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PREFACE 

The work in this thesis entitled ·C-H Bond Activation by Transition Metal 

Complexes· was initiated from an attempt to explore the possibility of activation of 

different types of C-H bonds by using known or newly designed metal complexes. 

Selective activation of C-H bond was attempted following (i) stoichiometric and (ii) 

catalytic routes. Another objective of the present work was to develop efficient 

catalytic system capable of oxygenating hydrocarbons at ambient condition. 

The thesis consists of six chapters. A brief review of major advances in the title 

area has been made in Chapter I with emphasis on stoichiometric C-H bond activation 

and catalytic hydrocarbon functionalization relevant to bioinorganic chemistry. 

Current challenges in this area and the purpose of the present investigation are also 

outlined in the chapter. 

Chapter II deals with the selective C(naphthyl)-H bond activation by palladium{II) 

and isolation of resulting cyclopalladates. All the cyclopalladates have been 

characterized by spectral data and X-ray diffraction. The theoretical electronic 

structure of the organometallates was deduced on the basis of 'Time Dependent 

Density Functional Theory' (TDDFT). 

The regiospecific C(naphthyl)-H bond activation by platinum(II), isolation of 

resulting cycloplatinates, their spectral and structural characterization constitute the 

core of chapter III. The reactivity of platinum(II) cyclometallates has also been 

examined. 

The activation of C(naphthyl)-H bonds by rhodium(!) constitute the subject matter 

of chapter IV. Different C(naphthyl)-H bonds viz. C(l )-H, C(2)-H, C(3 )-H and C(8)-H 

have been found to be activated by Wilkinson's catalyst, [Rh(PPh3) 3Cl]. The isolation, 

characterization, X-ray crystallographic analyses and TDDFT study of the resultant 

cyclometallates have been described. 

Chapter V deals with room temperature oxygenation reactions of alkanes and 

alkenes catalyzed by chiral iron(III)-salen and manganese(III)-salen complexes. The 

electronic properties of the metallosalens have been tuned by the incorporation of 

electron donating and electron withdrawing substituents in the salen frame. A 

comparative study between the iron(III) and manganese(III)-salens as catalysts has 

been presented in this chapter. 



(ii) 

The catalytic hydroxylation of alkanes (C-H ----+ C-OH) by an electron deficient 

iron(IV)corrole complex (meso-tris(pentafluorophnyl)corrolatoiron(IV)chloride 

[(F 15 TPC)FeCl]) with m-CPBA or t-BuOOH is the major theme of Chapter VI. 

The present work was initiated in October 2004 at University of North Bengal, 

under the supervision of Dr. P. Bandyopadhyay, Department of Chemistry. 

In keeping with general practice of reporting scientific observations, due 

acknowledgement has been made whenever the work described as based on the 

findings of other investigators. I must take the responsibility of any unintentional 

oversight and errors, which might have crept in spite of precautions. 

January 26, 2010 
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CHAPTER I 

An Overview, of C-H Bond Activation by Transitiou Metal Complexes: 

Scope and Purpose of the Present Investigatiou 

Abstract 

A brief survey on the area of C-H bond activation by transition metal complexes has been 

made with an emphasis on recent advances. The discussion was mainly focused on 

stoichiometric and catalytic C-H bond activation. In this background, the scope and 

purpose of the present work have been delineated. 
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1.1 Introduction 

In the course of development of science, area of focus changes with time and shifts from 

one area to newer pasture depending upon the necessity of knowledge and utility. Very 

few fields remain at focal point with the passage of time. Despite notable advances, the 

issue of C-H bond activation in chemical science is continuing to remain as a frontier 

area for a very long period. 

Still, there is no unique catalytic route for selective and efficient functionalization 

of unactivated sp3 C-H bonds present in different types of compounds. Saturated 

hydrocarbons (alkanes) are the main constituents of oil and natural gas, the feedstocks for 

chemical industry and functionalization of saturated, as well as aromatic, olefinic and 

acetylenic hydrocarbons constitute an extremely important field in contemporary 

chemistry. The development in this area is an absolute necessity to discover new 

economically viable routes for conversion of hydrocarbons to more valuable products, 

such as alcohols, ketones, epoxides, acids etc. In addition, improved hydrocarbon 

transformations could reduce petroleum pollution and other related environmental 

hazards. Finally the well-known inertness of saturated hydrocarbons makes their 

chemical transformation extremely challenging from the viewpoint of basic science. The 

transformation of hydrocarbons (both saturated and unsaturated) by catalytic action of 

transition metal complexes appears to be one ofthe promising fields. 

Activation of a C-H bond is preceded by the binding of a substrate with a metal 

complex. This may be followed (i) stabilization of the metal-substrate complex with or 

without minor reorganization (ii) functionalization of the substrate and regeneration of 

the metal complex. The process (i) is known as stoichiometric C-H bond activation 

whereas process (ii) is termed as catalytic C-H bond activation. Thus C-H bond activation 

by transition metal complexes may broadly be classified under two heads: 'stoichiometric 

C-H bond activation' and 'catalytic C-H bond activation'. 

1.2Inertness of Alkanes 

The well known inetness of alkanes is reflected from their old nomenclature, "paraffins", 

from the Latin word parum a./finis meaning without affinity. Perhaps the only substance 

which 'activates' alkanes readily is the oxygen in air. Alkanes undergo oxidation 

(burning) in air to produce thermodynamically stable products: water and carbon dioxide. 
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In many respects, alkanes, notably the lower members (methane, ethane), are similar to 

hydrogen. Like alkanes, molecular hydrogen is inert toward oxygen at ambient 

temperature, but can be burned in air to produce the thermodynamically stable water. The 

values of C-H and H-H dissociation energies for methane and hydrogen molecules are 

almost exactly equal (1 04 kcal mor'). Ethylene, acetylene and benzene, which have 

much stronger C-H bonds (I 06, 120, and I 09 kcal mor', respectively) than methane, are 

known to exhibit much higher activities. The inertness of methane and dihydrogen is due 

to the fact that both are completely saturated molecules, which contain neither 1t- nor n

electrons. 

1.3 Reactions of C-H compounds with Metal Complexes: A Historical Survey 

In spite of the difficulties, initial success in activation of C-H bonds by transition metal 

complexes was achieved as early as 1898, when Fenton 1 reported that hydrogen peroxide 

and iron(II) salts can hydroxylate alkanes, but with poor conversion and yield. Fenton 

chemistry, also called Haber-Weiss chemistry, is believed to release HO' radicals24 by 

Fe-catalyzed decomposition ofH202 via steps as shown below: 

Fe(II) + HzOz =Fe( III)+ OH- + 'OH 

R-H + 'OH=R' + HzO 

R' + Oz =R-o-o· 

These radicals then react with alkane to form carbon radicals. The HO-H bond 

dissociation energy (BDE) of 1) 9 kcal mor' easily allows HO' to abstract an H atom 

from an sp3 C-H bond (typical BDE range 90-105 kcal mor1
). The ROO' radical then 

goes on to give the observed products, such as alcohol and ketone. 

During the 1930s, electrophilic aeration of arenes were described, 5 a radical-chain 

autooxidation of hydrocarbons initiated by the metal complexes was developed,6 and a 

method for the metal-oxo complex promoted oxidation of alkenes and arenes by 

hydrogen peroxide was proposed.7 A second spurt in pioneering research occurred in this 

field in the 1960s. Inl965, Chatt8 found cyclometallation9
•
10 of CH bonds in a phosphine 

complex (1), essentially a CH oxidative addition driven by chelate effect. 
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Ru(dmpeh--==------

The Chatt system also gave intramolecular CH activation of an arene (naphthalene) (2), 

but not of alkanes. 

I'PMe2~ 
Me1P'-..~~ 

MezP 
/j"--H 

VPMe2 
(2) 

This was the first cyclometallation involving an sp2 C-H bond. This pattern of enhanced 

arene reactivity versus alkanes has proved general. At first sight it seems unexpected 

because arene CH bonds are far stronger than those of alkanes. The reason has been 

traced in part to the much stronger M-aryl versus M-alkyl bond strengths.'' In many 

cases where arene addition is exothermic, the corresponding reaction for alkanes is 

believed to be endothermic. A kinetic factor is the less hindered character of an arene CH 

bond and possibility of precoordination to the ring. 12 It is noteworthy that the ligand 

MC;!PCH2CH2PMe2 (now called dmpe) has limited back bonding capability, so the 

zerovalent metal complexes prepared by Chatt have a very high tendency to give 

oxidative addition. 13 

After the pioneering work of Chatt, the scientific community appreciated the 

potential importance of CH activation. Soon this field got another lift by the classical 

work ofShilov and coworkers. 14
•
15 They oxidized alkanes to ROH and RCI using Pt(II) as 

the catalyst and [Pt(IV)Cl6f as primary oxidant (Scheme 1.1 ). Earlier Garnett and 

coworkers16
"
19 showed that platinum(II) salts in deuterated aqueous acid medium catalyze 

HID exchange in polycyclic aromatic hydrocarbons and hetrocycles. Interestingly, 

activation of primary CH bonds in the terminal positions of long chain alkanes was 

preferred (Scheme I.l), in contrast with the preferential attack at secondary and tertiary 
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positions by classical radical and electrophilic reagents. In Shilov's case, terminal attack 

was still preferred with the same selectivity indicating that the Pt(IV) was intercepting the 

same intermediate alkyl that led to RD in the deuterated solvents. With methane as a 

substrate, methylplatinum intermediate was detected.20 

A ./D Pt(JI) A Pt(ll) A /Cl 

/ ~ ~-~----- / ~------~~/ ~ + o+ Pt~~ 
Polydeuterated isomers 

Scheme 1.1 

The 1980s saw a growing number of C-'H activation systems from a variety of research 

groups, with a great increase in attention to the topic and a growing awareness of the 

importance of the Shilov work.21
•
22 Labinger and Bercaw23 revisited the system in the 

1990s using a series of mechanistic probes that' confirmed Shilov's main points as well as 

extending the picture. Scheme !.2 shows the current mechanistic view. An alkane 

complex either leads to oxidative addition of the alkane and loss of a proton, or the 

alkane <J complex loses a proton directly. In isotope exchange, the resulting alkyl is 

cleaved by D+ to give RD. In the alkane functionalization, oxidation of the Pt(ll) alkyl by 

Pt(N) gives a Pt(IV)alkyl by electron transfer and not by alkyl transfer. The Pt(N) 

becomes a good leaving group, and cr or OH- can nucleophilically attack the R-Pt(IV) 

species with departure of Pt(II) to regenerate the catalyst. Only the latter possibility is 

shown in Scheme 1.2. 

Cl Cl 

[ ]

2-

CI~Pt~CI 

-RC! 

[ c',l~ct ]-
Pt~ 

Cl/ Jl R~ 
cr 

RH 
-CI-

-Cl' 

Scheme 1.2 

[
CI ~!~CI ] 

2
' 

Cl I R 
Cl 



-6-

In the 1970s it was shown that alkanes are oxidized by platinum(IV),24 palladium(II),25 

ruthenium(IV/6 and cobalt(III/7
•
28 compounds and that complexes of iridium(lll)29 and 

titanium(IIi0 catalyze H-D exchange. The next decade was marked by vigorous 

development of the activation of alkenes and arenes by low valent metal complexes. 

These reactions proceed via an oxidative addition mechanism to form either alkyl or aryl 

derivatives of metals or alkenes.31
-
37 

At the end of i980s, interest gradually shifted to the oxidation of hydrocarbons by 

high valent me~al-oxo compounds and dioxygen. Attention was being focused on 

biological and biomimetic oxidations. Cytochrome P450 model studies were propelled by 

the use of iodosylarenes as the oxygen donor in catalytic oxygenation reactions and by 

the use of metalJoporphyrins as models for. the active site of the enzyme?8 The relatively 

recent Gif systems used for the selective oxidation alkanes were of considerable interest 

because of the unusual selectivity and mechanistic puzzle.39 

1.4 Activation of Hydrocarbons by Low-Valent Metal Complexes 

Oxidative addition reactions of hydrogen to metal complexes (Equation 1.1) have been 

known since the 1960s. But oxidative addition reactions of hydrocarbons (Equation 1.2) 

were discovered and investigated in detail since 1990s. 

H-H + M---+ H--M-H ................. 1.1 

\ 
--C--H + M -----~ 

I 
\ 

--C-M-H ....................... 1.2 

I 
In some cases the intermediate metal hydride species can not be isolated, although the 

evidence supporting their formation is obtained. 

1.4.1 Formation of u-Organyl Hydride Complexes 

Reactions which proceed in accordance with the equation 1.2 result an increase in the 

oxidation state of the metal by two units. Alkanes, alkenes, arenes and monosubstituted 

acetylene all undergo this type of oxidative addition reactions. Reactions generally take 

place at ambient temperature although in some cases heat or light is required. Either heat 

or light is essential for the abstraction of several ligands from the initial complex to form 

coordinatively unsaturated species capable of oxidatively adding the C-H bond. There are 
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mainly two pathways that lead to the formation of metal-carbon a-bonds. They are 

discussed below. 

1.4.1.1 Cyclometallation 

The intramolecular cleavage of a C-H bond occurs relatively easily than intermolecular 

activation and gives rise to a more stable a-organyl hydride complex(scheme 1.3). The 

intramolecular process is known as cyclometallation reaction. 

n 
I 
H 

+M~ n~ 
I I 
' H M 

Here Eisa donor atom, such as N, P, or As. 

Scheme 1.3 

() 
M, 

H 

Cyclometallation reactions afford interesting intermediates (3), which are known as 

cyclometallates; the term being introduced by Trofimenko.40 

/(C)n 

M~ 
y 

M=Metal ion; Y=coordinating atom; n= preferably 3 or 4 

(3) 

The cyclometallates or cyclic transition metal complexes containing a covalentmetal

carbon a-bond and a metal-donor bond have been a topic of continuing interest since the 

discovery in the 1960s of the nickel(II) complex41 and the chlorobridged platinum and 

palladium complexes42 from the reaction of azobenzene with nickelocene and [MCI4f 
(M=Pd, Pt), respectively (4 & 5). 

(4) (5) 

The systematic classification of intramolecular-coordination compounds has been done· 

by Professor Omae.9
•
43 The classification has been made on the basis of the nature of the 
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mctal-~..·aroon hond. CydonH.·tallah.:s wntaining Tvl-C 0-oonds arc further dassilil.'d on th1..· 

oasis of h..:t~ro donor atoms. On th~ other hand . ..:ydomctallah:" ~ontaining M-<' l't'-honds 

has bt~~o.·n dassiti~..·d on the hasis of tlw natun: PI donating groups. The st.:IH:matk 

representation has been sho\\ n bdo" ( Schcnw 1.4 ). 

Organometallic 
Jntrarnolt:l.~ular· 
('oordination 
(~ompnnnds 

Jt..CUQrditul&'!<fJt 
Comp<JU.od:v 

··~~\.,~;;,: 

~-·.-?;• ................ 
. ~~~~·;>··~·.'!\\>{ ·J 

~:-~\1•'\ .· .. J 
,:.;it~~~\ J 
. ·.· A,.,.:;;.;~-<~\i•••,•; ..•. f 
r:"ll',l';"?<~\~W'•' .J 

'-<~~·'· ····\~}); •.·'\:;,~\.): :\'1 

Sd1emc 1.4 ( 'lassification ofcydomctallatc..,IRcf. 9! 

F urt hermon.'. Pwlcssor van K \lien dl.'H: lorwd a Ill'\\ group n l c ~ dnrm:ta llatL's ba-,~..·d on 

the mode of ~..:oordination uf ligands. tcrmcd as pinca ~.·ompk:ws (6) .. 
11 

X 

I 
M-

1 
X 

X -NR.·. -PR.'. -SI{ 
M ML·tal ion 

( ()) 

There has been intense interest in the ~:hcntistry of c~dometallatcd ~ompounds over th~o.· 

I h i .I ·I> .\·q<; J> . I . ,. I ,. . . ,,, h ast t rcc t c~aucs. · >CSJt cs pwvJt Jllg unusua ~..:mm m<JtJPil cnvmmmenls. t C)' 

exhibit a good number of appli~ations related to organi~: as \n:IJ as to organollll..'tallk 

compounds, mctallomesogcns and tatal,>'iis.' 1
·h; Some important cxampks of thl..' 

cyclomctallation ofsp'- and sp-'-C-11 honds hav.: h.:.:n pn:scntcd in Scheme 1.5. 
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Cycloalkane 

' +M 
CHP2Zr~ 

L 

I I I 
-/~---~.::_::-"-:n-t --- -/~'-.,_-- + -/'TZ-
Me/ r''PPh3 Me/ r~ PPh3 Me/VIr~PPh2 

Me C6Hs ,p- 1 
:::,... 

Ref64 

Ref65 

Ref66 

Ref67 

Ref68 

Scheme 1.5 Selected examples of the cyclometaHation of sp3
- and sp2 -C-H bonds 

1.4.1.2/ntermolecular Oxidative Addition 

In many cases, cr-organyl complexes are formed from the oxidative addition of alkanes, 

alkenes, arenes, monosubstituted acetylenes are fairly stable and can be isolated. The 

oxidative addition of alkanes to form alkyl hydride complexes was first demonstrated by 

Bergman.69 He irradiated the iridium dihydrate derivative Cp*Ir(H)zPMe3 

(Cp*=pentamethylcyclopentadienyl) in a cyclohexane or neopentane solution and 

produced Cp*(PMe3)Ir(H)(C6H1 1) and Cp*(PMe3)Ir(H)(CH2CMe3) respectively.67 A 

large number of reactions are known which form a coordinatively unsaturated species by 

elimination of molecular hydrogen or a hydrocarbon. These species then can react in a 
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similar way and form stable cr-organyl complexes. Some of the examples are shown in 

Scheme 1.6. 

+ 

~ 0 -Hz I 
Ru 

1\ J30°C 
p p 
\...___/ 

C6Hs 

Thiophene, h v 

Hz 

lp 
j;:::::J p,,,,, I ,,, H 

''Ru''' 

P/1 "H 

v 
180~C 

<Q) 
-H2 I 

Ru 

1\ p p 
\__) 

Ligand= (C2F5hPCH2CH2P(C2Fsh 

/ THF -dg Tp*Ir -D ........ ,._. ____ _ b- <!,; . 60"C 

Ref70 

Ref71 

Ref72 

Ref73 

Ref74 
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toluene 
Ref75 

hn, matrix, 12K 
Ref76 

Ref77 

Scheme 1,6 Selected examples of the cyclometallation of sp3
- and sp2 -C-H bonds 

1.5 Activation of Hydrocarbons by Biological Systems and their Chemical Mimics 

Organic compounds can be very easily oxidized by dioxygen in the cells of bacteria, 

plants, incects, fish and mammals. The group of enzyme, called monooxygenases, 

catalyzes the hydroxylation of organic compounds by incorporating one atom of 

dioxygen into hydrocarbon substrates with concomitant reduction of the other oxygen 

atom to water. The creation of chemical models of the enzymatic oxidation of alkanes 

and arenes not only help to understand the mechanistic puzzles, but also makes it possible 

to develop fundamentally new processes for the conversion of hydrocarbon raw 

materials. 78 A brief survey of the most recent developments in biological C-H bond 

activation has been presented below. 

1.5.1 Hydrocarbon Oxygenation by Cytochrome P-450 and their Chemical Models 

Mammalian Cytochrome P-450 is a ubiquitous membrane bound monooxygenase that 

catalyzes the hydroxylation of membrane-entrapped nonpolar substrates including drugs, 

steroids and pollutants, yielding partially water-soluble products that can be further 

metabolized.79 Several other types of oxygen transfer reactions are also catalyzed by this 

enzyme, including epoxidation, N-dealkylation, 0-dealkyaltion and sulfoxidation (Table 

1.1). 
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Table 1.1 M~or reactions catalyzed by cytochrome P-450. 

Reaction type Simplified examples Typical substrates 

Aliphatic hydroxylation Cyclohexane---+Cyclohexanol Pentobarbital 

Aromatic hydroxylation Benzene---+ Phenol Phenobarbital 

Alkene epoxidation Cyclohexene--.Cyclohexene Oxide Aldrin 

N-dealkylation CH3N(H)CH3---+CH3NH2 + HzC=O Methadone 

0-dealkylation C6HsOCHy-+C6HsOH + HzC=O Codeine 

Oxidative deamination (CH3)2CHNHz---+(CH3)zC=O + NH3 Amphetamine 

S-o xi dation CH3SCH,-(CH,)2S=O Chlorpromazine 

Reductive dehalogenation C~sCH2Br-+C6HsCH3 Halothane 

1.5.1.1 Catalytic cycle of Cytochrome P450 

The main steps of the Cytochrome P450 catalytic cycle of 0 2 activation and substrate 

hydroxylation were proposed in the early 70's, on the basis of spectral and enzymatic 

studies performed on purified P450cam·80 The proposed catalytic cycle80 is shown in 

Scheme 1.7. Nevertheless several aspects of P450 mechanisms are still elusive and 

subject to broad debate. 

··shunt patl1way" 
3 

- - •p~yrtniX 

7 

6 

Scheme 1.7 Catalytic cycle of Cytochrome P450. [ref. 80] 
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The catalytic cycle is initiated b: substrah: binding to Cytochrome P450. This causes a 

shift in spin equilibrium trom predominantly low spin in the resting state (I) ttl high spin 

in the substrate bound state (2). This m,ldifi~o:ation in spin stah.· alters the redo'\ potential 

ofthe metal centre from Eo= -0.3 to -0.17Y (vs. SHE) and enabk electron transfer from 

the reductase and thus triggering the catal: tic cycle. Next one electron is donated to 

reduce the iron ofthe cofactor from the terril: (Fe111 1 to the ferrous (Fell) from (3) which 

in turn. coordinate dio'\ygen to form a dio'\ygen adduct (4). Resonance RamanK 1 and 

Mossbauerx::: spectroscopy both support thL· vie\\ nf this intermediate as being a ferric 

superoxide (Fe111 -o~··). The next step. donation of a second dectron. being the rak 

determining step in the catal:tic cycle. all nther intermediates have clutkd direl.:t 

detection so far and hence still su~iect to dl.'hate. 
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Scheme 1.8 Metalloporph: rin-based oxidation s)skms. 



- 14-

Studies on peroxidases have identified a green high valent iron oxo species, compound I 

(cpdl) (5) as the reactive species. Studies on P450s with external oxidants using the so

called "shunt pathway", as well as extensive studies on model compounds and theoretical 

approaches support a similar electrophilic species to be the active species in P450s. The 

latter is formed via double protonation of the intermediately formed iron(III)-peroxo 

complex (6) to form an iron(III)-hydroperoxo complex (7), also referred to as compound 

0 (cpdO), after the .first protonation, and heterolytic cleavage of.the 0-0 bond after 

second protonation to form water and (5). The so formed intermediate then oxidizes the 
' 

bound substrate, generating the metabolite and the ferric P450 (8) which can coordinate a 

new substrate and enter a new cycle. 

1.5.1.2 Chemical Models 

For several decades, synthetic metalloporphyrins have been used as model for the 

iron(III)-peroxo and the iron(V)-oxo species, which are generated during the catalytic 

cycle of cytochrome P450 (Scheme I. 7). 

The first oxidation system with synthetic metalloporphyrin as a catalyst was 

developed by Grooves and co-workers in 1979.83 This oxidation system, which consists 

of terminal oxidant iodosylbenzene (PhiO) and catalyst [Fem(por)CJ) (por = a 

porphirinato dianion), was shown to effect both epoxidation of styrene and cyclohexene, 

and hydroxylation of cyclohexane and adamantane. Subsequently, numerous reports on 

metalloporphyrin-catalyzed oxidation systems have appeared in the literature. 84
-
94 Among 

the most extensively studied systems are the epoxidation of alkenes and hydroxylation of 

alkanes catalyzed by iron, manganese and ruthenium porphyrins with terminal oxidants 

PhiO, NaOCI, 2,6-C}zpyNO (2,6-dichloro pyridine-N-oxide), including enantioselective 

oxidations. A brief outline of the metalloporphyrin-based oxidation systems previously 

reviewed in literature is shown in Scheme 1.8. 

Apart from metalloporphyrins various other synthetic systems have been found to 

mimic the function of Cytochrome P450 enzyme. The most important synthetic ligand 

systems, especially in the context of catalysis for the asymmetric oxidation of organic 

substrates, are the Schiff base derivatives, salens [salen= 1,6-bis(2-hydroxyphenyl)-2,5-

diazahexa-1,5-dierie] and its derivatives.95
-
99 The metallosalen derivatives, most notably 

those of manganese, 100
' 

101 chromium102 and vanadium103 have emerged as efficient 
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catalysts in various reactions. An increase in the enantioselectivities for these substrates 

has been achieved by modulating the steric and electronic properties of 

metallosalens. 100
' 

101 

Another interesting ligand framework which has been a subject of recent interest in 

the context of catalysis is the one carbon short analogue of porphyrin, the corrole. 104 

Since the breakthrough discoveries of facile synthetic methodology for the preparation of 

corroles was made, 105 a tremendous amount of interest has been generated on the 

chemistry of this, contracted macrocycles. 104 Due to their unique capacity to stabilize high 

metal oxidation states, various metallocorroles have been synthesized and examined 

successfully as catalysts for epoxidation, 106 hydroxylation, 107 cyclopropanation108 and 

aziridination. 109 

1.6 Purpose of the present work 

The present doctoral thesis focuses mainly on two fields: 

A. Stoichiometric C-H bond activation by transition metals followed by isolation and 

characterization of the resulted cyclometallates. 

B. Catalytic C-H bond activation by transition metal complexes with an aim to 

oxygenate different types of hydrocarbons. 

Details of the purpose and work plan are described below. 

A. Stoichiometric C-H bond activation 

In the field of stoichiometric C-H bond activation, cyclometallation reaction ( -C-H -+ -C

M) provides valuable insight into C-H bond activation process. The presence of hetero 

donor atom in the organic substrate activates the metal ion which in turn activates 

suitably oriented C-H bond of the target group resulting in M-C bond formation. 

The following factors influence the ease and mode of cyclometallation. 

(i) The nature of carbon atom involved. 

(ii) The nature of hetero donor atom or other functional groups attached to the target 

group. 

(iii) The nature of metal ions. 

The careful consideration of the importance of C-H bond activation following 

cyclometallation route, we wish to address the following issues: 
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(a) Controlling factors for selective activation of C(aromatic)-H bonds where more than 

one site are available. 

(b) Influence of the donor group attached to aromatic ring. 

(c) The roles of different metal ions in the selective C( aromatic )-H bond activation. 

To address the above issues we wish to adopt the following strategy: 

1. Studies in the field of C-H bond activation of aromatic rings by cyclometallation have 

been confined mainly within the area of C(phenyi)-H bond activation. Reports of C-H 

bond activation of other aromatic rings are relatively sparse.43
•
47 

In this context it would be interesting to study the comparative ease of activation for 

different types of C(naphthyi)-H bonds by metal ions. Therefore, regioselectivity or 

regiospecificity of the processes becomes an issue due to the presence of multiple 

potential sites for metallation. 

2. The diazene group is well known to bind different metal ions in their different 

oxidation states. For this reason the diazene group has been chosen as primary donor, 

which is to be attached with the target naphthyl group at different positions to promote 

the site-selective activation ofC(naphthyi)-H bonds. 

3. The choice of metal ions is to be restricted to 'soft' metal ions like palladium (II), 

platinum (II) and rhodium(I) ions for the activation of C-H bond of naphthyl group. 

4. Furthermore, a strategy has been drawn to incorporate an additional donor group 

(auxiliary donor) in the organic substrate in such a fashion that auxiliary donor group, 

capable of binding the metal ion, would remain away from the target naphthyl group. The 

auxiliary donor site is to be provided as i-substituted pendant phenyl or naphthyl group 

attached to the diazene function. The int1uence of the auxiliary donor on the selection of 

metallation site would be investigated thoroughly. 

Attempts would be made to isolate the end products containing M-C(naphthyl) 

bond, formed in the process of C(naphthyi)-H bond activation by different metal ions. 

The characterization of new cylometallates would be done using different spectroscopic 

techniques and X-ray diffraction method. 

,).£ 



- 17-

B. Catalytic C-H bond activation by transition metal complexes 

Another area we wish to explore is the biomimmetic oxidation of hydrocarbons by 

soluble transition metal complexes as catalysts. In this area most of the reported works 

involve metalloporphyrins as catalysts. 

l. We wish to exploit the well known 'salen' ligand framework, which is easy to 

synthesize and cost effective. The electronic and steric properties of metallosalens are to 

be tuned by incorporating suitable substituents with the ultimate goal of achieving 

effective catalytic performances. 

The uses of iron(III)-salen complexes as catalyst in oxygenation of different types of 

hydrocarbons is almost rare. Although manganese(III)-salen complexes are well known 

for their catalytic activity in the area of asymmetric epoxidation, their uses in catalytic 

oxygenation of other hydrocarbons is least explored. Here, the catalytic behavior of 

iron(III)-salen as well as manganese(III)-salen complexes are to be examined in order to 

activate different types of C-H bonds with an aim to oxygenate hydrocarbons. 

2. An important member of macrocyclic group is corrole, which is one meso-carbon short 

analogue of porphyrins. It is our objective to use metallocorroles in catalytic 

functionalization of C-H bonds. Recently the metallocorroles are receiving increasing 

attention in different areas of chemical science as catalysts. We wish to investigate the 

catalytic property of an electron deficient iron corrole complex, [Fe(tpfc)Cl] (tpfc = 

trianion of meso-tris(pentafluorophenyl) corrole) in oxygenation of different types of 

hydrocarbons. Catalytic hydroxylation of unactivated C-H bonds of alkanes will be the 

core area of investigation. Attempts would be made to elucidate the mechanistic aspects 

ofthe catalytic reactions. 

--
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CHAPTER II 

Regioselective and Regiospecific C(napbthyi)-H Bond Activation: 

Isolation, Characterization, Crystal Structure and TDDFT study of 

Isomeric Cyclopalladates 

Abstract 

At room temperature disodium tetrachloropalladate activates the C2(naphthyi)-H, 

C3(naphthyl)-H and C8(naphthyl)-H bonds present in the group of naphthylazo-i

hydroxyarenes (H2L) in aqueous ethanol medium. In presence of neutral Lewis bases 

(B) monomeric cyclopatladates [PdL(B)] were isolated. Activation of both C2(naphthyl)-
, I 

H and C8(naphthyl)-H bonds of l-(2 -hydroxynaphthylazo )naphthalene (H2L ) has been 

realized. Structures of both the cyclopalladates have been determined by single crystal X

ray diffraction method. In both the isomers the naphthylazonaphtholate is coordinated to 

palladium(II) as a dianionic terdentate C,N,O-donor and Lewis base B occupies the 

fourth position in the coordination sphere. In the peri-palladate a five-membered 

carbopalladacycle and six-membered azonaphtholato chelate rings are present whereas 

the ortho-palladate contains five-membered carbopalladacycle and azonaphtholato 

chelate rings. Regiospecific C2(naphthyl)-H bond activation has been achieved in the 
' 2 case of 1-(2 -methoxynaphthylazo )naphthalene (HL ) at room temperature. 

Cyclopalladate [Pd2(e)2Cb] has been isolated and its structure has been determined by 

single crystal X-ray diffraction. Cyclopalladate [Pd2(L2)zCI2] reacts with thallium(!) 

cyclopentadienide and yields [Pde(Cp)], where both a- and n- palladium(ll)-carbon 

bonds exist. On the other hand, only C3(naphthyl)-H bonds of 2-(i

hydroxyarylazo )naphthalenes (H2e and H2L 4) have been found to be activated by 

palladium(II). All the cyclopalladates have been isolated in pure form and characterized 

on the basis of their spectral data. All of the cyclopalladates absorb strongly in the 

ultraviolet and visible region. The Time-dependent density functional theory (TDDFT) 

calculation has been undertaken for better understanding of the electronic structure and 

nature of the spectral transitions. The TDDFT calculations reveal that the high energy 

and low energy absorptions are predominantly due to intraligand 1t-1t* and metal-to

ligand charge-transfer transitions. The simulated spectra of cyclopalladates are m 

agreement with the experimental electronic spectra. 
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11.1 Introduction 

Transition metal mediated organic transformations via activation of C-H bond have 

been an active area of chemical research 1
• Synthesis of new organometallic 

complexes is of significant importance, particularly with regards to reactions of 

metal-carbon bonds. In this regard the chemistry of cyclopalladated compounds2 have 

been explored greatly and many of these compounds have found their use in organic 

synthesis3
, catalysis4

, photochemistry5 and metallomesogen chemistrl. Selective 

intramolecular C-H activation 7 of an aryl ring following the cyclometallation route 

and subsequent functionalization at the metallated carbon is of great importance. 

Many interesting compounds, synthesized following this route, have diverse redox 

and spectroscopic behaviour8
• The C(naphthyi)-H bond activation by palladium(II) 

following cyclometallation route has received much less attention in contrast to the 

C(phenyi)-H bond activation 1 in spite of the fact that the naphthalene ring is more 

reactive towards electrophilic metal ions9
• The naphthalene with donor bearing 

substituent like diazene function at C I can offer the C2 (A) and C8 (B) positions for 

metallation, similarly C3 (C) and the C 1 (D) are probable sites for metallation where 

diazene group is at C2. 

5 4 

69?1 ~ 3 
7~ #2 

8 l 

-M--N 

I ~~ 

N 

II 
-M--N 

I "'-
A B c D 

P. Rys et a/. 10 have thoroughly studied the cyclopalladation reaction of 1-

(phenylazo )naphthalene and established that the palladium-carbon bond formation 

occurs at C2 (naphthyl) exclusively. The peri-position (C8) of 1-

(phenylazo)naphthalene was palladated by disodium tetracloropalladate, only when 

all the ortho-positions of both naphthyl and phenyl rings were blocked by methyl 

groups toe. 

Here we have tried to develop a strategy to influence the selectivity of C(naphthyl)-H 

bond activation of arylazonaphthalenes using palladium(II) by introducing different

types of auxiliary donor on the aryl group. The effect of the position of the diazene 

group (primary donor) on the selectivity of C(naphthyl)-H activation has also been 

examined. Earlier results showed that the presence of phenolic group at z·-position of 
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l-(phenylazo)naphthalene led to exclusi\e palladation at C8-position of naphthyl 

ring 11
• This chapter presents the regiospecific activation of C2(naphthyl)-H bond as 

well as C3(naphthyl)-H bond by palladium(Il) at room temperature. The 

regioselective activation of C8(naphthyi)-H & C2(naphthyi)-H bonds has also been 

described. The isolation and characterization of the resulting cyclopalladates and 

rationalization of their structural and spectroscopic properties have been discussed. 

The experimental results are complemented by theoretical calculations related to 

their electronic structures. 

11.2 Results and discussion 

11.2.1 Isolation and characterization of the cyclopalladates 

At room temperature disodium tetrachloropalladate reacts with 1-(i-hydroxy

naphthylazo)naphthalene (H2L
1
) in ethanol medium and gradually starts to produce solid 

precipitate, which reacts with neutral Lewis bases (B) and affords a mixture of two 

cyclopalladates with distinctly different colours (viz. pink and green) (Scheme ll.l ). 

9) 
-:/N 

W"" 
H2L 1 (1) 

(i) 

yo 
choc", 

(ii), (iii) 

(iv) 

+ 

3a: B=PPh3 3b: B=PPh3 
4a: B=4-picoline 4b: B=4-picoline 

(v) 

Scheme ILl (i) Mel, K2C03, 2-butanone, reflux, 3 h; (ii) Naz[PdCl4] (l equivalent),EtOH, 
room temperature, 2h; (iii) PPh3 Or 4-picoline 0.5 h; (iv) Naz[PdCl4] (I equivalent), EtOH, 
room temperature, 2h; (v) TlCp, benzene, room temperature. 

Structure of representative members from each isomeric cyclopalladates viz. pink (4a) 

and green (3b and 4b) obtained from the reactions, has been determined by X-ray 

crystallography. The ortep diagrams of 4a, 4b and 3b are shown in Figures II.l-11.3. 
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~,C5 • 

v Cl6 

Figure ll.l Molecular structurt: of 4a with dlipsoids drawn at tht: 50% probability level. 

• 

• 
Figure 11.2 Molecular structure of 4b with ellipsoids drawn at the 50% probability level. 
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• 31 

Figure 11.3 Molecular structure of3b \\ ith dlipsoids drawn at the 50°Al prohahilit~ levt:l. 
Solvent molecule has been omitted for darity. 

Relevant bond parameters art· listed in I able II. I. rhe palladium( II) ~entre 111 4a is 

found to be bonded to C8 (peri position of 1-azonapthyl fragment). N I of diazo group. 

0 I of the naphtholato function and N3 of pi~.:oline. Therefore 1-( 2-

hydroxynaphthylazo)naphthalene binds palladium(ll) as a dianionic terdentate IC. N. 01 
ligand. The tetra-coordination around palladium is essentially planar and coplanar v. ith 

pen-palladated naphthyl ring but deviates fmm square-planar geumctr~. The maximum 

deviation is represented by the ·bitt:" angh: C(lH-Pd( I )-N(3) ol 95.66(9)'". This type of 

deviation is observed for C) clopalladah:s 1'. The structurl' of green compound 

[PdL1(PPh:-)l (3b) shows that the palladium is lwnded to C2 (ortho- position of 1-

azonaphthyl fragment), N2 of diazene group. 0 I of naptholato function and P( I) Clf 

triphenylphosphine. Here also 1-(2-hydw:\~ naphthy lazo )naphthaknl' binds palladium(! I) 

as a dianionic terdentate I C. N. 0 J ligand. Both the isoml'rs ha\ ~ fi\1.'-ml'mi:'lt•ro.·d 

carbopalladacycle but differ in the azonaphtholato chelate ring si,rcs Th~ Pd

C(naphthyl). Pd-N(diazene). Pd-0. Pd-N (..J.-picolinel and Pd-P are all quite nnrmal 1 1
. 
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Table 11.1 Selected bond distances and angles in 4a and 3b. 

(4a) 
Bond lengths/ A Bond angle~/ o 

Pd( 1)-N( l) 1.967(2) C(8)-Pd( l )-N(3) 95.66(9) 

Pd(l)-C(8) 1.983(3) N(3)-Pd(I)-O(l) 90.27(8) 

Pd(l)-N(3) 2.058(2) N( l )-Pd( 1 )-0( 1) 90.84(7) 

Pd(l)-0(1) 2.0605(18) N( 1 )-Pd( 1 )-C( 8) 83.23(9) 

N(J)-N(2) 1.284(3) 

N(l)-C(l) 1.426(3) 

C(l L)-N(2) 1.353(3) 

C(l2)-0(1) 1.290(3) 

(3b) 

Bond lengths/ A Bond angles/ o 

Pd(l)-N(2) 2.002(2) C(2)-Pd( 1)-P( 1) 100.89(10) 

Pd(l)-C(2) 2.001(3) P( 1)-Pd( 1)-0( I) 99.03(7) 

Pd(l)-P(l) 2.2690(8) N(2)-Pd( l )-0(1) 80.23(10) 

Pd(l)-0(1) 2.094(2) N(2)-Pd(l)-C(2) 79.85(12) 

N(1)-N(2) 1.290(4) 

N(l)-C(1) 1.412(4) 

C(ll)-N(2) 1.385(5) 

C(l2)-0(l) 1.305(5) 

The lengthening of Pd-N(diazene) bond length 2.002(2) A in (3b) with respect to Pd

N(diazene) bond length 1.967(2) A of (4a) originates from the strong trans-influence of 

phosphine. The shortening of C(ll)-N(2) bond length 1.353(3) & 1.385(5) A with 

respect to the C(l )-N( 1) bond 1.426(3) & 1.412(5) A reveals the presence of more n

electron density in azonaphtholato chelate ring than that present in the five membered 

carbopalladacycles. In contrast, C(li)-N(2) bond length 1.438(3) A of (4a) is longer 

than C(l)-N(l) bond 1.392(3) A, which is part of carbopalladacyle. The C-0 bond 

lengths in 4a 1.290(3) A & 3b 1.305( 1 0) A are shorter than the C-0 bond length found in 

naphthols (1.385 A)15
• The shortening of the C-0 bond length in azonaphtholato chelate 

ring may be ascribed to favourable conjugation of a lone-pair p orbital on the naphtholate 

oxygen atom with the 1t system ofthe chelate ring 16
• The Pd-C8 bond length of 1.987(4) 

A is in agreement with the reported palladium(II)-C8(naphthyl) bond lengths 14
b. 

The mechanism behind the formation of two isomeric cyclopalladates (3 and 4) is not 

completely clear to us. However the sequence shown in Scheme 11.2 seems probable. 

Arylazonaphthols are known 18 to exist as a mixture of azoenol (la) and hydrazoketo (lb) 

forms in ethanolic medium. It is generally accepted 19 that cyclopalladation is initiated by 
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3 4 

Scheme 11.2 Probable steps in the formation of isomeric cyclopalladates, 3 and 4. 

coordination of a hetroatom to the metal, which is followed by ligand dissociation from 

the square planar species giving rise to highly reactive intermediate which activates a C

H bond in kinetically controlled electrophilic step with a marked preference for the 

formation a five-membered palladacycle. The azoenol form (la) is known20 to form six-
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membered chelate ring with transition metal ions rapidly leaving only one option of 

palladation at C8 of the pendant naphthyl ring which is observed in the case of (3). The 

hydrazoketo form (lb) can only offer N2 for metal binding which leads to the formation 

of a five-membered palladacycle (C2, N2) followed by chelation with naphtholato 

function forming five membered chelate ring in (4). There is precedence for such 

cycopalladation of hydrazoketo form followed by enolisation subsequently palladium

oxo bond formation21
• Recently Fernandez et a/.22 reported cyclopalladation reactions of 

some Schiff base ligands derived from 2-aminophenol and showed the formation of 

tetranuclear compounds with P<404 core. However, in the case of Schiff base ligands 

five membered ring metallacycles were preferred over six membered ones; in the present 

case formation of both six membered (3) and five membered (4) ring metallacycles were 

realized supporting the consequences of azo-hydrazo tautomerism in arylazonaphthols. 

In this context, it may be suggested that the presence of a weak auxiliary donor 

would prevent the formation of six membered N,O-chelate ring at first step and would 

lead to exclusive C2(naphthyl)-H bond activation. Driven by this anticipation, we 

replaced the naphtholato function in H2L 1 with the neutral methoxy group and found 1-

(2'-methoxynaphthylazo )naphthalene (HL 2) also undergoes facile cyclopalladation 

reaction with disodium tetrachloropalladate in ethanol and yields deep red coloured 

cyclopalladate [PdzL22Clz] (5). The structure of [Pd2L
2
2C)z] (5), has been determined by 

X-ray crystallography. The structure is shown in Figure 11.4 and some relevant bond 

parameters are listed in Table Il.2. Expectedly in this ligand where the -OH function of 

H2L1 is replaced by -OMe group, palladium(II) regiospecifically exclusively C(2)-H 

bond of HL 2 under the same mild reaction condition. Here the diazene function being a 

stronger donor than alkoxy group towards electrophilic metal ions, preferentially binds 

palladium(Il), followed by palladation at ortho-position of the naphthyl ring resulting in 

the formation of five-membered palladacycle like palladates of other 

arylazonaphthalenes. Cyclopalladate 5 contains two palladium atoms bridged by two 

chloride atoms and the azonaphthalene ligand acting as a double chelating C,N donor. 

Consequently two five membered chelate rings are formed. The bond lengths and angles 

are within the range of values observed in analogues compounds23
• In contrast to other 

cyclopalladates, 5 has Ci symmetry, the crystallographic inversion center lies at the 

midpoint of the line joining the two palladium atoms. For steric reasons, the 

azonaphthalene moiety can no longer be planar with the non-metallated naphthalene ring 

turning out of the plane formed by the cyclopalladated fragment by an angle of 70.78°. 
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Figure 114 Molecular structure of 5 \\ ith dlipsoids drawn at tht' 50% probability lc\ cl 

Table 11.2 Selected bond distances and angles in 5. 

Bond lengths r\ 
Pd( I l-NI2) 

Pdl I )-021 

Pd( I >-CI( I l 

N( I )-N(2l 

'(2)-C( I I l 

~.001(2} 

1.956(3) 

::'.-l484(9) 

I 27613) 

I Xl8(3 l 

Bond angks/ " 

( '(2)-Pd( l )-N(2) 

< .t2)-Pd( I I-t'll I) 

'\t2 )-Pth I i-CH I l 

78.74( 10) 

95.65(8) 

W.6016i 

------------------

It is important to note that the cyclopalladatc I Pd2(L: )z(CI)2] (5) shows solvent dependent 

dectronic spectra (Figure 11.5. Tahk 11.3). In non-t·oordinating sol\ents likt: 

dichloromethane and chlorot(>rm. it sho\\ s strong absorpti~m above 600 nm which is 

similar to the absorption profile of palladium( II) bound terdentate [C2(naphthyl). N(azo ). 

OJ naphthylazonaphthol. This observation suggests that Pd(II)-OCH3 bond remains intact 

in non-coordinating solvents and monoanionic L: behaves as a terdentate ligand. In 

coordinating solvents like acetonitrile. dimcthylformamide and pyridine. the absorption 

band of (5) shifts to 500-520 nm. which is characteristic of cyclopalladated [C2,N I 

naphthylazobenzene 111
'. Excess donor soh~nts opt'n the lahik Pd(II)-OCil; hond and 

coordinate to the metal centre in the solution. 
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Figure 11.5 Electronic spectra of(Pd2(L:)2(CI):d (5) in cyan(dichloromethane). 
pink(chloroform), yellow (acetonitrile). hlm:k (dimethylformamide) and green (pyridine). 

Table 11.3 Electronic spectral data of[Pd2<Lh~(Cih] (5) in different solvents 

Solvent 

Dichloromethane 

Chloroform 

Acetonitrile 

622 (4,200), 582 (3.900), 540sh (2,700). 416 (5.075) 

628 (3,500). 5{)() (3.350), 534sh (2,650). 416 (5.200) 

510 (2.400). 402 (3.900) 

Dimethylformamide 508 (2.300). 40X (4.200) 

Pyridine 516 (2,450). -l06 (4.650) 

Cyclopalladate [Pd2(L 2}2(CI)2] (5) reads v. ith thallium( I) cyclopentadienide and yields 

red violet [PdL2(Cp)] (6). where palladium(ll) is hound to carbon by both cr- and 1t

bonds. Attempts to grow single crystals of 6 suitable for X-ray crystallography met with 

failure. The proposed compositions of all the cyclopalladates are consistent with the 

observed elemental analysis data (see section 11.3). 

The results encouraged us to extend our study to 2-(i-hydroxyarylazo)naphthalenes 

(HzL3 and HzL 4) where the primary diazene function is attached to the C2 atom of the 

naphthyl ring and thus giving two potential sitt:s for metallation. viz. C I and C3. The 

reactions between the ligand H2l} IH2L \ Na2[PdCLd in aqueous ethanol in presence of 

the Lewis base (triphenylphosphine or 4-picoline) were f(,und to be regiospecific in 

nature and green cyclopalladates (7-10) were isolated (Scheme 11.3). 



(i), (ii) 

HO 

(i), (ii) 

B--..,_ /-QO 
Pd""' _ 

t;N \ ;} 
N 

CH3 

7: B=PPh3 

8: B=4-picoline 

9: B=PPh3 
10: B=4-picoline 

Scheme 11.3 (i) Na2[PdCI4] (i equivaient), EtOH, room temperature, 2h; (ii) PPh3 Or 4-

picoline 0.5h. 

X-ray crystalJographic analyses of two compounds (viz. 8 and 10) revealed exclusive 

activation ofC3(naphthyl)-H bonds. The molecular structures of the isomers 8 and 10 are 

shown in Figure 11.6 and Figure 11.7 respectively. The structure of green cyclopalladate 8 

(Figure II.6) shows that the palladium is bonded to C3 (of 1-azonaphthyl fragment), N2 

of diazene group, 01 of phenolato function and N(3) of 4-picoline. Thus 2-(i-hydroxy

phenylazo)naphthalene binds palladium(II) as a dianionic terdentate [C, N, 0] ligand. 

Similarly the structure of green compound 10 (Figure IL7) shows that the palladium is 

bonded to C3 (of 1-azonaphthyl fragment), N2 of diazene group, 01 of naphtholato 

function and N(3) of 4-picoline. Thus in case of H2L3 cyclopalladation is found to occur 

in a regiospecific manner leading to the C3(naphthyi)-H bond activated products 7 and 8. 

On the other hand the reaction between H2 L 4 and Na2[PdCl4] afforded the C3(naphthyi)

H bond activated products (9 and 10) along with a dirty blue fraction which, could not be 

isolated in pure form. That impure fraction cannot be characterized. Thus the formation 

of C 1 (naphthyl)-H bond activated products in this particular case can not be ruled out. 
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Figure 11.6 Molecular structure of8 with dlipsoids drawn at the 50% probability level. 

Figure 11.7 Molecular structure of 10 with ellipsoids drawn at the 50% probability level. 
Possible intramolecular hydrogen bond C 18-H 18 · · · N I 2.28 A. 

Table 11.4 Selected bond distances and angles in 8 and I 0. 

(8) 
Bond lengths/ A Bond angles.' o 

Pd(I)-N(2) 1.983(16) ('(] )-Pd( I )-N(3) 102.8( 10) 

Pd( I )-C(3) 1.97(2) N(] )-Pd( I )-0( I ) 96.2(8) 

Pd( I )-N(3) 2.027( IS) N( 2 )-Pd( I )-0( I ) 82.7(9) 

Pd( I )-0(1) 2.124(14) N(2)-Pd(l)-C(3) 78.4(11) 

N( I )-N(2) 1.26(2) 

N( I )-C(2) 1.47(3) 
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Table II.4 (Continued) 
(10) 

Bond lengths/ A Bond angles/ 0 

Pd(l)-N(2) 1.971(5) C(3 )-Pd( l)-N(3) I 0 I. 7(2) 

Pd(l)-C(3) !. 990(7) N(3)-Pd( 1)-0( l) 95.3(2) 

Pd(l)-N(3) 2.057(4) N(2)-Pd( I )-0( 1) 81. 73(19) 

Pd(l)-0(1) 2.109(5) N(2)-Pd( l )-C(3) 81.3(2) 

N(l)-N(2) 1.285(6) 

N(I)-C(2) 1.401(8} 

However, preferential activation C3-H bond over C 1-H in these two molecules (H2L3 and 

HzL 4) by palladium(II) calls for an explanation and we tried to explain the same in terms 

of the 'Fukui function' .24 Francisco Mendez and Jose L. Gazquez discussed chemical 

reactivity in terms of hard-soft-acid-base theory.25 They stated "the regions of a molecule 

where the fukui function is large are chemically softer than the regions where the Fukui 

function is small, and by invoking the HSAB principle in a local sense, one may establish 

the behaviour of the different sites with respect to hard and soft reagents". They defined, 

using a finite difference approximation, the Fukui function: 

rk- = [ qk(N)-qk(N -1) 1 
fk + = [ qk(N + 1 )-qk(N)] 

fk0= 1/2 [qk(N+l)-qk(N-1)] 

for e lectrophilic attack ........................ ( l) 

for nucleophilic attack ......................... (2) 

for radical attack ............................... (3) 

Where qk(N) is the Mulliken charge on atom k and N is the electronic population at the 

concerned site. Thus N corresponds to the number of electrons in the molecule. N+ 1 

correponds to an anion, with an electron added to the LUMO of the neutral molecule. N-l 

corresponds to a cation, with an electron removed from the HOMO of the neutral 

molecule. Table II.5 shows the condensed Fukui function (fk-) values for the molecules 

H2L3 calculated by Mulliken Population Analysis (MPA) gross charges at BL YP/DZP 

level of theory (computational detail have been given in the Experimental Section of this 

chapter). The condensed Fukui function (fk-) value at C3(naphthyl) (0.03) is considerably 

greater than that at C3(naphthyl) (0.012). Since higher values of Fukui function are 

associated with soft regions of the molecule, we can conclude that C3 is softer than C 1 in 

the molecule H2L3
• Thus bearing in mind the 'softness' of palladium(II), it seems 

reasonable to expect that palladium(II) should preferentially bind C3 rather than C 1 in the 

molecule HzL3
. 
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Table II.S Values of the condensed Fukui function (fk-) at C l and C3 atoms for the 

molecule H2L3 calculated through equation I with a Mulliken Gross Population Analysis. 

Molecule 
' 3 2-(2 -hydroxyphenylazo )naphthalene (HzL ) 

11.2.2 Spectral Properties 

(a) IR Spectra: 

0.012 0.030 

The infrared spectral data of the compounds are collected in solid state as KBr disc. 

Absorption in the region of 1420-1450 cm-1 for all the compounds show the presence of 

diazene (-N=N-) function21
• The cyclopalladates, 3a, 3b, 7 and 9 show absorption in the 

range of 1090-1100 cm-1 due to palladium(II) bound triphenylphosphine26
• The IR 

spectrum of the cyclopalladate 6, on the other hand, displays a strong absorption around 

771 cm-1
, which is characteristic of n-bonded cyclopentadienyl ring of palladium 

compounds27
• 

(b) NMR Spectra: 
1H NMR data of all the synthesized compounds is provided in the Experimental Section. 

The 1H and 13C NMR spectra of some representative compounds are presented in Figure 

11.8-11.11. The 1H NMR spectra of the ligands H2L 1, H2e and H2L 4 show a singlet in the 

range of 16.3-17.2 <5 confirming the presence ofthe hydroxy group. Whereas the presence 

of the methoxy group (-OMe) in HL2 is apparent from the presence of a singlet at 4.04 <5 

in the 1H NMR spectrum of the same. All the other signals appeared in the aromatic 

region and their integration supported the expected structure. 

The methyl group attached to the phenyl ring attached with the aryl group in 

cyclopalladates 7 and 8 appear as singlet in the range of 2.18-2.26 <5. The methyl group of 

metal bound picoline present in cyclopalladates 4a. 4b, 8 and 10 resonates as singlet in 

the region 2.42-2.52 <5. The signal for palladium(Il) bound methoxy group in 

cyclopalladate 5 appears as singlet at 4.07 8. In cyclopalladate 6, the signal for the same 

group shifts to higher field at 3.95 <5 demonstrating the opening of Pd(Il)-OMe bond in 

presence of cyclopentadienyl (Cp) group. The spectrum also shows a sharp signal at 5.62 

<5 due to the presence of five equivalent protons of the cyclopentadienyl ring 27
b, 

28
• For all 

the cyclopalladates the signals for aromatic protons appear as complex pattern in the 

region 5.9-9.2 <5 with expected integration ratio. The 13CeH} NMR spectra of this 

compound show the signals for the methoxy carbon at 57.08 <5. The signal for the five 
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carbon atoms of the cyclopentadienyl moiety appears at 96.16 o indicating their 

equivalence27
b (Figure II. II). 

'-' 
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15.0 12.5 10.0 7.5 5.0 2.5 0.0 

Figure II.8 1H NMR spectra ofthe ligand H2L1 inCDCl3• Inset: Expanded aromatic 
region. 
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Figure II.9 1H NMR spectra of the ligand HL2 in CDCb. Inset: Expanded aromatic 
reg1on. 
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Figure II.IO 1H NMR spectra ofthe cyclopalladate 6 in CDCi]. 
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Figure 11.11 13C NMR spectra ofthe cyclopalladate 6 in CDCh. 

11.2.3 Crystallographic Analysis: 

In the present case, it was possible to grow single crystals of the representative 

compounds (viz. 4a, 3b, 4b, 5, 8 and 10) and detailed analysis revealed several 

interesting 'soft-soft' interactions in the solid state structures of the cyclopalladates. 

Geometrical parameters of all these interactions are compiled in Tables 11.6- II.8. 

Structure of 4a & intra-/intermolecular interaction in solid state 

The molecular structure of 4a has been presented in Figure II. I with atom numbering 

scheme and the crystallographic parameters are compiled in Table II.l and Table 11.18 
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(Experimental section). The packing arrangement in 4a is shown in Figure 11.12. The 

crystal packing has been found to be stabilized by several intermolecular rr- 1t interactions 

(Figure 11.13. Table 11.6 ). In addition to these interactions C-H .. · Pd interactions are 

found in 4a. having C .. Pd distances of 3.3 7-3.51 A. It is noteworthy in this respect that 

electron-rich metal ions with a low coordination number (most typically Po can act as 

proton acceptors in a weak hydrogen bomf'~. but only a few such bonds with palladium 

as an acceptor have been documented so far 30
. 

Figure.ll.l2 Packing arrangement in 4u. 

Figure 11.13 Intermolecular rr· · ·rr interactions in 4a. ( 'K{-1) and ( 'g(5) are the <.:entroids of 
C 1- C I 0 and C5-C9 rings respectively. Symmetry operators are (i) -x. - y .I - z: (ii) -112 

+X, 1/2- y. -J/2 + z: (iii) J/2 +X. J/2- y. J/2 + Z. 

Structure of Jb & intra-/intermolecular interaction in solid .~·tate 

The crystal structure of the cyclopalladah: 3b reveals two dimensional or three 

dimensional supramolecular assemblies with molecular components self organized by C

H · · ·rr and n· · ·rr interactions. In particular there is a C-H · · ·n interaction. C30-H30· · · Cgl) 
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[Where Cg9 is the centroid of the C33-C38 ring at l+x, y. z] and the crystal packing is 

further stabilized by three intermolecular n· · ·n interactions (Table 11.6). The centroid

centroid distances are 3.533(3). 3.920(3) and 3.933(3) A; the corresponding 

perpendicular distances are 3.524. 3.326 and 3.369 A with no slippages. 

Stru<.·ture of 4b & intra-lintermoleculttr interaction in so/itl.'lttlte 

The ortep diagram of 4b is presented in Figure 11.3. The packing diagram of 4b is 

presented in Figure 11.14. The crystal structure reveals supramolecular assemblies with 

molecular components self organized by C-H· · · 1t and C-H· ··0 interactions 

(Figures.ll.l5a & ll.lSb). 

Figure 11.14 Packing arrangement in 4b. 

(a) (b) 

Figure 11.15 (a) C -H .. · 1t interactions in 4b. Cg5 and Cg7 arc the centroids of C5-C9 and 
C 15-C 19 rings respectively. Symmetry operators are (i) x. 5/'2- y. -1/2 + z: (ii) x. 3/2- y. 

1/2 + z. (b) C-H ... 0 interactions in 4b. Possible hydrogen honds C(3)-H(3)· · ·01 2.56 
A. 3.261 (14) A. 132 A. Symmetry operator is -x. I /2 + y. I /2 - z. 
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Structure of J & intra-lintermoleculur interaction in ~·ofid ~·tate 

Cyclopalladate 5 crystallized with an independent molecule in the asymmetric unit. The 

packing arrangement in 5 is shown in F igun: ILI6. The crystal structure of 5 also reveals 

20 and 3D supramolecular assemblies with molecular components self organized by C

H .. ·Pd. C-H· .. rr and rr· .. rr interactions (Taole 11.6-11.8). In particular there are two C

H .. ·rr interactions, CI6-HI6 ... Cg4 and l'21-H21B ... Cg6 !where Cg4 and Cg6 are the 

centroids of C5-C9 and C 15-C 19 rings at 1- x. -: . 1- z and V2 - x. 1!2 4 :. I /2 - z 

respectively (Figure 11.17). rhere are intermolet·ular rr· · ·rr interactions forming a ladder

like assembly in the solid state (Figure II.IX). 

Figure 11.16 Packing arrangement in 5. Viev.cd along the normal of the plane II 00 J. 

"' ... 

Figure 11.17 C-H· · · rr interactions in 5. Cg4 and Cg6 are the centroids ofC:'-C9 and 
CI5-CI9 rings respectively. Symmetr) operators an: (i) 1- x. -y. 1- z: (ii) 312- x. 1/2 + 

:. I /2 - L 



-44-

Figure 11.18 Intermolecular n· · ·n interactions in 5. CK(3). ( 'K(5) and ( 'K(6) are the 
centroids of C 1-C I O,C II-C20 and C 15-C 19 rings n:spectively. Symmetry operators are 

(i) -1/2 + x. 1/2- y.- l/2 +z: (ii) 1/2 +x. 1/2- y. 1/2 + z. 

Structure of 8 & intra-/intermolecular interaction in .~·o/id state 

The crystal packing diagram of the cyclopalladate 8 is presented in Figure 11.19. The 

crystal packing is found to be stabilized by intermokcular C -H · · · n. n· · ·n and C -H · · ·0 

interactions (Table 11.6-11.8). The cyclopalladatc H displays intramolecular C-H .. · Pd 

hydrogen bonds (Table 11.2). The intermolecular C-H· .. n interactions involve the 

centroids of the naphthyl rings CJ--)>('1() (Cg4) and ('5--)>('9 (Cg5) [symmetry code:

I +x, y. z] with the methyl hydrogen H 17 !\ (Figure 11.20); the H · · ·Cg bond distances are 

2.93 and 2.96 A respectively (Table 11.7). The pairs of molecules related by the center of 

inversion are arranged in a parallel manner and form a layer like assembly in which weak 

1t · "1t interactions exist in between the centroids of the aryl rings N3-C22 (Cg 3) and 

C 1-C I 0 (Cg 4) rings (Figure 11.21 ). 

Figure 11.19. Crystal packing diagram of 8 viewed along normal to the plane (00 I) 
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Figiur~ 11.20 Intermolecular C-H n interactions in 8. ( 'g(-1-) and Cg(5) are the 
centroids of C l-C I 0 and C5-C9 rings n:spectiH:Iy. Symmetry Code: -I ~ .x. \. L 

Figure 11.21 Intermolecular 1t ··7t interm:tions in 8. Cg(3) and Cg(4) are th~: 1.:entroids of 
N3-C22 and CI-CIO rings respective!~. S~mmetr)- Code: !i) 1- \..-112 + y. 1-7.: (ii)l- x. 

I 2 · ~. 1- z. 

Structure of lO & intra- /intermolecular interaction in solid .~tute 

The crystal packing of tO is also found to bt• stabilized by intermolecular C-H .. · Pd. C-

H .. · 1t 7t" ·n and C-H .. ·O interactions as in the case of the its structurally rdatt:d 

cyclopalladate 8 (Table 11.6-11.8 ). 
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Table 11.6 Geometric parameters of the rr· · ·rr interactions 

n···n Cg ··Cg/A Cgl Perp/A CgJ Perp/A Slippage/A Symm. Op. 
Cg(4)->Cg(4) 3.6916 3.417 3.417 1.396 -x,-y,l-z 
Cg(4)->Cg(5) 3.8772 3.423 3.479 -x,-y,I-z 

3b3 Cg(5)->Cg(4) 3.8772 3.479 3.423 -x,-y,l-z 
Cg(l)->Cg(4) 3.5486 3.409 3.429 -x,-y,l-z. 
Cg(2)-+Cg(3) 3.8886 3.386 3.422 -l/2+x,l/2-y,-l/2+z 
Cg(l)-+Cg(4) 3.533(3) 3.524 3.500 1-x,-y,I-z 

4ab Cg(2)-+Cg(3) 3.920(3) 3.326 3.484 1-x,-y,l-z 
Cg(2)-+Cg(6) 3.933(3) 3.369 3.470 -x,-y,1-z 

4
bc Cg(l)-+Cg(3) 3.575(8) 3.552 3.559 -x,l/2+y,l/2-z 

Cg(2)-+Cg(3) 3.592(8) 3.448 3.477 -x,-1/2+y,l/2-z 
Cg(3)-+Cg(5) 3.7907 3.553 3.454 -l/2+x,l/2-y,-l/2+z 

5ct Cg(3)--+Cg(6) 3.7483 3.555 3.590 -1/2+x,l/2-y,-112+z 
Cg(5)-+Cg(3) 3.7907 3.454 3.553 l/2+x,l/2-y,J/2+z 
Cg(6)--+Cg(3) 3.7483 3.590 3.555 l/2+x,l/2-y,1/2+z 
Cg(2)-+Cg(5) 3.9670 3.258 3.430 -l/2+x, l/2-y,-l/2+z 
Cg(3)--+Cg(4) 3.662(13) 3.392 3.302 I-x,l/2+y,1-z 

s• Cg(4)-+Cg(3) 3.662(13) 3.302 3.393 I-x,-1/2+y,1-z 
Cg(l)-+Cg(3) 3.648(14) 3.560 3.583 1-x,I/2+y,l-z 
Cg(2)-+Cg(3) 3.698(17) 3.473 3.393 l-x,-112+y,l-z 

10
r Cg(I)-+Cg(3) 3.454(4) 3.451 3.444 l/2+x,1/2-y,-z 

Cg(2)-+Cg(3) 3.725(4) 3.533 3.520 -l/2+x,l/2-y,-z 

• Cg (1), Cg(2), Cg(3), Cg(4) and Cg(S) are the centroids ofPd1-C8, Pdi-NI, N3-C25, CI-CIO and CS-C9 
rings respectively. 
b Cg(l). Cg(2), Cg(3), Cg(4) and Cg(6) are the centroids ofPdi-N2, Pdi-C2, CI-CIO, C5-C9 and CI5-CI9 
rings respectively. 
c Cg (I), Cg(2) and Cg(3) are the centroids ofPdi-N2, Pdi-C2 and N3-C25 rings respectively. 
d Cg(2), Cg(3), Cg(S) and Cg(6) are the centroids of Pdl-C2, CI-CIO, Cli-C20 and C 15-C 19 rings 
respectively. 
• Cg(l), Cg(2), Cg(3) and Cg(4) are the centroids ofPdi-N2, Pdi-C3, N3-C22 and CI-CIO rings 
respectively. 
r Cg(l ), Cg(2) andCg(3) are the centroids ofPd I-N2, Pdi-C3 and N3-C22 rings respectively. 

Table 11.7 Geometric parameters of the C-H · · ·n interactions 

H- .. Cg/A y• C-H .. ·Cg/ 0 H- .. Cg/A Symm.Operationon 
Cg 

4a6 C30-H30 .. ·Cg(9) 2.96 16.59 136 3.683(5) l+x, y, z 
C5-H5 .. ·Cg(7) 2.91 10.84 129 3.568(16) x,l/2-y,-1/2+z 

4bc Cl5-Hl5 .. ·Cg(5) 2.97 22.40 117 3.493(16) x,3/2-y,ll2+z 
C26-H26C .. ·Cg(7) 2.78 13.69 162 3.71(2) -x,-l/2+y,l/2-z 

5
ct CI6-H16 .. ·Cg(4) 2.84 12.22 139 3.5927 1-x,-y,1-z 

C21-H21B .. ·Cg(6) 2.93 13.73 118 3.4749 3/2-x,l/2+y,I/2-z 
s• Cl7-Hl7A .. ·Cg(4) 2.93 22.81 172 3.88(3) -l+x, y, z 

Cl7-Hl7A .. ·Cg(5) 2.96 24.17 128 3.64(3) -l+x,y,z 

10r Cl5-HI5 .. ·Cg(5) 2.95 10.81 120 3.505(9) l/2-x,-y,l/2+z 
C26-H26C .. ·Cg(7) 2.96 19.30 160 3.877(10) -1/2+x,l/2-y,-z 

y• angle defined by a line connecting center of gravity of the aromatic ring with H atom and the normal to 
the aromatic ring. 
b Cg(9) is the centroid of the ring C33-C38. 
c Cg(5) and Cg(7) are the centroids ofC5-C9 and CI5-Cl9 rings respectively. 
d Cg(4) and Cg(6) are the centroids ofC5-C9 and C 15-C19 rings respectively. 
• Cg(4) and Cg(5) are the centroids ofC1-CIO and C5-C9 rings respectively. 
r Cg(5) and Cg(7) are the centroids ofC5-C9 and C15-Cl9 rings respectively. 
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Table II.8 Geometric parameters ofthe hydrogen bonding interactions 

*Cl8-Hl8· ··N2 
C4-H4·· ·Pdl 

3
b C26-H26A·· ·Pdl 

C26-H26C · · Pd I 

4a 

4b 

5 

8 

10 

*C8-H8···Nl 
*Cl8-Hl8 .. ·Nl 
*C34-H34· · ·0 I 
C8-H8 .. ·Pdl 
C 17-Hl7· .. Pdl 
C3-H3 .. ·01 
*C8-H8···NI 
*Cl8-Hl8· · ·N1 
C3-H3 .. ·Cll 
CI4-Hl4 .. ·01 
*Cl8-Hl8 .. ·Nl 
CI3-Hl3· · ·Pdl 
Cl4-Hl4· · ·Pdl 
C4-H4 .. ·01 
C22-H22 · · · Pd 1 
C17-HI7· .. 01 
*Cl8-HI8· · ·N l 
C21-H21· · ·Pdl 

d(D-H)/ A d(H . A)/ A d(D'" A)/ A 

0.93 

0.99 
0.93 
0.93 

0.93 
0.93 
0.93 
0.93 
0.93 
0.93 

0.93 

0.93 
0.93 

2.40 
3.51 
3.46 
3.37 

2.43( 6) 
2.32 
2.46 
3.56 
3.69 
2.58 
2.50 
2.29 
2.77 
2.49 
2.61 
3.53 
3.18 
2.54 
3.64 
2.59 
2.28 
3.41 

2.7258 
3.693 

2.813(6) 
2.926(6) 
2.942(5) 

3.29(2) 
2.83(2) 

2.916(19) 
3.3111 
3.3612 
3.1205 

3.299(19) 

3.363( 10) 
2.905(10) 

* Intramolecular hydrogen bond 

D-H· AfD 

100 
109 
103 
129 

103(4) 
123 
113 

105.74(8) 
109 
133 
101 
124 
118 
156 
115 
118 

139 
100 
141 
124 

II. 2. 4. UV-vis Spectra and Excited Singlet State Calculations 

Symm. Operation 
on A 
x,y,z 

-x,-y,l-z 
-1/2+x, l/2-y,-l/2+z 
-I /2+x, I /2-y,-1 /2+z 

x,y,z 
x,y,z 
x,y, z 

l-x,-y,1-z 
-x,-y,l-z 

-x,-l/2+y, 1/2-z 
X, y, Z 

-x,-l/2+y,l/2-z 
1-x,-y,-z 

l/2+x, l/2-y,I/2+z 
x,y,z 

-1/2+x, 1/2-y,-l/2+z 
-l/2+x,1/2-y,-l/2+z 

1-x, -l/2 + y, 1-z 
1-x, -1/2 + y, 1-z 
-x,-l/2+y, 1/2-z 

X, y, Z 

l/2+x,l/2-y,-z 

All the cyclopalladates are soluble m common organic solvents. The electronic 

spectra of all cyclopalladates, recorded m dichloromethane, show several intense 

absorptions in the visible and ultraviolet regions (Table Il.8). The bands observed in 

the ultraviolet region with high molar extinction co-efficient are generally thought to 

be arisen from intraligand charge transfer transition and those in the visible region are 

due to metal-to-ligand charge-transfer transition 31
• To confirm the nature of the 

absorptions we proceeded to perform the time-dependent DFT (TDDFT) calculations 

of the representative cyclopalladates, viz .. 4a, 4h, 5, 8 and 10 in dichloromethane. 

The coordinates of these cyclopalladates are directly imported from their crystal data. 

It is well known that an experimentally used model of an excited state corresponds to 

excitation of an electron from an occupied orbital to a virtual orbital. Assignment of 

the character of each excited states are based on the compositions of the occupied and 

virtual orbitals of the dominant configurations for that excited state. The TDDFT 

results do not provide information on triplet-singlet absorption intensities since spin

orbit coupling effects are not included in the current TDDFT methods. Thus we have 

only calculated the singlet excited states and only the singlet states with oscillator 

strengths grater than 0.05 are listed. The frontier molecular orbital compositions, 
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excitation energies and oscillator strengths for the vanous absorption bands are 

reported in Table 11.9-11.17, together with the composition of the solution vectors in 

terms of most relevant transitions. The simulated spectra of Jb and 4b has been 

presented in Figure 11.22. The electronk spectra of 3b. 4b and 5 have been presented 

in Figure 11.23. 

Table 11.8. Electronic spectral data ofthe cyclopalladates 

Compound • 1 ( /M-1 -l).t Am~t,. nm E em 
Ja 265 (38, I 50). 366 (5,650). 429511 (4.900), 455sfi (6.400), 518 (16.600), 

549 (20,300). 

Jb 

4a 

4b 

s 
6 

275 (53,000), 402 (II ,300). 672 ( 11.050), 733 (II ,500) 

267 (10,300), 475 (2100), 571 (2,850) 

272 (39,500). 400 (8.800). 664 (7.950). 725 (8,200) 

416 (5,075). 540sh (2.700), 582 (3,900). 622 (4,200) 

268 (45,600). 466 (6,900). 551 (7.800) 

7 238 (45,600). 282sh ( 18.000). 292 ( J 7.800). 336 (20.650). 482 (7.350). 
625 (8,900). 665 (7.850) 

8 280 (21.650). 334 ( 13,000). 482 (5.250). 615 (5. 700) 

9 241 (38,500), 275 ( 15,600). 330 (21.1 00). 620 (5.200), 652 (6.300). 
10 242 (40,500), 285 (19,700). 455 (4,900). 630 (7.400), 665 (5,900). 

a In dichloromethane: sfiShoulder 

0.35 

0.30 

0.25 
s 
~ 0.20 c 
!l 
rn 

~ 0.15 

~ 0.10 

0.05 

0.00 
200 300 400 600 800 

Wavdent,rth (nm) 

Figure 11.22 Spectrum of 4a (pink) and 4b (green) computed in dichloromethane. 
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Figure 11.::!3 UV-vis spectra of4a (blue). 4b (green) and 5 (red) in dichlowmc-thane. 

11.2.4.1 Electronic Structure and Optical Ahsurption ,\'pee/rum ul4a. 

A detailed analysis of the highest occupied and lo\\est unoccupied molecular (•rhitals t,f 

4a is presented in Tabk 11.9. where orbital energies and composition in terms of atomi( 

contributions are reported. In case of HOMO (77a). the largest orbital contributions arisl' 

from the naphtholato orbitals with a small percentage of metal d orbitals. HOMO-I. 

HOM0-2 and HOM0-3 show a sizeable Pd-d character (23%. 66% and 34~1n 

respectively). The lov.est unoccupied molecular orbital (78al is mostly concentrated on 

the Lewis base. 4-picoline resulting from the combination of the p orbitals llf nitrogen 

and carbon. which mix in an antibonding fashion. The other LUMO·s have predominant 

ligand character. Jsodensity surface plot of the relevant MO"s is presented in Figun.· 

11.24. The HOMO-LUMO gap is computt'd to be - 1.76 eV. For 4a. the first absorption 

band at ca. 532 nm has a multitransition character and involves excitation from the 

highest occupied to the lowest unoccupied molecular orbitals. The absorption band. with 

an onset at 2.33 eV. involves multitransitions from 77a (HOMO) and 76a (HOMO-I) to 

the lowest unoccupied x* orbital delocali?t~d on the ligand. The transition has dominant 

intraligand x-x* character and small admixture of MLCT. The other absorptions in the 

visible region in 3b have common density redistribution features with a significant 

amount of metal to ligand charge transt't:r and more or less rr-x* intraligand densit) 

redistribution. The most intense transition ~'bserved in 4a in UV region (ca. 265 nm) 

involves excitation from 74a (HOM0-3). 7la (HOM0-6). 64a (HOMO-II) and 70a 

(HOM0-7) to 83a (LUM0+5). 80a lLliM0+2). 78a (LlJMO) and 80a (LUM0+2) 

respectively with predominantly intraligand rr-rr* character (Table: II. I 0). 
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Table 11.9 Energies and Percentage Composition of the Lowest unoccupied and Highest 
Occupied Kohn-Sham Orbitals of 4a in Terms of Pd and the I igand fragment3 

MO occ E(eV) Pd Ligand Donor 
83a 0 -1.712 17.66(dx2-y2); 11.54(d,z}; 1.18 (d,y). 22.86(C); 11.74(azo );4.12(0). 8.12(N) 
82a 0 -1.881 76.04 
8Ja 0 -1.937 85.77 
80a 0 -2.067 89.48 
79a 0 -3.315 1.02 (dxz)· 41.11 (N); 

54.23(C) 
78a 0 
77a 2 
76a 2 

-3.465 
-5.221 
-5.458 

2.0(du). 
3.30 ( dx2-y2); 2.48 ( dyz); 1.17( dxz)· 
9.83(d><2-y2); 5.88(dyz); 3.27(dz2); 
3.04(dxz); 1.27(dxy)· 

38.14 (C); 37.33 (azo); 8.12(0). 
50.64 (C) 12.56 (0), 10.57 (azo) 
53.5 (naphthyl) 

75a 2 

74a 2 

-5.656 23 (dx.z); 19.35(s), 17.72 (dyz); 
4.97(dxy); 1.18 (dz2). 

-5.992 20.08(dxy); 8.96(du}; 3.27 (du); 
1. 98 ( dx2-y2) 

8.14(azo) 

29.73(0); 10.51 (azo) 

73a 2 -6.117 10.23(pz); 1.46(dxy) 67.64(naphtholato) 
72a 2 -6.459 9.8(dz2); 1.6 (dxv) 77.15 (naphthyl) 

Bold characters are used for the HOMO (77a) and the LUMO (78a). 

Table 11.10 Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 4a. 

State Energy (eV) A cal Aexp f Composition Character (nm) (nm) 
SJ 2.3298 532 571 0.274 HOMO->LUMO (81.7%) ILCT+MLCT 
Ss 2.8288 438 475 0.044 HOM0-4->LUMO (92.3%) ILCT 

HOM0-1->LUM0+4 (28.0%) 
Sza 3.9163 316 0.068 HOM0-1->LUM0+5 (12.5%) LLCT+MLCT 

HOM0-1->LUM0+2 (12.4%) 

SsJ 4.6532 266 267 0.206 
HOM0-3->LUM0+5 (21.8%) MLCT+LLCT 
HOM0-6->LUM0+2 (16.4%) 
HOM0-9->LUM0+2 (38.9%) 

S1o 5.0117 248 0.060 HOM0-8->LUM0+5 (12.2%) MLCT+LLCT 
HOMO->LUM0+9 (10.5%) 

11.2.4.2 Electronic Structure and Optical Absorption Spectrum of 4b. 

The electronic structure of the cyclopalladate 4b shows that here again the HOMO (77a) 

is largely based on the naphtholato fragment of the ligand with a small contribution 

(9.53%) from the Pd-d orbitals. The HOMO-I (76a) orbital, ~0.82 eV lower than 77a, is 

localized mostly on palladium (65%). The next four lowest highest occupied molecular 

orbitals (75a, 74a, 73a and 72a) have 8.59%, 34%, 19% and 16% metal character 

respectively. LUMO+l (79a) orbital is largely based on 4-picoline. Isodensity surface 

plot of the relevant MO's is presented in Figure II.25. The HOMO-LUMO gap is 

computed to be -1.27 eV, i.e. 0.49 eV smaller than the corresponding computed value 

for the ortho-isomer (4a). Interestingly, this value nicely corresponds to the experimental 

red shift observed for the first visible absorption band in 4b (725 nm in 4b versus 571 nm 

in 4a). The reduction ofthe HOMO-LUMO gap in 4b is due to the raising of the HOMO 
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Figure II.24. Molecular orbital plots for the FMO' s of the cyclopalladate 4a. 
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Figure II.25. Molecular orbital plots for the FMO's of the cyclopalladate 4b. 
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energy computed in the ortho-isomer ( 4b) with respect to the peri-isomer (3b) ( -4.885 

eV versus -5.221 eV). In this case, the lowest energy band having an onset at 1.67 eV, 

mainly involves transition from 77a (HOMO) to 78a (LUMO). This transition has 

predominant intraligand n-n* character. 

Table Il.ll Energies and Percentage Composition ofthe Lowest Unoccupied and 
Highest Occupied Kohn-Sham Orbitals of 4b in terms of Pd and the ligand fragmenta 

MO occ E(eV2 Pd Ligand Donor 
83a 0 -1.799 90 
82a 0 -1.973 6.86(<1,...). 68.57 
8la 0 -2.128 27.4 (d,.J; 1.5 (dxy)- 49.04 3.5 
80a 0 -2.211 89.48 
79a 0 -2:276 88.98 
78a 0 -3.617 2.5 (dxy); l.4l(py)· 87.72. 
77a 2 -4.885 4.48 (dy.); 2.61 (dX) ); 2.44(dz2). 76.12 
76a 2 -5.703 33.44(dxz-y2); 19.01 (s); 8.3(dyJ; 2.29(dz:2); l.96(dxy)· 27 
75a 2 -5.905 5.49 (dz:l); 3.1 (dyz). 76 
74a 2 -5.988 20.97(da);2.30(dxy); 10.63 (dx2-y2) 59.05 
73a 2 ..{).059 14.31(dy.); 3.3l(dz:); 1.43 (dxz.y2)· 61.08 
72a 2 -6.340 11.85 (dxv); 2.3l(d,.); 1.64 {dxz)· 63.52 

Bold characters are used for the HOMO (77a) and the LUMO (78a). 

Table II.l2 Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 4b. 

State Energy (eV) A. cal A. 
f Composition Character 

(nm) (n:) 
s, 1.6720 742 725 0.098 HOMO-LUMO (93.5%) ILCT+MLCT 

s6 2.6800 463 0.174 
HOM0-4-LUMO (53.5%) 

ILCT+MLCT 
HOM0-3-+LUMO (15.3%) 

Ss 2.8919 428 400 0.032 HOM0-5-+LUM0+2 (80.4%) ILCT+MLCT 

S,9 3.6747 336 0.116 
HOMO-+LUM0+6 (56.8%) 

ILCT+MLCT+LLCT 
HOM0-2-LUM0+2i 14.6%) 
HOM0..{)-+LUM0+2 (13.8%) 

s42 4.3192 287 272 0.112 
HOM0-5-+LUMO+S (12.2%) 

MLCT +LLCT 
HOM0-5-+LUM0+4 (11.7%) 
HOM0-2-+LUM0+6 (10 .8%) 
HOM0-6-+LUMO+S (28.2%) 

s63 4.8059 257 0.079 HOM0-8-+LUM0+2 (16.8%) MLCT+LLCT 
HOM0-2-+LUM0+6 (9.1%) 

ll.2.4.3 Electronic Structure and Optical Absorption Spectrum of 5. 

The electronic structure of the cyclopalladate 5 shows that the HOMO (66 a.g) and 

HOMO-I (66 a.u) orbitals are a set of quasi degenerate orbitals. The largest orbital 

contributions arise from 2'-methoxynaphthalene fragment. The HOM0-2 (65 a.g) 

orbital, ~0.28 eV lower than 66 a.g, has moderate palladium-d character (25%). The next 

two lowest highest occupied. molecular orbitals (65 a.u and 64 a.u) have 17% and 52% 

metal character respectively. The largest orbital contribution in LUMO (67 a.g) arises 

from the diazene orbitals, resulting from the non bonding combination of the nitrogen p 
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orbitals. Molecular orbital plot for the relevant FMO's is presented in Figure ll.26. As 

shown in Table Jl.14, the low-lying absorption band at 695 nm corresponding to the 

electronic transitions from HOMO and HOMO-I to LUMO+J and LUMO respectively 

and has mixed character of ILCT and MLCT. The calculated most intense absorption 

peak is at 289 nm and this has dominant MLCT character. The assignment of the 

characters of all other excited states are present in Table II.l4. 

Table II.l3 Energies and Percentage Composition ofthe Lowest Unoccupied and Highest 
Occupied Kohn-S~am Orbitals of 5 in terms of Pd and the ligand fragmene 

MO occ E{eV~ Pd Ligand 
69a.g 0, -2.248 · 2.25(du); 1.81(d,a.y2); 1.24 (dyJ· · 83 .92 
69au 0 -2.247 2.7 1(du); l.81(d,a.y2); 1.24 (dyJ· 84.26 
68 a.g 0 -2.894 10.6(du); 9.92(d,a.y2); 5.65 (dyJ; 1.28(d><Y). 49; 14 (Cl). 
68 a.u 0 -2.91 I 10.6(du); 9.92(d,a.y2); 5.79 (dyJ; l.54(d><Y). 47; 12.12 (CI). 
67 a.u 0 -3.846 2.55(d.a.y2); 1.68 (dz:?); l.l7(d>a). 81.09(52.79 azo) 
67 a.g 0 -3.906 1.82(d.a-yz); 1.68 (du)· 82.38 (53 .1 I azo) 
66a.g ') -5.487 4.89(dxy)· 70.93 ... 
66 a.u 2 -5.545 4.02(d"Y). 75.15 
65 a.g 2 -5.764 8.8l(d"Y); 7.96 (du); 5.79 (dyJ; 2.03(dxz). 45.57; 8.96 (CI) 
65 a.u 2 -5.875 17.07 61.80 
64 a.u 2 -5.992 51 .82 30.15 

Bold characters are used for the HOMO (66 a.g) and the LUMO (67 a.g). 

Table II.l4 Selected TDDFT calculations of excitation energies, wavelengths (/...), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 5. 

State Energy (eV) A cal Aexp f Composition Character 
(nm) (nm) 

S2Au 1.7815 695 622 0.062 
HOMO-+LUMO+I (46.9%) 

ILCTIMLCT HOMO-J-+LUMO (45.8%) 

SsAu 24285 510 582 0.069 
HOM0-5-+LUMO (68.8%) MLCT/LLCT 
HOM0-7-+LUMO (10.3%) 

SJOA.u 2.5915 478 - 0.068 
HOM0-9- LUMO+ l (33.0%) LLCTIMLCT 
HOM0-10-+LUMO (28.8%) 

SnAu 2.781 9 445 - 0.109 
HOMO-l-+LUM0+3 (58.7%) 

ILCT 
HOM0-1-+LUM0+2 (23.6%) 

s, 6A. u 2.9486 420 416 0.106 
HOM0-12-+LUMO (35 .0%) ILCTIMLCT 
HOM0-11-+LUMO+l (30.3%) 

SnA.u 3.5476 349 - 0.074 HOM0-16-+LUM0+1 (62.7%) 
ILCT/MLCT 

HOM0-18- LUMO (18.6%) 
HOM0-10-+LUM0+4 (24.7%) 

S65A.u 4.2812 289 . 0.081 HOM0-14-LUM0+2 (21.4%) MLCT 
HOMO-J3- LUM0+3{12.4%) 

11.2.4.3 Electronic Structure and Optical Absorption Spectrum of8 and 10. 

The frontier molecular orbital compositions of 8 is presented in Table II. IS . Molecular 

orbital plots for the relevant FMO's of these two cyclopaJiadates are presented in Figure 

II.27 and 11.28. The calculated absorption spectra associated with their oscillator 

strengths, assignment, excitation energies are listed in Table II.16 and II.l7. The FMO 

compositions of the cyclopalladates 8 and 10 are similar to that of 3b and 4b. HOMO's 



66 a.g (HOMO) 67 a.g (LUMO) 

66 a.u (HOMO-I) 67 a.u (LUMO+l) 
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65 a.u (HOM0-3) 
68 a. (LUM0+3) 

Figure 11.26. Molecular orbital plots for the FMO's of the cyclopalladate 5. 
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69a (HOM0-2) 74a (LUM0+2) 

\ 

Figure II.27. Molecular orbital plots for the FMO's of the cyclopalladate 8. 
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Figure II.28. Molecular orbital plots for the FMO's of the cyclopalladate 10. 
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are almost entirely ligand based whereas sizable Pd-d contributions can be seen in 

HOMO-I and HOM0-2. LUMO+J 's are predominantly based on 4-picoline. As shown 

in Table II.l6-II.l7, the lowest lying singlet absorptions of8 and 10 are calculated at 657 

and 618 nm respectively. The lowest lying transition for 8 is a pure HOMO~LUMO 

transition whereas for 10 the same corresponds to single electron transition from HOMO 

and HOMO-I to LUMO. In both the cases, the absorption bands, with onsets at 1.87 eV 

(for 7b) and 2.00 eV, has dominant intraligand 1t-1t* character and small admixture of 

MLCT. The most intense transition observed in 8 in UV region (ca. 285 nm) involve 

multi excitations from HOM0-2 to LUM0+5 (26.7%), HOM0-3 to LUM0+3 (14.3%) 

and HOM0-3 io LUM0+2 (12.8%). The transition has a mixed character of MLCT and 

ILCT. The same absorption band in 10 (275 nm) is slightly blue shifted compared with 

that of8. 

Table 11.15 Energies and Percentage Composition of the Lowest unoccupied and Highest 
Occupied Kohn-Sham Orbitals of8 in Terms ofPd and the ligand fragmenta 

MO occ E~eV} 
77a 0 -1.475 
76a 0 -1.801 
75a 0 -2.014 
74a 0 -2.109 
73a 0 -2.411 
72a 0 -3.553 
7Ia 2 -5.163 
69a 2 -5.806 
68a 2 -6.045 
67a 2 -6.101 
66a 2 -6.622 
65a 2 -6.673 

Pd 

4.66 (dxz); 2.60 (dyz); 1.17 (py)· 
26. 95( dxz); 2.15( d:a). 

1.79 (dyz); l.08(py)· 
3.16(dxy); 3.12(dxz-y2): 2.39(dyz). 
22.0I(dzZ); 16.78(s); 15.47 (dxz.y2); 2.17 (dyz)· 
16.43(dxy); l3.12(dxz_,.2); 1.24 (du); 2.74 (dxz); 2.86 (s). 
8.18 ( dx2-y2); 1.68(dxy ). 
24.75(d"Y); 9.87 (dyz); 2.84(dxz-yz); l.ll(dzz). 
6.40(dxz_y2); 3.86 (da); 1.20 (dxy); l.82(d¥). 

Ligand 
91.78 

74.78 
47.55 

85.74. 
76.75 
28.26 
16.69 
75.91 
38.90 
62.87 

Donor 

97.33 

4.58 
91.22 

2.76 
6.83 

Bold characters are used for the HOMO (7la) and the LUMO (72a). 

Table 11.16 Selected TDDFT calculations of excitation energies, wavelengths (A-), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 8. 

,_ 

State Energy (eV) A cal Aexp f Composition Character (nm) (nm) 
SJ 1.8870 657 615 O.o31 HOMO--->LUMO (89.3%) LLCTIMLCT 

SJ 2.3906 518 482 0.075 HOM0-1--->LUMO (52.5%) 
ILCT/MLCT 

HOM0-2--->LUMO (31.5%) 
s6 2.8753 431 - 0.109 HOM0-4--+LUMO (70.9%} MLCTILLCT 

S,z 3.4062 364 334 0.167 
HOM0-5--->LUMO (49.5%) 

LLCTIMLCT 
HOM0-6---.LUMO (30.9%) 

SzJ 3.9698 312 - 0.057 HOMO--->LUM0+5 (66.9%) LLCTIMLCT 

HOM0-2-+LUM0+5 (26.7%) 
S3s 4.3496 285 280 0.194 HOM0-3-+LUM0+3 (14.3%) MLCT/ILCT 

HOM0-3-+LUM0+2 (12.8%) 
HOM0-6-+LUM0+3(19.6%) 

s64 4.9353 250 - 0.081 HOMO-l-+LUM0+6(15.9%) LLCTIMLCT 
HOM0-6-+LUM0+2(15.6%) 
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Table II.l7 Selected TDDFT calculations of excitation energies, wavelengths (/..), 
osciHator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for cyclopalladate 10. 

State Energy (eV) A cal Aexp f Composition Character 
(nm) (nm) 

sl 2.0044 618 630 0.057 
HOMO-+LUMO (64.3%) 

LLCTIMLCT 
HOM0-1-+LUMO (3 I .5%) 

s3 2.4059 515 - 0.253 
HOM0-1-+LUMO (52.8%) 

LLCTIMLCT 
HOMO-+LUMO (24.5%) 

s1 2.9303 423 455 0.105 HOM0-5-+LUMO (83.4%) MLCTIILCT 

sll 3.2778 379 - 0.126 
HOMO-+LUM0+2 (50.2%) 

LLCTIMLCT 
HOM0-6-+LUMO (I 6.8%) 
HOM0-4-+LUM0+3 (25.3%) 

S3o 4.0132 309 - 0.069 
HOMO-+LUM0+6 ( 19.0%) 

ILCT/LLCTIMLCT 
HOM0-5-+LUMO+I (15.7%) 
HOM0-3-+LUM0+3 (11.8%)_ 
HOM0-3-+LUM0+3 (19.4%) 

s47 4.5034 275 285 0.261 HOM0-6-+LUMO+I (12.6%) MLCT/LLCT 
HOMO-+LUM0+7 (8.4%)_ 
HOM0-6-+LUM0+5(35.2%) 

s64 4.9118 252 242 0.042 HOM0-6-+LUM0+4( 16.8%) ILCT/MLCT 
HOM0-5-+LUMO+ 3( 16.1 %) 

11.2.5 Conclusions 

In this study we have explored how the C(naphthyl)-H bonds can be selectively activated 

by palladium(ll) at room temperature using diazene group as primary donor with 

variation of auxiliary donors (substituents at 2'-position of aryl ring). 

l. Regioselective activation of C2(naphthyl)-H and C8(naphthyl)-H bonds has been 

achieved by palladium(II) where the primary donor is at Cl and the auxiliary donor is 2'

naphthol. The C,N-cyclopalladation with the keto form of l-(2'-hydroxynaphthylazo)

naphthalene followed by five membered N,O-chelation can explain the formation of 

isomer having C2-palladium(II) bond. The six membered N,O-chelation with the enol 

form of l-(2'-hydroxynaphthylazo )naphthalene followed by C,N-cyclopalladation 

results in the formation of isomer having C8-palladium(II) bond. 

2. The regiospecific activation of C2(naphthyl)-H bond by palladium(Il) has been 

realized with the change of auxiliary donor naphthol by neutral donor alkoxy group. Due 

to poor donor ability of the alkoxy group, formation of six membered N,O-chelate at first 

step is least probable, which prevents formation of peri-palladate. Therefore, only C,N

cyclometallation is operative resulting in C2(naphthyl)-palladium(II) bond formation: 

Thus exclusive product is ortho-palladate. 

3. Regiospecific C3(naphthyl)-H bond activation by palladium(II) has been achieved, 

when the primary diazene donor is at C2 of the naphthyl group with phenol or naphthol 
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as auxiliary donor. Here, C I and C3 are the potential sites for metallation. The 

preferential activation of C3(naphthyi)-H over C I (naphthyi)-H bond by palladium(II) 

arises from the enhanced softness ofC3(naphthyl) than that ofC !(naphthyl). 

4. Single crystal X-ray crystallography has been employed for the molecular structure 

elucidation and also to know the details of their structural aspects in the solid sate. 

Several non-covalent interactions, notably C-H · · ·n interactions and n stacking 

interactions between adjacent aromatic rings, have been found to stabilize the crystal 

packing in all the cyclopalladates. 

5. The simulated electronic spectra of the cyclopalladates using time-dependent density 

function theory' (TO-OFT) are in close agreement with the experimental spectra. 

6. The low energy absorptions are attributed to intraligand n-n* transitions & metal-to

ligand charge-transfer transitions whereas the high energy absorptions are due to 

intraligand n-n* transitions. 

11.3 Experimental 

11.3.1 Preparation of compounds 

a. Chemicals 

All reagents were obtained from commercial sources and used without purification, 

unless otherwise stated. The ligands (H2L 1, H2L3 and H2L 4) was prepared following 

the reported method32
• 1-(i-methoxynaphthylazo)naphthalene (H2L2

) was prepared 

by methylation of 1-(i-hydroxynaphthylazo )naphthalene33
• Thallium(I)cyclopenta

dieneide was prepared following a reported method34
. 

b. Synthesis of the ligands 
' . I (i) 1-(2 -hydroxynaphthylazo)naphthalene (H2L ) 

Yield: 65%. Anal. Calc.: C, 80.52; H, 4.73; N, 9.39. Found: C, 79.95; H, 4.52; N, 

9.31. 1H NMR (300 MHz; COCi]; standard SiMe4): & 6.90 (d, lH, J=9.4 Hz), 7.40 (t, 

lH), 7.55-7.66 (m, 5H), 7.73-7.82 (m, 2H), 7.90 (d, lH, J=8.l Hz), 8.19 (d, lH, J=7.5 

Hz), 8.32 (d, lH, J=8.3 Hz), 8.62 (d, IH, J=8.1 Hz), 17.23 (s, lH, -OH). 

(il) 1-(i-methoxynaphthylazo)naphthalene (H2L2) 

Yield: 75%. Anal. Calc.: C, 80.75; H, 5.16; N, 8.97. Found: C, 81.26; H, 4.92; N, 

9.01. 1H NMR (300 MHz; CDCh; standard SiMe4): & 4.04 (s, 3H, -OClh), 6.89 (d, 

lH, J:=9.4 Hz), 7.40 (t, 2H), 7.51-7.62 (m, 4H), 7.77-8.00 (m, 6H), 7.90 (d, lH, J=8.l 

Hz), 8.58 (d, lH, J=8.6 Hz), 8.87 (d, JH, J=8.1 Hz). 
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(iii) 2-(i-hydroxyphenylazo)naphthalene (H2L
3
) 

Yield: 55%. Anal. Calc.: C. 77.84; H. 5.38; N, I 0.68. Found: C, 78.02; H, 5.51; N, 

10.41. 1H NMR (300 MHz; CDC13; standard SiMe4): 8 1.54 {s, 3H, 5'-Me) 6.90 (d, 

IH, J=8.6 Hz), 7.26 (d, lH, J=8.1 Hz), 7.40-7.65 (m, 6H), 8.25 (d, lH, J=8.1 Hz), 

8.81 ( d, l H, J=8.6 Hz), 16.30 (s, I H, -OH). 

(iv) 2-(2'-hydroxynaphthylazo)naphthalene (H2L4
) 

Yield: 45%. AnaL Calc.: C, 80.52; H, 4.73; N, 9.39. Found: C, 80.25; H, 4.52; N, 

9.47. 1H NMR (300 MHz; CDCb; standard SiMe4): o 6.89 (d, lH, J=9.3 Hz), 7.37-

7.62 (m, 5H), 7.70 (d, 1H, J=9.3 Hz). 7.83-8.06 (m, 5H), 8.62 (d, lH, J=8.0), 16.34 

(s, IH, -OH). 

c. Isolation of the cyclopalladates 

Isolation of [PdL 1 (PPh3)} (3a and 3b) 

An ethanolic solution (10 cm3) of sodium tetrachloropalladate (0.05 g, 0.170 mmol) was 

slowly added to H2L 1 (0.04 g, 0.134 mmol) in ethanol (10 em\ The mixture was stirred 

for 8 h at room temperature and the colour of the mixture gradually changed to deep 

brownish red. A solution of triphenyl phosphine (0.05 g, 0.191 mmol) in benzene (5 

cm3
) was slowly added to the above mixture. The mixture was further stirred for 2 h at 

room temperature and deep pink red colour appeared. The mixture was kept for 

overnight. The solid residue was collected after the removal of solvent followed by 

washing with water and ethanoL The residue was dissolved in dichloromethane and 

chromatographed on silica gel (60-120 mesh size). A red violet band ofH2L
1 followed by 

a pink red band of (3a) were eluted by mixtures of petroleum ether and benzene in 9:1 

(v/v) and 3: l (v/v) respectively. Finally a green band of (3b) was eluted by pure benzene. 

Red colored compound (3a) and green coloured isomeric compound (3b) were collected 

from the pink red band and green band respectively. 

3a, Yield: 0.025 g, 30%. Anal. Calc.: C, 68.63; H, 4.09; N, 4.21. Found: C, 68.82; H, 

4.20; N, 4.11. 1H NMR (300 MHz; CDCb; standard SiMe4): o 6.41 (d, lH, J=9.0 Hz), 

6.78 (m, 2H), 7.37 (m, 2H), 7.43-7.53 (m, ISH, PPh3), 7.73-7.80 (m, 6H), 8.45 (d, IH, 

J=9.0 Hz), 8.81 (d, lH, J=9.0 Hz). 

3b, Yield: 0.015 g, 17%. Anal. Calc.: C, 68.63; H, 4.09; N, 4.21. Found: C, 68.71; H, 

4.15; N, 4.09. 1H NMR (300 MHz; CDCl3; standard SiMe4): o 6.17 (s, 1H), 6.55 (d, 2H, 
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1=9.1 Hz), 6.84 (d, IH, 1=8.0 Hz), 7.25-7.67 (m, PPh3 and other naphthyl ring protons). 

8.48 (d, IH, 1=7.8 Hz), 9.18 (d, IH, 1=8.0 Hz). 

Isolation of [PdL 1 (Pic)] (4a and 4b) 

Compounds (4a) and (4b) were isolated following the above procedure for 

compounds (3a) and (3b) respectively. 4-Methylpyridine was used instead of 

triphenylphosphine. The amounts of H2L 1 and sodium tetrachloropalladate used were 

0.04g (0.134 mmol) and 0.05g (0.170 mmol) respectively. The pink red band of 

compound ( 4a) was eluted by a mixture of petroleum ether and benzene (I: l, v/v) and 

then the isolation of green band of compound ( 4b) was made by benzene. 

4a. Yield: 0.017g, 25 %. Anal. Calc.: C, 62.98; H,3.86; N, 8.47. Found: C, 63.23; H, 

4.23; N, 7.55. 1H NMR (300 MHz; CDCI3; standard SiMe4): 5 2.52 (s, 3H, 5'-Me), 

6.84 (d, lH), 7.05 (d, lH, J=9.24 Hz), 7.22-7.55 (m, 5H), 7.57-7.74 (m, 7H), 8.38 (d, 

lH, J=7.4l Hz), 8.78 (d, lH), 8.90 (d, 2H). 

4b. Yield: O.OlOg, 15%. Anal. Calc.: C, 62.98; H;3.86; N, 8.47. Found: C, 62.75; H, 

3.62; N, 7.98. 1H NMR (300 MHz; CDCI 3; standard SiMe4): 5 2.39 (s, 3H, 5'-Me), 

6.56 (d, lH, 1=8.22 Hz), 6.69 (d, lH. J=9.ll Hz), 7.21-7.36 (m, 7H), 7.43-7.57 (m, 

4H), 7.64 (d, lH, 1=8.23), 8.44 (d, IH. 1=8.49), 9.17 (d, IH, 1=8.34 Hz). 

Synthesis of Di( p-chloro )bis(l-(1 '-napthylazo )-2-methoxy-C (2),N p)dipalladium(Il), 

[Pd(L2)Cl}, (5) 

An ethanolic solution (10 cm3
) of 1-(1'-napthylazo)-2-methoxynapthalene (0.075 g, 0.24 

mmol) was added to an ethanolic solution (20 cm3
) of sodium tetrachloropalladate 

(0.070 g, 0.24 mmol).The solution was stirred magnetically at room temperature for six 

hours. The resulting precipitate was filtered, washed with aqueous ethanol ( 4 X 5 cm3
) 

and dried and recrystallized from dichloromethane/ethanol. Yield: 0.095 g 82%. Anal. 

Calc.: C, 55.65; H, 3.34; N, 6.18. Found: C, 55.86; H, 3.52; N, 5.97. 1H NMR (300 MHz; 

CDCh; standard SiMe4): 5: 4.07 (s, 3H, OMe), 7.25 (m, 4H), 7.43-7.61 (m, 6H), 7.87-

7.94 (m, 2H). 

Isolation of ( rf -Cyclopentadienyl)(J-(1 '-napthylazo )-2-methoxy-C (2),N p)dipalladium(Il) 

{Pd(L 2)Clj, (6) 

To a suspension of [Pd(L2)CI] (5) (0.05 g, 0.055 mmol) in benzene(25 cm3
) was added 

solid TICp ( 0.036 g, 0.1 mmol) with stirring. The mixture was further stirred for four 

hours at room temperature. The colour of the solution became dark red. The precipitate 
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of TlCl was removed by filtration through a glass sintered (G-4 frit) funnel. The filtrate 

was evaporated under reduced pressure. The solid residue was dissolved in CH2Cb and 

chromatographed on a cellulose column. The compound (6) was eluted as deep red band 

using benzene as eluant. Removal of the solvent afforded the compound as dark red 

microcrystals. Yield: 0.04 g, 75%. Anal. Calc.: C, 65.26; H, 4.46; N, 5.64. Found: C, 

64.90; H, 4.58; N, 5.21. 1H NMR (300 MHz; CDCh; standard SiMe4): o: 4.06 (s, 3H, 

OMe), 5.62 (s, 5H, Cp- protons), 7.39 (s, 6H), 7.81 (s, 6H), 8.13 (s, 1H), 8.73 (s, 1H). 13C 

NMR (300 MHz; CDCb; standard SiMe4): o 57.08 (OMe). 96.16 (Cp), 114.18 (C2), 

122.48-138.61 (other aromatic carbons) 

Isolation of [PdL3(PPh3)] (7) 

Compound (7) was synthesized following the procedure outlined previously using 2-(i

hydroxyphenylazo)naphthalene as the ligand and triphenyl phosphine as the donor 

molecule. 

Yield: 42%. Anal. Calc.: C, 66.83; H, 4.33; N, 4.45. Found: C, 67.03; H, 4.26; N, 4.85. 
1H NMR (300 MHz; CDCh; standard SiMe4): o 2.26 (s, 3H, 5'-Me), 5.97 (d,lH), 6.53 

{d, lH, J==8.78 Hz), 6.71 (d, lH, J== 7.64 Hz), 6.95 (d, 1H, 1==8.79), 7.11-7.21 (m, 2H), 

7.39-7.48 (m, PPh3 signals), 7.87 (s, I H), 8.46 (d, I H), 9.19 (d. I H, J==9.00 Hz). 

Isolation of [PdL3(Pic)j (8) 

Compound (7b) was isolated following the procedure outlined previously using 2-(i

hydroxyphenylazo )naphthalene as the ligand and 4-picoline as the donor molecule. 

Yield: 52%. Anal. Calc.: C, 60.07; H, 4.16; N, 9.14. Found: C, 60.27; H, 4.22; N, 8.85. 
1H NMR (300 MHz; CDCh; standard SiMe4): o 2.18 (s, 3H, 5'-Me), 2.49 (s, 3H, Me 

protons of 4-picoline), 6.50-8.80 (aromatic protons). 

Isolation of [PdL4(PPh3)] (9) 

Compound (9) was isolated following the procedure outlined previously using 2-(i

hydroxynaphthylazo)naphthalene as the ligand and triphenyl phosphine as the donor 

molecule. 

Yield: 15%. Anal. Calc.: C, 68.63; H, 4.09; N, 4.21. Found: C, 68.54; H, 3.97; N, 4.55. 
1H NMR (300 MHz; CDCh; standard SiMe4): o 6.70 (d, lH), 7.10 (d, 1H, J=9.24 Hz), 

7.22-7.95 {m, 15H), 8.10-8.25 (m, 7H), 8.42 (d, lH, J=7.41 Hz), 8.80 (d, lH), 9.10 (d, 

2H). 



-59-

Isolation of [PdL 4 (Pic)} (10) 

Compound (10) was isolated following the procedure outlined previously using 2-(i

hydroxyphenylazo)naphthalene as the ligand and 4-picoline as the donor molecule. 

Yield: 18%. Anal. Calc.: C, 62.98; H, 3.86; N, 8.47. Found: C, 63.23; H, 4.23; N, 8.15. 
1H NMR (300 MHz; CDCb; standard SiMe4): & 2.52 (s, 3H, Me protons of 4-picoline), 

6.25-8.90 (aromatic protons). 

11.3.2 Physical Measurements 

Elemental microanalyses (C, H and N) were done by either Perkin-Elmer (Model 240C) 

or Heraeus Ca.r;lo Erba 11 08 elemental analyzer. The IR and Electronic spectra were 

recorded on Jasco 5300 FT -IR spectrophotometer and JASCO V -500 spectrophotometer 

respectively. NMR spectra were obtained by using Bruker DPX 300 NMR Spectrometer. 

11.3.3 Crystal Structure Determination 

Single crystals were grown by slow diffusion of hexane into dichloromethane solutions 

of the cyclometallates 4a, 3b, 4b, 5, 8 and 10. Selected crystal data and data collection 

parameters are given in Table Il.l8. Data on the crystals were collected on a Bruker 

SMART 1000 CCD area-detector diffractometer using graphite monochromated MoKa 

(A = 0. 71073 A) radiation by w scan. The structure was solved by direct methods using 

SHELXS-9i2 and difference Fourier syntheses and refined with SHELXL97 package 

incorporated in WinGX 1.64 crystallographic collective package35
. All the hydrogen 

positions for the compound were initially located in the difference Fourier map, and for 

the final refinement, the hydrogen atoms were placed geometrically and held in the 

riding mode. The last cycles of refinement included atomic positions for all the atoms, 

anisotropic thermal parameters for all non-hydrogen atoms and isotropic thermal 

parameters for all the hydrogen atoms. FuJI-matrix-least-squares structure refinement 

against I F2 I . Molecular geometry calculations were performed with PLA TON 36
, and 

molecular graphics were prepared using ORTEP-3 37
. 
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Table II.l8. Crystal data and data collection parameters ofthe cyclopalladates 

Identification code 3b 4a 4b 5 8 10 

Empirical formula C26H19N30Pd CJs Hz9 Nz Oz P Pd Cz6H19N30 Pd C42 H1o Cu N4 Oz Pd2 Ch C2l H19 N1 0 Pd Cz6HI9 N1 0 Pd 

Formula weight 495.86 683.06 495.84 906.40 459.85 495.84 

Temperature 298(2) K 293(2) K 293(2) K 298(2) K 298(2) K 298(2) K 

Ccystal system, space group Monoclinic, P2(1Yn Triclinic, P-1 Monoclinic, P2(1 Yc Monoclinic, P2(1Yn Monoclinic, P2(1) Orthorhombic, P212121 

a= 10.880(3) A a= 9.0278(12) A a= 15246(4)A a=I3.148(3)A a= 10.2088(7)A a"' 7.3923(14) A 

b=l7.184(4)A b = 12.6561(17)A b=7.451(2)A b = 12.008(3) A b = 7.4438(4)A b"' 13 848(3) A 

Unit cell dimensions 
c = 11.164(3))A c= 144336(19)A c= 18.482(5)A c= 13.215(3)A c = 13.2692(9)A c=20.149(4)A 

u=90" u=77.426(2)" a=90" a= 90" a= 90" a=90" 

13 = I 00.375(4)" 13 = 82.567(2)" p = 101615(6)0 p = 119.245(3) 0 p = I 02.436(2)• )3=90" 

y=9o• y = 74.423(2)0 y=90· 1 = 90" y=90· y=90· 

Volume 2053.1(9) A3 1546.0(4) A1 2056 6(10) A1 1820.5(7) A1 984.70(11) A3 2062.6(7) A3 

Z, Calculated density (Mglm 1
) 4, 1.604 2, 1.467 4, 1.601 2, 1.654 2, 1.551 4, 1.597 

Absorption coetllcient 0.928 nmf1 0.689 mm·' 0.926 mm·' 1.178 mm·' 0.960mm·1 0.924 mm·' 
I 

F(OOO) 1000 696 1000 904 464 1000 
I 

Crystal size 0.40 x 0.22 x 0.10 mm 0.35 x 0.26 x 0.12 mm 0.25 x 0.12 x 0.10 mm 033 x 0.22 x 0.11 mm 0.21 x0.16x0.08mm 0.22 x 0.18 x 0.09 mm 
I 

Theta range for data collection 
2.24 to 25.02 deg. 

2.66 to 25.01 deg. 136 to25.00 deg. 1.79 to 25.13 deg. 1.57 to 20.99 deg. I 2.50 to 24.98 deg. 
I 

I 

Limiting indices 
-12 :OS h :OS 12, -20 :5 k 5 20 -IO:Sh:SIO, -155k515 -18Sh:S15,-85kS8 -155h515,-l45k514 -9:5 h s 10,-7:5 k:::: 7 -8 5 h :::: 8, -16 5 k 5 16 

-13 515 13 -17:51517 -2051521 -15:51:515 -1351:511 -23 :5 I :5 23 
I 

19095 I 3622 13925 I 5230 14245 I 3607 16063/3212 331012004 18902/3504 I 
Reflections collected I unique 

[R(int) = 0 0264) [R(int) = 0.0277) [R(int) = 0.0%3) [R(int) = 0.0276) [R(int)=0.1221] [R(int) =0.0685] ! 

Data I restraints I parameters 3622/0/281 5230 I 01411 3607101281 3212/0/236 2004111255 350410/281 I 

Goodness-of-fit on F' 1.156 1.140 1.000 1.213 0.878 l.l89 

Final R indices [I>2sigma(l)] R1= 0.0293, wR2= 0.0744 R1= 0.0399, wR2= 0.1009 R1= 0 0941, wR2=0.2173 Rl= 0 0249, wR2= 0 06% Rl=0.0714, wR2=0.1662 Rl= 0.0556, wR2= 0 1072 1 

R indices (all data) Rl= 0.0312, wR2= 0.0755 Rl=0.0419, wR2=0.1024 Rl=O.l381, wR2=0.2523 Rl= 0.0277, wR2= 0.0813 RI=O.II87, wR2=0.1873 Rl=0.0592, wR2:0.J087 

Largest diff. peak and hole 0.406 and -0.267 eA"3 1.143 and -0.371 eA"1 1.301 and -0.601 e.A"3 0337 and -0.382 e.A"1 0.725 and -0.609 e.A"3 0.559 and -1087 eA"' 
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11.3.4 Method and Computational Details 

The calculations have been performed within the TDDFT formalism as implemented 

in ADF200738
• Two approximations are generally made: one for the XC potential, 

and one for the XC kernel, which is the functional derivative of the time-dependent 

XC potential with respect to density. We used LOA (local density approximation) 

including the VWN parametrization39 in the SCF step and Becke40 and Perdew

Wang41 gradient corrections to the exchange and correlation respectively and 

Adiabatic local Density Approximation (ALOA) for the XC kernel, in the post-SCF 

step. TD-DFT. calculations have been performed with the uncontracted triple-STO 

basis set with a polarization function for all atoms. In the calculation of the optical 

spectra, 70 lowest spin-allowed singlet-singlet transitions have been taken into 

account. Transition energies and oscitlator strengths have been interpolated by a 

Gaussian convolution with a cr of 0.2 eV. Solvent effects were modelled by the 

"Conductor-like Screening Model" (COSM0)42 of solvation as implemented in AOF. 

Regioselectivity for subsequent palladation at different C(naphthy)-H bonds 

were ascertained through evaluation of Fukui function 24
. For the calculation of 

condensed Fukui function (FF) values, gradient corrected BL YP with LOA VWN 

correlation potential method for the computations. All the structures have been 

optimized at the gradient corrected BL YP method, with LDA VWN 39 correlation 

functionals. The Huzinaga double-zeta basis set43 with polarization (OZP) is used. 

Single point energy calculations have been performed at the above level of theory for 

the cations of the conformers using the ground state optimized structures. The 

individual atomic charges (gross charge) calculated by Mulliken Population Analysis 

(MPA) have been used to calculated the condensed Fukui functions (fk-) using AOF. 
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CHAPTER 

Regiospecific C(naphthyl)-H Bond Activation by 

Platinum(ll): Isolation, Characterization, 

Reactivity and TDDFT Study of Platinum(ll) 

and Platinum(IV) Cyclometallates 



CHAPTER III 

Regiospecific C(naphthyl)-H Bond Activation by Platinum(II): Isolat\on, 

Characterization, Reactivity and TDDFT Study of Platinum(II) and 

Platinum(IV) Cyclometallates 

Abstract 

The regiospecific activation of C(naphthyi)-H bonds in a group of naphthylazo-i

hydroxyarenes (H2L) has been achieved by platinum(II) compounds under different 

reaction conditions and stable cycloplatinates [Pt(II)L(D)] have been isolated in presence 

of neutral Lewis bases (D). Structures of the cycloplatinates of platinum(II) have been 

established by single crystal X-ray crystallography. It is observed that platinum(II) 

centers are surrounded by C,N,O-terdentate ligand· frame (L) and Lewis base(D) in 

distorted square planar fashion. Extensive intermolecular association due to C-H ... . n and 

n .... n interactions is also observed in solid state. These platinum(II) cycloplatinates have 

been found to react with halogens and methyl iodide undergoing metal centered two 

electron oxidation affording platinum(IV) cycloplatinates with distorted octahedral 

geometry. In reaction with halogens and methyl iodide, trans oxidative addition has been 

found for [Pt(L)D] (D = 4-picoline) whereas cis addition has been observed for [Pt(L)D] 

where D is sterically more demanding triphenylphosphine. Structures of two 

representative platinum(IV) cycloplatinates have been determined by single crystal X

ray crystallography. Time dependent density functional study of both platinum(II) and 

platinum(IV) cycloplatinates has been done. Optical absorption spectra of the 

cycloplatinates in dichloromethane have been simulated using TDDFT method. The 

experimentally observed spectra of platinum(II) and platinum(IV) cycloplatinates in 

dichloromethane are in very good agreement with their corresponding simulated spectra. 
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111.1 Introduction 

Cyclometallation reaction is of considerable interest because of its role in the selective 

functionalization of C-H bonds 1
-
6 and numerous applications of the derived complexes.7

-

9 The topic of C-H bond activation reactions promoted by platinum( II) complexes, as a 

key step in the functionalization of small molecules 10
, has undergone a rapid growth due 

to its important applications. Some representative examples where platinum(Il) 

complexes have been extensively used includes alkane 10
•
11 and arene 12 functionalization, 

study of thermodynamic properties13
, synthesis of complexes with interesting optical 

properties (luminescence)14
, C-C coupling reactions9

•
15

, metallomesogen chemistry16
, 

anticancer agents 17 etc. Since the first report of platinum(Il) organometallics containing 

Pt-C(aryl) bond18
, the study of cycloplatination reaction has mainly been confined to the 

C(phenyi)-H activation16
• 

19
-
25 at C2 (ortho) position with respect to the donor bearing 

substituents. C(Naphthyl)-H bond activation by platinum(11) is relatively rare in the 

literature.Z6-28 Again, a number of studies on oxidative addition/ reductive elimination 

reaction of platinum(II) compounds bearing monodentate and bidentate phosphorous 

ligands as well as chelating nitrogen ligands have appeared in literature29
-
32 but 

cycloplatinates never enjoyed the same kind of preference.23
• 

31
• 

33 

. 
The present work stems from our interest in the C(naphthyi)-H bond activation by 

transition metal complexes.34
b·

34
c In this chapter we wish to report regiospecific 

C(naphthyi)-H bond activation by platinum(Il) complexes and isolation of divalent 

cycloplatinates in presence of Lewis base. Cycloplatinates with C,N,O coordination 

sphere are relatively sparse in literature. 16
b Oxidative addition reactions of halogens and 

methyl iodide to the square planar divalent cycloplatinates have also been reported. 

Moreover, TDDFT study of both divalent and tetravalent cycloplatinates has been 

presented. 

111.2 Results and discussion 

111.2.1 C(naphthyi)-H bond activation and isolation of divalent cycloplatinates 

Attempts to activate C(naphthyl)-H bond of 1-(i-hydroxyphenylazo)naphthalene (H2L1
) 

with Kz[PtCl4] in aqueous ethanol media at ambient temperature or elevated temperature 

met with failure. The failure may be attributed to the non-homogeneity of the reaction 

medium. The allyl platinum(II) complex [(l13-C4H7)Pt (J.t-Cl}h was chosen due to its 

high solubility in non-aqueous solvents. In chloroform solution it smoothly activates 

C2(naphthyl)-H bond of 1-(i-hydroxy-5'-phenylazo)naphthalene (HzL1
) at room 
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temperature and yields green coloured monomenc platinum(ll) cyclometallates in 

presence of Lewis bases(D) (Scheme I I I. I). The reaction time and yield were 6 hours 

and 65 % respectively. 

HO sl-qH; (("'-C,H~P> "•-Cilh 

H2LI _Q_ 

D 

Scheme III. I 

la 4-Picoline 
tb PPh3 

~~13 u 
_Q_ 

2a 4-Picoline 
2b PPh3 

D, _/~)\ 

-A:~-1-
~ CH3 

_Q__ 

3a 4-Picoline 
3b PPh3 

Alternatively, the C(naphthyi)-H bond activation by [(11 3-C4H7)Pt (f..l-CI)h was 

attempted on solid surface. Successfully. a better yield (70%) was obtained by heating 

the reaction mixture on silica gel plate in an air-oven at 120 °C for 6 hours. The 

cycloplatinates from the silica plates were eluted with the Lewis base solution (10%) m 

petroleum benzene (60-80 °C) /ethyl acetate ( 4: I, v/v). 

In an attempt to reduce the reaction time, the C(naphthyl)-H bond activation by [(ll3
-

C4H7)Pt (J.t-Cl)]z was carried out on silica gel surface in a microwave oven. The reaction 

was completed within 5 minutes with 72-77% yield. Finally, the cycloplatinates were 

obtained by eluting with the Lewis base solution (1 0%) in petroleum benzene (60-80 

°C)/ethyl acetate (4: I, v/v). 
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The presence of diazene group at C !(naphthyl) and phenolato function at i-aryl group in 

I -(i-hydroxy-5'-methylphenylazo )naphthalene ( l) may give rise to platination either at 

C2 or C8 position of the naphthyl group. Therdore, detailed single crystal X-ray 

crystallographic study of the cycloplatinates was carried out. The molecular geometry of 

the cycloplatinates Ia and lb along with the atomic numbering scheme are shown in 

Figure Ill. I and Figure 111.2 respecti,ely. Selected bond parameters are collected in 

Table Ill. I. 

Figure Ill. I The asymmetric unit of (Ia). with displacement ellipsoids drawn at the 
50% prohability level. 

... 
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Figure II1.2 The asymmetric unit of(lb). with displacement dlipsoids drawn at the 50% 
probability level. 



Interestingly in both the cases. exclusive C(2)-H bond activation is observed: the 

platinum(ll) center is found to be bonded to C2 (naphthyl) of 1-azonaphthyl fragment 

N2 of the diazo group, 01 of the phenolato function the N3 (in la) or P 1 (lb) atom of 

the neutral donor molecule. The complexes are essentially planar with the platinum atom 

in a distorted square-planar geometry. The maximum deviations represented by the 'bite' 

angles C(2)-Pt(l)-N(3) (for la) and C(2)-Pt(l)-P(l) (for lb) are 100.9(2)0 and 

100.10(14)0 respectively. In the cycloplatinate la, the Pt-N(azo) length, e.g. Pt(l)-N(2) 

(1.931(5) A) is shorter than the Pt-N(picoline), 2.035(6) A presumably due to greater n

accepter ability32 of the azo chromophore of the ligand over the picoline function. As a 

consequence, the N(l)-N(2) length of the coordinated azo ligand is elongated (l.27l(7) 

A). Thus, regiospecific cycloplatination has been found to occur in C2(naphthyi)-H bond 

of 1-(2'-hydroxy-5'-phenylazo)naphthalene (H2L
1

) in contrast to the corresponding 

cyclopailadation reaction34
b, 

34
c. 

In chloroform, complex [(rJ3-C4H7)Pt(J.l-Cl)]2 failed to activate C(naphthyl)-H 

bond of 1-(i-hydroxynaphthylazo)naphthalene (H2e) at room temperature. Even 

prolonged heating of the reaction mixture could not afford the desired cycloplatinates. 

The green coloured monomeric platinum(II) complexes, [Pt(e)D] (2a & 2b) were 

eventually obtained by heating the reaction mixture on silica gel for 12 h and subsequent 

treatment of 4-picoline and triphenylphosphine (Lewis base) respectively. The desired 

reaction was successfully carried out in microwave oven. The reaction time was 0.5 hrs 

and the yield 62-65 %. 

Table IlL l Selected bond lengths (A) and bond angles CO) for the cycloplatinates la, lb 
and 2a. 

la 
Pt(l)-C(2) 1.983(5) Pt(l)-0( I) 2.141(4) N(2)-C(Il) 1.400(8) 

Pt(l)-N(3) 2.035(6) N(l)-N(2) 1.271(7) 

Pt(l)-N(2) 1.931(5) N(l)-C(1) 1.399(8) 

C(2)-Pt(l)- N(3) 100.9(2) N(3 )-Pt( 1 )- 0( l) 98.17( 19) 

N(2)-Pt( l)-0( l) 81.48( 19) N(2)-Pt{l )-C(2) 79.5(2) 

lb 
Pt(l)-C(2) 2.004(5) Pt(l )-0( I) 2.109(3) N(2)-C(ll) 1.390(6) 

Pt(l)-P(I) 2.2543(12) N(l)-N(2) 1.275(5) 

Pt(l)-N(2) 1.997(4) N(l)-C(l) 1.406(6) 

C(2)-Pt(l)- P(l) 100.10(14) P(I)-Pt(I )- 0( I) 99.93(8) 

N(2)-Pt( I )-0(1) 80.92(13) N(2 )-Pt( 1 )-C( 2) 79.04(17) 



- 70-

Table Ill. I (Continued) 
2a 

Pt(l )-C(2) 1.980(5) Pt(l )-0( I l 2.105(4) NI2)-C(II) 1.400(6) 

Pt(I)-N(3) 2.031(5) N( I )-N(2l 1.291(6) 

Pt( I )-N(2) 1.941(4) N(I)-C( I) 1.413(6) 

C(2)-Pt( I)- N(3) 103.41( 19) N(3 )-Pt( I 1- 0( I) 95.28(17) 

N(2)-Pt( I )-0( I) 81.39(16) N(2)-Pt( 11-((2) 80.27(18) 

The molecular geometry ofthe complex 2a has been presentt!d in Figurt: IlL~ with atom 

numbering scheme. The platinum(ll) centre in 2a is found to be bonded to C2(naphthyl) 

of 1-azonaphthyl fragment. N2 of diazene group. 0 I of the naphtholato function and N3 

of picoline. Therefore 1-(2'-hydroxynaphthylazo)naphthalene binds platinum(ll) as a 

dianionic terdentate [C. N. Olligand. The tetra-coordination around platinum is almost 

planar. Selected bond lengths and bond angles are compiled in Table Ill. I. Thus. once 

again exclusive C2(naphthyl)-H has be~n observed. 

'¥ 
C5 

Figure 111.3 The asymmetric unit of (2a). with displacement ellipsoids drawn at the 50% 
probability level. 

It is expected that Pt-C8(naphthyl) bond formation with H2L 1 or H2L2 is possible when 

it is preceded by six membered N.O-chdation of platinum(ll). whereas Pt-C2(naphthyl) 

bond formation would be possible only. if cyclometallation at C2(naphthyl) occurs 

before N.O-chelation (Scheme 111.2). 
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Scheme III.2 Proposed sequential steps for activation of C2(naphthyi)-H [Route (i)] and 
C8(naphthyi)-H [Route (ii)] 

DFT calculation using 'Fukui function' for H2L1 or HzL2 shows that the softness of 

C2(naphthyl) & C8(naphthyl) are comparable (Table Ill.2). Therefore, exclusive 

activation of C2(naphthyl)-H bond can only be explained in terms of route (i) i.e. 

cyclometallation at C2(naphthyl) followed by N,O-chelation formation. The reluctance 

of soft platinum(II) to bind hard 0 1
- (phenolic/naphtholic) donor at initial stage excludes 

the possibility of C8(naphthyl)-H bond activation or route (ii). 

Table Ill.2 Values of the condensed Fukui function (fk-) at C2 and C8 atoms for the 
molecules H2L1 & H2L2

. 

Molecule fk- at C2 fk- at C8 

1-(i-hydroxy-5'-methylphenylazo )naphthalene (H2L 1) 

1-(i -hydroxy-5 '-methylnaphthylazo )naphthalene (H2L 2) 

-0.024 

0.038 

-0.027 

0.041 

The above results encouraged us to examine the possibility of activating other 

C(naphthyi)-H bonds by platinum(II) compounds. The compound 2-(2'-hydroxy-5'

methylphenylazo)naphthalene (H2L3
) was chosen wherein the primary donor (diazene 

function) is attached to the C2 atom of the naphthyl ring and thus offering two potential 

sites for metallation, viz. Cl and C3. The reaction between H2L3 and [(11 3-C4H7)Pt (f.!

Cl)]z followed the same pattern exhibited by H2L 1 (vide supra) and afforded single 

green coloured product (3a or 3b). Preliminary characterizations (microanalysis, mass 
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and 1 H NMR) on these complexes indicated the formation of the cycloplatinates. Single 

crystal X-ray diffraction study of 3a was undertaken to establish the exact site of 

metallation. The molecular geometry of the cycloplatinates 3a along with the atomic 

numbering scheme is shown in Figure 111.4. Selected bond lengths and bond angles are 

compiled in Table 111.3. 

Figure 111.4 The asymmetric unit of(3a). with displacement dlipsoids drawn at the 50% 
probability lewl. 

Interestingly, the C3(naphthyi)-H bond has been activated only and not even a trace 

amount of C 1 (naphthyi)-H activation was obserwd. Therefore the reaction is highly 

regiospecific in nature. 

The preferential activation C3-H bond over C 1-H of H2L3 by platinum(ll) calls for an 

explanation. Attempts have been made to explain it in terms of SHAB principle. DFT 

calculation using 'Fukui function' for H2L3 shows that the softness of C3(naphthyl) is 

higher than C I (naphthyl) (Sec 11.2). Thus bearing in mind the ·softness· of platinum( II). 

it seems reasonable to expect that platinum(ll) should preferentially bind C3 rather than 

C J in the molecule H2L3
. 

Table III.3 Selected bond lengths (A) and bond angles e) for the cycloplatinates 3a 

3a 
Pt( l )-C(3) 1.980( II) Pt( l )-0( I\ 2.111(8) N(2)-C(II) 1.440(16) 

Pt(I)-N(3) 2.035(7) N( l)-N(2) 1.265( 12) 

Pt(I)-N(2) I .928(6) N(l )-C(2) 1.422( 15) 

C(3 )-Pt(l )- N(3) 101.8(4) N(3 )-Pt( I)- 0( I) 95.7(.)) 

N(2)-Pt( I )-0( I) 83.1(4) N(2)-Pt( 1)-C( 3) 79.4(5) 
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111.2.2 Oxidative addition reactions 

The addition of halogens to organoplatinum(Il) complexes is of historical significance.39 

The fundamental mechanisms of halogen addition to the platinum(II) center have been 

elucidated for complexes with nitrogen-donor Iigands.4° Commonly halogens react with 

platinum(II) complexes with N-, P-, and As-donor ligands and undergo trans oxidative 

addition. In some cases the platinum(IV) products undergo subsequent isomerization to 

the thermodynamically stable cis isomers. 

van Koten et. a/. extensively studied the reactivity of halogens with organoplatinum(ll) 

complexes containing rigid terdentate pincer ligands. Addition of halogens X2 (X = Cl, 

Br) to [PtY(C6H3{CH2NMe2}2-Z,6] (Y= Cl, Br) afforded organo- platinum(IV) 

complexes, trans-[PtX2Y(C6H3{CH2NMe2}2-2,6]. With Y = phenyl and p-tolyl, 

exclusive cis addition of X2 (X = Cl, Br) occurs due to rearrangement of the product to 

the thermodynamically more stable cis-isomer. Interestingly, the reaction of l2 with 

[PtY(C6H3{CH2NMe2}2-2,6] (Y= p-tolyl) proceeds to give the expected platinum(IV) 

product, but a stable 11'-h platinum(II) adduct is formed when Y=I (Scheme 111.2). 

NMe2 

I Pt-I __ ___;;;....__~~ 

I 
NMe2 

Scheme III.2 

Initial 11 1-h coordination to the metal center is believed to be effected by overlap of the 

dz2 orbital of platinum(II) and the vacant cr* orbital (LUMO) of h, with the oxidation 

state of the platinum remaining unchanged.41 The steric constraints of the trans spanning 

nitrogen-donor ligand stabilize the 11 1-I2 adduct with respect to further reaction to give 

the platinum(IV) product. It is interesting to note that a 112-h intermediate required for a 

concerted process to occur in this case. The 112 -h intermediate, however, is never 

observed. Latter theoretical studies also show this bonding arrangement is less likely to 

occur than 11' coordination.42 

The bivalent cycloplatinates (la and 1 b) undergo smooth oxidation with halogens and 

methyl iodide in dichloromethane and produce platinum(IV) cyclometallates (4a-5c) in 

good yield. However, methyl iodide failed to react only with [Ptn (L 1)(PPh3)](lb). In all 

these cases oxidative addition took place with concominant 2e- oxidation of Ptn ~ Pt1v 

(Scheme III.3). Bluish green tetravalent cycloplatinates of the type [Pt~''(L)(D)(X2)] 

containing Pt(IV)-C(naphthyl) bond have been isolated. 
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XY 

X y 

4a 

4b Br Br 

4c CJ CJ 

4d CH3 

Sa 
Sb Br 

5c cr 

Scheme III.3 

Products 4a-5c have been characterized by elemental analyses, IR and 1H NMR 

spectroscopy (see experimental section). Single crystal X-ray diffraction studies of two 

representative Pt(IV) complexes with different Lewis bases (4a: D = 4-picoline & Sb: D 

= PPh3) have been undertaken. The ortep diagrams with the atom numbering schemes 

are shown in Figure IlLS and III.6 and selected bond parameters are collected in Table 

III.4. It is noteworthy that trans oxidative addition of halogen has been resulted in the 

case of cycloplatinate with 4-picoline adduct The complex 4a shows that platinum(IV) 

center is bonded to C2 of naphthyl ring, N2 of diazene function, 01 of phenolic 

fragment of the terdentate donor system and the N3 of the 4-picoline donor along with 

two mutually trans iodine atoms (Figure III.S) occupying the vertices of a distorted 

octahedron. Pt(l)-I(J) and Pt(l)-1(2) bond distances are very close to the reported 

value19
• In contrast, cis oxidative addition of halogen is observed in the corresponding 

cycloplatinate with PPh3 adduct Sb (Figure III.6). Here again the coordination geometry 

around platinum(IV) is distorted octahedral with the two bromine atoms at the cis 

positions to each other. 
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• 
Figure Ill. 5 The asymmetric unit of (4a). with displacement dlipsoids drawn at the 

50% prohability kvel. 

'<JI--.-r;.'-'20 -0 oo' 

( '2l 

v ,._.' ' 
v 

t. v 

Figure IIJ.6 The asymmetric unit of (5h.CH 2Ch> with displacement ellipsoids drawn at 
the 50% probability level. 

Table 111.4 Selected bond lengths (A) and hond angles (0
) for cycloplatinates 4a and Sb. 

4• 
Pt(l )-C(2) 1.979(16) Pt( I )-01 I l 2.185(12) N(2)-C(II) 1.330(2) 

Pt( I )-N(3) 2.061(13) N( I)-N12l I 0267( 19) Pt( I )-1( I l 2.6407( 14) 

Pt(l )-N(2) 1.985( 14) N(l )-0 I l 1.380(2) Pt(l )-1(2) 2.6522( 14) 

C(2)-Pt(l )- N(3) 105.5(6) N(3 l-Ptl I l- 0( I l ()3.9(5) 

N(2)-Pt( I )-0( I) 80.6(5) ;\1(2 l-Ptt I1-C( 2) 80.0(6) 

C(2)-Pt( I )-1( I) 87.7(51 Br(2)-Pt( I )-Br( I) 
89.08(.1) 

('(2 )-Pt( I )-1(21 90.6(5) P( II-PH I l-Hrl I ) 
176.10(5) 

0---------------------
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Table 111.4 (Continued) 
Sb 
Pt( l )-C(2) 2.012(7) Pt( l )-0( I) 2.140(5) N(2)-C( II) 1.409(8) 

Pt(l)-P(I) 2.3285( 19) N(l)-N(2) 1.289(8) Pt(l )-Br( I) 2.5042(8) 

Pt(l)-N(2) 1.965(6) N( 1)-C( I) 1.396(9) Pt( l )-Br(2) 2.4709(8) 

C(2)-Pt( I)- P(l) 94.62(19) P( 1 )-Pt( I)- 0( I) 87.22(13) 

N(2)-Pt(l )-0( l) 81.4(2) N(2)-Pt( 1)-C(2) 79.5(3) 

C(2)-Pt( l )-Br( l) 89.25(19) Br(2)-Pt( I )-Br( l) 89.08(3) 

C(2)-Pt( I )-Br(2) 99.3(2) P(l )-Pt( I )-Br(l) 176.10(5) 

Oxidative addition of alkyl halides and halogens on platinum(Il) can proceed via several 

mechanism. Depending on the metal substrate, alkyl halide, halogen and reaction 

conditions, either SN2 or free radical reaction has been identified. A number of studies on 

oxidative addition of halogens and alkyl halides to square planar platinum(ll) 

complexes43
•
44 have been reported. In most cases, reactions of halogens and alkyl halides 

with square planar cf platinum(ll) complexes having ligand frame which do not block 

vacant axial coordination sites45
, follow the polar SN2 pathway and afford kinetically 

controlled trans-platinum(IV) complexes44
a, although cis-products may result on 

b . 0 46 su sequent tsomensm. 

The present case provides a unique system where two possible types of oxidative 

addition reactions have been realized simply by changing neutral donor ligand (4-

picoline or triphenylphosphine). It is reasonable to believe that 4-picoline-platinum(ll) 

cyclometallate generates anion-cation intermediate [Pt11(L1)(4-picoline)Xtx- (X = 

halogens) in the oxidative reactions by halogens. In the second step x- attacks the 

intermediate trans to the metal bound halogen. On the other hand, it is most likely that 

the corresponding PPh3-platinum(II) cyclometallate forms trans addition product 

initially, followed by rapid rearrangement of the intermediate platinum(IV) complex to 

the corresponding cis isomer, probably due to the steric hindrance imposed by the 

sterically demanding triphenylphosphine. The formation of cis-[Ptn(L 1 )(PPh3)X2] 

indicates that the cis isomer is thermodynamically more preferred. 

For methyl iodide, the most likely mechanism for the SN2 reaction is nucleophilic attack 

on platinum to generate [Ptn (L1)(4-picoline)Metr, which rapidly rearranges to [Pt1v 

(L1)(4-picoline)Mel], 4d. The structure of 4d in solid state could not be determined as 

the single crystals of 4d could not be grown. The formation of the square pyramidal 

cationic species in related reactions has already been established47 and thought to be the 

key intermediate in reactions of methyl iodide and square planar platinum(II) complexes. 
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ESI mass spectra of this complex 4d in dichloromethane also give similar indication; it 

showed a ESI-MS peak at 563.2274 (100% abundance and with correct isotopic pattern) 

corresponding to the cationic [Pt11 (L 1 
)( 4-picoline )Met (see Figure Ill. 7). Additional 

information on the structure of 4d was obtained from NMR spectral data (vide infra). 

100 563.2274 

564.2348 

56222~ 

'0' e:s 
8 

J "' ... 
;;.. 

"i 
G3 
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94.0864 

3011952 
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279.1508 

2712393-11 1309.2643 691.r98 
c730 1318 567.24% tL.l 413!4374771610 (~00917 i. 

.L ..t " 
50 100 150 200 250 300 350 400 450 500 550 800 1150 700 750 800 1150 100 

Figure III. 7 The ESI mass spectra of 4d in dichloromethane. 

111.2.3 Spectral Properties 

(a) IR Spectra: 

mlz 
950 1000 

The infrared spectra of the compounds are collected in solid state as KBr disc. The IR 

spectra of lb, 2b, 3b, Sa-c show absorption in the range of 1088-1100 cm- 1 due to 

platinum(II) bound triphenylphosphine. Absorption in the region of 1394-1400 cm-1 for 

all the compounds show the presence of -N=N- group.48 

(b) NMR Spectra: 

The 1H NMR spectral data of the divalent and tetravalent cycloplatinates are compiled in 

the Experimental Section. The 1 H NMR spectrum of compound la displays two singlet 

at 2.34 and 2.42 8; the first one has been attributed to the presence of the methyl group 

attached to the phenyl ring associated with the cycloplatinate whereas the other signal 

corresponds to the methyl group of metal bound picoline. For the corresponding 

triphenylphosphine complex lb, the signal for the methyl group (5'-Me) appears at 2.17 

o. The methyl group of metal bound picoline present in cycloplatinates 2a, 3a, 4a, 4b, 4c 
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and 4d resonates as singlet in the region 2.4-2.6 <5. The 1H NMR spectrum of the 

cycloplatinate 4d contains a triplet at 1.80 <5 with Jrt-H=63 Hz confirming the presence of 

platinum bound methyl group. The smaller value of the coupling constant Jrt-H compared 

to the compounds containing Pt-Me bonds indicated the formation of a platinum(IV) 

compound.49 For all the cycloplatinates the signals for aromatic protons appear as 

complex pattern in the region 6.0-8.8 with correct integration ratio. 1H NMR spectra of 

the cycloplatinates la and lb has been shown in Figure III.8. The chemical shift values 

and integrations ofthe aromatic protons are presented in the Experimental Section. 

(c) FAB Mass: 

The F AB mass spectrum of the cycloplatinate la shows a cluster of peaks centered at 548 

and 455 amu, corresponding to [Mt and [M-Dt (D stands for Lewis base 4-picoline) 

respectively (Figure III.9a). On the other hand cycloplatinate lb shows intense peaks at 

718 and 455 amu attributable to [Mt and [M-Dt (D stands for Lewis base triphenyl 

phosphine) respectively (Figure III.9b). The isotopic pattern is in good agreement with 

the monomeric compositions. 

The corresponding platinum(IV) complexes show peaks corresponding to [Mt and 

[M-Xzt (X=halogen). The corresponding platinum(IV) complexes show peaks 

corresponding to [Mt and [M-X2t (X=halogen). The FAB mass spectrum of 4a has 

been shown in Figure III.9c as a representative case. 
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Figure III.8 1H NMR spectra of the cycloplatinates la (a) and lb (b) in CDCh. 
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Figure III.9 Fab Mass s~ctra of(a)[Pt 11(L1)(4-picoline)], (b) [Ptn(L1)(PPh3)] and (c) 

[Pt (L 1)(4-picoline)I2] in m-NBA matrix. 

111.2.4 Crystallographic Ana(vsis 

m/z 

Solid state structures of the platinum(II) and platinum(IV) cyclometallates have been 

thoroughly investigated by X-ray crystallography. The crystal structures of all 

complexes reveal two or three dimensional supramolecular assemblies with molecular 

components self-organized by C-H· • .o, C-H· • •N, C-H· •• :rc, and :rc ·-- :rc interactions. 
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Crystal Structure of 1 a & intra-/intermolecular interaction in solid :flute 

The molecular arrangement of (Ia) in the he plane has been presented in Figure III.J 0. 

The crystal packing has been tound to be stabililized by an intermolecular C-H ... rr 

interaction CI4-HJ4···Cg4 [where Cg4 is the centr0id ofthe CI-CIO ring at x. 112 -y.-

1/2 +z (Figure 111.11. Table lii.Sb). Moreover, the crystal packing is further stabilized by 

four intermolecular n· · ·n interactions (Figure 111.12. Table ll1.5a). The centroid-centroid 

distances are 3.691(4), 3.834(4). 3.708(4) and 3.708H) A: the corresponding 

perpendicular distances are 3.606. 3.565. 3.467 and 3.364 A with no slippages. 

Figure Ill. I 0 P<lcking arrangement in la . 

..... 
HI···~( )t·~M . ·~/--'"" ·-~~····~--
~~ 

t "' 

Figure III.! I Intermolecular C-H ... n interaction in la. Symmetry code: (i) x. 1/2-y.
ll2+z. Cg(4) is the centroid pfCI-CIO ring. 
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Figure 111.12 Intermolecular 1t-1t interactions in Ia. Symmetry codes: (i) -x. -l/2+y. 
1/2-z~ (ii) -x. l/2+y. 1/2-z. Cg(l). Cg(2). Cg(3) and Cg(4) are the centroids ofPtl-N2. 

Pt2-C2. N3-C22 and C 1-C I 0 rings respectively. 

Crystal Stru,·ture of I b & intra-lintermo/ecu/{lr inter{lction in .ttolid st{lte 

The crystal packing of lb (figure 111.13) is found to be stabilized hy several 

intermolecular C-H ... .n interactions (Figure 111.14). Geometric parameters of all the 

interactions are compiled in Tabk 111.5. 

Figure 111.13 Packing arrangement in I b. 

In the crystal structure the independent molecules an: linked together by C22-H22 · · · 0 I 

intermolecular hydrogen bond at -x, 1-y. -z (Table 111.5). 
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Figure 111.14 The inter mok\.'ular C-f·f... :c interactions lor t 1). indicated oy the dotted 
line.ISymmetr) codes: (il -··i -tx. y. z: (ii) -x. -y. 1-z: (iii) l 'x. y. 7. CgJ.( 'g-1 and< 'g

are the centroids of ( ! ··· ··C 10. ( ·s-< 'I 0 and C24-C29 rings respecti\ ely I 

CryJ.·tal Structure of2a & intra- !intermolecular interaction in :wlitl state 

The crystal packing arrangement in the gn:en cycloplatinate 2a is shown in Figure 111.15. 

The crystal packing has been found to he stabilized by two intermolecular C-H .. · rr 

interactions and one intermolecular C-H · 0 interaction. The intermolecular C-H rr 

interactions involve the centroids of the naphthyl rings C I 5~C 19 (Cg7) !symmetry 

codes: (i) 1-x, 1/2 + y. 1/2- z: (ii) x. 5/2- y. 1/2 + z] with the methyl hydrogen H26A and 

HS (Figure lll.l6): the H .. ·Cg bond distances are 2.97 and 2.87 A respectively (Table 

111.5 ). 
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Figure lll.l5 Packing arrangement in 2a. 

Figure 111.16 Two intermolecular C-H· ··)r interactions and one intermolecular C-H· .. 0 
interaction in the cycloplatinate 2a [symmetry codes: ( i) 1-x. 1/2 + y. 1/2- z: ( i i} x. 5/2 -

y. 1/2 + z]. 

Crystal Structure of 3a & intra-/intermolecular interaction in !J'olid l'tate 

The crystal packing arrangement in 3a is shown in Figure 111.17. The solid state structure 

reveals that two intermolecular C-H · .. ~'l interactions (Tahle 111.5. Figure 111.18) in 

between the methyl hydrogen (H 17 A) and the 4 electrons of two six membered ring of 

the naphthyl moiety (Cg4 and Cg5) arrange molecules in parallel fashion; Cg4 and Cg5 

are the centroids ofCI-C9 and C5-Cl0 rings respectively [Symmetry Code: l+x, y, z]. 

Moreover the crystal packing is stabilized by an intermolecular C4-H4· · ·0 1' [symmetry 
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codes: -x.-1/2+y. 1-z] interaction (Figun: 111.19) \\ hich actually arranges the molecules 

in an anti parallel fashion. 

Figure 111.17 Packing arrangement in 3a. 

Figure 111.18 Two intermolecular C -H · · · x interactions in the cydoplatinatt 3a 
[Symmetry Code: l+x. y, z]. 
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Figure 111.19 Intermolecular C-H- · ·0 interaction in 3a. [Symmetry Code: (i) -x,-1/2 + y. 
I -z] 

Crystal Structure of 4a and Sb & intra- !intermolecular interaction in solitl .vtate 

Various 'soft' interactions found in the solid state strul'tures of the platinum(IV) 

compounds (4a and Sb) have been compiled in Table 111.5. There are intermolecular C

H· ·· JC hydrogen bonding interactions (Table 111.5b, Figure 111.20) in compound 4a 

where C23 atom in the molecule acts as a hydrogen-bond donor. via H23A and H23B. to 

the Cg5' and Cg6" of another molecule !Symmetry code: (i) -x.l-y.l-z. (ii) -x.-l/2+y.l/2-

z]. Weak inter molecular n· · ·rr interactions arrange the molecules in anti parallel fashion. 

The C~::5-( '~::6• and ( '~::6--C~::5• [Symmetry code: -x. 1-y. 1-z; ( '~::5 and ( 'g6 are the 

centroids of C5--CIO and CII-CI6 rings respectively] distances are both 3.76 (8) A 

(Figure 111.21 ). 

Figure 111.20 Two intermolecular C-H .. · JC interactions in the cycloplatinate 4a 
[Symmetry Codes: (i) -x.l-y.l-z, (ii) -x,-l/2+y.l/2-z]. 
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Figure 111.21 Intermolecular rr-rr interactions in 4a. Symmetry code: (i) -x, l-y .1-z: ( 'g5 
and ( 'gn are the centroids of C5- -( · J 0 and C 11-C 16 rings respectively. 

Similarly the solid state structure pf 5h is characterized hy t\\\) intramolecular 

mteractions !C25---H25 01 and C~5 HJ5 Br2). one intermolecular C--H ·0 

mteraction (C36--·-H36A 0 t distanc~.· king 2.50 A: symmetry operator ts l/2-x. I /2-

y.l-z). The crystal packing is further stabilized hy intermokcular C-H· · · ,7 hydrogen 

bonding interactions where C20 atom in the molecuk acts as a hydrogen-bond donor. ria 

H20 A to the ( 'g8' of another molecule !Symmetry wde: (i) -:x..l-y.l-z. ( ii) -x.-1/2+y.l!:2-

z J. lt is interesting to note that although dcctron-rirh mdal ions with a lo\\ coordination 

number (typically Pt) are known to act as proton acceptors in a weak hydrogen hond51
'. 

C-H · · · Pt interaction is found only in 5b. There is an interm<"lle\:ular C-H · · · Pt interaction 

between Ptl and H36A (length being -,,6() A Symmetry code: 1/2- x. 1/2 -y. I -z) and 

two intramolecular C-H .. ·Pt interactions (C25-H25· ·Ptl and C35-H35 Ptl ). 

Table 111.5a Geometric parameters ofthr: n rr interactions 

n-· .. 1t Cg .. ·Cg/A CgJ PerpiA CgJ Perp/A Slippage/A 

lb6 Cg(8)-+Cg(8) 3.709(3) 3.280 3.279 

laa Cg(3)-+Cg(4) 3.708(4) 3.467 3.364 
Cg(4)-+Cg(3} 3.708(4) 3.364 3.467 

1.733 
4ac Cg(5)-->Cg(6) 3.762(11) 3.510 3.398 

Cg(4)-->Cg(6) 3.994(4) 3.lW! 3.741 
5bd Cg(5)-+Cg(6) 3.618(41 3.529 3A25 

Cg(6)-+Cg(4) 3.648(14) 3.560 3.583 
·' Cg (3) and Cg(4) are the centroids ofN3-C22 and CI-CIO rings respectively. 
"Cg(8) is the centroids ofC30-C35 ring. 

Symm. Op. 
-x.-1 12+y, 1/2-z 
-x, I i2 ""Y, 1/2-z 

1-x.l-y,-Z 
I -x.I-y, 1-z 

I /2-x. 3/2-y. 1-7 
X. y, Z 

1-.x.l/2+}.1-z 

"Cg(5) and Cg(6) are the centroids of CI-CIO. C I 1-C20 and C 15-C 19 rings respectively. 
" Cg( 3 ). Cg( 5) and Cg( 6) are the centroids of C I -C I 0. C 11-C:~O and (' 15-C 19 rings respecti\ dy. 
"Cg(3) and Cgl4) are the centroids of·"'-n-C22 and C 1-C H) rings respectively. 
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Table Jll.5b Geometric parameters of the C-H · · ·rr interactions 

H· · ·Cg/A y" C-H· · ·Cgl a H · ·Cg!A Symm. Operation on 
Cg 

la6 Cl4-Hl4· ··Cg(4) 2.82 13.70 134 3.536(8) x,l/2-y,-l/2+z 
C5-H5···Cg(7} 2.72 1.91 146 3.532(5) -l+x, y, z 

lbc C28-H28···Cg(4) 2.98 20.16 154 3.838(5) -x,-y,l-z 
C31-H31···Cg(4) 2.76 13.29 139 3.510(5) l+x,y,z 
C32-H32···Cg(3) 2.91 5.69 126 3.539(6) l+x, y, z 

28
d C5-H5· · ·Cg(7) 2.87 11.32 129 3.527(6) x, 5/2-y, l/2+z 

C26-H26A· .. Cg(7) 2.97 5.05 131 3.676(8) 1-x, l/2+y,ll2-z 

38
• Cl7-Hl7A· .. Cg(4) 2.83 22.46 174 3.783(16) l+x, y, z 

Cl7-Hl7 A·· ·Cg(5) 2.95 27.59 127 3.606( 16) l+x, y, z 

48
r C23-H23A .. ·Cg(5) 2.82 16.05 162 3.75(2) -x, 1-y, 1-z 

C23-H23B .. ·Cg(6) 2.75 7.63 149 3.61(2) -x, -l/2+y, l/2-z 
5bg C20-H20· .. Cg(8) 2.96 25.90 161 3.850(12) 1/2-x, 3/2-y, 1-z 
·l = angle defined 1:1y a line connecting center of gravity of the aromatic ring with H atom and the normal 
to the aromatic ring. 
b Cg( 4) is the centroid of the ring C 1-C I 0. 
c Cg(3), Cg(4) and Cg(7) are the centroids ofCI-CIO, C5-C9 and C24-C29 rings respectively. 
d Cg(7) is the centroids ofC15-C 19. 
• Cg(4) and Cg(S) are the centroids ofCl-C9 and C5-CIO rings respectively. 
r Cg(5) and Cg(6) are the centroids ofC5-CIO and C II-Cl6 rings respectively. 
s Cg(8) is the centroids ofC30-C35. 

Table III.Sc Geometric parameters of the hydrogen bonding interactions 

d(D-H)I A d(H-··A)/ A d(D .. ·A)/ A D-H .. ·AJO 

•C31-H31 .. ·01 0.93 2.50 3.075(6) 120 
lb C22-H22 .. ·01 0.93 2.58 3.458(6) 158 

2a 
•C18-Hl8 .. ·N2 0.93 2.30 2.913(6) 123 
C3-H3 .. ·01 0.93 2.54 3.245(7) 133 

4a •ct8-Hl8 .. ·01 0.93 2.55 3.09(2) 117 

5b 
*C25-H25 .. ·0 l 0.93 2.21 3.035(11) 121 
*C35-H35 · · · Br2 0.93 2.81 3.644(8) 150 
C36-C36A .. ·01 0.97 2.50 3.113(11) 121 

* Intramolecular hydrogen bond 

111.2.5 Electronic Spectra and Excite(/ Singlet State Calculations 

Symm. Operation 
on A 

X, y, Z 

-x, 1-y,-z 
x,y,z 

1-x,l /2+y, I /2-z 
X, y, Z 

X, y, Z 

x,y,z 
1/2-x,l/2-y,1-z 

All the cycloplatinates are soluble in common organic solvents such as dichloromethane, 

acetonitrile, acetone, etc., producing either yellowish green (divalent cycloplatinates) or 

bluish green (tetravalent cycloplatinates) solutions. Spectral data are presented in Table 

III.6. Electronic spectral pattern of the divalent cycloplatinates has been shown in Figure 

11!.22. The cycloplatinates show several absorptions in the ultraviolet and visible region. 

The bands appearing in the visible region are generally assigned to metal to ligand 

[d(Pt)~7t (azo)] bands23
• Whereas absorption in the ultraviolet region are attributed to 

n~1t*, 1t~1t* transitions occurring within the ligand orbitals. Various studies by 

qualitative EHMO calculations have been performed on computer-generated models of 

related azo complexes36 but till to date no comprehensive theoretical investigations have 
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been made in this regard. This prompted us to use TD-DFT study to provide insight into 

the electronic spectral properties of the platinum(Il) and platinum(IV) compounds. The 

compounds la, lb, 4a,and 5b have been chosen as models for the study. Their 

coordinates are directly imported (as .mol file) and single point calculation has been 

performed (see experimental section in Chapter II for full computational details). 

Table 1Il.6 Electronic spectral data of the complexes 

Compound Amaxlnm ( EIM'1 em -l t 
la 230 (38,500), 260sh (26,200), 310 (21, 700), 346 ( 11 ,400), 422 (1 0,400), 

776 (4, 100), 890 (3,900). 
lb 230 (57,000), 310 (19.500). 346 (13,200), 428 (9,800), 800 (4,200), 900 

(3,800). 
2a 231 (39, 700), 395 (12, 1 00), 395 (2,850) 
2b 272 (39,500), 400 (8,800). 664 (7,950), 725 (8,200) 
3a 230 (35,800), 342 (28,000), 470 (12,700), 500 (14,100), 660 (4,000). 
3b 232 (56,500), 346 (32,500), 478 (13,000), 508 (14,500), 676 (5, 1 00). 
4a 230 (34,400), 268 (26,200), 392 (8,400), 628 (4,800), 674 (4,600) 
4b 231 (36,500), 272 (20,500). 402 (9,200), 630 (8,500), 680 (7,500) 
4c 230 ( 41 ,600), 630 (7, 1 00). 676 (7,400). 
4d 230 (36, 100), 626 ~,900), 658 (6, 1 00). 
Sa 230 (77,300), 296 s (38.800), 408 sh (14,400), 634 (9,000), 682 (I 0,1 00). 
5b 232 (85, 1 00), 625 ( 15,600), 680 ( 12, 700). 
5c 230 (95,100), 624 (12,500). 6_76_(o._1_3,'-90_0_£..). _________ _ 
a In dichloromethane: shShoulder 

2.0 .------------

1.5 

1000 

Wavelength (nm) 

Figure III.22 Electronic spectra of the divalent cycloplatinate la (pink), lb (blue), 3a 
(green) and 3b (purple) in dichloromethane. 
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111.2.5.1 Electronic Structure and Optical Absorption Spectrum ofla. 

A detailed analysis of the highest occupied and lowest unoccupied molecular orbitals 

la is presented in Table 111.6, where orbital energies and composition in terms ofatomi 

contributions are reported. The largest orbital contributions in HOMO (75a}, arise fro 

the ligand orbitals, resulting from the combination of the carbon and nitrogen p orb ita 

with a small percentage ofmetal dorbitals (~15%). HOMO-I (74a), and HOM0-2 (73c 

show a sizeable Pt-d character (9% and 36% respectively). HOM0-3 (72a), on the othe 

hand is mostly platinum based (82% d character). HOM0-4 (71a) and HOM0-5 (70a 

are a set of quasi degenerate orbitals having sizeable Pt-d character (31% and 47% 

respectively). The lowest unoccupied molecular orbital (76a) is mostly concentrated on 

the naphthylazophenol moiety. The LUMO+t (77a) and LUM0+2 (78a) are mainly 

based on the donor molecule, 4-picoline orbitals, resulting from the combination of 

carbon p orbitals and nitrogen p orbital, which mix, in an antibonding fashion. The 

composition of other LUMO's are indicated in the table. lsodensity surface plot of the 

relevant MO's is presented in Figure 111.23. The HOMO-LUMO gap is computed to be 

1.095 eV. The absorption spectra of ta obtained using TO-OFT procedure showed a 

number oftransitions within the visible and ultraviolet region and good correlation with 

the experimentally observed spectra of ta in dichloromethane are observed (Table 111.7). 

The result show that electronic transition with dominant contributing configurations 

involving the HOMO~LUMO orbital pair occurs at 903 nm (1st excited state). The 

experimentally observed spectrum of Ia in dichloromethane shows a broad peak 

corresponding to this transition. The broadening of this band possibly emanate from the 

mixing of the LLCT and MLCT transition. Transition involving HOM0-4~LUMO 

orbital pair in their dominant configurations appears at 470 nm (6th excited state) and 

has been assigned to be mixture of MLCT and LLCT transitions. The other absorptions 

in the visible region in la have common density redistribution features with a significant 

amount of metal to ligand charge transfer and more or less 1t-1t* intraligand density 

redistribution. The most intense transition observed in la in UV region (ca. 260 nm) 

involves excitation from 75a (HOMO), 74a (HOMO-I), 7la (HOM0-4) and 70a 

(HOM0-5) to 79a (LUM0+3), 80a (LUM0+4), 84a (LUM0+8) with predominantly 

intraligand 1t-1t* character. 



75a(HOMO) 76a(LUMO) 

74a (HOMO-I) 77a(LUMO+ l) 

73a (HOM0-2) 78a (LUM0+2) 

72a (HOM0-3 79a (LUM0+3) 

Figure III.23. Molecular orbital plots for the FMO's ofthe cycloplatinate la. 



l03a (HOMO) 104a (LUMO) 

l 02a (HOMO-l) I 05a (LUMO+ I) 

lOla (HOM0-2) 106a (LUM0+2) 

l OOa (HOM0-3) 107a (LUM0+3 

Figure III.24. Molecular orbital plots for the FMO' s of the cycloplatinate 1 b. 
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Table 111.6 Energies and Percentage Composition of the Lowest Unoccupied and 
Highest Occupied Kohn-Sham Orbitals of J a in terms of Pt and the ligand fragmenta 

MO occ E(eV) Pt Ligand Donor 
8la 0 -1.047 20.00 (du); 13.51 (d,2-yz); 1.09 (dxz); 6.27 (dyz)· 38.73 6.5l(N) 
80a 0 -1.514 1.09 (du). 88.29 
79a 0 -2.009 76.06 12.75 
78a 0 -2.089 89.48 83 .06 
77a 0 -2.422 2.53 (dxy) - 86.52 
76a 0 -3.696 3.96 (dxy }; 2.78(py)- 75.12 
75a 2 -4.791 6.57( da); 6.13( dyz); 2.65 ( d,.z.yz). 68.09 
74a 2 -5.762 6.07(dxy); 1.88 (dxz.y2); I.IS(dxz). 75.43 
73a 2 -5.963 25.85 (dxz); 8.58(dxy); 1.06(pz). 43 .62 2.22 
72a 2 -6.058 33.85(dxz.yz); 20.45 (s); 18.32(dyz); 7.71(d.z}; 1.67 (dxy)- 7.95 
71a 2 -6.101 20.60 (dyJ; 6.71(d.z); 1.7 1 (dxy); 1.71 (s) 55.80 
70a 2 -6.459 35.66{d1!:t); 8.50(dxJ; 2.86 (da-~2) . 38.83 3.02 

Bold characters are used for the HOMO (75a) and the LUMO (76a). 

Table III. 7. Selected TDDFT calculations of excitation energies, wavelengths (A), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichJoromethane solution for complex la. 

State Energy (eV) A. cat A exp (nm) f Composition Character 
(nm) 

s 1 1.3735 903 776,890 0.047 HOM0-4LUMO (97.2%) ILCT+MLCT 
s 6 2.6382 470 422 0.115 HOM0-4-+LUMO (79.7%) MLCT+LLCT 
S w 3.2894 377 - 0.137 HOM0-6-+LUMO (84%) ILCT+MLCT 
s l3 3.5623 348 - 0.21 5 HOMO-+LUM0+4 (63.4%) ILCT+MLCT 

HOM0-8-+LUMO{ll.3%) 
S19 3.7263 333 310 0 .073 HOM0-4-+LUMO+ I (40.4%) MLCT+ILCT 

HOM0-2-+LUM0+1 (25.9%) 
HOM0-8-+LUMO (18.1%) 

Sn 4.344 285 - 0.059 HOM0-6-+LUMO+ I (31.8%) ILCT+LLCT+ 
HOM0-11-+LUMO (19.7%) MLCT 
HOMO-l-+LUM0+4 (17.7%) 
HOM0-5-+LUMO+l (12.9%) 

S4s 4.7549 260 260 0. 158 HOMO-l-+LUM0+4 (18.7%) LLCT+ILCT+ 
HOMO-+LUM0 +8 (15.3%) MLCT 
HOM0-4-+LUM0+4 (9.3%) 
HOM0-5-+LUM0+4 (8.5%) 
HOM0-4-+LUMO+ 3 _(8.4%) 

s69 5.3 104 233 230 0.067 HOM0-11 -+LUMO+J (36%) LLCT+MLCT 
HOM0-3-+LUMO+S (23 .2%) 
HOM0-5-+LUM0+4 (9.3%) 

111.2.5.2 Electronic Structure and Optical Absorption Spectrum of lb. 

The electronic structure of the complex 1 b shows that here again the HOMO ( 1 03a) is 

largely based on the naphtholato fragment of H2L 1 with a moderate contribution (18%) 

from the Pt-d orbitals. The HOMO-I ( l 02a) orbital, - 1.0 e V lower than 1 03a, is also 

localized mostly on the naphthylazophenolic fragment (80%). Largest orbital 

contribution in HOM0-2, on the other hand, arises from platinum orbitals (77%). The 

lowest unoccupied molecular orbital (LUMO) is mostly ligand based. LUM0+2, 

LUMO+ 3 and LUM0+4 are largely based on the Lewis base, triphenylphosphine. A 
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detailed analysis of the highest occupied and lowest unoccupied molecular orbitals of l b 

is presented in Table TIT.8, where orbital energies and composition in terms of atomic 

contributions are reported. 

Table III.8 Energies and Percentage Composition of the Lowest Unoccupied and Highest 
Occupied Kohn-Sham Orbitals of 1 b in terms of Pt and the ligand fragmene 

MO occ E(eV) Pt Ligand Donor 
109a 0 -1.765 
108a 0 -1.994 1.01 (dxy). 
l07a 0 -2.058 5.76 (dxy); 1.81 (dy.): 1.34 (s). 
l06a 0 -2.096, 
105a 0 -2.211 

2.87 
80.81 

104a 0 -3.883 2.74 (Py); 1.41(dx2-y2). 79.79 
l03a 2 -4.841 6.54 (dxz); 6.14 {dx2-y2) ; 4.95 (dyJ· 68.()2 
102a 2 -5.849 2.3l(du). 79.84 
lOla 2 -6.091 22.29(dy,);21.68(d,.,); 18.66(s); 13.93(du);5.96(dxy). 1.51 
lOOa 2 -6.143 8.33 (dxz); 8.29 (dx2-y"); 4.57(dxy); 3.63 (dy2); 1.4 (p,.). 51 
99a 2 -6.155 12.15 (dx2-y2) ; 4.81(dy.); 4.57 {dxz); J.03(dxy)· 54.86 

88.33 
86.39 
65.29 

85.38 

98a 2 -6.355 4.71 (d.,). 17.44 48.54 
Bold characters are used for the HOMO (l 03a) and the LUMO (l 04a). 

Table III.9 Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for complex 1 b. 

State Energy (eV) Aocal Ao exp f Composition Character 
(nm) (nm) 

s, 1.2060 1028 900 0.136 HOMO-+LUMO (97.4%) ILCT+MLCT 
Ss 2.4974 495 - 0.069 HOM0-4-+LUMO (64.1%) MLCT+LLCT 

HOM0-5-+LUMO _(19.2%) 
s,9 3.3103 375 428 0.072 HOMO-+LUM0+6 (65.7%) ILCT+MLCT 

HOM0-13-+LUMO (14.2%) 
S24 3.6446 340 346 0.020 HOMO-+LUM0+2 (93.3%) ILCT+LLCT 
Ss9 4.5332 270 - 0.012 HOM0-5-+LUM0+2 (42.0%) LLCT +ILCT 

HOM0-5-+LUM0+3 (18.3%) MLCT 
HOM0-7-+LUM0+2 (11.8%) 

111.2.5.3 Electronic Structure and Optical Absorption Spectrum of 4a. 

A detailed analysis of the highest occupied and lowest unoccupied molecular orbitals of 

4a is presented in Table III.l 0, where orbital energies and composition in terms of 

atomic contributions are reported. The electronic structure of the cycloplatinate 4a shows 

that the largest contribution in HOMO (82a) arises from the naphthylazophenyl 

fragment. HOM0-2 & HOM0-3 are mostly based on iodine and contain 8 and 4% metal 

d character respectively. The lowest unoccupied molecular orbital (LUMO) in 4a is also 

found to be localized on naphthylazophenyl fragment. LUMO+ 1 is based on metal 

(30%) and the electrophile (64%). Larger contribution from the donor Lewis acid (4-

picoline) arises in case of LUM0+2 (84%) and LUM0+5 (89%). Based on TDDFT 

study, the low-lying absorption band at 735 nm corresponding to the electronic 

transitions from HOMO to LUMO and has dominant ILCT character. The calculated 



82a(HOMO) 83a(LUMO) 

81a(HOM0-1) 84a (LUMO+ I) 

80a (HOM0-2) 85a (LUM0+2) 

79a (HOM0-3) 86a (LUM0+3 

Figure IIL25. Molecular orbital plots for the FMO's of the cycloplatinate 4a. 



120a(HOMO) l2la(LUMO) 

l22a (LUMO+l) 

ll7a (HOM0-3) l24a 

Figure III.26. Molecular orbital plots for the FMO's of the cycloplatinate Sb. 
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most intense absorption peak is at 303 nm has been assigned to n- n* transition within 

the electrophile (iodine). The assignment of the characters of all other excited states is 

present in Table 111.11. 

Table III.l 0 Energies and Percentage Composition of the Lowest Unoccupied and 
Highest Occupied Kohn-Sham Orbitals of 4a in terms of platinum, iodine and the ligand 
fragmene 

MO occ E(eV) 
88a 0 -2.168 

87a 

86a 
85a 

84a 

83a 
82a 
81a 

80a 

0 

0 
0 

0 

0 
2 
2 

2 

-2.324 

-2.502 
-2.563 

-3.662 

-3.982 
-5.204 
-5.896 

-5.919 

Pt 
1.48 ( dxz); 1.07 ( dyz)· 
9.8l(dyz); 9.31 (dxz); 7.36 (dz2); 
4.15 ( dx2-y2); 1.58 (p7 ). 

2.00( dyz); 1.30( d"). 
14.55 (dxy); 4.95(dX7): 4.17 (dx2d; 
3.69 (dyz); 2.61(dz2)· 

1.80 (dx2-y2). 

3.26 (dx2-y2); 1.94 (d,7 ); J.35(dze}; 
1.19( dyz). 

Ligand 

20.86 

80.90 

84.67 
80.03 
71.35 

Donor 
89.60 

25.15 

12.75 
84.56 

Halogen 

64.02 

8.86 

89.60 

2 -6.029 2.12 79a 1.66 ( dy7 ); 1.53( J,2_d: 1.31 ( d" ). 81.30 
78a 2 -6.150 1.58 (d,y); 1.57(dd; 1.52 (d,7 ). 24.30 64.38 
77a 2 -6.324 4.77 82.03 

Bold characters are used for the HOMO (82a) and the LUMO (83a) 

Table III.ll Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions ofthe low-lying singlet states in 
dichloromethane solution for complex 4a. 

State Energy (eV) A cal P ... exp f Composition Character 
(nm) (nm) 

s2 1.6944 735 674 0. 09() HOMO--->LUMO (85.7%) ILCT 

I HOM0-6---->LUMO (53.3%) ILCT+LLCT 
Su 2.8335 440 - 0.081 HOM0-7---->LUMO ( 17.6%) 

HOMO---->LUM0+3 (14.4%) 

S2o 3.0846 402 392 0.119 
HOM0-7---->LUMO (42.0%) ILCT 
HOM0-6---->LUMO (27.0%) 
HOMO--->LUM0+6 (22.8%) ILCT+LLCT+ 

S4o 3.7629 330 0.082 
HOM0-1---->LUM0+3 (20.7%) LMCT Or---+Pt) -
HOM0-3---->LUM0+4 ( 11.0%) 

I 
! 
I 

I 

I 
I HOM0-3--->LUM0+3 ( 10.4%) ._j 

HOM0-9---->LUMO+ 1 (27.2%) LLCT (rr- n* 
Ss, 4.0951 303 268 0.060 

HOM0-14--->LUM0+1 (21.4%) within 12 ) 

111.2.5.4 Electronic Structure and Optical Absorption Spectrum ~f5b. 

The molecular orbital plot for the relevant FMO's for the cycloplatinate 5b is presented 

in Figure 111.26. The frontier molecular orbital compositions and assignment of the 

characters ofthe dominant electronic transitions are given in Table III.I2 & 111.13 

repectively. 

i 
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Table 111.12 Energies and Percentage Composition ofthe Lowest Unoccupied and 
Highest Occupied Kohn-Sham Orbitals of 5b in terms of platinum, iodine and the ligand 
fragmenta 

MO occ E(eV) Pt Ligand Donor Halogen 
126a 0 -2.014 1.54 (dxz). 91.35 
125a 0 -2.153 80.54 6.47 
124a 0 -2.291 75.96 
123a 0 -2.577 20.01(dxz) 4.68 (d".): 3.07(dyz); 37.40 1.86 8.87 

I.OO(dd. 
122a 0 -3.335 14.08(dx2·y2); 6.33(dyJ; 3.60 7.72 26.42 23.55 

(dxz)• 
l21a 0 -3.994 I. 98 ( d,y); 1.10( dy,). 83.3 4.23 
120a 2 -5.126 1.55(dyz); 1.20 (dze}. 83.36 
119a 2 -5.943 1.00 (dz2). 71.35 17.41 
118a 2 -6.089 9.12(dz2);2.56(dxc·y2): 1.19 17.02 52.46 

(dyz). 
117a 2 -6.151 1.22 (d,2). 8.13 72.98 
116a 2 -6.303 1.69 (dx2·y2); 1.48 (dy.}• 1.53 88.57 
115a 2 -6.444 1.40 ( dz2); 1.13( dx ). 76.55 2.69 

Bold characters are used for the HOMO ( 120a) and the LUMO ( 121 a). 

Table 111.13 Selected TDDFT calculations of excitation energies, wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for complex 5b. 

State Energy (eV) A cal Aexp f Composition Character 
(nm) (nm) 

s1 1.6963 735 0.055 HOMO---+LUMO (75.3%) ILCT+LMCT 
HOM0-1--+LUMO (20.6%) 

Ss 2.3588 525 0.060 HOM0-2--+LUMO ( 42.1 %) ILCT+LLCT+ 
HOM0-3--+LUMO (32.3%) (n- n* within Br2) 
HOM0-1--+LUMO ( 12.3%) 

-

111.3 Conclusion 

1. When the primary donor (diazene) is at C I and the auxiliary donor is phenol or 

naphthol, C2(naphthyl)-H bond is regiospecifically activated by platinum(II). 

Interestingly, DFT calculation of H2L1 or H2L2 (Fukui function) shows that the softness 

of C2(naphthyl) & C8(naphthyl) are comparable. The sequences for C2(naphthyi)-Pt(ll) 

and C8(naphthyi)-Pt(ll) bond formation are (i) C2(naphthyl), N(azo) cycloplatination 

followed by N,O-chelation of platinum(ll) & (ii) C8(naphthyl), N(azo) cycloplatination 

preceded by N,O-chelation of platinum(ll) respectively. Possibly strong reluctance of 

soft platinum(II) to bind hard 0 1
- (phenolic/naphtholic) donor at the very initial stage, 

may result in route (i), i.e. regiospecific activation ofC2(naphthyl)-H bond. 
' ' 3 2. The compound 2-(2 -hydroxy-5 -methylphenylazo)naphthalene (H2L ) was chosen 

wherein the primary donor (diazene function) is attached to the C2 atom of the naphthyl 

ring and thus giving to potential sites for metallation, viz. Cl and C3. When the primary 

donor (diazene) is at C2 and the auxiliary donor is phenol, C3(naphthyl)-H bond is 
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regiospecifically activated by platinum(ll). Our DFT study on the molecule H2L3 shows 

that C3(naphthyl) is much more softer than C I (naphthyl) on the basis of calculated 

values of Fukui function. Therefore, exclusive activation of C3(naphthyl)-H bond of 

HzL3 by soft platinum(II) can be rationalized 

3. The square planar platinum(II) cyclometallates are shown to undergo oxidative 

addition reactions with dihalogens and methyl iodide affording air stable platinum(IV) 

compounds. The influence of the stric bulk of the donor molecules (D) on the 

stereochemistry of the oxidized products has been observed. Here both cis and trans 

addition of the e~ectrophiles have been realized using different donor molecules (D). 

4. X-ray crystallography has been employed for structure elucidation and also to know 

their structural aspects in the solid sate. The solid state structures of the cycloplatinates 

are characterized by several non-covalent interactions. Most notably C-H · · ·x interactions 

and x stacking interactions between adjacent aromatic rings have been found to stabilize 

the crystal packing in all the cyclometallates. 

5. The electronic and UV-vis spectroscopic properties of the platinum(II) and 

platinum(IV) complexes in dichloromethane have been investigated by means of TD

DFT calculations. 

111.4 Experimental 

111.4.1 Preparation of compounds 

111.4.1.1 Chemicals 

K2[PtCI4] was obtained from Arora-Matthey, Kolkata. [(YJ 3-C4H7)Pt (f.!-Cl)]z was 

prepared following a reported method38
. Solvents and chemicals used for the syntheses 

were of analytical grade; Compounds (H2L 1- H 2l}) were prepared by published27
b 

procedure. 

111.4.1.2 Isolation of the cycloplatinotes 

III.4.1.2.l Isolation of [Pt(L1)(4-picoline)} (la) 
, ' I 

The ligand, 1-(2 -hydroxy-5 -methylphenyl-azo )naphthalene (HzL ) (0.025 g, 0.0954 

mmol) was added to a solution of [(YJ 3-C4H7)Pt (J.l-Cl)h (0.027g, 0.0477 mmol) in 

chloroform (J 5 ml). The title cycloplatinate was isolated following the work up 

procedure outlined below. 

(i) The reaction mixture was stirred magnetically for 8 h and a solution of 4- Picoline 

(0.088 g, 0.954 mmol) in chloroform (5 mL) was added to the solution. The greenish 

solution was further stirred for 2 h. The solution was then filtered, washed with 
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Chloroform (4 x 5 ml) and solvent evaporated. The crude product was then dissolved in 

CH2Clz and preparative TLC was performed on Silica gel plate with petroleum benzene 

(60-80°C)/ethyl acetate (4:1, v/v) as eluant. The green band was isolated and extracted 

with acetone. Removal of acetone gave the title product. Yield: 75%. Anal. Calc. for 

C23H19N20Pt: C, 50.36; H, 3.49; N, 7.66. Found: C, 50.49; H, 3.32; N, 7.58%. 1H NMR 

(CDCh):o: 2.34 (s,3H, aryl CH3), 2.42 (s,3H, CH3 of 4-picoline); aromatic protons: 6.95-

8.00. IR (K.Br): v 1410 em·' (-N=N-). MS: m/z 548 [Mt. 

(ii) The reaction mixture was layered on a preparative silica gel plate. The plate was then 

heated in an ~ir-oven at 120°C for 6 hours. The desired product was the isolated by 

eluting the silica plates with the 10% 4-picoline (Lewis base) solution in petroleum 

benzene (60-80 °C) /ethyl acetate (4: l, v/v). Yield: 70% 

(iii) Alternatively the reaction mixture in a preparative silica gel plate was heated in 

microwave oven for only 5 minutes. The green coloured cycloplatinate was then isolated 

by eluting the silica plates with the 10% 4-picoline (Lewis base) solution in petroleum 

benzene (60-80 °C) /ethyl acetate (4:1, v/v). Yield: 12-77%. 

111.4.1.2.2 Isolation of [Pt(L1)(PPh3)} (1b) 

The compound 1b was isolated following the method described in section III. 3. 1.2.1 

using triphenyl phosphine (I mmol) instead of 4-picoline. 

Yield 70%. AnaL Calc. for C35H27N20PPt: C, 58.58; H, 3.79; N, 3.90. Found: C, 58.71; 

H, 3.82; N, 4.0 I %. 1H NMR (CDCh):o: 2.18 (s,3H, aryl CH3), aromatic protons: 6.10-

6.14 (dd, lH, J=8.4 Hz), 6.35 (d, lH, J=8.7 Hz), 6.76-6.80 (dd, lH, J=8.7 Hz), 6.87 (d, 

lH, J=8.4 Hz), 7.03 (s, lH), 7.23-7.32 (m, 5H), 7.38-7.50 (m, 8H), 7.60-7.73 (m, SH), 

8.40 (d, IH, J=8.1 Hz). IR (KBr): v 1405 em·' (-N=N-). MS: m/z 718 [Mt. 

111.4.1.2.3 Isolation of [Pt(L2)(4-pico/ine)j (2a). 

The compound 2a was isolated following the method described in section III. 3. 1.2.1 

(ii)-(iii). 

The green band of the cycloplatinate was eluted with petroleum benzene (60-80°C)/ethyl 

acetate (2: I, v/v) and extracted with methanol. The green product was isolated by the 

removal of solvent and dried in vaccuo. 

Yield 65%. Anal. Calc. for C26H19N30Pt: C, 53.42; H, 3.28; N, 7.19. Found: C, 53.61; 

H, 3.21; N, 7.02%.1H NMR (CDCh):o: 2.52 (s,3H, CH3 of 4-picoline); aromatic protons: 

6.80 (d, 1H, J=8.7 Hz), 7.12 (d, 1H, J=9.3 Hz), 7.25 (d, 2H, J=10.2 Hz), 7.30-7.45 (m, 
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5H), 7.48-7.60 (m, 4H), 7.81 (m, 2H), 8.6 (d, IH, 1=8.6 Hz). IR (KBr): v 1410 em- 1 
(

N=N-). MS: m/z 585 [Mt. 

111.4.1.2.4 Isolation of [Pt(L2
)( PPh3)] (2h). 

The compound 2b was isolated following the above method using triphenyl phosphine ( 1 

mmol) instead of 4-pieoline. 

Yield 62%. Anal. Calc. for C38H27N20PPt: C, 60.56; H, 3.6 J; N, 3.72. Found: C, 60.42; 

H, 3.65; N, 3.84%. 1H NMR (CDCh):6: aromatic protons: 6.78 (d, IH, 1=8.7 Hz), 7.05 

(d, lH, 1=9.0 Hz), 7.22-7.56 (m, ISH), 7.71-7.85 (m, 6H), 7.92 (m, 2H), 8.06 (m, 2H), 

8.6 (d, 1H, 1=9.0 Hz). IR (KBr): v 1412 cm'1 (-N=N-). MS: m/z 753 [Mt. 

III.4.1.2.5 Isolation of [Pt(L3
)( 4-picoline)] (3a). 

The cycloplatinate 3a was isolated from the reaction of [(T}3-C4H7)Pt (f.!-Cl)]2 with H2L3 

following the procedure employed for compound la (section III. 3. 1.2.1). Yield 68%. 

Anal. Calc. for C23H19N20Pt: C, 50.36; H, 3.49; N, 7.66. Found: C, 50.41; H, 3.56; N, 

7.64%. 1H NMR (CDCh):~: 2.14 {s,3H, aryl CH3), 2.50 (s,3H, CH3 of 4-picoline); 

aromatic protons: 6.62-6.69 (t, 2H), 6.98 (d, lH, 1=8.7 Hz), 7.26-7.42 (m, 6H), 7.62 (d, 

lH, 1=8.3 Hz), 7.82 (s, lH), 8.77 (d, 2H). IR (KBr): v 1405 em-1 (-N=N-). MS: m/z 548 

[Mt. 

lll.4.l.2.6 Isolation of [Pt(L3
)( P Ph3)} (3b) 

The cycloplatinate 3b was coiJected following the above method using triphenyl 

phosphine (I mmol) instead of 4-picoline. Yield 65%. Anal. Calc. for C3sH21N20PPt: C, 

60.56; H, 3.61; N, 3.72. Found: C, 60.55; H, 3.51; N, 3.81%. 1H NMR (CDCIJ):6: 2.17 

(s,3H, aryl CH3); aromatic protons: 6.54 (d, lH, 1=8.7 Hz), 6.71 (d, lH, 1=8.7 Hz), 6.93 

(d, IH, J=8.7 Hz), 7.07-7.20 (m, 3H), 7.39-7.54 (m, JOH), 7.65-7.72 (m, 8H). IR (KBr): 

v 1415 em·1 (-N=N-). MS: m/z 718 [Mt. 

Ill.4.1.2.7 Isolation of [Pt(L1)(4-picoline)h] (4a). 

A benzene solution of iodine ( 1 %) was added dropwise to a dichloromethane solution 

( 10 cm3
) of la (0.03 g, 0.055 mmol) with stirring till the yellowish green colour of the 

reaction mixture changed to bluish green. The mixture was further stirred for lh to 

ensure the complete disappearance of the starting materials. The reaction mixture was 

evaporated, the crude product was dissolved in minimum quantity of dichloromethane 

and subjected to purification by thin layer chromatography on silica gel with petroleum 

benzene (60-80°C)/ethyl acetate (10:1, v/v) as eluant. A dark bluish green band was 



- 98-

isolated and extracted with methanol. Shinning crystals of 4a were collected after 

evaporation ofthe solvent. 

Yield 66%. Anal. Calc. for C23H19hN30Pt: C, 34.43; H, 2.39; N, 5.24. Found: C, 34.28, 

H, 2.40; N, 5.56%. 1H NMR (CDCh):8: 2.34 (s,3H, aryl CH3), 2.55 (s,3H, CH3 of 4-

picoline); aromatic protons: 6.84 (d, I H, J=9 Hz), 7.08 (d, I H, 1=9.3 Hz), 7.17 (d, 1H, 

J=10.2 Hz), 7.20-7.77 (m, 5H), 7.80 (d. IH, J=7.8 Hz), 7.88 (d, IH, J=8.1 Hz), 8.62 (d, 

IH, J=7.8 Hz), 9.36 (m, 2H). IR (KBr): v 1400 cm· 1 (-N=N-). MS: m/z 802 [Mt, 548 

[M-2It. 

111.4.1.2.8 Isolation of [Pt(L1)(4-picoline)Br2} (4b) 

Yield 70%. Anal. Calc. for C23H19Br2N30Pt: C, 39.00; H, 2.70; N, 5.93. Found: C, 

38.95, H, 2.81; N, 5.84%.1H NMR (CDCI3):B: 2.31 (s,3H, aryl CH3), 2.58 (s,3H, CH3 of 

4-picoline); aromatic protons: 7.10 (d, IH, J=8.7 Hz), 7.36-7.49 (m, 6H), 7.55-7.59 (m, 

lH), 7.74 (d, IH, J=8.6 Hz), 7.85 (d, JH, J=8.2 Hz), 8.62 (d, IH, J=8.3 Hz), 9.17 (m, 

2H). IR (KBr): v 1402 em·' (-N=N-). MS: m/z 706 [Mt, 548 [M-2Brt. 

111.4.1.2.9 Isolation of [Pt(L1)(4-pico/ine)CI2) (4c) 

4c. Yield 62%. Anal. Calc. for C23H19CbN30Pt: C, 44.60; H, 3.09; N, 6.78. Found: C, 

44.51, H, 3.21; N, 7.01%. 1H NMR (CDC13):8: 2.26 (s,3H, aryl CH3), 2.66 (s,3H, CH3 of 

4-picoline ); aromatic protons: 6.4- 9.3 (br). IR (KBr): v cm-11405 ( -N=N-). MS: m/z 619 

[Mt, 548 [M-2Clt. 

III.4.1.2.1 0 Isolation of [Pt(L1
)( 4-picoline)Mei] ( 4d) 

4d. Yield: 72%. Anal. Calc. for C24H221N30Pt: C, 41.7; H, 3.2; N, 6.1. Found: C, 41.8; 

H, 3.3; N, 6.1 %. 1H NMR (CDCh):B: 1.8 (t, 3H, Jr1-H=63 Hz, Pt-CH3), 2.33 (s,3H, aryl 

CH3), 2.55 (s,3H, CH3 of 4- picoline); aromatic protons: 6.8 (d, lH, J=9.0 Hz), 7.0 (d, 

1H, 1=9.0 Hz), 7.2 (d, 1H, J=9.0 Hz), 7.4-7.7 (m, 5H), 7.8 (d, IH, J=8.1 Hz), 8.6 (d, 2H, 

1=8.4 Hz, 9.1 (m, 2H). IR (KBr): v 1410 em·' (-N=N-). MS: m/z 690 [Mt, 564 [M-It. 

ESIMS: 563.2274 [M-I] (calculated mass: 563.1411). 

III.4.1.2.ll Isolation of [Pt(L1
)( PPhJ)h] (Sa). 

The cycloplatinate Sa was isolated following the method described in 111.3.1.2. 7 using 

1 b instead of la. 

Yield 70%. AnaL Calc. for C35Hz7hN20PPt: C, 43.27; H, 2.80; N, 2.88. Found: C, 

43.16, H, 2.59; N, 2.90%. 1H NMR (CDC13):B: 2.12 (s,3H, aryl CH3); aromatic protons: 

6.34- 8.48. IR (KBr): v 1410 cm·1 (-N=N-). MS: m/z 971 [Mt, 718 [M-2It. 
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III.4.l.2.12lsolation of [Pt(L 1
)( PPh3)Br2] (5b). 

Yield 75%. Anal. Calc. for C35H27Br2N20PPt: C, 47.91; H, 3.10; N, 3.19. Found: C, 

48.05, H, 2.98; N, 3.15%. 1H NMR (CDCJ 3):8: 2.18 (s,3H, aryl CH3); aromatic protons: 

6.42 (d, lH, J=9.0 Hz), 6.53 (d, lH, J=8.7 Hz), 6.84 (m, 2H), 7.10 (s, IH), 7.17-7.48 (m, 

15H), 7.58 (dd, lH), 8.39 (d, IH, 1=7.8 Hz), 8.69 (d, IH, J=8.7 Hz). IR (KBr): v 1406 

cm-1 (-N=N-). MS: m/z 878 [Mt, 718 [M-2Brt. 

111.4.1.2.13 Isolation of [Pt(L 1
)( PPh3)Cl2] (Sc). 

Yield 68%. Anal. Calc. for C35H27Cl2N20PPt: C, 53.31; H, 3.45; N, 3.55. Found: C, 

53.42, H, 3.41; N, 3.70%. 1H NMR (CDCh):8: 2.17 (s,3H, aryl CH3); aromatic protons: 

6.65- 8.61 (br). IR (KBr): v cm-1 1412 (-N=N-). MS: m/z 788 [Mt, 718 [M-2Clt. 

111.4.2 Physical measurements 

C, H and N elemental analyses were done by either Perkin-Elmer (Model 240C) or 

Heraeus Carlo Ebra 1108 elemental analyzer. The IR spectra were obtained on Jasco 

5300 FT-IR. Visible and ultraviolet spectra were recorded on a Jasco V-530 

spectrophotometer. 1H NMR spectra were measured in CDCh with a Bruker Avance 

DPX 300 spectrophotometer with SiMe4 as an internal standard. The F AB mass spectra 

were recorded on a JEOL SX I 02/DA-6000 Mass Spectrometer/Data System using 

Argon/Xenon (6 KV, 10 rnA) as the FAB gas. ESI mass spectra were recorded on a 

Micromass Quattro II triple quadrupole mass spectrometer. 

111.4.3 Crystallography 

Single crystals of cycloplatinates la, lb, 2a, 3a and 4b were grown by slow diffusion of 

a dichloromethane solution of the complexes into n-hexane. Crystallographic and 

refinement data for the reported structures are presented in Table Ill.l4. Other 

informations are described in Chapter II, Section Il.3.3. 

111.4.4 Method and Computational Details 

Described in Chapter II, Section II.3.4. 



100 

Table III.14 Crystal data and refinement parameters for the complexes la, 1 b, 2a, 3a, 4a and 5b 

Identification code Ia lb 2a 3a 4a 5b 

Empirical fonnula Pt Cn H,9 N1 0 Pt C1; H21 N2 OP Pt C26 H,9 N1 0 Pt C21 H,9 N1 0 PtC2JH1912NlO Pt Cl6 H29 N2 Br2 0 P 

Fonnula weight 556.50 717.67 584.54 548.50 802.30 962.39 

Temperature 293(2) K 293(2) K 293(2)K 293(2) K 293(2) K 293(2) K 

Crystal system, space group Monoclinic, P(2) 1/c Triclinic, P-1 Monoclinic, P2(1 )/c Monoclinic, P2(l) Monoclinic, P2(1) Monoclinic, C21c 

a= 15.723(19)A a=97817(11)A a= IS 173(5) A a= 10.1763(9) A a= 13.488(3)A a= 33.230(3) A 

b = 7.9134(9) A b= 106325(12)A b = 7.445(2) A b = 7.4642(6) A b = 14.095(3) A b = I 5207(10) A 

Unit cell dimensions 
c = l7 .345(2) A c = 14.3017(16) A c = 18.396(6)A c = 13.2483(11) A c = 14236(3) A c=22438(2)A 

u = 90" u = 78 877(2)" u=90" u = 90" u =90° u=90° 

p = 112.081(2)" p = 83.8270(10)0 p = I 0 1.528(5)" p = 102.3970(10) 0 p = 111.218(4)0 p = 128.435(2)0 

y=90° y = 68.5090(10)0 y=90· y=WO y=90 y=90· 

Volume 2138 16(6) A3 13569(3) A1 2036.0(11) A3 982 1!5(14) A1 25229(10) A1 67288(li)A1 

Z, Ca1cuiated density (Mg/m1
) 2, 1.848 2, 1.757 4, 1.907 :2, I .853 4, 2.112 8, 1.900 

Absorption coefficient 7.037 mm·' 5.262 mm·' 6.916mm'1 7.156mm'1 8.027mm'1 6.785 mm·' 

F(OOO) 1072 704 1128 528 1480 3712 

Crystal size 0.42 x 0.22 x 0.11 mm 0.45 X 0.36 X 0.23 mm 0.25 x 0.18 xO.IO mm 0".44 X 0.18 X 0.04 mm 0.36x0.25x0.19 mm 0.32x0.24x0.18 mm 

Theta range for data collection 1.40 to 2 5 .50 deg. 2.24 to 25.00 deg. I .37 to 25.00 deg. 1.57 to 24.98 deg. 2.11 to 25.00 deg. 1.93 to 26.00 deg. 

-19 ::: h ::: 19, -9 ::: k ::: 9 -II :Oh:O 11,-11 :Ok:O 12 -18 ::: h ::: 18, -8 s k ::: 8 -12 s h ::: 12, -8::: k::: 8 -16:Sh:O 16, -16SkS 16 -20 s h s 40, -14 s k ::: 14 
Limiting indices 

-21:::1:::21 -I6s 1:::16 -21 :0 IS 21 -15si:015 -16SISI6 -27 s 1 s 19 

18984 I 3726 7551 I 4714 18304 I 3567 941613436 22325 I 4338 1876116609 
Reflections collected I unique 

[R(int) = 0.0280] [R(int) = 0.0288] [R(int) = 0.0452] [R(int) = 0.0267] [R(int) = 0.0695] [R(int) = 0.0607] 

Data I restraints I parameters 3726 I 0 I 268 4714101362 3567 I 0 I :281 3436 I I I 255 4338/0/268 6609/01402 

Goodness-of-fit on F2 1.132 1.022 1.069 1.077 1.190 1.042 

Final R indices (1>2sigrna(I)] Rl = 0 0352, wR2= 0.0989 Rl= 0.0295, wR2= 0.0661 Rl= 0.0314, wR2=0.0655 Rl= 0.0356, wR2= 0.0958 R\=0.0846, wR2=0.1732 RI=0.0470, wR2=0.0921 

R indices (all data) Rl= 0 0405, wR2= 0.1073 R\=0.0326, wR2=0.0673 Rl= 0.03%, wR2=0.0686 RI= 0.0376, wR2= 0.0974 RI=O.I042, wR2=0.1816 RI=0.0647, wR2=00972 

Largest diff. peak and hole l.l71 and -1.11 5 eA1 1.582 and -0.742 eA3 0.786 and -0 519 eA' 0.891 and -0.475 eA3 4.217 and -2.860 eA1 1.544 and -1.731 eA' 
I -·-
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CHAPTER 

C(Naphthyl)-H Bond Activation by Rhodium(I): 

Isolation, Characterization and TD-DFT Study 

of the Cyclometallates 



CHAPTER IV 

C(Napbtbyl)-H Bond Activation by Rbodium(l): Isolation, 

Characterization and TD-DFT Study of the CyclometaUates 

Abstract 

Wilkinson's catalyst [Rh(PPh3) 3Cl] regioselectively activates the C l(naphthyl)-H, 

C2(naphthyl)-H, C3(naphthyl)-H and C8(naphthyi)-H bonds of the naphthyl group present 

in a group of naphthylazo-i-hydroxyarenes (HzL) in toluene medium and produces 

cyclometallates [Rh(PPh3)z(L )Cl] (2-5). Here the cyclometallation is accompanied by 

metal centered oxidation [Rh(I) ~ Rh(III)]. All the cyclometallates have been isolated in 

pure form. The characterization of the cyclometallates [Rh(PPh3)2(L)Cl] have been done 

on the basis of spectral (IR, UV -vis, and F AB mass) data and elemental analysis. 

The structures of representative cyclometallates 2a, 3a, 4a, 4b and 5b have been 

determined by X-ray diffraction method. In all the cyclometallates, rhodium(III) is 

coordinated to naphthylazo-i-hydroxyarenes via terdentate C, N, 0 donor centers & one 

chloride ion in a plane along with two axial trans PPh3. In solid state intermolecular 

association is observed due to C-H ... . n and n .... n interactions. The magnetic susceptibility 

measurement shows that alJ the rhodium(III) cyclometallates [Rh(PPh3) 2(L)Cl] (2-5) are 

diamagnetic. Compounds shvw an oxidative response within 0. 93 to l.ll V ( vs. SCE) and 

a reductive response at ~ -1.0 V (vs. SCE). Both the responses are based on the 

coordinated diazene function and are irreversible in nature indicating limited stability of 

the oxidized and reduced species. The electronic structures of selected cyclometallates 

have been calculated using TD-DFT model and the simulated spectra are consistent with 

the observed spectra of those cyclometallates. 
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IV.l Introduction 

Rhodium complexes have been exploited a great deal as efficient catalysts in 

homogeneous catalysis. 1 The most notable example in this regard is Wilkinson's 

catalyst, Rh(PPh3)3CI. Rhodium complexes are useful to mediate organic 

transformations primarily due to the affinity of rhodium to form Rh-C bond, accessibility 

to various oxidation states (+I, +III) and coordination numbers (4,6). Such reactions 

often proceeds via a C-H or C-C activation of the organic substrates,2
,3 leading to 

formation of reactive organometallic complexes, which finally yields the desired 

product. On the other hand transition metal complexes incorporating azo functionality 

have displayed several interesting properties related to electron-transfer reactions,4 

photolumininescence, 5 liquid crystalline properties, 6 photochromism, 7 and organic 

transformation via metal carbon bond formation. 8 

In our endeavour to activate the different C-H bonds of naphthyl group following 

cyclometallation route, here we have studied the role of rhodium metal ion in C 

(naphthyi)-H bond activation. There is a report of C(phenyi)-H bond activation by 

rhodium at C2 (ortho), 9 where primary donor diazene is at C I but no such report for 

C(naphthyi)-H bond activation is available. For the first time we have examined the 

preferential C(naphthyi)-H bond activation by rhodium(!) with variation of the position 

of the primary donor ( diazene) attached to the naphthyl group and also that of auxiliary 

donors (2'-hydroxyarene). The process of C(naphthyl)-H bond activation by rhodium(l) 

is followed by oxidation of rhodium(l) to rhodium(IIl) resulting in rhodium(III) 

cyclometallates. The isolation, properties and structure of these rhodium(III) 

cyclometallates have been described. The electronic structures of cyclometallates have 

been calculated using TD-DFT model. 

IV.2 Results and discussions 

IV.2.1.1 Regiospecific C2(naphthyl)-H bond activation and isolation of rhodium(III) 

cyclometal/ates 

To activate C(naphthyi)-H bond by rhodium(!), 1-(2'-hydroxy-5'-methylphenylazo) 

naphthalene (H2L 1) has been chosen, wherein a primary donor ( -N=N-) at C 1 of the 

naphthyl moiety along with 2'-phenol (aryl) as auxiliary donor are present. This 

particular organic framework offers two potentials sites for metalJation at C2 ( ortho) and 

C8 (peri). Thus formation oftwo isomeric cyclometallates (la & lb) may be expected as 

follows. 
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Complex [Rh(PPh3) 3CI] reacts with I -(2'-hydroxy-5'-methylphenylazo )naphthalene m 

refluxing toluene and affords a dark blue mixture within 6 h. The pure dark blue 

cyclometallate 2a has been isolated by preparative TLC. Preliminary characterization 
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(IR, electronic, mass and 1H NMR spectra & microanalysis) of 2a has been done. The 
1H NMR spectrum of2a shows a sharp signal for methyl group. All other signals lie in 

the aromatic region. The ratio of aliphatic and aromatic protons (I: 13) was also verified 

by the peak integration. Finally, its molecular geometry was unveiled by X-ray 

crystallography. Figure IV.l shows the ORTEP and the atom numbering scheme of the 

cyclometallate 2a and the selected bond parameters are listed in Table IV.l. The 

structure shows that 1-(2'-hydroxy-5'-methylphenylazo)naphthalene is coordinated to 

rhodium(III) in a dianionic tridentate C,N,O-fashion. Two triphenyl phosphine and a 

chloride are also bound to the metal center. Rhodium is therefore sitting in a CNOP2Cl 

coordination environment, which is distorted octahedral in nature as reflected in all the 

bond parameters around rhodium. The C,N,O-coordinated ligand and the chloride 

constitute one equatorial plane with the metal at the center, while the two PPh3 occupy 

the remaining two axial positions which are mutually trans. The Rh-C, Rh-N, Rh-O, Rh

p and Rh-CI distances are quite normal. 9 
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Table IV .I. Selected Bond Distances and Bond Angles for the compounds 2a. 

la 
Rh( I )-C(2) 1.904(6) Rh( I )-Cl( I) 2.3673( 10) N( I)-C(23) 1.407(18) 
Rh( I )-N( I) 1.984(5) N( 1)-N(2) 1.270(5) N(2)-C( II) 1.401(18) 
Rh( I )-0(1) 2.288(5) Rh( I )-P( I) 2.3!U5(6) 

C(2)-Rh( I )-N( I) 80.3(2) N( I )-Rh( I )-0( I ) 77.20( 19) N( I )-Rh( I )-Cl( I) 164.42( 14) 
C(2)-Rh( I )-0( I l 157.5(2) C(27l-Rh( I l-CII I l 115.24(18) 0( I )-Rh( I )-CI( I l 87.22(12) 
C(2)-Rh( I )-P( I l 91.50(14) C(27l-Rh(l l-P12l 88.43(14) 

Thus, Wilkinson's catalyst lRh(PPh3)3CIJ rcgiospecifically activates C(2)-H bond of the 

naphthyl group of H~L 1• It is probable that the diazene preferentiall~ binds the 

electrophilic rhodium()) center. followed by metallation at C2 of the naphthyl ring 

resulting in the formation of five-membered mt:tallacycle. Subsequently. the binding of 

auxiliary donor (phenolic group) with metal center is accompanied by Rh(l) -+Rh(IIJ) 

oxidation. 

Thus when the primary donor (-N=N-) is at the C I nfthe naphthyl ring and the auxiliary 

donor is phenolic function. cyclometallation oc~:urs at C(2)-ll exclusively. Therefore the 

reaction is regiospecitic in nature. 

Figure IV.I. DIAMOND drawing of the complex 2a. 

IV.2.J.2 Regioselective C2(naphthyi)-H & C8(naphthyi)-H bond activation and 

isolation of isomeric rhodium(lll) cyclometallates 

To examine the activation ofC(naphthyi)-H bond by rhodium()). 1-(2'-hydroxynaphthyl

azo)naphthalene (HzL2
) has been chosen as substrate. wherein a primary donor diazene 
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(-N=N-) is present at C 1 of the naphthyl moiety along with 2'-naphthol as auxiliary 

donor. This particular organic framework also offers two potentials sites for metallation 

at C2(ortho) and C8(peri). Wilkinson catalyst, [Rh(PPh3)3CI] with 1-(2'-hydroxy

naphthylazo)naphthalene (H2L2
) in refluxing toluene provided a mixture of blue (3a) 

and pink (3b) compounds as major products (Scheme IV.2). Preliminary studies (IR, 

electronic, mass and 1H NMR spectra & microanalysis) on both the compounds show 

that these two compounds are isomeric. The electronic spectral pattern of the blue isomer 

has been found to be similar to that of 2a (Figure IV .2). Attempts were made to elucidate 

the unambiguous molecular structures of (3a) & (3b) by single crystal X -ray diffraction. 

Despite our best effort single crystals of pink compound (3b) suitable for X-ray 

crystallography could not be grown. The molecular structure of blue cyclometallate (3a) 

has been shown in Figure IV.3. The compound 3a shows a rhodium(III) center is bonded 

to C2 of naphthyl ring, N2 of diazene function, 0 I of phenolic fragment of the terdentate 

donor system and Cll along with two mutually trans triphenylphosphines in a distorted 

octahedral fashion. 
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The pink isomer (3b) was eventually identified as the peri-isomer on the basis of 

elemental analysis and ESI-MS (See experimental section for details). It is interesting to 

note that the presence of naphthol group as auxiliary donor ensures activation of both 

C2(naphthyl)-H & CS(naphthyi)-H bonds by rhodium, whereas rhodium activates 

C2(naphthyl)-H bond regiospecifically when phenolic function is an auxiliary donor. 
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Figure IV.2 Electronic spectra of2a (blue). 3a (red) and 3b (pink) in dichloromethane. 

Figure IV.3. Ortep diagram ofthe complex 3a. Thermal ellipsoids are drawn at 30% 
probability. Solvent molecule and hydrogen atoms arc removed for clarity. 

Table IV .2. Selected Bond Distances and Bond Angles for the compounds 3a. 

3a 
Rh(I)-C(2) 2.002(5) Rh( I )-Cl( I l 2.3895( 13) N(2l-C( II) 1.411(6) 
Rh( 1)-N( I) 1.987(4) N( I)-N(2) 1.291(5) Rh( I )-P(2) 2.3874( 13) 
Rh(l )..0( I) 2.189(3) Rh( 1)-P( ll 2.3719( 14) 

C(2 )-Rh( I )-N( I ) 80.3(2) N( I )-Rh( I )-0( I ) 77.20(19) '\1( I )-Rh( I )-CI( I ) 164.42( 14) 
C(2)-Rh(l )-0( I) 157.5(2) C(27)-Rh( I )-CI( I) 115.24( 18) 0( I )-Rh( I )-CI( I) 87.22(12) 
C(2)-Rh~ I)-Pi I) 91.50(14) C(27)-Rh( I )-P( 2) 88.43( 14) 



IV.2.1.3 Regioselective Cl(naphthyi)-H & C3(naphthyl)-H bond activation and 

isolation of isomeric rhodiurn(III) cyclornetallates 

The above results encouraged us to extend our study on the substrates having a primary 

donor diazene ( -N=N-) function at C2 of the naphthtyl group along with auxiliary donors 

like phenolato or naphtholato groups. viz. 2-(2'-hydroxyarylazo)naphthalenes. This 

particular organic framework presents two potentials sites for metalJation at C3 and C 1 

as follows. 

N 

II 
-M--N 

I " 
The reaction of [Rh(PPh3)3Cl] with 2-(2'-hydroxy-5'-methylphenylazo)naphthalene 

(H2L3
) in refluxing toluene indeed provided two cyclometallates light blue (4a) and 

greenish blue (4b) as major products (Scheme IV.3). Preliminary studies (IR, electronic, 

mass and 1H NMR spectra & microanalysis) on both the compounds confirm their 

isomeric nature. The electronic spectra of ( 4a) and ( 4b) have been displayed in Figure 

IV.4. 
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Figure IV.4 Electronic spectra of 4a (orangd. 4b (blue). Sa (green) and 5b (pink) in 

dichloromethane. 

Single crystal X-ray crystallographic studies of these two compounds revealed that 

activation of C I (naphthyi)-H and C3(naphthyi)-H bonds have been achieved in 4a and 

4b respectively. To the best of our knowlt:dge. this is the first example of C I (naphthyi)

H bond activation in naphthylazo fragment. 

The molecular structures ofthe isomers 4a and 4b are shown in Figures IV.5 and IV.6 

respective I y. 

Figure IV.5 Ortep diagram of the compk·x 4a. Thermal dlipsoids are drav.·n at 50% 
probability. Hydrogen atoms are removed for clarity. 
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• 

Figure IV.n Ortcp diagram of the compkx 4b. Thermal dlipsoids are dnm n m SO'j(, 
pn,hahility. 

I able IV .• ~ Sdedcd bond kngths(A) and hnnd angks <'')for the compounds .ta and 4b. 

4a 
--~-~"--------" 

Rh( I )-C( l) 

Rh( I )-C!( li 

Rn( I l-N(2l 

N( 2 )-Rh< I 1-Ci I 1 

'J( 2 )-Rh< I )-()( I I 

P( I )-Rh( I l-CI( I 1 

4b 
Rh( I l-C(3) 

Rh( I 1-Ch I I 

Rh( I )-N(2J 

N(2)-Rh(l )-C(3l 

N(2)-Rh( I )-0( I) 

P( I )-Rh( I )-CI( I ) 

2.040(4) 

237551 12) 

1938(3) 

78.82( 16} 

80.19( 13) 

87.93(4) 

1.960(5) 

2 3824( I! I 

1961(4) 

79.9(2) 

80.51( 17) 

88.74(4) 

Rn< 1 1~01 11 

Ni ll-N(21 

N( I J-Ci2! 

0( l i-Rh! I l-( h I i 

C{ l 1-Rh( I 1-< II l 1 

0( I l-Rhl I J-1'\ 2 1 

Rhl I )-0( I I 

N( ll-N(2l 

Ntll-CI2l 

01 I 1-Rh( I l-( 'II I I 

('(3 )-Rh( I l-Ch I l 

0( 1)-Rh( I H'1_2! 

~-----··· 

2.JR .. l(3) l\121-C( Ill 1..189(5) 

1.28314) Rh(l 1-P( I l 2..1589( 121 

IYJ2(6) Rh(l l-P(2l 2.3745( 13) 

9.'.'11(8) ( < I 1-Rh( I i-P! l ,I 9044( !()) 

107 10( 13) l\ I 2 l-Rhl I I-PC:~) 9.'.16(9) 

1(Ll!(7) __ _!:"< IJ::Rh( I l-PI 2_! _____ ! 7--l.ll( 4) 

2.1 ()6(3) l\!2)-C(! I) 1.385( 5) 

1.2K0(4) Rh( l 1-P! I l 2.3769( 12) 

I ~ 1J216) Rh(IJ-P(2l 2..1831(12! 

98.80(9) ( 1 J 1-Rh( I J-Pi ll 88.94!12) 

100.76( 16) l\12 )-Rh( I l-P(2 I 92.24( 10) 

94.16(8) Pt l )-Rh( I )-P(2) _!2_4.81(5) ___ 

Similarly [Rh(PPh3)3CIJ reacts with ~-(2'-hydroxynaphthylazo)naphthalenc (H2L~) in 

retluxing toluene and afford two cyclomctallates 5a (blue) and Sb (violet) as major 

products (Scheme IV.3). The IR. de<.'lronic. mass & 1H NMR spectral and 

microanalytical data of (Sa) & (5b) suggt>st the isomeric nature of these two compounds. 

The electronic spectral pattern (Figure IV ..f) of (5a) is similar to that of (4a) of know·n 

crystal structun:. Efforts \\ere made tP elucidate the unambiguous molecular structures 



- 113-

of (Sa) & (Sb) by single crystal X-ra~ ditrraction. Attempts to grow single crystals of 

blue compound (Sa) suitable for X-ray crystallography met with failure. 

The molecular structure of the cyclometallate Sb is shown in Figure IV. 7 with atom 

numbering scheme. The selected bond parameters are compiled in Table IV.4. 

Figure IV. 7 Ortep diagram of the complex Sb. Thermal ell ipso ids are dra" n at 50% 
probability. Hydrogen atoms have been removed for clarity. 

Table IV.4 Selected bond lengths(A) and hond angles (0
) for the compounds Sb. 

Sb 
Rh( I )-C(3) 1.993(6) Rh( I )-0( I) 2.161(5) 1'!2)-C( I I) 1.378(9) 

Rh( I )-CI( I ) 2.3731(18) N(l )-N(2J I .298(7) Rh( I >-P( I) 2.368(2) 

Rh( I )-N(2) 1.968(5) N( I )-C'(2) 1.424(8) Rh( I l-P(2) 2.365(2) 

N(2)-Rh(l )-C(3) 80.6(3) 0( I )-Rh( II-< "I( I ) 97.82(15) ('( 3 )-Rh( I >-P( I ) 88.5(2) 

N(2)-Rh( l )-0(1) 80.2(2) C(3 )-Rh( I >-CI( I) 101.4(2) N(2)-Rh( l )-P(2) 91.50(17) 

P( I tRh( I ~-CI( I ) 89.51(7) 0( I )-Rh( I )-P( 2) 92.49i 15) PI I )-Rh( I )-P(2) 174.86(7) 

Thus, the presence of auxiliary donor (phenol or naphthol) at c2' ensures activation of 

both C I (naphthyl)-H & C3(naphthyl)-H honds by rhodium. It is interesting to note that 

only C3(naphthyi)-H bond activation of 2-(2 -hydroxyarylazo )naphthalene (H2L 3 & 

H2L 4) has been achieved by palladium( II) or platinum( II). 



IV.2.2 Spectral Properties 

(a) IR Spectra: 

- ! !4-

The infrared spectral data of all the cyclometallates are collected in solid state as KBr 

disc. IR spectra of the rhodium(III) compounds show many sharp and strong vibrations 

within 1600-400 cm· 1
• Each complex displays strong bands near 520, 690 and 750 cm·1 

which are attributed to vibrations arising from the trans-Rh(PPh3)2 moiety. It is known 

that trans-M(PPh3)z fragments display such vibrations. 10 Absorption in the region of 

1425-1460 cm·1 for all the cyclometallates show the presence of the diazene (-N=N-) 

group. 

(b) NMR Spectra: 
1H NMR spectra of all the organorhodium(lll) compounds have been recorded in CDCh 

solution. A sharp methyl signal is displayed by the cyclometallates 2a, 4a and 4b near 

1.7 o which is assigned to the methyl group present in coordinated 1-(2'-hydroxy-5'

methylphenyl-azo )naphthalene (H2L 1) or 2-(2' -hydroxy-5 '-methylphenyazo )naphthalene 

(H2L\ The aromatic region of the spectra (o 6.0-9.0) appears a bit complex due to the 

overlap of some signals. Specific assignment of all the signals in the aromatic region has 

not been done. A representative 1H NMR spectrum has been shown in Figure IV.8. 

--- ____ J -----

9 8 7 6 4 3 2 0 ppm 

Figure IV.8 1H NMR spectra of2a in CDCh. Inset: Expanded aromatic region. 

(c) Electrochemistry 

Electron transfer properties of the [Rh(PPh3)z(L)CI] complexes have been studied m 

acetonitrile/dichloromethane (9: l) solution with supporting electrolyte NBu4CI04 (0.1 M) 

by cyclic voltammetry. All the complexes show an oxidative response to more positive 

potentials with respect to the SCE and a reductive response to negative ones. A 
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representative voltammogram is shown in Figure IY.9 and voltammetric data are 

presented in Table IY.5. Both the responses are believed to be centered on the 

coordinated azo figand9
. The oxidative response, observed within 0.93 to 1.1 I V vs. 

SCE, is irreversible in nature, as evidenced by the fact that the cathodic peak current (ipc) 

is less than the anodic peak current (ipa). The one-electron nature of this oxidation has 

been verified by comparing its current height (ipa) with that of the standard ferrocene

ferrocenium couple under identical experimental conditions. The reductive response, 

displayed at around -0.9 V vs. SCE, is also irreversible in nature. The cyclic 

voltammetric studies thus show that these rhodium(III) organometallics are quite stable, 

while the oxidized and reduced species undergo rapid decomposition. 

4.5~----------------. 

4.0 

3.5 

3.0 

2.5 
< 
12.0 
s 
~ 1.5 

u 1.0 

0.5 

0.0 

-0.5 

-1.0 1---r---..----r---.---....---.----,--...J 
1.6 1.2 0.8 0.4 -0.4 -0.8 -1.2 -1.6 

Potential/ V 

Figure IV.9. Cyclic voltammogram of[Rh(PPh3) 2(L 1)CI], 4a in acetonitrile /dichlo
romethane (9:1, v/v) solution (O.IM NBU4Cl04) at scan rate 50 mV s· 1

• 

Table IV.5 Cyclic voltammetric data ofthe rhodium(lll) cyclometallates.a 

Compound 
E, Vvs SCE 

Oxidation6 Reductionc 

[Rh(PPh3)z(L1)CI], 2a 1.09, 0.79 -0.97 

[Rh(PPh3)z(L2)CI], 3a 1.12 -1.05 

[Rh(PPh3)z(L2)Cl], 3b 1.15 -0.79 

[Rh(PPh3)2(L3)CI], 4a 1.02 -1.10 

[Rh(PPh3)z(L3)Cl], 4b 1.09 -0.93 

[Rh(PPhJ)z(L 4)Cl], Sa 0.97 -1.20 

[Rh(PPh3)z(L 4)Cl], Sb 1.06 -0.96 

a In 1:9 dichloromethane-acetonitrile; supporting electrolyte, TBAP; scan rate 50 m V s-1
; 

b Epa values; c Epc values · 



- 116-

IV.2.3 X-ray crystallography 

Solid-state structures of the key organorhodium compounds have been thoroughly 

investigated by X-ray crystallography. The crystal structures reveal supramolecular 

assemblies with components self-organized by C-H· • • %, and x · · · 7r interactions. 

Geometric parameters of all the interactions are compiled in Table IV .6- IV .8. 

Crystal Structure of2a 

The compound 2a was found to be crystallized in monoclinic form with C2/c space 

group at room temperature. The structure was found to be disordered and the 

DIAMOND view of the compound has been presented in Figure IV .I. We tried to solve 

the structure in lower symmetry space group such as C2 in anticipation of seeing two 

ordered molecules related by a screw. But we could not solve it in the C2 space group 

and hence failed to get rid of the disorder. 

Crystal Structure of3a & intra-/intermolecular interaction in solid !!·tate 

The crystal packing arrangement of(3a) (Figure IV.IO) has been found to be stabililized 

by two intermolecular C-H .. . n interaction C48-H48A- · ·Cg4 lwhere Cg4 is the centroid 

of the C5-C9 ring at -x,-1/2+y,l/2-z) and C54-H54A- · CglO [where CglO is the 

centroid of the C39-C44 ring at x,J/2-y.-l/2+z] (Figure IV .II, Table IV.7). There are 

no aromatic n· · ·n interactions in the crystal structure of 3a. However five intra

molecular H bonding interactions are there (Table IV .8). 

Figure IV. tO Packing arrangement in 3a. 
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Figure IV.II. Intermolecular C-H ... :n interaction in 3a. Symmetry code: (i) -x,
l/2+y,l/2-z; (ii) x,l/2-y,-l/2+z. Cg(4) and Cg(4) are the centroids ofCS-C9 and C39-

C44 rings respectively. 

Crystal Structure of 4a & intra-/intermolecular interaction in solid state 

The crystal packing of 4a (Figure IV .12) is found to be stabilized by an intermolecular 

C-H ... :n interaction C50-H50A · · ·Cg6 [where Cg6 is the centroid of the C 18-C23 ring 

at 1-x, 1-y, 1-z.] (Figure IV.l3a). Moreover there are two intra-molecular n···n 

interactions involving the aryl ring CS-C I 0 and two phenyl rings of two triphenyl 

phosphine moieties. The centroid-centroid distances are 3.954(3) & 3.779 (3) A with no 

slippages (Table IV .6, Figure IV .13b ). 

Figure IV.l2 Packing arrangement in 4a. 
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Figure IV.l3 (a) Intermolecular C-H ... ;r interaction in 4a. Symmetry code: (i) 1-x. 1-y. 
1-z. Cg(6) is the centroid of C 18-C23 ring: (b) Intramolecular rr·- ·rr interactions in 4a. 

Cg(4). Cg(8) and Cg(ll) are the centroids ofC5-C9. C30-C:15 and C48-C53 rings 
respcctivel_y. 

Cryl·tal Structure of 4b & intra- /intermolecular interaction in .t,;o/id -~tttte 

The crystal packing in 4b (Figure IV. 14 J has also been found to be stabilized b) two 

intermolecular C -J-L. ~-r interactions: C:26-H26· ·Cg8 [where Cg8 is the centroid of the· 

C30---C35 ring at -x,l-y.-z] and C38-H3X · Cg7 [where Cg7 is the centroid ofthe 

C24-C29 ring at 1-x.I-y.-zj (Figure IV.I.5). These intermolecular C-H .... :T interactions 

arrange the molecules in parallel fashion. There is an intra-molecular rr· · ·rr intc:ractions 

involving the aryl rings C 1-C9 and C30-C35. The centroid-centroid distance is 3.8 I 5(3 l 

A and the corresponding perpendicular distance is 3.653 A with no slippage.< ieometric 

parameters of all the interactions are compikd in Table IV .6- IV .8. 

Figure IV. I 4 Packing arrangement in the cyciPmdallatc 4b. 
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Figure IV. IS Intermolecular C~H ... Jr interactions in 4b. Symmetry code: (i) -x, 1-y,-z: 
(ii) 1-x,l-y,-z. Cg(8) and Cg(7) are the centroids ofC30-C35 and ring C24-C29 

respectively. 

Crystal Structure of 5b & intra-/intermolecular interaction in solid state 

The crystal packing in Sb is shown in Figure IV.I6. The crystal packing in Sb has been 

found to be stabilized by an intermolecular C-H ... 2r hydrogen bonding interactions 

(Figure IV.I7) where C37 atom in the molecule acts as a hydrogen~bond donor, via H37 

to the Cg(J I) of another molecule at 1/2-x, l/2+y, 1/2-z. Between these two molecular 

units there exist an intermolecular C -H ... CI hydrogen bonding interaction (Figure 

IV.I7). Various intra-molecular hydrogen bonding interactions in the compound are 

shown in Figure IV. 18. 

Figure IV .16 Packing arrangement in the cyclometallate 5b. 
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Figure IV.171ntermolecular C-H ... n:and C-H ... CI interactions in Sb. Symmetry code: 
1/2-x. l/2+y. 111-7. Cg( II) is the centroids ofC45-C50 ring. 

Figure IV .18. Intramolecular hydrogen bonding interactions in 5b. 
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Table l V .6 Geometric parameters of the n · · · n interactions 

n·"n Cg .. ·Cg/A Cgl Perp!A CgJ Perp/A Slippage/A Symm. Op. 
4a• Cg(4)~Cg(ll) 3.779(3) 3.729 3.952 x, y, z 

Cg(4)~Cg(8) 3.954(3) 3.952 3.729 X, y, z 
4b6 Cg(3)~Cg(8) 3.815(3) 3.653 3.420 x. y, z 

Cg(8)~Cg(3) 3.815(3) 3.420 3.653 X, y, z 
• Cg (4) and Cg(11) are the centroids ofC5-C9 and C48-C53 rings respectively. 
b Cg(3) and Cg(8) are the centroids ofCl-C9 and C30-C35 rings respectively. 

Table IV.7 Geometric parameters of the C-H · · ·n interactions 

y• C-H .. ·Cg/° C .. ·Cg/A Symm.Operationon 
c 

38
b C48-H48A .. ·Cg(4) 2.96 14.54 132 3.644(7) -x,-1/2+y,l/2-z 

C54-H54A· .. Cg(l0) 2.78 8.58 152 3.631(8) x,l/2-y,-l/2+z 
4ac C50 -HSO ... Cg(6) 2.96 21.35 155 3.826(5) 1-x, 1-y, 1-z 

4bd C26-H26· .. Cg(8) 2.95 13.77 148 3.788(6) -x,1-y,-z 
C38-H38· .. Cg(7) 2.79 8.07 148 3.613(5) 1-x,1-y,-z 

Sbe C37-H37 .. ·Cg(ll) 2.92 8.58 141 3.689(11) l/2-x,l/2+y,l/2-z 
"y= angle defined by a line connecting center of gravity of the aromatic ring with H atom and the normal to the 
aromatic ring. 
b Cg(4) and Cg( 10) are the centroids ofC5-C9 and C39-C44 rings respectively. 
c Cg(6) is the centroid ofCl8-C23 ring. 
d Cg(8) and Cg(7) are the centroids ofC30-C35 and C24-C29 rings respectively. 
e Cg(ll) is the centroids ofC45-C50 ring. 

Table IV.8 Geometric parameters of the hydrogen bonding interactions 

d(D-H)/ d(H"·A)/ A d(D .. ·A)/ A D-H .. ·AI" 
A 

*Cl8-H18· .. N2 0.93 2.29 2.893(7) 122 
*C26-H26A · · · Cll 0.93 2.71 3.495(8) 143 

3a *C34-H34A···Ol 0.93 2.39 3.094(6) 133 
*C40-H40A···Ol 0.93 2.31 3.143(6) 149 
*C46-H46A .. ·Cil 0.93 2.61 3.453(5) 152 

4a 
*C8-H8···CII 0.93 2.58 3.443(5) 155 
*C19-Hl9 .. ·01 0.93 2.39 3.156(6) 139 
*C29-H29· · · N l 0.93 2.62 3.086(5) 155 
*C41-H4l .. ·Nl 0.93 2.52 3.086(5) 120 
*C47-H47 .. ·01 0.93 2.23 3.101(6) 155 
*C49-H49· · ·CI1 0.93 2.78 3.505(5) 135 

4b *Cl9-H19 .. ·N1 0.93 2.60 3.142(7) 117 
*C29-H29 .. ·01 0.93 2.55 3.314(6) 140 
*C37-H37 .. ·Cil 0.93 2.74 3.530(6) 143 
*C43-H43 · · · N 1 0.93 2.55 3.116(7) 120 
*C49-H49 .. ·01 0.93 2.32 3.195(6) 156 

Sb 
Cl8-HJ8 .. ·Cl1 0.93 2.70 3.448(9) 137 

*Cl8-Hl8 .. ·Nl 0.93 2.25 2.872(10) 124 
*C22-H22 .. ·01 0.93 2.45 3.172(10) 135 
*C28-H28 · · · Cl I 0.93 2.64 3.419(10) 142 
*C44-H44···CII 0.93 2.69 3.433(11) 137 
*C50-H50···0l 0.93 2.41 3.202(9) . 142 
*C56-H56 .. ·Nl 0.93 2.62 3.009(10) 106 

* Intramolecular hydrogen bond 

Symm. Operation 
on A 

X, y, Z 

x,y,z 
x,y,z 
x,y,z 
x, y,z 
x,y,z 
X, y, Z 

x. y, z 
x,y,z 
x,y,z 
X, y, Z 

x. y, z 
x,y,z 
x,y,z 
X, y, Z 

x,y,z 
1 /2-x, l /2 +y, l /2-z 

x,y,z 
,x,y,z 
x,y,z 
x,y,z 
x,y,z 

· x,y, z 
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IV.2.4 TD-DFT study 

Electronic Spectra and Excited Singlet State Calculations 

The rhodium(III) cyclometaJiates (2a-5b) are soluble in common organic solvents. The 

electronic spectra of all, recorded in dichloromethane, show several intense absorptions 

in the visible and ultraviolet regions. Electronic spectra of the rhodium(III) 

cyclometallates are shown in Figures IV.2 and IV.4. Spectral data are presented in the 

Experimental Section. In the related rhodium(IIl) compounds with 2-(arylazo)phenolate 

ligand similar spectral pattern was observed.9 The bands observed in the ultraviolet 

region with high molar extinction co-efficient are generally thought to be arisen from 

intraligand charge transfer transition. These type of absorptions are a signature of the azo 

compounds, and are responsible for their usefulness in the dye industry. The absorptions 

in the ultra-violet region are attributed to usual n-+ 1t*, 1t-+ 1t* transitions occuring within 

the ligand orbitals. Whereas the absorptions in the visible region are due to metal-to

ligand charge-transfer transition. However, to gain further insight into the nature of the 

absorptions, the time-dependent DFT (TDDFT) calculations of the representative 

rhodium(III) cyclometallates, viz., 4a and 4b has been done. We have only calculated the 

singlet excited states and only the singlet states with oscillator strengths greater than 0.05 

are listed. Excitation energies and oscillator strengths for the various absorption bands 

are reported together with the composition of the solution vectors in terms of most 

relevant transitions. 

IV.2.4.1 Electronic Structure and Optical Absorption Spectrum of 4a. 

A detailed analysis of the highest occupied and lowest unoccupied molecular orbitals of 

4a is presented in Table IV.9, where orbital energies and composition in terms of atomic 

contributions are reported. In case of HOMO (l48a), the largest orbital contributions 

arise from the ligand orbitals with a small percentage of metal d orbitals (9%). HOMO-I, 

on the other hand has major contributions from the rhodium dxz , dz2 and dxy orbitals. 

HOM0-2 and HOM0-3 are largely ligand based having only 2% and 9% metal 

character respectively. The lowest unoccupied molecular orbital ( l49a) has 85% 

contribution from the (arylazo)naphthalato fragment and is concentrated mostly on the 

diazene (-N=N-) moiety. The other LUMO's have predominant ligand character. 

However, LUM0+3 contains sizeable Rh-d character (20%). Isodensity surface plot of 

the relevant MO's is presented in Figure IV.l9. The HOMO-LUMO gap is computed to 

be 1.44 eV. For 4a, the lowest energy absorption band (at ca. 680 nm) involves 

excitation from the highest occupied to the lowest unoccupied molecular orbital. The 
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absorption band, with an onset at 1.81 eV, has dominant intraligand n-n* character. The 

other absorptions in the visible region in 4a have common density redistribution features 

with a small amount of metal to ligand charge transfer and largely n-n* intraligand 

density redistribution. The most intense transition observed in 4a in UV region (ca. 325 

nm) involves excitation from 142a (HOM0-6) and 145a (HOM0-3) to 150a (LUMO+l) 

and 152a (LUM0+3) respectively with predominantly intraligand n-n* character with a 

small admixture ofMLCT. 

Table IV.9 Energie~ and Percentage Composition ofthe Lowest Unoccupied and Highest 
Occupied Kohn-Sham Orbitals of 4a in terms of Rh and the ligand fragment8 

MO occ E( e V) Rh Ligand 

154 0 -1.734 77.52 
153a 0 -1.812 2.61(dx:·y2); 2.39(d;a). 70.73 
152a 0 -1.830 10.82(dd; 7.39(dx2-y2); 2.97 (dxz)· 48.92 
l5la 0 -1.859 75.72 
150a 0 -2.067 9.48(d.x:;.y2); 8.70(dz2); 6.81 (dyz)· 47.79 
149a 0 -3.123 3.32 (dy,). 85.53 
148a 2 -4.563 9.l9{d,,.). 77.54 
147a 2 -5.035 35.04 (d .. ); 3.38 (dd; 3.29(dxy)· 49.95 
146a 2 -5.252 2.19(dvz). 72.29 
145a 2 -5.622 6.22(d~z); 1.89 (da); 1.38(dxy). 67.32 
144a 2 -5.810 4.59(dy,); 1.52(d12). 68.34 
143a 2 -5.934 7.93 (dvz); 2.55 (da); 1.35 (da)· 60.98 

Bold characters are used for the HOMO (148a) and the LUMO (149a). 

Table IV .1 0 Selected TDDFT calculations of excitation energies. wavelengths (A.), 
oscillator strengths (f) and compositions of the low-lying singlet states in 
dichloromethane solution for complex 4a. 

State Energy (eV) A.ca~ Aexp f Composition Character 
(nm) (nm) 

Sr 1.8090 680 627 0.075 HOMO-LUMO (93.5%) ILCT+LLCT 
HOM0-5->LUMO (55.5%) LLCT+MLCT 

sr4 3.0267 410 - 0.072 HOMO---+LUM0+7 (12.4%) 
HOM0-4---.LUMO (12.2%) 

s44 3.5650 347 340 0.194 
HOM0-5->LUMO+l (33.8%) LLCT+LMCT 
HOM0-4-+LUMO+l (33.5%) 

s59 3.8183 325 292 0.068 
HOM0-6->LUMO+l (51.9%) LLCT+MLCT 
HOM0-3->LUM0+4 (27.5%) 

IV.2.4.2 Electronic Structure and Optical Absorption Spectrum of 4b. 

Table IV.ll shows the analysis of the highest occupied and lowest unoccupied 

molecular orbitals of 4a. Here again HOMO (148a) has been found to be predominantly 

ligand based with only ~7% rhodium d character. In case of HOMO-I (146a), the largest 

orbital contributions arise from the rhodium dxz, dz2 and dxy orbitals (42%). HOM0-2 

and HOM0-3 are largely ligand based having only 2% and 9% metal character 

respectively. In contrast to 4a, the lowest unoccupied molecular orbital (149a) of 4b has 



148a(HOMO) 149a(LUMO) 

147a (HOMO-I) 150a (LUMO+l) 

146a (HOM0-2) ISla (LUM0+2) 

Figure IV.l9. Molecular orbital plots for the FMO's of the cyclometallate 4a. 



l48a (HOMO) l49a(LUMO) 

147a (HOMO-I) l50a (LUMO+l) 

l46a (HOM0-2) l5la (LUM0+2) 

l45a (HOM0-3) l52a LUM0+3) 

Figure IV.20. Molecular orbital plots for the FMO's of the cyclometallate 4b. 
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substantial metal character (25%): contribution of (arylazo)naphthalato fragment 

amounts to 48%. The HOMO-LUMO gap (1.44 eV) is same as that in 4a. Isodensity 

surface plot of the relevant MO's is presented in Figure IV.20. The lowest energy 

absorption band (at 680 nm) in 4b, involves excitation from the highest occupied to the 

lowest unoccupied molecular orbital. The absorption band, with an onset at 1.81 eV, has 

dominant intraligand n-n* character. Selected TDDFT calculations of excitation 

energies, wavelengths(A-), oscillator strengths (t) and compositions of the low-lying 

singlet states are presented in Table IV.I2. 

It is interesting to note that TDDFT calculations shows that the electronic absorptions in 

the rhodium(III) cyclometallates are attributable to mostly intraligand 1t-+ n* transitions. 

MLCT transitions, often invoke to explain the electronic transitions in related 

rhodium(III) cyclometallates do not seem to play important role in the present case. 

Table IV .11 Energies and Percentage Composition of the Lowest Unoccupied and 
Highest Occupied Kohn-Sham Orbitals of 4b in terms of Rh and the ligand fragmenta 

MO occ E(eV) Rh Ligand 

154a 0 -1.710 70.54 
153a 0 -1.799 2.84(dz2): 1.42(dyz): 1.37(dx2-y2); 1.25(dxy). 73.01 
152a 0 -1.843 2.25(dd: 1.41 (dyzl· 69.90 
ISla 0 -1.859 1.87(d,vl· 75.72 
150a 0 -2.067 9.48(dx2y2 ): 8.70(dd: 6.81 (dyzl· 47.79 
149a 0 -3.123 3.32 ( dy 2 ). 85.53 
148a 2 -4.563 9.19 (dxvl· 77.54 
147a 2 -5.035 35.04 (d"): 3.38 (dz:); 3.29(dxyl 49.95 
146a 2 -5.252 2.19 ( drJ· 72.29 
145a 2 -5.622 6.22 (dv 1 ); 1.89 (dz2): 1.38(d,y)· 67.32 
144a 2 -5.810 4.59(dy,): 1.52(dz2l· 68.34 
143a 2 -5.934 7.93 (dyz); 2.55 (dz2): 1.35 (dxyl· 60.98 

aBold characters are used for the HOMO (148a) and the LUMO (149a). 

Table IV.12 Selected TDDFT calculations of excitation energies, wavelengths (A-), 
oscillator strengths (t) and compositions ofthe low-lying singlet states in 
dichloromethane solution for complex 4b. 

State Energy (eV) A cal ), exp f Composition Character 
(nm) (nm) 

-
s, 1.8090 680 668 0.075 HOMO--+LUMO (93.5%) ILCT+LLCT 

0.072 HOM0-5-+LUMO (55.5%) LLCT+MLCT 
s,4 3.0267 410 - HOMO--+LUM0+7 (12.4%) 

HOM0-4-+LUMO ( 12.2%) 

s44 3.5650 347 340 
0.194 HOM0-5-+LUMO+I (33.8%) LLCT+LMCT 

HOM0-4->LUMO+ 1 (33.5%) 

Ss9 3.8183 325 292 
O.On8 HOMO-n-+LUMO+I (51.9%) LLCT+MLCT 

HOM0-3-+LUM0+4 (27.5%) 

I 
I 
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IV.3 Conclusions 

I. Regiospecific C2(naphthyi)-H activation has been achieved by rhodium(l) when the 

primary donor (diazene) is at CI and the auxiliary donor is phenol. 

2. When the primary donor (diazene) is at Cl and the auxiliary donor is naphthol, both 

C2(naphthyi)-H & C8(naphthyi)-H bonds are regioselectively activated by rhodium(I). 

3. Regioselective activation of CI (naphthyi)-H & C3(naphthyi)-H bonds have been 

achieved by rhodium(I), where the primary donor (diazene) is at C2 and the auxiliary 

donor is phenol. This is the first example of C I (naphthyl)-H bond activation of 

naphthylazo fragment by any transition metal ion. 

4. When the primary donor (diazene) is at C2 and the auxiliary donor is naphthol, both 

C I (naphthyi)-H & C3(naphthyi)-H bonds are regioselectively activated by rhodium(l). 

5. In case of palladium(ll) and platinum(ll), the preferential activation between 

C2(naphthyi)-H and C8(naphthyi)-H bonds is governed by the competitive sequence of 

C,N metallocycle formation versus six membered N,O-chelation, whereas the selectivity 

on the activation over C I (naphthyl )-H and C3(naphthyi)-H bonds is dictated by the 

relative softness of C I & C3. Rhodium( I) being too soft is unable to form six membered 

N,O-chelate and rhodium(lll) is too hard to undergo cyclometallation. Therefore, the 

selectivity ofC-H bond activation by soft rhodium(l) is solely governed by the electronic 

and steric factors. Thus the formation of both ortho(C2 )- and peri(C8 )-isomers can be 

explained in terms of comparable softness of C2 & C8. when diazene is at C I and 

auxilariy donor is naphthol. The absence of C8-Rh product when the auxiliary donor is 

phenol is yet to be explained. Similarly, the formation of hoth C 1-Rh and C3-Rh bonds 

in the presence of diazene at C2 can be explained in terms of relative softness of C I & 

C3. However, metallation at C3 is more likely than that at C I since the softness of C3 is 

greater than C I . 

6. The solid state structures of the rhodium(lll) cyclometallates are characterized by 

various non-covalent interactions; C-H···n interactions and 1t stacking interactions 

between the aromatic rings have been observed in most of the cases. 

7. The electronic structures of the cyclometallates have been calculated using TDDFT 

model and the simulated spectra are consistent with the observed spectra of the 

cyclometallates. 

8. In contrast to palladium(II) & platinum(ll) systems, the low energy transitions in 

rhodium(lll) cyclometallates have been found to be predominantly intraligand n- n* 

transitions. 
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RhCh.nHzO was obtained from Arora-Matthey, Kolkata. Complex [Rh(PPh3)3CI] was 

prepared following a reported method. 11 Solvents and chemicals used for the syntheses 

were of analytical grade. Compounds ( H2L 1- H2L 4) were synthesized by published 

procedure12 which have been outlined in the Experimental Section of Chapter II. 

Tetrabutylammonium perchlorate for electrochemical work was synthesized following a 

reported method. 13 

IV.4.2 Physical measurements 

Elemental microanalyses (C, H and N) were done by either Perkin-Elmer (Model 240C) 

or Heraeus Carlo Erba ll08 elemental analyzer. The IR and Electronic spectra were 

recorded on Jasco 5300 FT-IR spectrophotometer and JASCO V-500 spectrophotometer 

respectively. NMR spectra were obtained by using Bruker DPX 300 NMR Spectrometer. 

Electrochemical measurements were performed usin,g a computer controlled PAR model 

(VERSASTA T II) electrochemical instrument. A platinum disc working electrode. a 

platinum wire auxiliary electrode and an aqueous saturated calomel reference electrode 

(SCE) were used in the cyclic voltammetry experiments. All electrochemical 

experiments were performed under a dinitrogen atmosphere at 298 K in l :9 

dichloromethane/acetonitrile using [nBu4N][Cl04] (TBAP) as the supporting electrolyte. 

The reported potentials are uncorrected for junction potential. 

IV.4.3 Isolation of rhodium(III) cyclometallates 

Isolation of [Rh(L 1)(PPh3)2Cl} (2a) 
' ' l The compound 1-(2 -hydroxy-5 -methylphenylazo )naphthalene (H2L ) (0.026 g, 0.1 

mmol) was dissolved in 50 cm3 toluene and the solution was purged with dinitrogen for 

15 min. Then [Rh(PPh3) 3Cl] (0.1 g, 0.1 mmol) was added slowly to solution and the 

whole mixture was refluxed under a dinitrogen atmosphere for six hours. The solvent 

was evaporated under reduced pressure and the crude green solid was dissolved in 

dichloromethane and was subjected to purification by thin layer chromatography on a 

silica plate. With a mixture of petroleum benzene/ethyl acetate (20:l,v/v) as eluant a 

bluish green band was isolated and extracted with acetonitrile. Evaporation of the 

solvent afforded the titled compound Yield: 55%. Anal. Calc. for Cs3H42NzOCIP2Rh: C, 

68.95; H, 4.59; N, 3.03. Found: C, 68.80; H, 4.82; N, 2.92%. 1H NMR (CDCh):o: 1.76 

(s,3H, aryl CH3); aromatic protons: 5.89 (s, lH), 6.19 (d, lH, J=6.6 Hz), 6.45 (dd, IH, 
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1=6.6 Hz), 6.87 (d. I H, J=6.6 Hz), 7.06 (m, II H), 7.18 (m, 9H), 7.24 (m, I H), 7.32 (t, 

1H), 7.45 (m, 12H), 8.27 (d, IH, J=6Hz). IR (KBr): v 1402 em·' (-N=N-). UV-vis 

(dichloromethane), Arnaxlnm (r,/ M-1 cm- 1
): 676 (II ,950), 627 (9,600), 290(40.300). MS: 

m/z: 923 [Mt, 398 [M-2PPh3t· 

Isolation of [Rh(L2)(PPh3hCl] (3a & 3b) 

Isolation of the isomeric cyclometallates 3a and 3b were achieved following the same 

procedure as above using H2L2 instead of H2L1
• Here a mixture of petroleum benzene 

and ethyl acetate (10:1 v/v) has been used as eluent . A blue fraction and a pink-violet 

fraction were obtained. The bands were separated and extracted with acetonitrile. 

3a. Yield 28%. Anal. Calc. for C56I-42N20CIP2Rh: C, 70.12; H, 4.41; N, 2.92. Found: C, 

69.79; H, 4.60; N, 2.86%. 1H NMR (CDCI3):8: 6.48 (d,IH), 6.99 (m,7H), 7.26 (m, 12H), 

7.45 (m, 9H), 7.67 (m, IOH), 7.95 (d, IH), 8.10 (d, lH, J=6 Hz), 8.21 (d, IH, J=6 Hz). 

IR (KBr): v 1405 em·' (-N=N-). UV-vis (dichloromethane), f....nax/nm (e/ M" 1 cm- 1
): 289 

(63,400), 378 (17,200), 404 (13,600), 604 (19,100), 655 (25,600). MS: m/z 958 [Mt. 

3b. Yield 45%. Cs6I-42N20CIP2Rh: C, 70.12; H, 4.41; N, 2.92. Found: C, 70.09; H, 4.56; 

N, 3.02%. 1H NMR (CDCI)):8: 6.42 (d, IH, J=6.3 Hz), 7.02 (m, 12H), 7.21 (m, 12H), 

7.37 (m, 1 3H), 7.55 (m, 2H), 7.81 (d, I H, J=6 Hz), 8.12 (d, lH, J=7.8 Hz). IR (KBr): v 

1395 cm-1 (-N=N-). UV-vis (dichloromethane), An1axlnm (r,/ M-1 cm-1
): 278 (80,300), 560 

(28,200), 602 (32,400). MS: m/z 958 [Mt, 66l[M-(PPh3+Cl)t. 

Isolation of [Rh(L3)(PPh3)2Cl] (4a & 4b). 

Isolation of the isomeric cyclometaiJates 4a and 4b were achieved following the same 

procedure as above using H2L3 instead of H2L 1• In this case purification of the reaction 

mixture by thin layer chromatography (silica, petroleum benzene/ethyl acetate, 10:1 v/v) 

atTorded a sky blue (4a) fraction and a greenish blue (4b) fraction. The bands were 

separated and extracted with acetonitrile. 

4a. Yield 20%. Anal. Calc. for Cs3H42N20CIP2Rh: C, 68.95; H, 4.59; N, 3.03. Found: C, 

68.76; H, 4.62; N, 3.02%. 1H NMR (CDCh):8: 1.78 (s,3R aryl CH3), 5.93 (s,lH), 6.25 

(d, IH, 1=6.3 Hz), 6.56 (dd, lH), 6.94 (t, 5H) 7.05-7.15 (m, 5H), 7.14-7.21 (m, l5H), 

7.39-7.43 (m, IOH), 8.4 (d, lH, J=8.1 Hz). IR (KBr): v 1402 cm-1 (-N=N-). UV-vis 

(dichJoromethane), l.rnaxlnm (r./ M-1 cm- 1
): 292 (47,500), 340 (22,300), 584 (12,000), 627 

- (9 ,600). MS: m/z 922 [Mt. 
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4b. Yield 35%. Anal. Calc. for C53H42N20CIP2Rh: C, 68.95; H, 4.59; N, 3.03. Found: C, 

69.10; H, 4.69; N, 2.88%. 1H NMR (CDCI 3): o: 1.78 (s,3H, aryl CH3), 5.52 (d, I H), 6.04 

(m, 3H), 6.93-7.03 (rn, l5H), 7.28-7.67 (m. 20H). IR (KBr): v (-N=N-)1408 cm-1
• UV

vis (dichloromethane), Amaxlnm (f./ M' 1 cm-1
): 292 (15,500), 340 (9,500), 624 (3,600), 

668 (5,100). MS: rn/z 922 [Mt, 660 [M-PPh3t, 626 (M-(PPh3+Cl)t. 

Isolation of [Rh(L4)(PPh3hCI] (Sa & 5b). 

Isolation of the isomeric cyclometallates 5a and 5b were achieved following the same 

procedure as above using H2L 4 instead of H2L 1. In this case purification of the reaction 

mixture by thin,layer chromatography (silica, petroleum benzene/ethyl acetate, 20:1 v/v) 

afforded a blue (5a) fraction and a purple (5b) fraction. The bands were separated and 

extracted with acetonitrile. 

Sa. Yield: 20%. Ana!. Calc. for C56Rt2N20ClP2Rh: C, 70.12; H, 4.41; N, 2.92. Found: C, 

70.31; H, 4.45; N, 3.l0%. 1H NMR (CDCh):o: 6.56 (d, lH, J=6.0 Hz), 7.i2-7.18 (m. 

llH), 7.20- 7.39 (m, ISH), 7.40 (m, SH), 7.45-7.54 (m, 8H), 7.64 (s, IH), 8.54 (d, IH, 

1=6.6 Hz). IR (KBr): v 1405 em·' (-N=N-). UV-vis (dichloromethane), Amaxlnm (f./ M-1 

cm-1
): 261 (59,600), 293 (80,500), 391 ( 18,500), 413 (23,600), 589 (5,800). MS: m/z 

958 [Mt. 

5b. Yield: 72%. Anal. Calc. for C56H4zN20ClPzRh: C, 70.12; H, 4.41; N, 3.70. Found: 

C, 70.31; H, 4.45; N, 3.61%. 1H NMR (CDCh):o: 6.42 (d, IH, J=6.6 Hz), 7.10 (s, lH), 

7.20-7.31 (m, ISH), 7.34-7.51 (m, 18H), 7.71 (m, 6H, 1=8.1 Hz), 8.62 (d, lH, 1=6.3 Hz). 

IR (KBr): v 1395 cm-1 (-N=N-). UV-vis (dichloromethane), Amaxlnm (f./ M-1 crn-1
): 292 

(25,200), 348sh (9,400), 384 (5,400), 550 (8,400), 592 (11,600). MS: m/z 958 [Mt. 

IV.4.4 Crystallography 

Single crystals of complexes 2a and 3a were obtained by slow diffusion of a 

dichloromethane solution of the complexes into n-hexane. Whereas the single crystals of 

the cyclometallates 4a, 4b and 5b were obtained by slow evaporation from the 

acetonitrile extract of the compounds. Crystallographic and refinement data for the 

reported stmctures are presented in Table IV.l3. 

Other informations are described in Chapter II, Section II.3.3. 

IV.4.5 Method and Compu.tational Details 

Described in Chapter II, Section II.3.4. 



Table IV.l3 Crystal data and refinement parameters for the cp~lexes 2a, 3a, 2a, 4a, 4b and 5b 

Identification code 2a la 4a 4b 5b 

Empirical formula Cs1~zCl Nz OPzRh Cs1H.u CiJ Nz 0 PzRh Cn H.u Cl Nz 0 PzRh C11~zCINzOPzRh CS6 ~z Cl Nz 0 Pz Rh 

Formula weight 923.19 1044.14 923.19 923.19 959.27 

Temperature 293(2) K 298(2) K 293(2) K 293(2) K 293(2) K 

Crystal system, space group Moncdimc, C21c Monoclinic, P2(1 )/c Triclinic, P-1 Monoclinic, P2(1} Monoclinic, P2( I )In 

Unit cell dimensions a= 244771(3) A a= 175179(2)A a= 11116(3)A a= 11.8442(2) A a = 11 905(3) A 

b = 9.2446(2) A b = 10.6325( 12) A b = l 1742(4) A b = 119633(3} A: b= 17478(4)A 

c=216235(10) A c= 18225 A c = 18.141(6) A c = 17.3738(4) A c = 22.043(5) A 

a=9o• a=90" a= 108.857(4)" a= 72.1650(10)0 a=9Q• 

~ = I 16.3650(10)0 ~ = 109.9790( IO)• ~ = 99.704(5}0 ~ = 70.5l\0(10}0 ~ = 95.527(4)0 

y=90· y=90· y = 100.613(5)0 y = 79.4750( 10)0 y=90 

Volume 4384.03(1 l) A3 4908.42(6} A1 2135.2(11) A) 2200.31(8) A1 4565.2(17) A) 

Z, Calculated density (Mg!m1} 4, 1.399 4, 1.413 2, 1.436 1, 1.393 4, 1.3% 

Absorption coefficient 0.565mm·1 0.619mm'1 0.580mm'1 0.563 mm'1 0.546 mm-1 

F(OOO) !896 2!36 948 948 !968 

Crystal size 0.35 x 0.08 x 0.02 mm 0.25 x0.12 xO.IO mm 0.36 X 0.22 X 0.04 mm 0.44 x0.18 x0.04 mm 0.38 x 0.23 x 0.21 mm 

Theta range for data collection 1.86 to 23.29 deg. 1.24 to 23.26 deg. 1.22 to 25.00 deg. 1.29 to 19.71 deg. 1.86 to 25.00 deg. 

Limiting indices -27ShS27, -19ShSI4, -13 s h s 13;-13 5k s 13 -11 Sh511,-115kS 11 -14 Sh S 14,-20 5k 5 20 

-10Sk510 -17Sk518 -2151521 -1651516 -2651526 

-24 s I<S 22 -1251520 

Reflections collected I unique 8710/3148 2015417005 20530/7501 15152/3911 42204/7893 

[R(int) = 0.0299] 
[R(int) = 0.0596] [R(int) = 0.0430] [R(int) = 0.0444] [R(int) = 0.0666] 

Data I restraints I parameters 314811841364 7005 ! 4441 595 750110/542 3911101542 789310/568 

Goodness-of-fit on F2 1.048 0.991 1.048 1.007 1.172 

Final R indices [l>2sigma(l)] Rl=0.0277, wR2=0.0644 RI=00459, wR2=0.1062 Rl=0.0516, wR2=0.1077 Rl=0.0301, wR2=0.0539 Rl =0.0%7, wR2=0 1962 

R indices (all data) R1= 0.0372, wR2= 0.0684 R1=0.0844, wR2=0.1264 Rl=0.0712, wR2=0.1151 Rl= 0.0489, wR2= 0.0604 Rl=0.0999, wR2= 0.1981 

Largest diff. peak and hole 0.408 and --0.413 eA3 0.567 and -0.485 eA' 0.703 and -0.360 e.A'3 0.198 and -0.245 eK1 1 .005 and -2 .1 56 eA3 
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CHAPTER V 

Oxidation of Hydrocarbons Catalyzed by Chiral Iron(III) 

and Manganese(lll) Saleos: A Comparative Study* 

Abstract 

A group of chiral iron(III)-salen and manganese( III)-salen complexes were employed as 

catalysts m the oxidation of hydrocarbons at room temperature, using 

pentafluoroiodosylbenzene as the source of oxygen. A comparison has been drawn between 

these two sets of catalysts. The reactions were carried out in acetonitrile and 

dichloromethane. Iron(III)-salen catalyzed oxygenation reactions were found to be 

dependent upon the reaction media whereas no distinct solvent effect had been noticed in 

the corresponding manganese(III) catalysts. 

*The part of this work has been published in Catalysis Communication, 2009, 10, 708. 
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V.l Introduction 

The selective oxidation and functionalization of alkanes and alkenes under mild 

conditions is an important scientific and economic goal 1
• It sustains extensive research 

and interest worldwide with systems mimicking the dioxygen activation induced by iron 

containing biological system such as bleomycin2
, cytochrome P-4503 and methane 

monoxygenase4 receiving particular attention. Oxygen activation and transfer by 
' 

cytochrome P-450 is of interest in both biomimetic and synthetic chemistry. The P-450 

catalyzed oxygen transfer reaction was proposed to proceed through an oxohaem 

catalytic intermediate.3 Metalloporphyrins have always enjoyed a special preference as 

synthetic models for the reaction site of cytochrome P-450.3ct.s Apart from the 

porphyrins, the another important ligand systems, especially in the context of catalysis 

for the asymmetric oxidation of organic substrates, are the Schiff base derivatives, 

sa lens [sal en= I ,6-bis(2-hydroxyphenyl)-2,5-diazahexa-l ,5-diene] and its derivatives.6
-

11 

Hugo Schiff described the condensation between an aldehyde and an amine leading to a 

Schiff base as early as in 1864. 12 Schiff base ligands are capable of coordinating metal 

ions through imine nitrogen and another donor group, usually linked to the aldehyde. 

Because of their diverse coordination chemistry and various applicabilities in different 

fields, there has been a tremendous amount of interest on this class of compounds and 

nowadays active and well designed Schiff base ligands are considered "priviledged 

ligands". In fact, Schiff bases are able to stabilize many different metals in various 

oxidation states, controlling the performance of metals in various oxidation states. Salen 

ligands, on the other hand, are regarded as special type of chelating Schiff base and they 

are formed when two equivalents of salicylaldehyde are combined with a diamine. The 

metal complexes of the salen ligands. with four coordinating sites and two axial sites 

open to ancillary ligands are catalyically potent like metalloporphyrins, but their 

preparation is considerably simple than the porphyrins. Although the term Salen was 

used originally only to describe the tetradentate Schiff bases derived from 

ethylenediamine, the more general term Salen-type is used in the literature to describe 

the class of[O,N,N,O] tetradentate Schiff base ligands (Scheme V.l). 
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Sal en Salophen Chiral Salen 

Scheme V.l Different Salen ligands. 

The metallosalen derivatives, most notably those of manganese, 13
•
14 chromium 15 and 

vanadium16 have emerged as efficient catalysts in various reactions. An increase in the 

enantioselectivities for the substrates has been achieved by modulating the steric and 

electronic properties of metallosalens. 14 Although iron(III) dominates the oxygenation 

chemistry of metalloporphyrins, studies on the oxidation of organic substrates using 

iron(III)-salen complexes are sparsely reported in literature. Several substituted iron(III)

salen complexes have been investigated as model for catechol dioxygenase17
, catalytic role 

of iron(III)-salen remains rather unexplored. 19
-
25 In contrast, several chiral manganese salen 

complexes, reported by Jacobsen13 and Katsuki 14 were shown to be efficient catalysts for the 

asymmetric epoxidation of cis-olefins with oxidants like iodosylarenes, NaOCl, H202, 

Nal04, peracids, etc. Infact, the Jacobsen-Katsuki reaction is universally recognized as one 

of the most powerful methods for the epoxidation ofunfunctionalized prochiral olefins. 

Herein, we report the use of chiral iron(III)-salen and manganese(III)-salen complexes 

as catalysts for hydrocarbon oxidation using pentafluoroiodosylbenzene as terminal oxidant. 

The electronic properties of the metallosalens used have been tuned by variation of different 

electron-withdrawing and electron donating substiuents on the salen ligand frame, which in 

turn modulate the catalytic behavior of metallosalens in oxygenation reactions. A 

comparative study between the iron(Ill) and manganese(IJI) salens as catalysts towards 

various types of C-H bonds of hydrocarbons has been presented here. 
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Figure V.l Metallosalen catalysts used in the study 
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V.2 Results and discussions 

V.2.l Synthesis of the catalysts 

Four tetradentate chiral salen ligands and eight complexes derived from them were 

synthesized (Figure V.l). Among them, four complexes have not been reported earlier. 3, 5-

disubstituted salen ligands were prepared according to the known procedure. 13
g, 

19 The 

mononuclear iron(III) complexes (l-4) were prepared from anhydrous FeCh and 

corresponding 3,5-disubstituted salen ligands. 19 Manganese analogs (5-8) were prepared 

from Mn(0Ac)2 • 4H20 and the corresponding ligands in the presence of LiCI. 13
g 

V.2.2 Characterization of the complexes 

The known complexes (1, 2, 7, 8) were characterized by elemental analysis, MS and IR; all 

the data matched well with the reported ones. The four new complexes (3, 4, 5, 6) were 

characterized by elemental analysis, MS and IR. 

V.2.3 Oxygenation of hydrocarbons cata(vzed by metallosalens 

V.2.3.1 Cyclohexene oxidation by metal/osalens with C~ s/0 

In order to make a comparison among the various metallosalen catalysts, cyclohexene has 

been chosen as a model substrate. Reactions were performed at room temperature in both 

acetonitrile and dichloromethane media. Typical catalytic reactions involve 

acetonitrile/dichlomethane solutions at 25°C, stirred under pentafluoroiodosylbenzene 

(C6F5IO) with periodic product sampling by gas chromatography. The results obtained were 

summarized in Table V.I. 

Among the iron(III) salen complexes, electronegatively substituted complexes 

(catalyst 1 and 2) emerged as better catalysts. With catalysts l and 2, cyclohexene has been 

oxidized in very high yield under suitable reaction condition; overall conversion being 98% 

for catalyst l and 80% for catalyst 2 respectively (entry 1 & 3, Table V.l ). The alkyl 

substituted iron(III) salen complexes showed lesser catalytic activity in bringing about 

cyclohexene oxidation (entry 5-8, Table V .I). The electronegative iron(III) sa len catalysts, 

like their porphyrin counterparts have been found much more effective in catalytic oxidation 

of cyclohexene by C~siO at ambient condition. 
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Table V.l Metallosalen catalyzed oxidation ofCyclohexene by C6F510 at 25°C 

Conversion Product(% yields)" 
Entry Catalyst Solvent (%) 1-ol l-one epoxide 

1 98 37 36 25 

2 J 58 10 OS 43 

3 2 80 35 32 13 

4 2 33 08 04 21 

5 3 10 04 02 03 

6 3 16 07 04 05 

7 4 44 20 19 05 

8 4 30 13 09 08 

9 5 46 06 02 38 

10 5 44 07 02 35 

11 6 43 05 01 37 

12 6 42 07 01 34 

13 7 31 07 03 21 

14 7 31 07 03 21 

15 8 65 16 10 39 

16 8 62 20 15 27 

ayields are with respect to total oxidant concentration 

Solvent plays an important role in the catalytic reactions studied. The reactions were 

performed in acetonitrile and dichloromethane. The choice of the solvents was governed by 

the urge to know and understand the behaviour pattern of the iron(III)-salen complexes in 

coordinating as well as in non-coordinating solvents. It was found that acetonitrile as a 

solvent exhibit good activity under the conditions employed. In contrast overall conversion 

in dichloromethane is always lower (Table V.l ). But interestingly there is a complete turn 

around in product profile as can be evidenced from the bar-diagram for the catalytic 

oxygenation of cyclohexene by catalyst (1) in those two solvents (Figure V.2). In 

dichlomethane there is a definite predominance of epoxide among the oxygenated products. 
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Figure V.2 Relative yields of oxidized products of cydohexene in acetonitile (left) and 
dichloromethane (right) in case of catalyst I. 

For the corresponding manganese(lll)-salen catalysts cyclohexene was mainly converted to 

epoxides by Ct,FdO at room temperature. Interestingly. manganese(lll)-salen catalysed 

oxygenation of cyclohexene does not tkpend a large extent on the sul1stituent at the 

"alicylidine moiety and reactinn medium: percentage conversion of cyclohexene by CrJ J() 

remained almost same in hoth acetonitrik and dichloromethane (entry li-16. labk V.l). In 

all these cases yield is not quantitative and for catalyst 8 highest pen:entage com ersion 

( 65%) t)f cvclohexene was obtained. Another distinct feature tlf these reactk)ns is that all vi ic 
' . . ... 

•Jxidation is less favoured nvt•r epoxidatiPn ( tml ike the iron(IIJ) sal en- C,F,JO system). 

V.2.3.2 Norhornene oxidation by metullo.mlens with C6F_,JO 

Norbornene and its oxidized products like epoxy norbornane. diol. etc have wide 

applications in polymer synthesis. pharmaceutical intermediates. general organir synthesis. 

etc.2
b Oxidation of norbornene has been ~.·arried out by many cataly1it: systems but in most 

ofthe cases. the selectivity and yield of the epoxide is moderate=7
·
3
-'. Patel el a/. have carried 

out oxidation of norbornene with tert-hutyl hydroperoxide (TBHP) using a polymer

supported manganese catalyst at 40°C2x. After 24 hours the observed selectivity of the 

epoxide was only 45%. Koner eta/. also rarried out the oxidation of norbornene with TBHP 

over Cr(salen) catalyst immobilized in MCM-41. where exo and endo norborneols were the 

m~jor products2
'i. There have been man: n:ports on the epoxidation nf norhornene using 

iodosylbenzene as the oxidant over difti:rent catalysts'0 . But the epoxid~:: ield was ll.1und t(\ 

be low in most of the cases. EpoxidatiPn of norhornene u-,ing CsCI-pronwtcd Ag.'AI:::O; 

catalyst was carried out with air as an 1 1x idant \\ ith high seh..·di \ it:. but at a lt:mperature of 
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225°C 31 Epoxidation using Co(lll) acetyfacetonate3
=' at temperature ranging from 60 to 

l30°C under 10 kg cm-2 pressure of02 afforded a selectivity of 43% to the epoxide after I X 

h. 

Table V.2 Metallosalen catalyzed oxidation ofNorbornene by C6F510 at 25°C 

Entry Catalyst Solvent % Yield of exo-epoxide 

I CHlCN 35 

2 I CHzCI2 45 

3 2 CH3CN 22 

4 2 CHzCh 15 

5 3 CH3CN 22 

6 3 CHzCI2 34 

7 4 CH3CN 21 

8 4 CH2CI2 45 

9 5 CH3CN 45 

10 5 CHzCh 45 

II 6 CH3CN 52 

12 6 CHzClz 52 

13 7 CH3CN 77 

14 7 CHzCI2 72 

IS 8 CH3CN 80 

3 yields are with respect to total oxidant concentration 

Kamata et a/. 33 have recently reported the epoxidation of various olefins including 

norbornene with hydrogen peroxide using a lacunary silicotungstate, [y-SiW 10034(H20ht , 

with high selectivity based on the oxidant. However, the yield based on the substrate was 

low. With the difference in reactivity of the iron(III) and manganese(III)-salen catalysts 

towards cyclohexene established we extended our study to other hydrocarbons. Norbornene 

was regiospecifically oxidized to its exo epoxide under identical reaction condition. Results 

have been presented in Table V.2. A cursory glance at Table V.2 indicates that among the 

metallosalens, alkyl substituted Mn(III) salen complexes (catalyst 7 and 8) are most active 

catalysts affording exo-epoxynorbornanes in 75-85% yield (entry 13-16, Table V.2). 

Presence of electron withdrawing nitro groups in salen moiety gave poorer conversion. No 
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solvent dependence has been observed in manganese(JIJ) salen catalyzed epoxidation 

reaction of norbornene. lron(lll) salen complexes were also found active in converting 

norbornene to exo-epoxynorbornanes but the conversion is less impressive (entry l-8, Table 

V.2). Among the iron(lll)-salens, nitro substituted catalysts, 1 and 2 gave slightly better 

results than the corresponding alkyl substituted catalysts. Here again, appreciable solvent 

effect was observed in iron(III)-catalysed epoxidation of norbornene, yields of epoxide 

being higher in less polar dichloromethane than in acetonitrile. 

V.2.3.3 Oxidation of cyclooctene and 1-octene by metallosalens with C6Fsl0. 

The eight metallosalen complexes were also found effective in epoxidation of cyclooctene 

and l-octene, the results are summarized in table 3 and table 4 respectively. In both the 

cases, alkyl substituted manganese(III) salen complexes seemed better catalysts than others 

(entry 9-16 in both Table V.3 and Table V.4). Solvent again played some role, akin to what 

we observed in case of other olefinic compounds discussed earlier. 

Table V.3 Metallosalen catalyzed oxidation ofCyclooctene by C6F5IO at 25°C 

Entry Catalyst Solvent % Yield of epoxide 

CH3CN 28 

2 CHzClz 37 

3 2 CH3CN 18 

4 2 CH2CI2 25 

5 3 CH,CN 05 

6 3 CH2CI2 10 

7 4 CH3CN 05 

8 4 CHzCiz Nil 

9 5 CH3CN 42 

10 5 CH2CI2 43 

11 6 CH3CN 44 

12 6 CH2Ciz 48 

13 7 CH3CN 55 

14 7 CHzCh 39 

15 8 CH3CN 59 

3yields are with respe·ct to total oxidant concentration 
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Table V.4 Metallosalen catalyzed oxidation of 1-octene by C6F510 at 25°C 

Entry Catalyst Solvent % Yield of epoxide 

I CH3CN 18 

2 CHzCI2 l3 

3 2 CH3CN 12 

4 2 CHzCiz 08 

5 3 CH3CN Nil 

6 3 CH2Ciz Nil 

7 4 CH3CN Nil 

8 4 CHzClz Nil 

9 5 CH3CN 34 

10 5 CHzCiz 32 

II 6 CH3CN 38 

12 6 CH2CI2 43 

13 
7 CH3CN 10 

J4 7 CH2Ciz 05 

15 8 CH3CN 12 

16 8 CH2CI2 05 

V.2.3.4 Oxidation of cyclo/1exane by metallosalens with C6F510 

The catalytic oxidation of unactivated sp3 hybridized C-H bonds of cyclohexane at ambient 

condition poses an interesting challenge to chemists. It might be noted that the oxidation of 

cyclohexane is an industrial process and it is important from both economical and 

environmental points of view. Cyclohexane's oxidized products are raw materials in the 

adipic synthesis, i.e., precursors ofNylon 6 and Nylon 66. In the present industrial process, 

cyclohexane is oxidized at drastic conditions using cobalt naphthenate or octoate as 

catalysts affording conversion in the range of 3-8%.34 Only one report of iron-salen 

catalyzed oxidation of cyclohexane up to I 0.2% appeared in the literature.23 In our 

endeavour, only complexes 1, 2 and 6 were found to be effective in catalyzing cyclohexane 

at room temperature in acetonitrile medium. The best result was obtained for the complex 1, 

which showed 23% yield of cyclohexanol and cyclohexanone (entry 1, Table V.5). In this 

conversion, the turnover frequency (TOF) is 4.6 per hour. However the TOF for the 

oxidation of cyclohexene is 19.6 per hour. These lower turnover numbers are to be 
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improved before the catalyst has industrial application, but the results have indeed 

demonstrated the role of solvent and catalyst structure on the possible improvement of the 

oxidative conversions of the substrate. 

Table V.5 Metallosalen catalyzed oxidation ofCyclohexane by C6F510 at 25°C 

Entry Catalyst Solvent Conversion(%) Product(% yields) 
Alcohol Ketone 

I 1 CH3CN 23 l3 10 

2 2 CH3CN 07 05 02 
3 3 CH3CN Nil Nil Nil 
4 4 CH3CN Nil Nil Nil 
5 5 CH3CN Nil Nil Nil 
6 6 CH3CN 14 06 08 
7 7 CH3CN Nil Nil Nil 
8 8 CH3CN Nil Nil Nil 

ayields are with respect to total oxidant concentration 

V.2.4 Nature of reactive intermediates 

Complexes l-8 generate active species capable of t~nsferring oxygen to the substrates with 

C6Fsl0, because these complexes can participate in hydrocarbon oxygenation reactions as 

described earlier. Most of the previously reported studies about the oxidation reactions 

catalyzed by manganese complexes have emphasized on the formation of an oxo-manganese 

intermediate by the reaction of manganese complexes with iodosylbenzene14
· 

35
. The Mn(III) 

salen compounds studied by us, showed similar reaction trend towards various olefinic 

substrates and the involvement of oxo-manganese species as a key intermediate can be 

predicted. 

On the other hand, there exists considerable debate on the reactive intermediate formed 

during the catalytic transformation of organic substrates by iodosylarenes-iron(III)-salen 

combination. Rajagopal and Ramral 1 reported a mechanistic study on oxygenation of 

organic sulfides by iron (III)-salen complexes and proposed [Fe1v=O (salen)r· species as the 

key intermediate. However, recent studies of Bryliakov22 and Fujii24 on the similar systems 

provided evidence in favour of more complex intermediate, namely iodosylbenzene(salen)

iron(III) complex. Upon addition of C6F510 to iron(III)-salens we got similar similar 

electronic spectral pattern supporting the formation of oxometal species as the key 

intermediate,21 we believe the system can reveal a system of far grater complexity than 

initially believed. Formation of supstantial amount of epoxides together with aJiylic C-H 

oxidized prod~ct (for cyclohexene) ruled out the possibility of the involvement of radical 

chain autoxidation process. 19 Again almost complete reversal of product profile in the non-



- 144-

coordinating solvent methylene chloride indicated that a complete different chemistry 

altogether is going on. Studies of our laboratory are now focused on understanding the 

nature of the intermediates in iron(IIJ) sa len catalyzed oxygenation reactions of C-H bonds 

by C6Fsl0. 

V.3 Conclusion 

1. To achieve catalytic C-H bond activation and functionalization at room temperature, a 

useful reaction condition for hydrocarbon oxidation using metal complexes with readily and 

cheaply available chiral derivatives of the salen ligand has been successfully designed. 

Catalytic activities of iron(III) and manganese(III)-salen complexes towards various types 

of hydrocarbons have been compared. 

2. Catalytic reactivity of the metallosalens has been found to be dependent on the 

substitution pattern at salicylidine moiety, the chiral diamine fragment and reaction media. 

3. Iron(III)-salen complexes with electron withdrawing sustituents are found to be more 

efficient in oxygenation reaction of hydrocarbons by C6F510. Catalytic oxygenation 

reactions have been found to be dependent on the reaction medium. In polar acetonitrile, 

overall conversion of the substrates to the oxidized products is always higher than that in 

dichlomethane. Dichloromethane medium favours epoxidation. 

4. On the other hand, manganese(III)-salens with electron donating alkyl substitutents 

emerged as better catalyst in epoxidizing norbornene, cyclooctene and 1-octene. No distinct 

solvent effect has been observed in manganese(III)-salen catalyzed oxygenation reactions. 

5. Both the metallosalens catalyze regiospecific oxidation of norbornene to its exo epoxide. 

6. At room temperature, the unactivated C-H bond of cyclohexane has been catalytically 

oxidized in reasonably good yield by chiral iron(III)-salens, whereas manganese(IJI) salens 

appear to be less effective. 

V.4 Experimental 

V.4.1 Instruments and reagents 

Electronic absorption spectra were recorded with a Perkin Elmer Lambda-2S 

spectrophotometer. IR spectra were recorded in KBr palate with Nicolet 460 protege IR 

spectrophotometer. Reactions were monitored in Perkin Elmer Autosystem XL Gas 

Chromatograph. Mass spectra were taken in Jeol SX-102 (FAB). Elemental Analyses were 

carried out in Perkin Elmer Series II, CHNS/0 Analyzer. 
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A II chemicals used for the synthesis of the I igands and metal complexes were reagent grade. 

3,5-dinitrosalicylaldehyde, (I R, 2R)-( +)-I ,2-diaminocyclohexane, (I R,2R)-( +)-I ,2-diphen

ylethylenediamine, 2-tert butyl -4-methylphenol, Tin (IV) chloride and triethylamine were 

obtained from Aldrich and used as received. Anhydrous iron(III) chloride was obtained 

from S.D. Fine Chemicals Ltd (India). Cyclohexene and the solvents used for the catalytic 

experiments were distilled under argon prior to use. 

V.4.2 Synthesis of the ligands and the cata(vsts 

Nitro substituted and the alkyl substituted salen ligands and the corresponding iron(III) and 

manganese(III)'complexes were prepared by literature method. 13
g, 

19 Catalysts 1, 2, 7 and 8 

were characterized by mass, spectral and analytical data which corresponded to the reported 

data. 138
• 

19 For the other metallosalen catalysts the characterization data is given below. 

3. MS(FAB): 551 (M"), 516 ([M-35]}. Anal.: Calcd for C30H40Nz02FeCl: C, 65.3; H, 7.2; N, 

5.1. Found: C, 65.8; H, 7.4; N, 5.2. IR (KBr) v(C=N)/cm-1: 1612. 

4. MS(FAB): 649 (M-), 614 ([M-35]). Anal.: Calcd for C38H42N20 2FeCI: C, 70.2; H, 6.5; N, 

4.3. Found: C, 70.4; H, 6.4; N, 4.4. 1R (KBr) v (C=N)/cm-1
: 1612. 

5. MS(FAB): 591 (~).Anal.: Calcd for Cz0H16N60wMnCJ. HzO: C, 39.4; H, 2.9; N, 13.8. 

Found: C, 39.8; H, 3.1; N, 14.0. IR (KBr) v (C=N)/cm-1: 1643. 

6. MS(FAB): 689 (M}. Anal.: Calcd for C28H 18N60wMnCl.: C, 48.80; H, 2.6; N, 12.2. 

Found: C, 48.9; H, 2.8; N, 12.2. IR (KBr) v (C=N)/cm-1: 1635. 

V.4.3 Catalytic oxidations 

Catalytic reactions were carried out in small screw capped vials fitted with PTFE septa. In a 

typical reaction 100 ~tM of catalyst and 100-200 mM of substrate were dissolved in 2 mL of 

argon saturated solvent. The oxidation reaction was initiated by adding 2 mM ofC6FsiO and 

the contents were magnetically stirred for one hour. The standard solution of dodecane was 

added to this reaction mixture and an aliquot was injected into a capillary column 

(carbowax, 30 meter) of a preheated GC. The identification and the quantitation of the 

products were done from the response factors of standard product samples as usual (Internal 

standard: Dodecane, 2mM). 
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CHAPTER VI 

Iron-Corrole Catalyzed Hydroxylation Reactions of Alkanes: 

Search for Reactive Intermediates 

Abstract 

The complex meso-tris(pentafluorophnyl)corrolatoiron(IV)chloride [(F 15 TPC)FeCl] 

emerged as efficient catalyst in hydroxylating alkanes at room temperature. Cyclohexane 

and adamantane have been oxidized to the corresponding alcohols using m

chloroperbenzoic acid (m-CPBA) as terminal oxidant. Cyclohexane has been converted 

to cyclohexanol in 45-50% yields. The reactions proceeded with 100% selectivity. 

Adamantane has also been hydroxylated up to 75% overall yield under identical reaction 

condition. Significantly high regioselectivity in adamantane oxidation has been 

observed. The reactive intermediates formed have been quantitatively trapped by 2,4,6-

tri-t-butyJphenol (TTBP). Kinetic analysis of the (F 15 TPC)FeCI-catalysed oxidation of 

TTBP has found consistent with rapid reaction of organic substrate with an intermediate 

formed in the first and rate determining step. At room temperature catalytic oxidation of 

alkanes & alkenes by iron complex of 5, I 0, 15-tris(pentafluorophenyl)corrole using 70% 

t-BuOOH as oxidant is also reported. 
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VI.l Introduction 

Corroles 1 are tetrapyrrolic macrocycles who owe their name to cobalt-chelating corrin 

of vitamin B 12 with whom they share an identical skeleton. Corroles are extensively 

conjugated and more closely related to the iron-chelating porphyrins of heme 

enzymes and proteins. More precisely. corroles are based on the [ 18)annulene 

structural framework with just one m«!so carbon short from the porphyrin skeleton. as 

shown in Figure VI. I. The structure of their aliphatic counterpart. namely corrin, the 

tetrapyrrolic ligand ofthe B12 cofactor is presented in Figure Yl.2? 

H H H H H 

H 
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H H 

H 
H 

H II 

H 
II 

H H H 

Figure Vl.l The structure of free bast: porphyrin (left) and free base corrole (right). 
The positions of Cu. C1, and Cn.-so an: noted with arrows. 

The missing meso carbon leads to a smaller central cavity compared to porphyrin and 

reduces symmetry from D4h to C2v· Free base corroles act as a trianionic ligand owing 

to the presence of three inner -NH protons. Being a trianionic macrocycle with a 

small cavity corroles have unique property of stabilizing high metal oxidation states. 

The most stable oxidation numbers in metallocorroles are often one positive charge 

higher than in the case of analogous metalloporphyrins. But compared with the 

chemistry of porphyrins, the chemistry of corroles remained comparately 

underdeveloped for a long period. largely due to lack of simple methods for their 

synthesis.3 Corroles were first synthesized as early as in 1964 by Johnson and Kal 

and the first crystallography of a free base corrole was reported by Hodgkin et a/. 5 in 

1971. The first meso substituted corrole was reported as late as 1993t-. almost 30 

years after the first reported corrole. All these synthetic processes suffered from the 

limitations of very low yield. longer reaction time and non-commercially available 
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starting materials. However. major breakthough was made in 1999 b) Gross et a!. 

and Paolesse et a/. R of one-pot corrole syntheses involving pyrrok-aldehyde 

condensations. 

H2N~ NH2 

••• ,~NH2 

• .. 

0 

::.~NII2 

. ..,.,. P-O 0 ..,.,. \ - _...___,_ 

o· .... 
'-oH 

Figure Vl.2 The vitamin B 12 cofact,1r methylcobalamin. 
the ct1rrin macrocycle. 

0 

rhe purple coltlllr denote::. 

The research group of Paolesse prepared a wide range of free base triaryl corroles under 

Alder-Longo-type protic acid catalyzed reactions using glacial acetic acid as the solvent 

and with a aldehyde/pyrrolc molar ratio nf I :3 (Scheme VI. I).!< In contrast the research 

group of Gross reported an essentially sol\'ent free. catalyst free condensation of pyrrole 

with aldehydes in aerobic condition in the presence of basic alumina as a solid support. 

followed by oxidation with DDQ in dichloromethane to yield the corresponding corroles 

(Scheme Vl.2)? Development into the directed synthesis of the corrole macrocycles 

continues to be one of the most active area of research. with recent contributions from 

the groups ofGryko~. Bmckner1
u. Collman 11 and Ueier. 12 
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Scheme VI. I One-pot corrole syntheses under Alder-Longo type protic acid catalyzed 
conditions reported by Paolesse et a/.8 
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Scheme VI.2 The one-pot "solvent-free" corrole synthesis reported by Grosset a/. 7 

Investigations into the syntheses of free-base and metal corroles have flourished in recent 

years and a tremendous amount of interest has been generated on the chemistry of this 

contracted macrocycles. 1 Due to their unique capacity to stabilize high metal oxidation 

states, various metallocorroles have been synthesized and examined successfully as 

I fi 'd · l3 h d J · 13a 14 J • 13a 15 d · 'd' · 16 cata ysts or epoxt atton , y roxy at10n ' , eye opropanatton ' an az1n mat10n. 

Apart from catalysis, various corroles and their metal complexes are shown to be 

excellent candidates for environmental and medicinal sensors. 17 Metallocorroles appear 

to be useful in medicinal applications. such as tumor detection and destruction. 18 

Corroles are now being utilized in light-driven processes, including applications in both 

medical and alternative energy areas. 19 Among these reactions activation of aliphatic C-H 

bonds is, perhaps, the most important goal in basic and industrial research. 

Functionalization of such bonds by mononuclear heme and non-heme iron enzymes often 

invoke C-H bond cleavage by an iron(IV) intermediate that is generated by dioxygen 

activation.20·21 Several enzymes accomplish such transformations in the biological 

world.22-25 In particular, cytochrome P-450 model enzymes catalyze the most 

energetically difficult hydroxylation of unactivated C-H bonds of alkanes.22 Thus 

biomimetic hydroxylation reactions with cytochrome P-450 model compounds, most 
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notably the metalloporphyrins have been extensively studied over the last three 

decades.23
-
25 However, the corresponding iron corroles have not been fully exploited in 

this context. The first ever application of corroles showed that the iron(IV) complexes 

are good catalysts in the oxygenation of hydrocarbons by iodosylbenzene and also for the 

cyclopropanation of the olefins by carbenoids. 13
a Under the experimental conditions 

employed ethylbenzene has been found to be hydroxylated with an overall yield of 

1 0.8%. No other report on iron(IV)-corrole catalyzed hydroxylation of alkane has 

appeared so far. Recently Newcomb eta/. reported evidence for an (oxo)iron(V) corrole 

as an extremely reactive intermediate?6 Their investigations under non-catalytic reaction 

conditions revealed that the rates of oxygen atom transfer from ( oxo )metal corroles to 

alkanes are much higher than that of analogous (oxo)metal porphyrins.27 But application 

of these findings towards catalytic hydroxylation reactions of unactivated alkanes has not 

been explored. 

Herein we report the hydroxylation of cyclohexane and adamantane at room 

temperature catalyzed by iron-corrole, [(F 15TPC)Fe1vCl]. m-CPBA and tert

butylhydroperoxide have been used as the terminal oxidants. Kinetic analysis of the 

(F 1s TPC)FeCI-catalysed oxidation has been done. Catalytic oxygenation of alkenes 

by t-BuOOH-(F 15 TPC)FeCI system at room temperature has also been described. 

VI.2 Results and discussions 

VI.2.1 Synthesis of the catalyst 

Compound 5, I 0, J 5-tris(pentafluorophenyl )corrole, abbreviated as H3(tpfc) (where tpfc 

stands for the trianionic macrocycle) with its electron withdrawing substituents appears 

to be the most stable free-base corrole reported to date. 12 A number of metal complexes 

of H3(tpfc) were synthesized and many of them have been shown to have catalytic 

activities1
b-Jct. This prompted us to choose meso-tris(pentafluorophenyl)corrolatoiron(IV) 

chloride [(FisTPC)FeCl] as the catalyst. 

The free base corrole was synthesized following the "solvent free" synthesis reported 

by Grosset a/.7 (Scheme VI.3) since this synthetic procedure has been found to provide 

5,1 0, 15-tris(pentafluorophenyl)corrole in 8-11% yield, conversion being better than any 

other existing methods of co~role preparation. Thus pentafluorobenzaldehyde and 

purified. pyrrole in 1: I molar ratio were dissolved in I 0 cm3 methylene chloride and the 

mixture was added to a l 00 cm3 round-bottomed flask containing 3g basic alumina. The 
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slurry was stirred in an aerobic condition at 65-70° C. The reaction started only after the 

solvent evaporated. The reaction mixture was kept constant for further four hours 

whereupon a dark brown mass was obtained. Extraction of this brown mass with 

dichloromethane, followed by oxidation by DDQ provided the desired corrole 

contaminated with linear oligomers like dipyrromethene, pentapyromethene etc. and 

some unidentified side products. The purple coloured fluoroscent corrole was finally 

purified by thin layer chromatography on silica gel plate with hexanes/dichloromethane 

(4: l, v/v) as the eluant. The free base corrole was reacted with FeCb in refluxing DMF 

and the catalyst meso-tris(pentafluorophnyl)-corrolatoiron(IV) chloride [(F 1s TPC)FeCI] 

was obtained.153 
' 

F 

CHO F*l F + o _1_. B-as-ic-alum-ina_, 7-0°~C ~ 
~ N 2. DDQ, CH2Cl2 

F F H 

F F 

F 

F 

F 

F F F 
DMF 

[(F 15 TPC)FeCI] 

Scheme VI.3 Preparation ofthe catalyst meso-tris(pentafluorophnyl)corrolatoiron(IV) 
chloride [ (F 1s TPC)FeCl]. 153 

VI.2.2 Hydroxylation of Alkanes by {(tpfc)FeCI]- mCPBA 

Catalytic activity of the meso-tris(pentafluorophnyl)corrolatoiron(IV)chloride, 

[(F ts TPC)FeCl] was examined in the oxygenation reaction of alkanes as summarized in 

Table VI.l. Adamantane and cyclohexane have been chosen as the substrate. 

Adamantane is an important mechanistic probe in deciding the radical character in 

catalytic reactions-28
,2

9 If C3 is defined as the total of the products oxidized at the tertiary 
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positions and C2 similarly for the secondary positions. the ratio of C3/C2 would be 0.33 

assuming all hydrogens as equally reactive. Generally, in radical reaction the tertiary 

position is expected to be more reactive as may be evidenced by the facts that alkoxide 

radical reactions gives C3/C2 values of 6.6730
, whereas Gif-type reactions31

'
32 seem to 

prefer oxidizing secondary positions of adamantane giving C3/C2 ratios at around 0.9. 

On the other hand, the oxidation of cyclohexane is an important industrial process from 

both economic and environmental view points. Cyclohexane's oxidized products are raw 

materials in the adipic synthesis, i.e.. precursors of Nylon 6 and Nylon 66. Again 

selective transformation of unactivated C-H bonds of cyclohexane to C-OH bonds 

continues to be challenge to the synthetic chemists. 

Table VI. I Hydroxylation of alkanes by F 15 TPCFe(IV)Cl and m-CPBA at 298 K 

Entry Substrate Products Yields (% )a,6 

Cyclohexanoi 50 

Cyclohexane 
Cyclohexanone 0 

Adamantan-1-ol 58 

2 Adamantane Adamantan-2-ol 17 

Adamantan-2-one 0 

a All the reactions were run at least triplicate, and the yields reported represent the 
average ofthese reactions. 
0Based on the amount of m-CPBA added. 

In the reaction of adamantane, oxidation with m-CPBA proceeded catalytically to give l

adamantananol as the major product with 2-adamantananol as the minor product. The 

conversion of 75% (based on m-CPBA) has been achieved. The reaction completed 

within 20 minutes and not even a trace amount of ketone was detected. The reaction 

showed selectivity for oxidation at the tertiary position, with a 3°/2° ratio of 10.3-10.7. 

In case of adamantane oxidation by t-BuOOH catalyzed by metalloporphyrins33
• a 

normalized 3°/2° ratio of 10.8 was observed and authors argued that t-BuOO· might be 

the hydrogen abstracting species. The results obtained by us an: quite similar to that of 

Minisci et. a/. 33 and that supports the involvement of freely diffusing radicals in the 

present oxidizing system. 

The oxidation of cyclohexane with m-CPBA also proceeded efficiently with a TON of 

20 giv~ng cyclohexanol as the only product. The reaction was found to be highly 

specific and within 30 min cyclohexanol was formed exclusively in 50-55% yields. 
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VI.2.3 Mechanistic considerations 

Evidence on the nature of intermediates in iron-corroles catalysed oxygenation reactions 

is least available in literature.26 This prompted us to investigate the same in the present 

catalytic system. 
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Figure VI.3 Overlay spectra catalyst 10.97 (!lM) and m-CPBA (1.02 mM) in acetonitrile 
at 25±1°C (successive spectrum taken after 25s intervals). Inset: Growth ofthe weak Q

band at 645 nm and its subsequent decay. 

Thus we turned our attention to the oxidation of the catalyst in the absence of organic 

substrate. Figure Vl.3 shows the UV -vis spectral changes of the parent iron(IV)-corrole 

complex upon addition of large excess of m-CPBA in acetonitrile medium. Addition of 

the terminal oxidant resulted in bleaching as shown by the disappearances of the bands at 

396 and 370 nm. At the same time weak Q-bands in the visible region at 645 nm was 

observed (Inset, Fig. Vl.3). The latter formed within 25 seconds of addition of m-CPBA 

and then decayed with time. The spectral changes seemed inadequate to draw any 

conclusions regarding the nature of the reactive intermediates. Thus to gain an insight 

into the nature of oxidizing intermediates in the present case EPR spectra were recorded 

by rapidly mixing the catalyst and the oxidant followed by freezing the mixture at 133 K. 

When m-CPBA was added to the catalyst, EPR spectra showed a sharp signal at geffr:::: 2 
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and another signal at gen~ 4. The sharp signal at g = 2 is indicative of the formation of a 

free radical. The signal does not correspond to iron-coupled corrole radical. The signal at 

g = 4, on the other hand, could be due to some residual iron(lll) corrole (known to be 

S=3/2, intermediate spin) from the reductive decay of the oxidized material. Detailed 

investigation has to be done to identify the reactive intermediates in iron(IV)corrole 

catalyzed reactions as the system might reveal far greater complexity that originally 

believed. 

VI.2.4 Kinetics and Mechanism of[(tpfc)FeClf- mCPBA reaction 

The spectral changes upon mixing the catalyst with the oxidant and also the EPR spectral 

data did not provide much information regarding the identity of the reactive 

intermediates. Thus we shifted our attention to measure the rates of catalyst oxidation by 

m-CPBA. This was indirectly studied by monitoring the F 1s TPCFe(III)Cl catalysed m

CPBA oxidation of 2,4,6-tri-t-butylphenol. This particular substrate was chosen because 

it is known to be very reactive organic reductant and its oxidized product namely 2,4,6-

tri-t-butylphenoxy radical strongly absorb at 630 nm ( E=385 mor 1 cm-1
) giving us a 

simpler tool to monitor its generation by UV -vis spectroscopy. 34 

Our first objective was to account for the total terminal oxidant in terms of 2,4,6-

tri-t-butylphenoxy radical (TTBP•) formation. It has been observed that a minimum 

concentration of 30±5 mM of TTBP is required to trap all the reactive intermediates in 

these reactions in acetonitrile. At lower concentration of substrate (Table VI .2, entry 1 

and 2) the yield is not quantitative; again increasing the substrate concentration to 200 

mM results in noticeable decrease in the overall yield. Best results were obtained in the 

range of 30 to l 00 mM substrate concentration, which shows the highest activity of the 

iron(IV)corrole catalyst . 

Since metallocorroles are known to get bleached almost completely31 at the end of 

catalytic reactions we decided to measure percentage survival of the catalyst following 

the technique described elsewhere.35 Selected results are compiled in Table VI.2. It has 

been found that catalyst survival is largely dependent on the substrate concentration. A 

glance at Table VI.2 clearly shows that at lower [TTBP] (entry 1-5) considerable catalyst 

bleaching has been taken place. Again at very high [TTBP] (entry l 0) iron(IV)corrole 

catalyst is found not to be oxidatively robust. By careful variation of concentrations of 

the reactants it was ultimately found that catalyst deactivation was minimal at 1 OOmM 

substrate concentration (Entry 8 and 9). 
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Now in order to predict the reaction pathway of this reaction we measure the absorbance 

increase at 630 nm due to the formation of 2,4,6-tri-t-butylphenoxy radical. 

Representative kinetic plot of absorbance increase due to the formation of TTBP• 

radical vs. time at 630 nm is given in Figure Vl.4. 
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Figure VJ.4 Absorbance vs. time plot of 2.4,6-tri-t-butylphenoxy radical formation in 
acetonitrile at 25±1° C.TTBP= 34 mM: m-CPBA= 1.06 mM: Catalyst= II ~1M 

A cursory glance at absorbance vs time plot shows that the im:rease in absorbance does 

not fit with a simple first or second order kinetic pattern. The complicated appearance of 

the absorbance vs time plot is a characteristic feature of this type of reactions. 

Intervening factors might include catalyst decomposition and additional oxidant 

decomposition (eg. catalase-type dismutation). To minimize such problems the method 

of 'lnitial-rate' 36 was followed. All runs were carried out in at least duplicates and the 

values of dA/dt given in the tables are the average of the runs with the standard deviation 

quoted as the uncertainty. The data values of dA/dt0 , at varying initial conct:ntrations of 

the reaction components, m-CPBA. F15TPCFe(IV)Cl and the substrate (TTBP) arc 

presented in Table VI.2 and plotted in Figure Vl.5 (dA/dto vs. [m-CPBA]) and Figure 

Vl.6 (dA/dto vs. [F,sTPCFe(IV)CI]). Despite small deviations of the points in Figures 

VI.S & V1.6. it is clear that the data are best fitted by a first order dependence of dA/dto 

on the concentration of m-CPBA as well as on the concentration of catalyst 

F 1s TPCFe(IV)CI. 
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TableVI.2 F ,5TPCFe(III)CI-catalysed oxidation of TTBP by m-CPBA in acetonitrile at 

25± 1 ° C TTBP•. 
Entry No TTBP Catalyst Oxidant (dA/dt)o Yield (%t Catalyst 

(mM) (fJM) (mM) M s-' x 105 survival 
(%) 

l 12.02 10.97 1.017 6.00 74.40 Bleached 
2 22.14 10.97 1.017 5.935 90.01 29 
3 32.25 10.97 1.06 8.464 99.08 54 
4 33.58 10.97 1.06 7.303 98.75 56 
5 42.75 10.97 1.04 8.73 99.92 62 
6 53.62 10.97 1.04 9.333 98.79 78 
7 78.63 10.97 1.2 8.601 92.30 89 
8 98'.47 10.97 1.2 11.96 99.13 95 
9 104.39 10.97 1.09 12.04 97.30 92 
10 193.7 10.97 1.028 22.55 57.80 
11 54.20 10.97 2.17 19.23 69.85 
12 53.82 10.97 3.26 30.03 34.06 
13 54.77 10.97 4.34 53.31 15.28 
14 54.00 10.97 5.60 61.03 10.55 
15 54.96 16.96 1.08 16.09 98.60 
16 54.58 22.61 1.08 20.76 97.75 
17 54.58 28.27 1.08 26.32 99.31 
18 54.39 33.92 1.08 32.77 99.10 

ay telds are based on the total amount of m-CPBA used. 

Since substrate has always been taken excess the dependence of dA/dt0 on substrate 

concentration has been ignored and overall we propose that dA/dt is given by eqn. (J ). 

dA/dt oc [m-CPBA] [F 15TPCFe(IV)CI] .......•.••...•. (1) 

The form of equation (I) is consistent with the generally accepted mechanism of 

metalloporphyrin-catalysed oxidation shown in Scheme Vl.3, which involves slow rate

determining conversion of the catalyst to an oxidized intermediate, which then transfers 

oxygen to the substrate in a fast step. This is also evident from the absorbance vs. time 

plot (Figure Vl.4) which is clearly biphasic in nature having a hyperbolic component 

(slow process) followed by an exponential component (fast process). 

TT P 

(F20TPC)Fe 
slow 0 ·d· d fast + m-CPBA - xt tse ___ ___.:::=----- product 
~ intermediates k, 

m-CBA 

Scheme VI.3 Metalloporphyrin catalyzed oxidation. 
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Figure VI. 5 Plot of(dA/dt)o vs. [mCPBA] 
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Figure VI.6 Plot of(dA/dt)o vs. [(tpfc)FeCI] 

From the slope of the dA/dt0 vs. [m-CPBA] at constant [(tpfc)FeCI], a value for k1 of 

1.2lx104 dm3 mor1 can be calculated; while the dA/dto vs. [(tpfc)FeCl] plot gives k1 as 

1.0 lx 103 dm3 mor1
• Rather small value of the second order rate constant in the latter 

case might be rationalized in terms of greater catalyst decomposition at high catalyst 

concentration. It might be noted that Traylor et al. obtained a value of 2.5x I 05 to 2.5x 

105 dm3 mor1 using several iron(III)-porphyrin complexes as catalysts and 2,4,6-tri-t

butylphenol or J3-carotene as substrate.37 
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VI.2.5 Hydroxylation of Alkanes by ((tpfc)FeCI)- tBuOOH 

In most of the studies on metallocorrole catalyzed oxidation. iodosylbenzene or peracid 

was employed as terminal oxidant. No report of using tert-butyl hydroperoxide (TBHP) 

as the oxidant in metallocorrole catalyzed oxidation has appeared so far. In case of 

iron(III) porphyrins, Professor Traylor and his research group first demonstrated the 

catalytic oxidation of hydrocarbons by hydroperoxides and hydrogen peroxide. Their 

conclusions38 are very useful even today. It encouraged us to explore the iron-corrole 

catalyzed hydroxylation reactions with ·mild' tert-butyl hydroperoxide (TBHP). 

The UV-visible spectra of a 30 11M solution of [Fe(IV)(tpfc)Cl] in CH3CN and that in 

CH2Clz are markedly different (Figure VI. 7). The electronic spectrum of the catalyst in 

acetonitrile is quite similar to that of[Fe(III)(tpfc)(OEt2)2], which leads us to assume that 

the catalyst auto-reduces to form [Fe(III)(tpfc)(NCCH3)2] in presence of excess 

acetonitrile. 39 The spectral changes observed on addition of t-BuOOH have been shown 

in Figure YI.8. The spectra exhibits regeneration of a Fe(IV) species with bands at 370 

and 396 nm. The transient species then decays gradually. The easily accessible Fem/Fe1v 

couple appeared quite promising and encouraged us to examine the catalytic potential of 

iron corrole/t-BuOOH system in oxidizing alkanes. 

The catalytic reactions were performed in acetonitrile at room temperature. The iron(IV) 

corrole or more precisely [Fe(III)(tpfc)(NCCH3)2] catalyzes the oxidation of 

hydrocarbons in the presence ofTBHP with reasonably high TON's (Table VI.3 & VI.4). 

Under these conditions, cyclohexane have been found to be oxidized to cyclohexanol & 

cyclohexanone. Large excess of substrate were used to minimize over-oxidation of 

alcohols to ketones ( ratio 1 : substrate : oxidant = 1 : 40 : 4000). The reactions were 

performed in both air and under argon. In aerobic condition the overall yield of the 

oxidized product was 27% with an A/K ratio of 0.66. Under argon atmosphere the total 

yield was 20% with an A/K ratio of0.58. 
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Figure V1.7 The UV-visible spectra of the catalyst in dichloromethanc (pink) and in 

acetonitrile (blue). 
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Figure Vl.8 Overlay spectra of the catalyst (30 J.tM) and TBHP (2 mM) in acetonite at 

25±1 °C (successive spectrum taken after 3 minute intervals) 

We then investigated the oxidation of adamantane catalyzed by [Fe(lll)(tpfc)(NCCH3):d 

with t-BuOOH. The conversion is moderate and the main reaction products are 1-

adamantanol (77%), 2- adamantanol ( 16%) and 2-adamantanone (7%). Lower yields of 

the oxidation products were observed under an argon atmosphere ( 18% based on TBHP} 

(Table Vl.3). 
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Table VI.3 (F1 5TPC)FeCI catalyzed hydroxylation of alkanes with t-BuOOH. at 298 K 

Substrate Atm. Yield TONb 

(%t 

Argon 20 17 

Cyclohexane 

Air 27 23 

Argon 18 15 

Adamantane 

Air 53 45 

aYields are based on concentration of oxidant. 
bMoles of product/moles of catalyst. 

Selectivity (%) 

Cyclohexanol (40) 
Cyclohexanone (60) 

Cyclohexanol (38) 
Cyclohexanone (62) 

Remarks 

A/K=0.66 

A/K=0.58 

1-Adamamtanol (72) 
2-Adamamtanone (II) c3;c2=7.8 
2-Adamamtanol (17) 

1-Adamamtanol (77) 
2-Adamamtanone (7.5) c3;c2=10.2 
2-Adamamtanol (15.5) 

The normalized C3/C2 ratio (10.2) of the oxidation products is quite close to that 

obtained in the adamantane oxidation by metallo_pOrphyrins/t-BuOOH system 10 (l 0.8), 

but different from the ratio (2. 7) obtained by Gif reactions. 32
,
33 

Results summarized in Table VI.3 demonstrate that [Fe(IIJ){tpfc)(NCCH3) 2] promotes 

facile oxidation of alkanes with TBHP in acetonitrile solutions at room temperature. 

Controlled experiments in absence of the catalyst showed little or no conversions of 

substrate indicating at least one key intermediate comprises the [(tpfc)Fe] moiety. 

Several species in the reaction mixture could be responsible for the C-H cleavage of 

cyclohexane (and other hydrocarbons). By analogy to the heme chemistry, one can 

propose homolysis of the 0-0 bond in the [(tpfc)Fe1v -0-01Bu] intermediate producing 

tBuO• and hence promoting alkane oxidation via tBuO• mediated H atom abstraction.40 

On the contrary, one can also propose heterolytic scission of the 0-0 bond in the same 

intermediate producing the hypervalent iron oxo (Fe v=O) perferryl species as the H atom 

abstractor. However, the second possibility may be excluded on the basis of very high 

reactivity of (Fe v =O)corrole transients, which has been confirmed recently.26 Again, the 

products of oxidation of cyclohexene by [Fe(III)(tpfc)(NCCH3) 2]+anhydrous TBHP 

system clearly indicate the absence of perferryl intermediate in the oxidation reactions. 

No epoxide is detected in the products of oxidation of cyclohexene by 

[Fe(III)(tpfc)(NCCH3)2]+ 'dry' TBHP system. These prompted us to investigate the 

· possibility of tBuO•-mediated alkane oxidation following homolysis of the 0-0 bond in 

the [(tpfc)Fe1v-0-01Bu] intermediate. The involvement of radical in the reaction is 
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evident from the observation that the oxidation of cyclohexene almost quenched in 

presence of radical scavenger 2,4,6-tri tert-butyl phenol (TTBP) producing only 2-

cyclohexene-1-ol (7%). Again the products of oxidation of adamantane by 

[Fe(III)(tpfc)(NCCH3) 2]+TBHP exhibited more reactivity at the more-substituted carbon 

atoms (Table VI. I) and it appeared that the 1Bu0• radical could be directly involved in 

abstracting hydrogen atoms of the C-H groups. It is also feasible in terms of the so called 

"radical strength" of 1Bu0• (97 kcal/mol)41 which is sufficient to abstract an H atom 

from the C-H bonds of higher molecular (>C4) alkanes including cyclohexane (95 

kcal/mol). On the other hand the radical strength of 1Bu00• (83 kcal/mol) is not strong 

enough to abstr~ct an H atom from cyclohexane, it can provide the 1Bu0• via the 

disproportionation reaction and eventually facilitates the fom1ation of the cyclohexyl 

radical in the reaction mixture. The formation of cyclohexanol and cyclohexanone in an 

approximately 1: 1 ratio is symptomatic of a Russel-type termination 42 of two secondary 

peroxyl radicals (equation 1 ). The formation of slight excess ketones over alcohol under 

aerobic condition explained via equation 2 (cross reaction). 

(I) 

(2) 

The plausible reaction mechanism supporting all these results obtained in the present 

case has been shown in Scheme VI.4. The catalytic cycle seems to involve the foJiowing 

steps: (a) formation of [(tpfc)Fe1v-0-01Bu] intermediate upon addition of TBHP in 

acetonitrile; (b) the 0-0 bond homolysis forming 1Bu0• and a lesser reactive 

(particularly with regards to epoxidation) [(tpfc)Fe1v-OH); (c) 1Bu0• radical mediated 

reactions following H-atom abstraction from cyclohexane and TBHP; (d) formation of 

cyclohexanol and cycloheanone via the Russel-type radical termination. 



tsuOOH 

- I (!5 -

[(tpfc) Fe1v-0-0-1Bu] 

~omolysis 

[(tpfcJ Fe1v -0. J + tsuo· 

~'BuOOH l/0 
[(tpfc) p~V -OH] r tsu~OH 

tsuoo • tsuoo • + O • 
t ) £-------( 

CyOO 

Cyclohexanol + Cyclohexanone 

Scheme VI.4 Plausible reaction mechanism 

Small amount of epox ide ( < 1 0%) has been obtained in the oxidation of cyclohexene by 

aqueous TBHP under both aerobic & anaerobic conditions (Table VI.4). Under the 

proposed reaction route, the formation of epoxide is expected to be at minimum, rather 

allylic oxidation is a favoured destination. The tBuOO• radicals are known to yield 

epoxides in presence of water. Therefore, the reaction was carried out with anhydrous 

TBHP instead of aqueous TBHP (70%) to examine whether the presence of water has 

any role in epoxide formation. Only a trace amount of epoxide (<1 %) is detected in the 

latter case which indicates that the products are derived mostly from the reactions of 
1Bu0• radical in anhydrous media, while the formation of epoxide is favoured in 

presence of water. Higher selectivity for benzaldehyde can also be explained in terms of 

Scheme VI.4. Apparently tert-butyl hydroperoxide tend to undergo homolytic cleavage 

of the peroxide 0-0 bond upon coordination to the central iron resulting in formation of 

the poorly reactive intermediate [(tpfc)Fe1v -OH], responsible for the low yields of 
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Table VI.4 (F ,5 TPC)FeCI catalyzed oxygenation of alkenes with t-BuOOH. 

Substrate Atm. Time 
Total yield 

Selectivity (%) (%) 

Cyclohexene epoxide (9.5) 
Argon IOhr 89% Cyclohexene 1-ol (40) 

Cyclohexene l-one (50) 

Cyclohexene 
Cyclohexene epoxide (7.5) 

Air 5hr 96% 
Cyclohexene 1-ol (26) 

Cyclohexene l-one (66.5) 

Benzaldehyde ( 41) 

Argon 7 hr 70% 
Phenyl acetaldehyde (10) 

Styrene oxide (49) 

Styrene 
Benzaldehyde (80) 

Air 6hr 99% 
Phenyl acetaldehyde (2) 

Styrene oxide ( 17) 

epoxide, and for the formation of alkoxy radicals. The latter radicals initiate a free

radical reaction that is continued by the oxygen present in the reaction medium, leading 

to the formation of benzaldehyde. When the reaction was carried out under an inert 

atmosphere, the selectivity for styrene oxide improved (Table Vl.4). Thus the presence 

of oxygen in the reactions directly influences the benzaldehyde/epoxide ratio confirming 

the free-radical mechanism for the formation of benzaldehyde. But at the same time, 

higher yield of styrene oxide under anaerobic conditions indicates the presence of at 

least one more key intermediate in iron(IV) corrole catalyzed oxidation reactions. Thus, 

it appears that competitive pathways arc operative in the oxidation of hydrocarbons 

catalyzed by iron(IV)corrole complex. 

VI.3 Conclusion 

1. A significantly high catalytic activity of the iron(IV) corrole complex in the oxidation 

of alkanes with m-CPBA has been achieved at room temperature. 

2. Cyclohexane has been hydroxylated with 100% selectivity producing cyclohexanol in 

45-50% yield. 

3. The overall conversion in the hydroxylation of adamantap.e is achieved up to 75% 

with 3°/2° -ratio of 10.3-10.7. 
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4. The kinetics data of the catalytic oxidation by m-CPBA have been interpreted using 

the initial rate approach. The kinetic investigations reveal a first order reaction rate 

dependence on the concentration of catalyst as well as on that of the oxidant. 

5. For the first time, t-BuOOH has been used as terminal oxidant in metallocorrole 

catalyzed oxidation of alkane & alkenes. 

6. The results obtained from t-Bu00H-[Fe1v(tpfc)CI] oxidizing systems demonstrate the 

involvement of t-BuO· radicals as the hydrogen abstracting species. Although further 

studies are needed to identify unambiguously the nature of reactive intermediates 

involved in the t-BuOOH-[Fe1v(tpfc)CI] oxidizing system. 

VI.4 Experimental Section 

Materials. Acetonitrile and dichloromethane were distilled43 prior to use. TTBP and m

CPBA were purchased from Aldrich and purified accordingly 1 1and the active oxygen 

concentration of m-CPBA was determined iodometrically. (F 15 TPC)FeCl was prepared 

according to the reported procedure153
• UV-vis spectral measurements were taken with a 

JASCO V 530 spectrophotometer connected with a thermostat at 25±1° C. EPR spectral 

measurements were done on a JEOL JES-F A200 spectrometer fitted with a quartz Dewar 

for measurement at 133 K. 

Kinetic Experiments 

In a typical kinetic experiment, TTBP (28 mg, final concentration 50 mM) was taken in a 

cuvette fitted with silicon rubber septa. The cuvette was degassed by blowing argon over 

it for 15 min. 2 mL degassed acetonitrile was used to dissolve the TTBP in the cuvette. A 

standard solution of F 15 TPCFe(IV)CI in acetonitrile was added so that the final 

concentration of the catalyst was 11 J.tM. The m-choloperbenzoic acid was prepared in 

degassed dichloromethane (9 mg in 200f.1L). An aliquot volume (lOf.lL) of this stock 

solution was added to the cell to initiate the reaction. The cell was vigorously shaken and 

was placed immediately in a thermostatted cell holder in a spectrophotometer and the 

absorbance data at 630 nm were coHected at 5-second intervals. A vs. t plots, typified by 

Figure VI.4, were analyzed as detailed in the main body of this chapter. 
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Summary 

Chapter I 

In this chapter the main advances in the title area is reviewed with emphasis on both 

stoichiometric and catalytic functionalization of C-H bonds. Current challenges are 

discussed. The scope and purpose of the present investigation is cast against this 

background. 

Chapter II 

Chapter II deals with the C(naphthyl)-H bond activation of arylazonaphthalenes (HL) 

by palladium(II). Here, variation of the position of the diazene function (primary 

donor) attached to the naphthyl group and also the nature of the auxiliary donor, 

provided as i-substituted pendant phenyl or naphthyl group attached to the diazene 

function, have been made. The influence of the auxiliary donor and the position of the 

primary donor on the selection of metallation site has been investigated thoroughly. 

When the primary donor diazene is at C I of the naphthyl group and the auxiliary 

donor is naphtholato function, palladium(ll) has been found to activate C(2)-H and 

C(8)-H bonds regioselectively. When the naphtholato function is replaced by weak 

donor alkoxy group, regeospecific activation of C2(naphthyi)-H bond has been 

realized. Furthermore, when the primary diazene donor is at C2 ofthe naphthyl group, 

palladation reaction has been found to be regiospecific and only C(3)-H bond 

activation has been realised. The characterization of all the cyclometallates have been 

done on the basis of elemental analysis and spectral data. Single crystal X-ray 

crystallography of representative cyclopalladates have been done. The crystal packing 

of the cyclopalladates has been found to be stabilized by various non-covalent 

interactions. The Time-dependent density functional theory (TDDFT) calculation has 

been undertaken for better understanding of the electronic structure and nature of the 

spectral transitions. The TDDFT calculations reveal that the high energy and low 

energy absorptions are predominantly due to intraligand 7t-1t* and metal-to-ligand 

charge-transfer transi~ions. The simulated spectra of cyclopalladates are in agreement 

with the experimental electronic spectra. 
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Chapter Ill 

In this chapter, platinum(Il) compound has been used in regiospecific activation of 

C(naphthyl)-H bonds in a group of naphthylazo-i-hydroxyarenes (H2L) under 

different reaction conditions and resulting cycloplatinates [Pt(II)L(D)] have been 

isolated in presence of neutral Lewis bases (D). Structures of the cycloplatinates of 

platinum(II) have been estabJished by single crystal X-ray crystallography. It is 

observed that platinum(II) centers are surrounded by C,N,O-terdentate ligand 

frame(L) and, Lewis base(D) in distorted square planar fashion. Extensive 

intermolecular association due to C-H .. .. n and n .... n interactions is also observed in 

solid state. These platinum(II) cycloplatinates have been found to react with halogens 

and methyl iodide undergoing metal centered two electron oxidation affording 

platinum(IV) cycloplatinates with distorted octahedral geometry. In reaction with 

halogens and methyl iodide, trans oxidative addition has been found for [Pt(L)D] (D 

= 4-picoline) whereas cis addition has been observed for [Pt(L)D] where D is 

sterically more demanding triphenylphosphine. Structures of two representative 

platinum(IV) cycloplatinates have been determined by single crystal X-ray 

crystallography. Time dependent density functional study of both platinum(II) and 

platinum(IV) cycloplatinates has been done. Optical absorption spectra of the 

cycloplatinates in dichloromethane have been simulated using TDDFT method. The 

experimentally observed spectra of platinum(II) and platinum(IV) cycloplatinates in 

dichloromethane are in very good agreement with their corresponding simulated 

spectra. 

Chapter IV 

In this chapter, rhodium(!) compound [Rh(PPh3) 3Cl] has been used to activate 

Cl(naphthyl)-H, C2(naphthyi)-H, C3(naphthyl)-H and C8(naphthyi)-H bonds of the 

naphthyl group present in a group of naphthylazo-i-hydroxyarenes (HzL). The 

cyclometallation is always accompanied by metal centered oxidation [Rh(I) ~ Rh(III)] 

and produces cyclometallate [Rh(PPh3)z(L)CI]. All the cyclometallates have been 

isolated in pure form and characterized on the basis of elemental analysis and spectral 

data. The structures of the representative cyclometallates have been determined by X-
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ray diffraction method. In all the cyclometatlates, rhodium(III) is coordinated to 

naphthylazo-i-hydroxyarenes via terdentate C, N, 0 donor centre & one chloride ion in 

a plane along with two axial trans PPh3. In solid state intermolecular association is 

observed due to C-H .... 1t and 1t .... 1t interactions. The magnetic susceptibility 

measurement shows that all the rhodium(III) cyclometallates [Rh(PPh3) 2 (L)Cl] are 

diamagnetic. Compounds show an oxidative response within 0.93 to l.ll V (vs. SCE) 

and a reductive response at- -1.0 V (vs. SCE). Both the responses are based on the 

coordinated diazene function and are irreversible in nature indicating limited stability of 

the oxidized and reduced species. The electronic structures of selected cyclometallates 

have been calculated using TD-DFT model and the simulated spectra are consistent 

with the observed spectra of those cyclometallates. 

Chapter V 

To achieve catalytic C-H bond activation and functionalization at room temperature, a 

group of chiral iron(III)-salen and manganese(IIJ)-salen complexes were employed as 

catalysts in the oxidation of alkenes and alkane. Pentafluoroiodosylbenzene was used 

as terminal oxidant. A comparison has been drawn between these two sets of 

catalysts. The reactions were carried out in acetonitrile and dichloromethane. 

Iron(III)-salen catalyzed oxygenation reactions were found to be dependent upon the 

reaction media, whereas no distinct solvent effect had been noticed in the 

corresponding reactions catalyzed by manganese(IIJ) salens. 

Chapter VI 

In this chapter, the catalytic property of iron complex with macrocycJic corrole ligand 

has been investigated. Electron deficient meso tris(pentafluorophnyl)corrolatoiron(IV) 

chloride [(F 15 TPC)FeCI] has emerged as efficient catalyst in hydroxylating alkanes. 

At room temperature, cyclohexane and adamantane are oxidized to the corresponding 

alcohols using m-CPBA. Cyclohexane is converted to cyclohexanol in 45-50% yield. 

· This reaction proceeds with 100% selectivity. Adamantane is hydroxylated up to 75% 

overall yield. Significantly high regioselectivity in adamantane oxidation has been 

observed. The reactive intermediates formed have been quantitatively trapped by 
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2,4,6-tri-t-butylphenol (TTBP). Kinetic analysis of the (F 15 TPC)FeCI-catalysed 

oxidation of TTBP has been found consistent with rapid reaction of organic substrate 

with an intermediate formed in the first and rate determining step. 

For the very first time, t-BuOOH has been used as oxidant in room temperature 

oxidation of alkane and alkene catalyzed by iron complex of 5,1 0, 15-tris(pentafluoro

phenyl)corrole. 
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