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Synopsis

The thesis entitled Nitric oxide reactivity of Cu(ll) and Co(Il) complexes with N-

donor ligands’ is divided into five chapters.
Chapter 1: Introduction

Nitric oxide (NO) is a neutral, free radical gaslennle. It has long been recognized as an
environmental contaminant and can cause potergitth hazard. Later on, NO has been
found to play various important roles in biologisgistems which includes vasodilatation,
platelet inhibition, bronchodialation, heart andelskal muscle contraction, apoptosis
facilitation, neurotransmission efé. Most of these roles played by NO in biology are
attributed to the formation of nitrosyl complexestioe metallo-proteins, mainly iron or

copper. The fundamental roles of NO in biologigatems and its activation by transition

metal ions have attracted a wide range of research.

NO reactivity of ferri- and ferro-heme systems édeen studied extensively both with
the metallo-enzymes as well as with synthetic n&tieThe reduction of Cu(ll) centres in
laccase and cytochromes by NO is known for a limg.tNO induce reduction of Cu(ll)
to Cu(l) in small molecule models with various lighframeworks are known. A number
of examples reported in literature which demonstiahe reduction of Cu(ll) center by
NO proceeds through the [Cu(ll)-NO] intermediated aafforded N-nitrosation in the
ligand framework$§® In an other example, Ford and co-workers repatiedreduction of
Cu(ll) center in [Cu(DAC)" {DAC = 1,8-bis(9-anthracylmethyl)cyclam} by NO with
simultaneous N-nitrosation of the Iigaﬁd'.he reaction of NO with [Cu(dmﬁ()-|20)]2+
(dmp = 2,9-dimethyl-1,10-phenanthroline) in metblamvas found to result in the
formation of [Cu(l)(dmp)]* complex along with methyl nitrite and,8.*° It was proposed

that this reaction proceeds through the formatibfiCai(11)-NO] intermediateLippard's
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group reported the examples of several Cu(ll) cexgsd where the NO induced reduction

was utilized to develop fluorescence sensors forNO

On the other hand, NO reactivity of other first rémansition metal ions have not been
studied to that extent. Caulton and coworkers sgited [(TMEDA)Co(NO)[BPh,]
from the reaction of Cogltwo equivalents of tetramethylethylenediamine @DA) and
NO in dry methanol followed by addition of NaBFPf Lippard and co-workers reported
the formation of mono and dinitrosyl cobalt comm@exwith tetraazamacrocyclic
tropocoronand (TC) ligand$:*® They also observed the reductive nitrosylatiorcatbalt
centre to results a carboxylate bridged dinitrosgmplex with N-nitrosation of the
ligand!” Warrenet al. reported several examples of diazonium dialateéion from the
reaction ofC-nitroso adduct of copper and nickel complexes W. In these reactions,

oxidation of metal centre takes place with concamtireduction of NO to NG®%°

In addition, redox reaction of coordinated NO isncoon in biological system as well as in
model complexes. In most of the cases NO disprapate to NO and NQ' in presence
of transition metal ion/& Oxidation of coordinated NO with reactive oxygeresies like
peroxide, superoxide, or even molecular oxygemmi to the result in nitrite or nitrate

formation??

This thesis has been focused on the redox reaoficiO assisted with transition metal
complexes. Initial aim of the thesis was to syniteestable metal-nitrosyl complexes and
to study the redox reactivity of the coordinatetiasyl. Since most of the roles played by
NO in biological systems are attributed to the fation of nitrosyl complexes of the
metallo-proteins, this work would have been helgfulunderstand the basic chemistry

involved in biological reactions. To achieve tha$e, reactivity of Cu(ll) complexes of N-
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donor ligands have been studied and describecconsleand third chapters of the thesis. In
both the cases, initial attack of NO resulted ia teduction of Cu(ll) centre to Cu(l) and

the Cu(l) intermediate complex thus formed furtiezrcts with excess NO to afforg®l

Since cobalt-nitrosyls having {CoN®Jconfiguration are known to be stable, the fourth
chapter has been originated from our interest teld@ stable {CoNO} complex. It has
been reported in literature that Co(ll) centrescreaith different ways with NO. For
instance, in some cases, they undergo reductivesgiation; on the other hand, simple
adduct formation is also known. In this connectimuyrth chapter of this thesis describes a
comparative account of the roles of ligand framéwato control the NO reactivity of
cobalt complexes. The fifth and final chapter dibgs the oxidation of NO in presence of

a Co(ll)- superoxo complex.

Chapter 2: Nitric oxide reactivity of Cu(ll) complex of N- donor ligand: Formation of

a stable nitr ous oxide complex

Ligand, L1H; {L1H3; = 2,2',2"-(((nitrilotris(ethane-2,1-diylYyis(azanediyl)ris(met-
hylene)) triphenol} was prepared by treatinig-(2-aminoethyl)amine with 3 equivalent of
salicylaldehyde in ethanol followed by the reductiwith sodium borohydride. Complex
2.1 was prepared by adding equivalent amount of thantl into methanol solution of
copper(ll) perchlorate hexahydrate. Spectroscopatyaes as well as X-ray single crystal
structure determination confirmed the formation ofono-nuclear complex2.1,

[Cu(L1H.)](CIO,). The perspective ORTEP view of compRk is shown in figure 1.

In acetonitrile solution complex 1 displayed absorption at 670 net (1™ cmi?, 168) and
430 nm ¢ M*em', 722) with other intra-ligand transitions in the lemwavelengths
(Figure 2). The 670 nm absorption is attributethed-d transition and the band cantered
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Figure 1 ORTEP diagram of complex1 (30% thermal ellipsoid plot, H-atoms are omitted f

clarity).
at 430 nm is assigned as the phenels@u(ll) charge transfer. In X-band EPR
spectroscopy, the characteristic signal for Cu¢éntre was observed. The observed

parameters are,.309, g, 2.081 and A 156.5 x 1¢ cm™.

.54

Absorbance

0.0+
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400 500 600 700 300 900 1000 1100
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Figure 2 UV-visible spectra of comple2.1 (black), after adding stoichiometric amount (viple

and excess (red) of NO in acetonitrile at room terapre.

Addition of excess NO to the degassed acetonigdkition of complex2.1 at room
temperature resulted in the transient colorlessispdollowed by a bluish green solution
(Scheme 1). Dry and degassed diethyl ether (~ 20ma$ added to this and the solution

was allowed to stand at room temperature for 3tdirgrecipitate out complef.2. The

transient colorless species was characterizedeasotinesponding Cu(l) complex which
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Scheme 1

formed in the reaction of compleXl with NO. It was confirmed by adding equivalent

amount of NO into a degassed acetonitrile soluttdncomplex 2.1. In UV-visible

spectroscopy, thé-d band of comple®.1 disappeared after adding stoichiometric amount

of NO (Figure 2). In X-band EPR spectroscopy tlezén colorless solution found to be

silent (Figure 3). This Cu(l) complex reacted ferthith excess NO to result in complex

2.2. In acetonitrile solution it absorbed 268 nm ¢/ Mcm1, 17550) and 575 nng (M°

'em1, 260). X-band EPR studies of the acetonitrilaisoh of complex2.1 suggest the

presence of mono-nuclear Cu(ll) centre (FigurdrB8FT-IR spectroscopy of compl@e,

stretching frequencies at 2153 ¢rand 1175 cm were observed in addition to the others

(Figure 4). These frequencies were isotope seasitind found to appear at 2093 and 1163

cmi’, respectively when the reaction was performed WiKtO (Figure 4). The frequency

at 2153 crit is assigned to the N-N stretching and the 117% wN-O stretching of metal

bound NO. In [Ru(NHs)s(N2O)]Br,, these frequencies were appeared at 2231 and 1157

cm’, respectively’? In case of only structurally characterizegONcomplex of vanadium,

TH-1573_11612208
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the NNO stretching frequency appeared at 2289 wimich was reported to shift to 2217

cm?* upon N labelling® In the present case, the N-N stretching appeateal lower

frequency than those in reported compoufids.
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Figure 3 X-band EPR spectra of complgX (black), after adding stoichiometric amounts (etpl
and excess of NO (red) in acetonitrile at 77 K.

1175

%T

1315
1163

1338

’ .26;}0 ’ 2460 ‘22(‘)0 o 2060 1800 1600 1400 1200
Wavenumber (cm™)

Figure 4 FT-IR spectra of compleR.2 obtained in the reaction 6fNO (red) and°NO (blue)
with complex2.1, respectively, in KBr pellet.

Since X-ray quality crystals were not obtained, DEdlculations were performed to
optimize the geometry of compléx2 and also to understand the CpeNbonding. DFT

vi
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calculations using Terbomol 7.0 were performed @isifZVP basis set. Optimized
geometry of complexX.2 is shown in figure 5. The J® moiety is coordinated to the
copper center from axial position of overall trigbbbipyramidal geometry. D is bonded
to copper through terminal N atom in a bent fashlarcase of [Ru(NE)s(NO)]**, DFT
calculation showed a linear binding mode ofONthrough terminal N atoff. In
structurally characterized 8 complex of vanadium also the,® was found to bind
linearly?* The difference in bonding is also evident in thHeserved MO stretching
frequency; which is higher in case of linear [Ru@WN.0)]" or vanadium complex

compared to the bent [Cu(ll)-¢8)] complex.

Figure 5 The DFT optimized structure of compl@2. The color scheme is as follows: copper:
reddish brown, carbon: black, oxygen: red, nitrogd@ne. The hydrogens have been removed for
the purpose of clarity.

Further the formation of compleX2 was supported by the ESI mass spectrometry. The

m/z ion peak at 285.50 (calculated: 285.61) indisahe existence of [(LCu(NO)]**

complex (Figure 6).

vii
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Figure 6 ESI-mass spectra of compl@2 in methanol. Inset shows the simulated (red) and
experimental (black) isotopic distribution pattern.

Application of vacuum to the acetonitrile or metbhsolution of complexX.2, stretching
frequency at 2153 cihwas found to diminish. This suggests a weak bantetween the

Cu(ll) centre and bD ligand.

In metal complexes, oxygen atom transfer to trighghosphine (PPf) from N,O was
reported earlier. Addition of PRHo the solution of compleX.2 was monitored by
solution FT-IR spectroscopy. The band at 2153 eras found to diminish upon addition
of PPh. 3P-NMR study of the reaction mixture indicates thesence of OPRIwhich
supports the oxo transfer from compl22 to PPR It is expected that in oxo transfer

reaction, Nwould be found. Attempts were not made to quarttify N

The formation of MO from NO can be envisaged by considering the ftionaof an
intermediate Cu(l)-nitrosyl complex followed by resaction with excess of NO. This leads
to the simultaneous formation of MGon. The presence of stretching frequency at 8133

cm’ in the FT-IR spectrum suggests the formation ofNO

viii
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Chapter 3: Nitric oxide reactivty of Cu(ll) complex of imidazole based ligand:

Aromatic C-nitrosation and formation of N-nitr osohydr oxylaminato complex

A Cu(ll) complex,3.1 of ligandL2H {L2H= 2-(bis(2-ethyl-5-methyl-1H-imidazol-4-yl)
methyl)phenol} was synthesized from the reactionegtiivalent amount of copper(ll)
acetate monohydrate and?H. Single crystal structure of compleX1l revealed the
presence of a diphenolato-bridged di-copper(ll)teays (Figure 7). It was further

characterized by spectroscopic analyses.

Figure 7 ORTEP diagram of compleX1 (30% thermal ellipsoid plot; H-atoms and countepan

are omitted for clearity).

Addition of excess NO to the degassed acetonigdkition of complex3.1 at room
temperature resulted in the change of color toshlgreervia the formation of a yellow
intermediate. On keeping at room temperature, thestb green solution afforded
complexes3.2 and 3.3 (Scheme 2). Complexe&s2 and 3.3 were characterized by X-ray
single crystal structure determination. The comesiing ORTEP diagrams are shown in

figure 8.

In UV-visible spectroscopy, compleXl in acetonitrile showed-d band at 625 nm along

with charge transfer transition at 405 nm. Thesedbadisappeared immediately after
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addition of NO (Figure 9a). In X-band EPR specttee characteristic signal of Cu(ll)
diminished (Figure 9b). These are attributed tortrduction of Cu(ll) center to Cu(l) by

NO.

/‘C’ugﬁch\/ —_— N u/N‘L + N0
NN (IR
NO e =
\5 +Cu(OAc),
3.1 NO
Scheme 2
T ) N12 I
” R e 705 Y
@,ol /{ \_'64/": \ ‘\ .
N \)_ /03 N0 \Q‘rﬁ— 3 M€ f\) 3
~—~ g )
¢$ ’\AS / 2 v \ N5

(@ (b)

Figure 8 ORTEP diagram of complexe&) 3.2 and(b) 3.3 (30% thermal ellipsoid plot, H-atoms
are omitted for clarity).

Reduction of Cu(ll) to Cu(l) resulted in formatiohNO". This NO' is highly reactive and
leads toC-nitrosation of the ligand (Scheme 2). A trace amoof methyl nitrite was
formed in the reaction of methanol and N@he modifiedC-nitroso ligand was isolated
and characterized by spectral analyses. The intBatgeCu(l) complex o€-nitroso ligand
was found to be unstable and undergo rapid oxidatm the corresponding Cu(ll)
complex. In FT-IR spectroscopy, a new peak at 1@t assignable to the copper(l)-
nitrosyl species was observed (Figure 9c). Thistrea mixture upon standing overnight

under NO atmosphere resulted in the oxidation df)@a Cu(ll) by NO with simultaneous

X

TH-1573_11612208



1.5 0.5+

-
=
L

Absorbance

S
wn
1

100

%T

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

(@

T T 1
800 900 1000

800+

400+

Intensity
<

-400

-800

-1200+

200

80+

601

40

4

1712 em™!

250 300 350 400
Field (mT)

(b)

2050

1950 1850

Wavenumber (cm!)

(©

Figure 9 (a) UV-visible spectra of complex1 (blue), after 1 minute (black) and 24 hours (refd)
addition of NO in methanol and acetonitrile mixttes, v/v). (b) X-band EPR spectra of complex
3.1 (black), after 1 minute (violet) and 24 hours Jrexf addition of NO in methanol and
acetonitrile mixture (1:5, v/v) at 77 K. (c) FT-Bpectra of comple8.1 (black), and after addition
of excess NO (blue to red) in methanol and acettenmixture (1:5, v/v).

1650

formation of C-ONNQ A competitive side reaction also afforded HNO ethi

decomposed to XD and HO. NbO was detected using GC-Mass analysis. This support

the low yield of complex.2 (40%) and formation of compleX3.

TH-1573_11612208
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Chapter 4. Effect of ligand denticity on the nitric oxide reactivity of Co(ll) complexes

The NO reactivity of three Co(ll) complexekl, 4.2 and4.3 with ligandsL 3, L4 andL5,
respectively, have been studied. The ligands weepared by the general reaction of
mesitylaldehyde with corresponding amine followgdtbhe reduction of the imine with
NaBH,. Metallation was done by stirring the cobalt(Ijlaride hexahydrate with required
amount of the corresponding ligands in methanok Tomplexes were characterized by
spectral analyses and single crystal structurerm@tation. The ORTEP diagrams of the

complexes are given in figure 10.
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Figure 10 ORTEP diagrams of complexes @], (b) 4.2 and (c)4.3 (30% thermal ellipsoid plot,
H-atoms are omitted for clarity).

Addition of NO into the dry and degassed methaodit®on of complex4.1 and allowing
the mixture to stand for overnight resulted in fbamation of complexd.4a as brown
precipitate (Scheme 3). In FT-IR spectroscopy, demp.4a showed NO stretching
frequencies at 1862, 1782 ¢rtFigure 11b) which are assignable to the {Co(N&)unit.

Xii
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Spectral analyses confirmed the formation of thenglex. However, the X-ray quality
crystals were not obtained. To get X-ray qualitystals, the counter anion was replaced
by perchlorate aniom(@b). Single crystal structure of compldxdb (Figure 12) revealed
the presence of Co(l)-dinitronsyl, {Co(NJ° moiety where Co(l) in tetrahedrally

coordinated by two N-atoms from the ligand and N groups.

4 - 100
90:
34 80—~
7]

60

Absorbance
~
%T

50 1862 cm!

14 40
301 \ 1782 enr!
0 . T . T ; : 20 T T T T
400 600 800 1000 2500 2000 1500 1000 500
Wavelength (nm) Wavenumber (cm’)
(@ (b)

Figure 11 (a) UV-visible spectra of complek1 (black) and upon addition of excess NO (red) in
methanol. (b) FT-IR spectrum of compléxa in KBr pellet.

Figure 12 ORTEP diagram of complek4b (30% thermal ellipsoid plot, H-atoms are omitted fo
clarity).

In complex4.1, there were twa 3 units coordinated to the central metal. In comgletb,
only oneL 3 is present. Analyses of complédxa also support this formulation. When the
solution part of the reaction mixture was analyzéd presence of un-reacté® and

xiii
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dinitrosation productl(3) were observed in roughly equal proportions. Thetdisated
product was isolated and purified using column oiatography and crystallographic

characterization was done. The ORTEP diagram i&shio figure 13.

Figure 13 ORTEP diagram of modified ligand3 (30% thermal ellipsoid plot, H-atoms are
omitted for clarity).

On the other hand, addition of excess NO in thealg degassed methanol solution of
complex 4.2 led to the formation of comple#.5 (Scheme 3). In UV-visible study,
complexes 4.2 and4.5 exhibited absorption at 525 nry M™cmi?, 300) and 475 nme(
M™cm?, 521), respectively (Figure 14a). FT-IR spectruihcomplex4.5 in KBr pellet
exhibited a strong stretching band at 1659' @ssignable to the coordinated NO (Figure
14b). This low energy stretching band for metalasyl is consistent with Co(ll1)(NQ

or {Co(NO)}® formulation. In EPR spectroscopy, complek2 showed characteristic
signals, wheread.5 was EPR silent. This is also suggesting the &ivey of the cobalt
center and thus formally ®¢NO”) or {Co(NO)}® descriptions. ESI-mass spectrum of
complex4.5 exhibited a molecular ion peak at m/z 491.17.dditon, complex4.5 was
structurally characterized by single-crystal X-raystallography. Figure 15 shows the
ORTEP diagram of comple45. Complex4.3, in the similar reaction condition was not

found to react with NO even after several days.

Xiv
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Figure 14 (a) UV-visible spectrum of complek2 (black) and upon addition of excess NO (red) in
methanol. (b) FT-IR spectrum of compl&$ in KBr pellet.

ciz

Cl1

Figure 15 ORTEP diagram of comple45 (30% thermal ellipsoid plot, H-atoms are omitted fo
clarity).

Thus, while moving from complexetl to 4.3, the reactivity of the complexes towards
NO changed. In case of compldA, reductive nitrosylation of the metal ion took qea
resulting in the corresponding Co(l)-dinitrosyl; #ehin 4.2, addition of NO resulted in the
formation of [Cd'(NO)] and complexd.3 did not react with NO (Scheme 3). Hence, the
ligand framework including denticity has a consaide effect on dictating the NO

reactivity of a complex. In case of Co(ll) complex# tropocoronand ligands, it was

XV
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reported that the ring size of the ligand comstrihe reactivity by controlling the
tetrahedral character of the cobalt dinitrosylsrasguare planar oné.In case of complex
4.1, the formation of tetrahedral {Co(N&)° is favourable from the structural as well as
redox potential point of views. In complexé2 and 4.3, the ligand frameworks do not

prefer tetrahedral geometry as such.

Chapter 5: Reaction of a Co(ll)-superoxo complex with nitric oxide: Formation of

Co(l11)-nitrite complex

In chapter 4, it has been observed that comff@xlid not react with NO. Addition of K©
to acetonitrile solution of comple#.3 at -40 °C resulted in a dark green solution of

complex5.1 (Scheme 4). Complek.1 is stable for a couple of days at bellow 0 °C.

XVi
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Addition of pre-cooled ether followed by keepingetimixture in freezer for 2 days

afforded the precipitate of compléx.

+ +

N/\\ N
(\ 1//\5’“\/ Mes KO, (\ )
Mes. . N—Co% —_—>» | N c
VH HN CHCl3, -40 °C NH l

o)

\— Mes \/Mes

Cl

o
43 5.1

Scheme 4

ESI-mass spectrum of compl&x displayed a peak at m/z = 633.51 which corresptmds
the Co(ll) superoxo complex. The isotopic distribatpattern also corresponds to the
same. In FT-IR spectrum, a stretching frequencytG&7 cni assignable to the metal
bound superoxo species was observed. Upon additibi© to the acetonitrile solution of
complex5.1 at -40 °C, the green solution changed to pinkvds found to decompose to

afford complexs.2 (Scheme 5).

UV-visible monitoring in acetonitrile solution, cquiex 4.3 absorbs at 480 and 590 nm
(Figure 16). Upon addition of equivalent amounk@¥,, these bands disappeared with the
formation of ~420 nm band corresponding to metainobsuperoxide. In presence of NO,
the absorption at 420 nm disappeared with the foomaf new absorption centred at 560
nm. It was found to be unstable and gradually etito545 nm. In FT-IR spectrum, the
peak around 1067 chalso disappeared after addition of NO. Isolatioh toe
decomposition product revealed the formation of glex5.2. Analyses confirmed the
formulation of 5.2 as the corresponding nitrite complex. It was ctiarized by X-ray
structure determination, also. The perspective ERRTView of the complex is given in
figure 17. The formation d.2 suggests that the reaction proce@dshe formation of

Xvii

TH-1573_11612208



1.5

Absorbance

400 500 600 700 800 900
Wavelength (nm)

Figure 16 UV-visible spectra of comple#.3 (black), upon addition of 1 equiv of kdgreen),
after 1 minute (blue) and 30 minute (pink) of paggNO chloroform at -40 °C.

corresponding peroxynitrite intermediate. It wasthHar supported by the characteristic
oxidative dimerization reaction of 2,4-tirtbutylphenol to result in 2)2lihydroxy-

3,3,5,5-tetratert-butylbiphenol (~35%).

* +

(\N/\\ . (\N/\\ A
\ Ve \/Mes CHCL;, NO \ v \/Mes
—>

Mes,  N—Col

“H HN -40 °C NVH \HN
o \— Mes o ° \_—Mes
= N/
o N—O
5.1
Peroxynitrite [ntermediate
RT
+
N/\\
(\| yd H\/Mes

Mes,  N—Col

OzN/ \N 02\/ Mes

5.2

Scheme 5
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cn

Figure 17 ORTEP diagram of complex 2. (30% thermal ellipsoid plot, H-atoms are omitted fo

clarity).
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Chapter 1

Introduction

1.1 General aspect of nitric oxide

Nitric oxide (NO) is a neutral free radical gas molecule. It has attracted a considerable
research interest since its discovery as a signalling molecule in cardiovascular system.™?
Later on, it has been found to play the key roles in vasodilatation, muscle contraction,
apoptosis facilitation and neurotransmission.® Subsequently, a number of disease states
have been identified involving NO imbalances and this has triggered an extensive research
activity into the chemistry, biology, and pharmacology of NO.™* Most of the roles played
by NO in biology are attributed to the formation of nitrosyl complexes of the metallo-
proteins, mostly iron or copper.® Hence, the binding and activation of NO with/by
transition metal ions/‘complexesis a potential field of research. In this direction, iron, both
in the protein and model systems, has been studied extensively. NO reactivity of copper
and other first row transition metal ions and their complexes has been reported to some

extent, though not as extensive asi ron.®

In ametal complex, the character of the NO ligand can range from that of a nitrosyl cation
(NO"), which binds to the metal with an M-NO angle of ~180°, to that of a nitroxyl anion
(NO), for which a bond angle of ~120° might be anticipated. The ability to form a stable
NO complex and the structure of that species depend strongly on the oxidation state of the
metal. NO has been found to interact reversibly with many metal complexes to form stable
nitrosyls.” The binding in these complexes is similar to the coordination of dioxygen to
such metal centres, athough the nitrosyl products are far more stable and easy to

characterize than are their superoxo analogues. For example, nitroprusside anion,
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[Fe(CN)s(NO)]? is perhaps the earliest discovered nitrosyl complex, and it remains the

subject of intense research efforts®™*

Solomon and co-workers have studied the {Fe-NO}’ coordination complexes such as
[FE(NO)(EDTA)] and [Fe(L)(NO)(N3),] (L= triazacyclononane and derivatives) in a great
detail using diverse spectroscopic and analytical techniques. These studies reveaed that
the {Fe-NO}’ complexes to be best described as a high-spin ferric ion (S = 5/2)
antiferromagnetically coupled to NO™ (S= 1).***®Borovik and co-workers reported a series
of trigonal bipyramidal {Fe-NO}’ complexes with tripodal ligands derived from tris-
(carbamoylmethyl) amine. Spectral analyses suggest an electronic configuration of
[Fe(111)-NO1.**% Examples of the diiron dinitrosyl complexes, [Fes(u-Et-HPTB)(u-
O,CPh)(NO),|[BF4]..3MeCN  {Et-HPTB=N,N,N’,N'-tetrakis(N-ethyl-2-benzimidazoly!
methyl)-2-hydroxy-1,3,diaminopropane} as a model for the binding of O, to non-heme
iron proteins have been reported by the Lippard's group.”* The iron nitrosyl complexes
[FE(NO)X(CHCH,SCsH4-0-S)7] (X = NR, S) have also been cited as models for the active

sites in nitrogenase enzymes.?>*

1.2 Nitric oxidereactivity of cobalt and copper complexes

In an early report, Caulton and co-workers, synthesized [(TMEDA)Co(NO),][BPh,] from
the reaction of CoCl,, two equivalents of tetramethylethylenediamine (TMEDA) and NO
in dry methanol followed by addition of NaBPh,.?> Later on, this dinitrosyl was used for
synthesis of other cobalt nitrosyl complexes.”® Lippard's and Hayton's group extensively
studied the formation of different type of metal nitrosyl with Fe, Co, Mn, and Ni metal.’

Lippard and co-workers reported the formation of a B-diketiminate supported cobalt
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dinitrosyl, (Arznacnac) Co(NO), complex which. Chemica reduction of this dinitrosyl

afforded corresponding { Co(NO)2} ! system (Scheme 1.1).%2

iPr@
lPr

{Co(NO}'" {Co(NO), !

Scheme 1.1

Recently, they demonstrated the influence of tetraazamacrocyclic tropocoronand (TC)
ligands on the NO reactivity of their Co(ll) complexes. They reported that [Co(TC-3,3)],
[Co(TC-4,4)] and [Co(TC-5,5)] reacts with excess NO to give mononitrosyl complexes
which have been isolated and structurally characterized. On the other hand, [Co(TC-6,6)]
upon reaction with NO, resulted in {Co(NO),}'° species. This further decomposed to

[Co(NO,)(TC-6,6)] complex (Figure 1.1).%°

[Co(TC-5,5)NO] [Cox(TC-6,6)(NO),|

Figure 1.1 Some of structurally characterized cobalt nitrosyls.
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Darensbourg and co-workers reported a series of cobalt nitrosyl complexes supported by a
number of NS, ligands, including bme-daco (N,N’-bis(2-mercaptoethyl)-1,5
diazacyclooctane), bme*-daco  (N,N’-bis(2-methyl-2-mercaptoethyl)-1,5-diazacyclo
octane) and bme-dach (N,N’-bis(2-mercaptoethyl)-1,5-diazacycloheptane) (Scheme 1.2).
These complexes exhibit a square pyramidal coordination environment and a { Co(NO)}®

electronic configuration.®

s Ao
=s A |7S
>N \/ NO 2 /CO\S
N\
Stg/\l\l> >
S\//AN/> [CoNOR S

Scheme 1.2

The reactivity of NO with cobalt porphyrins is also well-studied.® One notable recent
development was the detection of a series of six coordinate cobalt(nitrosyl) porphyrin
complexes in the solid state by Kurtikyan and co-workers (Scheme 1.3). Low-temperature
interaction of nitrogen base ligands with layered Co(TTP)(NO) {(TTP=meso-
tetratolylporphyrinato dianion} as well as its toluene solution leads to the formation of the
first six-coordinate species of the general formula (B)Co(TTP)(NO) (where B = piperidine
and pyridine). The v(NO) stretching bands of these species appear at lower frequencies
compared with the five-coordinate nitrosyl derivative and depend on the nature of the trans

axial ligand.®

N//O N//O
B, li
B

B - pyridine, piperidine

Scheme 1.3

TH-1573_11612208



Chapter 1

Lippard and co-workers reported the formation of N-nitroso amine in dansyl substituted
piperizine ligand of carboxylate bridged cobalt complexes. They observed reductive
nitrosylation of cobalt centre to produce a carboxylate bridged cobalt dinitrosyl complex

(Scheme 1.4).3

0 ? Ds-pip A 1) L O O
E j Ar-COOI

Scheme 1.4

Unlike cobalt nitrosyls, copper(ll)-nitrosyls are rarely characterized. Several theoretical
and matrix-isolation studies on copper(l1)—nitrosyl complexes have been reported.®*
There have been a number of examples from our group which demonstrated that reduction
of Cu(ll) centre by NO proceeded through the unstable [Cu(ll)-NQ] intermediate and
afforded N-nitrosation in the ligand frameworks. For example, copper(ll) complex of tris-
(2-isopropyl aminoethyl)amine on reaction with NO afforded reduction of Cu(ll) centre

with simultaneous tri-nitrosation of the ligand (Scheme 1.5).%

N H N-y
~ NO N~ -H + Cll(I)
C NO N
H / “\]/V Acctonitrile \< ~N—NO
H
NCCH, /K
Scheme 1.5

Copper(I1) complexes of ethylenediamine and its substituted derivatives react with NO to

result in the reduction of Cu(ll) and mono- and di -nitrosation of the ligand (Scheme 1.6).%°
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2+
H
W \N/H TO To

~ ~

R~ . "R NO
N R + N R

u —_— e
R\N/ N R Acetonitrile R \/\ﬁ R/ \/\N/

N
H/ \_/ \H 1!10

H

+ R/N\/\N/R + Cu)
H

R = Methyl, ethyl and iso-butyl

Scheme 1.6

It has been found that N-bound nitrosyls are more stable than O-bound nitrosyls. Hayton
and co-workers reported the isolation and structural characterization of a copper nitrosyl
[Cu(CH3NO,)5(NO)][PFg)2, with a { Cu(NO)} o configuration (Figure 1.2). Here, Cu-N-O
angle is found to be 121.0(3)°. This complex shows vno at 1933 cm™ in FT-IR spectrum in

nujol. This complex was reported to react with mesitylene to form [mesitylene, NOJ[PFg]

and [Cu(r*-1,3,5-Me;CgHa),][PFs] by transfer of NO' to the mesitylene ring.**

o 0
\N/ N o | ®Fen

Figure 1.2 Example of structurally characterized copper(I1) nitrosyl.

From our group, it is reported that addition of NO to Cu(ll) complex of bis(2-ethyl-4-
methyl-imidazole-5-yl)methane results in generation of corresponding [Cu(l1)-NO], which
can be isolated as a solid (Scheme 1.7). The product was characterized by elemental
analysis, ESI-mass spectrometry, UV-visible, EPR, and IR spectroscopy. The complex is
EPR silent and exhibits a low NO stretch (1662 cm®). A DFT study predicts a Cu''(NO")

6
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electronic configuration for this complex, in which the NO moiety is bound to the
equatorial plane of square pyramidal complex. This[Cu(l1)-NO] species was found to react

with H,0O, to resulted Cu(l)-NOs via formation of a unstable peroxynitrite intermediate.*?

2+

AN
¢
sl
Z

(T
Z

/

NO

=N
\ C
\>§N Nﬁ(’ "Nl e

Scheme 1.7

In another report a stable Cu(l1)-NO complex of histidine derived ligand { methyl (2-
hydroxyphenyl)histidinate} was synthesized and characterized by various spectroscopic
techniques. Addition of H,O, to this complex at -20 °C results in the reduction of Cu(ll)

centre and nitration of ligand via putative formation of peroxynitrite intermediate (Scheme

1.8).8

NH
; 7 o\
‘i\ O \cetonnnle /CU_NO
/ N\ Cu\
\cetonitrile
+ [Cu(CH;CN),|t + NOj;
O,N
Scheme 1.8
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1.3 Scope of the thesis

This thesis originates from our interest to study the redox reaction of NO assisted with
transition metal complexes. Initial aim of the thesis was to synthesize stable metal—nitrosyl
complexes and to study the redox reactivity of the coordinated nitrosyl. Since most of the
roles played by NO in biological systems are attributed to the formation of nitrosyl
complexes of the metallo-proteins, this work would have been helpful to understand the
basic chemistry involved in biological reactions. To achieve those, the reactivity of Cu(ll)
complexes of N-donor ligands have been studied and described in second and third
chapters of the thesis. In both the cases, initia attack of NO resulted in the reduction of
Cu(l1) centre to Cu(l) and the Cu(l) intermediate complex thus formed further reacts with
excess NO to afford N2O. In chapter 2, the N,O moiety is found to bind with metal centre
to give a stable nitrous oxide complex. DFT calculation suggests that N,O binds to copper
centre through nitrogen atom. It loses N,O easily in solution indicating a weak binding of

N-O to the metal ion.

In chapter 3, NO reactivity of a copper complex of imidazole based ligand is studied. The
reaction describes c-nitrosation of aligand by NO with concomitant reduction of Cu(ll) to
Cu(l). The corresponding Cu(l) complex with C-nitrosylated ligand further reacts with NO
to give Cu(1)-NO intermediate. This Cu(l)-NO intermediate reacts with another equivalent
of NO to form N-nitrosohydroxylaminato complex or decomposes to Cu(ll) complex of c-

nitrosylated ligand and N»O.

Since cobalt-nitrosyls having { CONO}® configuration are known to be stable, the fourth
chapter has been originated from our interest to develop stable { CONO}® complex. It has

been reported in literature that Co(ll) centres react with different ways with NO. For
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instance, in some cases, they undergo reductive nitrosylation; on the other hand, smple

adduct formation is aso known. In this connection, fourth chapter of this thesis describes a

comparative account of the roles of ligand frameworks to control the NO reactivity of

cobalt complexes. The fifth and final chapter describes the oxidation of NO in presence of

a Co(Il)- superoxo complex.
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Chapter 2

Nitric oxide reactivity of Cu(II) complex of N- donor ligand:

Formation of a stable nitrous oxide complex

Abstract

A Cu(ll) complex, 21 of ligand L1H; {L1H3; = 2,2',2"-(((nitrilotris(ethane-2,1-
diyl))tris(azanediyhyris(methylene)) triphenol}, was synthesized and -charaed
structurally. Addition of excess nitric oxide toethdegassed acetonitrile solution of
complex2.1 at room temperature resulted in a transient caerkgpecies followed by a
deep bluish green solution. This solution affordedark precipitate of complex2 when
allowed to stand at room temperature for 3 housnflex2.2 was characterized as stable
[Cu(I)-N20O] complex of the ligandL1H;. Spectroscopic and analytical techniques
confirmed the formulation a2.2 unambiguously. DFT studies suggest tha®Ns bonded

to the Cu(ll) centre through terminal N atom intw@u-N-N angle of 135.2°.
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2.1 Introduction

Nitrous oxide (NO) is a potential greenhouse gas and is involveatardepletion of
stratospheric ozorneThe NO level in the atmosphere is primarily modulatedttosy
biological nitrification and denitrification procsss involving metalloenzymés-or
example, nitrous oxide reductase(R), a copper containing enzyme, catalyses the
reduction of NO to N; [equation 2.13>

N,O + 2H + 26— N, + H,O (2.1)
These metalloenzyme promoted processes have teidgewide range of research
including the binding and reactivity of,@ with transition metal ions. For instance,
a set of Cu-ZSM-5 material has been developed whe@ decomposes to A
However, NO is known to be a poor ligand because of its lopoleé moment as
well as weako- donor andn- acceptor properties.Despite intense interest in
transition metal mediated,R activation, only a very limited number of exangle
of metal complexes containing the®lligand have been identified since the report
of  [Ru(NH)s(N2O)]** and [{Ru(NH)s}o(1-N2O)]** by Taubé Initially,
[Ru(NHz)s(N20)]*" was characterized in solution; but it was isoldsdr as a solid
with different counter anions.é. CI', Br, BF, etc.)! Jamest al. reported anin situ
synthesis and NMR spectroscopic characterizationthef RU(N-O) complex,
[RuClL(n*-N20)(P-N)(PPB)] {P-N = [o-(N,N-Dimethylamino)phenyl]diphenyl
phosphine}ff However, none of these was characterized struturall other
attempts to isolate X0 complexes of other transition metal ions resuitedhe
corresponding metal oxide, nitride or nitrosyRecently, Changt al. reported the
single crystal X-ray structure of the metal@complex, [(tp¥*9)V(N-0)] {tpaVes =

trismesityl pyrrolide} in a vanadium-pyrrolide systéfhzhou et al. reported the

15
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synthesis of [CICu(BD)] trapped in solid argon by co-deposition of lase
evaporated metal chlorides with® in excess argot.However, till date, there is
not even a single example of a stabl@®Nomplex of copper in any oxidation state
that is known in literature.

This chapter describes the formation of a Cu(WBPNomplex which has been isolated as
solid. Even after many efforts we could not get ¥zeay quality crystal of the complex
2.2. However other spectral analyses and physical uneaeents establish the formation of

the complex unambiguously.

2.2 Results and Discussion

The ligand,L1H3; (L1H3 = 2,2',2"-(((nitrilotris-(ethane-2,1-diyl}tris-(azanediyl))
tris-(methylene)) triphenol) was prepared by treatimg (2-aminoethyl)amine with

3 equivalents of salicylaldehyde in ethanol sohltiollowed by the reduction of the
corresponding imine with sodium borohydride (Expental Section).
Microanalysis, FT-IR!H and**C NMR and mass spectral analyses confirmed the
formation of the ligand (Experimental Section). Gidex 2.1 was prepared by the
reaction of copper(ll) perchlorate hexahydratenveih equivalent amount of ligand
in methanol (Scheme 2.1; Experimental Section)cBpscopic analyses as well as
a X-ray single crystal structure determination aonéd the formation of the mono-
nuclear complexX.1, [(L1H2)Cu](ClO,) (Experimental Section). The ORTEP view
of complex2.1 is shown in Figur@.1. The list of crystallographic data is given in
table 2.1. The structure revealed that the Cu@ih)is surrounded by four N-atoms
and one phenolato-O atom from thelH, moiety in a trigonal bipyramidal
geometry. The calculated structural parametdf.88), also suggests the existence

of a trigonal bipyramidal geometry.

16
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“Op Q
MeOH o ClO + -
Qj N OH  , Cu(Cl0y),.6H,0 ——— \ L OH |(CI0y + W' + Cl0;
Ve
L) jN‘ HoN (I:u N
u i

OH N H

L1H; Complex 2.1

Scheme 2.1

In UV-visible spectroscopy, the acetonitrile sabati of complex 2.1 displayed an
absorption centered at 670 nm {68 M*cm™) and 430 nmg{ 722 M'cm?) along with
other intra-ligand transitions in the lower wavejts (Appendix | and figure 2.2). The
absorption band at 670 nm is assignable td-catransition and the 430 nm band is
attributed to the phenolateCu(ll) charge transfef> Complex2.1 in the acetonitrile at 77
K showed the characteristic signal for a Cu(lf) in the trigonal bipyramidal geometry in
the X-band EPR spectroscopyThe observed parameters are 2330, g, 2.08 and A

156.5 x 1d" cmi* (Appendix I).

Figure 2.1 ORTEP diagram of compleX1 (30% thermal ellipsoid plot, H-atoms are omitted fo
clarity).

17
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Table 2.1 Crystallographic data table for compl2x.

2.1
Formulae G7 Hss Cly Cuy N4 Oy
Mol. wt. 626.58
Crystal sy<err Orthorhombi
Space grou Pbc:
Temperature /K 293(2)
Wavelength // 0.7107:
alA 10.9282(3
b /A 16.9760(4
c/ 30.7783(6)
al° 90
B/° 9C
v/° 90
VI A® 5709.9(2)
Z 8
Density/Mgni® 1.458
Abs. Coeff. /mnit 0.910
Abs. correction None
F(000) 2616.0
Total no. of reflections 5163
Reflections| > 26(1) 430<
Max. 20/° 25.25
Ranges (h, k, I) -K8h<10
-21< k<20
-29<1<38
Complete to 2 (%) 99.8
Refinement method Full-matrix least-squares-on
Goof F?) 1.119
R indices [ > 206(1)] 0.0375
R indices (all data) 0.0479

Chapter 2

Nitric oxide reactivity

Addition of excess Ng) to the degassed acetonitrile solution of comeix at
room temperature resulted in a transient colordpexies followed by a deep bluish

green solution (Scheme 2.2). Upon keeping the isolat room temperature for 3 h,

18
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Absorbance
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Figure 2.2 UV-visible spectra of comple®.1 (black), after addition of stoichiometric
amount (violet) and excess (red) of NO(Q) in acitibe solution at room temperature.

dark brown precipitate of compléx2 was obtained (Scheme 2.2). It is to be noted
that addition of an equivalent amount of jldnto a degassed acetonitrile solution
of complex2.1 resulted in the same colorless species. In thevidMle spectrum,
the d-d band of complexX2.1 disappeared after the addition of a stoichiometric
amount of N@ (Figure 2.2)'2 The reaction mixture was found to be EPR silent at

77 K (Figure 2.3} Furthermore, it displayed well resolved signalshieH-NMR

+ 2+

0,
@ N
o} NO Colorless Transient N \
\ Nen OH ——— | Species, & N NZH OH | NOy
A Acetonitrile EPR Silent |,
H‘N_?“‘JN‘ H’N_?‘ﬁN‘
on A Jn on \_tZJm
Complex 2.1 Complex 2.2
Scheme 2.2
19
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spectrum (Appendix 1). In addition, when the reawctiwas carried out in the
presence of a drop of methanol, GC-Mass analyséseafeaction mixture revealed
the formation of methylnitrite (MeN£) (Equation 2.2). Thus the spectral studies

suggest the reduction of the Cu(ll) center by NO.

[(L1H2)CU"|(CIO4) + NO +CHOH—> [(L1H3)CU](ClO4) + CHNO, ----- (2.2)

When this solution was stored in a freezer undeam@on atmosphere for 10-12
days, [Cu(CHCN)4](CIO4) was crystallized out and unreacted ligand wakisd
almost quantitatively (Appendix ). This is attriled to the higher thermodynamic
stability of [Cu(CHCN).](CIO.) compared to [(L1B)CU](CIO.) (Equation 2.2}3?
However, air and moisture sensitivity of the cadsd solution precluded its
isolation and characterization as a solid. Thus,dblorless species is presumably
the corresponding Cu(l) complex which is formedhe reaction of the complex1
with NO (Equation 2.2).

This Cu(l) intermediate reacted further with exchi€3g to result in complexX.2.
The acetonitrile solution of compleX2 displayed absorption &8 nm ¢, 17,550
M™cm™®) and 575 nmg 260 M'cm™) (Appendix I). The phenolateCu' charge
transfer band of compleX1 disappeared in compleX2. This is attributed to the
fact that the phenolate group is no longer cootdihao the Clicenter in complex
2.2. The presence of a mono-nuclear' @n in complex2.2 was further confirmed
by the characteristic signals in the X-band EPR®&pm in acetonitrile (Figure 2.3).
In the FT-IR spectroscopy of compl&®, two new stretching frequencies at 2153

cm* and 1175 cnl were observed in addition to the others (Figud. ZThese are

20
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isotope sensitive and appeared at 2093 and 1163 cespectively, uporN
labelling (Figure 2.4). The band at 2153 tand 1175 ci are assignable to the N-
N and N-O stretching frequency of the metal boun®.Nn [Ru(NHs)s(N2-O)]Bro,
these bands appeared at 2231 and 1157, amspectively* In case of the
structurally characterized vanadium&@ complex, the BD stretching frequency
was observed at 2289 &mwhich was shifted to 2217 ¢hupon®N labelling® In
the present case, the observed N-N stretching déremu is lower than that in
reported compounds. The application of vacuum te thethanol solution of

complex2.2 at 25 °C, resulted in the disappearance of th&chirg frequency at

600 -
400

200

=
| .

> L
)
- p— -
w2
= =200 /
Q
E p
= -400 M-
-600-
-800
1000 H
-1200 T T T T T T T T T T 1
200 250 300 350 400 450
Field (mT)

Figure2.3 X-band EPR spectra of compl2a (black), after addition of equivalent amount (gree
and excess (red) of NO(g) in the acetonitrile Atz (The spin quantification data are given in

Appendix I).
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Figure 2.4 FT-IR spectra of comple2.2 from the reaction ot'NO (red) and”NO (blue)
with complex2.1, respectively, in KBr pellet.

2153 cn leading to the precipitation of compleXl with a small amount of
[(L1IH2)CuU](NO,) (ca. 8-10%) (Appendix 1). When compleX?2 in solid state was
subjected to the application of vacuum at the stemperature, the 2153 c¢hiband
diminished slowly. This suggests a weak bondingvben the Cu(ll) center and the
N2O ligand. It would be worth mentioning that the Eggion of vacuum to the
solution of [(tpd®9)V(N-0)] leads to the disappearance efN\stretching. However,
in solid even after 18 h of vacuum application,rémains unchangéd. This
difference suggests that the metaleNbinding is much weaker in case of the
present Cu(ll)-NO complex compared to the [(HFRV(N.O)].

In addition, heating to a temperature of 120 °®© atsulted in the loss of & from
complex2.2. TGA-DSC studies suggest that the loss corresptindese unit of NO

(Appendix ).
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Further, the formation of compleX2 was supported by ESI mass spectrometry.
The calculated formula weight of the dicationic Jfis)Cu'(N,0)]*" is 571.22. In
the mass spectrum, the m/z ion peak appeared &a@8alculated: 285.61) which
corresponds to the m/2 ion peak. Thus, it indicates existence of the

[(L1H3)CU'(N,O)]** complex (Figure 2.5).

100 - 285.50 a) 1004 285.50
285.98
286.47
295 286 287 288 289 290
m/z
0
Yo g b) 10[1-285'61
286.11
286.61
ol J VU IA
285 286 287 288 289 290
llm l m/z
T .h_ll T T I‘ T T T T T T T T T 1
200 300 400 500 600 700 800 900
m/z

Figure 2.5 ESI mass spectrum of compl@2 [Inset: (a) Experimental and (b) Simulated
isotropic distribution pattern] in methanol.

Along with the spectroscopic characterization, waght chemical evidence of the
formation of complex2.2. In metal-NO complexes, oxygen atom transfer to
triphenylphsphene (PBhfrom N,O has been reported earlier as a characteristic
reaction:> Upon addition of PPhto the methanol of comple®.2 under an Ar
atmosphere, the band at 2153 twas found to disappear (Appendix HP-NMR

study of the reaction mixture indicates the presesfdOPPh Thus, the oxo transfer

23
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from complex2.2 to PPh is evident (Appendix 1).1t is expected that in the oxo
transfer reaction, Nvould be found® Attempts were not made to quantify this N
The formation of MO from NO can be envisaged by considering the faomeof
an intermediate Cu(l)-nitrosyl complex followed kg reaction with excess NO.
This has been confirmed by FT-IR and ESI-mass spmettric studies of the
reaction mixture. In mass spectrometry, just adigdition of 2-3 equivalent of NO
in acetonitrile solution of comple®.1l, a peak at m/z, 557.13 was observed
(Appendix ). This is attributed to the correspargli{CUNO}° intermediate
(calculated; m/z, 557.21) In the FT-IR spectrum tbé reaction mixture, the
appearance of the 1695 ¢mband indicated the formation of the [CuN®]
intermediate (Appendix I).

This leads to the simultaneous formation of the,N®n® The presence of a
stretching frequency at ~1338 ¢rin the FT-IR spectrum of compleéX2 suggests
the formation of N@. This peak was found to shift to 1315 tmwhen!®NO was
used. The highly reactive nature of the {CuN®jntermediate precluded its

isolation and further characterization.
DFT studies

Since X-ray quality single crystals were not avalgéa DFT calculations have been
performed to optimize the geometry of compRR and also to understand the Cu-
N.O bonding. DFT calculations using Turbomol 7.0 weeeformed with the TZVP
basis set (Appendix fY. The structure of the cation of compl2d was optimized
using the LanL2DZ basis set (Appendix 1). Then ctaxj2.2 was optimized to a
stable minimum. The optimized structure of comp®X is shown in Figure 2.6.

The NO moiety is coordinated to the Cu center from tl@&laposition of the

24
TH-1573_11612208



Chapter 2

overall trigonal bipyramidal geometry,® is bonded to Cu through the terminal N-

atom in a bent geometry. The calculated Cu-N-NeamglL35.2 and the N-N-O

Figure 2.6 The optimized structure of compl@ (color scheme: copper: reddish brown,
carbon: black, oxygen: red, nitrogen: blue. Hydrogeoms are removed for clarity).

angle is 169.2 In case of [Ru(NBs(N20)]**, DFT calculations shows a linear
binding mode of MO through the terminal N-atoffi. In the structurally
characterized pO complex of vanadium as well the®l is found to bind linearly.
The difference in bonding is in agreement with thieserved MO stretching
frequency’® The linear [Ru(NH)s(N-O)]* or vanadium complex show higher
stretching frequency compared to that in the baniNgD.*°** The calculated Cu-
NNO distance is 2.05 A. N-N and N-O distances ajrdmated NO are 1.16 and
1.20 A, respectively. In the [Ru(Np$(NNO)]** complex, the calculated Ru-NNO,
N-N and N-O distances are 2.027 A, 1.164 A and 3 &3respectively? On the
other hand, in the [(t}&5)V(N20)] complex, the metal4D distance is 2.138 A;
whereas N-N and N-O distances ofNare 1.119 and 1.186 A, respectivily.
Thus, the calculated bond distances are closehdset of the [Ru(NE)s(NO)]**

complex**
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In order to understand the bonding from the IR dierty perspective, the IR
frequencies for the free ;@ molecule were calculated first. The calculatedN N-
stretch was at 2273.81 &mThis stretching frequency was found to decrease t
2152.58 crit while calculated for comple.2 (Appendix 1). The FT-IR studies of
the experimentally isolated complg@ shows this(N-N) at 2153 crit.

The UV-Visible spectrum for the compl@2 has been calculated at the same level
of theory as taken for the calculation of the IRecdpum. It would be worth
mentioning that the calculated and experimentaligeoved UV-visible spectra of
complex2.2 are in very good agreement.

Natural bond orbital (NBO) analysis was done ineortb understand the nature of
metal-NO bonding in complexX.2. Emphasis was given on the Cu-N and N-Cu
bonding interactions since these are the mostfgigni ones. The lone pair) of

N=N of N,O donates to the Cu orbital through sigma dongfaogure 2.7). The

Figure 2.7 The picture shows the strong signed interaction between the lone pair of N and d-
orbital of Cu in comple®.2. The hydrogen (H) atoms have been removed foitgldhe iso-value
is 0.05.

calculated interaction energy is 36.0 kcal/mol(Amgi& 1). The DFT calculations
suggest that an increased transfer of electronitgednem the reduced Cu-centers to

the bridged MO unit is responsible for the-® binding in NOR enzymé® *®On
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the other hand, in the [Ru(N}(N20)]** complex as well tha-back bonding was

found to be the key to stabilizing the metaliNbond**

2.3 Experimental Section
2.3.1 Materials and methods

All reagents and solvents of reagent grade werehased from commercial sources and
used as received except specifiellO was purchased from Icon Isotopes. Deoxygenation
of the solvent and solutions was effected by bulgpbhvith nitrogen or argon for 30
minutes. NO gas was used from a cylinder afterfipation using standard procedure. The
dilution of NO was effected with argon gas usingiEonics Series 4040 computerized gas
dilution system. UV-visible spectra were recordedAgilent HP 8454 dioad arrey UV-
visible spectrophotometer. FT-IR spectra of thadsshmples were taken on a Perkin
Elmer spectrophotometer with samples prepared as pdlets. Solution electrical
conductivity was measured using a Systronic 305deotivity bridge.'H-NMR spectra
were recorded in a 400 MHz Varian FT spectrome@memical shifts (ppm) were
referenced either with an internal standard {Mgor to the residual solvent peaks. The X-
band Electron Paramagnetic Resonance (EPR) spestearecorded on a JES-FA200 ESR
spectrometer, at room temperature or at 77 K witicrawave power, 0.998 mW;
microwave frequency, 9.14 GHz and modulation amgét 2. Mass spectra of the
compounds were obtained in a Waters Q-Tof Premmdr Aquity instrument. Elemental
analyses were obtained from a Perkin Elmer Seti@salyzer. The magnetic moment of

complexes was measured on a Cambridge Magnetion&ala

Single crystals were grown by slow evaporation némphe. The intensity data were

collected using a Bruker SMART APEX-II CCD diffracheter, equipped with a fine
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focus 1.75 kW sealed tube Mgkadiation § = 0.71073 A) at 273(3) K, with increasiag
(width of 0.3° per frame) at a scan speed of &siér. The SMART software was used for
data acquisition’ Data integration and reduction were undertakerh VBAINT and
XPREP softwaré® Structures were solved by direct methods using ISE897 and
refined with full-matrix least squares &% using SHELXL-972* Structural illustrations

have been drawn with ORTEP-3 for Windoffrs.
2.3.2 Computational details

The intermediate that has been proposed in themsetshown above has been studied
computationally through quantum chemical calculaiavith density functional theory
(DFT). The calculations have been carried out Withbomole 7.8" using the TZVP basis
set’ Geometry optimizations were performed using thed®e, Burke, and Ernzerhof
functional (PBE)? Dispersion corrections have been included inhelidalculation$® The
resolution of identity (RA’ along with the multipole accelerated RI (ma&fij)
approximations have been used for an accurate fiilcteit treatment of the electronic
Coulomb term in the DFT calculations. Solvent catigns have also been included in all
the calculations using the cosmo modelith epsilon §) = 37.5 employed, to model the
acetonitrile solvent. Frequency analysis has beenedfor the Cu-BD complex
intermediate. Furthermore, natural bond orbital YBanalysis and time dependent
density functional theory (TDDFT) calculations hawéso been performed for this
complex. The NBO analysis was done with Gaussiawi@®® the PBEPBE functional and
the TZVP basis set and the solvent correction veaee dvith PCM (10) with acetonitrile

{(e) = 37.5} as the solverit.
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2.3.3 Synthesis of ligand L 1H3

Tris-(2-aminoethyl)amine, (1.46 g, 10 mmol) was added0 ml ethanol in a round
bottom flask. To this salicylaldehyde (3.66 g, 3thah) was added drop wise with constant
stirring. The reaction mixture was stirred for luhat 60°C. The volume of the solution
was reduced to 15 ml and kept in the freezer fohdirs which resulted in the precipitate
of the corresponding Schiff base. The Schiff baas filtered out and dried. Yield: 4.00 g
(90%). It was then reduced by sodium borohydridetianol. The solvent was dried under
reduced pressure. 50 ml of water was added tortideanass and then neutralized with
dilute acetic acid. The organic part was extraci&dg chloroform (25 mk 3 portion) and
dried under vacuum to give pure ligabdHs;. Yield: 2.5g (60%). Elemental analyses for
Co7H36N4Os, calcd (%): C, 69.80; H, 7.81; N, 12.06; found (%) 69.70; H, 7.82; N,
12.15. FT-IR (in KBr): 3230, 1590, 1455, 1416, 135258, 1105, 1034, 754 ¢m'H-
NMR (400 MHz, CDCY) é,pm 2.56 (t, 6H), 2.69 (t, 6H), 3.95 (s, 6H), 6.76, (i), 6.93
(d, 3H), 7.12 (t, 3H)*C-NMR (100 MHz, CDCJ) 8ypm 46.2, 52.6, 54.4, 116.5, 119.2,

122.5, 128.6, 128.9, and 158.2. Mass (m/z): Caléd.28, found: 465.43 (M+1).
2.3.4 Synthesis of complex 2.1, [Cu(L 1H,)](CIOy)

Copper(ll) perchlorate hexahydrate (0.370 g) wasalved in 20 ml of MeOH in a 50 ml
round bottom flask. 0.464 g of ligahdlH3 in methanol was added to this solution and
stirred for 1 hour. The green precipitate resulted filtered and dried in vacuum. Yield,
0.50g (80%). Elemental analyses fortssCIN,O;, calcd (%): C, 51.76; H, 5.63; N, 8.94;
found (%): C, 51.80; H, 5.60; N, 9.02. FT-IR (in KB3260, 3229, 1610, 1597, 1572,
1450, 1247, 1088, 761, 622 ¢mUV-visible (in acetonitrile): 670 nmeAM™ cm™, 168),

430 nm ¢/ M em™, 722);1obs: 1.51 BM; Molar conductivity: 142 S ctmol™; g = 2.30;
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gL = 2.07 and A= 156.510* cm*. Mass (m/z): Calcd: 526.20 for [Cu(L3}, found:

526.21.
2.3.5 Synthesis of complex 2.2, [Cu(L 1H3)(N20)](ClO4)(NO>)

To 20 ml of distilled and degassed acetonitrilausoh of complex2.1 (500 mg), freshly
prepared NO was bubbled for 5 minutes. The gredor @ the solution turned bluish
green. After 1 hour, the solution was degasseénmre excess NO and 50 ml of diethyl
ether was added to give dark green precipitateonfiptex 2.2 (yield, 350 mg, 65%).
Elemental analyses for,@&13sCICuUN;O,q, calcd (%): C, 45.19; H, 5.06; N, 13.66; found
(%): C, 45.00; H, 5.06; N, 13.60. FT-IR (in KBr)235, 2924, 2153, 1590, 1460, 1384,
1338, 1285, 1175, 1090, 750, 624 tnuUV-visible (in methanol): 358 nme/M *cm
17,550), 575 nme(M*cm™, 260).1gs: 1.41 BM. Molar conductivity: 210 S dmol™. g

= 2.34; g = 2.0 and A= 21%10* cm™. Mass (m/z): Calcd: 285.61 for [Cu(L3{if"/2,

found: 285.50.
2.4 Conclusion

In summary, a stable Cu(ll)2® complex has been isolated as a solid.
Spectroscopic and chemical analyses confirm thendtdon of the complex
unambiguously. This complex loses,ON easily in solution indicating a weak
binding of NNO to the metal ion. DFT studies indicate that th® koiety is bonded
to the Cl center through the terminal N atom in a bent geépmeén contrast,
computational studies with density functional theor(DFT) on the

[Ru(NH3)5(N20)]2+, indicate that MO is bonded to the metal ion in a linear fashion.

30
TH-1573_11612208



Chapter 2

2.5 References

(1)

(2)

®3)

(4)

(5)

(6)

(7)

TH-1573_11612208

(a) Dickinson, R. E.; Cicerone, R. Nature 1986, 319, 109. (b) Cicerone, R. J.
Science 1987, 237, 35. (c) Cicerone, R. &Geophys. Res. 1989, 94, 18265. (d) Badr,
O.; Probert, S. DAppl. Energy 1993, 44, 197.

(@) Averill, B. A. Chem. Rev. 1996, 96, 2951. (b) Beauchamp, E. Gan. J. Soil
Sci. 1997, 77, 113. (¢) Zumft, W. GMicrobiol. Mol. Biol. Rev. 1997, 61, 533. (d)
Naqvi, A.; Jayakumar, D. A.; Narvekar, P. V.; Nal,; Sarma, S. S.; D’Souza,
W.; Joseph, S.; George, N. Bature 2000, 408, 346.

(a) Pomowski, A.; Zumft, W. G.; Kroneck, P. M. HEinsle, O.Nature 2011, 477,
234. (b) Chen, P.; DeBeer George, S.; CabritoAntholine, W. E.; Moura, J. J.;
Moura, I.; Hedman, B.; Hodgson, K. O.; Solomon,.El. Am. Chem. Soc. 2002,
124, 744.

Tsai, M-L.; Hadt, R. G.; Vanelderen, P.; Sels, B.$€hoonheydt, R. A.; Solomon,
E. I.J. Am. Chem. Soc. 2014, 136, 3522.

(a) Groves, J. T.; Roman, J. 5Am. Chem. Soc. 1995, 117, 5594. (b) Tolman, W.
B. Angew. Chem. Int. Ed. 2010, 49, 1018.

Armor, J. N.; Taube, Hl. Am. Chem. Soc. 1969, 91, 6874. (b) Armor, J. N.; Taube,
H. Chem. Commun. 1971, 287.

(a) Diamantis, A. A.; Sparrow, G. Ghem. Commun. 1970, 819. (b) Diamantis, A.
A.; Sparrow, G. JJ. Colloid Interface ci. 1974, 47, 455. (c) Diamantis, A. A.;
Sparrow, G. J.; Snow, M. R.; Norman, T. Rust. J. Chem. 1975, 28, 1231. (d)
Bottomley, F.; Brooks, W. V. F.norg. Chem. 1977, 16, 501. (e) Bottomley, F.;
Crawford, J. RChem. Commun. 1971, 200. (f) Bottomley, F.; Crawford, J. B.

Am. Chem. Soc. 1972, 94, 9092.

31



(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

TH-1573_11612208

Chapter 2

Pamplin, C. B.; Ma, E. S. F.; Safari, N.; Rettig,J§ James, B. R.. Am. Chem.
Soc. 2001, 123, 8596.

(a) Yamamoto, A.; Kitazume, S.; Pu, L. S.; Ike8a). Am. Chem. Soc. 1971, 93,
371. (b) Bottomley, F.; Lin, I. J. B.; Mukaida, M. Am. Chem. Soc. 1980, 102,
5238. (c) Bottomley, F. Paez, D. E.; White, P.JSAm. Chem. Soc. 1982, 104,
5651. (d) Bottomley, FPolyhedron 1992, 11, 1707.

Piro, N. A.; Lichterman, M. F.; Harman, W. H.; ClgarC. J.J. Am. Chem. Soc.
2011, 133, 2180.

Wang, G.; Jin, X.; Chen, M.; Zhou, NIhem. Phys. Lett. 2006, 420, 130.

(&) Kumar, V.; Kalita, A.; Mondal, BDalton Trans. 2013, 42, 16264. (b)
Jazdzewski, B. A.; Tolman, W. BCoord. Chem. Rev. 2000, 200, 633. (c)
Coombes, R. G.; Diggle, A. WTgtrahedon Lett. 1994, 35, 6373.

Sarma, M.; Kalita, A.; Kumar, P.; Singh, A.; Mond8l. J. Am. Chem. Soc. 2010,
132, 7846.

Paulat, F.; Kuschel, T.; Nather, C.; Praneeth, VKK Sander, O.; Lehnert, N.
Inorg. Chem. 2004, 43, 6979.

(a) Mudalige, D. C.; Rettig, S. J.; James, B. ®Rjjlen, W. R.Chem. Commun.
1993, 830. (b) Mudalige, D. C.; Ma, E. S.; Rettig, S.James, B. R.; Cullen, W. R.
Inorg. Chem. 1997, 36, 5426. (c) Ma, E. S. F.; Rettig, S. J.; JamesRkRBChem.
Commun. 1999, 2463.

(a) Ghosh, S.; Deka, H.; Dangat, Y. B.; Saha, 8gdg K.; Vanka, K.; Mondal, B.
Dalton Trans. 2016, 45, 10200. (b) MacNeil, J. H.; Berseth, P. A.; Brungér,L.;
Perkins, T. L.; Wadia, Y.; Westwood, G.; Trogler, @. J. Am. Chem. Soc. 1997,

119, 1668.

32



(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

TH-1573_11612208

Chapter 2

Ahlrichs, R.; Baer, M.; Haeser, M.; Horn, H.; Ko&imC. Chem. Phys. Lett. 1989,
162, 165.

(a) Chen, P.; Cabrito, I.; Moura, J. J. G.; MouraSolomon, E. I.J. Am. Chem.
Soc. 2002, 124, 10497. (b) Ghosh, S.; Gorelsky, S. I.; Chen(Rbrito, I.; Moura,
J. J. G.; Moura, I.; Solomon, E.Jl.Am. Chem. Soc. 2003, 125, 15708.

SMART, SAINT and XPREP, Siemens Analytical X-raystiuments Inc.,
Madison, Wisconsin, USAL995.

Sheldrick, G. M.; SADABS: software for Empirical Sdrption Correction,
University of Gottingen, Institut fur Anorganisch€hemieder Universitat,
Tammanstrasse 4, D-3400 Gottingen, Germany, 1992-20

Sheldrick, G. M. SHELXS-97, University of Gottingg@ermany1997.

Farrugia, L. J. JAppl. Crystallogr. 1997, 30, 565.

TURBOMOLE GmbH, “TURBOMOLE V6.3 2011, a developmenftUniversity
of Karlsruhe and Forschungszentrum Karlsruhe Gnit®89-2007,2011.

Ansgar, S.; Christian, H.; Reinhart, A.Chem. Phys. 1994, 100, 5829.

Perdew, J. P.; Burke, K.; Ernzerhof, NMhys. Rev. Lett. 1996, 77, 3865.

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, Bl.Chem. Phys. 2010, 132, 154104.
(@) Eichkorn, K.; Treutler, O.; Ohm, H.; Haser,;MAhlrichs, R.Chem. Phys.
Lett. 1995, 240, 283.

Klamt, A.; Schuurmann, G. Chem. Soc., Perkin Trans. 1993, 2, 799.

Frisch, M. J., et al. "Gaussian 09, revision B." @aussian Inc., Wallingford, CT,
2010.

Tomasi, J.; Mennucci, B.; Cammi, EBhem. Rev. 2005, 105, 2999.

33



Chapter 3

Nitric oxide reactivity of a Cu(II) complex of an imidazole

based ligand: Aromatic C-nitrosation followed by the

formation of N-nitrosohydroxylaminato complex

Abstract

A binuclear Cu(ll) complex3.1, [Cux(L2)2(OAc)](OAc) of imidazole based ligand
L2H {L2H = 2-(is(2-ethyl-5-methyl-1H-imidazol-4-yl)methyl)phenol} as synthesized
and characterized spectroscopically and structurAltidition of an equivalent amount of
nitric oxide (NO) by a gastight syringe to the acstrile:methanol (5:1, v/v) solution of
complex3.1 at room temperature resulted in the reduction oflliCaenter to Cu(l) with
concomitant C-nitrosation of the ligand. Spectrgscacharacterization of the resulting
Cu(l) complex 8.1a) of the C-nitrosylated ligand,2 {L2 =2-(is(2-ethyl-5-methyl-1H-
imidazol-4-yl)methyl)-4-nitroso-phenol} has beenngo The Cu(l) complex3.1a further
reacted with NO to result in the corresponding Masiohydroxylaminato complex3.2,
[Cux(L2-ONNO)](OAC), through the formation of a Cu(l)-nitrosyl internieie. A small
fraction of the nitrosyl intermediate decomposethi® corresponding Cu(ll) compl&a3,

[Cu(L2’)2], and NO in a parallel reaction.
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3.1 Introduction

The aromatic C-nitroso compounds are known as #aetive intermediates in the
biological systems which form either by the metabbl-oxidation of arylamines or by the
reduction of aromatic nitro compounti.These compounds show important reactivity
towards biological targets like hemoglobin. In faittis known that hemoglobin has a
greater affinity toward nitrosoarene over dioxygefhey are also known as the synthetic
analogue of another reactive species, nitroxyl (BRiDhese observations have stimulated
the reactivity study of the C-nitroso compoundshwé number of the heme model
complexe<. In addition, the C-nitroso compounds are repotteserve in various catalytic
reactions as welt? For instance, Cu(l)-nitrosoarene adducts are asethe precursor in
catalytic formation of the C-N bond. [CK{£N(O)Ph)]" is a catalyst involved in the C-H
amination of the allylic substratésThese complexes are found to be useful in the
asymmetric Diels-Alder reaction of the electronicient nitrosoarene with dienes as well.
On the other hand, the adduct, [(Men)CuQ(l—O—(O)NPh)T [Megtren = Tris{2-
(dimethylamino)ethyl}amine] formed in the reactioh PhNO with [(Mgtren)Cu] was
suggested as a model for the end-on superoxideingind the mononuclear copper-
enzymes. Thus, the reactivity of the nitrosoarene compoumdt transition metal
complexes is an attractive field of research. Assalt a number of examples of the metal-
nitrosoarene complexes are reported with varionsglibg modes and varying degrees of
the RN=O activation. In the recent past, Waretral. reported the reaction of tH&
diketiminato Cu(l) and Ni(l) nitrosoarene complexébese complexes are found to result
in the diazeniumdiolates in presence of nitric exiO)1°*“Recently, the same group has
reported the reaction of nitrosobenzene (PhNO) withelectrondeficier-diketiminato
nickel() complex PELNNggNi to result in the reduction of the PhNO ligand &
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(PhNOJ* species coordinated to a square plandr d¢inter in PrNNggNi(n>*-ONPh).
Structure-reactivity studies revealed that (PhN@nd (PhNOJ ligands parallels with

superoxo (@™ and peroxo (©? ligands, respective}f®

In our study on the reactivity of NO with Cu(ll) mplexes, it has been observed that the
reduction of Cu(ll) center by NO resulted in theraatic C-nitrosation. For example,
when the Cu(ll) complex of 4-amino-3-hydroxynapine-1-sulphonic acid was treated
with NO in acetonitrile solution, the reduction tife metal centre was observed with
concomitant C-nitrosation of the phenol ring presenthe ligand framework: This
reaction is more like the examples of N-nitrosatminthe ligand frameworks in the
reaction of Cu(ll) complexes with NO (Scheme 3.1).

CHsCN

CH;OH
Leu'!(x)__(©r CHOH) > Cu' + L-NO + X

NO(g)

[ X = CH3CN or CH;OH; L = Ligand with amine donor group/s
L-NO = N-nitrosated ligand]

Scheme 3.1

In this context here we report the reaction of &iCaomplex of the ligand.2H {L2H =
2-(bis(2-ethyl-5-methyl-1H-imidazol-4-yl)methyl)phenol} Figure 3.1) in  the
acetonitrile:methanol (5:1, v/v) solution with N@arlier it was found that the Cu(ll)
complex of the parenbis(2-ethyl-4-methyl-imidazol-5yl)methane ligand uposaction
with NO affords the corresponding Cu(ll)-nitrosybraplex. In general, phenol ring is

susceptible for C-nitrosation. There are not mucangles of C-nitrosation through the
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reaction of Cu(ll) complexes with NO. Thus, thenfiwork was chosen to understand the

detail mechanism of the reaction.

HN NH

Figure 3.1 Ligand used for the present work.

3.2 Results and Discussion

The ligandL2H was prepared from the reaction of 2-ethyl-4-methgldazole and
salicylaldehyde in presence of potassium hydroxi@perimental Section). The
copper(ll) complex3.1, [Cuz(L 2)(OAC)](OAc), was synthesized from the reaction of an
equivalent amount of copper(ll) acetate monohydveth L2H (Experimental Section).
The formation of the complex was confirmed by th@rental and spectroscopic analyses
(Experimental Section). The single crystal struetdetermination of the compleXx1
revealed the presence of a diphenolato-bridgeapiper(ll) moiety in the unit cell (Figure
3.2). The copper centres are in square pyramidaing&y with two phenolato and one
acetate bridge. Two nitrogen-donor atoms from fgand, one oxygen atom from the
phenolato group and one oxygen atom from the aratadiety resulted in a square
pyramidal coordination geometry around each copipecentre {calculatedtr values:
Cu(1), 0.018 and Cu(2), 0.020}. The fifth coordinatsite is occupied by the phenolato
group of the other ligand. Thus, the bridging pHatmoxygen occupied the axial position

of same copper and the equatorial position of therocentre of the binuclear unit. The
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Cu-N distances in the compleX1 are within 1.958 - 2.041 A that are also in thege

observed earliel?

Figure 3.2 ORTEP diagram of compleR.1 (30% thermal ellipsoid plot, H-atoms and counter
anions are not shown for clarity).

The axial Cu-O bond lengths are found to be lorilgan the equatorial ones as expected.
The average Cu-O bond distance of bridging aceimteis 1.988 A. The average
Cu-Ophenolator Cu angle is 93.2°. In the earlier reported compisyit was observed in the

range of 91-104%* *The two Cu(ll) centres are separated by 3.047 A.

In acetonitrile:methanol (5:1, v/v) solution, theneplex3.1 absorbed at 625 nre/(M e

1 268) and 405 nme{ M™cmi?, 500) along with the other intra-ligand transigoim the
lower wavelengths (Appendix IlI). The 625 nm absiomptvas attributed to @-d transition
and the band centered at 405 nm was assigned toh#mlate>Cu(ll) charge transfer.
Similar absorption was observed in the other amalegCu(ll) complexes having
coordinated phenolato groups.The X-band EPR spectrum of the compl8d in
acetonitrile:methanol (5:1, v/v) solution display#tte characteristic signals for a Cu(ll)
centre with g 2.43, g, 2.07 and A, 204 x Ibcmi* (Appendix II) havingd,*y* ground

state in square pyramidal geomethin ESI mass spectrometry, the molecular ion peak
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appeared at 831.12 corresponding to the dinuclear[@uy(L2),(CH3;COO)] (Appendix
II). The isotopic distribution pattern was foundd® in good agreement with the simulated

one.
Nitric oxidereactivity

The purging of NO gas to a dry and degassed a¢etmnethanol (5:1, v/v) solution of
complex3.1, resulted in the change of color from green tatligellow. The solution was
allowed to stand overnight under an NO atmosphederasulted in the dark blue crystals
of complex 3.2, [Cu,(L2-ONNO);](OAc),. The excess of NO was removed from the
reaction vessel by applying several cycles of vataund an Ar purging. The crystals of
complex3.2 were separated by filtration. Addition of diethyler to the filtrate afforded
the crystalline precipitate of compl&@, [Cu(L2"),] {L2' =2-(is(2-ethyl-5-methyl-1H-
imidazol-4-yl)methyl)-4-nitroso-phenollScheme 3.2). Spectral characterization as well as
single crystal structure determination confirmee tbrmulation of the complexes2 and

3.3 (Experimental Section)Yhe single crystal structure of compl2XFigure 3.3) revealed
the presence of a binuclear unit where two nitrogemms of the imidazole moiety binds
with one copper centre and two oxygen atoms oftkésmhydroxylaminato group binds to
the other copper centre. The overall geometry dif Boe copper centres was square planar
{7 values, Cu(1), 0.127 and Cu(2), 0.128}. Crystathpipic data are shwon in table 3.1.

The average Cu-N and Cu-O bond distance were R951d 1.914 A, respectively.

The ORTEP diagram of complé3 is shown in figure 3.4. It was crystallized outaas
mononuclear unit with distorted octahedral geomefigur nitrogen atoms of imidazole
from two ligands are coordinated to the copper reeat equatorial position and two

oxygen atoms of phenolato group binds from axialitpmn. The average Cu-N and Cu-O
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Table 3.1 Crystallographic data of complexg4, 3.2 and3.3.

31 3.2 3.3
Formulae G2 Hs2Cup Ng O Caq Hss ClpNy3 Oy Cag Hsz CuNyg Og
Mol. wt. 908.02 1053.11 840.44
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/n P21/c P-1
Temperature /K 296 296 150
Wavelength /A 0.71073 0.71073 0.71073
alA 12.4631(4) 17.8022(14) 8.4863(8)
b/A 30.4969(9) 15.3356(9) 10.9805(10)
c/A 12.6547(4) 21.883(3) 12.8436(12)
al® 90 90.00 65.122(9)
pre 93.733(2) 121.384(7) 76.964(8)
yl° 90 90.00 78.346(7)
v/ A3 4799.7(3) 5100.2(9) 1049.98(19)
z 4 4 1
Density/g cn¥ 1.257 1.371 1.329
Abs. Coeff. /mrit 0.938 0.900 0.581
Abs. correction Multi-Scan Multi-Scan Multi-Scan
F(000) 1896.0 2192.0 443.49
Total no. of reflections | 9803 8965 3797
Reflections] > 25(1) 4693 4444 3141
Max. 2/° 26.45 25.00 25.25
Ranges (h, k, ) -Kh<15 -21<h<21 -1 h<10
-38< k<37 -17< k<18 -10< k<13
-15<1<15 -26<1<19 -10<1<15
Complete to 2 (%) 99.1 99.8 99.8
Refinement method Full-matrix least- Full-matrix least- Full-matrix least-
squares oiff> squares o> squares oiff>
Goof F?) 1.094 0.943 1.193
R indices [ > 26(1)] 0.0621 0.0769 0.0584
R indices (all data) 0.1217 0.1590 0.0719

bond distance are 2.002 A and 2.342 A, respectiviédy para position of the phenol ring

is occupied by a nitroso group. The N-O bond lergth 297 A.

-
HN\‘) J\QN/ NH
A A AKDF NO(g)

o
N\C’ —C Cu + N0
Yo TN CH;CN:CH;0H
= NTN
N \ (5:1, viv)
HNY NH
\5 + Cu(OAc),
NO
3.1 3.2 33

Scheme 3.2
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Figure 3.3 ORTEP diagram of comple®.2 (30% thermal ellipsoid plot, counter anion and H-
atoms are not shown for clarity).

In the UV-visible spectrum of compleX1l in CH;CN:CH;OH (5:1, v/v) solution, the
bands at 625 nm and 405 nm disappeared immediaftdy addition of an equivalent
amount of NO (Figure 3.5a). The frozen (at 77K)ctis mixture was found to be silent
in X-band EPR (Figure 3.5b) indicating the formatiof a diamagnetic species. The
appearance of a very less signal intensity in leesum was either due to the unreacted
complex or a small fraction of the decompositionduct present in the EPR tube. The
silent nature could be either due to the formatidna [CuNO}® complex which is
diamagnetic in nature or because of the reductioBufll) centre to Cu(l)’ It is to be
noted that addition of N@nto the acetonitrile solution of Cu(ll) complexes pyridine
methylaminepis-aminoethyl amine, N,Nis-(2-aminoethyl)ethane-1-2-diamine abid(2-
ethyl-5-methyl-1H-imidazol-4-yl)metharlgyands were reported to result in the formation
of the [CUNO}° specieg® In UV-visible spectrumg-d band for the respective [CUN®)]
complexes were observed at 660, 595, 812 and 70%% nim addition in the FT-IR
spectrum, characteristic stretching frequencie$640, 1635, 1650 and 1662 ¢mwere
observed?® However, this frequency was not observed in thesgmt case; but, a new
stretching frequency at 1302 ¢nwas observed (Appendix ). This frequency was
attributed to the aromatic C-nitroso group. It waserved at 1122, 1113 and 1358cm
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case of complexes [[MBIN]JCu(m*ONPh)], [[M&NNg]Cum®*ONPh)], [P*TpCuf™
N(O)Ph)] {Me.NN = N-((2Z,4E)-4-((2,6-dimethylphenyl)imino)penteh-2-yl)-2,6-
dimethylaniline, MeNNgs = N-((2Z,42)-4-((2,6-dimethylphenyl)imino)-1,1,1%5-
hexafluoropent-2-en-2-yl)-2,6-dimethylaniline  and™Tp=  tris(3,5-diisopropyl-1H-
pyrazol-1-yl)hydroborate}, respectively>*° Thus, the reduction of Cu(ll) to Cu(l) by NO

with concomitant C-nitrosation of the ligand is mdogical to believeReduction of

C

H
(12

‘}/ %\C/

lcs
J
Cul ""-r ,—-—-—*--r

\B——"(‘*-..__—,

Figure 3.4 ORTEP diagram of compleX3 (30% thermal ellipsoid plot, solvent and H-
atoms are not shown for clarity).

300 ~

1.5 0.5
200
’ 100
5] 2 o
o 10-] z V]
g g
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g = -100 4
£ —
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<
0.54 -300 4
-400 4
-500
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Figure 3.5 (a) UV-visible spectra of compleX1 (blue), after 1 minute (black) and 24 hours (red)
of addition of NO in acetonitrile:methanol mixtuf&5, v/v) (Inset shows the gradual increase of
the d-d band). (b) X-band EPR spectra of comgléxblack), after 1 minute (green) and 24 hours
(red) of addition of NO in acetonitrile:methanolxtuire (1:5, v/v) at 77 K.
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Cu(ll) to Cu(l) was also confirmed bYH-NMR spectroscopy. The broad nature of the
NMR signals of comple®.1 became well resolved after addition of an equiviadanount

of NO (Appendix II).

Furthermore, in the ESI Mass spectrum of the reacthixture the molecular ion peak
appeared at 416.03 indicating the formation of b C-nitrosation in the ligand
framework (Appendix I1). Isolation of I'Zollowed by spectral characterization confirmed
the C-nitrosatiounambiguously (Experimental Section). It is to loéed that the aromatic
C-nitrosation in the reaction of Cu(ll) complexeshANO was observed earlier only in one
case, though there are a number of examples dfi-thiérosation***#?° The formation of
the C-nitrosated ligand can be envisaged consigi¢hie reduction of Cu(ll) centre by NO
leading to the simultaneous formation of N@hich is very reactive and unstableThis
then reacted with the phenol ring to afford C-réition. The GC-mass analysis of the
solution confirmed the presence of MeONO, thougkidary small quantity (Appendix I1).
This is attributed to the reaction of N@vith solvent methanol. It would be worth to
mention that NO itself did not find to result in KBIO formation in the reaction
condition.Thus, the yellow compound was formulated as theesponding Cu(l) complex
having C-nitroso ligand3(1a) (Scheme 3.3). It was found to be air and moissensitive
and hence attempts were not made to isolate thelesr® 1a. However, it was isolated as
a perchlorate salt which is reasonably stable @inreemperature under an Ar atmosphere
(Experimental Section). Unfortunately, we could met the X-ray quality crystals for

structure determination.

There are a few examples of Cu(l) complexes witinogpbarene ligands in literature.

Warren and co-worker reported the formation of [EMN)Cul,(1-n%n*-ONAr] and
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[{(Me NN)Cu}(m*ONAr)] {Ar = Ph or 3,5-MeCsHs} from the reaction of
[{(Me ,NN)Cu}(NCMe)] with nitrosoarené® It was also reported that the addition of
nitrosobenzene to copper(l) complexe@afiketiminato andris(pyrazolyl)borate ligands;
[(MeoNNg)CU(NCCH)] and  [(Tp)Cu(NCCH)] resulted in the formation of
corresponding nitrosobenzene adducts, HWMe)Cu@>ONPh)] and [[Tp)Cuc-
N(O)Ph)], respectively’ It was observed that the back bonding to the sitacene is
strongeswia p>-NO binding mode. The strength of this interactioms correlated directly
to the N-O bond length andno stretching frequencies. The N-O bond lengths in
[(MesNNgs) Cu>ONPh)] and [{(MeNN)Cu},(n>ONAr)] were found to be 1.338 and

1.330 A, respectively°The weak back bonding in electron-poor fM&ls]Cu moiety

NO
o
[ (Rp) Cu,"! (OAc)] o, , [(R—@) Cu! (OAc)]
2
= HO

3.1 3.1a

lzNo
Q9
-N NO
[(Rd )Cuzu] - [(R@) cu! (NO)(OAc)]
HO ’ HO
3.2 l

(0]
2[(R ) cu'' (0A¢)| + N,O + H,0

[(Rp)zcuu

33

+ Cu(OAc),

Scheme 3.3

resulted in higheoyo stretching frequency (1122 &hin [{(Me NNgs)Cu}2(7>-ONATr)]

compared to that in case of [{(MeN)Cu}2(77>-ONAr)] (1113 cm").*® In contrast, in the
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present case, theno stretching frequency appeared at 1302'cifor free monomeric

nitrosobenzeneyyo stretching frequency appeared at 1506 éri

The reaction mixture was found to afford comple8esand 3.3 while kept under NO
atmosphere at room temperature. It is believedithtite first step of the reaction between
complex3.1 and NO, the Cu(l) intermediate compl&da is formed and this reacted with
further equivalents of NO to result in the compeR2 and3.3 (Scheme 3.3). To confirm
this, isolated intermediate Cu(l) compleékla with perchlorate anion was made to react
with NO which resulted in complex&s2 and3.3 as well. In FT-IR spectrum of complex
3.1a, though no characteristic peak around 1600-2008 was observed; bubbling of NO
into the degassed solution ®fla resulted in a new peak at 1712 trthis frequency was
assigned to the Cu(l)-nitrosyl, {CuN&}species which was formed upon reactiors.af
with NO. In earlier reports of Cu(l)-nitrosyls, shirequency was found to appear at 1712,
1720 and 1753 cim in case of [(TF“YCuNO)], [(TP™P)cu(NO)] and
[(TpSF,“F,)Cu(NO)], respectively® The ESI mass spectrum displayed the appearance of
molecular ion peak at 446.80 which correspondi@anononuclear, Cu(l)-nitrosyl moiety
with a C-NO ligand (Appendix Il). This nitrosyl cquiex was unstable and allowing to
stand for 5-6 hrs at room temperature resulte@mpexes3.2 and3.3 (Scheme 3.3). The
formation of the comple®.2 can be envisaged by the attack of coordinatedsyitrgroup

of the Cu(l)-nitrosyl to the C-nitroso moiety to stdt in the corresponding
diazeniumdiolate with concomitant oxidation of Qu® Cu(l1)*° Formally, Cu(l) gets
oxidized to Cu(ll) with concomitant reduction ofetiNO to NO. The formation of
complex3.3 is attributed to the decomposition of the Cu(lyaslyl in a parallel reaction
resulting in the release of, (Scheme 3.3). This has been observed earlie/alEoe
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GC-mass analyses of the head space of the readisel detected the existence 6ON
(Appendix II). Similar reaction was observed inea®f [{(MeNN)Cu}(n>-ONAn)] {Ar

=Ph or 3,5-MgCeHa}, [(Me 2NNs) Cu(NCCH)] and [P*TpCu(c-N(O)Ph)]° Reaction of
these complexes with excess of NO resulted in tbhemdtion of corresponding
diazeniumdiolates. It was proposed that in theses#he reaction may proceed through a
inner-sphere attack of NO on [G#{ONAr)] moiety, but there was no evidence. The

findings of the present study are also in accorth¢oearlier observation.
3.3 Experimental Section
3.3.1 Materials and methods

All reagents and solvents of reagent grade werehased from commercial sources and
used as received except specified. Deoxygenatidineafolvent and solutions was effected
by repeated vacuum/purge cycles or bubbling wittogen or argon gas. NO gas was used
from a cylinder after purification using standartbgedure”® UV-visible spectra were
recorded on a Agilent HP 8454 series Diode Array-\ilible spectrophotometer. FT-IR
spectra were taken on a Perkin Elmer spectrophdeyméth samples prepared either as
KBr pellets or in KBr cell for solution. NMR speatwere recorded in a 400 MHz Varian
FT spectrometer. The X-band Electron Paramagne@isoRance (EPR) spectra were
recorded on a JES-FA200 ESR spectrometer, at reampdrature or at 77 K. Elemental
analyses were obtained from a Perkin Elmer Seirie&nhlyzer. Mass spectra were
recorded on a Waters, Model: Q-Tof Premier instmimeith ESI mode of ionization.
Solution electrical conductivity was checked usagystronic 305 conductivity bridge.

The magnetic moment of complexes are measureddan@ridge Magnetic Balance.
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Single crystals were grown by slow evaporation mémphe. The intensity data were
collected using a Bruker SMART APEX-II CCD diffracheter, equipped with a fine
focus 1.75 kW sealed tube Mgkadiation § = 0.71073 A) at 273(3) K, with increasiag
(width of 0.3° per frame) at a scan speed of &siér. The SMART software was used for
data acquisition. Data integration and reductionewendertaken with SAINT and XPREP
software?® Multi-scan empirical absorption corrections wepplied to the data using the
program SADABSY Structures were solved by direct methods using SK8R7 and
refined with full-matrix least squares & using SHELXL-972® Structural illustrations

have been drawn with ORTEP-3 for Windof®s.
3.3.2 Synthesis of ligand L 2H

2-ethyl-4-methyl imidazole (2.2 g, 20 mmol) was @akin a round bottom flask in
methanol (10 ml). To this salicylaldehyde (1.221§, mmol) and aqueous solution of
potassium hydroxide (3.36 g, 60 mmol) were adddwe rEaction mixture was stirred for 3
days at room temperature. The color of the solutbanged from yellow to dark red.
Methanol was removeda vacuum. Dilute HCI was added dropwise to this soiutill the
precipitation of ligand was completed. The preaigtwas filtered and washed thoroughly
with water to give light yellow mass. It was therned in oven at 80 °C for 20 hours to
obtain ligandL2H. Yield: 2 g (60%). Elemental analyses foydd>sN4O, Calcd(%): C,
70.34; H, 7.46; N, 17.27. Found (%): C, 70.31; H87 N, 17.37. FT-IR (in KBr): 3380,
2964, 2842, 1614, 1529, 1455, 1252, 1071, 884,cr53 ‘H-NMR (400 MHz, CDC))
dppm 1.22(t, 6H), 2.17(s, 6H) 2.61(q, 4H), 4.98(s, 118)82(t, 1H), 7.00(d, 1H) and
7.17(m, 2H)."*C-NMR (100 MHz, CDGJ) 8ppm 10.7, 12.4, 21.5, 29.8, 120.2, 120.6,
125.0, 128.9, 129.9, 130.8, 131.4, 147.1, and 194dss (m/z): Calcd: 324.19, found:

325.12 (M+1).
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3.3.3 Synthesis of Complexes
(a) Complex 3.1, [Cuz(L 2)2(OAC)](OAC)

Copper(ll) acetate monohydrate (1.99 g, 10 mmoly veken in a 250 ml round bottom
flask, and dissolve in 200 ml of MeOH. The ligah@H (3.24 g, 10 mmol) was added to
this solution and stirred for 1 hr. The volume lué resulting solution was reduced to 50 ml
by using rotary evaporator. To it, 150 ml of didéiier was added and kept overnight to
give green precipitate of compl&d. Single crystal of X-ray quality was obtained liyve
evaporation of an acetonitrile:methanol (5:1, @ajution of complex3.1. Yield: 3.0 g
(67%). Elemental analyses fon#Bs5,NsOsClp, Calcd(%): C, 56.55; H, 5.88; N, 12.56.
Found (%): C, 56.48; H, 5.89; N, 12.68, FT-IR (iB# 3283, 2966, 1656, 1448, 1268,
1088, 797, 626 cth UV-visible (methanol:acetonitrile, 1:5 (v/v)): 82m ¢ M™*cm™,
268), 405 nmg/ M cm?, 500); pops: 2.09 BM. Molar conductivity: 120 S dmol™. X-
band EPR: g 2.43; g, 2.07 and A= 204 x10* cm™. Mass (m/z): Calcd: 831.25 for

[Cux(L2),(OAC)]", found: 831.12.
(b) Complex 3.2, [Cuy(L 2-ONNO),](OAC),

To 10 ml of dry and degassed acetonitrile:meth&rdl, v/v) solution of compleg.1 (200
mg, 0.24 mmol), NO was bubbled for 2 minutes. Témction mixture was kept overnight
in an NO atmosphere to result in the blue crysthlsomplex3.2. The excess NO was
removed by applying vacuum/Ar cycles. The crystedse filtered and washed with cold
acetonitrile. Yield: 90 mg (60%). Elemental analysor G,Hs,N1,0:0Cw,, Calcd(%): C,
49.85; H, 5.18; N, 16.61. Found (%): C, 49.69; H,15 N, 16.78, FT-IR (in KBr): 3440,

2975, 2925, 1632, 1440, 1280, 1238, 1155, 1104, 666 cnt. UV-visible (Methanol):
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605 nm ¢ M™* cm?, 150), Molar conductivity: 220 S dmol™. X-band EPR: g, 2. 27.

Mass (m/z): Calcd: 446.11 for [@L2-ONNO),]**/2 , found: 446.26.
(c) Complex 3.3, [Cu(L2"),]

The filtrate obtained from synthesis of compl&® was dried in vacuum. It was then
dissolved in 10 ml of methanol. To it, 30 ml of it ether was added and kept in freezer
for a week which gave red crystals of X-ray qualiield: 30 mg (30%). Elemental
analyses for ggHssN1004Cu, Calcd(%): C, 59.32; H, 5.90; N, 18.21. Found: (& 59.23;

H, 5.92; N, 18.29, FT-IR (in KBr): 2970, 2920, 161@60, 1415, 1348, 1310, 1215, 1120,
866, 825, 635 cih UV-visible (Methanol): 685 nme(M*cm®, 157) and 405 nme(M"
lem?, 4260). pops: 1.62 BM. Molar conductivity: 40 S c¢hmol™. Mass (m/z): Calcd:

768.28 for [Cu(L2)]*, found: 768.29.
3.3.4 Isolation of modified ligand L2’

In a 50 ml round bottom flask, 0.768 g of compB& was dissolved in minimum volume
of methanol. To it 5 ml of saturated aqueous sofuttf NgS was added to give black
precipitate of CuS. The precipitate was filteretlaofd to the filtrate dilute HC| was added
drop wise to obtain yellow precipitate of modifigdand L2’ along withL2H. L2" was
separated by using preparative thin layer chrommapdy in methanol. Elemental analyses
for CigH23Ns0,, calcd(%):C, 64.57; H, 6.56; N, 19.82; found (%): 64.50; H, 6.55; N,
19.90: FT-IR (in KBr): 2925, 1652, 1600, 1490, 145812, 1285, 1165, 1110, 1075, 1000
cm™. 'H-NMR (400 MHz, CRQOD) 8ppm 1.21 (t, 6H), 1.91 (s, 6H), 2.61 (q, 4H), 5.57 (s
1H), 6.78 (d, 1H), 7.52 (d, 1H), 7.55 (s, 1HC-NMR (100 MHz, CROD) 8ppm 11.7,
14.2, 22.9, 25.1, 117.8, 121.3, 123.4, 128.7, 1313r.8, 181.5. Mass (m/z): Calcd:

353.18, found: 354.20 (M+1).
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3.3.5 Synthesis of complex 3.1a

[Cu(CHsCN)4CIO4 (326 mg, 1 mmol) was taken in a 25 ml round bottilamsk and
dissolved in 10 ml of acetonitrile. The solutionsmdegassed by purging argon for 30
minute. To it, degassed methanol solution of 353aftigandL 2’ was added drop wise
and stirred for 1hour. To it, dry and degassedgletther was added to get precipitate of
brown solid. The filtrate was removed by syringelegassed condition and solid part was
dried by purging argon and stored in argon atmaspher-IR (in KBr): 2930, 2255, 1630,

1505, 1456, 1375, 1285, 1128, 624 crivlass (m/z): Calcd: 416.11, found: 416.20.
3.4 Conclusion

The reaction of NO with a Cu(ll) comple&.1 in acetonitrile:methanol (5:1, v/v) solution
was studied. Spectroscopic evidence suggest tleatetthuction of Cu(ll) center by NO
with concomitant C-nitrosation of the ligand todkge at the initial stage of reaction. This
resulted in the formation of corresponding Cu(l)npdex of the C-nitroso ligand. In the
presence of NO, the Cu(l) complex afforded a bieacl N-nitrosohydroxylaminato
complex,3.2 through the formation of corresponding Cu(l)-nigfomtermediate. A small
fraction of the nitrosyl intermediate decomposethi® corresponding Cu(ll) compl&a3,

[Cu(L2’)2], and NO in a parallel reaction.
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Chapter 4

Effect of ligand denticity on the nitric oxide reactivity of its

cobalt(II) complexes

Abstract

The activation of nitric oxide (NO) by transitionetal complexes has attracted a wide
range of research activity. To study the role gatid denticity on the NO reactivity of
Co(Il) complexes, three complexegl 4.2 and4.3) were prepared with ligands3, L4
and L5 {L3 = NN%bis(2,4,6-trimethylbenzyl)ethane-1,2-diaminé:4 = N'-(2,4,6
trimethylbenzyl)N(2-((2,4,6-trimethylbenzyl)amino)ethyl)ethane-Hiamine andL5 =
N'-(2,4,6-trimethylbenzylN? N*-bis(2-((2,4,6-trimethylbenzyl)amino)ethyl)ethane-1,2-
diamine}, respectively. The complexes differ fromch other in terms of denticity and
flexibility of the ligand frameworks. In degassee@tmanol solution, they were exposed to
NO gas and their reactivity was studied using waispectroscopic techniques. In the case
of complex4.1 with a bidentate ligand, reductive nitrosylatioh tbe metal ion with
concomitant dinitrosation of the ligand frameworlasvobserved. Comple42 with a
tridentate ligand did not undergo reductive nittatgn; rather, the formation of

[Co(lID(NO )] was observed. The nitrosyl complexes were isolaand structurally

characterized. On the other hand, complekwith a tetradentate tripodal ligand did not
react with NO. This can be attributed to the geoynet the complex as well as due to the

accessibility of the corresponding redox potential.
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4.1 Introduction

Nitric oxide (NO) plays diverse roles in biologigalocesses such as neurotransmission,
immune responses, regulation of blood pressuré“efdost of these reactivity are
attributed to the interaction of NO with the matgliroteins'™> The biological roles of NO
inspire a wide range of studies of its coordinataond interaction with transition metal
center$® NO chemistry of cobalt has not been studied asnsxtely as that of iron,
perhaps because of less significance of cobaltiatodical systems. However, cobalt
nitrosyls are interesting for it's several uniq@acations. For instance, cobalt dinitrosyls
nitrosylate alkene double bonds to result in cqoesling bis-nitroso compound¥
Cobalt is also known to mediate the disproportimmatof NO which is industrially
important® Like iron nitrosyls, a variety of cobalt nitrosyése known; however, cobalt
mononitrosyls having {Co(NOi}and {Co(NO)}g configurations are rare and only a few
examples are there in literatdfeOn the other hand, recently Harrepal. reported an
example where cobalt nitrosyl complex in a pyriotéde ligand frame having {CoNG}
configuration could serve as potential HNO dotfofhe reported {CoNG} complex in
the presence of stoichiometric amount dfd¢haves as an HNO donor. In the absence of
an HNO target, the {Co(N@)'° dinitrosyl was found as the end product. Thus Ni@

reactivity of cobalt complexes is a field of ongpicurrent research.

It has been reported recently that the ligand déyptand geometry plays a considerable
role in controlling the reactivity of NO with traitien metal complexes. For instance,
Cu(ll) complex of macrocyclic 5,5,7,12,12,14-hexdmye1,4,8,11-tetraazacyclotetra
decane ligand does not react with NO in pure adeilensolvent; whereas the same with
analogous 5,5,7-trimethyl-[1,4]-diazepane ligandaetonitrile solution reacts with NO to
afford {CUNO}'? intermediate followed by the reduction of the rhegnter Recently,
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Lippard’'s group demonstrated the influence of teteanacrocyclic tropocoronand (TC)
ligands on the NO reactivity of their Co(ll) compés. [Co(TC-3,3)] , [Co(TC-4,4)] and
[Co(TC-5,5)] were found to result in the formatiohcorresponding mononitrosyls, which
were then isolated and structurally characterizenl.the other hand, [Co(TC-6,6)] upon
reaction with NO, results in {Co(NG)'° species which was further decomposes to
[Co(NO,)(TC-6,6)] complexl.4 Thus, the increasing length of the polymethylankelr of

the ligand framework was found to control the radgt of the complexes.

This chapter we demonstrates the difference ofrditivity of three Co(ll) complexes
based on their ligand denticity and geometry. Rerpiresent study mesityl derivatives of
ethylene diamine {3 = N!, N%*bis(2,4,6-trimethylbenzyl)ethane-1,2-diamine}, BAEA
{L4= N(2,4,6-trimethylbenzyIN*(2-((2,4,6-trimethylbenzyl)amino) ethyl)ethane-1,2
diamine} and TAEA {5=N'(2,4,6-trimethylbenzyI)N? N*-bis(2-((2,4,6 trimethylbenzyl)

amino)ethyl)ethane-1,2-diaminéhave been used (Figure 4.1).

bty %

L3

~2
Z—Z
Z—T

NN

==

N
|
H

L4

H\N

N/\/N\/\]\lj
N H

L5

Figure4.1 Ligands used for the present study.
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4.2 Results and Discussion

The ligands were prepared by the general reacfionesitylaldehyde with corresponding
amine followed by the reduction of the imine wittaBH, following an earlier reported
procedure? All the ligands were characterized by spectroscomalyses as well as

elemental analyses (Experimental Section).

Metallation was achived by stirring the ligand widlguivalent amount of cobalt(ll)
chloride hexahydrate in methanol (ExperimentatiSal The complexes were isolated as
solid and characterized by spectral analyses (Expetal Section and Appendix IIlI) and
by their single crystal structure determinationeTBRTEP views of the complexes are
given in figure 4.2. The crystallographic datagsétd bond distances and angles are listed
in tables 4.1, 4.2 and 4.3 respectively. The chgttacture reveals that in compléA, the
metal ion, Co(ll) is hexa-coordinated. Four N-atdmasn two ligand moieties and two Cl
are coordinated to Co(ll) in an octahedral geométhe N-atoms form a square plane and
the Cl atoms are coordinated from the axial pas#tion trans fashion. In complex.2,
Co(ll) is hexa-coordinated. Three N-atoms from ligand, two Cl and one solvent water
molecule is coordinated to the central metal ioa bistorted octahedral geometry. The Cl
atoms are coordinated from the axial positions. el@v, in complex.3, the metal ion is
five-coordinated in trigonal bipyramidal geometihree secondary N-atoms from the
ligand form the trigonal plane; tertiary N-atom thie ligand and the one CI atom are
coordinated from the axial positions to complete geometry. The charge of metal ion is
satisfied by the presence of a second Cl ion iruthiecell. The order of average Co(ll)-N
bond length of the complexes4sl > 4.2 > 4.3 (2.224, 2.141 and 2.123 A, respectively).
However, all these bond lengths are in a normafegawhen compared to those in

analogous reported complexX@s.
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Figure 4.2 ORTEP diagrams of complexes @), (b) 4.2 and (c)4.3 (30% thermal ellipsoid plot,
H-atoms are omitted for clarity).
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In the UV-visible spectroscopy, complexéd and 4.2 in methanol solution show-d
transition band at 560 nne/f1'cm™, 237) and 525 nmefM*cm?, 300), respectively.
Complex4.3, in methanol solution absorbs at 480 riVi(‘cm™, 357), 594 nmg/M *cm?,
222), 760 nm &/M™cm®, 85). The difference in absorption band is attébuto the
trigonal bipyramidal geometry of complek3.” The all the three complexes are EPR
active in X-band EPR spectroscopy confirming thespnce of Co(ll) centre (Appendix
11).*® The cyclic volatmmogram of the complexes are rmedrin methanol using
tetrabutylammonium perchlorate supporting electiyn a three electrode configuration
with Ag/Ag" reference, glassy carbon working and Pt auxiliaigctrodes. The
voltammogram shows the presence of irreversibleiaiahs at -0.468 and -0.318 V in
cases of complexe4l and4.2, respectively (Appendix Ill). These are attributedthe
Co(ll)/Co(l) reduction'? However, complex.3, does not show any electrode process in
this range suggesting a relatively high reductioteptial for Co(ll)/Co(l) couple. On the
positive side, the Co(ll)/Co(lll) irreversible cdegor complexegt.1, 4.2 and4.3 appears

at 0.304, 0.585 and 0.429 V, respectively.

Nitric oxidereactivity

NO was added into the dry and degassed methandisobf complexd.1 and the mixture
was allowed to stand overnight, resulting in themfation of complex4.4a as brown
precipitate. Elemental and spectral analyses cuonfihe formation of the complex
(Experimental Section). However, the X-ray quatitystals were not grown. To get X-ray
guality crystals, the counter anion has been replaby perchlorate anion4.@b)
(Experimental Section). Single crystal structurecoimplex4.4b (Figure 4.4) reveals the
presence of Co(l)-dinitronsyl, {Co(Ng)'® moiety where Co(l) is tetrahedrally

coordinated by two N-atoms from the ligand and N groups. The Co-f distances
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Table 4.1 Crystallographic data for compléxl, 4.2, 4.3, 4.4b, 4.5 and modified ligand. 3.

41 42 43 4.4b 45 L3
Formulae G4H64C|200N405 CZAH39C|2N302 C36H54C|2CON40 C23H35C|CON407 C25H41C|200N402 szHsoNAOz
Molecular weight | 858.82 53141 688.66 574.94 559.45 382.50
Crystal system Monoclinic Orthorhombic| Monoclinic ridlinic Monoclinic Monoclinic
Space group P 2/c P212121 P 21/n P-1 P 21/n /P 2
Temperature/K 293 293 296 293 293 293
Wavelength 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
a/A 14.2041 (6) 27.9485 (17) 14.7068 (15) 9.0274 (8) 11.0311 (13) 4.9480 (4)
b/A 10.6502 (4) 11.5046 (5) 15.7398 (16) 12.0143 (10 | 12.658 (2) 17.236 (2)
c/A 16.5585 (6) 8.5689 (2) 17.2246 14.0393 (10) 20.8) 12.605 (8)
al® 90 90 90 70.559 (7) 90 90
pl° 95.337 (4) 90 105.099 (7) 76.564 (7) 96.626 (13) 761 (7)
yl° 90 90 90 87.579 (10) 90 90
S 2494.05 (17) 2755.2 (2) 3769.7(4) 1395.5 (2) 2849) 1074.47(16)
z 2 4 4 2 4 2
Density/gcni 1.144 1.281 1.213 1.368 1.297 1.182
Absorption 0.493 0.841 0.616 0.757 0.817 0.077
Coefficient
Absorption Multi-scan Multi-scan Multi-scan Multi-scan Multean Multi-scan
Correction
F(000) 914.0 1124.0 1468.0 604.0 1184.0 412.0
Total no of 4396 4668 6824 5040 5147 1936
reflections
Reflections, 3371 3614 4912 3833 1928 1091
1>24(1)
Max. 2/° 25.00 25.25 25.25 25.25 25.25 25.25
Ranges (h, k, I) -16h<15 -21<h<33 -15<h<17 -10< h<10 -13<h<13 -5<h<5
-12< k<9 -8< k<13 -18< k<18 -14< k<14 -11< k<15 -20< k<20
-19<1<12 -9<1<10 -15<1<20 -16<1<12 -15<1<24 -15<1<14
Complete to 99.8 99.7 99.8 99.8 99.7 99.8
20(%)
Refinement Full-matrix least- | Full-matrix Full-matrix Full-matrix least-| Full-matrix least- | Full-matrix
method squares o2 least-squares | least-squares on| squares off? squares o> least-squares
onF? F onF?
Goof ) 1.154 1.083 1.296 1.188 1.043 1.230
R indices 0.0654 0.0581 0.0430 0.0615 0.0918 0.0774
[1>24(1)]
R Indices (all 0.0832 0.0783 0.0681 0.0796 0.2328 0.1370
data)

Table 4.2 List of selected bond lengths (A) of compleg, 4.2, 4.3, 4.4b, 4.5 and modified ligand

L3.

Atoms 41 42 43 4.4b 45 L3
Co(1)-N(1) 2.150 (3) 2.169 (5) 2.095 (19) 2.033 (3) 1.990 (6) -
Co(1)-N(2) 2.298 (3) 2.122 (5) 2.119 (18) 2.022 (2) 1.936 (7) -
Co(1)-N(3) - 2.153 (5) 2.081 (19) 1.654 (5) 2.087 ( -
Co(1)-0(1) 2.036 (4)

Co(1)-N(4) - 2.218 (18) 1.659 (4) 1.765 (10) -

Co(1)-Cl(1) 2.459 (10) 2.641 (17) 2.310 (7) - 2.283 -

Co(1)-Cl(2) 2.459 (16)

N(1)-C(11) 1.484 (5) 1.490 (7) 1.477 (3) 1.487 (5) 1.484 (10) 1.453 (4)
N(2)-C(12) 1.480 (5) 1.464 (7) 1.487 (5) 1.472 (9) -
N(2)-C(13) 1.486 (5) 1.464 (8) 1.511 (5) 1.481 (9) -
N(3)-O(1) - 1.150 (7) -
N(4)-O(1) 1.103 (9)

N(2)-O(1) - - 1.222 (3)
N(4)-0(2) - 1.150 (6) -
C(5)-C(6) 1.405 (5) 1.409 (9) 1.393 (3) 1.396 (5) A42B (12) 1.387 (5)
C(4)-C(8) 1.495 (5) 1.490 (9) 1.526 (10) 1.513 (5) 1.508 (5)
N(1)-N(2) - - 1.338 (4)
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Table 4.3 List of selected bond angles (°) of complek, 4.2, 4.3, 4.4b, 4.5 and modified ligand

L3,

Atoms 41 42 43 4.4b 45 L3
N(2)-Co(1)-N(1) 81.38 (11) 81.19 (19) 120.34 (7 BH(1) 84.30 (4) -
N(2)-Co(1)-N(3) - 81.05 (19) 109.82 (8) 109.00 (2)] 85.90 (3)

N(2)-Co(1)-N(4) - 80.29 (7) 114.50 (2) 96.80 (4)
N(1)-Co(1)-N(3) - 157.52 (13) 121.76 (8) 115.90 (2)] 162.60 (3)

N(1)-Co(1)-N(4) - 79.65 (7) 109.40 (2) 103.00 (4
0O(1)-Co(1)-N(2) 177.14 (18)

0O(1)-Co(1)-N(3) 99.70 (2)

N(3)-Co(1)-N(4) - 79.65 (8) 118.60 (2) 92.50 (4)
Co(1)-N(3)-0(1) - 170.80 (4)

Co(1)-N(4)-0(2) 3 169.70 (4)

Co(1)-N(4)-O(1) 124.57 (10)
Co(1)-N(1)-C(10) 120.60 (3) 116.60 (14 100.75 (5) 116.80 (2) 120.90 (5) -
C(10)-N(1)-C(11) 112.30 (2) 114.50 (13 11553 (19) 114.30 (3) 111.90 (7) 122.20 (3)
C(13)-C(14)-C(15) 120.70 (4) 121.50 (3) -
0O(3)-Cl(1)-O(6) 103.40 (5)

N(1)-Co(1)-CI(1) 88.04 (10) 86.05 (14) 95.65 (6) - 95.00 (5)

N(2)-Co(1)-CI(1) 88.05 (10) 94.07 (14) 102.55 (6 - 168.20 (2) -

O(1)-N(2)-N(1) - - 112.80 (3)
N(2)-N(1)-C(10) - - 114.30 (3)

were 1.654(5) and 1.659(4) A, respectively. Thistatice is within the range of linear
nitrosyls!°®*®* The Co-N-O angles were found to be 169.8@)d 170.4(4) The N-O
distances of the coordinated NO were 1.150 A. Immex 4.1, there are twd.3 units
coordinated to the central metal. In complesb, only onelL 3 is present. Analysis of
complex4.4a also supports this formulation. In UV-visible spescopy, thal-d transition

of complex4.1 centred on 560 nm was found to shifted to 600 mpwnuaddition of NO
(Figure 4.3). When the filtrate part of the reaetimixture was analyzed, the presence of
un-reacted_3 and dinitrosation product.@) was observed in roughly equal proportions
(Experimental Section). The dinitrosated producs ugplated and purified using column
chromatography and crystallographic characteripattas been done (Experimental
Section). The ORTEP diagram is shown in figure #.& to be noted that the free ligand,
L 3 does not react with NO under the reaction conalit@afford dinitrosation. However, it

reacts with NOCI@leading to dinitrosation.
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Figure 4.3 (a) UV-visible spectra of complek1 (black) and upon addition of excess NO (red) in
methanol. (b) FT-IR spectrum of compléxa in KBr pellet.

Figure 4.4 ORTEP diagram of complek4b (30% thermal ellipsoid plot, H-atoms are omitted fo
clarity).

In the FT-IR spectroscopy, complexeda showed NO stretching frequencies at 1862 and
1782 cmt* (Figure 4.3) which are assignable to the {Co(B}H)unit?® In case of dinitrosyl

of [Co(TC-6,6)], the NO stretching were observed&®d7 and 1730 cthin CH,Cl,. These
stretching of [CeNO)4(TC-6,6)] were observed at 1799 and 1720"cin CHCl,

solution*® In general, tertrahedral {Co(N@J° complexes exhibit symmetric and
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asymmetric NO stretching bands between 1820-1876 and between 1755-1798 ¢m

respectively’:
5 %%(%‘ \\f":‘\
[ ); | | Y~
I g \\(——;;m U~\~;Q(2'f’— \\ f;[
\\'( | ( - IG w:‘:[; ’
“ B \ \cs \/)%Q

Figure 45 ORTEP diagram of modified ligand3 (30% thermal ellipsoid plot, H-atoms are
omitted for clarity).

It has been reported earlier that addition of excH® to CHCI, solution of Co(ll)
complex, [COPrDATI),], results in the formation of corresponding Cafiitrosyl
adducts®?? FT-IR spectrum shows the appearance of two band$&88 and ~1760 cfn
indicating the presence of dinitrosyl complexes'HaNMR spectrum after the reaction,
two sets of resonances for diamagnetic compoundsesmonding to the free ligand
H'PrDATI and the {Co(NO} species [Co(NQJPrDATI)] were observe® It is
believed that the reaction proceeds by a redudciitresylation mechanism (Scheme 4.1).
Similarly, the reactions of [CHBuUDATI);], [Co(BzDATI);], and [Co(DATI-4)] in
CH.Cl, solutions with NO are slow, but after several Isowf exposure to an NO

atmosphere, the formation of corresponding dinjirosmplexes were observét??

AN DAN

/N
\ /N\ NO I i /
/ “NO
~N
e I
0,

Ve

Scheme 4.1
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Cobalt dinitrosyl complexes are known as 4-cooridapseudotetrahedral species having
{Co(NO),}*° configuration in the Enemark-Feltham notationrfeetal nitrosyls In some
examples, the formation of {Co(N@)° from Cd* complexes were reported to proceed
through the disproportionation of [&d),] to give [CA(NO).L] and [Cd"(L)s] {L =
bidented ligands}* In the present case, the formation toiis(chelate)Cd" was not
evidenced at any stage of reaction. The formatfatiritrosated_ 3’ in almost quantitative
amount suggests the quantitative formation of sdroum ion. This suggests NO act as the

reductant in this reductive nitrosylation mechani$m

On the other hand, addition of excess NO gas headty and degassed methanol solution
of complex4.2 led to the formation of complex5 (Scheme 4.2). In UV-visible study,
complex4.2 and4.5 exhibit characteristic absorption bands at 525#M*cm*, 300) and
475 nm ¢M™em?, 521), respectively (Figure 4.6). FT-IR spectruhcamplex4.5 in KBr
pellet exhibit a strong stretching band at 1659 cassignable to the coordinated NO
(Figure 4.6). This low energy stretching band foetafrnitrosyl is consistent with
Cd"(NO") or {Co(NO)}® formulation®® In the case of recently reported "Gnitrosyl
complexes bearing 12- and 13- membered N-tetradaédycyclam (TMC) ligands, [(12-
TMC)Cd"(NO)J** (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazatydodecane) and
[(13-TMC)Cd" (NO)]** (13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazdmtyidecane),
this frequency was observed at 1712 and 1716 cmespectively’ In electron
paramagnetic resonance (EPR) studies, though caleshowed characteristic signals,
complex4.5 is silent (Appendix 1ll). This is also suggestitigg trivalency of the cobalt
centre and thus formally ¢¢NO?) or {Co(NO)}® descriptions® 2’ Electrospray
ionization mass spectrometry (ESI-MS) of complex exhibits a prominent ion peak at

m/z 491.17 (Appendix Ill). The mass and isotopdritistion patterns of this ion peak
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match well with4.5 (Calculated m/z for [Co(L4)(NO)CI] 491.19). In addition, complex
4.5 was structurally characterized by single-crystala) crystallography. The NO group
is coordinated to the central metal ion, cobaltrfrihe apical position in an end-on fashion
having a distorted square pyramidal geometry (lEgur). The three corners of the square
plane are occupied by the nitrogen atoms from igpentl and a chloride ion fulfils the

fourth site. The Co-fb distance is 1.765 A and the Co-N-O angle of 12&B&uggest

the bent fashion of nitrosyl bindirfg.?’

1.5
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Figure 4.6 (a) UV-visible spectrum of complek2 (black) and upon addition of excess NO (red)
in methanol. (b) FT-IR spectrum of compk% in KBr pellet.

C22

Figure 4.7 ORTEP diagram of comple45 (30% thermal ellipsoid plot, H-atoms are omitted fo
clarity).
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Thus the crystal structure also supports the[G®)] formulation having {Co(NO)}
description. Complex.3, in the similar reaction condition was not found-¢act with NO

even after several days.

NH | HN NH N—NO
\c/ NO(g) \ os
PARN MeOH VAR *0sL3

NH HN NH —

// a /, )N No
Mes Mes Mes Mes /
4.1 4.4a L3
Mes Mes
/ ClI \ / Cl \
HN | NH HN | NH
L \CO/ —>N0(g) \Co/
/l\ MeOH / \\ 0
jH 4 S NH N
Me™ 42 Mes 4.5
S = Solvent
/S '
(\II\IH _NH Mes = 3\%3\
N—Co\/ N\—Mes ﬂ» No reaction
Mes— H HNO e MeOH
al N\
4.3

Scheme 4.2

Thus, while moving from complexetl to 4.3, the reactivity of the complexes towards
NO changes. In case of compléX, reductive nitrosylation of the metal ion takeagd
resulting in the corresponding cobalt(l)-dinitrgsyiile in 4.2, addition of NO resulted in
the formation of [CH(NO’)] and complex4.3 does not react with NO (Scheme 4.2). The
ligand framework including denticity has a consalde effect on dictating the NO
reactivity of a complex. In case of Co(ll) complexa& tropocoronand ligands, it has been

reported that the ring size of the ligand contrtie reactivity by controlling the
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tetrahedral character of the cobalt dinitrosylsraguare planar one. In case of complex
4.1, the formation of tetrahedral {Co(N@}° is favourable from the structural as well as
redox potential point of views. In complexé2 and4.3, the ligand frameworks do not

prefer tetrahedral geometry as such.

4.3 Experimental Section
4.3.1 Materials and methods

All reagents and solvents were purchased from cawialesources and were of reagent
grade. Deoxygenation of the solvent and solutionerew effected by repeated
vacuum/purge cycles or bubbling with nitrogen fér rBinutes. NO gas was purified by
passing through KOH and®s column. UV-visible spectra were recorded on a HHé&xg
8453 UV-visible spectrophotometer. FT-IR spectfahe solid samples were taken on a
Perkin Elmer spectrophotometer with samples prepaseKBr pellets. Solution electrical
conductivity was checked using a Systronic 305 ootidity bridge. '"H-NMR spectra
were obtained with a 400 MHz Varian FT spectrometnemical shifts (ppm) were
referenced either with an internal standard {Mgor to the residual solvent peaks. The X-
band Electron Paramagnetic Resonance (EPR) speetearecorded on a JES-FA200 ESR
spectrometer, at room temperature. Elemental aeslyere obtained from a Perkin Elmer
Series Il Analyzer. The magnetic moment of compdeie measured on a Cambridge

Magnetic Balance.

Single crystals were grown by slow diffusion folleevby slow evaporation technique. The
intensity data were collected using a Bruker SMARPEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube Madiation & = 0.71073 A) at 273(3)
K, with increasingw (width of 0.3° per frame) at a scan speed of 3sié. The SMART
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software was used for data acquisition. Data imtiggn and reduction were undertaken
with SAINT and XPREP softwarg. Multi-scan empirical absorption corrections were
applied to the data using the program SADABStructures were solved by direct
methods using SHELXS-97 and refined with full-matteast squares off? using

SHELXL-97 2 Structural illustrations have been drawn with ORTEfor Windows™
4.3.2 Synthesis of ligands
(@) Ligand L3

Ethylene diamine (0.60 g, 10 mmol) was taken iound bottom flask in 50 ml of ethanol.
To this, 2.96 g (20 mmol) of mesitaldehyde was dd#f®pwise. The reaction mixture was
stirred for 1 hour to give light yellow precipitatd Schiff base. The Schiff base was
reduced by 2.5 equivalent of NaBkh ethanol to give3 (yield, 2.50g, 78%). Elemental
analyses for gHsoNo, calcd(%): C, 81.43; H, 9.94; N, 8.63; found (%):81.48; H, 9.95;
N, 8.77. FT-IR (in KBr): 3314, 3200, 2922, 27871161459, 1089, 849, 805, 772 tm
'H-NMR (400 MHz, CDC}) dppri 2.21 (s, 6H), 2.32 (s, 12H), 2.82 (s, 2H), 3.314H),
6.82 (s, 4H),>C-NMR (100 MHz, CDG)) dppm 19.7, 21.0, 47.7, 49.9, 129.1, 134.0,

136.4, and 137.0. Mass (m/z): Calcd: 324.25, fo32%.20 (M+1).
(b) Ligand L4

N-(2-aminoethyl)ethane-1,2-diamine (1.03 g, 10 mma}s taken in a round bottom flask
in 50 ml of ethanol. To this, 2.96 g (20 mmol) oésitaldehyde was added dropwise. The
reaction mixture was stirred for 1 hour to giveedlgw solution of Schiff base. The Schiff
base was reduced by 3 equivalent of NaBHethanol. The solution was dried and ligand
L4 was extracted with chloroform (yield, 2.75g, 75%)emental analyses for,gH37Ns,
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calcd(%): C, 78.42; H, 10.15; N, 11.43; found (%):78.34; H, 10.14; N, 11.58. FT-IR (in
KBr): 3430, 2925, 2848, 1611, 1485, 1450 1105, 1681, 716 cril. ‘H-NMR (400
MHz, CDCl) dppr 2.25 (S, 6H), 2.33 (s, 12H), 2.72 (t, 4H), 2.79H), 3.72 (s, 4H), 6.83
(s, 4H),.*C-NMR (100 MHz, CDG)) dppri 19.6, 21.0, 47.6, 49.5, 49.6, 129.1, 133.8,

136.5, 137.0, and. Mass (m/z): Calcd: 367.30, fo368.31 (M+1).
(c) Ligand L5

Tris-(2-aminoethyl)amine (1.46 g, 10 mmol) was taken in a round bottom flassk0 ml

of ethanol. To it 4.44 g (30 mmol) mesitaldehydesvealded drop wise. The reaction
mixture was stirred for 1 hour at 8C. The color of the solution becomes dark yellaw. |
was reduced by 4.5 equivalent of NaBH ethanol. The solution was dried and ligaris
was extracted with chloroform (yield, 4.5g, 82 %kElemental analyses forzHs4Na,
calcd(%): C, 79.65; H, 10.03; N, 10.32; found (%):79.72; H, 10.05; N, 10.43. FT-IR (in
KBr): 3428, 2915, 1612, 1448, 1378, 1111, 1050,, 8816 cnt. *H-NMR (400 MHz,
CDCls) Sppm: 2.22 (S, 9H), 2.25 (s, 18H), 2.55 (t, 6H), 2.6B(H), 6.77 (s, 6H):*C-NMR
(100 MHz, CDC}) dppm 19.7, 21.0, 47.7, 47.9, 54.8, 129.1, 133.9, 43637.0, and.

Mass (m/z): Calcd: 542.42, found: 543.44 (M+1).
4.3.3 Synthesis of the complexes
(a) Complex 4.1, [Co(L 3).Cl]

Cobalt(ll) chloride hexahydrate, Co(8H,O (0.237 g, 1 mmol) was dissolved in 10 ml
distilled methanol. To this solution, 0.648 g (2 oijrof the ligandL 3 was added slowly
with constant stirring. After %2 hour, a light piglolored precipitate of complek1 was
obtained. It was filtered off and washed with dytbther and vacuum dried (yield, 0.70g
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(90%). Elemental analyses for,8s/N4CoCh, calcd (%): C, 67.85; H, 8.28; N, 7.19;
found (%): C, 67.91; H, 8.27; N, 7.26. FT-IR (irBK: 3270, 2960, 1613, 1450, 1380,
1000, 928, 887, 850 cUV-visible (in methanol): 560 nne(M™*cm?, 237), g, = 2.01.

Mass (m/z): Calcd: 777.38, found: 778.51(M+1). Malanductivity: 50 S cAmol™,
(b) Complex 4.2, [Co(L4)Clx(H0)]

Cobalt(ll) chloride hexahydrate, Ca@H,O (0.237 g, 1 mmol) was dissolved in 10 ml
distilled methanol. To this solution, 0.367 g (1 oijrof the ligandL 4 was added slowly
with constant stirring. Complek2 was precipitated out from the reaction mixturevdts
filtered and washed with diethyl ether to get theepcrystalline comple#.2 (yield, 0.40 g,
77%). Elemental analyses for8390N;CoCLO, calcd (%): C, 55.93; H, 7.63; N, 8.15;
found (%): C, 55.84; H, 7.61; N, 8.21. FT-IR (irBR: 3429, 3250, 2915, 1611, 1456,
1380, 1170, 970, 850 cmUV-visible (in methanol): 525 nnz{(M™ cm™, 300), g,= 2.01.
Mass (m/z): Calcd: 537.20 for [Co(L4)YOCHsCN)], found: 537.21. Molar conductivity:

60 S crimol™.
(c) Complex 4.3, [Co(L5)CI]CI

Cobalt(ll) chloride hexahydrate, Ca@H,O (0.474 g, 2 mmol) was dissolved in 10 ml
distilled methanol. To this solution, 1.084 g (2 oijrof the ligandL5 was added slowly
with constant stirring till a light blue colored roplex 4.3 precipitated out. It was filtered
off and washed with diethyl ether to obtain pungstalline complex.3 (yield, 1g, 75%).
Elemental analyses forz§HssN4CoCh, calcd (%): C, 64.28; H, 8.09; N, 8.33; found (%):
C, 64.21; H, 8.08; N, 8.45. FT-IR (in KBr): 31769656, 1612, 1469, 1384, 1163, 1081,

989, 852, 816 cih UV-Visible (in methanol): 480 nmeA M™ cm*, 357), 594 nm¢f M™
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cm?, 222), 760 nme{ M™ cm’, 85). g= 2.22. Mass (m/z): Calcd: 636.31, found: 636.31.

Molar conductivity: 120 S cAmol™.
(d) Complex 4.4a, [Co(L 3)(NO),]Cl

In a 50 ml round bottom flask, 1 g of compléX was dissolved in dry methanol. The
solution was degassed by purging argon for 30 ragurto this solution, NO was purged
for 2 minutes. The solution was kept overnightesult in brown precipitate of complex
4.4a (yield, 0.60g;~50%). Elemental analyses forH3,N4CoO,Cl, calcd(%):C, 55.18;
H,6.74; N, 11.70; found (%): C, 55.12; H, 6.71; N..73. FT-IR (in KBr): 3409, 2960,
1860, 1782, 1612, 1456, 1380, 1030 and 852.dntV-visible (in methanol): 600 nne/M"

Lem?, 500). Mass (m/z): Calcd: 443.44, found: 443.12.
(e) Complex 4.4b, [Co(L 3)(NO),](ClOy)

In a 50 ml round bottom flask, 0.478 g of compleda was dissolved in dry methanol. To
it, 0.122 g of sodium perchlorate was added stifoed hour under argon atmosphere. The
solution was then kept in freeze for 4-5 days suitein dark brown crystal of complex
4.4b (yield, 0.25g ~ 45 %). Elemental analyses fopH3,N4CoQsCl, calcd(%):C, 48.67,
H, 5.94; N, 10.32; found (%): C, 48.70; H, 6.01;10.35 . FT-IR (in KBr): 3463, 3245,
2919, 1860, 1782, 1612, 1456, 1380, 1095, 623. d#v-visible (in methanol): 600 nne/(

M™*cm?, 410). Mass (m/z): Calcd: 443.44, found: 443.13.
(f) I'solation of modified ligand L3

In a 50 ml round bottom flask, 0.777 g of compfiekwas dissolved in dry methanol. The
solution was degassed by purging argon for 30 rasuto this solution, NO was purged
for 2 minutes. The solution was kept overnight. Tnecipitate was filtered out and the
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filtrate was dried and washed with acetonitrilerémove complex.4a. The crude white
solid was subjected to column chromatography ussilgga gel column to yield

dinitrosation productL 3’ and unreactet 3.

L3 (yield, 0.18g,~25 %). Elemental analyses fog,B30N4O,, calcd (%):C, 69.08; H,
7.91; N, 14.65; found (%): C, 69.10; H, 7.95; N, 78 FT-IR (in KBr): 2970, 2990, 1610,
1450, 1423, 1345, 1094, 1044, 856 ctH-NMR (400 MHz, CDCY) 8ppm 2.26 (S, 6H),
2.32 (s, 12H), 3.20 (s, 4H), 5.30 (s, 4H), 6.86 4#),. *C-NMR (100 MHz, CDGJ) dppm
20.1, 21.1, 38.8, 50.7, 126.7, 129.7, 130.0 and2138ass (m/z): Calcd: 382.24, found:

383.24 (M+1).
(g) Complex 4.5, [Co(L4)(NO)CI]CI

In a 50 ml round bottom flask, 0.514 g of compfeX was dissolved in dry methanol. The
solution was degassed by purging argon for 30 rasuto this solution, NO was purged
for 2 minutes. The solution was kept overnight ésult in red crystals of complek5
(yield, 0.50g, 90 %). Elemental analyses fesHz/N4CoOC}, calcd(%):C, 54.65; H, 7.07;
N, 10.62; found (%): C, 54.68; H, 7.09; N, 10.3%;IR (in KBr): 3388, 3055, 2870, 1659,
1611, 1450, 1170, 1026, 856, 829, 665 croV-visible (MeOH): 475 nm (M cm?,

521). Mass (m/z): Calcd: 491.19, found: 491.17.
4.4 Conclusion

The NO reactivity of three Co(ll) complexed,1, 4.2 and 4.3 have been studied in
degassed methanol solution. The complexes diffemfeach other from denticity and
flexibility of the ligand fameworks. In case of cplax 4.1 with bidentate ligand, reductive

nitrosylation of the metal ion with concomitant iliasation of the ligand framework was

71
TH-1573_11612208



Chapter 4

observed. CompleX.2 with tridentate ligand does not undergo reductiteosylation;

rather formation of [C(NO")] was observed. The nitrosyl complexes were isdland

structurally characterized. On the other hand, derh3 with tetradentate tripodal ligand,

does not react with NO. This can be attributeddongetry of the complex as well as the

accessibility of the corresponding redox potential.
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Chapter 5

Reaction of a Co(Il)-superoxo complex with nitric oxide:
Formation of Co(IIl)-nitrite complex via putative Co(II)-

peroxynitrite intermediate

Abstract

The reaction of a cobalt(ll) complex [Co(L5)CI|GK.3) of tetradentate amine ligadb

{L5 = N*-(2,4,6-trimethylbenzyIN? N*-bis(2-((2,4,6-trimethylbenzyl) amino)ethyl)ethane
-1,2-diamine}, with KQ in CHCk resulted in the formation of corresponding colblt(
superoxo compleX.1. Reaction of this superoxo complex with NO ledre formation of
[Co(L5)(NO,),]CI (5.2). Complex5.2 was structurally characterized. Spectroscopic and
analytical evidence suggest that the reaction gaeethrough a putative cobalt(ll)

peroxynitrite intermediate.
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5.1 Introduction

Nitric oxide (NO) is a ubiquitous signal transdocti molecule found in various
physiological processes; for example cellular digrg platelet disaggregation,
neurotransmission and in the immune response teii@cdnfection. However, as NO is a
radical, it is highly reactive and toxidt forms other secondary reactive species such as
nitrogen dioxide (N@ and peroxynitrite (PN, oxoperoxonitrat€ONO), in the presence

of oxidizing agents (© O, 0> etc) and transition metalderoxynitrite, which is formed

by the diffusion controlled reaction of NO and @ highly toxic and its spontaneous
decay to radical-decomposition products resulthyéndamage of cellular molecules such
as DNA, peptides, proteins, sugars, and lijithence, the study of the formation and
decomposition of peroxynitrite to biologically bgni products like N@ or NO, has a

great interest from bioinorganic point of view.

In this regard example of heme and non-heme madedtad formation and decomposition
of peroxynitrite intermediate have been repoftddowever, the study involving other
transition metal ions in generation and reactiofyONOO are limited. Clarkson and
Basolo reported the reaction of cobalt nitrosyl ptem with G to result in the
corresponding nitrite produttReactivity of Cu-NO complex with Qeading to nitrite
product via putative peroxynitrite intermediate was reported the Karlin's group.
Recently non-heme Cr(IV)-peroxo and Cr(lll)-supaerasomplexes were exemplified to
result in presumed Cr(Ill)- PN upon reaction wit@NWe reported the reaction of Cu-
NO complexes with BD, to form Cu-nitrato complewia thermal decomposition of
presumed Cu-PN intermedidteCo(lll)-nitrosyl complex of 12 and 13 membered N-
tetramethylated cyclam ligand have been found &xtrevith superoxide ion to afford
corresponding Co(ll)-nitrite and Qia a presumed Co(ll)-PN intermedidte.
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This chapter describes the reaction of a cobakmxo complex with NO to form a Co-
PN species. Thermal decomposition of this Co-PMrinediate resulted in the formation

of Co(lll)-nitrite complex.
5.2 Results and Discussion

It is observed in Chapter 4 that compke8 doesn’t react with NO. However, addition of
KO, to the chloroform solution of complek3 at -40°C gave a dark green solution of
complex5.1 (Scheme 5.1). Complex1 is stable for a couple of days at bellow 0 °C. It
was isolated as a solid by applying high vacuummaporate chloroform at 0 °C. Complex
5.1 exhibits a band around 420 nm which is assignableharge transfer band of metal
superoxo species. In the reported Co-superoxo @mid®"MCo(0,), it shows a peak at
365 nm*® In case of Cu-superoxo complex’fNsS)-Cu(Il)(Q: )] {3,3-(2-(2-(o-
tolylthio)ethyl)propane-1,3-diyl)bis(N,N-dimethyldine)}, this band was reported around
418 nm™ In FT-IR spectrum, a new peak appeared around £867(Appendix IV). It
was found to gradually diminish with time at rooemiperature (Appendix IV). The
reaction of Na[Fe(lll)(TAML)] (TAML = tetraamido nrarocyclic ligand, 3,3,6,6,9,9-
hexamethyl-  2,5,7,10-tetraoxo-3,5,6,7,9,10-hexabwatt-benzof][1,4,7,10] tetraaza
cyclo-tridecine-1,4, 8,11-tetraide) with K@as to yield corresponding superoxo complex
[Fe(lI)(TAML)(O 2)]*. The complex was structurally characterised anthdoto be side
on binding of the superoxo moiety. This complex Wasd to be stable for several days at
-20 °C. In FT-IR spectroscopy, this complex shole ©-O stretching frequency around
1260 cm'?> Another superoxo complex of cobalt with tris-pyrgkoborate, TH
BUMeCo(0y) was synthesized and characterized structurallyhmopold and co-worker. In
FT-IR spectroscopy, the peak around 961'cmvas assigned as O-O stretching

frequency’® ESI-mass spectrum of compl&d gives a peak at m/z = 633.51 which
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corresponds to the cobalt(ll) superoxo complex Fég5.1). The observed isotopic

distribution pattern was also found good agreemaéiht the simulated one.

+ +
N/\\ /2
e | o (e
—Co —_— J—
Mesv H l \HN CHCly, -40 °C Mesv H lO\HN
a \_——Dﬂes \_——de
— 0
)
4.3 5.1
Scheme 5.1
100- LEd 100

0
633 634 635 636

100

f=p—]

33 634 635 636

T u —t

1 3 1 A3 1
500 600 700 800 900 1000
m/z

Figure5.1 ESI mass spectrum of complgd in acetonitrile. Inset shows the simulated (red) an
experimental (black) isotopic distribution pattern.

Purging NO to the chloroform solution of compléxl at -40 °C, the green solution
immediately turned to pink. The pink solution wasred for 30 minutes to give red
precipitate of compleXs.2. Complex5.2 was characterized by various spectroscopic

techniques. The electrospray ionization mass gpacwof 5.2 exhibits a prominent ion

peak at a mass-to-charge (m/z) ratio of 693.65,s@hmass and isotope distribution pattern
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correspond to [Co(L5)(N&s]* (calculated m/z 693.35) (Figure 5.2). In FT-IR cipem,

the two peaks around 1336 and 1305*came assignable for nitrite stretching frequency
(Appendix 1V). Direct evidence for the formation obmplex5.2 unambiguously was
provided by the X-ray crystal structure. The pecsipe ORTEP view of the complex is
given in figure 5.3. The crystallographic datagsédd bond distances and angles are listed
in tables 5.1, 5.2 and 5.3 respectively. The cobabim is in a distorted octahedral
environment. It is bounded to four nitrogen atomnt ligand and two nitrogen atoms
from two nitrite anions. One chloride ion is outsithe coordination sphere to balance the
charge of the metal centre. The average bond disthetween Co-N is 2.03A. However,
all these bond lengths and angles are in a noravaer when compared to those in

analogous reported complexés.

100 100 693.65

0
693 694 695 696 697 698

%

.693 694 695 696 697 698

300 400 500 600 700 800
m/z

Figure 5.2 ESI mass spectrum of compl&2 in acetonitrile. Inset shows the simulated (red) an
experimental (black) isotopic distribution pattern.
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In UV-visible spectroscopy (Figure 5.4), additiohkiD, at -40 °C to comple4.3, a new
bandappeared at arourd20 nm along with 510 and 620 nm. Upon additiotNGf, these
bands immediately disappeared with concomitant &ion of a new band around 560 nm.
This band was found to be unstable and gradualifteshto 535 nm. This band

corresponds to compléx2. The blue line withyhax= 535 nm is attributed to formation of

[el}}

Figure 5.3 ORTEP diagram of complex2. (30% thermal ellipsoid plot, H-atoms are omitted fo
clarity).

4

(\N/\\H (\N/\\H
P L CHCl;, NO I AN N\ Mes
—_

N H | HN -40 °C

Peroxynitrite Intermediate

RT

(\]\‘I/:‘ - “
es
Mes, , N—Co< N~
M4 \HN\/M
O.N  NO, e

5.2

Scheme 5.2
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unstable peroxynitrite intermediate which was fadny the reaction of superoxo species
with NO (Scheme 5.2). Similar type of reaction wakso observed in the case
[(NC)sCo(O,)]*> when it reacts with NO. The corresponding peroixitei complex
[NEt,]s[(NC)sCo(ONOO)] was found to stable at room temperattifeheopold and co-
worker reported the formation peroxynitrite intedizge from the reaction of [Tp

BUMECo(0y)] with NO at -60 °C which decomposes to nitrite aitrate™> Catalytic

1.5

Absorbance

400 500 600 700 800 900
Wavelength (nm)

Figure 5.4 UV-visible spectra of comple#.3 (black), upon addition of 1 equiv of Kkdgreen),
after 1 minute (blue) and 30 minute (pink) of paggNO chloroform at -40 °C.

decomposition of peroxynitric acid was investigateyl Groves and co-worker. They
reported Mn(lll) complex of substituted corrole agtically decomposes the peroxynitrite
ion to nitrite with concomitant oxidation of Mn()ito Mn(IV)=0.2° Recently Nam and co-
worker reported the decomposition of Mn(lll)-peraxyite of TAML (TAML= tetraamido
macrocyclic ligand) to nitrite and formation of (FA)MnY=0. The formation of
peroxynitrite intermediate was evidenced by DFTceftion!” They also reported the
formation of Cr(IV)=0O complex from peroxynitrite wdh further reacts with NO to give
Cr(Il1)-NO, complex’ In present case, the intermediate decomposestrite o form

complex5.2.
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Table 5.1 Crystallographic data of compl&.

Formula G4H11¢CIC0N12017
Molecular weigh 1513.0!
Crystal systel Triclinic
Space group P-1
Temperature/K 293
Wavelength 0.71073
alA 11.0410 (4)
b/A 12.0519 (5)
c/A 16.1873 (7
al® 103.547 (3
pl° 109.886 (2)
y/° 97.335 (3)
v/ A® 1917.86(14)
Z 1
Density/gcn™ 1.31(
Absorption Coefficien | 0.53¢
Absorption Correctio Multi-scat
F(000) 805.0
Total no of reflections 9212
Reflections|>24(1) 3803
Max. 20/° 28.360
Ranges (h, k, -14<h<14
-15< k<16
-21<1<21
Complete to (%) 96.0
Refinement method Full-matrix least-
squares offF°
Goof (F9) 0.630
R indices [>20(1)] 0.0668
R Indices (all dat: 0.142¢

Chapter 5

We sought more support for our proposal of forrmatd peroxynitrite intermediate along
with the formation of5.2 from 5.1. In this regard, we carried out trapping experitaen
using 2,4-ditert-butylphenol (DTBP). After addition of NO to chlomfn solution of
complex5.1 at -40°C, DTBP was added. Oxidatively dimerizedBP'T(2,2-dihydroxy-

3,3,5,5-tetratert-butylbiphenol, DTBP-dimer) was produced with 28ld.
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Table 5.2 List of selected bond lengths (A) of compEeS.

Co(1)-N(1) 2.033 (5)
Co(1-N(2) 2.026 (4

Co(1-N(3) 2.058 (4

Co(1)-N(4) 1.983 (4)
Co(1)-N(6) 2.021 (4)
N(3)-C(10) 1.507 (6)
N(6)-C(15) 1.503 (6)
N(6)-C(14) 1.487 (6)

N(2)-O(1) 1.244 (5
N(1)-O(4) 1.094 (6
N(2)-0(2) 1.234 (5)
N(1)-0(3) 1.186 (5)

Table 5.3 List of selected bond angles (°) of comptex

N(1)-Co(1)-N(2) | 85.17 (16)
N(1)-Co(1)-N(3) | 92.88 (18)
N(1)-Co(1)-N(4) | 177.24 (18)
N(2)-Co(1)-N(3) | 85.28 (18)
N(2)-Co(1-N(4) | 92.98 (16
N(3)-Co(1-N(4) | 84.91 (14
O(1-N(2-0(2) | 117.8 (4
0(2)-N(2)-Co(1) | 120.7 (7)
O(3)-N(1)-0(4) | 126.5 (4)
0(3)-N(1)-Co(1) | 116.9 (4)

5.3 Experimental Section

5.3.1 Materials and methods

All reagents and solvents were purchased from cawialesources and were of reagent
grade. Deoxygenation of the solvent and solutionerew effected by repeated
vacuum/purge cycles or bubbling with nitrogen fdr &in. NO gas was purified by
passing through KOH and,®s column. U\~visible spectra were recorded an either
Perkin-Elmer lambda 25 UV-visible spectrophotometerAgilent Technologies Cary
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8454 UV-visible spectrometer equipped with Unisolamperature controller. FT-IR
spectra were taken on a Perkin-Elmer spectrophdtomdgth either sample prepared as
KBr pellets or in solution in a potassium bromiddl.cSolution electrical conductivity was
checked using a Systronic 305 conductivity bridée. NMR spectra were obtained with a
400 MHz Varian FT-spectrometer. Chemical shiftsnippvere referenced either with an
internal standard (M&i) for organic compounds or to the residual salyezaks. The X-
band Electron Paramagnetic Resonance (EPR) spédtra complexes and of the reaction
mixtures were on a JES-FA200 ESR spectrometer. &le@hanalyses were obtained from
a Perkin-Elmer Series Il Analyzer. The magnetic rantrof complexes were measured on
a Cambridge Magnetic Balance. Mass spectra of tmpounds in acetonitrile were

recorded in a Waters Q-Tof Premier and Aquity unstent.

Single crystals were grown by slow diffusion follesvby slow evaporation technique. The
intensity data were collected using a Bruker SMARPEX-II CCD diffractometer,
equipped with a fine focus 1.75 kW sealed tube Mo#diation £ = 0.71073 A) at 273(3)
K, with increasings (width of 0.3° per frame) at a scan speed of 3shé. The SMART
software was used for data acquisition. Data iatiegn and reduction were undertaken
with the SAINT and XPREP softwal&For complexs.2, empirical absorption corrections
were applied to the data using the program SADABStructures were solved by direct
methods using SHELXS-97 and refined with full-matfeast-squares off? using
SHELXL-97% All non-hydrogen atoms were refined anisotropicallStructural
illustrations have been drawn with ORTEP-3 for Wind?! The disorder present in the

crystal structure has been tried to be minimizedids of SHELXL.
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5.3.2 Syntheses of the complexes
(a) Complex 5.1, [Co(L5)(0,)]Cl

Complex4.3 (0.671 g, 1 mmol) was taken in a 50 mL round butftask and dissolved in
25 mL of chloroform and cooled to -4€. To it, K&, (0.07 g, 1 mmol) was added and
stirred for 30 minute. Then the solvent was driader vacuum at 0 °C to obtain the green
powder of comple.1. Complex5.1 is stable at C for a week. FT-IR (in KBr): 3415,
2937, 2678, 1610, 1469, 1191, 1167, 1037, 990, 8% 825 cri. Elemental analysis
could not be done owing to the thermal instability the complex. UV-visible (in
chloroform): 420 nmg435 M*cm™), 500 nm £/370 M*cm™), 610 nm €285 M'cm™).

Mass (m/z): Calcd: 633.36 for [Co(L5){]", found: 633.36.
(b) Complex 5.2, [Co(L5)(NO,),]CI

In a 50 ml round bottom flask, 30 ml of dry chlavoh is taken and kept in -40 °C for 30
minutes. To it 0.500 g of compléx1 was dissolved and degassed by purging argon. Then
NO was purged to it under cold condition. The calbthe solution changed from green to
pink and within five minute and afforded compl&®2 as red precipitate. Excess NO was
removed from the reaction mixture by purging argbine red precipitate was filtered out
and washed with cold methanol. Slow evaporatiomethanol solution of the precipitate
gives X-ray quality crystal of complex2. Yield 0.375g (72%). Elemental analyses for
CseHs54Ns0O4C0oClI, Calcd(%): C, 59.29; H, 7.46; N, 11.52. Fo¥): C, 59.48; H, 7.89; N,
11.68,FT-IR (in KBr): 3388, 3135, 2964, 1611, 141336, 1305, 853, 825 ch UV-
visible (in chloroform): 535 nm 370 M'cm®). Mass (m/z): Calcd: 693.35 for

[Co(L5)(NO»),]*, found: 693.35.
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5.3.3 Isolation 2,2’-dihydroxy-3,3',5,5'-tetr a-tert-butylbiphenol (DTBP dimer)

Complex5.1 (0.668 g, 1 mmol) was dissolved in 20 ml of prededachloroform. To it, 2,
4-di-tert-butyl phenol (1.03 g, 5 mmol), was added and theure was cooled to -40 °C.
The solution was degassed by purging Ar. To thigadsed solution, NO was purged and
stirred for 20 minute. The reaction mixture wasntivearmed to room temperature and
dried under reduce pressure. The solid mass wasstiigected to column chromatography
using silica gel column to obtain pure Z2¢thydroxy-3,3,5,5-tetratert-butylbiphenol.
Yield: 0.069 g (~28%)*H-NMR (400 MHz, CDC}) 8ppm 1.32 (s, 9H), 1.45 (s, 9H), 5.23
(1 H), 7.12 (1 H), and 7.39 (1 H*C-NMR (100 MHz, CDGJ) 8ppm 29.8, 31.8, 34.6,
35.4, 122.5, 125.0, 125.5, 136.4, 143.2, and 150ass (m/z): Calcd: 410.32, found:

409.32 (M-1).
5.4 Conclusion

In summary, we have investigated the NO reactidnsnetal-Q complex to provide
further insight into fundamental aspects of NODt(iioxide dioxygenage) chemistry.
Such reactions are important in the biological faegon of NO and they involve transition-
metal complexes and species derived from moleaMsigen and nitric oxide. We have
shown that the reaction of the cobalt(ll)-superaanplex 5.1 with NO yields the
[Co(lIN—(NOy),] product complexs.2, which is most likely formed through an Co(ll)-PN

intermediate.
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Figure Al.1l FT-IR spectrum of L1H3in KBr pellet.
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Figure A1.3 *C-NMR spectrum of L 1H5 in CDCl;
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Figure A1.4 ES| mass spectrum of L 1H3 in acetonitrile.

Figure A15 UV-visible spectrum of complex 2.1 in acetonitrile.
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Figure A1.7 ESI-mass spectrum of complex 2.1 in acetonitrile.
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Figure A1.8 X-band EPR of complex 2.1 in acetonitrileat 77 K.
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Figure A1.9 ESI mass spectrum of complex 2.1 after purging NO in acetonitrile.
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Figure A1.10 Solution FT-IR spectra of complex 2.1 (blue), after 1 (blue), 2 (red) and 3 (green)
and 10 (yellow) minutes of addition of NO in acetonitrile in NaCl cell.
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Figure A1.11 *H-NMR spectrum of complex 2.1 in CD4CN.
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Figure A1.12 *H-NMR spectrum of complex 2.1 after purging 1 equivaent of NO in CD;CN.
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Figure A1.13 *H-NMR spectrum of complex 2.1 after purging excess of NO in CD;CN.
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Figure A1.14 FT-IR spectrum of complex 2.2 in KBr pellet.
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Figure A1.15 X-band EPR of complex 2.2 at 77 k in acetonitrile.
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Figure A1.16 Double integration of EPR spectrum of complex 2.1 (concentration 0.5 M) in
acetonitrileat 77 K.
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Figure A1.17 Double integration of EPR spectrum of complex 2.1 (concentration 0.5 M) after
adding 1 equivaent of NO in acetonitrile at 77 K.
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Figure A1.18 Double integration of EPR spectrum of complex 2.1 (concentration 0.5 M) after
adding excess of NO in acetonitrile at 77 K.
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Figure A1.19 Double integration of EPR spectrum of Cu(ClO,).6H,0 (concentration 0.5 M) in
acetonitrileat 77 K.
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Figure A1.20 UV-visible spectrum of complex 2.2 in methanol.
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Figure A1.21 TGA of complex 2.2.
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Figure A1.22 FT-IR spectrum of complex 2.2 upon application of vacuum in DMF.
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Figure A1.23 ESI mass spectrum of methanol solution of complex 2.2 upon application of

vacuum.
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Figure A1.24 UV-visible spectrum of methanol solution of complex 2.2 after applying vacuum.

100
TH-1573_11612208



Appendix |

60:

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'!)

Figure A1.25 FT-IR monitoring of the reaction of complex 2.2 with PPh; Decay of intensity of
the band at 2153 cm™ is due to the reaction of coordinated N,O with PPhs.
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Figure A1.27 Complex 2.2. The bond distances (A) : Cu(1)-O(2) = 1.99 Cu(1)-N(5) = 2.08 Cu(1)-
N(6) = 2.18 Cu(1)-N(8) = 2.10 Cu(1)-N(12) = 2.10.
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Table A1.1 Coordinates of DFT optimized complex 2.1.

Cu 6.364898 5.232501 18.481661
O 5381970 4.115081 19.796469
O 6.304116 5.101210 22.008457
H 5.860899 4.792263 21.140845
N 7.143166 6.455444 16.983025
N 8412076 5.157241 19.227193
H 8530810 5.806804 20.013458
N 6.166956 3.817098 16.948950
H 7.009005 3.236874 16.859679
O 10.250194 5.343180 21.546582
H 10.827008 5.849577 22.148181
N 5174646 6.889711 18.975560
H 4.290252 6.656028 18.508600
C 6.028821 4.640597 15.725682
H 5.045985 5.133383 15.763720
H 6.062316 4.029289 14.808903
C 8512725 6.831609 17.429377
H 8.420689 7.648941 18.158248
H 9100649 7.214259 16.578639
C 9.215005 5.648882 18.082600
H 9.326309 4.818014 17.369343
H 10.232270 5.948840 18.381138

C 5469294 2776734 19.715460
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10.995427

8.819448

8.465993

8.259958

6.011856

10.302877

12.405567

12.950406

7.155805

8.119412

7.083821

6.665780

5.286963

6.222719

5.352742

6.709311

6.453054

5.926183

5.019229

4.831024

4.136241

7.515659

7.834687

1.724249

4.418055

3.808856

3.067302

3.635542

7.431466

3.622583

2.502959

1.754576

5.662777

5.139449

6.331881

6.412303

2.107429

7.622759

7.312506

8.457793

8.757409

9.550735

2.914130

2.245087

3.559853

9.089595

10.128180

6.753184

20.858425

19.708574

18.976242

20.639489

21.293643

19.923030

19.383174

18.805819

15.717474

15.649979

14.845457

22.030353

18.471937

16.891033

16.293866

16.360225

21.458166

20.921113

17.231032

16.374637

17.363972

22.298210

22.398889

22.893815

103

Appendix |



TH-1573_11612208

8.210230

13.073889

14.148238

11.029944

10.500399

12.373112

12.890828

5.715454

5.851244

4.825495

4.277179

4.131641

5.764691

6.612755

5.045392

5.380029

5.250272

8.151571

8.980452

5.622273

5.687375

5.784887

5.974629

5.948958

3.303492

3.187091

2.673754

2.056676

4.262531

4.890035

2.003001

2.514554

7.149378

6.262430

8.006361

8.054471

8.413261

8.885862

0.712504

0.212339

8.072021

8.307953

-0.045191

-1.132814

0.611497

0.035525

23.447970

20.315165

20.471192

19.194211

18.463103

21.052787

21.783134

20.871773

21.826787

20.407756

20.753801

20.451225

18.274368

18.871884

18.189795

18.420591

17.456745

23.020945

23.692053

19.571877

19.511427

20.797542

21.706222
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Figure A1.28 Thebond distancesin (A) : N(1)-N(2) = 1.14 N(2)-O(3) = 1.19
Table A1.2 Coordinates of DFT optimized nitrous oxide (N,O).

N 0.137103 1.444952 0.000000
N 1274173 1.438043 0.000000

O 2462723 1.430005 0.000000

Figure A1.29 Complex 2.2. The bond distances (A) : Cu(25)-N(17) = 2.13 Cu(25)-N(26) = 2.24
Cu(25)-N(51) = 2.19 Cu(25)-N(68) = 2.19 Cu(25)-N(61) = 2.05 N(61)-N(62) = 1.16 N(62)-O(63)
= 1.20. The hydrogen atoms are removed for clarity.

Table A1.3 Coordinates of DFT optimized complex 2.2.

H 5.907922 2388591 -3.401722
O 5153245 2213602 -2.807810
C 5228004 3.059961 -1.711273
C 6.379428 3.820312 -1.476694
H 7.229575 3.739386 -2.159333
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6.429654

7.329783

5.331136

5.360106

4.188294

3.318916

4.113315

-6.538956

2.882199

2.791862

1.981113

2.850683

3.736813

2.698779

3.595333

1.870255

2.401343

2.302941

3.258853

1.372076

1.205290

-0.583166

-2.024887

-2.252965

4.683084

5.274575

4.789841

5.471437

4.026466

4.125886

3.138838

2.243858

2.295765

2.066237

2.853331

1.000039

0.511750

1.164950

1.608421

1.870585

-0.173832

-0.019953

-0.844910

-0.404493

-0.816516

1.332398

2.872958

3.800123

-0.379979

-0.203133

0.479046

1.330570

0.230021

0.884590

-0.855057

-0.805704

-1.094697

-2.162404

-0.800753

-0.352409

-0.526118

1.114919

1.579154

1.278060

1.788541

2.880057

1.638006

-0.980692

1.213051

-0.495121

-1.278673

-1.078094
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0.126543

-0.058974

-0.418533

-1.139578

-2.063848

-1.379371

-4.430957

-4.531859

-5.555095

-5.418410

-6.293622

-4.029674

-4.147113

0.187225

-1.704819

1.195213

1.383979

-1.180875

2.133381

2.218282

3.232023

2.064519

1.228742

3.198830

0.850260

-0.210747

-0.675384

-0.303860

0.165548

-1.354578

2.646204

3.718149

1.814247

0.444006

-0.207552

-1.156208

-0.085646

-2.633191

-0.915317

-2.285295

-2.610853

0.643418

-4.038363

-2.940469

-2.675198

-2.485408

-2.940188

-2.925455

1.894022

1.670305

2.607550

0.598004

0.976509

0.372319

-1.008074

-0.817621

-1.003908

-1.247912

-1.243668

-1.684057

-1.496625

1.068480

-2.002522

1.337109

2.379081

-2.656470

0.501898

0.415201

0.740099

-0.985576

-1.369304

-1.862794
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3.242644

2.965653

4.986163

4.541820

6.558802

7.007028

6.619656

1.201659

1.716500

2.365713

7.952343

4.691511

-3.005730

-3.166519

-0.668040

5.341000

5.035439

6.253823

-1.630094

7.150794

4.299303

-4.028779

-2.573587

-4.151446

-2.401787

-2.689179

-1.423386

0.316550

-0.337692

0.255552

0.963678

-1.029973

0.467271

0.724973

2.103525

0.321932

-3.161935

-1.146716

-0.657469

0.158332

-3.303101

-0.434341

-1.885583

-2.876170

-0.244029

-1.411865

-0.047457

-0.436463

-1.659947

-3.021525

-3.868634

-4.595149

-0.057308

-2.853259

-1.513883

-1.264026

-0.657899

-0.543450

-1.830833

-1.327849

-1.778015

0.633108

-2.738279
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Details of NBO analysis
In order to gain insights into the interaction of nitrous oxide(N,O) ligand with the central
Cu system, the intramolecular charge transfer in the complex has been analysed with the
natural bond orbital (NBO) analysis. The energetic estimate of donor (i) — acceptor ()
orbital interactions can be obtained by the second order perturbation theory analysis of the
Fock matrix in the NBO basis. The donor—acceptor interaction energy E(2) is given by,
E(2) = AE(i.j)=[a(i.)F(.i)]/=(0)-¢()
where ((i) is the donor orbital occupancy, (i) and (j) are the diagonal elements (orbital
energies), and F(i,j ) is the off-diagonal NBO Fock matrix element. In the present
investigation, the important interaction is between central copper(Cu) and the N,O unit has
been carefully analysed.

Table Al1.4 The energy due to orbita interaction.

Orbitalsinvolved Interaction Energy(kcal/mol)

LP(N) = LP* (Cu) 36.0

1000

800 —

600

Intensity

re
3
S

200

M M . I | M M I
1250 1500 1750 2000 2250
Frequency (cm-1)

Figure A1.30 Theoretical calculated Infrared (IR) Spectrum of the Cu-N,O complex.
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Figure A1.31 ORTEP diagram of [ Cu(CH3CN)4]ClO, (50% thermal ellipsoid plot).
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Figure A1.32 GC-mass spectrum of methyl nitrite.

I solation of [(CH3CN)4Cu](ClO,): To 20 ml of distilled and degassed acetonitrile solution of
complex 2.1 (500 mg), equivalent amount of freshly purified NOy was added. The solution
became colorless. It was then kept in freezer. After 10-12 days, [(CH3CN),Cu](ClO,) was
precipitated out as colorless crystals (yield, ~ 70%). It was confirmed by the single crystal X-
ray structure determination. Since, it has been reported earlier, the data are not given.
However, the ORTEP diagram is shown in the supporting information. The crystals were
filtered out and the resulting solution was dried under reduced pressure. The light green crude
mass was dissolved in minimum volume of acetonitrile. To this saturated aqueous solution of
Na:S (1 ml) was added and stirred for 5 mints. 20 ml of water was added to the reaction
mixture and the back precipitate was filtered. The filtrate was neutralized using dilute acetic
acid and then the organic part was extracted using CH,Cl. Then it was dried under vacuum.
Characterization of the isolated product matches well with L1Ha.
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Figure A2.1 FT-IR spectrum of L2H in KBr pellet.
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Figure A2.3 *C-NMR spectrum of L2H in CDCls.
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Figure A2.4 FT-IR spectrum of complex 3.1 in KBr pellet.
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Figure A2.5 UV-visible spectrum of complex 3.1 in methanol.
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Figure A2.6 X-band EPR spectrum of complex 3.1 in methanol.
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Figure A2.7 ESI-mass spectrum of complex 3.1 in methanol. Inset shows the simulated (red) and
experimenta (balck) isotopic distribution pattern.

100
80-

H

;g

60-

40 1712 ecm!
2050 1950 1850 1750 1650

Wavenumber (cm')

Figure A2.8 Solution FT-IR spectra of complex 3.1 (black), complex 3.1 with excess amount of
NO purged (blue; formation of metal nitrosyl,1712cm™). Pink, green and red traces are after 5, 10
and 20 hours of purging NO respectively in 1:5 methanol acetonitrile mixturein KBr cell.
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Figure A2.9 FT-IR spectrum of complex 3.2 in KBr pellet.
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Figure A2.10 UV-visible spectrum of complex 3.2 in methanol.
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Figure A2.11 ESI-mass spectrum of complex 3.2 in methanol. Inset shows the ssimulated (red)
and experimental (balck) isotopic distribution pattern.
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Figure A2.12 X-band EPR spectrum of complex 3.2 in methanol.
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Figure A2.13 FT-IR spectrum of complex 3.3 in KBr pellet.
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Figure A2.14 UV-visible spectrum of complex 3.3 in methanol.
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Figure A2.15 ESl-mass spectrum of complex 3.3 in methanol.
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Figure A2.16 FT-IR spectrum of modified ligand L2’ in KBr pellet.
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Figure A2.17 *H NMR spectrum of modified ligand L2’ in CD;OD.
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Figure A2.18 *C NMR spectrum of modified ligand L2’ in CD;OD.
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Figure A2.19 ESl-mass spectrum of modified ligand L 2’ in methanol.
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Figure A2.20 FT-IR spectrum of complex 3.1ain KBr pellet.
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Figure A2.21 UV-visible spectrum of complex 3.1a in methanol.
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Figure A2.22 ESI-mass spectrum of complex 3.1a in methanol. Inset shows the simulated (red)
and experimental (balck) isotopic distribution pattern.
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Figure A2.23 'HNMR spectrum of 3.1a in CD3;0OD and CD3CN mixture.
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Figure A2.24 UV-visible spectraof complex 3.1a (black) and after purging NO (red) in
acetonitrile.

(2

®

(e)

(@

(©)

()

T

(@)

T
9.5

9.0

T
8.5

T
8.0

Figure A2.25 "H-NMR spectra complex 3.1 before and after purging NO in CD;OD and CD;CN
mixture. () Represents complex 3.1; (b) — (g) represent the spectra of complex 1 after the addition
of NO. Spectraarerecorded in 2 hoursintervals.

TH-1573_11612208

119



Appendix |1

®) _J (N

e

! — T T T T T T T T T T T T T )
00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

Figure A2.26 *H NMR spectrum of (a) complex 3.1a and (b) after addition of NO in CD;OD and
CD3CN mixture.
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Figure A2.27 ESI-mass spectrum of the reaction mixture of Complex 3.1 and NO in methanol
and acetonitrile mixture (1:5).
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Figure A2.28 GC-mass spectra of headspace gas after 1 day of purging NO in the solution of
complex 3.1 (methanol: acetonitrile, 1:5, v/v). (&) Chromatogram, (b) mass spectrum of nitrous
oxide at retention time 1.694 minute, (c) mass spectrum of methyl nitrite at retention time 1.724
minute (d) mass spectrum of acetonitrile solvent at retention time 1. 914 minute.
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Figure A2.29 Doubleintegration of EPR spectrum of complex 3.1 (concentration 0.5 M) in
methanol and acetonitrile mixture (1:5, v/v) a 77 K.
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Figure A2.30 Doubleintegration of EPR spectrum of complex 3.1 (concentration 0.5 M) just after
adding of NO in methanol and acetonitrile mixture (1.5, v/v) a 77 K.
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Figure A2.31 Doubleintegration of EPR spectrum of complex 3.1 (concentration 0.5 M) after 24
hours of adding NO in methanol and acetonitrile mixture (1.5, v/v) at 77 K.
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Figure A2.32 Doubleintegration of EPR spectrum of complex 3.1 (concentration 0.5 M) after
adding excess of NO in methanol and acetonitrile mixture (1:5, v/v) at 77 K.

Table A2.1. Selected bond lengths (A) of complexes 3.1, 3.2 and 3.3.

TH-1573_11612208

Atom 3.1 3.2 3.3
Cu(1)- N(2) 1.958 (4) 1.945 (5) 2.010 (3)
Cu(1)- N(3) 2.041 (5) 1.951 (7) 1.994 (3)
Cu(1)- O(1) 2.236 (4) - 2.342 (3)
Cu(2)- O(2) 1.931 (4) - -
Cu(1)- O(4) 1.988 (4) 1.909 (6)

Cu(2)- N(5) 1.961 (4) 1.961 (6)

Cu(2)- N(7) 2.015 (5) 1.948 (6)

Cu(2)- O(1) 1.933 (4)

Cu(1)- O(3) - 1.910 (5)

Cu(2)- O(5) 1.930 (7)

O(4)- N(9) 1.315 (6)

O(6)- N(11) 1.306 (7)

0O(5)- N(12) 1.30(2)

N(9)- N(10) 1.26 (1)

N(11)- N(12) - 1.26 (1)

Cu(2)- O(2) 2.266 (4) - -
N(1)- C(6) 1.384 (7) 10415(7) 1.392 (4)
0O(2)- C(9) 1.302 (6) - -

0O(2)- C(41) 1.327 (6)

0O(3)- C(39) 1.26 (1)

O(4)- C(39) 1.26 (1) -
0O(2)- N(5) - - 1.297 (5)

C(18)-N(11) 1.427(8) -
C(37)-N(9) 1.430(9)
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Figure A3.1 FT-IR spectrumof L3in KBr pellet.

Figure A3.2. *H-NMR spectrum of L3in CDCls.
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Figure A3.3 *C-NMR spectrum of L3in CDCls.
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Figure A3.4 ESI-mass spectrum of L3 in methanol.
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Figure A3.5 FT-IR spectrum of ligand L4 in KBr pellet.
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Figure A3.6 *H-NMR spectrum of L4 in CDCls.
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Figure A3.7 ~“C-NMR spectrum of L4 in CDCls.
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Figure A3.8 ESI-mass spectrum of L4 in methanol.

100

90

%T

80

70

60 T T L T ¥ T ¥ T T T ¥ T ' T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’')

Figure A3.9 FT-IR spectrum of ligand L5 in KBr pellet.
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Figure A3.11 *C-NMR spectrum of L5 in CDCls.

x108"
4.2 543.4479

3.8
36
3.4
3.24

28
2.6
2.4
2.2

1.8
16
1.4
1.2

0.8
0.6
0.4
0.2

nts vs. Mass-to-Charge (mv/z)

Figure A3.12 ESI-mass spectrum of L5 in methanol.
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Figure A3.13 FT-IR spectrum of complex 4.1 in KBr pellet.
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Figure A3.14 UV-visible spectrum of complex 4.1 in methanol.
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Figure A3.15 ESI-mass spectrum of complex 4.1 in methanol.
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Figure A3.16 FT-IR spectrum of complex 4.2 in KBr pellet.
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Figure A3.18 ESI-mass spectrum of complex 4.2 in acetonitrile.
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Figure A3.19 FT-IR spectrum of complex 4.3 in KBr pellet.
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Figure A3.20 UV-visible spectrum of complex 4.3 in methanol.
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Figure A3.21 ESI-mass spectrum of complex 4.3 in methanol.
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Figure A3.22 Cyclic voltammogram of complex 4.1.
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Figure A3.23 Cyclic voltammogram of complex 4.1.
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Figure A3.24 Cyclic voltammogram of complex 4.2.
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Figure A3.25 Cyclic voltammogram of complex 4.2.
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Figure A3.26 Cyclic voltammogram of complex 4.3.
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Figure A3.27 Cyclic voltammogram of complex 4.3.

132
TH-1573_11612208



Appendix I11

2.0 4

—
n
L

—
=}
1

Absorbance

0.5

0.0

T T T T
400 600 800 1000
Wavelength (nm)

Figure A3.28 UV-visible spectra of complex 4.3 (black) and upon purging excess NO (red) in
methanol.
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Figure A3.29 X-band EPR spectra of complex 4.1 (black) and upon purging excess NO (red) in
methanol.
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Figure A3.30 X-band EPR spectra of complex 4.2 (black) and upon purging excess NO (red) in
methanol.

133
TH-1573_11612208



Appendix I11

500

250

=
4

Intensity

-250

-500

T T T T
100 200 300 400 500 600

Field (mT)
Figure A3.31 X-band EPR spectra of complex 4.3 (black) and upon purging excess NO (red) in

methanol.
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Figure A3.32 "H-NMR spectrum of complex 4.4a in CD30D.
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Figure A3.33 UV-visible spectrum of complex 4.4a in methanol.
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Figure A3.34 FT-IR spectrum of complex 4.4b in KBr pellet.
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Figure A3.35 UV-visible spectrum of complex 4.4b in methanol. Inset shows the d-d transition

region.
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Figure A3.36 ESI-mass spectrum of complex 4.4a in acetonitrile. Inset shows the simulated (red)
and experimenta (black) isotopic distribution pattern.
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Figure A3.37 ESI-mass spectrum of complex 4.4b in acetonitrile.
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Figure A3.38 "H-NMR spectrum of modified ligand L3 in CDCl.
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Figure A3.39 *C-NMR spectrum of modified ligand L3 in CDCls.
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Figure A3.40 ESI-mass spectrum of modified ligand L3 in methanol.
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Figure A3.41 FT-IR spectrum of complex 4.5in KBr pellet.
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Figure A3.42 "H-NMR spectrum of complex 4.5 in CD;CN.
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Figure A3.43 UV-visible spectrum of complex 4.5 in methanol.
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Figure A3.44 ESI-mass spectrum of complex 4.5 in acetonitrile. Inset shows isotopic distribution
pattern. Black line corresponds experimental and red line corresponds simulated mass spectra.
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Figure A3.45 Cyclic voltammogram of complex 4.4a.
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Figure A3.46 Cyclic voltammogram of complex 4.4a.
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Figure A3.47 Cyclic voltammogram of complex 4.5.
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Figure A3.48 Cyclic voltammogram of complex 4.5.
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Figure A4.1 FT-IR spectrum of complex 5.1 in KBr pellet.
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Figure A4.2 UV-visible spectrum of complex 5.1 in methanol.
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Figure A4.3 FT-IR spectral change during the decomposition of complex 5.1 a room temperature
in KBr pellet.
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Figure A4.4 FT-IR spectrum of complex 5.2 in KBr pallet.
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Figure A4.5 UV-visible spectrum of complex 5.2 in methanal.
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Figure 4.6 Solution FT-IR spectra of complex 4.3 (blue), complex 5.1 (red) and complex 5.2
(green) in acetonitrile at room temperature.
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Figure A4.7 ESI-Mass spectrum of complex [L5Co(OH)(NO,)]", obtained from reaction of
peroxynitrite intermediate and 2,4-di-tert-butyl phenol.

o~ (2] o~
[y ] ™~ = m
NN~ "] o
R [ N/
|
]
1
[ [l
I | [
L ! (3]
55 2 a2
11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0
fi(ppm)

Figure A4.8 "H-NMR spectrum of 2,2"-dihydroxy-3,3',5,5'-tetra-tert-butylbiphenol in CDCls.
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Figure A4.9 *C-NMR spectrum of 2,2'-dihydroxy-3,3',5,5-tetra-tert-butylbiphenol in CDCl.
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Figure A4.10 ESI-Mass spectrum of 2,2'-dihydroxy-3,3',5,5'-tetra-tert-butylbiphenol in
acetonitrile.
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