NO)(OEt)[This time we were able to isolate X-
ray quality crystals of [(hybeb)Ru(NO)(OEfby treatment with NECI.
Interestingly, the resulting X-Ray structure reeebbnly partial counter ion exchange
with 1.5 and 0.5 equivalents of NEtand N& respectively, in the final structure
((NEty)1.5(Na) gf(hybeb)Ru(NO)(OEt)]). The structure of the anionf o
[(hybeb)Ru(NO)(OEtf (Figure 3.2.5) reveals the ruthenium center in ightly
distorted octahedral geometry with one of the pl&nomoieties raised slightly
above the rest of the [hybébJigand frame in the equatorial plane, as was sésm
for [(hypyb)Ru(NO)(OEt)]. A similar distortion is seen in ruthenium nitrésy
containing [salophef]type ligand$. The average Ru-fige bond distance (2.022 A)
of [(hybeb)Ru(NO)(OEt is longer than that found for [(bpb)Ru(NO)(OEt)]
presumably due to increase in charge in the eqgahfolane of the ligand frame.
Similarly, the average RupRnoxbond distance (2.028 A) is slightly longer thanttha

noted for [(Buysalophen)Ru(NO)(CI)] (2.022 ABu,salophen =N,N'-1,2-phenylene-

Figure3.2.5. Thermal ellipsoid (probability level 50%) plot fhybeb)Ru(OEt]
with select atom-labeling. H atoms are omittedtfar sake of clarity.
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diaminebis(3tert-butylsalicylideneiminato) dianior) which contains neutral imine-
N donors in place of the charged carboxamido-N darla [(hybeb)Ru(NO)(OEH],
the Ru-NO distance (1.733 A) as well as the Ru-N@dbangle (170.5°) are as

expected for this type of {Ru-NGhitrosyls.

3.2.3.3 Characterization of [(bpb)Ru(NO)(OEY)]

As expected, the reaction of the [bpligand frame (deprotonated with NaH)
with RUNOCE in EtOH also resulted in the OEt-bound produdipf)Ru(NO)(OEt)]
in good yield. Since we were also able to synthesie Cl-bound species,
[(bpb)RuU(NO)(CI)], we were interested to see if @mild exchange the Cl-donor for
OEt by refluxing [(bpb)Ru(NO)(CI)] in EtOH in the presce of triethylaminéas
base). This exchange worked well since the i@h is a better leaving group and
allowed EtOH to bind trans to NO. Once bound,gKe of the EtOH moiety greatly
increases resulting in its deprotonation in thedsslution and formation of the final
OEt-bound species and NE1. This supports that fact that the Ru-NO moiety
prefers O-bound donors trans to NO. In additiagnalso clearly shows that the
presence of a protic solvent and base give risieprotonated solvent bound species.
This is not surprising since we have also syntleesifMebpb)Ru(NO)(OH)] and
[(Me,bQb)Ru(NO)(OH)] in moist MeCN in presence of arglii Clearly, presence
of a protic solvent and a base give rise to the BICEtO-bound nitrosyls in this type

of reaction.
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The X-ray structure of [(bpb)Ru(NO)(OEtgontains a 2-fold symmetry
(Figure 3.2.6) as the bond distances and anglageceto the [bpBJ ligand are the
same for each side of the symmetric ligand frante Ru-Nmige (1.986A) and Ru-
Npy (2.130 A) bond distances of [(bpb)Ru(NO)(OEd)E very similar to those of
[(bpb)Ru(NO)(CI)] (1.990 and 2.131 A respectively)nterestingly, the presence of
neutral pyridine-N donors vs. charged phenolatoe@ods appears to have decreased
the Ru-N(O) (1.153 A) bond distance of [(bpb)Ru(QHt)] compared to that of
[(hypyb)RU(NO)(OEt)] (1.161 A) and even further compared to that of

[(hybeb)Ru(NO)(OEt] (1.174 A). A related trend in the NO stretchingguency

Figure 3.2.6. Thermal ellipsoid (probability level 50%) plot fbpb)Ru(NO)(OEt]
with select atom-labeling. H atoms are omittedtf@ sake of clarity.
(vno) Of these nitroyls was also observed. As thegshan the deprotonated ligand
decreases from [hybéb]to [hypybf™ to [bpbf~, the corresponding ruthenium
nitrosyls display NO stretching frequenciesnof of increasing energy

([(hybeb)RUNO)(OELT, wo = 1783 [(hypyb)RU(NO)OEH] weo = 1793;
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[(bpb)RU(NO)(OEL)],vwo = 1838). Both trends suggests an increase in ntetal

(NO)t pi-backbonding as the overall charge of the comjriereases.

3.2.4 NO Photolability of Metal Nitrosyls

Exposure of solutions of all three nitrosyls tavlpower UV light causes rapid
release of NO (as evidenced by the responses Nfoasensitive electrode). In order
to study the effects of combining carboxamido-N gofeénolato-O donors on the
efficiency of NO photolability in this type of {RNO}° nitrosyl, we have measured
the quantum vyield values of NO photorelease forylj&b)Ru(NO)(OE],
[(hypyb)RUu(NO)(OEL)], and[(bpb)Ru(NO)(OELt)] under similar conditions at both
300 and 400 nm. In MeCN, the quantum vyield vala#s300 nm (@) for
[(hybeb)Ru(NO)(OEH, [(hypyb)Ru(NO)(OE)], and [(bpb)Ru(NO)(OE)] are
2.5%, 6.7%, and 5.1% respectively. The additiononé phenolato-O donor in
[(hypyb)RU(NO)(OEt)] slightly increases its quantum vyield above that of
[(bpb)RU(NO)(OEt)] which contains no phenolato-Ondis.  Interestingly, the
addition of a second phenolato-O donor, in [(hyBelNO)(OEN)f", lowers the
guantum yield value below that of [(bpb)Ru(NO)(QEt)When exposed to lower
energy light (400 nm), only [(hypyb)Ru(NO)(OEtdnd [(bpb)Ru(NO)(OEL)] (which
contain lower energy absorption bands at 420 and 8@, respectively) are

photoactive.  The quantum vyield values measured4@® nm (o) for
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(hypyb)Ru(NO)(OEt)] (0.8%) and [(bpb)Ru(NO)(OELt)] (1.4%) reveal thattbare

less efficient NO donors when they are exposeduwodnergy light.

3.2.5 DFT and TDDFT Calculations

To elucidate how changes in the ligand frame affieetabsorption of lower
energy light leading to the photorelease of NO, C#Atl TDDFT calculations were
preformed on [(hybeb)Ru(NO)(OE?)] [(hypyb)Ru(NO)(OEL)], and
[(bpb)RU(NO)(OELt)]. For comparison the DFT and TBDresults of a related
{RUNO}® nitrosyl, namely [((OMepQb)Ru(NO)(CI)], have also been included.
This nitrosyl also contains a dicarboxamide tetndale ligand frame where the
remaining two donor sites are quinoline-N donorén addition, aromatic ring
substitution of the phenylenedicarboxamide portafnthe ligand frame has been
performed to alter the electron donating capacibéghe carboxamido-N donor
centers. The DFT and TDDFT results for these nyteoare combined in Figure 3.2.7
for comparison. The lowest 20 calculated energpditions of each nitrosyls are
shown as a bar graph in the top panel of Figure73.2The height of each bar
corresponds to the calculated oscillator stren@isach transition. The experimental
electronic absorption spectrum of each complexddoies) and the spectra derived
from the calculated data using Lorentzian broadgiidashed lines) are also shown
for comparison in the top panel of Figure 3.2.7The relative intensities and
wavelengths of the calculated data match very welh the corresponding

experimental data and thus support the theoretieatment. The bottom panel of
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Figure 3.2.7 diaplays the molecular orbital (MO¥rgy diagrams for these nitrosyls.
The lowest energy transitions of appreciable asaitl strength for each complex are
highlighted in red and the orbitals involved in gkotransitions are shown at their
corresponding energy levels.

The lowest energy transitions of [(bpb)RU(NO)(OE)]
[(hypyb)RU(NO)(OEt)], and [((OMe).bQb)Ru(NO)(CI)] all originate from their
HOMO'’s which are predominately derived from orkstédcated on the carboxamido-
N donor atomsnd delocalized over the phenylenediamic@DA)) portion of each
ligand frame. These orbitals also contain soméRd)-t(NO) bonding £(RuNO))
character. Interestingly, the HOMO of [(hypyb)RGNOEL)] has some phenolato
n-orbital @(PhO)) character in addition to th€PDA) and is 0.46 eV higher in
energy than the HOMO of [(bpb)Ru(NO)(OEWhich has no phenolato donors.
While [((OMe)bQb)Ru(NO)(Cl)]also has no phenolato donors, the incorporation of
methoxy groups causes a similar 0.41 eV rise irettexgy of its HOMO compared to
the HOMO of [(bpb)Ru(NO)(OEt)]. In the case of [(hybeb)Ru(NO)(OFE)]
incorporation of two phenolato donors further raisiee energy of its HOMO by an
additional 0.41 eV above that of [(hypyb)Ru(NO)(®QEt Thus increasing the donor
strength of the ligand (a) by addition of phenolgteup(s) or (b) via ring substitution
both raises the energy of the HOMO in these tygestmsyls. Such changes bring
about red-shifts in the low energy transitions dhypyb)Ru(NO)(OEt)] and

[((OMe).bQb)Ru(NO)(CI)] because their HOMO's are involvedhose transitions
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Figure3.2.7. (Top) TDDFT calculated energy transitions and ltstorr strengths
(shown as vertical lines, red = major low energysition), experimental (solid lines)
and calculated (dashed lines) electronic absorpsipactra. (Bottom) Calculated
HOMO/ LUMO energy diagrams of [(hybeb)Ru(NO)(OEY)]
[(hypyb)RUu(NO)(OE1)], [(bpb)Ru(NO)(OEY)], and [((OMebQb)Ru(NO)(CI)] (left
to right). The most prominent MOs involved in tlosvest energy transitions (labeled
in red) and their diagrams are shown. Other oitavolved in TDDFT calculated
transitions are labeled in black.
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(Figure 3.2.7). However, the lowest energy traositbbserved in the calculated
spectrum of [(hybeb)Ru(NO)(OE?)]originates from the HOMO-4, thus explaining
its lack of red-shift despite the presence of &tuongo-donors (Figure 3.2.7).

The LUMO and LUMO+1 for each of the four nitrosyse predominantly
orbitals with d(Ru)-*(NO) antibonding character (abbreviated @RuNO) in
Figure 3.2.7). At slightly higher energy, theree annoccupied orbitals with
considerable mixing of tha*(RuNO) orbitals with pyridine 7#(py)) or quinoline
(r(Q)) character in [(bpb)Ru(NO)(OEL))(LUMO+3), [(hypyb)Ru(NO)(OEL)]
(LUMO+2), and [((OMe)bQb)Ru(NO)(CI)] (LUMO+3) respectively. The lowest
energy transitions observed for the pyridine- anth@jine-containing nitrosyls excite
an electron into these*(RUNO)-n*(py/Q) mixed orbitals. Interestingly, this mixing
lowers the energy of these orbitals compared to ghee 7*(RUNO) orbital of
[(hybeb)RU(NO)(OEt] (LUMO+1) which is involved in its lowest energy
transition. Consequently, then*(RuNO)-n*(py/Q) mixed orbitals of
[(hypyb)Ru(NO)(OEt)] (with one pyridine), [(bpb)Ru(NO)(OEt)](with two
pyridine), and [((OMepQb)Ru(NO)(Cl)](with two quinoline) are 0.33 eV, 0.63 eV,
and 1.22 eV lower in energy than the pure(RUNO) orbital of
[(hybeb)Ru(NO)(OEtf" (with no pyridine or quinoline donors). Both pyirid-N and
qguinoline-N are considered electron-withdrawingugp® and the added conjugation
of quinoline moieties makes it slightly more eleataccepting. Conversely,
phenolate moieties are considered more electroata@nin character. Thus as the

number or strength of the electron-withdrawing g®are increased, the energy of
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the 7*(RUNO)-n*(py/Q) mixed orbitals of these nitrosyls are loegr This finding
explains the red-shift in the low energy transisiasf the pyridine- and quinoline-
containing nitrosyls.

Overall, the TDDFT results strongly suggest thatrease in the electron
donating ability of the donor groups in the ligaftdme raises the energy of the
HOMO while the energies of the lowest unoccupiebitals are lowered when the
electron accepting abilities of the donor groups iacreased. Thus the energy gap
between the occupied and unoccupied orbitals caalteeed in a predictable fashion
(and shifting the electronic transitions to lowerergy) through correct mixing of
donor groups. That [((OM&)Qb)Ru(NO)(CI)] has the lowest energy absorptiomcba
in this series of {RuUNO} nitrosyls supports this conclusion.

The low energy transitons of [(hybeb)Ru(NO)(OEt)] and
[(hypyb)Ru(NO)(OEt)] both end in orbitals with high contributions frosm(Ru)-
7*(NO) antibonding orbitals. Since [(hybeb)Ru(NOKO)*" has no pyridine or
quinoline donors, its low energy transition excitas electron into an orbital
(LUMO+1) that is primarily d(Ru)-t*(NO) antibonding in character with 43% Ru
and 49% NO. The addition of one pyridine donor [(hypyb)Ru(NO)(OEt)]
moderately lowers the overall amount af(Ru)-t*(NO) antibonding character to
24% Ru and 21% NO (in its LUMO+2). A direct menlsm of NO photorelease
through these singlet metdlO antibonding excited states therefore seems lpessi
for these two nitrosyls. However, when additiopglidine and quinoline donors are

added in [(bpb)Ru(NO)(OEt)] and [((OM&QRb)RU(NO)(CI)],such direct pathways
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become less likely as the low energy transitionsogorbitals with more pyridine and
quinoline character thanz(Ru)«t*(NO) antibonding character. For example, the
percentages of Ru and NO character in the LUMO+b8&ais of [(bpb)Ru(NO)(OE)]
and [((OMe)bQb)Ru(NO)(Cl)]are only 10-14% for each. This is similar to the/|
energy transitions observed for [(Pa®n(NO)]" which end in pyridine-centered
orbitals with a low contribution from ther(Mn) orbitals. Therefore it seem likely
that these {RuNO} nitrosyls also undergo an intersystem crossing ittie
corresponding RtNO antibonding triplet excited states, which, doeextended life
times, are expected to be much more efficienténpimotodissociation of NO.
Optimization of the lowest energy triplet statd(@pb)Ru(NO)(OELt)] reveals
an elongated Ru-NO bond (1.9é6 compared to that observed in the corresponding
singlet state (1.74é). In addition, the linear Ru-N-O bond angle ie ginglet state
(177°) becomes significantly bent in the geomeiptirnized triplet state (138°).
These changes in geometry suggest a Ru(ll}-KX® Ru(ll)-NO' transformation
during the singlet to triplet state intersystemssing. Such a change in electronic
distribution decreases the extentmback bonding in the triplet state causing the
observed bending of the Ru-N-O bond which is charatic of Ru(lll)-NC
moieties. Franco and co-workers have suggestddetfiaient interconversion and
intersystem crossing to lower energy triplet extitgates can occur in ruthenium
nitrosyls and rapid solvation of such triplet sgsccould be competitive with other

deactivation pathways and account for NO photailgbil
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3.2.6 Conclusions

The TDDFT results reveal that the calculated edeot transitions of the
photoactive metal nitrosyls in the region of 35@50n all originate from molecular
orbitals with significant carboxamido character. h&Wd such transitions excite
electrons into orbitals with significant metal-N@tibonding character, the metal-NO
bond is weakened and thus NO release could occthennitially excited singlet
state. This appears to be the case for [(hybeB)@WOEHF and
[(hypyb)Ru(NO)(OEt)]. When the number and/or strength of the carboxashid
donors in the ruthenium nitrosyls is increased withcomitant addition of electron-
withdrawing donor groups like pyridine and quinelim [(bpb)Ru(NO)(OEt)] and
[((OMe),bQb)RU(NO)(CI)], their low energy transitions begio possess more
carboxamido— py/Q character. Thus it is more likely that th® ldhotolability of
these nitrosyls occurs via intersystem crossing itdw-lying n(Ru)-t*(NO)
antibonding triplet states.

The results also indicate that NO photolability rathenium nitrosyls with
visible light can be achieved via smart ligand desi These studies have revealed
that the addition of phenolato-O donors raisesahergy of the highest occupied
MOs while addition of pyridine donors lowers theeggy of the lowest unoccupied
MOs. Thus [(hypyb)Ru(NO)(OEf)]which contains both phenolato and pyridine
donors has the lowest energy transition (of thenplage and/or pyridine containing
compounds) from an occupied orbital with phenolettaracter into an orbital with

pyridine character. In addition, complex [(hybebjRO)(OEt)f~ which has all
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charged (electron-donating) donors and no elecigmepting groups exhibits only
high energy transitions. Thus it becomes appat@ttthe correct mix of electron-
accepting and electron-donating groups in the tigltame promotes the absorption
of lower energy light (and concomitant NO photold&i in this type of ruthenium
nitrosyls derived from designed ligands. This poirs confirmed by
[((OMe),bQb)RuU(NO)(CI)] where the addition of electron withwing quinoline
groups and electron donating OMe substituents dwasrithe energy of its electronic

transitions even further.

3.2.7 Computational Method

DFT calculations were carried out using the doua basis set 6-311G* for all
atoms except Ru, for which the quasi-relativisticti§art-Dresden effective core
potential (ECP) was implemented. Calculations weeied out with the aid of the
program PC-GAMES$’ using the hybrid functional PBEO. In the firsthtioation
from our lab that contained DFT calculations on KR}° nitrosyls
([((OMe)bQb)RuU(NO)(CI)] and ([((OMepQb)Ru(NO)(Dye)], Dye = Resf, Thin,
and Seln), the functional B3PW91 was used. B3PWL. hybrid functional which
(along with Stuttgart Ru-ECP) has been shown toabeurate for second-row
transition metald® Unfortunately, the TDDFT calculations using thimétional and
basis set combination did not match well with tkpeximental electronic absorption
spectra. Thus we only reported the specific detaithe DFT calculated MO energy

diagrams in that first publication. In our latéreanpts (discussed above) to generate
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TDDFT calculated electronic absorption spectra tlaa¢ consistent with the
experimental spectra, we tried different functierslich as B3LYP and PBEO. These
results were similar to those obtained using B3P\W®d gave calculated spectra that
were significantly red-shifted. Only when solvesffects were added using the
Polarized Continuum Model (PCM) with the PBEO fuocal did we obtain results
with the correct energy shiff.Interestingly, the type of solvent added (MeCNOH
EtOH) dramatically affected the calculated speittreontrast to experimental spectra
which are only slightly affected by differencessolvent. We found that using the
EtOH PCM solvent effect gave calculated results tnsomilar to the experimental
spectra for all of our {RuNG} nitrosyls regardless of the solvent the spectreewe
taken in. The X-ray coordinates of the nitrosykrevused as a starting point for each
geometry optimization and molecular orbital (MOkeryy level analysis. MOs were
visualized in MacMolPIt for analysf$.Graphical representations of TDDFT data

were created by ChemCraft Softwafe.

3.2.8 Experimental Section

3.2.8.1 Syntheses of Compounds

Materials. All chemicals were purchased from Aldrich Chemi€x. and
used without further purification except for theegdsalicyloyl chloride and quinaldic
acid which were purchased from Acros Organics. $hlents were dried by

standard techniques and distilled prior to use.
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Syntheses of Ligands. The ligand 1,2-bis(pyridine-2-carboxamido)benzene
(H2bpb) was synthesized by following literature praged®

1,2-bis(2-hydr oxybenzamido)benzene (Hshybeb). To a solution containing
500 mg (4.6 mmol) phenylenediamine in 5 mL of dimxavas slowly added 1.83 g
(9.3 mmol) of neat acetylsalicyloyl chloride. Timéxture was allowed to stir for 20 h
at room temperature at which point, 1 mL of concl k@s slowly added to the
solution. The pink solution was stirred for an aidaial 20 h, followed by addition of
40 mL of water resulting in a white precipitate.helTproduct was filtered, washed
several times with water and MeCN to remove imgsjtand dried in vacuo. Yield:
1.29 g (80%). Selected IR frequencies (KBr disk}'E 3281 {ny, W), 3049 (w),
1640 {c=0, M), 1591 (m), 1533 (vs), 1496 (s), 1313 (m), 1283, 751 (s).'H NMR
(500 MHz, (CR),S0, 3 from TMS): 11.74 (s, 2H), 10.42 (s, 2H), 8.01 24), 8.81
(t, 2H), 7.42 (t, 2H), 7.28 (dd, 2H), 6.96 (t, 4H).

N-(2-Nitrophenyl)pyridine-2car boxamide) (Hpycan). A batch of 1.00 g (8
mmol) of picolinic acid was weighed out into a 5Q nound bottom flask and 10 mL
of thionyl chloride was added. The resulting solutchanged from white to green in
color. It was then heated to reflux for 3 h whiea tolor of the solution changed to a
burgundy red. Next, the excess solvent was remaweddthe resulting red solid was
triturated 3 times with dichloromethane. The solials then dissolved in 100 mL of
THF and added dropwise to a solution containing 3 {16 mmol) of triethylamine
and 1.21 g (8 mmol) of 2-nitroaniline also in 10 of THF. The solution was

stirred for 20 h and the resulting NEHCI was filtered off using a Celite pad. The
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filtrate was condensed to half the original voluame cooled to -20° C causing the
product to precipitate. The filtered product waasthed 3 times each with cold
ethanol and diethyl ether and dried in vacuo. Yidld’ g (80%). Selected IR
Frequencies (KBr disk, cM: 3276 ¢nu, M), 1690 {c=0, S), 1606 (s), 1580 (s), 1497
(vs), 1446 (s), 1423 (s), 1341 (s), 1271 (s), 1B 787 (m), 743 (s), 686 (m)H
NMR (500 MHz, CDC}, & 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), 7.24 (t, 1H).
N-(2-Aminophenyl)pyridine-2-car boxamide (Hpyca). A solution of 5.00 g
(20.6 mmol) of Hpycan and 30 wt% of hydrogenatiatatyst (10% Pd oactivated
carbon) was prepared in 150 mL of acetone. Dihgeinovas admitted to the reaction
vessel and the mixture was stirred for 16 h undea#nos pressure of dihydrogen.
The reaction product was then separated from ttedysa by filtration using a Celite
pad and the filtrate was evaporated to drynesseto yn yellow-brown oil. The oil
was dissolved in dichloromethane and hexane waslysladded under vigorous
magnetic stirring until a slight precipitate formethis solution was refrigerated
overnight to allow more yellow product to precipggaThe precipitate was filtered,
washed with hexane, and dried in vacuo. Yield: 3590%). Selected IR
Frequencies (KBr disk, ¢M): 3387 ¢nn, m), 3314 {nu, M), 1667 Yc-o, S), 1629
(ve=0, M), 1588 (m), 1527 (vs), 1453 (m), 1431 (m), 1819, 761 (s), 696 (m), 970
(m). *H NMR (500 MHz, CDC}4, & from TMS): 10.89(s, 1 H), 8.64 (d, 1H), 8.31 (d,

1H), 7.92 (t, 1H), 7.50 (d, 2H), 7.10 (t, 1H), 6.@72H), 3.89 (s, 2 H).
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1-(2-hydr oxybenzamido)-2-(2-pyridinecar boxamido)benzene (Hshypyb).
A batch of 460 mg (2.4 mmol) of neat acetylsaligylchloride was slowly added to a
solution containing 500 mg (2.4 mmol) of Hpyca dised in 5 mL of dioxane. After
the mixture was stirred for 20 h at room tempergtdrmL of conc HCI was slowly
added to the solution. The orange solution wasestifor 20 h followed by addition
of 40 mL of water added dropwise to the stirredugsoh. The resulting white
precipitate was filtered, washed several times wigiter, and dried in vacuo. Yield:
800 mg (75%). Selected IR frequencies (KBr disk;’t 3252 ¢nn, M), 3058 (w),
1665 {c-=o0, S), 1641 c-0, S), 1593 (s), 1544 (vs), 1518 (vs), 1491 (s),9188),
1227 (m), 751 (vs), 692 (m}H NMR (500 MHz, (CR),SO, from TMS): 11.58 (s,
1H), 10.55 (s, 1H), 10.46 (s, 1H), 8.59 (d, 1H148(d, 1H), 8.04 (t, 1H), 7.99 (d,
1H), 7.86 (d, 1H), 7.69 (d, 1H), 7.64 (t, 1H), 7@21H), 7.29 (dt, 2H), 6.96 (t, 2H).

Syntheses of Metal Complexes. (NEts),[(hybeb)Ru(NO)(OEL)]. A slurry
containing 100 mg (0.3 mmol) ofsAybeb and 200 mg (1.2 mmol) NEtin 15 mL
of ethanol was treated with 35 mg (1.4 mmol) of Natdler dinitrogen. The solution
was then filtered to remove NaCl, producing a ctearsolution of the deprotonated
ligand. Subsequently, 68 mg (0.3 mmol) of RuN©@issolved in 10 mL of
degassed ethanol was added to the reaction fladlerudinitrogen via cannula
generating an orange brown solution. The solutias heated under refluxing
condition for 24 h and then cooled to room tempemt The solution was
concentrated and cooled to -20° C. Upon additidn mL of diethyl ether to the cold

solution, an orange solid precipitated. The sel@s filtered and washed several

118



times with diethyl ether and dried in vacuo. Yiel®2 mg (25%). Selected IR
frequencies (KBr disk, cf): 2982 (w), 1783vuo, S), 1594 ¥c-o, S), 1558 (s), 1526
(m), 1465 (vs), 1438 (vs), 1347 (vs), 1259 (m), 4020, W), 761 (m)*H NMR (500
MHz, (CDs),S0O,d from TMS): 9.08 (dd, 2H, J = 6 & 4 Hz), 8.12 @H, J = 8 Hz),
7.01 (t, 2H, J = 8 Hz), 6.77 (d, 2H, J = 8 Hz),%(fd, 2H, J = 6 & 4 Hz), 6.44 (t, 2H,
J =8 Hz), 3.37 (q, 2H, J = 7 Hz), 3.17 (q, 12 3 Hz), 1.13 (t, 18H, J = 7 HZ),
0.48 (t, 3H, J = 7 Hz). Electronic absorption $peo, Amax M €, M cm?) in
EtOH: 320 (23 270) and in MeCN: 325 (25 000).

(PPhy)[(hypyb)Ru(NO)(OEt)]. A batch of 100 mg (0.3 mmol) of Hypyb
was dissolved in 5 mL of ethanol and mixed witholuson containing 29 mg (1.2
mmol) of NaH in 5 mL ethanol to generate a lightoxe solution. To this solution,
71 mg (0.3 mmol) of RuNOgMissolved in 5 mL of ethanol was added dropwisk an
the mixture was heated to reflux for 5 h. The hasy dark red brown solution was
then treated with 135 mg (0.4 mmol) of RBh Subsequently, the solvent was
removed and replaced with MeCN to filter off soN&CIl. About 5 mL of diethyl
ether was added and the solution was cooled toG20Fhe mixture was filtered after
24 h to remove small quantity of an impurity. Thirdte, upon further cooling,
afforded the desired product as an orange powddre product was filtered and
washed several times with diethyl ether and drregtacuo. Yield: 120 mg (45%).
Selected IR Frequencies (KBr disk, €m3052(w), 1793(o, VS), 1625 ¥c-0, VS),
1593 {c=0, VS), 1557 (vs), 1534 (s), 1462 (vs), 1436 (v8¥2(vs), 1108 (vs), 1042

(veo, M), 756 (vs), 723 (vs), 688 (s), 526 (vSH NMR (500 MHz, CDC}, & from
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TMS): 9.06 (d, 1H, J = 8 Hz), 8.77 (d, 1H, J = 8)}8.60 (d, 1H, J = 8 Hz), 8.28 (t,
1H, J = 8 Hz), 8.15 (d, 1H, J = 8 Hz), 8.11 (d, THs 8 Hz), 7.96 (t, 4H, J = 8 Hz),
7.82 (m, 9H), 7.73 (dd, 8H, J = 1 & 8 Hz), 7.051(1, J = 8 Hz), 6.86 (d, 1H, J = 8
Hz), 6.81 (t, 2H, J = 8 Hz), 6.46 (t, 1H, J = 8 HZ}¥2 (q, 2H, J = 7 Hz), 0.38 (t, 3H,
J =7 Hz). Electronic absorption spectrima, nm €, M™*cmi?) in EtOH: 315 (10
700) and in MeCN: 315 (9 250).

[Ru(bpb)(NO)(OEt)]. A slurry of 100 mg (0.3 mmol) of #pb in 10 mL of
ethanol was deprotonated via addition of 23 mg f@%ol) of NaH dissolved in 5 mL
of ethanol. A solution containing 74 mg (0.31 mjnof RUNOC} in 10 mL of
ethanol was added to the flask containing the depated ligand. The resulting dark
orange solution was heated at reflux temp for 10Te solution was then cooled to -
20° C to precipitate impurities and filtration. &filtrate was then concentrated and 5
mL of diethyl ether was added. Upon cooling, tigét complex precipitated out as
an orange solid which was filtered, washed seuveras with diethyl ether, and dried
in vacuo. Yield: 62 mg (40%). Selected IR Fregues (KBr disk, crit): 2923(w),
1838 {no, S), 1632 ¥c=0, VS), 1595 (s), 1472 (s), 1356 (s), 1286 (m), 1048, M),
782 (w), 752 (m), 683 (w) 502 (w)'*H NMR (500 MHz, (CR),S0,5 from TMS):
9.34 (d, 2H, J = 6 Hz), 8.54 (dd, 2H, J = 6 & 4 H&B8 (t, 2H, J = 8 Hz), 8.19 (d,
2H, J = 8 Hz), 7.93 (t, 2H, J = 6 Hz), 7.08 (dd, 2H 6 & 4 HZ), 3.34 (9, 2H, J = 7
Hz), 0.30 (t, 3H, J = 7 Hz). Electronic absorptapectrumjma, NM €, M™*cm™) in

EtOH: 380 (7 680) and in MeCN: 380 (9 800).
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3.2.8.2 Experimental Data: *H-NMR and IR Spectra
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Chapter 4

Fluorescent Dye Bound
Ruthenium Nitrosyls
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4.1 Introduction

Although alteration of ligand frames allowed usatthieve good sensitivity of
the designed {RuNG} nitrosyls to visible light, the quantum vyield vaiof NO
photorelease with 500 nm ligh{tpsog) for these nitrosyls remained somewhat modest,
in the range of 0.010-0.030. In an effort to furtmerease the visible light absorption
by our ruthenium nitrosyls and enhance tlggjp values, we adopted a new strategy
of attaching dye chromophores (as light-harvesumis) to these nitrosyls and
determined their effects on the NO photolabilitytlteé resulting dye-bound nitrosyls
under visible light.Previously, Ford and coworkers have connected cbpbiores
like protoporphyrin IX Amax = 400 nm) and fluorescein fax <450 nm) via (CH),
linkers to Roussin’s salt esters (generating PPSERI Fluor-RSEj:” This indirect
dye attachment led to moderate improvement in toh@ntym vyield of NO
photolability @ in the range of 0.00025-0.00052). We decidedrprove upon this
strategy bydirectly conjugating selected visible light-absorbing chromophoreshto t
[RUNO] unit to enhance the sensitivity of our ruthen nitrosyls to visible light*

In previous work from this laboratory, the tricigcbhenoxazin dye Resorufin
(Resf) with a phenolato moiety was employed foeclimetal conjugation. A series
of {RUNO}® nitrosyls with various dicarboxamide tetradentagarids, namely [(Me
bpb)Ru(NO)(CI)], [(MebQb)Ru(NO)(Cl)], and [((OMepQb)Ru(NO)(CI)] were
sensitized to 500 nm visible light via substitutiohthe chloride ligand with Resf

(Figure 4.1) While the resulting resorufin-bound nitrosyls esthibit absorption

132



[(Me,bpb)Ru(NO)(X)]

Me Me
[(Me,bQb)Ru(NO)(X)] 0 o [((OMe),bQb)Ru(NO)(X)]
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\N—\RIUZ—N/ - \N—RU_N/
/ l \ @)
X

Resorufin
Resh) AN X = Cl or Resf

Figure 4.1.Ruthenium nitrosyls derived from [MepbF~, [Me;bQbF", or

[(OMe),bQbF" ligand frames with chloride or resorufin bound &an NO
bands withAnax 0f 500nm, their efficiencies of NO photoreleas®mugxposure to
500 nm light can be modulated by rational substihg in the in-plane ligand frame.
For example, substitution of the pyridine donorsthe ligand frame of [(Me
bpb)Ru(NO)(Resf)] with quinoline donors in [(MEb)Ru(NO)(Resf)] and
substitution of the methyl groups with more elestidonating methoxy groups in
[((OMe).bQb)Ru(NO)(Resf)] both result in higher quantumlgiealues at 500 nm
(@00~ 0.05, 0.10, and 0.20, respectively)The different ligand frames also lead to
differences in the stabilities of the resorufin-bduwitrosyls in solution. For example,
both quinoline containing [(M&Qb)RU(NO)(Resf)] and [(OM&)Qb)-

Ru(NO)(Resf)] have reduced stability in aqueous uttmhs compared to
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[(Mezbpb)Ru(NO)(Resf)] which comprises pyridine donorSlose examination of
the structural features of these nitrosyls revetiatithe ligand frames containing the
quinoline donors (kR-bQb) bind the {RUNO$ center in a twisted fashion due to
steric interactions between the two quinoline meeiin the equatorial plane (Figure
4.2). In order to probe the effect(s) of this twist ol #tability and NO photolability
of the resorufin-bound {RuNG} nitrosyls, we have now designed new
dicarboxamide ligands containing methoxy-substidutghenylenediamine rings
combined with pyridine ({OMe)bpb) or 1-isoquinoline (l{OMe)IQ1) donors and
methyl-substituted phenylenediamine rings combinetith  3-isoquinoline

(H2MezlQ3) or 1-isoquinoline (l{OMe)IQ1) donors (Figure 4.3).

Figure 4.2. X-ray structure of [((OMepQb)Ru(NO)(Resf)] from front angle (left)
and side angle (right) displaying twist of the lane tetradentate ligand.
H atoms are omitted for the sake of clarity.
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Figure 4.3.Methyl- and methoxy-substituted tetradentate dicaainide ligands with
pyridine, 1-isoquinoline, or 3-isoquinoline donors

Free resorufin is a very efficient fluorophore tlethibits red fluorescence
upon light exposure. Although the fluorescencehef free dye is partly quenched
when Resf is directly attached to the Ru-centehef{RuUNO}Y’ nitrosyls, the residual
fluorescence of [(M#édpb)Ru(NO)(Resf)] is enough to visualize the comple
cellular matrices? This allowed us to track the NO donor within thieltgical
targets. In order to extend this concept furtimet develop new trackable NO donors,
we chose fluorescein as the next chromophore (Eigut). Fluorescein is a green
fluorescent dye commonly used for biological stadieWe were interested to see

how attachment of fluorescein derivatives sucHwasréscein ethyl ester (FIEt) and
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Figure 4.4.Fluorescein dye and its derivatives fluoresceirylezster (FIEt) and

4-(pyridinyloxy)-fluorescein ethyl ester (PyFIEt)

4-(pyridinyloxy)-fluorescein ethyl ester (PyFIE®) the Ru center of our designed

ruthenium nitrosyls would affect the fluorescenaed aNO photolability of the

resulting nitrosyls upon exposure to 500 nm lighg(re 4.4).

4.2 Syntheses of Planar Ligand Frames

In order to remove the twist of the bfigand frame in the equatorial planes

of [(MebQb)Ru(NO)(CI)] and [((OMe}bQb)Ru(NO)(CIl)] we selected the more

spread-out 1-isoquinoline or 3-isoquinoline groups the designed ligands
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H>(OMe)lQ1, HoMe,lQl, and HMe,lQ3. Such a change does not affect the
extended conjugation in the ligand frame, yet essuemoval of the twist in the
coordinated equatorial plane ligand frame of thteoayls with minimum changes in
other parameters (Figure 4.5). To complete thestigation on the effect(s) of the
twist, we also designed the methoxy substitutedpya-based ligand, lOMe)bpb.
When coordinated, the pyridine rings of this ligaedain far apart in the equatorial

plane of the nitrosyls and hence no steric int@yadietween them is expected.

MeO, OMe
O N0 O
N\ I/N
f SN Rlu N~
-~ ~
.,? Cl (

» ~ . .
g N % .
‘:’~ 7 \, ““,
- . LSRR
-* -~

Figure 4.5. The design of the new ligand (OMK)1, intended for relieving twist in
the equatorial plane of these {RuNQjitrosyls
All four of the new ligand frames were synthesizeging similar reaction
conditions to those of #MebQb and H(OMe)bQb in which triphenyl phosphite
acts as the amide coupling reagent in pyriditfeSpecifically, the methyl-substituted
ligand frames BHMe,lQ1 and HMe,lQ3, were synthesized by reaction of one equiv
of  4,5-dimethyl-1,2-phenylenediamine  with 2 equiv f oeither 1-

isoquinolinecarboxylic acid or 3-isoquinolinecarlyba acid, respectively. Synthesis
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of the methoxy-substituted ligand frames, first uiees the preparation of |,2-
dimethoxy-4,5-phenylenediamine via reduction ofdigethoxy-4,5-dinitrobenzene
with excess hydrazine over Pd/C (Figure 4.6Jhe resulting diamine (which is air
sensitive) is then immediately reacted with 2 eqoiveither picolinic acid or 1-

isoquinolinecarboxylic acid to afford OMe)bpb and H(OMe)IQ1, respectively.

MeQO, OMe MeQ, OMe
© H,NNH,,
Pd/C
EtOH, reflux
O,N NO, H5N NH,
MeQ OMe
MeQ OMe (0]
OH
P(OPh),

- pyr, 100 °C
A

H,(OMe)IQ1

Figure 4.6.Reaction scheme of the,f®Me)IQ1 ligand frame

The pyridine containing ligand XOMe)bpb is isolated as a white solid
similar to HMe,bpb while the added conjugation of 1-isoquinolin@eties results in
both HMe,lQ1 and H(OMe)lQ1 a bright yellow color similar to #OMe)bQb.
Interestingly in case of 3-isoquinoline, there asatlded color as #Me,IQ3 is a white

solid. A similar trend holds true when comparihg aibsorption bank,.x of the
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Figure 4.7. Electronic absorption spectra of the methyl-subtd quinoline
containing ligand frames deprotonated with NaH MDD
methyl-substitued ligand frames in their deprotedaform (deprotonated with 2
equiv of NaH in DMF, Figure 4.7). #Me,IQ3 has the highest energy absorption
band with itShmaxat 395 nm while th&maxof both HMe,IQ1 and H(OMe)bQb are
red-shifted to 420 and 440 nm, respectively. Howetree absorption band of

HoMe,lQ3 is more intense than those ofMie,1Q1 and H(OMe)bQb.

4.3 Syntheses and Characterization of Cl-Bound Mela
Nitroyls

Reaction of RuGlwith the deprotonated (with NaH) dicarboxamidefigs in

N,N-dimethylformamide (DMF) followed by the additionf NO(g) afords the

139



corresponding chloride bond species. The resultmigoysls with methoxy-
substituted ligand frames, namely [((OM®)b)RuU(NO)(CI)] and [((OMe)Q1l)Ru-
(NO)(CI)], were isolated as pure compounds in ggiettl by removing the DMF and
extracting the residues with MeCN. However, weavenable to obtain analytically
pure samples of [(M#&Q1)Ru(NO)(CI] and [(MelQ3)Ru(NO)(CI)]. Given the
supior absorption properties and ease of purificatif the nitrosyls derived from the
methoxy-substituted ligand frames, we decided tb gl of our effort into the

characterization of [((OMebpb)Ru(NO)(CI)] and [((OMeJQ1)Ru(NO)(CI)].

4.3.1 Structure of [((OMe),bpb)Ru(NO)(CI)]

The 'H-NMR and IR spectra of [((OMg)pb)Ru(NO)(CI)] both confirm
formation of the desired nitrosyl. For exampleg tarbonyl stretching frequency
(ve=o) of the free ligand H{OMe)bpb (1676 ci) shifts to lower energy upon
formation of complex(1631 cn) and the complex exhibits its NO stretching
frequency Y{no) at 1845 crt, which is typical for neutral {RuNG} nitrosyl
containing dicarboxamide tetradentate ligands atrdres CI ligand. In addition, we
expect the [(OMeppbF ligand frame of [((OMeppb)Ru(NO)(CI)] to be bound in a
similarly planar fashion to that of the related Resund nitrosyl (as evidenced by the

X-ray structure of [((OMeppb)Ru(NO)(Resf)], vide infra).
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4.3.2 X-ray Structure of [((OMelhlQ1)Ru(NO)(CI)]

The X-ray structuref [((OMe)IQ1)Ru(NO)(CI)] confirms that the presence
of 1l-isoquinoline moieties in [(OMgR1]* instead of regular quinoline (as in
[(OMe);:bQbF") allows the ligand to remaistrictly planar when bound to the

ruthenium center in equatorial plane (Figure 4Bjis is in contrast to the steric

Figure 4.8. Thermal ellipsoid (probability level 50%) plot of
[((OMe),IQ1)Ru(NO)(CI)] with select atom-labeling. H atom® omitted for the
sake of clarity.

interaction of the extended quinoline groups in tf@Me)bQE ligand of
[((OMe).bQb)Ru(NO)(CI)] that led to the twisting of the digd (~ 35°) as noted in
our previous work (Figure 4.9).A chloride ligand is bound trans to NO in theaxi
positions generating a nearly octahedral geometry the structure of
[((OMe)lQ1)Ru(NO)(CI)]. Examination of bond lengths relgethat the RuN5(0)

(1.735(3) A) and N505 (1.153(3) A) bond lengths of [((OM&D1)Ru(NO)(CI)] are

very similar to those of [((OMgdQb)Ru(NO)(CD] (1.7457(18) and 1.148(2)52\
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respectively).  Both nitrosyls contain almost lineRu-N5-O5 bond angles
([((OMe)bQb)Ru(NO)(CI)] =175.73(19) A% [((OMe)IQ1)Ru(NO)(CI)] = 175.9(2)

A), typical of {RUNO}® nitrosyls.

Twisted Q{H Planar ‘_3—{&
wiste .} : il "

A==

Figure 4.9.X-ray structures of [((OMebQb)Ru(NO)(CI)] (left) and
[((OMe),1Q1)RuU(NO)(CI)] (right), displaying the differingn@ounts of twist in their
in-plane ligand frames

4.3.3 Comparison of Electronic Absorption Spectraf the
Cl-bound Ruthenium Nitroyls

Substitution of the aromatic ring(s) of the ligafrdme alter the electron-
donating and accepting capacities of the donorecenn the series of ruthenium
nitrosyls with ligands containing electron donatigrgups of increasing strength (H,
Me, OMe) on the phenylenediamine region of the ligand framemeig
[(bpb)RU(NO)(CI)]? [(Mebpb)Ru(NO)(CIHI? and [((OMe)bpb)Ru(NO)(CI)]. The
photoband of the these {RuN®hitrosyl is systematically shifted from 380 nm to
395 nm to 420 nm respectively (Figure 4.10). Thsidof this phenomenon can be
understood with the help of the previously desdiB®DFT study (Ch.3, part 2), in

which the photoband of ruthenium nitrosyls with bptype ligand frames was
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assigned to ayPDA)-T{RuNO) — m{RuNO)Py) transition. Such a transition
would indeed require less energy with the additdrelectron donating groups of
increasing strength on the PDA moiety. This set{RENO}® nitrosyls clearly
demonstrates that thi§PDA)-T{RUNO) — T{RuUNO)m(Py) transition can be readily
manipulated by appropriate substitution on the ndgaframe. In addition, the
extinction coefficient € of the photoband also increases significantly mwise
strongly electron-donating group (like OMe) is adlde the PDA moiety. Thus,
[((OMe),bpb)Ru(NO)(CI)] exhibits am value of 7 800 Mcm™ which is greater than
thee value of [(bpb)Ru(NO)(CI)]
(5 100 M*cm'?).®

Just as the position of the photoband of the {Ruf\i@rosyls can be adjusted
via substitution, extension of conjugation througplacement of the pyridine rings
with either quinoline (Q) or l-isoqulinoline (IQoieties can also lead to enhanced
sensitivity to visible light (Figure 4.11). For example, the addition of Q in
[((OMe).bQb)RuU(NO)(CD] (490 nm) results in a 70 nm redftshi the absorption
maximum fmax ) Of the photoband compared to that of [((Obbgh)Ru(NO)(CI)]
(420 nm). With the use of 1Q1 in [((OM&R1)RU(NO)(CD] (475 nm), there is a
more modest red shift of 55 nm. When thealues of the Cl-bound {RuNO} are
compared, another interesting trend becomes evid&satthe twist of the bound Q-
based ligand frames is relieved and the electrovatitog effects of the substituents

are increased, the overallvalues of the photobands of the nitrosyls (in 368-600
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nm region, Figure 12) increase substantially. Aesalt, [((OMe)}lQ1)Ru(NO)(Cl)]

exhibits the highest value (8 700 N cm™).

Me,  Me
R B B
NH HN NH HN NH HN
\_/ N N /_\ \_ / N N /_\ \_ / N N /_\
H,bpb H,Me,bpb H,(OMe),bpb

>

Increasing Low Energy Light Absorption
and NO Photolability of Corresponding RuNO-CI

Figure 4.10. Dicarboxamide tetradentate ligands with substitsiehincreasing
electron donor strength (H < Me < OMe)

Me Me

NH HN NH HN o)
— — NH HN
\ N N/_\ N N N/_\ —
N\ N
H,Me,bQb H,(OMe),bQb H,(OMe),IQ1

>

Further Increase in Low Energy Light Absorption
and NO Photolability of Corresponding RuNO-ClI

Figure 4.11.Dicarboxamide tetradentate ligands with Me or Gdbstituents and
extended conjugation (quinoline or 1-isoquinolinei@tes in place of pyridine)
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—-—= [(bpb)RU(NO)(CI)]
[(Me,bpb)Ru(NO)(CI)]
————— [((OMe);bpb)Ru(NO)(CH)]

[(Me;bQb)Ru(NO)(CI)]
 ——- [(OMe),bQb)Ru(NO)(CI)]
N e [((OMe),IQ1)Ru(NO)(Cl]
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Figure 4.12. Electronic absorption spectra of chloride boundi{f®}° nitrosyls
displaying a systematic red shift and increasevalues of the photoband
as the ligand frame is changed

4.4 Syntheses of Fluorescein Dye Derivatives

4.4.1 Characterization of Fluorescein Ethyl Ester

In order to synthesize a fluorescein-bound rutin@niitrosyl, the structure of
the dye molecule had to be considered. For exarfiptrescein has a phenolato-O
as well as a carboxylato-O donor center both ofcivlare capable of binding to the
metal center. Indeed, initial attempts to combfhmrescein with our designed
ruthenium nitrosyls resulted in a mixture of progucTo circumvent this problem,
we decided to protect one of the metal bindingssiikthe fluorescein dye. Simple

treatment of fluorescein with concentrated sulfusicid in ethanol resulted in
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conversion of the carboxylic acid into an ethykesterivative of fluorescien (FIEt) in
which only the phenolato-O donor is available foetah binding. The new
alkyl proton signals (4.01 (g 2H) and 0.92 (t 3kpnpin CDCE) in the’H NMR of

resulting product are indicative of formation oetkthyl ester product. The ethyl
ester group of FIEt is also beneficial since itldobe used to attach different cell
targeting moieties such as peptides or antibodiesiging more site specificity to

these {RuNO¥ nitrosyls.

4.4.2 Characterization of PyFIEt

We decided to further derivatize FIEt by adding-yridinyloxy) linker off
the phenolate group of FIEt (PyFIEt) that can bthd metal center through the
pyridine-N donor. We were interested to see howirgglthis type of linker would
affect the fluorescence and NO photolability of tesulting PyFIEt-bound {RuNG}
nitrosyl compared to the corresponding nitrosylwHIEt bound directly to the Ru-
center. We employed a Mitsunobu type reactiontfa synthesis of PyFIEt (4-
(pyridinyloxy)-fluorescein  ethyl ester, Figure 4)13 In this reaction,
triphenylphosphine (TPP) activates diethyl azodioaylate (DEAD) which then
deprotonates the phenol moiety of FIEt. Next thphenylphosphine group is
transferred from DEAD to the oxygen atom of 4-pyloédrbinol resulting in an
oxyphosphonium ion which activates it toward reactwith the deprodonated FIEt.
The final PyFIEt product precipitates as a yellowlics while the side products,
diethyl 1,2-hydrazinedicarboxylate and triphenylgploine oxide, stay in solution.

We found that excess TPP, DEAD, and 4-pyridylcasb{b equiv of each) was
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Diethyl azodicarboxylate
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( \ THF
N OEt —» EtO
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Figure 4.13.Reaction scheme of the fluorescein derivative 4iiyyloxy)-
fluorescein ethyl ester (PyFIEt) synthesized frauoifescein ethyl ester (FIEt)

necessary to drive the reaction with FIEt (1 equiich led to an 80% vyield of
PyFIEt. New aromatic proton signals correspondmg@ pyridine group (8.653 (d
2H) and 7.359 (d 2H) ppm in CD#land a singlet proton signal (5.20 (s 2H) ppm in
CDClg), corresponding to the alkyl group of 4-pyridinyyoconfirmed the formation

of PyFIEL.

4.5 Syntheses and Structures of Dye Conjugated Méta
Nitrosyls

The ligand frames #Mebpb, H(OMe)bpb, and HOMeklQl were

strategically chosen for the syntheses of dye-bautrdsyls due to their planarity
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when bound to the ruthenium center. This allowgplanmoom for binding of the
bulky dyes trans to NO in the resulting dye-bourRUKO}® nitrosyls namely,
[((OMe)bpb)Ru(NO)(Resf)],  [(OMe)Q1)Ru(NO)(Resf)],  [(Mebpb)Ru(NO)-
(FIEt)], [((OMeklQ1)Ru(NO)(FIEt)], and [((OMe)Q1l)Ru(NO)(PyFIEt)](Bh).
Reaction of chloro-bound {RuN®}nitrosyls with AgBE in MeCN results in the
formation of the MeCN-bound intermediates which prgned for binding by the
various dye chromophores to the Ru-center. Theralechloro-bound starting
nitrosyls are typically not very soluble in MeCN.herefore such reaction typically
require several hours at reflux temperature toeachithe formation of the MeCN-
bound nitrosyl. In previous work, the resulting@¢s) was filter off from the MeCN
solution before addition of the dye. However, warfd that we could never get full
reaction of the chloro-bound nitrosyls and the aoted material would be filtered off
with the AgCl. Since the AgCI is very insoluble MeCN and thus unlikely to
interfere with the dye reaction, we decided to fibér it off thus allowing the
unreacted starting material a chance to react dmealye was added. The phenol
groups of both Resf and FIEt were deprotonated WM#id before addition to the
metal while PyFIEt was added as is. The presehdteeodye appears to help drive
the reaction of the chloro-bound nitrosyls with AgBwhich opens up the metal
binding site for the dye. Thus we found that additof the dye molecules shortly
after addition of AgBE-gave much higher yields of the dye-bound species.

In general, the quinoline containing Resf- andtf&und {RUNO¥ nitrosyls

tend to be more insoluble in MeCN than the pyridowntain species while the
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PyFIEt-bound nitrosyl is completely soluble in MeCNrhe neutral PyFIEt donor
leads to an overall 1+ charge of [((OME&)1)Ru(NO)(PyFIEt)](BR) which increases
its solubility compared to that of the neutral Resfd FIEt-bound {RuNG}nitrosyls.
For example, [((OMeg)Q1)Ru(NO)(PyFIEt)](BR) was completely soluble at high
concentration in MeCN at 4° C as expected for argdth complex. Thus
[((OMe)lQ1)Ru(NO)(PyFIEY)](BR) was finally isolated by removal of MeCN in
vacuo and the resulting solid was thoroughly wesiwéh THF. Conversly both
[((OMe).lQ1)Ru(NO)(Resf)] and [((OMedQ1)Ru(NO)(FIEt)] precipitate from room
temperature MeCN while [((OMg)pb)Ru(NO)(Resf)] and [(M&pb)Ru(NO)(FIEL)]
only precipitate from MeCN solutions at Ilow temgare. Since
[((OMe)bpb)Ru(NO)(Resf)] and [(M#pb)Ru(NO)(FIEt)] are more soluble, the
AgClI impurities can be removed by filtration at nedemperature. The filtrate can
then be concentrated and cooled inorder to istfetalye-bound species. However,
in the case of [((OMe)Q1l)Ru(NO)(Resf)] and [((OMe)Q1)Ru(NO)(FIEt)], the
AICI can not be filtered off without also filteringff the dye-bound products. Thus

the dye-bound nitrosyls were extracted from the IWg&ture with CHCl..

4.5.1 Characterization of [((OMe}bpb)Ru(NO)(Resf)]

The X-ray structure of [((OMedpb)Ru(NO)(Resf)] reveals that the
tetradentate (OMehpl? ligand frame remains bound to the ruthenium ceinten
planar fashion after Resf is bound (Figure 4.1%he pseudooctahedral structure is

completed with the phenolato-O bound resorufin tiges to NO at the axial
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¥
Figure 4.14. Thermal ellipsoid (probability level 50%) plot of
[((OMe),bpb)Ru(NO)(Resf)] with select atom-labeling. Hratbare omitted for the
sake of clarity.

positions. The RtN5-05 bond angle is slightly bent at 169.3(3)°. Thbksditution

of methoxy groups in [((OMebpb)Ru(NO)(Resf)] compared to methyl groups in
[(Me2bpb)Ru(NO)(Resf)] does little to alter the overgeometry of the two
structures. In both cases, the resorufin dyeltesdtiaway from the equatorial plane
with ~120 Ru-06-C(Resf) bond angles ([(Mepb)Ru(NO)(Resf)] = 128.46(11)°,
[((OMe).bpb)Ru(NO)(Resf)] = 126.0(3)°) implying that theumal oxygen is more
sp® than sp® hybridized. The dye is positioned in such a wt it is directly below
one of the pyridine rings of the equatorial ligaartl presumably provides favorable

TETU interactions that stabilize the structures of bffie,bpb)Ru(NO)(Resf)] and

[((OMe).bpb)Ru(NO)(Resf)]. As a result, this pyridine rirggvery slightly off the
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plane of the rest of the ligand frame. The-R& (1.729(4) A) and N505 (1.169(4)
A) bonds lengths of [((OMehpb)Ru(NO)(Resf)] are also similar to those of

[(Me,bpb)Ru(NO)(Resf)] (1.7347(18)and 1.159(2) A respectively).

4.5.2 Characterization of [((OMe}IQ1)Ru(NO)(Resf)]

The (OMe)IQ1* ligand frame of [((OMe)Q1)Ru(NO)(Resf)]is bound to
the ruthenium center in the equatorial plane wtikeresorufin dye is trans to NO at
the axial positions (Figure 4.15). Here also, riéorufin dye is bound through the
phenolato-O and a similar tilt of the bound dye {R6-C(Resf) angle of 126.3(2)°)
is observed. The position of the bound resoridistch that the rings of the dye are

aligned parallel to the rings of one of the 1-isagline moieties in the (OMgQ1*

Figure 4.15. Thermal ellipsoid (probability level 50%) plot of
[((OMe)IQ1)Ru(NO)(Resf)] with selected atom-labeling. tdras are omitted for
the sake of clarity.
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ligand frame of [((OMeJQ1l)Ru(NO)(Resf)]. Thisrem interaction causes the 1-
isoquinoline moiety of (OMe)Q1? to tilt slightly out of the plane of the rest of the
tetradentate ligand frame. Despite this tilt o thgand in the equatorial plane,
[((OMe)lQ1)RuU(NO)(Resf)] is significantly more planar tharthat of
[((OMe),bQb)Ru(NO)(Resf)] which contains the regular quinoline ligand,
(OMe)bQK". The Ru-NO wunit in [((OMe)Ql)Ru(NO)(Resf)] comprises
Ru-N5(0) and N505 bond lengths of 1.732(3) A and 1.167(3) A resipely which
fall within the ranges observed in the other reoroitrosyls (1.729-1.7425 A and
1.154 -1.169 A respectively). In addition, the ReN5-O5 bond angle of
[((OMe)2IQ1)Ru(NO)(Resf)jis almost linear (176.5(3)°) as expected for a {R}RN

nitrosyl.

4.5.3 Characterization of [(Mebpb)Ru(NO)(FIEt)] and
[((OMe),1Q1)RU(NO)(FIEL)]

The structures of [(M&pb)RU(NO)(FIEt)] and [((OMe)Q1l)Ru(NO)(FIEL)]
(Figure 4.16) have been confirmed with the aid ‘f NMR, infrared (IR)
spectroscopy, and mass spectrometry. IR spectf@Mehbbpb)Ru(NO)(FIEt)] and
[((OMe)1Q1)-Ru(NO)(FIEt)] reveal the presence of NO an&tFhs evidenced by
their NO stretching frequenciesyf) at 1846 and 1832 chrin addition to their FIEt
carbonyl stretching frequencies:¢) at 1715 and 1712 chrrespectively. The greater

electron donating ability of the (OM£Q1 ligand frame causes an increase in
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Figure 4.16. FIEt-Bound {RuUNO¥ Nitorsyls

electron density in th&* level of the bound NO of [((OMe)Q1)Ru(NO)(FIEt)] and
is responsible for its lowesc frequency.

Both complexes are diamagnetic and afford clédnNMR spectra, as
expected for {RUNO}nitrosyls. The integration and number of the pestiserved in
both *H-NMR spectra confirm the presence of Ru-bound .Fer example, in the
'"H-NMR spectrum of free FIEt there are several aming aromatic peaks that shift
apart upon binding to the Ru center. Thus nonthefl0 aromatic FIEt hydrogen
peaks overlap with one another in th& NMR spectra of [(Mgbpb)Ru(NO)(FIE®)]
and [((OMe)}IQ1)Ru(NO)(FIEt)] in CDC4. Similarly, several peaks corresponding to
the hydrogen atoms on the ligand frame also spifnudye binding. In addition, there

is no evidence of either Cl-bound or free FIEt tatgr materials in either spectrum.
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Interestingly, the Chklproton peaks of the ethyl ester group shift apé@en the dye is
bound to the metal center. Thus the ethyl estiemtast be pointing toward the metal

complex.

4.5.4 Characterization of [((OMe}IQ1)Ru(NO)(PyFIEL)]

The structure of [((OMe)Q1l)Ru(NO)(PyFIEt)](BER) (Figure 4.17) was
confirmed by 'H NMR and infrared (IR) spectroscopy. The IR specof
[((OMe)1Q1)Ru-(NO)(PYFIEY)](BE) contains and NO stretching frequenciego]
at 1880 crit. This vno is significantly blue-shifted compared thosé both
[((OMe)IQ1)Ru(NO)(CI)] and [((OMe)Q1)Ru(NO)(FIEt)] which have charged
donors trans to NO. The greater electron acceiliy of the neutral pyridine-N
donor of PyFIEt reduces the amountrelbackbonding into ther* level of the bound
NO of [((OMellQ1)Ru(NO)(PyFIEt)](BR) resulting in a shorter NO bound (i.e.
higher vno frequency). A clean’H-NMR spectrum of [((OMe)Q1)Ru(NO)-
(PyFIED)](BF:) agrees with a {RuNGlassignment for this nitrosyl. The integration
and number of the peaks observed in'theN\MR spectrum confirms the presence of
Ru-bound PyFIEt. Several peaks corresponding tdjldeogen atoms on the ligand
frame shift upon dye binding. Thus in tHe-NMR spectrum none of the aromatic
peaks overlap with those observed in th#H-NMR spectra either
[((OMe),lQ1)RuU(NO)(CI)] or free PyFIEt. Similar to the thdEt-bound nitrosyls,

the CH proton peaks of the ethyl ester group of PyFIHit stpart when the dye is
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bound to the metal center indicating some inteoachietween the ethyl ester tail the

rest of the metal complex.

[((OMe),l Q1)RU(NO)(PYFIEt)](BFy)
MeQ OMe

Figure 4.17. PyFIEt-bound {RuNOS$ nitrosyl

4.6 Comparison of the Electron Absorption Spectra o
Free Dye, Cl-Bound, and Dye-Bound Metal Nitrosyls

Replacing the chloride ligands (trans to N@th resorufin dye enhances the
sensitivity of [((OMe),bpb)Ru(NO)(Resf)] and [((OMgR1)Ru(NO)(Resf)] toward
visible light. For example, the absorption spedfaoth Resf-conjugates contain

intense absorption bands at 500 ngm=( 29 000 Mcm' and 31 000 Mcm™

155



respectively in CHG| Figure 4.18). Interestingly, the deprotonatedmfoof the
unbound dye (Res) has an intense absorption band at 590 nm%05 000 Mcm™
in DMF). Upon coordination to the positively chadymetal center, a blue shift of
the dye band (with concomitant reduction in eximtcoefficient) occurs in the

nitrosyl-dye conjugates. We have previously assigheh changes to the loss of

500 nm
30000 1 500 nm (OMe),IQ1-Resf
(OMe),bpb-Resf
_ N
£ 20000 1 \\
=3
w
100001 N\ 420 nm 475 nm
— e — - —
~ ~ N~ SN
(OMe),bpb-Cl (OMe),IQ1-Cl =
0 r r —== r v v
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Figure 4.18. Electronic absorption spectra of [((OM&)b)Ru(NO)(CI)] and
[((OMe);bpb)Ru(NO)(Resf)] (left), anf{(OMe),IQ1)Ru(NO)(Cl)]and
[((OMe)lQ1)Ru(NO)(Resf)] (right) in CHGI

delocalization of negative charge over the hetaslicy-system and the loss of
overall symmetry of the dye upon coordination. kdlesimple protonation of Resf
also brings about similar changes in its electr@bsorption spectrumufax = 470
nm, e = 20 000 M'cm™ in DMF) 2

A comparison of the five Ru-Resf complexes revealsniform shift in the
Amax Of the dye absorption band to 500 nm upon compilexa However, the-values
of these complexes are greatly varied. For exanjiiee,bpb)Ru(NO)(Resf)] and

[(MezbQb)Ru(NO)(Resf)]both havee-values around 12 000 Fém® °° while

[((OMe)bQb)Ru(NO)(Resf)], [((OMe).bpb)Ru(NO)(Resf)], and((OMe).IQ1)Ru-
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(NO)(Resf)]havee-values around 30 000 #m™ (Figure 4.19). The most apparent
difference between the two sets of complexes is gtesence of Me vs OMe

substituents on the tetradentate ligand frame.thdtefore appears that in these
nitrosyl-dye conjugates, the substituents on thankl frame have more pronounced
effect on the overall capacity of light absorptmympared to the twist of the frame in

the equatorial plane.

N OMe),lQ1-Resf
30000 | (OMe)Spr Resf ’\\( )IQ
/ OMe),bQb-Resf
\ 2
" 20000 1 /
5 \
< /
= \ - \
w -~ 7
10000{ N~ \
Me,bpb-Resf N ***" Me,bQb-Resf *,
- ———d NS
0 . : . o o , e
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Figure 4.19. Electronic absorption spectra of [(M@b)Ru(NO)(Resf)f*and
[((OMe)bpb)Ru(NO)(Resf)] (left), and [(MBQb)Ru(NO)(Res>
[((OMe);bQb)Ru(NO)(Resh° and [((OMe}IQ1)Ru(NO)(Resf)] (right) in CHGI
Since we utilized FIEt and PyFIEt (and not fluareis) as the light-harvesting
chromophores in the second set of dye-bound nispsye first had to characterize
the absorption spectra of these fluoroscein dya@res. Fortunately, the protection
of the carboxylate group of fluoroscein (necesdaryspecific binding to the Ru

center of the nitrosyl) in FIEt and PyFIEt did mdiminate the visible light absorption

of these dyes (Figure 4.20). In its deprotonatechf FIEf has an intense absorption
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band at504 nme(= 80 000, in 50:50 MeCN/AD). Interestingly, there is a 50 nm

blue-shift (to 454 nm) coupled with a reductioriritensity € = 20 000, in MeCN/

— ™ FIEt
FIEt-H
PyFIEt

E—n‘gr_rx." XX XX xx wm ax

600 700

Wavelength (nm)

Figure 4.20. Electronic absorption spectra of fluorescein e#ster (FIEtjn 50:50
MeCN H0), protonated FIEt-H (in MeCN/AcOH pH = 5), and 4rpynyloxy
fluorescein ethyl ester (PyFI&f 50:50 MeCN HO)
AcOH) of this absorption band when FIEt is in it®tonated state (FIEt-H, Figure
4.21). Addition of the 4-pyridinyloxy group causesimilar change in the absorption
spectrum of PyFIEt. Therefore the spectra of HEind PyFIEt are almost exactly
the same with three overlapping peaks centeredbatrdin (Figure 4.20). There is
only a slight difference in the relative heighttbé three peaks in the spectra of the
different dyes.
The attachment of FIEt in both [(M®b)Ru(NO)(FIEt)] and

[((OMe)lQ1)RuU(NO)(FIEt)] significantly enhanced the amouot visible light
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absorbed by these nitrosyls compared the correspgr@-bound nitrosyls. For
example, the lowest energy absorbance band in pestrsm of [(Mebpb)-
Ru(NO)(CI)] ® has akmax at 395 nm with are of 5 300 M*cm™ while the main
absorption band of [(Mépb)Ru(NO)(FIEt)] is centered at 475 nm with aniretion

coefficient value of 24 000 Memi* (Figure 4.21). The electronic absorption spectrum

30000 - Me,bpb-FIEt ] 475 nm —— (OMe),IQ1-FIEt

— — Me,bpb-Cl — — (OMe),IQ1-Cl

475 nm

20000 1

€ (M1cml)

10000 1

300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.21.Electronic absorption spectra of [(M@b)Ru(NO)(CI)and
[(Me,bpb)Ru(NO)(FIEL)] (left panel) and [((OMgR1)Ru(NO)(CI)] and
[((OMe),IQ1)Ru(NO)(FIEL)] (right panel) in MeCN

[((OMe),lQ1)-Ru(NO)(FIEt)] is very similar to that of [(Mbpb)-Ru(NO)(FIEt)]
with its main absorption band also centered at@gFigure 4.21). In addition, the
general shapes of the absorption bands in botthdyed spectra are very similar to
that of FIEt-H, each containing three overlappiregls in the visible region. The
epsilon value at 475 nm for [((OM#Q1)Ru(NO)(FIEt)] € = 28 000 Mcm™) is

slightly higher than that of [(Mé&pb)Ru(NO)(FIEt)]. This is most possibly due te th

greater overlap of the absorption band of [((OMg))Ru(NO)(CI)] Amax= 475 nm,
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e = 8700 M* cm®) with that of dye chromophore. In general, the largmber of high
e values over a large range of wavelengths (400-5%@) for both

[(Mezbpb)Ru(NO)(FIEt)] and [((OMe}IQ1)Ru(NO)(FIEt)] leads to a significant
amount of visible light absorption by these dyeeasyl conjugates.

The shape and intensity of the absorption spectofinthe PyFIEt-bound
nitrosyl [((OMe)llQ1)Ru(NO)(PyFIEY)](BE) is very similar to that of
[((OMe)lQ1)Ru(NO)(FIEt)] except for a 20 nm blue-shift Ag..x of the low energy
band (454 nm and 475 nm respectively, Figure 4.28).addition, the shift, shape,
and intensity of this absorption band in the speuotr of
[((OMe)lQ1)RuU(NO)(PyFIE?)](BR) are all very similar to that of the free PyFIEt
dye although the [((OMelQ1)Ru(NO)(PyFIE)](BE) band is slightly wider (Figure
4.23). This is in contrast to what was found wlibmparing the absorption spectra
of free FIEt or Resf with their corresponding {RuNtQdye-bound nitrosyls which
were less intense than the free dyes. This caanbderstood by that fact that the
pyridine-N electrons (used to bind the Ru-centérdpgFIEt do not contribute to the
aromaticity of the dye while the electrons of theepolo-O do contribute to the
aromaticity of both FIEt and Resf. Thus in theecad [((OMe}lQ1)Ru(NO)-
(PYFIED)](BF) there is not a blue-shift iNmaxOr reduction in epsilone value of the
lower energy band compared to the free dye as easfor the Resf- and FIEt-bound

nitrosyls.
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Figure 4.22.Electronic absorption spectra of [((OM&)1)Ru(NO)(PyFIEt)](BR),
[((OMe)21Q1)Ru(NO)(FIEt)] (in MeCN) and PyFIEt (in 50:50 1@&l-H,0)

4.7 Stability of Dye-Bound Metal Nitrosyls in Aqueals
Solvents

The dye-bound nitrosyls are indefinitely stabled ato not lose their dye
moeities when dissolved in weakly coordinating &prsolvents like CHGl and
MeCN. However, in solvents like DMSO or in aguesotutions (pH 5-7), the FIEt
and Resf dye-bound nitrosyls slowly lose the bodyd over the course of several
hours. The Ru-PyFIEt bond (via the pyridine-N)[{@Mex(IQ1)Ru(NO)(PyFIEL)]

appears to be much more stable than the corresppmii-Resf and Ru-FIEt bonds
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(via phenolato-O) as [(OMEQ1)Ru(NO)(PyFIEt)] has a greater stability in
strongly coordinating solvents. Quantitative measients of dye lose in the FIEt-
and Resf-bound nitrosyls were attempted using U¥4fiectroscopy. However such
measurements were complicated by the overlappiagrpbon bands of the different
bound/unbound dye species. For example, the a@ogpectra of protonated Resf-
H and FIEt-H are very similar to those of the cep@nding Resf- and FIEt-bound
nitrsoyls. On the other hand, the absorption speof deprotonated Restnd
FIEt are red-shifted with a higher epsilon value comgate the corresponding
absorption bands of the protonated dyes and dyaebauitrosyls. Thus the
appearance of this band provides an easy was teureethe amount of deprotonated
free dye. However, as dye is lost and the concemtraof protic solvent-bound
nitrosyls increase, the acidity of the solutiorodlscreases. Therefore after a certain
amount of time, both protonated and unprotonated fiye species are present in
solution making the total amount of dye lost implolesto measure by UV-Vis. We
therefore could only get a qualitative comparisdrstability for these dye-bound
nitrosyls by comparing the amount of unprotonatee flye in solution.

In the case of the Resf-bound nitrosyls, the {RyN@itrosyls containing
twisted quinoline ligands namely, [(MEQb)RU(NO)(Resf)] and
[((OMe),bQb)RU(NO)(Resf)] lose ~20% bound dye in 1h, while the planar
[((OMe)lQ1)RuU(NO)(Resf)] loses ~10% bound dye within tlaens time. The two
pyridine-containing  nitrosyls  [(M&pb)Ru(NO)(Resf)] and [((OMe}bpb)-

Ru(NO)(Resf)] both lose less than 5% bound dyehn The dye bound nitrosyls
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derived from planar ligand frames with no twist ghexhibit increased stability in
H,O. While the stability of [((OMe)Q1)Ru(NO)(Resf)] is improved compared to
that of the {RUNO¥ nitrosyls with twisted quinoline ligand framesjststill slightly
less stable than the pyridine-containing nitrosffsle;bpb)Ru-(NO)(Resf)]and
[((OMe).bpb)Ru(NO)(Resf)]. A similar tend was also obsdrfer the FIEt-bound
nitrosyls as the pridine-based [(p@b)Ru(NO)(FIEt)] was overall more stable than
the quinioling containing [((OMe)Q1)Ru(NO)(FIEt)]. Collectively, the results
suggest that the use of planar pyridine-based digeames provides the most stability

in these designed dye-tethered {RuN@ijtrosyls.

4.8 Comparison of the NO Photolability of Metal Nitosyls

Exposure of solutions of the chloride-bound nytes
[((OMe)zbpb)Ru(NO)(CI)] and[((OMe)IQ1)Ru(NO)(CI)] in DMF to visible light
promotes rapid release of NO (as evidenced by ¢sponses of an NO-sensitive
electrode). The photo-dissociation of NO is accamgd by the formation of a

solvent bound Ru(lll) photoproduct (eq 1), whichitally exhibits a low-energy

(L)Ru-NO + h + solv— (L)Ru(lll)-solv + NO (1)

absorption band in its electronic spectrum. Thangition has previously been
assigned to a ligand-to-metal charge transfer (LM@dm the negatively charged

ligand (in this case (OMg)pt? or OMe)lQ1%) to the Ru(lll) centet®
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Comparison of the quantum yielg)(values of NO photorelease (in DMF)
upon exposure to monochromatic 500 nm light of éhebkloride-bound nitrosyls
indicate that [((OMe&)Q1)Ru(NO)(CI)] (0.035 + 0.005) is a more efficiedO donor
than [((OMe}bpb)Ru(NO)(CD] (0.010 + 0.005). Comparison lnése values (Table
4.1) with those measured under similar conditions [(Mebpb)Ru(NO)(CI)],
[(Me2bQb)Ru(NO)(CDH], and[((OMe),bQb)Ru(NO)(CI)] reveals a trend in the
efficiency of NO photorelease of [(Mgb)Ru(NO)(Cl)]< [(MezbQb)Ru(NO)(CI)] =
[((OMe)bpb)Ru(NO)(Cl)] < [((OMelbQb)Ru(NO)(CI)] < [(OMelIQ1)Ru-
(NO)(CI)]. This result confirms that alteratiomsthe equatorial ligand frame do lead
to increased sensitivity to visible light in rutlem nitrosyls. In particular, removal
of the twist in the equatorial ligand frame leadsiricreased NO photolability as
exemplified by the trend [((OMg)Qb)Ru(NO)(CI)] < [((OMe)lQ1)Ru(NO)(CI)].

In all the Resf-nitrosyl conjugates, the overldpghe photoband of the parent
chloride-bound nitrosyls with the strong 500 nm fRalssorption band results in
sensitization toward visible light. As changesha equatorial ligand frames red-shift
the photobands of the parent nitrosyls (more towaeds00 nm dye band), the extent
of sensitization is increased due to overlap oftthe transitions. Since alterations of
the equatorial ligands also bring about enhancemnete e values of the photoband
of the parent nitrosyls (as shown in Figure 4.t@psiderable overlap (in some cases
merging) of the two bands lead to excellent seragitin, as in the case with
[((OMe),bQb)RU(NO)(Resf)] and [((OMgR1)Ru(NO)(Resf)]. The enhanced

visible light absorption provides considerably gased NO photolability with 500
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Table 4.1 Summary of Absorption Parametekgdy, ¢) and Quantum Yielddg)
Values of Selected Nitrosyls

Complexes Quanturel¥ip (A, NmM) solvent Amax NM €, M cm™)
[(Mebpb)Ru(NO)(CNF 0.0008 + 0.0002 (500)  DMF 395 (5 300)
[(MebQb)RU(NO)(CI)F 0.010 9.003 (500) DMF 455 (3 200)
[((OMe),bQb)Ru(NO)(CI)P 0.025 9.003 (500) DMF 490 (3750)
[((OMe),bpb)Ru(NO)(CI)] 0.010 &.005 (500) DMF 420 (7 800)
[((OMe),IQ1)Ru(NO)(CI)] 0.035 ©.005 (500) DMF 475 (8 700)
[(Me bpb)Ru(NO)(Resf) 0.052 6.008 (500) DMF 500 (11 920)
[(Me,bQb)Ru(NO)(Resf)f 0.102 -6.009 (500) DMF 500 (12 300)
[((OMe),bQb)Ru(NO)(Resf)}  0.206 +0.008 (500) DMF 500 (27 100)
[(OMe,bpb)Ru(NO)(Resf)] 0.120G:008 (500) DMF 500 (29 000)
[(OMe,IQ1)RU(NO)(Resf)] 0.271@008 (500) DMF 500 (31 000)
[(Me,bpb)Ru(NO)(FIEt)] 0.306 9.01 (500) DMF 475 (24 000)
[((OMe),]Q1)Ru(NO)(FIEY)] 0.173 8.01 (500) DMF 475 (28 000)
[((OMe),]JQ1)Ru(NO)(PyFIED]  0.02 £0.01 (500) DMF 454 (28 000)
Roussin’s Salt Ester (RSE) 0.00019 + 0.00005(546) CHCI 364 (8 500)
PPIX-RSE 0.00025 + (0B(546) CHG 538 (10 200)
Fluor-RSE® 0.0036 = 0.0005(436) GNH,O 506 (72 200)

aref 8,°ref 5b,°ref 11,%ref 2,%ref 1.

nm light in such cases. For example, the photolwdriMe,bpb)Ru(NO)(CI)] is at
395 nm and [(Mgbpb)Ru(NO)(Resf)] has a quantum yield value of 2.856500 nm
while the photoband of [((OMdR1)Ru(NO)(CI)] is at 475 nm and
[((OMe)lQ1)Ru(NO)(Resf)] has a quantum vyield value of 0.2(Figure 4.23).

However, when one compares [((OM#Db)RuU(NO)(Resf)] ¢s00= 0.206) and has a
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Amax @t 490 nm and [((OMe)Q1)Ru(NO)(CDH] at 475 nm, the greater intensity
[(OMe)lQ1)Ru(NO)(Resf)] @s00= 0.270), even though [((OM£Qb)Ru(NO)(CI)]

of the photoband of [((OM&Q1)Ru(NO)(CI)] ¢ = 8 700 M* cmi?) leads to more
overlap with the dye band compared to [((OM€&b)Ru(NO)(CI)] (¢ = 3 750 M*
cm?). It is thus evident that the energy absorbedHesydye is transferred to the

RuUNO unit allowing enhanced photodissociation of i@er 500 nm light.

Resf Band
500 nm
(OMe),IQ1-Cl
9000 1 475 nm RuNO-Resf NO @500
S Me,bpb-Resf ~ ¢=0.008
* Me,bpb-Cl .° \, OMe).bOb-Resf ©= 0.206
7000 { %395nm . . (OMe),bQb-Resf @=0.
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Figure 4.23. Electronic Absorption Spectra of [(M&b)Ru(NO)(CI)],
[((OMe).bQb)RuU(NO)(CIh], and [((OMe)Q1)Ru(NO)(CI)]. Black X's represents
points of overlap of RUNO-CI photoband with the bduiResf absorption band at 500
nm. Larger overlap leads to higher quantum yialdies of NO release in the
corresponding RUNO-Resf nitorsyls (Inset).

Comparison of the quantum yield values for the ti&ind nitroyls

[(Me2bpb)Ru(NO)(FIEt)] and [((OMe)Q1)Ru(NO)(FIEt)] compared to their parent
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Cl-bound nitrosyls also reveals increased efficgeat NO release (see Table 4.1).
For example, exposure [(Mepb)Ru(NO)(CI)] to 500 nm light results in a veowl
quantum vyield o9 value of 0.0008 while similar light exposure of
[(Mezbpb)Ru(NO)(FIEt)] leads to a significantly largepo value of 0.30.
Interestingly, [(Mebpb)Ru(NO)(FIEt)] has a largempsoo compared to that of
[((OMe)lQ1)RU(NO)(FIEY)] (@00 = 0.17). The opposite is true in case of the
corresponding Resf-tethered {Ru-NOjitrosyls as thepo value of the Resf-bound
nitrosyls [(OMe}IQ1)Ru(NO)(Resf)] is larger than that dMe;bpb)Ru(NO)(Resf)]
(Table 4.1). The increased absorption at 500 nm[{©Me)lQ1)Ru(NO)(Resf)]
(compared to[(Mezbpb)Ru(NO)(Resf)])could account for its largegsy value.
However, the same is not true for the FIEt-tethergosyls. Despite similar
extinction coefficient values, [(MBpb)RU(NO)(FIEt)] £s00 = 19 000 Mcm?)
exhibits a higheqsgovalue than [((OMe)Q1)Ru(NO)(FIEL)] és00= 22 000 Mcmi?).

In the case of [((OMe)Q1)Ru(NO)(PyFIEY)](BE), while the attachment of
the PyFIEt dye improves the amount of visible lighisorbed by the compound, it
does not improve the effiency of NO photoreleaggéred by visible light. Thus it
appears that the 4-pyridinyloxy linker does nobwllthe increased visible light
absorbed by the dye to be used toward the NO phimthly of
[((OMe)lQ1)Ru(NO)(PYFIEY)](BR). This confirms that the direct conjugation of
Resf and FIEt to the Ru-center facilitates thedfanof energy from the dye into the
RuNO unit which is necessary for the enhanced N@gbability in such dye-bound

{RUNO}® nitrosyls when exposed to visible light (Figurg4).
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Figure 4.24. Ruthenium nitrosyls directly coordinated to a serisig dye
chromophore (right) have higher quantum yields 6f photorelease than nitorsyls
with the dye coordinated through a linker (left)

4.9 Fluorescence Properties of Free- and Bound-Dye
Compounds

Given the intense fluorescence of free resorufohfarorescein g, = 0.83 and
0.93), we were interested to see if the dye-boumbsyls also had fluorescent
properties. Since fluorescein derivatives wereduB@ these nitroyls, we first
examined the fluorescent properties of FIEt and IBtyF The conversion of
fluorescein into FIEt results in a 18% decreasthenfluorescence quantum yield of
FIEt (@ = 0.77, Table 4.2) compared to free fluoreséeie added 4-pyridinyloxy
linker in PyFIEt further quenches the fluoresceii@e = 0.20, Table 4.2) by an
additional 60%Upon coordination of the dye chromophores to theNR}® centers,

the fluorescence is further quenched in all cgzesumably due to energy transfer
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Table 4.2 Summary of Absorption and Emission Parametess=(480 nm) and
Fluorescence Quantum Yielgy] Values of Selected Compounds in 50:50
MeCN/H,O at pH 7

Compound Absorbance Emission Fluorescence
Amax Amax Quantum Yielgy
Fluorescein 496 nm 518 nm 0.93+0.62
FIEt 504 nm 526 nm 0.77 £0.62
PyFIEt 454 nm 520 nm 0.20 £0.02
[(Me2bpb)Ru(NO)(FIEL)] 475 nm 526 nm 0.009 £ 0.002
[((OMe)IQ1)RuU(NO)(FIEL)] 475 nm 5@ 0.017 +0.003
[((OMe),IQ1)Ru(NO)(PyFIEt)] 460 nm 525 nm 0.10.62

& Measured in agueous solution at pH 11.
® Measured in 50:50 mixture of MeCN/phosphate budfgrH 7.4.

from the dye into the {RuNG} unit. However, solutions of both
[((OMe)bpb)Ru(NO)(Resf)] and [((OMgR1)Ru(NO)-(Resf)] in MeCN sill exhibit
broad red fluorescence emission bands of modertgesity at 593 nm (Figure 4.25).
Similar  fluorescence properties have previously nbeeobserved with
[(Me2bpb)Ru(NO)(Resf)] for which the residual fluorescemwas enough to monitor
the location of the complex during targeted NO el to cancer cel®® Similarly,
the direct coordinaton of FIEt to the {RuN®} center in both
[(Mezbpb)Ru(NO)(FIEt)]and [((OMe}Q1)Ru(NO)(FIEt)] results in a low intensity

fluorescence emission band at 526 mgn=< 0.009 and 0.017 respectively, Table 4.2).

The fluorescence of [((OMgR1)Ru(NO)(FIEt)](BR) (@ = 0.10, Table 4.2) is
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Figure 4.25. Fluorescence emission spectrum of [((OM@))Ru(NO)(Resf)land
[(Me2bpb)Ru(NO)(Resf)]lin MeCN (ex= 490 nm). Samples with same absorbance
values at 490 nm were used.

higher than that of the FIEt-bound nitrosyls aneriched by only 50% compared to
that of free PyFIEt. For comparison, the fluosse of [((OMe)Ql)Ru-
(NO)(FIEt)] is quenched by 97% compared to thatreé FIEt. It appears that the 4-
pyridinyloxy linker decreases the amount of enairgynsferred from the dye to the
Ru-center which decreases the amount of fluoregcgnenching caused by metal
binding. This finding is consistant with the laok enhanced NO photolabilty in
[((OMe)lQ1)RuU(NO)(PyFIE)](BR). Therefore, the additional visible light absatbe
by the dyes in the directly conjugated Resf andt FiEosyls goes toward NO

photorelease and not fluorescence while in the oh#iee PyFIEt-bound nitrosyl, the
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additional absorbed visible light get releasediasréscence and the NO photolabilty

remains unaffected.

4.10 Fluorescence Turn-Off and Turn-ON Signals

We found that light exposure of [(M®pb)Ru(NO)(FIEt)] and
[((OMe)lQ1)RU(NO)(FIEt)] in 50:50 MeCN/KD (causing NO photorelease)
resulted in a rapid increase in fluorescence adehsolutions. When such solutions
were kept in the dark, there was very little chamgtheir fluorescence. In addition,
no increase in fluorescence was observed wheni@audf [(Mebpb)Ru(NO)(FIEL)]
and [((OMe}IQ1)Ru(NO)(FIEt)]in very dry solvents (such as MeCN) were exposed
to light. It thus became evident that these Figirnl {RUNOY nitrosyls are light
activated fluorescence turn-ON agents in the pesefh water. Figure 4.26 shows
the increase in fluorescence:,(= 480 nmAem = 526) of [(Mebpb)Ru(NO)(FIEt)]
and [((OMe}Q1)Ru(NO)(FIEt)] (in 50:50 MeCN/pD) observed after 1 min
intervals of visible light exposure. There was &f@d fluorescence turn-ON for
[(Me,bpb)Ru(NO)(FIEt)] after 5 min of light exposure while in the case of
[((OMe)lQ1)RuU(NO)(FIEL)], there was a 5-fold fluorescennerease under similar
conditions. These findings follow a similar trenf{Me.bpb)Ru(NO)(FIEt)] >
[((OMe)lQ1)RU(NO)(FIEt)]) observed for the NO photolahjilit of
[(Mezbpb)Ru(NO)(FIEt)] and [((OMe)l1Q1)Ru(NO)(FIEL)]. The extent of
fluorescence turn-ON therefore appears to correldtethe amount of light triggered

NO release from these {RuN&hitrosyls.
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Figure 4.26.Changes in the fluorescence emission spectra upandute intervals of
visible light illumination of [(Mebpb)Ru(NO)(FIEt)](left panel) and
[((OMe),lQ1)RuU(NO)(FIEt)](right panel) in 50:50 bD/MeCN (ex= 480 nm).
Samples with absorbance values of 0.9 at 480 nra ussd.

In order to understand the structural changes ressple for the increase in
fluorescence we have employeti-NMR spectroscopy to monitor the fate of
[(Me2bpb)Ru(NO)(FIEt)] and [((OMe}IQ1)Ru(NO)(FIEt)] upon light exposure in
wet CDCN.. When left in the dark for several hours, therero changes in thei-
NMR spectra of both nitrosyls.  However, exposuré the solutions of
[(Me2bpb)Ru(NO)(FIEt)]and [((OMe}IQ1)Ru(NO)(FIEt)]to visible light results in
the appearance of new peaks consistent with thbfiee FIEt (Figure 4.27). This
observationconfirms that the increase in fluorescence obsewgsh light exposure
is due to the release of FIEt.

We hypothesize that this release of FIEt arises @uthe formation of a

thermodynamically stable HO-bound Ru(lll) photoprod When NO is bound, the
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Figure 4.27."H-NMR spectra (9.1-5.5 ppm) of [(Mepb)Ru(NO)(FIEt)jin CD:CN
at 298 K kept in the dark (bottom) and after ligkposure (top). Red arrow show
new peaks of unbound FIEt dye.
Ru-center is thought to have more low-spin Ru(hiqmacter. However once NO has
been released, the Ru-center is converted intavaspn Ru(lll) species (strong EPR
signal, vide infra) which is more susceptible tawatipn (eq 2). The high Lewis
acidity of the resulting water bound Ru(lll) compleombined with the basic

properties of FIEt may eventually lead to the formation of the motabke

[(LRu(N(OH)(H20)] (L = Mebpb or (OMe)IQ1) photoproduct and FIEt-H (eq. 3).

[(LRU(NO)(FIEt)] H,0 NO+ [(L)Ru3(H,O)(FIE)]* (2)
[(DRUHHL)FIEY Ho [(LRu*(HLO)OH)] + FIEt-H 3)

(L = Me,bpb or (OMe)IQ1)

This mechanism is confirmed by the lack of lighttieed fluorescence turn-ON in

dry non-aqueous solvents. The observation stromgllies that the FIEt dye in
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[(Mezbpb)Ru(NO)(FIEt)Jand[((OMe).lQ1)Ru(NO)(FIEt)] stays bound to the Ru(lll)
center upon light exposure (and NO release) in dbeence of water. The
paramagnetism of the low-spin Ru(lll) center in L)Ru(lll)(FIEt)(solv)] (L =
Mesbpb or (OMe)IQ1) quenches the fluorescence of such photopredunctdry
solvents.

To confirm the 3+ oxidation state of ruthenium time solvato species
generated after complete photolysis of the diam@gnéRu-NO}° nitrosyls
[(Me2bpb)Ru(NO)(FIEt)Jand [((OMe)1Q1)Ru(NO)(FIEt)], EPR measurements were
performed. Photoproducts of [(M#b)Ru(NO)(FIEt)] and [((OMeg)Ql)Ru-
(NO)(FIEt)] generated in dry MeCMisplay axial EPR spectrag (alues: 2.16 and
1.89 for [(Mebpb)Ru(NO)(FIEt)] and 2.18 and 1.90 for
[((OMe)lQ1)RuU(NO)(FIEt)]) typical of low spin Ru(lll). Heever, the spectra
change when photolysis is done in the presenceaténvg values: 2.19 and 1.88 for
[(Mebpb)Ru(NO)(FIEt)] and 2.12 and 1.92 for [((OMg£R1)Ru(NO)(FIEL))).
Comparison of the EPR spectra of the photoprodti¢tMebpb)Ru(NO)(FIEt)]in
aqueous mediwith that of [(Mebpb)Ru(NO)(OH)F? after photolysis under similar
conditions confirms such conclusion (similar spectwith identical g values).
Collectively, these results support the hypothésid the ultimate formation of OH-
bound photoproduct [(L)Ru(lll)(OH)(#D)] (L = Mebpb or (OMe)IQ1) drives the
release of FIEt.

The {RuNO}° nitrosyls with coordinated Resf dye chromophoréspldy

turn-OFF fluorescence signal once NO is released. Theedserin fluorescence has
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been attributed to the formation of dye-bound R)(lbhotoproducts. The
paramagnetic dRu(lll) center is a very effective fluorescenceegeher of the bound
Resf in these photoproducts. In contrast, [dpd)Ru(NO)(FIEt)] and
[((OMe)lQ1)Ru(NO)(FIEt)] are the first example of ruthemunitrosyls with a
fluorescenturn-ON signal for NO release. Although a Ru(lll) phatoguct is also
produced in this case, the FIEt dye does not stayd to the metal center. It
becomes apparent that FIEt has a lower affinityRa(lll) compared to that of Resf.
Thus as NO leaves generating a Ru(lll) photoprqgd&tEt is released and a

fluorescence enhancement is noted instead of fuen¢Figure 4.28).

Figure 4.28.Purposed mechanism of light triggered fluorescéngeon for
[(Mezbpb)Ru(NO)(FIEL)]

Recently, there have been several reports ofdhgant turn-ON sensors that
signal the presence of N®For example, Lippard and coworkers have designed a
Cu(ll) fluorescein-based NO sensor CuFL (FL = Z2effero-6-hydroxy-5-[(2-

methyl-quinolin-8-ylamino)-methyl]-3-oxo+3-xanthen-9-yl}benzoic acid) The FL
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ligand is not fluorescent in its free or Cu(ll)-bmliform. However upon expose to
NO, the Cu(ll) center of CuFl is reduced to Cu(RhaconcomitantN-nitrosylation of

FL (FL-NO). TheN-nitrosylation of the FL-NO ligand results in itssplacement

from the Cu(l) center and an increase in fluoreseerindeed, CuFL has been
successfully used to visualize NO generated fro@3Nn murine macrophage cells
and from cNOS in SK-N-SH human neuroblastoma c¢&lisiowever in the present
case, our goal is to deliver exogenous NO to bioldgtargets.  With

[(Me2bpb)Ru(NO)(FIEt)] and [((OMe)Q1)Ru(NO)(FIEt)], the release of NO
(instead of NO binding) results in a fluorescemht®N signal which could clearly
indicate NO delivery. This is a distinct advantagiethe designed NO donors

[(Me,bpb)Ru(NO)(FIEt)] and [((OMe)Q1)Ru(NO)(FIEL)].

4.11 Experimental Section

4.11.1 Syntheses of Compounds

Materials. NO gas was purchased from Spectra Gases Inc. aswified
by passing through a long KOH column prior to uBaiCkexH,O (Aldrich Chemical
Co.) was treated several times with concentrated tl@repare the starting metal
salt, RuCjs3H,O. The solvents were dried by standard techniqunesdistilled. The
starting complex [(Mgbopb)Ru(NO)(CI)] was synthesized by following thecedure
previously reported by WsThe published procedure for Fluorescein ethyl estes
modified to obtain high yields of the pure dy&:Isoquinoline was purchased from

Wako Chemicals and the quinaldic acid was obtaifnech Acros Organics. 1,2-
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dimethoxy-4,5-diaminobenzene was synthesized acwprdo the published
proceduré€. Fluorescein and AgBFwere purchased from Fluka and Alfa-Aesar,
respectively. All other chemicals were purchasemmfrAldrich Chemical Co. and
used without further purification.

Synthesis of Ligands.1,2-Bis(Isoquinoline-1-carboxamido)-4,5-dimethyl-
benzene (HMe,lQ1). A mixture of one equiv 4,5-dimethyl-1,2-phenyleraedine
(0.5 g, 3.67 mmol), 2 equiv of 1-Isoquinolinecarploxacid (1.27 g, 7.33 mmol), and
2 equiv of P(OPh)(2.28 g, 7.34 mmol) in 20 mL of pyridine was pregzth Upon
heating at 100 °C for 3 hours the brown solutiomed red. The cooled solution was
partially condensed and further cooled to 4 °C wowgit. The resulting orange
precipitate was filtered and washed several timigs BOH and E{O and dried in
vacuo. Yield: 0.89 g (55%). Selected IR frequen¢i€®r disk, in cm'): 3248 (w,v.
nH), 1675 (Sve=o), 1661 (Syveeo), 1585 (s), 1532 (vs), 1484 (vs), 1452 (s), 1399 (
1134 (w), 831 (s), 735 (W), 636 (WH NMR in CDCE, & from TMS: 10.48 (s 2H),
9.72 (d 2H), 8.43 (d 2H), 7.85 (d 2H), 7.80 (d 2R3 (m 4H), 7.70 (s 2H), 2.35 (s
6H).

1,2-Bis(Isoquinoline-3-carboxamido)-4,5-dimethylbezene (HMe,lQ3). A
batch of 4,5-dimethyl-1,2-phenylenediamine (0.3&7 mmol), of 3-Isoquinoline-
carboxylic acid (1.27 g, 7.33 mmol), and of P(QPH.28 g, 7.34 mmol) was
prepared in 15 mL of pyridine. The brown solutionned dark brownish-red upon
heating for 3 hours at 100 °C. The solution waslem@nd refrigerated at 4 °C

overnight. The resulting white precipitate wasefiéidd and washed several times with
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EtOH and EfO and dried in vacuo. Yield: 0.68 g (42%). Selecliedfrequencies
(KBr disk, in cni'): 3307 (W,vis), 1691 (VSye-o), 1533 (s), 1490 (vs), 1443 (s), 758
(w). 'H NMR in CDCk, & from TMS: 10.39 (s 2H), 9.16 (s 2H), 8.75 (s 2HPB(m
4H), 7.79 (s 2H), 7.71 (m 4H), 2.36 (s 6H).
1,2-Bis(pyridine-2-carboxamido)-4,5-dimethoxybenzge (Hx(OMe),bpb).
A mixture of 1,2-dimethoxy-4,5-diaminobenze(@®51 g, 3.0 mmol), 2 equiv of
picolinic acid (0.74 g, 6.0 mmol) and 2 equiv ofOPh} (1.87 g, 6.0 mmol) was
dissolved in 20 mL of pyridine. The resulting grésown solution turned amber
after refluxing for 4 h. The solution was cooleddakept at 4C over night. The
resulting tan precipitate was filtered and washetth &#tOH and EO and dried in
vacuo. Yield: 1.04 g (55%). Selected IR bands (KB, in cm'): 3335 (W,vyy),
3285 (w), 1676 (Sc-0), 1662 (s), 1609 (w), 1527 (s), 1504 (s), 1480, (6350 (m),
1210 (vs), 1093 (m), 997 (m), 751 (m), 671 (").NMR in CDC}, & from TMS:
10.32 (s 2H), 8.57 (d 2H), 8.32 (d 2H), 7.91 (t 2FH¥7 (m 4H), 3.94 (s 6H).
1,2-Bis(Isoquinoline-1-carboxamido)-4,5-dimethoxyénzene
(H2(OMe),IQ1). A solution containing 1 equiv of 1,2-dimethoxy-4,5-
diaminobenzene (1.27 g, 7.56 mmol), 2 equiv ofdgisnolinecarboxylic acid (2.62
g, 15.1 mmol), and 2 equiv of P(ORI@.69 g, 15.1 mmol) was prepared in 40 mL of
pyridine. The green solution turned bright red up@ating at 100 °C for 4 h. The
solution was partially condensed and stored at 4V€rnight. The resulting bright
yellow-orange precipitate was filtered and washaderl times with EtOH and £

and dried in vacuo. Yield: 2.17 g (60%). Selectedrequencies (KBr disk, in cf):
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3296 (W, Vi), 1682 (Syeo), 1526 (vs), 1478 (s), 1334 (w), 1205 (s), 1108. (i
NMR in CDCk, 6 from TMS: 10.46 (s 2H), 9.72 (d 2H), 8.40 (d 2H)38 (d 2H),
7.82 (d 2H), 7.73 (t 4H), 7.53 (s H).

Fluorescein Ethyl Ester (FIEt). A slurry of Fluorescein (1.00g, 3.01 mmol)
in 150 mL of EtOH was treated with 7 mL of sulfuigcid and heated to reflux
temperature for 20 h in a 500 mL round bottom flaskered with aluminum foil.
EtOH was then removed via rotary evaporation, lega bright yellow oil. The
product was extracted into dichloromethane (DCM) liquid-liquid extraction using
DCM and water, and the DCM layer was washed witthiusa bicarbonate (2.50g,
30.00 mmol) dissolved in 50mL of water. FinallyC®l was removed via rotary
evaporation, leaving a red-orange solid. Yield:79.990%). Selected IR frequencies
(KBr disk, in cm'): 1718 (m), 1640 (m), 1595 (vs), 1495 (s), 1460,(1884 (s),
1263 (vs), 1205 (s), 1107 (SH NMR in CDC}, & from TMS: 8.72 (d 1H), 7.74 (t
1H), 7.69 (t 1H), 7.33 (d 1H), 6.99 (d 2H), 6.824), 6.81 (d 2H), 4.01 (q 2H), 0.92
(t 3H).

4-(Pyridinyloxy)-Fluorescein Ethyl Ester (PyFIEt). A batch of FIEt
(0.750g, 2.08 mmol) was dissolved with 5 equiv eafctriphenylphosphine (2.729¢,
10.42 mmol) and 4-pyridylcarbinol (1.144g, 10.42 atyrin 35 mL of THF. The
solution was then cooled in a ice bath and treatgith 5 equiv of diethyl
azodicarboxylate (1.480g, 10.42 mmol) in 5 mL of HHadded dropwise. The
resulting solution was then allowed to stir at rotemp for 40 hours. The solution

was then put in freezer to maximize precipitatidnttee orange solid which was
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collected via gravity filtration and washed with @M. Yield: 0.753g (80%). Selected
IR frequencies (KBr disk, in c¢f): 1707 (m), 1643 (m), 1596 (vs), 1519 (s), 1450
(m), 1257 (s), 1208 (m), 1109 (m). H NMR in chlawoh, 6 from TMS: 8.653 (d
2H), 8.253 (d 1H), 7.732 (t 1H), 7.674 (t 1H), R3E 2H), 7.310 (d 1H), 6.993 (d
1H), 6.925 (d 1H), 6.862 (d 1H), 6.808 (d 1H), ®58 1H), 6.437 (s 1H), 5.20 (s
2H), 4.040 (q 2H), 0.971 (t 3H). UV/vis in MeCN,in nm gin M™* cm*): 346 (7
500), 430 (18 700), 454 (20 800), 480 (12 600).

Syntheses of Metal Complexes. [((OM&)pb)Ru(NO)(CI)]. A pale
yellow solution of H(OMe)bpb (0.200 g, 0.53 mmol) in 20 mL of DMF was treate
with 2.1 equiv of NaH (0.03 g, 1.1 mmol) to generat bright orange solution. A
batch of 0.138 g (0.53 mmol) of Ru€dH,O was then added to the solution of
deprotonated ligand and the green mixture was teateeflux temperature for 16 h.
Next, it was cooled to room temperature and filietice remove solid NaCl. The dark
green filtrate was degassed and NO gas was bultimedgh the solution at reflux
temperature for 1 h. The resulting red/orange smiuvas cooled, and the solvent
was removed in vacuo. The oily residue was trirdageveral times with MeCN to
remove DMF. The solid was finally washed with pmrs of MeCN (2 x 5 mL) and
THF (2 x 5 mL) to afford an orange-brown compounkichi was dried in vacuo.
Yield: 0.205 g (72%). Selected IR bands (KBr diskcni?): 1845 (vs,vno), 1631
(VS, ve=0), 1596 (m), 1566 (w), 1497 (s), 1402 (m), 1368,(A978 (w), 1254 (m),

1080 (w), 988 (W), 872 (W), 756 (), 489 (). U\&in DMF, A in nm €in M cni
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1): 319 (12 500), 420 (7 800% NMR in CDCI3,s from TMS: 8.74 (d 2H), 8.49 (s
2H), 8.39 (d 2H), 8.24 (t 2H), 7.74 (t 2H), 3.98(3).

[((OMe)21Q1)RuU(NO)(CI)]. A yellow solution of H(OMe)IQ1 (0.15 g, 0.31
mmol) in 20 mL of DMF was treated with 2.1 equiviéH (16 mg, 0.67 mmol) to
generate a red solution and to it was added a baftdh082 g (0.31 mmol) of
RuCke3H,O. The dark brown mixture was then heated to xeftumperature for 20
h. Next. the green-brown solution was cooled tonrdaemperature and filtered to
remove NaCl. The filtrate was degassed and NO gasbwbbled through it at reflux
temperature for 2 h. The resulting red/maroon smiutvas cooled, and the solvent
was removed in vacuo. The oily residue was trirdageveral times with MeCN to
afford a red-brown solid. This solid was then stirrin hot MeCN and filtered to
remove impurities. The dark maroon solid was finalashed with BEO and dried in
vacuo. Yield: 0.16 g (80%). Selected IR frequesdiéBr disk, in cnt): 2923 (w),
1832 (Mvyo), 1614 (vs), 1585 (s), 1492 (s), 1253 (s), 1091 NMR in CDCh, &
from TMS: 10.45 (d 2H), 8.72 (d 2H), 8.61 (s HY0®.(d 2H), 7.90 (d 2H), 7.93 (t
2H), 7.90 (t 2H), 4.05 (s 6H). UV/vis in DMK,in nm € in M cm?): 290 (27 000),
320 sh (22 300), 475 (8 700).

[((OMe)2bpb)Ru(NO)(Resf)]. A mixture of [((OMe}bpb)Ru(NO)(CI)]
(0.100 g, 0.18 mmol) and 1 equiv of AgBEB6 mg, 0.18 mmol) in 30 mL of MeCN
was heated to reflux for 15 min and then a batch3oig (0.18 mmol) of Resorufin
(sodium salt) was added. The resulting red solut\@s heated to reflux for an

additional 16 h. The red/orange mixture thus oletthiwas filtered and concentrated
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under vacuum and then stored &CAfor 12 h. The red precipitate thus obtained was
filtered and washed with ether (2 x 5 mL). Yield Bg (27%). Selected IR bands
(KBr disk, in cm'): 1831 (syno), 1630 (vSyvc=0), 1592 (vs), 1485 (vs), 1403 (m),
1370 (m), 1322 (w), 1272 (s), 1205 (m), 1102 (n®82 (m), 863 (M), 758(w), 683
(w), 588 (w), 493 (m). UV/vis in MeCNy in nm €in M™ cmi'): 402 (14 600), 495
(29 000).*H NMR in CDCEk, ¢ from TMS: 8.75 (d 2H), 8.52 (d 2H), 8.32 (s 2H)1.B.

(t 2H), 7.81 (t 2H), 7.56 (t 2H), 7.30 (d 1H), 7.(21H), 6.72 (d 1H), 6.11 (s 1H),
6.08 (d 1H), 5.67 (s 1H), 4.00 (s 6H).

[((OMe)2lQ1)Ru(NO)(Resf)]. A solution of [((OMe}IQ1)Ru(NO)(CI)]
(0.230 g, 0.20 mmol) in 20 mL of MeCN was treatethwAgBF, (0.040g, 0.20
mmol) and heated to reflux temperature for 3 hxtNe batch of 0.048 g (0.20 mmol)
of Resorufin dye (as Na salt) was added to thertasbon solution and continued to
reflux for 4 h. The resulting bright red solutia@s cooled to 4° C and the dark red
precipitate was filtered. The dried precipitatesviaen re-dissolved in GBI, and
filtered to remove AgCIl and NaBF The filtrate was concentrated and loaded on a
silica gel column. A CKCI,/THF gradient was used to elute the final produgeld:
0.075 g (45%). Selected IR frequencies (KBr disketiil): 1827 (vsvyo), 1617 (s),
1580 (m), 1487 (s), 1323 (m), 1270 (s), 1266 ($991(m), 1095 (m), 849 (w), 491
(W) . *H NMR in CDCE, & from TMS: 10.27 (d 2H), 8.78 (d 2H), 8.55 (s 2B)4 (d
2H), 8.01 (d 2H), 7.92 (t 2H), 7.83 (t 2H), 7.241¢3), 7.03 (d 1H), 6.72 (d 1H), 5.99
(s 1H), 5.97(d 1H), 5.36 (d 1H), 4.09 (s 6H). Uig¢/in MeCN,\ in nm € in M™* cm

1): 330 (15 000), 495 (30 000).
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[(Me2bpb)Ru(NO)(FIEt)]. A solution 0.150 g of [(Mghpb)Ru(NO)(CI)]
(0.294 mmol) was prepared in 20 mL of MeCN andtagawith AgBFR (0.0579,
0.294 mmol). A separate solution 0.106 g of FIER9d mmol) in 20 mL of MeCN
was treated with NaH (0.007g, 0.294 mmol). Botlutsons were then heated to
reflux temperature and the FIEt solution was slowbhdded to the
[(Me2bpb)Ru(NO)(CI)] solution with stirring. Heating dfie mixture (with constant
stirring) was continued at reflux temperature foh.5 Next, the bright red solution
was cooled to-20°C for 1 h to allow full precipitation of impumktss which were
filtered off using a Celite pad. The filtrate wamndensed to half the original volume,
5 mL of E4O was added, and then stored-20°C for 48 h. The red precipitate was
filtered, washed several times with @t and dried in vacuo. It was finally
recrystallized from CHGI Yield: 0.100 g (41%). Selected IR frequencies (Ki&k,
in cm®): 1846 (s), 1715 (m), 1635 (s), 1578 (vs), 14331879 (m), 1273 (s), 1206
(m), 1104 (m).*H NMR in CDCk, & from TMS: 8.83 (d 2H), 8.39 (s 2H), 3.32 (d
1H), 8.28 (d 1H), 8.24 (t 1H), 8.21 (t 1H), 8.161(d), 7.79 (t 1H), 7.76 (t 1H), 7.64
(t 1H), 7.60 (t 1H), 7.17 (d 1H), 6.77 (d 1H), 6.@4D1H), 6.39 (d 1H), 6.30 (s 1H),
5.81 (d 1H), 5.74 (s 1H), 3.98 (q 1H), 3.89 (q 1PR7 (s 6H), 0.84 (t 3H). ESI-MS:
m/z 836 (M). UV-Vis in MeCN, Amaxin nm € in Mem™): 270 (25 500), 375 (11
000), 450 sh (18 500), 475 (24 000), 510 sh (20.100

[((OMe),IQ1)Ru(NO)(FIEt)]. A batch of [((OMe)IQ1)Ru(NO)(CI)] (0.150
g, 0.233 mmol) was treated with AgB[.045 g, 0.233 mmol) in 15 mL of MeCN

and heated to reflux temperature. Meanwhile, aslof FIEt (0.084 g, 0.233 mmol)
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was treated with 1 equiv of NaH (0.006 g, 0.233 m)nmoMeCN and also brought to
reflux temperature. The hot FIEt solution was theadded to the
[((OMe).lQ1)Ru(NO)(CI)] solution and the mixture was keptraflux temperature
for 8 h. Over the course of the reaction, a rexhge precipitate separated out. The
precipitate was collected by filtration and recajized from CHC}/pentane. Yield:
0.172 g (76%). Selected IR frequencies (KBr diskgri'): 1832 (m), 1712 (w), 1617
(vs), 1579 (vs), 1496 (s), 1332 (m), 1287 (s), 1848 1097 (s)'H NMR in CDCE,
8 from TMS: 10.339 (d 1H), 10.193 (d 1H), 8.790 (@d), 8.521 (s 1H), 8.482 (s
1H), 8.141 (m 3H), 7.996 (tt 3H), 7.891 (dt 2HBWO (t 1H), 7.596 (dt 2H), 7.054 (d
1H), 6.703 (d 1H), 6.440 (d 1H), 6.293(d 1H), 6.q571H), 5.875 (d 1H), 5.363 (s
1H), 4.012 (s 3H), 3.994 (s 3H), 3.885 (q 1H), 8.79 1H), 0.701 (t 3H). ESI-MS:
m/z 968 (M+). UV-Vis in MeCNAmaxin nm € in M™*cm™): 280 (28 700), 320 sh (17
000), 365 sh (10 200), 450 sh (21 800), 475 (28,810 sh (22 700).
[((OMe),lQ1)Ru(NO)(PyFIEL)](BF 4). A batch of [((OMe}IQ1)Ru(NO)(CI)]
(0.220 g, 0.342 mmol) was treated with AgB[®.067 g, 0.344 mmol) in 15 mL
MeCN, and heated to reflux temperature for 2 hoBgglEt (0.154 g, 0.341 mmol)
was added neat to the hot solution and kept atx@éfimperature for an additional 2
hours. The solution was condensed to 10 mL and 50MmEtO was added. The
resulting solution was cooled -20 °C and filteredrémove solid impurities. The
solvent was removed in vacuo and the residue vitlasdstn a 3:10 mixture of warm
CHCI; and THF to dissolve any remaining imuprities. Din@nge produced was then

isolated by filtration. Yield: 0.130 g (59%). Seled IR frequencies (KBr disk, in ¢m
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1:1880 (W, vno), 1626 (vs), 1593 (vs), 1497 (s) 1443 (m), 1323, (1255 (s), 1205
(w), 1090 (s), 1034 (s). H NMR in chloroforfrom TMS: 10.145 (d 1H), 10.130 (d
1H), 9.503 (d 2H), 8.630 (dd 2H), 8.511 (s 1H),0®& 1H), 8.218 (dd 1H), 8.087 (dt
3H), 7.955 (tt 3H), 7.870 (t 3H), 7.69 (t 1H), 7.@41H), 7.41 (d 2H), 7.24 (d 1H),
6.82 (dd 1H), 6.72 (s 1H), 6.61 (dd 1H), 6.49 (dd),16.33 (s 1H), 4.93 (s 2H),
4.08(s 6H), 4.03 (q 1H), 3.99 (q 1H), 0.920 (t 3”HY.-Vis in MeCN,Amaxin nm € in
M-tcm): 300 sh (32 000), 340 sh (21 250), 430 sh (23,684 (28 000), 480 sh (22

150).
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4.11. 2 Experimental Data:'H-NMR and IR Spectra
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Figure 4.30. 'H-NMR spectrum (7.5-10.6 ppm) obMe,IQ1 in CDCh at 298 K
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Figure 4.31. IR spectrum of {Me),IQ3 in KBr pellet
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Figure 4.32. 'H-NMR spectrum (7.5-10.6 ppm) obMe,IQ3 in CDCk at 298 K
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Figure 4.34. 'H-NMR spectrum (3.8-10.2 ppm) obLi®Me)bpbin CDCl at 298 K
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Figure 4.36. 'H-NMR spectrum (3.8-10.5 ppm) obL{®OMe)IQ1 in CDCk at 298 K
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Figure 4.40. *H-NMR spectrum (6.2-8.8 ppm) of PyFIEt in CR@L 298 K

191



%T

70 M "
65 -
MeQ OMe
60 O O g
1845
N. NON
N
— d /]
554 N\ ’N/l\N —\
Cl
1631
3000 2500 2000 1500 1000 50C

cm™

Figure 4.41. IR spectrum of [((OMeppb)Ru(NO)(CI)] inKBr pellet
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Figure 4.42. 'H-NMR spectrum (7.5-8.9 ppm) of [((OMgpb)Ru(NO)(CI)]
in CDCl at 298 K
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Figure 4.43. IR spectrum of [((OMe)Q1)Ru(NO)(CI)] inKBr pellet
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Figure 4.44. '"H-NMR spectrum (7.7-11.0 ppm) of [((OM£&D1)Ru(NO)(CI)]
in CDCk at 298 K
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Figure 4.46. *H-NMR spectrum (5.5-9.0 ppm) of [((OM&pb)Ru(NO)(Resf)]
in CDCk at 298 K
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Figure 4.47. IR spectrum of [((OMeg)Q1)Ru(NO)(Resf)] inkKBr pellet
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Figure 4.48. *H-NMR spectrum (5.1-10.4 ppm) of [((OM#&Q1)Ru(NO)(Resf)]
in CDCk at 298 K
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Figure 4.50. 'H-NMR spectrum (5.7-9.0 ppm) of [(Mepb)Ru(NO)(FIEt)]
in CDCk at 298 K
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Figure 4.51. IR spectrum of [((OMe)Q1)Ru(NO)(FIEt)] inKBr pellet
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Figure 4.52. '"H-NMR spectrum (5.3-10.5 ppm) of [((OM#&Q1)Ru(NO)(FIEt)]
in CDCk at 298 K
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Appendix A

Additional Ruthenium Nitrosy!
Syntheses
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A.1l Synthesesand Structures

A.1.1 Characterization of [((OMe),l Q1)Ru(NO)(MIN)](BF,)

We decided to synthesize a ruthenium nitrosyl veitimethyl isonicotinate
(MIN) ligand. This ligand was specifically choseor fits methyl ester functionality.
Ester groups could potentially be used to attagioua cell targeting moieties that
would direct the nitrosyls to a specific cell tygsuch as cancerous cells) thus
increasing its site specificity. The MIN ligand svattached by first removing the
chloride ligand of [((OMe&)Q1)Ru(NO)(CI)] via Cl-extraction with AgBFin dry
MeCN followed by addition of MIN to generate [((OME)1)Ru(NO)(MIN)](BF,).
Since the initial Cl-extraction reaction never goesompletion, there is always some
Ag" still in solution once MIN is added. As a conseqgee of AJ high affinity for
pyridine-N donors, a Ag-MIN species is also fornteding the reaction (as seen by
H-NMR in CDsCN, & from TMS: 8.75 (d 2H), 7.82 (d 2H), 3.91 (s 3H)Yhis
species is very difficult to separate from the N€.1Q1)Ru(NO)(MIN)](BF)
product due to their similar 1+ charges.

The crystal structure of [((OMgR1)Ru(NO)(MIN)](BF;) reveals that the
MIN ligand is bound through the pyridine-N transN® (Figure A.1). The neutral
pyridine donor decreases the amountuifackbonding compared to the charged CI
bound species. This causes a lengthening of theD Nsond in
[((OMe)lQ1)RU(NO)(MIN)](BF;) as evidenced by its NO stretching frequency of

1854 cm compared to that of [((OMgR1)Ru(NO)(CI)] at 1832 cih The IR
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Figure A.1. Thermal ellipsoid (probability level 50%) plot of
[((OMe),IQ1)RuU(NO)(MIN)]" with select atom-labeling. H atoms are omittectiie
sake of clarity.
spectrum of [((OMe)Q1)Ru(NO)(MIN)](BF,) also has a peak at 1740 tm

corresponding to the carbonyl stretching frequesfayre methyl ester in the bound-

MIN ligand.

A.1.2 Characterization of [(Mebpb)Ru(NO)(Rd-B)](BF,4) and
[((OMeé).1 Q1)Ru(NO)(Rd-B)](BF4)

The bright pink dye, Rodamine-B (Rd-B), was at&athia its carboxylate-O
atom to the ruthenium center of the Mpeb- and (OMe)Q1-containing {RUNO$
nitrosyls.  Similar to the reaction describe abotlee chloride bound species
([((Mezbpb)Ru(NO)(CI)] and [((OMe)Q1)Ru(NO)(CI)]) were treated with AgBRo
remove the chloride ligand allowing binding of Rd-Bo form both

[(Mezbpb)Ru(NO)(Rd-B)](BR) and [((OMe)IQ1)Ru(NO)(Rd-B)](BR) (Figure
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A.2). Inits bound form, Rd-B contains a positiwe&harged imine-N center which

increases the solubility of the Rd-B bound nitresyl aqueous media compared to
the corresponding neutral resorufin (Resf)- andriééscein ethyl ester (FIEt)-bound

ruthenium nitrosyls.

Free Rd-B has a strong absorption band at 554ermm106 000 M'cmY). Its
strong visible light absorption is attributed torart* transition centered on the
conjugated tricyclic ring system of the dye. Rasfl FIEt contain similar tricyclic
ring systems that also give rise to strong visiiglet absorption bands at 590 nm=<

105 000 M'cm™) and 504 nmg(= 80 000) when these dyes are in their deprotdnate

forms.

[(Me;bpb)Ru(NO)(Rd-B)](BF,)  [((OMe),1Q1)RU(NO)(Rd-B)](BF,)

Figure A.2. Rodamine-B (Rd-B) Bound {RuNGONitorsyls
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These transitions appear at low energy due toxtensive delocalization of electron
density (on the amine-N of Rd-B or the phenolatoa@iety of Resf and FIEt) over
the entire tricyclic ring system (Figure A.3). Resfd FIEt both bind the ruthenium
center via their deprotonated phenolato-O moieti€Bis greatly perturbs the

delocalized tricyclic ring system and causes a-sBlu#é of the dyes’ absorption bands

Electron Density Delocalized Over Tricyclic Ring System

Phenolato-O Carboxylato-O
Metal Binding Metal Binding
Moiety Moiety

Figure A.3. Chemical structure of resorufin (Resf), fluoresaetinyl ester (FIEt),
and rodamine-B (Rd-B) with their metal binding nitge and
delocalized electron density emphasized.

in the electronic absorption spectra of [((OM@L)Ru(NO)(Resf)] and
[(OMe)IQ1)Ru(NO)(FIEL)] Amax= 500 nm and 475 nm, respectively). However,
since Rd-B binds the metal center through its caylado-O moiety, the delocalized
system remains undisturbed and thus the absorpaod of Rd-B is very slightly
shifted in the case of [(Mbpb)Ru(NO)(Rd-B)](BE) and [((OMe}IQ1)Ru(NO)(Rd-
B)](BF4) (Amax= 558 nm for both nitrosyls, Figure A.4). In additj the intensity of

absorption band of bound Rd-B in these nitroysks 67 000 M'cm™ ande = 70 000
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Figure A.4. Electronic absorption spectrum of chloride-bound
[(Me2bpb)Ru(NO)(CI)] and [((OMe)Q1)Ru(NO)(CI)] compared to dye-bound
[(Mezbpb)Ru(NO)(Rd-B)](BEk) and [((OMe}IQ1)Ru(NO)(Rd-B)](BR) in MeCN
that seen for [((OMg)Q1)Ru(NO)(Resf)] and [((OMe)Q1)Ru-(NO)(FIEL)]

M™cm™®, respectively) is decreased compared to thatesf fiye by a much lesser
extent than seen for the Resf and FIEt bound {RuNt}osys € = 28 000 Mcm*
for both [((OMe}Q1)Ru(NO)(Resf)] and [((OMe}Q1)Ru(NO)(FIEt)]). This
provides a dramatically increased amount of visiijat absorption by the Rd-B
bound nitrosyls compared to the related chloriderdospecies (Figure A.4). Studies
are currently in progress to see if this incream@dunt of visible light absorption in
[(Mezbpb)Ru(NO)(Rd-B)](BE) and [((OMe)IQ1)Ru(NO)(Rd-B)](BR) leads to
increased quantum yield values for NO photorelesseg visible light as was seen
for the Resf- and FIEt-bound ruthenium nitrosylgVe hypothesize that since the
tricyclic ring system of Rd-B is not directly cogjated to the ruthenium center, but
instead through the carboxylate tail of the dyedheill be less enhancement of the

NO photolability in the visible region.
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A.2 Experimental Section

A.2.1 Syntheses of Compounds

[((OMe)2l Q1)Ru(NO)(MIN)](BF4). A batch of [((OMe)Q1)Ru(NO)(CI)]
(0.161 g, 0.250 mmol) was treated with AgBP.049 g, 0.251 mmol) in 15 mL of
MeCN and heated to reflux temperature. After 3 lequiv of methyl isonicotinate
(MIN) (0.103 g, 0.752 mmol) was added to the hdtutson which was then kept at
reflux temperature for an additional 4 h. The solutvas cooled to room temperature
and condensed down to 5 mL. Roughly 2 mL of die@tyler was added and the
solution was stored at -20°C overnight. The resglgprecipitant was removed by
filtration using a celite pad. Vapor diffusion ofher into the filtrate afforded the
crude product as a brown solid. X-ray quality cast of
[((OMe)lQ1)RuU(NO)(MIN)](BF;) were obtained by vapor diffusion of pentane into
a solution of the crude product in CHCat room temperature. Selected IR
frequencies (KBr disk, in c): 1854 (m,vno), 1740 (w), 1617 (vs), 1585 (m), 1496
(s), 1323 (m), 1253 (m), 1091 (s), 1050 {8-NMR in CD;CN, & from TMS: 10.10
(d 2H), 9.17 (d 2H), 8.62 (s 2H), 8.43 (d 2H), 8(8%2H), 8.17 (d 2H), 8.01 (t 2H),
7.92 (t 2H), 7.64 (d 2H), 3.96 (s 6H), 3.72 (s 3H).

[(Me;bpb)Ru(NO)(Rd-B)](BF4). A batch of [(Mebpb)Ru(NO)(CI)] (0.10 g,

0.196 mmol) in 20 mL of MeCN was treated with AgBB.038 g, 0.196 mmol) and
stirred at reflux temperature for 12 h. Rhodamin@@®94 g, 0.196 mmol) was then
dissolved in 5 mL of MeCN and deprotonated with N&®005 g, 0.196 mmol). The

resulting slurry was added to the hot solution kedt at reflux temperature for an
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additional 5 h. The pink solution was cooled iitc@abath and then filtered through a
celite pad to remove solid NaCl and AgCIl. Therdié was then condensed under
vacuum until only 5 mL of the solution remained d@hen 2 mL of diethyl ether was
added. The resulting solution was cooled to -2fifiCseveral hours causing a dark
red solid to form which was isolated by filtratioriield: 0.080 g (41%). Selected IR
frequencies (KBr disk, in cif): 1846 (mvno), 1636 (s), 1590 (vs), 1484 (m), 1413
(m), 1338 (s), 1180 (s), 1072 (MH-NMR in CDCh, & from TMS: 9.07 (d 2H), 8.25
(s 2H), 8.06 (t 2H), 7.98 (d 2H), 7.71 (t 2H), 7@41H), 7.35 (d 2H), 6.79 (dd 1H),
6.74 (s 1H), 6.72 (s 1H), 6.65 (d 2H), 6.58 (d 2BI§7 (m 8H), 2.33 (s 6H), 1.42 (t
12H).UV/vis in MeCNA in nm € in M™ cmit): 558 (67 000).
[((OMe)21Q1)Ru(NO)(Rd-B)](BF4). A solution of [((OMe)IQ1l)Ru-
(NO)(CI)] (0.080 g, 0.124 mmol) in 15 mL of MeCN sv&reated with AgBF(0.024
g, 0.124 mmol) and heated to reflux temperature2fdr. Meanwhile, a batch of
0.089 g (0.187 mmol) of rhodamine-B dye (Rd-B, &sdlt) was dissolved in 10 mL
MeCN and NaH (0.005 g, 0.187 mmol) was added cgusinlight pink solid
(deprotonate Rd-B as a zwitterion) to form. Theuleng mixture was then added to
the hot nitrosyl containing solution and continued stir at reflux temperature
overnight. The resulting bright red solution wétefed and concentrated to 5 mL
under vacuum. Roughly 10 mL of diethyl ether wadded to the concentrated
solution until a dark red solid began to form whigas then filtered. Yield: 0.065 g
(46%). Selected IR frequencies (KBr disk, in"m1836 (svno), 1633 (s), 1617 (s),

1590 (vs), 1495 (s), 1413 (m), 1325 (s), 13381854 (m), 1182 (s), 1092 (m), 1064

208



(m) .*H-NMR in CDCk, 5 from TMS: 10.11 (d 2H), 9.08 (d 2H), 8.27 (s 2B)10 (d
2H), 8.03 (d 2H), 7.92 (t 2H), 7.80 (t 2H), 7.581(d), 7.28 (d 2H), 6.68 (d 1H), 6.62
(d 2H), 6.58 (s 2H), 6.29 (d 2H), 4.03 (s 6H), 3(688H), 1.34 (t 12H).UVAvis in

MeCN, X in nm € in M cm™): 558 (70 000).
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A.2.2 Experimental Data: *"H-NMR and IR Spectra
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Figure A.5. IR spectrum of [((OMe)Q1)Ru(NO)(MIN)](BF;) in KBr pellet
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Figure A.6. "H-NMR spectrum (6.5-10.2 ppm) of ((OM&1)Ru(NO)(MIN)](BF)
in CD;CN at 298 K
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Figure A.7. IR spectrum of [(Mgbpb)Ru(NO)(Rd-B)](BE) in KBr pellet
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Figure A.8. 'H-NMR spectrum (6.5-9.4 ppm) of
[(Me2bpb)Ru(NO)(Rd-B)](BE) in CDCk at 298 K

211



%T

70 -
60 -
50 -
1836
40
1633/
30 J 1617
20 T T T T T T
3000 2500 2000 1500 1000 500
cm?

Figure A.9. IR spectrum of [((OMe)Q1)Ru(NO)(Rd-B)](BR) in KBr pellet
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Figure A.10. 'H-NMR spectrum (6.0-10.4 ppm) of
[((OMe)IQ1)Ru(NO)(Rd-B)](BR) in CDCk at 298 K
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