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Abstract

Chapter 1. Fluorescence-Based Detection Methodologies for Nitric Oxide: A
Review

This chapter presents a review of current fluorescence-based detection systems for
nitric oxide. These systems include non-reversible organic fluorophore systems such as
those based on the o-diamine functionality, fiber-optic probes, and transition metal based
systems. None of these systems currently are capable of reversible detection of nitric
oxide, although, the utilization of transition-metal nitrosyl chemistry is a promising
avenue for development of such sensors.

Chapter 2. Cobalt Chemistry with Mixed Aminotroponimine Salicylaldimine
Ligands: Synthesis, Characterization, and Nitric Oxide Reactivity

A new class of mixed aminotroponimine salicylaldimine ligands and their
corresponding coba1t(II) complexes are reported. The HziPrSATI-n (n = 3,4) ligands
contain an aminotroponimine and a salicylaldimine fragment connected by an alkyl
linker. In the H2

iPrFATI-n (n = 3,4) ligands, a derivatized fluorescein moiety replaces the
salicylaldimine fragment. The cobalt(II) complexes [Co(iPrSATI-3)] and [Co2(

iPrSATI­
4)z] were prepared and structurally characterized. The reaction of NO with both
complexes ultimately results in the formation of a putative dinitrosyl species. The
mononitrosyt [Co(iPrSATI-3)(NO)], is isolated and characterized. The NO reactivity of
[Co(iprFATI-3)] and [C02(iPrp ATI-4)] mimic that observed for the salicylaldimine
derivatives as monitored by solution IR spectroscopy. When monitored by fluorescence
spectroscopy, the reaction of [Co(iPrFATI-3)] with NO affords a 20% increase in the
fluorescence emission intensity after 4 h, whereas with [Co2(iPrFATI-4)] a 3-fold
enhancement of emission intensity is observed after 22 h.
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Chapter 3. Carboxylate-Bridged Dimetallic Complexes as Potential Nitric Oxide
Sensors

The suitability of carboxylate-bridged dimetallic complexes containIng
fluorophore conjugates for the detection of nitric oxide was investigated. The diiron(II)
complex [Fe2(~-02CArTOI)4(Ds-piPhl,reacts with NO within one minute, affording a 4­
fold increase in fluorescence emission intensity. The diiron complex, however, is
sensitive towards dioxygen. The air stable dicobalt analog was also synthesized and its
reactivity studied. In solution, the dicobalt complex is in dynamic equilibrium between
the paddlewheel [Co2(~-02CArTOI)4(Ds-piph], and windmill [C02(~­

02CArTol)z(02CArTO)z(Ds-piph], geometric isomers. Reaction of [C02(J.1-02CArTOI)4(Ds­
piph] with excess NO proceeds by reductive nitrosylation. Reduction of the Co(Il) to
Co(I) corresponds to formation of the double dinitrosyl cobalt complex, [Co(~­

02CArT01)z(NO)4] and is accompanied by the release of the coordinated dansyl
fluorophore, which is N-nitrosated in the process. Release of the Ds-pip fluorophore gives
an overall 9.6-fold increase in fluorescence emission intensity. Although not water
soluble or reversible, these complexes demonstrate the potential use of the ligand
dissociation strategy to prepare fluorescence-based sensors for nitric oxide.

Chapter 4. Dirhodium Tetracarboxylate Scaffolds as Reversible Fluorescence­
Based Nitric Oxide Sensors

The synthesis and characterization of dirhodium tetracarboxylate complexes with
dansyl-imidazole (Ds-im) and dansyl-piperazine (Ds-pip) is reported. The fluorophores
coordinate to the axial sites of the dirhodium core through the imidazole or piperazine N­
atom and emit only weakly when excited at 365 or 345 nm for the Ds-im and Ds-pip
complexes, respectively. The dinitrosyl complexes, [Rh2(02CR)4(NO)z1 R = Me, Et, n-Pr,
have been prepared and structurally characterized. The dinitrosyl adducts are air stable
and lose NO on standing in solution. The fluorophore complexes were investigated for
their ability to elicit a fluorescence response in response to NO. An immediate increase
in fluorescence emission intensity of more than I5-fold is observed when NO is admitted
to solutions containing [Rh2(02CMe)4] and Os-pip or Ds-im. In both systems the
fluorescence response is reversible. Sequestration of the fluorophore complexes from an
aqueous solution by an NO permeable membrane allows detection of aqueous NO.

Thesis Supervisor: Stephen J. Lippard
Title: Arthur Amos Noyes Professor of Chemistry
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Chapter 1

Fluorescence-Based Detection Methodologies for Nitric Oxide:

A Review
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Introduction

Nitric oxide (NO) is a neutral free radical gas molecule. NO has long been

recognized as an environmental contaminant and is a potential health hazard in the

atmosphere. It was not until the work Ignarro, Furchgott, and Murad that beneficial roles

for NO were discovered in biological systems. I
-
3 In the years since the groundbreaking

discovery of NO signaling in biology, further work has demonstrated NO to be a

ubiquitous messenger in the cardiovascular, immune, and nervous systems. I
.4-12 Even

though NO is a relatively stable species with reported half-lives under physiological

conditions of up to five seconds,5.13,14 it readily reacts with a variety of species commonly

found in biological systems. In living organisms, NO has a variety of targets including

dioxygen and its derivatives, thiols, amines, and transition metals. 15 The reaction of NO

with dioxygen and superoxide ion results in formation of the reactive nitrogen oxide

species (RNOS) N02 and ONOO', respectively. Both products are more reactive than NO

itself. In aqueous environments, the reaction of NO with dioxygen can also yield N02-.

In vivo, NO is synthesized by the enzyme nitric oxide synthase (NOS). NOS

catalyzes the transformation of L-arginine to L-citrulline in the presence of dioxygen,

which releases NO (Scheme 1.1).16.17 There are three isofonns of NOS found in humans.

Nitric oxide from the first two fOnTIs, neuronal NOS (nNOS) and endothelial NOS

(eNOS), regulates functions in the central nervous system (eNS) and vasculature. The

other isoform, inducible NOS (iNOS), is activated only under certain conditions and

produces higher concentrations of NO for a short period of time. The micromolar levels

of NO produced by iNOS, which result in formation of RNOS, have been implicated in

carcinogenesis and several neurodegenerative disorders such as Alzheimer's disease,
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Parkinson's disease, multiple sclerosis, and Huntington's disease.4,18.19 In lower

concentrations, where formation of RNOS are minimal, NO has beneficial roles in

vasodilation, in protection against bacterial invaders, and in long term potentiation

(LTP).1,9-12,15,20

The concentration dependent lifetime of NO and its ability to diffuse passively

through cellular membranes complicate efforts to decipher biological functions of NO.

Under certain conditions NO has a lifetime of up to 10 minutes in solution.21 During this

time it has a diffusion range of 100-200 Ilm from its point of origin.22 Such a diffusion

range corresponds to an area that covers approximately two million synapses.23 Thus NO

produced by one cell can, in principle, have a variety of effects on both neighboring and

more distant cells.

In the central nervous system, NO may playa role in LTP, the process by which

neuronal connections are re-enforced and a basis for memory.20 LTP requires a

neurotransmitter that is capable of diffusing from the postsynaptic neuron to the

presynaptic neuron (Figure 1.1). Studies have indirectly identified NO as a possible

candidate for this retrograde neurotransmitter. 20,24,25 A submaximal presynaptic stimulus

results in the activation of nNOS. The NO produced does not react in the postsynaptic

neuron but is believed to diffuse back into the presynaptic neuron where it activates

guanylate cyclase. The cGMP produced by guanylate cyclase starts a signal cascade that

ultimately results in the release of more neurotransmitter by the presynaptic neuron. The

net effect of this feedback loop is to strengthen the neuronal connection. However, there

is currently no method to probe directly the involvement of NO in LTP.
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Current Non..Fluorescent Detection Methods

To investigate adequately the role of NO in LTP, a suitable sensor is required.

Over the past two decades, several NO sensors have been developed, all of which have

their limitations. The Griess assay is one of the earliest NO detection methods and is not

suited for in vivo NO detection. This assay provides an estimate of total NO production

by measuring its conversion to nitrite ion and is incapable of giving real time

measurements of NO. 26 Although they are more sensitive than the Griess assay,

chemiluminescence methods requIre purging aqueous samples with an inert gas to

transfer NO to an analyzer. They are therefore not easily adapted to in vivo detection. 27

Electrochemical-based sensors provide real time direct detection, but they only give

information on NO concentrations directly at the electrode tip.n-3D With these and any

other invasive detection methods, it is necessary to puncture the cell to obtain

measurements. EPR-based methodologies that use iron dithiocarbamate complexes as

spin traps have been developed, but they only have JlM sensitivity for NO. JI
-
34 A more

detailed review of these non-fluorescence-based NO imaging techniques was recently

published elsewhere. 3s

Although these methods have been invaluable for elucidation of NO related

biochemistry, new methods with improved characteristics are needed. None of the current

NO detection methodologies is ideally suited for elucidating the roles that NO may play

in the central nervous system. In particular, new methodologies are needed that use non­

invasive techniques, are capable of selective and direct detection of NO, provide both

temporal and spatial information, and do not require complicated instrumentation that is

not commonly found in biochemical research labs. One approach to overcome these
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problems is through the use of fluorescence spectroscopy. The suitability of fluorescence­

based sensors for in vivo work is amply illustrated by the Ca2
+36

.37 and by the Znpyr

family of ZnZ
+38

"40 sensors.

Early Fluorometric Imaging of NO

The first fluorescence-based NO sensors were originally prepared for the

measurement of nitrite ion in solution. The sensor molecule, 2,3-diaminonaphthalene

(DAN) undergoes diazotization at one of the amines under acidic conditions in the

presence of nitrite ion. Following the diazotization, 2,3-naphthotriazole is formed

(Scheme 1.2).41 Following an aqueous workup, the triazole species can then be detected

by fluorometric analysis. The optimal pH for triazole formation is 1.6 and the optimal

fluorescence emission from the 2,3-naphthotriazole occurs at pH 11.65.42 Nitrate ion can

also be detected by this methodology if it is first reduced to nitrite ion.43 Since NO in

aqueous solution can lead to the formation of nitrite ion, DAN was also used to monitor

nitrosative stress in E. COli.
44 Later, it was determined that nitrosation of DAN and

ultimately triazole formation in E. coli is proceeded by formation of strong nitrosylating

agents such as NZ0 3 or NZ0 4 that arise from the rapid reaction of NO with O2•
45 Research

with immortalized macrophages stimulated with E. coli lipopolysaccharide (LPS) and y­

interferon is also consistent with oxidation of NO to form NZ0 3 and NZ0 4•
46 Application

of the NOS inhibitor, aminoguanidine, to LPS activated macrophages resulted in

decreased nitrite formation as monitored by DAN using a protocol adapted from the

literature.47
•
48 In 1993, a procedure was developed in which NO could be monitored via

RNOS and subsequent triazole formation with DAN at pH 7.4 followed by fluorometric

analysis of the basified reaction mixture.49 Formation of 2,3-naphthatriazole is pH-
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dependent, presumably a result of the pH-dependence of the formation of the nitrosamine

intermediate.49 DAN, however, is not suited for detection of NO produced by stimulated

porcine pulmonary artery endothelial cells, which contain eNOS in contrast to the iNOS

in the macrophage cell lines. 50 DAN was not able to detect NO production from the

stimulated endothelial cells, whereas other methodologies such as chemiluminescence

analysis, which detects NO, N02-, and N03", collectively known as NOx, detected

significant increases in NOx levels. 50 In a 1995 study, mechanisms for the reaction of

amines with N20 3 and N20 4, fonned by the reaction of NO with O2 were proposed

(Scheme 1.3).51 The study showed that N02- does not react with amines in organic

solvents or in neutral aqueous solutions. 51 Although DAN can be used to monitor NO

production by means of reactive products formed by its reaction with 02, it is not suited

for observation of NO in living cells. Due to its non-polar nature, DAN leaks out of cells

after loading. 52

The first steps towards adapting the diamine based compounds for use in

intracellular NO visualization were undertaken when, to solve the issue of sensor leakage

from the cells after loading, DAN was derivatized by addition of an ester moiety (Scheme

1.4).52 Ester derivatization is a well-known approach to forming trappable molecules that

do not diffuse out of cells after loading.53 Cell penneable DAN-I-EE is hydrolyzed into

the non-permeable DAN-l by intracellular esterases, thus trapping the probe inside the

cell. 52 Once hydrolyzed inside the cell, DAN-l was used to image NO production in

activated vascular smooth muscle cells isolated from male Wistar rats. The formation of

the DAN-l triazole species was monitored by fluorescence microscopy by excitation of

the 360 nm absorption band of the triazole and its emission at 447 nm was monitored
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using a 420 nm long-pass emission filter. The absence of a proton on the DAN-l triazole

results in removal of the pH dependence observed with 2,3-naphthatriazole, where the

fluorescence emission intensity was maximized at alkaline pH.52 Although DAN-l EE

can be used indirectly to visualize NO production inside living cells, it suffers from high

background fluorescence resulting from autofluorescence of intracellular components

when excited with UV light. 52

The Diaminofluorescein Platform

To improve the fluorescence properties of the o-diamine-based compounds for

intracellular NO detection, fluorescein was used as a scaffold. Conversion of the anilinic

amine on fluoresceinamine to an amide results in increased fluorescence emission

intensity54 and implies that conversion of the electron-donating amine to a less donating

group will restore the fluorescein fluorescence. To investigate this possibility, a series of

diaminofluoresceins (Figure 1.2) were prepared and their reactivity with NO in the

presence of O2 was investigated.55 Presumably the low quantum yields (<I> = 0.002-0.007)

of the diaminofluorescein-based sensors are the result of photoinduced electron transfer

(PET) quenching of the fluorophore excited state by the free amine groups. Conversion of

the amines on a diaminofluorescein to a triazole results in enhanced fluorescence

emission (<I> = 0.53-0.92). Of the diamines investigated, DAF-2 has the most desirable

fluorescence properties with a quantum efficiency of 0.005 for the diamine and 0.92 for

the triazole derivative.55 The excitation band at 486 nm does not require UV light for

excitation, eliminating possible interference caused by autofluorescence.

The fluorescence emission intensity from the triazole forms of the DAF sensors

are dependent on pH, however. Fluorescence emission intensity from the triazole DAF-2
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T decreases rapidly as the pH is lowered below 7.55 This is due in part to the pKa of

6.27±O.02 for the phenolic proton on DAF-2 T. 55 More recentlYt a new derivative DAF­

FM, which contains fluoro substituents at the 2' and 7t positions of the xanthene ring and

is N-methylated, was prepared to address the issue of pH dependence. 56 Fluorination

lowers the pKa responsible for the decrease in fluorescence intensity and adds to the

overall photostability of the fluorophore. 57 The pH instability may also arise from the

triazole protont as previously observed with 2,3-naphthatriazole. Introduction of a N­

methyl group will result in formation of a triazole that does not have a triazole proton

after reaction with NO and O2.
56 With these modifications, the pKa of the phenolic OH of

DAF-FM T is lowered to 4.38±O.05 and the fluorescence intensity is stable above pH

5.8.56 The DAF sensors can be converted to their diacetate derivatives t which results in

formation of a lactone ringt giving a nonpolar dye that can penetrate the cell membrane

and enter the cytosol (Figure 1.3). This uptake is followed by hydrolysis of the acetates

by intracellular esterases, trapping the sensor inside the cell in a manner similar to DAN­

1 EE. Sensors based on the o-diamine functionality have become the most widely used

fluorescence-based imaging agents for intracellular NO.

Other o-Diamine NO Sensors

Several related o-diamine based sensors have been prepared in recent years t

including a series of diaminorhodamine analogs to the DAF sensors. 58
.
59 The rhodamine­

based sensors do not display the same pH dependent fluorescence and have stable

emission intensity above pH 4. The detection limit of DAR-4M is 7 nM NO, which is

slightly higher than the 3 nM detection limit observed for DAF_FM.56
•
58 Probes based on

the anthracene, coumarin, acridine, and BODIPY fluorophores have also been
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synthesized (Figure 1.4).60.61 These sensors are synthetically more accessible and should

not have a substantial pH dependence of their fluorescence emission intensity. Additional

derivatives, 5,6-diamino-I,3-naphthalene disulfonic and 1,2-

diaminoanthraquinone,63 have been investigated, but offer no significant improvement

over the existing o-diamine based sensors. Even though the o-diamine based sensors react

with NO+ equivalents such as N20 4 or N20 3, they can still be used to monitor

intracellular NO, although it may be difficult to draw accurate conclusions due to the lack

of direct reaction with NO. The following section gives details on the various cellular

systems in which o-diamine based NO sensors and in particular DAF-2, have been used

to detect biological NO.

Biological NO Detection with o-Diamine Based Sensors

Initial work demonstrated the utility of DAF-2 for detection of intracellular NO.

10 non-activated macrophages, substantial fluorescence response due to triazole

formation occurs 4.2 min after treatment with DAF-2. This increase reflects the

substantial NO production from the macrophages even without stimulation from LPS.55
,64

It was also possible to image intracellular NO in activated aortic smooth muscle cells

following incubation with DAF-2 diacetate as monitored by confocal laser scanning

microscopy. In these studies, there was no indication of any cytotoxic effects as a result

of administration of the probes.55
,64

Methodologies for the use of DAF-2 diacetate to detect intracellular NO in non­

activated endothelial cells have also been developed. The non-activated endothelial cells

show low levels of NO synthesis from eNOS in contrast to the elevated NO synthesis by

iNOS in macrophages. By incubation of endothelial cells with low (0.1 J.1M)
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concentrations of DAF-2 coupled with subtraction of the initial DAF-2 autofluorescence

from the measured total fluorescence, observation of basal NO production was possible.65

The validity of using o-diamine based sensors such as DAF-2 for quantitative

intracellular .measurements of NO has been questioned. Since it does not react directly

with NO, but rather with a RNOS, the kinetic and thennodynamic properties behind the

oxidation of NO by O2 under physiological conditions may have a significant impact on

the observed spatial and temporal intracellular fluorescence response. DAF-2 only

directly observes the local distribution of the highly reactive species, Nz0 3 and NZ0 4,

which are not necessarily the same as the intracellular distribution of NO. Additionally,

other intracellular species such as superoxide (Oz") ion may have a dramatic effect on the

observed fluorescence response of the DAF sensors. In the presence of either horseradish

peroxidase and H20 2 or peroxynitrite, DAF-2 is oxidized to an unstable intermediate that

combines directly with NO, bypassing the NO/Oz chemistry.66 By pre-forming this

activated DAF species, addition of anaerobic NO results in a 7- to IO-fold increase in the

amount of recovered DAF-2 T as compared to the analogous experiment with NO and

OZ.66 These data indicate that results from DAF-2 assays are difficult to interpret in

environments where oxidants such as 02- are present in addition to NO. It is possible that

intracellular oxidation of DAF-2 may result in increased NO-dependent fluorescence that

could be confused with an increase in NO levels.66

Other Organic NO Sensors

Dichlorofluorescin has been used as a fluorometric assay for NO in a variety of

intracellular applications.67
.
68 It is difficult, however, to draw any concrete conclusions

about the distribution and production of NO by uSIng dichlorofluorescin.
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Dichlorofluorescin is a more general fluorometric assay for intracellular oxidants,

showing significant fluorescence response in the presence of oxidants such as HzOz, Oz-,

ONOO-, NO, HOCI, and ·OH (Scheme 1.5).69-71

Another organic-based compound developed for detection of NO is rhodamine B

hydrazide (RBH). The reaction of RBH with NOz- under acidic conditions (pH < 5),

which favor formation of NO+ equivalents, results in ultimate conversion of the

nonfluorescent RBH to the fluorescent rhodamine B, with the shortest reaction time of 1

h being observed in pH 2 aqueous solution at 60° C (Scheme 1.6).72 Exposure of RBH to

NO in the presence of Oz also elicits, presumably via a NOz or Nz03 reactive

intermediate, an increase in fluorescence emission intensity; however, due to its indirect

reactivity with NO, it has shortcomings similar to those observed with the o-diamine

based sensors.

One novel approach for direct detection of NO is based on the modification of

cheletropic traps used for EPR based NO detection. The fluorescent nitric oxide

cheletropic traps (FNOCTs) start as a nonfluorescent dyes and add NO across a diene

moiety giving a nitroxide radical species, which then must react with an external

reductant such as ascorbate to give the corresponding hydroxylamine (Scheme 1.7).73.74

The reaction of NO with the FNOCT in the presence of ascorbate gives a substantial

increase in fluorescence, where the hydroxylamine product has a pH-dependent emission

with a maximal intensity between pH 8-9.73 The source of the pH-based fluorescence

dependence was identified as protonation of the dimethylamino group, which was

introduced to red-shift the fluorescence excitation wavelength of 315 nm in 1 to make it

more amenable for use in living cells. Despite the pH dependence, the optical properties
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of 1 are sufficient for intracellular studies (Aex = 380 nm, Aem =460 nm) and it can detect

sub-JlM concentrations of NO. In addition to reactivity with NO, FNOCTs are also

sensitive to peroxynitrite. Addition of a small excess of peroxynitrite results in an

increase in fluorescence, whereas addition of a large excess leads to a diminution of

fluorescence emission intensity.73 The details of the peroxynitrite reactivity are unclear.

The ability of FNOCTs to detect NO in living cells was demonstrated using alveolar

macrophages induced with LPS to produce large amounts of NO.73 The requirement of an

external reductant and the potential issues involving interference by peroxynitrite may

limit the use of FNOCTs in certain biological applications such NO quantification.

Fiber-Optic NO Detection Systems

All of the purely organic fluorescence-based sensors developed so far rely on

destruction or fonnation of covalent bonds and are non-reversible. One way to engineer a

reversible sensor is to employ the use of transition metals, which are well known to bind

NO reversibly. This approach to developing NO sensors for biological imaging is

growing in popularity.

One strategy is the use of fluorophores attached to optical fibers coated in

colloidal gold. Gold films have previously been used to detect gaseous NO by monitoring

changes in the electrical resistance of the film in response to NO absorption.75 For

modification .into a fiber optic sensor, gold colloid coated optical fibers were treated with

a solution of 4-carboxy-2',7' -difluorofluorescein succinimidyl ester followed by

immersion of the sensor in a suspension of fluorescent carboxylate-modified polystyrene

microspheres. When the sensor is exposed to NO, the NO adsorbs on to the surface of the

gold colloid, which presumably causes the difluorofluorescein dye molecules to reorient
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in relation to the gold film, resulting in a change in the transition dipole of the dye and

affords a decrease in fluorescence emission intensity.76 The fluorescent labeled

polystyrene microspheres, which are unaffected by the presence of NO, are then used to

detennine the local NO concentration by ratiometric analysis. The sensor is reversible

with a response time of 0.25 s or less for fluorescence quenching in the presence of NO

and has a detection limit of 20 JlM. Using this probe, a concentration of 190±70 JlM NO

was measured in macrophages activated with mouse interferon-y and LPS.76

Related fiber optic sensors prepared using the heme domain of soluble guanylate

cyclase (sGC) or cytochrome c' have also been investigated. These probes were prepared

by a method similar to the 4-carboxy-2' ,7' -difluorofluorescein succinimidyl ester based

colloidal gold sensor. Instead of immersing the gold coated optical fiber in the

fluorophore, however, the fiber was soaked in either the heme domain of sGC or

cytochrome c' both labeled with 4-carboxy-2' ,7' -difluorofluorescein.77.78 In both cases, a

decrease in fluorescence intensity from the dye conjugate was observed on binding of NO

to the heme active site of the proteins. The origin of the fluorescence response of the dye

is presumably due to protein confonnational changes, which in tum alter the fluorescence

emission intensity of the conjugated fluorophore. 79 Through the use of the fluorophore­

protein adducts, detection limits of 1 and 8 JlM NO have been achieved with the sOC and

cytochrome c' based probes, respectively.77,78 In addition to their reversibility, they are

not affected by potentially interfering species N02-, N03
2

-, 02, O2-, H20 2 , and ONOO'.78,79

The probes were prepared with 100 Jlm optical fibers which are too large for intracellular

measurements but could be miniaturized by use of sub-Jlffi tips for intracellular NO

detection. Although innovative, the low NO sensitivity and inability to give spatial
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information, a disadvantage common to all fiber optic and electrochemical based sensors,

limits the utility of this approach for the detection of biologically generated NO.

Soluble Transition Metal Complexes

One of the first small molecule probes to utilize a fluorescence methodology

based upon transition metal chemistry was inspired by the active site of sGC. In the

resting state of sOC, the heme moiety contains a coordinated histidine. Upon reaction

with NO, a heme nitrosyl is formed, which results in dissociation of the coordinated

histidine.80 The conformational change elicited by this reaction results in activation of the

enzyme. The iron(II) quinoline-pendant cyelam complex (Figure 1.5) contains two

distinct fragrnents, the iron(lI) cyelam, which can be viewed as a simple model for the

heme center in sOC, and the pendant quinoline, which is analogous to the axial histidine

in the active site of sGC. When excited at 366 nm, the fluorescence emission intensity

from the Fe(II) complex at 460 nm is significantly enhanced in comparison to the free

ligand. Although no detailed studies were conducted, it was proposed that the observed

fluorescence enhancement was the result of electronic interactions between the lone pair

on the quinoline N-atom and the Fe(II) center. so This coordination induced fluorescence

enhancement is in contrast to the more commonly observed quenching properties of

transition metals with partially filled d-shells. 81 When exposed to NO in pH 7.4 aqueous

buffer, the 460 nm emission decreased markedly, with a detection limit of 1 JlM NO. sO No

interference was observed in the presence of N02- or eN-. so Because Fe(II) cyelam is

dioxygen-sensitive, however, the sensor may not function properly in an aerobic

environment. In addition, an increase in fluorescence emission intensity after analyte

binding is generally preferred over a decrease for biological imaging.



30

A new mechanism has recently been employed to develop fluorescence-based NO

sensors. In this system, a nitroxyl radical coordinated to a Fe(II) dithiocarbamate complex

is exchanged in the presence of NO to fonn an iron nitrosyl species with displacement of

the nitroxyl moiety. EPR was employed to detect the liberated nitroxy1.82 Modification of

the nitroxyl ligand with a fluorophore, such as acridine, allows the use of fluorescence

detection methodologies. The fluorescence emission intensity from the acridine moiety in

acridine-TEMPO is quenched by the nitroxyl radical, and when the nitroxyl coordinates

to the Fe(II) dithiocarbamate, the fluorescence intensity is restored. Exposure of the

Fe(II) dithiocarbamate complex with acridine-TEMPO to NO affords an iron nitrosyl,

releasing the acridine-TEMPO. The result is diminution of the acridine fluorescence

emission intensity (Scheme 1.8).83 With this system it was possible to detect 100 nM NO,

however, it displays the less desirable decrease in fluorescence upon analyte binding and,

as a consequence of using an Fe(II) dithiocarbamate complex, the system may be

susceptible to competition from dioxygen.

This strategy has also been applied to prepare a ratiometric NO sensor containing

fluorescamine and coumarin derivatives (Scheme 1.9).84 In this case, a Fe(II)

methoxycoumalinomethyl-cyclam (Mmc-cyclam) scaffold was used to bind either the

fluorescamine-PROXYL conjugate, or NO. In an aqueous pH 7.4 buffered solution of 40

J..LM FeMmc-cyclam (A..ex 360 nm, Aex 410 nm) and 40 JlM fluorescamine-PROXYL (!.ex

385 nm, Aex 470 om) excitation of the coumarin at 360 nm resulted in fluorescence

resonance energy transfer (FRET) to the fluorescamine moiety, and emission at 470 nm

was observed. When this system was exposed to the NO-releasing agent NOC-7, over

time a decrease in fluorescamine emission intensity along with an increase in coumarin
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emission intensity occured.84 A detection limit of less than 100 nM NO was reported.

Owing to the use of a Fe(II) cycIam, the sensor may be susceptible to interference from

O2 and the reaction of NO with the metal center is apparently too slow to trap NO

released in biological environments. 85

Reductive Nitrosylation and Emission by Fluorophore Dissociation

From prior research in our laboratory focusing on the reactivity of NO with Fe,86

Mn,87 and C088-90 tropocoronand complexes, we discovered that fluorescence-based NO

sensors might be available by using the related aminotroponiminate scaffold. The dansyl­

containing arninotroponimine ligands, HRDATI, were prepared in four steps in 20-500/0

yields starting with 2-tosyloxytropone (Scheme 1.10).91 The corresponding Co(ll)

complexes of these ligands are accessible by addition of eaCh to 2 equiv of the ligand,

previously deprotonated with sodium or potassium hydride. The Co(ll) complexes are not

dioxygen sensitive in either the solution or solid state. Although they are air stable, the

complexes are susceptible to hydrolysis in the presence of trace amounts of water. The

Co(II) complex of the related H2
iPrDATI-4 ligand (Figure 1.6) is prepared in a manner

similar to that employed for the non-linked complexes. 91 ,n

Structural studies of [Co(BZDATI)2] (5), [Co(iPrDATlhl (7), and [CoCBUDATlhl

(8) revealed a pseudo-tetrahedral geometry (Figure 1.7). The dihedral angles of 73.8°,

76.1°, and 81.40 between the 5-member chelate rings in S, 7, and 8, respectively, are a

consequence of the differing steric requirements imposed by the R groups on the ligands.

The dihedral angle of 62.2° in [Co(iPrDATI-4)] (6) (Figure 1.7), however, is significantly

smaller than the corresponding values in 5, 7, and 8 due to the added strain provided by

the n-butyl linker between the two aminotroponiminate moieties. 91 The two dansyl
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moieties in 6 are parallel and have an average separation of 3.5(1) A, a value consistent

with 1t-1t stacking interactions.93

The HRDATI and H2DATI-4 ligands display typical dansyl fluorescence behavior.

When excited at 350 nm, a broad emission centered at 500 nm occurs for each ligand.

The Co(ll) complexes 5-8, have significantly quenched emission when compared to the

free ligands, as evidenced by the approximately 20-fold diminution in the fluorescence

intensity of 3 when compared to free HiPrDATI in CH2Ch (Figure 1.8),91 This observed

transition metal quenching of fluorescence is a well known phenomenon and can occur

by energy or electron transfer between the fluorophore excited state and the empty or

partially filled d-orbitals of the metal.94
,95

The reactions of 5, 7, and 8 with excess NO in CH2Ch are slow. Several hours

after exposure of 7 to NO, IR bands form at 1838 and 1760 em-I. The appearance of these

NO stretching bands is consistent with the formation of a dinitrosyl complex.96-103

Although it was not possible to crystallize the nitrosyl complexes of in 5, 7, and 8, the

structure of the related non-dansylated dinitrosyl, [Co(i-PrzATI)(NOh], which has similar

IR bands at 1809 and 1730 cm-1
, strongly supports the conclusion that 5, 7, and 8 are

pseudotetrahedral dinitrosyl species. When the reaction of 7 with NO was followed by IH

NMR spectroscopy, signals for the free ligand, HIPrDATI appear over time. The reaction

proceeds by a reductive nitrosylation mechanism whereby [Co(RDAT1)z], two NO

molecules, and an electron form a dinitrosyl species in which the cobalt has been reduced

to Co(l) (eq 1).91 The resulting species is designated {Co(NOhl 10, where the superscript
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denotes the sum of the metal d electrons and the unpaired 1t* electrons on the nitrosyl

ligands. 1M

When 7 is exposed to excess NO in CH2Cb, a slow increase in fluorescence

emission intensity at 505 nm occurs.91 After 6 h a fluorescence emission intensity

increase of 6-fold IS observed. The related complex 6, which has a more strained

tetrahedral geometry induced by the n-butyl linker, reacts with NO in a similar fashion

and displays moderate increases in fluorescence intensity. The fluorescence emission

intensity of 6 at 505 nm doubles in the first 3 min after exposure to NO and reaches a

greater than 4-fold increase after 6 h (Figure 1.9).91 The initial reactivity of this complex

is significantly faster than that observed with 7. This difference in reaction rate may be

the result of the added steric strain imparted by the linker, which further distorts the

geometry of the cobalt from idealized tetrahedral geometry. The detection limit for 6 of

50-100 JlM NO, however, is insufficient for detection of biological NO.

Summary

Over the past 15 years, many different approaches toward the development of NO

sensors suitable for biological applications have been investigated. These approaches

range from electrochemical- and EPR-based techniques to those that make use of

fluorescence spectroscopy. The advancement of our understanding of NO in biology and

the ability to design ever improving fluorescence-based sensors is remarkable considering

the many challenges associated with handling and observing the reactive diatomic gas,

nitric oxide. Early research adapting the fluorescence-based nitrite sensor DAN for NO

detection was only the beginning. This work ultimately led to development of the

diaminofluorescein sensors and a plethora of other o-diamine-based sensors that are
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capable of detecting sub-IlM NO in living cells. Despite their advances, the o-diamine­

based sensors have limitations, in particular, the necessity for O2 to react with NO to

form more reactive nitrosylating species such as Nz0 3• Other organic based sensors such

as dichlorofluorescin, the FNOCTs, and RBH have been developed and investigated for

their NO sensing abilities. All of these organic sensors whether they react directly with

NO or not are incapable of reversible binding and detection of NO.

Some of the more recent advancements in NO detection rely on strategies that

employ transition metals. These systems are based on the use of nitrosyl forming

reactions as signaling events, which ultimately alter the fluorescence emission properties

of an attached fluorophore. One successful strategy utilizes sOC or the cytochrome c'

labeled with a fluorescent reporter to prepare fiber optic probes capable of reversible NO

detection. Other approaches use small molecule transition metal complexes such as the

Co(ll) dansyl-aminotroponiminate complexes, which are capable of detecting NO over a

wide spatial field like the o-diamine sensors, but react with NO directly. The potential

exists for further modification and development of small molecule transition metal

complexes. The goal is to obtain reversible, direct detection of NO by fluorescence

methodologies.
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Scheme 1.1. Synthesis of NO from L-arginine
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Scheme 1.2. Formation of the 2,3-naphthatriazole from NOz-.
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Scheme 1.4. Preparation of the cell-permeable DAN-I EE
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Scheme 1.5. The oxidation dichlofofluorescin to dichlorofluorescein.
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Scheme 1.6. The proposed mechanism for the conversion of RBH into a fluorescent species
on reaction with NOz-.
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Scheme 1.7. Reaction of the FNOCTs to form fluorescent species.
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Scheme 1.8. Reaction of an Fe(dtc)r(acridine-TEMPO) conjugate with NO.
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R = Bz, iPr, tBu,

Scheme 1.10. Synthesis of the HRDATI ligands.
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Figure 1.1. Illustration of the function of NO as a retrograde neurotransmitter where it is
capable of diffusion from the postsynaptic neuron back to the presynaptic neuron.
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Figure 1.2. A family of diaminofluorescein derivatives.
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Figure 1.3. Schematic representation ofDAF-2 DA, its diffusion across the cell membrane,
and subsequent hydrolysis by intracellular esterases to afford DAF-2.
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Figure 1.4. Fluorophore systems functionalized with an o-diamine moiety to act as NO
sensors.
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2+

Figure 1.5. An Fe(II) quinoline pendant cyclam sensor, the design of which was based upon
the active site of sGC.
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Figure 1.6. The linked tropocoronand ligand, H2DATI-4, prepared by an adaptation of the
synthetic procedure used to make H2

iPrDATI.
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[Co(DATI-4)]
6

Figure 1.7. ORTEP diagrams show~ng 50% thermal elli~soids for the cobalt complexes
[Co(BZDAT1)2], [Co(DATI-4)], [CoCPrDATI)2], and [CoC UDATlh] as reported in reference
90.
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Figure 1.8. Comparison of the fluorescence emission intensity spectra of 46 JiM CH2Cb
solutions of HiPTDATI and [Co(iPTDATlhl as reported in reference 90. Fluorescence
excitation is at: 350 nm.
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Figure 1.9. (a) Fluorescence emission intensity spectra showing the increase in intensity at
505 nm (excitation at 350 nm) when a 40 JlM CH2Ch solution of [Co(DATI-4)] was exposed
to I atm of NO gas. After 6 h, a greater than 4-fold increase in emission intensity is observed.
(b) Fluorescence emission intensity spectra of a 40 JlM CH2Cb solution of [Co(DATI-4)],
showing no change in emission over a 6 h period. Previously reported in reference 91.
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Chapter 2

Cobalt Chemistry with Mixed Aminotroponimine Salicylaldimine

Ligands: Synthesis, Characterization, and Nitric Oxide Reactivity
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Introduction

Fluorescence detection methodologies are highly sensitive and have been

employed to synthesize a variety of nitric oxide sensors, as described in Chapter 1. One

strategy for preparing new fluorescent NO sensors is based on the NO chemistry of

[Co(DATI-4)] and related compounds, previously prepared in our laboratory (Scheme

2.1). Upon reaction with excess NO, both [CoCPfDATIh] and [Co(iPrDATI-4)] complexes

show a steady increase in fluorescence emission intensity over several hours that is

attributed to ejection of one of the dansyl moieties from the cobalt coordination sphere.1

The reaction of NO with [Co(iPrDATI-4)] is approximately 50-fold faster than with

[Co(iPrDATIh].1 This increased reactivity is attributed to the added strain provided by the

methylene linker on the pseudotetrahedral [Co(iPrDATI-4)] complex. The reactions of

both [Co(iPfDATIh] and [Co(iPrDATI-4)] with NO are too slow for use in biological

systems, however, and neither complex is water-soluble.

New tactics are therefore needed to detect NO rapidly and directly in order to

provide both temporal and spatial information. To achieve these goals, the use of

fluorescence spectroscopy and transition metal-nitrosyl chemistry merits further

investigation. Complexes that react directly and reversibly with NO, emitting light in the

process, could ultimately be capable of detecting biological NO. In an extension of our

previously reported dansyl aminotroponiminate work, we designed a new family of

Co(ll) complexes to address some of the shortcomings encountered.

In an effort to improve the reactivity and fluorescence properties, one of the

aminotroponiminate moieties was replaced with a derivatized fluorescein having a

coordination mode similar to that of salicylaldimines. Fluorescein has fluorescence
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properties that are more amenable to biological sensing than the dansyl groups employed

in the DATI complexes. Fluorescein typically has high quantum yields, approaching

unity, and long wavelength excitation of 490 nm or greater. In addition, since fluorescein

is more polar than dansyl, complexes with fluorescein-containing ligands are expected to

be more water soluble than [Co(iPrDATlhl and [Co( iprDATI-4)]. Owing to difficulties in

purification and the preparation of large quantities of the fluorescein-containing

complexes for characterization, salicylaldimine analogues were also synthesized for the

purpose of characterization and investigation of their NO reactivity.

Experimental

General Considerations. Pentane, tetrahydrofuran (THF), and diethyl ether

(Et20) were purified by passage through alumina columns under a N2 atmosphere.2

Dichloromethane (CH2Ch), chloroform (CHCh), and acetonitrile (CH)CN) were distilled

from CaH2 under a N2 atmosphere. Anhydrous dimethylsulfoxide (DMSO), packaged

under N2, was purchased from Aldrich and used as received. Methanol (MeOH) used for

fluorescence studies was distilled from magnesium and iodine under a N2 atmosphere. All

other solvents were purchased from Mallinckrodt or EM Science and used without further

purification. Silica gel 60 (230-400 mesh, EM Science) was used for column

chromatography. The starting material, 2-(isopropylamino)tropone, was prepared as

previously described.] All other reagents were obtained commercially and used without

further purification. IR spectra were recorded on a Bio Rad FTS-135 or a ThermoNicolet

AVATAR 360 spectrophotometer. In situ IR spectra were recorded on a ReactIR 1000

instrument from ASI equipped with a l-in.-diameter, 3D-reflection silicon ATR (SiComp)

probe. UV-visible spectra were recorded on a Hewlett-Packard 8435 spectrophotometer.
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Unless otherwise mentioned, fluorescence emission intensity spectra were recorded at 25

± 0.2 °C on a Hitachi F-3010 fluorescence spectrophotometer. Electrospray ionization

(ESI) mass spectrometry was perfonned in the MIT Department of Chemistry

Instrumentation Facility. NMR spectra were recorded on a Broker DPX-400 spectrometer

at ambient temperature and referenced to internal IH and 13C solvent peaks. Nitric oxide

(Matheson 990/0) was purified by a method adapted from the literature. 4 The NO stream

was passed through an Ascarite (NaOH fused on silica gel) column and a 6 ft coil filled

with silica gel cooled to -78°C with a dry ice/acetone bath.

2'-Carboxy-5-chloro-2,4-dihydroxybenzophenone (1). A portion of AICl3 (40.0

g, 300 mmol) was added to a solution of phthalic anhydride (20.0 g, 135 mmol) and 4­

chlororesorcinol (18.8 g, 130 mmol) in 225 ml nitrobenzene and purged with Nz. After

stirring overnight, the solution was poured into a vigorously stirred biphasic solution of

750 mL of hexanes and 1.0 L 0.5 M of aqueous HCI. The solution was allowed to stir for

2 h and the light tan precipitate that formed was filtered and washed with 200 mL of

aqueous 0.1 M HCI and 300 mL of hexanes. The crude product was crystallized from hot

MeOHlHzO (12.1 g, 32%). IH NMR (300 MHz, CD30D) ~ 6.48 (l H, s), 6.95 (1 H, s),

7.39 (l H, dd, J = 7.2 1.5), 7.62-7.52 (2 H, m), 8.12 (l H, dd, J = 1.2, 7.8). FfIR (KBr,

em-I) 3390 (m br), 2828 (w), 2663 (w), 2547 (w), 1691 (s), 1615 (s), 1571 (m), 1488 (m),

1453 (w), 1419 (m), 1288 (s), 1219 (m), 1155 (s), 1141 (8),925 (m), 894 (w), 862 (w),

772 (m), 738 (w), 709 (m), 682 (m), 649 (w), 615 (w), 590 (w), 538 (w). HRMS (ESI)

MH+; Calcd for CI 4HIOCIOs, 293.0217; Found, 293.0212.

7'-Chloro-4'-methylfluorescein dibenzoate (2). Benzophenone 1 (10.00 g. 34.1

mmol), 2-methylresorcinol (4.25 g. 34.1 mmol), and ZnCh (0.90 g, 6.6 mmo!) were
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ground and melted at 200°C. As the liquid was heated for 50 min, it turned into a brick

red solid. The solid was cooled to room temperature, ground into a powder and boiled in

200 mL of 6 M aqueous Hel for 30 min. The dark red solid was then filtered, washed

with deionized water, and dried. The crude 7' -chloro-4' -methylfluorescein was dissolved

in 125 mL of pyridine and benzoic anhydride (30.5 g, 135 mmol) was added. After

refluxing for 2.5 h, the orange solution was poured into 250 mL of deionized water. Upon

cooling a light brown solid formed. The solid was filtered, dissolved in boiling toluene,

filtered through activated charcoal, washed with 200 mL of hot toluene, and dried. Pure 2

was crystallized from hot toluenelEtOH (10.50 g, 520/0). IH NMR (300 MHz, CD2Ch) 8

2.37 (3 H, s), 6.74 (1 H, d, J = 8.7 Hz), 6.94 (l H, d, J = 8.7 Hz), 7.00 (l H, s), 7.30 (l H,

d, J = 7.5), 7.53-7.59 (4 H, m), 7.67-7.80 (4 H, m), 8.06 (l H, d, J = 7.5 Hz), 8.20-8.24 (4

H, m). I3C NMR (125 MHz, CDChIDMF-d7) (5 7.70, 79.73, 111.89, 111.98, 114.89,

117.012, 117.019, 117.86, 120.68, 122.74, 123.67, 123.76, 124.09, 124.55, 126.78,

127.16, 127.28, 127.33,127.43,127.49, 128.49, 128.62,128.74,129.16,132.66,132.94,

134.40, 147.13, 148.14, 149.43, 150.61, 162.09, 192.66, 166.88. FTIR (KBr, em-I) 3064

(w), 1771 (5), 1747 (s), 1600 (m), 1580 (m), 1482 (m), 1466 (w), 1451 (m), 1439 (w),

1409 (s), 1265 (s), 1242 (s sh), 1217 (s), 1180 (m), 1157 (s), 1081 (s), 1062 (s), 1022 (m),

710 (m), 693 (m). HRMS (ESI) MH+: Calcd for C3sH22CI07, 589.1054; Found, 589.1040.

7'-Chloro-4' -bromomethylfluorescein dibenzoate (3). 1,1'Azobis(cyclohexane­

carbonitrile) (415 mg, 1.7 mmol) was added to a solution of 2 (10.00 g, 17.0 mmol), 1,3­

dibromo-5,5-dimethylhydantoin (4.86 g, 17.0 mmol), and HOAc (300 Jll, 5.3 mmo!) in

400 mL of chlorobenzene. The light yellow solution was heated at 40°C for 50 h and the

solvent was removed under reduced pressure. Light orange crystals of 3 were obtained by
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crystallization from hot toluenelEtOH (10.72 g, 94%). I H NMR (300 MHz, CD30D) ()

4.80 (2 H, s), 6.90 (l H, d, J = 8.7 Hz), 7.02 (l H, s), 7.08 (1 H, d, J =8.7 Hz), 7.33 (l H,

d, J = 7.5 Hz), 7.51 (l H, s), 7.54-7.61 (4 H, m), 7.69-7.80 (4 H, m), 8.07 (l H, d, J = 7.2

Hz), 8.22-8.27 (4 H, m). I3C NMR (125 MHz, CDChIDMF-d7) 0 21.43,80.98, 144.07,

117.40, 119.08, 119.56, 120.15, 122.90, 124.65, 125.63, 125.65, 126.40, 128.53, 128.56,

129.08,129.27,129.43,129.52,130.35,130.47,130.51, 131.16, 134.72, 134.94, 136.38,

149.15, 149.35, 150.35, 151.36, 152.90, 164.20, 168.66. FfIR (KBr, em-I) 3064 (w),

3035 (w), 1771 (s), 1746 (s), 1600 (m), 1580 (w), 1482 (m), 1466 (w), 1451 (m), 1439

(m), 1409 (s), 1265 (s), 1242 (s), 1217 (m), 1180 (m), 1157 (s), 1081 (s), 1062 (s), 1022

(m), 899 (m), 796 (w), 764 (w), 710 (m), 693 (m), 676 (w). HRMS (ESI) MNa+: Calcd

for NaC3sH2oBrCI07, 688.9979; Found, 688.9953.

7'-Chloro-4'-fluoresceincarboxaldehyde (4). Dibenzoate 3 (2.00 g, 3.0 mmol)

and NaHC03 (2.52 g, 30 mmol) in 75 mL of anhydrous DMSO were heated to 150°C for

3 h. The deep red solution was stirred for an additional 1 h while cooling to 70 °e. An

orange precipitate formed as the solution was poured into 500 mL of 4 M HCI. After

stirring overnight, the mixture was extracted with CHCh (4 x 150 mL) and the solvent

was removed to leave a dark orange-brown liquid. A light yellow solid precipitated upon

addition of 75 mL deionized water. Flash chromatography of the filtered and dried solid

on silica gel (33: 1 CHCI3/MeOH) yielded a light yellow solid. The light yellow solid was

dissolved in hot chlorobenzene and, upon cooling, 4 crystallized (207 mg, 180/0). TLC

silica (9: 1 CHChlMeOH) Rf = 0.57. I H NMR (300 MHz, CD2Ch) 06.06 (l H, s), 6.65 (l

H, d, J = 8.7 Hz), 6.81 (l H, s), 6.90 (1 H, d, J = 8.7), 7.05 (l H, s), 7.19 (1 H, d, J = 7.2

Hz), 7.67-7.70 ( 2 H, m), 8.03 (l H, d, J = 6.9 Hz), 10.65 (l H, s), 12.16 (l H, s). l3e

------_.".-.-_._----_._- ------- ----------_. ---_._-----------.-_._-_ .._----_.



65

NMR (125 MHz, DMF-d7) tS 81.67, 104.23, 109.12, 109.90, 111.30, 113.80, 117.75,

124.23, 125.11, 126.57, 128.58, 130.69, 136.00, 136.98, 150.04, 152.35, 153.05, 155.70,

162.83,163.01,163.30, 163.99,168.99,193.88. FTIR (KBr, em-I) 3238 (w br), 3075 (w),

1771 (m), 1726 (s), 1653 (s), 1588 (m), 1512 (w), 1467 (m), 1447 (m), 1429 (m), 1401

(m), 1359 (w), 1311 (m), 1294 (m), 1263 (s), 1249 (m sh), 1226 (s), 1151 (m), 1122 (m),

1097 (m br), 1036 (w), 1000 (w), 892 (w), 878 (m), 841 (w), 784 (w), 772 (m), 762 (w),

727 (w), 703 (m), 646 (w), 625 (w), 543 (w), 532 (w), 486 (m). HRMS (ESI) MH+: CaJcd

for C2\H 12CI06 , 395.0322; Found, 395.0308.

N-(3-Amino(n-propylamino)..2-(isopropylamino)troponimine (5). Under an

atmosphere of argon, finely divided Me30BF4 (2.66 g, 18.0 mmol) was added to a

solution of 2-(isopropylamino)tropone (2.00 g, 12.2 romol) in 30 mL of CH2Cb and

allowed to stir for 2 h. The golden-yellow solution was added dropwise to neat 1,3­

diaminopropane (15 mL, 180 mmol) over 45 min and allowed to stir for 2 h. After

quenching with 40 mL water, the aqueous layer was extracted with CH2Ch (3 x 25 mL).

The organic extracts were dried over MgS04, filtered, and the solvent was removed under

reduced pressure giving a brown-yellow oil. The crude material was dissolved in dilute

aqueous HCI. The solution was first extracted with CH2Ch to remove unwanted

byproducts. The pH of the solution was then raised to 9 with aqueous NaOH and further

extraction with CH2Cb (3 x 75 mL) was performed. The organic extract was dried over

MgS04, filtered, and the solvent was removed under reduced pressure giving 5 (880 mg,

33%) as a yellow oil. 'H NMR (400 MHz, CD2Ch): B 6.74-6.70 (2H, m), 6.33 (lH, d, J =

11.3 Hz), 6.25 (lH, ct, J = 10.9 Hz), 6.13-6.08 (IH, m), 3.82 (lH, septet, J = 6.3 Hz), 3.36

(2H, t, J =6.8 Hz), 2.82 (2H, t, J = 6.8 Hz), 1.84 (2H, p, J =6.8 Hz), 1.23 (6H, d, J =6.3
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Hz). l3C NMR (l00 MHz, CDCI3): 022.72,34.13,40.57,44.99,107.76, 112.39, 117.42,

132.58, 133.14, 151.08, 153.44. IR (NaCI, em-I): 3212 (w br), 2964 (m), 2928 (m), 2863

(w), 1589 (m), 1536 (m), 1510 (rn), 1463 (m), 1414 (w), 1384 (m), 1326 (w), 1303 (w),

1272 (m), 1232 (w), 1206 (w), 1167 (m), 1121 (m br), 976 (w), 951 (w), 882 (w), 864

(w), 844 (w), 817 (w), 746 (w), 704 (m), 636 (w br). HRMS (ESI) MH+: Calcd. for

C13H22N3, 220.1814; Found, 220.1802.

N-(4-Amino(n-butylamino))-2-(isopropylamino)troponimine (6). Under an

argon atmosphere, finely divided Me30BF4 (3.40 g, 23.0 mmo}) was added to a solution

of 2-(isopropylamino)tropone (3.00 g, 18.4 mmol) in 20 mL CH2Ch. After stirring for 2

h, the golden solution was added dropwise over 30 min to 1,4-diaminobutane (6 mL, 60

romol) and allowed to stir for an additional 2.5 h. The reaction was quenched by the

addition of 20 of mL H20 and extracted with CH2Cb (3 x 50 mL). The solvent was

removed under reduced pressure to yield a yellow oil. The crude product was dissolved in

water with acidification to pH 3 with HCI. The solution was first extracted with CH2Ch

to remove unwanted byproducts. The pH of the solution was then raised to 9 with

aqueous NaOH followed by extraction with CH2Ch (3 x 50 mL). The organic extract was

dried over MgS04, filtered, and the solvent was removed under reduced pressure giving 6

(2.59 g, 60%) as an yellow oil. IH NMR (400 MHz, DMSO-d6): 0 6.77-6.72 (2H, m),

6.32 (lH, d, J =11.1 Hz), 6.26 (lH, d, J = 11.0 Hz), 6.12-6.07 (lH, m), 3.81 (lH, septet,

J = 6.3 Hz), 3.25 (2H, t, J = 7.1 Hz), 2.57 (2H, t, J =6.9 Hz), 1.65 (2H, p, J =7.1 Hz),

1.44 (2H, p, J = 7.0 Hz), 1.17 (6H, d, J = 6.3 Hz). 13e NMR (100 MHz, DMSO-d6): 0

152.1,150.9,133.0,132.9,117.2,109.8,45.7,45.1,41.5, 31.4, 27.0, 22.8. IR (NaCl, cm­

1): 3371 (w), 3217 (w br), 3022 (w), 2965 (m), 2929 (m), 2860 (m), 1609 (w), 1590 (s),
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1538 (5), 1514 (5), 1464 (s), 1415 (m), 1384 (m), 1273 (m), 1207 (m), 1168 (m), 1122

(w), 974 (w), 952 (w), 882 (w), 863 (w), 845 (w), 818 (w), 745 (m br), 704 (m), 641 (w).

HRMS (ESI) MH+: Calcd for C14H24N3, 234.1970; Found, 234.1962.

H2
iPrSATI-3 (7). Salicylaldehyde (157 mg, 1.29 mmol) in 5 mL of pentane was

added to a solution of 5 (289 mg, 1.29 mmol) in 15 mL pentane and the reaction was

stirred for 30 min. The pentane was decanted from the reaction flask to separate it from a

small amount of brown oil that formed during the reaction. Removal of the pentane under

reduced pressure afforded 7 as a yellow solid (370 mg, 89%). I H NMR (400 MHz,

CD2Ch): D8.38 (lH, s), 7.32-7.25 (2H, m), 6.93-6.85 (2H, m), 6.76-6.70 (2H, m), 6.40

(1H, d, J = 11.3 Hz), 6.20 (1R, d, J = 10.5 Hz), 6.12 (1H, t, J = 9.3 Hz), 3.86-3.75 (3H,

m), 3.41 (2H l . t, J =6.7 Hz), 2.18 (2H, pentet, J = 6.4 Hz), 1.27 (6H, d, J =6.3 Hz). I3C

NMR (100 MHz, CDzCh): 022.97,32.27,45.29,45.62,58.14,107.42,113.88,117.26,

117.96, 118.89, 119.46, 131.76, 132.48, 133.05, 133.84, 151.43, 154.13, 161.80,

165.65. IR (NaCI, em-I): 3213 (w br), 3062 (w), 2966 (m), 2927 (m), 2863 (m), 1632 (s),

1609 (m), 1589 (s), 1537 (s), 1510 (s), 1463 (s), 1414 (w), 1384 (m), 1276 (s), 1207 (m),

1167 (m), 1151 (w), 1119 (w), 975 (w), 952 (w), 882 (w), 845 (w), 755 (m), 704 (m), 640

(w). HRMS (ESI) MH+: Calcd for CzoH26N30, 324.2076; Found, 324.2073.

H2
iPrSATI-4 (8). To a solution of 6 (150 mg, 0.60 nunol) in 4 mL of CH2Ch was

added salicylaldehyde (73 mg, 0.60 mmol) in 2 mL of CH2CIz. After stirring overnight,

the solvent was removed under reduced pressure yielding a golden-yellow oil that

crystallized upon standing. The crystalline product was washed with cold hexanes to

affording pure 8 (163 mg, 81 %). IH NMR (400 MHz, DMSO-d6): 08.38 (IH, s), 7.30­

7.27 (2H, m), 6.93-6.88 (2H, m), 6.73-6.70 (2H, m), 6.34 (lH, d, J = 11.3 Hz), 6.24 (lH,
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d, J = 10.8 Hz), 6.12-6.09 (lH, m), 3.82 (IH, septet, J == 6.3 Hz), 3.67 (2H, t, J = 5.4 Hz),

3.36 (2B, t, J = 6.5 Hz), 1.88-1.82 (4H, m), 1.24 (6H, d, J = 6.3 Hz). 13e NMR (loo

MHz, DMSO-d6): 8165.4, 161.8, 153.7, 151.6, 133.6, 133.0, 132.5, 131.7, 119.5, 118.9,

117.8, 117.3, 112.4, 108.5,60.0,47.4,45.7,29.5,28.5,23.0. IR (KEr, em-I): 3446 (w br),

3191 (w br), 3052 (w), 3027 (w), 2967 (w), 2917 (w), 2865 (w), 1629 (m), 1609 (w),

1589 (m), 1534 (m), 1509 (5), 1462 (m), 1383 (m), 1275 (m), 1205 (m), 1161 (w), 1150

(m), 1122 (w), 1083 (w), 1057 (w), 990 (w), 976 (w), 948 (w), 879 (w), 857 (w), 779 (w),

760 (m), 748 (m), 705 (m), 636 (w), 456 (w). HRMS (ESI) MH+: Calcd for C21H2SN30,

338.2232; Found, 338.2213.

Hz
iPrFATI-3 (9). To a solution of 4 (90 mg, 0.23 mmol) in 100 mL of Et20 was

added 5 (50 mg, 0.23 mmol) in 8 mL of Et20. An orange precipitate formed immediately

upon addition of 4. After stirring for 30 min, the reaction was filtered, and the orange

precipitate was dried in vacuo giving 9 (96 mg, 700/0). lH NMR (400 MHz, DMSO-d6): 3

9.10 (lH, s), 8.01 (lH, d, J = 7.5 Hz), 7.77-7.68 (2H, m), 7.27 (lH, d, J = 7.5 Hz), 6.89

(lH, s), 6.81-6.75 (2H, m), 6.69 (lH, s), 6.58 (lH, d, J =9.2 Hz), 6.45 (IH, d, J = 11.5

Hz), 6.39 (lH, d, J = 9.3 Hz), 6.13 (lH, t, J = 9.2 Hz), 3.91-3.79 (3H, m), 3.42 (2H, t, J =

6.7 Hz), 2.11 (2H, p, J =6.7 Hz), 1.20 (6H, d, J =6.3 Hz). IR (KEr, cm-1
): 3419 (w br),

3159 (w br), 2970 (w), 2923 (w), 1761 (m), 1644 (s), 1584 (s), 1517 (s), 1482 (5 br), 1465

(s sh), 1440 (m sh), 1371 (5), 1343 (m sh), 1322 (m sh), 1277 (m), 1218 (m), 1169 (m),

1157 (m), 1093 (w), 997 (w), 884 (w), 830 (w), 762 (w), 703 (w), 667 (w), 627 (w), 595

(w), 549 (w), 470 (w). B C NMR (l00 MHz, DMSO-d6): 3 22.06, 30.31, 44.28, 44.48,

51.88, 103.68, 103.89, 104.08, 108.72, 110.56, 114.28, 118.36, 119.13, 124.75, 125.73,

127.98, 130.18, 133.01, 134.08, 134.91, 148.9, 150.41, 150.79, 151.56, 152.91, 158.3,
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160.46,168.58,173.10. HRMS (ESI) MH+: Calcd. forC34H31N30sCI, 596.1952; found

596.1957.

H2
iPr:FATI-4 (10). To a solution of 4 (80 mg, 0.20 mmol) in 8 mL of ethyl acetate

was added 6 (53 mg, 0.23 mmol) in 2 mL of ethyl acetate. The solution containing a

bright orange precipitate that formed was stirred for 30 min and filtered. The solid was

washed with ethyl acetate and dried in vacuo, yielding 10 (79 mg, 65%) as a bright

orange powder. I H NMR (400 MHz, DMSO-d6): B9.12 (lH, s), 8.02 (lH, d, J = 7.5 Hz),

7.80-7.78 (2H, m), 7.29 (lH, d, J =7.5 Hz), 6.90 (lH, s), 6.86-6.79 (2H, m), 6.70 (lH, s),

6.59 (IH, d, J =9.3 Hz), 6.43 (lH, d, J = 11.4 Hz), 6.39 (lH, d, J =9.3 Hz), 6.35 (lH, d, J

= 11.0 Hz), 6.21-6.17 (lH, m) (lH, m), 3.85-3.76 (3H, m), 3.34 (2H, d, J = 6.3 Hz), 1.80­

1.73 (4H, m)~ 1.15 (6 H, d, J =6.2 Hz). I3C NMR (100 MHz DMSO-d6) () 21.71,26.44,

28.00, 44.84, 45.57, 52.71, 103.88, 104.02, 110.05, 110.39, 112.87, 118.88, 119.09,

120.23, 125.1.9, 126.16, 127.86, 129.0, 130.04, 133.14, 134.15, 134.29, 134.61, 147.3,

150.56, 151.45, 152.13, 152.37, 160.37, 168.66, 173.16. IR (KBr, cm-'): 3443 (w br),

3159 (w br), 3023 (w), 2970 (w), 2931 (w), 2865 (w), 1762 (m), 1643 (s), 1585 (s), 1516

(s), 1483 (s), 1465 (s sh), 1370 (s), 1275 (m), 1219 (m), 1169 (m), 1093 (w), 997 (w), 883

(w), 830 (w), 705 (w), 667 (w), 627 (w), 595 (w), 550 (w), 469 (w). HRMS (ESI) MH+:

Calcd. for C3sH33N30sCI, 610.2108; found 610.2099.

[Co(iPrSATI-3)] (11). Under an atmosphere of N2, KH (480 mg, 12.0 mmol) was

added to a solution of 7 (1.88 g, 5.8 mmol) in 40 mL of CH)CN. An orange solution was

obtained after stirring for 1 h. Upon addition of CoCb (844 mg, 6.5 mmol) in 15 mL of

CH3CN over 15 min, the solution turned dark burgundy in color. After stirring for 3 h,

the solvent was removed in vacuo. Crystallization from hot heptane afforded X-ray
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quality burgundy crystals of 11 (816 mg, 37%). IR (KEr, em-I): 2993 (w), 2960 (w), 2925

(w), 2835 (w), 2809 (w), 1602 (m), 1582 (m), 1535 (m), 1504 (m), 1471 (m), 1441 (m),

1405 (m), 1369 (m), 1351 (m), 1327 (m), 1275 (m), 1257 (w), 1228 (m), 1143 (m), 1127

(m), 1060 (m), 954 (w), 901 (w), 886 (w), 842 (w), 806 (w), 761 (w), 752 (m), 727 (m),

716 (m), 625 (w), 576 (w), 550 (w), 529 (w), 488 (w), 459 (w). Anal: Calcd. for

CZOH23N30CO: C, 63.16; H, 6.10; N, 11.05. Found: C, 62.98; H, 6.16; N, 11.12.

[Co(NO)(iPrSATI-3)] (12). Under an atmosphere of Ar, 11 (200 mg, 0.52 nunol)

was dissolved in 10 mL of CHzClz and exposed to excess NO. After stirring for 30 min,

the solvent was removed in vacuo, and the resulting brown residue was washed with EtzO

and extracted into hot heptane. X-ray quality crystals of 12 (60 mg, 150/0) were grown by

slow evaporation of a solution of the crude product from heptane under an atmosphere of

Nz. IR (KBr, em-I): 2950 (w), 2919 (w), 2879 (w), 1639 (s), 1619 (s), 1587 (m), 1538

(w), 1504 (m), 1472 (m), 1455 (m), 1437 (m), 1412 (m), 1400 (m), 1333 (w), 1274 (w),

1230 (w), 1147 (w), 1067 (w), 959 (w), 912 (w), 889 (w), 871 (w), 844 (w), 758 (w), 737

(w), 724 (w), 715 (w), 612 (w), 481 (w), 462 (w), 437 (w). Anal: Calcd. for

CZOH23N402CO: C, 58.54; H, 5.65; N, 13.65. Found: C, 58.77; H, 5.56; N, 13.92.

[Co2(iPrSATI-4h] (13). A portion of KH (12 mg, 0.30 mmo!) was added to a 5

mL THF solution of 8 (50 mg, 0.15 mmol) under N z. An orange solution was obtained

after stirring for 1 h. Addition of [Co(CH3CN)4](PF6)2 (92 mg, 0.18 mmol) in 10 mL of

THF turned the solution dark burgundy. After stirring for 4 h, the solvent was removed in

vacuo. The residue was extracted into CH2Clz and filtered through eelite. Pentane

diffusion into a CHCh solution of the complex gave X-ray quality crystals of 13 (39 mg,

66%). IR (KBr, em-I): 2958 (w), 2923 (w), 2862 (w), 1624 (m), 1593 (m), 1551 (w),
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1510 (s), 1472 (m), 1445 (s), 1426 (m), 1412 (s), 1360 (m), 1331 (w), 1289 (m), 1263

(m), 1226 (m), 1149 (m), 1122 (w), 1011 (w), 987 (w), 853 (w), 886 (w), 857 (w), 817

(w), 783 (w), 758 (m), 719 (m), 669 (w), 588 (w), 568 (w), 463 (w), 443 (w). Anal:

Calcd. for C42HsoN602C02: C, 63.96; H, 6.39; N, 10.65. Found: C, 63.86; H, 6.31; N,

10.68.

[Co(WrFATI-3)] (14). To a slurry of 9 (80 mg, 0.134 mmol) under an atmosphere

of Nz in 10 mL CH3CN was added KH (11 mg, 0.275 mmol). After stirring for 1 h,

[Co(CH3CN)4](PF6h (72 mg, 0.140 mmol) in 5 mL CH3CN was added. After stirring

overnight the dark red precipitate was filtered off and dried in vacuo to afford 14 (83 mg,

95%). IR (KBr, em-I): 3336 (w br), 3052 (w), 2963 (w), 2928 (w), 2870 (w), 1760 (m),

1633 (s sh), 1604 (s sh), 1575 (s), 1538 (s), 1503 (s), 1463 (s), 1397 (m), 1360 (m), 1339

(m), 1274 (w), 1221 (w), 1170 (m br), 1098 (w), 990 (m br), 885 (w), 827 (w), 761 (w),

716 (m), 630 (w), 591 (w), 551 (w), 480 (w), 467 (w). HRMS (ESI) M+: Calcd. for

C34HzsN30sCICo, 652.1049; found 652.1046. Because of difficulties in the purification

of 14, it was not possible to obtain a satisfactory elemental analysis.

[Co(iPrFATI-4)] (15). A 2 mL MeOH solution of NaOMe (600 J1L, 0.12 mmol of

a 0.2 M solution in MeOH) was added to a 10 mL MeOH slurry of 10 (36.0 mg, 0.057

mmol) under N2. A clear, dark red-orange solution was obtained after stirring for 45 min.

Upon addition of [Co(CH3CN)4](PF6h (29.0 mg, 0.057 mmo!) in 5 mL of MeOH, the

solution darkened. The reaction was allowed to stir for 5 h and the solvent was removed

in vacuo. The residue was extracted with 8 mL of acetone and filtered to leave IS (29

mg) as a red-brown powder. IR (KEr, em-I): 3056 (w), 2956 (w), 2924 (w), 2861 (w),

1761 (w), 1709 (w), 1636 (m), 1608 (m), ]575 (s), 1537 (m), 1492 (m), 1465 (s), 1396
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(s), 1338 (s), 1267 (m), 1228 (m), 1170 (m), 1096 (w), 1003 (m), 885 (w), 830 (w), 762

(w), 715 (w), 630 (w), 555 (w), 479 (w). HRMS (ESI) M+: Calcd. for C3sH30N30sCICo,

666.1206; Found 666.1216. Due to difficulties in the purification of 15, it was not

possible to obtain a satisfactory elemental analysis.

X-Ray Crystallography. Single crystals suitable for data collection were covered

in Infineum V8512 oil (fonnerly called Paratone-N oil), mounted on the tips of glass

capillary tubes and transferred to a low-temperature nitrogen cold stream maintained by a

Broker KRYOFLEX BVT-AXS nitrogen cryostat. Data were collected on the Broker

diffractometer (MoKll A = 0.71073 A) controlled by the SMART software package

running on a Pentium II PC.5 The general procedures used for data collection are reported

elsewhere.6 Empirical absorption corrections were calculated with the SADABS

program.? Structures were solved by direct methods and refined with the SHELXTL and

SAINTPLUS software packages on a Pentium II PC running the Windows NT operating

system.8
.
9 All non-hydrogen atoms, unless otherwise noted, were refined anisotropically.

Hydrogen atoms were assigned idealized positions and given a thermal parameter of 1.2

times the thermal parameter of the atom to which it was attached. All structure solutions

were checked for higher symmetry with the PLATON program. IO

Complex 11 was solved in monoclinic P21/c. The ~ angle of approximately 900

indicated the possibility of higher symmetry or twinning whereby the unit cell is pseudo­

orthorhombic. Attempts to model the twinning were made using the TWIN parameter in

SHELXTL, but no suitable solution could be obtained. In addition, it was not possible to

solve the structure using the higher symmetry orthorhombic cell by either direct or

Patterson methods. The entire complex 11 is disordered over two positions and was
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modeled with 73.6 and 26.40/0 occupancies for the two orientations. It was not possible to

refine anisotropically all atoms of the 26.4% occupancy model.

Results and Discussion

Synthesis. The general synthetic route for the H2iPrSATI-n and H2
iPrFATI-n

ligands is outlined in Scheme 2.2. These molecules are constructed from the N ,N'­

disubstituted aminotroponimine class of ligands condensed either with salicylaldimine or

7' -chloro-4' -fluoresceincarboxaldehyde (4). The isopropyl group on the

aminotroponimine ring was chosen for ease of synthesis. A variety of other alkyl groups

such as t-butyl, benzyl, and methyl were prepared with the related dansyl­

aminotroponiminate (HRDATI) ligands, 1 but there were no major differences among the

metal complexes with these alkyl groups.

The preparation of intermediates 5 and 6 is achieved by activation of 2­

(isopropylamino)tropone with Me30BF4 under argon followed by slow addition of the

activated tropone to an excess of diamine. Intermediates 5 and 6 are then purified by

selective precipitation and extraction from a dilute aqueous HCI solution when the pH is

raised to 9 with NaOH in 33 and 60% yields, respectively. Compounds 5 and 6 are

thermally sensitive yellow oils. On prolonged standing, even at -800 C, 5 decomposes to

a yellow solid, 16, identified by 'H NMR spectroscopy and comparison to literature data

(Scheme 2.3).11 The condensations of 5 and 6 with salicylaldehyde give the

salicylaldimines 7 and 8 in 80-90% yields. Ligands 7 and 8 are soluble in a variety of

organic solvents including hexanes, Et20, CH2Ch, CH3CN, and MeOH.

The fluorescein carboxaldehyde is prepared in three steps. Condensation of 2­

methylresorcinol with 1 is accomplished by heating the reagents with ZnCh to 2000 C.
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The condensation also proceeds in neat solutions of trifluoroacetic acid or

methanesulfonic acid. The product of the condensation reaction contains a mixture of the

7' -chloro-4' -methylfluorescein, 4' ,5' -dimethylfluorescein, and 2' ,7' -dichlorofluorescein.

Because of the similarity of their structures it was not possible separate the three

components in appreciable amounts. Formation of 2, the dibenzoate protected product,

followed by recrystallization provides an alternative purification procedure. Radical

bromination of 2 with either 1,3-dibromo-5,5-dimethylhydantoin or N-bromosuccinamide

cleanly affords 3 in nearly quantitative yield. The bromomethyl intermediate is then

converted into carboxaldehyde 4 by heating to 1500 C with NaHC03 in anhydrous

DMSO. Purification of 4 by column chromatography followed by crystallization from hot

chlorobenzene results in isolated yields of approximately 20%. Reaction of the

appropriate aminotroponimine with 4 in either EtOAc or Et20 cleanly and easily affords

9 or 10 as bright orange powders, which precipitate from the reaction in 65-70% yields.

The metal complexes 11 and 13 are prepared by deprotonation of the ligand with

2 equiv of potassium hydride in THF or CH3CN followed by addition of

[Co(CH3CN)4](PF6h or CoCh. Complex 11 is mononuclear whereas 13 is dinuclear. In

attempts to prepare mononuclear complexes with ligand 13, bases such as sodium

methoxide and sodium hydride were employed. The metallation reaction was also

attempted in alternative solvents such as CH2Ch, CH3CN, and MeOH; however, in all

cases only dinuclear complexes were obtained. Both 11 and 13 are air-stable for several

days as solids. The analogous H2
iPrSATI-5 ligand, with an n-pentyl linker between the

aminotroponimine and salicylaldimine groups, was also prepared, but it was not possible

to isolate any metal complexes with this ligand. All metallation reactions with H2
iPrSATI-



75

5 produced intractable solids that had limited or no solubility in all solvents investigatedt

indicating possible oligomer formation. By admission of excess NO gas to a Schlenk

flask containing It the dark brown mononitrosyl 12 was formed. No nitrosyl products

were isolated from the reaction of NO with 13, however.

The fluorescein-containing complexes 14 and 15 were prepared by deprotonation

of the ligand with either potassium hydride or sodium methoxide followed by addition of

[Co(CH3CN)4](PF6h. Purification of 14 and 15 was hindered by the inability to

crystallize the products.

Structural Studies. The structures of complexes It 12, and 13 are displayed in

Figures 2.1 and 2.2 as ORTEP diagramst and X-ray crystallographic data for the

complexes are given in Table 2.1. Selected bond distances and angles from the single

crystal X-ray diffraction data and those of related salicylaldiminel2
,13 and

aminotroponimine l4 complexes are presented in Table 2.2. Complex 11 has a square

planar geometry similar to those of [Co(SALEN)] and [Co(TC-3 t3)] (Figure 2.3). The

steric constraints imposed by the ethyl and propyl linkers in these ligands enforce square­

planar geometrYt which is in contrast to the tetrahedral geometry common in many Co2
+

complexes. IS The square planar geometry of II confers other structural similarities to

[Co(SALEN)] and [Co(TC-3 t3)).12.16 The average Co--N distance from the

aminotroponilninate moiety of 1.874(6) Ain 11 is similar to the corresponding average of

1.869 A in [Co(TC-3,3)]. 16 The Co-O and Co-N distances of 1.875(5) and 1.887(6) A,

respectivelYt are only slightly longer than the corresponding average distances of 1.852

and 1.845 At respectively, in [Co(SALEN)].12
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The dihedral angle 8, measured between the planes of the salicylaldiminate and

aminotroponiminate chelate rings, is 9.4° in 11, indicating slight distortion from an ideal

square planar geometry. The dihedral angle in 11 is similar to the corresponding angle of

9.0° observed in [Co(TC-3,3)], but larger than the e value of 2.2° in [Co(SALEN)]. 12.16

Another related but more flexible complex, [Co(TC-4,4)]16 has a e value of 32.0° and

displays similar reactivity to 11, vida infra.

The mononitrosyl 12, is also structurally similar to the corresponding nitrosyl

complexes of [Co(SALEN)] and [Co(TC-3,3)]. The nitrosyl N-O distance in 12 of

1.132(4) A is intermediate between the 1.118 A average and 1.137 A value from

[Co(SALEN)NO] and [Co(TC-3,3)NO], respectively.I3·14 The 1.807(4), 1.806, and 1.785

ACo-NO distances in 12, [Co(SALEN)(NO)), and [Co(TC-3,3)(NO)], respectively, are

also quite similar. The Co-N-O angle of 128.2(4t is in good agreement with the values

reported for [Co(SALEN)(NO)) and [Co(TC-3,3)(NO)].13.14 Although 11 is structurally

similar to [Co(SALEN)] and [Co(TC-3,3)], its reactivity in the presence of excess NO

follows more closely that of [Co(TC-4,4)).

Ligand 8 was designed to form mononuclear Co(II) complexes with a distorted

tetrahedral geometry as observed previously with [Co(iPrDATl)z] and [Co(DATI-4)].

Instead, only dinuclear complexes were isolated. The two ligands in 13 bridge the Co(I1)

centers resulting in nearly tetrahedral geometries. The 8 values of 86.8 and 87.2° of the

two metal centers in 13 are close to the 90° value for an idealized tetrahedron. These e

values are very similar to the 89.5° 8 value reported for [Co(i-PrzATI)2l but much less

constrained than the 63.3° e value for the mononuclear [Co(DATI-4)), which also has a

n-butyl linker. I The average Co-N bond distance of 1.968(3) A in 13 is only slightly
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shorter than the value of 1.980 A reported for [Co(i-Pr2ATIh] and quite similar to the

1.971 Avalue for [Co(TC-6,6)].1,16

Although no X-ray structural data for 14 and 15 are available due to the inability

to crystallize these complexes, known structures can be used to postulate their

coordination geometry. Complex 14 is expected to have a square-planar geometry

analogous to that of 11. Based on the structural data for 13, a similar dinuclear structure

could be proposed for 15, although no evidence was observed in the APeI and high

resolution ESI mass spectral data to indicate the presence of a dinuclear species with an

expected MH+ mass of 1334.3 amu. Given this result, a mononuclear complex with a

distorted tetrahedral geometry similar to [Co(DATI-4)] seems more plausible, but the

possibility of a dinuclear complex cannot be ruled out.

Reactivity. Figure 2.4 displays the solution IR spectra of a DMSO solution of 11

purged with Ar following admission of excess NO at room temperature. The initial

yellow-brown solution quickly turns dark red-brown within 10 min after exposure to NO.

The first step in the reaction is formation of the crystallographically characterized

mononitrosyl 12, identified by its NO stretch at 1621 ern-I. Within 40 min, additional IR

features at 1598 and 2115 cm- 1 begin to form. After 2.5 h, no additional spectral changes

are observed. The IR band at 2115 cm- I is attributed to formation of a cobalt-dinitrogen

species.1? The related complex, [Co(TC-4,4)] also reacts similarly with formation of an

IR band at 2108 em-I. Isotope labeling experiments using ISNO previously conducted

with [Co(TC-4,4)] indicated the presence of a dinitrogen adduct. The additional band that

appears at 1598 cm- 1 in Figure 2.4 is consistent with formation of a Co(NO)(N02)

species, which was also proposed for the reaction of [Co(TC-4,4)] with NO. 14 The
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initially fanned monanitrosyl band at 1621 em-I shifts to 1629 em-I after approximately

30 min. Such a shift to higher energy was also observed in the disproportionation reaction

of [Pe(TC-5,5)] with NO. IS In that reaction, N02 fanned during the reaction nitrated the

tropolone rings of the ligand, creating a more electron withdrawing ligand environment,

and thus a higher energy nitrosyl stretch. With 11 there is no evidence for dissociation of

the salicylaldiminate moiety from the cobalt center or for the fonnation of a Co(NOh

species, as observed for the reactions of [Co(iPrDATIh] and [Co(DATI-4)] with NO.

Although 11 shares several structural similarities with [Co(SALEN)] and [Co(TC­

3,3)], it is important to note that their reactivities with NO differ. Neither [Co(SALEN)]

nor [Co(TC-3,3)] display any further reactivity after formation of the mononitrosyl

adducts. In fact, once formed, [Co(TC-3,3)(NO)] is stable enough that it can be

recrystallized in air. 14 The difference in reactivity is interesting, since II, [Co(SALEN)],

and [Co(TC-3,3)] all have similar Co-ligand bond lengths and e values less than 10°,

which indicate nearly planar geometries. In contrast, the observed NO reactivity of

[Co(TC-4,4)], which has a e value of 32.0°, is nearly identical to that observed for 11.

Based on these observations, we conclude that the differences reactivity may be more a

function of ligand flexibility than structural similarities at the cobalt center. Both 11 and

[Co(TC-4,4)] should be more flexible than either [Co(SALEN)] or [Co(TC-3,3)]. In the

case of [Co(TC-3,3)], the two n-propyl linkers between the aminotroponiminate rings

severely limit the ability of the cobalt center to adopt new conformations. The n-butyl

linkers in [Co(TC-4,4)] are more flexible and even allow for formation of a trigonal

bipyramidal mononitrosyl complex. 14 In 11, the presence of only one n-propyl linker

instead of the two present in [Co(TC-3,3)] should afford more flexibility.
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The time dependent solution IR spectra for the reaction of an Ar purged solution

of 13 with excess NO at room temperature in DMSO are presented in Figure 2.5. During

the course of the reaction a single nitrosyl band grows in at 1594 em-I. This feature may

correspond to a Co(NO) or a Co(NO)(N02) species, the latter having been postulated for

the reactions of 11 and [Co(TC-4,4)] with excess NO. An additional IR band at 2119 cm- I

also begins to form within the first 15 min of the reaction. Its appearance is significantly

faster than in the reaction between 11 and NO, where the corresponding band at 2115 cm­

I was apparent only after 40 min. As with 11 and [Co(TC-4,4)]' the IR band at 2119 cm- I

can be ascribed to formation of a cobalt-dinitrogen species. All attempts to isolate and

characterize further such a putative dinitrogen adduct proved unsuccessful. If the solvent

is removed from the reaction, however, the IR band at 2119 em-I is stable for several days

in air. Although the possibility cannot be ruled out, there is no direct evidence for

dissociation of the salicylaldiminate moiety of 13 from the cobalt center to form a

dinitrosyl species.

The reaction of 14 with NO was followed by IR spectroscopy. Within five

minutes after exposure of a solution of 14 in DMSO to excess NO, a new band that is

consistent with a nitrosyl stretch appears at 1630 cm-'(Figure 2.6), a result in good

agreement with the nitrosyl band at 1621 cm~1 observed in the reaction of 11 with NO.

Additionally, a second band begins appear at 2114 cm- I one hour after exposure to NO.

Again, this feature is in good agreement with the results from 11. As with 11, no

evidence for formation of a dinitrosyl species is observed; however, the intense band

from the fluorescein carboxylic acid at 1759 cm-I (Figure 2.6) may conceal bands from a

dinitrosyl species.
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Complex 15 reacts with excess NO in CH3CN and displays similar IR features as

those observed for the reaction of 13 with NO. Following exposure to excess NO, a new

band at 2117 cm"! appears. As with 11 and 14, the 2117 em"! band corresponds to a

possible dinitrogen adduct. An additional new, but very weak, IR band at 1830 cm"!

could be a NO stretching band of a cobalt dinitrosyl complex. An intense band at 1760

cm-), as expected, is consistent with either a lactone or carboxylic acid from the

fluorescein. 19

Fluorescence Spectroscopic Measurements. The reaction of 14 with NO, when

followed by fluorescence spectroscopy, does not show a significant increase in

fluorescence. Exposure of 14 to excess NO in MeOH results in only a 20% increase in

fluorescence emission intensity four hours after exposure to NO (Figure 2.7). If there

were complete dissociation of the fluorescein moiety from the cobalt center, as observed

with [Co(DATI-4)], a larger fluorescence increase, approaching that of the free ligand,

would be expected. The absence of a large fluorescence increase, however, is not

surprising because the solution IR data for the reaction do not indicate the formation of a

dinitrosyl species, generation of which would indicate dissociation of the fluorescein

moiety, as observed in the reaction of NO with [Co(iPrDATI)2].

A fluorescence study of 15 in MeOH shows a 3-fold increase in fluorescence after

22 hours of exposure to excess NO (Figure 2.8). This fluorescence response is similar to

that previously observed for [Co(DATI-4)], but is significantly slower. It is difficult to

rationalize the fluorescence response of this system given the complex nature of the NO

reactivity in these systems. The IR data reveal chemistry similar to that previously

reported for [Co(TC-3,3)] and [Co(TC-4,4)] with NO, where formation of several
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different species could be observed by IR spectroscopy. In addition, the spectra revealed

mononitrosyl and dinitrogen adducts. Because of the fonnation of multiple products, it is

unclear which species gives rise to the increase in fluorescence t the dinitrogen adduct t a

dinitrosyl species, a mononitrosyl species, or some other unidentified species. Based on

the small increase in fluorescence emission intensity observed on the reaction of 14 with

NO, it seems unlikely that the fluorescence response of 15 results from the fonnation of

the dinitrogen or mononitrosyl adducts t which are both observed by solution IR

spectroscopy with 14. Compound 15 is moderately stable to trace amounts of H20 t

although a 13% increase in fluorescence emission intensity is observed after addition of

10 J.1L of H20 to a 10 ~M solution of 15 in MeOH. The fluorescence emission intensity

rapidly increases when 15 is dissolved pH 7.4 phosphate buffer, however. A 2.5-fold

increase in emission intensity is observed between 10 min and 3 h after preparation of the

buffer solution (Figure 2.9). The fluorescence increase in aqueous solution is presumably

due to dissociation of the metal complex to afford the free ligand. Although 14 and 15 are

sufficiently air stable in solution, the complicated slow reactivity with NO and sensitivity

to water limits the potential uses of this system for measuring of NO in aqueous

environments.

Conclusions

A new series of ligands containing an aminotroponimine moiety linked by an

alkyl chain to a salicylaldimine or a fluorescein have been prepared and their

coordination chemistry investigated. The Co(lI) complexes of the salicylaldimine ligands,

7 and 8 were prepared and characterized. Cobalt complex 11 reacts with NO to fann an

initial mononitrosyl species, which then undergoes further reactivity in the presence of
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excess NO to form a dinitrogen adduct as characterized by solution IR spectroscopy. The

reactivity of 11 is similar to that of [Co(TC-4,4)]. Complex 13, formed by the reaction of

[Co(CH3CN)4](PF6)z with ligand 8, gives a dinuclear species where the two ligands

bridge the two cobalt centers. It also reacts with NO ultimately to form a dinitrogen

adduct. Although no X-ray crystallographic characterization of 14 and 15 was possible,

mass spectrometry data indicates both complexes to be mononuclear, although in the case

of 15 a dinuclear structure similar to 13 cannot be ruled out. As expected, the NO

reactivity of 14 and 15 is similar to that observed for the model complexes 11 and 13. A

modest, but slow 3-fold increase in fluorescence emission intensity is observed 22 h after

exposure of 15 to excess NO. Because multiple products fonn during the reaction, none

of which could be crystallized, it is unclear what species gives rise to the increase in

fluorescence emission intensity. It is unlikely that the increase in emission intensity is

from the mononitrosyl or dinitrogen adducts, since only minimal fluorescence response

observed following exposure of 14 to NO, where both the dinitrogen and mononitrosyl

adducts are also observed.
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Table 2.1. Summary of X-ray Crystallographic Data for 11, 12, and 13,

11 12 13·CHCI3,CsH12

formula CZOHZ3N30CO CZOHZ3N4OZCO C4sH6sN60zCI3Coz

fw 380.34 410.35 982.27

space group P2 1/c P2 J/c P2J/n

a,A 9.351(l) 13.723(2) 13.8321 (2)

bA 9.252(l) 14.452(2) 24.9517(1)

cA 20.722(3) 9.803(2) ]4.6924(1)

rl,deg 90.29(3) 109.674(3) 99.229(1)

v,A3 1792.8(4) 1830.6(5) 5005.21(8)

Z 4 4 4

Pealc> glcm3 ] .409 1.489 1.304

T,oC -]00 -100 -100

/l(Mo Ka), mm· 1 0.970 0.96] 0.865

total no. of data 7888 ]4325 30866

no. of unique data 2586 427] 1]459

no. of params 226 336 550

R (%)a 6.54 6. ]8 7.09

wRz (%)b 16.33 12.57 15.15

aR:::: l:IIFol-FeIlILIFol. bwRz= {w(F/-F/)Z/l:[w(F/)2]} liZ
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Table 2.2. Selected Bond Distances and Angles for 11, 12, and 13.a

Compound Distances (A) Angles (deg)

[CoCPrSATI-3)] Col-NI 1.898(5) NI-Col-N2 83.4(3)
(11) Col-N2 1.849(5) NI-Col-N3 176.9(2)

Col-N3 1.887(6) NI-Col-Ol 90.1 (2)
Col-OJ 1.875(4) N2-Col-N3 96.6(3)

N2-CoJ-OI 169.0(2)
N3-Col-Ol 89.4(3)

[Co(iPrSATI-3)NOJ Col-NI 1.914(3) NI-Col-N2 82.0( I)
(12) Col-N2 1.904(3) NI-Col-N3 157.7(1)

Col-N3 1.954(4) N]-Col-N4 ]02.0(2)
Col-N4 1.807(4) NI-Col-O] 89.5(1 )
Col-Ol 1.903(3) N2-Col-N3 93.6(2)
N4-02 1.132(5) N2-Co]-N4 96.7(2)

N2-Col-Ol 166.5( I)
N3-Col-N4 100.3(2)
N3-Col-Ol 90.4(1 )
N4-Col-Ol 95.2(2)
Col-N4-02 128.2(4)

[CoiiPrSATI-4hl Col-N3 1.984(3) NI-Co2-N2 81.6(2)
(13) Col-N4 1.970(3) N1-Co2-N6 123.2(1 )

Col-N5 1.955(3) NI-Co2-02 113.3(1)
Col-Ol 1.904(3) N2-Co2-N6 121.2(1)
Co2-NI 1.978(4) N2-Co2-02 121.4( I)
Co2-N2 1.968(3) N6-Co2-02 95.8(1)
Co2-N6 1.993(3) N3-Col-N4 120.5( I)
Co2-02 1.908(3) N3-Col-N5 121.6(1 )

N3-Col-Ol 96.7(1)
N4-Col-N5 82.3(1 )
N4-Col-01 115.4(1 )
N5-Co1-01 122.4(1)

[Co(SALEN)]b CO-Osalen 1.852
CO-Nsalen 1.845

[Co(SALEN)(NO)t CO-OSalen(aVg) 1.872 Co-N-Oav 127.0
Co-Nsalen(avg) 1.878
Co-NO 1.806
N-O 1.118

[Co(TC-3,3)]d Co-Nay 1.896

[Co(TC-3,3)NO]e Co-NTC(avg) 1.90 Co-N-O ]27.3
Co-NO 1.785
N-O 1.137

aNumbers in parentheses are estimated standard deviations of the last significant figure. Atoms are
labeled as indicated in Figures 2.1 and 2.2. bRef. J2. eRef. 13. dRef. 16. eRef. 14.
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Table 2.3. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Co(iPrSATI-3)] (11). U(eq) is defined as one third of the trace

of the orthogonalized uij tensor.

x y z U(eq)

Co(l) 1844(1) 4702( 1) 1886(1 ) 31(1)
N(I) 3447(]2) 3479(16) 2187(3) 33(2)
N(1A) 1760(40) 3470(60) 1105(15) 44(6)
N(2) 2148(8) 556](7) 2687(3) 67(3)
N(2A) 287(8) 5768(7) 1583(3) 4 ](7)
N(3) 275(7) 5890(8) 1588(3) 6](4)
N(3A) 2071(7) 5708(8) 2643(3) 27(5)
0(1) 1486(9) 3406(18) 1232(4) 41(2)
0(1 A) 3070(30) 3550(30) 2257(12) 50(6)
C(I) 492(7) 3346(8) 800(3) 49(3)
C(lA) 3589(7) 3509(8) 2822(3) 39(8)
C(2) 410(8) 2202(9) 358(3) 50(3)
C(2A) 4442(8) 2470(9) 3136(3) 42(9)
C(3) -698(9) 2053(10) -69(4) 63(4)
C(3A) 4761(9) 234](10) 3791(4) 52(9)
C(4) -1831 (10) 2983(12) -103(4) 68(4)
C(4A) 4301(10) 3201(12) 4308(4) 56(9)
C(5) -1852(9) 4188(13) 305(5) 74(4)
C(5A) 3434(9) 4405(13) 4241 (5) 54(9)
C(6) -690(7) 4326(9) 755(4) 43(2)
C(6A) 3053(19) 4540(20) 3452(13) 41(5)
C(7) -671 (6) 5617(8) 1177(3) 43(2)
C(7A) 2214(17) 5820(20) 3231(9) 58(4)
C(8) -17(11) 7296(9) 1930(5) 56(3)
C(8A) 1190(30) 7430(20) 2626(9) 46(5)
C(9) 1232(10) 7888(8) 2308(5) 50(2)
C(9A) 710(30) 7870(20) 1945(12) 44(5)
C(10) 1606(7) 6958(7) 2873(4) 43(2)
C(10A) -360(20) 6920(20) 1612(10) 52(5)
C(II) 2851(6) 4739(7) 3113(4) 28(2)
C(lIA) -250(20) 4700(20) 1013(9) 41(4)
C(12) 2815(7) 5078(8) 3767(4) 43(2)
C(12A) -1380(30) 4910(20) 766(9) 57(5)
C(l3) 3457(8) 4346(11) 4260(4) 64(4)
C(13A) -1983(8) 4237(11 ) 270(4) 61(8)
C(l4) 4329(9) 3189(10) 4308(3) 56(4)
C(14A) -1872(9) 3040(10) -115(3) 67(9)
C(l5) 4765(8) 2346(8) 3802(4) 51(4)
C(15A) -723(8) 2099(8) -77(4) 61(9)
C(16) 4448(7) 2483(8) 3154(3) 42(4)
C(16A) 400(7) 2259(8) 360(3) 54(9)
C(I7) 3583(6) 3518(7) 2832(3) 39(3)
C(17A) 465(6) 3432(7) 805(3) 48(7)
C(18) 4173(5) 2426(5) 1756(2) 28(1 )
C(18A) 3211(17) 2495(16) 1047(7) 55(4)
C(19) 4602(4) 3115(5) 1113(2) 45(1 )



Table 2.3. Continued.

C(20)
C(20A)

x

3378(]0)
3030(30)

87

y

998(11)
]030(30)

z

1699(4)
1453(12)

U(eq)

36(2)
54(7)
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Table 2.4. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Co(NO)(iPrSATI-3)] (12). U(eq) is defined as one third of the

trace of the orthogonalized VIJ tensor.

x y z U(eq)

Co(l) 3033( 1) 5742(1 ) 4001(1 ) 27(1)
N(1) 1970(3) 4900(2) 2945(4) 30(1)
N(2) 2453(3) 5505(2) 5480(4) 27(1)
N(3) 4362(3) 6142(2) 5373(4) 31 (I)
N(4) 2417(3) 6851 (3) 3446(4) 40(1)
0(1) 3619(2) 5671 (2) 2501(3) 38(1)
0(2) 1843(3) 7218(3) 3860(5) 72(1)
C(3) 3541 (4) 6685(3) 7090(6) 37(1)
C(10) 1553(3) 4407(3) 3748(5) 31 (1)
C(II) 5186(3) 6331 (3) 5070(5) 32(1 )
C(1?) 5298(3) 6332(3) 3677(5) 30(1)
C(19) 1750(3) 4828(3) 5196(5) 29(1)
C(21) 6232(3) 6626(3) 3514(5) 34(1)
C(25) 4478(3) 5999(3) 2436(5) 30(1)
C(26) 539(4) 3886(4) 6105(6) 39(1)
C(31) 6378(4) 6605(3) 2205(5) 38(1 )
C(33) 1419(4) 5619(4) 495(6) 47(1)
C(38) 1202(4) 4603(3) 6122(5) 36(1)
C(39) 4476(4) 6235(4) 6931(5) 35(1)
C(40) 1014(4) 3559(3) 3304(5) 37(1)
C(41) 5578(4) 6296(3) 1013(5) 39(1)
C(42) 212(4) 3152(4) 5164(6) 42(1)
C(45) 445(4) 3023(4) 3931(6) 43(1)
C(46) 2651(4) 6035(3) 6817(5) 36(1 )
C(49) 4656(4) 6001(3) II 07(5) 37(1)
C(52) 2315(5) 4062(5) 909(6) 47(2)
C(54) 1614(4) 4719(4) 1346(5) 39(1 )
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Table 2.5. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Co2(

iPrSATI-3)zl (13). U(eq) is defined as one third of the

trace of the orthogonalized VIJ tensor.

x y z U(eq)

Ca(1) 5314( 1) 1000(1) 6303( I) 31 (1)
Ca(2) 3958(1) -947(J ) 8669(1) 38( I)
N(3) 4786(2) 1077(J ) 7475(2) 34(1)
0(2) 2998(2) -537(1 ) 9162(2) 48( I)
N(4) 6404(2) 1454(1 ) 6049(2) 34( I)
0(1) 4105(2) 1]01(1) 5499(2) 42(1)
N(5) 6228(2) 426(1) 6124(2) 32( I)
N(2) 5362(2) -878(1 ) 9160(2) 37(1)
N(6) 3442(3) -789(1) 7351(2) 40( I)
C(13) 5994(3) 552(2) 8569(2) 36(1)
N(I) 4192(3) -] 683(1) 9155(2) 45( I)
C(2S) 7158(3) 1187(2) 5808(2) 32(1)
C(l4) 544] (3) 1078(2) 8365(3) 40(1)
C(35) 3874(4) -1044(2) 6604(3) 50( I)
C(32) 6068(3) -147(2) 6242(3) 35( I)
C(30) 7857(3) 230(2) 5851(3) 43( I)
C(IO) 5776(3) -1314(2) 9574(2) 39( I)
C(21) 3255(3) ]208(2) 575](3) 35(1 )
C(31) 7084(3) 592(2) 5923(2) 32( I)
C(20) 2441(3) 1303(2) 5060(3) 44( I)
C(]5) 3867(3) 1176(2) 7475(3) 36(1)
C(l2) 5348(3) 87(2) 8774(2) 35( I)
C(26) 7924(3) 1441(2) 5435(3) 38( I)
C(34) 4909(3) -859(2) 6573(3) 42(1)
C(33) 5012(3) -277(2) 6292(3) 36(])
C(16) 3108(3) 1241(2) 6684(3) 36(1)
C(37) 2119(3) -212(2) 7715(3) 45(J)
C(27) 8779(3) 1250(2) 5189(3) 49(])
C(29) 8761(3) 295(2) 5569(3) 53(1)
C(4) 5075(4) -1760(2) 9645(3) 44(1)
C(36) 2693(3) -485(2) 7119(3) 45(1)
C(9) 6799(3) -1347(2) 9878(3) 50( I)
C(1 ]) 5962(3) -403(2) 9074(3) 38(] )
e(] 7) 2163(3) 1363(2) 6875(3) 47(1)
C(42) 229](3) -252(2) 8698(3) 44( I)
C(24) 6322(3) 2043(2) 5976(3) 43( I)
C(41) 1651(3) 30(2) 9186(3) 53(1)
C(40) 897(4) 336(2) 8744(4) 62( I)
C(l8) 1381(3) 1448(2) 6189(4) 54(])
C(7) 7115(5) -2170(2) 10845(4) 66(2)
C(5) 5316(4) -2212(2) 10235(3) 59( 1)
C(8) 7374(4) -1719(2) 10419(3) 60(1)
C(38) 1328(4) 104(2) 7291(4) 60(1)
C(23) 5774(4) 2199(2) 5036(3) 54( 1)
C(39) 728(4) 371 (2) 7776(4) 69(2)
C(19) 1531(3) 1420(2) 5274(3) 51 (1)
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Table 2.5. Continued.

x y z U(eq)

C(6) 6176(5) -2375(2) 10768(3) 70(2)
C(28) 9181(3) 742(2) 5256(4) 54( 1)
C(22) 5796(5) 2250(2) 6744(4) 67(2)
C(3) 3417(4) -2093(2) 9115(3) 60(1 )
C(2) 2749(5) -2053(2) 8189(4) 82(2)
C(1) 2829(5) -2011(3) 9905(4) 77(2)
el(3) -103(2) 1268(1 ) 866(2) 144(1)
CI(2) 56(4) 1293(2) 2803(2) 218(2)
CI(1) 1429(2) 733(2) 1947(4) 275(3)
C(48) 228(5) 927(3) 1874(4) 87(2)
C(47) 8458(5) 1085(4) 8365(6) 115(3)
C(46) 9106(8) 1508(5) 8147(10) 191 (7)
C(45) 8702(8) 1987(5) 7965(6) 145(4)
C(44) 9273(11 ) 2402(5) 7559(7) 193(7)
C(43) 8703(11) 2930(5) 7507(8) 188(6)
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a

b

Figure 2.1. ORTEP diagrams of (a) [Co('prSATI-3)] (11) and (b) [Co(NO)ePrSATI-3)] (12)
showing selected atom labels and 50% probability ellipsoids for all non-hydrogen atoms.
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a

b

Figure 2.2. ORTEP diagrams from the side (a) and top (b) of [Co2(
iPrSATI-4)z] (13) showing

selected atom labels and 500/0 probability ellipsoids for all non-hydrogen atoms.
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16

17 n = 3
18 n = 4

Figure 2.3. Structures of [Co(SALEN)] (16), [Co(TC-3,3)] (17), and [Co(TC-4,4)] (18).
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Figure 2.4. Solution IR spectra of [Co(iPrSATI-3)] (11) after exposure to excess NO in
DMSO at room temperature (a) 0 to 30 min exposure to NO and (b) 30 to 230 min after
the addition of NO.
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Figure 2.5. Solution IR spectra of [Co2(iPrSATI-4)2] (13) after exposure to excess NO in
DMSO at room temperature.



CJ)
.c
co

99

o 11 ~

0.10: 2115
oog: /

:: r\
:::-l_L003-

D02-

001.-,..... .-r --.......... _

'2D 2100 .....~ • 1~

1759

•

Figure 2.6. Solution IR spectra of [Co(FATI-3)] (14) before (blue) and after (red)
exposure to excess NO in DMSO at room temperature. The IR band at 1759 cm-1 is from
the fluorescein carboxylic acid.



100

5~ ~O 500 500 600 6~ 6~ 600

wavelength (nm)

Figure 2.7. Fluorescence emission intensity spectra at 0, 0.5, 1, 1.5, and 4 h following
addition of excess NO to a 10 JlM solution of [Co(PrFATI-3)] (14) in MeOH showing a
120% increase in fluorescence emission intensity. Excitation is at 509 run and the
emission maximum is at 530 run.
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Figure 2.8. Fluorescence emission intensity spectra at 0 min, 5 min 0.5, 1, 2, 4, 6, 8, 11,
and 22 h following addition of excess NO to a 10 J.lM solution of [Co(iPfFATI-4)] (15) in
MeOH showing a 3-fold increase in fluorescence emission intensity. Excitation is at 503
run and the enlission maximum shifts from 535 nm before addition of NO to 530 run after
22 h.
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Figure 2.9. Fluorescence emission intensity spectra at 10 min, 0.5, 1, 2, and 3 h of a 10
JlM solution of [Co(iPrFATI-4)] (15) 0.1 MpH 7.4 phosphate buffer. After 3 h, a 2.5-fold
increase in emission intensity is observed. Excitation is at 497 nm and the emission
maximum is at 524 nm.
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Chapter 3

Carboxylate..Bridged Dimetallic Complexes as Potential Nitric Oxide

Sensors
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Introduction

Several factors complicate the ability to detect NO in biological systems. The

reaction of NO with Oz is facile, resulting in fonnation the of reactive nitrogen oxide

species (RNOS) such as N02, Nz0 3, and Nz0 4 in aprotic solutions. In aqueous

environments, formation of N02- is also possible. NO reacts with superoxide to ONOO-,

which is highly toxic l as well as with amines, thiols, and transition metals.2
-
5 This diverse

reactivity of NO complicates efforts to detect NO and decipher its biological functions. In

many cases, it is unclear whether NO itself or some more reactive product is involved in

cellular signaling.

In the central nervous system, sub-micromolar concentrations of NO are believed

to function in neurotransmission. NO may be involved in the process of long-term

potentiation (LTP), the basis of learning and memory.6,7 LTP requires a retrograde

neurotransmitter that can diffuse from its point of origin in a post-synaptic nerve cell

back to the pre-synaptic neuron. Studies have indirectly identified NO as a candidate for

this process.6-9 Most current research relies on the use of nitric oxide synthase inhibitors

or NO releasing compounds rather than direct detection of the gas to investigate its

biological functions. These methods do not distinguish between direct actions of NO and

those of more reactive products formed by the action of dioxygen-derived species with

NO.

To investigate the potential roles of NO in biology, and the central nervous

system in particular, methods for the direct detection of NO are highly desirable. One

approach to preparing suitable sensors is to couple transition metal-nitrosyl chemistry

with fluorescence signaling.
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In particular, we are interested in developing sensors that utilize the formation of

transition metal nitrosyl complexes to trigger an increase in fluorescence. For

applications in biological sensing, an event that results in a positive fluorescence

response is preferable to one that results in quenching. 10 Our strategy is based on

reversing the fluorescence-quenching properties of transition metals with partially filled

d-shells. I
J.12 By reaction of NO with a transition metal complex containing a coordinated

fluorophore in such a manner as to dissociate the latter from the coordination sphere of

the metal, fluorophore emission that was initially quenched by coordination to the metal

can be restored.

Previous work in our lab with [Co(iPrDATI)2], where iPrDAT1 is an

aminotroponiminate ligand containing a dansyl moiety, and related compounds such as

[CoCiPrDATI-4)], reveals them to have decreased fluorescence when compared to the free

ligands. J2 In the case of [CoCiPrDATI)zJ, reaction with NO affords the dinitrosyl

[Co(NO)zCiprDATI)] and one molecule of HiPrDATI. Release of the latter resulted in

increased fluorescence emission intensity. The reaction with NO is slow, however; after

four days, approximately 750/0 conversion to the dinitrosyl species occurs, with an 8-fold

increase in fluorescence intensity.12 The slow response time of these systems is a

significant impediment to their use for NO detection. We therefore initiated an

investigation of other transition metal complexes in an effort to develop improved

sensors.

The dioxygen reactivity of carboxylate-bridged non-heme dinuclear complexes is

well known in biology and has been a focus of research in our laboratory for several

years. 13.16 Non-heme diiron enzymes such as hemerythrin, the hydroxylase component of
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soluble methane monooxygenase, and the R2 component of class I ribonucleotide

reductase all react with dioxygen. 13,15,17-19 The NO reactivity of these proteins has also

been demonstrated.2o-22 A synthetic non-heme carboxylate-bridged diiron complex

previously prepared by us also reacts with NO.23 As a result of this documented NO

reactivity, an investigation was undertaken into the use of carboxylate-bridged dinuclear

complexes as potential NO sensors. In particular, although the dioxygen reactivity of

diiron complexes of the formula [Fel(OlCArTOI)4(L)ll, where 02CArTOI = 2,6-di(p­

tolyl)benzoic acid and L = a nitrogen base has been investigated extensively, their NO

chemistry has 001. 14,16,24 To examine the potential suitability of these systems for use as

NO sensors, related diiron and dicobalt complexes were prepared in which the nitrogen

bases were modified to carry a dansyl fluorophore. The synthesis and investigation of the

NO reactivity of these complexes is the subject of the present report.

Experimental

General Considerations. Pentane, tetrahydrofuran (THF), diethyl ether (EtzO),

acetonitrile (CH3CN), and methylene chloride (CH1C!z) were purified by passage through

alumina columns under a Nz atmosphere.25 All other solvents were purchased from

Mallinckrodt or EM Science and used without further purification. Silica gel 60 (230-400

mesh, EM Science) was used for column chromatography. The starting materials dansyl­

piperazine (Ds-pip), H01CArT01, and [Fez(Jl-OzCArTOI)2(OlCArTOI)z(THF)zl were

prepared as previously described.24.26-29 Nitric oxide (Matheson 990/0) was purified by a

method adapted from the literature. 3o The NO stream was passed through an Ascarite

(NaOH fused on silica gel) column and a 6 ft coil filled with silica gel cooled to -78°C.

For fluorescence experiments, NO was introduced into the headspace above the sample
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solution in a sealed fluorescence cell via a Schlenk manifold. All other reagents were

obtained commercially and used without further purification. IR spectra were recorded on

a ThermoNicolet Avatar 360 spectrophotometer. In situ IR spectra were recorded on a

ReactIR 1000 instrument from ASI equipped with a l-in.-diameter, 30-reflection silicon

ATR (SiComp) probe. UV-visible spectra were recorded on a Hewlett-Packard 8435

spectrophotOlneter. Unless otherwise mentioned, fluorescence emission intensity spectra

were recorded at 25 ± 0.2 °C on a Hitachi F-3010 fluorescence spectrophotometer.

Electrospray ionization (ESI) mass spectrometry was performed on an Agilent 1100

series LCIMSD trap or in the MIT Department of Chemistry Instrumentation Facility.

NMR spectra were recorded on a Broker DPX-400 spectrometer at ambient temperature

and referenced to internal IH and I3C solvent peaks.

[Fe2(~l-02CArTOI)4(Ds-pip)z] (1). To a solution of [Fe2(Jl-02CArTOlh(OzCAlOlh-

(THF)zl (100 mg, 0.068 mmol) in 10 mL of CHzClz, Ds-pip (44 mg, 0.12 mmol) in 2 rnL

of CHzClz was added and allowed to stir under a Nz atmosphere for 1 h. X-ray quality

crystals of 1 (92 mg, 68%) were isolated by vapor diffusion (EtzO/CHzCh). IR (KBr, cm­

I): 3440 (w br), 3252 (w), 3048 (w), 3018 (w), 2983 (w), 2940 (w), 2918 (w), 2862 (w),

2786 (w), 1605 (s), 1513 (m), 1448 (m), 1403 (s), 1383 (s), 1345 (s), 1330 (m), 1304 (w),

1262 (w), 1229 (w), 1165 (s), 1146 (m), 1063 (w), 933 (m), 842 (w), 813 (m sh), 790 (s),

705 (m), 617 (w), 584 (w), 568 (m), 526 (m), 487 (w), 461 (w). Anal Calcd. for

C1l6HlJON60IZSzFe2: C, 71.23; H, 5.67; N, 4.30. Found: C, 70.98; H, 5.77; N, 4.12.

[C02(f..1-02CArTol)4(Ds-pip)2l (2) and [C02(J-l-02CArTolh(02CArTol)2(Ds-pip)zl

(3). Portions of TEA (460 ilL, 3.0 mmol), H02CArToi (905 mg, 3.0 mmol),

Co(NO})2'6(HzO) (455 mg, 1.55 mmol), and Ds-pip (500 mg, 1.55 mmol) were allowed
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to stir in 75 mL of dry THF for 2.5 h. After removal of the solvent under reduced

pressure, the crude residue was extracted with CH2Ch and filtered through a glass frit of

medium porosity. Using approximately one half of the crude reaction residue, light blue

X-ray quality crystals of 2 (400 mg) were prepared by vapor diffusion (EtzO/CHzCh) at

room temperature. With the remainder of the reaction residue, dark purple X-ray quality

crystals of 3 (358 mg) were obtained by vapor diffusion (EtzO/CH2Ch) at -240 C. The

overall yield of 2 and 3 is 50%.

Characterization of Isomer 2. IR (KBr, em-I): 3247 (w), 3049 (w), 3019 (w),

2985 (w), 2939 (w), 2919 (w), 2862 (w), 2785 (w), 1616 (s), 1585 (m), 1573 (m), 1547

(w sh), 1513 (m), 1449 (m), 1403 (m), 1384 (s), 1344 (m), 1329 (m), 1308 (w), 1261 (w),

1229 (w), 1165 (m), 1147 (m), 1108 (w), 1063 (w), 1023 (w), 937 (m), 844 (w), 813 (m

sh), 790 (m), 707 (m), 617 (w), 584 (w), 568 (m), 526 (m), 487 (w), 462 (w). Anal Calcd.

for CIl6HlION6012S2COZ: C, 71.01; H, 5.65; N. 4.28. Found: C, 70.86; H, 5.56; N, 4.30.

Characterization of Isomer 3. IR (KBr em-I): 3252 (w), 3056 (w), 2978 (w),

2942 (w), 2917 (w), 2866 (w), 2791 (w), 1611 (8), 1587 (m sh), 1574 (m sh), 1514 (m),

1454 (m), 1405 (w), 1384 (m), 1345 (m), 1330 (w), 1308 (w), 1260 (w), 1166 (m), 1146

(w), 1112 (w), 1095 (w), 1066 (w), 1048 (w), 1022 (w), 933 (m), 924 (m sh), 851 (w),

822 (m), 801 (s), 781 (m), 763 (w), 735 (w), 714 (m), 616 (w), 584 (w), 566 (m), 544

(w), 521 (w), 487 (w), 468 (w). Anal Calcd. for CtI6HIlON6012S2COZ: C, 71.01; H, 5.65;

N, 4.28. Found: C, 70.90; H, 5.83; N, 4.51.

N-Nitroso-dansyl-piperazine (4) and [Co2(NOh(J.1-02CArTolhl (5). Under an

atmosphere of Ar, 2 (120 mg, 0.064 mmol) in 25 mL of CHzCh was exposed to excess

NO. During the reaction the solution changed color from blue-purple to brown. The
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solvent was removed in vacuo after stirring under an NO atmosphere for 3 h. The crude

residue was washed with 20 mL of Et20 and filtered, leaving pure 4 (37 mg, 84%) as an

off-white solid. The brown Et20 solution was concentrated to 4 mL in vacuo. Dark brown

crystals of 5 (34 mg, 63 %) were grown from the concentrated EllO solution at -400 C. It

was also possible to isolate the free carboxylic acid, H02CarToi (6), from the remaining

Et20 mother liquor; however, no attempt was made to obtain a yield.

Characterization of 4. IH NMR (400 MHz, CD2Cb): 08.59 (l H, ct, J = 7.6 Hz),

8.31 (l H, d, J =8.7 Hz), 8.20 (l H, dd, J =7.4, 1.3 Hz), 7.59-7.54 (2 H, m), 7.20 (l H, d,

J =7.1 Hz), 4.28 (2 H, t, J =5.2 Hz), 3.82 (2 H, t, J = 5.4 Hz), 3.43 (2 H, t, J = 5.3 Hz),

3.17 (2 H, t, J = 5.3 Hz), 2.87 (6 H, s). 13C NMR (l00 MHz, CD1Ch): () 152.61,132.77,

131.78, 131.33, 130.64, 128.90, 123.72, 119.43, 115.56, 49.66, 46.59, 45.71, 45.12,

39.28. IR (KBr, em-I): 2980 (w), 2939 (w), 2864 (w), 2786 (w), 1588 (w), 1573 (w),

1502 (w), 1485 (w), 1454 (m), 1429 (m), 1404 (w), 1357 (m), 1336 (s), 1319 (m), 1284

(m), 1227 (m), 1198 (w), 1162 (s), 1109 (m), 1075 (w), 1057 (w), 1045 (w), 987 (m), 924

(s), 810 (w), 793 (s), 773 (w), 713 (s), 682 (w), 622 (m), 602 (m), 570 (m), 538 (w), 485

(w), 474 (m). MS-ESI (m / z): [M + Nat Calcd. for NaC16H20N403S, 371.1154; Found

371.1133.

Characterization of 5. IR (KBr, em-I): 3049 (w), 3023 (w), 2918 (w), 2861 (w),

1861 (m), 1785 (s), 1754 (s), 1588 (s), 1561 (s), 1515 (m), 1447 (m), 1406 (m), 1388 (m),

1109 (w), 847 (w), 815 (m), 790 (m), 762 (w), 728 (w), 715 (w), 703 (w), 586 (w), 540

(w), 525 (m). Anal Calcd. for C42H34N40sCo2: C, 60.01; H, 4.08; N, 6.66. Found: C,

60.17; H, 4.27~ N, 6.44.
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X-Ray Crystallography. Single crystals suitable for data collection were covered

In Infineum V8512 (formerly called Paratone N oil) mounted on the tips of quartz

capillary tubes and transferred to the -100°C low-temperature nitrogen stream a Bruker

KRYOFLEX BVT-AXS cryostat. Data was collected on the Broker diffractometer

(MoKa A = 0.71073 A) controlled by the SMART software package running on a

Pentium II PC.31 The general procedures used for data collection are reported elsewhere.:n

Empirical absorption corrections were calculated with the SADABS program.33

Structures were solved and refined with the SHELXTL and SAINTPLUS software

packages on a Pentium II PC running the Windows NT operating system. 34
,35 All non­

hydrogen atoms were refined anisotropically by least-squares cycles and Fourier

syntheses. Hydrogen atoms were assigned idealized positions and given thermal

parameters of 1.2 times the thermal parameter of the carbon or nitrogen atom to which

each was attached. All structure solutions were checked for higher symmetry with the

PLATON program.36

Two of the CH2Clz molecules in the structure of 1 are disordered. In the first

disordered CH1Ch, one of the chlorine atoms resides in two positions and was refined

with 50% occupancy for each atom. The second CH2Ch molecule also has a disordered

chlorine atom that was modeled with 75 and 25% occupancies. In the structure of 2 three

of the CH1Clz solvent molecules are disordered. The first has a chlorine atom disordered

over two positions with 60 and 40% occupancies. The remaining two disordered CH1Ch

atoms in 2 are each disordered over two positions, both with 100% occupancy of the

central carbon atom. The chlorine atoms are disordered over two sites modeled with 60

and 40% occupancies for the first solvent molecule and 75 and 25% for the second. The
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oxygen atom of nitrosyl in 4 is disordered over two positions and was refined with

occupancies of 55 and 450/0.

Results and Discussion

Synthesis. A range of iron terphenylcarboxylate complexes having a variety of N­

donor ligands have been prepared and reported in the literature (Figure 3.1).24 Complex 1

was synthesized in a similar manner. The reaction of two equivalents of dansyl­

piperazine with [Fe2(Jl-02CArTOlh(02CArTOlh(THFhl under an inert atmosphere in

CH2Clz followed by crystallization from vapor diffusion of EhO into CH2Ch afforded 1

in 68% yield as light yellow-green crystals. The reaction is complete in less than 1 h. The

fluorescence emission intensity of crystalline 1 is significantly diminished by comparison

to a solid sanlple of dansyl-piperazine when illuminated with long-wavelength UV light

from a hand held lamp. The quenched fluorescence in 1 suggests coordination of the

piperazine N-atoms to the iron centers. All previously prepared

tetra(carboxylato)diiron(II) complexes obtained in our laboratory are sensitive to O2 and

have been used to investigate structural and mechanistic aspects of 02 binding and

activation parallel to that occurring in carboxylate-bridged diiron containing proteins.24

Given the similarity of 1 to these previously reported diiron complexes, it is not

surprising that 1 is sensitive to O2, both when dissolved in halogenated solvents and in

the solid state.

In an effort to circumvent the O2 sensitivity of the tetracarboxylate complexes, the

chemistry of the dicobalt(II) analogue was examined. The known dicobalt(lI) complex,

[C02(Jl-02CArTO')2(02CArTo'h(CsHsNh], which contains two pyridine ligands, is air

stable. 37 There are a few examples of air-stable cobalt(lI) complexes, such as
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[Co(iPrDATI)z], that react with NO via a reductive nitrosylation mechanism. The

synthesis of the dicobalt(II) analogue of 1 was therefore undertaken in order to prepare an

air-stable complex capable of reductive nitrosylation to form a dicobalt tetranitrosyl

species with concomitant fluorophore release. Complex 2 was synthesized by the reaction

of Co(N03h·(H20)6 with dansyl-piperazine, H02CArT01, and triethylamine in a 1: 1:2:2

ratio with THF as solvent. Blue rods of 2 were isolated by crystallization from vapor

diffusion of Et20 into a blue-purple solution of the dicobalt complex in CH2Cb at room

temperature. When the crystallization setup is cooled to -24 g C or below, 3 was isolated

as purple plates. The overall yield for isolation of 2 and 3 from the same reaction, but

under different crystallization conditions, optimized for each, is 50%. As with [Co2(Jl­

02CArTolh(02CArT01)2(CsHsNh], both 2 and 3 are air stable for an extended period both

as a solids and in solution, and both can be synthesized on the benchtop. The

interconversion of the dicobalt complex between the paddlewhee1- and windmill-core

structures (Scheme 3.1) is temperature dependent and is discussed in more detail below.

Structural Characterization of the Diiron(lI) and Dicobalt(II) Complexes.

Crystallographic data and selected geometric infonnation for 1-3 are given in Table 3.1

and Table 3.2, respectively. The ORTEP diagram of 1 is presented in Figure 3.2, and the

ORTEP diagrams of 2 and 3 are given in Figure 3.3. Complex 1 adopts a paddlewheel

geometry with four 1,3-bridging carboxylate ligands and two Ds-pip fluorophores

occupying apical positions on the Fe-Fe vector. This core of 1 is structurally similar to

that in several other tetra(Jl-carboxylato)diiron(II) complexes previously synthesized in

our laboratory. The Fe-Fe distance of 2.725(1) A in 2 is significantly shorter than the

reported 4.282 A Fe-Fe distance in [Fe2(J.L-02CArTOI)z(02CArT01)2(THF)2], which adopts
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the more open windmill geometry.24 The Fe-Fe distance in 1 is nearly identical to the

2.728 A distance reported for the paddlewheel isomer of [Fe2(Jl-02CAr4-FPh)4(THF)2],

which contains two THF molecules in the axial coordination sites of the diiron core. The

reported Fe-Fe distances of other paddlewheel complexes with nitrogenous bases,

however, such as I-methylimidazole, pyridine, and 4-t-butylpyridine, coordinated in the

axial sites range between 2.823 and 2.848 A. The origin of the shortened Fe-Fe distance

in 1 by comparison to these other nitrogen base adducts is unclear. Although rather bulky,

the Ds-pip ligands in 1 are oriented away from the diiron core and therefore minimize

any potential issues with respect to steric crowding at the diiron core. The average Fe-N

bond in 1 of 2.130(3) A is somewhat longer than the 2.041-2.098 A range reported for the

other structurally characterized complexes with imidazole and pyridine ligands. The

longer Fe-N distances in 1 are consistent with expectations based on the diminished 1[­

acceptor ability of the piperazine in comparison to imidazole and pyridine.

A carboxylate shift must occur during the reaction of [Fe2(Jl­

02CArTOI)2(02CArTOI)2(THF)2] with dansyl-piperazine to form 2, since the former has a

windmill configuration with only two bridging carboxylate ligands. Interconversion

between the windmill and paddlewheel geometries can occur by carboxylate shifts of two

of the bridging carboxylate ligands in the tetra-bridged paddlewheel structure to give the

doubly bridged paddlewheel geometry. The temperature dependence of these carboxylate

shifts was previously investigated by 19F NMR spectroscopic analysis of

tetra(carboxylato)diiron(II) complexes carrying the fluoro-substituted 2,6-di(4­

fluorophenyl)benzoate analog of the H02CArTo1 ligand. 24 Variable temperature 19p NMR

spectra of [Fe2(Jl-02CAr4-FPh)2(02CAr4-FPhh(THFhl displayed three fluorine resonances
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that can be attributed to the bridging and tenninal carboxylate ligands in the windmill

structure, [Fe2CJl-02CAr4-FPh)zC02CAr4-FPh)zCTHFh]. Cooling of the sample to below -60

°c gave a single fluorine signal, which can be accounted for by invoking a paddlewheel

structure, [Fe2CJl-02CAr4-FPh)4(THF)z], where the fluorine substituents of the four

bridging carboxylate ligands are in identical magnetic environments.24

In an attempt to isolate the corresponding windmill structure of 1, several vapor

diffusion crystallization chambers were set-up at multiple temperatures down to -40° C.

Under all conditions investigated, only the paddlewheel complex was isolated. These

results are not surprising, however, in view of the variable temperature 19p NMR results

for [Fe2CJl-02CAr4-FPh)4C4-IBuCsH4N)2]. Unlike the THF complex, which shows a

distinctive temperature dependence of its 19F NMR signals, only a single sharp fluorine

signal is observed with [Fe2(Jl-02CAr4-FPh)4(4-IBuCsH4N)z] between 20 and -70°C,

indicating that the paddlewheel structure is favored over the windmill geometry.24

Therefore, assuming that the stability of 1 is similar to that of [Fe2(Jl-02CAr4-FPh)4(4­

IBuCsH4N)z], it is unlikely that the windmill structure could be isolated, even if the

diffusion crystallization setup temperature was lowered to -700 C.

As with the previously reported [Fe2(J,l-02CAr4-FPh)z(02CAr4-FPh)z(THF)zl system,

the geometry of the dicobalt(II) Ds-pip complexes is temperature dependent. X-ray

diffraction studies of 2 and 3 demonstrate conclusively that 2 adopts a paddlewheel

geometry whereas 3 has the windmill structure. This is the first example where windmill

and paddlewheel structures of dicobalt terphenyl carboxylate complexes of the same

stoichiometry have been isolated. The carboxylate shift involved in the transition from

structure 2 to 3 results in an increase of the Co-Co distance from 2.720(2) to 3.898(1) A.



115

The latter distance is in good agreement with the previously reported 3.9168(7) A

distance in [C02(Jl-02CArTO)2(02CAr4-To)h(C5H~)1].The Co--N distance in 3 of

2.079(3) A is essentially identical to the 2.072(4) A Co-N distance in 2. It is surprising

that the IR spectra (KBr) of 2 and 3 are very similar given the shift in coordination

environment at the two cobalt centers. The carboxylate stretch of 1616 em') in 5 shifts to

1611 cm- t in 6. No additional carboxylate stretching bands are observed in 6, even though

the carboxylate ligands have two different coordination modes. The diiron(II)

paddlewheel complex 1 is isomorphous with the corresponding dicobalt(II) complex,

with both crystallizing in the PI space group. The distances between the two metal

centers are essentially identical at 2.725(1) and 2.720(2) A in 1 and 2, respectively. As

with the distance between the two metals, the average Co-N distance of 2.121(3) A in 2

is nearly identical to the average Fe-N bond of 2.130(3) Ain 1.

Reactivity of [Fe2(/-l-02CArTOI)4(Ds-piPhl (1). Addition of NO to a solution of 1

In CH1Clz results in an immediate color change from light yellow-green to brown.

Complex 1 is also sensitive towards O2 When CH2Clz solutions of 1 are exposed to air at

room temperature, a light yellow solution is obtained. Although the O2reactivity of 1 was

not studied in detail, the O2 reactivity of similar diiron(II) tetracarboxylate complexes

have been investigated extensively previously. 14,16,24

The reaction of 1 with NO was also monitored by solution IR spectroscopy. When

10 equiv of NO were admitted to a sealed flask containing a 0.5 mM solution of 1 in

CH2CI2, new IR bands at 1797 and 1726 cm't appear (Figure 3.4). These features are

consistent with formation of a Fe(NO)2 unit. The distinct carboxylate stretching band of

the starting complex at 1605 cm,t, which is indicative of the paddlewheel and windmill
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structures, also disappears. These IR data indicate that the core of the diiron complex has

been disrupted. The potential exists for the formation of a diiron tetranitrosyl complex

with two bridging carboxylate ligands. The diiron tetranitrosyl complex, if fanned, may

have a structure similar to that of [Co2(Jl-02CArTOlh(NO)4], vida infra, although no

structural infonnation for the iron nitrosyl species is available. All attempts to isolate and

characterize structurally iron nitrosyl products from the reaction of 1 with NO proved to

be unsuccessful. Several reactions with different amounts of NO from 1 to 200 equiv

were investigated. The reaction of 1 with 200 equiv of NO gave a few brown crystals

when recrystallized over an atmosphere of excess NO. The brown crystals formed

together with a light tan precipitate and did not diffract. No further characterization of

the crystals was attempted.

Reactivity of the Dicobalt Complexes 2 and 3 with Nitric Oxide. All NO

experiments with the dicobalt terphenyl carboxylate complexes were performed at room

temperature, where 2 is expected to be the predominant species in solution. When the

reaction of 2 with excess NO in CH2Clz was followed by IR spectroscopy in situ several

new features appeared in the IR spectra (Figure 3.5) as the solutions color changed from

blue-purple to brown. The most noticeable change is the appearance of peaks at 1864 and

1783 cm'l, which first begin to form six minutes after exposure to NO. The IR bands are

consistent with the formation of a cobalt dinitrosyl species. 12 In addition to the formation

of dinitrosyl bands, the carboxylate stretching mode at 1610 cm- l in 2 disappears as the

reaction progresses, indicating a significant change in the structure, confirmed by X-ray

crystallography, vida infra. A final IR feature at 1745 cm'l appears as the reaction
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progresses. This band is consistent with the presence of free carboxylic acid, but may also

be due to an additional nitrosyl species.

Three products from the reaction of 2 with NO in CH2Cb have been isolated and

structurally characterized. X-ray crystallographic parameters, selected bond lengths, and

an ORTEP diagrams of 4 and 5 are given in Tables 3.2 and 3.4 and Figure 3.5,

respectively. After removal of the solvent from the NO reaction. the residue was washed

with Et20, leaving behind impure 4. Light yellow rods of 4, which fluoresce under UV

illumination, were prepared by vapor diffusion of Et20 into a CH2Cb solution of the

impure compound in 840/0 yield. X-ray crystallographic analysis of 4 indicated that the

Os-pip ligands in 2 underwent N-nitrosation. The 'H NMR spectrum of 4 indicates that

the methylene protons of the piperazine ring in 4 are no longer equivalent, as expected

after functionalization of the secondary amine to fonn the N-nitroso species. The N­

nitroso product 4 is moderately air-stable, decomposing only after several days of

standing in air.

Concentration of the brown Et20 filtrate from the nitrosylation reaction followed

by crystallization at -400 C gave 5 in 64% yield as dark brown blocks. With further

manipulation of the remaining mother liquor, it was possible to isolate H02CArTo'. X-ray

diffraction studies on the dark brown plates revealed that 5 is a dicobaIt tetranitrosyl

complex where two of the carboxylate ligands and both of the dansyl-piperazine moieties

from 5 have been replaced by nitrosyl ligands. Complex 2 thus undergoes reductive

nitrosylation to form 5, which is composed of two {Co(NO)2} 10 centers. The average N­

O bond length in 5 is 1.152 Aand the average NO-Co angle is 163.5 Q

• These values are

consistent with those previously reported in the literature for {Co(NO)z} 10 species':~R~4o In



118

some examples, {Co(NOh} 10 units are fonned from C02
+ starting complexes, with the

metal center providing the needed electron to form the dinitrosyl species by

disproportionation of [C02+~] to give [Co(NOhL] and [C03+L3].41-43 In this system,

however, no C03+species were isolated. It appears that NO acts as the electron source for

reduction of C02
+. The NO+ equivalent generated by initial reduction of the C02+ is then

free to attack the aliphatic nitrogen in Ds-pip, forming 4 with concomitant abstraction of

the NH proton by a molecule of the carboxylate. NO has previously been proposed to be

a source of reducing equivalents for the reduction of Fe3
+ dithiocarbamates to produce

Fe2+ dithiocarbamates and S-nitrosated dithiocarbamate.44 A similar mechanism may

occur with the present dicobalt system.

From the X-ray analysis of the products and the solution IR data on the reaction, a

possible mechanism can be proposed (Scheme 3.2). Reaction of NO with 2 may result in

fonnation of an initial mononitrosyl cobalt complex, where the nitrosyl has a significant

(5+ charge. Because no mononitrosyl is observed in the solution IR reactions, even when

conducted at -780 C, such a species, if present, must be transient and highly reactive. The

transient cobalt mononitrosyl could then act as an NO+ source by reducing the cobalt

center to Co(l). The secondary nitrogen of the Ds-pip, which may be in close proximity

to the putative NO+ equivalent, would be able to undergo N-nitrosation. The presence of a

base, the m-tolyl terphenyl carboxylate, also present at the dicobalt core, could assist by

abstracting the amine proton, facilitating attack of cobalt mononitrosyl species to give 4

and 6. The formation of 4 and 6 would result in their dissociation from the dicobalt core.

The resulting electron rich Co(l) species would then quickly react with additional NO

present in the reaction solution to give the observed double dinitrosyl 5.
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Fluorescence Studies. The reactivity of 1 with NO was investigated by

fluorescence spectroscopy. Exposure of 1 to one equivalent of NO in CH2Clz results in a

4-fold increase in fluorescence emission intensity within five minutes when excited at

350 nm (Figure 3.7). The fluorescence response, coupled with the solution IR data,

indicate significant changes in the diiron core, such as dissociation of Ds-pip. The free

ligand, effectively removed from the influence of the iron centers, is the probable source

of the increase in fluorescence emission intensity. In addition to an NO-induced

fluorescence response, 1 also reacts with O2 to afford an increase In fluorescence

emission intensity. When 1 is exposed to one equivalent of O2 in CH2Cl2 the fluorescence

increases slowly by 2.6-fold after 5 min and maximizes at 5-fold after standing overnight

(Figure 3.7). Although this system shows a fluorescence response to O2, its response to

NO is significantly faster than for the previously investigated aminotroponiminate

compounds. 12 Even though the reaction of 1 with NO is faster than its reaction with O2, a

common property of iron(II) aminocarboxylate complexes,45 the dioxygen sensitivity is a

significant irrlpediment for the use of the diiron complex 1 as an in vivo NO sensor.

From the X-ray crystallographic results showing dissociation of the dansyl moiety

from the cobalt centers when 2 is exposed to excess NO, it is not surprising, an increase

in fluorescence is also observed. When 5 is allowed to react with 150 equivalents of NO

in CH2Ch, a 9.6-fold increase in fluorescence is observed after 60 minutes (Figure 3.8).

During this period, the emission maximum also shifts from 503 to 513 nm. This shift in

emission wavelength is due to the N-nitrosation of the dansyl-piperazine ligand. When

the fluorescence experiment is repeated with 1 or 20 equivalents of NO, only 1.2- and

lA-fold increases in fluorescence intensity, respectively, are observed. The lack of a
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major fluorescence response with these amounts of NO is consistent with the observed

solution IR reactivity, where the nitrosyl bands and concomitant formation of a brown

solution only occurred when a large excess of NO was employed. This lack of response

to small amounts of NO indicates that fonnation of the proposed initial mononitrosyl

intermediate is the rate-limiting step in the reaction and that its formation is only favored

in presence of a large excess of NO. Although air-stable, the lack of sensitivity and water

solubility of this system make it less than ideal for use as a biological NO sensor. If the

water solubility of this system could be improved, however, it would be a potential

candidate for future development.

Conclusions

New carboxylate-bridged dimetallic complexes with fluorophore-containing

ligands coordinated to the metal core have been prepared. Design of the complexes was

based on previous research indicating that the reaction of NO with the hydroxylase

component of soluble methane monooxygenase and synthetic analogues thereof may

result in ligand displacement from the diiron core. Both the diiron and dicobalt

complexes react with NO to elicit an increase in fluorescence emission intensity caused

by dissociation of the fluorophores from the transition metal centers. Such

decomplexation removes them from the non-radiative decay pathways that quench the

emission from the parent complexes. In the case of the dicobalt system, the reaction with

NO proceeds by reductive nitrosylation, where the cobalt atoms are formally reduced to

Co(l) dinitrosyl units. Isolation and characterization of the nitrosylation reaction products

provides insight into a possible mechanism for this reaction. Formation of N-nitroso
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dansyl-piperazine indicates generation of NO+ or an NO+ donor during the course of the

reaction. Thus, it appears that NO is the ultimate source of the electron used to reduce the

dicobaltCII) core in the reaction, forming [C02CJl-02CArTOlhCNO)4]. These complexes

demonstrate the potential use of the ligand dissociation strategy to prepare fluorescence­

based sensors for NO that evoke an increase in fluorescence emission intensity.
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Table 3.1. Summary of X-ray Crystallographic Data for 1, 2, and 3.

l'4CHzCh 2'4CH2Clz 3'EtzO

formula C120HIlSOIZN6SzClsFez CI2oHIIsOlzN6SzClgC02 C JzoH 1200 13N6SZCOZ

fw 2295.70 2301.79 2036.27

space group PI PI PI

a,A ]5.2] 9(3) 15.191(7) 12.582(3)

bA ]9.752(4) 19.660(9) 13.760(4)

cA 21.337(4) 21.30(1 ) 16.521(3)

a, deg 116.18(3) ] 15.974(7) 100.98(1)

~,deg 105.44(3) 105.37(1) 106.60(])

y,deg 90.63(3) 90.353(8) 103.58(2)

v,A] 5486( I) 5459(5) 2560(1 )

Z 2 2

Peale' g/cm
3 1.387 1.379 1.31 ]

T,oC -100 -100 -100

Jl(Mo Ka), mm· l 0.562 0.603 0.43 ]

total no. of data 47931 48323 22865

no. of unique data 24367 24669 1]629

no. of params 1369 ]409 658

R (%)fJ 7.43 6.96 7.54

wRZ (%)b 16.43 17.91 19.8]

3R = I:llFol-Fell/I:IFol, bwR2= (w(F/_F/)zlI:[w(Fo
2)Z]) 112
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Table 3.2. Selected bond distances and angles for 1, 2, and 3.a

Compound Distances (A) Angles (deg)

[Fe2(1l-02CA?OI)4(Ds piphJ Fe I-Fe2 2.725(1) NI-Fel-Fe2 159.55(9)

(1) Fel-Nl 2.138(3) NI-Fel-Ol 95.6(1)
Fel-Ol 2.084(3) NI-Fel-03 113.2(2)
Fel-03 2.074(3) NI-Fel-05 97.2(l )

Fel-05 2.066(2) NI-Fel-07 83.8(l )
Fel-07 2.162(3) N4-Fe2-Fel 159.54(9)

Fe2-N4 2.122(3) N4-Fe2-02 lOO.6( I)
Fe2-02 2.052(2) N4-Fe2-04 87.5(l )
Fe2-04 2.126(3) N4-Fe2-06 95.8(1 )

Fe2-06 2.064(3) N4-Fe2-08 110.9(1)
Fe2-08 2.042(3)

[C02(Jl-02CArTol)4(Ds piphl Col-Co2 2.720(2) NI-Col-Co2 163.95(8)
(2) Col-Nl 2.114(3) Ni-Col-Ol 96.2(1 )

Col-Ol 2.039(2) NI-Col-03 108.2( I)
Col-03 1.993(2) N1-Col-05 98.9(1 )

Col-OS 2.033(2) NI-Col-07 84.7(1)
Col-07 2.031(2) N4-Co2-Col 164.38(8)
Co2-N4 2.128(3) N4-Co2-02 96.7(1 )

Co2-02 2.051 (2) N4-Co2-04 86.5( I)
Co2-04 2.038(2) N4-Co2-06 96.0(1 )

Co2-06 2.066(2) N4-Co2-08 109.9(1 )

Co2-08 2.024(3)

[C02(1l-02CArTOI)2 (02CArTol)z(Ds piphJ Col-ColA 3.898( 1) Ol-Col-N I 101.0(1)

(3) Co-Nt 2.079(3) 01-Col-03 118.0(1 )

Co-Ot 1.938(2) 03-Col-NI 93.8(1)

Co-03 1.951 (3)

aNumbers in parentheses are estimated standard deviations of the last significant figure. Atoms are
labeled as indicated in Figures 3.2 and 3.3.
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Table 3.3. Summary of X-ray Crystallographic Data for 4 and 5.

formula CI6H2003N4S C43H360gN4ClzCoz

fw 348.42 925.54

space group C2/c PI

a,A 28.32(1) 11.983(2)

bA 6.594(3) 12.907(2)

cA 19.966(9) 14.474(2)

0, deg 71.]21(2)

~,deg 117.454 76.355(2)

y,deg 77.] 19(2)

v,A3 3309(3) 2032.2(5)

Z 8 2

Peale, g/cm
3 1.399 1.432

T,oC -100 -100

~(Mo Ka), mm- I 0.219 0.939

total no. of data 14013 17868

no. of unique data 3918 9120

no. of params 306 532

R(%t 6.00 4.02

wR2 (%)b 12.12 10.42

aR =R = LIIFol-FcIIJLIFol, broR2= {ro(Fo
z_F/)zlL[ro(F/)2])112
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Table 3.4. Selected bond distances and angles for 4 and 5.a

Compound Distances (A)

N-Nitroso-dansyl-piperazine
(4)

[Co2(NO)4(02CArTOI)2]
(5)

N4-03(avg)
NI-N4

Co-NO(avg)
N-O(avg)
Co1-01
Col-03
Co2-02
Co2-04

1.055(6)
1.322(3)

1.662(2)
1.152(3)
1.982(1)
1.983(1)
1.974(1)
1.978(1)

Angles (deg)

NI-N4-03avg 125.7(7)
N4-NI-CI3 121.4(2)
N4-NI-C14 121.3(2)

Co-N-O(avg) 163.5(2)
N3-Col-Ol 114.71 (8)
N3-Col-03 120.16(8)
N3-Col-N4 109.8(1)
N4-Col-Ol 106.53(8)
N4-Col-03 110.04(8)
01-Col-D3 94.16(5)
NI-Co2-02 110.73(8)
NI-Co2-04 106.94(8)
NI-Co2-N2 110.4(1)
N2-Co2-02 116.08(8)
N2-Co2-04 117.41(8)
02-Co2-04 94.12(5)

aNumbers in parentheses are estimated standard deviations of the last significant figure. Atoms are
labeled as indicated in Figure 3.6.
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Table 3.5. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Fe2(J,l-02CArTOI)4(Ds-piphl (1). U(eq) is defined as one third

of the trace of the orthogonalized uij tensor.

x y z U(eq)

Fe(2) 2387(1 ) 2794(1) 5767(1) 19( I)
Fe(l) 2283( I) 2376(1 ) 4347(1 ) 20(1)
0(1) 3711(2) 2505(1 ) 4768(1 ) 24(1)
0(2) 3749(2) 3129(1 ) 5943(1 ) 23(1)
0(3) 2187(2) 1256( 1) 4176(1 ) 27(1)
0(4) 2652(2) 1648(1 ) 5381(1 ) 24(1)
0(5) 883(2) 2350( 1) 4197(1) 25(1)
0(6) 1004(2) 2362(1 ) 5265(1 ) 23(1)
0(7) 2374(2) 3605(1 ) 4841(1 ) 24(1)
0(8) 2098(2) 3846( 1) 5892(1 ) 24(1 )
0(9) 3256(2) 1137(2) 1054(2) 50(1)
0(10) 1570(2) 1007(2) 576(2) 47(1)
0(11) 1614(3) 3973(2) 9124(2) 65(1)
0(12) 3310(3) 4139(2) 9553(2) 63(1)
N(3) 1711(3) 4684(2) 1000(2) 47(1)
N(2) 2357(2) 1747(2) 1900(2) 30(1)
N(1) 2290(2) 2479(2) 3391(2) 27(1)
N(6) 3401(3) 513(3) 9195(2) 55(1 )
N(5) 2485(2) 3403(2) 8238(2) 34(1)
N(4) 2472(2) 2697(2) 6732(2) 26(1)
S(1) 2424(1 ) 1466(1 ) 1068(1 ) 38(1 )
S(2) 2455( 1) 3664(1) 9078(1 ) 49(1)
C(1) 2364(3) -689(2) 4902(3) 42(1)
C(2) 4227(4) 5172(3) 8174(2) 46(1)
C(3) 516(3) 3606(3) 575(3) 48(1)
C(4) 2887(3) -1103(3) 4468(3) 48(1)
C(5) 3458(4) 5533(3) 8204(3) 54(1)
C(6) 4044(4) 2741(3) 9490(3) 54(1)
C(7) 594(4) 4909(3) 7963(2) 52(1)
C(8) 3119(3) 143(3) 3101(3) 46(1)
C(9) 4509(4) 669(3) 3043(3) 51(1)
C(10) 1190(3) 687(3) 6561(3) 43(1)
C(II) 3596(4) 369(3) 2738(3) 54(1)
C(12) 910(3) 2438(3) 591(2) 43(1)
C(105) 1029(4) 5033(3) 664(3) 59(1)
C(13) -93(3) 367(2) 1845(2) 40(1)
C(14) 3624(4) 1266(3) 9309(3) 51(1)
C(15) 269(3) 2860(3) 439(2) 46(1)
C(16) 2914(3) 5597(3) 7600(2) 45(1 )
C(1?) 1772(3) 400(3) 6139(3) 41 (1)
C(8) 3255(3) -800(2) 4107(3) 42(1)
C(19) 4739(3) 1835(2) 6129(2) 33(1 )
C(20) 4468(3) 1404(3) 6428(3) 42(1)
C(21) 6656(3) 3186(2) 6493(2) 34(1)
C(22) 3730(3) 3305(3) 1191(2) 43(1 )
C(23) 3820(3) 4424(3) 3193(2) 44(1)
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Table 3.5. Continued.

x y z U(eq)

C(24) 1423(3) 3924(3) 831 (2) 41(1 )
C(25) 1640(3) 2928(3) 6961(2) 40(1)
C(26) 3495(3) 2607(3) 1161(2) 40( I)
C(27) 872(3) 756(2) 5263(2) 30( 1)
C(28) 4785(3) 1626(3) 7l70(3) 44(1)
C(29) 5672(3) 2737(3) 7312(2) 40(1)
C(30) -681 (3) 898(3) 1860(2) 41 (l)
C(31) 5392(3) 2301(3) 7606(3) 48( I)
C(32) 296(3) 1040(2) 5690(2) 35(1)
C(33) 894(3) 4067(2) 2985(2) 36( I)
C(34) 190(3) 4272(2) 7187(2) 36( I)
C(35) 136(3) 3563(2) 2839(2) 34( 1)
C(36) 3060(3) 3726(3) 1088(2) 41 (I)
C(37) 4444(3) 4887(3) 7527(3) 42( I)
C(38) -952(3) 1309(3) 2475(2) 37(1)
C(39) 1507(3) 2014(3) 2057(2) 34(1)
C(40) 3559(3) 209(2) 3782(2) 34( I)
C(41) 3310(3) 3132(3) 8045(2) 45(1)
C(42) 233(3) 274(2) 2469(2) 38( 1)
C(43) 481 (3) 4012(2) 4144(2) 32( I)
C(44) 1446(3) 2481 (3) 8971(2) 49(1)
C(45) 5349(3) 2506(2) 6561(2) 29(1)
C(46) -30(3) 691(2) 3087(2) 34(1)
C(47) -700(3) 3034(2) 6340(2) 31(1 )
C(48) -59(3) 3545(3) 3431(2) 37( I)
C(49) 430(3) 1001 (3) 6342(3) 42(1 )
C(SO) 3091(3) 2410(3) 9264(2) 41 (1)
C(51) 2193(3) 33(2) 4984(2) 31(1 )
C(52) 6538(3) 3670(2) 5635(2) 32(1 )
C(53) 2342(3) 2802(3) 9140(2) 46(1 )
C(54) -356(3) 3626(3) 7043(2) 36(1 )
C(55) 2902(3) 1679(3) 9198(2) 45(1)
C(56) 5003(3) 3749(2) 3685(2) 35( 1)
C(57) 2145(3) 6402(2) 5944(2) 36( 1)
C(S8) 1620(3) 421(2) 5472(2) 31(1 )
C(59) 1432(3) 4536(2) 3697(2) 32(1)
C(60) 3916(3) 4953(2) 6928(2) 34(1)
C(61) 3292(3) 3153(3) 7339(2) 40(1)
C(62) 2557(3) 6201(2) 6482(2) 33(1)
C(63) 3149(3) 2258(2) 3205(2) 32( 1)
C(64) -1904(3) 2279(2) 4788(2) 28( 1)
C(65) 5712(3) 2944(2) 6241(2) 28( 1)
C(66) 5085(2) 3660(2) 4791(2) 25(1)
C(67) 45(3) 3720(2) 5903(2) 26(1)
C(68) 1652(3) 2920(3) 7662(2) 44( I)
C(69) 2118(3) 3468(3) 941 (2) 37(1 )
C(70) 7070(3) 3554(2) 6203(2) 36( 1)
C(71) 1480(3) 2015(3) 2763(2) 33(1)
C(72) 1867(3) 2728(3) 853(2) 36( 1)
C(73) 5412(3) 3505(2) 4194(2) 33(1 )
C(74) -2416(3) 1774(2) 4081(2) 34(1)
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Table 3.5. Continued.

x y z U(eq)

C(75) 1765(3) 5839(2) 5236(2) 30(1)
C(76) 381 (3) 4314(2) 6606(2) 32(1)
C(77) 3086(3) -84(2) 4161(2) 31(1)
C(78) -1967(3) 1451(2) 3559(2) 31(1)
C(79) 2607(3) 5446(2) 6334(2) 26(1)
C(80) 1240(3) 4514(2) 4287(2) 27(1)
C(81) 2590(3) 2314(3) 993(2) 36(1 )
C(82) 2561(3) 337(2) 4610(2) 28(])
C(83) 3941(3) 4300(2) 4339(2) 30(])
C(84) 3 ]40(3) 5307(2) 6953(2) 28(1)
C(85) -] 0] 9(3) ]622(2) 3725(2) 27(1)
C(86) 4260(3) 4153(2) 3743(2) 31(1)
C(87) 4348(2) 4059(2) 4855(2) 26(1)
C(88) 3169(3) 2247(3) 2496(2) 37(1)
C(89) 4525(3) ]608(3) 9540(3) 54(1)
C(90) 4720(4) 2345(4) 9633(3) 58(2)
C(91) 5585(2) 3450(2) 5368(2) 26(1)
C(92) -632(3) ]2] 5(2) 3]01(2) 28(1)
C(93) 1957(3) ]373(3) 9032(2) 49(1)
C(94) ]271 (3) 1762(3) 8928(3) 49(])
C(95) 2457(2) ] 143(2) 4734(2) 24(1)
C(96) -504(2) 3073(2) 5753(2) 24(1)
C(97) 1764(3) 5073(2) 5057(2) 26(1)
C(98) ~499(2) 2126(2) 4445(2) 23(1)
C(99) 5165(2) 3092(2) 5681(2) 24(1)
C(100) 4129(2) 2890(2) 5440(2) 23(l)
C(10l) 2199(2) 4867(2) 5605(2) 23(1)
C(102) 2227(2) 4039(2) 5428(2) 22(1)
C(103) -949(2) 2465(2) 4986(2) 22(1)
C(l04) 538(2) 2296(2) 4652(2) 22(1)
C(115) 212(4) -89(3) 1173(3) 58(2)
C(114) 4805(4) 5095(3) 8832(3) 72(2)
C(113) 4479(4) 1160(3) 7496(3) 66(2)
C(I12) 4483(3) 498(3) 4086(3) 52(1)
C(1II) -229(4) 1282(3) 6796(3) 54(1)
C(110) 2143(4) 5198(3) 1785(3) 62(2)
C(109) 4941(4) 726(4) 3717(3) 65(2)
C(108) -476(3) 3069(3) 2070(3) 49(])
C(107) 3051(4) -25(3) 8425(3) 78(2)
C(106) 4092(4) 224(4) 9577(3) 77(2)
C(I ]6) 5027(4) 932(4) 2657(4) 89(2)
C(120) 2636(6) 5776(4) -71(4) 99(2)
C(12I) 5987(4) 2420(4) 1447(3) 78(2)
C(122) 7874(5) 1988(4) 7970(5) 111(3)
C(123) 7636(5) 662(4) 9592(5) 142(4)
CI(I) 3341 (5) 6103(3) 720(3) 126(2)
Cl(lA) 3853(3) 6]36(3) 444(3) 101(1)
CI(2) 2156(2) 6515(2) -208(2) 191 (2)
CI(3) 6991(2) 2228(1) 1234(1) 123(1 )
CI(4) 5769(1 ) 2002( I) I966( I) 97(1)
CI(5) 6712(2) 1006(2) 9239(1) 173(1 )
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Table 3.5. Continued.

x y z U(eq)

CI(6) 8435(2) 2760(1) 7997(2) 129(1)
CI(7) 8595(2) 1606(2) 8472(2) 81(1)
CI(7A) 8206( 17) 1816(9) 8593(9) 209(10)
Cl(8) 8566( 1) 1355(1) 10198(1) 79(1)
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Table 3.6. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Co2(/-l-02CArTO')4(Ds-pip)2] (2). U(eq) is defined as one third

of the trace of the orthogonalized UI] tensor.

x y z U(eq)

C(1) 22] 8(2) 774(2) 634(2) 25(1)
C(2) 4] 17(2) 2556(2) 450(2) 23(1)
C(3) 56] (2) 2347(2) -355(2) 22(1)
C(4) 2236(2) 1422(2) 457(2) 23(1)
C(5) 5159(2) 2599(2) 693(2) 26(1)
C(6) -942(2) 25] 3(2) -21 (2) 25(1)
C(7) 1783(2) 12(2) 84(2) 27(1)
C(8) -481 (2) 2320(2) -559(2) 23(1)
C(9) 2462(2) 3534(2) -307(2) 27(1)
C(10) 1488(2) 798(2) -2222(2) 34( I)
C(II) 4249(3) -406(2) -1263(2) 32(1)
C(12) 1255(2) -201(2) -682(2) 28(1 )
C(13) -609(2) 1898(2) -1902(2) 31(1)
C(14) 4339(2) 789(2) -139(2) 27(1)
C(15) 3939(2) 37(2) -657(2) 31 (1)
C(16) -997(2) 2] 15(2) -1275(2) 28(1 )
C(17) 2572(2) 4219(2) -432(2) 34(1)
C(18) I 5577(2) 1930(2) 378(2) 29(])
C(19) 367(2) 2254(2) 1581 (2) 33(1 )
C(20) -1947(2) 2124(2) -]444(2) 35(1 )
C(2]) -503(2) 2666(2) 741(2) 27(1)
C(22) 5402(2) 704(2) -802(2) 34(1)
C(23) 1632(3) 4707(2) 2631(2) 39(1)
C(24) 2632(2) 915(2) 1352(2) 29(1)
C(25) 3157(2) 995(2) -1778(2) 33(1)
C(26) 3275(3) 4117(2) 2318(2) 39(1)
C(27) 3175(3) 294(2) -2493(2) 38(1)
C(28) 3172(3) 1673(2) 1968(2) 30(1)
C(29) 1866(3) -1833(2) -4140(2) 38(1 )
C(30) -2396(2) 2329(2) -917(2) 36(1)
C(31) 1786(2) -577(2) 264(2) 33(1)
C(32) 5083(2) 1142(2) -204(2) 27(1)
C(33) 39(2) 2157(2) 882(2) 29(1)
C(34) 3301 (3) 4847(3) 3028(2) 42(1)
C(35) 2596(3) -1275(2) -4001 (2) 36(1)
C(36) 7061(2) 2665(2) 1216(2) 38(])
C(37) 2118(3) -2496(2) -4063(2) 39(])
C(38) 250(3) 2221(2) -2532(2) 42(1)
C(39) 1451(2) -808(2) -1277(2) 33(1 )
C(40) 5703(2) 3311 (2) 1259(2) 31(1)
C(4]) -1898(2) 2519(2) -213(2) 31(1 )
C(42) 175(3) 2879(2) 2166(2) 36(1)
C(43) -700(2) 3289(2) 1331(2) 31(])
C(44) -369(3) 3393(2) 2031(2) 37(1)
C(45) 5336(2) 4072(2) 1579(2) 33( I)
C(46) 2593(3) 306(2) 1509(2) 37(1)
C(47) -7(3) 2415(2) -1908(2) 34( I)
C(48) 3077(3) 6794(3) 4252(2) 41 (1)
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Table 3.6. Continued.

x y z U(eq)

C(49) 1618(2) 3988(2) 1923(2) 37(1)
C(50) 3097(3) 4193(3) -880(2) 42(] )
C(5]) 1508(2) 88(2) -2929(2) 34(] )
C(52) -49(3) -96(2) -] 534(2) 39(] )
C(53) 466(3) 533] (2) ]326(2) 46(])
C(54) 4995(3) -55(2) -]321(2) 38(1)
C(55) 3057(3) -26]0(3) -3922(2) 42( 1)
C(56) ]636(3) 5020(2) 440(2) 39( ])
C(57) 2181(3) -433(2) 970(2) 39(] )
C(58) -938(3) ] 175(2) -2530(2) 41( 1)
C(59) 1428(3) 6441(3) 3969(2) 48( 1)
C(60) 2209(3) 4908(2) -55(2) 39(1)
C(6]) 489(3) 148(2) -825(2) 36( I)
C(62) 6649(2) 3327(2) 15] 1(2) 37(1)
C(63) 2886(3) 7475(3) 4202(2) 45(])
C(64) 3500(3) -]402(3) -3845(2) 42(1)
C(65) 3957(3) 2000(2) 1946(2) 35( 1)
C(66) 5649(3) 4591(2) 2329(2) 43( 1)
C(67) 153(3) -695(2) -2127(2) 37(1)
C(68) 92](3) -1046(2) -1985(2) 39(])
C(69) 4501 (3) 2655(2) 2542(2) 42(1)
C(70) 4727(3) 4311(2) 1]46(2) 35(1)
C(71) 2315(3) 6278(3) 4123(2) 42(])
C(72) 4749(3) 5552(2) 2184(3) 46(1)
C(73) 3727(3) -2084(3) -3825(2) 42(])
C(74) 9] 4(3) -1795(3) -4386(2) 44(])
C(75) 653 ](2) 1979(2) 649(2) 35(1)
C(76) 881(3) 4483(2) 231(2) 36( 1)
C(77) 4438(3) 5032(2) 1445(2) 43(])
C(78) 5359(3) 5323(3) 2627(2) 48(1)
C(79) 3] 3(3) 4637(2) 668(2) 40(])
C(80) 3808(3) -1221(2) -1822(2) 45(1)
C(81) -671 (3) 982(3) -3 ]47(2) 45(1 )
C(82) -80(3) 1499(3) -3163(2) 44(1 )
C(83) 512(3) -2999(3) -44] 8(2) 50(])
C(84) 1419(3) -3064(3) -4165(2) 45( 1)
C(85) 4281(3) 3025(2) 3196(2) 47(1)
C(86) 1802(3) 57]](2) 1109(3) 48(1)
C(87) 3619(3) 8007(3) 43] 2(2) 52(1)
C(88) -444(3) -964(3) -2894(2) 50(])
C(89) 3559(3) 35] 7(3) -1263(2) 42(])
C(90) 4021 (3) 6691(3) 4469(2) 5 ](1)
C(91) 276(3) -238](3) -4538(2) 48(1)
C(92) 2949(3) 2039(3) 2624(2) 48(1)
C(93) 4431 (4) 6346(3) 25]0(3) 66(])
C(94) 220(4) 1288(3) -3834(2) 61 (1)
C(95) 3255(3) 4860(3) -946(3) 57(1)
C(96) 569(3) 3006(3) 294 ](2) 54(1 )
C(97) 1954(3) 7631(3) 4047(2) 49( 1)
C(98) ]258(3) 7127(3) 3939(2) 51 (1)
C(99) ]031(4) -4352(3) -4346(3) 63( 1)
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Table 3.6. Continued.

x y z U(eq)

C(lOO) 3497(4) 2706(3) 3220(2) 56(1 )
C(101) 1231(3) 5857(3) 1537(3) 51 (1)
C(102) 2894(3) 5526(3) -579(3) 60(1)
C(103) 4090(4) 9329(3) 4585(3) 78(2)
C(104) 4697(3) 7240(3) 4617(2) 59(1)
C(105) 4871(4) 3749(3) 3852(3) 67(2)
C(106) 3015(4) 8424(4) 3430(3) 78(2)
C(107) 4457(4) 3506(4) -936(3) 78(2)
C(l08) 4509(3) 7887(3) 4531 (2) 56(1)
C(109) 2144(4) -3404(3) -3238(3) 67(1)
C(110) 3164(4) 2935(3) -1951(3) 63(1)
C(1Il) 2374(3) 5552(3) -143(3) 53(1 )
C(112) -190(4) 5507(3) 1786(3) 59(1)
C(113) 3657(4) 2355(3) -2313(3) 70(2)
C(114) 4549(4) 2333(3) -1987(3) 66(2)
C(115) 5085(5) 1688(4) -2368(4) 102(2)
C(Il6) 4949(4) 2931(4) -1291 (4) 92(2)
C(117) 2370(5) ]093(6) 5392(6) 122(4)
C(118) 6028(5) 9017(4) 6432(3) 99(2)
C(119) 2099(5) 4073(4) 7024(5) 121(3)
C(120) 2545(6) 4055(4) 4894(4) 120(3)
C1(1) 7052(2) 9020(2) 6269(2) 161(1)
CI(2) 5779(2) 9941(1) 6938( I) ] ]2(])
el(3) 1410(2) 3151(2) 6514(2) 95(1)
CI(4) 1416(1) ] 147(1) 4793(1 ) 90(1)
C](5) 1517(3) 4810(2) 7024(2) 109(1)
CI(6) 3284(4) 4550(3) 5695(2) 139(2)
CI(7) 2229(4) 3071(3) 4646(3) 119(2)
CI(8) 3342(5) 1714(5) 5663(6) 134(3)
CI(3A) 1815(14) 3211(6) 6348(6) 167(7)
CI(5A) 1350(20) 4568(10) 6694(10) 259(14)
CI(6A) 3802(4) 4271(4) 5428(3) 106(2)
CI(7A) 2000(8) 3328(8) 4873(8) 236(8)
CI(8A) 3147(8) 1913(8) 5790(10) 156(6)
Co(l) 2382(1) 2975(1) 749(1) 21(1)
Co(2) 229](1) 1953(1) -642(] ) 23(1)
N(1) 246](2) 3988(2) ]711(1) 25(] )
N(2) 2453(2) 4777(2) 32 ]0(2) 35(1 )
N(3) 3392(3) 8656(3) 4205(2) 58(1)
N(4) 2295(2) 949(2) -1598(1) 26(1)
N(5) 2364(2) 205(2) -3085(2) 32(1)
N(6) 1706(3) -3663(2) -4011(2) 52(1)
0(1) 1014(2) 2903(] ) 252(1 ) 24(1)
0(2) 895(2) 1826(1) -805(1) 26(1)
0(3) 2117(2) 2086( I) 92] (1) 24(1)
0(4) 2374(2) ]270(1) -139(1) 25(1)
0(5) 3741(2) 2850( 1) 955(1 ) 25(1)
0(6) 3707(2) 2239(1) -219( I) 26(1)
0(7) 2637(2) 3694(1 ) 346(1 ) 26(1)
0(8) 2217(2) 2862(1 ) -854( I) 31(] )
0(9) 3269(3) 5342(2) 4523(2) 66(1 )
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Table 3.6. Continued.

x y z U(eq)

0(10) 1575(3) 5079(2) 4086(2) 66(1 )
0(11 ) 1579(2) -380(2) -4411(1) 49( I)
0(12) 3256(2) -32(2) -3937(2) 50( 1)
S(1) 2420(1) 5347(1 ) 4048(1 ) 49(1)
S(2) 2432( I) -348(1) -3918(1) 39( I)
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Table 3.7. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Coz(tl-OzCArTo)z(OzCArTO)z(Ds-piphl (3). U(eq) is defined

as one third of the trace of the orthogonalized uij tensor.

x y z U(eq)

Ca(1) 1651 (1) 724(1) 641 (1) 28(1)
0(1) ]300(2) -771(2) 253(1 ) 36(1)
0(3) 3187(2) 1405(2) 6] 9(1) 40(1)
0(4) 1984(2) 1083(2) -722(] ) 41(1 )
0(5) 5769(2) 3199(2) 4800(2) 46( 1)
0(6) 5756(2) 1390(2) 4702(2) 46(1)
N(1) 2241(2) 992(2) 1996(2) 33(1)
N(2) 4218(2) 1754(2) 3615(2) 34(1 )
N(3) 2017(2) 3127(2) 7069(2) 43(1 )
S(I) 5132(1) 2132(1) 4631(1) 36(1 )
C(1) 3806(3) 2805(2) 5631(2) 34(1)
C(2) 3980(3) 2071 (2) -359(2) 35(1)
C(3) 3028(3) 376(2) 2270(2) 36(1 )
C(4) 3576(3) 629(2) 3255(2) 39( 1)
C(5) 4269(3) 2009(2) 5316(2) 36( I)
C(6) 3091(3) 2578(2) 6140(2) 36(1)
C(7) 2959(3) 1460(2) -167(2) 33(1 )
C(8) 2780(3) 1559(2) 6244(2) 40(1 )
C(9) 3978(3) 1048(2) 5459(2) 42(1)
C(JO) 2880(3) 2]20(2) 2398(2) 41 (1)
C(11 ) 3205(3) 814(2) 5903(2) 45(1)
C(12) 3446(3) 2399(2) 3386(2) 40(1 )
C(50) 295(3) -2548(2) -2041 (2) 38( 1)
C(51) 4070(3) 422(3) -]301(2) 39( 1)
C(52) 3994(3) 3795(2) 5445(2) 39(1)
C(53) 935(2) -3040(2) 232(2) 34(1)
C(54) 2027(3) -2220(3) 2720(2) 44(1)
C(55) 2634(3) 3354(2) 6501(2) 38(1)
C(56) 658(2) -2563(2) -452(2) 3 ](1)

C(57) 808(3) -1494(3) -1927(2) 39(1)
C(58) 3456(3) 4475(2) 5730(2) 44(1)
C(59) 1042(3) -2561(2) 1155(2) 34(1)
C(60) 1085(3) -4019(3) 24(2) 44(])
C(61) 268(3) -2065(2) 1354(2) 36(1)
C(62) 602(3) -1061 (3) -2632(2) 46(1)
C(63) 450(2) -1533(2) -252(2) 30(1)
C(64) 2434(3) 4119(2) 1092(2) 42(1)
C(65) 1929(3) -2626(2) 1853(2) 39(1)
C(66) 2781(3) 4258(2) 6251(2) 43(1)
C(67) 3842(3) -278(3) -817(2) 41(1)
C(68) 4453(3) 3151(2) 54(2) 38(1)
C(69) 712(3) -4022(3) -148J(2) 46(1 )
C(70) 5848(3) 3238(3) -683(3) 57(1 )
C(71) 1327(4) 3805(3) 7229(3) 61 (1)
C(72) 1246(3) -1742(2) 2918(2) 41 (1)
C(73) 5411(3) 2171(3) -1067(3) 52(1 )
C(74) 970(3) -4506(3) -825(3) 51(1 )
C(75) 3205(3) 4750(2) 1912(2) 43(1)
C(76) 2822(3) 3623(2) 483(2) 38( 1)

-----~-- ---------------------
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Table 3.7. Continued.

x y z U(eq)

C(77) 545(3) -3049(2) -1314(2) 37(1)
C(78) 4467(3) 1566(3) -914(2) 39(1)
C(79) 3997(3) 3706(2) 679(2) 38( I)
C(80) 5401(3) 3721(3) -126(3) 50(1)
C(8l) 4371(3) 4861(3) 2087(2) 49(1)
C(82) 4770(3) 4355(3) 1492(2) 47(1)
C(83) 2719(3) 3017(3) 7907(2) 52( I)
0(2) -565(2) -1516(2) -607(1) 36(1)
C(8S) 375(3) -1658(2) 2218(2) 40( 1)
C(86) 3567(3) -1336(3) -1175(2) 50(])
C(87) -634(4) -2705(3) -3583(2) 57(])
C(88) 2802(4) 5273(3) 2603(3) 61(1)
C(89) 399](3) 8(3) -2158(2) 49(1)
C(90) 3712(3) -1047(3) -2509(3) 55( ])
C(91) ]324(4) -1344(3) 3860(2) 57(1)
C(92) -444(3) -3142(3) -2890(2) 50(1)
C(93) -103(3) -] 658(3) -3468(2) 51 (])
C(94) 3503(3) -1745(3) -2033(3) 56(] )
C(95) -294(5) -] 205(4) -4237(3) 78(1)
C(96) 3168(5) -2902(3) -2436(4) 86(2)
0(50) 9968( 16) 4981(11) 5289(7) 154(5)
C(98) 9086(] 3) 3845(14) 4888(8) 261 (7)
C(99) 8628(8) 4051 (8) 5610(11 ) 263(9)
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Table 3.8. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for N-nitroso-dansyl-piperazine (4). U(eq) is defined as one third

of the trace of the orthogonalized VI] tensor.

x y z U(eq)

S(1) 878(] ) 6]69(1) ]278(1) 32(1)
N(3) 290] (1) 3994(3) 4539(1) 37(1)
0(1) 694(] ) 82] 2(3) 1076(] ) 43(1)
0(2) 1089(1) 5128(3) 849(] ) 39(1)
C(1) 2529(1) 3556(4) 3775(1 ) 31 (1)
C(2) 135] (l) 6233(4) 2253(1) 31(1)
N(2) 356(1 ) 4864(3) 1187(1) 33(1 )
C(3) ]742(1) 4694(3) 2613(1 ) 28(1)
C(4) 2] 10(1) 4979(4) 3393(1 ) 30(1)
C(5) ]791(1) 2889(4) 2255(1) 3 ](1)
C(6) 1656(1 ) 8065(4) 3421(1) 38(1)
C(7) 2046(]) 6687(4) 3778(1 ) 36(1 )
C(8) 2177(1) 1518(4) 2645(1) 34(1 )
C(9) 398(] ) 2645(4) ]227(2) 40(1)
N(1) -460(1 ) 2626(4) 1220(1 ) 46(1)
C(10) 2553(1 ) 1844(4) 3405(1 ) 35(1)
C(II) 3147(1) 2217(5) 5002(2) 43(1)
C(12) 1311(1) 7868(4) 2647(1 ) 37(1)
C(13) -161(l) 1761(5) 866(2) 46(1)
C(l4) -493(1) 4813(5) 1215(2) 46(1)
C(15) 71 (1) 5677(5) 1586(2) 40(1)
C(16) 3302(1) 5486(5) 4605(2) 48(1 )
N(4) -608( 1) 1514(9) 1643(2) 76(1)
0(3A) -528(2) -88(9) 1769(3) 73(2)
0(3) -803(3) 2055(9) 1928(3) 69(2)
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Table 3.9. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Co2(NOh(Jl-02CArT01hl (5). U(eq) is defined as one third of

the trace of the orthogonalized UI] tensor.

x y z U(eq)

Ca(l) 1240(1) 577(1 ) 10438(1 ) 30(1 )
Ca(2) 3132(1) ]716(1) 8108(1 ) 29( I)
0(4) 1740(1 ) 2782(1) 8429(1) 28( I)
0(1) 2202(1) 1609(1) I0503(]) 28( I)
0(2) 3764(1) 1569(1 ) 9294( 1) 29( I)
0(3) 442(1) 1692(1 ) 9393(1 ) 31(1)
C(1) 728(2) 2598(2) 8829(1) 26(1 )
C(36) 4378(2) 3745(2) 9119(2) 30(1 )
C(4) -976(2) 3375(2) 10414(1 ) 28( 1)
C(2) -246(2) 3553(2) 8585(1 ) 25(1)
C(23) 3875(2) 2161(2) 10652(1) 27(1)
C(15) 515(2) 3774(2) 6757(1 ) 28( I)
C(3) -] 079(2) 3866(2) 9349(1 ) 27(1)
N(1) 3943(2) 2401(2) 7081(1) 42(1 )
C(24) 3919(2) 1593(2) 11652( 1) 29(1)
C(] ]) -1998(2) 4718(2) 9098(2) 32(] )
C(35) 4438(2) 3088(2) 10]68(2) 29(1 )
C(25) 3428(2) 546(2) 12165(1) 31 (1)
C(13) -1244(2) 4972(2) 7366(2) 34(])
C(14) -323(2) 4109(2) 7588( I) 28( I)
C(16) 676(2) 2696(2) 6698(2) 35(1)
0(8) -140(2) -144(2) 12293(2) 68(1)
N(3) 1987(2) -604(2) 10244(2) 45( I)
C(34) 5035(2) 3432(2) 10704(2) 35(1)
C(22) 3225(2) 1749(2) 10101(1) 25(1)
C(26) 3818(2) -369(2) 11805(2) 35(1)
C(9) -1786(2) 2464(2) 12101(2) 40(1)
0(6) 4469(2) 2667(2) 6285(1) 68( I)
N(4) 319(2) 314(2) 11510(2) 42(1)
C(40) 3257(2) 4772(2) 7831(2) 40(1)
C(21) 1139(2) 4523(2) 6012(2) 35(1)
C(32) 4513(2) 1977(2) 12164(2) 35( I)
CO2) -2081(2) 5265(2) 8116(2) 35(1)
N(2) 2916(2) 550(2) 7980(2) 44(1)
C(17) 1447(2) 2380(2) 5921(2) 40(1)
C(4]) 3311 (2) 4138(2) 8796(2) 33( I)
C(20) 1915(2) 4198(2) 5241 (2) 39( 1)
C(33) 5063(2) 2891(2) 11694(2) 37(1)
C(27) 3417(2) -1364(2) 12312(2) 42(1)
C(18) 2082(2) 3121(2) 5184(2) 36(1 )
C(31) 2614(2) 439(2) 13035(2) 43(1)
C(6) 55(2) 3041(2) 11749(2) 43(1)
C(39) 4252(2) 5033(2) 7152(2) 43(1 )
C(5) -13(2) 3451(2) ]0750(2) 35(1)
C(38) 5314(2) 4645(2) 7470(2) 43( 1)
C(30) 2212(2) -555(2) 13534(2) 49(1 )
C(IO) -1863(2) 2873(2) 11105(2) 34( 1)
0(7) 2407(2) -1511(2) 10341(2) 79( I)
C(7) -824(2) 2542(2) 12440(2) 40(1 )
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Table 3.9. Continued.

x y z U(eq)

C(37) 5378(2) 4015(2) 8443(2) 38(1)
C(28) 2614(2) -1477(2) 13182(2) 43(1)
0(5) 2881(2) -163(2) 7688(2) 87( 1)
C(l9) 2930(2) 2767(2) 4348(2) 53(1)
C(8) -739(3) 2081(3) 13528(2) 62(1)
C(29) 2208(3) -2578(2) 13745(2) 64(1)
C(200) 5110(8) 477(6) 5463(5) 78(2)
C1(2) 6211(3) 886(3) 4444(2) 134(1)
C(42) 4180(3) 5727(3) 6095(2) 65(1)
Cl(1) 4328(2) -369(2) 5277(2) 101(1)
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N-Nitroso-dansyl-piperazine (4)

[C0.2(Jl-02CArTOI)4(Ds-pip)2] 2NO.. "[Co2(NO)2]" 4NO.... [Co2(NO)4(,.1-0 2CArTOI)2] (5)

(2) H02CArTol (6)

Scheme 3.2.
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Figure 3.1. Structures of previously characterized tetra(carboxylato)diiron(II) complexes (a)
[Fe2(I-l-02CArTOl)2(02eArTOl)2(CsHsN)2], (b) [Fe2(fl-0 2CArTol)2(02CArTOlh(1-Melm)2], (c)
[Fe2(I-l-02CA.rTO])2(02CArTol)2(THF)2], and (d) [Fe2().t-02CArTO])4(4-tBuCsHsN)2].
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Figure 3.2. ORTEP diagram of [Fe2(J.1-02CArTOI)4(Ds-piphl (1) showing 500/0 probability
thennal ellipsoids. The m-tolyl terphenyl carboxylate ligands have been truncated and the solvent
molecule has been omitted for clarity.
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Chapter 4

Dirhodium Tetracarboxylate Scaffolds as Reversible Fluorescence­

Based Nitric Oxide Sensors



152

Introduction

Nitric oxide (NO), a neutral inorganic molecule with one unpaired electron, has

received considerable attention since its identification as a signaling agent in biological

systems: Recent research implicates involvement of NO in physiological processes such

as vasodilation,2 carcinogenesis,3,4 neurodegenerative disorders,5 and neurotransmission. 6

Current work focuses on the use of NO donor compounds and nitric oxide synthase

inhibitors to elucidate additional biological functions."s A sensor capable of direct,

reversible detection of NO would be invaluable to advance our understanding of its roles

in biology.

NO detection methodologies include electrochemical," EPR,'O chemiluminescent,JI

and fluorescence-based techniques. 12
'
14 Of these options, those based on fluorescence

signaling have the greatest potential for investigating how NO facilitates

neurotransmission, an area of focus in our laboratory. 0 Current fluorescence-based NO

sensors, however, are not ideal, requiring either dioxygen '5 or an external reductanrt6 to

form a fluorescent species. Fiber-optic NO biosensors containing a fluorescent dye­

labeled heme domain of cytochrome c' or soluble guanylate cyclase (sGC) have been

fabricated. 17
-

19 These fiber-optic detectors are based on attenuation of fluorescence

emission intensity in response to NO, instead of the more desirable analyte induced

increase in emission intensity. Recently we described an approach that utilizes transition­

metal nitrosyl-forming reactions to monitor NO directly by ejection of a fluorescent

ligand that had been quenched by coordination. 12 Related sensors using N-oxide­

fluorophore conjugates have been described, but display a decrease in fluorescence after

reaction with NO or react slowly with NO and are air-sensitive. '4 None of the current
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small-molecule based NO sensors is reversible and thus none is capable of providing

temporal data about fluctuating NO concentrations.

Our interest in developing sensors that utilize the fonnation of transition metal

nitrosyl complexes to trigger an increase in fluorescence is based on a strategy that takes

advantage of the well-known fluorescence-quenching properties of transition metals with

partially filled d_shells.I2.2o.21 In particular, we have been exploring systems in which

reaction of NO with a transition metal complex containing a coordinated fluorophore

results in renl0val of the fluorophore from the coordination sphere of the metal with

concomitant fluorescence turn-on. In the present paper we describe the reversible

fluorescence-based detection of NO with the use of dirhodium tetracarboxylate scaffolds

containing bound fluorophore conjugates.

Dirhodium tetracarboxylates are air-stable compounds that coordinate a variety of

ligands at the axial positions of the tetra-bridged dimetallic core. 22 The reaction of NO

with solid [RhiJl-02CMe)4]' first reported in 1963, affords a nitrosyl adduct that can be

reversed upon heating to 120 DC, although the products were not fully characterized.2.1 The

only crystallographically defined dirhodium nitrosyl complex IS [RhiJl-

02CMe)iNO)(NOz)]' which was prepared by the reaction of [RhiJl-02CMe)4] with

excess NO in CH2CI/4 We find that, if care is taken avoid the reaction of 02 with NO to

form N02, the complexes [Rh2(Jl-02CR)iNO)2] (R = Me, Et, Pr) can be isolated in pure

form. Here we provide a more complete description of the reactivity of dirhodium

tetracarboxylate complexes with NO. We also report that NO can reversibly displace a

bound fluorophore axial ligand in solution with concomitant light emission upon

excitation at the proper wavelength. The observed reversible fluorescence response of
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these dirhodium-fluorophore conjugates in response to NO may ultimately allow their use

for imaging biological NO.

Experimental

General Considerations. All reagents, including [Rh2(02CMe)4] (1), were

purchased from Aldrich or Alfa Aesar and used without further purification. Dansyl­

piperazine (4) was prepared according to a literature procedure. 25 The rhodium

complexes, [RhzOl-02CEt)4Y6 (2) and [Rh2(Jl-02CPr)4]27 (3), were prepared according to

published procedures. Methylene chloride (CH2Clz) was purified by passage through

alumina columns under a Nz atmosphere.28 1,2-Dichloroethane (DeE) was purified by

distillation under an Nz atmosphere over calcium hydride. Other solvents were used as

received. Nitric oxide (Matheson 99%) was purified by a method adapted from the

literature.29 The NO stre'am was passed through an Ascarite (NaOH fused on silica gel)

column and a 6 ft coil filled with silica gel cooled to -78 °C. For fluorescence

experiments, NO was transferred to an anaerobic fluorescence cuvette with a gastight

syringe. To eliminate the possibility of Oz contamination, the syringe transfer was

performed in an MBraun inert atmosphere glove box. Fluorescence emission intensity

spectra were recorded at 25.0 ± 0.2 °C on a Hitachi F-3010 or Photon Technology

International fluorescence spectrophotometer. NMR spectra were recorded on a Broker

DPX-400 spectrometer at ambient temperature and referenced to internal IH and 13e

solvent peaks.

Dansyl-imidazole (5). To a solution of dansyl chloride (500 mg, 1.85 mmol) in 5

mL of THF were added imidazole (126 mg, 1.85 mmol) and CSZC03 (1.3 g, 4.0 mmol).

The reaction was allowed to stir overnight, filtered, and the solvent was removed by
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rotary evaporation. Crystallization of the crude product from hot EtOAc and hexanes

gave yellow-green needles of 5 (520 mg, 93%): mp 100-101 °C. I H NMR (400 MHz,

CD2Ch): 8 8.67 (1 H, d, J =9.5 Hz), 8.38 (1 H, dd, J = 7.5, 1.2 Hz), 8.26 (1 H, d, J = 8.6

Hz), 8.10 (1 H, s), 7.63-7.59 (2 H, m), 7.32 (1 H, t, J =1.4 Hz), 7.21 (l H, d, J = 7.2 Hz),

7.01 (l H, s), 2.86 (6 H, s). DC NMR (100 MHz, CD2Cb): 8 153.0, 137.3, 133.8, 133.3,

131.3,131.1,130.4,130.1,129.9,123.8,118.4, 117.6, 116.3,45.7.

[Rh2(/-l-02CMe)4(Ds-imhl (6). To a solution of [Rh2(J.l-02CMe)4] (50 mg, 0.11

mmol) in 5 mL of CH3CN was added 5 (69 mg, 0.23 mmol). Over 30 min, a red-orange

precipitate formed. X-ray quality crystals of [Rh2(J.l-02CMe)4(Ds-imhl (79 mg, 69 %)

were prepared by recrystallization of the crude solid by vapor diffusion (Et20/CHCh). lH

NMR (400 MHz, CD2Cb): 8 8.84 (2 H, t, J = 1.1 Hz), 8.74 (2 H, dd, J =8.5, 0.9 Hz),

8.59 (2 H, dd, J = 7.5, 1.2 Hz), 8.48 (2 H, d, J =8.7 Hz), 7.73 (4 H, d, J =1.1 Hz), 7.70­

7.66 (4 H, m), 7.25 (2 H, d, J =7.4 Hz), 2.89 (12 H, s), 1.78 (12 H, s). DC NMR (100

MHz, CD2C!:z): 0 191.8, 153.3, 138.6, 134.3, 132.7, 131.9, 131.1, 130.7, 130.3, 130.1,

123.9, 119.3, 117.6, 116.5, 45.7, 23.9. IR (KBr, em-I): 3135 (w), 2940 (w), 2835 (w),

2791 (w), 1595 (s), 1457 (m sh), 1430 (s), 1410 (s sh), 1367 (s), 1343 (m), 1311 (w),

1233 (w), 1202 (w), 1174 (s), 1157 (5), 1101 (w), 1052 (s), 942 (w), 919 (w), 787 (m),

736 (w), 694 (m), 679 (m sh), 635 (s), 594 (5), 559 (m), 536 (w), 491 (w). Anal. Calcd.

for C38H42N6012S2Rh2: C, 43.69; H, 4.05; N, 8.04. Found: C, 43.58; H, 3.85; N, 8.01.

[Rh2(J.l-02CMe)4(Ds-piphlCHCh (7·CHCh). To a solution of [Rh2(J,l-02CMe)4]

(50 mg, 0.11 mmol) in 3 mL of CH3CN was added 4 (70 mg, 0.22 mmol) in 1 mL of

CH3CN. The dark burgundy solution was allowed to stir for 4 h and the solvent was

removed by rotary evaporation. Burgundy crystals of 7·CHCh (102 mg, 77%) were
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grown by vapor diffusion (EtzO/CHCh). Solvent free X-ray quality crystals were

prepared by vapor diffusion (pentane/toluene). IH NMR (400 MHz, CD2Ch): () 8.56 (2

H, d, J = 8.5 Hz), 8.45 (2 H, d, J = 8.7 Hz), 8.22 (2 H, dd, J =7.3, 1.2 Hz), 7.58-7.52 (4

H, m), 7.19 (2 H, d, J = 8.2 Hz), 3.57 (16 H, bs), 2.86 (12 H, s), 1.52 (12 H, s). I3C NMR

(100 MHz, CDzCh): () 190.8, 152.3, 134.0, 131.1, 131.0, 130.9, 130.6, 128.4, 123.7,

120.2, 115.7,47.8,45.9,45.7,23.6. IR (KBr, em-I): 3294 (w), 3025 (w), 2982 (w), 2924

(w br), 2865 (w br), 1662 (m), 1593 (s), 1490 (w), 1446 (m), 1406 (m), 1358 (m), 1346

(m), 1307 (s), 1246 (m), 1204 (m), 1185 (m), 1158 (m sh), 1127 (s), 1096 (w), 1080 (w),

1050 (w), 965 (w), 941 (s), 883 (w), 801 (w), 776 (m), 752 (s), 696 (s), 666 (w), 651 (w),

621 (w), 564 (w), 541 (w), 532 (w), 498 (w), 478 (w), 444 (w). Anal. Calcd. for

C4IH5SChN6012S2Rh2: C, 41.03; H, 4.62; N, 7.00. Found: C, 41.14; H, 4.32; N, 6.62.

[Rh2(Il-02CMe)4(NOhl (8). To a septum-capped vial containing a slurry of

[Rhz(Jl-02CMe)4] (50 mg, 0.11 mmol) in 2 mL of chlorobenzene under an N2 atmosphere

was added NO (8.2 mL, 0.34 mmol) by means of a gastight syringe. Upon addition of the

NO, the solution turned dark burgundy and the solid [Rh2(J.l-02CMe)4] slowly dissolved.

After stirring for 2 h, the burgundy solution was filtered quickly through celite and

recrystallized by vapor diffusion (chlorobenzene/pentane) under a N 2 atmosphere

containing 2 equiv of NO. After 1 week, dark burgundy blocks of 8 (28.2 mg, 49%)

suitable for X-ray analysis were harvested. IR (KBr, em-I): 3418 (w), 1729 (s sh), 1694

(s), 1580 (m), 1427 (m br), 1348 (w), 1047 (w), 696 (m), 628 (w). Anal. Calcd. for

CSH12N201ORh2: C, 19.14; H, 2.41; N, 5.58. Found: C, 19.02; H, 2.23; N, 5.71.

[Rh2(1l..02CEt)4(NOhl (9). To a septum-capped vial containing a suspension of

[Rh2(J.!-02CEt)4] (50 mg, 0.10 mmol) in 10 mL of pentane under an Nz atmosphere, was
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added NO (8.0 mL, 0.30 mmol) by means of a gastight syringe. On stirring, the solid

green [Rh2{J.1--02CEt)4] complex slowly dissolved as the solution turned dark burgundy.

After stirring overnight, the burgundy solution was filtered through celite, concentrated to

a volume of 5 mL in vacuo, and placed in a sealed vial under a N2 atmosphere containing

2 equiv of NO. X-ray quality burgundy blocks of 9 (42 mg, 75%) were prepared by

crystallization from the pentane solution at -400 C. IR (KBr, em-I): 3393 (w), 2984 (w),

2943 (w), 2881 (w), 1698 (s br), 1672 (5), 1581 (s), 1464 (m), 1418 (m), 1375 (m), 1300

(m), 1076 (w), 1012 (w), 886 (w), 810 (w), 705 (w), 650 (w). Anal. Calcd. for

CI2H20NzOIORh2: C, 25.83; H, 3.61; N, 5.02. Found: C, 26.02; H, 3.63; N, 5.04.

[Rh2(J..l-02CPr)4(NOh] (10). To a septum-capped vial containing a suspension of

[Rh2(J.l-02CPr)4] (50 mg, 0.09 mmol) in 3 mL of pentane under an N2 atmosphere, NO

(5.4 mL, 0.23 mmol) was added using a gastight syringe. On stirring, the green solid

slowly dissolved as the solution turned dark burgundy. After stirring overnight, the

burgundy solution was filtered through celite, concentrated to a volume of 1.5 mL in

vacuo, and placed in a sealed vial under a N2 atmosphere containing 2 equiv of NO. X­

ray quality burgundy blocks of 10 (33.6 mg, 61 %) were prepared by crystallization from

the pentane solution at -400 C. IR (KBr, em-I): 3405 (w), 2961 (w), 2930 (w), 2874 (w),

1687 (s), 1579 (s), 1412 (m), 1348 (w), 1314 (w), 1266 (w), 1101 (w), 799 (w), 735 (w),

667 (w). Anal. Calcd. for CI6H2SN201ORh2: C, 31.29; H, 4.59; N, 4.56. Found: C, 31.45;

H, 4.57; N, 4.48.

Aqueous Solution Fluorescence Experiments. The experimental apparatus

consisted of a 20 mL vessel containing a smaller 2 mL vial. The internal small vial was

filled with a CHzCh solution of [Rhl(f..l-01CMe)4] (40 f..lM) and Ds-pip (20 J.lM). This vial
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was sealed with a screw cap fitted with 2-3 mm thick septum made from Silastic® Q7­

4656 biomedical grade ETR elastomer, an NO permeable polymer, which was purchased

from Dow-Coming. The external 20 mL vessel containing the 1.5 mL vial was capped

and placed under an N2 atmosphere, after which a saturated aqueous NO solution (15

mL) was transferred into it by a gastight syringe. An aqueous solution saturated with NO

was prepared by bubbling a stream of NO gas into deionized water for 30 min at 25 DC.

All procedures were perfonned under an anaerobic atmosphere. The fluorescence

response was monitored by digital photography of the experimental apparatus with long­

wavelength UV illumination from a hand-held UV lamp model UVGL-25 purchased

from VWR International.

X-ray Crystallography. Single crystals suitable for data collection were covered

in Infineum V8512 oil (formerly called Paratone N oil), mounted on the tips of quartz

capillary tubes and transferred to the -100 DC N2 stream of a Broker KRYOFLEX BVT­

AXS nitrogen cryostat. Data were collected on Bruker APEX CCD X-ray diffractometer

(MoKa A = 0.71073 A) controlled by the SMART software package running on a

Pentium III PC. 3D The general procedures used for data collection are reported

elsewhere. 31 Empirical absorption corrections were calculated with the SADABS

program.32 Structures were solved and refined with the SHELXTL and SAINTPLUS

software packages on a Pentium III PC running the Windows NT operating system.33
.
34

All non-hydrogen atoms were refined anisotropically by least-squares cycles and Fourier

syntheses. Hydrogen atoms were assigned idealized positions and given thermal

parameters of 1.2 times the thermal parameter of the carbon or nitrogen atom to which
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each was attached. All structure solutions were checked for higher symmetry with the

PLATON program.35

Results and Discussion

Synthesis of Fluorophore~Derivatizedand Nitrosyl Dirhodium Complexes.

Dirhodium tetraacetate complexes of dansyl imidazole or dansyl piperazine25 were

prepared by reaction of 1 with 2 equiv of the fluorophore in acetonitrile in 69 or 770/0

yield after crystallization, respectively (Scheme 4.1). Synthesis of the dinitrosyl

complexes 8~ 9, and 10 was accomplished by exposure of the appropriate dirhodium

tetracarboxylate to 2.5 or 3 equiv of NO in chlorobenzene for 8 or in pentane for 9 and 10

(Scheme 4.2). Inadvertent leakage of dioxygen into the reaction vessels containing excess

NO altered the characteristic burgundy color indicative of the dinitrosyl complexes to

brown, indicating formation of [Rh2(J,t-02CR)4(NO)(N02)].24 Crystallization of the

dinitrosyl complexes required the presence of excess NO gas in the crystallization

chambers to prevent NO loss and recovery of only free dirhodium tetracarboxylate.

Complex 8 was isolated in 49% yield by allowing pentane vapor to diffuse into a

burgundy-colored chlorobenzene solution of the crude product. Dinitrosyl complexes 9

and 10 were isolated in up to 75% yields by crystallization from saturated pentane

solutions cooled to -400 C. In contrast to the synthesis of nitrosyl complexes 8, 9, and 10.

it was not possible to prepare the analogous dinitrosyl complex of [Rh2(Jl-02CCF3)4].

Attempts to isolate 1: 1 complexes of [Rh2(Jl-02CR)4] with the dansyl-containing ligands

or NO were unsuccessful. This result is consistent with literature data. Of the

approximately 200 dirhodium tetracarboxylate structures in the Cambridge Structural
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Database,36 only three complexes are reported that contain a monodentate ligand bound in

a I: I stoichiometry.

Structural Studies. The molecular structures of 6 and 7 are shown in Figure 4.1.

Single crystal X-ray diffraction results are given in Table 4.1 and selected bond distances

and angles are presented in Table 4.2. The X-ray studies revealed fluorophore

coordination at the axial sites of the dirhodium cores in 6 and 7 through the imidazole and

piperazine N-atoms, respectively. The Rh-ligand and Rh-Rh distances in both structures

are unremarkable and consistent with those of similar complexes reported in the literature

(Table 2).37

Complexes 8, 9, and 10 are the first structurally characterized dinitrosyl adducts

of any dirhodium tetracarboxylate and are depicted in Figures 4.2 and 4.3. A summary of

the X-ray diffraction results is presented in Table 4.3 and selected bond lengths and

angles are given in Table 4.4. Structurally, all three dinitrosyl species are very similar.

The observed Rh-axialligand distances of 1.945(3) - 1.958(3) A are some of the shortest

known for dirhodium tetracarboxylate complexes.37 The only complex having a shorter

Rh-axial ligand bond length is the related [Rh2(J.1-02CMe)4(NO)(N02)] compound, in

which the Rh-NO bond is 1.927(4) A.24 The Rh-Rh bond distances for the three dinitrosyl

complexes are also quite remarkable. These distances 2.512(1) and 2.5191 (9) Afor 9 and

10, are the longest yet observed for dirhodium tetracarboxylate complexes having N­

donor axial ligands. The lengthening of the Rh-Rh bond is consistent with a previous

analysis of metal-metal bonding in dirhodium tetracarboxylate complexes, which is

discussed in detail elsewhere. 38 Again, the only similar reported Rh-Rh distance is the

2.4537(4) A value in [Rh2(J.1-02CMe)4(NO)(N02)].24 The N-O bond lengths in 8, 9, and
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10, which are between 1.131(4) and 1.150(3) A, are also quite similar. Although still

small, the largest geometric variation among the complexes occurs in the Rh-N-O bond

angles. One of the two crystallographically independent molecules of 10 has an angle of

122.7(3t, which is 1.9° larger than the corresponding value from 9. As with [Rh2(Jl­

02CMe)4(NO)(N02)], the bent nitrosyl ligands in 8, 9, and 10 are positioned in between

the two planes defined by the bridging carboxylate ligands to minimize the

intramolecular non-bonding contacts with their oxygen atoms.

There is no discernable trend in any of the relevant geometric parameters when

comparing the three dinitrosyl complexes. This result is not surprising considering the

similarity of the carboxylate ligands. The observed variations in bond lengths and angles

are more likely a result of crystal packing effects than any electronic differences between

the complexes. This conclusion is supported by the observed differences in bond angles

and distances between the two crystallographically unique molecules of 10, which are of

similar magnitude to the corresponding variations between the three complexes.

The dinitrosyl complexes can be viewed as two separate octahedral {MNO} 8 units

in the standard notation, where the superscript represents the sum of metal d electrons

and unpaired 1['" electron from the nitrosyl.39 The nearly idealized bent geometries of the

nitrosyl ligands in the three complexes, the average Rh-N-O angle being 121.4°, are

consistent with the expected structure of an octahedral {MNO} 8 complex, which results

from population of the antibonding molecular orbital formed by the metal dxy and dyz

orbitals and the NO 1t'" orbital. The related [RU2(Jl-02CEt)4(NO)2] complex, which can be

viewed as two adjacent {MNO} 7 centers, overall has two fewer d electrons than the

dirhodium dinitrosyls, and an Ru-N-O angle of 152.4° that is intermediate between the
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idealized bent and linear geometries.40 If an analogous group 7 transition metal

tetracarboxylate complex were to exist, it would consist of two {MNO} 6 metal centers.

As with other {MNO} 6 complexes, one would predict it to have linear nitrosyl ligands

owing to the lack of electrons to populate the antibonding molecular orbital formed by

the metal dxy and d yz orbitals and the NO 1t* orbital.

Chemical Reactivity Studies. The interactions of the dirhodium complexes 1, 2,

and 3 with the dansyl-containing ligands 4 and 5 are similar to those observed for other

ligands that coordinate to the axial sites of the dirhodium tetraacetate core.22 In solution,

both 1: 1 and 1:2 adducts with these bases are apparent, as revealed by absorption spectral

titrations that exhibit clear isosbestic points for the equilibria given by eqs I and 2

respectively (Figure 4.4).

[Rh2(~-02CR)4] + L~ [Rh2(fl-02CR)4(L)]

[Rh2(~-02CR)4(L)] + L -::;:=. [Rh2(fl-02CR)4(Lh]

(1)

(2)

The reactions of 1, 2, and 3 with NO are extremely fast. Preliminary stopped-flow

studies of the reaction of 3 with excess NO shows complete fonnation of the dinitrosyl

species within the 2-ms mixing time of the instrument at -800 C. This result corresponds

to an approximate on-rate of at least 4xl06
S-1 at 400 C. This indicates potential of the

dirhodium tetracarboxylate scaffold for real-time imaging of NO changes in biological

fluids.

By analogy to previously characterized systems, NO should sequentially form

rnono- and dinitrosyl complexes with dirhodium tetracarboxylates. We were unable,

however, to distinguish the mono- and dinitrosyl adducts by IR spectroscopy in solution.

Titration experiments revealed the formation of a single nitrosyl band at 1698 em-I for the
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reaction of 3 with NO in DCE at room temperature (Figure 4.5). As with the fluorophore

adducts of 1, it was not possible to isolate and characterize structurally the 1: 1 complexes

of NO with 1,2, and 3.

Unlike 1, 2, and 3, which form isolable dinitrosyl complexes, it was not possible

to detect the fonnation of any nitrosyl adducts of [Rh2(J.l-02CCF3)4]. Exposure of even

sub-stoichoinletric amounts of NO to solutions of [Rh2(J.l-02CCF3)4l in halogenated

solvents resulted in precipitation of a yellow-brown solid, indicating decomposition of

the dirhodium core. This result is consistent with previous reactivity studies of [Rh2(J.l-

02CCF3)4l. Addition of piperidine or N-methylimidazole to [Rh2(Jl-02CCF3)4l in toluene

gave an initial red color, consistent with nitrogen coordination to Rh.41 After a few hours,

however, the solutions turned yellow and ultimately yielded an intractable yellow tar

indicating dimer cleavage.26
,41 The decomposition is facilitated by the electron­

withdrawing properties of the trifluoroacetate ligands, which enhance the Lewis acidity

of the metal dimer and facilitate displacement of a carboxylate oxygen atom by base,

leading to decomposition.41

All three dinitrosyl complexes display similar VNO bands in the solid state. IR

spectra of single crystals of 8 and 9 each show one broad and one sharp VNO band,

respectively, at 1729 and 1694 cm- 1 for 8 and 1698 and 1672 cm- 1 for 9. In solution the

1729 and 1694 cm- 1 bands from 8 convert to a single nitrosyl band at 1702 em-I. Similar

behavior was previously observed with [Ru2(J.l-02CEt)4(NOhl. In the case of 10, only a

single broad VNO band at 1687 em-I is observed in the solid state, which shifts to 1698 cm­

I in DeE solution. Figure 4.6 shows an overlay of the solid IR spectra of 1 and 8, the only

significant difference between the two being the presence of the nitrosyl stretching bands
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in 8. The absence of a large shift in the carboxylate C-O stretching band upon formation

of the dinitrosyl adduct indicates that the dirhodium core remains intact and undergoes

very little change.

Like the parent dirhodium complexes, 8, 9, and 10 are air-stable and their

spectroscopic properties revealed no evidence for decomposition of the dirhodium core.

Although the core is stable, in solution the dinitrosyl complexes lose NO and reform the

corresponding parent complex. At room temperature, solids 8, 9, and 10 also slowly lose

NO over a period of several days, but the adducts are stable for several months when

stored at -800 C. The observed reversible binding of NO with these dirhodium

compounds opens the possibility for their application as reversible NO sensors In

biological systems.

Fluorescence Spectroscopic Studies. Solutions of 6 and 7 in DCE emit only

weakly when excited at 365 nm for Ds-irn or at 345 nm for Ds-pip. Neither complex is

fluorescent in the solid state. Titrations with [Rh2(Jl-02CMe)4] indicate maximal

fluorescence quenching upon addition of four and two equivalents of [Rhz(J-l-02CMe)4]

with Ds-im and Ds-pip, respectively. Based on the previous absorption spectroscopy

titrations, vida supra, these ligand to [Rhz(J..l-OzCMe)4] ratios correspond to formation of

the 1: 1 adducts.

Exposure of a solution of 10 J-lM Ds-im and 40 J.lM [Rh2(J.!-02CMe)4] in DCE to

100 equiv of NO results in an immediate 16-fold increase in the integrated fluorescence

intensity. A similar 26-fold increase in integrated fluorescence intensity is observed after

introduction of 100 equiv of NO to a DCE solution containing 10 J.lM Ds-pip and 20 J.lM

[RhzOl-0zCMe)4]' In both systems, the fluorescence response is reversible. A 30 min Ar
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purge to remove the excess NO restores the fluorescence and this cycle can be repeated at

least three tirnes (Figure 4.7).

The reaction of 1 equiv of NO with the [Rh2(J.!-02CMe)4(Ds-im)] complex gives a

270/0 increase in integrated fluorescence (Figure 4.8). Thus, only one equivalent of the

neurotransmitter is necessary to displace the coordinated fluorophore (Scheme 4.3),

although we do not know at present whether this reaction occurs by an associative or

dissociative nlechanism.

To determine the sensitivity of the Ds-im complex for nitric oxide, sequentially

decreasing volumes of NO gas were added to aliquots of 2 ~M Ds-im and 4 J.!M [Rh2(J.!­

02CMe)4] in DeE. From this experiment we estimate a detection limit of 4-8 JlM NO.

Greater sensitivity should be possible in the absence of excess, non-fluorophore-bound

Although dirhodium tetraacetate is water-soluble and air-stable, the current

fluorophore adducts do not function as NO sensors in an aqueous environment. Water

effectively competes with the tluorophore for coordination to the dirhodium core. One

strategy to achieve aqueous solution compatibility is to isolate the sensor solution behind

a NO-permeable membrane that is impervious to water. A Silastic® polymer based

membrane was chosen to test this possibility. Silastic® tubing has demonstrable NO

permeability and has previously been used for admission of NO to aqueous solutions.42

The tluorescence response of a 40 J.!M [Rh2(J.!-02CMe)4] and 20 JlM Os-pip solution,

sequestered from a saturated aqueous NO solution by the Silastic® membrane and the

experimental set-up are shown in Figure 4.9. The emission of fluorescence was observed

immediately after admission of the NO containing aqueous solution into the outer vial.
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Titration experiments with sequentially decreasing amounts of NO demonstrated a

fluorescence response visible by the naked eye at NO concentrations as low as 100 JlM.

This experiment illustrates one potential approach for developing sensors capable of

imaging biological NO based on the dirhodium tetracarboxylate platform.

Conclusions

Dirhodium tetracarboxylate complexes containing bound fluorophores react

directly, rapidly, and reversibly with NO. The resulting completely characterized

dinitrosyl adducts lose NO upon standing in air. The reactivity of the fluorophore

conjugated dirhodium complexes with NO is fast with on-rates indicating nearly

instantaneous binding of the gas at 40° C. These properties indicate them to be suitable

for biological imaging of NO. Fluorescence detection methodologies based on the

dirhodium platform hold promise for development into viable sensors for NO in

biological systems. One potential route for preparation of NO sensors based on this

system is to sequester the nonpolar dirhodium fluorophore solution from the surrounding

aqueous environment by use of an NO-permeable polymer. Initial experiments

demonstrate the potential utility of this strategy for detection of aqueous NO.
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Table 4.1. Summary of X-ray Crystallographic Data of 6 and 7.
6·2CHC13 7

formula C4oH44N60 12S2Rh2 C4oHs4N6012S2Rh2

fw 1283.45 1080.83

space group pi P2/c

a,A 8.577(2) 11.387(2)

bA 9.062(2) 16.431 (3)

cA 16.026(4) 12.395(2)

a,deg 94.218(5)

~,deg 96.824(4) 101.224(3)

y, deg 96.319(4)

V, A3
1219.8(5) 2274.6(7)

Z 2

Peale' g/cm
3

1.747 1.578

T,oC -100 -100

Jl(Mo Ka), mm,l 1.157 0.883

total no. of data 10965 19856

no. of unique data 5553 5387

no. of pararns 31 ] 288

R(%t 4.56 7.99

wR2 (%)b 10.045 9.67

3R == LIIFol-Fell/LIFol, bwR2== {w(Fo
2-Fe2)2/L[w(Fo

2il} 112
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Table 4.2. Selected bond distances and angles for 6 and 7.a

Compound Distances (A) Angles (deg)

[Rh2(02CMe)4(Ds-im)2] Rhl-Ol 2.040(3) 01-Rh l-RhiA 87.67(8)
(6) Rhl-02 2.032(3) 02-Rhl-RhIA 88.57(8)

Rhl-03 2.043(3) 03-Rh l-Rh lA 87.48(8)
Rhl-04 2.038(3) 04-Rhl-RhIA 88.60(8)
Rhl-Nl 2.237(3) 01-Rhl-Nl 93.2(] )
Rhl-RhiA 2.3907(7) 03-Rhl-Nl 90.6(1 )

03-Rhl-Nl 91.8(1)
04-Rhl-Nl 92.2(1 )

[Rh2(02CMe)4(Ds-pip)2] Rhl-01 2.036(5) 01-Rh l-RhiA 88.8(1)
(7) Rhl-02 2.013(5) 02-Rh l-Rh 1A 86.9(1)

Rhl-03 2.032(4) 03-Rhl-RhlA 89.1 (1)
Rhl-04 2.024(4) 04-Rh l-Rh IA 86.9(1)
Rhl-Nl 2.272(6) Ol-Rhl-Nl 92.8(2)
Rhl-RhlA 2.398( 1) 03-Rhl-Nl 91.4(2)

03-Rh I-Nl 87.2(2)
04-Rhl-NI 96.8(2)

Literature valuesb Rh-N 2.19-2.41
Rh-Rh 2.39-2.45

3Numbers in parentheses are estimated standard deviations of the last significant figure. Atoms are
labeled as indicated in Figure I.
bRange of Rh-L and Rh-Rh distances for dirhodium tetracarboxylate complexes with axial nitrogen
donor ligands reported in ref 37.
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Table 4.3. Summary of X-ray Crystallographic Data for 8, 9, and 10.

8 9 10

formula CgH12N2OIQRh2 C12H2oN"20lORh2 Cl6H2SN2010Rh2

fw 502.02 558.12 614.22

space group P2dn P2]/c P-l

a,A 8.142(2) 8.156(3) 8.440(3)

hA 11.575(3) 13.112(5) 10.463(3)

cA 9.278(2) 9.576(4) 14.299(4)

a, deg 105.43(1)

~,deg 123.87(2) 112.160(6) 106.84(2)

y, deg 96.00(2)

v, A:' 726.0(3) 948.4(7) 1142.2(6)

Z 2 2 2

PeaJc, g/cm3 2.296 1.954 1.786

T,oC -100 -100 -100

Il(Mo Ka), mm· 1 2.326 1.791 1.496

total no. of data 6200 6697 10171

no. of unique data 1718 1665 5173

no. of params 106 120 275

R (%)a 2.70 2.50 3.42

wR2 (%)b 5.28 6.51 7.18

aR =LllFol-FcIltLIFol, bwR2={w(Fo
2-Fe2)2/L [w(Fo2)2]} 1/2
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Table 4.4. Selected bond distances and angles for 8, 9, and lO.a
Compound Distances (A) Angles (deg)

Rhl-Ol 2.037(2) 01-Rhl-RhIA 87.21(6)
8 Rhl-02 2.037(2) 02-Rhl-RhIA 85.62(6)

Rhl-03 2.035(2) 03-Rhl-RhIA 87.68(6)
Rhl-04 2.033(2) 04-Rh I-Rh IA 85.21(6)
Rhl-NI 1.947(3) Ol-Rhl-NI 96.1(1 )
Rhl-RhlA 2.5134(8) 02-RhI-NI 91.0(1 )
NI-05 1.147(3) 03-RhI-NI 97.0(1 )

04-Rhl-NI 90.0(1 )
NI-Rhl-RhIA 174.19(9)
05-NI-Rhl 121.0(2)

Rhl-Ot 2.035(2) OI-RhI-RhIA 84.96(6)
9 RhI-02 2.039(2) 02-RhI-RhIA 87.73(5)

Rhl-03 2.036(2) 03-Rh I-Rh IA 87.44(5)
Rhl-04 2.035(2) 04-Rh 1-Rh IA 85.17(5)
Rhl-NI 1.951(3) OI-Rhl-NI 89.98(9)
Rhl-RhIA 2.512(2) 02-Rhl-Nt 97.32(9)
NI-05 1.150(3) 03-Rhl-NI 95.38(9)

04-Rhl-NI 91.98(9)
NI-Rhl-RhIA 174.22(8)
05-Nt-RhI 120.8(2)

Rhl-Ol 2.036(2) OI-RhI-RhIA 87.32(7)
10 Rht-02 2.035(2) 02-Rhl-RhIA 85.42(7)

Rhl-03 2.037(2) 03-Rhl-RhIA 86.72(7)
Rhl-04 2.034(2) 04-Rhl-RhIA 86.05(7)
RhI-NI 1.945(3) 01-RhI-NI 96.7(1)
Rhl-RhlA 2.5151 (8) 02-RhI-NI 90.5(1)
NI-05 1.131(4) 03-Rhl-Nl 92.9(1)

04-Rhl-NI 94.4( I)
NI-Rhl-RhlA 175.91(9)
05-NI-RhI 122.7(3)

Rh2-06 2.037(2) 06-Rh2-Rh2A 87.63(7)
Rh2-07 2.032(2) 07-Rh2-Rh2A 85.19(7)
Rh2-08 2.030(2) 08-Rh2-Rh2A 85.40(7)
Rh2-09 2.035(2) 09-Rh2-Rh2A 87.36(7)
Rh2·N2 1.958(3) 06-Rh2-N2 94.9(1)
Rh2-Rh2A 2.5191(9) 07-Rh2-N2 92.3(1 )
N2-010 1.146(4) 08-Rh2-N2 90.4(1 )

09-Rh2-N2 96.8(1 )
N2-Rh2-Rh2A 175.1(1)
0IO-N2-Rh2 121.1(3)

aNumbers in parentheses are estimated standard deviations of the last significant figure.
Atoms are labeled as indicated in Figures 2 and 3.
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Table 4.5. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Rh2(02CMe)4(Ds-imhl2(CHCh) (6·2CHCb). U(eq) is

defined as one third of the trace of the orthogonalized VI] tensor.

x y z U(eq)

Rh(l) 5521(1) 9526(1) 5639( 1) 21(1)
S(1) 6611 (1) 7726( I) 9143(1) 27(1)
0(1) 7479(3) 9174(3) 5078(2) 27(1)
0(2) 3506(3) 9917(3) 6124(2) 25(1)
0(3) 4543(3) 7446(3) 5120(2) 26(1)
0(4) 6444(3) 11655(3) 6079(2) 30(1 )
N(2) 6765(4) 7866(4) 8105(2) 22(1)
0(6) 7836(3) 6870(3) 9413(2) 35(1)
C(3) 5920(5) 8666(5) 7566(3) 26(1)
N(l) 6449(4) 8613(4) 6835(2) 25(1)
0(5) 6640(4) 9223(3) 9498(2) 37(1)
C(5) 7917(5) 73] 2(5) 7684(3) 28(] )
C(lO) 2721(5) 4605(4) 8876(2) 24(1)
C(4) 7680(5) 7787(4) 6904(3) 26(1 )
e(2) 7549(5) 9495(4) 4324(3) 25( 1)
N(3) 631 (4) 2505(4) 8577(2) 32( I)
C(1) 3807(5) 7291(5) 438](3) 26(1)
C(6) 4710(5) 6775(4) 9155(2) 26(1)
C(15) 2232(5) 3083(5) 8554(3) 27(1)
C(7) 3663(5) 7597(5) 9507(3) 33(1)
C(II) 4308(5) 5241(5) 8835(3) 26( 1)
C(9) ]695(5) 5467(5) 9265(3) 28(1)
C(12) 5369(5) 4338(5) 8493(3) 34(1)
C(14) 3310(5) 2243(5) 8248(3) 35( 1)
C(8) 2137(5) 69]2(5) 9573(3) 33(])
C(16) 319(6) 891(5) 8612(3) 44(1 )
C(13) 4864(5) 2874(5) 8218(3) 39(1)
el(3) 1864( I) 7301 (2) 7390(1) 44(1)
Cl(1) 748(1) 6724(2) 5606( 1) 48(1 )
Cl(2) 2705(3) 4734(2) 6450(1) 88(1)
C(17) 2304(5) 6580(5) 6398(3) 34(1)
C(18) 8978(5) 9]64(5) 3930(3) 32(1)
C(19) 3209(6) 5739(5) 4008(3) 37(1 )
C(20) -531 (5) 3059(6) 7984(3) 44(1)
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Table 4.6. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Rh2(02CMe)4(Ds-pip)z] (7). U(eq) is defined as one third of

the trace of the orthogonalized uij tensor.

x y z U(eq)

Rh(l) -61 (l) ]0072(1) 4028( 1) 22(1)
S(I) 2578(2) 9167(2) 620(2) 43(1)
N(I) -322(6) 10195(4) 2171(5) 43(2)
0(1) 474(4) 11250(3) 4285(4) 34(1)
0(3) -1764(4) 10489(3) 3893(4) 30(1)
0(4) 1645(4) 9659(3) 4280(3) 31(1)
0(2) -594(4) 8901(3) 3894(4) 33(1)
C(1) 4080(6) 8372(4) 2391 (5) 28(2)
N(2) 1545(5) 9525(4) 1231(4) 33(2)
0(6) 2146(4) 8417(4) 137(4) 57(2)
0(5) 2858(4) 9791(4) -74(4) 58(2)
C(2) -2167(6) 10561 (4) 4779(6) 31(2)
C(3) 3925(6) 9024(5) 1616(6) 36(2)
C(4) 5135(6) 8354(5) 3212(6) 36(2)
C(5) 519(7) 10708(5) 1734(6) 44(2)
C(6) 5874(7) 9524(5) 2386(7) 48(2)
N(3) 6316(6) 7765(4) 4904(6) 52(2)
C(7) 4811(6) 9586(4) 1622(6) 39(2)
C(8) 778(6) 8973(4) 1707(6) 36(2)
C(9) 5312(7) 7746(5) 4038(7) 41 (2)
C(IO) -424(6) 9383(5) 1593(6) 38(2)
C(II) 1736(7) 10305(4) 1814(6) 42(2)
C(12) 4474(8) 7116(5) 3953(7) 58(3)
C(l3) 6041(6) 8940(5) 3156(6) 37(2)
C(14) -3380(6) 10958(5) 4677(6) 44(2)
C(15) 3451(8) 7116(5) 3099(8) 53(2)
C(]6) 3226(7) 7706(5) 2352(7) 47(2)
C(l7) 6385(7) 8463(6) 5645(6) 65(3)
C(l8) 6594(8) 7021(6) 5507(8) 91(4)
C(19) 805(6) 12415(4) 5422(6) 49(2)
C(20) 613(6) 11519(4) 5260(7) 34(2)
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Table 4.7. Atomic coordinates (x 104 ) and equivalent isotropic displacement

parameters (A2x 103
) for [Rh2(02CMe)4(NOhl (8). V(eq) is defined as one third of the

trace of the O1thogonalized VI] tensor.

x y z U(eq)

Rh(l) 3750(1) 10270(1 ) 8444(1 ) 16( 1)
0(5) 2653(4) 11255(2) 5367(3) 43( 1)
0(1) 2026(3) 10876(2) 9236(3) 21 (l)
0(3) 2602(3) 8654(2) 8099(3) 21 (l)
0(2) 5741(3) 9632(2) 7975(3) 22( 1)
0(4) 5150(3) 11823(2) 9098(3) 21 (I)
N(l) 2028(4) 10778(3) 6045(3) 28( I)
C(l) 2632(4) 10801 (3) 10823(4) 20(1)
C(2) 3403(4) 7953(3) 9364(4) 20(1 )
C(3) 1308(5) 11274(3) 11331(4) 26(1)
C(4) 2592(5) 6755(3) 9049(5) 31 (I)
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Table 4.8. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Rh2(02CEt)4(NOhl (9). U(eq) is defined as one third of the

trace of the orthogonalized Uij tensor.

Rh(l)
0(4)
0(2)
0(1)
0(3)
C(4)
C(1)
C(2)
C(3)
N(I)
0(5)
C(5)
C(6)

x

11024(1)
9994(2)
9038(2)

12787(2)
11844(2)
8838(3)
7588(3)
6143(4)
6624(4)

12726(3)
13586(4)
8205(4)
7793(7)

y

52(1)
1472(1 )
-557(1 )
648(1)

.1383(1)
1838(2)
-781(2)

-1227(3)
-1547(3)

249(2)
972(2)

2901(2)
3519(3)

z

6360(1)
6304(2)
6899(2)
5543(2)
6130(2)
5121(3)
5851(3)
6274(3)
7875(4)
8415(3)
8740(3)
5229(3)
3827(4)

U(eq)

24(1)
32(1)
31(1 )
33(1)
32(1)
29(1)
30(1 )
50(1)
52(1 )
38(1)
76( 1)
36(1)
86(2)

----~_.-----
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Table 4.9. Atomic coordinates (x 104
) and equivalent isotropic displacement

parameters (A2x 103
) for [Rh2(02CPr)4(NO)2] (10). U(eq) is defined as one third of the

trace of the ofthogonalized uij tensor.

x y z U(eq)

Rh(l) 4727(1 ) 6142(1) 10404(1) 23(1 )
0(4) 5302(3) 6690(2) 9260(2) 28(1 )
0(3) 4196(3) 5357(2) 11463(2) 27(1)
0(2) 7226(3) 6593(2) 11250(2) 28(1 )
0(1) 2270(3) 5444(2) 9492(2) 30(1 )
N(I) 4471(4) 7940(3) ] ]095(2) 31(1)
C(1) 8183(4) 5755(4) 11118(3) 29(1)
C(2) 5695(4) 5859(4) 8580(3) 26(1)
0(5) 5013(4) 8424(3) 11958(2) 52(1)
C(3) 10031(4) 6207(4) 11747(3) 34(1)
C(4) 6049(5) 6344(4) 7751 (3) 31 (1)
C(5) 6518(5) 7863(4) 8010(3) 36(1)
C(6) 10537(5) 7951(4) 10885(3) 45( I)
C(7) 10716(5) 7686(4) 11900(3) 38(1 )
C(8) 6674(5) 8281(4) 7095(3) 40(1 )
Rh(2) 8635( 1) 4482(1) 5064(1) 26(1)
0(6) 7562(3) 5890(2) 4493(2) 33( 1)
0(9) 8109(3) 3249(2) 3602(2) 32(1 )
0(7) 9978(3) 3184(2) 5619(2) 32(1 )
N(2) 6613(4) 3712(3) 5290(2) 37(1)
0(10) 6694(4) 3492(3) 6044(2) 53(1)
C(9) 11541(5) 3251(4) 5716(3) 30(1)
C( 13) 12389(5) 2] 94(4) 6083(3) 39(1 )
C(14) 12340(7) 10] 6(4) 5159(3) 56(1)
C(16) 13121(7) -101(5) 5484(4) 70(2)
0(8) 9442(3) 5808(2) 6510(2) 29( I)
C(IO) 8659(5) 2478(3) 2036(3) 31(1 )
C( 11) 8097(5) 999(4) 1884(3) 39( I)
C(12) 9146(4) 3371(3) 3125(3) 28(1)
C(l5) 7521 (5) ]84(4) 760(3) 47(1)
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Figure 4.1. ORTEP diagrams showing 50% probability thennal ellipsoids and selected
atom labels for (a) [Rh2(02CMe)4(Ds-im)2] (6) and (b) [Rh2(02CMe)4(Ds-pip)2] (7).
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a

b

Figure 4.2. ORTEP diagrams showing 50% probability thennal ellipsoids and selected atom
labels for (a) [Rh2(02CMe)4(NO)2] (8) and (b) [Rh2(02CEt)4(NO)2] (9).
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a

b

Figure 4.3. ORTEP diagrams showing 50% probability thennal ellipsoids and selected
atom labels for the two unique molecules of [Rh2(02CEt)4(NO)2] (10) from the single
crystal X-ray data.
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Figure 4.4. Absorbance spectra for the titration of 50 JlM [Rh2(02CMe)4] (1) with dansyl­
piperazine (5) in DeE at 25.0±0.1 0 C. As 5 is added to 1, as shown in a, the initial absorbance
maximum at 648 nm decreases as a new feature at 568 nm, which corresponds to the 1:1 adduct
fonns. In a, starting with the first trace with an absorbance maximum at 648 nm, the traces
correspond to 0, 5, 10, 15,20,25,30,35, and 45 flM 5. In b, after additional aliquots ofS are
administered, the 568 nm absorbance is replaced by a third feature at 530 nm that indicates
fonnation of [Rh2(02CMe)4(Ds-pip)2] (7). Starting with the 568 run absorbance maximum
trace the spectra correspond to 50, 60, 70, 80, 90, 100, 150, 200, and 250 JlM 5.
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Figure 4.5. Solution IR spectra of the reaction of [Rh2(02CPr)4] with NO in DeE at room
temperature. The first aliquot of 1 equiv NO was added at t = 0 min and a second equiv was
added at t = 60 min.
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Figure 4.6. IR spectra (KBr) of [Rh2(02CMe)4(NO)z] (8), blue trace, and [Rh2(02CMe)4] (1),
red trace, fonned by allowing a DeE solution of 8 to stand in air.
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Figure 4.7. Fluorescence emission intensity spectra showing the reversible fluorescence
response of 10 ~M Ds-im and 40 J..1M [Rh2(02CMe)4] (a) and 10 JlM Ds-pip with 20 JlM
[Rh2(02CMe)4] (b) in DeE. The upper set of solid, dashed, and dashed-dot lines are after the
first, second and third additions of 100 equiv of NO, respectively. The lower set of
corresponding lines are before admission of NO and after the first and second 30 min Ar
purges. Excitation is at 365 nm for the Os-im system and 350 nm for the Ds-pip system.
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Figure 4.8. Fluorescence spectra of 10 JlM Ds-im (4) and 40 JlM [Rh2(02CMe)4] (1) in
DeE after exposure to 1 equiv of NO showing a 27% increase in integrated fluorescence
emission intensity,
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A

l!J

Figure 4.9. Left: a photo monitoring the fluorescence response in the reaction of
[Rh2(02CMe)4(Ds-pip)] and NO. Vials from left to right: saturated aqueous NO solution and
aqueous control. Right: experimental apparatus with the Silastic© membrane separating vial
A and B. Vial B contains 15 mL aqueous solution saturated with NO, and vial B contains a
DCE solution of 40 JlM [Rh2(02CMe)4] and 20 IlM Ds-pip.
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