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Preface

Bioinorganic chemistry is an interdisciplinary subject developed through the cross-
fertilization of knowledge emerged from studies in chemistry, biochemistry, physics,
biology, medicine, environmental science and so on. Although the subject is of vital
interest to researchers, many areas of the subject are matured enough for textbook pre-
sentation. Looking over this, University Grants Commission in India has recommended
the topics of bioinorganic chemistry as part of the curriculum for undergraduate and
postgraduate courses in chemistry. Moreover, in abroad too, topics of bioinorganic
chemistry are included in syllabi of most of the universities and institutes.

During my long journey of teaching span of more than 40 years in three different
universities, I had always realized the lack of textbooks in bioinorganic chemistry
that covers most of the topics for in-depth teaching of the subject matters. Moreover, I
was also in quest of reading materials in the form of research papers, reviews and
books, so that curriculum at postgraduate, M.Phil. and Ph.D. levels in any University
of India and abroad too can be revised for updating man powers in chemistry for
manifold applications. This book entitled Bioinorganic Chemistry: Some New Facets
comprising four chapters is designed to meet out the objectives mentioned above. Al-
though many more topics are still not covered in this book as it may only increase the
bulkiness of the book, these will be given attention in my next book.

The book also aims at assisting students in preparing competitive examinations,
namely, NET, GATE, SLET, Doctoral Entrance Test (DET) and others, particularly in
India. The end of each chapter has multiple-choice, short-answer and long-answer
questions covering the topics discussed in the chapter for self-evaluation of students.

In completing a book of this nature, one accumulates gratefulness to the previ-
ous authors and editors of books, research papers, reviews and monographs on the
relevant topics. I have consulted these sources freely and borrowed their ideas and
views with no hesitation in preparing this manuscript. These sources are mentioned
at several places in the text and also listed in bibliography, for which I am highly
thankful to these authors.

Moreover, this book is the outcome of my teaching of the subject for more than
two decades for several batches of M.Sc. and M.Phil. students at the Department of
Chemistry, Rani Durgavati University, Jabalpur (M.P.), India. I have benefitted enor-
mously from the response, questions and criticisms of my students.

Looking over the problems of students in learning the subject, I have tried my best
to present the subject with student-friendly approach that is expressing it in an
interactive manner and in simple language with many illustrative examples. Therefore,
I hope that the book will serve as a textbook for M.Sc., M.Phil. and Ph.D. students of
chemistry.

My endeavour will be amply rewarded if the book is found helpful to the stu-
dents and teachers. In spite of serious attempts to keep the text free of errors, it
would be presumptuous to hope that no error has crept in. I shall be grateful to all

https://doi.org/10.1515/9783110727302-202
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those who may care to send their criticism and suggestions for the improvement of
the book to my e-mail ID (rcmauryal@gmail.com).

The writing of this book was initiated in September 2018 at 4515 Wavertree
Drive, Missouri City-77459, Texas, during our stay with my daughter Dr. Abhilasha
and son-in-law Dr. Adarsh, for which they deserve thanks.

Last but not least, I thank my wife Mrs. Usha Rani Maurya for her patient un-
derstanding of the ordeal which she had to undergo due to my almost one-sided
attention during the completion of this challenging task. I am also indebted to my
students Dr. J. M. Mir, Dr. P. K. Vishwakarma and Dr. D. K. Rajak for their encour-
agement and cooperation.

October 2, 2020 R. C. Maurya
B-95, Priyadarshini Colony, Dumna Airport Road, (Author)
Jabalpur (M.P.), India
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Chapter |

Coordination chemistry of chlorophylls/
bacteriochlorophylls and its functional aspects
in photosynthesis

1.1 Introduction

Organisms that have persisted over millions of years could do so by making use of one
or both of the two choices for energy requirements of living cells.

(a) Heterotrophs/chemotrophs

Heterotrophs, including animals, fungi and most types of bacteria, also called chemo-
trophs, use the chemical option to meet cellular energy needs. They ingest other plants
and animals and oxidize organic compounds (carbohydrates and fats). The final stage
of energy metabolism, the oxidative phosphorylation, generates ATP (adenosine tri-
phosphate) using energy from electron transport. In other words, heterotrophic organ-
isms survive by degrading complex organic molecules provided by other organisms.

(b) Phototrophs

The other way to generate cellular energy is the photosynthetic option, used by pho-
totrophs. They absorb energy from solar radiation and divert the energy through
electron transport chains to synthesize ATP and generate reducing power in the form
of NADPH. These energetic products of photosynthesis (ATP and NADPH) are used to
make carbohydrates (glucose) from two molecules of CO, and H,0 and release O, mol-
ecules as by-products into the atmosphere. This released O, of the atmosphere is now
used by aerobic heterotrophs for degradation of energy-rich organic molecules to CO,
and H,0.

Phototrophs comprised both prokaryotic and eukaryotic organisms. Prokaryotic
organisms contain mostly bacteria and blue-green algae having no clearly different
cell nucleus or internal cellular compartmentation, while eukaryotic organisms con-
sist of plants and animals with cells that have a clearly different membrane-enclosed
nucleus and well-distinct internal compartments. Higher plants, algae and photosyn-
thetic bacteria come under eukaryotic organisms.

A basic question now arises that where from CO, comes in atmosphere for photo-
synthetic option of energy generation by phototrophs. In fact, heterotrophs generate
CO, through breathing that comes in the atmosphere and this is taken by phototrophs/
photosynthetic organisms in photosynthesis to make glucose. Thus, it is the solar en-
ergy providing a driving force for non-stop cycling of atmospheric CO, and O, passing
across our biosphere (Figure 1.1).

https://doi.org/10.1515/9783110727302-001
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—— > Glucose

0,
Yy
Photosynthetic Heterotrophic
cells cells
A
H,0—

CO,e— |

Figure 1.1: Photosynthetic cells using the energy of sunlight to produce glucose from CO, and H,0 along
with release of O,. Released O, is taken by heterotrophic cells for degrading energy-rich glucose to CO,
and H,0 which are again converted to glucose by photosynthetic cells. This cycle continues further.

Thousands of glucose molecules are further combined to form one or the other two
giant carbohydrate molecules: (i) cellulose which makes up the framework of the plants
and (ii) starch which is stored in the seeds. In fact, the life on earth obviously could have
continued in this manner by synthesizing such complex molecules from the simple ones.

Plants and other photosynthetic organisms fix about 10" tons of carbon from CO,
into organic compounds annually. This represents storage of over 108 k] (kilojoules) of
energy. Indeed, except for nuclear fuel and geothermal energy, our energy sources ulti-
mately are solar. Wood, peat (deposit of organic debris), natural gas and oils represent
solar energy stored through photosynthesis. In spite of enormous magnitude of the
above-said conversion (fixation) of carbon into organic compounds (stored solar energy
through photosynthesis), the total amount of fixed carbon on the Earth is decreasing as
a result of consumption. As our reserves of energy diminish, it becomes increasingly
important to understand how photosynthesis works and how our activities affect it.

1.2 Diverse photosynthetic organisms

Photosynthesis occurs not only in familiar green plants we see around us but also in
lower eukaryotic organisms not visible to the naked eyes. Moreover, photosynthesis also
occurs in prokaryotic organisms. The photosynthetic prokaryotes include the cyanobac-
teria (formerly called the blue-green algae), the green sulphur bacteria mostly present in
lakes around the mountain and the purple sulphur bacteria generally present in sulphur
springs. Probably, the most versatile photosynthetic organisms are the cyanobacteria
normally present in both freshwater and saltwater. Cyanobacteria are amongst the most
self-sufficient organisms in our biosphere because these can fix atmospheric nitrogen
also. While 50% of the photosynthetic activity, that is, carbon fixation on the Earth
takes place in ocean (large sea), rivers and lakes brought about by the many different
organisms that constitute the phytoplankton (tiny free floating aquatic plants).
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1.2 Diverse photosynthetic organisms =— 3

1.2.1 Photosynthetic organisms: dependence on different hydrogen donors

Photosynthetic organisms can be divided into two classes:
(i) those that produce O, and
(ii) those which do not produce O..

Green leaf cells of higher plants are oxygen producers. They use water as the hydro-
gen donor for the reduction of CO, and in this process yield molecular oxygen. An
overall equation for CO, fixation as it occurs in plants is

Light
nHZO + HCOZ — [CHzo]n + nOz (11)

In the above reaction, n is often assigned the value 6 to correspond with the forma-
tion of glucose {[CH,0]¢} = CcH1,04 as the end product of CO, reduction.
Or more generally,

Light
Hzo + COZ — [CHzo]n + 02

Here [CH,0] represents part of a glucose molecule.

As an exception, the cyanobacteria are O,-generating photosynthetic system and
thus bear a resemblance to that of green plants. The other photosynthetic bacteria do
not generate O,. Most of them are, in fact not requiring oxygen, that is, anaerobic and
hence cannot tolerate oxygen. As an example, hydrogen sulphide is used as a hydro-
gen donor by the green sulphur bacteria as shown in the following equation:

Light
2H28 + C02 — [CHzO}n + Hzo +2S

Using H,S as hydrogen donor, these bacteria produce elemental sulphur as the oxi-
dation product of H,S rather than giving off O,.

Instead, organic compounds such as lactate and isopropanol are used as or-
ganic donors by some non-sulphur photosynthetic bacteria. The respective oxida-
tion products are pyruvate and acetone as shown in the following equations:

Hs h G
2 [H—C—0H |+ CO, — » [CH,0] +H,0 +2 (E:O
oo C00",

Lactate Puruvate

$H3 b $H3
2(H-C—OH | + CO, —~— [CH,0] + H,0 + 2| =0
éH3 CH;

Isopropanol Acetone
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4 —— Chapterl Coordination chemistry of chlorophylls/bacteriochlorophylls

Though CO, is the major electron acceptor in all the photosynthetic autotrophs (or-
ganisms that can form their organic constituents from CO,), few higher plants can
also use nitrate as an electron acceptor, which is reduced to NHs. Nitrogen-fixing pho-
tosynthetic organisms use both molecular nitrogen (N,) and CO,, of which N, is re-
duced to NH; and CO, is reduced to carbohydrates. Certain photosynthetic bacteria
can even use proton (H*) as the ultimate electron acceptor, which is reduced to H,.
Some bacteria use sulphate as the electron acceptor:

hv

HzO +2H* — 2H2 + [O}
hv

3 HzO + Nz — 2NH3 + [30]

hv
9H,0 +2NO; — 2NH; + 6H,0 +9[0]

Cornelis Van Niel, a pioneer worker in the study of comparative metabolism of
plants and bacteria, postulated that plants and bacterial photosynthesis are basi-
cally similar processes regardless of the dissimilarities in the hydrogen donors they
use. This resemblance is apparent if one writes photosynthesis equation in a more
common way as follows:

Light
2H2D + COZ — [CHzo]n + H20 +2D

where H,D stands for hydrogen donor and D is its oxidized form. Depending upon
the photosynthetic organisms, H,D may be H,0, H,S, lactate or other organic com-
pounds. Thus, photosynthesis in plants could be formulated as a reaction in which
CO, is reduced to carbohydrate (organic material) by hydrogen derived from water.
The essence of this view of photosynthesis is that water is split by light. It is esti-
mated that photosynthesis splits 1.5 x 10° km> of water on the Earth, and reconsti-
tuted by respiration and combustion once every 2 millions of years or so.

Van Neil also predicted that the molecular oxygen formed during plant photo-
synthesis is derived exclusively from water and not from CO,, which was later on
established by isotope tracer experiments with 0 labelled water:

hv
H,"®0+C0, — [CH,0]+ "0,

1.3 Light and dark reactions in photosynthesis

In green plants, photosynthesis completes via two stages. In the first stage (a) (given
below), light is used to oxidize H,0:

hv .
2H,0 — {4H] +0,
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1.3 Light and dark reactions in photosynthesis —— 5

and in the second stage (b) (shown below), the resulting reducing agent, here sym-
bolized as [H], subsequently reduces CO, to carbohydrate:

[4H] + CO, — [CH,0] + H,0
Carbohydrate

The two stages (a) and (b) of photosynthesis are called as photo-phase or light reac-
tions and synthesis-phase or dark reactions, respectively. The synthesis phase (b),
where CO, is converted to carbohydrate, is called dark reactions because light is not
directly needed in this.

1.3.1 Photo-phase or light reaction

Chlorophyll and other specialized pigment molecules, in the photo-phase reac-
tion, capture light energy and are thus oxidized. A series of electron transfer re-
actions occur, which end with the reduction of NADP* (nicotinamide adenine
dinucleotide phosphate) to NADPH. This generates a trans-membrane proton gra-
dient whose energy is used to synthesize ATP (adenosine triphosphate) from
ADP + Pi (inorganic phosphate). The oxidized pigment molecules are reduced by
H,0, thus generating O,. So, in the light-phase reaction, the photosynthetic cells
absorb light energy and save it in the chemical form as the two energy-rich products
ATP and NADPH. The structures of ADP (adenosine diphosphate), ATP, NADP* and
NADPH are shown in Figure 1.2.

1.3.2 Synthesis-phase or dark reactions

The ATP and NADPH so formed in the light reaction are used to reduce CO, to glucose
and other organic products like pyruvate and acetone in the dark-phase reaction.

The generation of O, taking place in the photo-phase reactions only, and the
reduction of CO, to glucose and carbohydrates that need no light, are thus two dis-
tinct and separate routes. These are shown in Figure 1.3.

The two reaction phases can be combined into a single redox reaction:

hv
2H2A + COZ — [CHzo] +2A+ Hzo

The identity of the electron donor H,A depends on the photosynthetic organisms.
Photosynthetic bacteria use inorganic molecules, namely H,S, H, or NH; or organic
compounds such as lactate or isopropanol. For higher plants and algae, the electron
donor H»A is water, which is oxidized to O, (product 2A in the above reaction).
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Figure 1.2: Structures of ADP, ATP, NADP* and NADPH.

Dark reactions do not imply that these take place in the dark, that is, at night.
In fact, these reactions do not require light energy. In living plants and bacteria,
dark reactions take place with light reactions in the daytime. The green leaf cells
respire when they utilize oxygen to consume glucose and organic nutrients gener-
ated by photosynthesis during the daytime. Hence, light and dark reactions can
also be termed as light-dependent and light-independent reactions, respectively.
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Light Reactios
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NADP’ NADPH
ADP + Pi ATP

N

Figure 1.3: Two phases of photosynthesis linked together in a
cycle. In the course of photo-phase reaction, NADPH and ATP are
Glucose and other Co, formed using light energy. These energetic products are used to
carbohydrates make glucose and other dark reactions.

1.4 Chloroplasts: the photosynthesis location

Chloroplast is the place of photosynthesis in eukaryotes (algae and higher plants). Most
of the plant cells and some algae contain an organelle called the chloroplast. The chlo-
roplast permits plants to gather energy from sunlight to complete a process known as
photosynthesis. In eukaryotic photosynthetic cells, both light and dark reactions hap-
pen in chloroplasts, which may be regarded as the major solar power plants in such
cells. The green leaf cells also contain mitochondria. At night, when solar energy is not
accessible, mitochondria generate ATP as per requirement of the cells using oxygen to
oxidize carbohydrate generated in chloroplasts during the daytime hours. Thus, mito-
chondria are chemical power plants in dark.

Photosynthetic cells have 1-1,000 chloroplasts in number, which significantly
differ in size and shapes in different species, but are usually ~5 pm long ellipsoids.
They are generally much larger in volume than mitochondria. Similar to mitochon-
dria, which they resemble in many ways, chloroplasts have a highly permeable
outer membrane and a nearly impermeable inner membrane separated by a narrow
intermembrane space. The inner membrane encircles the stroma, a concentrated so-
lution of enzymes in addition to those required for carbohydrate synthesis in dark
reactions. The DNA, RNA and ribosomes involved in the synthesis of several chloro-
plast proteins are also present in stroma.

The stroma sequentially surrounds a third membranous compartment called thy-
lakoid (Greek: thylakos, a sac or pouch). The thylakoid is possibly a single highly
folded vesicle (small bag), although in most organisms it appears to consist of stacks
(heaps of things) of disc-like sacs (small bags) called grana. These (grana) are in-
terconnected by un-stacked stromal lamella (a thin flat structure of bone or tissue).
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8 —— Chapter| Coordination chemistry of chlorophylls/bacteriochlorophylls

A chloroplast generally holds 10-100 grana. The thylakoid membranes contain all the
photosynthetic pigments (harvester of light energy) of the chloroplasts, and all the en-
zymes essential for the foremost light-dependent reactions. The structure of chloroplast
found in corn is shown in Figure 1.4.

Intermembrane Inner

Outer space membrane Stroma
membrane (aqueous fluid)

Granum (stack

of thylakolds)  Thylakoid - (inside of thylakoid)

Figure 1.4: Structure of chloroplast from corn.

1.5 Light-harvesting pigments: chlorophylls

Photosynthetic cells contain light absorbing compounds called pigments that are
physically located in thylakoid membranes. With the exception of certain halophilic
(salt loving) bacteria, all photosynthetic organisms possess one or more types of the
class of green pigments, chlorophylls. Figure 1.8 shows the structures of several of
the different types of chlorophyll that occur in nature. In chloroplast of most of the
green plants, the primary photoreceptor is chlorophyll a.

Chlorophylls resemble haemes, the prosthetic groups of haemoglobin, myoglo-
bin and the cytochromes, and they are derived biosynthetically from protoporphy-
rin IX. Haeme belongs to the class of metal porphyrins. The basic framework of all
porphyrins is built of four pyrrole rings, linked together in a large ring-like structure
called porphin (Figure 1.5).

Figure 1.5: Structure of porphin.
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By substitution of eight hydrogen atoms about the edge of porphin structure with
various side chains, namely, acetyl, methyl, vinyl, propionyl, and others, various por-
phyrins found in nature are produced. The particular compound found in haeme is
known as protoporphyrin IX. It has methyl group (-CHs) at 1, 3, 5 and 8, propionyl
group (-CH,CH,COOH) at 6 and 7 and vinyl group (-CH=CH,) at 2 and 4 positions
of the parent compound porphin. For each unit of cytochromes or haemoglobin,
coordinated positions of Fe(I) are occupied by four nitrogens of protoporphyrin
IX (Figure 1.6).

Figure 1.6: Structure displaying coordination of
CH,CH,COOH
HOOCH,CH,C e four nitrogens of protoporphyrin IX with Fe(ll).

However, chlorophyll molecules vary from haeme molecule in several respects:

(i) Chlorophylls have an additional ring (ring V) with carbonyl and carboxylic ester
substituents, that is, the methylidine carbon between pyrrole rings III and IV is
connected to CH(COOCH3)(C=0) moiety to form cyclopentanone ring. This moiety
is susceptible to keto-enol tautomerism. This characteristic five-ring porphyrin
derivative is called pheoporphyrin (pheo = a plant; Figure 1.7).

R=H Figure 1.7: Structure of pheoporphyrin.
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(ii) Instead of Fe(Il), the central metal is Mg(II) in chlorophylls.

(iii) The two key chlorophylls, chlorophyll a and chlorophyll b, present in plants and
cyanobacteria have one of the pyrrole rings (ring IV) reduced with addition of
two hydrogens. Moreover, chlorophyll a and chlorophyll b differ in terms of sub-
stituent at position 3 (CH; group in chlorophyll @ and CHO group in chlorophyll b)
as shown in Figure 1.8. The bacteriochlorophyll a and bacteriochlorophyll b occur-
ring in purple and green bacteria contain two reduced pyrrole rings, namely
rings Il and IV.

(iv) Finally, ring IV having propionyl side group is esterified with a long-chain isopren-
oid alcohol. Chlorophylls a and b have the alcohol phytol while the bacteriochloro-
phylls a and b have either phytol/phytyl or geranylgeraniol/geranylgeranyl, subject
to the species of bacteria. Actually, the presence of this alcoholic chain makes chlo-
rophyll highly hydrophobic and soluble in non-polar media. Photosynthetic organ-
isms also contain small amount of pheophytins or bacteriopheophytins, which
are the same as the corresponding chlorophylls or bacteriochlorophylls except that
two 2H’s replace Mg. Pheophytins or bacteriopheophytins play a special role as elec-
tron carriers in photosynthesis.

(v) The macrocyclic ring in chlorophylls is referred to as chlorin ring.

The structures of various types of chlorophylls are shown in Figure 1.8.

1.5.1 Accessory pigments in thylakoids (photosynthetic cells)

Besides chlorophylls, secondary or accessory pigments are also present in photosyn-
thetic cells that absorb light in wavelength ranges where chlorophyll is not as effective.
Thus, they supplement the photochemical action spectrum of chlorophylls. Accessory
pigments are of two types: (i) carotenoids and (ii) phycobilins (Figure 1.9). The carote-
noids are represented by B-carotene (a precursor of vitamin A) and xanthophyll. All car-
otenoids contain 40 carbon atoms and display extensive conjugation.

Most of the carotenoids absorb in the 400-500 nm range [vide electronic spec-
trum of carotenoids given in (Figure 1.11b)] and thus are coloured yellow, red or or-
ange. Xanthophyll’s colour is a bright yellow. Generally, the bright colours of flower
petals, fruits and vegetables are owing to the presence of carotenoids therein. The
yellow and red colours of fall leaves result from the damage of green chlorophylls
preferentially, exposing the colour of the carotenoids.

Phycobilins, which are linear tetrapyrroles, absorb in the 550-630 nm range
(chlorophylls are cyclic tetrapyrroles). A common red phycobilin is phycoerythrobi-
lin. Two other pigments are the red phycoerythrin and the blue phycocyanin, which
contain a set of linear tetrapyrroles (vide electronic spectral patterns of these pig-
ments given in Figure 1.11b). The variation in colours among plant species is due
to differences in the proportional abundance of chlorophylls and other accessory
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Figure 1.8: Structures of various types of chlorophylls found in various photosynthetic organisms.
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(a) p-Carotene

(b) Lutein, a xanthophyll

OH

HO

?OO' (ITOO'
$H3 CH, CH, CH,
H,C /CH H;C, CH, H,C CH, H,C

(¢) Phycoerythrobilin

COO COO
CH, L A

(d) Phycoerythrin

CO0" COO*
(|:H2 2 ?H3
HyC o WG CHHLCE ey HLC

(e) Phycocyanin

Figure 1.9: Molecular structures of accessory pigments: (a) B-carotene; (b) lutein, a xanthophyll;
(c) the red phycobilin, phycoerythrobilin; (d) the red phycoerythrin; and (e) the blue phycocyanin.
These biomolecules assist chlorophylls a and b in absorbing light for photosynthesis.
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pigments. Green colours in plants resulted mainly by a greater proportion of chloro-
phylls, whereas other colours, namely red and purple are due to an abundance of ac-
cessory pigments.

1.6 Chlorophylls in photosynthetic light absorption:
absorption spectra of various photosynthetic pigments
and their functions

The experimental support/evidence that chlorophylls play the major role in photo-
synthetic light absorption comes from the construction of a photochemical action
spectrum for a typical green plant as shown in Figure 1.10. The solid line represents
the biological action spectrum, which is a plot of the efficiency of each wavelength
in sustaining plant growth as measured by CO, uptake and O, evolution, that is, the
relative rate of photosynthesis. The dotted line is the combined absorption spectrum
of chlorophylls a and b. The two lines (solid and dotted) are almost similar in
shape, indicating the importance of chlorophyll a and b molecules in supporting
photosynthesis.

It is worthwhile to mention here that the photosynthetic efficiency of chloro-
phylls in the lower wavelength region (400-500 nm range) is supplemented by the
accessory pigments present in the chlorophylls.
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Figure 1.10: (a) The solid line represents biological action spectrum of a typical green plants.
(b) The dotted line is the combined spectrum of chlorophylls a and b.

The chlorophyll and other photosynthetic pigment molecules strongly absorb radia-
tion and undergo the electronic transitions, m(HOMO) ->m*(LUMO), in the visible re-
gion, that is, the most intense form of solar radiation reaching the Earth’s surface. The
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comparatively small chemical differences among various chlorophylls greatly affect
their absorption spectral patterns. The effective photoreceptor property of chlorophylls
and other photosynthetic pigments is because they have a number of single and double
bonds, that is, they are highly conjugated molecules.

The reduction of ring IV in chlorophyll a or b makes the conjugated aromatic
ring system unambiguously asymmetrical. This changes the electronic absorption spec-
trum of the chlorophyll molecule significantly. While the long-wavelength a-absorption
band at ~ 550 nm of the reduced form of symmetrically conjugated cytochrome c
(Figure 1.11a) in 10 uM solution is relatively weak, asymmetrically conjugated chloro-
phyll a (Figure 1.11b) has an intense absorption band [molar extinction coefficient
(€) ~10° cm™ M}, among the highest observed for organic compounds] at 676 nm.
Chlorophyll b has a similar band at 642 nm (Figure 1.12a and b). Bacteriochloro-
phylls a, in which the asymmetry of the conjugated system is even more pronounced,
have extremely strong absorption bands in the region 770 nm (Figure 1.13). All chlor-
ophylls thus absorb very well, particularly at long wavelengths.

While in the lower wavelength region, light is not appreciably absorbed by chlo-
rophyll a at 460 nm, it is captured by chlorophyll b, which has an intense absorption
band at that wavelength (Figure 1.11a and b). The spectral region from 500 to 600 nm
is only weakly absorbed, but it does not pose a problem for most green plants.

CHO in Chlorophyll b
CH,=CH, CH;

CH,CH,COOH

HOOCH,CH,C

Cytochrome-c Chlorophyll a
(a) (b)

Figure 1.11: (a) Red colour showing symmetric conjugation in the haeme group of cytochrome c.
(b) Red colour showing asymmetric conjugation in chlorophylls.

Contrary to this, light is often a limiting factor for blue-green algae (cyanobacteria) and
red algae. They possess accessory light collecting pigments (such as phycocyanobilin
and phycoerythrobilin) that enable them to trap light which is not absorbed strongly by
the chlorophylls of photosynthetic plants.

EBSCChost - printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



1.6 Chlorophylls in photosynthetic light absorption —— 15

Chlorophyll-a
Py Solar spectrum
— Chrlorophyll-b
b 8 .
£ Carotonoids
2 Phycoerythrin
a 2 el
o 105 |- =
§ a
Jg | Phycocyanin
172
b
2 AN
! 1 | ] - 1 | |
400 500 600 700 400 500 600 700
Wavelength (nm) —» ——— Wavelength (nm)

(a) (d)
Figure 1.12: (a) Absorption spectra of chlorophyll a and b. (b) Absorption spectra of various

photosynthetic pigments.
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Figure 1.13: Absorption spectra of chlorophyll a and bacteriochlorophyll a.
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1.7 The role of Mg(ll) in chlorophylls

(i) The choice of Mg(Il) in chlorophyll is really unique. In fact, without Mg, chlorin
ring is fluorescent (i.e. the absorbed light energy is emitted back immediately).
But after incorporation of Mg(Il), chlorophyll becomes phosphorescent. This
change in the nature of chlorophyll from fluorescent to phosphorescent due
to Mg incorporation is biologically very important.

(ii) If the fluorescence occurs exclusively, the absorbed light energy is lost immedi-
ately and it will not be available for chemical transformation in a chemical reac-
tion. Hence, the absorbed light energy must be stored for some while so that it
can be utilized in a chemical reaction for the transformation of light energy to
chemical energy.

(iii) For this phosphorescence behaviour to take place, there must be an excited
state of finite lifetime. Possibly, the mixing of the excited singlet and triplet
states through spin—orbit coupling in Mg gives a relatively stable triplet excited
state. In fact, triplet to singlet transition is not allowed and it makes the triplet
excited state stable.

(iv) Mg(II) (d° system) does not have any crystal field stabilization energy to prefer
the square planar geometry, rather it prefers the tetrahedral geometry where
the steric hindrance is less. However, the rigid chlorin ring enforces Mg(II) to
have the planar geometry. Consequently, the Mg(II)-N bonds remain in strained
condition, and the electron constituting the bond can be readily excited by ab-
sorption of light energy. This absorbed light can be utilized in the desired chem-
ical reaction.

(v) Rigidity of the macrocyclic centre is further reinforced through coordination by
chlorophyll to the Mg(II) centre. It is notable that the macrocyclic ring experiencing
conjugation or delocalization of m-electron cloud (Figure 1.11b) is itself sufficiently
rigid. The rigidity of the system minimizes the energy loss due to molecular vibra-
tion (i.e. thermal vibration).

(vi) Stacking of chlorophylls (i.e. polymerization) in antenna chlorophyll (Chl), that
is, (Chl),, is attained through the bridging action of Mg(II) between the adjacent
chlorophyll moieties. This polymerization of chlorophyll takes place through
the coordination of the keto group at C-9 of cyclopentanone ring to another chlo-
rophyll molecule giving an approximate square pyramidal geometry around Mg
(I1) (Figure 1.14).

(vii) The H,0 coordinated to Mg(II) at the axial position in the chlorophyll of active
reaction centre, that is, Chl- H,0 - Chl experiences the photoinduced H-atom trans-
fer to the keto group. This radical formation provides the electron required in the
photosynthetic process. Thus, coordination of water molecule to the Mg(Il) centre
plays a crucial role (Figure 1.15).
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CH,=CH, CH; or CHO
3

Chlorophyll

Figure 1.14: Pictorial representation of polymerized chlorophyll (Chl), acting as antenna
chlorophyll.

1.8 Hill reactions: illuminated chloroplasts evolve O, and reduce
electron acceptors

How does light drive the synthesis of ATP and NADPH (chemically energetic com-
pounds) that are used in synthesis phase? In thermodynamic term, this requires
the transduction of electromagnetic energy (light) into chemical bond energy. It
was ultimately explained by the experimental evidence carried out by Robert Hill in
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Figure 1.15: Pictorial representation ofChl: H,0 - Chl present at the active reaction centre.

1937 using leaf extracts containing chloroplasts, for electron transport processes
(oxidation-reduction) in photosynthesis. When chloroplasts of leaf extracts were
illuminated in the presence of an appropriate artificial electron accepting compound,
namely, potassium ferricyanide, Hill observed two simultaneous processes, neither of
which occurred in dark:

(i) Concomitant reduction of the electron acceptor, ferricyanide to ferrocyanide.

(ii) Oxidation of H,0 with evolution of O..

-2
2H20 + 4Fe%;idam

Reductant

[0]
4H" + 4Fe?* + 0,

Iluminated chloroplast
-

)

The Hill reaction is a landmark to explain/unveil the mechanism of photosynthesis

for several reasons:

(i) It dissected photosynthesis by showing that O, evolution can occur without the
reduction of CO,. Synthetic electron acceptors such as [Fe(CN)¢]*>~ can substitute
for CO.,. It confirmed that the evolved O, comes from H,O rather than from CO,,
because no CO, was present.
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(ii) It showed that the isolated chloroplasts can perform a significant partial reaction
of photosynthesis.

(iii) It revealed that a key happening in photosynthesis is the light-driven transfer of
an electron from one substance to another in the thermodynamically uphill (as-
cending/climbing) way (because light energy is required). The reduction of ferri-
cyanide to ferrocyanide by light is a transformation of light energy into chemical
bond energy.

The overall schematic diagram of Hill reaction is shown in Figure 1.16.

CO, absent No (CH,O) produced

Oxidized electron
acceptor

K;[Fe'(CN)q]

Reduced electron
acceptor

K4[Fe'(CN)g]

Chloroplast O, produced

H,0

Figure 1.16: Schematic diagram of Hill reaction.

Thus, Hill was able to show that electron flowed (apparently through an electron
transport chain) from H,O (a reducing agent) to the electron acceptor. It was later
shown that the physiological electron acceptor in green plant chloroplast was NADP*
and the reaction occurring was

Light
2H,0 +2NADP* — 2NADPH+ 2H* + O,

The distinction between electron flow in chloroplasts and that in mitochondria now
becomes evident. The above reaction is reverse of the process in mitochondria: the
electron flows from the electron donating molecule H,0 to the electron accepting
NADP" species. As the direction of electron flow is thermodynamically uphill, light
energy is required.

1.9 Photosystems | and Il in photosynthesis by green plants

(i) Chlorophyll catalyses the reduction of NADP* to NADPH and oxidation of H,O
to O, in the presence of light. In this process, the electron flows from H,0 to
NADP* through an electron transport chain (P-680 to P-700*), which looks like
Z when electron carriers are placed in the order of their reduction potentials.
Thus, the chain is very often described as Z-scheme.
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(ii) The above process is carried out in photosynthetic organisms by two kinds of
functional units called photosystems present in thylakoid membranes of chloro-
plasts. The existence of two such specific photosystems, so-called photosystem I
and photosystem II, was established by the phenomenon of red drop and the
dependence photosynthetic rate or quantum yield/quantum efficiency of photo-
synthesis (i.e. the rate of O, evolved per photon) on the wavelength of light.

1.9.1 Red drop

Investigation based on the reliance of photosynthesis rate on the wavelength of in-
cident light led to the discovery that chloroplast contains two photosystems. Here,
the photosynthetic rate means the rate of O, evolution in the photosynthesis pro-
cess. When it is divided by the number of quanta absorbed gives the relative quan-
tum efficiency/quantum yield of this process. For a single kind of photoreceptor,
the quantum efficiency is expected to be independent of wavelength over its entire
absorption band. This is not the case in photosynthesis. In fact, the quantum effi-
ciency of photosynthesis drops sharply at wavelength >680 nm, even though chloro-
phyll absorbs light in the range from 680 to 700 nm (Figure 1.17). The photosynthesis
rate can, however, be improved by taking long wavelength light making addition of
light of a shorter wavelength, such as 600 nm. Using both 600 and 700 nm of light
together, the photosynthetic rate is greater than the sum of the rates when the two
wavelengths are used independently.
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Figure 1.17: The sharp drop in quantum yield at wavelength >680 nm.
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The above observations are called the red drop. Based on the enhancement phe-
nomenon, Robert Emerson (University of Illinois) proposed that photosynthesis
entails the interactions of two light reactions. Both of them can be driven by light of
wavelength <680 nm, but only one of them by light of longer wavelength.

1.9.2 Photosystem I (also called PS-I or P-700, P stands for pigment)

It comprises the key acceptor chlorophyll a, and other accessory pigments that ab-
sorb light in the region 700 nm (or lower; 600—700 nm) which generates a strong
reductant to bring about the reduction of NADP* to NADPH.

1.9.3 Photosystem Il (abbreviated as PS-Il or P-680)

It contains chlorophylls a and b plus accessory pigments and absorbs light primar-
ily at 680 nm (or lower) to produce a very strong oxidant to oxidize H,0 to O,. Each
of the two photosystems contain ~250 light-harvesting pigments (~200 chlorophylls
and ~50 carotenoids) in addition to different electron carriers.

All photosynthetic cells have PS-I. Photosynthetic organisms, namely, higher
plants, algae and cyanobacteria which evolve O, contain both PS-I and PS-I1.On
the other hand, PS-I is found in photosynthetic bacteria, which do not evolve O,.

In terms of standard reduction potential, under biological conditions, pH ~ 7, of the
involved redox couples, 0,/H,0 (E,” =0.82 V) and NADP"/NADPH (E," = -0.34 V), the
electron flow from H,0 to NADP* to produce NADPH is a thermodynamically uphill
process. But the photo excitation of PS-I and PS-II can make the flow of electron down-
hill as shown in the Z-scheme.

When the chlorophyll present in PS-I and PS-II is excited, distribution of its
electron pattern changes. Chlorophyll on excitation can serve as both a better reducing
agent (because excited electrons can be easily removed) and also a better oxidizing
agent (as the positive hole generated due to excitation of electron can accept electron
favourably). Thus, excited chlorophylls can initiate a series of redox reactions.

The two photosystems in green plants (Figure 1.18) are linked together by elec-
tron transport chain. The coordinated action of the two photosystems begin with ab-
sorption of light by photosystem-1.

1.9.4 Photosystem |
Light absorbed by chlorophylls and accessory pigments is transmitted to reaction

centre designated as P-700 (PS-I). Upon excitation by light, an electron in a P-700
molecule is moved to a higher energy level, generating an excited molecule, P-700*.
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When P-700 (ground state) is excited to P-700* (excited state), its reduction poten-
tial changes from +0.4 V to about -1.3 V. In fact, the uphill reaction is favoured by
the absorption of 700 nm photon (of ~171 k] mol ' energy) and the photon energy is
utilized to elevate the electron. The activated electron, now at a higher energy level,
is passed via a chain of electron carriers starting with Ay, (a form of chlorophyll),
and ending with NADP*. In the reaction form, the first electron transfer step is

P-700* + Ag — P-700" + A,

In other words, electron transfer from P-700* results in a deactivated electron-
deficient electron centre P-700* and a reduced electron acceptor Ay . The resulting
A, transfers its electron to phylloquinone (A;), which forward an electron to Fe-S
complex. Next in line to accept an electron from reduced Fe-S complex is another
Fe-S protein, ferridoxin (Fd). The best known ferredoxin is that of spinach chloro-
plast, which has a molecular weight of 10,700 dalton and a Fe,S, redox centre. Fi-
nally, electrons are transferred from reduced ferredoxin to NADP* by flavoprotein
catalyst, ferridoxin—-NADP* oxidoreductase resulting in NADPH:

2Fdeduced + NADP* + 2H " — 2Fdyidized + NADPH + H*

Photosystem-I1 Photosystem-I

~

P-700*
Y

J 10 2
Chl @ m \o Ay
- P-680*
Chl ) Chl @ ‘:—:j 1 B \O A
05— 2 . E N -S Complex
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. s § Q Ferredoxin
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Figure 1.18: (a) Light absorption by accessory pigments in photosystem and (b) pictorial
representation of PS-l and PS-Il into the Z-scheme.

Excitation and transfer of electron from P-700 leaves an unstable, electron-deficient

species, P-700*. The electron hole in P-700* is refilled by another transport chain
which is driven by PS-II. Illumination of PS-II with a chlorophyll reaction centre,
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P-680, produces an activated form, P-680*. The energetic electron in P-680* is
quickly passed on to pheophytin (Ph), a chlorophyll-like electron acceptor:

. Light
P680° +Ph —> P680* + Ph~

Reduced pheophytin, Ph™, transfers an electron to plastoquinone Q,, a protein-bound
species and, Qg, a free form protein. Q, and Qg have structures similar to coenzyme Q
in mitochondria. The next part of the electron transport chain connecting PS-I and PS-
I is comprised of a cytochrome bf complex, which is an association of several impor-
tant membrane proteins using haeme groups and iron-sulphur centres to transfer
electrons from reduced Qg (i.e. plastoquinol QgH,) to a blue copper protein, plastocya-
nin (PC). The reduced copper centre in PC transfers an electron to P-700", the electron-
deficient (strong oxidizing) form of P-700. Figure 1.19 shows the role of plastocyanin in
the context of the thylakoid membrane in which this process operates.

1.9.5 Water splitting reactions assisted by a water splitting complex (Mn, cluster)

The oxidized form of PS-II oxidizes water and the released electrons enter into the pho-
tochemically active centre. A water splitting complex, which is possibly a manganese
containing enzyme (Mn, cluster)catalyses this process. The oxidation of H,0 to O, in-
volves the net transfer of four electrons as follows:

2H,0 — 4H" +4e~ +0,

The mechanistic model of the water splitting complex/enzyme for water oxidation
is given as follows. The P-680" formed in PS-II is a strong oxidant and it extracts
electron from H,O through the Z-factor (i.e. H,O->Mn complex—>PS-II). It is sug-
gested that the Mn-based enzyme is first oxidized in four one electron transfer
steps and then this oxidized form of enzyme leads to O, evolution. If Mn(IV)/Mn(II)
cycle operates, then the enzyme must contain at least two Mn centres to accommo-
date the four-electron transfer process.

In order to explain the observation of O, evolution, several models are proposed
time to time. One such popular model (Figure 1.20; known as Kok cycle) is pre-
sented here. The enzyme contains four Mn centres. This Mn cluster along with four
to five Cl~ ions and two to three Ca®* ions constitute a catalytically active complex
known as oxygen evolving complex (OEC) which can bind two molecules of water.
During extracting of electrons from H,0O, protons and O, are released. OEC cycles
through a series of states designated by Sq, S;, S,, S3 and S,. These states are actually
the different combinations of manganese (III) and manganese (IV) centres. The OEC
is oxidized by P-680" sequentially to different states. The lower states, that is, Sg, S,
and S, are cubane (CgHg)-like Mn,O, complexes while the higher states, S; and S, are
adamantane-like Mn,O4 complexes (Figure 1.21). The sequential electron withdrawal
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Figure 1.19: Role of plastocyanin in the context of the thylakoid membrane.

and release of protons and O, are shown in Figure 1.20. In the conversion of S, to Sy,
the adamantine-like structure adopts the cubane-like structure with the release of O,.
This step (S, to Sy) is light independent.

The possible oxidation states of Mn in Sy, S;, S,, Sz and S, states are given in
Figure 1.22.

It is suggested that for the final step, S3>[S4]>S, (where S, is probably a tran-
sient only), the reduction of a tyrosyl radical occurs with the evolution of O,. Here,
it is notable that Ca®* (which may be replaced by Sr** to restore the activity) and Cl~
are essential cofactors of the Mn-OEC. Their actual role is not well established. How-
ever, it is suggested that some bridging ligands (like carboxylate) bridge the Mn and
Ca sites and Cl™ acts as a gate keeper to control the substrate (H,0) accessibility to
tetra-manganese core of Kok cycle. The ClI” may also serve as a bridging ligand
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Figure 1.20: The schematic mechanism of oxidation of H,0 in chloroplast catalysed by the oxygen

evolving complex, a Mn, cluster.

H/
H,C CHa H
2 \
2C \
CH
:: "/l/l////H

HC\,\C s /

C
H2C/H\&KCH2 \
H H

\
Ty,

Adamantane
Cubane

Mn\ Mn\
Mn——-O,
/ o / 0, \ |\
L P
\Mn ‘
Mn

i TN
= OV N

So

Figure 1.21: Adamantane-like structure of S, and cubane-likestructure of Sy and conversion

of S, to So.

between Ca and Mn centres. Ca-bound H,O molecule remains with the oxo-sites of
Mn, cluster as H-bonded and these H-bonded H,0 molecules (bound to Ca-site) par-

ticipate in the activity of the Kok cycle.
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Figure 1.22: Possible oxidation states of Mn in Sy, S4, S,, Ss and S, states.
Based on X-ray absorption fine structure and ESR spectroscopy, Yachandra et al.

[1] proposed a structural model for the O,-evolving manganese complex. This model
is pictorially presented in Figure 1.23.

(0]
® 0
A ~
/ Histidine
.

Figure 1.23: Structural model for the 0,-evolving Mn, cluster of PS-Il. The ligands of the Mn atoms

probably include oxygen (p-oxo) bridges, the oxygen of the carboxylic amino acid side chain, a
histidine side chain N and a Cl” ion.
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Reactions occurring in Z-scheme are summarized as follows:

Photosystem-II: 2H,0 — 0, +4H™" + 4e (Mn, cluster)
Photosystem-I: 2NADP* + 2H* + 4e — 2NADPH

The electrons released in PS-II are transmitted to PS-I as discussed in Z-scheme.
Then, the dark reaction produces CH,0/C¢H;,0¢4 by reducing with the help of NADPH.

1.9.6 Dark reaction

6CO, + 12NADPH + 12H* — 12NADP* + 6H,0 + CcH;,0¢
Thus, the overall reaction is

6C02 + 6H20 — C6H1206 + 602

1.9.7 Cyclic photophosphorylation in photosynthesis

In the electron transport chain, P-700* to NADP?, if there is insufficient NADP™" to
accept the electrons from the reduced ferredoxin (Fd) because of very high ratio of
NADPH to NADP*, then the high potential electrons flow back to the oxidized form
of P-700 through cytochrome bf complex and plastocyanin. It creates a cyclic flow
of electron and during the cyclic flow, ATP from ADP + Pi is also generated. This is
called cyclic phosphorylation. In this cyclic flow, PS-II is not involved and conse-
quently no O, is produced from H,0. However, ATP is generated, but no NADPH is
formed (Figure 1.24).

The flow of electrons from the excited PS-II to PS-I (as downhill)is combined

with phosphorylation of ADP to ATP as shown in the following equation:
2H,0 + 2NADP* + 2ADP + 2Pi "% 0, + 2NADPH + 2H* + 2ATP

NADPH results from the transfer of 2e and one H* form a water molecule to NADPH" in
the light phase of photosynthesis. From NADPH, the electrons flow to CO, and other
acceptors. The required energy for the reduction of CO, to glucose during the dark-
phase photosynthesis of green plants is supplied by ATP. The complete reaction of the
conversion of CO, to glucose in the presence of NADPH assisted by ATP is

CO, +3ATP + 2NADPH + 2H" + 2H,0 — 1/x(CH,0), + 3ADP + 3Pi+ 2NADP*
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Figure 1.24: (a) Photosystem showing absorption of light by accessory pigments. (b) Schematic
diagram of photophosphorylation due to cyclic electron flow in photosystem-I producing ATP.

1.10 Antenna chlorophylls and reaction centres in chloroplasts

The key reactions of photosynthesis occur at photosynthetic reaction centres. Pho-
tosynthetic congregations comprised of chlorophyll molecules and a set of acces-
sory pigments, such as other chlorophylls and carotenoids. These are contained in
reaction centres. This is due to the fact that most chlorophyll molecules and acces-
sory pigments do not participate directly in photochemical reactions but function
to collect light, that is, they act as light-harvesting antennas. These antenna chlor-
ophylls/pigments carry on the energy of absorbed photons (units of light) from mole-
cule to molecule until it reaches a photosynthetic reaction centre (Figure 1.25).

The pass on of energy from antenna chlorophylls to the reaction centre takes
place in a very small time interval of <1078 s having an efficiency of >90%. This
much high efficiency depends on the chlorophyll molecules with proper spacing
and orientations. It has been observed that even in bright sunlight, a reaction cen-
tre directly captures only ~1 photon per second. This is a metabolically insignifi-
cant rate. A complex of antenna pigments or light-harvesting complex is, therefore,
essential.

The chlorophyll molecule bears a highly non-polar phytyl chain and a polar
moiety containing Mg(II)-chlorin complex. Thus, the chlorophylls can act as surfac-
tants. In non-polar solvent it may undergo polymerization leading to (Chl),, through
the coordination by the keto group at C-9 of cyclopentanone ring to another
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Figure 1.25: Pass on of energy of absorbed photons from antenna chlorophylls to the reaction
centre.

chlorophyll molecule giving an approximate square pyramidal geometry (Figure 1.14).
In the presence of water it may form (Chl-H,0), oligomers, where H,O occupies the
fifth coordination site of Mg(II) and this H,O molecule remains hydrogen bonded with
the ester group oxygen at position C-10 and keto group oxygen at position at C-9 of
cyclopentanone ring of another chlorophyll molecule. A dimer unit is shown in
Figure 1.15.

It is currently believed that antenna chlorophyll remains as (Chl),, which ter-
minates with a (Chl-H,0 - Chl),and is an active reaction centre in the photosyn-
thetic system. The antenna chlorophyll molecules harvest the light energy or
sensitized by energy transfer from carotenes, which are previously photo-excited.
This energy of excitation is ultimately shifted to the reaction centre (Chl-H,0 - Chl),
which is also associated with different electron carriers. It is suggested that on
photo-excitation, the hydrogen bonded H,0 molecule in the active unit experien-
ces a photo-induced H atom transfer to the keto group (Figure 1.14). This radical
formation provides the electron required in the photosynthetic process. In fact, ox-
idation of (Chl- H,0 - Chl) at PS-I is initiated by quinone which diffuses away with
electron to cause reduction of CO, to glucose. This photo-induced H atom transfer
is not possible in non-hydrogen bonded chlorophyll monomers, or dimers or poly-
mers (i.e. antenna chlorophyll).

The complete electron transport system leading to reduction of CO, to glucose
in photosynthesis is schematically shown in Figure 1.26.
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Figure 1.26: Schematic representation of photoelectron transfer in photosynthesis for the
reduction of CO, to glucose.
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Exercises
Multiple-choice questions/fill in the blanks

1.  Which of the following come in purview of heterotrophs?
(a) Fungi
(b) Most types of bacteria
(c) Animals
(d) All of these

2. CO, comes in atmosphere for photosynthesis by phototrophs from:
(a) CO, formed by respiration in heterotrophs that returns to the atmosphere
(b) Bacteria
(c) Fungi
(d) All of these

3. The phototrophs include:
(a) Prokaryotic organism
(b) Eukaryotic organism
(c) Both prokaryotic and eukaryotic organisms
(d) None of these
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4. Thousands of glucose molecules formed by photosynthesis in plants further
combine to form giant carbohydrate molecules:
(a) Cellulose which makes up the framework of the plants
(b) Starch which is stored in the seeds
(c) Both cellulose and starch
(d) None of these

5. Which of the following represent solar energy stored through photosynthesis?
(a) Wood (b) Natural gas (c) Oils (d) All of these

6. The photosynthetic prokaryotes include:
(a) Cyanobacteria (formerly called the blue-green algae)
(b) Green sulphur bacteria found in mountain lakes
(c) Purple sulphur bacteria common in sulphur springs
(d) All of these

7. The cyanobacteria or blue-green algae are the most versatile photosynthetic or-
ganisms because they can fix:
(a) Atmospheric N,
(b) Atmospheric CO,
(c) Both atmospheric N, and CO,
(d) None of these

8. Sort out the photosynthetic system that instead of giving off O,, extrude elemen-
tal sulphur as the oxidation product:
(a) Cyanobacteria
(b) Green sulphur bacteria
(c) Non-sulphur photosynthetic bacteria lactate
(d) All of these

9. In the light-phase reaction, the photosynthetic cells absorb light energy and
conserve it in chemical form as the energy-rich product called:
(a) ATP (b) NADPH (c) Both ATP and NADPH (d) None of these

10. Sort out the correct statement with regard to the difference in structures of chlo-
rophyll a and chlorophyll b:
(a) At position 3 in chlorin ring, CH; group in chlorophyll @ and CHO group in
chlorophyll b
(b) At position 3 in chlorin ring, CHO group in chlorophyll a and CH; group in
chlorophyll b
(c) At position 3 in chlorin ring, CHO group in chlorophyll a and C,H; group in
chlorophyll b
(d) None of these
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11.

12.

13.

14.

15.

16.

17.

18.

19.

Conjugated aromatic ring systems in chlorophyll a and chlorophyll b are:
(a) Symmetrical

(b) Asymmetrical

(c) Both (a) and (b)

(d) None of these

Geometry of Mg(II) in chlorophyll is
(a) Tetrahedral

(b) Square planar

(c) Strained square planar geometry
(d) Geometry cannot be predicted

After incorporation of Mg(II) in chlorin ring, chlorophyll becomes
(a) Fluorescent

(b) Phosphorescent

(c) both (a) and (b)

(d) None of these

Red and purple colours in plants are due to an abundance of
(a) Chlorophyll

(b) Accessory pigments

(c) Both (a) and (b)

(d) All of these

Which one of the following contains cyclic tetrapyrroles?
(a) Phycoerythrobilin

(b) Phycoerythrin

(c) Phycocyanin

(d) Chlorophyll

Heterotrophs are also called chemotrophs because they use the chemical option
to meet cellular needs.

Phototrophs generate cellular energy by .

The chloroplast allows plants to harvest energy from sunlight to carry on a pro-
cess known as .

When solar energy is not available at night, mitochondria present in green leaf
cells generate ATP using oxygen to oxidize carbohydrate generated in chloro-
plasts during the daytime hours. Thus, mitochondria are chemical power plants
in
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20. Photosynthetic cells contain secondary or accessory pigments, which absorb
light in wavelength ranges where it is not as efficient.

21. Chlorophyll catalyses the reduction of NADP" to and oxidation of O,.

Short-answer-type questions

1. Differentiate between heterotrophs and phototrophs.

2. Where from CO, comes in atmosphere for photosynthetic option of energy gen-
eration by phototrophs? Explain through a diagram.

3. Briefly highlight about the photosynthetic bacteria that do not produce oxygen
but give other oxidized product.

4. Briefly explain light and dark reactions in photosynthesis.

5. Show the structural difference between chlorophyll a and chlorophyll b diagram-
matically.
Draw the structures of accessory pigments that contain linear tetrapyrroles.

7. Present the pictorial representation of polymerized chlorophyll (Chl), acting as
antenna chlorophyll.

8. Highlight the salient features of Hill reactions to unveil the mechanism of photo-
synthesis.

9. What is red drop in photosynthesis? Explain with a plot of quantum yield versus
wavelengths of light. What information one gets from this model?

10. Present the schematic diagram of photosystems I and II into the Z-scheme.

Long-answer-type questions

1. Present a detailed view of photosynthetic organisms that produce O, and do not
produce O.,.

2. What is photosynthesis? Describe in detail light and dark reactions in photo-
synthesis.

3. Present the structural details of several of the different types of chlorophyll that
occur in nature.

4. Discuss the role of accessory pigments in photosynthetic cells. Also draw their
structures.

5. Present a detailed account of absorption spectra of various photosynthetic pig-
ments and their functions.
Highlight the role of Mg in chlorophyll.

7. Describe the role of photosystem I and photosystem II during photosynthesis in
green plants.
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8. Present a detailed view of mechanistic model of the water splitting manganese
containing enzyme for water oxidation to evolve O, during photosynthesis.

9. Explain the role of cyclic photophosphorylation in photosynthesis.

10. Describe the role of antenna chlorophylls and reaction centres in chloroplasts
in photosynthesis for the reduction of CO, to glucose.
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Complexes containing nitric oxide: synthesis,
reactivity, structure, bonding and therapeutic
aspects of nitric oxide-releasing molecules
(NORMSs) in human beings and plants

2.1 Introduction
2.1.1 Discovery of nitric oxide (NO)

Nitric oxide (NO), which is a colourless gas, was known during the thirteenth cen-
tury when it was first time prepared from nitric acid. Its first synthetic recognition
was credited to Johann Glauber who identified its formation when potassium nitrate
was added with sulphuric acid. Its immediate transformation to brown fumes of
NO, in the presence of O, was observed from its beginning. It was first time character-
ized as a distinct chemical species by Joseph Priestley (1733-1804). He also described
its disproportionation to N,0O and NO, when NO, when heated over iron powder. The
formation of iron-NO complex by the reaction of NO with FeSO, as a black solution
was first time reported by Joseph Priestley. This black colouration formed the basis of
the brown ring test used by so many chemists for the qualitative test of nitrate ion. It
was later on characterized as [Fe(NO)(H,0)s]*". The accepted chemical formula of ni-
tric oxide as NO, wherein nitrogen and oxygen are present in equal proportions, was
established by Henry Cavendish (1731-1810) and Sir Humphrey Davy (1778-1829).

2.1.2 Importance of nitric oxide complexes

For more than a century, metal nitrosyl complexes or complexes containing NO
grouping are known to chemists, and since then it has been the source of tremen-
dous interest to scientific community working in this field. The nitrosyl complexes
became more important in recent past on account of the discovery that NO is useful
in our body for smooth muscle relaxation, tumour regulation, long-term memory
formation and so on. However, nitrosyl complexes have been very little investigated
compared to metal carbonyls. The possible reasons behind this are:

(i) Carbon monoxide as such can be taken in the synthesis of majority of metal car-
bonyls. In case, excess carbon monoxide if somehow taken in the synthesis, it
is rarely harmful. Moreover, for kinetically slow transformations, high-pressure,
high-temperature conditions are also accessible. On the other hand, these later

https://doi.org/10.1515/9783110727302-002
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conditions are rarely acceptable with NO. This is because of its thermodynamic
instability and its tendency to serve as an oxidizing agent:

3NO — N,O+NO,, AH= -37.2 kcal/mol

(disproportionation reaction) @1)

NO — 1/2N,+1/20,, AH= -21.6 kcal/mol 22)
2.2
(decomposition reaction)

Because of the above restrictions, coordination chemists have inspired to develop
new methodology for the synthesis of metal nitrosyl complexes (vide infra).

(ii) The lack of reactivity of metal nitrosyl complexes seems to be another reason for
inattentiveness towards the synthesis of nitrosyl complexes. Because of the sta-
bility of the MNO bond in metal nitrosyls, ligand displacement was not found in
metal nitrosyls, while such reaction is very common and also important in the
chemistry of metal carbonyls.

In recent past, there has been considerable upsurge in the study of transition metal
nitrosyls and the reactions of nitrosyl ligands. This is partly due to the better under-
standing of the way in which NO binds to a metal, which is subtly different to the
situation involving CO, principally because NO has an additional electron.

There has been significant enhancement in the study of metal nitrosyl com-
plexes and reactions of the nitrosyl ligand in the past decades or so. This is some-
what owing to the better awareness of the way of binding of NO to a metal. In fact,
the binding of NO to metal is a bit different compared to CO in metal carbonyls. This
is primarily due to the presence of an additional electron in NO as shown in the
Lewis structures of CO and NO as follows:

:C:::0: N = O
Carbon monoxide Nitric oxide

Accordingly, NO can bind to a metal by donating two electrons in two ways: (i) as
an electron donor, forming NO* and then coordinating with metal and (ii) as an
electron acceptor forming NO™ and then coordinating with metal, and even forming
N,0,>". Another incentive for exploring NO reactivity has arisen due to the advance-
ment in pollution control for removing or reducing the concentration of NO in ex-
haust gasses coming out from the internal combustion engines. Additional interest
in nitrosyl chemistry has come from the possible synthesis of organo-nitrogen com-
pounds in reaction assisted or moderated by transition metal catalysts. Transition
metal nitrosyls have recently been used in several industrially important organic
syntheses.
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The biggest stimulus to investigating NO chemistry is the declaration of role of
NO in 1980 as one of the extremely significant molecules to regulate the functioning
of living organisms. This put the whole scientific community in wonder. The crucial
function that this molecule plays in signal transduction and cytotoxicity is considered
as one of the prime wonders nowadays in biochemistry. The biological importance of
NO molecule is well pronounced in neuroscience, physiology and immunology. The
compliments discovered in biochemical concern of NO bagged the vote in 1992 as
“Molecule of the Year” by the journal Science, published by the American Association
for the Advancement of Science (AAAS). Nowadays NO is believed to be linked with
several physiological pathways, including platelet aggregation and adhesion, neuro-
transmission, synaptic plasticity, vascular permeability, hepatic metabolism, senes-
cence and renal function. The vital role of NO at higher (UM) concentration in host
immunity and tumour suppression is also recognized. Robert F. Furchgott, Louis J.
Ignarro and Ferid Murad shared the 1998 Nobel Prize in Medicine and Physiology for
discovering the role of NO as an important signalling molecule in cardiovascular sys-
tem. In cardiovascular system, smooth muscles are often the target of NO action, lead-
ing to vasodilatation in blood vessels and thereby controlling the blood pressure. In
microbial world, NO plays a mediator role in denitrification (Figure 2.1). In addition,
the molecule is tailored in various ways due to its important therapeutic potential:

NO, —>NO—> N,0—> N,

Figure 2.1: Denitrification involving NO as an intermediate.

Eye is one of the primary sense organs that is very sensitive. Any defect in eye function
needs ultra care and meticulous way of treatment. Among eye health problems, intra-
ocular pressure (IOP), cataract and retinal hypertension continue to remain as the pri-
mary risk factors amenable to treatment. There are numerous evidences supporting
eye adaption with NO connected with the NO-guanylate cyclase (GC) pathway.

2.2 Metal nitrosyl complexes?

Compounds containing NO groups(s) are usually referred to as nitrosyl compounds
when addendum is inorganic in nature and as nitroso compounds when addendum
is organic in nature.

Nitrosyl compounds Addendum
NaNO Inorganic
NOCI Inorganic
Na,[Fe(CN)s(NO)] - 2H,0 Inorganic
K5[Cr(CN)s(NO)] - H,0 Inorganic
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[PPh,],[Mn(NO),(CN),]- 2H,0 Inorganic
[Mo(NO),(tsc-dha)(H,0)] Inorganic
Nitroso compounds Addendum
ON NH, Organic

4-Nitrosoaniline

ON N(CHj), Organic

N,N -Dimethyl-4-Nitrosoaniline

ON OH Organic

4-Nitrosophenol

Nitrosyl complexes belong to the class of coordination compounds containing nitro-
gen monoxide (NO) as one of the ligands.

2.3 Synthetic methods of metal nitrosyls

Metal nitrosyl can be synthesized using different methods and employing various
nitrosylating agents as illustrated further.

2.3.1 Nitric oxide gas as the nitrosylating agent

Because of the thermodynamic instability of the stored NO gas commercially avail-
able in a cylinder, it is recommended to use freshly prepared NO gas in the prepara-
tion of metal nitrosyls. It can be generated by the following two reactions along
with respective reactants:

2KNO; + 6FeSO, + 4H,S0; — 3Fe;(S04); + K>S0, + 4H,0 +2NO 1
3Cu(copper turnings) + 8HNO3(30% dilute) — 3Cu(NOs;), + 4H,0+2NO 1
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The NO gas so generated in both the reactions can be dried by passing through a
column of anhydrous calcium chloride.

When one considers a reaction of some metal complex/salt with NO gas, the most
useful rule will be those appropriate to the neutral diatomic molecule. Thus, we shall
assume that the reagent NO functions as (i) either a one-electron donor or (ii) a three-
electron donor (Figure 2.2) when it adds to or substitutes on a metal complex.

.
.

J

Z .
+
z

L
D ma—
B

(@)

Figure 2.2: (i) NO functions as a one-electron donor and (ii) NO functions as a three-electron donor.

(@) Synthesis of [Ru"(NO)(dha-tsc)(Cl)(H,0)]complex

Maurya et al. [1] synthesized this complex by dissolving RuCl;-3H,0 (1 mmol, 0.207 g)
in 20 mL of 1:1 v/v HCI:H,0 mixture. The resulting solution was bubbled with NO gas
(30 min) formed by adding 30% of HNO; to copper turnings. The solution changes to
red from brown colour. The ethanolic solution of Schiff base (dha-tsc) (1 mmol, 0.241 g)
was then added and the resulting solution was refluxed for 3 h. This resulted in a whit-
ish brown suspension, and after cooling down to room temperature, a solid mass was
obtained (Figure 2.3). The product so formed was filtered and washed 2-3 times with
methanol and dried under vacuum.

Simple adduct formation, [M(L),] + xNO - [M(L),,(NO),]

The reaction of adduct formation with NO is likely when the substrate complex
[ML,] is having 15 or 17 electrons, that is, deficient with 3 or 1 electron(s), respec-
tively, from inert gas configuration. For example:

[Co'(C1),(L),] (17€) + NO — [Co™ (NO)(C1),(L),]

[Co"(chel),] (17e) +NO — [Co™(NO)(chel),]

For the last reaction, so many examples are known, wherein “chel” being a dithiocar-
bamate, dithiolate, dimethylglyoximate, a Schiff base or porphyrin. Some of them have
been characterized crystallographically and found to contain bent CoNO groups:
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OH

7 SH
© N )\
Sy NH,
(0} CH; o CH,
Dehydroacetic acid Thiosemicarbazide (dha-tsc)
(dha) (tsc)
H;C OH
= SH +
I ;
° N = Cl. N oH,
Sy NH, HsC 0\¢ /
(dha-tsc)
H
° - NH, +2HCI
RuCl;.3H,0 >
NO gas

[Ru"(NO)(dha-tsc)(CI)(H,0)] complex

Figure 2.3: Synthesis of Schiff base (dha-tsc) and its ruthenium nitrosyl complex [Ru"(NO)-dha-tsc)
(Cl)(H,0)] using nitric oxide gas as the nitrosylating agent.

[Cr'(EPPh3),X,] + 2NO — [Cr'V(NO),(EPPh3),X,]
E=00rNH

(b) [M(L),] + xNO > M(NO),(L),, + (n-m)L-type substitution

The guiding principle behind these types of substitution reactions is that in an 18-
electron complex, a 1 electron donor, namely, halide, alkyl, metal-metal bond will
be replaced by a bent nitrosyl and a 3-electron donor by a linear nitrosyl. In other
words, n two-electron donors are replaced by (2n)/3 nitrosyls.

(i) [Co(NO)(CO),](18e)+2NO — [Co(NO) ](3x2 donor CO=~2x3/3=2N0O)

Cr(C 6] (18e) + 4NO — [Cr(NO) ](6x2 donor CO=2x6/3~4NO)

(if) Replacement of ligand(s) equivalent to three electrons
When the precursor metal complex has saturated coordination, the replacement
reactions are basically straightforward:
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[Mn(co } (18e) +3NO — [Mn(NO),(CO)]
[1 L);](18e) + NO — [Ir(NO)(CO)(L),]
[Ru } (18) +2NO — [Ru(NO),(L),]

{Ir(H){P(OPh;)s} 4} +NO — [Ir(NO){P(OPh3)3}3}

(iii) Substitution reactions with NO in metal clusters are rather more complex due
to the possibility of cleavage of metal-metal bonds

[Fe5(CO),,] (18e) + X0, [Fe(NO),(CO),](18e)
[Coy(CO), ] (18e) + O, [Co(NO)(CO),](18e)
Mn,(CO),,] (18e) + —> [Mn(NO)(CO) ](18e)

[
[Mn,(CO)4(L), ] (18e) > [Mn(NO)(CO) 4] + [Mn(NO)(CO);(L)] +L

(iv) In case a precursor complex differs from the inert gas configuration by 1-electron,
then the 18-electron shell can be attained by substitution of a 2-electron donor

[0s(SbPhs),Cls] (17e) + ~ [0s(NO)(SbPhs),Cls] (18e)
[Ruc13 (H,0),](17¢) + > [RuCl;(NO)(H,0),] (18¢)
[Co(L),] (17€) + =2 [Co(NO)(L),] (18e)

[V(CO) J(17e) + ~> [V(NO)(CO)s] (18¢)

[V(CO),(L),] (17e) + = [V(NO)(CO), (L)] (18e)

(c) Reductive nitrosylation
Before coming to the reductive nitrosylation, we have to first look over the molecu-
lar orbital (M.O.) diagram (Figure 2.3) of an NO molecule.

From the M.O. diagram shown in Figure 2.4 of NO molecule, it is well clear that
the unpaired electron on NO accommodates in the n*2p, orbital. As the NO mole-
cule has a low ionization potential of 9.26 eV, it is expected that it can function as a
reducing agent by losing/donating its odd electron. In fact, this has been observed:

MF¢ + NO — NO* MFg¢ -
(here, M = Mo, Tc, Re, Ru, Os, Ir or Pt).

In aprotic (without proton) solvents, reductive nitrosylation of higher halides of mo-
lybdenum and tungsten under mild conditions has been observed as shown in the
following equations:
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““““““

.
Nitrogen AOs N—O Oxygen AOs
2s%2p° Molecular orbitals 2s%2p*

Figure 2.4: M.O. diagram of nitric oxide molecule.

Mo"Cls + 5NO — [Mo°(NO),Cl,] +3NOCl
Mo Cl,(CH;CN), + 4NO — [Mo°(NO),(CH;CN),Cl,] +2NOCl
WYIClg + 6NO — [W°(NO),Cl,] +4NOCI

These reactions are similar to the carbonylation of RhCls

2RhCl; + 6CO — [Rh(CO),Cl], +2COCl,

2.3.2 NO" as the nitrosylating agent

The NO*X™ salts, where X represents non-coordinating anions such as BF,~, PF¢~ or
HSO,", offer a good source of NO* (7 + 8 — 1 = 14e), which is isoelectronic with car-
bon monoxide (6 + 8 = 14e). Similar to CO, NO" may react with metal complexes in
two distinct ways: (i) addition reactions or (ii) substitution reactions.

(i) Addition reactions
Some of the addition reactions are as follows:
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[Rh(CNR),] "+NO* — [Rh(CNR),(NO)]**

[Rh(PPh;),Cl] +NO* — [Rh(PPhs3);(NO)Cl] *

[Ir(CO)(L),Cl] +NO* — [Ir(CO)(NO)(L),Cl] *
[Ru(NO c1] +NO* — [Ir(NO),(L),Cl]
[Rh(PPP) cq +NO* — [Rh(PPP),(NO)Cl] *

PPP = PhP[(CH,),PPh,],

(ii) Substitution reactions
These types of reactions commonly occur in metal carbonyls where NO* replaces CO
ligand most often. Examples are

MeOH/CgHg
[Fe(CO),(PPhs),] +NO* —7 [Fe(NO)(CO),(PPhs),] *

MeOH
[M(CO), (dppe)] + NO* — [M(NO)(CO),(dppe)] * (M =Mo, W)
CH5CN
[Cr(CO), (dppe)] +NO* — [Cr(NO),(CH5CN),]**
dppe =1,2 - bis(diphenylphosphino)ethane
CH;5CN
[Mo(CH5CN),(C0),] +NO* —7 cis — [Mo(CH5CN), (NO),]**
CH3CN
[W(CH;CN);(CO);] +NO*™ —7 cis — [W(CH;CN);(CO)(NO),]*"
CH3CN
[x(NO)(CO)(L),] + NO* 7 [Ix(NO),(L),] "
MeOH
[Ni(CO),(L),] +NO* —7 [Ni(NO)(CO)(L),]
MeOH
[Co(NO)(CO)(L),] +NO* — [Co(NO),(L),] *

MeOH
[W(CO),X] “+NO* — [W(NO)(CO),X] "~
X =halideion

2.3.3 Nitrosyl halide (NOX) as the nitrosylating agent

Although the covalent-bonded nitrosyl halides (NOX) undergo as part of the following
equilibrium, yet they normally react with metal complexes by simple oxidative addition:
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2NOX = 2NO+X;

Examples of oxidative addition by elemental halogen have been reported in reactions
of metal carbonyls with NOX. NOX is supposed to be the reagent in this section:

[M(CO), (PPhs),] — [M(NO)Cl5(OPPhs),] (M=Mo, W)
[M(CO)5(PPh;);] — [M(NO)CL,(OPPh;),] (M=Mo, W)
[Mo(CO),(PPhs),Cly] — [Mo(NO)Cl,(OPhPs),]

Several cases are described in which oxidative addition occur in coordinatively un-
saturated substrates. For example,

[RuC,(NH3),] — [Ru(NO)Cl5(NHs),]
[PtX4)*" — [Pt(NO)X,CLJ*  (X=Cl",NO, ,CN")
[Rh(NO,)(CO)(NH;),] — [Rh(NO)(NO,)CI(NHs),]

[Pt(NH;),]*" — [Pt(NO)(NH;),Cl]**

When reacting substrates are coordinatively saturated, addition of 1 mol of NOX dis-
places ligands from the substrate equivalent to four electrons with addition:

Ni(CO),] 5 [Ni(NO),CL,]

Ni(PPhs),] — [Ni(NO)CI((PPhs),]

Mo(CO),L,] — [Mo(NO),Br,L,]

[Ni(
[Ni(
[W(CO),(NO)(bipy)Cl] — [W(NO),ClL(bipy)]
[
[Re(CO Lc1] [Re(NO)(CO),LCL]

[Re(

Re(CO);L,Cl] — [Re(NO)(CO),LCl]

In the presence of nitrosyl chloride (NOCI), cyano complexes undergo simple oxida-
tion. Here NOCI functions as one electron oxidant:

el (CN), |~ = [Fel(ON) |
K5 [Mn"(CN)¢] — K,[Mn" (CN),]

KoMn" [Mn"(CN)¢] — KMn" [Mn"(CN)]
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Using NOCI as oxidant, complexes of cobalt and nickel of composition, MX,(PR5),, 0x-
idize to MX3(PRs).. This is one of the few routes to the synthesis of Ni(Il[) complexes.

2.3.4 N-Nitrosoamides as the nitrosylating agents

N-Methyl-N-nitrosourea (I) and N-methyl-N-nitroso-p-toluene (II) belong to N-nitroso-
amides. They react with a range of metal hydrides to form metal nitrosyls, and pre-
sumably the parent amide. In this reaction, hydrogen atom, which is formally a
one-electron donor, is replaced by the nitrosyl group. This reaction might be expected
to form a bent nitrosyl. But it is found that extrusion of a two-electron donor ligand
accompanies this reaction and linear nitrosyl complexes are obtained:

(0] O N—O0
e I
2N NH, e | \CH
O 3
CH,
€] (ID)

For example, when [HMn(CO)s] reacts with N-methyl-N-nitrosourea, formation of
[Mn(CO0),NO] results with displacement of CO along with H from [HMn(CO)s]:

[HMn(CO),] — [Mn(CO),NO] +CO

Other examples of linear metal nitrosyl formation assuming N-methyl-N-nitroso-p-
toluene sulphonamide as a reagent are

[Mo(H)(Cp)(CO),] — [Mo(NO)(Cp)(CO),] +CO
[M(H)(C1),(L);] — [M(NO)(CI),(L),] +L (M=Rh,Ir)
[Rh ] [Rh(NO)(L);] +L

[Ru(H),(L),] — [Ru(NO),(L),] +2L

[M(H)(Cl)(CO)(L);] — [M(NO)(C1)(CO)(L),] +L(M=Ru,Os)
[Ir(H) L);] — [Ix(NO)(CO)(L),] + L(L=ER5:E=P, As, Sb)

[Co(H) PPh3] [Co(NO)(PPhs),] +H,

In the last reaction, the elimination of molecular hydrogen takes place firstly fol-
lowed by NO/H interchange.
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The only example in which ligand extrusion is not observed involves the reac-
tion of tricyclohexylphosphine (PCys) complex with N-methyl-N-nitroso-p-toluene
sulphonamide:

[Ru(H)(C1)(CO)(PCy3),] — [Ru(NO)(CI)(CO)(PCy;),]

2.3.5 Coordinated NO as the nitrosylating agents

The nitrosyl complex [Co(NO)(DMG),] (DMG = mono anion of dimethylglyoxime) is

soluble in several solvents. This has been reported to transfer attached NO group to

a number of metal complexes producing respective metal nitrosyls. The following

two types of common reaction routes that can occur are as follows:

(i) In the first type of reaction, transfer of coordinated NO from [Co(NO)(DMG),] to
other complexes forming metal nitrosyl complexes is shown below:

[Co(NO)(DMG),] + [M(L),] — [Co(DMG),] + [M(NO)(L), ]

(ii) Sometimes, halogen transfer is a possible secondary reaction route. Co" is a po-
tential halogen acceptor. So, in this case, the net reaction is formally “NO/halo-
gen interchange”, or a type of redistribution reaction. The reaction of [Co(NO)
(DMG),] with [M(C1)(L),] observing this reaction route is given below:

[Co(NO)(DMG), ] + [M(CI)(L),] — [Co(CL)(DMG),] + [M(NO)(L),]

For identifying only simple NO transfer from [Co(NO)(DMG),], [Co(Cl)5(L),] was taken
as a substrate and the observed reaction is as follows:

2[Co(NO)(DMG),] + [Co(Cl),(L),] — [Co(NO),(L),] " Cl™ + [Co(DMG),] +
[Co(C1)(DMG), ]

Some of the reactions showing simple NO/halogen interchange occur as follows:
[Co(NO)(DMG),] + [Ni(Cl),(L),] — [Ni(NO)(CI)(L),] + [Co(Cl)(DMG),]
[Co(NO)(DMG),] + [Rh(CI)(L)] — [Rh(NO)(L),] + [Co(CI)(DMG), ]

[Co(NO)(DMG), | + [Ru(Cl),(L);] — [Ru(NO)(CI)(L),] + [Co(C1)(DMG),(L)]

2.3.6 Hydroxylamine (NH,OH) as the nitrosylating agents

Hydroxylamine undergoes a wide range of complex redox chemistry, and depending
upon the pH, several species such as NH;, NH,*, N, or N,O may be formed (D. M. Yost
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and H. Russell, Jr., Systematic Inorganic Chemistry, Prentice Hall, New York, 1946).
The synthesis of metal nitrosyls using hydroxylamine was neglected previously. It is
now used as a nitrosylating agent in basic medium. Hieber and co-workers [2] em-
ployed hydroxylammonium chloride (NH,OH-HCI) first time as a nitrosylating agent.

Hydroxylammonium chloride on reaction with molybdate, cyanide and KOH in
aqueous medium produces a violet compound of the formula, K,[Mo(NO)(CN)s] - 2H,0.
Because of some controversy in formulation, Wilkinson et al. [3] proposed another
octa-coordinated structure having composition, K,[Mo(NO)(OH),(CN)s] for this violet-
coloured compound. Later on, X-ray single crystal studies finally confirmed the hexa-
coordinated structure of composition K,[Mo(NO)(CN)s]-2H,0 for this compound. This
compound can also be synthesized directly from K,[Mo(CN)g].

Wilkinson et al. [3] did extensive work using hydroxylamine in strongly alkaline/
cyanide medium with other oxometallate anions. Thus, with CrO,>" (K,CrO,), a green
complex, namely, potassium pentacyanonitrosylchromate(I) monohydrate, K;[Cr'(NO)
(CN)s] - H,0, was isolated. Likewise using the same procedure with VO3~ [ammonium
vanadate (NH,VOs)], an orange complex, Ks[V(NO)(CN)s] - H,O had been isolated which
is structurally characterized as K;5[V(NO)(CN)s] - 2H,0 [4]. Interestingly, use of a slightly
different procedure, that is, with VO;~ and NH,OH/KOH/KCN, passing of H.,S leads to
the isolation of a yellow complex of composition, K,[V(NO)(CN)] - H,0 [5]. While v(CN)
and v(NO) in K,[V(NO)(CN)] - H,O are closely similar to that of K5[V(NO)(CN)s] - 2H,0,
the cell constants differ. Moreover, the compound is diamagnetic. Nitroprusside, [Fe
(NO)(CN)s]*", the best known cyanonitrosyl, has not been synthesized in this way. The
reason behind this is most probably the lack of suitable precursor cyano complexes.

In 1984, Bhattacharya et al. [6] reported the synthesis of K3[Re(NO)(CN)s] - 2H,0 by
taking potassium perrhenate(VII), KReO,, excess of KCN, KOH and NH,OH-HCl. The
same authors in 1985 reported [7] the synthesis of some new molybdenum(II) cyanoni-
trosyl complexes of composition, R,[Mo(NO)(CN);] - 2H,0 (R = Ph,P or Bu,N), using Na-
>,Mo04 - 2H,0, KCN and H,0H - HCI in alkaline medium maintaining pH 8.

The hydroxylamine method can also be applied to some cyano complexes as
precursor to be nitrosylated. Thus, K3[Mn(CN)g] can be converted into purple K3[Mn
(NO)(CN)s] - 2H,0 by this method. Similarly, purple K,[Ni(NO)(CN)s] can be prepared
by the reaction of hydroxylamine and K,[Ni(CN),].

Besides cyanide as a co-ligand, nitrosyl complexes can be generated by alkaline
hydroxylamine in another way as follows:

OH~
[Co(CNR)sX| +2NH,0H — [Co(NO)(CNR);] + 2CNR + H,0 + NH,X
OH-
[Fe(CNR),X] + 4NH,0H — [Fe(NO),(CNR), ] + 2CNR + 2H,0 + NH,X
From the above synthetic examples of nitrosyl complexes using hydroxylamine

method, it is well clear that this method requires a strong alkaline medium.
Hieber et al. [8] proposed the demand of alkali in the following way:
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2NH,0H — NOH + NH; + H,0

NOH = NO~ + Hf

B } Le Chatelier’s principle
H* + OH™ — Hzo

In this method, the requirement of the alkaline medium is just for the displacement
of the equilibrium of the second reaction towards right direction to produce more
and more “NO".”

In fact, in strong alkaline medium (KOH), the OH™ so produced will abstract
proton from the right-hand side of the above reversible reaction to give feebly ion-
ized H,0 molecule. Hence, according to Le Chatelier’s principle, more and more
NO™ will be produced, which serve as a reductive nitrosylating agent.

Maurya et al. have recently reported [9] the preparation of some dinitrosylmolyb-
denum(0) complexes of composition, [Mo(NO),(L)(OH)] (L= a monobasic tridentate
Schiff base obtained from 4-aminoantipyrine and 4-acyl-3-methyl-1-phenyl-2-pyrazo-
lin-5-one derivatives), taking ammonium molybdate and excess of NH,0H-HCl in
mild alkaline medium of N,N-dimethylformamide:

2NH,0H — NOH + NHj; + H,0

NOH =—= NO +H"

H3C\ /H HyC H /H Le Chatelier's Principle
H+ o \+/
/
H;C O H;C \\0

N,N-Dimethyformamide

The kinetic study conducted by Malatesta and Sacco [10] for the reaction of [Ni(CN),J*
with NH,OH in alkaline medium recommends that in the presence of oxygen, the reac-
tion is

[Ni(CN),]>” +NH,0H + OH™ +1/,0, — [Ni(NO)(CN),]* +CN~+2H,0

The resulting equation is explained with the opinion that no NH; is produced and
that encompasses a pre-equilibrium in which NH,0H replaces CN". Further, depro-
tonation of coordinated NH,OH takes place followed by oxidation of the resultant
[Ni(NO)(CN);]* by oxygen completes the reaction. In the absence of oxygen, the re-
action is very slow and kinetically less manageable where the mechanism is sup-
posed to be as follows:

[Ni(CN),]* +NH,0H — [Ni(NH,OH)(CN),] ~+CN~

[Ni(NH,0H)(CN),] "+ NH,0H+OH~ — [Ni(NO)(CN),]> +NHj; +2H,0
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The stoichiometry regarding the ammonia produced per mole of [Ni(NO)(CN);]*
formed and NH,OH used cannot be set properly because of the side reactions like

[Ni(NH,0H)(CN);] ~+CN~+ NH,0H — [Ni(CN),]* +N,+H,0+OH" and
3NH,0H — NH; + N, + 3H,0

Thus, this work contradicts the suggestion made earlier for the involvement of NO™ in
these reactions. If NO™ is not the species formed by the reaction of NH,OH with strong
alkali for the reductive nitrosylation, then hydroxylamine can nitrosylate in neutral
and even in acidic medium. To put it to test, Sarkar and Miiller [11] attempted the re-
ductive nitrosylation of several oxometallate anions using NH,0H. Taking SCN™ as a
co-ligand, they were able to isolate species like [Cr(NO)(SCN)s]>~, [Mo(NO)(SCN),]*
and [0s(NO)(SCN)sJ*". It is interesting to note that NH,OH-HCl is used as such in
these cases which suggest that the reaction medium is slightly acidic in nature.
Weighardt et al. [12] performed the reaction of pentavalent and trivalent vana-
dium to get [V(NO)(dipic)(NH,0)(H,0)]. On the other hand, they observed that MoO,*
in the presence of terpyridine reacts with NH,OH in acidic medium to form [Mo(NO)
(terpy)(NH,0)(H,0)] [13]. Both the above reactions suggest that NH,OH functions as a
nitrosylating reagent in alkaline as well as acidic medium. The interesting part of this
work lies in the fact that NH,OH can be deprotonated to give a mononegative biden-
tate hydroxylamido (NH,0") ligand. The same authors have shown that this hydroxy-
lamido group can be further deprotonated to function as bidentate hydroxyamido
HyNy,

7,
1y ’//,
"

v

/

Bidentate coordination of NH,O™

(o}

(-2) group. The kinetic studies made on the formation of [Ni(NO)(CN);]* have sug-
gested that NH,OH first get coordinated and then deprotonated to generate the nitrosyl
group [10]. The complexes synthesized by hydroxylamine method in any pH condition
invariably contain a linear M—N-O group whenever structural data are obtained.

2.3.7 Acidic solution of nitrite salts (NO,~/H*) as the nitrosylating agents

The following equilibrium is the basis of the nitrosylation reaction occurring through
this method:

NO,"+2H" = NO'+H,0
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In an attempt to classify reported nitrosylation reactions, there is some difficulty in
differentiating reactions of the above type (attack of NO*, formed by acidic solutions
of nitrite salts, on metal complexes) from coordination of NO,~, and thereafter by
oxide abstraction. Godwin and Meyer [14] have successfully distinguished between
these in reaction given below:

NO,” /H*
[Ru(L),(X)(H0)]© — [Ru(NO)(L),X]

2+

(L =0 - phenorbipy)

In the absence of added H", no anation by NO, ™ is detected in 1 h in this reaction.
Instead, the nitrosylation reaction took place instantaneously.
Reactions of this type with other substrates are:

K[Fe(NO)(CO)5] + KNO, + CO, + H,0 — [Fe(NO),(CO),] +2KHCO;
Na[Fe(H)(CO),] + 2NaNO, + 3CH;COOH — [Fe(NO),(CO),] +2CO +3CH;COONa
K[Co(CO),] + NaNO, + 2CH;COOH — [Co(NO)(CO);] +2CH3COONa(K) + H,0 + CO

K[Co(CO),] +KNO, +2CO, + 2H,0 — [Co(NO)(CO),] +2KHCO;

2.3.8 Alkyl nitrites as the nitrosylating agents

The use of alkyl nitrites as nitrosylating agents is based on the following equilib-
rium in protic solvents:

RONO+H* — NO*+ROH

The following reaction was performed by the addition of metal complex to a solu-
tion of isopentyl nitrite and HPFg in benzene/methanol:

[Fe(CO),(PPh),] — [Fe(NO)(CO),(PPhs),] *

Alcoholic solutions of metal halides on reaction with n-pentyl nitrite in the presence
of phosphines form metal nitrosyls, probably through hydride intermediates:

MCl; — [M(NO)Cl5(PPhs),] (M=Ru,Os)

MCl; — [M(NO)Cl(PPhs),| (M=Rh,Ir)

2.3.9 Nitric acid as the nitrosylating agent

The synthesis of red crystalline salts of petacyanonitrosylferrate(Il), of which sodium
nitroprusside (SNP) is very popular, was reported by Lionel Playfair (1818-1898) in
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1848. This synthesis followed the routes given below taking either concentrated nitric
acid or nitrite salts:

K4 [Fe(CN),] -3H,0 + 6HNO; — H,[Fe(NO)(CN), | + 4KNO; + NH;NO; + CO,
H; [Fe(NO)(CN);] + Na,CO; — Na; [Fe(NO)(CN);] +H,0 + CO,
[Fe(CN),]* +NO,” +H,0 — [Fe(NO)(CN),]* +CN~+20H"

Afterwards, the corresponding V, Cr, Mn and Co salt anions [M(NO)(CN)s]*~ (where
M =V, Cr, Mn or Co) were reported.

The analogous ruthenium and osmium complexes have been prepared using
the identical method. When Nas[Re(CN)s;(H,0)] is treated with moderately strong ni-
tric acid, a cyano-nitrosyl complex of rhenium of composition, Na,[Re(CN);(NO)], is
said to be formed. K3[Re(CN)g] on warming with 2 M nitric acid yields a diamagnetic
cyanonitrosyl complex of rhenium of composition, Ag;[Re(CN),(NO)]. It is found to
be contaminated with AgCN.

2.3.10 Synthesis of nitrosyl complexes using redox reaction

We have seen above that using nitric acid as a nitrosylating agent, the synthesis of
Na,[Fe'l(NO)(CN)s] and its Ru and Os analogous has been successfully carried out in
the same formal oxidation state of +2. Though the oxidation state of the central
metal linked with NO has got no sense in the real sense of the term, yet a notation
(MNO)™ would avoid an extreme formalism of NO either as NO*™ or NO~ (vide infra).
In this sense, using the same synthetic approach, Fe, Ru and Os give (MNO)>* in
their complexes. On the other hand, using alkaline hydroxylamine method of prepa-
ration, chromium gives (CtNO)** group, whereas molybdenum gives (MoNO)* moiety.
This motivated Griffith to reduce the compound K;[Cr(NO)(CN)s] (having (CrNO)**
group) following polarographic method of reduction to isolate a blue reduced species
K,[Cr°(NO)(CN)s] - H,0 analogous to K,[Mo(NO)(CN)s]. Several attempts have been
made to isolate one electron oxidation product of K,[Mo(NO)(CN)s] in order to obtain
[Mo'(NO)(CN)s]>". But the pure green-coloured compound, [(PPh,)]5[Mo(NO)(CN)s] -
H,0, was synthesized by Sarkar and Miiller [15] in 1978 by aerial oxidation. Likewise,
the cyanonitrosyl complex, K;[Mn(NO)(CN)s]-2H,0 (purple coloured), on oxidation
using bromine or HNO; forms yellow-coloured complex compound, K;[Mn(NO)(CN)s] -
2H,0. SNP on reduction with sodium in liquid ammonia gives ochre yellow-coloured
compound of composition, Nas[Fe(NO)(CN)s] - 2NH;. This compound is found to be an
unstable solid. The corresponding tetraethylammonium salt, when treated with acetic
acid in acetonitrile changes it into a blue-coloured complex, (Et,N),[Fe(NO)(CN),].
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2.3.11 Synthesis of metal nitrosyl by substitution of cyano groups in parent
cyanonitrosyl complex

Some cationic dinitrosyl complexes of vanadium in (-I) oxidation state were synthe-
sized by Sarkar and Maurya [16]. For this, the parent compound K5[V(CN)s(NO)] - 2H,0
with o-phenanthroline/dipyridyl in 1:4 mole ration was taken in a reaction vessel,
and shaking was continued for 24 h. The resulting compounds of red-violet colour
were characterized as [V(NO),(o-phen),] - CN and [V(NO),(dipy).] - CN, respectively.
The same group also reported the synthesis of some hepta-coordinated mixed-ligand
cyanonitrosyl {VNO}, complexes of vanadium(I) having composition K,[V(NO)(CN),
(L),] (L = 2,3-Lut, 2,4-Lut, 2,6-Lut, 3,5-Lut, 2,3,6-Coll, 2,4,6-Coll or nicotine) taking the
parent compound, K,[V(NO)(CN)g], in aqueous medium and the organic base in meth-
anol. The desired compounds were obtained as yellow mass after constant stirring of
the reaction mixture at 50-60 °C under nitrogen atmosphere.

Maurya and co-workers [17] have successfully carried out the synthesis and char-
acterization of some novel cyanonitrosyl {CtNO}Y complexes of chromium(I) having
the general formulae, [Cr(NO)(CN),(L-L)] (L-L = o-phen or dipy), [Cr(NO)(CN),(L)]
(L = py or qu), [Cx(NO)(acac),], [Cr(NO)(DTC),(H,0)] and [Cr(NO)(CN),(L),(H0)] (L =
pyridine, aniline or benzimidazole derivatives by the interaction of potassium penta-
cyanonitrosylchromate(I) monohydrate, K5[Cr(NO)(CN)s] - H,O with the said ligands in
aqueous acetic acid medium.

Bhattacharya et al. [18] reported the synthesis of molybdenum(0) cyanonitrosyl
complex of composition [Mo(NO),(CN),(o-phen)] - 2H,0. This compound was synthe-
sized by the addition of the hot aqueous solution of o-phenanthroline into a freshly
prepared solution of [Mo(NO),(CN),]*>~ with stirring at 50 °C.

2.4 The {M(NO),,}" formalism for metal nitrosyl complexes

For the transition metal complexes with ligands, such as NH3, SCN™, CI” or CN7, the
assignment of formal oxidation state is normally unquestionable and leads to a sin-
gle label. However, Kaim [19] suggested that CN™ in some low oxidation state com-
pounds may behave in a non-innocent manner. Complexes having other ligands,
namely, dipyridyl, dithiolene and n-bonded organic ligands, may be represented by
resonance forms. This results in the assignment of alternative formal metal oxida-
tion states. For instance, the dithiolene ligand in complexes may be denoted either
as a neutral or dianionic ligand (Figure 2.5), and thereby the formal metal oxidations
states will obviously be M™ and M"*2*,

The idea of innocent and non-innocent ligands was given first time by C. K.
Jorgensen [20] in the 1960s, which sought to resolve these ambiguities. NO is also a
non-innocent ligand, and as discussed earlier, this may lead to two different oxida-
tion states, M™ and M"*2*, based on the assignment of the charge on the ligand.
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L

® (i)

Figure 2.5: (i) Neutral and (ii) dianionic coordination of dithiolene.

The ambiguities in oxidation state for NO as a non-innocent ligand directed En-
emark and Feltham [21] to propose a widely accepted and cited notation {M(NO),,,}".
This made no suppositions concerning the formal charge on the ligand or on the
metal. In this notation, the electrons occupying the n*(NO) orbitals are added to
the n electron count for the remainder of the complex containing the metal and the
“innocent” spectator ligands. For example, {MNO}" for [Ct(NO)(CN)s]>~ assumes that
the cyanide ligands are “innocent” and are associated with a charge of -1, each
giving -5 total. To balance the fragment’s overall charge, the charge on {MNO} is +2
(i.e. -3 = =5 + 2). Since Cr** has four d electrons and neutral NO" has one electron in
m*(NO), the total electron count n is 5, that is, it is a {MNO}* complex. Since CN™ is a
strong field ligand, the resultant complex would be expected to have a low-spin con-
figuration. The advantage of this notation is its simplicity and that the d-electron
count is the same no matter whether the nitrosyl ligand is formulated as NO*, NO or
NO™. Table 2.1 provides some examples of this notation.

Table 2.1: {M(NO),}" notation for some nitrosyl complexes.

Compound Formal oxidation No. of d No. of electrons {M(NO),}"
state of the metal  electrons  inmw *NO orbital
K5[Cr(NO)(CN)s] cr(ln) d* 1 {CrNOY
Na,[Fe(NO)(CN)s] Fe(I1) d’ 1 {FeNO}®
K3[Mn(NO)(CN)s] Mn(ll) d° 1 {MnNO}°
K,[Co(NO)(CN),(2-CP)] Co(Il) d’ 1 {CoNO}®
[Mn(NO),(CN),(AMPPHP) Mn(l) d® 2 {Mn(NO),Y
[Mo(NO)5(CN),(MPHP), Mo(ll) d* 2 {Mo(NO),}*
[Ru(NO)(Cl)5(H,0),] Ru(lll d® 1 {RuNO}®
[Mn(NO)(CO),] Mn(0) d’ 1 {MnNO}®
[Ru(NO)(H)(PPhs)s] Ru(l) d’ 1 {RuNO}®
[Ir(NO)(H))(PPhs)5]* Ir(ll) d’ 1 {IrNO}Y®
[0s(NO),(PPh3),(OH)]* 0s(Il) d® 2 {0s(NO),}®
[RuCI(NO),(PPhs),]* Ru(ll) d® 2 {RuNO}®
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2.4.1 Limitations of the {M(NO),,}" formalism

The followings are limitations of Enemark and Feltham formalism/notation:

(i) This formalism does not provide any suggestion for the M—N—O geometry in metal
nitrosyls and also does not link the notation to the 8 and 18 effective atomic num-
ber (EAN) rules.

(ii) On EAN viewpoint, the ruthenium nitrosyl complex, [RuCI(NO),(PPhs),]" is con-
sistent with two linear three-electron nitrosyl ligands, that is, two Ru—N-0O bonds
are linear but in the solid state, one Ru—N-O bond is linear and the other bent
(Figure 2.6). In solution, the two ligands exchange on the >N NMR (nuclear
magnetic resonance) timescale. Enemark and Feltham’s formalism designates
the complex as {Ru(NO),}® and does not provide an indicator to distinguish the
bonding modes of the nitrosyls, that is, whether Ru—N-0 bond is linear or bent.
It is notable that the {RuNO}® (see Table 2.1, last complex) is the same as d®
[Ru(0); d®s?)] derived from the NO* formalism regardless of whether a nitrosyl
ligand is linear, intermediate or bent.

+
(0]
0
136

N 0
Phsp\ /\Nj 178"
Ru

/ \ Figure 2.6: One linear and one bent Ru-N-0 bond in solid
PPh; state [RuCI(NO),(PPhs),]*.

(iii) Enemark and Feltham formalism basically does not state about the oxidation
state of the metal in the complex as well as the coordination number of the com-
plex. Recent studies based on independent spectroscopic and structural data
may provide convincing evidence for a definite metal oxidation state, which
gives indirect suggestion for the metal-nitrosyl bonding. Hence, we see a need
to communicate this information from a notation or formalism.

(iv) The idea of antiferromagnetic coupling between unpaired electrons of the NO
group and the metal unpaired electrons weakens the fundamental assumptions
of the Enemark-Feltham model. Since this model implies weaker interactions
within the MNO moiety. Moreover, the antiferromagnetic coupling models ne-
cessitate a description of the oxidation states and spin states of the metal and
the NO ligand.

(v) For polynitrosyl complexes, this model has found no wide applicability.
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2.5 Alternative formalism/notation for metal nitrosyl complexes

We are aware that most of the metal nitrosyl complexes follow 16- and 18-electron
rules. Therefore, it appears rational to focus the notation for metal nitrosyls on
these parameters instead of the modified d-electron count as suggested by Enemark
and Feltham. Moreover, the availability of single-crystal X-ray measurements these
days and the probability of accurately estimating the M—N-O bond angle from spec-
troscopic data means that this parameter can be incorporated in the notation using
the shorthand description given in Table 2.2, that is, 180-160° (linear, I), 140-160°
(intermediate, i), 110-140° (bent, b).

Table 2.2: Analytical data of metal nitrosyls*.

Bond angle (°) No. of structures Description

180-170 2,058 Linear ()
170-160 461 Linear ()
160-150 76 Intermediate ()
150-140 45 Intermediate ()
140-130 44 Bent (b)
130-120 54 Bent (b)
120-110 15 Bent (b)
110-100 2 Bent (b)
110-90 1 m-Bonded

*Based on Crystallographic Database, Cambridge; www.
ccdc.cam.ac.uk/products/csd/

Incorporating the facts given above, the alternative notation in the general form is
[LxM(NO),1/i/b)”

Here n + m = coordination number of complex comprising the NO grouping and
y= EAN count considering NO donating three electrons for linear (I) and one
electron for bent (b) and either three, two or one for intermediate (i) bond angles.
The electron-donating capabilities for linear, intermediate and bent nitrosyl
complexes follow directly from the valence bond and M.O. depictions of bonding as
given in Figures 2.7 and 2.8. For metal nitrosyls having M—N-0O angles between 140°
and 160° (intermediate i), it is essential to take other factors depending on additional
spectroscopic, magnetic and structural data into consideration before making a final
assignment.
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+
NO (Nitrosonium)

+ +
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Figure 2.7: M-NO bonding: valence bond approach.
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NO (Nitrosonium)

O0——N M O———N——M
T *
-
Backward donation of electrons Backward donation of electrons
O——N M
—_—
Forward donation of electrons
NO (Nitric oxide) NO (Nitroxyl)
N——M N——M
o /
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N N
@Q‘M M
(@]
O
m* m*
Radical electron Back donation of electrons Lone pair Back donation of electrons
O—N M O——N M
—_— B —
Forward donation of electrons Forward donation of electrons

Figure 2.8: M.O. diagrams for M—NO bonding: linear, intermediate and bent metal nitrosyls.
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Examples The EAN notation is well demonstrated with regard to some particular
examples given in Figures 2.9 and 2.10.
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Figure 2.9: Suggested EAN notation for some metal nitrosyls involving linear M—=N-0 group. In CsHs
complexes, the ligand is supposed to engage 3-coordination positions in defining the number of

spectator ligands.
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Figure 2.10: Suggested EAN notation in some metal nitrosyl complexes having bent M—-N-0 grouping.

Figure 2.10 gives examples of metal complexes with bent M—-N-O grouping fall-
ing into either 18- or 16-electron EAN categories. Also they have either octahedral
(18-electron) or square-pyramidal (16-electron) geometries. Following the descrip-
tions given in Figures 2.7 and 2.8, the bent M-N-O grouping is demarcated having
NO as a one-electron donor in these examples. The last example in Figure 2.10 is a
tetrahedral nickel complex having a Ni-N-O bond angle 153°. Therefore, this falls
into the intermediate i category. As mentioned above, this ambiguous category neces-
sitates additional considerations in order to decide whether the NO is acting as a one-
, two- or three-electron donor. This is reflected in the two alternative electron counts
(18 and 16) shown. The 17-electron count with 2-electron donor is omitted because of
the diamagnetic nature of the complex. When the complex holds both linear and bent
M-N-0 groupings, then this may be shown using both ! and b as given for the ruthe-
nium complex shown in Figure 2.6.

Figure 2.11a,b demonstrates the structures of two closely associated osmium ni-
trosyl complexes. In complex (a), the innocent spectator ligand is OH while in com-
plex (b) it is Cl. As per the Enemark—Feltham notation, both are {Os(NO),}® complexes
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(vide Table 2.1), but following the new notation two dissimilar Os—N-O bond angles/
geometries are shown. The resulting electron count clearly distinguishes both the

complexes.
+
/0 PPh, *
N /O \\\\\\Cl
N W
\ _ .
Pth///,,,““ (l 1‘1‘\\\\\\\\ 0 N Os\ s — 462
/ S\ Os = d%? \ N\ Os(In) = d°
PPh
HO 3 Os(Il) = d° PPh, 0

[6(Os)+ 4(PPh;),+ 2(OH) + 1(NO) +3(NO) =16¢]
L,0s(NO),/,b]'°
[L;0s(NO),/,b] [L,0s(NO),Z, 11"

CN.=3%2=5 C.N.=3+2=5
(a) (b)

[6(0s)+ 4(PPhy),+ 2(Cl) + 6(NO), =18¢]

Figure 2.11: Different M—N-O geometries of the two closely related Os nitrosyl complexes.

2.6 Simplified procedure for calculation of EAN of metal nitrosyl
complexes

In calculating EAN of metal nitrosyl complexes, a similar method is applied as that
one uses in case of metal carbonyls. Since in metal nitrosyl complexes, metal dis-
plays variable oxidation states, nuclear charge is taken as (Z + n) for the calculation
of EAN, instead of Z as in case of metal carbonyls. In fact, here “n” stands for the
number of electrons gained or lost by the metal to accomplish the oxidation state
observed in the metal nitrosyl.

The EAN of metal nitrosyls can be calculated in a manner similar to that of car-
bonyls. In metal nitrosyls, the metals exhibit a variable oxidation state. Hence, in-
stead of considering the nuclear charge Z for the calculation, (Z + n) should be
used. Here, “n” indicates the number of electrons gained or lost by the metal to at-
tain the oxidation state observed in the nitrosyl complex. The way of calculation of
EAN in pentacyanonitrosyl-chromate(I) [Ct(NO)(CN)s]>~ is as follows:

EAN= Z+n+a+b+c

In the present complex anion, Cr (Z = 24) is in (+1) oxidation state, and that is at-
tained by losing one electron. Hence, n = —1. Furthermore, all the six ligand groups
(five cyanide and one nitrosyl) being terminal, each of these ligands donates a pair
of electrons, and thus, a= 6 x 2= 12. As there are no bridging bonds (b) or M—M
bonds (c) in the complex anion, both b and ¢ are equal to zero.

Thus,

EAN=24-1+12+0+0 = 35
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Hence, this complex anion [Cr(NO)(CN)s]>~ does not follow the EAN rule. Calcula-
tion of EAN for some selected nitrosyl complexes are given in Table 2.3.

Table 2.3: Effective atomic number of some nitrosyl complexes.

Nitrosyl complexes (Z+n) (a) (b) (%) EAN=(Z+n+a+b+0c)
[Fe?~(C0),(NO*),]° 26+2=28 4x2=8 0 0 36 [Kr]
[Co™(CO)5(NOM)° 27+1=28 4x2=8 0 0 36 [Kr]
[Mn37(CO) (NO*)5]° 25+3 =28 4x2=8 0 0 36 [Kr]
[Fe*(NO™)(H,0)s]** 26-1=25 6x2=12 0 0 37
[Mn*(NO*)(CN)s]>~ 25-1=24 6x2=12 0 0 36 [Kr]
[Fe?*(NO*)(CN)5]*~ 26-2 =24 6x2=12 0 0 36 [Kr]
[Mo®(NO*)(CN)s]*~ 24 6x2=12 0 0 36 [Kr]
[Co>*(NO)(CN)s]P~ 27-3=24 6x2=12 0 0 36 [Kr]

2.7 New notation with the formal charges on the nitrosyl ligand
and the formal metal oxidation state

Analogous to Enemark-Feltham formalism, the new notation makes no endeavour
to state the formal charges on the nitrosyl ligand and the formal oxidation state of
the metal. In fact, this notation gives emphasis on the geometry of the M-N-O
bond, coordination number of the metal and the total number of electron count.

Based on the extensive analysis of the vibrational data for metal nitrosyl com-
plexes, De La Cruz and Sheppard [22] have emphasized that the most of the nitrosyl
complexes obey the 18- and 16-electron rules. Hence, this parameter is establishing
whether the molecule has a closed shell, that is, coherent with the EAN or “18-elec-
tron” rule. The total electron count has important chemical implications since it
points out whether the compound is likely to undergo electrochemical conversion
or nucleophilic addition in order to achieve an 18-electron configuration.

Taking into consideration the many differences of opinion, which have arisen
in the literature concerning the assignment of a formal charge to NO and the formal
oxidation state of the metal, it is better to have a notation which is not rigid and
which specifies only the total number of valence electrons.

So, in case of complexes having reliable spectroscopic or theoretical evidence
that the metal has a clearly distinct oxidation state, then this information may be
added in the notation. For example, notations, namely, {LsRu"(NO*)I}'® and {LsCo™
(NO™)b}'® taken from Figures 2.9 and 2.10, are shown:
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This addition validates that these two complexes have the low-spin d® configura-

tions common for octahedral complexes.

When metal oxidation states and spin states in metal nitrosyl complexes are
designated based on reliable theoretical or spectroscopic data and it is felt neces-
sary to indicate that the bonding is best represented by antiferromagnetic coupling,
then this may be indicted in the following manner:

(@) The nitrosyl complex, trans-[Fe(NO)(cyclam)Cl]*, is designated as {LsFe™(NO")
1 (S =1/2}"®, and this suggests an intermediate spin Fe(III) centre (S = 3/2) anti-
ferromagnetically coupled to NO™ (S = 1).

(b) The iron nitrosyl complex, trans-[Fe(NO)(cyclam)Cl]**, is labelled as {LsFe'V(NO")
1(S = 1}*®, and this endorses Fe(IV) (S = 4/2) coupled antiferromagnetically to NO™
(S=1).

(c) The nitrosyl complex, trans-[Fe(NO)(cyclam)Cl], has new notation as {LsFe
(NO*) b (S = 0}'®, which suggests a low-spin Fe(III) (S = 1/2) antiferromagneti-
cally coupled to what is formally described as NO* (S = 1/2).

11

The number of unpaired electrons in the complex, determined by magnetic meas-
urements, are indicated by S =1/2, 1, 3/2, . . . and a multiplicity of 25 + 1.

2.8 Transition metal nitrosyl complexes: bonding
2.8.1 Structural studies: X-ray study

X-ray structural studies have shown that while majority of transition metal nitrosyls
principally contain linear M—N-0 bond angles, a substantial number of metal nitrosyls
exist with bond angles close to 120°. Before taking into consideration the M—N-O bond-
ing either as linear or bent, it may be useful to discuss the older bonding concept.
In addition to acting as a doubly or triply bridging ligand, NO binds to a metal
in one of the following ways:
(i) By donation of one electron from an antibonding NO orbital to the metal fol-
lowed by additional electron pair donation from NO™ to that metal.
(ii) By donation of two electrons to the metal from neutral NO.
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(iii) By acceptance of one electron from a metal followed by electron pair donation
from NO™ to that metal.

In these three cases, NO functions as (i) a three-electron donor, (ii) a two-electron
donor and (iii) a one-electron donor.

The free NO bond length is found to be 1.154 A. This lies between that of a dou-
ble (1.18 A) and a triple (1.06 A) bond and is coherent with its bond order of 2.5. On
oxidation, NO changes to NO* and leads to an increase in bond order to 3 and the
bond distance reduces to 1.06 A. On reduction, NO changes to NO™, and this intro-
duces an extra electron into m*. Consequently, a reduction in the bond order to 2
and an increase in bond length (1.26 A) occur. The changes in bond length narrated
above are reflected in the stretching frequency of NO which decreases from 2,377
(NO*) to 1,875 (NO) t0 1,470 cm ™ (NO").

2.8.1.1 Linear and bent M—N-O in terms of NO* and NO~

The above ideas regarding the bonding modes of NO have been valid for many
years. The recent X-ray structural studies have, however, suggested that they must
be modified. Thus, although nitrosyl complexes may still be regarded in terms of
NO™ and NO~, the former label is now given to those species, which contain linear
M-N-0 bond angles, while the latter is assigned to nitrosyl compounds with an
M-N-0 bond angle close to 120°.

The manner in which NO* and NO~ bind to metals to give “linear” and “bent”
nitrosyl, respectively, may be visualized in terms of the following simple hybridiza-
tion schemes (Figures 2.12 and 2.13). The donation of one electron from NO to a
metal affects the formation of NO*. The nitrogen atom of NO* is sp-hybridized so
that subsequent donation of an electron pair to the metal results in the formation of
an M-N-0O bond angle of 180°. On the other hand, donation of one electron from
the metal functioning as a Lewis base to the NO gives in the formation of NO". In
this species, the nitrogen atom is sp>hybridized, and so the donation of an electron
pair by NO™ outcomes in an M—N-0 bond angle of 120°. Structurally, NO™ and NO~
may be represented in the following hybridization schemes.

1 » oA

N @Qs2pY) —> @ — —— L s LI S
2s 2p 2p 2p Hybridisation 2sp 2sp 2p 2p
_Y_j :
ci m T
294 -/ +
0@s2p) —= 25 2 2p 2p

Figure 2.12: Sp hybridization in NO*.

Let us compare the mode of bonding of NO in metal nitrosyls to the mode of bonding
of CO in metal carbonyls. The mode of bonding of coordinated NO and CO has long
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Figure 2.13: Sp? hybridization in NO.

been assumed as strictly similar and in that rationality CO, NO*, CN™ and N, (isoelec-

tronic ligands; 14 electrons in each) should coordinate in a similar manner. It has

now become apparent that NO can bind to metals in ways a bit different to that of CO.

This is well clear from the following bonding schemes of NO* and NO™.

(i) In the very simple way, the bonding in metal nitrosyls is presumed as an electron
transfer from the m*2py M.O. of NO (because of the low ionization potential,
9.5 ev of the NO) and proceeds with the coordination of NO" through the nitrogen
lone pair. Backdonation of electron density from the filled metal d-orbital to the
7*2p M.O.s of the NO* reinforces the lone pair electron of the nitrogen. Like CO,
NO thus serves as a g-donor and a m-acceptor. In this way, NO, thus functions as
a three-electron donor while other isoelectronic ligands, namely, CO, N, and CN™
are formally two-electron donors. Considering NO as the nitrosylating agent, the
overall modes of bonding of NO* are pictorially shown in Figure 2.14.

In the conceptual sense, backdonation is an important parameter in explain-
ing organometallic compounds. This leads to the change in NO bond and metal-
NO bond, showing decreasing and increasing trend, respectively. Albeit, so many
similar properties are shared by CO- and NO-tagged complexes, but the differen-
ces among such organometallic compounds is generally explained on the basis of
chemical nature or reactive behaviour for NO being accepted as from more stable
m-acceptor complex than CO. This, in other words, means justifies well remark-
able or high order of electron delocalization in metal-NO core. The similar effect
could be observed in the notation developed by Enemark and Feltham treating
MNO as a covalent functionality assignable as {M(NO),,,}", wherein n refers to the
total number of d-electrons in addition to m* (NO) orbitals.

(ii) Instead, transfer of an electron from the metal serving as a Lewis base to the NO
results in the formation of NO™. Thereafter, coordination of NO™ proceeds through
the donation of a lone pair of electrons on nitrogen atom to the metal. Again, the
backdonation is the main reason behind the strengthening of lone pair of nitrogen
(Figure 2.15(i)). However, poor backdonation will occur when NO™ is bonded to the
metal because of the half-filled m2p M.O.s of the NO~ compared to NO* having
fully vacant m*2p MOs (Figure 2.15(ii)). Considering NO as the nitrosylating agent,
the overall modes of bonding of NO™ are pictorially shown in Figure 2.16.

printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



2.8 Transition metal nitrosyl complexes: bonding =—— 65
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Figure 2.14: (a) Shift of one electron from the m*2py M.O. of NO to the metal d-orbital, (b) the
making of metal nitrogen o-bond and (c) the creation of metal nitrogen m-bond.
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Figure 2.15: Molecular orbital diagram of (i) NO™ and (ii) NO*.
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Vacant d-orbital Molecular orbital at N .
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C/ D
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the Metal orbital of NO*

Figure 2.16: (a) Shift of an electron from the metal M to m*2py M.O. of NO, (b) the creation of metal
nitrogen o-bond and (c) the making of metal nitrogen n-bond. Other orbitals of NO are omitted for
clarity.

2.8.1.2 M-N-0 bond variation from 180° to 120°

In combination with various spectroscopic studies, X-ray structural evaluation of
noted metal nitrosyl complexes has indicated that M—N-O angle in metal nitrosyls
can be in and around 180° or 120° depicting a linear or bent M—-N-O complex, re-
spectively. This may be attributed to several reasoning. According to Kettle’s view
[22a], the two *2p orbitals of each of the carbonyl ligand in M(CO); systems are not
of equal energy (non-degenerate). Hence, the central metal M will undergo back-
donation in dissimilar way. Consequently, the ~/M-C-0 in M(CO); systems will
deviate from linearity. Based on the same reasoning, Enemark [22b] reported such
deviation (from linear fashion) criterion for mononitrosyl species also with the un-
derstanding that the overall symmetry is less than Cs;. Remarkably, this process
will not affect the bond angles, /M-N-0, in complexes having NO~ grouping to
depart from 120°. Nevertheless, owing to the packing effect in the crystal lattice,
this deviation is expected in both the types, namely, NO* and NO~ bonded centres.
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2.8.1.3 Correlation of M-NO vibrational mode with ~M-N-0O
In metal nitrosyls, the existence of NO*, NO and NO~ was firstly concluded from the
location of the nitrosyl stretching frequencies [v(NO)] in the infrared (IR) spectrum.
The metal nitrosyls having NO* were said to absorb in the range 1,900 and 1,700 cm ",
while NO™ species were said to appear in between 1,700 and 1,500 cm™. On the other
hand, complexes containing neutral NO grouping were supposed to occur with IR
bands in either of these regions. The X-ray structural studies have, however, con-
cluded that a re-evaluation of the designation of NO* and NO™ must be made, and that
the validity of assigning these assignments solely on the basis of IR spectroscopy is
not always correct. A comparison of the v(NO) of the nitrosyl complexes with the corre-
sponding £ M-N-0 concludes that no useful correlation can be find out at least in the
range 1,750-1,600 cm .

Thus, it can be reasonably said that a lower value of v(NO) in the IR spectrum of
a nitrosyl complex may be used to ascertain the presence of a NO~ ligand only
under limited conditions. For instance, if two complexes differ only due to the pres-
ence of the NO" ligand in one and the NO™ ligand in the other, then the complex
displaying the lower v(NO) will contain the NO™ ligand.

2.8.1.4 /M-N-0 and isomerism in metal nitrosyls

It is well known that NO can bind to a metal in a “linear” or “bent” mode, as a three-
and one-electron donor, respectively. This means that isomerism can occur in metal ni-
trosyl complexes exclusively owing to the presence of different ~/M-N-O in the iso-
mers. The IR spectrum of nitrosyl complex, [Cr(NO)(L),(Cl),] (L = PCH5Ph,), displays
two v(NO) bands at 1,750 and 1,650 cm™. The appearance of these two stretching bands
is not because of dimerization, dissociation or ionization of the complex in question. It
was explained with the view that the nitrosyl compound, [Cr(NO)(L),(Cl),], exists in two
isomeric forms. In one isomer, nitrosyl ligand is linked as NO*, while in other isomer as
NO™. The chemical structures suggested for the two isomers are given in Figure 2.17.

0,0

e

H;C

O=N——-oC. \

L‘“fu/s\"

H‘(\J’ \(‘1 cl H1(/
O/ \© Figure 2.17: Proposed structures of the
0]

(i isomers of [Cr(NO)(L),(Cl),] (L = PCH5Ph,).

As shown in Figure 2.17, the isomer (i) is trigonal bipyramidal containing a linear
equatorial NO™ ligand and the isomer (ii) is square pyramidal having a bent axial
NO™ ligand. The lower v(NO) at 1,650 cm™t may reasonably be attributed to the isomer
(ii) having bent Cr-N-0O grouping.
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The isomerism in complex (i) containing NO* to complex (ii) having NO~ may
be depicted as follows:

Mn"(NO)* — M2 (NO)~

Here n stands for the formal oxidation state of metal in NO* complex (i). Owing to
the effective localization of two electrons (2e) into the N atom of nitrosyl grouping
in the NO™ species, the formal oxidation state of the metal in the isomer (ii) is in-
creased by two in numbers. Remarkably, here the M-N-O system serves as “elec-
tron sinks” as the isomerization is reversible. Therefore, it is expected that such
nitrosyl complexes that can undergo such isomerization route may serve as valu-
able catalysts in favourable circumstances.

2.8.1.5 /M-N-O correlation with M—N bond lengths

It might be expected that the two bonding modes of NO as NO* and NO~ in metal
nitrosyls not only give rise to different M—N-O bond angles but in dissimilar M-N
bond lengths too. These two aspects are well explained as follows: (i) bonding of
NO as NO* permits the backdonation of electrons from a metal d-orbital to the 7*2p
orbitals of the NO. This results in the M-N bond to achieve a substantial multiple
bond character. Consequently, the M—N bond length will be much shorter compared
to M—N single bond. Instead, backdonation occurs in a restricted way from the
metal when NO™ is the targeted binding with the metal centre (as already explained
in the bonding scheme of NO™). In such a situation, the M—-N bond lengths in “bent”
nitrosyl complexes will also be short but not as short as those in “linear” nitrosyls.
For the linear nitrosyls, the M—N bond lengths fall in the range 1.78-1.57 A, whereas
in bent nitrosyl species these bond lengths come in between 1.98 and 1.86 A.

2.8.1.6 Some other parameters observed in bonding of metal nitrosyls

Based on the X-ray structural data of quite a good number of metal nitrosyl com-
plexes of different coordination numbers, some other structural parameters observed
in the bonding of these complexes are presented in Table 2.4.

Table 2.4: Structural components of some metal nitrosyls.

Complex Geometry Bond distance () M-N-O  ¥(NO) (in cm™)
M-N N-O bond
angle

4-Coordinate

1. [I(NO)(PPhs)5] Ta 1.67 1.24 Linear 1,600
2. [Ni(NO)(MeCN)(CH5PEt,),]* Tq - - Linear -
3. [Ir(NO),(PPh3),]* DTy 1.771 1.213 163.5° 1,760, 1,715
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Complex Geometry Bond distance () M-N-O v(NO) (in cm™?)
M-N N-O bond
angle

4. [Ni(NO)(PPhs),(N5)] DTq 1.686 1.164 152.7° 1,710
5-Coordinate
5. [Mn(NO)(CO),] TBP 1.797 1.152 Linear 1,759
6. [Mn(NO)(CO)5(PPhs)] TBP 1.78 1.15 Linear 1,713
7. [Mn(NO)(CO),(PPhs),] TBP 1.73 1.18 178° 1,661
8. [0s(NO)(CO),(PPh3),]* TBP 1.89 112 177° 1,750
9. [Ru(NO)(diphos),]* DTBP 1.735 1.197 174° 1,673
10. [Ru(NO)(H)(PPhs)s] TBP 1.795 1.180 176 1,640
11. [Ir(NO)(H)(PPh3)5]* TBP 1.68 1.21 175 1,780
12. [Ru(NO),(PPh3),ClJ* SP basal 1.738 1.162 179.5 1,845

apical 1.859 1.170 136.0 1,687
13. [0s(NO),(PPhs),(OH)]* SP basal 1.71 1.25 Linear 1,842

apical 1.98 1.12  127.5 1,632
14. [Ir(NO)(CO)(PPh5),CI]* SP 1.97 1.16 124.1 1,680
15. [Ir(NO)(CO)(PPhs),I]* SP 1.89 1.17 125 1,720
16. [Ir(NO)(PPh3),Cl,] SP 1.94 1.03 123 1,560
17. [Ir(NO)(PPhs),(Me)l] SP 1.91 1.23 120 1,525
6-Coordinate
18. [V(NO)(CN)s]>~ On 1.662 1.294 171.4 1,530
19. [V(NO)(CN)e]*™ PBP 1.680 1.165 164.2 1,508
20. [Cr(NO)(CN)s]?>~ (o 1.71 1.21 176 1,660
21. [Mo(NO)(CN)s]*~ O 1.95 1.23  175.1 1,455
22. [Mn(NO)(CN)s]3~ 0y, 1.66 1.21  174.3 1,725
23. [Ru(NO)(NH5)s]*~ 0y 1.80 1.11 167 -
24. [Ru(NO)(OH)(NO,)(NH3),]  Op 1.76 1.12 176.6 -
25. [0s(NO)(PPh3),(HgCl)Cl,] 0y 1.79 1.03 178 1,820
26. trans-[Co(NO)(en),Cl]* DOy, 1.820 1.043 124.4 1,611
27. [Fe(NO)(CN)s]*~ On 1.653 1.124 175.7 1,940

DTy, distorted tetrahedral; SP, square pyramidal; PBO, pentagonal bipyramidal; TBP, trigonal

bipyramidal; DTBP, distorted trigonal bipyramidal; DO, distorted octahedral.

(i) Four coordinated complexes

Among the four coordinated metal nitrosyl complexes investigated, [Ir(NO)(PPhs);]
and [Ni(NO)(MeCN)(CH;PEt,),]* are found to have tetrahedral geometry involving
M-N-O bond angle linear. The two nitrosyl complexes, [Ir(NO),(PPhs),]"and [Ni
(NO)(PPhs),(N3)], also seem to be tetrahedral but the M—N-O bond angles in both
are departed from linearity by approximately 27°. In [Ni(NO)(PPhs),(N3)] complex,
the non-linearity of the Ni-N-O bond angle was explained by applying Kettle’s
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theory. The short Ni-N bond length of 1.686 A in this compound suggests that the
nitrosyl group is bonded as NO*. This consecutively favours a linear Ni-N-O bond
angle.

(i) Five coordinated complexes

The three nitrosyl complexes of trigonal bipyramidal geometry, namely, [Mn(NO)
(CO),], [Mn(NO)(CO)5-(PPh3)] and [Mn(NO)(CO),(PPhs),] may be taken as suitable
examples of five coordinated complexes. They will demonstrate the results of sub-
stitution on the bonding between the metal and the NO* ligand. It has been ob-
served that with increase in phosphine substitution in [Mn(NO)(CO),], the M-N
bond length decreases. This suggests that the weak m-accepting ability of PPhs li-
gand in comparison to CO permits increase in the backdonation of electrons from
the metal d-orbital towards the *2p orbitals of the NO™.

The nitrosyl complex [0s(NO)(CO),(PPhs),]" is electronically equivalent to trigo-
nal bipyramidal nitrosyl complex, [Mn(NO)(CO),(PPhs),]. Even though the osmium
nitrosyl contains a linear Os—N-O grouping, its Os—N bond length of 1.89 A is not in
the range generally found in complexes containing NO* grouping. However, the
exact reason for the long Os—N bond distance is not known.

Interestingly, the trigonal bipyramidal complexes, [Ru(NO)(H)(PPhs);] and [Ru
(NO)-(diphos),]*, having v(NO) at 1,640 and 1,673 cm™, respectively, are desig-
nated as NO~ complexes. This notation is based on the old IR spectral criteria.
However, both the complexes have principally linear Ru—-N-O bond angles with
small Ru—N bond lengths. This suggests the presence of NO* grouping in these
complexes. The mixed ligand nitrosyl complex [Ir(NO)(H)(PPhs);]* is electroni-
cally equivalent to [Ru(NO)(H)(PPhs)s], which also contains a linear Ir-N-O bond
angle.

(iii) Six coordinated complexes

Quite a good number of six coordinated metal nitrosyl complexes have been ex-
amined by X-ray techniques and found that they contain M-N-O bond angles
linear. The ruthenium nitrosyl complex, [Ru(NO)(NHj3)5]Cl5 - H,0, was initially be-
lieved to contain NO~ grouping. However, X-ray crystal structural study of this
compound concludes that it has Ru-N-0O bond angle of 167° and the compara-
tively small Ru-N bond length of 1.80 A. This indicates that the complex con-
tains NO* grouping.

The cobalt (III) octahedral nitrosyl complex, [Co(NO)(en),Cl]", contains a bent
nitrosyl ligand at axial position trans to the chloro ligand (Figure 2.18). It has a long
Co-Cl bond length of 2.58 A. This reasonably long Co—Cl bond distance is present-
ing the trans directing effect of NO™ ligand.
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_ Y .
N
H, H,
N——|—N
HZC/ \ / \CHZ
‘ Co,
H,C / \ CH,
? ? Figure 2.18: Structure of [Co(NO)(en),Cl]*
- Cl - having bent nitrosyl ligand.

Numerous pentacyanonitrosyl complexes, [M(NO)(CN);]"", have been examined
for their structures. While no distinction could be made between cyano and nitro-
syl ligands in K;5[Cr(NO)(CN)s], no such problem was faced with [Cr(en);][Cr(NO)
(CN)5] in which the /Cr-N-0O was found to be linear. The M-N-0O grouping in
cyanonitrosyl compounds, namely, K5[V(NO)(CN);s], K,[Mo(NO)(CN)s], K5[Mn(NO)
(CN)s] - 2H,0, Na,[Fe(NO)(CN)s] and K,4[V(NO)(CN)¢] has also been established as lin-
ear. From the reported data of the involved bond length of C-N grouping in all these
cyanonitrosyls have been shown to have a constant C-N length, but differences in
N-O bond length do exist indicating that stabilization of a metal is achieved princi-
pally by the nitrosyl group. The studies based on electron spectroscopy for chemical
analysis (ESCA) of a series of cyanonitrosyl complexes (vide infra) substantiate these
findings.

The above discussions conclude that the use of the IR spectral criteria for differ-
entiating between NO™ and NO™ ligands in pentacyanonitrosyl complexes is limited
and not perfectly correct. Even though the complexes examined contain NO* group-
ings, their IR spectra show very low v(NO) values. These would had been taken as
characteristic of the presence of NO™ ligands. In fact, the presence of the negative
charge causes v(NO) to be very low in these complexes. However, coordination of
nitrosyl as NO™ happens in these complexes.

2.8.1.7 General structural features of the mononitrosyl six coordinated metal
complexes

The most common structural aspects in mononitrosyl octahedral metal complexes
are the fairly short M—N bond lengths. This suggests the multiple bonding be-
tween metal and nitrosyl ligand in such complexes. The N-O bond lengths fall in
the range 1.03-1.29 A with average value of 1.159 A from the whole group. The
/M-N-0 fall in the range 180-109° with assemblage close to the values of 120°
and 180° (Table 2.5).
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Table 2.5: ~M-N-0 in {MNO}" six coordinated complexes.

n ZM-N-0 (degree) Average* ~M-N-0
4 171-178
5 169-178 175(7)
6 170-180
7 138-159 146(11)
8 119-141 126(9)
9 Unknown
10 Unknown

*The average is the estimate of the mean. The number
shown in parentheses is the estimated standard deviation
of the mean.

2.8.1.8 Six-coordinated {MNO}" complexes and M—N-O angle projections
In structurally characterized monometallic nitrosyls, the most common coordi-
nation number encountered is 6. For complexes involving {MNO}" electron con-
figuration, six coordination happens with n = 4, 5, 6, 7 and 8. The £/ M-N-0O
range came across for each of these six coordinated complexes of {MNO}" elec-
tron configuration is shown in Table 2.5. It can be seen from this table that when
n is less than or equal to 6, ~M-N-O is almost linear (+10°). In complexes of
{MNOY and {MNO}® electron configurations, the range of ~M-N-0O is rather
larger and averaged to 146(11)° and 126(9)°, respectively. Thus, the tabular data
show that the M—N-0O bond angle of six coordinated complexes decreases when
nrises to 7 and 8.

The deviation in ~M-N-0 with n enlisted in Table 2.5 resembles with the devi-
ation in £0-N-0 observed in NO,", NO, and NO, (Figure 2.19).

2.8.2 M.O. calculations of bonding in metal nitrosyls: linear to bent MNO bond
angle transformation in hexa- and penta-coordinated nitric oxide complexes

The X-ray structural verification of metal nitrosyls in various coordination numbers
as described above furnishes a qualitative aptitude to present the bonding picture
of this class of complexes. In addition to these diffraction-based geometry parame-
ters applicable for the determination of nature of bonding, M.O. approach can serve
as more qualitative front in discussing these binding features supported by various
published works from several pioneer workers in this field. These efforts have been
presented and discussed further.

During 1960s, research groups of Harry Gray and Dick Fenske reported the
first theoretical calculations that were used to explain the spectral properties of
pentacyanonitrosyl complexes of 3d-transition metals. As per the semiempirical
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Figure 2.19: Deviation in £/ M-N-0 with n= 6, 7 and 8 bears a resemblance with
thedeviationin /DO -N-0inNO,*,NO, andNO, ~ .

approach laid in this study, NO has been suggested as a better m-acceptor as com-
pared to the remaining two co-ligands, namely, CO and CN". Also, it was found
that the N-O antibonding orbital possesses the energy of the order of involved d-
orbitals. Later in 1971, the famous Walsh analysis (D. M. P. Mingos in 1971) proved
more qualitative front for the justification of linear to bent fashioned NO com-
plexes. More distinctive feature of carbonyl and nitride complexes as compared
to nitrosyl complexes thus became more elaborative.

These advancements were further followed by another semiempirical approach
in 1973, by Mingos elaborating linear versus bent M-NO. Later, 1974 saw bonding
models of nitrosyl complexes consisting of five coordination number by Hoff-
mann and Mingos represented the first report forming both the linear and bent
nitrosyls.

For the octahedral cobalt nitrosyl complexes, [(NH;)sCo(NO)]**, the Walsh dia-
gram analysis is shown in Figure 2.20.

In Figure 2.20, e, set of the related d-orbitals is able to be recognized easily, and
is important for being referred to as antibonding orbitals of strong metal-ligand
bond, whereas t,; set becomes non-degenerate because of high pronunciation of n
interactions existing (m*(NO) and d,;, d,, orbitals). The figure clearly shows this n
interaction lying between the two sets of d-orbitals (parental structure).

In the case of low-spin complexes of the notation {LsM(NO)}***® having octahe-
dral conformation, the metal-N-O attains a linearity because of the combined effect
of e; and m*(NO) orbitals, and hence causes the xz-plane to bend. From the reported
calculations it is obvious that this bending tendency could be linked with one of the
components of antibonding orbitals, that is, [(m*(NO)-d,,] of the [e(m*(NO)-d,z,y.)]
[23] as shown in Figure 2.20. This occupancy is mainly found among low-spin forms
of {LsM(NO)}'®% complexes. Therefore, the fall in energy of this orbital is directly
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Figure 2.20: Calculated Walsh diagram for [(NH3)sCo(NO)]?*. The main orbital (shown in red colour)
is liable for bending distortion. (Linear fashion remarked by 20 electrons in number (shown blue),
while bent geometry by 18 electrons in number (shown red)).

linked with the decrease in ~M-N-0. For d,? the bent fashion imposed in linear M—N-
0 indicates the intense mixing with d,,-m*NO, becoming same symmetric towards this
alignment. This can be clearly understood by the drawings shown in Figure 2.21(a) and
(b) indicating the respective linearity deviation.

For more stable component as indicated by Figure 2.21(a), mixings of the nitro-
gen atom orbital result in an outdirecting hybrid resembling the effect of nitrogen
lone pair, and this leads to a stability direction at the central metal lying spatially
between m,,* of NO and d,2 Thus, the bent distortion rehybridizes to increase the
expression of antibonding adhering with d,? (Figure 2.21b). Here, it may also be
noted that the out-of-plane distortion (bending) is especially favourable for NO (and
0,). This is due to the fact that the metal and *(NO) orbitals have similar energies.
On the other hand, the bending distortion in CO/N, is less favourable because of the
respective t* energies have at higher values in metal orbital comparison.

Calculated Walsh diagram discussed above accounts for the following:

[LsM(NO)]"* '8 linear ~M-N-0 (~180°)

[LsM(NO)]* intermediate ~M-N-O (140-160°) and longer M—N bond
[LsM(NO)]*° bent £~ M-N-0 (~120°) and longer M—N bond
[LsM(NO)]?°~2 bent .~ M-N-0 (~120°) and longer M—N bond
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Figure 2.21: Mixing of d,? orbital with d,,-m*NO when the linear nitrosyl bends.

Examples of complexes following such a correlation have been given in Figure 2.22.

In view of the new formalism described above (vide Figure 2.20), the bent fash-
ion adopted may be designated as a transformation from {LsM(NO)I}*° formalism to
{LsM(NO)b}'. In fact, this relates to the electron pair shifting from the metallic
centre resembling the nitrogen lone pair (Figure 2.21a). In Figure 2.22, the two examples
of complexes belonging to the group {LsM(NO)}'® bear differences in the magnitude of
their ~M-N-O keeping them to follow a bent and intermediate conformation, thereby
stresses the effect of changes that happened in the metal-ligand character. This is fur-
ther supported by detecting increasing trend in the values of M—N bond lengths upon
bending in connection with the weakening of 7t overlap existing between 1, *(NO) and
d,., and this underlines for 20-electron species. The nitrosyl complex [Cu(NO,Me)s
(NO)]** is an example of a 22-electron complex showing . Cu-N-O of 121° despite
lacking ground state spin-paired condition. The formulation mainly invokes the Jahn-
Teller effect in the distorted structure along with the long Cu—NO signatures.
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Figure 2.22: Structures of some O, metal nitrosyls. In the entire notation given above, NO is
considered as three-electron donor.

After successful application to hexa-coordinate complexes, the use of Walsh
method was then applied to five-coordinate nitrosyl complexes provided with a M.O.
interpretation under the following criteria:

(i) The case of bent fashion adopted by metal-NO indicates better basal character
of ligands in terms of o- or m-donoring capability.

(ii) In [ML,L’,(NO)]-type metal nitrosyls, the NO—M fashion would be bent for trans-
effect of L trans to L, possessing weaker basic nature.

(iii) The nitrosyl grouping in the equatorial position of a trigonal bipyramidal nitro-
syl complex is less likely to bend than the apical side of a square pyramidal ni-
trosyl complex.
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(iv) Nitrosyl ligands have a preference to be linearly coordinated in axial positions
in a trigonal bipyramidal nitrosyl compound and in equatorial positions of a
square pyramidal nitrosyl compound.

(v) In case of trigonal bipyramidal conformation confined for [ML,(NO)] class of
type nitrosyls, nitrosyl functionality at equatorial position when the colligation
favours strong m-acceptability. Similarly, if L shows strong m-donoring behav-
iour, several forms of geometries are possible displaying variation in M-NO
bent projections within the trigonal bipyramidal geometry.

2.8.3 Molecular orbital calculations: density functional theory approach

The above discussion concludes that the Walsh methodology provides an excellent
tool for molecular energy level diagram with respect to bond angles. However, there
are so many cases wherein a more refined approach other than the Walsh method is
preferred. In the past several decades, density functionalized studies have opened
more adequate/accurate elaborations for in sighting electronic/spin states of metal-
lic compounds [24]. Density functional theory (DFT) calculations may also be used
for the analysis of spectroscopic data accurately. The conjoint computational DFT
calculations and spectroscopic studies on a number of nitrosyl complexes of biolog-
ical and medicinal relevance have provided a stimulus for a bonding model.

The DFT calculations making use of suitable functionals are capable to imitate
the geometries of closed shell molecules satisfactorily. For example, in case of
[RuNOCIs]*, different bond lengths based on DFT calculation using functionals
B3LYP and SVWN5 are comparable with the results obtained from other methods
(Figure 2.23).

2- 5. 2-
0 l 0 \ 0 . l
(o]
|1.131A |1.170A ‘l.l72A
N N 0 N o
1.738 A 1746 A ‘1725 ACI
Cl/////ll | \\\\5\(3:'179 /(i Cl/// ", \\\\\\Cl Cl/(/)///ll,' R \\\\\\\\\
o M, oW o ', o “Ru
2372A Ru ‘ 2492 A _Ru 2453 A
C1/ \001 m/ \0c1 c1/ \OCI
2.359 A 2.404 A 2373 A
Cl Cl Cl
B3LYP SVWN5
Experimental Calculated Calculated

Figure 2.23: Experimental and DFT calculated bond lengths in [RuNOCls]?.

Based on both experimental and calculated outcomes, it is concluded that the nitro-
syl complex [Ru(NO)Cls]*~ does not display trans influence on the chloride trans to
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the nitrosyl group. This has been clarified by considering the electronic structure of
this complex.

Some novel NO containing molybdenum(0) pyrazolone Schiff base complexes
have been prepared and thereafter characterized using different physicochemical
techniques by Maurya and Mir [25]. The important bond lengths and bond angles
produced from the optimized structure (Figure 2.24b) of one of the representative
complexes, [Mo(NO),(amphp-aap)(OH)] (amphp-aapH = N-(4-acetylidene-3-methyl-

/ \ Y N N
N 7 N
VLT
, CH,
HC CH, H;C Mo = d’s!
Mo(II) = d*

[LyM(NO),/1'®
[4(Mo)+ 6(0-N-0)+ 2(OH) +6(NO) =18e]
C.N.=4+2=6

(2)

o
176.8 1.82578 A

222730 A

o
1.99819 A

$
o

€

(b)

Figure 2.24: (a) Two-dimensional structure of the [Mo(NO),(amphp-aap)(OH)]complex and (b) 3D
optimized structure of the [Mo(NO),(amphp-aap)(OH)lcomplex.
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1-phenyl-2-pyrazolin-5-one)-4-aminoantipyrine) (Figure 2.24a) using Gaussian 09 soft-
ware under 6-311G/LANL2DZ/RB3LYP molecular specification. The calculated bond
lengths such as (36)Mo—(6)0, (36)Mo—(18)0, (36)Mo—(35)0, (36)Mo—(30)N, (36)Mo—
(31N and (36)Mo—(33)N for the target complex were found to be 2.08248, 2.22730,
1.99819, 2.25960, 1.87183 and 1.82578 A, respectively.

The very interesting part of the calculated bond angles is that it predicts the
linear M—N-O group for the exemplary complex based on the computed bond angles
like (36)Mo—-(33)N—(34)0, 176.807° [v(NO)*:1,775 cm™'] and (36)Mo—-(31)N-(32)0,
172.092°[v(NO)*:1,650 cm™*]. Moreover, computed outcomes indicate that the di-
nitrosyl complex in question does exhibit a trans influence on the [(36)Mo-(30)
N]trans to one of the nitrosyl groups [(N(33)-0(34)]. Further, the other nitrosyl
group [(31)N—(32)0] does not display a trans influence on the [Mo—0(35)] because
of the unknown reason.

Recently, Maurya et al. [26] carried out the DFT study of a dinitrosylmolybde-
num(0) Schiff base complex, [Mo(NO),(tsc-dha)(H,0)] (tsc-dha = Schiff base derived
from dehydroacetic acid and thiosemicarbazide) (Figure 2.25).

H;C
H.C OH
(6} (0} 3 = HS
+ S Ethanol
- >——NH,
0 N /
H,N Reflux
(0] 2 )k ~
(0] \N NH, / N
H,C H
3 0 H;C

Dehydroacetic acid (dha) Thiosemicarbazide (tsc) tsc-dha

The very interesting observation of the computed bond angles is that it displays the
linear M—N-O group for the complex in question. This can be seen from the bond an-
gles like (17) Mo-(18)N—(21)0, 177.631° and (17)Mo—(19)N-(22)0, 174.986°. While taking
(16)0—-(17)Mo—(19)N, (92.183°) and (4)S—(17)Mo—(18)N, (83.719°) into consideration, it
clearly illustrates that one of the two NO groups is inclined towards the thiolate group.

2.8.4 Linear versus bent nitrosyl ligands: Enemark—Feltham approach

In linear metal nitrosyl complexes, the internuclear bond distances for O-N and N-M
bonds lie in the range 1.14-1.20 A and 1.60-1.90 A, respectively. However, the range
for /M-N-O for such complexes is found as 180-160°. Moreover, the observed re-
gions for N-O and M-N bond distances and ~/M-N-0 are 1.16-1.22 A, 1.80-2.00 A
and 140-110°, respectively, in most of the bent metal nitrosyls.
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[4(Mo)+ 6(0-N-S)+ 2(H,0) + 6(NO) =18¢]
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Figure 2.25: (i) Two-dimensional structure of the [Mo®(NO),(tsc-dha)(H,0)] and (ii) 3D optimized
structure of the [Mo®(NO),(tsc-dha)(H,0)].

It is notable that as per the earlier view on mononitrosyl complexes involving
linear M-N-0O groupings, such complexes were supposed to have coordinated NO™.
Additionally, mononitrosyl complexes with bent M-N-O groupings were supposed
to have coordinated NO™. But later on, such assumptions for linear and bent M-N-
O groupings in mononitrosyl complexes have been found to be misleading. As per
valence bond applicability over this observation considers sp hybridization for NO*,
whereas it is sp? fashioned for bent arrangement.
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2.8.4.1 Six-coordinate octahedral complexes

As per the Enemark-Feltham methodology, for octahedral complexes, the aspect
that decides the bent versus linear NO ligands is connected with the total number of
ni-symmetry electrons. In this sense, if n-electrons are found more than 6 in a nitro-
syl complex, it is likely that the system will have bent-fashioned NO binding with
the centre. For example, [Co(ethylenediamine),(NO)CI]* have seven electrons be-
longing to m-symmetry (from t,, and NO) is bent form of M-NO grouping, whereas
in [Fe(CN)s(NO)]*~ bearing six n-symmetric electrons is supposed to have linear nitro-
syl linkage.

Notably, in six-coordinated mononitrosyl octahedral complexes of {M(NO)}° elec-
tron configuration, ~M-N-O is principally linear in most of the cases. This can be
very well understood from a simplified M.O. treatment. This M.O. treatment requires
that the M-N-O bond should lie on the z-axis. The other ligands may acquire posi-
tions either trans to the NO or on the other two Cartesian axes. In the present M.O.
scheme, two orbitals, namely, d,’_,> and d,” of the metal interact with the ligand orbi-
tals as well as that of NO. The other two orbitals, namely, d,, and d,, interact with the
' (NO) orbitals only. The remaining metal d,, orbital is rather unperturbed in this ar-
rangement. Figure 2.26 displays the organizational sequence of M.O.s with rising
energies.

According to the M.O. diagram referred to in Figure 2.26, (e;)*(b,)%(e,)° is the ex-
pected electronic arrangement (configuration) usually found in case of nitrosyls
having {M(NO)}° as core representation. Under such cases or in the case of less
availability of d electrons in Oy, complexes, the electronic filling starts with the oc-
cupancy of strongly bonded (e,) and metal centred (b,) orbitals (with the empty an-
tibonding e, orbitals). This describes the multiple bond order along the linearly
oriented MNO moiety of the complex indicative of the fact to eradicate the possibil-
ity of bent M—N-O bond.

For nitrosyl complexes involving {M(NO)}’ formalism, presence of one more elec-
tron compared to {M(NO)}° notation outcomes in the new electronic configuration
(e))*(b,)*(e)". Consequently, occupation of a totally antibonding rni-type orbital takes
place, and this enforces bending according to Walsh’s rules. This inevitably leads to
distortions of the M—N-O bond angle, a change in symmetry and mixing of the a,
and the x component of the previously designated e, orbital. This is demonstrated
in Figure 2.26(ii). This mixing gives a more bonding a’ level, mainly m*(NO) incorpo-
rated with d,? and an equivalent antibonding level, which is mainly d,? in charac-
ter. There are other smaller changes in energies and symmetries of the e; and b,
levels, but these are insignificant with respect to the frontier orbitals. On account of
the bending of the M—N-O bond, the electronic configuration of {M(NO)}’ (ignoring
the six electrons in the former e; and b, levels) will be {d,,*(NO)}*{d,,m*(NO)}?
{d,,*(NO)}*-(a")'(a”)°. This is equivalent to describing the coordinated NO as NO".
Interestingly, in nitrosyl complexes of {M(NO)}® notation, the electronic configura-
tion in the M.O. system will be {d,,m*(NO)}*{d,.*(NO)}*{d,,m*(NO)}* (a")*(a"")°. This
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Figure 2.26: Organization of molecular orbitals in six-coordinate {M(NO)}" complexes: (i) where
ZM-N-0 is 180° and (ii) where £/ M-N-0 is 120°. The M-=N-0 bond is considered as the z-axis.

is equivalent to the coordination of singlet NO~ (Figure 2.27). The M.O. scheme
shown in Figure 2.26 acquires stronger field ligation defined by energy separation
between “t,;” and “e;” levels. Consequently, the M.O. arrangements for {M(NO)}®
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notation (Figure 2.27) reflect it.
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Figure 2.27: Electronic configuration of an octahedral complex involving {M(NO)}® electron
configuration representing the coordination of singlet NO.
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Considering the perspective of biologically relevant systems, six-coordinate com-
plexes of {Fe(NO)}° notation would normally be anticipated to have principally a
linear Fe—N-0O bond. On the other hand, those having {Fe(NO)Y’ formalism would
be likely to have a bent arrangement. Moreover, in cobalt nitrosyl complexes involv-
ing {Co(NO)}® notation, the Co-N-0 bond would be considerably bent.

2.8.4.2 Five-coordinate complexes

Tetragonal pyramidal and trigonal bipyramidal are two possible geometries for five-
coordinate complexes. Notably, five-coordinate macrocyclic nitrosyl complexes of
Mn, Fe and Co almost have the tetragonal pyramidal geometry. It is notable that for
such a structural organization, the simple M.O. picture outlined in Figure 2.26 is rea-
sonably applicable for ascertaining the species having linear or bent M-N-O bond
angles.

2.9 Characterization of metal nitrosyl complexes using
spectroscopic and other physical methods

Similar physical methods referred for the general structural elucidation are em-
ployed for structural analysis of nitrosyl complexes. Thus, IR/vibrational spectros-
copy, electronic, electron spin resonance (ESR), X-ray photoelectron, mass spectral,
magnetic and Kinetic studies are the most commonly used physical methods. Besides
these, resonance Raman, Mossbauer (MB), X-ray absorption spectroscopic measure-
ments, magnetic circular dichroism and magnetic resonance imaging are some other
physical methods used in characterization of metal nitrosyl complexes.

2.9.1 Vibrational spectral studies

Application of Hook’s law as is known provides instant speculation about expected
vibrational modes of functional groups generally found in the composition of com-
pounds. In the present case whether it is NO, NO* or NO~ each can be easily de-
tected by knowing the vibrational mode of these bonds. Fourier transform (FT)-IR
analysis provides main functional group identity of NO showing a single vibra-
tional band at 1,860 cm ™, 2,200 cm ™ for NO* and v(NO™) is assigned at 1,470 cm ™.
Whereas in metal coordination the respective vibrational modes fall in the range
of 1,900-1,300 cm ™. Figure 2.28 highlights the characteristic frequency ranges for
metal nitrosyl complexes [27].

In usual practice regarding the FT-IR-based differentiation between linear and
bent M-NO functionalization in nitrosyl complexes, 1,650-1,900 cm ™ refers to linear
fashion, and 1,525-1,690 cm ™ is attributed to bent projection. This is here mentionable
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that these two distinctive regions may get overlap and hence may cause ambiguity in
the affirmation of the two types of modes. The variational mode found for linear reflects
triple bond existence and double bond for a bent NO grouping of NO—core complexes
supported by Hook’s law. In addition to bent and linear M—NO, bridging character of
NO usually vibrates in the range 1,650-1,300 cm™, though a fine conclusive of referring
to a specific vibrational mode in this connection is not possible because of the ambigu-
ity generated by overlapping tendencies by these vibrational modes commonly having
wavenumber values in compliment to one another (vide Figure 2.28).
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Figure 2.28: Array of frequencies observed in different categories of metal nitrosyls.

The v(NO) has been found to be dependent upon several factors including the nature of
central metal atom/ion, nature of coordination sphere, the oxidation state and charge
of inner and outer sphere, and the nature and type of frameworks selected as co-li-
gands other than NO. This led to an exhaustive work reported by Haymore and Ibers
[28] formulating the estimation for adjustments of v(NO) in so many nitrosyl model
complexes. The study reveals two main classes of wavenumbers, referring to a lesser or
a greater than 1,606—1,611 cm™* range allowing to divide the respective complexes as
linear and bent. Also, the corrected v(NO) low wavenumbers could be made to fetch
distinguishing mark for bridging and non-bridging M—-NO groupings. Because of the
involvement of several variables affecting on v(NO), it has not been widely accepted.
Based on the conspicuous fascination drawn towards vibrational analysis of
several types of M-NO binding, De La Cruz and Sheppard [29] accumulated signifi-
cant vibrational results for a number of nitrosyl complexes and established a corre-
lation for EAN rule. Owing to inadequacy of binary nitrosyl compounds, it was
found quite difficult to address appropriate model compounds of such a class. How-
ever, the common potentiality of possible existence of neutral NO and CO made it
easy to use mixed carbonyl-nitrosyl form of complexes as reference compounds.
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From their overall study, the following points may be pondered in view of the prob-

lems addressed so far:

(i) In general, a linear M—NO complex bearing a unit positive charge increases
100 cm™ to expected v(NO) value having linkage with one positive charge of
the complex.

(ii) Similarly, a value of 145 cm™* gets subtracted for negative unit charge in place
of positive unit referred in (i).

(iii) Approximately 180 cm™ lowering in v(NO)/unit negative charge was observed
for metal nitrosyl complexes having bent M-N-O groupings.

(iv) In case of halogens at terminal position, an increase in v(NO) wavenumber by
30 unit/halogen is approximated, whereas bridging halogens result roughly
with an increase of 15 cm’l/halogen in the vibrational mode of NO. Similarly,
a positive shift of 5 cm™ in v(NO) is theoretically correlated for enhanced
electronegativity (for a halogen).

(v) When a terminal NO is substituted by a CN group, an increase of roughly
50 cm™! is expected in the magnitude of v(NO) value.

(vi) The trivalent phosphorus derivatives are found to affect the v(NO) accordingly
to their electron-donating or electron-withdrawing properties. A lowering of
roughly 70 cm™ per trialkylphosphine ligand, a reduction of about 55 cm™
per triphenylphosphine ligand, a decrease in v(NO) by 40 cm™" per trialkoxy
and 30 cm™! in triphenoxy ligands and a rise of about 10 cm™ per PF; ligand
have been seen. It has been observed that the presence of more and more elec-
tron-withdrawing substituents on phosphorus reduces or eliminates the effec-
tive basicity of the phosphine ligands.

(vii)A let down in v(NO) by about 60, 70 and 80 cm™ is seen for the pentahapto-
cyclopentadienyl groups, n°-CsH,Me and n’-CsMes, respectively.

Based on consideration of the above points for corrections, the following corrected
ranges are given by De La Cruz and Sheppard for linear M—N-O complexes:
First-row transition metals: 1,750 (Cr)-1,840 (Ni) cm™
Second-row transition metals: 1,730 (Mo)-1,845 (Pd) cm ™
Third-row transition metals: 1720 (W)-1760 (Ir) cm ™!

A wide-ranging metal nitrosyl complexes containing linear and bent M-N-O groupings
absorb IR radiation over the large array of 1,862-1,690 cm ! and 1,720-1,525 cm %, re-
spectively. However, an overlap in these regions (as mentioned above) ignores the
classification of these two types of structures. Under this situation, help of another
spectroscopic measure is taken for differentiating linear from bent M-NO grouping.
Notably, it is the v(**NO) > v(*°NO) isotopic shifts. For this, the isotopic band shift
(IBS) [IBS = v(**NO)-v(*>NO)] are plotted against M—N—O bond angle for penta-, hexa-
and hepta-coordinated mononitrosyl complexes. This plot highlights that the IBS
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values are grouped between 45 and 30 cm™ or between 37 and 25 cm™ for linear or
bent M-N-O groupings, respectively.

Since solid-state vibrational analysis (FT-IR spectroscopy) is one of the pre-
dominant analytical techniques in explaining the structural isomerization, in case
of nitrosyl complexes targeting linear and bent fashioned M-NO shows 60-100
stretching frequency (cm™) difference of 60-100 cm™ as signature of both the
conformers. Some cobalt nitrosyl complexes exhibit structural isomerism wherein
linear and bent nitrosyl isomers coexist in equilibrium. Several recent results sup-
ported by DFT calculations also suggest that among such functionalities the above
assumptions are stable enhancing parameters. Also, various factors in addition to
co-ligation, value of reduction zones and nature of central ion/atom justify the
same. Table 2.5 demonstrates the examples of such complexes.

Table 2.5: Stretching frequency data of NO in some nitrosyl complexes of
cobalt coexisting as M—NO angle isomers in equilibrium.

Compound v(NO) (linear) (cm™?) v(NO) (bent) (cm™) Av(cm™)
[Co(NO)(PPhMe,),Cl,] 1,760 1,650 110
[CO(NO)(PMe3)2Br2] 1,750 1,670 80
[Co(NO)(PMes3),Cl,] 1,750 1,655 95

It is observed that in transition metal dinitrosyl complexes that have both linear and
bent M-N-O groupings, the stretching frequencies of the two v(NO) are strongly sepa-
rated. This can be firmly assigned to the bond stretching of the linear that have higher
frequency, and bent which have lower frequency. Moreover, a significant difference of
more than 150 cm™ in the two v(NO)s may also suggest the presence of linear and bent
M-N-O0 groups. Notably, dinitrosyl complexes containing only linear M-N-O grouping
exhibit two v(NO) stretching frequencies having small difference of 30-60 cm™. These
two cases are demonstrated with pertinent data shown in Table 2.6.

Table 2.6: Structural parameters in some of the dinitrosyl complexes.

Compound v(NO)(1) Vv(NO)(2) Av(cm™) MNO(1) MNO(2) A/MNO
(em™) (cm™)

M-N-O groups: linear and bent
[Ru(NO),(PPh3)5(CDI* 1,850 1,687 163 179.5 136 43.5
[0s(NO),(PPh5),(OH)]* 1,842 1,632 210 177.6 133.6 44.0
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Table 2.6 (continued)

Compound v(NO)(1) Vv(NO)(2) Av(em™) ~MNO(1) ~MNO(2) AMNO
(em™) (cm™)

M-N-O groups: linear

[Fe(NO),)Cl],(p-dppe) 1,786 1,724 62 169.6 165.8 3.8
[Fe(NO),(dppe)] 1,707 1,657 50 178 176 2.0
[PPN][SsFe(NO),] 1,739 1,695 44 172.8 165.9 6.9
[PPN][(SPh),Fe(NO),] 1,727 1,692 35 169.5 168.6 0.9

PPN, bis-triphenylphosphineiminium cation; dppe = 1,2-bis(diphenylphosphino)
ethane.

Biologically important metal nitrosyls, especially haeme nitrosyls, have moti-
vated the development of additional modern spectroscopic techniques for precise
characterization of metal nitrosyls. For the five-coordinate ferrous haeme nitrosyls,
vibrational spectra display very typical vibrational signatures of Fe-NO functional-
ity. The v(NO) stretching frequency is found detectable at 1,670-1,700 cm . The
metal bonded NO, that is, Fe-NO mode generally appears at 520-540 cm™ to ensure
the metal coordination. Moreover, it can be identified in a more clear way by reso-
nance Raman spectroscopy using Soret excitation and nuclear resonance vibra-
tional spectroscopy (NRVS). From the available data, the in-plane vibrational mode of
M-N-0 bent fashion is difficult to read out. However, employing NRVS confirms it
with the indication of 370-390 cm ™! vibration.

Octahedral iron nitrosyl compounds having axial N-donor coordination dis-
play interesting spectral changes. The NO stretching frequency [v(NO)], easily de-
tected in IR spectroscopy, moves towards lower wavenumbers and appears in the
range 1,610-1,640 cm™. On the other hand, the assignment of Fe—NO stretching
and Fe-N-0 bending modes has caused in a long-lasting dispute. Employing res-
onance Raman spectroscopy, only one low-energy isotope-sensitive band is de-
tected typically around 550-570 cm ™ from the spectra. For the first time, Chottard
and Mansuy reported this feature at 549 cm™" for the NO adduct of deoxy-Hb and
assigned it as v(Fe—NO) [30]. This assignment was subsequently supported by
other groups.

Recent spectral studies based on resonance Raman and, especially, NRVS fi-
nally detected a second vibrational mode connected with the Fe-N-O unit at ap-
proximately 440 cm™ in both the six coordinate exemplary complex [Fe(TPP)(MI)
(NO)] (TPP?" = tetraphenylporphyrin dianion; MI = 1-methylimidazole) and related
derivatives, and in My(II)-NO. A careful examination of earlier resonance Raman
data on M;(I)-NO and corresponding changes shows that this feature is, in fact,
present in these data as a very weak band. These results express further doubt on
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the initial assignment of the 550570 cm ™' Raman feature to the v(Fe—NO). This issue
was ultimately resolved using single-crystal NRVS experimental results on the model
complex [*’Fe(TPP)(MI)(NO)].

Remarkably, observed NRVS results on powder samples of [*’Fe(TPP)(MI)(NO)]
and the corresponding’°N'®0-labeled complex detected two isotope-sensitive fea-
tures at 437 and 563 cm™'. These move to 429 and 551 cm ™' in the ®N'®0-labeled
complex. Comparable vibrational features are observed in the NRVS spectra of Mb
(ID-NO at 443 and 547 cm ™.

In ruthenium mononitrosyl complexes of the general composition [Ru(NO)Xs]*",
where X = Cl, Br, I or CN, the trans effect of the NO was first time identified by Durig
and his co-workers [30a] in 1966. In association with other structural details, the v
(Ru-X) stretching frequency for trans positioned NO grouping with respect to X
functionality shows 30-40 cm™' lower wavenumber than the cis-form of the same
analogue. Similar findings have been reported for [Ru(NO)(NH;),X]"" form of com-
plexes. These results are presented in Table 2.7.

Table 2.7: Spectral data of trans and cis effect in ruthenium nitrosyl complexes.

S.no.  Complex v(Fe-NO) (cm™)  v(Fe—OH) (cm™?)
Trans effect

1. K5[Ru(NO)(CN)s] 634 -
2. [Ru(NH5),(NO)(OH)ICL, 628 -
3. [RUNH5),(NO)(CDICL, 608 -
4. [RuNHs),(Br)(NO)(IBr, 591 -
5. [Ru(NH3),((NO)I, 572 -
Cis effect

6. Na,[Ru(NO,),(OH) NO)] - 2H,0 638 568
8. Ag,[Ru(C),(OH) (NO)] 600 519

The M-NO mode of stretching vibrations in [M(NO)Xs]*~ form of complexes (where
M refers to Ru or Os) has been allocated by several research groups. The allocation
for v(M—NO) was ranging from 552 to 613 cm ™' when M = Ru and from 585 to 623 cm™
when M is Os. In [Co(NO)(NH5)s]** complexes, designations of v(Co—NO) ranging from
573 to 644 cm ™! and 6(Co-N-0) at 578 cm™* were given by Durig et al. [31] in 1967.
Owing to N substitution, the shifting of the v(Co—NO) stretching vibrations towards
lower frequency was noticed in these complexes. Table 2.8 displays results for [M(NO)
(CN)s]™™ (M = Fe, Mn or Cr) reported by two research groups [32, 33].
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Table 2.8: Vibrational assignment (cm™) for some cyanonitrosyl complexes.

S.no. Compound v(NO) v(M-NO) &(M-N-0)
1. Na,[Fe(NO)(CN)s] - 2H,0 1,935 658, 647 -
2. Cs,[Fe(NO)(CN)s] 1,929,1,910 663, 658, 651 -
3. [(CH5)4N]; [Fe(NO)(CN)s] 1,908, 1,883 660, 650 -
4. K5[Cr(NO)(CN)s] 1,630 616 -
5. K5[Mn(NO)(CN)s] 1,700 655 -
6. [(CH3)4N]5 [Cr(NO)(CN)s] 1,625 616

7. K5[Cr(**NO)(CN)s] - H,0 1,643 620 610
8. Ks[Cr(**NO)(CN)s] - H,0 1,610 617 600

2.9.2 Electronic spectral studies

Data of electronic spectral studies are sparse. However, the electronic spectra
of some metal nitrosyls have been reported, which are being presented in this
section.

Based on the energy-level scheme (Figure 2.29) derived by Manoharan and
Gray [34] for [Fe(NO)(CN)s]*", the assignments of observed electronic transitions
for a series of cyanonitrosyl complexes are shown in Table 2.9. The computed the-
oretical values of orbital energies in several forms of [M(NO)(CN)s]"~ share simi-
larity with [Fe(NO)(CN);s]*>~ compounds displaying identical levels, namely, 6e <
2b, < 7e < 3b; < 5a; < 8e. However, in [Cr(NO)(CN)s]*~, 3b,(x*~y?) and 5a,(z?) fall
under the same energy, whereas for [V(NO)(CN)s]*", 5a;(z°) level is less than 3b,
o-y?).

Additional interesting dissimilarity in the complexes is found in the composition of
the 6e and 7e energy levels. The population analysis data given in Table 2.10 disclose
this behaviour. In general, the metal d,,, d,, character in the 6e level and the m*NO
character in the 7e level reduces in going from [Fe(NO)(CN)s]*~ to [V(NO)(CN)]*". Par-
ticularly, for [Mn(NO)-(CN)s>~*~ and [Fe(NO)(CN)s]*", the 6e level is mainly d,., d,.,
whereas it has mainly m*NO character in the [V(NO)(CN)s]*>~ and [Cr(NO)(CN)s]*~
complexes. Similarly, the 7e level is mainly m*NO for [Mn(NO)(CN)s]’™*~ and [Fe(NO)
(CN)s]*", and mainly d,,, d,. for [V(NO)(CN)s]°". The [Cr(NO)(CN)s]>~ complex repre-
sents an intermediate case in which 7e level has nearly equal n*NO and d,;, d,, char-
acter. However, the former character is slightly predominating.

Raynor and co-workers [35] carried out the electronic spectral studies of the
complexes, namely, K;[Cr(NO)(CN)s], [Cr(NO)(H,0);]Cl, and [Cr(NO)(NH;);]Cl, in
dimethylformamide (DMF). The results of their studies are also given in Table 2.9.
Following the energy-level scheme worked out by these authors (Figure 2.30), the
appropriate assignments of the observed maxima are also included in this table. A
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Figure 2.29: Proposed ordering of the d-levels in [M(NO)(CN)s]"~ (Manoharan and Gray’s scheme).

reasonable energy-level scheme for the family of [Cr(NO)(L)s]** complexes seems
to be 6e, 2b,, 7e (m*NO), 5a;, 3b; in C,, symmetry. This is analogous to that sug-
gested by Manoharan and Gray for [Cr(NO)(CN)s]*>~. However, the energy levels of
3b; and 5a, are reversed.
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Table 2.9: Electronic spectral data of [M(NO)(CN)s]"~and [Cr(NO)(L)s]Cl,/ClO,), (L = H,0, C;HsOH or NH5).

S.no. Complex Observed maxima (cm™) Band assignments
1. [Fe(NO) 20,080; 25,380; 30,300; 37,800; 2b,>7e; 6e>7e; 2b,>3by;
(CN)s)?~ 42,000; 50,000 6e>5a;; 6e>3by; 2b,>8e
2. [Mn(NO) 18,520; 24,690; 28,980; 2b,>7e; 6e>7¢€; 2b,>3by;
(CN)s]*~ 37,850; 42, 550; 45,450 6e>5a,; 6e>3h,; 2b,>8e
3. [V(NO)(CN)5]5" 12,900; 21,160; 32,470; 2b,>7e; 2b,>3b4; 6e>7¢;
37,410 2b,>8e
4. [Cr(NO) 13,700; 15,380; 22,200; 27,320;  6e>2b,; 2b,>7e; 6e>7¢;
(CN)5]3’ 37,300; 43,480 2b,>3b,; 5e>2b,; 2b,>8e
5. [Mn(NO) 12,650; 18,600; 25,960; 28,570;  6e>2b,; 2b,>7e; 6e>7¢e; 2b,>3by;
(CN)5]2_ 32,280; 37,630; 5e>2b,; 6e>5as;
48,540 2b,>8e
6. [Cr(NO) 13,700; 22,200; 27,320; 37,300;  6e>2b,; 6e>7e; 2b,>3by;
(CN)s)*~ 43,480 5e->2b,; 2b,>8e
7. [Cr(NO)(H,0)s] 17,700; 22,400; 30,300; 6e>2b,; 6e>7e; 2b,>3by;
Cl, 26,000; 40,500 5e>2b,; 2b,>8e
8. [Cr(NO)(NH3)s]  17,300; 22,150; 33,200; 28,700;  6e>2b,; 6e>7e; 2b,>3by; 5e>2by;
Cl, 41,000 2b,>8e
9. [Cr(NO)(H,0)s] 17,636;22,371; 25,641; 30,864 No band assignments
(Cloy)2
10. [Cr(NO) 17,543; 21,881; 30,769; No band assignments
(CzHsOH)s] Cl,
11. [Cr(NO)(NH5)s] 21,881;28,735;33,112; 38,910 No band assignments
(o
Table 2.10: Population analysis of 2b,, 6e and 7e energy levels of [M(NO)(CN)s]"~ complexes [34].
M.O. level Orbital Vn=5 Crn=3 Mnn=2 Mnn=3 Fen=2
2b, m*CN 21.00 8.24 3.64 4.7 1.58
6e Xz,yz 20.48 38.05 52.19 46.63 60.71
m™NO 73.68 50.18 32.80 42.22 24.79
7e Xz,yz 52.77 40.75 27.23 37.09 22.90
m™NO 21.71 45.97 64.96 54.84 72.53

printed on 2/13/2023 8:09 AMvia .

Al use subject to https://ww.ebsco.conlterns-of-use



92 —— Chapter Il Complexes containing nitric oxide
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Figure 2.30: The relative order of energy levels in [Cr(NO)(H,0)s]** (1) [Cr(NO)(NH5)s]** (2) and
[Cr(NO)(CN)s]*~ (3).

Table 2.9 also includes electronic spectral data for [Cr(NO)(L)s]** (L = H,0, C,HsOH
or NH;) complexes reported by Griffith [36] in aqueous solution.

The solution formed by dissolving Fe** in 0.2 M acetate buffer at 25 °C and there-
after saturating with NO gas displays three characteristic absorption bands in its UV—
Vis spectrum centred at 336 (g= 440), 451 (e= 265) and 585 nm (¢= 85 M! cm™)
when recorded at room temperature anaerobically [37] (Figure 2.31). The appearance
of three absorption bands was considered owing to the formation of the pentaaqua-
mononitrosyliron(Il) complex ion, [Fe"'(NO)(H,0)s]**. When an inert gas was passed
in the solution slowly, the spectrum was completely reversed. The reversal of the
spectrum shows the characteristic of the pentaaquairon(Il) ion, [Fe(H,0)s]*". This
happening demonstrates the excessive lability of the [Fe(NO)(H,0)s]** complex.

The UV-Vis characteristic spectral bands of some nitrosyl complexes of differ-
ent classes are given in Table 2.11.
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Figure 2.31: UV-Vis spectra of 3 x 107> M [Fe"'(H,0)4]**solution with NO under experimental
conditions: 0.2 M acetate buffer, pH = 5.0, 25 °C; (a) [Fe"(H,0)¢]** solution saturated with NO;

(b) a + Ar (10s); (c) b + Ar (10s); (d) ¢ + Ar (10s).

Table 2.11: UV-Vis spectral data of some nitrosyl complexes of different classes.

Type of the Formula of metal nitrosyl in Absorption bands: nm/e (M~ cm™)?

complex question

Mononitrosyl [(NO)Fe(H,0)5]%* 336/440, 451/265, 585/85 (water)
[(NO)Ru(NHs)s]** 300/67.2, 460/14.4
[(NO)Fe(SCoHgN),] 432/3,571, 512/2,967, 800/428 (THF)
[(NO)Fe(SPh)s]™ 500" (THF)
[(NO)Fe(SED)5]™ 459 (THF)

[Et4N][Fe(SBu)3(NO)]™

370, 475 (THF)

Dinitrosyl [Fe(CS)2(NO),I™

392/3,580, 603/299, 772/312 (water)

[(PhS),Fe(NO),]™

479, 798 (THF)

[(EtS),Fe(NO).]

436, 802 (THF)

[PPN][(NO),Fe(S(CH,)3S)]

430, 578, 807 (THF)

Dinitrosyl dimer [(NO)4Fe,(CS),]

305, 362, 440 (sh), 755 (water)

Pseudo-haeme [(NO)Fe(D)] 303/17,000, 403/4,000, 613/600
Haeme, 6C [(NO)Fe(OEP)(SR)] 430, 536, 567
Haeme, 5C [(NO)Fe(To-F,PP)] 403, 475, 550

aExtinction coefficients (given where available);
Pspectra recorded in the range 390-1,200 nm.
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OEP, octaethylporphyrin; To-F,PP, tetrakis-5, 10, 15, 20-(o-difluorophenyl) porphy-
rin; PPN, bis-triphenylphosphineiminium cation; CS, cysteamine; L, Schiff-base-tet-
radentate macrocyclic ligands.

Mir and Maurya [25] recently reported the preparation of three new molybde-
numdinitrosyl complexes of the general composition [Mo(NO),(L)(OH)], where L is
N-(dehydroacetic acid)-4-aminoantipyrene (dha-aapH) (I), N-(4-acetylidene-3-methyl-
1-phenyl-2-pyrazolin-5-one)-4-aminoantipyrine (amphp-aapH) (II) or N-(3-methyl-1-
phenyl-4-propionylidene-2-pyrazolin-5-one)-4-aminoantipyrine (mphpp-aapH) (III)
(Figure 2.32). Electronic spectra of these complexes were recorded taking 10> molar
DMF solutions of these compounds. The detailed electronic spectral parameters of
these compounds are given in Table 2.12. All the complexes under study display five
transitions. The naming of spectral bands given in the table are based on M.O. dia-
gram (Figure 2.33) applicable to hexa-coordinated dinitrosyl complexes reported by
Gwost and Caulton [38] in 1974.

0
O\ /// O\\ ///
\\N+ N+ N\ NF
OH OH
H,C o 0
’ \\54/0 MoZe—0
.
N N
|/ /
0 CH,4 \ e R N\
HsC CH, H,C CH,

) R=C,H;(2) ; R=CH;(3)

Figure 2.32: Structure of dinitrosylmolybdenum complexes.

Table 2.12: Electronic spectral results of dinitrosylmolybdenum complexes.

Complex Amax (nm) v(em™) e(Lcm™* mol™) Naming
of the peaks

[Mo(NO),(dha-aap)(OH)] 274 36,496 3,722 1b,>2a,
296 33,783 4,312 1b,>3a;
325 30,769 4,582 1b,> 2b,
349 28,653 4,821 1b,> 1by
440 22,797 1,942 1b,~> 23,

[Mo(NO),(@amphp-aap)(OH)] 293 34,129 4,110 1b,>2a,
329 30,395 5,255 1b,>3a;
356 28,089 5,046 1b5> 2b,
387 25,839 3,021 1b,> 1by
444 22,522 2,722 1b,> 2a,
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Table 2.12 (continued)

Complex Amax (nM) v(em™) e(Lcmtmol™) Naming
of the peaks
[Mo(NO),(mphpp-aap)(OH)] 289 33,898 4,411 1b,>2a,
313 31,645 4,666 1b,>3a;
339 28,490 5,141 1b,> 2b,
357 27,397 5,054 1b,”> 1b,
416 21 881 3,480 1b,> 2a,

2b,(xz, (NO))

2ay(n"a,(NO), xy)

3a,(x"a,(NO), x’7%y?)

2b,(1*b,(NO), yz)

1b,(x*b,(NO)

2a1(22-y2, Tf*al(NO)Xz)

1b,(yz, 1*b,(NO)
la,(x2, w8 (NO),2%-y%)

lay(lay(xy, m'a,(NO)

Figure 2.33: Representation of M.0.s of cis-dinitrosyl complexes molybdenum complex (Oy,).

For exploring the theoretical electronic spectral analysis, the TD-DFT LANL2DZ/
RB3LYP and 6-311G/RB3LYP were used by the authors for a representative ligand
amphp-aap (II) and the complex[Mo(NO),(amphp-aap)(OH)]. The characteristics of
electronic spectra of all the complexes carried out experimentally suggest the pres-
ence of an octahedral geometry around molybdenum that was correlated theoretically

as well.

Maurya et al. [26] reported the preparation and analyses of three molybdenum
dinitrosyl complexes, namely, [Mo(NO),(tsc-dha)(H,0] (tsc-dhaH, = Schiff base derived
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from thiosemicarbazide and dehydroacetic acid (I), [Mo(NO),(mtsc-dha)(H,O] (mtsc-
dhaH, = 4-methyl-3-thiosemi-carbazide and dehydroacetic acid (II) and [Mo(NO),(ptsc-
dha)(H,0] (ptsc-dhaH, = 4-phenyl-3-thiosemicarbazide and dehydroacetic acid (III)
(Figure 2.34).

H,C H:Q
H,C
o o) = O / OH
S ~—
0 0
+ HN
N Y d Na, 0 Nl
o 0 " 3 H,C :
H Y 3
H,C

HyC

Y =—NH, (I)

H
Y =—NH—CH; () Y :—N—Q (1)

Figure 2.34: Structure of dinitrosylmolybdenum(0) complexes with Schiff bases.

Electronic spectra of the two representative compounds were recorded in 10~ molar
DMF solutions displaying five spectral peaks. The assignments of these spectral
peaks are done using the M.O. diagram appropriate to hexa-coordinated dinitrosyl
complexes as given in Figure 2.33.

Likewise, the preparation and analysis of a novel dicyanodinitrosyl molybde-
num complex of the composition, [Mo(NO),(CN),(nic)(H,0)]-2H,0 (Figure 2.35),
wherein “nic” is nicotine has been carried out by Maurya and Mir [39].

UV-Vis spectrum of the complex was recorded in 10~ molar DMF solution
(Figure 2.36). This spectrum displays five electronic transitions. The designations
of these transitions have been made and are based on M.O. diagram pertinent to
hexa-coordinated dinitrosyl complexes given in Figure 2.33.
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Figure 2.35: Structure of dinitrosylmolybdenum(0) complex with nicotine.
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Figure 2.36: UV-Vis spectrum of [Mo(NO),(CN),(nic)(H,0)] - 2H,0.

2.9.3 Magnetic properties

It is well known that studies on magnetic behaviour of nitrosyl complexes involve
the measurement of magnetic moments. This opens the way of knowing the number
of unpaired electron(s) and stereochemistry of complexes under investigations. Al-
though a lot of papers can be seen in the existing literature, wherein the magnetic
studies have been reported along with others. However, only few of them are cho-
sen and the magnetic data reported therein, are presented in Table 2.13 in order to
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discuss the results in the light of bonding schemes developed by Manoharan and
Gray [34] (Figure 2.29) and Enemark and Feltham [21] (Figure 2.37).

Table 2.13: Magnetic data of some metal nitrosyl complexes along with M.O. electronic
configurations.

S.no. Complex Electron configu- M.O. configuration Expected Observed
ration {M(NO),}" Enemark Gray etal.  p(B.M.)™ p(B.M.)

1. K3[V(NO)(CN)s] {VNO}* (2e)*(1by)°  (6€)*(2b,)° 0 D
-2H,0

2. K,[V(NO)(CN)e] {VNO}* - - 0 D
-2H,0

3. [V(NO)>(CN), {V(NO}® (1a,)%(1a)? - 1.73 1.5
(dipy)] - H,0 (1b)™™

4. [V(NO),(CN), {v(NOY® (1ay)%*(1a)? - 1.73 1.6
(0-phen)]-H,0 (1by))*™

5. K5[Cr(NO)(CN)s] {CrNOY (2e)*(1by)*  (6€)*(2b,)? 1.73 1.87
-H,0

6. K4[Cr(NO)(CN)s] {crNOY® (2e)*(1by)®  (6€)*(2b,)? 0 D
-2H,0

7. (Me,4N),[Cr(NO) {CrNOY (2e)*(1by)*  (6€)*(2b,)? 1.73 1.7
(CN),]-H;0

8. [Cr(NO) {CrNOY® (2e)*(1by)* - 1.73 1.60
(CN),(dipy)]

9. [Cr(NO)(CN), {CrNOY (2e)*(1by)* - 1.73 1.67
(o-phen)]

10.  K3[Mn(NO)(CN)s]  {MnNO}° (2e)*(1by)?  (6€)*(2b,)? 0 D
-H,0

11.  Ky[Mn(NO)(CN)s]  {MnNO}* (2e)*(1by)*  (6€)*(2b,)* 1.73 1.73

12.  [Mn(NO) {MnNO}Y® (2e)*(1by)*  (6€)*(2b,)? 1.73 3.9
(CN)s(dipy)]”

13.  (PPh),[Mn {Mn(NO),}" (1ay)%*(1a,)? - 1.73 1.9
(NO)2(CN),] - H20 (}Bz)zl(bl)

14.  Na,[Fe(NO)(CN)s]  {FeNO}® (2e)*(1by)®  (6€)*(2b,)? 0 D
-2H,0

15.  (Et4N),[Fe(NO) {FeNO}’ - - 1.73 1.75
(CN)4]

16. K [Mo(NO)(CN)s]  {MoNO}® (2e)“(1by)*  (6€)*(2by)? 0 D

17.  (PPh,)s[Mo {MoNO}® (2e)“(1by)*  (6€)*(2by)? 1.73 1.96
(NO)(CN)4]

18.  Cs,[Mo(NO) {MoNO}’ (2e)*(1by)*  (6€)*(2b,)? 1.73 1.77
(CD4(H20)]
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Table 2.13 (continued)

S.no. Complex Electron configu- M.O. configuration Expected Observed
ration {M(NO),}" Enemark Gray etal.  p(B.M.)"™ p(B.M.)

19.  (PPh,)3[Mo(NO) {MoNO}® (2e)*(1b,)®  (6€)*(2b,)? 0 D
(D4

20.  (PPh,),[Mo(NO) {MoNO}* (2e)*(1b,)°  (6€)*(2b,)° 0 D
(CN)s]- 2H;0

21.  [Mo(NO) {MoNO}* (2e)*(1by)°  (6€)*(2by)° 0 D
(CN)s(dipy)] -H20

22.  (PPhy),[Mo {Mo(NO),}¢ (1a,)*(1ay)?® - 0 D
(NO)>(CN),]- 2H,0 (1by)*™

23. [[Mo(NO),(CN), {MO(N0)2}6 (1a)%(1a))* - 0 D
(o-phen)]]- (1b)*™

24.  (PPh,)5[Cr(NO) {crNOY (2e)*(1by)*  (6€)*(2by)* 1.73 2.23
(NCS)s]

25.  (PPh,),[0s(NO) {osNO}® (2e)*(1by)*  (6€)*(2by)? 0 D
(NCS)s]

* Ref. [41].

** Spin-only value; D, diamagnetic
*** Based on M.O. diagram reported by J. H. Enemark and R. D. Feltham, in Topics in Inorganic and
Organometallic Stereochemistry, ed. G. Geoffroy, Wiley, New York, 1981, vol. 12, pp. 152-215.

In the light of the energy-level diagrams developed by Gray et al. (Figure 2.29)
and Enemark and Feltham (Figure 2.37), the experimental magnetic moments are
fairly expected. Considering the metal and nitrosyl groups together (because NO
being known paramagnetic have an unpaired electron), the total number of M.O.
configuration-based electrons referred to this group (based on Enemark and Gray’s
schemes) has been given in Table 2.13. As a result of various physicochemical analy-
ses, a strong covalent nature of M—NO is established. The binding fashion adopted
thus has been schematically shown in Figures 2.29 and 2.37 reflecting the nature of
this interaction.

Although cyanide group in the cyanonitrosyl complexes mostly behave as a
good ni-bonding ligand, the strong interaction between the metal ion and the nitro-
syl group is quite enough to influence the separation of bonding, non-bonding and
antibonding orbitals to a large extent. We are aware that in the hexa-coordinated
complexes, the maximum symmetry expected is C4y. This leads to a strong tetrago-
nal distortion. Thus, the sequence of these orbitals according to Figures 2.29 and
2.37 is 6e < 2b, < 7e, and 2e < 1h, < 3e, respectively. Obviously, the bonding orbitals
below 6e/2e in the respective M.O. diagram will be occupied by the ligating
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Figure 2.37: The molecular orbital diagram for six-coordinate complexes involving M—N-0 grouping
linear. The M-N-0 bond passes through the z-axis.

electrons. Thus, electronic fillings start from the metal d-orbitals using 6e/2e level.
Such a rationalization has been followed in the discussion to adopt bonding scheme
to consider NO* as a nitrosylating agent, rather a ligand.

Based on the concept of “Inorganic Functional Group” introduced by Enemark
et al. (already discussed in previous section), the nitrosyl complexes may have the
{M(NO),}" core formula, where n is 4, 5, 6 or 7, counting directly the involved num-
ber of electrons belonging to d-orbitals. Therefore, n = 4 or 6 pertaining complexes
are expected as diamagnetic materials and whereas for n =5 or 7 paramagnetic be-
haviour for unpaired electron gets established. The determined magnetic moment
measurements of some model complexes connected with these assumptions are
given in Table 2.13.
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It is notable here that for the complexes having d°/d’ configurations, the resul-
tant spin-orbit coupling mainly contributes in the determination of magnetic mo-
ment values. The spin—orbit coupling constants for Mo(I) core is -450, for Mn(0)/
Mn(II) is —300 and for Cr(I) -190 cm™. The magnetic moment mainly depends on
these coupling constants as compared to the respective spin-only value at ambient
temperature. The experimental results for the complexes 5(Cr), 13 (Mn), 17 (Mo) and
24 (Cr) given in Table 2.13 follow this trend. However, the bulk susceptibility measure-
ment on a solid sample of the complex 11, K,[Mn(NO)(CN)s], gives peg = 1.73 B.M. This
indicates S = 1> with no abnormal behaviour. The low magnetic moments, 1.60 and
1.67 B.M. for compounds 8 and 9, respectively, have been explained by Maurya [40]
on the basis of the polymeric nature of the complexes.

The magnetic moments (3.9 B.M.) of compound 12 is quite interesting and looks
unusual for {MnNO}° electron configuration. This is expected insofar as the molecu-
lar symmetry species in both the structures (a) and (b) shown will not be greater
than Cg and hence its expected M.O. diagram [41] with the valance electron occu-
pancy is as shown in Figure 2.38.

a"[n,*(NO)]

3¢ (T(NO), xz,yz)/x’/

NC — N Ne [ S
\ “/ \ n/ 1b,(xy) _+_ a::jw
RN LN Tt

NC —N NC—— j
N N 2e(xz.yzm(NO)) -~

@) (b) _— M rqo)
N N —
I\/\N = / \ / \ ! ¢

Figure 2.38: Expected M.O. diagram for [Mn(NO)(CN)s(dipy)] in Cs symmetry.

Synthesis and characterization of some dinitrosylmolybdenum(0) complexes have
been recently reported by Maurya et al. [25, 26, 39]. Their magnetic properties along
with other details are given in Table 2.14.

2.9.4 Electron spin resonance (ESR) studies

Among nitrosyls complexes, the general quest to identify coordinated NO groups on
preliminary functional identification tests mainly involves the use of some colour
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Table 2.14: Magnetic properties of some dinitrosylmolybdenum(0) complexes.

Complex Electronic Electronic Expectedy Observed magnetic
configuration structure (B.M.) property

[Mo(NO)5(CN)y(nic) {Mo(NO),}° (1a,)*(1a1)%(1by)? 0 Diamagnetic

(H,0)]- 2H,0?

[Mo(NO),(tsc-dha) {Mo(NO),}° (1a)%(1a,)%(1by)? 0 Diamagnetic

(H,01°

[Mo(NO)»(mtsc-dha) {Mo(NO),}° (1a,)*(1a1)%(1by)? 0 Diamagnetic

(H,01°

[Mo(NO),(ptsc-dha) {Mo(NO),}¢ (1a)%(1a,)%(1by)? 0 Diamagnetic

(H01°

[Mo(NO),(dha-aap) {Mo(NO),}° (1a,)*(1a1)%(1by)? 0 Diamagnetic

(OH) ©

[Mo(NO),(amphp-aap)  {Mo(NO),}° (1a)%(1a4)%(1by)? 0 Diamagnetic

(OH)I*

[Mo(NO),(mphpp-aap)  {Mo(NO),}* (1a5)%(1a,)%(1by)? 0 Diamagnetic

(oH)*

aRef [39].

PRef [26].

‘Ref. [25].

changing reagents. But as per the main question of identifying paramagnetic behav-
iour of ESR active core, the respective ESR spectroscopy can be used for gaining
deeper insights in metal nitrosyls. Irrespective of metallic core whether ESR active
or inactive, but the coordinated NO group/s due to having unpaired electron could
be detected by this technique. Notably, frozen solution of free NO generates a signal
having g ~ 1.95. It can be detected only at very low temperatures below 20 K. It also
requires high concentrations of NO [42].

The ESR data for some reported mononitrosyl complexes are given in Table 2.15.

Several research groups have examined the ESR spectrum of pentacyanonitro-
sylchromate(I) anion, [Cr(NO)(CN)s]>". There is no complete parity on the interpreta-
tion of the ESR data for this complex. However, the important experimental results
can be presented as follows: (i) Both the g tensor and chromium hyperfine tensor
have axial symmetry. (i) The nitrogen hyperfine tensor has near-axial symmetry.
The maximum deviation of 9° from the axial symmetry is analogous to the observed
deviation of 4.4° from linearity of the CrNO group. (iii) g, >g. (iv) The nitrogen hy-
perfine tensor is highly anisotropic.

In octahedral complexes of the type [Cr(NO)(L)s] [43, 44], ESR data are found as per
expectation. Moreover, these data depend on the electronegativity of the co-ligand L.
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Table 2.15: ESR data of some nitrosyl complexes.

Complex Gav 9. i AL A Al Aol AL Ay
(IAN) (IAN) Aavg (ISN) (53CI' (53CI'
@ @ (N © or or

G) *>Mn)  *°Mn)
(9] @)
1. [Cr(NO)(H,0)5]** 1.966 - - - - 6.44 - - -
(aqu. solution)
2. [Cr(NO)(H,0)s]** 1.966 1.991 1.916 - - - - - -
(rgd. ag. ol., 113°K)
3. [Cr(NO)(NH5)s]** 1.980 - - - - - - - -
(aqu. solution)
4. [Cr(**NO)(CN)s]* 1.9945 - - - - 5.26 - - -
(aqu. solution)
5. [Cr(**NO)(CN)s]* 1.9945 2.0052 1.9475 - - 5.26 - - -
(dil. single crystal)
6. [Cr(*>NO)(CN)s]*> 1.994 - - - - - 7.35 - -
(1073 M ag. KCN sol.)
7. [Fe(NO)(CN)s]* 2.0231 2.0313 2.0059 14.75 17.10 15.53" - - -
(rigid sol., 77°K)
8. [Mn(NO)(CN)s]* 2.0144 2.0279 1.9873 <1.9 <1.9 <1.9° - 34.0 164.2
(rigid sol., 77°K)
9. [Mn(NO)(CN);]* 2.0181 2.0311 1.9922 4.75 1.91 3.80 - 36.6  159.98

(single crystal)

10. Cs,[Mo(NO)(Cl),- 1.95 1.99 1.97 - - - - - -
(H,0)] (in solid
phase and 6 M HCl
sol.)

11. [Mo(NO)(o-phen),Cl] 1.97 1.98 1.97 - - - - — _
Cl(in solid phase
and 6 M HCl sol.)

12. (PPh,);[Cr(NO)- 1.970 - - - - - - — -
(NCS)s]

13. (PPh,)s[Mo(NO)- 2.004 - - - - - - — -
(CN)s]

14. [Cr(NO)(CN),- 1.984 - - - - - - - -
(BUMPP),(H,0)
(powdered sample)

15. [Cr(NO)(CN),- 1.982 - - - - - - - _
(CAMPP),(H,0)
(powdered sample)
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Table 2.15 (continued)

Complex Gav g. a A A|| A*iso/ Aiso/ AL A”
(IAN) (14N) Aavg (ISN) (53Cr (53CI'
G @ (N @ or or

(G) 55Mn) °°Mn)
()] ()]
16. [Cr(NO)(CN),- 1.985 - - - - - - - -
(CBMPP),(H,0)
(powdered sample)
17. [Cr(NO)(CN),- 1.987 - - - - - - - -
(ACPMP),(H,0)

(powdered sample)

BUMPP, 4-butyryl-3-methyl-l-phenyl-2-pyrazoline-5-one; CAMPP, 4-chloroacetyl-3-methyl-l-phenyl-
2-pyrazoline-5-one; CBMPP, 4-p-chlorobenzoyl-3-methyl-l-phenyl-2-pyrazoline-5-one; ACPMP, 4-
acetyl-1-(3’-chlorophenyl)-3-methyl-2-pyrazoline-5-one taken from R. C. Maurya and D. D. Mishra,
Synth. React. Inorg. Met.-Org. Chem., 21 (1991)845-857.

Therefore, the value of g,, reaches close to the assigned value of a free electron in rele-
vance to the delocalization phenomenon. This reflects in v(NO) too.

Making use of ESR method, Raynor and co-workers [45] have demonstrated that
acid hydrolysis of pentacyanonitrosylchromate(I) anion displays successive replace-
ment of cyanide group by water.

Sometimes, ESR spectroscopic investigation can be used to envisage the stereo-
chemical aspects of a complex undoubtedly. The conformational applications in
this context was illustrated for [Mo(NO)(CN)s]*>~ at times when the isolated form of
this complex was not available [46]. The ESR parameters acquired for the oxidized spe-
cies [Mo(NO)(CN)s]>~ in the host of K5[Co(CN),] substantiate the formation of the parent
diamagnetic (d®) complex as [Mo(NO)(CN)s]*~ instead of [Mo(NO)(CN)s(OH),]*". It was
later on confirmed by X-ray studies.

Manoharan and Gray [47] and Burgess et al. [45] carried out the detailed ESR
studies on [Mn(NO)(CN)s]*". The interest behind this study was to highlight the order-
ing of energy levels in the corresponding Cr(I) and Fe(Il) complexes. There is some
disparity about the spin density in the NO group. When one group accepts this due to
spin-orbit coupling, the other group feels that the spin polarization mechanism [48]
is more probable for this.

For complexes 10 and 11, the g-tensor values observed are in the order g >gj.
This suggests that the unpaired electron must be in the d,, orbital. The observed g,,
values for the complexes 12-17 given in Table 2.15 are coherent with low-spin d°
configuration of Mo(I) and Cr(I).
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Paramagnetic nitrosyl complexes of iron have been shown to be easily studied
using ESR technique. Therefore, for biological sample analysis to identify and quan-
tify the presence of NO, the technique can be used. Biological iron samples in NO
environment are generally believed as low-spin complexes with S = 1/2. These types
of complexes show ESR activity in the form of a narrow and discrete signals col-
lected at ambient temperature having g values falling in the range between 2.012
and 2.04 [49].

In several experimentally approachable exemplary compounds, the total num-
bers of d electrons available in iron with addition to T*NO electrons are designated
by notations {FeNO}° 8. The EPR activity is shown by the complexes following
{FeNO}’ and {Fe(NO),}’ notations, and the known system S = 3/2 along with S = ¥»
are the commonly known for {Fe-NO}’ cores. Fe—-NO complexes having S = 1/2
with haeme iron are well known and reported by several research groups. On the
other hand, the low-spin non-haeme iron nitrosyl complexes are infrequently avail-
able. Importantly, the ground state with S = 1/2 is characteristic for relatively strong
ligand field systems.

It has been observed that in some of the non-haeme metalloproteins involving
Fe(II) centres interact with NO reversibly, and form nitrosyl complexes of iron hav-
ing S = 3/2. These iron nitrosyl complexes are characterized by EPR with the g values
around [50] 4.0 and 2.0.

Joannou and Cui [51] reported that the EPR signal at g, = 1.999 and g = 1.927
with resolved N hyperfine splitting has been observed for an intermediate Fe'NO*
complex during the reduction of nitroprusside by thiols. Reaction of nitroprusside
with a thiol such as cysteine (Figure 2.39) forming single-electron reduction result-
ing in the formation of [Fe(CN)sNOJ*~ as a paramagnetic form due to NO-centred un-
paired electron, and with the respective EPR results showing g, = 1.9993, g, = 2.008
and g, = 1.9282.

(0}

HS OH

NH, Figure 2.39: Chemical structure of cysteine.
Additional reaction in [Fe(CN)sNO]*~ involves internal electron transfer and the
formation of an Fe'NO* complex [Fe(CN),NO]>". The experimentally observed EPR

parameters for the new complex so obtained are g, = 2.0054, g, = 2.036 and g, =
2.0325.
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2.9.5 Nuclear magnetic resonance (NMR) spectral studies

NMR spectroscopy principally rests on the use of "“N and'°N NMR studies of diamag-
netic complexes. This is why the technique is quite limited in its use. It is notewor-
thy that N nucleus is quadrupolar (I = 1) and has a high natural abundance but
small relaxation times. Contrary to this, >N (I = 1/2) has a very low natural abun-
dance but long relaxation times. Having dissimilar properties, both nuclei have
their own importance in NMR spectroscopy. Notably, most commonly available data
on NMR are based on N studies on metal nitrosyl complexes [52]. In view of the
above, most of N-NMR studies have been carried out on both synthetic and natural
metalloporphyrins. Additionally, N-NMR studies have also been made on cobalt
and ruthenium nitrosyl complexes. Certain *’Co measurements have also been re-
ported in the literature on NMR studies.

In general, the °N chemical shifts (6y) vary over a wide range in ppm unit. This
also happens in metal nitrosyls that have linear M-N-O groupings. Ordinarily, it
has increasing trend across the transition metal series, and also down in a particu-
lar group. In metal nitrosyl complexes having bent M-N-O species, normally"*N
chemical shifts are significantly more deshielded (with respect to nitromethane)
compared to the linear nitrosyl complexes. As per the available reports, &y varies
from around 950 to 350 ppm in metal nitrosyls with bent M—N-O groupings. On the
other hand, chemical shift varies from about 200 to 10 ppm in nitrosyl complexes
involving bent M—N-O groupings.

Also, shield tensors are known to give some substantial information for metal
nitrosyl complexes. For instance, a technique called cross-polarized magic angle
spinning provides information on fluxionality between linear and bent M—-N-O
groupings in solid metal nitrosyls. Using the same technique, one can get informa-
tion on fluxional behaviour of metal nitrosyls in solution also [52]. Moreover,
shielding tensor analysis in transition metal nitrosyl complexes having bent M-N-O
arrangement, namely, [Co(NO)(tpp)], provides information on the swinging or spin-
ning of the NO group over the face of the porphyrin ring.

5N NMR studies in the explanation of linear versus bent dinitrosyls of [Ru(NO),Cl
(PPhs),]* form do not show exchange effect in the respective solid state. However, in
solution phase, it was found that the complex under square-pyramidal geometry isomer
with linear and bent M-NO attains an equilibrium with respect to trigonal-bipyramidal
conformation bearing linear M-NO functionality as indicated by Figure 2.40. The corre-
sponding osmium nitrosyl exists as a solid-state stable isomer with ~/M-N-O of 169°
and 171°. Both forms actually show a rapid fluxionality making linear versus bent iden-
tity indistinctive in NMR scale [53].
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Figure 2.40: Suggested dynamic processes to explain the >N NMR recorded results of dinitrosyl
complexes [MCI(NO),(PPhs),]* (M = Ru or Os).

2.9.6 X-ray photoelectron spectroscopy or ESCA studies

The electronic distribution in the M-N-O group in nitrosyl complexes lies in between
two extreme labels NO™ and NO™. The X-ray photoelectron spectroscopy may be used to
throw light in distinguishing these two extreme labels of bonding in nitrosyl complexes
by studying the binding energies of the electrons of the atoms in these complexes. The
difference in the binding energies for a particular atom present in a functional group
when free and coordinated may reflect on the change of electron distribution of the atom
on coordination. A positive change conforms to the effective +ve charge of an atom in the
complex compound, whereas the negative move conforms to the effective —ve charge.
The Ny binding energy for coordinated cyano groups in compounds 4-10 and
coordinated nitrosyl group of the nitrosyl complexes along with N, value for NO* in

NO*ClO,™ and for neutral NO molecule is presented in Table 2.16. Two valuable in-

formation can be drawn from the ESCA data:

(i) While the Ny electron binding energy (Ey,) value for the NO ligand varies from one
complex to another, the Ny  electron binding energy (E,) value for the CN ligand is
practically unchanged. This means that the degree of n-bonding within the M—C-N
group is changed very little compared to the more pronounced change in the de-
gree of m-bonding within the M-N-O group. This result also correlates a constant
value of C—N bond distance and a pronounced variation in N-O bond distance in
cyanonitrosyl complexes (vide section bonding in nitrosyl complexes under six co-
ordinate complexes).
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Table 2.16: ESCA data for NO*ClO,~, NO, NO™ and some nitrosyl complexes.

S. no. Species Ep N1 (NO) (eV) E, N1s (CN) (eV) Reference
1. NO*ClO,~ 409.0 - [53a]
2 NO (gas) 406.0 - [53a]
3. NO™ 402.0* - [53a]
4, Na,[Fe(NO)(CN)s] - 2H,0 403.9 398.7 [53a, 53b]
5. Fe[Fe(NO)(CN)s] 402.6 - [53a]
6. Zn[Mn(NO)(CN);] - H,0 402.1 398.3 [53b]
7. K5[Cr(NO)(CN)s] - H,0 401.4 399.0 [53b]
8. K5[Mn(NO)(CN)s] - 2H,0 401.6 398.3 [53b]
9. K4[Mo(NO)(CN)s] 401.1 398.8 [53b]
10. K5[V(NO)(CN)s] 400.6 398.8 [53b]
11. [Mo(NO),(Cl),(PPhs),] 401.6 - [53c]
12. [Mo(NO),(Et,-DTC),] 400.0 - [53d]
13. [Mo(NO),(Cl),(diars)] 401.6 - [53d]
14. (Ph4P),[Mo(NO)(Cl),] 401.0 - [53€]
15. CSz[MO(NO)(Cl)z,(HzO)] 401.0 - [53e]

* Extrapolated value.

(i) With the possible exception of [Fe(NO)(CN)s]*", the Ny, binding energies for all
other nitrosyl complexes come lower to that of NO™ and even for the nitroprus-
side, the value is lower than that of neutral NO. This strongly suggests that all
nitrosyl complexes mentioned in Table 2.16 may be considered as containing
NO™. However, for allocating the oxidation state of the metal atom in a nitrosyl
complex, binding energies of a particular atom can be compared as a function
of the different oxidation states. For a series of iron and molybdenum com-
plexes, metal binding energies are given in Table 2.17.

From this table, it is clear that Mo 3ds/, binding energy gradually increase with in-
crease in oxidation state of molybdenum where ligand environments are non-con-
troversial. Also whenever the complex is in anionic form, this binding energy is a
bit higher than that of neutral complex having the same oxidation state of molybde-
num. Thus, the overall charge on the complex has an obvious result on the binding
energies. On the basis of this fact, the reported Mo 3ds/, binding energies of some of
the neutral {Mo(NO),}° derivatives, which are slightly lower than that in case of Cs,
[Mo(NO),(Cl),], are justified. Feltham et al. comparing the binding energy Mo 3ds,,
for [Mo(NO),(Cl),(diars)] (230.3 eV) with trans-[MoOCl-(diars),]PF¢ (230.1 eV) con-
cluded that as this dinitrosyl derivative is having slightly higher value for Mo 3ds/,,

printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.9 Characterization of metal nitrosyl complexes using spectroscopic =—— 109

Table 2.17: Binding energies of metals in some Fe and Mo complexes along with their oxidation
states.

S. no. E, Mo3ds,, Oxidation state Reference
or E, Fe2ps;; (eV)
1. K5[Fe(CN)e] 710.3 1l [53a]
2. K4[Fe(CN)e] 708.8 Il [53a]
3. Fe[Fe(NO)(CN)s] 711.3 - [53a]
4, Na,[Fe(NO)(CN)s] 711.0 - [53a]
5. Cs,[MoOCls] 231.9 \" [53f]
6. Cs,[MoOBrs] 231.4 \" [53f]
7. [Mo,Cl;,] 231.2 \" [53f]
8. [MoCl,(PPhs),] 231.1 \% [53c]
9. Ks[MoClg] 230.0 Il [53g]
10. Rbs[Mo,ClgH] 229.8 1l [53h]
11. [Mo,Cl,(py).] 228.6 I [53f]
12. (NH4)5[Mo,Clg] - H,0 229.3 I [53f]
13. trans-[Mo(N,)(Cl)(dppe).] 228.2 | [53d]
14. trans-[Mo(N,)(Br)(dppe).] 228.1 | [53d]
15. trans-[Mo(N,),(dppe)-] 227.2 0 [53d]
16. [Mo(NO),(Cl),(diars)] 230.3 - [53d]
17. [Mo(NO),(Cl),(PPh5),] 230.5 - [53c]
18. [Mo(NO),(Et,-DTC),] 229.6 - [53d]
19. Cs,[Mo(NO),(Cl),] 231.3 - [53i]

the formal oxidation state of Mo in this complexes may be taken as (+V). However,
the binding energy of Mo in the cationic complex should be viewed with caution,
as the overall positive charge may affect the observed value.

For a series of neutral complexes containing {Mo(N0),}° moiety, the Mo 3ds/,
binding energies are lower than those reported for the pentavalent molybdenum.
Moreover, Walton [2] showed that the binding energy of Mo(V) may even be equal
to that of Mo(IV). On these grounds, the oxidation state of the Mo in this {Mo(NO),}°
series may be considered as (+IV). This is in conformity with the assignment of the
nitrosyl group as NO™ in these complexes. However, the situation is not as simple as
it appears from the above discussion. For example, in the series K,[Fe(CN)¢], K;5[Fe
(CN)g] and Na,[Fe(NO)(CN)s], the Fe2ps/, binding energies reported are 708.8, 710.3
and 711.0, respectively. Since the oxidation state of iron is (+II) and (+III) in ferrocy-
anide and ferricyanide, respectively, the oxidation state of iron should be more
than (+III) in nitroprusside.
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2.9.7 Méssbauer (MB) spectral studies

MB spectroscopy is an important experimental technique in bioinorganic chemistry.
This is owing to the fact that the technique provides an extremely fine energy reso-
lution and can identify even minute changes in the nuclear surroundings of the per-
tinent atoms. This technique can give information on the spin and oxidation states
of the MB-active atom depending on the chemical analysis of surrounding effects on
nuclear interactions. The method depends on the recoilless resonant absorption of
y-radiation by the MB-active nuclei from a source emitter isotope. This spectroscopy
follows the fact that the excitation energy of the nucleus (caused by the absorption
of gamma rays) is disturbed by its chemical surroundings. The disturbance is counted
by measuring the Doppler shift essential to cause the resonant absorption between
the sample and the reference.

Applications of the MB effect to solid-state research are principally based on hy-
perfine structure of the spectra. Usually, three hyperfine interactions are examined
in this spectroscopy. In fact, these three interactions provide a link to the electronic
structure in this technique. These are (i) isomer shift (or chemical shift), (ii) quadru-
pole splitting (QS) and (iii) hyperfine splitting/magnetic hyperfine splitting (also
known as Zeeman splitting).

(i) Isomer shift

The isomer shifts (§) give an idea about the metal-ligand bond covalency and also
about the spin and oxidation states of the MB-active atom in question. The extent of
the isomer shift depends on the electron shielding covalency influences and the
changes in bond distances. The MB isomer shifts are proportional to the s-electron
density at the nucleus. The s-electron density in turn is influenced by the d-elec-
trons shielding. Accordingly, the isomer shift is a sensitive measure of the above-
mentioned properties of an MB-active atom.

Isomer shifts in MB spectroscopy are usually interpreted taking into consider-
ation of the following rules: (i) the isomer shifts of the spin-paired complexes are
lower compared to those of the spin-free complexes, (ii) the isomer shift increases
with the increase in coordination number. However, the related lengthening of bonds
must also be taken into consideration. (iii) The isomer shift increases with the de-
crease in oxidation state, and (iv) the isomer shifts of metals coordinated by soft li-
gands (e.g. sulphur donor) are less than those coordinated by hard ligands (e.g. N, O
donor). Mostly, higher the ligand field strength, the greater is the isomer shifts (§) ob-
served. Therefore, the important considerations are the o-donor and m-acceptor fea-
tures of ligands.
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(ii) Quadrupole splitting
The interaction between the nuclear energy levels and the surrounding electric field
gradient is revealed by the QS.

The majority of absorber MB nuclei are found to have non-zero spins and also
most of them have half-integral spins rather than integral spins. Further according
to a selection rule, the spins of the excited state must be different from that of the
ground state. Thus, it follows that either or both of the nuclear states will have spin
>1/2. It is well known that nuclei having spin I >1/2 keep an electric quadrupole mo-
ment because of the non-spherical charge distribution. Therefore, one or both nu-
clear states will have electric quadrupole moment. The electric quadrupole moment
so produced will interact with electric field gradients at the nucleus produced by its
surroundings.

A fairly common situation for the excited state nucleus is to have I = 3/2 (and
thus have an electric quadrupole moment) and the ground state I = 1/2. This is
found, for example, in >’Fe, ®Sn and *Xe. With I = 3/2, there are (2 + 1) or 2 x 3/
2 + 1 = 4 possible orientations for the excited nucleus in an electric field along the
vertical (z) direction (Figure 2.41). These orientations are specified by the quantum
number m; being 3/2, 1/2, -1/2 and -3/2.

As the angle which the nucleus makes with the electric field gradient is the
same in the m; = +1/2 states, these two states will have the same energy in the elec-
tric field. Similarly, the two states m; = +3/2 have the same energy, though different
from that of the m; = 1/2 states.

A
m, = +3/2
m; = +1/2
my=-1/2
my =-3/2 Figure 2.41: The four allowed spin orientations to an excited nucleus having
I=3/2in an electric field.

The electric quadrupole moment of the excited nuclear state having I = 3/2 interacts
with the electric field gradient. This results in the splitting of the excited nuclear
energy into two levels. If the quadrupole moment is positive (cigar shape), the +3/2
states are raised in energy and the +1/2 states are lowered (Figure 2.42), while a re-
verse situation exists where the quadrupole moment is negative (tangerine-shaped
nucleus). It is notable here that the ground state with I = 1/2 will not split because of
having no electric quadrupole moment. Thus, the QS parameters are very sensitive to
the changes in the population and geometry of MB-active-atom-derived M.O.s.
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Excited ——my=13/2
state _.-” A
1=3/2 .
m; = +1/2
Figure 2.42: (a) The ground and excited state energy
1=1/2 e my = +1/2 levels of a nucleus in the absence of an electric field.
Ground (b) Quadrupole interaction of a nucleus having /=3/2
state in the excited state in the presence of an electric
(@ (b) field.
Example

Ferrocyanide ion {[Fe(CN)¢]*"}and nitroprusside ion {[Fe(CN)s(N0)]*"}

Electrical field around the iron nucleus in ferrocyanide ion [Fe(CN)g]*" is sufficiently
symmetrical because of the spherical charge distribution (tzgéego). This causes no
electric field gradient at the iron nucleus, and thus no QS. Thus, its MB spectrum
has a single sharp peak without any splitting.

Replacement of one of the cyano groups in ferrocyanide ion by NO yields [Fe
(CN)s—(NO)]* wherein symmetrical electric field is lost. This produces sufficient elec-
tric field gradient to cause observable QS. Consequently, the spectrum shows two
peaks. Both the MB spectra are shown in Figure 2.43.
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Figure 2.43: Mossbauer spectra of (a) ferrocyanide ion and (b) nitroprusside ion. Spectrum
(b) displays quadrupole splitting.

QS is thus a sensitive and powerful means of monitoring the symmetry of a given
compound.
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(iii) Magnetic hyperfine splitting

Indeed, the nucleus and the any magnetic field surrounding it interacts, and this
results in the happening of hyperfine splitting or magnetic hyperfine splitting. Nota-
bly, in the vicinity of magnetic field, a nucleus having spin I splits into (2I + 1) sub-
energy levels. This gives a hyperfine structure in the MB spectrum. A hyperfine
structure in atoms happens because of the energy of the nuclear magnetic dipole
moment in the magnetic field produced by the electrons, and the energy of the nu-
clear electric quadrupole moment in the electric field gradient as a result of the
charge distribution within the atom. Owing to the domination of the two effects de-
scribed earlier, the molecular hyperfine structure also involves the energy related
with the interaction between the magnetic moments of different magnetic nuclei in
a molecule. The hyperfine structure also includes the energy between the nuclear
magnetic moments and the magnetic field produced by the rotation of the molecule.

MB studies on metal nitrosyls

Mostly, nitrosyl complexes of iron and ruthenium have been extensively studied by
MB spectroscopy. However, some early reports on iridium nitrosyl complexes are
also available in the literature. MB spectral studies on cobalt complexes are of spe-
cial interest. This is due to the important role it plays in many biological paths as a
protein cofactor.

It is well known that the M-N-O electronic arrangement in metal nitrosyls is
very sensitive to its coordination environment. Therefore, MB spectroscopy is very
much relevant in examining the structures of metal nitrosyls. When the measure-
ments in MB spectroscopic are pooled with the results of DFT calculations, this
study becomes more effective. Sandala and co-workers [54] reported that the uses of
MB spectroscopic data in the calibration of isomer shift permit one to precisely as-
sess the Fe and NO spin populations in iron nitrosyls. DFT [55] is gradually becom-
ing a popular tool in calculating structures and MB properties of iron nitrosyl
compounds.

In order to study the metalloenzymes, particularly, containing iron, MB study
that conjoints with DFT [56] has been used. By using these two methods conjointly,
these studies provide an atomic-level interpretation of the mechanisms of action of
metalloenzymes. The interactive comparison of computational calculations with the
experimental one permits a confirmation of the existing data and calibration of the
MB parameters for a range of the frequently used DFT functionals. This type of
methodology has been effectively used to test a group of non-haeme iron nitrosyls
involving mono- and poly-nucleated low- (S = 1/2) and high-spin (S = 3/2) iron
centres having {FeNO} and {Fe(NO),}° electronic configurations. The ligand field
and geometry of the nitrosyl complexes strongly influence their MB spectra. MB
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Table 2.18: Mossbauer data for some iron and ruthenium nitrosyl compounds along with electronic
configuration of {MNO) core.

Complex Electron config./ Isomer shift Quadrupole Reference
metal oxidation d(mms™?) splitting parameter,
state [AEQ, mm s7!]
(a) Complexes: non-haeme
[Fe(NO)(H,0)5%* {FeNOY 0.760 2.10 [57]
[Fe(dtciPr,),(NO)] {FeNO}’ 0.350 0.89 [58]
[Fe(NO),(SPh),]*~ {Fe(N0),}° 0.182 0.69 [69]
[Fe(NO),(SC,H3N3)(SC,HoNS)]  {Fe(NO),}° 0.310 1.12 [60]
[Fe,(EtHPTB)(0,CPh) (NO),]**  2x{FeNO}’ 0.670 1.44 [61]
(b) Complexes: haeme
[Fe(NO)(TPP)] {FeNO}Y’ 0.35 1.24 [62]
[(Cytochrome cd)haeme-NO] {FeNOY 0.34 0.8 [63]
(c) Metal nitrosyls: ruthenium
K,[RuCl5(NO)] {RuNO}® -0.43 0.11 [64]
K,[Ru(NO,),(OH)(NO)] {RuNO}® -0.22 <0.07 [64]
[Ru(NH3)s(NO)ICl5 {RuNO}® -0.2 0.41 [64]
[RuCl(py)4(NO)](PFs)> {RuNO}® -0.2 0.37 [64]
[RuBr(py),(NO)I(PFs), {RuNO}® -0.2 0.37 [64]

dtciPr,, di-isopropyl dithiocarbamate; Ph, phenyl; Et-HPTB, N,N,N’,N’-tetrakis(N-ethyl-2-benzimid-
azolylmethyl)-2-hydroxy-1,3-diaminopropane; TPP, tetraphenylporphyrin.

parameters for some typical iron and ruthenium nitrosyl complexes along with the
electron configuration of the {MNO} cores are given in Table 2.18.

The MB spectrum of the [Fe(H,0)s(NO)]** solution enriched with *’Fe nucleus
measured in zero field at 80 K displays a peak at approximately 1.8 mm s™* having
6= 0.76 mm s and AEQ = 2.10 mm s'. Remarkably, the MB and EPR parameters
of the pentaaquairon complex [Fe(H,0)s(NO)]** in question are closely similar to
that of the {FeNO}’ cores of the other nitrosyl complexes characterized well. Based
on the above observations, it was concluded that its electronic structure is best
presented as a high-spin (S = 5/2) Fe*>* coupled to the NO™ (S = 1) antiferromagneti-
cally. This gives the observed spin quartet ground state, S = 3/2. The calculated
Mulliken iron spin population in the [Fe(H,0)s(NO)]** complex with S = 3/2 was
observed between 3.4 and 3.8. However, this opinion was revised by Cheng et al.
[65] in 2003. On the basis of DFT calculations, these authors proposed that the
spin-quartet ground state of the [Fe(H,0)s(NO)]?* is best designated somewhat as
the Fe' (S = 2) coupled to the NO (S = 1/2) [not to NO™ (S = 1)] antiferromagnetically.
This gives the correct assignment of the pentaaquairon complex as [Fe''(H,0)s(NO)**,
and not the [Fe'™(H,0)s(NO)]** or the [Fe'(H,0)s(NO*)]** given in the conventional
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textbooks. The Fe-N-O bond angle in the optimized structure of [Fe(H,0)s(NO)]**
was found as linear.

The isomer shifts (), in certain ruthenium(II) compounds, were found to be
approximately —0.20 mm s~ '. These values in isomer shifts are nearly equal for
most of the known nitrosyls and rational with a +2 charge of the central ion. How-
ever, the too much negative value of § for K,[Ru(NO)Cls] (-0.43 mm s™) specifies a
much stronger ligand field in this compound compared to the other ruthenium ni-
trosyl complexes. The two distinct MB peaks found in ruthenium nitrosyl com-
plexes, such as [Ru(NO)Cl(py),](PFg),, [Ru(NO)Br-(py),](PFs), and [Ru(NO)(NH;)s]
Cl; (with AEQ ~ 0.40 mm s '), exemplify the un-symmetric environment of the cen-
tral ion. For each of the complexes under this investigation, the backdonation of
the metal d-electrons to the m* orbitals of the NO ligand is very strong, but almost
the same for in each. This is substantiated by the relatively small variations in stretch-
ing frequency of NO [v(NO)] in the IR spectra of these complexes. Thus, the observed
variations in the isomer shifts are due to the contribution from the remaining ligands
to the ligand field.

2.9.8 Kinetic studies

With an intention of extending the work of kinetic studies carried out on metal
carbonyls, several research groups were extensively involved in the kinetics and
mechanism of substitution reactions of metal nitrosylcarbonyls [66-71]. Remark-
ably, the existence of NO ligand with CO in metal nitrosylcarbonyls considerably
affects the mechanism so that they undergo SN*type reactions. On the other hand,
SN' mechanism is usual for metal carbonyls such as [Ni(CO),]. Most of the kinetic
studies of substitution reactions on cobalt nitrosylcarbonyl [Co(NO)(CO);] and its
derivatives have been carried out. Additionally, kinetic studies of substitution re-
actions in [Mn(NO)(CO),] and [Fe(NO),(CO),] have also been explored with similar
results.

In the oldest known cyanonitrosyl complex ion, the so-called nitroprusside ion,
[Fe(NO)(CN)s]*, kinetics of the substitution reactions with many substrates have
been explored. One of the simplest reactions studied is that of the nitroprusside ion
with OH™. This has long been known to give rise to the formation of [Fe(NO,)(CN)s]*".
Swinehart and Rock [72] in 1966 have carried out the detailed thermodynamics and
kinetic investigation. They suggest the mechanism for the substitution reaction as
follows:

[Fe(NO)(CN),]* +OH™ — [Fe(NO,H)(CN),]>~ @.1)

[Fe(NO)(CN),]* +20H~ — [Fe(NO,)(CN),]* +H,0 22)
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In this substitution reaction, the rate-determining step is reaction (2.1). The pKa
value was determined by the stopped-flow method for the equilibrium [Fe(NO,)
(CN)s]*~= [Fe(NO,H)(CN);s]>". This has been found to be about 6.4.

The reaction of nitroprusside ion with the substrate SH™ completes through a
similar mechanism as that given with substrate OH". [Fe(NOS)(CN)s]*~, which is un-
stable in solution, is formed through an intermediate that most probably contains
NOSH group [72].

When mixtures of nitroprusside ion [Fe(NO)(CN)s]>~ and NCS™ are irradiated,
a deep blue colouration is obtained. This may also be prepared by acidifying a
basic solution of the two reactants. The kinetic studies carried out by Dempir
and Masck [73] in 1968 suggested that the species responsible for the deep blue
colour is [Fe(CNS)(CN)s]*". This blue colour species [Fe(CNS)(CN)s]*" is formed
by the reaction of [Fe(NO,)(CN)s]*~ or [Fe(H,0)(CN)s]>~ with NCS™.

Swinehart and W. G. Schmidt [74] applied the spectrophotometric methods to ex-
plore the kinetics and mechanism of the reactions of the nitroprusside ion [Fe(NO)
(CN)s]*” with ketones, namely, acetone and acetophenone in basic medium. The deep
red intermediates formed in these reactions were believed to be of the type shown in
Figure 2.44.

(o]
O
(NC)SFeN< )OJ\
\C—C—R

|
H O
Acetone Acetophenone

Figure 2.44: Deep red intermediates formed by [Fe(NO)(CN)s]>~ with acetone and acetophenone.

For the first time in 1970, West and Hassemer [75] explored the Kinetics of the reac-
tions of [Fe(NO)(CN):]*~ with different thioureas.

The hydrolysis of pentacyanonitrosylchromate (I), [Ct(NO)(CN)s]>~ was studied
by Burgess et al. [45] in 1968 using ESR method. Thereafter, Bottomley et al. [76]
investigated the same hydrolysis reaction employing the electrochemical method.
The ESR spectra of all the aquation products [Cr(NO)(H,0),(CN)s_,J* > have been ex-
amined by the research group of J. Burgess and as per their findings the processes

[Cr(NO)(CN),) (H20);]” — [Cr(NO)(CN)(H,0),]"

and 24
[Cr(NO)(CN)) (H;0),]* — [Cx(NO) (H,0)s]

were shown to be of first order.
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2.9.9 Nuclear resonance vibrational spectroscopic studies

NRVS is a synchrotron-based technique. This investigates vibrational energy levels
[77]. Tt is notable that the technique is precise for those samples that contain MB-
active [78] nuclei. NRVS is selective for vibrations involving displacement of MB-ac-
tive nuclei. Most of the reported NRVS results are centred around *’Fe isotope. The
massive amount of the NRVS data for iron results, owing to its presence in the
haeme and non-haeme centres of proteins. It is expected that the NRVS spectrum
comprises an MB signal with vibrational sidebands.

Dissimilar from Raman and IR spectroscopies, NRVS follows no optical selection
rules. Hence, all of the iron-ligand modes can be observed in the spectrum. For exam-
ple, in haeme (Figure 2.45) molecule, these comprise the in-plane Fe-N (macrocyclic
ring) vibrations and the Fe-N (imidazole) stretching for six-coordinated porphyrinates.
These stretching vibrations were not reported in resonance Raman spectral studies.
Other low-frequency vibrations, comprising the haeme doming, can also be explored
by NRVS. Consequently, the NRVS experiment can provide the complete set of bands
corresponding to the modes that involve motion of the iron atom. Besides these, those
modes that do not follow the optical selection rules of Raman or IR spectroscopy are
also observed in NRVS spectrum. Moreover, NRVS is an ideal tool for the identification
of metal-ligand stretching vibrations. This is because it samples the kinetic energy dis-
tribution of the vibrational modes. The band intensities are, therefore, proportional to
the amount and direction of the iron motion in a normal mode [79]. This makes the
metal-ligand stretching vibrations very intense in NRVS.

The applied aspect of NRVS for metal-ligand stretching vibrational data in metal
nitrosyls is exemplified here by taking an example of ferrous nitrosyl tetraphenylpor-
phyrin [*’Fe(TPP)(NO)] (TPP=tetraphenylporphyrin). NRVS data for this five-coordi-
nated compound, both in a powder sample and as an oriented single-crystal array,
were obtained with all porphyrin planes at an angle of 6° to the incident X-ray beam.
This allowed increasing the intensity of in-plane modes in the crystal relative to the
powder sample, while the out-of-plane mode intensities were reduced comparative to
the powder sample. The modes that are less intense than their equivalents in the pow-
der spectrum represented out-of-plane vibration modes’ character. As per rule, the re-
maining modes clearly had a strong in-plane character. The in-plane modes in D,y
symmetry are Raman inactive, and were previously unobserved. Although in the case
of the [Fe(TPP)(NO)], the D,;, symmetry breaking caused by the axial NO ligand might
allow Raman observation of these in-plane vibrations, they have not been reported.
On the other hand, NRVS will always allow observation of these in-plane modes. The
in-plane modes were found in the region 200-500 cm™ for a series of five-coordi-
nated iron porphyrin nitrosylates [80]. Vibrations connected with hindered rotation/
tilting of the NO and haeme doming are expected at low frequencies, where Fe motion
perpendicular to the haeme (out-of-plane vibrations) is recognized experimentally for
[Fe(TPP)(NO)] at 73 and 128 cm ™.
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Figure 2.45: Structure of haeme.

Scheid et al. [81] reported that DFT calculations signify that no Fe—-N-O stretch-
ing mode can be assigned independently. In fact, the Fe—NO stretch modes have a
significant Fe—-N-0O bending character as well as a Fe-NO stretching character. The
Fe—N-0 bending mode was also calculated to contribute in the in-plane Fe vibra-
tions. The *’Fe excitation probabilities for a series of iron porphyrins (Figure 2.46)
have been measured by the research group of Scheid. Accordingly, these measure-
ments display that iron-nitrosyl porphyrinato complexes have Fe-NO stretch/bend
modes in the range 520-540 cm ™. Moreover, the bands found in the region 300-
400 cm™ were associated with stretching of the four in-plane Fe—Npyrrole bonds of
the nitrosyl compound [Fe(TPP)(NO)].

2.9.10 Mass spectral studies

It is notable that the mass spectral studies on metal nitrosyl complexes encompass
the measurement of certain physical quantities, namely ionization energies, metal—
ligand dissociation energies as well as examination of fragmentation patterns.
Interestingly, in some carbonylnitrosyl complexes, such as [Fe(NO),(CO)L] and
[Co(NO)(CO),L], mass spectral studies carried out by two research groups [82, 83]
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Figure 2.46: Nitrosyl complexes displaying an Fe-NO stretch/bend mode in the range 520-540 cm™
and stretching of the four in-plane Fe~Npyo1e bonds in the range 300-400 cm™,

conclude that a linear correlation is found between the first ionization energy of the
complex and the first ionization energy of the corresponding ligand L. It has been
observed that a decrease in the o-donating ability of ligand L is accountable for a
decrease in the first ionization energy of the complex. Moreover, calculated first ion-
ization energies of [Fe(NO),(CO)L] and [Co(NO)(CO),L] are found to be in good parity
with the measured values from their mass spectra.

Johnson et al. [84] studied the fragmentation pathways of several dinitrosyl
complexes of cobalt and iron of the general composition [M(NO),(X)], (wWhere X = Cl,
Br and I for M = Co and X = Cl and Br for M = Fe). They observed that the nitrosyl
groups are removed stepwise from the iron compounds. The final residue found in
these iron complexes is [Fe,X,]". On the other hand, mass spectra of the cobalt com-
plexes display a higher profusion of mononuclear ions containing nitrosyl groups.
These results conclude that the iron compounds have metal-metal bonds. This in-
creases the stability of the dinuclear fragments. In complexes [Fe(NO),(SR)], and
[Co(NO)5(SR)],, the nitrosyl groups are only removed. This show that the thio-bridges
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are more than the halo-bridges in [M(NO),(X)], (where X = Cl, Br and I for M = Co and
X = Cl and Br for M = Fe).

The mass spectrum of dimeric mononitrosyl complex of molybdenum [Mo(CsHs)
(NO)(@),), (I) (Figure 2.47) is interesting. The highest molecular ion peak observed in
this case is due to the formation of [Mo(CsHs)(NO)(I)],* (II) (Figure 2.47). This hap-
pens due to the loss of the two terminal iodide ligands from the parent compound
[85] as shown. The complex [Mo(CsHs)(NO)(I)], was then synthesized in the labora-
tory of the R. B. King.

o an

Z
o

Figure 2.47: Fragmentation pattern of [Mo(CsHs)(NO)(1),], (1) forming Mo(CsHs)(NO)(D],™ (11).

A thrilling restructuring was observed by J. Miiller [86] in the mass spectrum of sev-
eral metal carbonylnitrosyls. For instance, in the fragmentation pathway of [V(Cp)
(NO),(CO)], the ion VO* is observed. On the other hand, in that of [Fe(Cp)(NO)],, the
ion CpFe,0" is demonstrated. Metastable peaks display that these ions are formed
through the following ways:

[V(Cp)(NO)] i \ON +C5H5N

and
[Fez(Cp)ZNO)] e CpFe,O Tt CsHsN

The restructurings are thought to happen as follows:

R

=

+

‘M —N=—O0: —>Mt07N —> M=0 + R—N:

Interestingly, analogous restructurings do not take place in the mass spectrum of
[Ni(Cp)NO] or [M(Cp)(NO)(CO),] (M = Cr, Mo or W). The dissimilar behaviour in re-
structurings is considered to occur in the spectrum of [Ni(Cp)NO] or [M(Cp)(NO)
(CO),] because ions [V(Cp)(NO)]* and [Fe,(Cp).NO)]* formed as the intermediate
hold an even number of electrons. On the other hand, the resulting [Ni(Cp)(NO)]*
and [M(Cp)(NO)]* have an odd number of electrons. The latter ions are unable to
undertake the types of restructuring shown above.
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Maurya et al. [87] have examined the mass spectrum of chromium(I) nitrosyl com-
plex [Cr(NO)(acac),] (acacH = acetylacetone) (Figure 2.36). In addition to the parent
ion peak at m/z = 280, fragmented ions observed were NO*, Cr*, Cr(acac)”, Cr(NO)
(acac)*, Cr(acac),” and Cr(acac);*. Looking over the fragmentation patterns, the nitro-
syl compound in question was established as a monomer.

C——~O0
H c/ \]Cr/ \CH2
2
>c:o/ \o—c<
H;C CH;  Figure 2.48: Structure of [Cr(NO)(acac),].

Maurya et al. [1] recently reported the preparation and diagnosis of a ruthenium(II)
nitrosyl complex (involving Schiff base ligand obtained from the condensation of
dehydroacetic acid and thiosemicarbazide) of composition [Ru’(NO)(dha-tsc)(Cl)
(H,0)] (Figure 2.49). In addition to other characterization tools, namely elemental
analysis, NMR, FT-IR, UV-Vis, cyclic voltammetry and thermogravimetric analy-
sis, mass spectrometry was also carried out in support of characterization of this
compound. The synthesis of the Schiff base ligand and its complex is shown in
Figure 2.49.

The THERMO Finnigan LCQ advantage maxion trap mass spectrometer was used
for recording the spectrum of the complex in question in the mass ranges of 100-700
(Figure 2.50). The different mass fragments of the complex show well-defined m/z
peaks of ruthenium isotopes ranging from 422 to 430. This indicates the formula
weight of the compound. The difference in heights of the respective peaks is as a re-
sult of isotopic profusion of the metal. In addition, m/z peak near 240 indicates the
mass of Schiff base ligand. ESI-mass spectrometry in combination with other instru-
mental techniques provides the sufficient proof of molecular composition of the com-
plex compound in question.

2.10 Reactivity of nitric oxide coordinated to transition metals

The use of pentacyanonitrosylferrate(Il), [Fe(NO)(CN)s]*", as the source of qualitative
spot test determination of SH™, SO5°" and a range of organic compounds has a very
extensive and remarkable history. However, in 1967 it was reviewed by J. H. Swine-
hart [88] that these tests involve reaction of the coordinated NO and that the typical
colours produced are accompanying with the chromophoric group [Fe{N(O)R}],
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Figure 2.49: Synthesis of [Ru"(NO)(dha-tsc)(Cl)(H,0)].
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Figure 2.50: ESI MS of the complex.

where R is sulphide, sulphite and carbanion. Apart from the analytical use of this
work, however, the attention paid to the reactivity of the metal nitrosyls is very
inadequate compared to the metal carbonyls. This is because of the fact that the
coordinated NO is strongly bonded with the metal in nitrosyl complexes. As a re-
sult, the ligand displacement reactions are not as frequent as those with the metal
carbonyls. Due to the enormous studies on metal carbonyls having industrial sig-
nificance, many aspects concerning the reactivity of nitrosyl complexes have come
out. Two things are of key importance in these studies: (i) the first one is to deal with
the environmental pollution triggered by NO and (ii) the second one is the develop-
ment of newer catalytic system of industrial applicability.
The reactions of the coordinated NO fall under the following category:

2.10.1 Nucleophilic attack

It is noteworthy that most of the spot tests developing colours using pentacyano-ni-
trosylferrate(Il), [Fe(NO)(CN)s]*", for example, the test for detection of SH™, so-called
Gmelin reaction, the Boedeker test for SO5*>~ and so many others, are now considered
as a nucleophilic attack upon the coordinated NO group of the pentacyanonitrosylfer-
rate(Il). This results in the production of an unusual ligand bound to Fe(II). Some-
times the displacement of NO by another species, usually H,O, occurs. Some of the
colour reactions occurring in such tests are presented in Table 2.19.
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Table 2.19: Colour development in [Fe(NO)(CN)s]* with
different substrates.

Substrate Colour Product

SH™, S~ Red [Fe(NOS)(CN)s]*~

Se?” Blue-green [Fe(NOSe)(CN)s]*~
Te?” Black [Fe(NOTe)(CN)s]*~
5052~ Deep-red [Fe{N(0)0S0,}(CN)s]*~
Mercaptans Purple-red [Fe{N(O)SR}CN)s]*~
Indole Violet [Fe(N,OCgHE14™
PhCH,CN Red PhC(=NOH)CN

m-CgH,(NO,), Red-violet [Fe(CN)5(H,0)]3~

Another well-known example of nucleophilic attack (already known since the mid-
dle of the nineteenth century) is the reaction of nitroprusside ion with nucleophile
OH7, as follows:

20H" + [Fe(NO)(CN),]> = [Fe(NO,)(CN),]* +H,0

This reaction (J. H. Swinehart, Coord. Chem. Rev., 2 (1967) 385-402) has an equilib-
rium constant of 1.5 x 10° L? mol 2. This may be compared to the value of 2.3 x 10*!
for the parent reaction,

NO*+20H™ = NO, +H,0

Such a wide difference in magnitudes of equilibrium constant suggests that coordi-
nated NO* in [Fe(NO)(CN)s]*™ is a considerably weaker electrophile [88] compared
to free NO™.

The well-known ruthenium dinitrogen complex [Ru(NH;)5(N,)]*" is the result of
the nucleophilic attack of OH™ over [Ru(NH;)s(NO)]** in a strong alkaline solution.
Bottomley et al. [76] proposed that the reaction occurs via the following reaction
mechanism:

]2+

[Ru(NH;)5(NO)]>" +OH™ = [Ru(NHz)(NH;),(NO)]*" + H;0
Ru(NH;)5(NO)P* + [Ru(NHy) (NHs), (NO)]** —
( [(ON)(NH;),Ru(NH,)(0)NRu(NH;3), (NO)]>* ) (X)

X — cis - [Ru(OH)(NH;),(NO)]*" + [Ru(NH;)5(N,)]** +H*
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The compound [RuCl(A-A),(NO)]** [where A-A = 2,2-dipyridyl or o-phenylene-bis
(dimethylarsine)] undergoes a range of electrophilic reactions [89, 90]. On reaction
with OH", the respective nitro complexes are formed as follows:

[RuCl(A - A),(NO)]** +20H™ = [RuCl(A-A),(NO,)] +H,0

I
As\
— — CH;4
/ \ o-Phenylenebis(dimethylarsine)
\ /
N N A|S/
2,2'-Dipyridyl CH;

Reaction of [RuCl(A-A),(NO)]** with azide ion (N5~) [91] undertakes in the following
way:

Solvent
[RuCl(A-A),(NO)]** +N;~ —— [Ru(Cl)(A-A),S] " +N;+N,0

where S = H,0, MeCN, MeOH or Me,CO.

2.10.2 Electrophilic attack of coordinated NO

The activity of the coordinated NO in the electrophilic attack would be just opposite
to that happened in the nucleophilic attack. The electrophilic attack is, therefore,
principally associated with the nitrosyl complexes where the M—N-O group is bent
or, in other words, the nitrosyl group contains NO~ grouping.

Research group of Collman [92] and Roper [93] examined the electrophilic at-
tack of coordinated NO in a nitrosyl complex of Os. The osmium dinitrosyl complex
[0s(NO),(PPhs),] (wherein the £ 0s—N-0 is a bit distorted from linearity) reacts in a
reversible manner with 2MHCI to give [Os(Cl),(NHOH)(NO)(PPhs),]. An analogous re-
action of [Os(C1)(CO)(NO)(PPhs),] leads to the formation of [0Os(Cl),(CO)(HNO)(PPhs),].
The former reaction is thought to occur in the following three steps:

[0s(NO),(PPhs),] + H* — [0s(NO)(HNO)(PPhs),] *

l+C17

[0s(Cl) (NO)(HNO)(PPhs),]

[0s(Cl) (NO)(NHOH)(PPhs),] " s [0s(Cl),(NHOH)(NO) (PPh;), |
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It is expected that continuous protonation of [0s(NO),(PPhs),] may give rise to the
formation of [0s(Cl);(NH,OH)(NO)(PPhs),]. However, this has not been perceived
with the osmium complex. However, the related Rh and Ir nitrosyl compounds can
be reduced so.

The nucleophilic and electrophilic attacks of the coordinated NO discussed above,
therefore, suggest that the metal nitrosyls containing linear M—N-0 group (i.e. having
NO™ grouping) should be unstable in alkaline medium. On the other hand, metal nitro-
syls containing bent M—N-O group (i.e. containing NO~ grouping) should be unstable
in acidic medium. As far as the synthetic point of view is concerned, the cyanonitrosyl
complexes synthesized in acidic medium should behave like nitroprusside anion, and
this, in fact, has been found to be factual. On the other hand, the cyanonitrosyl com-
plexes synthesized using hydroxylamine method, though rather unstable in acidic
medium, do not contain bent M-N-O grouping. Surprisingly, it has been shown by
Sarkar and Miiller [94] that complexes containing the same nitrosyl grouping can be
isolated in alkaline as well as in acidic media. This again reflects the lack of our
knowledge regarding the difference of actual electron density in the linear M—-N-O
grouping. Attempts were made by different research groups to answer this uncer-
tainty. However, a complete explanation is still awaited.

2.10.3 Reduction reactions

It is well known that nitrosonium ion (NO*) is reduced by one electron to give neu-
tral NO. Therefore, it appears rational to expect that certain metal nitrosyl com-
plexes formally containing NO™ grouping should behave in the same way. That is,
after one electron reduction, they should result in compounds formally containing
neutral NO.

The cyanonitrosyl complex ion of iron [Fe(NO)(CN)s|* (nitroprusside ion) after
one electron reduction accomplished by chemical, electrochemical or radiolytic tech-
nique affords, at least initially, the brown [Fe(NO)(CN)s]*>~ species [95]. This com-
pound was reported to formally contain Fe(II) and neutral NO. Because of the
lability of this compound, it readily loses a CN~ (presumably trans to NO), and
thus affording the blue colour Fe()NO* species, [Fe(NO)(CN),]*".

Certain other nitrosyl complexes [96-99] undergo a reversible one electron re-
duction process. This affords species containing formally coordinated neutral NO,
namely,

[Cr(NO)(CN),]> +e~ = [Cr(NO)(CN),]*~

[Ru(NO)(NH;),]’" +e~ = [Ru(NO)(NH;),]**
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[Ru(NO)(dipy)(X)]"* +e~ = [Ru(NO)(dipy)(X)]" "*
(X=C1",N370rNO; "; n =2)(X = NHs, PyorMeCN; n=3)

[Fe(NO)(S,C,R,),] ~ +e~ = [Fe(NO)(S,CoR),]”” (R = CNorCFs)

The cyanonitrosyl complex [Mn(NO)(CN);]*>~ is formally isoelectronic with [Fe(NO)
(CN)s]*". This cyanonitrosyl complex of manganese on polarographic reduction gives
[Mn(NO)(CN)s]*". This has been interpreted in terms of an initial two-electron process.
Moreover, this compound finally decomposes to give Mn®*, CN™ and either N, or NH;.
The electrochemical reduction process of [Cr(NO)(CN)s]>~ is found to be pH depen-
dent. Therefore, a reversible one-electron process gives [Cr(NO)CN)s)]*™ in alkaline
medium. This corresponds to the formal reduction of Cr(I) to Cr(0). This suggests the
addition of an electron to a metal d orbital rather than to the NO group. Interestingly,
as pH decreases, the electrode reaction becomes a two-electron process. Finally, at
pH less than 3, a second three-electron transfer is observed. The final products of the
reduction are found to be Cr**, CN™ and NH;. A pathway encompassing sequential
protonation of the NO group has been suggested as follows:
+e~ Ht
e — P — 3= H >
[Cr(NO)(CN)5 | T [Cr(NO) (CN); | * = [Cx(NOH)(CN),]*— [Cr(NOH;)(CN),]
e gt B 3e” 2H*

[Cr(NOH,)(CN); > — [Cr(NOH,)(CN),]’ — [Cr(NH,OH)(CN),]> —

Cr**,CN",NH3,H,0

The chromium(I) nitrosyl complex [Cr(NO)(H,0)s]** on treatment with Cr(II) in aque-
ous acid gives hydroxylamine. The suggested equation is given as follows:

2 2+

2[Cr(NO)(H,0)5]* + 4[Cr(H,0)4] ™" + 2H;0" —3[Cr(OH) (H,0),],"* + 2NH;0H" + 6H,0

2

The reaction seems to be a two-electron reduction comprising a binuclear intermediate.

2.10.4 Oxygenation reactions in metal nitrosyls

Remarkably, coordinated NO reacts with oxygen affords either a nitrato or nitro/ni-
trito species. It has been observed by Clarkson and Basolo [100] that cobalt nitrosyl
Schiff base complexes (I or II), [Co(NO)(en),]** or [Co(NO)(S,CNMe,),] react with O,
in the presence of bases (pyridines or MeCN) give nitro products. For example,
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g R I(\? R
O O X X
/N/(C%\N /N/;O\N

[Co(NO(salen) (I)

X=0, R=Me, Ph; X=S, R=Me
[Co(NO)(salen)] + Py + 1/20, ——= [Co(NO,)(salen)(Py)]

[Co(NO)(en),]*" + MeCN + 1/20, [Co(NO,)(en),(NCMe) >

Analogous oxygenation of NO takes place when [NiCI(NO)(diphos)] reacts with O,
either in boiling DMF or under UV light in dichloromethane (DCM). Moreover, quan-
titative yields of the nitro product, [NiCI(NO,)(diphos)], were obtained upon irradia-
tion, but no reaction at all took place in the dark.

Graham et al. [101] in 1972 reported the use of the oxygenation reaction in the
catalytic conversion of triphenylphosphine to triphenylphosphine oxide by [Ru(CO)
(NO)-(NCS)(PPhs),]. The pathway proposed for this process is given below. The rate-
determining step is believed to be O-atom transfer to the coordinated P atoms, giv-
ing the unstable phosphine oxide complex:

[Ru(CO)NO)(NCS)(PPhs),]  +

0,—>[Ru(NO)(NCS)(O2)(PPhs),]  +  CO

ﬁ Ph,P. Ph;PO
PPhj; e}
.N ) ON
ON PPh . \ slow ~ 0
~ ‘ o - - - Rh——PPh,
Rh—0 === N/ e
y ‘ / P SCN
SCN
SCN PPh; Phs PPh,
PPh,
(-) 20PPh;
\ PPh;, fast
ON PPh
\ / 3
/ \

Ph,P

CS
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2.11 Other reactions
2.11.1 Nitric oxide (NO): insertion reactions

This class of reactions may not apparently appropriate within a discussion of coordi-
nated NO. But there is a strong possibility that intermediates encompassing metal-
NO bonds may involve in the formation of “inserted products.” One of the earliest
recognized reactions of NO with a transition metal compound was reported by
Frankland [102] in 1857. This was the insertion of NO into a zinc—carbon bond giv-
ing species of the type [Zn{ONN(R)O},] (R = alkyl).

The above reaction appears to be general for main group metal alkyls, because
similar compounds containing [ONN(R)O]™ are obtained upon the reaction of NO
with Grignard reagents, cadmium, aluminium and even some boron alkyls. Hydroly-
sis of some of these compounds, followed by treatment of the aqueous extract with
Cu”*, affords the copper(I) complexes of N-nitroso-N-alkylhydroxylaminate (I). These
species are entirely analogous to the copper(I) complex of N-nitrosophenylhydroxyl-
amine (cupferron). Moreover, reactions of group 2 alkyls with NO provide a conve-
nient route to the alkyl analogues of cupferron [103].

(6]
-K\‘\N
Cu ‘ N
/ N\ N \O
O 5 o
NH,
€3] Cupferron

2.11.2 Transfer of coordinated NO to the other metals

It is one of the interesting procedures for the synthesis of metal nitrosyls involving
reactions of coordinated NO, which has already been discussed in the previous sec-
tion of synthetic procedures of nitrosyl complexes.

Some of the other reactions of coordinated NO, which in fact made the nitrosyl
chemistry important in the present era, will be covered in the following section.
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2.12 Transition metal nitrosyls: organic synthesis
and in pollution control

2.12.1 Transition metal nitrosyls: organic synthesis

NO ligand is comparable to the carbonyl ligand in terms of steric and electronic
properties. Nevertheless, the nitrosyl complexes have so far attracted much lesser
attention than metal carbonyls. The purpose of this section is to highlight some of
applications of transition metal nitrosyls in organic synthesis. The reaction of metal
nitrosyls in this regard must be divided into two main heads: (a) catalytic reactions
and (b) reactions of the coordinated NO group.

2.12.1.1 Catalytic reactions

(i) Oligomerization

Wide-ranging olefin self-condensation reactions happen through transition metal
nitrosyls. This leads to the formation of oligomers. The oligomerization of butadi-
ene, isoprene, norbornadiene and phenylacetylene has been successfully completed
using a range of nitrosyl complexes [104, 105] of iron and cobalt.

P A~

Norbornadiene Isoprene Butadiene Phenylacetylene

The nitrosyl complex of rhodium, [Rh(NO)(NCCH;),](BF,),, is found to catalyse the
oligomerization of 2-methylpropene. This reaction gives dimeric, trimeric and tetra-
meric oligomers. However, the formation of the trimeric oligomer is prevented in the
presence of cis-butene [106].

A

2-Methylpropene

(ii) Polymerization of olefins

Connelly et al. [106] reported the catalytic polymerization of 1,3-butadiene to trans-
1,4-polybutadiene (95%) using the rhodium nitrosyl complex [Rh(NO)(NCCH5),](BF,),
as a catalyst. Reports [107, 108] are also available wherein some cationic nitrosyl
complexes of cobalt and iron have been found to induce polymerization of olefins,
namely, isoprene, acrylonitrile and styrene.
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\)}\ N\/ F

Isoprene Acrylonitrile Styrene

(iii) Chemical oxidation

Catalysed oxidations of olefins using Pd(I1) and Pt(I1) as catalysts are reactions of
much significance. An aqueous solution of PdCl, in the presence of NO gas oxidizes
alkenes of the type RCH = CH, (R = H or alkyl) to ketones. For instance, propene is
oxidized to acetone [109]. Relevant reactions showing the formation of acetone are
as follows:

2PdCl, + 2NO + H,0 — [Pd(NO)CI] + [Pd(NO,)Cl;)* +2H*
[Pd(NO,)Cl5)* + CH;CH = CH, — [Pd(NO)CI] + CH;COCHs +2C1~

Graham et al. [101, 110] reported the catalytic oxidation of PPh; to OPPh; using
some Ru nitrosyl complexes, namely, [Ru(NO)(X)(0,)(PPhs),] (X~ =Cl", OH, CN™ or
NCS™). Surprisingly, these authors observed that the catalytic activity depends on
X~ and it decreases in the order NCS™ >CN™ >Cl” > OH".

Fleischer et al. have shown that the molybdenum nitrosyl complexes [Mo(NO)-
,CLL,] and [Mo(NO)CL;L,], where L = hexamethylphosphortriamide (HMPT), dime-
thylformamide, 1/2(2,2’-bipyridine), C,HsCN, OPPhs, PPhs, AsPh; or SbPhs, catalyse
the epoxidation of cyclohexene with tert-butylhydroperoxide. On the other hand,
the corresponding chromium and tungsten nitrosyl complexes are found to be not
much active. However, the epoxidations of cyclohexene with cyclohexenylhydro-
peroxide, and of cyclopentene, cycloheptene, cyclooctene and octene-1 with tert-bu-
tylhydroperoxide are successfully catalysed by the molybdenum dinitrosyl complex
[Mo(NO),CL,(HMPT),] [111].

Torso et al. have found that the cobalt mononitrosyl complex [Co(NO)(saloph)]
[saloph = N, N’-bis(salicylidene)-o-phenylenediamine] on reaction with O, in the
presence of pyridine (a Lewis base) gives the nitro complex [(Py)Co(NO,)(saloph)].
The nitro complex so obtained catalyses the oxidation [112] of triphenylphosphine
to triphenylphosphine oxide. The pertinent reactions are as follows:

[Co(NO)(saloph)] + Py +1/20, — [(Py)Co(NO,)(saloph)]
[(Py)Co(NO,)(saloph)] + PPh; — [(Py)Co(NO)(saloph)] + OPPh;

The catalytic cycle is said to be completed by re-oxidation of the nitrosyl ligand by
0,. Moreover, it has been observed that the catalytic activity of the whole system
decreases on decreasing the amount of Lewis base pyridine owing to the formation
of the less active [Co(NO,)(saloph)(PPhs)].
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Interestingly, the cobalt thionitrosyl complexes [Co(NS)CL,L,] [L = P(OPh); or
PPhs] are easily oxidized by O, to the thionitro complexes [Co(NSO)CLL,]. These
complexes catalyse the oxidation of triphenylphosphine to triphenylphosphine oxide
in the absence of Lewis base [113].

It has been observed that the complexes [(Py)Co(NO)(saloph)] and [(Py)Co(NO)
(TPP)] (TPP = tetraphenylporphyrin) in the presence of Lewis acids A (A = BF5- C,H-
50 or LiPF¢) react with oxygen giving rise to the formation of nitro complexes [(Py)
Co(NO,)L.A] (L = saloph or TPP). The complexes so obtained stoichiometrically oxi-
dize primary alcohols to aldehydes and secondary alcohols to ketones [114]. A possi-
ble pathway has been suggested as follows:

[Py(Co)(NO)L] + 1/20, + A — [(Py)LCo—N
0--—-A
Complex

Complex + C¢HsCH,OH ——[(py)LCo(NO)A] + C¢HsCHO + H,O

Complex + RR"CHOH —— [(py)LCo(NO)A]+ RR’C =0 + H,0
(RR’CHOH = cyclopentanol, cyclohexanol and cycloheptanol)

In fact, Lewis acids when added increase the electrophilicity of the nitro group of
the complex by combining with [PyCo(NO)L]. This increases the oxidizing capacity
of the resulting cobalt(III) nitro complexes.

(iv) Significance in saturating unsaturated compounds by hydrogen addition

The first report claiming the saturation of unsaturated compound, that is, benzoquinone
using the quinoline solvent was put forth by Calvin [115] by intervening Cu(CH5COO), as
a catalyst. Similar reactions for several unsaturated systems have been studied under
the catalytic role of metal nitrosyls [116]. For instance, several RuNOH-based complexes
have been found to show hydrogenation in the same fashion targeting propionalde-
hyde, styrene, crotonaldehyde and acetone (Table 2.20). From the tabulated data, the
differences in the respective catalytic efficiencies among the complexes could be
attributed to the dissimilarity in the binding mode of NO [117].

/ )J\ /\/\o /\/O

Styrene Acetone Crotonaldehyde Propionaldehyde

In further studies regarding the examination of factors influencing the catalytic
activities, one of the examples, [RuH(NO)(PPhs);], experimented in the presence
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of water was found to enhance the catalysis. This observation led to accept the
utility of water for such reactive hydrogenations [118]. Similarly, using Os in place
of Ru in the above complex expresses the activity of the same fashion in preparing
ethylbenzene from styrene. In case of hydrogenation of unsaturated hydrocar-
bons, rhodium(-I) NO complexes have been reported to behave as catalysts of
considerable efficiency [120, 121].

Table 2.20: Hydrogenation of some unsaturated organic compounds using some ruthenium
hydridonitrosyls as catalysts.

Substrate Catalyst Product

Styrene [RuH(NO)(PPhs)s] Ethylbenzene
[RuH(NO)(PPr'Ph,)s] Ethylbenzene
[RuH(NO){P(Cg¢H11)Ph>}5] Ethylbenzene

Acetone [RuH(NO)(PPhs)s] 2-Methoxyethanol (22%)
[RuH(NO)(PPhs);] +2.5% H,0 2-Methoxyethanol (97%)

Crotonaldehyde [RuH(NO)(PPhs)s] Butanol

Propionaldehyde [RuH(NO)(PPhs)s] Propanol

When the catalytic activity of the similar manner using Ir-NO and Rh—NO was com-
pared, it was found that the reduction of the selected compounds, namely, styrene,
heptene and hexene derivatives is slower in former than latter nitrosyl complex
[121]. Like aforementioned, here the difference in the catalytic efficiency is again
creditable to the lower dissociation of phosphine in the Ir-NO complex, and dis-
similar binding fashion of metal-NO (ap = 0.25 in Ir complex with M—N-0O 180°
and (ap = 2.0 for Rh—NO complex with M—N-0O 153°). Dichloro bis(triphenylphos-
phine) complex of Rh—NO has been shown to catalyse several hexanone deriva-
tives for homogenous hydrogenation.

(v) Nitrosyl complex—mediated isomerization

Isomerization phenomenon brought up by several catalysts represents an area of
huge interest. In dealing with the isomerization of 1-pentene, Zuech and co-work-
ers suggest the use of dinitrosyl complexes of dichloro-bistriphenylphosphinemo-
lybdenum and ethylaluminium dichloride as co-catalyst [123]. In the application
of PPhs-coordinated Ru-NO- and OS—-NO-based catalytic systems have shown promis-
ing results during the isomerization between 1-hexene and internal olefins [124].
Among several factors affecting the rate of such reaction, the nature of phosphine
derivative in the coordination core has been found to be quite effective, and hence
the reaction rate under [RuH(NO)] form of PMePh, catalysis is 1/1,000 times slower
as compared to the catalysis operational with [RuH(NO)] form of PPh;, and here
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also M—N-0 bonding mode has been the reason behind the observed dissimilarity
[125].

Also, it has been found that the catalysis of terminal olefins fails using [Rh(NO)
(PPhs);] as a catalyst while H, and O, are not present. On the other hand, the traces
of air complex become catalytically active [126, 127] for 1-hexene isomerization
(10%) using DCM. In case of presence of hydrogen for the same reaction using the
same catalytic class of nitrosyls does not show the formation of isomerized prod-
uct. However, if benzene or THF (tetrahydrofuran) are used in place of DCM, the
presence of H, induces the respective catalysis.

2.12.1.2 Metathesis

Metathesis reactions are industrially very significant targeting olefins (acyclic and
cyclic), but in organic preparations the metathesis is very scarcely used. The applied
interest of metal nitrosyls in metathesis has been widely accepted as the homoge-
nous catalysts especially employing Mo—NO or W-NO complexes, and using alkyla-
luminium as a co-catalyst in the respective reactions. Several examples of this class
of reactions have been illustrated in Table 2.21.

Table 2.21: Metathesis reaction of olefins in the presence of transition metal nitrosyl as a catalyst.

Olefin Catalyst Products

Pent-1-ene [Mo(NO),Cl,(PPhs),] + (CH3)sAL,Cls  4-Octene (48%), ethylene

[Mo(NO),Cl,(PPhs),] + C,HSAICL, Butene (18%), pentene-2 (25%),
hexene (28%), heptene (11%)

[Mo(NO),CL,] + (CH3)5AL,Cl5 4-Octene (24%)

Pent-2-ene [Mo(NO),Cl,(PPhs),] + (CH3)sAL,Cl; 2-Butene and 3-hexene

[Mo(NO),Cl,(PPhs),] + C,HsAICL, 2-Butene and 3-hexene

[W(NO),Cl,(PPh3),] + (CH3)5Al,Cl;  2-Butene(9%), 3-hexene
(15%) and heptene(1%)

Hexa-1,5-diene [Mo(NO),Cl,(PPhs),] + (CH3)sAL,Cl; 1,5,9-Decatriene (24%),
1,5,9,13-tetradecatetraene (7%),
1,5,9,13,17-octadeca-pentaene and ethylene

EBSCChost - printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

2.12 Transition metal nitrosyls: organic synthesis and in pollution control =— 135

W. B. Hughes [128] while studying kinetics of pent-2-ene metathesis under dini-
trosylmolybdenum complexes, [Mo(NO),CLL,] (L = CsHsN, PPh; or OPPhs) concluded
the first order with respect to the rate of the reaction. The organo-aluminium co-cata-
lysts served for the usefulness in the order (CH;);ALCl; > C,H5AICL, > (C,Hs);ALCls.
Quaternary ammonium group containing olefins give (a-w)-bifunctional olefins on
metathesis under the catalytic action of [Mo(NO),Cl,(PPhs;),]-C,H;5AICl,. As an exam-
ple, let us consider the formation of 2-butene and [Me;N(CH,),CH=CH(CH,),NMe;]**
using iodo salt of trans-[MesNCH=CH(CH,);NMes]", indicating that metathesis of such
olefins might be because of the possibility of weakening in basic strength among the
constituent nitrogens [129] and may be suggested as a fundamental reason for all
other similar systems studied for metathesis.

2.12.2 Coordinated NO group: some reactions

2.12.2.1 Oxime (R = NOH) formation
(a) Pentacyanonitrosylferrate(II) shows the following anion production on hydroly-
sis giving 2-oxopropanol-1-oxime [130]:

2- OH™/Hy0
—

CH5COCH; + [Fe(NO)(CN),]| [Fe(H,0)(CN),]’> +H;CC(0)CH = NOH

(b) McCleverty et al. [131] have demonstrated the formation of benzaldoximes by
conducting the reaction of benzyl bromide (C¢HsCH,Br) with ruthenium dinitro-
syl, [Ru(NO),(PPhs),], under constant refluxing method in toluene (C¢H5CHj) fit-
ted with carbon monoxide mediation. The mechanism reveals that the reaction
mainly involves the electrophilic PhCH," addition to NO group giving rise to the
formation of RuN(O)CH,Ph.

(c) Similarly, Foa and Cassar [132] reported aldoxime formation from a series of
derivatives of benzyl halides using cobalt carbonylnitrosyls of general formula
N(C,Ho)4[Co(CO),(NO)X] with the respective yield of 30-50%. Despite the unknown
reaction path for these transformations, it has been suggested that primary stage of
the reaction mainly involves the oxidative addition of the respective benzyl halide
towards the cobalt centre followed by change in the position of the benzyl group
by occupying the nitrogen binding site of NO functionality to form the final desir-
able aldoxime. The pathway described thus may be shown as follows:

CeHsCH,Cl + [Co(CO),(NO)X] - — C¢HsCH, - Co(CO),(NO)X + Cl~
CeHsCH, - Co(CO),(NO)X — C¢HsCH, - N =0 + [Co(CO),X]

I
CH5CH=NOH
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2.12.2.2 Diazotization of aromatic amines

Diazotization reaction which serves as one of the most significant industrially rele-
vant transformations carried out catalytically can be conducted using [Ru(NO)CI
(bipy),](PFg) [133] as catalyst as shown in the following illustration:

(0]
[(bipy),(CRu(NO)]** + H,NAr 2> [(bipy),(Cl)Ru - N - NH,Ar]**

[0} 0
[(bipy),(Cl)Ru - N - NH,Ar]*" + B(Base) — [(bipy),(Cl)Ru~ N - NHAr| + BH*
|BH*

(bipy),(Cl)Ru - N=NAr + B + H,0

2.12.3 Metal nitrosyls as depolluting agents

As the composition of atmosphere indicates that among different gases oxygen and
nitrogen are 99% abundant present in several forms of oxides in addition to the mo-
lecular existence. All the forms of NO, vary in their concentration, and N0 is con-
sidered as the most important one. This oxide form of nitrogen mainly confines to
the lower regions among different atmospheric layers. Volumetric concentration of
the nitrogen oxides other than N,O is having abundance of the order of 1078,

The combustion of fuels by the internal combustion engine is linked with the
production of air pollutants such as NO, CO, incompletely oxidized hydrocarbons
and SO,. Notably, CO and NO are the key air pollutants. However, partial oxidiza-
tion (burning) of hydrocarbons results in the production of smog forming harmful
compounds. Similarly, the other oxide pollutants of sulphur, halogens and lead are
also remarked pollutants (though bearing meagre importance in this context).

Motivational measures linked with reducing the harmful exhausts from com-
bustion phenomenon, in general, and the gaseous substances emitted by vehicle
engines in special triggered the respective studies for so many years brought up by
several governments and EPA (Environmental Protection Agency) for the interest to-
wards air depollution. For example, N, and O, with the assistance of CO, to change
into NO. This reaction has been shown to get initiated and completed when the
combustion is at post-flame stage. The sequential sub-stages of the reaction may be
illustrated as follows:

CO+0OH — CO,+H; O,+H— OH+0
N, +O —NO+N; O, +N—NO+O

The thermokinetic studies reveal that the NO generation via these sequential steps is
directly proportional to the temperature change in the presence of gases like CO, [134].
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2.12.3.1 Scientific temper towards CO-free vehicle exhausts

For each harmful gas produced during engine combustions, separate methodologies
are in practice to capture them before getting into air or technical advancements are
in demand to construct vehicles having least or minimized harmful gaseous emis-
sions. Meanwhile, following the EPA (USA-1975) directions in removing CO from
such exhausts using sufficient air (i.e. with air—fuel ratio >14.7 weight-wise), and also
by incorporating secondary air inlets to completely change the CO to CO, by the help
of catalysts like Pb, P and S gained considerable attention.

2.12.3.2 Transformation of nitric oxide (NO) to less harmful products
Harmful gases have triggered scientists to develop strategies to convert the toxic
into nontoxic form or to capture these pollutants in way to purify the environment
or to make their concentration to a non-lethal level. Among these toxic gases, these
transformation aspects have also been applied in case of the NO. Efforts concerned
with converting NO have been appreciated by conducting this form of oxide to prod-
ucts like ammonia, nitrogen gas and N,0. Therefore, this interest has principally
come up from efforts to remove, or at least reduce, the concentration of pollutant
NO in exhaust gases emanating from internal combustion engines. Meanwhile, con-
sistent investigations [135-137] have been reported describing NO transformation by
employing heterogeneous catalysis under the activity of transition metals. Several
successful catalytic works of this form in special attention to Pd-, Pt- and Ru-based
systems reported the conversion of harmful NO to NH; restricted under reducing
conditions. In addition to ammonia production, Ru-based catalysis was proven to
act as an effective N, formation catalyst from NO under CO environment.

Due to the catalytic role of transition metal nitrosyls in this specific conversion,
the purpose of the following section is to present the role of homogeneous processes
regarding this transformation strategy applicable for NO.

2.12.3.3 Formation of N,

Hieber and Pigenot [138] observed that the cobalt-based nitrosyl complexes having
general representation [Co(NO),X], (where X is Cl or Br) when allowed to react with
PPh; or PPh; derivatives of As and Sb form N, as follows:

[Co(NO),X], + 6PPh; — [Co(NO)(PPhs);] + [Co(X),(OPPhs),] + OPPh; +3/2N,

Similarly, ammonia reacts with [Ir(NO)Xs] ", it converts the parent nitrosyl complex
[139] to [Ir(NH5)Xs]*~ with formation of N». Iron dinitrosyl [Fe(NO),Br], dissolves in
molten triphenylphosphine, which gives rise to the formation of [Fe(NO),(PPhs),],
[Fe(NO)Br(PPhs),], OPPh; and N,. Interestingly, iron dinitrosyl [Fe(NO),I], in a simi-
lar fashion reacts with PPh;, but on the other hand, [Fe(NO);I] while interacting
with pyridine forms [Fe(py)s](NO,)I and nitrogen gas [140].
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Trithiazyltrichloride [141] reacts with [Rh(NO)(PPh;);] and [Rh(NO),X, (PPhs),]
(X = Cl, Br) in THF gives [Rh(u-NS)Cl,(PPhs)],, OPPhs, SPPh; and N,.

2.12.3.4 Formation of N,O

The second important strategy employed in changing NO to N,O using metal nitro-
syls can be explained by taking the example of NO-tagged rhodium complex [142] of
general formula [Rh(NO),Cl],. The compound has been observed to react with PPh;
or As/Sh forms of PPhs, to give N,O at RT. This transformation has been interpreted
in terms of disproportionation reaction. The similar reaction in case of Co/Rh dini-
trosyls has been reported [143]. Both these reactions can be illustrated as follows:

[Rh(NO),Cl], +12PPh; — 2[Rh(NO)(PPhs),] +2[Rh(NO)Cl,(PPhs),] + 20PPh; + 2N,0
Na/Hg

[M(NO),Cl] _+4PPh; ? [M(NO)(PPhs),] + OPPh; + N,O

Broomhead et al. [144] demonstrated the production of N,O in the similar way using
[Mo(NO),(S,CNEL,),]. Two research groups [145, 146] while targeting Ir/Fe dinitrosyls
have demonstrated nucleophilic attack on NO using hydroxylamine to produce N,O.
The reactions may be shown as follows:

[Ir(NO)Xs]™ + NH,OH + H,0 - [Ir(H,0)Xs]* + N,0 + H;0*
[Fe(NO)(CN)s]*>~ + + NH,0H + H,0 — [Fe(H,0)(CN)s]>~ + N,O + H;0*

In several examples, free NO when allowed to react with metal-coordinated NO
gives NO,™ or N,0,%~ form of the respective complexes in association with free N,O.
In general, hyponitrito-based complexes also release N,O under acidic conditions
[147]. For instance, these reactions may be presented as follows:

CH30H
[Co(NO)(en),Cl]Cl+2NO — [Co(NO,)(en),Cl|Cl +N,0

[Co(NO)(en),(MeOH)] Cl, + 2NO i [Co(NO,)(en),Cl]Cl+N,0

[Co(NO)(DMGH),(MeOH)] +2NO e [Co(NO,)(DMGH), (py)] + N,0

2 - Butano
[Ir(NO),Br(PPhs),] +2NO —>  [Ir(NO)(NO,)Br(PPhs),] + N,0
[Co(NH;3),(NO)]** +NO — [Co(NH3)5(N,0,)]*" (hyponitrito complex)

Co(NH;), Nzoz)] +NO+H;0* — [Co(NH;3);(OH)]** +NO,” +N,0
2[Rh(NO),CI(PPhs),| — [{Rh(NO)(PPh;),Cl},N,0;] (hyponitrito complex)

[{Rh(NO)(PPhs),C1},N,0,] = [Rh(NO)Cl,(PPhs),] +N,0 +H,0
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2.12.3.5 Formation of N,O and CO, from NO and CO
Transformation technique (highly harmful to less harmful/no harmful) is of funda-
mental interest for being significant in decreasing the environmental deterioration:

2NO + CO — N,0+CO,

It may be noted that the above transformation reaction does not take place even at
450 °C without any suitable catalyst. Under heterogeneous catalysis, the reaction
gets completed at 400 °C. Several reports do exist related to the application of ho-
mogeneous catalysis in case of these reactions at low temperature. Only few of them
are presented here.

Johnson and co-workers [148-150] reported the reaction given below catalysed
by the help of Ir or Rh dinitrosyl complexes containing co-ligand PPhs in the follow-
ing way (where M represents Ir or Rh). It may be noted that the catalyst gets finally
reproduced by replacing CO with NO:

[M(NO), (PPhs),] “+4CO — [M(CO),(PPhs),] " +N,0 +CO,

Dissimilar to the above two complexes, Ru and Os dinitrosyl complexes [150] un-
dergo the reaction with CO at a very slow rate at RT. However, [Pt(N,0,)(PPhs),]
[149] shows stereospecific reaction while converting to respective carbonyl forming
cis-dicarbonyl form with the evolution of N,0 and CO, as follows:

[Pt(N,0,)(PPhs),] +3CO — cis — [Pt(CO),(PPhs),] + N0 + CO,

Therefore, based on the above findings, the general reaction representing the cata-
lytic conversion suggests the primary step involving CO attack to transform [M(NO),
(PPhs),]* into [M(N,0,)(CO)(PPhs),]" followed by to continue reacting with CO re-
sulting in the formation of [M(CO);(PPhs),]" along with the evolution of CO, and
N,0. Hence, the initial form of catalyst is finally regained by letting NO to react with
[M(CO)5(PPhs),]" keeping 80 °C as the temperature of the reaction. The overall trans-
formatory equations may be summarized [150] as follows:
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[M(N,0,)(CO)(PPhy),]* + 3CO —= [M(CO)3(PPhs),]" + N,0 + CO,

P N/O P © N/O
P\M /P \M/ +CO \l\|/l/
SPZNGE . T
o’ e
P = PPh,
(M=RhorIr) (2)
e
P
\M/
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0 [M(N,0,)(CO)(PPh;),]"
NO ||+ 2c0
[M(CO)(P),]* + N,0 + CO,

Since the involvement of such catalysts mainly confines with the backdonation to-
wards NO, the respective efficiency follows the order showing maximum tendency
for Fe and lowest for Rh in the series Rh, Ir, Ru, Os, Co and Fe indicating other
metal centres in between Fe and Rh. In addition to backdonation tendencies to-
wards NO solvents used in these types of reactions also matter. Haymore and Ibers
[151] in 1974 also demonstrated the catalysis of reaction, 2NO + CO N,O + CO, using
some rhodium and iridium nitrosyl complexes. The effect of butanol and DMF stud-
ied by Kaduk et al. [152] suggests that rhodium dinitrosyl complex in butanol at 20 °C
shows the above reaction in a slow manner as compared to the same reaction when
carried out in DMF at 62 °C. The reported work also found that when water was added
to this system, the reaction rate was noticed to increase, but less than [Rh(CO)
(NO),Cl,]” when employed as a catalyst [153]. This increasing trend may be because of
the coordination effect of water over DMF [154].

2.12.3.6 Formation of NH3
Followed by other possible interconversions laid for NO, the transformation into
NH; has also been appreciated and highly fascinated as denoted by the work reported
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by Ellermann and Hieber [155], carrying out the reaction of carbonylnitrosyl com-
pound of cobalt showing decomposition to N, and NHj; as illustrated below:

3[Co(NO)(CO),] +90H~ — [Co(CO),] +2Co(OH), + HCO;~+ 3C0O5> + N,+NH;

The mechanism of such reactions has been found to be a nucleophilic attack on NO
ligand by any suitable nucleophile like H™ exemplified by two research groups [156,
157] by allowing [Co(NO),(PPhs),]" and [Rh(NO),CIl(PPhs),] to react with sodium bo-
rohydride to produce [Co(NO)(PPh;);] and [Rh(NO)(PPhs;);], respectively (generating
NH3), signifying the intervention of H™ as a nucleophile. In the current era, scien-
tists are anxious to bring forth an efficient way to deal with nitrogen storage and
interconversions. Taking NO as an intermediatory form of such transformations like
modelling of nitrogenase action and other salt conversions, these reactions not only
gesture the decontaminating stage but also represent highly economical ways to in-
terpret nitrogen-based fertilizer formulations as well. Whether it is forward or back-
ward direction of ammonia conversions, these sets of investigations represent highly
fascinating zones of research.

2.12.3.7 Formation of N, and N,O

The conceptual hindrances in finding the intermediatory products of several reac-
tions connected with the production of N,0 and N, from cyanonitrosyl complexes,
Swinhart and co-workers [158] studied the respective kinetics with the help of iso-
tope labelling using the reaction between nitroprusside and azide ions. The results
obtained by the group indicated the formation of reaction intermediate in the form
of [Fe(NO)N;(CN)s]*>~, which directs decomposition to release N, and N,O. Similar
observations have been reported for some Ru- and Ir-based nitrosyl complexes [159,
160]. However, for [Co(NO)(PPhs);] [161] complex on direct NO reaction shows the
following transformation. This transformation while in aqueous medium has been
found a catalytic effect by geometrical isomerization as well [162]:

[Co(NO)(PPhs),] +7NO — [Co(NO),(NO,)(PPhs)] + 20PPhs + 2N,0 + 1/2N,

2.13 Applications of metal nitrosyls

NO-based treatment therapies and industrial applications for systematic nitroso, ni-
trosyls and nitrite salts have been found interestingly showing upsurge in the con-
text of applied aspects. Meanwhile, coordination compounds of NO with respect to
carriage centre as a metallic moiety has furnished fascinating results shown by
good record of investigations published so far. The potentiality of metal nitrosyls in
biomedical field and several other areas in chemical industry together with a cata-
lytic role as depolluting agents and the significant contribution of this molecule in
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almost every kingdom of living things have built up a huge field of its form called as
NO chemistry. This is supported by the existence of several journals and societies
framed in the name of NO. Therefore, the potential applications of NO-bonded me-
tallic compounds (metal nitrosyls) have been addressed in this section.

2.13.1 Biomedical science

The biological recognition of NO revealed in 1992 as a vital signalling molecule per-
suaded the scientists to declare NO as “Molecule of the year” published in Science -
a famous journal of the AAAS. The evaluation of NO in further areas wondered the
whole world when platelet adhesion/aggregation, neurotransmitting physiology, vas-
cular regulation, several liver metabolic pathways and normal kidney functioning
were also found to be related with this molecule. The ethereal lived NO with 2-300
nM concentration was found to be an optimal level for normal physiological phe-
nomena. At higher pM concentrations, the biological role as a significant immuno-
modulator and tumour suppressor expanded the interest. Such amazing revelations
convinced scientists to declare NO as a 1998 Nobel Prized molecule (medicine) shared
by Robert F. Furchgott, Louis J. Ignarro and Ferid Murad.

In the past four decades, NO is found to be a significant signalling molecule in
a wide range of physiological processes. These comprise blood pressure control,
neurotransmission, immune response and cell death. Just after these findings, efforts
are being made by researchers of different disciplines constantly towards the develop-
ment of exogenous synthetic NO donors that can deliver NO to biological targets to
elicit desired responses. Several NO donors have been developed in this regard, in-
cluding organic nitrites and nitrates, nitrosothiol, diazeniumdiolates (NONOates) and
lastly transition metal-based NO donors such as SNP including other nitrosyl com-
plexes. The search for new storage release systems, capable of delivering NO to de-
sired targets, has stimulated the chemistry of metal nitrosyl complexes. As of now to
develop NO-releasing molecules (NORMs) for a desirable target and transition metal
nitrosyls are continuously examined in special reference to Fe, Ru and Mn nitrosyls
for bearing NO lability under low-energy electromagnetic radiations (EMR; visible
light, excitation). The various factors that are said to be concerned with NO donors
include the specificity in terms of biological target, the structural framing of a usable
compound, reactive behaviour in biological media, pH, purpose of NO release and
many other redox concepts. In most of the cases, the available NO donors show
non-specificity, and release NO spontaneously without controlled manner and op-
timal concentration. In due course, some cases have shown that the rate of NO re-
lease within a biological target can be modified by change in temperature, pH or
other biological catalysts. The current success in managing tumour or other forms
of cancers using NO therapy favourably triggered the design of controlled releas-
ers of NO at a selected target.
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With the beginning of photodynamic therapy (PDT) [163] as a general medica-
tion for certain (especially skin) cancers, NO-donating molecules activated by light
have got too much interest. Moreover, the laser treatment permits for more specific
targeting than systemic drugs alone. At the beginning, it was documented that NO
complexes of transition metals could release NO when exposed to light. For instance,
quite a few iron-based nitrosyls comprising SNP (Na,[Fe(NO)(CN)s]) and Roussin’s
salts were observed to release NO when exposed to light. On the contrary, these com-
plexes also release NO spontaneously (i.e. in the dark), and frequently changes in pH
and temperature also. These factors persuade loss of NO, making them non-specific
for PDT. Moreover, side effects of labile subordinate cyanide ligands often confine the
use of SNP.

2.13.1.1 Endogenous NO generation/biosynthesis of nitric oxide

Present in mammal’s cells, arginine is one of the most multipurpose amino acids,
serving as a precursor for the synthesis of not only proteins but also of NO, urea,
polyamines, proline, glutamate, creatine and agmatine [(4-aminobutyl)guanidine].
Physiologically, the NOS enzyme is responsible to generate NO from L-arginine
(targeting guanidino nitrogen) (Figure 2.51). Enzyme NOS (NO synthase) converts
L-arginine (an amino acid available in living organism) to L-citrulline and NO. The
co-substrates for the reaction encompass NADPH and O,. The redox insights of the
overall reaction indicates that this process of NO generation is accompanied by
five-electron oxidation reaction, wherein NADPH contributes three electrons and
further two are sourced by O,. From the fully addressed reports on the isoforms of
NOS, endothelial NOS denoted as eNOS accounts for maintenance of vasodilation,
inducible NOS assigned as iNOS is immune responsive form of NOS, and the form
of NOS labelled as nNOS is found to be responsible for the maintaining of normal
neurotransmission.
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Figure 2.51: Generation of NO from L-arginine catalysed by NOS in the presence of NADPH and O,.

The regeneration of the substrate L-arginine from L-citrulline (biosynthesis) is executed
by the cytosolic enzymes argininosuccinate synthetase (ASS) and argininosuccinate
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lyase (ASL) (Figure 2.52). The reaction catalysed by ASS has the need of L-aspartate in
the presence of ATP as a co-substrate and is the rate-limiting step. ASS and ASL ap-
pear to be distributed in many cells, although the degree of distribution and the effi-
ciency of this pathway appear to differ substantially between different cells. Since
during NO synthesis, L-arginine, via N-hydroxy-L-arginine as an intermediate product,
is converted to L-citrulline, the immediate use of L-citrulline for the re-synthesis of L-
arginine may be an effective way to maintain sufficient substrate supply for a pro-
longed NO synthesis and has therefore been described as citrulline/NO cycle.

Aspartate
ATP (Adenosine triphosphate)
Citrulline
ASS
AMP +PP; (Inorg.
NO pyrophosphate)
NOS Arginosuccinate
ASL
Arganine Fumarate

ASS = Arginosuccinate synthase
ASL= Arginosuccinate lyase
AMP = Adenosine monohosphate

ﬂ Cationic amino acid

Arganine transporter 1 (CAT1)

Figure 2.52: A model showing regeneration of L-arginine from L-citrulline under eNOS operation
maintained by the cationic amino acid transporter 1 (CAT1).

2.13.1.2 Exogenous NO donating molecules

While glyceryl trinitrate (GTN) and nitroprusside (SNP) have been used for many
decades to regulate hypertension, methodical research on exogenous NO donors
has gained significant momentum because of the potent and significant role of NO
in maintaining mammalian homeostasis. Both organic and inorganic chemists have
played crucial roles in such strive and selected examples of compounds of such en-
deavour are presented below.

2.13.1.2.1 Organic nitrates

Organic nitrates (RONO,) are nitric acid esters of mono- and polyhydric alcohols.
These are the oldest class of NO-donating compounds, which have been clinically
used. Illustrative organic nitrates encompass GTN, pentaerythrityl tetranitrate,
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isosorbide dinitrate (ISDN), isosorbide 5-mononitrate and nicorandil (Figure 2.53).
The partially denitrated metabolites of GTN, glyceryl dinitrate and glyceryl mononi-
trate are still pharmacologically active but considerably less effective than GTN. The
key biological effects of nitrates are owing to the formation of NO. The NO release
from organic nitrates needs either enzymatic or non-enzymatic bioactivation, where a
three-electron reduction [164] is comprised. When GTN is exposed to mammalian tis-
sues, NO is released generally from the C-3 carbon [165]. As per the Ignarro hypothe-
sis, GTN enters the smooth muscle cell, where it is changed to NO,™ by reaction with
cysteine. The nitrite then releases NO via nitrous acid (HNO,). The NO so released
combines with thiol to generate nitrosothiol, which activates soluble GC for vasodila-
tion of blood vessels.

ONO,

O,NO /\ONO2
——ONO,
’ OZNO\/ ONO,

—ONO,
GTN PETN
ISDN
H
(0] H o
T C
\ ~ /\/\
1 NH ONO,
0
Fo: 7
ONO, N Nicorandil
ISMN

Figure 2.53: Structure of some organic nitrates.

GTN is believed to help in treating chest pain (angina pectoris) and is one of the
most significant organic nitrates applicable for vasodilation. Figure 2.53 displays
the potent therapeutic agents administered via sublingual and/or transdermal path-
ways. The mechanistic studies of evaluating the reasons lying behind such vasodila-
tory effects prove that vasodilation responsiveness is because of activation developed
within the GC. This in further perspective indicates that biotransformatory process of
a nitrate with respect to sulphhydryl or other ferrous functionalities within biological
media finally generates NO.

In fact, all types of blood vessels are relaxed using GTN. Coronary arteries are
found to be more susceptible to GTN than peripheral arteries. GTN has also been
used as medication of critical myocardial infarction [166] (it is a permanent damage
to the heart muscle. “Myo” means muscle, “cardial” refers to the heart and “infarction”
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means death of tissue due to lack of blood supply). Moreover, GTN is used in congestive
heart failure [167]. The smooth muscle relaxation produced by the use of GTN medica-
tion for anal fissures [168] treatment and as erectile functioning agent [169] gesture sig-
nificant use of this NO-based drug.

2.13.1.2.2 Organic nitrites

Organic nitrites shown in Figure 2.54 are clinically administered vasodilators and
are famous nitrites having so long history of medical use. IAMN (isoamyl nitrite) is
not only usable for vasorelaxation but also renders inhalant antidote action for cya-
nide poisoning, and the mechanism is simple to combat CN™ at haeme site with NO
generated from IAMN in association with cytochrome c oxidase to develop the re-
spective inhibitory effects.

BN ISBN TBN

AMN IAMN

Figure 2.54: Structure of some organic nitrites.

Organic nitrites can produce NO [170] in vivo. The conversion of nitrites to NO needs
one-electron reduction. They also undergo rapid hydrolysis to give nitrite ion and
the corresponding alcohol. The nitrite ion is not an active intermediate in vascular
metabolism of nitrite esters but can be reduced to NO. Since the nitrosyl moiety of
nitrites can be readily transferred to a sulphhydryl group [171] (group consisting of
sulphur bonded to a hydrogen atom), S-nitrosothiols may be formed from organic
nitrites in vivo. This shows that NO release from nitrites, an enzymatic process in
vascular smooth muscle, was primarily associated with the cytosolic [172] (as op-
posed to a microsomal fraction in the case of the organic nitrates). The metabolism
of alkyl nitrites studied by several research groups reveal glutathione transferase—
mediated reaction to generate S-nitrosoglutathione [173] or S-nitrosothiols compati-
ble with biological membranes [174], and recently Doel et al. [175] reported that the
involvement of xanthine oxidase could catalyse organic nitrites anaerobically to
produce NO.

Alkyl nitrites used as inhalers result in vasodilation, increased heart rate and
decreased systolic blood pressure [176]. The vasodilatory effect after inhalation of
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organic nitrites has been used to ameliorate angina pectoris [177] since 1867. They
are more effective than nitrate esters. Amyl nitrite and n-butyl nitrite have been
commonly used in ameliorating angina pectoris. Dissimilar to nitrates, such as GTN,
continuous infusion of organic nitrites [178] in the same animal model does not pro-
duce tolerance. In fact, Fung and Bauer [179] claimed the long-term, continuous ad-
ministration of organic nitrites as an effective vasodilator therapy.

2.13.1.2.3 Other organic donors

S-Nitrosothiol analogue like S-nitroso-N-acetyl-pencillamine (SNAP) (Figure 2.55)
has been employed as an NO donor drug in animals for safety against haemorrhagic
shock. SNAP-containing creams have been found to be successful in treating cuta-
neous leishmaniasis (skin infection caused by protozoans). The diazeniumdiolates,
namely, diethylamino-NONQOate (DEA-NO) (commonly known as NONOates) pro-
duce two equivalents of NO via a pH-dependent pathway (in aqueous environment
at physiological pH). Moreover, decomposition of this type of NO donor releases two
molecules of NO (Figure 2.56).
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Figure 2.55: Structure of some organic donors.
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Figure 2.56: Decomposition of diazeniumdiolate, a nitric oxide donor.

Diazeniumdiolate [180] compounds have shown anti-leukaemia activity. However,
these NO donors release NO systemically and result in severe side effects on the vas-
cular system, so that their therapeutic use has been restricted. On modification at the
oxygen with nitro-aromatic substituents, these derivatives can release NO in target
cells after a hydrolytic or enzymatic action. JS-K, an example of O-protected diaze-
niumdiolate developed by the US National Cancer Institute, has attracted much atten-
tion as promising anticancer drugs [181]. Moreover, NaNO,, a combined ascorbic acid
treatment of skin inflammation, has been found considerably beneficial [182].
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2.13.1.2.4 NO donors incorporated in polymeric matrices

Different concerns in specific use of NO donors have triggered investigations in find-
ing the link of a suitable compound with various regulatory factors, protective ap-
proach and side effects. Hence, various NO donors have been reported so far, and
based on the efficacy and ease of NO release polymer-based biocompatible matrices
have been keenly eyed. In practical sense, such incorporated/immobilized materials
have been reported to have a well-remarkable use as patches, wound dressings and
are also served in the form of coatings over blood-containing devices in medical
use. The main NO donors mentionable in that context are basically light-sensitive
NO releasers.

The major problem accompanying with the conventional NO donors, namely,
GTN, SNAP and SNP, is the absence of control of NO release. The drug goes every-
where in the body and NO is released via various enzymatic and non-enzymatic
(e.g. heat or pH) pathways. This unstoppability of NO release and the unpredictable
rates of its release become a major concern in many biomedical applications. For
example, NO release from N-diazeniumdiolates is initiated by pH and it is relatively
difficult to control the NO release inside the body via pH manipulation. If NO release
is based on enzymatic reaction (e.g. in case of GTN and isoamyl nitrite), then it is
more difficult to use the NO donors at selected targets (e.g. malignant sites). On the
other hand, control of NO release by light is quite reasonable. As the developments
in fibre optic technology allow one to provide light at almost all cellular targets, ex-
ogenous NO donors that could be activated by light are very desirable NO drugs
(photoactive NO donors) for site-specific NO delivery.

In the recent past, NO donors have been amalgamated in various polymeric ma-
trices and such composites have been utilized to deliver NO to selected targets
under controlled conditions [183]. As the presence of NO in the vascular system pre-
vents blood platelet adhesion and clot formation, exogenous NO donors [184] have
been used to prevent blood clotting on surgical equipment, vascular stents and
pacemaker contacts. Since both NO(g) and NO-donating drugs have been shown to
drastically reduce microbial (bacterial, fungal and parasitic) loads in human and
animal models [185], agents like SNAP and DEA-NO have been incorporated in differ-
ent polymeric materials to treat chronic infections, wounds and diabetic leg ulcers via
transdermal (through skin) delivery of NO. These formulations are particularly effec-
tive against different antibiotic-resistant strains of common pathogens such as E. coli
and Staphylococcus aureus. NO has also been mainly found as an assisting agent in
the synthesis of collagen, and regeneration of a wounded site of a tissue in addition
to microbicidal effects.

Besides preventing platelet aggregation, NO donors, namely diazeniumdiolates
and S-nitrosothiols, have also been shown to persuade apoptosis in a range of cell
types comprising cancer cells. In order to use NO donors as prospective anticancer
agents, micro- to milli-molar level of NO must be generated at a selected location for
a short duration of time, mimicking the action of iNOS in apoptotic cells. As mentioned
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previously, these systematic NO-releasing materials cannot be used to deliver NO at
malignant sites on demand and, therefore, NO donors that release NO photochemically
have triggered much attention. Of the photosensitive NO donors, only S-nitrosothiols
have been amalgamated into polymeric materials. Olabe and coworkers [186] modified
a gold surface with dithiothreitol, which upon reaction with a solution of nitrosothiol
formed S—-NO bonds on the surface. Revelation of the S-NO monolayer to visible light
(30 W) resulted in the photorelease of NO (Figure 2.57). This resembles the behaviour of
nitrosothiols in aqueous solution. S-Nitrosothiols act as NO donors via homolytic break-
ing of the S—-NO bond by light of 330-350 or 550-600 nm wavelengths, releasing NO
and producing disulphide bonds between parent thiols.
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Figure 2.57: Gold-coated-S-nitrosylated dithiothreitol stimulates NO photorelease on exposure to
visible light irradiation.

2.13.1.3 Transition metal nitrosyl complexes

The chemistry of metal nitrosyl complexes has got additional significance in the re-
cent past because of the important role transition metals play in the biological pro-
cess of NO, as well as the possibility of producing thermodynamically stable and
kinetically labile species. Such approaches have focused on the development of
pharmacological substances able to release NO at specific rates in tissues, in order
to conquer NO deficiency. The great affinity of d® and d® low spin and in low oxida-
tion state metal complexes for NO and the versatility of NO as a ligand make the
nitrosyl complexes a good alternative for such a proposal. Iron, ruthenium and man-
ganese are good candidates as a model for NO carriers. Indeed, several iron-based
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nitrosyls comprising SNP (Na,[Fe(NO)(CN)s]) and Roussin’s salts [187] (Figure 2.58)
were found to release NO when illuminated with light. In spite of its well-known tox-
icity owing to the presence of five labile cyano groups, SNP is largely used as an NO
releaser in clinical practices for blood pressure regulation in cases of severe hyperten-
sion [188].
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Figure 2.58: Structure of some iron-based nitrosyls.

In recent years, the formulation and medical applications encompassing the feasi-
bility of the complex form of metals involving NO as a co-ligand stretched this area
of research when SNP was successfully found to stabilize hypertension. With the
enhanced fascination driven towards other forms of SNP-like compounds involving
Roussin’s salts (Figure 2.58) [189], the light-induced NO-donoring capability using
300-500 nm energetic light radiation is really among admirable findings related to
NO chemistry. For example, the iron-based nitrosyl complex [(PaPy;)Fe(NO)](C10,),
studied by Mascharak and co-workers [190, 191] was shown to behave as NO re-
leaser under visible light irradiation. Similar approach was reflected from several
nitrosyl complexes of chromium [192] and manganese [193]. The stability parameter
in biological medium set some challenges for NORM designers. The only reported
exception to this case has been found in the form of a manganese nitrosyl [(PaPys;)
Mn(NO)](BF,) [194] having the potentiality to deliver NO specifically at biological
targets involving myoglobin, cytochrome c¢ oxidase and papain [195]. Therefore,
under such a limited availability of light-active (visible light) nitrosyls, compounds
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displaying physiological stability in O, and pH ~7 have triggered to search for more
efficacious compounds of the desirable potentiality.

2.13.1.4 Photodynamic aspects of metal nitrosyls as NORMS: medicinal perspective

2.13.1.4.1 Photodynamic therapy: a brief introduction and photosensitization
mechanism

Photoinduced medical therapy is one of the significant biomedical applications us-
able for both the photodiagnosis and photodynamics having broad scope in cancer
biology, biomarking, decontamination, tissue-specific light treatment and so on.
Photodynamic form of this therapy (PDT), hence, represents a relatively new thera-
peutic treatment currently approved for palliative and curative medication of some
forms of cancers, precancerous injuries and also for age-related macular degenera-
tion (an eye disease leading to vision loss). PDT involves the oxygen-mediated man-
ifestation of two main (cellular interacting and non-toxic) components operational
in manner that one component is a photosensitive molecule (photosensitizer: PS),
and the second part of the therapy is the light administration of a specific energy
that results in the sensitizer activation. The light-assisted activation mainly causes
the molecule to produce highly reactive oxygen species (ROS) including singlet oxygen
triggering a series of complex photochemical reactions to occur through a cascade
mechanism under several photobiological events. This ultimately leads to the death of
targeted cells in a specific manner without harming the healthy cells (Figure 2.59).
Thus, PDT is a photochemical reaction and a photobiological event used to selec-
tively destroy the tissue.
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Figure 2.59: The functioning of PDT. (i) Administration of PS systemically (or topically),
(i) PS distribution, (iii) PS-selective accumulation in the target tissue, (iv) irradiation of PS
for activation and (v) PS-mediated production of reactive oxygen.
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At the initial stage, photosensitization had been performed with the use of con-
ventional gas discharge lamps. The advent of lasers equipped with optical fibres mod-
ernized photosensitization and expanded its applicability in medicine, enabling the
endoscopic (medical instrument for viewing interior of body) delivery of light to al-
most every site of the human body. Photodynamic medication in dermatology is sim-
plified by the approachability of the skin to light application and allows using any
light source with the appropriate spectrum. For instance, metal halogen lamp, which
emits 600-800 nm radiations at high power density, short-arc xenon lamp, tuneable
over a bandwidth between 400 and 1,200 nm, can be used. However, for the medica-
tion of large wounds, the broad light beam produced by incoherent lamps is useful.

Contrary to traditional incandescent lamps, lasers provide the exact selection of
wavelengths and the precise application of light. Pulsed lasers such as the gold va-
pour laser and copper vapour laser-pumped dye laser produce brief light pulses of
millisecond to nanosecond duration. The comparison of continuous-wave and pulsed
lasers in practice has shown no difference. Tuneable solid-state lasers, such as the
neodymium:YAG laser, are particularly useful for PDT. The above-listed laser systems
are expensive, reasonably immobile and require frequent repair. The development of
semiconductor diode lasers is a novel approach to avoid these disadvantages. Porta-
ble diode lasers, such as the gallium—aluminium-arsenide laser, produce light in the
range between 770 and 850 nm, which corresponds to the absorption peaks of many
new PSs.

The fundamental routes [196] by which the amalgamation of a PS, light and O,
resulting in photosensitized cell death are shown in Figure 2.60. PSs that are in the
ground state (Sy) can absorb light (photons) transforming first to an electronically
excited singlet state (S;) and, thereafter, via intersystem crossing, to the excited trip-
let state (T;), a somewhat long-lived excited state. The energy of the excited PS can
be dispersed either by thermal decay, emission of fluorescence (from S;) or phos-
phorescence (from T,). The excited triplet state(T;) can also transfer a hydrogen
atom or an electron to biomolecules (lipids, proteins, nucleic acids, etc.) or generate
radicals that interact with O, to form ROS products such as the superoxide anion
(0,¢7), the hydroxyl radical (OHe) and hydrogen peroxide (H,0,) (type I reaction).
Additionally, the T, state can transfer energy directly to the ground-state molecular
oxygen in its usual triplet (°0,) state, which then produces the non-radical but highly
reactive singlet oxygen, 'O, (type II reaction). The ROS (0,, H,0,, 05¢~, OHe) so gen-
erated via type I and II reactions result in cellular damage, which can be repaired or
can kill tumour cells mainly by two routes: either necrosis or apoptosis.

Though the exact reaction paths of PDT are not fully known by now, it is com-
monly believed that the singlet oxygen, '0, formed through type II reaction is prin-
cipally responsible for cell death. The impact of both type I and type II reactions to
cell death depends on several factors comprising the PS, the subcellular localisa-
tion, the substrate and the presence of O,. In hypoxic conditions (inadequate oxy-
gen in body tissues), radicals generated from type I photoreaction of some PSs are
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Figure 2.60: The simple pathways by which the amalgamation of a PS, light and O, results in
photosensitized cell death. Transfer of energy from T, to biological substrates (R) and molecular
oxygen, via type | and |l reactions, generates ROS (*0,, H,0,, 0,¢~, OHe). They produce cellular
damage, which can be repaired or can kill tumour cells mainly by necrosis or apoptosis.

mainly responsible for sensitization. In an oxygenated medium, '0, largely facili-
tates photosensitization, but the additional role of H,O,, OHe and 0,°~ is also signif-
icant. It is notable here that ROS are highly reactive and have a very short half-life.
Therefore, only substrates located very close to the places of ROS production will be
firstly influenced by the photodynamic treatment.

2.13.1.4.2 Photoactive metal nitrosyls as NO donors

Light-driven NO release from NO-containing compounds represents a highly fasci-
nating area of medicinal research. In due course of designing systems that could
behave in a perfect manner for PDT, the implications of bonded system and the spe-
cific target matter. Ultimately infusing direct NO for the treatment options could be
replaced by controlled releasers, and more strictly under light effect beneficial ac-
counts have been updated. In general, PDT, the binary componental theory of NO
brings in an easy route for ROS generations and light absorptive phenomenon.
Therefore, with the PDT linked NORMs serve as highly attentive option for cancer
treatment with site and dose-specific context [197]. LASER-based site specificity pre-
cise the target cancerous cells than the usual drug therapy. Also, the expression of
NO by LASER-exposed tissues/cells add interest to connect PDT with NO-releasing/
NO-scavenging aspects [198]. In cancerous locus, the reactive intermediates in the
form of ROS can also combine with NO to decrease the respective load, and hence
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PDT-NO relation is an effective way of medication in the modern world to treat chal-
lenging diseases [199].

Since complexes of ruthenium are generally more stable, a range of ruthenium
nitrosyl complexes [200] have been synthesized and studied in detail in terms of
their structures and NO-donating capacities for a specific cellular target. Altogether,
the non-porphyrin nitrosyls readily behave as NO donors upon light illumination by
the intervention of Ru(Ill) photoproducts. On the other hand, photorelease of NO
from ruthenium nitrosyls derived from porphyrins remains restricted due to rapid
recombination again forming ruthenium nitrosyl complexes (Figure 2.61).

(Ru(NO)} 6 {Ru(NO)}*
hv hv
Ru(IIT) + NO' RulIn) +NO'

Relevant ligands:

Relevant ligands:
Porphyrin, Phenolatee

Ammine, Carboxamide, Thiolate

(a) (b)

Figure 2.61: (a) Ru—NO-based reaction for NO and Ru(lll) photoproduction
and (b) photoactivated NO release.

Despite numerous reports of ruthenium nitrosyl complexes do exist displaying re-
lease of NO upon high energy irradiation (UV light irradiation) [201], but data on
visible light [202] NO labilizations of ruthenium nitrosyls are few in numbers. Fur-
thermore, the Ru'™ solvent complexes that result after irradiation unavoidably un-
dergo unwanted side reactions in solution. One persistent challenge is, therefore, to
find ruthenium nitrosyl complexes that could release NO reversibly under very mild
conditions without any metal-bound side reactions for biological applications.

Study carried out by Franco et al. [203] have shown that the NO release in poly-
amidoamine functionalized with ruthenium nitrosyl compounds is made through
light irradiation (A = 355 nm) and one-electron reduction.

NO release in some cases has been recognized to be possible only if they are
activated by reduction [204] focussed on the nitrosyl ligand. Additional important
recent advancement in the nitrosyl lability is from a trinuclear [205] ruthenium ni-
trosyl complex and the relevant in vitro cytotoxicity against melanoma cells. Certain
ruthenium nitrosyl clusters have been designated pro-drug, NO releasers. It has
also been observed that chronic corticosterone administration facilitates aversive
memory recovery and increases glucocorticoid receptors/NOS immune reactivity [206].
As retrograde messenger, NO influences the formation of long-term potentiation
and memory consolidation. Cell penetrating ability and cytotoxicity of NO-donating
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ruthenium complexes [207] are also quite interesting. Some concerns regarding the
NO release with anti-HIV and anti-cancer activities have also been investigated.

In a recent report, Roveda et al. [208] reported the synthesis of ruthenium(II)
nitrosylsulphito complex of composition trans-[Ru(NH3),(isn)-(N(0)SO5)]* (isn = iso-
nicotinamide) by the reaction of sulphite ions (SO;*") with the nitrosyl complex
trans-[Ru(NH;),(isn)(NO)]>* in aqueous solution:

trans — [Ru(NHs), (isn)(NO)]>* +S05%~ — trans - [Ru(NHj), (isn)(N(0)S05)] *

This compound on light irradiation of wavelength of 355 or 410 nm generates NO°,
SO;"" and isonicotinamide in solution. The probable mechanism of this complex is
given in Figure 2.62. This is based on detection of the aquo complex, trans-[Ru(NH;),,-
(H,0)(isn)[** by laser flash photolysis, of NO® by the reaction with catalase (by UV-
Vis), of sulphite radical (S0°*") (by EPR using DMPO as a spin trap) and on DFT results.

+ 2+

O, SO,

X

OH,

NH
\\\\\\ 3

NH,

H;N H;N | N
3Ny, 3 /////,,” '\\\\\
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/ /
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Figure 2.62: Light irradiation on trans-[Ru(NHs),(isn)(N(0)S0O5)]* and generation of NO®, SO5"~
and isonicotinamide in solution.
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The photolability of NO in most of the metal nitrosyl complexes occurs from dn
(M)->m*(NO) transitions [209]. In ruthenium nitrosyls, such transitions occur in the
range between 300 and 450 nm. Consequently, ruthenium nitrosyls display NO pho-
tolability upon exposure to UV light, which is often harmful to biological targets.
Ruthenium nitrosyl complexes attached with appropriate dye molecules as light
harvesters [210] (Figure 2.63) have recently created much interest. Such molecules
rapidly release NO upon exposure to visible light. This type of sensitization permits
the use of ruthenium nitrosyls in NO delivery to biological target without the need
of harmful UV light. Some of these dye-nitrosyl conjugates have recently been used
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to inspire NO-induced apoptosis in cancerous cells [211] and destroy bacterial colo-
nies [212] under the total control of light:

NO
Hyc. YO CH; nyc, NOcH, Hyco, | OCH;
\ i L
\ z M/ 0 gz 0
Z
O\C/ 7, \\N\ A0 O§C/N"I//, \\\N\C// O%C/Nm””'m., .-“‘\\\\\\N\C/
R

[(Me2bpb)Ru(NO)(Resf)] [(Me2bQb)Ru(NO)(Resf)] [(Me2bQb)Ru(NO)(Resf)]
Meabpb =1,2-bis(pyridine-2-carboxamido)dimethybenzene
Me2bQb =1,2-bis(quinoline-2-carboxamido)dimethylbenzene
Me2bQb =1,2-bis(quinoline-2-carboxamido)dimethoybenzene
Resf = Resorufin dye

Figure 2.63: NO-releasing ruthenium nitrosyl complexes with dye attachment in visible light.

In our recent past, we have developed similar models of Ru-based systems capable
of releasing NO at lower energy activation in special reference to salen Schiff base
complex containing Cl as a co-ligand [213]. Theoretical-based DFT-supported study
and in vitro anticancer evaluation (MTT) for targeting COLO-205 cell line show that
the complex bears potent medicinal properties in special reference to NO-tagged im-
plications (Figure 2.64). These observations indicate that in designing PDT agents,
the Ru-Salen-NO complexes are beneficial in extra way as compared to the general
two-componental PDT requirements. On the one hand, the Ru—NO compounds could
act as PS and also due to potent anticancer properties are not dependants on oxygen
for this bioactivity to kill cancerous cells. Release of NO can serve best to target cellu-
lar death. Also, the co-ligation associated with Ru—-NO core is important in this con-
text [214, 215]. For instance, carbohydrate ligation has been reported to enhance the
PDT behaviour [216]. Therefore, coordination sphere represents a carriage of several
components useful in PDT especially when Ru-NO core is the central part of the
zone.
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Figure 2.64: Energy profiling of NO release resulting from Ru-NO salen spin-activated system.

2.13.1.5 NO delivery from nanoplatforms

Among the several factors that show considerable effect upon a molecular system to
behave as NO releaser, the size dependence of such systems have been significantly
proven under nano-frameworks. Hence, in specific way nano-drug delivery approach
for NO-donoring potential is keenly eyed by the NO chemists. Therapeutic-driven fac-
tors like NO payload, half-life and physiologically mediated are interestingly sought
from nano-systems [217]. Tremendous fascination has been shown in this context for
incorporating polymer-loaded NO, nanoparticles (NP; silica, TiO,), several forms of
quantum dots (QDs), NPs (bottom-up), carbon nanotubes, and so on.

2.13.1.5.1 Liposomes: microscopic artificial sacs whose walls are a double layer

of phospholipids
Among several biological cellular components targeting spherical vesicle, liposome
results in reaching highly compatibility site for drug delivery confined to long duration
potentiality and modulation of immune responsiveness. trans-[Cr(cyclam)(ONO),]*-
based system investigated by Ford et al. [218] for light sensitivity was found in an en-
capsulated form by liposomes. Also, the results indicate liposome conjugation with
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light-sensitive CrONO as compared to free complex, and 470 nm illuminations resulted
in a controlled NO release using aerated solutions.

Devoted to the similar form of work reported by Nakanishi and co-workers [219]
targeting Ru—-NO complex [Ru(L)CI(NO)] (shown in Figure 2.65) when allowed to in-
teract with liposome surface showed lipophilic behaviour of the Ru-NO system, and
began to release NO continuously for 1.5 h, indicating high efficiency.

e M
L0

Figure 2.65: Illustration of [Ru(L)CI(NO)] interaction with liposomes.

2.13.1.5.2 Polymers

While interrogating polymeric-based NP systems loaded with NO several fruitful re-
sults have been bagged. By such scaffolds, the respective half-lives and controlled
NO release with respect to biological milieu have shown fascinating behaviour. More-
over, the additional effect in terms of quantity or quality of drugs generates a syner-
gistic or combinatory treatmental effect, and hence can halt drug resistance also, for
instance, o-phenylvinyl-anchored [Ru(salen)(NO)(Cl)] complex worked out by Borovik
and co-workers [220] by linking methacrylate-polymered matrix. The resulting porous
composite showed the NO-releasing behaviour when exposed to UV light generating
photoproduct with the central metal as Ru'" state.

Similarly, Tfouni and co-workers [221] formulated a silicate (sol-gel approach)
capsulated form of cis-, trans-[(cyclam)Ru(NO)(C1)](PFg), [222]. The selected model
complexes were further illuminated in the UV range of EMR and resulted in their
NORM:-like behaviour. This significant approach involving sol-gel conjugation can
be tamed in a way to revert back the form of NO-tagged complex when photoproduct
is treated with NO. In the similar type of sol-gel-associated NO-releasing evaluation,
Mascharak and co-workers [223] in 2010 characterized a photosensitive manganese
nitrosyls of the general form [Mn(PaPy;)(NO)]ClO,. The observed releasing fashion of
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NO and the quantum efficiency using visible light was highly appreciated for quick
NO generation, site specificity and minimal harmful effects of radiation exposure.

Concisely speaking, the releasing molecules sought from incorporating poly-
meric material having porosity under metal-organic networks have thus reached an
interesting relation within the context of NO chemistry. Interestingly, Furukawa
et al. [224] reported several porous coordination materials incorporating polymers
of biocompatible tone wherein nitro-containing imidazolate functionality or N-nitro-
samine functional attachment [225] (Figure 2.66) were found to act as light-induced
NO donors. The designed materials were found to show the drug release at the cost
of energy falling in the beneficial range of EMR, that is, 300-600 nm.

M =Ti* or AP*

Figure 2.66: Scheme showing transformation of post-synthetic nitrosation of methylamine group
and light-induced NO releasing.

In the same manner, Ostrowski et al. [226] while studying another example of photo-
chemical reaction of a polymer-anchored CrONO core showed the visible light sensi-

tivity in this context, and the NO-discharge timed for more than 30 h under restricted
concentration (20-100 pmol™) of the sample (Figure 2.67).

4 Encapsulation in Light controlled
polymer hn NO release
— ®
N | N )
>Cr< —> —
< N N > /—\‘

ONO Photo-NORM

NO

Figure 2.67: Encapsulation of CrONO compound in polymeric matrix and release of NO on
irradiation of visible light.
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In nanomedicine relevance of these types of composites, the target of hepatic stel-
late was aimed by Wang et al. [227]. The concluding remarks of this study suggest
that these nanopolymers are potent medication advancements for liver fibrosis and
hypertension. In the study, the primary carriage of NO in the form of S-nitrosogluta-
thione in association with vitamin A was the main specific means for the feasible
delivery of the drug.

n—=z
AN

(6] O O

H
M N\)k
HO OH

H, o]

TZ

Zle

Figure 2.68: Chemical structure of S-nitrosoglutathione.

2.13.1.5.3 Nanoparticles: inorganic silica (Si0,)

The considerable fascinating physicochemical behaviour of silica-based biocompat-
ible functional models represent versatile scaffolds of desirable size, and stability,
and are easy to synthesize. Silane forms diversified products by acting as a binding
agent with so many functionalities (e.g. amines, carboxylates, thiols, olefins, hal-
ides and epoxides), and hence proves significant in grafting of surface-active drugs
including other therapeutics [228]. In connection with the photoinduced NO release
by a tetraaminenitrosyl complex of Ru, Tfouni et al. [229] observed the effect of
nanoparticulate form of silica assembled with the complex for the suitability as a
NO carrier capable of photoactive NO release as is shown in Figure 2.69.

In fact, silica NPs of mesoporous nature increases the ratio of surface to volume,
and hence the enlarged pore spacing, which in turn is an increased storage (payload)
NO capacity. In this context, Mascharak et al. [230] studied [Mn(PaPys3)(NO)](C10,)
complex in association with electrostatically attached mesoporous silica (MCM-41),
and found highly fascinating results against nosocomial infecting Acinetobacter bau-
mannii demonstrating the effect of NO released by the light-activated system in visible
range of EMR (Figure 2.70).

2.13.1.5.4 Titanium dioxide (TiO,)

The significant and outstanding photochemical applications of TiO, have motivated
researchers to use TiO, as a PS in treating cancer through PDT technique [231]. This
in turn has gained consideration for employing as nanocomposites to serve for the
purpose of cell imaging, analysing biological samples and more importantly in de-
signing drug delivery systems. In association with NO-delivery system of a selected
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Multi-drug regisant
Acinetobacter baumannii

Figure 2.70: MCM-41-loaded [Mn(PaPys)(NO)](ClO,) (photoactivated) NO-releasing action against
Acinetobacter baumannii.

Ru—NO complex tailored with TiO, composite, Liu et al. [232] developed a multifunc-
tional nanoplatform of its outstanding form. Meanwhile, folic acid (FA) moiety was
selected as the target wherein covalent-linked TiO, NPs were subjected to the light
illumination in the visible range (light pulsed from 5 to 20 s) generated enhanced
rate of NO release (150-300 nM) as compared to the free Ru-NO form. Overall, the
study reveals that the combined effect of all the selected systems produced synergis-
tic effects in inhibiting the respective cancer cell line.

Similarly, in another example of targeting dual targets of NO-delivery system
for subcellular level, Xiang and co-workers [233] developed NO delivery nanoplatform
{Lyso-Ru-NO@FA@C-Ti0,}(C-TiO, = carbon-doped TiO, NPs) using a lysosome-targeting
Ru-NO and a folate receptor (FR). The platform was shown to exhibit optical density
absorption in the range of 600-1200 nm, targeting FRs only. Therefore, a localized ef-
fect was achieved by using nanoplatform within the lysosomal area to deliver NO and
ROS at the same time for the same purpose. Hence, again a combinatory cytotoxic effect
was observed with high anticancer efficiency using this approach.

2.13.1.5.5 Semiconductor quantum dots (QDs)

QDs generally denote to very small NPs of only few nanometres in size. Semicon-
ductor QDs are one of the most important QDs. Their size and shape can be precisely
controlled by the duration, temperature and ligand molecules used in the synthesis.
Owing to the high optical regards in the form of absorption, controlled models of
optical properties and the surface reforming capability, semiconductor inorganic
QDs [234] have gained significant attention. Using this approach, Ford et al. [235]
conducted the congregational experiment of water-soluble CdSe/ZnS core/shell QDs
associated with the cationic trans-[Cr(cyclam)(ONO),]** complex employing coulombic
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interactions. The study observed QDs to serve as an efficient attenuator for light-har-
vesting process to trigger the drug (NO) release. The observations made in the experi-
ment indicated high efficacy, light-controlled transfer from quantum particles to the
NO carriage and stood as a first example to trigger NO release under nanoshield using
hydrophilic NO-carrying scaffold.

Similarly, Tan and co-workers [236] used nanospheres of Ag,S QDs, targeting
S-nitrosothiols or Roussin’s black salt (RBS) [237] as NO loading. The photoemis-
sion as well as photoabsorption indicated NO-releasing activation at visible light,
and emitted radiation of near-IR (NIR) fluorescence range (stimulated by a NIR
laser). This study suggests that such a system is applicable and fruitful for in vitro
as well as in vivo cell imaging (Figure 2.71). For similar experiments carried out
using Mn?*-doped ZnS QDs in place of Ag,S QD core resulted in activated NO release
at an energy cost of NIR-II light (1,160 nm) [238] (Figure 2.72), wherein Mn**-doped
capsulation of ZnS QDs served as a unique antenna for producing activation signals
to let NO release in a controlled and feasible manner.

\ NIR excitation Visibl light —, Fe4S3(NO)7

el = Chlt” Fe4S3(N0)7 . )
Ag,SQDs@CS-RBS

NIR fluorescence

Figure 2.71: Diagram for synthesis and light-activated NO release pathway of NIR- fluorescent
Ag,S QDs@CS-RBS nanospheres (adapted from Ref. [237]).
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Figure 2.72: Diagram for synthesis and the NIR-ll-activated NO-release pathway
of Mn?*-ZnS@CS-RBS (adapted from Ref. [238]).
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2.13.1.5.6 Upconverting nanoparticles (UCNPs)

Another NIR-activated drug-release technique using upconverting NPs (UCNPs) em-
ploying lanthanide-doped nanosystem represents fascinating form in designing
NO-releasing nanosystems [239]. The studies conducted in this context have shown
such systems capable of serving as efficient modulators in changing low-energy NIR
to high-energy UV-Vis form. This switching technique has been suggested to be use-
ful in recording real-time cell imaging that too even if the target is lying within the
deep tissues. In combination with PSs for carrying out photodynamic or photothermal
cancer therapy UCNP-based drug-releasing phenomenon could be very significant
[240]. For instance, Zhang et al. [241] formulated silica-coated NaYF,:Yb/Er@NaYF,
UCNPs (hexagonal) system with surface-appended RBS resulted in releasing NO
when subjected to irradiation of NIR at 980 nm. Similarly, Burks and co-workers
[242] set another example of NO-releasing polymer discs (UCNP-RBS-PDs) triggering
the drug release at the same 980 nm NIR range (Figure 2.73) releasing NO in a concen-
tration range of picomols to nanomols.

irradiation

980 nm ;' (Lny')-’—ﬁ_
~ A T

| —» Poly(dimethylsiloxane) (PDMS)
— Unconverting Nanoparticles (UCNPs)
® —> Roussin's Black Salt (RBS)

Figure 2.73: Diagrammatic illustration of photochemically active NO-releasing polymer discs
(PDs) under NIR light excitation for NO release (taken from Ref. [242]).

2.13.1.5.7 Carbon-based nanostructures

In association with nanosizing of nanodrug-delivery investigations, carbon nanostruc-
tures like fullerenes, carbon dots (CDs), graphene QDs, graphene oxide (GO) and car-
bon nanotubes (CNTs) have been preferably studied for having outstanding properties
desirable for drug-delivery assemblies. Having physicochemical properties like unique
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electrical and mechanical properties, CNTs have been found to be very useful in bio-
medical scientific applications involving their profitable role in biosensing, cell im-
aging and drug release. The planar forms of CNTs [243] represent high S/A values
enabling such systems to act as a carriage for various drug molecules involving
physisorption interactions. Chen et al. [244] reputedly carried out GO-based assem-
blage of BNN6 (N,N’-di-sec-butyl-N,N’-dinitroso-1,4-phenylene-diamine) congregated
via expected n—n stacking interaction found that NIR absorption triggers the respec-
tive NO release controlled by NIR laser. This nanosystem-based intracellular NIR re-
sponse remarked as a notable therapy for cancer treatment. Among several parameters
that are generally eyed while designing drug-delivery systems like water solubility, na-
ture of biocompatibility, cell permeability, photobehaviour and surface adjustability,
carbon nanodots (CDs) represent much fascinating consideration for such criteria [245].
For example, Xu et al. [246] reported the CD system of NO releaser using S-nitrosothiol
to deliver the drug at mitochondrial site under white light emitting diode irradia-
tion. The intense fluorescence recorded in the nanosystem helped to track the re-
lease easily. This technical advancement made subcellular system damage like
that of mitochondria in a more efficient way, and hence resulted in an enhanced
pro-apoptotic implication as compared with the undesirable target in a system. In
another example of {Ru-NO@FA@CDs}, while targeting FA reportedly conducted
by Liu and co-workers [247] (Figure 2.74) indicate self-trackable cellular recogni-
tion of cancerous cells on binding FRs. This system studied the amount of NO re-
lease by the manipulation of visible light, thereby allowing NO release at optimal
space and desirable duration applicable for highly demanded NO-mediated therapy
for cancer treatment. Therefore, the nanoscience involvement in NO releasers has
brought in improvement in the proficiency at the subcellular NO release. Liu and
co-workers [248] while studying {Lyso-Ru-NO@FA@CDs} incorporated with another
CD-based system targeting lysosome subcellular region (Figure 2.75) found that the
respective nanoplatform {Lyso-Ru-NO@FA@CDs} indicated immediate release of NO
by the activation energy of visible light or with 808 nm NIR light. In addition to the
observed NO-swift release, an increase in temperature by 808 nm irradiation depicted
the role in photothermal therapy. The overall observation again confirms the fruitful
and purposeful use of nanocontrolled platform of NO-caged systems for a multitude
of cancer cell lines.
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Figure 2.74: Reactions showing the formation of the {Ru-NO@FA@CDs} nanoplatform
(taken from Ref. [247]).

2.14 NO news is good news for eyes: NO donors for the treatment
of eye diseases

Since the dawn of NO recognition as a key signalling molecule, the diversified bio-
logical role of this free radical met with its extended role in so many areas of physio-
logical investigations. Keeping in view that the combinatory functional status of NO
and cGMP (cyclic guanosine monophosphate) is entailed with a range of biological
actions, there are numerous evidences supporting the fact that the NO-metabolic
pathways are also involved in the normal functioning of an eye.

Before coming to know the key role of exogenous NO donors in the medication of
eye diseases, it is must to know the endogenous production of NO inside the eyes.
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Figure 2.75: Reaction showing the formation of {Lyso-Ru-NO@FA@CDs} nanoplatform and its
directed attack against cancer cell (adapted from Ref. [248]).

2.14.1 Biosynthesis of nitric oxide

NO, a biologically synthesized molecule, is now widely accepted to be produced via
metabolic pathway of L-arginine to L-citrulline under NOS action (oxidation of the
nitrogen-coloured red in Figure 2.76).

H 0
[ Lo Lo
H,N—C—C—OH H,N—C—C—OH H,N-C—C—OH
¢H2 NaDPH NAPgO CHy o5 Nappu 0.5NADP™  (Ho
¢H +o, 2 CH 0, +H,0 CH,
CH, CH, CH, .
NH ' N N0
, NOS INH ,
C=NH ¢-N-OH =0
NH, NH, NH,
L-Arginine N-Hydroxy-L-Arginine L-Citrulline

Figure 2.76: Biosynthesis of nitric oxide.

The bioregulatory pathways of NO are involved almost in every mammalian system,
particularly under the action of NOS in association of oxygen, the reduced form of
NADPH and several flavins. The three well-known NOSs show distinctive variation
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in the site of action and nature of requirement controlled by human physiological
action. NOS-I or nNOS is neuron-related NOS, and the second NOS “NOS-II” (iNOS)
refers to immunomodulation, and the third very important one is NOS-III (eNOS) de-
notes the vascular endothelium NOS. First and third isoforms produce NO in a very
low concentration, mediated by the calcium/calmodulin activation (Figure 2.77).
Whereas NOS-II is immunoresponsive (Figure 2.77) and produces NO in large quan-
tities for a longer duration in a stimulus-dependant way [249].
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Figure 2.77: Nitric oxide interactions with cells after its generation by three isoforms

of NOS enzyme.

Macrophases and other
numerous cells

Pathogenic agents
Neighbouring cells

L-Arganine .

Toxicity on:

Nucleus 4. Plasma
- Membrane

- Mitochondriall

* Respiration

—»NOS-II L NO

* Proteins

L-Citruline - DNA

Producing cell Target cell

2.14.2 Roles of nitric oxide in eyes

NO is found to have a precious role in maintaining homeostasis among humans.
The role that it plays in sensory neurons activates the search for its possible concern
as homeostatic mediator in the eye. These functional regulations include maintenance
of aqueous humour (AqH) dynamics, neurotransmission of retina and photo-transduc-
tion. Any halt in its generation or malfunctioning of the respective metalloprotein ac-
tions could result in uveitis, retinitis, glaucoma or retinal degeneration [249].
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It is now well known that eNOS and nNOS are activated in normal tissues to pro-
duce NO for physiological functioning of the eye [250]. The expressions/indications of
neuronal and immunologic NOS have been detected in the retina. Diverse studies dis-
close that neuronal NOS may be responsible for producing NO in photoreceptors and
bipolar cells. This is followed by stimulation of GC of photoreceptor rod cells and in-
creases calcium channel currents. It has been established that NOS action if halted/
stopped in the retina of cats results in phototransduction impairment [251]. Moreover,
Miiller cells and in retinal pigment epithelium contain iNOS responsible for keeping
normal phagocytosis of the retinal outer segment. NO also caters retinal circulation
[253]. Glaucoma is a progressive optic neuropathy caused by death/degeneration
of the retinal ganglion cells (RGCs) and is the leading cause of irreversible blindness
worldwide. The mechanism by which this progressive RGC death occurs is not fully
understood. It is clear that multiple causes may give rise to the common effect of gan-
glion cell death.

The clinical investigations reveal that glaucoma is associated with increased
IOP. In case of open-angle glaucoma (OAG), the finding of high IOP suggests imbal-
ance between AgH generation and outflow. It is estimated that more than 60 million
people suffer from primary OAG worldly, showing a possible graphic projection of
about 79 million by the end of 2020 and more than 100 million by 2040. The general
form of glaucoma is indicative of high IOP and hence is known as ocular hyperten-
sion. From the available data it is clear that one-third of glaucomatous patients
(vision loss) show normotensive IOP (normotensive glaucoma and this disease has
a major impact on age factor, that is, increases with age, independent of IOP [254].
This shows that this mechanistic approach is not the sole explanation of the cause
of this defect.

Reducing IOP is not always a preventive measure of glaucomatous neurode-
generation, and many patients go with this disease in spite of having IOP in the
normal range. It has been found that NO is a direct regulator of IOP and that dys-
function of the NO-GC pathway is associated with glaucoma incidence. Studies
conclude that NO has potential as a novel therapeutic that decreases IOP, elevate
ocular blood flow and bestow neuroprotection. Ideally, novel glaucoma therapeu-
tics would take care of both IOP-dependent and -independent mechanisms [255] of
the disease.

The complete roles of endogenous NO in eyes are depicted in Figures 2.78-2.81
with details given below each figure (adapted from Ref. [254]).
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Figure 2.78: Diagrammatic representation of aqueous humour (AgH) equality. (@) AqH at the ciliary
body in the eye flows (green arrows) through two routes independently that control AqH dynamics:
(i) via the trabecular meshwork (TM) and Schlemm’s canal (purple arrow) (conventional route) and
(i) via the uveoscleral tract ( ) (non-conventional route). (b) The balance of (AgH)
production at the ciliary body and elimination in the anterior chamber establishes IOP in the eye.

2.14.3 Use of NORMs in the treatment of eye defects

The results of NO donors on IOP have been observed in several species comprising
mouse, rabbit, dog and monkey. NO donors such as nitroglycerin (GTN), ISDN, so-
dium nitrite and SNP when administered topically (Figure 2.82), they rapidly lowered
IOP with a highest effect at 1-2 h in a normotensive (having normal blood pressure)
rabbit model.

Interestingly, SNP and nitroglycerin have shown the result on IOP peaked at 0.1%
and 0.03%, respectively. Remarkably, higher doses were found to be less effective
[256].

Kotikoski et al. [257] have shown that topical or intravitreal administration of SNP,
S-nitrosothiol and spermine NONOate in normotensive rabbits resulted in highest IOP
lowering after 2-5 h.

It has been observed by Behar-Cohen and co-workers [258] that intravitreal or
intracameral injection of the NO donors, namely, 3-morpholinosydnonimine (SIN-1)
or SNAP (Figure 2.83), when given to a normotensive rabbit persuaded a dramatic
decrease in IOP depending on the amount of NO delivered to the eye.

Sugiyama et al. [259] studied the hypotensive action of nipradiol [3,4-dihydro-8-
(2-hydroxy-3-isopropyl-amino)-propoxy-3-nitroxy-2H-1-benzopyran (Figure 2.84), a
B-adrenoceptor blocker with an NO-donating nitroxy group in normotensive rabbits.
This study demonstrates that the hypotensive role of the drug nipradiol is dependent
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Figure 2.79: The NO-GC-1-cGMP pathway, steps in the way of IOP lowering. (@) NO is generated from
L-arginine by nitric oxide synthase (NOS) available in three isoforms: (i) neuronal NOS-I (nNOS),

(i) endothelial NOS-IIl (eNOS) and (iii) inducible NOS-II (iNOS). (b) NO binds guanylate cyclase-1
(GC-1), a heterodimeric protein capable of converting guanosine 5’-monophosphate (5’-GMP) to
cyclic guanosine monophosphate (cGMP). The cGMP so produced can target cGMP-gated ion
channels and activate kinase signalling cascades. (c) Phosphodiesterase enzymes (PDEs) bind to
cGMP and catalyse the decomposition of cGMP into 5’-GMP. PDEs act as important regulators of
signal transduction mediated by cGMP. (d) The cGMP bioavailability in the cell can be increased in
two ways: (i) by the use of GC-1 stimulators and activators, which increase production of cGMP, or
(ii) by the use of PDE inhibitors that prevent the decomposition of cGMP in the cell.

on NO donation by pre-treating it with the NO trapping agent carboxy-PTIO [2-(4-car-
boxyphenyl)-4, 4, 5, 5,-tetramethylimidazoline-1-oxyl 3-oxide].

Studies conducted by Orihashi and co-workers [260] in hypertensive and nor-
motensive rabbits have shown that nipradilol and SNP exhibited IOP lowering in
both types of rabbits. Contrary to this, latanoprost (Figure 2.85) was without signifi-
cant effect in lowering of IOP. When either nipradilol or SNP was given in combina-
tion with latanoprost, the IOP reduction was significantly greater than that of either
of the NO donors administered alone. This suggests a synergistic effect of latano-
prost and NO in lowering IOP.

Non-arteritic anterior ischemic optic neuropathy (NAION) [261], a common eye
problem generally found in middle-aged group (though no age group is safe), is
linked with phosphodiesterase (PDE) inhibitors (such as Sildenafil) presumably due
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Figure 2.80: cGMP-assisted modification of IOP via increase in aqueous humour (AgH) outflow.

(@) Nitric oxide activates generation of cGMP by GC-1. The cGMP activates protein kinase G (PKG).
The PKG so activated can phosphorylate numerous targets with various downstream effects,
including inhibition of Ras homolog family member A (RhoA). This prevents inhibition of myosin
phosphatase by Rho Kinase. (b) Besides inhibition of RhoA, activated PKG can directly trigger
myosin light chain phosphatase (MLCP). Thereafter, dephosphorylation of the regulatory light
chain of myosin by MLCP prevents actin-myosin interaction, promoting cell relaxation. (c) This then
leads to a widening of the intercellular spaces in the juxtacanalicular trabecular meshwork (TM)
and Schlemm’s canal. This facilitates conventional AqH outflow and thereby lowering IOP.

to the hypotensive effect and vasorelaxation. Hence, sildenafil (a well-known NORM)
finds the application in lowering the blood pressure [262].

Several recent reports describe the use of erectile dysfunction (ED) drugs (tada-
lafil, avanafil and vardenafil) (Figure 2.86) questioning these drugs as responsible
agents for NAION [263]. Many factors have been elaborated to set this belief of con-
tribution towards NAION. Therefore, among warning factors, such possibilities of
side effects must be highlighted. The same vision defects have been found among
patients after sildenafil consumption [264].

It is established that PDE 5 (PDE in the corpus cavernosum) along gets inhibited
by using the ED drugs, escaping degradation of 3’-5"-cGMP to guanosine 5’-mono-
phosphate (5’-GMP). The NO linkage with guanylyl cyclase creates conformational
modification in this enzyme, followed by catalytic cGMP generation from guanosine
5’-triphosphate (GTP), stimulating penis towards erection as has been displayed in
Figure 2.87.
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Figure 2.81: GC-1-directed therapy for glaucoma is pleiotropic in its action. Increased levels of
cGMP are shown to have pleiotropic targets that are beneficial in the treatment of glaucoma. These
are () relaxation of the trabecular meshwork to increase AgH outflow facility, which leads to
lowering in IOP; (b) increasing blood flow to the retina, choroid and optic nerve head; (c) prevention
of degeneration of retinal ganglion cells through mechanisms that may involve downstream kinase
pathways. As shown in Figure 2.79, the cGMP concentrations in the eye can be increased in two
ways: (i) by the use of GC-1 stimulators and activators, which aim to increase production of cGMP;
or (ii) by the use of PDE inhibitors that prevent the decomposition of cGMP into 5’-GMP in the cell to
increase its bioavailability.
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Figure 2.82: Structure of some nitric oxide donors.
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Figure 2.83: Structure of SIN-1 and SNAP.
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Figure 2.85: Structure of latanoprost.

_CH

(% \g)
O(\\/o

Tadalafil

CH,

r
N N 0}
(\N 0 ] Y OH 0 H
N \ N
N)\/ /N /\S \N AN
0 c (\N Y% | N
H
o Sen, M \/N\) N\“/l\<

cl 0 CH,4

Avanafil Vardenafil

Figure 2.86: Structure of sildenafil and other similar ED drugs.
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Figure 2.87: NO-cGMP routes for relaxation of arterial and trabecular smooth muscle.

Another familiar example of NO donor usable in lowering IOP is NO-bonded la-
tanoprost acid called as latanoprostene bunod (LBN) and is generally referred for
topical treatment, and its action of releasing NO is prostaglandin equivalent. The
role of this compound in outflow of AqH has been described in Figure 2.78 and the
mechanism of NO release is given in Figure 2.88.

Galassi et al. [265] investigated the outcome of a topical NO-releasing compound
known as dexamethasone (NCX1021) involving NO-donating group (Figure 2.89) on
IOP and ocular haemodynamics in a rabbit glaucoma model. This study concludes
that NCX1021 may prevent the IOP increase, impairment of ocular blood flow and the
morphological changes in the ciliary bodies possibly induced by corticosteroid
treatment.

Moreover, numerous other NO donor compounds are known that exhibit pre-
clinical effectiveness for IOP reduction in animal models, including the prostaglan-
din equivalent NCX 470 (a novel NO-donating bimatoprost) and two novel carbonic
anhydrase inhibitors: NO dorzolamide and NO brinzolamide [254]. Altogether, these
studies demonstrate that NO-donoring compounds are feasible and possibly effec-
tive agents for medication towards IOP lowering in glaucoma patients as well as
those with ocular hypertension.
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Figure 2.88: The release of nitric oxide from LBN (adapted from J. Ocul. Pharma. Therap., 34 (2018)
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Figure 2.89: Structure of NCX1021 (dexamethasone) involving NO-releasing group.
2.14.4 Mechanism of action of NO in IOP lowering

Contemporary therapies for reduction in IOP comprise f-adrenergic receptor block-
ers, a-adrenergic receptor agonists and carbonic anhydrase inhibitors. They target
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AqgH formation. Moreover, prostaglandin equivalents are supposed to lower IOP
through effects on the uveoscleral pathway [266]. There is evidence that NO stimula-
tion may mediate IOP lowering effects through a predominant increase in the aque-
ous outflow, mainly with effects on the conventional pathway.

2.15 Role of NO and exogenous NO donors in plants

While the history of studies on NO in animals is substantially much more advanced,
considerable attention has been given to the mechanism of NO synthesis and its
roles in plants in the last decades. NO emission from soybean plants treated with
herbicides was first observed by Klepper [267] in 1975, much earlier than in animals.

For the first time in 2005, Yamasaki [268] specified that plant systems are more
open to the environment and to NO than those of vertebrates. Thus, Arasimowicz
and Floryszak-Wieczorek [269] highlighted that plant NO signalling network should
be more sensitive to exogenous NO emission. For example, soil bacteria nitrifica-
tion/denitrification, soil fertilization or air pollutants than closed animal systems lo-
calized in specific tissues. With regard to the physiological roles of NO in plants,
several works testified its association in the inhibition of plant leaves expansion,
cell wall lignification, root organogenesis, sexual reproduction, germination and
breaking of seed dormancy [270].

In view of the above, the coming section will, therefore, focus on different bio-
logical effects/roles of NO in plants in details.

2.15.1 Biosynthesis of nitric oxide

The synthesis of NO fluctuates with the type of plants and tissues. It also depends
on their growing conditions. NO is generated at different centres, such as the cyto-
sol, nucleus, peroxisome matrix and chloroplasts of the plant cells. Wojtaszek [271]
in year 2000 reported that there are various biosynthetic sources of NO in plants
based on enzymatic and non-enzymatic processes. Figure 2.90 illustrates these sources.

(a) Non-enzymatic processes
Quite a few non-enzymatic reactions are identified for the production of NO. These
are being given here: (i) reaction of ascorbate and nitrous acid (HNO,) in acidic con-
ditions gives rise the formation of dehydroascorbic acid and NO [272]. (i) NO could
be generated by chemical reduction of NO,™ at acidic pH. (iii) Carotenoids are found
to convert NO, to NO in the presence of light [273].

(iv) NO is also produced by nitrification and denitrification routes [273]. (v) Non-
enzymatically, NO can also be produced from NO donors, namely, SNP and SNAP
(Figure 2.91) when applied to plants externally [274].
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Figure 2.90: Possible biosynthetic sources of nitric oxide (NO). Here, NR, nitrate reductase; NiR,
nitrite reductase; NOS, nitric oxide synthase (adapted from Ref. [270]).
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Figure 2.91: Structure of sodium nitroprusside (SNP) and S-nitroso-N-acetyl-penicillamine (SNAP).

(b) Enzymatic processes

Cevahir and co-workers [275] reported some enzymatic routes that generate NO. For
instance, (i) in plant cells, NO can be generated enzymatically via the formation of
L-citrulline from L-arginine by an unidentified enzyme, which resembles mamma-
lian NOS in properties. (ii) NOS-like activity has been testified in chloroplasts and
peroxysomes of plants. (iii) In peas, wheat and corn, a molecule similar to NOS has
also been documented. (iv) Enzyme xanthine oxidoreductase [276] is known to gen-
erate NO in hypoxic conditions.

In higher plants, Ninneman and Maier [277] observed prominent concentrations
of L-citrulline formation. Using inhibitors, namely, NG-nitro-L-arginine and NW-nitro-
L-arginine methyl ester, both the researchers confirmed NOS activity in plants.

Besides the accepted NOS pathway of NO production, nitrate reductase (NR)
may produce NO in plants. In fact, NR is a crucial enzyme for nitrate assimilation in
higher plants. This enzyme catalyses the transformation of nitrate to nitrite. The re-
sulting nitrite has been found to generate NO in the presence of NADPH at an opti-
mum pH of 6.75 under in vitro and in vivo environments [278] both.
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2.15.2 Nitric oxide action in plants

Metabolism in plants is very much affected by NO emission. Consequently, a new
field of research has emerged, wherein the effects of NO in plant physiology are being
focussed. This has been principally achieved by external/synthetic uses of NO donors
in a varied range of concentrations to a great variety of plant systems. The main sub-
jects of attention here are the possible roles of NO in plant growth and development, in
signalling mechanism, and during plant stress situation.

2.15.2.1 NO in plant growth and development

(a) We are aware that plants under normal growth conditions release NO. It also
accumulates in the atmosphere from several other sources, comprising indus-
trial pollution. It is reported long back that photosynthesis in plants is badly
affected by NO, and thereafter the effects of NO on plant growth were observed
to be concentration dependent. It has been observed that the development in
tomato, lettuce and pea plants is much inhibited, especially at high concentra-
tions of NO (40-80 pphm) (pphm =parts per hundred million), while its low
concentrations (0-20 pphm) stimulated overall growth in these plants. Recent
data reported by two researchers [279], Takahashi and Yamasaki, suggested that
NO can reversibly suppress electron transport and ATP synthesis in chloroplasts.

As nitrite produces NO, it was proposed that when nitrite reduction by ni-
trite reductase (NR) is inadequate to produce NO, it could inhibit photosynthe-
sis. As per this suggestion, antisense-nitrite reductase tobacco plants have been
found to store increased NO and display reduced growth [280].

(b) Lengthening of hypocotyl and internode in plants is affected by NO. It has been
observed by Beligni et al. [281] that the NO donors inhibit hypocotyl elongation
and stimulate de-etiolation and increase in chlorophyll contents in potato and
lettuce. NO is also found to enhance the chlorophyll continuum in the leaves of
pea [282]. Also, the role of NO in increasing iron bioavailability reported by Gra-
ziano et al. [283] highlights the significance of NO in plants.

(c) Anti-senescence properties of NO have been reported by several research groups.
Leshem and Haramaty [284] found that application of an NO donor like SNAP
(Figure 2.91) increases the age of pea plant, incorporating anti-ageing influence
[285]. Fruit ripening is another senescence-related process promoted by ethylene
that can be delayed by NO [286]. Moreover, application of NO to vegetables and
fruits also retarded senescence and prolonged their postharvest life.

(d) In several plant species, germination of seeds is found to be motivated by NO
[287]. Use of NO donors, namely, SNP and SNAP, terminated dark-imposed seed
dormancy in lettuce. Remarkably, it was inverted in the presence of the NO
scavenger, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO). Such
effects of NO might also explain the germination of dormant seeds of California
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chaparral plants stimulated by smoke containing nitrogen oxides [288]. Giba
et al. [289] demonstrated that phytochrome-controlled germination of empress
tree seeds is facilitated by NO using NO donors, namely, SNP, SNAP and SIN-1
(Figure 2.92). Nitrite promotes seed germination at low pH of 2.5 and 3. However,
seeds are not germinated only in acidic conditions in the absence of nitrite.

Figure 2.92: Structure of 3-morpholinosydnonimine (SIN-1).

In fact, NO are generated from nitrite under low pH conditions, and nitrite-induced
NO synthesis via a non-enzymatic route can occur in plants (see under biosynthesis
of NO above). Thus, earlier reports on the promotion of seed germination by nitrite
might be explained by NO generation. These roles of nitrite (and thus NO) on seed
germination are fascinating and suggest that the concentration of soil nitrite is an
important factor for seed germination.

2.15.2.2 Interactions between nitric oxide and hormones

It is known that NO serves as a facilitator in the biological functioning of primary
messenger molecules such as hormones. As an illustration, a plant hormone cytoki-
nin was found to motivate synthesis of NO in some plants like tobacco, parsley and
Arabidopsis cells. Interestingly, NO was shown to duplicate some roles of cytokinin
[290] via stimulation of betalain accumulation in Amaranthus seedlings. NO may
also participate in abscisic acid (ABA)-affected stoma closure. It is recently demon-
strated that ABA motivates NO synthesis in the guardian cells [291] of peas, but had
no effect in Arabidopsis suspension cultures. Pagnussat et al. [292] stated that SNP
and SNAP used as NO donors in cucumber stimulated adventive root development.
But auxin (Figure 2.93), a plant hormone, persuaded root growth and lateral root
formation were hindered by the use of the NO inhibitor, 2-[4-carboxyphenyl]-4,4,5,5-
tetramethylimidazoline-1-oxy-3-oxide (c-PTIO).

O

OH
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Figure 2.93: Chemical structure of auxin (indole-3-acetic acid).
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2.15.2.3 Correlation of NO with abiotic stress plants

By abiotic stress in plants, it refers to exposure of plants to water scarcity, non-opti-
mal temperatures, high energetic radiations and ozone. Such stresses result in the
generation of ROS by plants in a responsive way, triggering different signalling
stages, and meanwhile NO serves as an antioxidant agent to interact with these
ROS. Thus, modifying superoxide and preventing lipid peroxidation defines this
correlation. Overall, an optimum balance between ROS/NO is essential for normal
functioning and to cater the abiotic stress because in excess NO productive nitrosa-
tive stress could harm the plant.

(a) Drought stress

Remarkably, drought stress is a foremost environmental limitation on crop produc-
tivity and performance. In view of this, knowledge of the cellular processes that im-
prove the consequences of drought stress and conservation of water are obviously
important. Importantly, ABA is synthesized subsequent to turgor loss of the plant
cells, and this arouses guard cell (stress tolerance cell) NO synthesis. However, the
effects of dehydration on NO production have not been determined by now. Leshem
and Haramaty [293] reported that wilting (excess water loss from plant called wilt-
ing) augmented NO release from pea plants. However, in Arabidopsis (a small flow-
ering plant), Magalhaes et al. [294] observed the opposite result. This may be due to
species differences. Hence, it will be noteworthy to determine the results of water
stresses at a range of reduced water potentials and over variable time periods. On
the other hand, NO can assist in reducing transpiration by halting stomatal open-
ing, and NO donors, like SNP and S-nitroso-N-acetylpenicillamine can serve for this
purpose to facilitate NO availability in plants [295].

Accumulating evidences are available that ROS and NO interact to persuade
ABA biosynthesis. Zhao and co-workers [296] reported that in reaction to drought
stress, an increase in NOS-like activity was noticed in wheat seedlings. In addition,
growth of ABA was slowed down by NOS inhibitors. Jiang and Zhang [297] reported
that NADPH oxidase activity was induced by ABA during drought stress. This leads
to increased ROS levels in maize seedlings, indicating a close interaction between
ABA, ROS and NO levels.

(b) Temperature/heat and cold stress

Abiotic stresses in the form of too hot or too cold also influences the crop produc-
tion to a considerable extent. Similar to other stresses, as per the relevant study re-
ported by Suzuki and Mittler [298] suggests that oxidative stress is induced in plants
exposed to high temperature resulting in lipid peroxidation that causes injury to
cellular membrane and degrades several proteins, and other cellular organelles. In
a similar approach concerned with the effect of cold stress indicates in the dis-
turbance of normal ROS equilibrium in plants [299]. Again, the facilitation of NO
through the administration of SNP or SNAP can prove to be beneficial in lowering
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this stress. Zhang et al. [300] selected a common reed (Phragmites communis) sub-
jected to a temperature of 45 °C and found ion leakage and growth inhibiting factors
at an increased amount in the selected temperature. Bavita and co-workers [301]
used 50 and 100 pM of SNP as NO donors for two varieties of wheat as models
[wheat-C306 (heat tolerant) and PBW550 (heat sensitive)] at 33 °C, and found that
all antioxidant pathways of the respective enzymes showed increased active de-
fence against the stress. Similar observations have been reported by Yang et al.
[302], using SNP as exogenous NO source in mung bean. In several reports of the
same interest, positive results of lowering the stress among plants have been re-
ported using NO donors [303, 304].

(c) Ultraviolet radiation stress

Sunlight is the major energy provider for plants. Additionally, morphological, bio-
chemical, physiological and molecular effects in plants have been suggested to
occur because of UV-B radiation (among three classes) as reported by Kataria et al.
[305]. In exposure of high energetic radiations, plants undergo oxidative stress re-
sulting in adverse effects, increasing the responsiveness of plants in the form of AA,
chloroplast and superoxide dismutase (SOD) activities [306, 307]. Meanwhile, here
too NO can serve as a motivational antioxidant tool as has been reported by a study
on soybean leaves [308]. It was found that SNP can alone be used to tackle with the
oxidative stress caused by UV exposure.

(d) Salt stress

Another prolonged adverse condition disturbing plant growth and development
occur due to salinity stress. High salt level in plants results in osmotic and ionic
stress [309], which confines growth and development of plants owing to several key
metabolic processes being affected in the prevailing condition. Moreover, salinity
modifies the activities of several enzymes [310] comprising nitrate and sulphate
assimilation pathway in plants, lowers their energy status and increases the de-
mand for nitrogen and sulphur. Much of the injury at cellular level resulted be-
cause the salinity stress is associated with oxidative damage due to ROS. Plants
appear to possess a wide range of defence strategies to protect from oxidative
damage. Nevertheless, little is known about the involvement of NO in tolerance to
plants to salt stress.

In salt stress, the use of an exogenous NO donor [311], SNP, significantly less-
ened the oxidative damage of salinity to seedling of rice, lupine and cucumber.
Moreover, SNP enhanced seedlings’ growth and increased the dry weight of maize
and Kosteletzkya virginica seedlings under salt stress. Zheng et al. [312] have
shown that pre-treatment of SPN effectively played a part in better balance be-
tween carbon and nitrogen metabolism by increasing total soluble protein and
by increasing the activities of endopeptidase and carboxypeptidase in plants
under salt stress.
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(e) Heavy metal stress

Heavy metal pollution changes the environment [313] in many places globally. There
are two key mechanisms for most of the heavy metals to exert their toxicity. These are
(i) redox-active mechanism and (ii) not-redox-active mechanisms. Autoxidation of
redox-active metals, namely, Fe or Cu may result in O, formation and successively
in H,0, and OH". The toxicity of non-redox-active metals is owing to their knack to
bind to oxygen, nitrogen and sulphur atoms.

Numerous studies have been conducted in order to evaluate the causes and
remedy of different heavy metal concentration on plants. NO plays a vital role in
augmentation of antioxidant enzyme activities and lessens the toxicity of heavy
metals. Use of SNP from outside reduces the toxicity of Cu and NH," accumulation
in rice leaves. The defensive effect of SNP on the toxicity and NH,* accumulation
can be inverted by carboxy-2-(4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (c-PTIO) (Figure 2.94), an NO scavenger, suggesting that the defensive effect of
SNP is

o-
/ 0
N+
OH
\
o Figure 2.94: Chemical structure of c-PTIO.

because of the NO release. These results also suggest that lowering of Cu-induced
toxicity [314] and NH," accumulation by SNP is most probably mediated through its
ability to scavenge active oxygen species. Kopyra and Gwo6zdz [315] also observed
that SNP pre-treatment considerably reduces O, -persuaded specific fluorescence in
Lupinus luteus roots under heavy metal treatment. The results this study indicate
that antioxidant function of NO may be traced by scavenging of O, , resulting in a
decrease of superoxide anion. Kaur et al. [316] reported the exogenous NO interfer-
ence with lead (Pb) persuaded toxicity by detoxifying ROS in hydroponically grown
wheat (Triticum aestivum) roots. Furthermore, Tian and co-workers [317] established
that NO decreases the aluminium (AL**) toxicity in root elongation of Hibiscus
moscheutos.

It has been reported by Cui and co-workers [318] that the use of exogenous SNP
promotes ROS-scavenging enzymes, reduces accumulation of H,0,, and persuades
the activity of H*-ATPase and H'-PPase in plasma membrane or tonoplast. It also
considerably improves the growth inhibition induced by CuCl, in tomato plants.
These results suggest that exogenous NO could effectively encourage tomato seed-
lings to adjust physiological and biochemical mechanisms against Cu toxicity and
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maintain fundamentally metabolic capacity and normal growth under heavy metal
stress.

Hu et al. [319] also found that pre-treatment of NO improves wheat seed germi-
nation and lessens oxidative stress against Cu toxicity by enhancing the activity of
SOD and catalase and by decreasing the lipoxygenase activity and malondialdehyde
synthesis. NO was reported to have the ability to reduce Cu-induced toxicity.

2.15.2.4 Correlation of biotic stress with NO in plants
Biotic stresses are a possible threat to global food security. The origin of new patho-
gens and insect races due to climatic and genetic factors is a major challenge for
plant breeders in breeding biotic stress-resistant crops. Biotic stresses are the dam-
age to plants instigated by other living organisms such as bacteria, fungi, nemato-
des, protists, insects, viruses and viroids. Fungi, bacteria, nematodes and viruses
are the pathogens primarily responsible for plant diseases. Numerous biotic stresses
(diseases) are of historical significance [320] unlike the abiotic stresses, for example,
the potato blight in Ireland, coffee rust in Brazil, maize leaf blight caused by Cochlio-
bolus heterostrophus in the United States and the great Bengal famine in 1943. These
are some of the major events that devastated food production and led to millions of
human deaths and migration to other countries in the past. Presently, the occurrence
of new pathogen races and insect biotypes poses further threat to crop production.
The ability of NO to act as a stress-coping factor was studied for biotic stress in
plants by several research groups. For example, treatment of potato tuber tissues
with the NO donor NOC-18 (1-10 mM) [spontaneously release NO (t;,, = 20 h)] provoked
an accumulation of the phytoalexin rishitin, an endogenous antibiotic compound. The
effect of NOC-18 was neutralized by the specific NO-scavenger carboxy-PTIO and by
the free radical scavenger Tiron [321]. Hyphal wall components (HWC) also stimulated
the formation of rishitin and had an additive effect with NOC-18 (Figure 2.95). How-
ever, carboxy-PTIO did not affect HWC-induced rishitin increase, suggesting that NO
and HWC signals are probably transduced through independent pathways.

T_
HO N NH
= 2
\N/ +\N/\/
Figure 2.95: L-Hydroxy-2-o0xo-3, 3-bis(2-aminoethyl)-1-
NH, triazene (NOC-18).

Laxalt et al. [322] testified that NO safeguards chlorophyll levels in potato leaves
that were infected with the pathogen Phytophthora infestans. This was achieved
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with low NO concentrations (between 10 and 100 mm SNP). Lower concentrations
were unproductive, whereas higher ones resulted in chlorophyll decay.

Huang and Knopp [323] observed that in the tobacco—Pseudomonas solanacea-
rum pathosystem, NO donors were able to invoke a hypersensitive response (HR).
(The HR is a mechanism, used by plants, to prevent the spread of infection by micro-
bial pathogens.) HR was characterized by rapid host cell death at the pathogen pen-
etration site. Consequently, the growth and development of the fungus is restricted
and, thus, spreading to other parts of the plant is prevented.

Durner et al. [324] gave convincing evidence for the role of NO during plant de-
fence responses. Infection of tobacco plants with HR-inducing ranges of tobacco
mosaic virus—induced NOS activity that was inhibited by NOS inhibitors. NO also
persuaded the synthesis of salicylic acid (SA) and expression of the defence-related
gene PR-1. SA is a defence signalling molecule connected in the development of sys-
temic acquired resistance (SAR) [325]. Thus, the data of Durner et al. suggested a role
for NO in SAR. Since SA treatment leads to enhance NO production [326], a complex
signalling relationship between H,0,, NO and SA during HR and SAR is likely [327].

2.15.2.5 Mechanism of nitric oxide signalling in plants

Even though research outputs clarifying NO’s activity in plants are expanding pro-
gressively, only little facts regarding the processes of its signalling mechanisms
have been accumulated by now. It seems improbable that specific receptors exist
for NO as NO is such a simple, small and diffusible molecule. Nevertheless, cells are
quite sensitive to NO and various cellular activities occur in its presence [328].

Significantly, NO signalling may encompass either direct activation of ion chan-
nel proteins or proteins that regulate their gene expression or indirect regulation of
signal cascade proteins, such as protein kinases, ion channels or enzymes that pro-
duce second messengers [329]. NO signalling can be dependent or independent on
the second messenger molecule cGMP [330]. In cGMP-dependent [331] signalling,
NO activates the enzyme GC which catalyses the synthesis of cGMP from GTP. The
resultant increase in cGMP levels raises cytosolic calcium levels by increasing levels
of activated cyclic adenosine 5’-diphosphate ribose, another second messenger mol-
ecule. The cGMP also activates intracellular protein kinases. Alternatively, in cGMP-
independent [332] NO signalling, proteins that contain thiol groups and metals,
such as iron, copper and zinc, are among the primary targets of NO.

Besides GC, aconitases are a major NO target in animals, and NO directly affects
aconitase functionality [333]. Aconitase is an iron—sulphur (4Fe—4S)-containing en-
zyme that catalyses the reversible isomerization of citrate to isocitrate. Navarre et al.
[334] observed the effect of NO on tobacco (Nicotiana tabacum) aconitase. They recog-
nized that the tobacco aconitases, like their animal counterparts, were inhibited by
NO donors.
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2.16 Conclusions

The applied aspects of NO in the entire set of living things ranging from microbial
world to the mammals have brought up persuasion among scientists to expand the
horizons of investigations of this molecule in the form of organic and inorganic
frameworks. The catalytic role of nitrosyl complexes proven by different physico-
chemical analysis collaborated with theoretical front indicates the significance of
this field. The coulombic interaction in the form of electron density functionalization
helps in deciding the cellular or protein interaction of an NO compound. Therefore,
though for a molecular system (whether neutral or having some surplus charge) the
total charge is distributed among different atomic constituents, thereby creating a to-
pographic divisions among different atoms.

Light-assisted decontamination of microbes is the current trend in microbial re-
search. In connection with the phenomenon, NO could play a major role in disin-
fecting by a dual mechanism using photodiagnostic and photodynamic approach
related to chemo- and phototherapy. Meanwhile, in countering several research
problems, the main future directive aspects include the development of new molec-
ular scaffolds showing varying coordination sphere with respect to metal and li-
gand. In the current times of pandemic COVID-19, antimicrobial studies should use
metallic compounds as antibiotic substances to seek for an impressive antimicrobial
agent. In addition to antimicrobial effects, anticancer and SOD behaviour, the com-
plexes are suggested as antibiotics and anticancer compounds. The application of
theoretical chemistry formalism should be stretched for all other basis sets and
functionals for the selected compounds to bring forth the reliability evaluation of
the selected theories. In the meantime, the use of the studied complexes in develop-
ing medication for viral strains like coronaviruses could pave the way for successful
formulations against COVID-19 like pandemics. While looking at the literature sup-
port suggesting the key role of NO in biological world, the nitrosyl complexes serve
as efficient tools to overcome oxidative stress in plants and animals. The use of
such compounds for diversified applications is a gesture to conclude that NO is not
only Noble Prize deserving in medicine, but has profoundly surprised all specialities
ranging from the microorganism world to the industrial research.
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Exercises
Multiple-choice questions/fill in the blanks

1. Nitric oxide was first characterized by
(a) Johann Glauber
(b) Joseph Priestley
(c) Henry Cavendish
(d) Sir Humphrey Davy

2. Who established the accepted chemical formula of NO by proving that it con-
tains nitrogen and oxygen in equal proportions?
(@) Joseph Priestley
(b) Johann Glauber
(c) Henry Cavendish and Sir Humphrey Davy
(d) Any one of these

3. In the brown ring test of nitrate in the presence of concentrated H,SO, and iron
(II) sulphate, the composition of black nitrosyl complex cation formed is
(@) [Fe(NO)(H,0)s]*
(b) [Fe(NO)(H,0)s]**
(c) [Fe(NO)(H,0)s]**
(d) None of these

4. Because of one of the most important physiological regulators, the nitric oxide
molecule was voted as “Molecule of the Year” by the AAAS in year:
(@) 1980 (b) 1990 (c) 1992 (d) 1998

5. Intraocular pressure (IOP) is related to
(a) Heart (b) Lungs (c) Eye (d) None of these
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Sort out a nitrosyl compound from the following:
(a) 4-Nitrophenol

(b) 4-Nitroaniline

(c) N,N-Dimethy-4-nitroaniline

(d) Sodium nitroprusside

In transition metal nitrosyl complexes, when M—N-0O bond angle is ~180°, the
mode of coordination of nitric oxide is
(@) NO (b) NOO (c) NO* (d) All of these

When M-N-0 bond angle is ~120°, the mode of coordination of nitric oxide in
nitrosyl complex is
(@) NO*  (b) NO (c) NO~ (d) All of these.

When the N-O bond order is 3, nitric oxide species will be
(@ NO (b) NO* (c) NO (d) None of these

Sort out the correct species in which the N-O bond order is 1.5
(@) NO (b) NO* (c) NO* (d) None of these

Which one of the following is a non-innocent ligand?
(@) H,LO (b) SCN™ (c) NH; (d) NO

Sort out the innocent ligand from the following:
(@ H,O (b) NO (c) SO, (d) Dithiolene

The concept of innocent and non-innocent ligands was first time given in 1960s
by

(a) F. A. Cotton

(b) G. Wilkinson

(c) D. M. P. Mingos

(d) C.K.Jorgenson

The correct Enemark {M(NO),}" (M = metal) notation for Na,[Fe(NO)(CN)s] is:
() {FeNO}P (b) {FeNO}* (c) {FeNO}Y (d) None of these

Sort out the appropriate nitrosyl compound having Enemark notation {M(NO),}°
from the following:

(@) [Mn(NO),(CN),(AMPPHP)

(b) [RuCI(NO)y(PPhs),|*

(c) [Mo(NO),(CN),(MPHP),]

(d) [0s(NO),(PPhs),(OH)]"

MB spectrum of [Fe(CN)s(NO)]>~ shows peak(s) in number:
@1 ()2 ()3 (d) Noneof these
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17.

18.

19.

20.

21.

22,

23.

24,

Sort out a diamagnetic nitrosyl compound having the molecular orbital elec-
tronic configuration:

(@) (2¢)*(1by)!

(b) (2¢)*(1by)?

(©) (20)*(1by)*(3e)!

(d) None of these

Compounds containing the NO groups(s) are usually referred to as nitrosyl com-
pounds when addendum is in nature.

Which one is paramagnetic in the following nitrosyl compounds having Ene-
mark notation?
(@ (M(NO)}*  (b) {M(NO)}* (c) {M(NO)}®* (d) None of these

With regard to isomer shift (IS) in MB spectroscopy, which one of the following

statements is correct?

(@) IS of the low-spin complexes are higher than those of the high-spin complexes

(b) IS of the low-spin complexes are lower than those of the high-spin
complexes

(c) IS of the low-spin complexes are equal to those of the high-spin complexes

(d) IS of the low-spin complexes are double to those of the high-spin
complexes

Nuclear resonance vibrational spectroscopy (NRVS) is a technique that probes
(a) Rotational energy levels

(b) Vibrational energy levels

(c) Nuclear energy levels

(d) All of these

In the Gmelin reaction between nitroprusside and $*~ giving red colouration is
due to

(a) Displacement of NO by NOS

(b) Displacement of NO by H,0

(c) Displacement of NO by NS

(d) Displacement of NO by S*

In the electrophilic attack of the coordinated NO in metal nitrosyls, the mode of
coordination of nitric oxide is expected to be as
(a) NO (b) NO* (c) NO~ (d) All of these

In the nucleophilic attack of the coordinated NO in metal nitrosyls, the mode of
coordination of nitric oxide is expected to be as
(@ NO (b) NO* (c) NO~ (d) All of these
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25. Which one of the following nitrosyl compounds does not release NO when ex-
posed to light?
(a) Na,[Fe(NO)(CN)]
(b) K[Fe,S5(NO),] (RBS)
(c) K,[Fe,S,(NO),] (Roussin’s red salt)
(d) K5[Cr(NO)(CN)s]

26. Which of the following nitrosyl compounds is largely used as a NO donor drug
in clinical practices for blood pressure control in cases of acute hypertension?
(a) Na,[Fe(NO)(CN)]
(b) [(PaPys)Fe(NO)](Cl04),
(c) K,[Fe,S,(NO),] (Roussin’s red salt)
(d) K[Fe,S5(NO);] (RBS)

27. Nitric oxide synthase (NOS) catalyses the conversion of L-arginine to L-citrulline

in presence of NADPH and O, as co-substrates. The overall reaction is a five-
electron oxidation process. Find the correct ratio of contribution of these five
electrons by NADPH and O, from the following:
(a) 3e from NADPH 2e from O,
(b) 4e from NADPH 1e from O,
(c) 5e from NADPH Oe from O,
(d) Ratio is not yet clear

28. The type of nitric oxide synthase (NOS) which releases large amounts of NO

over longer periods that could diffuse and react with different cellular targets is

(a) Constitutive NOS-I, found essentially in some neurons of the central and
the peripheral nervous system

(b) Constitutive NOS-III expressed by the vascular endothelium

(c) Inducible NOS-II expressed in many cell types after challenge by immuno-
logical or inflammatory stimuli

(d) All of these

29. The function of NO in eyes includes:
(a) Maintenance of AqH dynamics
(b) Neurotransmission of retina
(c) Photo-transduction
(d) All of these

30. NO emission from plants was first observed in 1975 by
(a) H. Yamasaki
(b) L. A. Klepper
(c) L.C. Ferreiral
(d) P. Wojtaszek
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The isomer shifts of metals coordinated by soft ligands are than those co-
ordinated by hard ligands.

Short-answer-type questions

10.

11.

12.

13.

14.

15.

16.

17.

18.

What are nitrosyl complexes? Explain with suitable examples.

Highlight the relevant reasons behind the little investigations on metal nitrosyls
compared to metal carbonyls.

What are nitrosylating reagents? Give the name of at least five such reagents.

In the synthesis of nitrosyl complexes using nitric oxide (NO) gas as a nitrosy-
lating agent, it is always recommended to use freshly prepared NO. Give the rel-
evant reasons behind using freshly prepared NO.

In the synthesis of nitrosyl complexes using hydroxylamine (NH,0H) as the ni-
trosylating agents, alkaline medium is required. Why?

Briefly describe the synthesis of nitrosyl complexes involving substitution of
cyano group in parent cyanonitrosyl complexes.

Describe the synthesis of sodium nitroprusside and related compounds using
nitric acid as the nitrosylating agent.

What is the {M(NO),,}" formalism for metal nitrosyl complexes? Explain with
suitable examples.

Briefly describe about the new notation for metal nitrosyls with the formal charges
on the nitrosyl ligand and the formal metal oxidation state.

As per X-ray crystal structure studies on metal nitrosyls, NO* and NO™ bind to
metals to give “linear” and “bent” nitrosyls, respectively. Justify these two types
of bonding through hybridization in NO*" and NO™.

What are the valid reasons for deviation of M—N-O bond angles from 180° or
120°7

Correlate the v(NO) with M—N-0 bond angles.

Taking a suitable example, highlight the isomerism in metal nitrosyls, in which
one isomer contains NO" and the other NO™. How does IR spectroscopy differen-
tiate these two isomers? Point out the utility of such type of metal nitrosyls.
What are the rules for corrections of v(NO) proposed by C. De La Cruz and N.
Sheppard in linear nitrosyl complexes for the charge on the complex and the
electron donating/withdrawing effects of the ligands?

Giving the salient features of nuclear resonance vibrational spectroscopic stud-
ies, describe its use for metal-ligand stretching vibrational data in metal nitrosyls.
Briefly describe the reactivity of nitrosyl complexes as nucleophilic attack upon
the coordinated NO group.

Taking suitable examples, highlight the reactivity of metal nitrosyls as electro-
philic attack upon the coordinated NO group.

Describe the reactions of coordinated NO with oxygen taking suitable examples.
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Present a brief note on homogeneous hydrogenation of unsaturated compounds
using metal nitrosyl as catalyst.

Highlight the process of endogenous production of NO from L-arginine in living
organisms. Also explain the way of regeneration of L-arginine from L-citrulline.
Present a brief account of organic nitrates and nitrites as exogenous NO donors
for clinical uses.

Present an overview of endogenous production/biosynthesis of NO inside the
eyes.

Present the mechanism of nitric oxide signalling in plants.

Long-answer-type questions

10.

11.

12.

13.

What are nitrosyl complexes? Present a detailed view of synthesis of nitrosyl
complexes using different nitrosylating agents.

Explain Enemark {M(NO),,,}" notation for nitrosyl complexes of transition metals
with suitable examples. Also highlight the limitations of the {M(NO),,,}" formalism.
Present a detailed view of an alternative notation for metal nitrosyl complexes
that focuses on 18- and 16-electron rules in metal nitrosyls.

Describe in detail the simplified procedure for calculation of EAN of metal
nitrosyls.

Based on X-ray crystal structure studies on metal nitrosyls, NO" and NO~ bind
to metals to give “linear” and “bent” nitrosyls, respectively. Discuss the bond-
ing in these two types of metal nitrosyls.

Present the detailed view of Walsh diagram methodology for linear to bent MNO
bond angle transformation in hexa- and penta-coordinated nitric oxide complexes.
Present the Enemark-Feltham approach for the bent versus linear NO ligands
in hexa- and penta-coordinated nitric oxide complexes.

Describe DFT-based molecular orbital calculations of bond lengths and bond
angles in metal nitrosyls taking suitable examples.

Present the role of vibrational spectral studies in distinction of linear and bent
NO ligands in metal nitrosyls.

Explain how the electronic spectral studies are helpful in characterization of ni-
trosyl complexes.

Describe the role of magnetic properties in characterization of nitrosyl complexes.
Describe in detail the utility of ESR spectroscopy in characterization of metal
nitrosyl complexes. Also highlight its role in detection of NO in biological
systems.

Present an explanatory note on "N and N NMR studies of diamagnetic metal
nitrosyl complexes.
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14.

15.

16.
17.
18.
19.
20.
21.
22.
23.
24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

The X-ray photoelectron spectroscopy is used to throw light in distinguishing
NO* and NO™ labels of bonding in nitrosyl complexes by studying the binding
energies of electrons of the atoms in these compounds. Justify this statement.
Highlight the basic principles and application of MB spectroscopy in metal ni-
trosyls with particular reference to Fe and Ru nitrosyls. How the characterized
oxidation state (+III) of iron in [Fe(H,0)s(NO)]** by MB spectroscopy has been
modified as (+II) on the basis of DFT calculations?

What are the three hyperfine interactions that provide a link to the electronic
structures in MB spectroscopy? Describe.

Present an overview of kinetic studies of substitution reactions in metal nitrosyls.
Present an account of mass spectral studies on metal nitrosyls.

Describe in detail the reactivity of nitric oxide coordinated to transition metals.
Discuss the role of transition metal nitrosyls in organic synthesis.

Present a detailed view of transition metal nitrosyls in pollution control.
Describe in detail the endogenous production of NO from L-arginine catalysed
by different isoforms of nitric oxide synthase in living organisms.

Present a detailed view of exogenous NO-donating molecules, particularly, or-
ganic nitrates and nitrites along with their clinical uses.

Highlighting the fundamental problem associated with the conventional NO do-
nors, describe the importance of NO donors incorporated in polymeric matrices.
What are the motivating factors behind the progress in metal nitrosyl chemistry
in the last two decades? Describe in detail the journey of metal nitrosyls as
NORMs in biomedical uses.

What is photodynamic therapy? Giving importance of this therapy, present a
detailed view of photosensitization mechanism.

Present a detailed view of photoactive metal nitrosyls as NO donors for photo-
dynamic therapy.

Present the latest development in nanoplatforms for controlled and effective
NO delivery to biological targets.

Describe in detail the role of endogenous nitric oxide in eyes.

Describe the uses of NORMs in the treatment of eye defects.

Justify the statement that “NO news is good news for eyes.”

Present an overview of biosynthesis of nitric oxide in plants enzymatically or
non-enzymatically.

Discuss the role of nitric oxide donors in plant responses to abiotic and biotic
stresses.

Present a detailed view of exogenous application of NO donors in plant growth
and development.

Justify that “NO news is good news for plants.”
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Complexes containing carbon monoxide: synthesis,
reactivity, structure, bonding and therapeutic
aspects of carbon monoxide-releasing molecules
(CORMs) in human beings and plants

3.1 Introduction

Since its toxicity was revealed by Claude Bernard in 1857, carbon monoxide (CO)
has been recognized as a hazardous gas to mammals extensively. Definitely, owing
to its toxicity, colourless, odourless and tasteless nature, the gas is generally known
as “the silent killer”. Its toxicity to some extent initiates from the high affinity of CO
for the iron of haemoglobin. It strongly interacts with haemoglobin and forms car-
boxyhaemoglobin (COHb). The formation of COHb reduces the protein’s ability to
shuttle and transfer oxygen into tissues producing tissue hypoxia. CO poisoning re-
sults in more than 50,000 emergency department visits annually and is the second
foremost basis of death from non-medicinal poisoning.

Two highly original and influential findings caused a new understanding of CO.
Firstly, in 1949, Sjostrand reported that CO was produced endogenously and an oxi-
dative metabolism of haeme was the source of CO in humans [1]. Secondly, the two
CO-generating metabolic enzymes, HO-1 (haeme oxygenase-1) and HO-2 (haeme
oxygenase-2) [2], were isolated and characterized in 1968. As a gasotransmitter,
small amounts of endogenous CO are continuously produced and together with
endogenously produced nitric oxide (NO) and dihydrogen sulphide (H,S) are im-
portant for multiple physiologic functions. CO is now known to have a critical role in
cellular functions including anti-inflammation, anti-apoptosis, anti-proliferative effects
on smooth muscle, vasodilation as well as inhibition of platelet aggregation [3] under
certain conditions and appropriate levels. Moreover, CO has been associated with the
control of neuroendocrine functions such as inhibition of the release of hormones (cor-
ticotropin-releasing hormone, arginine vasopressin and oxytocin) involved in hypothal-
amo-pituitary-adrenal axis activation [4].

Deficiency in inside CO production results in systemic functional disorders. These
include diabetes, inflammation or tissue cellular apoptosis. The finding of the unantici-
pated beneficial role of CO has led to its assessment as a therapeutic agent in clinics
and hospitals. Moreover, the advantageous role of CO augmented interest in the chem-
istry of CO. The former has undoubtedly fuelled the latter as increasing biological and
medicinal evidence indicates that CO can inhibit or lessen a variety of diseases. These
include cardiovascular inflammation, hepatic ischemia and cell proliferation or have
antiatherogenic or cytoprotective effects among others. In order to utilize its therapeutic

https://doi.org/10.1515/9783110727302-003
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effects, an appropriate amount of CO must be delivered in a controlled manner to avoid
tissue hypoxia and severe toxic side effects. However, in gaseous form, the molecule is
difficult to handle and to administer in a precise level at a specific site within the
organism.

As an approach to supply the gas by passing the respiratory system, CO-releasing
molecules (CORMs) have emerged as an important research area. This bridge disci-
plines ranging from organometallic and organic chemistry to pharmacology and med-
icine. The growing interests in these molecules are owing to the fact that they, in
principle, allow for the controlled and targeted delivery of the gas into wounded or
injured tissues based on the nature and the specificity of the CORM used. Up to the
present time, most CORMs are transition metal complexes having at least one car-
bonyl ligand, that is, metal carbonyls. Once released from the molecule with a de-
fined stimulus, this ligand acts as the endogenously generated CO.

3.2 Metal carbonyls

Even though Paul Schiitzenberger was first to synthesize a metal carbonyl [PtCl,(CO),]
in 1868, Chemistry Community considers Ludwig Mond as the father of carbonyl chem-
istry. The unexpected innovation of nickel tetracarbonyl Ni(CO), in 1890 by Mond and
co-workers was followed by discoveries of a few more metal carbonyls, namely, Fe
(CO)s5 (1891), Co,(CO)g and Mo(CO)s (1910) by the same group. Ludwig Mond, who was
also the founder of the renowned Imperial Chemical Industry (England), was keen
enough to notice the industrial potential of Ni(CO), and obtained a British patent for
making pure nickel by Mond process in 1890. His “Mond Nickel Company” was making
over 3,000 tonnes of nickel in 1910 with a purity level of 99.9%. It is notable that Ni
(CO)4, a clear liquid (B.P. =42 °C), decomposes at ~180 to pure nickel. The BASF com-
pany in Germany, by using a similar procedure, nowadays, manufactures more than
10,000 tonnes of Fe(CO); per year for making iron oxide pigments used in magnetic
tape manufacture.

It may be of interest to note that during this period of discovery of metal carbon-
yls that Alfred Werner’s theory of bonding in metal complexes was being proposed
(1893) and chemists had no idea about the actual shape of metal carbonyls. Indeed,
the original formulae of Ni(CO), and Fe(CO); given in common chemistry textbooks
(Figure 3.1) published around 1925 reflect the perception at that time.

The Lewis structure of CO molecule [:C: :0:] shows that it has lone pair (Ip) of
electrons on both carbon and oxygen atoms. The lower electronegative carbon Ip
(compared to oxygen) can be donated to transition metals to form complex com-
pounds called metal carbonyls. Thus, metal carbonyls are complex compounds of
transition metals with CO. The numbers of CO molecules that get chemically bonded
to a metal through coordinate bonds vary with the nature of the metal. For example,
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REREREERE
Ni(CO), Fe(CO)s

Figure 3.1: Original formula of Ni(CO), and Fe(CO)s,

nickel carbonyl contains four coordinated CO molecules while in chromium carbonyl-

coordinated CO groups are six in number.

The bonding of the CO to the metal is highly sensitive to electronic effects on the
metal centre. This is usually monitored by infrared (IR) spectroscopy. The followings
are some well-known examples of metal carbonyls (Figure 3.2). Most of the metal car-
bonyls have metal in very low oxidation states, sometimes even zero or negative oxi-
dation states.

Depending on the number of metal atoms in a given carbonyl, metal carbonyls are
classified into the following two types:

(a) Mononuclear carbonyls: They contain only one metal atom per molecule and
have the general composition M(CO),. Examples are Ni(CO),, V(CO)s, Cr(CO)s
and so on.

(b) Polynuclear carbonyls: They have more than one metal atom in each molecule
and are of the general formula M,(CO),. The common examples are Co,(CO)s,
Mn,(CO);0, Fe5(CO)o and Fe5(CO);,. Polynuclear carbonyls may be homonuclear,
for example, Mn,(CO);, and Fe;(CO),, or containing more than one different
atom (heteronuclear), for example, MnCo(CO), and MnRe(CO),.

Numerous carbonyl compounds are of significant structural interest. Many of them
are important industrially, and in catalytic and other reactions.
3.3 Synthesis of metal carbonyls

In 1868, Paul Schiitzenberger [5] prepared the first metal carbonyl compound, PtCl,
(C0O),], by the reaction of PtCl, with CO:

PACl, + CO—> [PtCly(CO)], + cis — [PtCly(CO),]

Simple homoleptic or binary metal carbonyls are made by two basic methods: (i) direct
reaction of metal with CO and (ii) reductive carbonylation in which a metal salt reacts
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Figure 3.2: Some of the examples of homoleptic (containing only CO as ligands) metal carbonyls.

with CO in the presence of a reducing agent. Some other methods are also known for
the synthesis of metal carbonyls.

(i) Direct carbonylation

By direct interaction of CO with finely divided transition metals under suitable condi-
tions of temperature and pressure. This method is applicable to the synthesis of only
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a few metal carbonyls. Ni(CO), is the classic example which was discovered by Lud-
wig Mond in 1890 and has since been utilized in the refining of nickel as well:

Ni + 4CO fo—c> Ni(CO),
a

tm.

Fe+5C0 — o > Fe(CO),

200 atm.

20 +8C0 — =+ C0,(CO),

100 atm.

(i) Reductive carbonylation:
When metal salts interact with CO-containing reducing agent in the reaction pot,
metal carbonyls are obtained, for example,

CrCly +6C0 X272 cyco),

LiAlH,, ether

VCl; +3Na + 600 — > V(CO), +3NaCl

High pressure

2C0CO; +2H; + 8C0 —=—22 5 C0,(CO), + 2H,0 +2CO,
250 -300 atm.

(CoHs),Al
2Mn(acac); +10C0 ————— Mn,COyo

DMF
2Mn(OAc), +4Na+10CO0 ——— NaOAc +Mn,COy
165 ©C/240 bar

Diglyme
MoCls +6CO+5Na ——— > Mo(CO), +5NaCl

coordinating solvent

Et,0,67°C
WClg +3Zn+6CO0 ——— W(CO), +3ZnCl,

50 atm

2 - Ethoxyethanol
RuCl; - 3H,0 + CO + H, ———— Ru;(CO),,
80-135 °C/1 atm

KOH, 75 °C,Zn
MeOH

3Ru(acac), +12C0O + 4.5H, ———— Ru;3(CO),, + 9MeC(0)H,C(0)Me
150 °C, 155 atm

(ii) Synthesis using metal oxides:

In case of metal oxides, CO itself acts as a reducing agent and gets converted to CO,
in the process. The reaction conditions are relatively more drastic for such reactions.
For example,

200-300 .
Re,0; +17CO TC““> Re,(CO),, +7CO;
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050, +CO0 — =25 085(CO),, +4CO;
125 °C/75 atm
MoO; + CO % Mo(CO), +CO2

2C0CO; + 2H, + 8CO % C05(CO) +2C0, + 2H,0
ar
CoO +CO % C05(CO)s +CO;

Toluene
RuO, - xH,0 + CO —————> Ru3(CO),, + CO,
20atm, 160°C

2,000 atm
Fe;03 +C0 —————> Fe(C0); +CO,

(iii) Polynuclear carbonyls are generally prepared by thermal or photochemical de-
composition of simple carbonyls, for example,

2Fe(CO); — > Fe,(CO), +CO
Light
200,(CO)y — > Co4(CO),, +4CO

205(CO); — > 0s,(CO), +CO

Light

(iv) Synthesis of Mo(CO)¢ and W(CO)¢ taking Fe(CO); as a precursor
As CO groups present in Fe(CO); are labile, they can be replaced by Cl™ ions by treat-
ing Fe(CO)s; with MoCl; or WClg and thus Mo(CO)g and W(CO), are obtained.

100°C

3Fe(CO); + MoClg o Mo(CO), +3FeCl, +9CO
T

the:

3Fe(CO), + WClg % W(CO), + 3FeCl, +9CO

(v) There are also a variety of other methods for the synthesis of metal carbonyls.
However, they are specific to a few metal carbonyls, clusters and industrially useful
carbonyls:

RhCl; -3H,0 + C0 — =5 Rhg(CO),q

60°C, 40-50 atm

RCHO + [RhCI(PPhs);] ——RH+ [RhCI(CO)(PPh;),]

Deinsertion Reflux, 1 atm

WMeg + excess CO ———— W(CO), + 3Me,CO NaslIrCls + CO W Ir4(CO),,
e
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MeOH CO, H,0, NaHCO3
RhCl; - 3H,0 + CO ——— [Rh(C0),Cl], ——— Rh,(CO),,
100°C,1 atm Heptane

CO + [Ru(NH;);H,0]*" ——— [Ru(NH;3)5(CO)}2*

h
2Fe(CO); —M Fe,(CO), +CO
Sunlight

~3HCO3 _ 3MnO,
2Fe(CO); + 60H" ———— 3[HFe(CO),] = ——— Fe3(CO);, + 3MnO

3.4 Physical properties

(i) With the exception of Ni(CO),, Fe(CO)s, Ru(CO); and Os(CO)s, which are liquids
at ordinary temperatures, all other carbonyls are crystalline solids. They melt or
decompose at low temperatures.

(ii) All are typical covalent compounds, and hence they are soluble in non-polar
solvents.

(iii) While V(CO)¢ is paramagnetic with respect to one paired electron, all the car-
bonyls are diamagnetic.

3.5 Chemical properties/reactivity of metal carbonyls

The reactions of metal carbonyls are quite varied. Some of the important reactions
shown by these compounds are given further.

3.5.1 Displacement or substitution reactions

Displacement of one or more CO ligands from metal carbonyls may occur on interac-
tion with electron donors like pyridine, CsHsN (py), phosphines (R;P), isocyanides
(RNC) and benzene. A molecule of CO is replaced by an electron pair donor. Conse-
quently, a six-electron donor (like benzene) would replace 3CO molecules:

+ RgP + R3P
FE(CO)5 T) R3PF€‘(C0)4 T (R3P)2Fe(CO)3

+py +py +py
Mo(C0)g —— = (py)Mo(CO); —— — (py),Mo(CO), ——_— (py);Mo(CO);

+ CgHg
Cr(CO)g —— > (CoHs)Cr(CO),
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+Me3SiNC
Fe(CO); —— > (Me;SINC)Cr(CO);

C05(CO)g % C05(CO)(RC=CR)

2Fe(CO); + 2CsHs —— [(h’ - CsHs)Fe(CO),),

Mo(CO), +2CsHsN, — Na(n® - CsHs)Mo(CO),

co

oC cO

-30°C, 100 min K2 l o

Cr(CO _— ‘Crd

O T raF 150 W, hv e \o

ocC
Co
co
Ligroin OC////// | \‘\\\\\m\
‘u,, W
Cr(CO), + / _ =

‘Cr’\ 3
Reflux, 9 h
oc/ ‘ \
< \
CO

(1s,4s)-Bicyclo[2.2.1]hepta-2,5-diene

It is notable here that RC = CR, hepta-2,5-diene behaves as a four-electron donor,
and cyclopentadiene acts as a five-electron donor. As per convention, five-electron
donor cyclopentadiene is represented as n>-CsHs.

3.5.2 Formation of cationic carbonyl complexes: carbonylate cations

Carbonylate cations from metal carbonyls may be prepared from the following methods:

(i) By protonation of carbonyls in strong acids:For example

[Fe(CO),] ———> [FeH(CO)] " [BCL,]~

BCl3

(ii) By the action of CO and a Lewis acid like AICl; or BF; on carbonyl halide, for
example,

Mn(CO),Cl+CO + AlCl; —— [Mn(CO),] * [AICL] -
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3.5.3 Formation of anionic carbonyl complexes: carbonylate anions

Carbonylate anions from metal carbonyls may be prepared from the following methods:
(i) By the action of NaOH/KOH or nitrogenous bases (e.g. amines or pyridine) on
metal complexes, for example,

[Fe(CO);] ———> Na,* [Fe(C0),]*”

[Fe(CO),] TORMEOR, [Et4N],* [Fey(CO)g)*

[Fe3(CO),)] ——22> [Fe(en),]** [Fes(CO)y,

3[C0,(CO)g] +12py ———2[Co(py)e]** [Co(CO),]," +8CO

(ii) By reduction of metal carbonyls with alkali metals, alkali metal amalgams or
borohydrides, for example,

Cr(C0)g ———> Na,[Cr(CO);]
3

NaBH,
Cr(CO)6 T Na [HCrz(CO)lo]

NaBH,
Cr(CO), —a " N [Cr2(CO),p]
3

NaBH,

Rez(CO)lo T Naz [Rez,(CO)ld

Na/Hg

Mn,(CO),, Na[Mn(CO);]

THF

Na/Hg
C0y(CO)g ——_—> Na [Co(CO),]

(iii) Carbonyl hydrides are synthesized from carbonyl anions, carbonyl halides and
dimeric carbonyls. The term hydride is assigned based on the formal oxidation
state. However, the properties of the organometallic hydrides vary from hydric
to protic in character. The acidity of these complexes differs significantly de-
pending on the nature of the metal and the ligands.
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Synthesis of some carbonyl hydrido complexes are as follows:

Mode of synthesis pKa Comparable acidity
[Co(CO),]™ + HY —— [HCo(CO)4] 1 HCl

1,Fe(CO), + NaBH4210;:TbZ; H,Fe(CO), 4.7 CH3;COOH
Mn,(CO),o + H, —— 2HMn(CO)s 7 H,S

Fe(CO)s + OH™ —— [HFe(CO),]” 14 H,0

3.5.4 Redox reactions including the formation and cleavage of metal-metal bonds

2Na + C0,(CO); — 2Na|[Co(CO),]

05.-0 05.=-1
[Mn(CO);Br| + [Mn(CO);] = —— [Mn,(CO),,| +Br~
0S.= -1 0S.= -1 05.= 0

3.5.5 Reaction with NO

5 °C

INO + Fe(CO); ——— [Fe(CO),(NO),] +3CO

4NO + 3Fe,(C0O), — 2[Fe(CO),(NO), | + Fe(CO), + Fe;(CO),, + 6CO

6NO + Fe3(CO),, ———> 3 [Fe(CO),(NO),] +6CO

2NO + C0,(C0O)g — 2[Co(CO)5(NO),] +2CO

Moist NO gives a blue-coloured compound, Ni(NO)(OH) with Ni(CO), while with dry
NO a blue solution of the composition, Ni(NO)(NO,):

2Ni(CO), +2NO + 2H,0 —— 2[Ni(NO)(OH)] + 8CO + H,
Ni(CO), + 4NO —— 2[Ni(NO)(NO,)] + 4CO + N0

3.5.6 Action of heat

Different metal carbonyls give different products on heating. For example,

Fe(CO), —= "> Fe+5C0
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3Fe,(C0)y ———2% 3Fe(CO); + Fe(CO),,

(Intoluene)

Fes(CO),, — > 3Fe +12C0

2C0,(CO)g — > C0,(CO),, +4CO

Inert atmosphere
o

3Fe,(CO)y ————> 2Fe;(CO),, +3CO

180°C
Ni(CO), ——— Ni+4CO
Because of wide reactivity, metal carbonyls are useful starting materials (precur-
sors) for other organometallic carbonyls.

3.5.7 Insertion reactions

Mechanistic studies using *CO-labelled CH;Mn(CO)s have shown that (i) the CO
molecule that becomes the acyl ligand is not derived from the external CO, but from
that already coordinated to the metal atom; (ii) the incoming CO is added cis- to the
acyl group, as in the following reaction:

and (iii) the conversion of alkyl ligand into the acyl ligand can be promoted by addition
of ligand other than CO, for instance, excess P(C¢Hs); as in the following reaction:

CH,4 (CgHs)sP O

co oC
/ +P(CeHg); —» \Mn/

oc/ o

C—CH,

CO

CcO
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Kinetic studies of such insertion reactions show that the first step involves equilib-
rium between octahedral alkyl and a five-coordinate acyl intermediate

CH3;Mn(CO); = CH3C(0)Mn(CO),

The incoming ligand (whether CO, P(C¢Hs); or the like) adds to the five-coordinate
intermediate, as in the following reaction: CH;Mn(CO)

CH;C(0)Mn(CO), + L ——> CH;C(0)Mn(CO),L

3.5.8 Nucleophilic attack on coordinated CO

(i) Attack of nucleophiles such as OH™ on CO in Fe(CO); gives (CO),FeH™ and HCO5™:

Fe(CO)s + OHF —— (CO)4Fe C\

OH

(CO),FeH" + HCO;

(ii) Attack of alkoxide ions RO™ on CO gives the M—C(O)OR group as in the following
reaction:

MeO~
[Ir(CO);(PPh;),]" === [Ir(CO),(C-OMe)(PPh;),]
H+

Such reactions are important in the catalysed synthesis of carboxylic acids and es-

ters from alkenes, CO and water or alcohols.

(i) In organometallic chemistry, nucleophilic addition reaction to the electron-defi-
cient carbon atom of a metal coordinated carbonyl group has become a power-
ful tool. It is commonly called the Hieber base reaction. Fischer carbenes can be
synthesized by the addition of alkyl lithium to metal carbonyls followed by
methylation. Carbenes are important reagents as well as catalysts for a host of
organometallic transformation [6]:
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R OLi R OCH,

s s

CcO \C \C
oc

OC///////, { \\\\\\\\CO RLi OC/////" H \\\\\\ 0 [Me;O]BF, /////’//, { \\\\\\\\\CO

’, - ’:W~‘
\\co Ether oc/\\co oc/\\co

Co

3.5.9 Electrophilic addition to the carbonyl oxygen

Lewis acid such as AlEt; can attach to the oxygen end of a coordinated carbonyl
group. Only bridging carbonyl groups are nucleophilic enough to undergo this reac-
tion as far as neutral metal carbonyls are considered. Addition of electrophiles be-
comes more facile with anionic carbonyl metallates:

W
(I)/ Et
\ / \ 2AIEt \ / \
e \ Nz e \ /

3.5.10 Disproportionation reaction

Multi-metal carbonyls may undergo disproportionation reaction in the presence of
suitable ligands often leading to carbonyl anions. For example,

12Py + 3Mn,(CO),y ————> + 4[Mn(CO);]~ + 2[Mn(py),]**

-10 CO

3.5.11 Collman’s reagent
Na,Fe(CO), called Collman’s reagent has found many applications in organic synthesis.

Organic halogen compounds can be functionalized in many ways via reaction with the
Collman’s reagent [7]:
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0
V4
Na[RFe(CO),] ~c”
| WCO
Na,Fe(CO) / RCOCI \ 0C—Fe™
a,Fe 4
| \CO
Co
R /O
H C X,
RCHO =—— | WCO —» RC(O)X
\
OC——Fe,
R'X o
i / ‘ \CO X
| H* RCOOH
R—C—R' Co

3.5.12 Oxidative decarbonylation

Carbonyl metal halides are prepared by oxidative decarbonylation and these are
good reagents for reactions with metallated reagents. Moreover, substituted metal
carbonyls can be converted to metal oxides by oxidative decarbonylation:

NaC
Mn,(CO),o+ I, ——> 2Mn(CO),I % CpMn(CO),

Fe(CO); + I, ——— Fe(CO),L,

3.5.13 Photochemical substitution

Photochemical substitutions [8] are the most common photoreactions in organome-
tallic chemistry. Kinetic studies have shown that the rate constant for the dissocia-
tion of one CO unit which precedes the entrance of a new ligand is increased upon
photochemical excitation by a factor of 10'¢:

h
W(CO), + PPh, ————  W(CO)(PPhy) + CO
h =
v
Fe(CO)s + / \ - > | - Fe(CO); + 2cO
\

buta-1,3-diene

Photochemical substitution of CO by monodentate ligand often results only in the
displacement of one carbonyl unit. This is because photochemical excitation of a
metal carbonyl with a coordinated sphere of mixed substituent causes dissociation
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of the ligand which is mostly weak bonded in ground state. Hence, attempts to sub-
stitute a second carbonyl from an M(CO)sL species result in the displacement of L
itself. If ligands of comparable ligand strength are used, one can displace all the
carbonyl groups:

M(CO), % M(CO),THF — > M(CO), + THF

hv
MO(CO)6 W Mo [P(OMQ)3)]6 + 6CO

Other photochemical reactions are

(arene)Cr(CO), # Cr(OMe); +arene +3CO
e

(arene)Cr(CO); Rh—2> Cr(SR); + arene + 3CO
292

hv
(benzebe)Cr(CO); —>

CLSiH

Cr—H
OC/ | \
CcO

SiCl,

3.6 Catalytic aspect of metal carbonyls

Catalytic aspect of metal carbonyls may be understood by the following two reactions.

3.6.1 Hydrogenation of alkenes

Hydrogenation of olefins is a reaction of industrial importance, being used in petro-
chemical and pharmaceutical industries, where the preparation of chemical/drug
often involves the hydrogenation of specific double bonds. For the hydrogenation
of specific double bonds in compounds containing several double bonds, the search
for new, more efficient and above all more selective catalysts is required.

One very successful catalyst for this process is chlorotris(triphenylphosphine)
rhodium(I), [RhCI(PPhs);]. As this compound was synthesized for the first time by
Wilkinson and co-workers in 1965, it is now universally referred to as Wilkinson’s
catalyst. In addition to the hydrogenation reaction by [RhCl(PPhs);], the trans-hydri-
docarbonyl(triphenylphosphine)-rhodium(I), trans-[RhH(CO)(PPhs);], synthesized in
Wilkinson’s laboratory is another hydrogenation catalyst for alkenes:
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[RhH(CO)(PPh3)s]
H,C=CHR + H ——— = H3C-CH,R
Benzene
The chemistry of hydrogenation of an alkene with this catalyst can be understood
with the following sequential steps:

H
Ph+P. | I Ligand dissociation I PPh;
3P /
(i) /Rh—PPh3 _— -
phyp”” | +PPh Ph,P / \
3 3P
CcO
(d3, 18e species) (d®, 16e species)

In spite of the higher stability of the 18-electron species in general, the tendency of
the above dissociation may be understood on the basis of steric relief brought about
by the dissociation of a bulky PPh; ligand.

H
I /PPh3 Alkene coordination Ph3P\ | I CHR
~- S S
(ii) + H,C=CHR ~————= % |

/\

Coordination of alkene to the metal atom polarizes the C—C bond and allows facile mi-
gration of the alkyl group with the bonding electron pair along with oxidative addition.

H
PP PPh,
(iii) oc ‘ 1T } Reductive elimination I /
m Rh > + CH;CH,R
Ph,P H Ph;P
CH,CH,R
H
Ligand PhyP_ |1
PPh 3
) oc 1 3 association \| -
Rh PPhy
(iv) RE + PPhy ———
Ph;P
PhsP H

(d®, 18e species)
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The unique features of the above catalytic steps are (i) hydrogenation of alkenes by
this catalyst is unusual being highly selective for the hydrogenation of alk-1-ene
compared toalk-2-ene, and (ii) hydrogenation follows anti-Markovnikov’s rule.

3.6.2 Hydroformylation reaction

The hydroformylation reaction is the catalysed addition of H, and CO [or formally of
H and the CHO (formyl) groups] to an alkene, usually a terminal or 1-alkene or alk-
1-ene. The reaction is also known as OXO process because of inclusion of oxygen
into the hydrocarbon:

Catalyst

RCH=CH, +H2 + CO — RCH,CH,CHO
1- Alkene Aldehyde

Importance of OXO reaction or process
This reaction is of immense industrial importance. This is because the OXOreaction
or process is used to convert alk-1-enes into aldehydes which can be further reduced
to alcohols under the reaction conditions for the production of polyvinylchloride
and polyalkenes. Moreover, in case of long-chain alcohols, in the production of
detergents

RCH,CH,CHO + H, —— RCH,CH,CH,0H

Aldehyde Alcohol

Further, resulting aldehydes give acid by oxidation of esters followed by alcohols to
react with acids. Some of these secondary products are useful as plasticizers, lubri-
cating oils and solvents:

RCH,CH,CHO —— 2> RCH,CH,COOH
Aldehyde NayCry07/H;S04 Carboxylic acid

, HT (catalyst) ,
RCH,CH,COOH +H-0R RCH,CH,COOR

Carboxylic acid HCl/HS0,4 Ester

3.6.2.1 Catalysts used for hydroformylation reaction

3.6.2.1.1 Co-based catalyst

Earlier, the reaction used to be catalysed by dicobalt octacarbonyl, Co,COg, which
was not so effective catalyst as the reaction had to be carried out at high tempera-
ture (150-180 °C) and pressure (~200 atmospheres). Moreover, the products were
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generally formed as a mixture of linear and branched-chain isomers approximately in
3:1ratio. This is due to the anti-Markovnikov and Markovnikov additions, respectively:

Anti-Markovnikov

addition R

\CH—CH2 (Linear chain)

n” |

Catalyst CHO
RCH=CH, + H, + CO ———
R
1-Alkene Nc—CH (Branched chain)

/ 2

H
Markovnikov CHO H
addition

The role of cobalt catalyst, Co,COg can be illustrated by a catalytic cycle presented

in Figure 3.3.
O (|)| H
| 1 Co
CO —H oC ’
//\ % 0\
£o CO\ o oc o
oC CcO
(0] O
oc |l o
—H, /C
oC ‘ CO 2 /
\C()l/ - oc BN C
ocC CO oc co
CO\%P co
CO _CHR
H CcO Alkene Il Ligand \ /CH2CH2R
\I coordination I CH, combination
Co —— > 0C—=~Co E— \
AN /
H
oc 0 Cco [SP, Co(]),16e]
[TBP, Col).15¢] Ligand combination
RCH,CH,CHO CO| and association
ECH CH,R
Reductive ocC ‘ CCHZCHzR oC I 2CHy
elimination \H / H, \ /
oc/ l co Oxidative addition OC/ \

[SP, Co(I),16¢]
[0y, Co(III), 18¢]

Figure 3.3: Hydroformylation of alkenes in the presence of cobalt catalyst, Co,COg,
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3.6.2.1.2 Rh-based catalyst

More recently, it has been found that the platinum group complexes such as [RhCl
(CO)(PPhs);] and [RhH(CO)(PPhs);] are much more effective catalysts than the cobalt
complexes. These complexes facilitate the hydroformylation reaction more effec-
tively at lower temperature and pressure. For example, with [RhH(CO)(PPhs);] as a
catalyst, the hydroformylation reaction can proceed even at ambient conditions
(25 °C and 1 atmospheric pressure) to yield aldehyde almost quantitatively.

In addition to more moderate working conditions, another distinct advantage for
the rhodium-catalysed reactions is their high selectivity for the formation of only the
straight-chain aldehydes particularly in the presence of excess phosphine (PPhs). This
excess phosphine tends to supress effectively the lower dissociative tendency of the in-
termediate rhodium bis complex, [RhH(CO)(PPhs),], thus favouring the associative
attack of the alkene on the bisphosphine complex, for which the specificity of the
anti-Markovnikov addition is higher (vide the catalytic mechanism).

3.6.2.1.2.1 Catalytic mechanism
The probable mechanism for the rhodium-catalysed hydroformylation reaction is
presented in Figure 3.4.

| N
Ph;P. I
\Rh—PPh3 S—R
| Ph3P I /
PhsP co (d®,18e species)
PPh3
-PPh3
l R-CH= CH2+ HBr (Markovnikow/addn.)
R
H ?ng;Markovnili(QV Ad(zln. HoC yd
eading to st. chain product H,
|1 Pph /\
/1|zh/ +RHC=CH, Ph;P. '| PhyP 1 /CH2
— e -
Ph,P e _| Rh
(d®,16e species) e alkene PN
co Py 13 CHy  § certion OC | rehy
IE‘E)H CHLCHO B) (d8,18e species) (d*,16e (sge):mes)
- 2LHy
reductive elimination
R
o e’ H,c” ¢ Teo
H,C” o >
g H > || HC /R
e +H PP | 7 . H,C
Rh — 2 = Mlgratory co /2
- P/ l AN oxidative /Rh == ph P |1 _CH,
3 PPh; addition oC PPh, Insertion of CO h .
(€[0) E / \ (D)
(d®, 18 species) (¥) (d3, 16e species)

(d8,18e spec1es)

Figure 3.4: Hydroformylation of alkenes by rhodium catalyst, [RhH(CO)(PPhs)s].
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The noteworthy reactions of this catalytic cycle are that A to F is reversible. More-
over, coordination numbers (C.N.) of the rhodium complexes range from 4 to 6, and
the number of valence electrons changes between 16 and 18. The initial step is addi-
tion of alkene to compound A, followed by insertion of the olefin to give the alkyl
complex, C. The latter then undergoes CO coordination and finally migratory inclu-
sion of CO into Rh—C bond to give acyl derivative, E. Oxidative addition of H, then
gives dihydrido acyl derivative, F. It is this last step that involves a change in oxida-
tion state of Rh, which is the most likely rate-determining step in the cycle.

The final steps are the reductive elimination of the aldehyde to give A. It is nota-
ble that dissociation of PPh; from [Rh(H)(CO)(PPhs);] (18e species) is a required step
for generating a free site to bind the olefin.

The catalyst [Rh(H)(CO)(PPhs);] has the great advantage over the conventional
cobalt carbonyl catalyst, Co,COg/[HCo(CO),]. It works competently at much lower
temperature and provides straight-chain aldehydes as contrast to branched-chain
aldehyde. The cause for its regioselectivity stands in the alkene insertion step of the
cycle. Because of having two bulky PPh; groups, the attachment of —~CH,CH,R in the
species A, via anti-Markovnikov addition resulting to a straight-chain product is
easier that the attachment of a branched-chain product, via Vladimir Vasilevich
Markovnikov addition.

CH,
—CH
R

3.6.2.1.3 Ru-based catalyst
In addition to the above-mentioned rhodium catalysts, a ruthenium complex [Ru(CO)s.
(PPhs),] too has been found to be effective in hydroformylation of alkenes. Although
the basic catalytic steps (Figure 3.5) are similar to those described in Figure 3.4, yet the
mechanism of hydroformylation reaction is of a different pattern.

It is notable from the catalytic cycle that C.N. of the ruthenium complex ranges
from 5 to 6 and the oxidation state cycles between 0 and 2.

3.6.3 Manufacturing of CH;COOH by carbonylation of CH;OH using metal carbonyl
as catalyst

Carbonylation of CH;0H (i.e. insertion of CO to methanol) to acetic acid has been
detected by Reppe [9] in 1953. He used Co, Fe or Ni carbonyls as catalysts with ha-
lide promoters at high pressure of CO

Catalyst
CH;0H+CO — CH;COOH
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PPh, PPhy PPhs
OC\O‘ H, ’1/ RCH=CH, \ “/
— >
. A ‘ / ‘ \ -PPh, oc/ \H
PPh,

PPh, RCH=CH,

Oxidative addition

+ PPh;
Reductive elimination

0 \-RCH,CH,CHO

PPh, PPh,

’]/ o \’/

PPh, PPh,

CCHZCHZR CH,CH,R

Figure 3.5: Catalytic cycle for hydroformylation of alkenes by ruthenium catalyst, [Ru(CO)s(PPhs),].

This discovery led to a commercial process of CH;COOH production by Badische
Anilin and Soda Fabrik AG (BASF), using Co catalysts in the form of Cobalt(II) io-
dide under elevated temperature and pressure (200-250 °C and 500-700 atm) con-
ditions with a selectivity to CH;COOH with respect to methanol of ca. 90% [10].

The reactive components in the above high-pressure synthesis of CH;COOH in
the presence of Col, used as a catalyst are probably [HCo(CO),] and CHsl, formed by
the following sequence of reactions:

2Col, +10CO +2H,0— [Co,(CO)g| + 4HI+ 2CO,
[Co2(CO)g] +CO + Hy0—>2[HCo(CO),] +CO,

CH;0H + HI—/> CH;5I + H,0

The role of these two catalytic species in the insertion of CO in CH;0H leading to the
production of acetic acid can be visualized as shown in the catalytic cycle given in
Figure 3.6 in terms of the following three steps:

(i) Cobalt—alkyl bond formation,

(ii) insertion of CO in cobalt—alkyl bond and

(iii) cleavage of cobalt—acyl bond.

In the early 1970s Monsanto Company commercialized the use of Rh catalyst in the
synthesis of CH;COOH, and this appears to be technologically most successful ex-
ample of homogeneous catalysis:

RhI»(CO), ~
CH;0H + CO ———> > CH;COOH
180 °C,30-40 atm
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Co,(CO)g

CO +H,0| -co2

H P Lo
co ocC 3
ocC
OC\’/CO CH,l ~ | 7 CO/
Co — /CO\ N
o co . oc co o¢ €0
(1) o
(ii)
H,0
0
-CH,COOH Il
' CCH,4

(iii)

Figure 3.6: Synthesis of CH;COOH in the presence of [Co,(CO)g] (catalyst) and CHsl (co-catalyst).

This is highly selective and extremely rapid reaction producing CH;COOH in
~90% vyields. The reaction path of the Monsanto acetic acid route has been studied
in detail. The active species appears to be CHsl formed from CH;OH and HI,

CH30H +H ——— CH3I + Hzo

and diidodicarbonylrhodium anion formed by the interaction of Rh(III) iodide with CO:
RhI; + 3CO + H,0 ———— [RhI;(CO),]~ +CO,+HI+H"

The rate of reaction of CH;COOH formation is first order with respect to Rh and CHsl
concentration, and above a certain CO pressure it is independent [11] of CO pressure.
Asin the case of hydroformylation heterogenization of Rh was attempted for over-
coming the problems of separation of the catalytic system, but no breakthrough has
been reported. Efforts to exchange the extremely corrosive iodide acidic medium by
other halides have been also without success yet.

The proposed catalytic mechanism involves a cycle of four basic steps shown
in Figure 3.7.
(i) Oxidative addition,
(if) migratory inclusion of alkyl to carbonyl,
(iii) coordination of CO and (iv) reductive elimination of acetyl iodide.
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Finally water hydrolyses CH5COI to CH;COOH to complete the cycle:

CH5COI+ H,0 — CH3COOH + HI

CH,COOH CH;0H
HI
H,0
H,0
CH,COI CH;l
[RhIy(CO),l=
Step (iv Step (i)
[CH;CRhI;(CO),]™ ~
g [CH3RhI;(CO),]
Step (iii)
Step (ii)
Cco

[CH;CRAI;(CO)]™
|

Figure 3.7: Catalytic cycle for the Rh-catalysed formation of CH3COOH.

— 227

The rate-determining step is the oxidative addition of methyl iodide to the active catalyst
[RhI,(CO),]” forming the unstable, coordinatively saturated complex [CH3Rh15(CO),]".
CO insertion leads to the acetyl species [CH;CORh15(CO),]", and thereafter the reductive
elimination of CH5COI and regeneration of the original active catalyst [RhI,(CO),]". The
completion of the catalytic cycle is obtained by the reaction of CH5;COI with H,0 to form

CH5COOH and HI, the latter reacting with CH;0H to give the active CHsI.

The use of platinum group carbonyls as homogeneous catalysts is increasing at a
fast rate. Another example employing such catalysts is the homologation (i.e. increas-
ing the chain length) of carboxylic acid as is shown in Figure 3.8, exemplifying the con-

version of acetic acid using ruthenium carbonyl iodide as catalyst.
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CH,COOH
H,0
HI
CH,CH,COOH
CH,COI
HZO [RuIyAl(CO)x]
HL(CO Step (i) (|3|
[CHyCH,C-Rhly( N [CH,CRuL,(CO), ]
o
H,
Co o
CHLCHRUL(CO), [CH;CHRul(CO), ]
H
H,0 g

Figure 3.8: Homologation of acetic acid using ruthenium carbonyl iodide as a catalyst.

3.6.4 Manufacturing of acetic anhydride by carbonylation of CH;COOCH;

The carbonylation of carboxylic acid esters results in the formation of the respective
acid anhydrides in the absence of water, for example, when using methyl acetate as
feed, acetic anhydride is produced. This reaction was first described by Reppe (BASF)
in 1951/52 using high partial pressures of CO with Co, Ni or Fe carbonyl complexes as
catalysts [12].

After the discovery of the Rh-catalysed CH;COOH production by Monsanto, new
catalysts for the low-pressure carbonylation of esters have been described [13]. The
process has been commercialized by Eastman Kodakwith Rh as a catalyst [14].

The process was first used in a plant, built on the site of coal mine, to convert syn-
thesis gas to acetic anhydride. The latter is an important chemical used in acetylation
reactions in the pharmaceutical industry. The Eastman process actually begins from
coal which is gassified to get synthesis gas:

Coal ——CO/H; —— methanol —— methylacetate ——aceticanhydride

The catalytic cycle for the reaction has many similarities to the Monsanto process.
The initial reactant has changed in the present process. Methanol (CH;OH) is re-
placed by methyl acetate (CH;COOCH3), and acetate is the leaving group instead of
hydroxyl group. It is notable that in the catalytic cycle, lithium iodide (LiI) replaces
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HI (as water cannot be present in the synthesis of acetyl anhydride) which reacts
with methyl acetate to yield methyl iodide.

After acquiring the Monsanto process, British Petroleum (BP) chemicals has also
started coproduction of acetic acid and acetic anhydride from 1988. The process makes
both these chemicals and generates methyl acetate in the process (Figure 3.9) using
[RhI,(CO),]™ as a catalyst.

0
Il
_ CHyI
1, O I
_
CH;COOLi R \co CH;COOLi
CH
0

H,C—C
He—c L CH,COOCH,

Figure 3.9: Catalytic cycle forEastman acetic anhydride process.

3.6.5 Importance of acetic anhydride

The main application of (CH3CO),0 is in the large-scale production of cellulose ace-
tate for photographic films and plastic materials. It is estimated that about 75% (CH-
3C0),0 made per annum in the United States is used for this drive. About 1.5% of
the yearly production is consumed in the synthesis of aspirin (acetylsalicylic acid)
(Figure 3.10). Inter alia, uses of acetic anhydride are the manufacturing of industrial
chemicals, pharmaceuticals, perfumes, plastics, synthetic fibres, explosives, weed kill-
ers and so on.
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o

A

(0) OH Figure 3.10: Structure ofaspirin.

3.6.6 Manufacturing of acetic acid by BP Cativa process using iridium carbonyl
as a catalyst

A more cost-effective and efficient route called the Cativa method for the manufacturing

of CH;COOH came up from BP [15] in 1996. This process uses cheaper iridium carbonyl

instead of rthodium carbonyl as a catalyst. The iridium carbonyl catalyst is found to re-
main stable under a wide range of conditions while the rhodium catalyst decomposes
to inactive rhodium salt under such conditions. This process uses metal promoters

such as Inl; and [Ru(CO)sl,],. The mechanism of this process is shown in Figure 3.11.
The steps shown in catalytic cycle possibly occur in the presence of a promoter.

An iodide ligand is transferred from the anionic iridium complex to the promoters.

This creates a free site on the catalyst so that the third molecule of CO can bind to

the catalyst. This species has been identified by IR spectral studies. It has been seen

that the migratory insertion of CO occurs much more readily in the neutral complex
than in the anionic precursor. Once this happens, an iodide can be transferred back
to the iridium followed by reductive elimination. The promoter reduces the standing
concentration of I, thus facilitating the loss of I" from the catalyst. This is a slow
step compared to the oxidative addition (step I). The addition of iodomethane to
iridium, step I is ~150 times faster than the addition of iodomethane to rhodium.

The promoter thus intervenes to speed up the slower step of the cycle.

Similar to the Monsanto method, the reaction is having 90% atom efficiency
theoretically. In comparison of rhodium/iodide, using iridium/iodide as a catalyst
has many benefits as follows:

(i) The cost of iridium is much less than rhodium.

(ii) The method is faster and more effective, demanding only small amount of catalyst.

(iii) This catalyst offers a very high turnover number, and thus reducing the fre-
quency of catalyst replacement.

(iv) Because the catalyst iridium being more selective for methanol, it increases the
overall produce and reduces by products. This results in lower purification costs
and reduced waste.

(v) As compared to rhodium complexes, iridium complexes are more soluble in the
reaction mixture. Consequently, the catalyst is not vanished by precipitation
and does not require replacing so repeatedly.

printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



3.6 Catalytic aspect of metal carbonyls =—— 231
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Figure 3.11: Catalytic cycle for BP’s Cativa process using iridium carbonyl as a catalyst.

3.6.7 Carbonylation of olefins and acetylenes to carboxylic acids or esters
or alcohols using metal carbonyls as a catalyst

Carbonyl compounds of Ni, Co, Rh, Pd, Pt, Ru and Fe are the most common cata-
lysts, added either as metal carbonyls or produced in situ by reacting finely divided
metals or metal salts with CO. The carbonyl complexes may be further modified by
additional ligands, for example, trialkyl phosphines and tertiary amines in order to
guide the reactions into a desired direction.

The most active catalyst for the carbonylation of acetylene is Ni(CO), together
with mineral acid. For the carbonylation of olefins, the carbonyls of Co, Rh and Ru
are of similar activity as nickel carbonyl. In some cases, their activity may be even
higher than that of Ni(CO),. The amount of linear or branched products formed dur-
ing the reaction depends strongly on the catalyst composition. Starting from n-olefins
mainly linear acids or derivatives are obtained when Co,(CO)s or when (R;P),PdCl,
together with SnC1, as a co-catalyst is used as a catalyst, whereas mainly branched
products are obtained in the presence of Ni(CO), or PdCl, alone or (R;P),PdCl, without
a co-catalyst:
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C0,(CO
R-CH=CH,+CO+H,0 02—>8> R-CH;-CH,-COOH (linear product)
(R3P),PdCl, +SnCl,

Ni(CO)
R-CH=CH,+CO+H,0 — M S R- CH(CH;5)COOH (branch product)
(R3P),PdCI,PdCl,

The possible variations in product distribution by changes in the catalyst system
and/or in the reaction conditions are shown in the following reactions starting from
butadiene [16-18] as an example for the carbonylation of conjugated dienes:

Co,(CO)
CH,=CH-CH=CH,; + CO + CH;0H Bl N H5COOC - CH; — CH; — CH; - CH, — COOCH3
135 °C,900 bar Dimethyl adipate

RhCl3 +HI or HBr
CH,=CH-CH=CH,+CO+H,0 ———— > HOOC-CH, - CH, - CH, - CH, - COOH
200 °C, 75 bar Adipic acid

PdCl, or (R3P),PdCl,
CH,=CH-CH=CH,+CO+ROH — = ROOC-CH,; - CH, - CH, - CH, - COOR

70 °C,300 - 700 bar 3 - Pentenoic acid ester

A further variant of the carbonylation reaction [19] is illustrated by the formation of
alcohols from olefins with Fe(CO)s as a catalyst:

Fe(CO)
R- CH=CH, +3CO + 2H,0 — > R—CH, - CH, - CH,0H +2C0,

3.6.7.1 Mechanism

A reaction path for the carbonylation of olefins using catalytic quantities of Co,(CO)g
has been firstly proposed by Heck and Breslow [20] and is still generally accepted. A
schematic illustration of the catalytic cycle, showing generation of HCO(CO),, addi-
tion of the olefin, inclusion of the olefin into the Co—H bond and attachment of CO
into the Co—alkyl bond forming finally a CO-acyl group is presented in Figure 3.12.
The Co—acyl bond is cleaved by the nucleophilic attack of water (or alcohols, etc.) to
form an acid (or ester, etc.); hereby the catalyst is recovered.

Heck also gives a mechanistic explanation for the promotion of carbonylation by
hydrogen halide in the presence of Ni(CO), as catalyst. He assumes the development
of an active species HNi(CO),X by oxidative addition of HX to Ni(CO),. The resulting
active species then serves as the active catalyst:

HX + Ni(CO), ——— HNi(C0),X +2CO
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CoyCO)g
CO +H,0
co,

HCo(CO),

RCH,CH,COOH /RCH,CH,COOR co

HCo(CO);3 RCH=CH,
H,O/ROH \(

RCH,CH,COC0(CO); RCH=CH,

>\ HC&(CO%
o RCH,CH,Co(CO), v/

Figure 3.12: Schematic representation of the mechanism for the formation of acid/ester from
olefins with CO.

3.7 Metal carbonyls: effective atomic number (EAN) rule

The number of electrons present in the atom of the metal-forming metal carbonyls
plus those gained by CO molecules is called the effective atomic number (EAN) of
the metals in metal carbonyls. This number in most of the metal carbonyls comes
out to be equal to the atomic number of the next inert gas. This is called the EAN
rule. Thus, most of the metal carbonyls obey EAN rule.

EBSCChost - printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



234 —— Chapterlll Complexes containing carbon monoxide

3.7.1 Mononuclear carbonyls having metallic atom with even atomic numbers

The EAN of some metal carbonyls of this category are as follows:

Metal carbonyl No. of electrons No. of electrons EAN of the next inert gas
of the metal gained by COs

[Cr(CO)] 24 6x2=12 24 +12 =36 (Kr)
[Fe(CO)s] 26 5x2=10 26 +10 =36 (Kr)
[Ni(CO),] 28 4x2=08 28 +8 =36 (Kr)
[Mo(CO)¢] 42 6x2=12 42 +12 =54 (Xe)
[Ru(CO)s] 44 5x2=10 44 + 10 =54 (Xe)
[W(CO)¢] 74 6x2=12 74+12 =286 (Rn)
[0s(CO)s] 76 5x2=10 76 +10=286 (Rn)

Based on the EAN rule it can be explained why Ni does not form hexacarbonyl. This is
because EAN in [Ni(CO)¢] would be equal to 28 + 12=40, and this is not the atomic
number of any noble gas.

3.7.2 Mononuclear carbonyls having metallic atom with odd atomic numbers

There are some metal carbonyls that contain metal atoms having odd atomic num-
bers. Such carbonyls do not obey EAN rule. Examples of such carbonyls are [V(CO)4],
[Mn(CO)s], [Mn(CO)s] and [Co(CO),]. In order to obey EAN rule such carbonyls adopt
any of the following ways:
(a) Such metal carbonyls form cationic or anionic species (called carbonylate ions)
which obey EAN rule as follows:
(i) [V(CO)]: EANofV=23+12=35
[V(CO)g]: EANoOfV=(23+1)+12 =36 (Kr)
(ii) [Mn(CO)s]: EAN of Mn=25+10=35
[Mn(CO)s]™: EAN of Mn = (25 +1) + 10 =36 (Kr)
(iii) [Mn(CO)g]l: EAN of Mn=25+12=37
[Mn(CO)¢]*: EAN of Mn = (25-1) + 12 =36 (Kr)
(iv) [Co(CO),]: EAN of Mn=27+8=35
[Co(CO),] ": EANof Mn=(27 +1) +8 =36 (Kr)
(b) Such metal carbonyls may form a single covalent bond with an atom (e.g. H and
Cl) or a group (e.g. CH3) which contributes one electron to the metal atom. Ex-
amples are:
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(i) Mn(CO)sCl: EANof Mn=25+10+1 =36 (Kr)
(i) HMn(CO)s: EAN of Mn=25+10+1 =36 (Kr)
(iii) (CH3)Mn(CO)s: EAN of Mn =25 + 10 + 1 =36 (Kr)
(iv) HCo(CO),: EANof Co=27+8 +1 =36 (Kr)

(c) Such metal carbonyls may dimerize to give dinuclear carbonyl containing metal-
metal bond. The electron pair being shared between two metal atoms is counted
for both the metal atoms (as in octet rule). The dinuclear carbonyls obtained
by the dimerization of mononuclear carbonyls obey EAN rule as shown for
Mn,(CO),o add Co,(CO)s which are dimerized form of Mn(CO)s; and Co(CO),,
respectively.

(i) Mny(CO),q: Electrons from two Mn atoms =25x2=50
: Electrons from 10 CO molecules =10x2=20
: Electrons from one Mn—-Mn bond =1x2=2

EAN for two Mn atoms in Mn,(CO);o =72
. EAN per Mn atom = 72/2 =36 (Kr)
(ii) Co,(CO)g: Electrons from two Co atoms =27 x2 =54
: Electrons from 8CO molecules =8x2=16
: Electrons from one Co—Co bond=1x2=2

EAN for two Co atoms in Co,(CO)g =72
.. EAN per Co atom = 72/2 = 36 (Kr)

3.7.3 Polynuclear carbonyls
It has been seen that polynuclear carbonyls like Mn,(CO);o, C0o,(CO)s, Fe»(CO)s and
Fe;(CO),, follow EAN rule. EAN per metal atom in these carbonyls is calculated as

follows:

(@) Mny(CO)y
This compound contains one Mn—Mn bond as shown in its structure.

CcO
‘ ‘ CO
\‘ N M‘n/ o MmCOy,
CO CcO

CO OC
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Electrons from two Mn atoms =25 x 2 =50
Electrons from 10 CO molecules =10 x 2 =20
Electrons from one Mn—-Mn bond =1x2=2

EAN for two Mn atoms in Mn,(CO);o =72
.. EAN per Mn atom in Mn,(CO),o =72/2 =36 (Kr)

3.7.3.1 Another method
As each Mn atom is attached with five CO groups and with another Mn atom (one
Mn-Mn bond), EAN in Mn,(CO),, is given by

EAN of Mn atom = atomic number of Mn + electron donated by 5 CO + electron
given by one Mn—Mn bond

=25+10+1=36 (Kr)

(b) Co,(CO)s

3.7.3.2 In solution
In solution, this carbonyl compound has a non-bridged structure shown below, in
which each Co atom is coordinated with four CO moieties, and with another Co atom
(one Co—Co bond):

cOo CcO

oc\

COico/ Cox(CO)y

oc”” | ™
co

CO

CcO

Thus, EAN of each Co atom is given by

EAN of Co atom = atomic number of Co + [electron donated by 4 CO] + [electron
given by

one Co—Co bond]

=27+8+1=36 (Kr)

3.7.3.3 In solid state

In solid state, this carbonyl compound has a bridged structure shown below, in
which each Co atom is coordinated with three terminal CO moieties, two bridged CO
groups and one Co atom (one Co—Co bond):
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(6] (6]

e
ocC \C(V\\Co/
AR

ocC CO

CcO

cO Co,(CO)g

Thus, EAN of each Co atom is given by

EAN of Co atom = atomic number of Co + [electron donated by three terminal
CO] + [electron donated by two bridging CO groups] + [electron given by one Co-Co
bond]

=27+6+2x1+1x1=36 (Kr)

(c) Fex(CO),

In this carbonyl compound, each Fe atom is coordinated with three terminal CO
moieties, three bridging CO moieties and other Fe atom (one Fe-Fe bond). Thus,
EAN of Fe atom is given by

ocC Fé Fé co Fey(CO),

EAN of Fe atom = atomic number of Fe + [electron donated by three terminal CO] +
[electron donated by three bridging CO groups] + [electron given by one Fe—Fe bond]
=26+3x2+3x1+1x1=36 (Kr)

(d) Fe3(C0);2/Ru3(CO);,/0s5(C0O);»
As shown in the following structure, in these three metal carbonyls, each metal
atom is coordinated with four terminal CO ligands and two other M-atoms with

M-M bond:
OT co
oC l\l/l ——CO
ocC /
\1\\4 Co
OC/ | ocC M = Fe, Ru or Os
Co
M
\
oc”” | SSco

cO
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Thus, EAN of metal atom (M) is given by
EAN of M atom = atomic number of metal + [electron donated by four terminal
CO] + [electron given by two M—M bonds]

Fe3(CO)y,:

EAN of Fe atom =26 + 8 + 1 x 2 =36 (Kr)
Ru;(CO);,:

EAN of Ru atom = 44 + 8 + 1 x 2 = 54 (Xe)
0s(C0)y»:

EAN of Ruatom=76+8+1x2=86 (Rn)

(e) Co4(CO)12/Iry(CO)s,
In these two tetrameric carbonyls, there are nine terminal CO groups, three bridging
CO groups and six M—M bonds. Thus, EAN of four M atoms is given by

EAN of four M atom = atomic number of four M atoms + [electron donated by nine
terminal CO] + [electron donated by three bridging CO] + [electron given by six M—-M
bonds]

oc co
0 \ / 0
N M\C//
co
0 M/ \M /
i Do

3

oc/l\(\;/[o\co

\

/

oC

M4(CO),, (M= Co or Ir)

EAN of four Co atom in Co,(CO);2 = [4x27 +18 + 6 + 12] =108 + 36 = 144
.. EAN per Co atom = 144/4 =36 (Kr)

EAN of four Co atom in Ir,(CO);> = [4 x 77 + 18 + 12 + 6] =308 + 36 = 344
.. EAN per Co atom = 344/4 = 86 (Rn)

3.7.4 Utility of EAN rule
With the help of EAN rule, one can find out the number of metal-metal (M-M) bonds

present in a given metal carbonyl. This can be described by determining the number
of metal-metal bonds in Fe,(CO)y, Fe3(CO),, Co,4(CO),, and [(n[5]-CsHs)Mo(CO)s].
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(a) Fe,(CO),

Electron from two Fe atoms =2 x 26 = 52
Electron from nine CO group=2x9 =18

EAN for two Fe atoms in Fe,(CO)g=52+18 =70
.. EAN for one Fe atom =70/2 =35

Since this EAN is less than 36(Kr) by one electron, there is one Fe-Fe bond in Fe,
(CO)y molecule.

(b) Fe5(C0O)s>

Electron from three Fe atoms =3 x26 =78
Electron from 12 CO group=2x12=24

EAN for three Fe atoms in Fe5(C0);, =78 + 24 =102
.. EAN for one Fe atoms = 102/3 = 34

Since this EAN is less than 36(Kr) by two electrons, Each Fe atom in Fe;(CO);, mole
cule is linked with other two Fe atoms. Thus, Fe5(CO);, has three Fe-Fe bonds:

oC co

ocC Fe

oc
\Fle/ éo

OC/ | \)C Fe;(CO)p,
Co \

CcO

(c) Co,(CO)s,

Electron from four Co atoms = 4 x 27 =108
Electron from 12 CO group=2x12=24

EAN for four Co atoms in Co,(CO);, =108 + 24 =132
.. EAN for one Co atom =132/4 =33

Since this EAN is less than 36(Kr) by three electrons, each Co atom in Co,(CO);, mole-
cule is linked with other three Co atoms. Thus, Co,(CO);, has six Co—Co bonds:
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N
// |/
\c

c I

Co Coy(CO)pp

N

oC CO

CcO

d [("ls'csHs)Mo(CO)3]2

Electron from two Mo atoms =2 x 42 = 84
Electron from six CO group =2x 6 =12
Electron from two CsHs group =2x5=10

EAN for two Mo atoms in [(n°-CsHs)Mo(CO)s], = 106
‘. EAN for one Mo atom = 106/2 =53

Since this EAN is less than 54(Xe) by one electron, there is one Mo—Mo bond in the
given mixed carbonyl.

3.8 Eighteen-electron rule for metal carbonyls

Since the valence electrons count in the noble gases is equal to 18 [Kr (3d'%4s%4p®);
Xe (4d'%5s%5p°); Rn (5d'%6s%6p®)], the noble gas formalism may be simplified to the
18-electron rule. According to this rule,

“In a stable metal carbonyl, the total (i.e. effective) number of electrons present in
the valance shell of one metal atom is equal to 18. This number (i.e. 18) is equal to:

EN/n [EN = Effective number of electrons]

Here

EN = No. of electrons in the valence shell of metal in the given metal carbonyl =
[No. of electrons in the valence shell of metal in the Free State] + [No. of electrons
from CO groups/ligands + [2x No. of M-M bonds in metal carbonyl] and n = No. of
metal (M) atoms in metal carbonyl”
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Examples

(a) Metal carbonyls obeying 18e rule:

The calculations of the effective number of electrons in the valence shell (V.S.) of respective one metal
atom in metal carbonyls, such as Ni(CO),, Fe(CO)s, Cr(CO)s, Mo(CO)s, Fe5(CO)o, Co,(CO)g, Mn,(CO)4o, Fes
(CO);, and Co4(CO)4,, have shown that this number comes out to be equal to 18. Thus, these carbonyls
obey 18e rule.

() [Ni(CO),:Ni (3d34s?) =10e
No. valence electrons in Ni =10e
No. electrons from four CO groups =8e

EN of electrons in the V.S. of Ni atom in Ni(CO), = 18e

(ii) [Fe(CO)s]:Fe (3d%4s?) =8e
No. valence electrons in Fe =8e
No. electrons from five CO groups =10e
EN of electrons in the V.S. of Fe atom in Fe(CO)s =18e

(i) [Cr(CO)¢l:Cr (3d°4sY =6e
No. valence electrons in Cr =6e
No. electrons from six CO groups =12e
EN of electrons in the V.S. of Fe atom in Cr(CO)¢ =18e

(iv) [Mo(CO)g]:Mo (4d°5sY) =6e
No. valence electrons in Mo =6e
No. electrons from six CO groups =12e
EN of electrons in the V.S. of Mo atom in Mo(CO)g =18e

(v) [Fe,CO)o]:Fe (3d%4s?) =8e
No. valence electrons in two Fe =2 x 8e =16e
No. electrons from nine CO groups =9 x 2e =18e
Electron from one Fe—Fe bond =1 x 2e =2e
EN of electrons in the V.S. of two Fe atoms in Fe,(CO)o =36e
EN of electrons in the V.S. of one Fe atom in Fe,(CO)g =36e/2 =18e

(vi) [C0,CO)g):Co (3d745?) =9e
No. valence electrons in two Co =2 x 9e =18e
No. electrons from eight CO groups =8 x 2e =16e
Electron from one Co—Co bond =1 x 2e =2e
EN of electrons in the V.S. of two Co atoms in Co,(CO)g =36e
EN of electrons in the V.S. of one Co atom in Co,(C0)g =36e/2 =18e

(vii) [MnC0)10]:Mn (3d°4s?) =7e
No. valence electrons in two Mn =2 x 7e =14e
No. electrons from 10 CO groups =10 x 2e =20e
Electron from one Mn—Mn bond =1 x 2e =2e
EN of electrons in the V.S. of two Mn atoms in Mn,(CO),, =36e

EN of electrons in the V.S. of one Mn atom in Mn,(C0),, = 36e/2 = 18e
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(viii) [Fe5C0);):Fe (3d%4s?) =8e
No. valence electrons in three Fe =3 x 8e =24e
No. electrons from 12 CO groups =12 x 2e =24e
Electron from three Fe—Fe bond =3 x 2e =6e
EN of electrons in the V.S. of three Fe atoms in Fe5(C0)4, =54e
EN of electrons in the V.S. of one Fe atom in Fe5(C0),, =54e/3 =18e
(ix) [C0,C0)1,]:Co (3d7452) =9e
No. valence electrons in four Co=4 x 9e =36e
No. electrons from 12 CO groups =12 x 2e =24e
Electron from six Co—Co bonds =6 x 2e =12e
EN of electrons in the V.S. of four Co atom in Co,(CO);, =72e

EN of electrons in the V.S. of one Co atom in Co,(CO),, =72e/4 =18e

(b) Metal carbonyls not obeying 18e rule:
If we calculate the effective number of electrons in the valence cell of V and Co in V(CO)¢ and Co
(CO), molecules, respectively, we find that this number is equal to 17 as follows:

(i) V(CO)s: V(3d34s?) =5e
No. valence electrons in V =5e
No. electrons from six CO groups =12e
EN of electrons in the V.S. of V atom in V(CO)¢ =17e

(i) Co(CO),: Co(3d”4s?) = 9e
No. valence electrons in Co =9e
No. electrons from four CO groups =8e
EN of electrons in the V.S. of Co atom in Co(CO), =17e

Since the effective number of electrons in the V.S. of V and Co is 17, V(CO)¢ and Co(CO),, both are
paramagnetic.

In order to obey an 18-electron rule, Co(CO), dimerizesto form the dimeric molecule, Co,(CO)g, in
which each Co atom has 18 electrons in its V.S. as shown below. This dimeric molecule has one
Co-Co bond as is evident from its structure as follows:

co cO
ocC CO

\ / Co,(CO)g

Co—Co,
OC/ ‘ I \CO
CO CO

[C0,C0)g]: Co (3d745%) =9e

No. valence electrons in two Co =2 x 9e =18e
No. electrons from eight CO groups =8 x 2e =16e
Electron from one Co—Co bond =1x 2e =2e

EN of electrons in the V.S. of two Co atoms in Co,(CO)g =36e

EN of electrons in the V.S. of one Fe atom in Co,(CO)g =36e/2 =18e
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The structure of Co,(CO)g shows that since the C.N. of each Co is five (maximum C.N. = Co atom is six),
no extra steric strain would be created on Co(CO), by increasing the C.N. from four in Co(CO), to five in
Co,(C0)g during the dimerization of Co(CO), through Co-Co bond. Hence, Co,(CO)s would be a stable
molecule.

The dimeric molecule of V(CO)¢, namely, V,(CO);, also obeys 18e rule as shown below, if its
structure is assigned as (C0)g—V-V—-(CO)s.

[V2C0)y,]: V (3d%4s?) =5e
No. valence electronsin 2V =2 x 5e =10e
No. electrons from 12 CO groups =12 x 2e =24e
Electron from one V-V bond =1 x 2e =2e
EN of electrons in the V.S. of 2 V atoms in V,(CO);, =36e

EN of electrons in the V.S. of one V atom in V,(C0O),, =36e/2 =18e
The expected structure of V,(C0)y, is (CO)¢—V-V—(CO)¢ which shows that each V atom has C.N.
equal to seven (maximum C.N. = Co atom is six). Due to the increase in C.N. from six [in V(CO)¢] to
seven [in V,(CO),,], a lot of steric hindrance would be created on V(CO)¢ moiety and hence the
dimer V,(C0O),, would be unstable. Thus, although V,(CO),, obeys 18e rule, it is unstable. It is stable
only in a CO matrix at extremely low temperatures.

(a) Mixed metal carbonyls obeying 18e rule:

Some mixed carbonyl complexes containing CO and organic molecules as co-ligands which obey
18-electron rule are shown below:

(i) [Fe(CO)3(C4H,),]: Fe (3d%4s?) =8e
No. valence electrons in Fe =8e
No. electrons from three CO groups =6e
No. electrons from C4H, group =4e
EN of electrons in the V.S. of Fe atom =18e

(ii) [Fe(CO),4(PPh3)]: Fe (3d%4s?) =8e
No. valence electrons in Fe =8e
No. electrons from four CO groups =8e
No. electrons from PPhs group =2e
EN of electrons in the V.S. of Fe atom =18e

(iii) [Mn(CO)5(CH5)]: Mn (3d°4s?) =7e
No. valence electrons in Mn =7e
No. electrons from five CO groups =10
No. electrons from CHs group =1e
EN of electrons in the V.S. of Mn atom =18e

(iv) [Mn(CO)s(C,H,)I*: Mn* (3d°4sY) =6e
No. valence electrons in Mn* =6e
No. electrons from five CO groups =10e
No. electrons from C,H, group =2e
EN of electrons in the V.S. of Mn* atom =18e
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(v) [Re(CO)s(CH3)]: Re (5d°652) =7e
No. valence electrons in Re =7e
No. electrons from five CO groups =10e
No. electrons from CHs group =1le
EN of electrons in the V.S. of Re atom =18e

(vi) [Cr(CO)5(m-CgHg)]: Cr (3d%4sY) =6e

No. valence electrons in Cr =6e
No. electrons from three CO groups =6e
No. electrons from m-C¢Hggroup =6e
EN of electrons in the V.S. of Re atom =18e
(vii) [(n®>-CsHs)Mo(CO);],: Mo (5d°6sY) =6e
This mixed carbonyl contains one Mo-Mo bond.
No. valence electrons in two Mo =12e
No. electrons from six CO groups =12e
No. electrons from two (n°-CsHs) group =10e
No. electrons from one Mo-Mo bond =2e
EN of electrons in the V.S. of two Mo atoms =36e
EN of electrons in the V.S. of one Mo atom = 36e/2 =18e

3.8.1 Eighteen-electron rule: square planar complexes

As in square planar complexes, the C.N. of the central metal atom is four, the effec-
tive number of electrons in the valance cell of the d® metal atom in square planar
complexes equals to: 8 + 4 x 2 =16. This number shows that these complexes do not
obey 18-electron rule.

Although 18-electron rule is not obeyed by square planar complexes, yet they
are quite stable complexes. The stability of such complexes has been explained on
the basis of crystal field theory as explained below.

In square planar complexes, splitting pattern of d-orbitals of central metal atom
is shown in Figure 3.13.

The d,(z_y2 orbital has the highest energy and is an anti-bonding orbital. Energy gap
(A) between d,, and d,’_,” orbitals is very large. It may be seen from Figure 3.13 that d®
electrons of the metal atom in square planar complex can be distributed as follows:

(@)= () (&) (dy)(a-)°

Since the energy gap (A) between d,, and d,f_y2 orbitals is very large, the entry of
ninth electron in the high-energy anti-bonding orbital is energetically unfavourable.
Consequently, although square planar complexes of d® metal atom do not obey 18-
electron rule, yet these complexes are quite stable.
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Figure 3.13: d-Orbitals splitting pattern in square planar complexes.

3.9 Types of bond present in metal carbonyls

Normally four types of bonds are found in different metallic carbonyls. Their forma-
tions are being explained here:
(i) :0=—=C—> M 6 Bond

(i) M —CO = bond
/M
iii) I 0=—=
(iii) C\
M

(iv) Metal-Metal or M—M bond

) :0=—==C—>MoBond:

In this bond, CO acts as a terminal carbonyl group. This type of bond is found in all
types of carbonyls. The formation of this type of bond is explained on the basis of
valence bond theory as follows:

Before explaining the formation of OC>M o¢-bond, one should know the struc-
ture of CO molecule on the basis of valence bond theory (Figure 3.14).

o
C(2s2pY) —» LA I R o S N

2s  2py 2p, 2p, Hybridisation 2sp 2:Sp 2p, 2p,

(&) T T

Ip
LR I AR T

02 22 4 s 1 L.
(257207 25 2pg 2p, 2p, Hybridisation 2Sp 2sp 2py 2p,

Figure 3.14: Sp hybridization in (:0 = C).
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It is evident from the sp hybridization shown in Figure 3.14, the Ip of electrons on
carbon and oxygen atoms is present in their respective sp-hybrid orbital. When a CO
molecule gets linked as a terminal carbonyl group with a transition metal in a low
oxidation state (0, —1 or + 1), Ip of electrons present in sp-hybrid orbital of C-atom is
donated to the appropriate vacant hybrid orbital of the metal atom [namely, sp’ hy-
brid orbital of Ni in Ni(CO),, dsp> hybrid orbital of Fe in Fe(CO)s, etc.] to form OC->M
coordinate o-bond. It is notable here that only the Ip of electrons on C atom, and not
the O atom, is donated to the vacant hybrid orbital of the metal atom. This is because
of the fact that C atom is less electronegative than O atom.

(i) M — CO m bond

The formation of this bond, that is, backdonation of electrons from metal to CO, and
also OC->M o-bond can be elucidated by molecular orbital theory (MOT), which will
be discussed later on under the head bonding in metal carbonyls.

M
/

N
M

This type of bond is found in bridged polynuclear carbonyls like Co,(CO)g in solid
state, Fe,(CO)y, Fe5(CO);5, Co4(CO)15, Ru,(CO),», and so on. In these carbonyls, CO
molecule acts as a bridging (or ketonic) carbonyl group

(i) :0=—C¢C

M
o=/
to—c_
°'M

This bridging molecule system contains two C—M o-bonds, one O—C o-bond and one
0-C mn-bond. The formation of these o- and m-bonds is shown in the following hy-
bridization scheme (Figure 3.15).

Two half-filled sp? hybrid orbitals on C-atom overlap with half-filled appropriate hy-
brid orbital of two metal atoms and give two C-M o-bonds. The remaining third sp* hybrid
orbital overlaps with the appropriate 2p orbital (namely, 2p,) of the O-atom and forms C-O
o-bond. The O—C n-bond results in the overlap of the 2p, orbitals of both C- and O-atoms.

(iv) Metal-metal or M—M bond

There are many carbonyls that contain one or more M-M bonds. Examples of car-
bonyl compounds containing M—M bonds are Fe,(CO)o, C0,(CO)g, Mn,(CO);, and so
on. Such type of bond is produced by weak overlap of the two singly filled hybrid
orbitals of the two combining metal atoms. Due to weak coupling of electron spin,
this bond is called fractional single bond and is represented as M—M bond. This
bond is larger than the single M—M bond. The presence of M-M bond makes all the
electrons paired and hence the carbonyls containing M-M bonds are diamagnetic.
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Half-filled Half-filled
Appropriate hybrid orbital of Appropriate hybrid orbital of
one metal atom other metal atom

C=2s"2p,", 2p,", 2p,"
Ground state

c=2s'2p!2p, . 2p,) > — — — —

Excited state 25 2py 2py, 2p,

0 (2522p4) >
Figure 3.15: Sp? hybridization and formation of - and n-bonds in bridged polynuclear carbonyls.

3.10 Structure of metal carbonyls: valence bond (VB) approach

(i) Nickel tetracarbonyl, Ni(CO),

(a) Studies carried out on the vapour density of this compound and the freezing
point of its benzene solution have shown that this metal carbonyl is of molecu-
lar formula Ni(CO),.

(b) Both the vapour-phase electron diffraction and the solid-state X-ray diffraction stud-
ies of this compound have shown that it has a tetrahedral structure (Figure 3.14)
having Ni—C-O units as linear. The observed Ni—C bond length in this molecule is
1.50 A. This bond length is shorter by 0.32 A compared to Ni-C single bond length
of 1.82 A. The observed C-O bond length in this compound is 1.15 A, which is longer
by 0.022 A compared to C-O bond length of 1.128 A in CO molecules.

O

Il
1.508

&

VO

N

A\
) Figure 3.16: Tetrahedral structure of Ni(CO),.

(c) Tetrahedral geometry of this compound results from sp> hybridization (Figure 3.17)
of Ni present in it as the central atom.
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Here, in this hybridization scheme, the formation of O = C->Ni bond is the
result of the overlapping between the empty sp> hybrid orbital on Ni atom and
doubly filled sp hybrid orbital on C-atom in CO molecule.

3d 4s 4p

Free Ni atom - 1; 1; ﬂ 1 1 1;

(3d%4s? 4p%)

Niatom in Ni(CO);, ~ —— ﬂ ﬂ ﬂ ﬂ ﬂ

(3d'%45%4p")

e et ——= | 1§ 14 1418 ‘Tv ‘; ‘Tv ‘Tv
C C C C
Il 1T
\O (6] O Oj
g

sp> hybridisation

Figure 3.17: Sp> hybridization of Ni atom in NiCO),. Electron pair donated by CO molecule is
shown by 7.

(d) It is notable here that the formation of four O = C>Ni bonds accumulates a
large negative charge on the central Ni atom, and this is most unlikely. In such
a situation, Pauling suggested that the formation of double bond between Ni
and C atoms results in the backdonation of d-electron from Ni atom to CO li-
gands to such a magnitude that electronegativity principle is followed. Conse-
quently, electron pair is not dispersed equally between Ni and C atoms of CO
ligands but is attracted more strongly towards C atom as C is more electronega-
tive than Ni atom (C = 2.55; Ni = 1.91). This prevents accommodation of negative
charge on Ni atom.

(ii) Iron pentacarbonyl, Fe(CO)s

(a) Principally, [Fe(CO)s] may have any of the two structures, namely, trigonal bipy-
ramidal (TBP) and square pyramidal as shown in Figure 3.18. In order to decide
the actual structure, the number of IR- and Raman-active vibrational bands can
be calculated for each of the two geometries. Now, we record the IR and Raman
spectra of this compound and tally the number of bands actually observed by
calculation for both the geometries.

(b) It has been found that IR band actually observed tallies well with the number of
bands calculated for TBP geometry. Thus, [Fe(CO)s] has TBP geometry, which
has also been confirmed by X-ray studies. It is surprising to note that >*C-NMR
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Trigonal bipyramidal structure
of Fe(CO);

Figure 3.18: Structures of Fe(CO)s.

F
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O\\C\C A

v

)

Square pyramidal structure
of Fe(CO);

gives only one type of signal for axial as well as equatorial CO groups. This is
probably because of the fluxionality in the structure. This means that the axial
and equatorial O = C—>Fe bonds exchange their position very fast so that an av-
erage >C resonance signal is obtained for all the five carbonyl groups attached
with Fe atom. Vapour-phase electron diffraction study of [Fe(CO)s] molecule estab-
lished that Fe-C axial and Fe-C equatorial bond lengths are 1.797 A and 1.842 A,
respectively. On the other hand, X-ray study has shown that these bonds are almost

of the same length.

(c) The TBP shape of [Fe(CO)s] results from dsp® hybridization (Figure 3.19) of Fe atom

as shown below:

3d

4s 4p

Free Fe atom

f

(3d%4s? 4p°)

gy — 41

f

Fe(CO)s molecule ——> ﬂ 1;

s 5 GG
ot
N

N
dsp? hybridisation

Figure 3.19: dsp® hybridization of Fe atom in Fe(CO)s.

printed on 2/13/2023 8:09 AMvia .

Al use subject to https://ww.ebsco.conlterns-of-use



250 —— Chapter lll Complexes containing carbon monoxide

In this hybridization scheme, O = C->Fe bond results by the overlap between
the empty dsp’ hybrid orbital on Fe atom and doubly filled sp hybrid orbital on
C-atom in a CO molecule. The molecule is diamagnetic as all the electrons in d-
orbitals as well in all five dsp> hybrid orbitals are in paired state.

(iii) Chromium hexacarbonyl, [Cr(CO)¢]

(a) Electron diffraction study of this molecule in the vapour state has shown that it
has an octahedral shape (Figure 3.20). This study also confirms that the Cr-C
and C-0 bond lengths are 1.92 A and 1.16 A, respectively.

(¢}

(0)

|
N A

0 T A\

N\

]

(6] Figure 3.20: Octahedral structure of Cr(CO)¢ molecule.

(b) Octahedral geometry of [Cr(CO)¢] suggests that Cr-atom which is in zero oxida-
tion state is d’sp> hybridized as shown in Figure 3.21. Since [Cr(CO)q] is diamag-
netic, all the six electrons present in the V.S. of Cr atom (3d°4s) get paired in
three 3d orbitals. Now, 3d,” % 3d.% 4s and three 4p orbitals hybridize together
to form six d’sp> hybrid orbitals.

3d 4s 4p

Free Cr atom  ———> 1 * 1 { 1 1
(3d%4s'4p0)

Cratom in Cr(CO)g ——» 1} ﬂ ﬂ

(3d%4s%4p?)
Cr(CO)g molecule ——» ﬂ ﬂ 1} A' " AV AV ‘V "
P b
Il Il ]
\O O (¢} O O 9
Y
d?sp> hybridisation

Figure 3.21: d’sp> hybridization of Cr atom in Cr(CO). Electron pair donated by CO molecule is
shown by coloured electrons.
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Here, 0=C->Cr bond is formed by the overlap of the empty d’sp> hybrid orbital
on Cr atom and doubly filled sp hybrid orbital on C atom in CO molecule.

(c) Similarly, the formation of octahedral geometry of [Mo(CO)¢] and [W(CO)¢] may
be understood on the basis of d’sp> hybridization.

(iv) Structures of Mn,(CO),o, Tc5(CO),0 and Re,(CO)4q
All these molecules have the similar structure. As an example, let us consider the
structure of Mn,(CO);0.

The IR spectral and X-ray diffraction studies made on Mn,(CO),, have shown that
each Mn atom is directly linked to other Mn atom by a o-bond (Mn—Mn o-bond) and to
five terminal carbonyl groups (-C = 0) with coordinate bonds (Mn«<—CO bonds) as
shown in Figure 3.22. The Mn—Mn bond distance has been found to be 2.79 A. The pres-
ence of Mn—Mn bond is also reinforced by the diamagnetic nature of the molecule.

Figure 3.22: Structure of Mn,(CO),o: two Mn(CO)s units are staggered to each other.

It may be seen that the C.N. of each Mn atom is six and the molecule has no bridging
carbonyl group in between two Mn atoms. Since C.N. of each Mn atom is six, both
Mn atoms are d’sp> hybridized as shown in Figure 3.23.

As seen, Mn—Mn o-bond results by the overlap of half-filled d’sp> hybrid orbital
of one Mn atom with half-filled d?sp> hybrid orbital of other Mn atom. The presence
of no unpaired electron suggests that the molecule is diamagnetic.

(v) Structure of Co,(CO)g

(a) Non-bridged structure in solution

The IR spectral study of the solution of Co,(CO)s has shown that this molecule has no
bridging carbonyl group, that is, this molecule in solution has non-bridged structure
(Figure 3.24). In this structure, each Co atom is coordinated with four terminal carbonyl
ligands (Co—C = 0) and with other Co atom by a Co—Co o-bond. The presence of Co—
Co o-bond has also been supported by the diamagnetic nature of this molecule. The
Co-Co bond distance determined by electron diffraction study is found to be 2.52 A.
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Figure 3.23: d?sp? hybridization scheme for each Mn atom in Mn,(C0O);q.
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Figure 3.24: Non-bridged structure of Co,(CO)s.

Since it is evident from this structure that the C.N. of each Co atom is five, hence
both Co atoms are dsp® hybridized as shown in the hybridizing scheme (Figure 3.25).

As seen from the above hybridization scheme, Co—Co o-bond results by the
overlap of half-filled dsp® hybrid orbital of one Co atom with half-filled dsp> hybrid
orbital of other Co atom. The presence of no unpaired electron suggests that the
molecule is diamagnetic.

(b) Bridged structure in solid state
(i) IR spectral study of Co,(CO)z molecule in solid state has suggested that this
compound has a bridged structure as given in Figure 3.26.
(ii) It is evident from Figure 3.26 that the bridged structure has two bridging
carbonyl groups, six terminal carbonyl groups and one Co—Co bond. Each
of the two Co atoms is attached with the other Co atom directly by a Co—Co
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Figure 3.25: dsp? hybridization scheme of each Co atom in C0,(CO)s.

I 0
0 Y,
C\ / C\ / /
OECC—/(>C0<'7CO‘<\—C—CEO
O/ ﬁ \\O Figure 3.26: C0,(C0)g involving bridged
O structure.

linkage, with two bridging carbonyl groups and three terminal CO groups.
The Co-Co bond length is 2.52 A.

(iii) In this structure, C.N. of each Co atom is six, and hence both Co atoms are
d?sp® hybridized as shown in Figure 3.27.

V.S. electronic configuration of Co atom in the free state is 3d”4s%p°.
When Co atom forms Co,(CO)g, one of the two electrons of 4s orbital is shifted
to 3d orbital and thence the V.S. electronic configuration of Co atom becomes
3d%4s'4p°. Now two 3d orbitals such as 3d,°_,> and 3d,” both singly filled,
one singly filled 4s orbital and all three empty 4p orbital combine together to
produce six d’sp’ hybrid orbitals. This is shown in (a) and (b) parts of the
hybridization scheme (Figure 3.27). Now the formation of one Co—Co o-bond,
linking two bridging carbonyl groups with two Co atoms and the formation
of three terminal CO groups with each Co atom takes place as shown in
the scheme. As all the electrons in the Co,(CO)g molecule are paired, the
molecule has a diamagnetic character.
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It is notable here that the Co—Co o-bond, which is obtained through overlap
of two singly occupied d’sp® hybrid orbitals on two Co atoms, is bent because
of the unusual overlap of two d’sp® hybrid orbitals as shown in Figure 3.28.

3d 4s 4p
Free Co atom — ﬂ ﬂ 1 1 1 ﬂ
(3d74s” 4p") - d?sp? hybridisation ‘
v 0O 0 O:!
; i
L1
oot O U L [ | 1,| 1;‘ IR
Shond i
(b) other Co atom in Co,(CO)g——— ﬂ 1; 1} 4 {4—| HA A' AV ‘i
A R O A
:: C C c ¢ cC i
; Il l [
i 0 0 0O 0 O
h d?sp? hybridisation o

Figure 3.27: d?sp> hybridization scheme of each Co atom in Co,(CO)s.

Two half filled d’sp? ) . .
hybrid orbitals on two d“sp” (Co)- d°sp”(Co)
Co atoms unusual overlap

Figure 3.28: Unusual overlaps of two singly occupied d?sp> hybrids on two Co atoms to form
Co-Co bond in Co,(C0O)g molecule in solid state.
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(iv) The two isomeric forms have little difference in their energies and exist in

equilibrium with each other in a given solution:

Bridged structure == Non-bridged structure

At very low temperature, the bridged structure predominates and as the
temperature is raised, the non-bridged structure predominates.

(v) X-ray diffraction studies of the crystals of Co,(CO)g has shown that the mol-
ecule in solid state has a bridged structure. On the basis of electron diffrac-
tion studies, various bond lengths found are:

Co-Co=2.52 A, Co-C bridging =1.92 A, Co-C terminal = 0.80 A, bridging
C-0=1.21 A, terminal C-0 =1.17 A.

(vi) Structures of Fe,(C0)o, Ru,(CO)s and Os,(CO)o

(a) Fe,(CO)o: IR and X-ray studies made on Fe,(CO)y molecule have shown that
each Fe atom is directly connected with other Fe atom by a Fe—Fe o-bond,
to three bridging carbonyl groups (>C=0) and three terminal Co groups
(-C = 0) by a coordinate bond (Figure 3.29).Fe-Fe bond length = 2.46 A.
The terminal C-0 bond lengths are smaller than the bridging bond lengths.
The diamagnetic character of the molecule reinforced the availability of
Fe—Fe bond in it.

[6) I /
C\ /C\ / ’
O0=C C/Fe<--7Fe\<—( =
% it Q
[6) 0 O
ﬁ: Figure 3.29: Fe,(CO), involving terminal
O and bridging carbonyl groups.

As the C.N. of each Fe atom is 7, d’sp’ hybridization (Figure 3.30) may be
assumed to explain its formation.

(b) Ru,(CO)o and 0s,(CO)y: Unlike Fe,(CO)o,these two dinuclear carbonyls ac-
quire structures with one bridging carbonyl group involving M—M bond as
shown in Figure 3.31.

As the C.N. of each metal is 6, d’sp> hybridization (Figure 3.32) may be as-
sumed in the formation of these two dinuclear carbonyls.
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Figure 3.30: d®sp> hybridization scheme of Fe in Fe;(CO)s. Electron pair donated by terminal CO
group is shown by coloured electron pair (‘™) while™ or & (coloured) represents an electron
donated by C atom of bridging >C = 0 group.
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Figure 3.31: Single bridged structure of M,(CO)s (M =Ru or Os).
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ity o [T 1) Djj
n =4 for Ru; n=5 fo Os

dsp? hybndlﬁatmn
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Figure 3.32: dsp> hybridization scheme of M in M,(CO),. Electron pair donated by the terminal CO
group is shown by coloured electron pair () while 1 or L (coloured) represents an electron
donated by C atom of bridging >C=0 group.

(vii) Structures of Fe5(C0),,, Ru5(C0),, and 0s3(CO),,»

(a) Fe5(CO)y,

X-ray study made on Fe3(CO),, molecule has shown the following in this molecule:

(i) Of the three Fe atoms, two Fe atoms are coordinated with three terminal CO
groups, attached to two bridging CO groups and to the third Fe atom.

(ii) The remaining third Fe atom is coordinated with four-terminal CO groups and is
linked to each of the two Fe atoms.

(iii) Three Fe—Fe bonds are of equal length (2.8 A).

These features of Fe5(CO);, molecule is shown in Figure 3.33.

=20

I 0%\ 2
1 (Coordmanon number =7)

I  (Coordination number =7)

Figure 3.33: Structure of Fe5(C0),,.
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Considering the C.N. 7, 7 and 6 of Fe!, Fe'" and Fe'", respectively, the following
hybridization scheme (Figure 3.34) may be assumed in the formation of Fe5(CO),
molecule.

3d 4s 4p
Free Fe atom —_— 1; 1 1 1 1
[3d%s%4p"] - d3sp3 hybridisation _
= o 0 o
| I
L]y
Fe! in Fey(CO) | AT A il
O LA VEEE 1 h]
Oaond g5 Feore
11 5 ' ' '
e L T HRE:
o 0 O 0 i i i
e e | R
¢ ¢ ¢ d3sp? hybridisation
ST ] LT T ] = remomimseccons
NS 4p 4s /3d
~
d%sp? hybridisation

Figure 3.34: Hybridization scheme of Fe atom in Fe3(CO),,. Electron pair donated by terminal CO
group is shown by coloured electron pair () while 1 or L (coloured) represents an electron
donated by C atom ofbridging >C=0 group.

(b) Rus(CO),; and 0s5(CO),,

X-ray diffraction studies have shown that these two trinuclear carbonyls contain no
bridging CO group and each metal centre contains four terminally bonded CO group,
and also bonded to two other metal atoms as shown in Figure 3.35. Thus, the C.N. of
each metal centre is 6, and hence d’sp> hybridization scheme shown in Figure 3.36
may be assumed in the formation of these two trinuclear carbonyls.

(viii) Structure of tetranuclear carbonyls: Co,(C0O);,, Rh4(CO);, and Ir,(CO),,

There are two types of structures for these molecules, each consisting of a tetrahedron
of metal atoms. For Ir,(CO);,, the deployment of CO groups (Figure 3.37a) is such as to
conserve the full symmetry of the tetrahedron. There are three terminal CO groups on
each metal atom with Ir-CO bond approximately trans to the Ir-Ir bond.
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Figure 3.35: Structure of M5(C0);, (M = Ru or Os).
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Figure 3.36: Hybridization scheme of M in M5(CO);, (M =Ru or Os). Electron pair donated by
terminal CO molecule is shown by (™).

For the cobalt and rhodium compounds, the structure has lower symmetry. One
metal atom has three terminal CO groups as in Ir,(CO),,, and the remaining nine CO
groups occupy both symmetrical bridging positions and terminal positions around
the triangle formed by other three metals (Figure 3.37b).
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Figure 3.37: Structure of tetrameric carbonyl complexes, M,(C0O),, (where M = Co, Rh or Ir).

Hybridization schemes

(a) Tetrameric Ir,(C0O)y,»

As the C.N. of each Ir is 6, d’sp> hybridization (Figure 3.38) may be assumed at each
Ir centre for the formation of Ir,(CO),. As all the electrons in the Ir,(CO),, molecule
are paired, the molecule has a diamagnetic character.
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Figure 3.38: Hybridization scheme of Ir atom in Ir,(CO),,. Electron pair donated by terminal CO
molecule is shown by (™).
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(b) Tetrameric M,(CO),, (Where M =Co, Rh)

The formation of tetrameric M,(CO);, (wWhere M = Co, Rh) may be understood by as-
suming d’sp’ hybridization at M involving C.N. 6, and d’sp® hybridization at M", M™
and M"Y considering their hepta-coordination (Figure 3.39).
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Figure 3.39: Hybridization scheme of M in M,(CO),, (M = Co or Rh).

3.11 Bonding in metal carbonyls: nature of M—C and C-0 bonds
in metal carbonyls

Most of the physical studies on metal carbonyls for their structural elucidation con-
clude that the metal-carbon bonds (M—CO) in metal carbonyls are of multiple na-
tures. For instance, Ni-C bond length in Ni(CO), is found to be 1.50 A which is
0.32 A shorter compared to Ni-C single bond length of 1.82 A. Moreover, the C-O
bond length in metal carbonyls [1.15 A in Ni(CO),] is longer than C=0 bond length
in CO molecule (1.28 A). Based on the bond length data, it was concluded that metal
carbonyls have OC—M o-bond as well as M——CO n-bonds, that is, metal carbon-
yls have double bonding which can be represented as

printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



262 —— Chapterlll Complexes containing carbon monoxide

o
OC=——M
s

So, the two facts, that is, multiple (double bond) natures of M—CO bond and longer
C-0 bond length compared to CO molecule, must be explained by any bonding
theory.

3.11.1 Formation of OC—M ¢-bond: valence bond theory (VBT) approach

It is obvious that in the Lewis structure of CO molecule shown below, the loan pair of

:C==o0:

electron on carbon atom in CO molecule resides in sp-hybrid orbitals. All carbonyls
contain terminal CO groups that are attached to the metal atom by

:0=—=C:——M o-bond.

This OC->M o-bond is formed by the overlap between sp-hybrid orbital on C atom
containing Ip of electrons and the appropriate empty hybrid orbitals of the metal in
metal carbonyls. For example:

(i) In Cr(CO)¢ molecule, formation of each of the OC—Cr o-bond takes place by
the overlap of completely filled sp-hybrid orbital on C atom and empty d’sp’
hybrid orbital of Cr atom.

(ii) In Fe(CO)s molecule, formation of each of the OC——Co o-bond occurs by the
overlap of completely filled sp-hybrid orbital on C atom and empty dsp® hybrid
orbital of Fe atom.

=0
O

Il N

;w N

c \\\ C
I I
O
Octahedral structure of Cr(CO), molecule Trigonal bipyramidal structure
of Fe(CO)s
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3.11.2 Formation of OC——M o-bond and M——>CO 1 bond: molecular orbital
theory (MOT) approach

Before explaining the formation of o- and n-bonds in metal carbonyls on the basis
of MOT, let us have a look over M.O. diagram of CO (6 + 8 = 14e system) as shown in

Figure 3.26.
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Figure 3.40: M. O. diagram of carbon monoxide (taken from Ref. [21]).

This energy-level diagram contains different molecular orbitals of CO molecule in
increasing order of their energies. X-axis has been considered as the molecular axis
in the formation of this molecular orbital diagram.

(i) Formation of OC>M o-bond

The highest occupied molecular orbital (HOMO), namely, 50* present in the M.O.
diagram of CO is anti-bonding orbital localized on C atom and thus has significant
carbon (C) 2s character. This molecular orbital (50*)* has an lp of electrons and
hence overlaps with the vacant suitably directed o-type orbital on transition metal
M to form OC(506*)*>>M o-bond (Figure 3.41a). As the 5¢* orbital has substantial C 2s
character, CO makes bond to a metal as a o-donor through the C atom and not the O
atom.
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(ii) Formation of M>CO m-bond

The lowest occupied molecular orbitals (LUMOs), namely, 2rn* present in the M.O.
diagram of CO are two degenerate vacant anti-bonding n-molecular orbitals, namely,
T*,py and %5y, (consider x-axis as the molecular axis of CO). These ni-molecular orbi-
tals have proper symmetry and hence one of these orbitals overlaps with the suitable
non-bonding filled d-orbital (d,, or d,,) of the metal to accept the electrons from the
filled d-orbitals. This overlap results in the formation of M(d)->(CO)(r*,py Orm*p,)
mi-bond (Figure 3.41b). This is called m-backdonation and the bonding is called
ni-backbonding.

DC@ oD . D“@MO

Vacant o—type orbital
Filled 56 *orbital on metal atom

on C-atom of CO ocC (50*)2—6>M bond

molecule
Q 0 w Q IR 0
Filled d,, or d,, Vacant antibonding M(d) —> CO bond
on M 2x2n* LUMO on CO

Figure 3.41: Formation of o- and m-bonds in metal carbonyls: (a) formation of OC (56*)>Mo bond
and (b) formation of M(d)mCO (n*) bond.

Since the non-bonding occupied d-orbitals of the metal (d,, and d,,) make n-bond,
these orbitals are called dm-orbitals and the m-bond is represented as M(dm)->(CO)
() m-bond. The formation of M->(CO) 7t-bond stabilizes or strengthens OC->M o-bond.
Since electron density from the metal is accepted by CO ligand in its m* molecular or-
bital, CO is called m-accept or (m-acid) ligand.

The transfer of electron density from CO to metal in the formation of OC->M
o-bond decreases electron density in CO. This enhances m-acceptor power of CO.
At the same time, the transfer of electron density from metal to CO in the forma-
tion of M->(CO)nt bond increases electron density on CO. This enhances o-donor
power of CO. Thus, o- and ni-bond formations reinforce each other. The term synergic
has been used to describe such reinforcement.
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(iii) Effect of n-backbonding on M-C and C-0 bond orders

During the formation of m-bond, electronic charge is transferred from the filled non-
bonding d-orbital of the metal to *(r*,py Orm*,p,) molecular orbital of the CO. The
transfer of electronic charge increases M—C bond order in metal carbonyl and de-
creases C—0 bond order in CO. Thus, the increase in metal d-electron transfer to t*
orbital of CO will increase M—-C bond order in metal carbonyls and will decrease the
C-0 bond order in CO. This is well evident from the observed bond order data in
iso-electronic and iso-structural metal carbonyl species, such as [Ni(C0),]°, [Co(CO),]”
and [Fe(CO),)*.

Explanation

Since the —ve charge in [Ni(CO),]°, [Co(CO),]” and [Fe(CO),]*" increases as [Ni(CO),]°
< [Co(CO),]” < [Fe(CO),]*, the ease of electron transfer from the metal d-orbital tor*-
orbital of CO also increases in the same direction. The enhancement in the facility of
electron transfer also increases M—C bond order as

Ni-C< Co-C< Fe-C
133 1.89 216
and C-0 bond order decreases as

[Ni(C0),]° < [Co(CO),] ™ < [Fe(CO),]*
2.64 214 1.85

3.11.3 Bonding in metal carbonyl versus n-complexes of unsaturated organic ligands

The difference in bonding in metal carbonyls and that in n-complexes of unsatu-
rated organic ligands like alkene, alkynes and cyclopentadienes is that in m-com-
plexes of organic ligands both donation and back-acceptance of electrons by the
unsaturated ligands involves the use of m-orbitals of the unsaturated ligand. Con-
trary to this, in metal carbonyls donation of electron pair takes place from 50" mo-
lecular orbital of CO to the appropriate metal o-type of orbitals and backdonation
takes place from the filled metal d-orbital to m* molecular orbital of CO.

3.11.4 Metal carbonyls and IR spectra

The IR spectral data of metal carbonyls have been used in several cases. Some of
them are as follows:

(i) Determination of geometry

If theoretically a metal carbonyl can have more than one geometry, we can decide
which geometry is most stable. For this, we calculate the number of IR-active together
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with Raman-active vibrational bands for each of the geometry. Thereafter, IR and
Raman spectra are recorded and finally tally the number of bands observed with the
number of bands theoretically predicted.

The geometry of pentacoordinated carbonyl compound, [Fe(CO)s], had been an
issue of long deliberation owing to its two possible geometries: (a) TBP having D3y
point group and (b) square pyramidal belonging to C,, point symmetry as shown in
Figure 3.42. While the dipole moment of magnitude 0.64 Debye of this compound
favours the square pyramidal structure, the electronic diffraction study displays
TBP as the correct structure.

I

A\ |T| o ¢ o
ﬁ\ AN = /C//
ZaiN

/R:FCEO
c ¢
7

O

)

(b) Square pyramidal

(a)Trigonal bipyramidal
(C4v)

(D3p)

Figure 3.42: Two possible structures of [Fe(CO)s].

As per the prediction of group theory considering TBP structure of [Fe(CO)s] (Dsp),
there should be two IR-active (A,”, E’) and three Raman-active (2A,’, E’) fundamen-
tal modes of vibrations for both v(CO) and v(Fe-C). On the other hand, for square
pyramidal structure (C,y), it should display three IR-active (2A,, E) and four Raman-
active (2A;, By, E) CO stretching vibrations (see Table 3.1).

Experimentally observed two IR- and three Raman-active bands (see Table 3.1)
are consistent with TBP (Ds;,) structure of [Fe(CO)s]. The totally symmetric mode
(Ay) at 2,114 cm ™ is found to be absent in IR spectrum but appeared as a strong band
in the Raman spectrum (Figure 3.43).

Table 3.1: The predicted and observed infrared- and Raman-active modes for TBP and SP geometry
in Fe(CO)s.

Vibrational Trigonal bipyramidal Square pyramidal Experimental v(CO) bands
spectrum (Dsp) (Ca) (cm™)

IR Ay, E’ 2A,, E 2,088, 1,994

Raman 2A, F 2A;, B, E 2,114, 2,031, 1,984
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Infrared
transmission

Raman
intensity

1 1 1
2200 2150 2100 2050 2000 1950 1900  Figyre 3.43: The observed infrared and Raman spectra of

Vlem™ [Fe(CO)s] (liquid) (only in the CO stretching region).

(ii) Bond order of coordinated terminal CO group
It has been observed that IR absorption frequency due to stretching vibration of co-
ordinated CO is directly proportional to its bond order. In other words, IR absorption
band due to the stretching vibration of coordinated CO with a higher bond order
would occur at a higher frequency and at lower IR frequency for lower bond order.
As per IR data, the v(CO) for free CO occurs at 2,250 cm ! while that for coordi-
nated CO lies in the range 2,220-1,700 cm™". This is due to lowering of bond order of
coordinated CO because of the backdonation of electrons form metal dn orbital to
mt* orbitals of ligated CO.
Let us consider the observed IR data in some metal carbonyls:

(i) Metal carbonyl [V(CO)¢]~ [Cr(CO)s]° [Mn(CO)¢l*
v(CO) (cm™) 1,860 1,980 2,090

Since the presence of positive charge on [Mn(CO)¢]" resists the flow of metaldm elec-
trons into the m* orbitals of CO, the bond order of CO is little reduced compared to
[Cr(CO)g]° and [V(CO)¢]~ in which the charge on the carbonyl isO and -1, respec-
tively. On the other hand, the presence of —ve charge on [V(CO)¢]™ facilitates flow of
metal dmt electrons into the 1t orbitals of CO, and so the bond order of CO is much
reduced compared to [Cr(CO)¢]° and [Mn(CO)¢]*. This is why the trend in v(CO) val-
ues in these three carbonyls is as given above.

(ii) Metal carbonyl [Ni(CO),]® [Co(CO),]~ [Fe(CO),)*
v(CO) (cm™) 2,040 1,920 1,790

Owing to the increase in negative charge on the metal carbonyl, the n-backdona-
tion of electrons from the metal d-orbitals to the m* orbitals of CO weakens the
CO bond and hence reduces v(CO). More is the —ve charge, more is the reduction
in v(CO).
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(iii) Differentiation of terminal and bridging CO groups

Since OC-M bond in a terminal carbonyl group (O = C->M) is stronger than the
bridging carbonyl group, the IR absorption for a terminal CO group would occur at
a higher frequency than for a bridging CO group.

The CO groups may be linked to the metal centre in the form of terminal as well
as bridging ligands in polynuclear metal carbonyl compounds. The IR spectra of
polynuclear carbonyls are found to be very supportive in distinguishing two types
of carbonyl ligands, whether terminal or bridging. While the terminal CO ligands
in neutral molecules have v(CO) in the range 2,100-1,900 cm™, the two bridged
COs between two metal atoms have stretching frequency fall in the region 1,900-
1,700 cm ™. In case of the three COs bridged between two metal atoms, v(CO) is ob-
served below 1,700 cm ™. The successive decrease in energy with the increase in the
number of bridging CO indicates successive decrease in C-0 bond order.

The following representative examples illustrate how the IR spectroscopy is co-
operative in ascertaining bridging and terminal carbonyl groups in metal carbonyls.
(i) The golden yellow-coloured dinuclear carbonyl compound Mn,(CO),, may have

two potential structures as shown in Figure 3.44.

Mn(CO) " (b) Structure having two bridging
(a) Two Mn| 5 units are CO erou
staggered to each other group

Figure 3.44: Two probable structures of Mn,(CO)4o.

The IR spectrum of this carbonyl compound displays no band consistent with
the bridging CO group and shows only bands corresponding to CO stretching
vibration in the range 2,100-2,000 cm™ for terminal COs. This rules out the pos-
sibility of bridging structure (b) of Mn,(CO);o.

(ii) IR spectral data of Fe,(CO)y and Fe3(CO);, indicate that both the compounds con-
tain the terminal and the bridging of CO ligands. Instead, the IR spectrum of Rus;
(CO),, or Os5(CO);, exhibits only one band type consistent with the terminal CO
groups. Based on the IR spectral data, their structures are shown in Figure 3.45.
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Structure of Fe)(CO)y Structure of Fey(CO),, ()
Structure of M3(CO);, (M= Ru or Os)

Figure 3.45: Chemical structures of dimeric Fe,(CO)o, Fe5(C0O),, and trimeric carbonyls M3(CO);,
(M =Ruor 0s).

The observed CO stretching frequencies v(CO)s are also suggestive of the elec-
tron donor abilities of the metal and other ligands in metal carbonyls containing
terminal COs. The greater is the electron density delivered by the metal and other
ligands, the greater would be the backdonation, and therefore, the lower will be the
CO bond order. Consequently, the observed v(CO) is reduced.

(iv) Distinction in substituted and non-substituted metal carbonyls

Let us take the example of [Mo(CO)] and [Mo(dieta)(CO);] [where dieta = diethylene-
triamine NH(CH,CH,NH,),]. Since diethylenetriamine is a tridentate ligand, three CO
groups can be replaced from [Mo(CO)¢] by one dieta molecule to get [Mo(dieta)
(CO)sl.

H

N
N/\/ \/\NH
2 2

diethylenetriamine

IR spectra of [Mo(CO)¢] shows v(CO) at 2,004 cm™ while [Mo(dieta)(CO);] exhibits v
(CO) at 1,760 cm™. Thus, on the basis of IR spectrum substituted and non-substi-
tuted metal carbonyls can be distinguished. This lowering of v(CO) in [Mo(dieta)
(CO)5] can be understood as follows.

Since the ligand dieta is not capable of back-accepting electrons from the Modmn-
orbital because of the absence of r* orbitals, the remaining CO groups present in [Mo
(dieta)(CO);] share dm-electrons from the Mo to prevent accumulation of negative
charge of the Mo atom. Consequently, v(CO) in [Mo(dieta)(CO);] is lowered and ap-
pears at 1,760 cm™.
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3.12 Metal carbonyl compounds: a new class
of metallopharmaceuticals

3.12.1 Introduction

CO is a colourless, odourless and tasteless diatomic molecule in gas phase. This gas-
eous molecule has long been pondered as a toxic by-product of environmental and
industrial processes. Its toxic effect is well acknowledged [22] and exists in its strong
affinity for haemoglobin, which is nearly 245 times more than that of O,. Moreover,
paltry attached CO at the haeme binding sites prevents the release of O, from the
remaining haeme groups and assists in movement of the O, dissociation curve to
the left. These actions of CO reduce the O,-carrying capacity and delivery potential
leading to tissue hypoxia. Higher levels of CO also bind to other enzyme/protein
molecules, such as cytochromes P450, cytochrome c and myoglobin. This further
intensifies the damaging actions of CO.

Like NO (NO" being isoelectronic with CO), it has been well established that CO
also acts as a messenger molecule within the mammalian system tracked from HO-
based metabolic pathway, and has been ranked as second gasotransmitter after NO.
Indeed, in normal and unaffected way, CO is generated in human being at a rate of
3-6 cm? per day. This rate of CO production is increased significantly by certain in-
flammatory states and pathological conditions accompanying with red blood cell
haemolysis (destruction of red blood cells). Over the last two decades, the impor-
tance of biological effects of CO has greatly increased in mammals. It is now well
recognized in the medical literature that CO has a key role as a signalling molecule
in mammals. The amazing discovery of CO as a signalling molecule in mammalian
physiology has recently heightened attention in this toxic gas among researchers of
biochemical and pharmaceutical community. Principally, from catabolism of haeme
via the enzyme HO, CO is produced endogenously. The CO so produced takes part in
numerous anti-inflammatory, anti-proliferative and vasoregulatory pathways. Low
amounts of CO have demonstrated beneficial effects in animal models in preventing
organ graft rejection and safeguarding the heart during reperfusion after cardiopul-
monary (relating to the heart and lungs) bypass surgery. Moreover, the beneficial
effects of CO have drawn attention of the pharmaceutical industry for its use as a
cytoprotective agent.

Safety-related issues for the use of this toxic gas have provoked research in the
area of syntheses of CORMs. So far, several metal carbonyls have been used as
CORMs in supporting prolonged and safe delivery of low doses of CO to cellular tar-
gets. As many carbonyl complexes release CO upon light illumination, coordination
chemists and biologists have recently began to explore the possibility of “controlled
CO delivery” through the use of light. During the past two decades, a number of
photoactive CORMs or “photoCORMs” have been synthesized that release CO upon
illumination with UV or visible light. The efficacy of these photoCORMs in CO
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delivery has also been confirmed. Advanced design principles for isolation of photo-
CORMs have started to appear in recent findings. Search of the literature reveals the
advent of a new exciting area of drug development in such efforts. The potential of
CORMs and photoCORMs as CO donating pharmaceuticals along with a brief over-
view of the physiological roles of CO will be presented in the coming section.

3.12.2 Sources of CO in the human body

As per the metabolic pathways concerned with the CO biosynthesis, almost 14% of
500 pmol per day is obtained from lipid peroxidation and from photo oxidation plus
self-activation of cytochrome p-450. Bacteria and xenobiotics also contribute the
same minor percentage [23-25]. Major contribution (almost 86%) is generated by
the erythrocyte breakdown, wherein the HO catalyses this oxidation. Like NOS, HO
also exists in two isoforms, namely, HO-1 and HO-2. These are also called as induc-
ible and constitutive, respectively. Both the isoforms show the same rate-limiting
step while catabolizing haeme, the difference lies with the regulation, amino acid
sequence and distribution in the tissues. Another HO has been recently identified
and named as HO-3. This form of HO was detected in the several organs of rats. Till
date, no haeme degradation study has been reported for this newly detected HO
member [26].

The metabolic pathway of HO-catalysed haeme oxidation involves several
important stages as has been illustrated in Figure 3.46a, b. In addition to CO,
other intermediary products like a-meso-hydroxyhaeme, verdohaeme, biliverdin
(converts to bilirubin as excretory product conjugated by glucuronic acid shown
in Figure 3.47) are also involved [27, 28]. The main source of the yellow colour of
urine is bilirubin. Overproduction of bilirubin leads to jaundice, a syndrome of
hyper-bilirubinaemia.

HO’s activity is frequently observed in bruises (skin discolouration caused by
injury). When bruise formation occurs during injury, haemoglobin is liberated
from lysed red blood cells. This results in a dark red/purple area at the place of
injury in the skin, which is linked with deoxygenated haemoglobin. Thereafter,
the haeme released from haemoglobin is oxidized by HO of the vascular tissue to
biliverdin along with the release of CO and Fe®* ions. This has several apparent
results. In the extravascular space, oxygen is consumed to give blue oxygen-free
haemoglobin, and a green colour, indicating the presence of biliverdin, looks in
the underlying tissues. The reduction of biliverdin to bilirubin yields a yellow
shade, which then slowly fades (Figure 3.48). Some of the CO that is produced
binds to the iron centre of haemoglobin to produce the bright-red COHb, which is
very obvious in Figure 3.48d.
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Figure 3.46: Oxidation of haeme by haeme oxygenase (HO) forming CO as a by-product.
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OH

HO

OH OH Figure 3.47: Chemical structure of glucuronic acid.

Figure 3.48: The variations in the look of a bruise formation in thigh of a hockey player taken at
different times after injury (a) after 12 h, showing the red and purple colour of haeme. (b) After

2 days, showing green tinges owing to the formation of biliverdin. (c) After 5 days showing yellow
colouration because of the formation of bilirubin. (d) After 10 days showing some residual bilirubin.
The bright red colour in (d) is owing to CoHb (taken from Ref. [25]).

The bioaction of HO-1 under stressful situation gets enhanced and the CO pro-
duction gets increased than the optimal value [29]. Therefore, such an elevation in
the concentration can be used as a sign convention medically to read the associated
behaviour. The similar correlation has been found in several diseases wherein a
patient is expected to suffer from stress and strain conditions. For instance, in bron-
chiectasis, asthma, cystic fibrosis, hyperglycaemia and other diseases CO level appears
higher than the normal [29]. Hence, the detection level of CO because of inducible HO-1
can help in diagnosis of pathophysiological state.
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3.12.3 Generated CO in mammals: target sites

(i) Soluble guanylyl cyclase (sGC)

Well demonstrated by Ignarro et al. [30], NO activates soluble guanylyl cyclase
(sGC) by binding to a haeme molecule and replacing a coordinated histidine. The
activated sGC so obtained catalyses the transformation of guanosine triphosphate
(GTP) to cyclic guanosine monophosphate, cGMP, as per Figure 3.49.

HZN/<\N / )T /<\ 0

O_
N”  Soluble guanylyl -0

- (¢} / P
- o) \ 0. 0. ~rp
0 0~ J/ cyclase sGC) \ 7
'0\\,)/ O\\}’\/ P\ > < \>’ °
(\) o ° O/P\o

Guanosine triphosphate (GTP) Cyclic guanosine monophosphate (cGMP)

Figure 3.49: sGC catalysing the conversion of GTP to cGMP.

The cGMP now goes into a series of pathways. Some of them are associated with
medical conditions given in Figure 3.50are shown in red.

CGMP
CGKS \
N

Cation To/1B PDEs
channels ’ ‘
yosin IRAG VASP cAMP
phosphoph)(y \ l
Phototransduction Smooth mascle latelst Cc}l grov&{thland
relaxation inhibition\ / diffrentiation
Erectile Pulmonary ~ Angina Thrombosis ~ Artherosclerosis Angiogenesis

dysfunction hypertension pectoris

Figure 3.50: Cyclic guanosine monophosphate (cGMP) routes improving medical conditions shown
as red. cGKs, cGMP-dependent protein kinases, la and IB; IRAG, inositol 1,4,5-triphosphate (IP3)
receptor-associated cGKIB substrate; VASP, vasodilator-stimulated phosphoprotein; PDEs,
phosphodiesterases; cAMP, cyclic adenosine monophosphate (adapted from Ref. [31]).
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Analogous to NO, CO triggers guanylyl cyclase to yield cGMP. This improves
medical conditions given in Figure 3.50. But it is approximately 1/80th as effective
as NO. However, there is a family of synthetic compounds, of which YC-1 is an ex-
ample that when combined with CO are as effective as NO in activating guanylyl
cyclase. This supports the possibility that there is a natural intracellular signalling
molecule similar toYC-1 (Figure 3.51).

/
" T\

OH N—N

Figure 3.51: Structure of YC-1 [1-benzyl-3-(5’-hydroxymethyl-2-furyl)indazole].

Being a heterodimer, sGC enzyme comprises a- and B-subunits having formula weight
kDa of 73-88 and 70, respectively. The latter subunit has a link with the prosthetic
group of haeme-b (an iron—protoporphyrin IX) that allows enzyme—-substrate activity.
Meanwhile, NO plays the role of a primary substrate for this action. By binding to NO,
the sGC bioaction gets enhanced by 200 times. Hence, the pathway followed thus
stimulates sGC causing vasodilatory effect by NO has been elaborated to a consider-
able extent. This mechanistic approach is generally targeted in the design and devel-
opment of drugs meant for vasodilation. Similarly, very low sGC activity has been
reported for CO-mediated (induced) action of this form.

Since the structural composition of haeme b indicates that the f-domain repre-
sents a coordination sphere of five species, and sGC stimulation by NO involves
binding of the molecule with haeme b forming a complex of six-coordinated sites
having very low stability (more reactive), having proximal attachment of His105.
This reactive complex attains a stage to let His105 uncoordinate and form a five-
coordinated complex retaining haeme-NO in its composition (Figure 3.52). Thus, a
biologically communicate persuasion reaches to bring the necessary geometric
changes within the active site of sGC for the respective enzymatic action [32].

There is difference in opinion as to whether the NO is on the same or the oppo-
site side to His-105 in the activated form. It may be possible that the NO binds to the
haeme in guanylyl cyclase to give what is in effect of Fe and NO™. Even though
there is no crystal structure, the structure of the five-coordinate NO adduct of cyto-
chrome ¢’ indicates a bent Fe-N-O bond with angles of 124° and 132° for the two
conformers with a half-occupancy for each. This is consistent [33] with coordination
of NO™ in the NO adduct of cytochrome c’.
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Since, the haeme—-NO complexes in both sGC and cytochrome c’ are very similar
[34], it is expected that the bond Fe—N-O is also bent in the five-coordinate NO ad-
duct of guanylyl cyclase. This is further substantiated by the appearance of a NO
stretching frequency [v(NO)] [35] at 1,677 cm ™.

Contrary to the above, after coordination of CO to guanylyl cyclase, the iron be-
comesa six coordinate and that the metal centre almost remains as Fe'l. When YC-1
interacts with the a-domain, the His-105 is disconnected to produce a five-coordi-
nate iron in the haeme-carbonyl and YC-1 [36] (Figure 3.52).

GTP

e
GTP

o B

Inactive

Guanylyl cyclase cGMP

6-coordinate-Inactive 5-coordinate-Active

Figure 3.52: Diagrammatic illustration of the activation of guanylyl cyclase by NO and CO/YC-1
(taken from Ref. [36]).

CO-induced sGC stimulation has been described mechanistically in a view supporting
different conformational changes dissimilar to NO-dependent pathway. This dissimi-
larity happens in the form of forming six-coordination sphere and retention of His-
105 during the vasodilatory effect, and such an enzymatic action pathway appears
four times more efficient as compared to the suggested NO-based reaction course [24].
The inexpression of five-coordinate system by the pathway following CO dependence
has been supposed to be because of the effect of increased radius of the ion, and
hence an electronegativity gets decreased. Therefore, sGC action-based CO-induced
vasorelaxation follows a different mechanistic pathway as compared to NO.

(ii) Non-cGMP pathways

Amid other possible targets of CO that result in vasorelaxation, the big conductance
of potassium channels (BK¢,) is of much consideration. These channels are found in
nearly every tissue comprising vascular smooth muscle cells (SMCs). These are en-
thused by a variety of modulators. Contributory factors that attenuate to BKc, are
protein kinases, haeme and endogenously produced NO and CO. Some regulatory
processes related to physiology, namely, neuronal excitability, muscle contractility
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and regulation of vascular tone are results of BK¢, activity. BKc, channels are made
up of two components: (i) a pore-forming a-subunit and (ii) an accessory B-subunit.
Each component facilitates the flux of ions that produce an action potential [37].
Motivating effects of endogenous NO and CO gases on BK, channels that result in a
vasodilatory effect are based on the interactions of these two gases on specific sub-
units of BK¢, channels.

The function of CO in modulating vasodilatory accomplishment in rat-tail ar-
tery, which possesses all three possible targets of CO (sGC, cytochrome P450 and
K-channels) was studied by Wang and co-workers. On administration of the non-
specific K* channel inhibitor tetraethylammonium ion, they found complete suppres-
sion of CO-induced vasorelaxation. This suggests the involvement of K* channels in
this physiological response [38]. As potassium channels are among the most common
type of ion-selective channels taking part in cell function and regulation of blood
flow, it is vital to know the specific type of K* channel responsible for the observed
CO-dependent response. Employing both large and small conductance channel inhib-
itors (charybdotoxin and apamin), Wang et al. demonstrated that the large conduc-
tance of Ca®*-activated potassium channels (BKc,) is the primary target of CO-induced
vasodilation [39].

Jaggar et al. [40] suggested that CO is capable to directly modify BKc, via bind-
ing to a channel-bound haeme area confined in the a-subunit. This channel-bound
haeme works as a BK¢, inhibitor by sensing CO and prevents pore closing. Such in-
teraction increases the opening probability of these channels, and thus allowing for
smooth muscle relaxation and increased blood flow. Interestingly, such CO-medi-
ated controlling of BK¢, channels and hence of vasodilation appears to be negligibly
affected by endogenously produced NO and by reactive oxygen species (ROS), such
as H,0, and peroxynitrite [41]. These findings confirm the integrity of CO as a po-
tent vasoregulatory molecule which acts on a signalling pathway dissimilar from
that of NO.

3.13 CO signalling in anti-inflammatory responses

NO and CO are comparatively inert compared to the free radical species. Notably,
the substrates of endogenously produced CO as a signalling molecule are re-
stricted to metalloproteins holding haeme groups. Mostly, CO-mediated results
that comprise vasorelaxation and anti-inflammatory responses are due to the in-
teraction of CO with haeme-containing proteins involved in important physiolog-
ical responses. An overview of some of the advantageous results associated with
CO application, as well as the protein targets associated with each pathway is
given in Figure 3.53.

printed on 2/13/2023 8:09 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

278 —— Chapterlll Complexes containing carbon monoxide

Exogenous Endogenous

Production \5 % Production

sGC Akt
NO release
/ MAPK \ Ca?*-dependent
(p38) \ K*channels
cGMP
l NFkB
HSF-1
caveolin-1 HSP70
Vasoactive ¢ NFkB
Antithrombotic Anti-inflammatory

Vasoactive

Anti-proliferative || Anti-apoptotic Anti-proliferative

Neurotransmission Anti-proliferative

Anti-apoptotic

Figure 3.53: CO signal transduction pathways leading to beneficial results (adapted from Ref. [24]).

For instance, it is well known that interaction of CO with BKc,-bound haeme
proteins demonstrates how CO achieves the vasoregulatory effect through protein
inhibition. The terminal enzyme of the mitochondrial electron transport chain,
namely, cytochrome c oxidase, is another crucial haeme protein that is inhibited by
CO. Non-toxic concentrations of exogenously used CO have been found to activate a
slight increase in mitochondrial ROS. The ROS in turn activates the vascular adapta-
tions of the system to reduced oxygen conditions [42]. Such responses to hypoxic
environments comprise up-regulation of transcription factors like hypoxia-inducible
factorl-alpha (HIF-1a) and nuclear factor kappa-light-chain enhancer of activated
B cells (NF-kB). Both serve to promote survival by producing anti-inflammatory cy-
tokines and chemokines. When CO has been administered prior to events of stress,
it is capable of initiating this type of redox (ROS) signalling mechanism, thereby
functioning as a potent pre-conditioning agent. Vieira and co-workers [43], in a model
of brain ischemia, have demonstrated that a CO pre-conditioning step averts neuronal
apoptosis via increased ROS production.

Notably, the most interesting signalling pathway modified by CO is that of mito-
gen-activated protein kinases (MAPKSs). In reply to stress and external stimuli, this
protein group initiates signalling cascades. Basically, MAPKs include (i) extracellu-
lar signal-regulated kinases 1/2 (ERK1/2), (ii) c-Jun (N)-terminal kinases 1/2/3 (JNK1/
2/3) and (iii) p38 (a, B, y and 68) isoforms. While the MAPK family is divided into
many subgroups depending on their participation in physiological and pathological
processes, all MAPKs have a conserved serine—threonine domain. This on phos-
phorylation activates cell signalling [44]. CO is observed to precisely affect o and f
isoforms of p38 MAPK.
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In a hepatic (liver) inflammation model, Brugger and co-workers [45] demon-
strated that the antioxidant results of CO are dependent on p38 MAPK stimulation.
The antioxidant properties of CO were continued in spite of HO deactivation. This
suggests that exogenously applied CO has the same anti-inflammatory properties as
endogenously produced CO in this model. Likewise, the anti-proliferative properties
of exogenous CO have been detected in a model of chronic pancreatitis/pancreatic
inflammation and were found to proceed via p38 MAPK activation [46].

In spite of the cumulative substantiation on the role of MAPK in CO-assisted
protection, the molecular basis for this interaction is still uncertain exclusively be-
cause MAPKs are not identified having haeme as prosthetic groups. However, it is
fairly apparent that the beneficial effects of CO lie in its capacity to participate in a
number of signalling pathways. Consequently, this unusual signalling molecule could
potentially affect numerous physiological processes not restricted to vasorelaxation.

3.14 Therapeutic scope of CO

The CO gas is identified for its prominent role as a molecular messenger in the phys-
iological process for the nervous system. It is also well known for some important
therapeutic usages [47].

CO has the prospective for anti-inflammatory, anti-proliferative, anti-atherogenic,
anti-allodynia, anti-nociceptive, anti-hyperalgesia and anti-apoptotic effects. It is
crucial for vasodilatory phenomena reducing intraocular pressure (IOP), immuno-
suppressive administrated medications. It also has the capability to develop the
pathological cellular process (Figure 3.38). CO also has many advantages for dif-
ferent biological organs such as the heart, kidney, liver, lungs, pancreatic islet
and the small intestine in organ transplantation, protection and preservation. It is
helpful to reduce the intensity of the ischemia/reperfusion injury (IRI), and lessen
the myocardial infarction and allograft (tissue graft between genetically different
organisms) rejection. CO is known to stimulate the cytoprotective activity, and it is
also involved in anti-microbial and anti-hypertensive activities It has a modulated
utility for haeme-dependent proteins like mitochondrial cytochromes and NADPH.

3.14.1 Ways of CO delivery in human body as a therapeutic agent

Principally, CO molecules can be used as a therapeutic agent inside the human
body in two ways, and these are direct and indirect CO inclusion. The direct inser-
tion has not been perfect, owing to its increase in the COHb level above 10% and
lack of tissue selectivity (Figure 3.54). Moreover, it provides a direct interaction of
the CO and lungs only while detainment of CO is also observed in this method.
These limitations do not permit CO to approach other
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Figure 3.54: Utility of CO-releasing materials in coagulation and fibrinolysis (adapted from Ref. [47]).

biological organisms for therapy. In order to overcome these problems, researchers
have developed an alternate strategy called “exogenous endeavour” wherein CORMs
serve as therapeutic agents [31].
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Figure 3.55: The direct CO inhalation and increase in % COHb after the therapeutic zone (~10%)
during the main stream blood circulation (based on data available in Refs. [48, 49]).

3.14.2 Requirement of exogenous endeavour, why?

The CO-releasing fragment is basically an “exogenous endeavour” that has started
the paths for therapeutic medications (Figure 3.56). The exogenous CO donor
makes space for searching the affected sites, reaches at the diseased tissue site
and struggles with the selected tissues of damaged organs or/and diseased cells.
If required, the CO-releasing rate can be controlled and modified according to
specs. In order to break down CORMs and CO-releasing materials (CORMats) into
CO and metal residue, numerous activators are being used for controlling the CO
liberation rate. This has already been practiced in photoCORMs and photoCOR-
Mats through ultraviolet (UV), visible and near-IR light with on/off switching fa-
cility [50, 51]. The photon energy is also utilized to extract CO from its parent
organometallic ligand.

The key benefit of CO’s exogenous interactions with the mammalian organism
is that it reduces the CO moiety to be directly induced into blood streams for main-
taining the COHb under permissible serum levels of up to 10%. Without an exoge-
nous CO administration, it is rather challenging to get fruitful results.
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Figure 3.56: The direct and indirect inhalation of CO showing their different biological observation
inside a human body and their feasibility.

3.15 Therapeutic applications of CO and CO resealing molecules/
materials

CO despite labelled as “silent killer” for being responsible in forming COHb result-
ing in CO poisoning emerged as a surprise with its role as a signalling molecule in
mammals. This surprising discovery in mammalian physiology has recently ele-
vated interest in this toxic gas among researchers in biochemical and pharmaceuti-
cal community. As a result, the design and development of CORMs has interestingly
became a huge field in gasotransmitter research. With this aim, the following section
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mainly involves the description on physiological and therapeutic applied aspects of
CO with special emphasis on the related CORMs.

3.15.1 Role of exogenously applied CO gas

3.15.1.1 Reduction in POI complications

Despite its harmful nature, direct inhalation of CO in a controlled way has been
found to have some therapeutic benefits also. A clinical trial of controlled CO quan-
tity was conducted on healthy volunteers for temporary paralysis of intestines, which
is known as postoperative ileus (POI). Ordinarily, every patient was engaged in this
POI after surgery of the abdomen. This clinical study has shown that serious POI com-
plications could be significantly reduced if ~ 250 ppm CO is inhaled before and after
the colon surgery [52].

3.15.1.2 Graft survival in organ transplantation

Most remarkable of the CO-assisted results is its capacity to stimulate graft survival
as observed in animal models of organ transplantation [53, 54]. Much of the injury
related with organ transplant procedures originate from IRI, a form of tissue damage
resulting from a combination of oxygen deficiency (ischemia reperfusion injury) dur-
ing organ preservation and subsequent restoration of blood flow (reperfusion) upon
transplantation.

As a strategy, use of CO gas of the concentration of 200-400 ppm at different
stages of organ transplantation has been shown to lessen host inflammatory response,
thereby reducing the extent of IRI. When donor animals were delivered a dose of CO
gas prior to organ procurement, the said organs were found to better resist hypoxic
conditions as evidenced by the minimal ischemia-reperfusion-associated damage
[55, 56]. It is notable that pre-treatment of CO appears to minimize a variety of
pathological indicators comprising T-lymphocytes, tumour necrosis factor, inter-
leukin (IL)-1Bp and macrophage inflammatory proteins [57-59]. Similarly, adminis-
tration of CO gas to the recipients after transplantation has been found to boost
graft tolerance and uphold survival.

Soares et al. [60] verified that long-term survival of mouse-to-rat cardiac trans-
plants was guaranteed when recipients were exposed to CO gas at different time
points after transplantation. In this study, it was found that CO prevented myocar-
dial infarction in the presence of tin protoporphyrin IX (SnPPIX), an HO inhibitor.
Therefore, this study supports the view that exogenously delivered CO can act as a
graft-promoting agent in place of endogenously produced CO. A number of animal
models of cardiac diseases also tell that CO dosage initiates mitochondrial biogene-
sis due to the anticoagulative properties of CO. Moreover, by reducing platelet ag-
gregation due to IRI in transplantation procedures, CO fosters recovery of vascular
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endothelial cells (ECs) [61]. In general, the ability of CO to augment graft survival is
ascribed to its anti-inflammatory and anti-apoptotic property. Its role in apoptosis,
a process of programmed cell death (PCD), indicates even greater significance of CO
in signalling mechanisms. Regrettably, application of CO gas in a hospital setting
raises technical and safety-related problems. These issues have stimulated the search
for exogenous CORMs to deliver CO to biological targets in recent years

3.15.1.3 Blood pressure regulation

Remarkably, studies in the past few decades have established that CO is an impor-
tant regulator of vasomotor (affecting diameter of blood vessels) tone. Exogenously
administered CO relaxes isolated vessels from numerous tissues and animal species
[62]. Likewise, administration of CO dilates resistance vessels in several organs,
comprising liver, heart, kidney and lung.

Like NO, CO relaxes numerous vascular tissues by activating soluble guanylate
cyclase (sGC) in vascular smooth muscle leading to the production of cGMP. How-
ever, unlike NO, which forms a penta-coordinate complex with the haeme moiety of
the enzyme, CO forms a hexa-coordinate complex and this likely contributes to the
lower potency of CO for sGC activation and vasodilation [63]. Although cGMP plays
a major role in CO-induced dilation in large vessels, such as the aorta (main artery
leaving heart), CO helps relaxation in resistance vessels by stimulating calcium-
activated potassium channels in vascular SMC. This kind of action of CO was first
identified in rat tail arteries, where CO was shown to directly interact with histidine
residues in the channel to increase their open probability [64]. This has subsequently
been extended to include renal (kidneys) interlobular arteries and porcine (pig) cere-
bral arterioles.

Too much production of CO may be damaging. For example: (i) overproduction
of CO has been involved in the vascular collapse during septic shock, (ii) endotoxae-
mia results in the widespread generation of HO-1 within the SMC and EC of large
vessels and arterioles [65]. It has been observed that the administration of the HO
inhibitor, zinc protoporphyrin-IX annuls endotoxin-persuaded hypotension. This
suggests that CO may help in systemic blood pressure decrease. Interestingly, while
HO-1 null mice are better able to maintain their systemic blood pressure compared to
wild-type animals, they exhibit increased oxidative stress, end organ damage and
mortality during endotoxaemia [66].

Coherent with the above findings, the exogenous administration of CO has
been demonstrated to mitigate/lessen the worsening of the lung, kidney and liver
function during septic shock [67]. Therefore, while CO may participate in the hy-
potensive response to sepsis it may play an important role in preserving organ
function.
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3.15.2 Carbon monoxide-releasing molecules (CORMs) and photoactive CORMs
or photoCORMs

As a ligand, coordination chemistry of CO has been extensively explored with re-
gard to organometallic chemistry and catalysis. The innovation of the beneficial
roles of CO has now added additional interest in metal carbonyl complexes of tran-
sition metals as CORMs for targeted CO delivery. As many transition metal carbonyl
complexes exhibit CO release upon light illumination, the very desirable property of
control on CO delivery is also possible with these CO donors. In the past few years, a
number of photoCORMs have been synthesized that release CO upon illumination
with UV or visible light.

3.15.2.1 Carbon monoxide-releasing molecules (CORMs)

3.15.2.1.1 Effect of CORMs on bacteria

Due to well defined bactericidal implications of several reported CORMs by having
the potentiality to cross the cell surface (cell membrane/wall) and interfere with the
main machinery of the bacterial cell. Many bacterial strains including E. coli, H. py-
lori, S. aureus and P. aeruginosa have been studied to determine their sensitivity
against some selected CORMs, and the main role of CO in such bioactions has been
fascinatingly documented. For instance, Bang et al. [68] studied the very significant
antibacterial effect of CORM-2, that is, Ru,Cl,(CO)¢ (Figure 3.41),against multidrug
resistant E. coli related to uropathogenesis,and satisfactory results were concluded
using biofilms of the target material for selective surface actions.
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Figure 3.57: Chemical structure of CORM-2.

With a different and more meaningful anti-infectious potentiality of several CORMs
(Figure 3.58) selected by Desmard et al. [69] against P. aeruginosa to find the depen-
dence of respective activity on the structural composition remarked that CORM-2
and CORM-3 showed CO-releasing phenomenon after invading the biological cell
and started the behaviour after 1 min within the cell. However, boron-based CORM,
CORM-A1, was shown to represent a slow releaser. In addition to CORMs given in
Figure 3.57, another CO-releaser namely, CORM-371 (Figure 3.58) containingMn as a
central metal was also found to be a slow CO releaser during the same study. All the
forms of CORMs inhibited the growth of P. aeruginosa, but the Ru-based compounds
were shown to have the best anti-Pseudomonas action.
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Figure 3.58: Chemical structures of CORM-3, CORM-A1 and CORM-371.

3.15.2.1.2 CORMs and diabetic neuropathy

The surprising biological relevance of CORMs motivated several research groups to
find their applicability in the neuropathy problems of diabetic (type I) people. More
importantly, it may be noted that for such evaluations, cannabinoid receptor 1 (CB1R)
and 2 (CB2R) (agonists) are generally targeted to reduce pain. Castany and co-workers
in the similar study used CORM-2 and CB2R (JWH-015) in a combinatory fashion, and
for CORM-2 separately for STZ rat models (Figure 3.59). The main effect of CORM-2 in
reducing mechanical allodynia and thermal allodynia was found in notable expres-
sion. The combinatory treatment of CORM-2 with JWH-015 was found to have enhanc-
ing stimulation upon the levels of HO-1 and CB2R, and induced decreasing trend in
the NOS1 levels. Therefore, the related biological parameters of neuropathy in special
reference to diabetic conditions could be treated using CORM-2 [70].

Figure 3.59: Structure of JWH-015.

Hervera et al. in 2013 noted the beneficial use of CORM-2 as a treatment option for
nociceptive condition in the murine rat models associated with sciatic nerve injury
[71]. From the results collected from the study it is clear that the medication using
CORM causes reduction in pain caused by injured sciatic nerve showing hypersensi-
tivity in the form of mechanical and thermal sense. Similarly, the applied interest
reported by Nikolic et al. [72] using CORM-A1 shows averting diabetic results ob-
tained via the beta cell regenerative effect. Remarkably, CORM-A1 also showed good
response in modulating the immune system by dropping the level of T-helper cells
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which is very helpful in diabetes treatment. Therefore, the diabetic treatment and
the mitigation of associated severity could be controlled medically by using CORMs.

3.15.2.1.3 Anti-inflammatory response of CORMs

It is a known fact that pathological state is accompanied by symptomatic expression
in the form of inflammation developed by the affected tissue, an organ or a whole
system. In association with other medicinal relevances noted for CORMs, the well-
remarked anti-inflammatory response recorded against colitis (colon inflammation)
by Steiger and co-workers [73], using CORM-2 for 2 days, suggest the efficient CO-
releasing role in anti-inflammatory medication. Moreover, Nagao et al. [74] focused
their study on application of nanodimensional CO donor, CO-HbV (CO-haemoglobin
vesicles), upon the same colitis inflammation found in rat models and observed the
considerable reduction in the harmful effects developed therein.

Inflammatory response is intervened by several factors including the main piv-
otal role of dendritic cells also, as dendritic cells serve as a protective tool during
viral invasion of a host, and also the exposure of dendritic cells to bacterial lipo-
polysaccharide (LPS) bring forth inflammatory response through binding with toll-
like receptor 4 (TLR4) or via the complex “myeloid differentiation factor-2” (MD2)
located on the cell surface. In finding the link of this inflammatory approach with
the usage of CO, the work reported by Riquelme and co-workers [75] indicates that
CO prevents the LPS-based inflammatory effect, and hence acts as an efficient anti-
inflammatory drug. Moreover, the reduction in surface expression of TLR4/MD2 was
also recorded, but no effect was noted in control cells. The LPS-received animal
models in the form of mice regained normalcy on CO exposure.

A general perception accompanying with inflammatory diseases is excessive
blood clotting. Maruyama et al. [76] investigated the CORM-2 application for a
blood coagulatory role by passing the compound through a tissue factor and plas-
minogen activator inhibitor type 1 expressiveness, and determined the respective
signalling pathways (MAPK and NF-xB), which all stimulate thrombosis (forma-
tion of blood clot). Taking the findings concluded from the study into consider-
ation, it was concluded that CORM-2 intake decreases blood clotting induced by
inflammation.

Another inflammatory disorder is uveitis, which is an inflammation of uvea of
the eye. Inflammation under such context is blindness. Fagone and co-workers [77]
have examined the role of the CORM for the treatment of inflammation of uvea of
the eye. Accordingly, a CO liberating molecule, CORM-A1, is effective for retinal ac-
tivity in the eye. CORM-A1 induced the expression showed lower levels of interferon
gamma and IL-17A (inflammatory cytokine) and increased amounts of IL-10 (anti-
inflammatory cytokine) in rat models in comparison with the non-CORM-treated
uveitis-induced mice.
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3.15.2.1.4 CORMs and sepsis: a correlation with systemic inflammation

One of the serious medical conditions characterized by dysregulated systemic in-
flammatory responses followed by immunosuppression is known as sepsis. This has
now become a major challenge for scientists and clinicians. In order to study the
pathophysiology of sepsis, different animal models have been developed. Of these
models, polymicrobial sepsis induced by caecal ligation and puncture (CLP) is the
most extensively used model. This is because of its close resemblance with the pro-
gression and characteristics of human sepsis. Lee and co-workers [78] demonstrated
that when mice were impaired with CLP leading to systemic inflammation, CO was
seen to enhance survival through a series of processes involving autophagy (de-
grading damaged intracellular contents) and another way called as phagocytosis
(bacteria engulfing by cells). It was noticed that CO exposure induces autophagy
proteins, Atg7, beclin 1 and LC3B. Also, the study reveals that CO causes the number
of autophagosomes to increase.

The acute kidney injury (AKI) is a general problem persuaded by sepsis. A
harmful effect of AKI is seen to be reversed by CO medication. Generally, blood urea
nitrogen and serum (liquid part of blood) creatinine are taken as indicators in the
onset of AKI. The concentration of these two indicators is found to be increased
after CLP-based sepsis. Surprisingly, when CORM-2 treatment resulted in the reduc-
tion of concentrations of these two, Ismailova and co-workers reported that sepsis
with AKI bring about a larger death rate, killing half of the selected animal models
(rats) in 3 days. However, CORM-2-treated rats showed higher longevity by decreas-
ing markers for AKI. Hence, this study concludes that CORM-2 can be used to neu-
tralize AKI-induced toxicity [79].

A study over application of CORM-3 in myocardial dysfunction conducted by
Zhang et al. [80] demonstrates to have an implicative effect in lessening this sepsis
problem. The same application of this CO-liberating drug provides satisfactory
therapeutic benefit for lung sepsis. Notably, the mechanistic approach myocardial
applied aspect is indicative of the role of CO in inhibiting the NLRP3 activation-
fibrobast inflammasome in cardiac tissue. Hence, for prevention of myocardial
apoptosis and protection for lung injury, CORM-3 administered intraperitoneally
restores the normal functioning.

3.15.2.1.5 Obesity affected by CORMs

Inflammatory response is not only because of human body invasion by foreign bod-
ies or injury but prolonged state of obesity can also cause inflammation. In context
with the health problems associated with such a condition in special reference to
inflammation, Hosick and co-workers [81] in 2016 reported chronic treatmental in-
vestigation using CORM-A1 to find the respective medical use for obesity and associ-
ated hyperglycaemia and diabetes. The study targets four sets of mice based on
medication condition: (i) first group was retained with a dietary control confined to
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high-fat intake; (ii) second group was supposed to receive a fat diet along with a
saline injection (intraperitoneal); (iii) third set comprised a set fed with a diet hav-
ing fatty composition along with CORM-A1; and (iv) the fourth one was just like the
third one but with inactivated form of the CORM (iCORM). The results showed that
CORM-Al-treated mice followed a considerable lack of gaining weight despite high-
fat feeding for 18 weeks comparing with the other medication sets. CORM-A1 also
resulted in 45% mass gain in case of lean rats. The overall study suggests an optimal
effect upon the fat metabolic pathways and also a well-defined anti-inflammatory
response was concluded. In another study reported by Zheng et al. [82] to find posi-
tive correlation of CORMs with obesity, similar results of decreasing obesity by the
application of CORMs were noted.

3.15.2.1.6 CORMs and lung functioning

Presently, the advantageous outcome of CO on lung complications is in much dis-
pute, although in vivo studies over this subject line persuaded by acid nasal infu-
sion [83], aeroallergens [84], hyperoxia [85] (excessive oxygen supply, opposite of
hypoxia) and mechanical stretch [86] specify effectiveness of inhaled CO. However,
several other studies [87] proved any non-defensive effect of CO in the context of
lung health. Abid et al. [88] have recently demonstrated the beneficial effects of
CORM, CORM-3, on reversal pulmonary hypertension with the fact that pH change
occurs as a result of certain diseases.

3.15.2.1.7 Role of CORMs in vascularization and cancer

CORM-2 has been found to stop angiogenesis [89]. In other words, this means that
CORM-2 halts the initialization generally brought up by VEGF (vascular endothelial
growth factor). VEGF is supposed to enhance actin stress in ECs resulting in spin-
dle-like networking. The CORM-2 inhibits this spindle formation. In a comprehen-
sive way, this can be expressed by referring CORM-2 as a preventive candidate that
does not allow VEGF-dependent cellular proliferation to happen like retinoblas-
toma protein-tumour suppressor creates cell cycle restrictions. In another study
[90] using CORM-401 (Figure 3.60), it was noted that this CORM shows a promo-
tional effect on vasorelaxation of pre-contracted aortic rings (3-fold active than
CORM-A1). Moreover, the bioactivity of this fashion got enhanced in H,0, pres-
ence. The p