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Chapter 1

I ntroduction.

Copper is an essential trace element in all langanisms. It is found in the active sites of
several enzymes that catalyze biochemical reacsoch as the oxidation of ascorbic acid,
amino acids, phenols, amines, sugars and the feiomi"® The role of copper as dioxygen
carrier in arthropods and mollusks has also bedhestblished. While surveying the known
copper proteins and their functions in biology,igtfound that copper can exist in two
oxidation states, either as '@d'®) or Cd' (d°), which are interconvertible under physiological
conditions. The ligand donors in proteins are nyosté imidazole group from histidine, the

phenolic oxygen donor of tyrosine, or the sulfundis from cysteine or methionine.

For several decades, the nature of copper contpiaotive sites in proteins have been
intensively studied by many research groups becatisausual coordination geometries and
outstanding redox, absorption or electron parantigmesonance featur€s’ Based on
structural and spectroscopic properties, at léasettypes of active sites are distinguistiéld.
The copper proteins which have the geometry in eetwthat of Cli(square planar) and €u
(tetrahedral) and a set of cysteine ligands aréype 1, proteins with spectroscopic and
structural features similar to typical €are in type 2, and two antiferromagnetically cedpl
bridged Cl centers coordinated by histidine are found indlass of type 3. Whereas the
classical oxidation-reduction (i.e. ‘redox’) activiof the enzymes does indeed play a key role
in enzyme activity, the exact role of copper angroenzymes in biological systems is not
always well established. The redox activity of swizymes is governed by the tuning of
oxidation states (CICU") and ligands like © (0,/O,70,%), NO (NO/NO/NO), phenoxyl
(phenoxyl/phenolate) or o-quinones (quinone/semigni/catecholaté)! As a result,
‘model systems’ in inorganic chemistry which aralagous to those enzymes always plays

an important role in broadening our understanéing.

In view of the capability of copper enzymes androppoteins to produce intermediate radical
specied®there is an interest in the exploration of the dawation chemistry of copper with
azo (-N=N-) based ligands. Like dioxygen, the aroug can undergo successive two step

one-electron reduction via the intermediacy ofdiaal species (1 and@)due to its low
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lying Tt orbital. The distinct change in the N-N distanoesaccessive reduction facilitates the
structural identification of the particular redoxate of the azo group present in the

complextt!

In this doctoral work the following azo-based ligan(3), (i) 2,2 -azobispyridine
(abpy), (ii) esters of azodicarboxylic acids (ad®)@nd (iii) amides of azodicarboxylic acids
(adc-NRy) have been used in obtaining copper complexesSiiteme bis-bidentate chelators
(3) can bridge two metal complex fragments with bmreetal-metal distance (~ 5 A). The

low-lying Tt orbitals of the azo functions in (i)-(iii) facidite the stabilization of anion radical

complexes.
_ NR, OR
N =) S S
@N N >—N O N O @)
— R,N RO

() (ii) (iii)

Like dioxygen or the azo function, the binding @bibf o-quinones (4) in different
redox statés” (catecholate, Cat; semiquinone, Sq; quinone, @ wie metal ions allows

them to play an important role in biology. Coppentaining oxidases
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such as amine oxidase which catalyze oxidative desian of primary amines to aldehydes,
contain quinones as co-factors. For some time,ghisonoid co-factor has been assumed to
be pyrroloquinoline quinone (PQ®&9:?® however, subsequent work has reformulated it as
topaquinone (TPQFY Another copper enzyme, lysyl oxidase, uses a ainsib-factor lysine
tyrosylquinone (LTQJ**?°?Y A well studied cupro-enzyme, tyrosind&®,which is very
essential in bacteria, fungi, plants and animatgalgzing hydroxylation of phenols to
catechols (phenolase activity) and catechols toanes (catecholase activity), also involves
Cu-quinone type interaction. Moreover, the coppesda catalytic oxidation of phenol under
mild condition is of great interest for industriahd synthetic processes both from an
economic and environmental point of view. It is elidused in dual objectives of removal of
phenolic wastes in industrial effluents and surfagder streams and secondly to achieve
regioselective oxidation to useful produléfs.Several mechanistic pathways have been
proposed involving Cu-quinone intermediates. Herices very important to study the Cu-

quinone interaction, particularly for the betterdarstanding of biochemical and chemical

processes.
Lys
O I
H NH |
0 NH
)
HO O o o)
@) @)

Topaquinone (TPQ) Pyrrologuinocline quinone (PQQ) Lysine tyrosylquinone (LTQ)



In this context, a number of examples of '€emiquinon€é*?” or cCuU'-
catecholaté®?”! complexes have been described, however, an idolatel structurally
characterized Ciguinone combination is missing in the literatyvessibly due to the fact of
lower basicity of the oxygen donors in the fullyidixed quinone form.

The trinucleating nitrogen heterocyclic moleculet,3,8,9,12-hexaazytriphenylene
(HAT)BY and the related 1,6,7,12,13,18-hexaazatrinaphtby(BIATNY* or its hexamethyl
or hexachloro derivatives (R = H, CI, Me) (6) haveen studied in the context of their
coordination to metal ions, of photo-physical pmigs, liquid crystalline ordering, light

harvesting and DNA binding properti€&®

R
N~ N R ~
“ N N

R=H

1,4,5,8,9,12-Hexaazatriphenylene (HAT) 1,6,7,12,13,18-Hexaazatrinaphthylene

(R=H, HATN; R = CH3 HATN-Meg; R = CI HATN-Clg)

However, these ligands have not yet been explorezhsively like other nitrogen containing
heterocycles (bipyridines, phenanthrolines), preslyn due to their multistep synthetic
procedure and poor solubility in common solventgsjite the inherent problems some
studies since the late 1980s have establishedateaal applications of HAT based ligands
and the corresponding metal complexes in photoat@®msupramolecular, magnetic and
biochemical aredd’*®3% The ruthenium, rhodium and rhenium complexes offHiyands
are often used in photocytotoxicity, DNA bindingdaas staining agenf€:**! On the other
hand the copper, cobalt and nickel complexes agd as supramolecular building blocks in
coordination polymer$?*4 The primary reasons behind their application &)eavailability

of three chelating sites for the binding of sevemnatal ions which can trigger the construction

of metal-assembled systems, (ii) characteristiacceptor feature leading to low-energy



metal-ligand charge transfer transitions, and () symmetry leading to degenerate

orbitals3®!

Furthermore, co-ligands also impart a significaoterin tuning the overall electronic
properties of the complexes. Thus, tertiary phasghiare known to be good co-ligands for
stabilizing CU“>*® Therefore, a wide variety of tertiary mono- andphbsphine based
ligands have been used in synthesizing differerlt @mplexes. In the last years a new
generation of phosphine ligands having a ferrocbaekbone has become popular in
chemistry (7). Bis(diphenylphosphine) containingdeene complexes are used quite often as
ligands due to their tunable stereochemistry byr@mmte ring tilting and twisting, variable
co-ordination modes, electrochemical and catafytipertied?”!

R
P<
; R R = Ph .
F!e .R 1,1"-bis(diphenylphosphino)ferrocene (dppf) (7)
AN

Therefore, the primary intentions behind the usepgff as co-ligand for the present study are:
(i) stabilizing copper specifically in the +1 oxitn state within the complexes, (i)
extending greater stability to the complex moleswae to the small bite-angle, (iii) electron
transfer properties available due to redox-acteeotcene moiety associated with the dppf
unit which can be studied electrochemically andcspscopically, and (iv) studying
electronic communication between two or more fegr@cunits in di-nuclear or poly-nuclear

complexes.

In this doctoral work, several redox non-innocegamds were used for binding with
the ferrocenylcopper(l) centers. The new complakes synthesized (stated in subsequent
chapters) were characterized by structural, spsotfmc and electrochemical techniques.

Chapter 2 describes the synthesis and charactenzat dicopper(l) complexes, H{
adcOBu){Cu'(dppf)}.](PFs) and [@-adchr){Cu'(dppf)}z](PFe) where the bridging
azodicarboxylic esters (adi® = di-tertbutyl azodicarboxylate and ade®©= di-isopropyl
azodicarboxylate) (3(iii)) exist in the radical t&taThe complexes have been characterized by
standard analytical techniques and UV-vis speaatsichemical studies. The paramagnetic

radical complexes have been investigated by X-laaadhigh frequency EPR spectroscopy.



Chapter 3 deals with the complexation of [Cu(dpp#ith azodicarboximide ligands
(3(ii)) which gives rise to mononuclear copper(Pesies [(dppf)Clgadc-pip)](BR) and
[(dppf)Cu(adc-NMe)](BF4) (adc-pip = azodicarboxylic dipiperidide and adiky =
N,N,N’,N’-tetramethylazodicarboxamide). The comptekave been characterized'bly *'P
NMR, X-ray crystallography and electrochemistry.eThtabilization of the unusual non-
reduced azodicarbonyl state of the ligands in thraplexes has been investigated in details
by IR-UV-vis spectroelectrochemistry and EPR inemsible redox states.

Chapter 4 describes the interaction of ferrocemppen(l) with the potentially
dinucleating 2,2 -azobispyridine (abpy) ligand )B(which leads to the formation of
mononuclear copper(l) species, [(abpy)i@ppf)}]BF, and dicopper(l) complexes, i
abpy){Cu(dppf)}2l(BFa)., bridged by the neutral abpy andu{gbpy){Cu'(dppf)}2l(BFa)
bridged by the radical state of abpy. The crystalctures of monocopper(l) and radical
bridged dicopper(l) complexes have been determimédreover, spectroelectrochemical
features of the complexes are studied in accesstolex states and the paramagnetic states
are investigated by EPR.

Chapter 5 highlights the unusual stabilizationtlod Cu(l)-quinone combination in
structurally and spectroscopically characterizefppf)Cu(o-phenanthrenequinone)](BF A
deeper understanding of the interplay between compes and redox active phenol based
ligands is important not only because this inteoacis essential in enzymes but also because
it is highly relevant for technical processes ligdroxylation of aromatic and other organic
compounds. The stabilization of the elusive-Guinone state in the said complex has been
established by experiment and theory.

Chapter 6 covers the isolation of hexanuclear cergd [(13-L){Cu(dppf)}s](BFa4)3
where the three {(dppf)Cuunits are bridged by hexaazatrinaphthylene (L, R¥#, Cl) (6).
The crystal structure of the representative complgh R = H shows a ‘Host-Guest’ mode
between the coordinated bridging ligand and thentaruanions such that two BRanions are
trapped on each side of the planar bridging ligaBgectroelectrochemical aspects in

accessible redox states and EPR of the paramagtatiss have been looked into.



Chapter 2

The radical bridged Bis(ferrocenylcopper(l)) complexes with di-
tertiarybutyl azodicarboxylate and di-isopropyl azodicarboxylate
ligands: structural identity, = multifrequency ¥ EPR, and
spectroelectrochemistry.

2.1 Introduction:

For many years the azodicarbonyl esters (adcORyalleknown organic reagents for Diels-
Alder reactior?®! Click chemistry?® Mitsonobl®® and Mitsonobu type of reactions. The
molecule consists of a central azo (N=N) functiogedup flanked by two alkyl and aryl
esters. The azodicarboxylic esters and relatedieadibnyl (adcR) molecules are part of a
two-step redox series ad¥R* (Fig 2.1.1) which involves a unique combinatiorredox and
coordination propertid”> Similarly as in quinones the oxidized form is @osgly Tt
accepting but poorlg donating form whereas the dianionic state is Biaol by a resonance
situation. Of the just six conjugated centers four can strongly interact with two bridge
metals in a bis-chelate fashion while the remairdagbon atoms can be functionalized with
donor/acceptét? or coordinating® substituents. The metals are held together irattod®""

> bridged situation at a rather short distance ofiabdA or les$>® The use of th@-adcR"

2 system has been demonstrated for diruthe®ars, diosmium®! dirheniun® and also
dicopper(1©°>°® complexes. The latter included EPR studies of'fhe 3P, %Cu and®*Cu
hyperfine structure in radical complek8sas formed by electron transfer assisted reactions
from copper metdf® a high-frequency EPR investigatidh and a detailed DFT study have
also been reported®. A structure determination confirmed the “inversgptate” situation

for the radical cation {{-adcOBu)[Cu(u-bdph)b} *, bdph = 1,6-
bis(diphenylphosphino)hexane, where the radicatetemppears to be shielded by the long

chain diphosphines and the metals instead of thegein atoms serve as bridgeheads.
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Fig 2.1.1: Stepwise one electron reduction of azarthonyl esters (adcOR).

Functionalized ferrocene derivatives have freqyenglen employed as redox-active terminal
groups”®9® The well establishét 1,1'-bis(diphenylphosphinoferrocene) ligand (dppf)
and other ferrocene end groups have thus been tos@dobe intramolecular electronic
communication across organic or organometallic isgeie0 molecular arrays, including light
induced processé6®® in addition to their structure-determining fumcti for organic
catalysis®

This chapter describes the result of combining dppth two other components of
metallasupramolecul& species, viz., copper(l) aselectron donating metal centers for
connecting chelatingt acceptor ligand$®®® and a non-innocent bridging ligands, tefit.-
butylazodicarboxylic ester (ad®) or diiso.-propylazodicarboxylic ester (adé®). The
synthesis, molecular structure and the spectroedumical characterization of {
adcOBu)[Cu(dppf)L}(PFe) and {({-adcOPr)[Cu(dppfb}(PFe) are reported in this chapter.
The paramagnetic compounds have been studied bsthgconventional X band EPR at 9.5
GHz and high-frequency EPR at 285 GHZ%.Cyclic voltammetry and UV/Vis/NIR
spectroelectrochemistry using an OTTLE ®8llare being used to elucidate the site of
oxidation processes, this being the first strudtpreharacterized example involving such

different oxidizable groups &Fc, 2<Cu, and an organic radical anion) in close proximity.



2.2 Synthesis and characterization:

The complexes were synthesized through a genevakégure by reacting activated Cu

powder, dppf and azodicarboxylic esters in methg@®&b water) in air. This is apparently

water and @requiring reactioryielded radical bridged heterotetranuclear radocahplexes
{( p- adcOBuU)[Cu(dpphL}(PFe) and {(p-adchr)[Cu(dppf)]g}(PFe) (Fig 2.2.1).

adcOR + 2 dppf + 2Cu
R ='Bu, Pr

R
S g

P—ppy==0 Ph ph
N LR
—Cu v ~Cu

N

—_—

PR L
|
R

R = 'Bu, 'Pr

[O]

—_—
CH5OH

P R
Ph O Ph—P_ &

{(m-adcOR)[Cu(dppf)],} "+ €

+

adc” 0, cu’ Cu

adc 0," cu?* Cu

Figure 2.2.1: General reaction scheme and mechanism

Due to paramagnetism ‘&l NMR spectrum was not obtained. The compounds were

initially characterized by elemental analysis amid dpectroscopy. Single crystal ofpf(
adcOBu)[Cu(dppf)L}(PFe) for X-ray diffraction was obtained from GHI,/hexane at . IR
spectrum in ChkCl, solution shows C-O stretching at 1597 and 1579 dor {(p-
adcOBu)[Cu(dppf)L}HPFe) and {(u-adcOPr)[Cu(dppf)b}(PFs) respectively where as for the
free ligands adcBu and adcr, thevc-o are 1760 and 1755 ¢h{Tab 2.2.1).

Tab 2.2.1: IR dafafor the ligands and complexes.

Compound Ve=o/ cm™
adcOBu 1760
{(n-adcOBU)[Cu(dppfL}(PFe) 1597
adcOPr 1755
{(n-adcOPr)[Cu(dppf)L}(PFe) 1579

in CH,Cl, solution
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2.3 Crystal Structure:

Deep blue prism-shaped crystals could be obtdnyeslow diffusion of diethyl ether
in the solution of CKCI, at 4°C. This crystal was measured at 173 K. Thaptex {(u-
adcOBu)[Cu(dppf)L}(PFs) was crystallized ifP2:/m space groupThe molecular structure of
the complex is shown in the Fig 2.3.1. Even thatéohstructural information due to severe
disorder reveals an anion radical formulation foe tentral adcOtBu bridge. N-N (azo)
distance is 1.28-1.38 A. The metal-metal distarazes4.78 A (Cu-Cu) and 12.55 A (Fe-Fe).
The ferrocene axes are oriented at 40.5° relativthé central CUOCNNCOCuU plane. The
molecular structure of the complex is shown inZig.1 and important bond lengths and bond

angels are tabulated in tab 2.3.1

F2
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Figure 2.3.1: (top) Molecular structure fgfu-adcOBu)[Cu(dppf)L}PFs in crystal; (bottom)
central part of the molecular structure ofiffdcOBu)[Cu(dppf)} * showing the disorder in
azocarboxylate moiety

Table 2.3.1: Important bond lengths (A) and bongleds {) for complex {(-

adcOBu)[Cu(dppf)L}PFs

Bond lengths (A)

Bond angle9 @nd dihedral angles

Cu-N1
Cu-N2
Cu-P1
Cu-P2
Cu-0Ol’
Cu-03’
N1-N1’
N2-N2’
C1-N1
C1-01
C1-02
C2-N2
C3-03
C2-04

1.965(12)
1.971(10)
2.2374(18)
2.263(2)
2.309(11)
2.209(10)
1.31(2)
1.40(2)
1.42(3)
1.214(19)
1.35(2)
1.38(3)
1.195(18)
1.37(2)

P1-Cu-P2
P1-Cu-N1
P1-Cu-N2
P2-Cu-N2
P2-Cu-N1
N1-Cu-O1'
P1-Cu-0O1'
P2-Cu-0O1'
N2—-Cu-03'
P1-Cu-O3'
P2-Cu-03'

112.16(7)
135.0(3)
135.3(3)
107.9(3)
112.0(3)
74.2(4)
110.1(3)
95.1(3)
76.1(4)
109.7(2)

106.4(2)
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2.4 Cyclic voltammetry

Because of the presence of three kinds of oxid&zaleinters in the complexesuf(
adcOBu™)[CU'(dpph]}(PFe) and {-adcOPr)[Cu(dppfL}(PFe), i.e. iron(ll), copper(l) and
adcOR’, cyclic voltammetry is employed to check the eleciiemical feature. The already
reported Cu(l) complexes with ad®D, {(u-adcOBu)[Cu(bdph)}}™* and {{-
adcOBu)[Cu(bdpp)}} * (bdpp = 1,5-bis(diphenylphosphino)pentane) wese @olated in the
radical bridged forn?>°® Hence it could be oxidised electrochemically bynoging one &
from singly occupied: level and reduced by putting one extrdcethe singly occupied’
level. In CHCI,/0.1 M BuNPFRsthe first oxidation process is represented by arséed one-
electronwave at +0.22 V vs. F& which is attributed to the transition adBOf = in {(p-
adcOBu)[Cu(dppf)b} - @Y. The next oxidation wave at 0.51 V exhibits twibe current
(Fig 2.4.1) but shows a slightly non-Nernstian hédar on the reverse scan. This feature is
associated with the oxidation of two widely sepeda(12.55 A) and not conjugatively
coupled ferrocene moieties. Other oxidation wavesresponding to the copper(I/Il)
conversion or phosphine oxidation were not obsetweldw 1.3 V, presumably due to the
accumulated high charge. One-electron reduction pessible at -0.85 V, a process
associated again with the electroactive bridge &ic0~®".

Similarly in the complex {;@-adchr)[Cu(dppf)]g}(PFﬁ), a quasi-reversible oxidation at +0.32
V (adcOP("?~©) an irreversible reduction at —=0.70 V (ade®’~@?)) and one reversible
two electron ferrocene ancillary based oxidatiof.884 V vs. F¥" were observed.

The cyclicvoltammogram of {adcOBu)[Cu(dppf)L}PFs is shown in fig 2.4.1 and the
potentials for {{--adcOBu)[Cu(dppfLIPFs and {{u-adcOPr)[Cu(dppfL}(PFe) are tabulated
intab 2.4.1.

E E Eredl

10 05 00 -05 o'/+ 10 -15
E/V vs FeCp,
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Figure 2.4.1: Cyclic voltammogram of {{adcOBu)[Cu(dppf)b} ™ in CH,Cl, / 0.1 M
Bu;NPF; at room temperature (scan rate 100 mV/s)

Tab 2.4.1: Electrochemical Data

Compound Eox1 Eoxz Erea1
(adcOBu) ¥ - -1.13 -1.84
{(n-adcOBu)[Cu(bdph)}} P4 - 0.29 -0.87
{(n-adcOBu)[Cu(bdpp)}} ¥ - 0.5) -0.87
{(n-adcOBU)[Cu(PPh),] 2} * *7 - 0.25) -0.74
{(n-adcOBu)[Cu(dppf)p} 1" 0.51 0.2%) -0.85)
{(n-adcOPr)[Cu(dppfE} * 0.53 0.32 -0.70”

¥ In CHCl, / 0.1 M BuNPFs at RT. Potentials in V vs. Fegp; Pcathodic peak potentials
corresponding to irreversible pe&lalf-wave potential corresponding to reversibl@ste

2.5 UV-vis Soectroel ectrochemistry

UV-vis spectroelectrochemistry of  fadcOBu)[Cu(dppf)L}PFs  and {(u-
adcOPr)[Cu(dppf)p}PFs were performed using Optically Transparent Thin yera
Electrochemical (OTTLE) cell. The spectroelectrouieal oxidation for complex {(-
adcOBu)[Cu(dppf)L}PFs and {@L-adchr)[Cu(dppf)]g}(PFe) are shown in Fig 2.5.1 and
2.5.2 and the absorption data of all redox stepsdmplexes {-adcOBu)[Cu(dppf)L}PFs
and {(-adcOPr)[Cu(dppfp}PFs are summarized in Tab 2.5.1.

100+
80+

(o))
o
. 1 .

£(10°dm’molcm™)
D
e

o

200 400 600 800 1000
wavelength (nm)

Figure 2.5.1: Spectroelectrochemical oxidation ofu-d4dcOBu)[Cu(dppfL}(PFe) in
CH,CI,/0.1 M BuNPFs .
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Figure 2.5.2: Spectroelectrochemical oxidation ofu-ddcOPr)[Cu(dppfB}(PFe) in
CH,Cl,/0.1 M BuNPFs .

Table 2.5.1; UV-vis-NIR Spectroelectrochemical Bata

Compound Amad (e x 10° Mem )
{(n-adcOBu)[Cu(bdph)}} =* P 1100
{(n-adcOBu)[Cu(bdpp)}} * P 700
{(n-adcOBu)[Cu(dppf)L} * '] 440(4.11)
{(p-adcOBu)[Cu(dppf)p} =+ 1! 248(sh), 440(4.11), 1043(10.43)
{(p-adcOBu)[Cu(dppf)p} " 798(4.04)
{(p-adcOBu)[Cu(dpph)}} ™ 368(sh)
{(n-adcOPr)[Cu(dppfp} ** 424(5.00)
{(n-adcOPr)[Cu(dppf)b} = 438(2.35), 1091(6.13)
{(p-adcOPr)[Cu(dpph}} * 824(3.22)
{(p-adcOPr)[Cu(dpph}} 397(sh)

? from spectroelectrochemistry in OTTLE cell in @, / 0.1 M BuNPR;.  wavelengths in
nm. ® molar extinction coefficient in Mcm*

The blue radical complex exhibits a very broad lerayelength band at about 800 nm
absorption maximume(= 4000M™ cm*). The band is attributed to a metal-to-ligand gear
transfer (MLCT) transition d(Cy — 1*(adcOBU") involving the two copper(l) donors and
the 1t accepting radical anion ad®’ with its half-emptyrt* orbital. On reversible one-
electron oxidation that band intensifies and shift4043 nm maximume(= 10400 M' cm™,

Figure 2.5.1). It still represents the d{(Cu T*(adcOBu) MLCT transition, however, the*
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MO is now completely depopulated and energeticdéigtabilized which explains both the
intensity increase and the bathochromic shift. Aakes, probably second MLCT band
emerges in the visible, at 440 nm withr 4100 M* cm™. It is possible, on the other hand, to
investigate the reversible reduction of the radicaimplex to the neutral form ¢
adcOBu)[Cu(dppf)b} )~ ©. This process resulted in the complete disappearafthe long-
wavelength MLCT bands because of the completendjliof the*(adcOBu) orbital, some
intensity was increasing in the UV region at al@®i@ nm as a shoulder.

The complex {(i-adcOPr)[Cu(dppf)}} * shows a broad MLCT based transition band at
824 nm which upon first oxidation shifts to 1090 rffig 2.5.2). The reduction of g
adcOPr)[Cu(dppf)}}* can not be studied due to irreversibility.

These spectroelectrochemical data are almost aémiith the complexes reported in
earlier work® Oxidised species fadcOBu)[Cu(bdph)}}?* shows an absorption band at
1100 nm due to d(Cu - m*(adcOBuU) transition and isolated radical bridged speges
adcOBu)[Cu(bdpp)}} * shows a 700 nm band which is attributed to MLGIhsition from
d(Cu) to 1 of (adcOBuU™) (Tab 2.5.1).

The two electron oxidation of ferrocenyl ancillaien the complexes §€
adcOBu)[Cu(dppf)b}** and  {@-adcOPr)[Cu(dppf)p}** can not be studied

spectroelectrochemically because of the disintemratf the complexes.

2.6 EPR spectroscopy:
3.5.1. Theory

Electron Paramagnetic Resonance (EPR) is the sgeadtroscopic method for identification
and characterization of radicals and metal-censpd. In the present case the paramagnetic
species are radical complexes where an anion tdijaad is bound to diamagnetic transition
metals (C!). EPR gives three sources of information.

Theisotropic g value: Deviations ofg from the free electron valug can be attributed to the
contribution of other excited states with non-zargular momentum to the radical ground
state. They arise from spin-orbit interactions vahéece proportional to the spin-orbit coupling
constants of the involved atoms which increaseh tie atomic number as’.ZThe sign of
the deviation is indicative of the frontier orbittuation according to Stone’s approximation
(Eq. 3.5.1.1.).
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2 v Lid(Tn Wn L.d‘{’
R

n  kj

0e = 2.0023

Yy : MO of the unpaired electron in the ground state

Y, : all other MOs

&k :spin-orbit coupling constant

Liij - angular momentum operator for AO at nuclkys

Likd = 0 except at atom k

Eo : energy of a singly occupied molecular orbitaD{#0)

E, : energies of empty or doubly occupied molecutaitals (LUMO or HOMO)

Considering the denominator of the equation, ohb ieighboring levels have a significant
contribution toAg. This means that heavy atoms which are boundtheamadical center have

a large effect on the g value. However, two casepassible:

A
LUMO
E SOMO
%
44 rovo A4
g~>0g. g<gd.

Fig. 3.5.1.1.: Energy level diagram.

If Eo > E,, a deviation to higher values thghis to be expected. This means that the SOMO
lies closer to the HOMO than to the LUMO.

If Eq < E,, the SOMO lies closer to LUMO than to the HOMO.

Even though anion radical complexes of transitiogtahfragments usually display rather
small deviations ofjis, from ge (Ags < + 0.02) because the spin is mainly delocalized tve
light atoms from the ligand with small spin-orbibupling constants, the characteristic
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changes on going from the ligand anion radical te tomplexes can provide valuable
information on the orbital ordering.

The g anisotropy (Ag = g1 - g3) from measurements of powders or glassy frozen isokiis
largely a result of contributions from elementshatiigh spin-orbit coupling constants. In the
EPR spectra of transition metal complexes wheresgha is predominantly on the metal
centre, the g-anisotropy is usually quite largewkeeer, in the case of transition metal
complexes with anion radical ligands thgeanisotropy is generally small, even in species
which contain 5d metal centers like osmium or rneniMoreover, the broadness of the lines,
sometimes in adjunction with insufficiently resalvenetal hyperfine splitting, can preclude
the determination of the expectgdanisotropy for complexes with heavy transition ahet
elements at conventional EPR frequencies (X baf)s, it is often necessary to go to high
fields / high frequencies>(95 GHz) to resolve it.

The hyperfine coupling between the unpaired electron and the variousenotlthe radical
species is another most informative source of htsigpm EPRIdeally, all nuclei with non-
zero nuclear spins should couple to a certain ¢xtéh the unpaired electron and thus reveal
the nature of the SOMO. Unfortunately, it is novays possible to obtain such information
from conventional EPR experiments: the intrinsicetwidth may be too large for the
resolution of the hyperfine structure, the dominauetal hyperfine splitting can obscure the
hyperfine splitting from the spin-bearing ligandmts, and the low natural abundance and / or
low nuclear magnetic moment of isotopes can leathttetectable hyperfine coupling.

Results:

The complexes being discussed in this chapter lrstable radical. Hence these
paramagnetic complexes are the origin for EPR signaative state. At X-band (9.5 GHz) in
CH.Cl, solution the complexes show a typical line-riclepum atgis, = 2.0112 for {{1-
adcOBu)[Cu(dppf)b} * and 2.0117 for {¢-adcOPr)[Cu(dpph}}* (fig 2.6.1 and 2.6.2). In
both the cases the hyperfine coupling from &/&Cu, two'*N and four®*P were observed
which is very much comparable tafadcOBu)[Cu(PPh)J]2} ¥, {(n-adcOBu)[Cu(bdpp)h}
and {(u-adcOBu)[Cu(bdph)}} *°**? To determine the g anisotropy the high frequenBfRE
(285 GHz) was measured at 5 K which revealed theetly components in glassy or frozen
solution (fig 2.6.1 and 2.6.2). The rhombic g $ipig is very typical to this kind of azo radical
anion compounds involving Cu(l). The small g amspy confirms the predominant
localization of spin in the bridging ligand. Hyped coupling constants and anisotropic g

tensors are tabulated below in Tab 2.6.1.
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Exp.

Sim.

325 330 335 340 345 350 355
B/ mT

10.02 10.08 10.14 10.20 10.26
B/T

Figure 2.6.1: X-band EPR spectrum ofif§dcOBu)[Cu(dppf)l} * at 298 K in CHCI, (top);
High field EPR spectrum (285 GHz) at 5 K in MeCN-PrCN (1:1) (bottom)
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Figure 2.6.2: X-band EPR spectrum ofif&dcOPr)[Cu(dppf)b}* at 298 K in CHCI, (top);
High field EPR spectrum (285 GHz) at 5 K in MeCN-PrCN (1:1) (bottom)
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Table 2.6.1: EPR data

UT

Compound 0” 0 0 gss” | a®®™cu) |a*N) | aC*'P)

c) c) c)
(adcOBu)” - - - - - 0.478 -
{(p-adcOBu)[Cu(dppfp} *"™ | 2.022 | 2.005| 1.999| 2.011 1.675 0.573 2.3
{(u-adcOPr)[Cu(dppfL} * 2.022 | 2.005| 2.002| 2.011 1.76 0.54  2.34
{(n-adcOBU)[Cu(PPh),] 2} ¥ |9 ) D 2.0102| 1.607, 0.640 | 1.872

1.721
{(n-adcOBu)[Cu(bdpp)}} T [ @ D ) 2.0098| 1.570 0.634| 1.858
{(n-adcOBu)[Cu(bdph)}} ™1 [ 2.022 | 2.009 | 2.002| 2.0104 1.681 0.64 1.8!

UT

From High field EPR measurements at 5 K in MeCNPr&N (1:1);” from X-band EPR
measurements at 298 K in @E,; “hyperfine coupling constants in m¥not measured.

2.7 Conclusion:

In this chapter structural and spectroscopic featoir stable dicopper(l) radical bridged
complexes with the esters of azodicarboxylic acids bridging ligand and
ferrocenylphosphine as ancillary ligands is demmastl. Due to native state paramagnetism
the compounds show well resolved EPR spectrum badxd having hyperfine coupling from
two Cu, two N and four P. High field EPR measuretsows typical rhombic g-anisotropy
of the spectrum. Ligand centered one electron ¢xidaand reduction was monitored by
electrochemistry and corresponding spectral changas examined in UV-vis
spectroelectrochemistry. The redox feature of #reotenyl ancillaries were also observed
electrochemically and spectroelectrochemically. Tlhege separation between the two

ferrocenyl ancillaries (12.55 A) is responsible faor communication between them.
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Chapter 3

Establishing the chelating a-azocarbonyl function in 7zacceptor

ligands.

3.1 Introduction

Four-center two-step redox systems (1) with coatilng heteroatoms in 1,4-positions have
long played a prominent role in coordination chemiss potentially non-innocent ligands
(eq. D)"Y The combination RNNC(R’)O, coupling electron deficieht? carbonyl and azo
functions, has been observed and structurally ksiaol in doubly and singly reduced
form 52°556. % however, the unreduced group N=N-C=0 was not gstdbed as part of a
metal chelate system. As for example in the earieapter (Chapter 2) isolation and
spectroscopic characterization of the compoundsjinbasingly reduced chelate with

ferrocenylcopper(l) moiety, is described.

R _ R’ o R

+e 1

N = N=( @
RN O e RN &O e RN O
o ©

In contrast to the earlier work, in this chaptdre ffirst structurally isolated such hetero-
dinuclear compounds with unreduced N=N-C=O group aeported’® The ligands

azodicarboxylic dipiperidide (adc-pip) and N,N,N’;tétramethylazodicarboxamide (adc-
NMe;) (Fig: 3.1.1) having identical chelating sites asichilar redox nature like other

azodicarbonyl compounds, are chosen to serve tipogel of non-innocent ligands.

0 /

O JJ\
NN
R)J\N//N\H/N >N N// \n/ AN
0 o

Fig: 3.1.1: Ligands azodicarboxylic dipiperidide d¢spip) and N,N,N",N’-

tetramethylazodicarboxamide (adc-NMe
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These complexes ware characterized#y*’P NMR, IR spectroscopy, elemental analysis
and X-ray crystal structure diffractiéff! The spectral properties of insitu generated specie
were studied by UV-vis-IR and EPR spectroelectrauky.

3.2 Synthesis and characterization

The complexes [C(adc-pip)(dppf)](BR) and [Cl(adc-NMe)(dppf)](BF:) were synthesized
by following a general procedure described for aifethe complexes (Fig 3.2.1). The
precursor complex [Cu(dppf)(GBN),]JBF, were made according to the literature
proceduréd’® Stirring the mixture of 1 equiv. of [Cu(dppf)(GEN),]BF4 and 1 equiv of adc-
pip in dry CHCI, at room temperature for 8 h gives a dark violetsoh which on removal

of solvent, produces dark violet crystalline sdi@l'(adc-pip)(dppf)](BR). The complexes
were initially characterized b4 (Tab 3.2.1)>'P NMR. Mass spectroscopy dose not give any

useful information due to fragmentation during Eation process.

CH,Cl, Ph—=R /7 o
[CU(CH3CN)y(dppf)](BF ) + adc-pip ———— c/yc\u'RPhP (BF,)
RT/8h N -N
e
(@]

[Gadc-pip)(dppf)](BR)
Fig 3.2.1: general reaction scheme for the synshafsiCu(adc-pip)(dppf)](Bf).

Table 3.2.1: NMR dafafor the complexes.

Compound o/ ppm

adc-pip 1.63(m, 3H), 3.41(m, 1H), 3.70(m, 1H)
[Cu'(adc-pip)(dppf)](BR) 1.61-1.82(m, pip), 3.42(m, pip), 3.75(m, pip)3&(s, 4H, Cp),
4.52(s, 4H, Cp), 7.35 (m, 20H, Ph).
adc-NMe 3.0(s,6H), 3.15(s,6H)
[Cu'(adc-NMe)(dppfH](BFs) |2.98(s, 6H, CH), 3.16(s, 6H, Ck) 4.32(s, 4H, Cp), 4.40(s, 4}
Cp), 7.42 (m, 20H, Ph).

= -

¥in CD.Cl, at RT
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IR spectrum for [Clgadc-pip)(dppf)](BR) gives two sharpc-o at 1672 crit, for coordinated
carbonyl and at 1703 ¢l for non-coordinated C=O. Similarly for [Gadc-
NMe,)(dppf)](BF), bands in the IR region appear at 1680 (coordth&=0) and 1713 (non-
coordinated C=0) ci{Tab 3.2.2). The free ligand shows only one carbstretching band
because of symmetry. The appearance of two C=O0O sbdad the complexes is an
identification of metal coordination at only one tife carbonyl groups. The elemental

analysis data is given in experimental section.

Table 3.2.2: IR dafifor the ligands and complexes.

Compound Ve=o/ cm™
adc-pip 1694
[Cu'(adc-pip)(dppf)](BR) 1672 (metal coordinated), 1703 (non-coordinated)
adc-NMe 1695
[Cu'(adc-NMe)(dppf)](BF.) 1680 (metal coordinated), 1713 (non-coordinated)

¥in solid

3.3 Crystal structure
The dark-violet crystal of [C(adc-pip)(dppf)](Bl) was grown by slow diffusion of hexane

in CH,Cl, at 4C. It was crystallized in monoclinie2,/n space group. One molecule of®H
was found as a solvent of crystallization. The roolar structure shows how one of the N=N-
C=0 functions chelates the copper(l) center of roeliauclear [Cu(dppf)] with out being
reduced to the monoanioninc (radical) or dianiorforen. This assignment follows not only
from the composition of the material but also fréme analysis of the strongly alternating
interchelate bonds with lengthg-l = 1.258(7) A, d.n= 1.466(8) A, and glo= 1.234(7) A.
Apparently there is relatively littler back donation from this form of copper(l), whichgimt
otherwise lenthen the double bonds and shortersitigde bond or even cause an eventual
reduction of the ligand. Withdn= 1.990(5) A and @..0= 2.170(4) A the metal chelation is
rather asymmetric, in agreement with the differleasicities of N and O; the dihedral angle
between the P1-Cu-P2 and O1-Cu-N2 planes is 88d4hat the configuration at the metal
can be described as distorted tetrahedral. Thdistadd the situation with unreduced N=N-

C=0 is probably favoured by the rigidity of heteirastlear [Cu(dppf)] complex fragment.
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The non-coordinated C=0 bond length is 1.216(7ldortant bond lengths and bond angles
are given in the Tab 3.3.1. The distance between Baiis 4.048 A.

Fig 3.3.1: Molecular structure of [(adc-pip)(dppf)](BR) in crystal. H atoms and BF

(counter anion) are removed for clarity.
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Table 3.3.1: Important bond lengths (A) and bongeds ).

Bond lengths (A) Bond angled @nd dihedreal angles
Cu-O1 2.170(4) P1-Cu-P2 109.85(6)
Cu-N2 1.990(5) P1-Cu-N2 128.01(15)
Cu-P1 2.228(2) P1-Cu-O1 116.66(12)
Cu-P2 2.254(2) P2-Cu-0O1 104.02(12)
C1-01 1.234(7) P2-Cu-N2 115.71(14)
C2-02 1.216(7) 01-C1-N1-N2 - 4.8 (8)
C1-N1 1.466(8) N1-N2-C2-02 - 103.4 (6)
C2-N2 1.470(7)

N1-N2 1.258(7)

3.4 Cyclic voltammetry

At room temperature [C(adc-pip)(dppf)](BR) shows an irreversible reduction at -1.02 V in
CH,Cl, / 0.1 M BuNPFs with respect to F¢. On lowering the temperature to 27G the
reduction becomes reversible with potential shifteeD.87 V. The second reduction occurs at
-1.76 V. Both the reductions occur on the azodioayb moiety. There is a reversible one
electron oxidation at 0.37 V. The complex has twaidiaable parts, one is
ferrocenylphosphino co-ligand and the Cu(l) cenidre oxidation of Cu(l) usually dose not
occur at such low potential in related complexed aence this oxidation is assigned to the
ferrocenyl co-ligand. At higher temperature thelgyoltammetric wave is distorted through
conformational changes involving the uncoordinatathoxamido function. For the complex
[Cu'(adc-NMe)(dppf)](BF.) reversibility of the I reduction process does not improve even
at lower temperature. In this case the ferrocenyligand based oxidation is observed at 0.44
V.

The cyclicvoltammogram of [C(adc-pip)(dppf)](BR) at RT and —70° C are shown in Fig
3.4.1 and 3.4.2 respectively and for [@dc-NMe)(dppf)](BFs) at RT is shown in Fig 3.4.3
and the potentials are tabulated in Tab 3.4.1.
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Fig 3.4.1: Cyclic voltammogram of [¢{adc-pip)(dppf)](Bk) at RT in CHCl, / 0.1 M
BuwNPFs (scan rate 100 mV / s)
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10 05 00 -05 -10 -15
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Fig 3.4.2: Cyclic voltammogram of [¢{adc-pip)(dppf)](BR) at — 70° C in CkCl, / 0.1 M
BuwNPFs (scan rate 100 mV / s)
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Fig 3.4.3: Cyclic voltammogram of [(adc-NMe)(dppf)](BFs) at RT in CHCl, / 0.1 M

00 -05 -1.0 -15 -

E/Vvs. FeCp,”™

BuwNPFs (scan rate 100 mV / s)

Table 3.4.1: Electrochemical potenfidiom cyclic voltammetry.

2.0
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Compound Eox1 Ered1 Ered2
adc-pip - - 2.33H,”, RT) -
adc-NMe - - 2.38 Ex”, RT) -
[Cu'(adc-pip)(dppf](BR) | 0.39 (RT) -1.02 €Y, RT) |- 1.76 (RT)

0.37 (- 70° C) -0.87 (- 70° C) -1.68 (- 70° C)
[Cu'(adc-NMe)(dppf)1(BF,) |0.44 (RT) - 0.78E,.”, RT) -1.50 E,”, RT)

¥Potentials E in V vs FeGP' in CH,Cl, / 0.1 M BuNPF; (scan rate 100 mV / s} cathodic
peak potentials corresponding to irreversible peak;
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3.5 IR spectroelectrochemistry

The IR spectroelectrochemical investigation was fgquered in OTTLE cell. The
measurements were done to investigate the changsaflinated and non-coordinated
carbonyl stretching frequencies on reduction anidlaiion processes. The range chosen in
these measurements was the typical carbonyl stngtcegion.

The changes in the carbonyl stretching bands ofctivaplex [Cl(adc-pip)(dppf)](B)
during reduction are shown in Fig 3.5.1 and 3.5t dhe results for the [(adc-
pip)(dppN](BF:) and [Cl(adc-NMe)(dppf)](BF,) complexes are summarized in Tab 3.5.1.

1671

1565.7

1800 1750 1700 1650 1600 1550 1500
wavenumber(cm-1)

Fig 3.5.1: Spectroelectrochemical reduction of'{&dc-pip)(dppf)] to [Cu(adc-pip)(dppf)
at RT in CHCI, /0.1 M BuNPF.

On first reduction of [Cladc-pip)(dppf)]—[Cu'(adc-pip)(dppf)], ve=o for non-coordinated
carbonyl has very negligible shift from 1712 to 8&9n* where as the coordinated carbonyl
stretch has shifted from 1671 to 1566 tm
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A

1800 1700 1600 1500 1400
wavenumber(cm™)

Fig 3.5.2: Spectroelectrochemical reduction of'{&uc-pip)(dppf) to [Cu’(adc-pip)(dppf)_]'
at RT in CHCI,/ 0.1 M BuNPFs.

Even upon ¥ reduction at -1.76 V the non-coordinated carbostietching remains
unchanged and the coordinated carbonyl is shifietiuch lower energy at 1482 ¢miThis
indicates that both the reduction process occuherchelate ring (N=N-C=0). Oxidation has
no effect on the carbonyl stretching frequenciet tdkes place on ferrocenyl group.
[Cu'(adc-NMe)(dppf)](BF:) shows similar changes in stretching frequencies the
processes are not reversible.

Tab 3.5.1: IR vibrational data obtained from speefectrochemistry for the complex®s.

Compound Veol cmit
[Cu'(adc-pip)(dppf)] 1712, 1671
[Cu'(adc-pip)(dppf) 1708, 1566
[Cu'(adc-pip)(dppf)] 1708, 1482
[Cu'(adc-NMe)(dppf)] 1716, 1685
[Cu'(adc-NMe)(dppf)° 1713, 1583 (irreversible)
[Cu'(adc-NMe)(dppf)] irreversible

®From spectroelectrochemistry in an OTTLE cell inCH/ 0.1 M ByNPF;;

3.6 UV-vis-NIR spectroel ectrochemistry
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[Cu'(adc-pip)(dppf)](BR) shows a metal to ligand charge transfer (MLCTGuW)(- ) band

at 520 nm £ = 2550 M* cm*). On £ reduction this MLCT band is shifted to 640 nen<
1400 M* cm®). 2" reduction results complete disappearance of ML@Hdbdue to full
occupancy of thet* level. Since the oxidation occurs on the ferrazemiety, the appearance
of a characteristic band at 770 nm and shift in MLgand to lower wavelength (520 462
nm, e = 3170 M* cm) is observed.

Complex [Cl(adc-NMe)(dppf)](BFs) shows similar type of absorption behaviour. I$ liae
MLCT band at 522 nme(= 1200 M cmi?) which is shifted bathochromically to 654 nen~
592 M* cm) on T electron uptake. On"2reduction like earlier case the MLCT disappears.
Oxidation gives ferrocenium based absorption sheyudd 780 nm and hypsochromic shift in
MLCT band (522 470 nmg = 1400 M* cm™).

Spectral changes associated with reductions arghatans of [Cl(adc-pip)(dppf)](BR) are
shown in Fig 3.6.1 — 3.6.3 and the absorption data[Cu'(adc-pip)(dppf)](BRk) and
[Cu'(adc-NMe)(dppf)](BFs) are tabulated in Tab 3.6.1.

£(10°dm’mol™c

300 450 600 750 900 1050
A(nm)

Fig 3.6.1: Spectroelectrochemical reduction of'{&dc-pip)(dppf)] to [CU (adc-pip)(dppf)]
at RT in CHCl,/ 0.1 M BuNPF.
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Fig 3.6.2: Spectroelectrochemical reduction of [&dc-pip)(dppf)] to [Cd(adc-pip)(dppf)_]'
at RT in CHCI,/ 0.1 M BuNPFRs
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Fig 3.6.3: Spectroelectrochemical oxidation of {@&dc-pip)(dppf)] to [Cu(adc-pip)(dppf)’
at RT in CHCI,/ 0.1 M BuNPFs



32

Tab 3.6.1: Absorption data from spectroelectrocisemy®

Compound L = adc-pip L = adc-NMe

L 295 (2.26), 435 (0.05) 288 (1.5), 438 (0.037)
[Cu'(L)(dppf** 264(12.18), 460(3.17), 770(sh)| 268(4.63), 473(1.43), 780(sh)
[CU'(L)(dppf]* 261(12.65), 520(2.55) 269(4.47), 522(1.22)
[Cu'(L)(dppf)]° 635(1.41) 654(0.59)

[CU'(L)(dppf]” 261(13.3), 358 (sh) 287(sh), 361(sh)

¥ From spectroelectrochemistry in an OTTLE cell i,Cl, / 0.1 M BuNPFRs; wavelengths
in nm; molar extinction coefficient) in 10° dm’molcm™

3.7 EPR spectroscopy

It was possible to study the in-situ generated elextron reduced paramagnetic form
[Cu'(adc-pip)(dppf)] and [Cl(adc-NMe)(dppf)]” by EPR spectroscopy. The EPR spectra
measured at 298 K is shown in Fig 3.7.1.

3300 3400 3500
B/G

Fig 3.7.1. X-band EPR spectrum of [Guc-pip)(dppf)] obtained by insitu electrolysis at
298 K in CHCI,/ 0.1 M BuNPF.

The insitu generated one electron reduced spelosesl partially resolved EPR spectrum at
298 K. However, due to poor resolution it was naisgble to obtain hyperfine data
completely. The isotropig values are at 2.0079 for [t{adc-pip)(dppf)] and 2.0078 for
[Cu'(adc-NMe)(dppf)]” with approximately 16 mT of total spectral widffhe isotropic g
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values are rather high compared to the free eledrwalue of 2.0023 due to the high spin-

orbit coupling constants of Cu and P.

3.7 Conclusion

From the examples discussed in this chapter ieen ghat the heterodinuclear complex ion
[Cu'(dppf)]*, dppf = 1,1’-bis(diphenylphosphino)ferrocene, ahoates to azodicarboxylic
acid diamides without reduction of the chelating\NNE=0 group (d=n = 1.258(7) A, d.n=
1.466(8) A, d-0= 1.234(7) A for [Cu(adc-pip)(dppf)](Bf). With electrochemistry and EPR,
IR and UV-vis spectroelectrochemistry, the stepwisguction on the chelate ring (N=N-
C=0) keeping another carbonyl of the ligand conghjetedox insensitive, is monitored. All
effort to synthesise dinuclear Cu complex were oosssful because of steric hindrance.
Herein the spectroscopic and structural evidencdiffst such cases of the heterodinuclear

compounds with completely unreduced N=N-C=0 growpreported.



Chapter 4

Mononuclear and dinuclear ferrocenylcopper compéekeidged by
2,2 -azobispyridine and its anion radical: structlirelectrochemical

and spectroelectrochemical properties.

4.1 Introduction

The ligand 2,2 -azobispyridine (abpy) has adoptedpeacial position in coordination
chemistry for studying metal-metal interaction daets ability of binding two metal centers
at a distance of 5 A in a bis-chelate fashion, uhe small size of its system and because
of its low energyr” orbital™™ This ligand was first introduced to coordinatidremistry by

Baldwin, Lever and Paridf®’ The ligand abpy can be synthesized convenientlgxigative

coupling of 2-aminopyridine and has potential foiffedent coordination modes to
metals®”"® The structurally established alternatives includeno- and di-nuclear
coordination situations by formation of five-meméerchelate rings NNCNM (A and B Fig.

4.1.1) and also a rage /7% 77* coordination mode (CJ> %

= -
O o L e
NS
I N—N I M M
M M

2
pd

O O C}\N@ @@ "

Fig. 4.1.1: Different coordination modes of aBy*”

Due to the availability of a low-lying” orbital, abpy can be reduced by two successive one
electron steps (Fig 4.1.2). The change in N=N Hendth on successive reduction is indeed a

characteristic property to determine the oxidastate of such ligands.
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— 2-
N v ) == [@N’N@ ] . @N'N@

[-N=N-] 1.24-1.30 A [-N=N-]1.30-1.36 A [-N-Nf] 1.40-1.48 A

Fig 4.1.2: Stepwise reduction of abpy®"

In this chapter the redox system abpy/abpgs been used to form heterodinuclear and
heterotetranuclear complexes with [Cu(dppf)]Jhe structural and spectroscopic properties of

these complexes are described in details.

4.2 Synthesis and characterization

The heterodinuclear complex [(abpy)Cu(dppf)](Bas synthesized by stirring the mixture
of 1 equiv. of abpy and 1 equiv. of the precursemplex [Cu(dppf)(CHCN)](BF)! in

dry CH,CI, at room temperature. The solvent was removed uvaewnum to obtain a dark
violet solid which was washed several times witlh dexane and was recrystallized from
CH.Cl, / hexane (1/3). The complex was characterized'Hhy*'P NMR and elemental
analysis. Due to the fluxional behavior of the ncale at room temperature, signals from
abpy were broad. Because of the free coordinaiteros abpy the [Cu(dppf)jshuttles from
one side to another. Thé#d and *'P NMR spectra were measured at 223 K. The mass

spectroscopic results were not conclusive duesignfientation.

CH,Cl, / Stir

X _
[Cu(dppAi(CH,CN);I(BFy)  + C\/L.\r'\'@ oh. O _pn | (BF)

Fig 4.2.1: Synthetic scheme for [(abpy)Cu(dppf)]{BF

The heterotetranuclear complex bridged by neutoalya{(u-abpy)[Cu(dppd}}(BF )., was
synthesized from the mononuclear complex [(abpyld@pf)](BF:). Reaction of one equiv. of
[(@bpy)Cu(dppf](BR) with 1 equiv. of [Cu(dppf)(CECN)](BF,)"¥ at RT under argon

atmosphere in dry Ci€l, resulted in the heterotetranuclear diamagnetic camg {(u-
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abpy)[Cu(dppf)}}(BF.),. Characterization of the complex was done'dbyand *P NMR

spectroscopy, elemental analysis and mass speajriysc

~R0 /P\Ph
Q O o /Cu\ -
CH,CI, / Stir / )
Ph< / Ph (BF4) + [Cu(dppf)(CH3CN),l(BF)) ———— H—N’

Ph/P nder Ar
u Ph- /Cu\ . Ph
_O prré} 5Ph

(BF4)2

Fig 4.2.2: Synthetic scheme fonabpy)[Cu(dppf)}}(BF 4)2.

The radical anion-bridged gfabpy)[Cu(dppf}}(BF 4) is synthesized by a different route, i. e.
by stirring the mixture of activated Cu powder,(Bky)..H.O, abpy and dppf in dry Gi€l,

at RT. Cd and CU salt comproportionate to give Cwvhich self-assembles with bridging
abpy and dppf ancillaries to yield the radical-ged heterotetranuclear complexu{(
abpy)[Cu(dppf3}(BF4). The wine-red solution was filtered off from Cwwder and the
solvent was removed under reduced pressure. Thereldrsolid is washed and recrystallized
to get the pure paramagnetic complex-&bpy)[Cu(dppf)}(BF ).

Due to native state paramagnetism, tHeNMR spectrum was broad. The compound was

characterized initially by elemental analysis arasmspectroscopy.

Ph P\ /P\Ph
CH,Cl, / Stir N@
Cu (powder) + cu"(BF,), + abpy +dppf Q— (BF,)
under Ar Cu
Ph- P/ ~__Ph

Fig. 4.2.3: Synthetic scheme fofabpy)[Cu(dpp}}(BF.).

Table 4.2.1*H and®'P NMR dat® for the complexes.

Compound 5/ ppm for'H NMR 5/ ppm for*'P NMR

abpy 8.76 (2H, BP); 7.94 (2H, H*); -
7.86 (2H, H?); 7.48 (2H, B®)
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[(abpy)Cu(dppf](BR)® [4.26-4.69 (8H, Cp); 6.96-7.45 (M, -3.76
20H, (Ph-H)); 7.42(d,AH, J = 6,6
Hz); 7.62 (t, 1H, J = 6.7 Hz); 7.82
(m, 2H); 8.17 (d, 1H, J = 4.1 H2);
8.35 (t, 1H, J = 7.6 Hz); 8.55 (d,
2H,J=7.1Hz)

N—r

{(p-abpy)[Cu(dppf)}(BF4), |4.46-4.78 (16H, Cp); 6.96-7.45 (m, -0.82
40H, (Ph-H)); 7.58(t, 2H, B);
8.00 (t, 2H, H*); 8.39 (d, 2H, J :
8.0 Hz, H*); 8.51 (d, 2H, J = 5.0
Hz, H*)

¥in CD,Cly; ” at 223 K

The 'H NMR signal for the heterodinuclear complex [(a}y(dppf)](BR) shows the
expected higher number of peaks from the abpy tigdran the heterotetranuclean{(
abpy)[Cu(dppN}}(BF4). (Tab 4.2.1). Due to paramagnetism the complexu- {(
abpy)[Cu(dppf)}}(BF 4)2 shows broad NMR signals which could not be assigned

4.3 Crystal structures
4.3.1 Crystal structure gfabpy)Cu(dppf)]1(BR)

Dark-violet crystals of [(abpy)Cu(dppf)](BfFwere grown by slow diffusion of n-hexane into
CH.Cl, at 4C. It crystallizes in the monoclinie2//n space group. The molecular structure of
the compound is shown in Fig 4.3.1.1, selected Bengths and bond angles are tabulated in
Tab 4.3.1.1.

The intra-chelate bond lengths are N1-N2 = 1.2743)Cu-N1= 2.045(2) A, Cu-N3=
2.079(2) A, N2-C6 1.417(4) A and N3-C8 1.347(4) A. The relative lengthening of the azo
(N1-N2) bond distance when compared to free atmpgui tor back donation from (§)Cu

to then orbital of the ligand. The relatively shorter Cy,dbond length over Cu-Njustifies
higher basicity on N, than Ny. The phosphinoferrocene co-ligand binds Cu witincest
equal bond lengths of Cu-R2.257(9) A and Cu-P1 = 2.262(9) A respectivelje Histance
between Cu--Fe is 4.076 A. The elongation of CusBd over Cu-P2 and deviation in the
bond angles, small P1(ax)-Cu-N1 (105.01°(7)) andQyiN3 (76.77°(10)) over large P2(eq)-
Cu-N3 (114.50°(7)), are implying the distorted akedral coordination. This kind of

distortion is also known from biology.



Fig 4.3.2.1: Molecular structure of [(abpy)Cu(d@pfin crystal of [(abpy)Cu(dppf)](BSH,
trigonal pyramidal (3+1) coordination of Cu (right)

Table 4.3.1.1: Important bond lengths (A) and bandels ) for [(abpy)Cu(dppf)] in crystal
of [(abpy)Cu(dppf)l(Bf).

Bond lengths (A) Bond angled @nd dihedral angles
Cu-N1 2.045(2) P1-Cu-P2 111.96(3)
Cu-N3 2.079(2) P1-Cu-N3 113.64 (7)
Cu-P1 2.262(9) P1-Cu-N1 105.01(7)
Cu-P2 2.257(9) P2-Cu-N1 130.53(7)
C6-N3 1.347(4) P2-Cu-N3 114.50(7)
C6-N2 1.417(4) N1-Cu-N3 76.77(10)
N1-N2 1.274(3) N3-C6-N1-N2 -1.7 (4)
C1-N1 1.448(4) N4-C1-N1-N2 175.8(2)
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C1-N4 1.329(4)

4.3.2Crystal structure of( p-abpy)[Cu(dppf)I}(BF )
The dark red block-shaped crystals for X-ray measents of {{i-abpy)[Cu(dppf)}}(BF4)

were grown via the diffusion technique using drigaxane diffusing into a Gi€l, solution at
4°C. The complex crystallizes in the monoclinic spgoeup P2:/c). The molecular structure
of the compound is shown in Fig 4.3.2.2 and setettend lengths and bond angles are
tabulated in Tab 4.3.2.1.

The azo bond length ygn) is 1.317(5) A in the complex gitabpy)[Cu(dppf)I}(BF4),
which is longer than the values for [(abpy)Cu(dj{BfFs) (1.274 A) and for the earlier
reported dicopper complex dfabpy)[Cu(PP¥,]}(BF ), (1.248 A)®Y The structure of
another unusually stable radical dinuclear ' Coomplex with abcp (azo-bis(5-
chloropyrimidine), {{1-abcp)[Cu(PP¥),].}(PFe), revealed a considerably lengthened N-N
distance of 1.345(7) B? still the structural results of ficabpy)[Cu(dppf}}(BF 4) support
the formation of bond order 1.5 by lengthening loé tentral N1-N2 bond, which lies in
between that of a double bond, 1.25 A, and of glsihond, 1.45 A" The N-N bond lengths
in different Cl complexes with abpy or abcp ligands are tabulatedab 4.3.2.2. The
complex exhibits an S-frame dicopper coordinatignabpy with an intermetallic Cu--Cu
distance of 4.825 A. The intermetallic intramolecuFe--Fe distance involving the two
ferrocenyl ancillaries is 12.651 A. The presencemly one counter-anion BRustifies the
formation of a radical anion containing complex.

The shorter Cu-N, distances (2.042(3) A) over Cu-\N2.065(4) A) is not very uncommon
which was earlier observed in the complex-gbcp)[Cu(PP¥).]-}(PFe)*®! suggesting
higher electron density on azo N compared to Nyoidme ring in mono-reduced form. This
observation was also reproduced by DFT approactbath abcp (Fig 4.3.2.1) and {{-
abcp)[Cu(PH).]2}(PFe)®®. However, the Cu-Noand Cu-N, bond lengths (2.101(6) and
2.095(6) A respectively) are almost same in newtbgly bridge dinuclear copper(l) complex
{(n-abpy)[Cu(PPY2]2}(BF 1)

In {(p-abpy)[Cu(dpphI}(BF,), the P atoms of ferrocenylphosphine co-ligandsibEu in
almost equal distances of 2.26 A which is becatdis® avTiTt type interaction involving the

bridging ligand.
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Fig 4.3.2.11LUMO presentation of abcp from DFT.

The geometry around the copper centers is distaitiedto small N-Cu-N bite of 77.60°(14)
and 78.27°(14) and relatively large N-Cu-P angléEhe smaller bite-angle of
ferrocenylphosphine co-ligands over other cheldtesphines is justified by P-Cu-P bond
angle of about 111° where as hexaPhos bindsv@ an angle of 122°. The PPhinds Cl

in the complexes {(-abcp)[Cu(PP]-}(PFe)¥*% and {(u-abpy)[Cu(PPE.]}(BF )12
with 124.13(5)° and 120.0(1)° respectively.
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Fig 4.3.2.2: Molecular
abpy)[Cu(dppf)i}(BF 4).

Table 4.3.2.1: Important bond lengths (A) and bang ) for {(p-abpy)[Cu(dppfH}} ™ in

crystal of {(u-abpy)[Cu(dppf)i}(BF 4)

structure of {abpy)[Cu(dppf}} ™

in crystal

Bond lengths (A)

Bond angle9 @nd dihedral angles

Cul-N2
Cul-N4
Cul-P1
Cul-P2
Cu2-N1
Cu2-N3
Cu2-P3
Cu2-P4
N1-N2
C6-N2
C6-N3
C1-N1
C1-N4

2.052(3)
2.058(4)
2.265(1)
2.265(1)
2.042(3)
2.065(4)
2.251(1)
2.264(1)
1.317(5)
1.382(5)
1.345(5)
1.379(5)
1.343(5)

N2-Cul-N4
N2-Cul-P1
N4-Cul-P1
N2-Cul-P2
N4-Cul-P2
P1-Cul-P2
N1-Cu2-N3
N1-Cu2-P4
N3-Cu2-P4
N1-Cu2-P3
N3-Cu2-P3
P4-Cu2-P3

N3-C6-N2-N1
N4-C1-N1-N2
C1-N1-N2-C6

77.60(14)
110.30(10)
118.17(10)
123.58(10)
111.66(10)

111.93(4)
78.27(14)
112.10(9)
117.58(10)
123.39(10)
110.71(10)
111.34(4)

-6.2(5)
3.5(5)
179.1(3)

Tab 4.3.2.2: Bond lengths (A) in Eeomplexes with abpy and related azo ligands.

Compound d(NN) d(CuNsz9 d(CuNyy) d(MM)
abpy” 1.246(2) - - -
abcp™ 1.230(2) - - -
[(abpy) Cu(dppf)](BE) 1.274(3) 2.045(2) 2.079(2) -
{(p-abpy)[Cu(dppH}}(BF ) 1.317(5) 2.052(3); 2.058(4) ; 4.825
2.042(3) 2.065(4)
{(p-abpy)[Cu(PPE),]}(BF4),™ | 1.248(11) | 2.101(6) 2.095(6) 4.937
{(p-abcp)[Cu(PPY]}(PFe)!! | 1.345(7) 2.043(3) 2.096(3) 4.866

of {{-
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4.4 Cyclic voltammetry

Through cyclic voltammetry the redox propertieshed complexes can be studied. The cyclic
voltammogram of [(abpy)Cu(dppf)](BF is shown in Fig 4.4.1 and the results are
summarized in Tab. 4.4.1. The heterodinuclear cermpghows reversible electrochemical
reduction at —0.98 V and an irreversible wave at6 in CHCl,/ 0.1 M BuNPR at RT vs.
FeCp”". The reductions are attributed to successive tewren uptake by thet level of
abpy.

The complex shows reversible one-electron oxiddtonhe ferrocenyl ancillary at 0.43 V vs.
FeCp”". The oxidation of copper(l) to copper(ll) can et detected in the solvent range of
CH.Cl, (1.6 V vs. FeCg"™).

red2
redl

10 05 00 -05 -1.0 -15 -2.0
E/VVs. FeCp,”

Fig. 4.4.1: Cyclic voltammogram of [(abpy)Cu(dpBF,) in CH.Cl,/ 0.1 M BuNPFR;at RT

with scan rate of 100 mV/s.

The cyclic voltammogram of {(-abpy)[Cu(dppf)}}(BF4) is shown in Fig 4.4.2 and the
results are tabulated in Tab. 4.4.1. Since the taxnjju-abpy)[Cu(dppf}}(BF,) is isolated
in the one-electron reduced form, the ligand &bipythe complex can be oxidized and
reduced reversibly by one electron. Indeed, thdéicyoltammogram the complex shows a
one electron reversible oxidation wave at —0.380K the step (abpy)- (abpy), and one-
electron reversible reduction wave at —1.37 V \eC5”* which is assigned to the formation

of doubly reduced (abp¥) The substantial amount of shift in reduction ptd of {(p-
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abpy)[Cu(dpp}}(BF4) compared to the heterodinuclear complex [(abp{d@pf](BF) (-
0.98 V) and that of free abpy (-1.46 V vs. Fetpcan be attributed to the chelation of two
[Cu(dppf)] units, causing the lowering of the level of abpy. The dicopper complex of
abcp, {-abcp)[Cu(PP¥),]2} %", shows the abcp based reduction at much lowemfpate
(+0.06 V vs. FeC8™) due to the presence of chloride substituents aatuitional nitrogen
functionalities in bridging azo ligarfe?! The rather negative-shift in reduction potentil o
{(p-abpy)[Cu(dpph}}(BFs) compared to {{-abpy)[Cu(PPk2]-}(BF4). and {{-
abpy)[Cu(diPhos]2}(BF4), can be justified by greates-donorbilty of phosphines with
ferrocene back-bor®® The CWCu' and the phosphine oxidations are not observed in
solvent range of C¥Cl, (1.6 V vs. F&M.

The complex {{1-abpy)[Cu(dppf}}(BF 4) can be reversibly oxidized in a second time by tw
electrons at 0.45 V vs. Fe€f due to the redox-active ferrocenyl ancillaries shhoxidize at

the same potential (no detectable splitting ofwhee).

ox1

Eredl Ered2

10 05 00 -05 -10 -15 -2.0
E/Vvs. FeCp,”

Fig. 4.4.2: Cyclic voltammogram of §tabpy)[Cu(dppf)}}(BF4) in CHCI, / 0.1 M BuNPFs

at RT with scan rate of 100 mV/s.

The heterotetranuclear diamagnetic specigesaffpy)[Cu(dppfI}(BF4). with the neutral
abpy bridge shows identical redox behaviour gs&fpy)[Cu(dppf)}}(BF4), two one-
electron reductions and one two-electron oxidafrom. This is expected because the two

compounds differ only in the oxidation state of abp



Tab. 4.4.2 Comparison of the potenttatsbtained from cyclic voltammetty

Compound Eox:® Ereqr” Ered2
abpy - -1.46 -2.04
[(@bpy){Cu(dppf)}](BF.) 0.43 -0.98 -1.78
{(p-abpy)[Cu(PPE)]}(BF 4),* 1.75 0.18 -0.46
{(p-abpy)[Cu(diPhos)}(BF ), 1.3% 0.06 -0.45
{(p-abpy)[Cu(pentaPhog}}(BF 1), 1.06” -0.48 -1.45
{(p-abpy)[Cu(hexaPhogh}(BF ), 1.26” -0.35 -1.38
{(p-abpy)[Cu(dppN}}(BF ) 0.45 -0.38 -1.37
abcp’"® - -1.01 -1.49
{(n-abep)[Cu(PPY]2}(PFe) 1.47 0.06 -0.75

¥potentials E in V vs. FeGpP'; Yat 100 mV/s scan rate in GEl, / 0.1 M BuNPF;; “half
wave potential corresponding to reversible stémthodic peak potential corresponding to an
irreversible reductiorf’anodic peak potential corresponding to an irrebéesixidation.

4.5 UV-vis-NIR spectroelectrochemistry

The spectroelectrochemistry experiments of the dexas [(abpy)Cu(dppf)](Bff and {(-
abpy)[Cu(dppf}}(BF 4) were performed in an OTTLE cell.

The complex [(abpy)Cu(dppf)](BF shows a band at 531 nm with a shoulder at 63@unen

to the MLCT transition from §(CU) to 1t (abpy). Another sharp band at 350 nm is assigned
to a typical abpy-based intra-ligand transitiong(B.5.1)

Upon reversible one-electron reduction the band3&tnm grows while the shoulder moves
to c.a. 860 nm. Some NIR intensity at 1600 nm iseoed due to transition involving
electron from half-filledrt orbital. The intra-ligand transition band showsteracteristic
shift to 389 nm (at 408 nm in free abpyFig. 4.5.1).
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Fig. 4.5.1: Spectroelectrochemical reduction obp@Cu(dppd] to [(abpy)Cu(dppf)] in
CH.CI;/ 0.1 M BuNPF;

The oxidation at 0.43 V vs. Fe@f shows a growing shoulder at 850 nm for the wealk lo
wavelength transition of ferrocenium. Furthermdtes oxidation shifts the MLCT band to
480 nm with the disappearance of the shoulder4FEd).
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Fig. 4.5.2: Spectroelectrochemical oxidation obfgCu(dppf)[ to [(abpy)Cu(dppff" in
CH.Cl,/ 0.1 M BuNPF;
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The heterotetranuclear complexu{@bpy)[Cu(dppf}}(BF4) exhibits a slightly structured
MLCT band at 530 nm corresponding to )@ — T (abpy) transition. The di-nuclear
complex of abcp, {{-abcp)[Cu(PP¥)2]2} *, shows characteristic MLCT band at 700 and 560
nm’% and a band at 510 nm appears for electrochemigelherated one electron reduced
species {{i-abpy)[Cu(PPh),],} *B¥ Like all cases a typical sharp intra-ligand abpgd
transition band is seen at 390 RnY)

The electrochemical reductiongf@bpy)[Cu(dppf}} 0, at —=1.37 V (vs. F&), results in the
appearance of a MLCT band at 484 nm which is temligtassigned to charge transfer from
CuU to o (second lowest unoccupied MO) of abpy. The shatmdligand (abpy) band
disappears and a shoulder at 350 nm appears dueadigand transitions (Fig 4.5.3).

N
(&)
1

N
o
L

e (10° dm’mol™cm™)
B e
.9

(6]
1 L

N

250 500 750 1000 1250
wavelength (nm)

o
L

Fig. 4.5.3: Spectroelectrochemical reduction of yu-&py)[Cu(dppN}}~ to {(u-
abpy)[Cu(dppf}}° in CH,Cl,/ 0.1 M BuNPFs

Upon one electron oxidation at —0.38 V, the MLCTnhdbaat 530 nm is bathochromically
shifted to 757 nm because of enhanced back don&tom d, Cu to the now completely
emptyTy level of abpy (Fig. 4.5.4). This is comparable lie shift in charge transfer band
from 700 nm to 930 nm for the abcp complep-§bcp)[Cu(PP¥)2].} > and from 510 nm
to 680 nm for di-nuclear copper(l) complex of abffy-abpy)[Cu(PP¥2]2} >, The in situ
generated {g-abpy)[Cu(dppf)}}** having an emptyr level of the azo ligand also justifies
the disappearance of the abjytra-ligand band at 390 nf®”
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Fig. 4.5.4: Spectroelectrochemical oxidation of p-gbpy)[Cu(dppf)}} ™ to {(u-
abpy)[Cu(dppf)}} ?* in CH,Cl,/ 0.1 M BuNPR;

Further oxidation of ferrocenyl ancillaries at 0.45(vs F&™ results in the decrease of
intensity of the MLCT band at 757 nm (Fig 4.5.5heTabsorption data for all compounds are
tabulated in Tab. 4.5.1.

£ (10° dm’mol*cm™)

300 600 900 1200
wavelength (nm)

Fig. 4.5.5: Spectroelectrochemical oxidation of p-gbpy)[Cu(dppH}}®* to {(p-
abpy)[Cu(dppf)}} ** in CH,Cl, / 0.1 M BuNPF;.



Tab. 4.5.1: Absorption data obtained from spectrebchemistry in CKCl, / 0.1 M

BuNPF.
Compound Amax/ NM €/ 10° Mem?)

abpyl**®l 312(8.7), 470(0.9)

abpy 210 286(sh), 360(sh), 408(26.5), 548(2.6)

abpy E1O) 275(sh), 342(sh), 358(14.2), 380(sh), 450(sh)

[(@abpy)Cu(dppf)f™ 862(sh), 479(2.9)

[(@abpy)Cu(dppf)[” 630(sh), 530(2.6), 350(8.8)

[(@abpy)Cu(dppf)P 530(3.3), 389(6.9)

[(abpy)Cu(dppf)]” 579(sh)

{(u-abpy)[Cu(PPH]5} > 357, 680

{(p-abpy)[Cu(PPh);]5} " 350, 510

{(p-abpy)[Cu(dppfHF} **”

700(sh), 435(sh), 361(9.8)

{(p-abpy)[Cu(dppfHF} >

757(4.1), 339(sh)

{(p-abpy)[Cu(dppf)k} *”

533(5.6), 390(9.6)

{(n-abpy)[Cu(dppfk}”

484(6.1), 348(sh), 302(sh)

abcp’ 455 (0.37), 286 (26.0)
abcp ® 555 (sh), 477 (sh), 404 (44), 350 (sh)
abcpg 457 (sh), 352 (45)

{(p-abcp)[Cu(PP,] o} > PIEd!

930 (1.1), 870 (0.8), 365 (1.54)

{(p-abep)[Cu(PPY,] 5} E)

700 (0.63), 560 (0.9), 403 (2.6), 373 (2.6)

{(p-abcp)[Cu(PPY),] ) e

515 (sh), 363 (2.8)

@in DMF /0.1 M BuNPFs; ® in CH,Cl,/ 0.1 M BuNPF;

4.6 EPR spectroscopy

The heterodinuclear complex [(abpy)Cu(dppf)]¢Bis diamagnetic. It is reduced in situ to
generate the one-electron reduced neutral radpeties [(abpy)Cu(dppf)]. However, on
extended reduction the compound shows an EPR spectdentical to that of the
heterotetranuclear complex ion@bpy)[Cu(dppf)}} . This indicates the in situ formation of
the tetranuclear species on one-electron reduadioi(abpy)Cu(dppf)](BEk) because of

lability of coordination of Cliand less negative reduction potential for dicoppgstem
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(electron transfer assisted polymerization). Tmeusation parameters fit with one set of azo
YN (I = 1), two pyridineg"N (I = 1), four®*P ( = 3/2) and tw§**%Cu (I = 3/2) isotopes.

The heterotetranuclear complexu{&bpy)[Cu(dppf}}(BF4) is paramagnetic and hence EPR
spectroscopy is directly applicable to determireeriature of the orbital where the electron is
situated. The most important parameters are theojgo g values and the splitting into g-
components (g anisotropy), particularly at highdiét X-band (9.5 GHz) in CkCl, solution
the complex shows a well resolved line-rich EPRnaigwith g, = 2.0069. Two
experimentally measured EPR spectra together whih gimulated spectrum of [
abpy)[Cu(dpph}}(BF 4) are shown in Fig 4.6.2.

Exp.

Exp.

Sim.

325 330 335 340 345 350
B/mT

Fig. 4.6.2: X-band EPR spectra of electrochemiogdigerated §§-abpy)[Cu(dpphL} * (top)
obtained by insitu reduction of [(abpy)Cu(dppffin CH.Cl, / 0.1 M BuNPF; at RT) and
(center) for {(1-abpy)[Cu(dppf)}}(BF4) as dissolved in C¥Cl, at RT; (bottom): simulated
spectrum with the data from the Tab 4.6.1 andex\Wdth of 0.23 mT .

The simulated spectrum was obtained by considetiagcoupling fronf>®%u, **P, and*N
isotopes. The isotopic hyperfine coupling constants0.565 mT (one set of azo (N=N)), 0.22
mT (two pyridine’N), 1.55 mT (two®Cu), 1.65 mT (two®™Cu) and 1.79 mT (fouf'P),
respectively (Fig 4.6.2 and Tab 4.6.1). The reptaa® of the ancillary phosphines in the
complexes  {{-abpy)[Cu(PP¥.]2} %  {(p-abpy)[Cu(diPhos)} *®? and  {{-
abpy)[Cu(hexaPhos)*®" with dppf causes a significant improvement in ESffectrum
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resolution, resolving the hyperfine coupling fromoand pyridiné’N because of the rigidity

of the [Cu(dppf)], which in turn restricts line broadening by exieasotation (Tab 4.6.1).

Fig. 4.6.3: 285 GHz EPR spectrum ofi{ébpy)[Cu(dppf)}}(BF 4) at 5 K in CHCI, / toluene
(4:1).

To gain more information on the electronic struetthrough the g anisotropy in comparison
to copper(ll) and mixed-valent dicopper specie® #table paramagnetic complexu{(
abpy)[Cu(dppf}}(BF4) was subjected to high frequency EPR measurem@h@85 GHz at

5 K, the complex shows a rhombic g component patésr seen from the g values 2.0124,
2.0022 and 1.9957 (Fig. 4.6.3 and Tab 4.6.2). deatical splitting pattern of g components
was observed for other mono-reduced azo-baseddlighpy and abcp bridged dicopper
complexes. The fairly small g anisotropfg(= g-gs) of 0.0167 indicates predominantly
ligand centered spin. The g anisotropi&g € g-gs) for tetrazine-centered radical complexes,
which show axial splitting of g components, are msmaller than those of the azo bridged
radical complexes indicating bettemcceptor ability of the azo functidt:#>¢" The complex
{(p-abep)[Cu(PP¥2]2} * shows an unresolved EPR spectrum in X-band with g
2.00771828588 Both the g anisotropy data from the high frequenmgasurement and the
hyperfine coupling data from the X-band studiesgest) a rather small amount of metal
participation at the SOMO (singly occupied molecwébital) of the azo radical complex,
confirming the spin localization on the bridgingdnd abpy. The X-band EPR spectra of azo-

radical based dicopper(l) complexes reveal how thplacement of phosphines by
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ferrocenylphosphine results in better EPR resatuio that thé*N coupling from both the

azo and the pyridine N nuclei can be determined.

Tab. 4.6.1: Hyperfine coupling constants from siated EPR spectra.

Compound Jiso a(®®cu,1 = 3/2f [aCP) = 1/2F |a(*'N, | = 1)
abpy™ 2.0044 | - ; -

[(abpy) Cu(dppf)] ® ? R 2
{(p-abpy)[Cu(dppH}} * 2.0069 | 1.55, 1.65 1.79 0.56, 0.22
{(u-abpy)[Cu(PPh);];} ©  |2.0053 | 1.30 1.30 -
{(p-abpy)[Cu(diPhos)i} *  [2.0046 | - - :
{(p-abpy)[Cu(hexaPhos)®” [2.0051 | 1.300, 1.393 1.48 -

abcp ™! 2.0041 | - - ;
{(p-abep)[Cu(PPY,].} 18288 | 2.0077 | 1.7 1.7 -

¥not obtained, formed heterotetranuclear speciesbpy)[Cu(dppf}} * on in situ reduction.
Pfrom reduction with K in THF solution at 298 K, irficient hyperfine resolution®

hyperfine coupling constants in mT.

Tab. 4.6.2: X-band and high frequency EPR data.

Compound Qiso” 0.7 % 957 o Ag®
abpy ® 2.0044 | - - . - -
[(abpy) {Cu(dppf)}] ¥ ) ) ) v v Y
{(p-abpy)[Cu(dppH}} * 2.0069 | 2.0124| 2.0022 1.9957| 2.0034 0.0167
{(n-abpy)[Cu(PPh)2]2} * 2.0053 | - - - - -
{(p-abpy)[Cu(diPhos)}} * 2.0046 | - - - - -
{(p-abpy)[Cu(hexaPhos)®”! [2.0051 | 2.0134] 2.0047 1.9968| 2.0050  0.0166
abcp V% 2.0041 | - - ; _ -
{(p-abcp)[Cu(PP¥,],} 8281 [2.0077 | 2.016 | 2.007| 1.998 2.0077  0.018
{(p-bptz)[Cu(PPB)2)2} 2.0055 | 2.0067| 2.0067 2.0026] 2.0053  0.0041
{(p-bptz)[Cu(hexaPhos)] °”! [2.0054 | 2.007 | 2.007 | 2.0024| 2.0055 0.0046

From electrochemically generated spec

:band EPR data at Rfrom high frequency
EPR measurements at 5 %ga, = V(g2 + 02° + g:9)/3; ®Ag = g1 — gs; ” not obtained, forms
heterotetranuclear speciesi{@bpy)[Cu(dppn}} *on in situ reduction.
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4.7 Conclusion

Using the special ferrocenylbis(diphenylphosphinpper(l) fragment [Cidppf)]*, the first
examples of a structurally characterized heterad@an complex [(abpy){Cu(dppf)}|(BB
and radical bridged heterotetranuclear complex-dfpy)[Cu(dppf)}}(BF4) could be
obtained. By applying a different synthetic routee non-radical heterotetranuclear complex
{(p-abpy)[Cu(dpph}}(BF 4). was also isolated and characterized in the diagtagform.
The extra stabilizing power of dppf over other pgituses possibly plays a key role in
isolation of the complexes in different oxidatioates of the ligand abpy. From the X-ray
crystal structures of [(abpy){Cu(dpp}(BF and {(-abpy)[Cu(dpp§}}(BF4), the distinct
change in azo bond length could be compared. The didghal of the in situ generated radical
species from the heterodinuclear complex showsl@mtical pattern with the EPR signal from
the radical bridged heterotetranuclear complex whiedicates the formation of radical
bridged species f{(-abpy)[Cu(dppf)}} " following one electron reduction of
[(abpy)Cu(dppf)]. The replacement of normal phosphine ligands &ig rilppf in the present
work alsoresults in better resolution of the hyperfine caugs from two types of*N (I = 1)

of the abpy-bridge apart frofftP and®¥**Cu isotopes. The detailed spectroelectrochemical
studies show characteristic changes in the MLCTIBGd bands on oxidation / reduction of

the complexes.



53

Chapter 5

Sabilizing the eusive ortho-quinone/copper(l) oxidation state

combination through 7z 7rinteraction in an isolated complex

5.1 Introduction.

The o-quinone cofactors derived from tyrosine and trppi@n are involved in novel
biological reactions that range from oxidative déwations to free-radical redox reactidif.
Pyrroloquinoline quinone (PQQ) was the first of tiiguinone cofactors identified in many
prokaryotic organism’s alcohol and glucose dehydnagé™ Following the discovery of
PQQ, other cofactors im-quinone family, e.g., tryptophan tryptophylquinoGeTQ)°
topaquinone (TPQJ? lysine tyrosylquinone (LTA¥' were identified as the essential
cofactors of different redox enzymes in variousnivorganisms. Copper has been known as
an essential bio-element for such quino-enzymes tjkosinas€** catechol oxidasg®
galactose oxidad&” amine oxidade® %!

b

HO O
O

Topaquinone (TPQ)

Lysine tyrosylquinone (LTQ)

Hence the copper/quinone interaction is relevantdeearch areas as diverse as biochemical

systems (neurotransmitter and melanin metaboligmysinase, polyphenol oxidase, and

quinoproteins oxidase function), molecular devideslence tautomerisnfy 102103104
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biodegradation (catechol-enhanced Fenton readiibh)prganic and industrial synthesis
(copper catalyst for catechol or phenol synth&8f5)and photochemical charge trandféf.
Stable o-quinonemonoimine and-quinonediimine complexes of copper(l) and copper(l
were reported, and the one electron and two electrduced forms of O,0"-coordinatig
guinones, the semiquinones, and catecholates hawg bbeen known to form chelate
complexes with Cland CU. So far there were many examples in the literadfithe chelate
complexes formed by ortho-semiquinones (Sq) anccbatates (Cat) with Cu(l) and
cu(1).2%4 Moreover the temperature controlled equilibriunteen Ci+Sq and ClrCat is
also known from literatur€®*®! In contrast, there has been no report of an isdtatjuinone
copper(l) species with quinone-O coordinated meiassibly because of the lability of
copper(l) vs. oxygen and low basicity of unredugathone ligands.

Using the organometallic coligand for copper(l)z,vdppf = 1,1 -bis(diphenylphosphino)-
ferrocene, and a well established o-quinone in tleem of PhenQ = 9,10-
phenanthrenequinone, the first structural, theceieind spectroscopic evidence for the O,0"-
chelate coordination to electron rich copper(l) bgyreduced quinonat acceptor is

demonstrated in this chapter.

5.2 Synthesis and characterization

The heterodinuclear complex [(PhenQ)Cu(dppf){BWwas synthesized by refluxing a 1:1
mixture of  9,10-phenanthroquinone (PhenQ) and dPpf)(CHCN)]BF.™ in dry
dichloroethane for 12 h under argon atmosphereerAttmoval of the solvent under low
pressure the deep green solid was washed sevemnak twith dry hexane and was
recrystallized from dry dichloromethane/hexane Y2:DTThe complex was initially
characterized byH, *'P NMR, IR spectroscopy, elemental analysis and rapestroscopy.
'H, 3P NMR (Tab 5.2.1), IR spectrum and mass spectrentiacussed below and elemental

analysis result is reported in the experimentdicec

[Cu(CH3ZCN),(dppfh)I(BF,) Cu Fe

Sq N
O 0 Reflux / argon atmos. O Ph/F\)F;Q¢>

Green solid

Ph Ph
O Cl-(CH,),-Cl/ 12 h O 0] ‘B
O 2/2 = P
¢ - (D E |
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Fig 5.2.1: Synthesis of [(PhenQ)Cu(dppf)]@F

BETET

S.00 T80

Fig 5.2.2:'H NMR of [(PhenQ)Cu(dppf)](BP in CD.Cl,. Inset shows high field part of the

spectrum.

Tab 5.2.11H and®P NMR dat?.

Compound 5/ ppm for'H 5/ ppm for*’p

PhenQ 7.45 (td, 2H, J = 7.4 Hz, )H7.70 (td, 2H, J -
=8.2, 1.5 Hz, B); 7.99 (d, 2H, J = 8 Hz, Ht
8.17 (dd, 2H, J = 1.4, 7.8 Hz/H

[Cu(dppf)(CHCN),]BF, |2.07 (s, 6H, CECN); 4.10 (s, 4H, Cp); 4.32 (s, -13.21
4H, Cp); 7.35-7.55 (m, 20H, Ph)

[(PhenQ)Cu(dppf)](BF) |4.39 (s, 4H, Cp); 4.51 (s, 4H, Cp); 7.35-7.55 -10.40
(m, 20H, Ph), 7.56-7.59 (m, 2H,°H 7.88 (td
2H,J =75, 1.3 Hz, ® 8.15 (d, 2H, J = 8 Hz,
HY: 8.24 (dd, 2H, J = 1.5, 7.8 HzH

N
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Yin CD,Cl,

Since in the complex PhenQ is expected to bind )Cuéd non-reduced carbonyl (C=0)
chelate, the IR spectrum of the complex should lige gnformative. Thevc-o for the free
ligand appears at 1671 &mvhereas in the complex the-ois at 1673 cnl. Negligible shift

in ve—oindicates very weak back-bonding from'@uquinone in the complex. Mass spectrum
shows molecular ion peak at 825.08 Da corresponttingPhenQ)Cu(dppf}] and another
intense peak at 617.03 Da for [Cu(dppfypgments.

Elemental analysis together with all spectrosca@aita justify the formation and isolation of
the first Clrquinone complex [(PhenQ)Cu(dppf)](BF

5.3 Crystal structure
The dark green block shaped crystals of [(PhenQ@)@pi](BF;) were grown by slow

diffusion of hexane in dichloromethane solution thie complex at € under argon
atmosphere. It was crystallized in monoclif2;/n space group. Two molecules of &b
were found as a solvent of crystallization. Thedtral analysis confirms the O,0"-chelation
to Cu(l) in [(PhenQ)Cu(dppf)](Bff and substantiated the unreduced quinone charatter
PhenQ via the C=0 bond lengths of 1.257(11) and4(1D) A (semiquinones hawel.27 A)
and the (O)C-C(O) single bond length of 1.499(13}sBmiquinones have 1.46 A). Free
PhenQ has C=0 bond length 1.22 A and (O)C-C(O) Bength 1.52 A!°® The elongation
of the C=0 bond lengths were duertback donation from*d(Cu) tort of PhenQ. The Cu-O
bonds are remarkably different (Cu-O1 2.053(7) A:-@2 2.159(6) A) as are the two Cu-P
bonds at Cu-P1 2.208(3) A and Cu-P2 2.254(3) Asthenger Cu-O1 and Cu-P1 bonds form
a much larger angle at 132.3(2)° than the two losgeh bonds at 99.55(19)°. Such strong
distortions are not completely unknown in coppecfigmistry.

Moreover, the crystal structure shows intramolecatal inter moleculam/mt interactions. The
intramoleculam/mtinteraction with shortest C-C distance 3.155 Ausetn one phenyl of dppf
and PhenQ is seen clearly in the crystal strudfieig 5.3.1). The molecular structure of the
cation in the crystal is shown in fig 5.3.1.



Fig 5.3.1:

[(PhenQ)Cu(dppf)](BE) x 2 CHCl;

Molecular

structure

the cation in therystal structure

The important bond lengths and bond angles ardatolin tab 5.3.1.
Tab: 5.3.1: Important bond lengths (A) and bondetm(j).
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of

Bond lengths (A)

Bond angle9 @nd dihedral angles

Cu-0O1
Cu-02
Cu-P1
Cu-P2
C1-01
C2-02
C1-C2
Cl-C11
C11-C16
C16-C22
C21-C22
C2-C21

2.053(7)
2.159(6)
2.208(3)
2.254(3)
1.257(10)
1.244(10)
1.499(13)
1.465(13)
1.417(14)
1.456(14)
1.379(13)
1.481(13)

P1-Cu-P2 116.1(1)
P1-Cu-O2 119.2(2)
P1-Cu-O1 132.3(2)
P2-Cu-O1 103.1(2)
P2-Cu-02 99.56(2)
02-Cu-01 76.8(3)
01-C1-C2-02 -0.66
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5.4 UV-vis spectroscopy

The complex [(PhenQ)Cu(dppf)](BFexhibits one long wavelength maximum at 693 i8m (
= 3390 M'cm?) and another band 420 nma £ 6540 M'cm?) which is similar to that
reported for a reaction mixture between PhenQ &eP}{,Cu(BH,) in CH,Cl, (Amax = 707,
418 nm)*%? The band at 693 nne (= 3390 M'cm?) is attributed to the metal to ligand
charge transfer (MLCT) from t§Cu(l) to ™ of PhenQ leading to an excited state
formulation (d)Cu(ll)/PhenSQ. The 420 nne (= 6540 M'cm™) band can primarily be
assumed to PhenQ based intra-ligard electronic transition which is comparable to free
PhenQ (418 nm) which is further justified by TD-DFE&lculations. The UV-vis spectra of
[(PhenQ)Cu(dppf)](BE) in shown in fig 5.4.1. The complex does not skaw emission or

photo-reactive properties.

200
A _
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(_ED ]
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Fig 5.4.1: UV-vis spectra of [(PhenQ)Cu(dppf)]|@n CHCI.,.

5.5 Cyclic voltammetry

Cyclic voltammetry for the complex [(PhenQ)Cu(diBfs) was measured at — 50° C to
achieve reversibility in reduction. The complex hase reversible PhenQ ligand based
reduction at -0.78 V (PhenQ(PhenQ)) and one quasi-reversible reduction at -1.70 V

((PhenQ).—(PhenQY) vs. ferrocene. After*ireduction a small peak at -1.36 V was seen
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due free ligand reduction from the dissociated demplrhe complex shows one reversible
one electron oxidation at 0.14 V vs. ferrocene. dkiglation is centered at the ferrocenyl co-
ligand as copper oxidation in such a system canbeoseen at such low potentials with
reversibility. Low temperature cyclic voltammogramlong with differential pulse
voltammetry (DPV) is shown in fig 5.5.1 and 5.5/dahe potentials are tabulated in tab
55.1.

redl

04 00 -04 -08 -1.2
E/Vvs. FeCp,”

Fig 5.5.1 Cyclic voltammogram and differential pulltammogram for*Loxidation and T

reduction of [(PhenQ)Cu(dppf)](BFat — 50° C in CkCl, / 0.1 M BuNPF; (scan rate 100
mV / s)

Eredz

05 00 -05 -10 -15 -2.0
E/Vvs. FeCp,”
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Fig 5.5.2: Cyclic voltammogram (full range) of [@0Q)Cu(dppf)](Bk) at — 50° C in ChkCl,
/0.1 M BuNPF; (scan rate 100 mV / s)
Tab 5.5.1: Electrochemical potenfidtom cyclic voltammetry at — 50° C.

Compound onlc) Eredlc) EredZC) Ered3c)
PhenQ - -1.34H,”) - -
[(PhenQ)Cu(dppf)](BR | 0.14 -0.78 -1.36H,.)) |-1.70

¥Potentials E in V vs. FeGP in CH,Cl, / 0.1 M BuNPF; (scan rate 100 mV / syrathodic
peak potentials corresponding to irreversible pédiglf-wave potential corresponding to
reversible step.

5.6 EPR spectroscopy

It was possible to measure the EPR spectrum ofntls#tu generated paramagnetic species
[(PhenSQ)Cu(dppf)] The spectrum was recorded at 220 K due to thersevility in cyclic
voltammogram of the complex.

The complex [(PhenQ)Cu(dppf)](BF on reduction gives a strong X-band EPR signal
resulting from the formation of semiquinone (Pheh®&2lical species [(PhenSQ)Cu(dppf)]
with giso = 2.0055. The hyperfine f8#°Cu ( = 3/2),3'P ( = 1/2) and'H (I = 1/2) isotopes at
1.0 mT (1Cu), 1.4 mT (2P), and 0.15 mT (4H), resipely, agree with the
phenanthrenesemiquinone data (0.165, 0.137, 000822 mT, 2H eacHJ® and with typical
values for copper(l) radical complexes. The expental X-band EPR spectra along with
simulation are shown in Fig 5.6.1 and the hyperinapling constant values obtained from

simulation are tabulated in Tab 5.6.1.

expt.

sim.

334 336 338 340 342
B/ mT
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Figure 5.6.1: X-band EPR of electrochemically gatent [(PhenSQ)Cu(dppf)hat 220 K in
CH.Cl» /0.1 M BuNPF; (top) and simulation (bottom).

Table 5.6.1: EPR ddta

Compound Jiso al ***cu)? |a, Py as (*H)®
(PhensQy*™ - - - 0.165, 0.137, 0.042, 0.022
[(PhenSQ)Cu(dppf]| 2.005%8 [1.00 1.40 0.15

¥X-band EPR data obtained from electrochemicallyegeted radical species in @&, / 0.1
M BusNPFs ® from X-band EPR measurements at 220 K in,Cl © hyperfine coupling
constants in mT.

5.7 DFT and TD DFT calculation

DFT calculations have been carried out by Dr. SisZ&om J. Heyrovsky Institute of
Physical Chemistry in Prague. These calculations rewe performed on
[(PhenQ)Cu(dppf)](BE) and [(PhenQ)Cu(dmpf)](Bff where dmpf is 1,1'-
bis(dimethylphosphino)ferrocene i.e. all the pherofidppf were replaced by methyl.

DFT studies shows that bond lengths are compaeatuléhe distortion in structure is justified
due to intra-molecularvm stacking between phenyl rings of dppf and Phen€alse when
the phenyls at P are replaced by methyls the disiois absent. DFT optimized structures are
shown in fig 5.7.1 and the bond lengths (A) and cb@mgles (°) obtained from DFT

calculation are tabulated in Tab 5.7.1.
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Fig 5.7.1: DFT optimized structures of [(PhenQ)Gui}] * (top) and a model with P-phenyl
substituents replaced by P-methyl (bottom).

Tab 5.7.1: Comparison of selected bond lengthsa@d) angles (deg) of [(PhenQ)Cu(dppf)]
with DFT calculation result.

Bond lengths Experimental Calculated
Cu-01 2.053(7) 2.058
Cu-02 2.159(6) 2.126
Cu-P1 2.208(3) 2.237
Cu-P2 2.254(3) 2.249
C1-01 1.257(11) 1.233
C2-02 1.244(10) 1.232
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C1l-C2 1.499(13) 1.517
Bond angles

01-Cu-02 76.8(3) 77.3
O1-Cu-P1 132.3(2) 131.0
02-Cu-P1 119.20(19) 124.0
02-Cu-P2 99.55(19) 95.6
P1-Cu-P2 116.07(11) 113.9
P2-Cu-O1 102.95(16) 105.8

TD DFT calculation was performed to confirm the gfieity of electronic transitions. The
TD DFT shows a MLCT band at 741 nm attributed ® diiCu/Fe)- = of PhenQ transition

leading to the excited state GBhenSQ. The 418 nm band is comprised of MLCT an@TL
ton of PhenQ according to TD DFT.

5.8 Conclusion

It has been shown in this chapter that by usingpecial copper(l) complex fragment
[Cu(dppf)]" and a polycyclic quinone ligand (PhenQ) we couidracterize structurally and
spectroscopically the first Cu(l)/quinone complesy electrochemistry and EPR
spectroelectrochemistry we have successfully cheniaed insitu generated Cu(l)-PhenSQ
species. DFT calculation proved that the distortibngeometry was because of intra-
moleculartvmtinteraction between phenyls of dppf and PhenQ kvhias absent on replacing
phenyls by methyls. Considering the broad relevariampper/quinone interactions and role
of Trinteractions in the proteins it will be tempting gtudy its potential for electron transfer

reactivity and to elucidate the rolemftinteractions in stabilizing such species.



Chapter 6

Heter ohexanuclear (CusF &) Complexes  of Substituted
Hexaazatrinaphthylene (HATN) Ligands. Twofold BF, Association in
the Solid and Sepwise Oxidation or Reduction to

Soectroel ectrochemically Characterized Species

6.1 Introduction

Inorganic supramolecules with redox active units @irinterest for their wide application as
sensors, machines, electronic devVicé$' and their relation to enzymatic systéhs Over
the last decades, several groups have been wonkititg the highly symmetric (E))
1,4,5,8,9,12-hexaazatriphenylene (HAT) (Fig. 6.1igand as a platform to build homo and
hetero-nuclear polymetallic compounds. Three bakenthelating sites to the metal ions,
electron deficientt-systems to exhibit metal to ligand charge transigrsymmetry axis to
have degenerate orbitals make it so attractive to the chemf§td. The Different derivatives
of Diquinoxalino[2,3-a:2",3"-c]phenazine (dgp), alknown as hexaazatrinaphthylene
(HATN) (Fig. 6.1.1), which is a homologue of HATreanow also being used widely in
supramolecular  coordination  compoufd®  coordination  polymer$!®  and
organometallics® as well as in photophysical studi&d! their conversion to liquid
crystalline acceptor materidt§>!?® It has created the option to use such ligands in
conjunction with coordinated donors which mightveeras charge-separating molecular
devices?*'%! The main advantage of dgp over HAT is the syrishesich is a simple
condensation of two commercially available reagentsexaketocyclohexane and
phenylenediamin€?*%®! These tris-bidentate ligands have been used tgcentvarious
contexts: Gray et al. have reported on mono- andrbdinuclear palladium and rhenium
complexes of the hexamethyl derivati/®! while studies on triruthenium(ll,!ll) complexes
have shown the capability of dpq ligands to medtatee-way valence exchang&! One
such robust donor coming to mind would be the widesled ferrocene grodf?:">*282%y in

a more detailed structure, a ferrocenylcopper(ljetyssuch as [(Cu(dppf)} %312
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Fig 6.1.1. 1,45,8,9,12-hexaazatriphenylene (HAThd a different derivatives of
diquinoxalino[2,3-a:2",3"-c]phenazine (dgp)

This chapter describes the synthesis of heterorhekear Cli(dppf) complexes with tris-
bidentate dqp ligands, and their electrochemicdl gectroelectrochemical characterization.
One of the compounds could be crystallized for Xst&ucture determination. Both X-band

and high frequency EPR are employed here to shuglyniono-reduced intermediate.

6.2 Synthesis and characterization

The set of complexes|{-dgp{Cu(dppf)k](BF4)s, [(Hs-Mes-dap){Cu(dppf)k](BF4)s, [(Hs-
Cls-dgp)}{Cu(dppf)}s](BF4)s and [(s-dap){Cu(dppf)}s](PFe)s, [(Hs-Mes-
dgp){Cu(dpp}](PFs)s, [(1s-Cls-dgp){Cu(dppf)}](PFs)s were obtained in a straightforward
way using 1 equivalent corresponding dqp derivathend 3 equivalents of
[Cu(dppf)(CHCN),]BF4 or [Cu(dppf)(CHCN),](PFs) in dry CHCI, at RT. The green color
solid was collected by removing the solvent uneeluced pressure and washed properly with
hexane. The complexes were characterizetHhy'P, *°F NMR and elemental analysis. Due
to fragmentation, mass spectroscopy was not infovea The detailed experimental

procedure is given in experimental section (Chapyer
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Fig. 6.2.1 Reaction scheme for the synthesis of erbet hexa-nuclear |-
Rdagp){Cu(dppf)kl(BF4)s (R = H, CH;, Cl).

Tab. 6.2.1: NMR dafa

Compound 'H NMR @/ ppm) 3P NMR @/ ppm)

dap 8.03 (m, 6H), 8.68 (m, 6H) -
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[(Ms-dap){Cu(dppf)k](BF)s 4.71(s, 12H, Cp), 4.78 (s, 12H;7.25
Cp), 6.88-7.04 (m, 30H, Ph), 7.B-
7.35 (m, 30H, Ph), 7.41(m, 6H
LY, 8.18 (m, 6H, b).

-

Meg-dgp 2.62 (s, 18H), 8.40 (s, 6H) -

[(U3-Meg-dgp){Cu(dppf)k](BF4)s | 2.24 (s, 6H, Me), 4.72(s, 12H, Cp)6.25
475 (s, 12H, Cp), 6.86-7.35
(m,60H, Ph), 7.98(s, 6H,2).

Cle-dgp 8.78 (s, 6H) -

[(Us-Cle-dgp){Cu(dppf)k](BF4)s | 4.67(s, 12H, Cp), 4.82 (s, 12H;5.95
Cp), 6.91-7.33 (m, 60H, PH),
8.26(s, 6H, b).

¥in CD,Cl, at RT

To study the possible anion binding in solutiore P and®*F NMR experiments were
carried out at room temperature as well as at lemperature (223 K) on both the set of
compounds  [{s-dap)}{Cu(dppf)kl(BF4)s,  [(Hs-Mes-dap){Cu(dppf)ls](BF4)s,  [(Hs-Cle-
dgp)}{Cu(dppf)}](BF4)s and [(1s-dgp){Cu(dppf)k](PFe)s, [(Hs-Mes-dap){Cu(dppf)}s](PFe)s,
[(us-Cle-dgp){Cu(dpp}](PFs)z. In *'P NMR, one singlet from the dppf ligands is obsdrve
for all the complexes in addition to one septettaiut -145 ppm for the complexes withsPF
counter anion which is attributed to ti# from the PE counter anionsln °F NMR
experiment, the complexes with £Bhow a doublet at around -73 ppm for the RRions
and a singlet around -152 ppm for the complexes B, anion. The NMR results thus
confirm weak binding (fast exchange) or dissocratid the counter anions, BFor Pk, on

the NMR time scale in solution.

6.3 Crystal structures

The dark-green crystals of -dgp){Cu(dppf)}s](BF4)s were grown by slow diffusion of
Hexane in the solution of li¢-dgp){Cu(dppf)k](BF4)zin CH.Cl, at 4° C. It is crystallized in
orthorhombicPy,e, space group. Due to coordination of three [Cu(dppfiits to dgp ligand,
two diastreomeric conformers, the chiral propdl®y) and G are possible.

The crystallized [{z-dgp){Cu(dppf)}](BF4)s (Figures 6.3.1) exhibits a;@onformation for
[(Hs-dgp){Cu(dppfk]®" with characteristic distortion: The Cu-N bonds @2 and Cu3-N5



at the quasi-mirror plane (bottom picture of Fig.&) are relatively long in comparison to the
other four Cu-N bonds (Table 6.3.1).

In addition to this symmetry-breaking there is atidct association visible between the
hexanuclear complex trication and two tetrafluomal® anions (Fig 6.3.1): BFions are
positioned above and below the quasi-trigonal ceotd(ps-dgp)[Cu(dppf)i}®" where the
1,1’-bis(diphosphinoferrocenyl) entities leave ¢&& open for approach (Figure 6.3.2). One
triangular faces of each BHs directed to the dgp ligand to cover the cerdgr@lmembered
ring in an approximately symmetrical fashion (Fig.8). One tetrafluoroborate ion per
complex trication remains unattached (Fig 6.3.2gating an effective formula gg-
dap)[Cu(dppf(n*-BF)2}(BF 4).

A related kind of association was reported prestipby Kitagawa et al. with one-electron
reduced hexaazatriphenylene hexacarbonitrile itesyg(us-CNe-HAT)[Cu(dppf)]s}** (Fig
6.3.1) and P§ or CRSO; anions®*®! Due to the lowered charge these paramagnetic specie
contain no free anions. The distances between batamns of the two the associated anions
and the central plane of the complex cation ar& 4B2) and 3.44 A (B3), respectively,
indicating a fairly close approach.

While the dgp ligand is largely planar with onlyall distortion from planarity (cf.
below), the geometry at the copper(l) centers shomes typical distorted tetrahedral
configuration with small N-Cu-N chelate bite angt#fsca. 80° and dppf-determined P-Cu-P
angles of about 112°. While the central C=N bortusasonly little variation between 1.32
and 1.33 A, there is a distinct lengthening by at®07 A for two of the six Cu-N bonds,
viz., for Cu2-N4 and Cu3-N5 (Tab 6.3.1). This distlm removes the trigonal symmetry and,
accordingly, the Cu2--Cu3 distance is almost 0.lloAger than the two other Cu--Cu
distances. The difference is even more pronouncethé ca. 14 A separated ferrocene iron
atoms (Tab 6.3.1) the distance of which is of digance for the splitting of oxidation
potentials (cf. below). The distortion on the Cu28Gside is also evident from the relatively
large deviation (9.7° dihedral angle) of the cgumesling benzene ring (C17-C22) from
planarity with the central six-membered ring.
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Fig 6.3.1: Chemical structure of{&-CNgHAT)[Cu(dppf)]s} > .
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Fig. 6.3.2: Molecular structure ofpif-dbq){Cu(dppf)}](BF4)s (top); top view of the cation
[(s-dbg){Cu(dppf)}s]** (bottom).

Fig. 6.3.3: Structure of the cation |ifdbg){Cu(dppf)k(BF4)2]" in the crystal of [is-
dbqg){Cu(dppfk](BF4)s (top view) showing the orientation of associatetlafeioroborate

anions.

Tab. 6.3.1: Important bond lengths (A) and bondetm ().

Bond lengths (A) Bond angles ()

Cu(1)-N@2) 2.080(6) N2-Cul-N1 80.4(2)
Cu(1)-N(2) 2.081(6) N2-Cul-P2 116.41(16)
Cu(1)-P(2) 2.246(2) N1-Cul-P2 116.64(16)
Cu(1)-P(1) 2.265(2) N2-Cul-P1 117.83(16)
Cu(2)-N@3) 2.073(5) N1-Cul-P1 108.73(16)
Cu(2)-N(4) 2.142(5) P2-Cul-P1 112.83(7)
Cu(2)-P(4) 2.264(1) N3-Cu2-N4 79.2(2)




Cu(2)-P(3) 2.278(2) N3-Cu2-P4 112.74(15)
Cu(3)-N(6) 2.066(5) N4-Cu2-P4 114.66(15)
Cu(3)-N(5) 2.132(5) N3-Cu2-P3 114.57(16)
Cu(3)-P(5) 2.276(2) N4-Cu2-P3 119.98(15)
Cu(3)-P(6) 2.282(1) P4-Cu2-P3 111.83(7)
Cu(1)..Cu(2) 6.926 N6-Cu3-N5 79.3(2)
Cu(1)..Cu(3) 6.927 N6-Cu3-P5 116.15(16)
Cu(2)..Cu(3) 7.022 N5-Cu3-P5 118.48(16)
Fe(1)..Fe(2) 13.804 N6-Cu3-P6 115.05(16)
Fe(1)..Fe(3) 14.061 N5-Cu3-P6 111.62(16)
Fe(2)..Fe(3) 14.198 P5-Cu3-P6 112.46(7)
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6.4 Cyclic voltammetry

The expected oxidation of ferrocene groups andetaction of dgp acceptor ligands with up
to three electrons occur as reversible process@diogpto cyclic voltammetric measurements
in CHCI, / 0.1 M BuNPFs (Fig 6.4.1). Oxidation of Cu(l) center and organogphine
groups are not observed below 1.6 V vsY‘Fand would be expected to proceed
irreversibly!’%7312°l

The iron oxidation process of three separated dppéties seem to coincide at one potential
in a three electron wave, as was similarly repoftedthe closer spaced dppf groups in a
hexacyanotriphenylene bridged system. The oxidapiotential of 0.3 to 0.6 V vs. B&is

typical for ferrocenylcopper(l) speci€8./3%

Two  ([(us-dgp){Cu(dppfk]®,  [(Hs-Mes-dgp){Cu(dppfk]®) or three  ([fs-Cle-
dagp){Cu(dppfk]®*") well separated one electron reduction waves siittprisingly variable
spacing can be observed for the compounds (Figl,6.#ab 6.4.1). Whereas the
hexacyanotriphenylene bridged system by KitagawaleiFig 6.3.1) shows three rather
evenly spaced potentials for ligand based eledtamsfers™ the present compounds exhibit
a smaller potential difference between the firgt aacond reduction than between second and
third electron uptake (Fig 6.4.1, Tab 6.4.1). TWasiation which has similarly been observed
for some triruthenium(ll) compound€’*3® can be tentatively associated with weak
interaction between the first and second addedtretecin fact, the result that lowest
unoccupied MO (LUMO, becoming the SOMO in the ratflicomplex) and the doubly
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degenerate SLUMO (second lowest unoccupied MOxalailated to be very close suggest
the possibility of a triplet state for the two-eten reduced forrf®! However, EPR studies
have not provided positive evidence for this expteom because no half-field signal was
detected, however, the reduction potential pattemn sequential ligand-based electron
addition suggests formation of first a radical #meh a triplet species, reflected by close lying
potentials for electron addition to different MOs. contrast, the third reduction, detectable
for hexachloro-substituted [¢-Cls-dgp){Cu(dppf)k]®*, occurs at a significantly more
negative potential, in agreement with electronipgiin one of the low-lyingt MOs.

The additional cyano acceptor substitution in sysfus-CNgHAT){Cu(dppf)}s](PFs)2 (Fig
6.3.1) shifts the redox potentials to higher valgempared to present set of compounds
(Table 6.4.1). Accordingly, the one-electron reduderm was isolated and structurally
characterized by Kitagawa et 3" whereas the ferrocene-based oxidation was not
reversible. Within the series of compounds pgdgp){Cu(dppdkl®*, [(us-Mes
dap){Cu(dpphk]®*) or three ([(ts-Cls-dgp){Cu(dppH}]>") the expected substituent effects,
i.e. donor influence from six methyl groups andegtor effect from six chloro substituents
manifests itself in the redox potentials (Table.B)Athe latter allows to detect a third one-
electron reduction (Figure 6.4.1).

The result that both the BRand the P§ salts of trication [gs-dap){Cu(dppf)}]**, [(Hs-Meg-
dagp){Cu(dppfHk]®*") or three ([(1>-Cls-dgp){Cu(dppf)k]*>* display virtually identical cyclic
voltammetric as well as spectroelectrochemical omsp (cf. below) in CKCI/0.1 M
BusNPFRs (Table 3) suggests that the association foundhirsolid {{1s-dgp)[Cu(dppf)i(L1>-

BF4)2}(BF 4) is not retained to the same extent in solution.



73

E Eredz

ox1

redl

1.0 05 00 -05 -1.0 -1.5 -2.0

E/V vs. FeCp,”

1.0 O.

5 00 -05 -1.0 -15 -2.0
E/Vvs. F¢”*

Fig. 6.4.1: Cyclic voltammogram of |§{-Mes-dgp){Cu(dppf)}](BF4)s (top) and [[13-Cle-
dgp){Cu(dppf)}](BF4)s (bottom) in CHCI, / 0.1 M BuNPFR; at 100 mV / S scan rate at RT

Tab. 6.4.1: Electrochemical potenfidtom cyclic voltammetry.

Complex E%ogV (AE/MV)?

onl Ered 1 Ered2 Ered3

[(us-dgp){Cu(dppf)}](BF4)s 0.364 (103)-0.612 (120)| -0.899 (93) ®)
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[(us-dgp){Cu(dpphk](PFe)3 0.41(110) | -0.56(120) | -0.84(90) P)
[(Ms-Mes-dap)X{Cu(dppf)k](BFs)s  |0.372 (123)-0.99 (40) | -1.43 (60) P)
[(Ha-Meg-dgp){Cu(dppf)k](PFs)s  |0.51(100) | -0.90(75) -1.27(70) P)
[(Ha-Cls-dgp)Y{Cu(dppfk](BF4)s  |0.388 (101)-0.549 (93) | -0.696 (73) | -1.63 (90)
[(Ha-Cls-dgp)}{Cu(dppfk](PFs)s | 0.565 (122)-0.526 (100)| -0.698 (80) | -1.75 (100
[(Us-CNgHAT)X{Cu(dppf}s](BF4)s® |0.63" 0.30 -0.09 -0.50

3CH,Cl,/0.1 M BuNPF; at 100 mV/s scan rate, potentials are measuredsigaeCp’ ",
AE,: difference in peak potential8not obtained® w.r.t. Ag/Ad"; YE,a corresponding to
irreversible oxidation

6.5 UV-vis-NIR spectroel ectrochemistry

UV-Vis-NIR spectroelectrochemical experiments fQusfdbq){Cu(dppf)k](BF4)s, [(Ms-Mes-
dbg){Cu(dppf)}](BF4)s, [(3-Cls-dbg){Cu(dppf)}s](BF4)s [¢15-Cle-
dbq){Cu(dppf)}](PFs)s were performed in C¥Cl, / 0.1 M BuNPF; at 298 K using a OTTLE

cell. The spectroelectrochemical monitoring of naldictron processes is an excellent way to

and

detect weak interactions which are not always agygairom direct cyclic voltammetric or
differential pulse voltammetric techniqué¥’ The presence of clean isobestic points during
each conversion and complete electrochemical geoeraf oxidized and reduced species
with out any appreciable degradation establisheddkersibility of the redox processes under
spectroelectrochemical condition.

In particular, the stepwise potential variation fime oxidation of the compound pf
dbqg){Cu(dppf)}s](BF4); gave a series of spectral changes which could becieded with
various intermediates (Fig 6.5.1 and 6.5.3, Tabl®.3Jnfortunately the most characteristic
but typically weak ferrocenium band for the MLC’E{) transition around 600 rfi***¥is
obscured here by much more intend§@U) to = of dgp metal to ligand charge transfer
absorption, however overall spectral changes dlelsvious.

Stepwise one-electron reduction (Fig 6.5.1) produice the first dicationic intermediates
which shows a broad near-infrared band with theimam at about 2000 nm (Fig 6.5.4, Tab
6.5.1) attributed to a transition between closadyBOMO and LUMO (Fig 6.5.2). Or'2
reduction to monocationic two electron reducedrmeliate, 2000 nm band disappears with
the appearance of several new bands at lower wenwgth region (1000 to 2000 nm) in

agreement with a tentative triplet state (Fig §.9db 6.5.1). For the hexachloro substituted



75

complexes  [(z-Cle-dbg){Cu(dppf)kl(BF4)s and [{s-Cle-dbg)}{Cu(dppdk](PFs)s, 3°
reduction is observed which diminishes the bandegaed from %' reduction and grows
new band at about 1170 nm (Fig 6.5.4, Tab 6.5.1).

+e +e
(Fe)(Fch)(Hy-dgp) <= (FC)3(Ms-dap) === (Fc)y(Ks-dap)

+e—ﬂ - e NativeState _g -e‘ﬂ e

(Fc)(F&),(Hs-dgp) (Fek(kg-dap™)
+e ﬂ -€ -e 1} +e
(FC")3(H3-dap) (Fe)(Ma-dap®)

Fig 6.5.1: Scheme for stepwise electrochemical gsses.

0,2 1
0,7 1 e
1,2
1.7 + -
22T

27 1

Fig 6.5.2: Orbital energy diagram for dgp from Deé&alculation.
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Figure 6.5.3: Stepwise spectroelectrochemical dixidaof [(us-dba){Cu(dppf)k]**— [(ps-

dba){Cu(dppf}]* (top), [(s-dba){Cu(dppfll® — [(M-dbg){Cu(dppf)kl> (middle), and
[(ks-dba}{Cu(dppf)}]** — [(Ma-dbg){Cu(dppf)k]** (bottom)in CHCI,/0.1 M BuNPFs



£ (10° dm®mol*cm™)
H
a

] 1928
5 t

500 1000 1500 2000
wavelength (nm)

e (10°dm’mol*cm™)

500 1000 1500 2000
wavelength (nm)

N w
o o
1 1

=
o
|

e (10° dm®molcm™)

500 1000 1500 2000
wavelength (nm)

Figure 6.5.4: Stepwise spectroelectrochemical méauof [(Us-Cls-dbg){Cu(dppfk]®* —

[(ns-Cle-dbg){Cu(dppf)}a]®*  (top);  [(s-Cle-dbg){Cu(dppf)}s]*” —  [(us-Cle-dbgy”

{Cu(dppf)}s]” (middle), and [fis-Cle-dbgf{Cu(dppf}s]” — [(us-Cle-dbay{Cu(dppf)}s]
(bottom) in CHCI»/0.1 M BuNPFs
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The absorption data from UV-vis-NIR spectroeledtemistry for all the three complexes are
tabulated in Tab. 6.5.1.

Tab. 6.5.1: Absorption data obtained from spectrebchemistry in CKCl, / 0.1 M
BuNPF;  for  [(s-dba}{Cu(dppf)}l™,  [(us-Mee-dba){Cu(dppfl]® and  [1s-Cle-
dba}{Cu(dppfk] ™"

Compound Amanm €/ Mem™)?
[(us-dbg){Cu(dppf)}]” 1438(10230), 1211(8530), 448(sh)

[(ns-dbg){Cu(dppf)}]** 1938(sh), 543(sh), 490(sh), 364(37010)
[(us-dbg){Cu(dppHk]** 696(sh), 616(15330), 423(26220), 331(50820)
[(us-dbg){Cu(dpphk]** 900(sh), 696(sh), 616(14620), 423 (27300), 331(bp14
[(Hs'de){CU(dppf)b] 5+ 900(Sh), 725(Sh), 597(11440), 420(23160), 331(32400
[(us-dba){Cu(dppf]®* 900(sh), 725(sh), 423(27530), 331(44450), 257@&39(70310

[(us-Meg-dbg){Cu(dppf)k]” |1464(11630), 1225(9100), 481(sh), 419(35100)
[(Ha-Meg-dbg){Cu(dppf)}s]** | 1982(sh), 550(sh), 496(sh), 385(35400)
[(Hs-Mes-dbg){Cu(dppf)k]®" |626(9170), 435(33340), 346(43400)

[(pa-Meg-dbg){Cu(dpph}]®* |802(sh), 557(9930)

[(Ms-Cls-dbg){Cu(dppf)}]®  |2036(sh),1174(7200), 655(4650), 550(sh), 394(24200)
[(1s-Cls-dbg){Cu(dppfl]*  |1512(9920), 1251(7280), 476(sh), 417(25300)

[(Hs-Cle-dbg){Cu(dppf)}s]?* | 1966(sh), 559(sh), 512(sh), 378(26660)
[(Ls-Cls-dbg){Cu(dppf}]®* | 792(sh), 671(9430), 442(28500), 353(29900)

Clodbayouldooinist | 1100(sh), 790(sh), 661(7220)
&Ez_cé_dbgﬁcﬂgdggg}}j6+ 1100(sh), 790(sh), 624(6260), 440(27040)

Bwavelengths in nm.(molar extinction coefficient\ti'cm™)

6.6 EPR spectroscopy

While ferrocenium centers in (dppfexhibit typically broad EPR features, even at Viery

temperature&3213

the reduction of HAT-typeat acceptor molecules leads to radical anion
complexe&?" 2% and beyond. EPR spectroscopy is particularly duiteanalyze the nature
of half filled orbitals (singly occupied molecularbitals, SOMOSs) in connection with
calculation results.

The one electron reduced forms, generatedntna muros electrolysis in CHCI»/0.1 M
BwNPFs in the EPR cavity of an X-band spectrometer (SHz=display intense but poorly
resolved resonances at room temperature. Calcodatid the Hiickel MO and DFT levels

suggest a spin density distribution for unsubsdudpg (HATN radical anion) with 68.4 %
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cumulated spin density at the N atoms and 21.218m % at the two kinds of peripheral CH
centers (Figure 6.6.1). Together with the expétét**small, but non-negligible hyperfine
coupling from 3P (I = %) and®*®Cu (I = 3/2) nuclei the resulting large number of
13x7x7x7x10 = 44590 theoretical lines for couphmith six **N, two times six'H, six *!P
and thre€*°Cu nuclei in the range of 0-1.0 mT renders the nlesEEPR resonance poorly
resolved (Fig 6.6.1); hyperfine splitting of abo0t9 mT was deduced for {-dbq)
{Cu(dppf)}s]** and [(us-Mes-dbg){Cu(dppf)}s]**, involving three copper and six P nuclei, in
agreement with similar values for related spelfes:***' The DFT calculated LUMO of the
dgp 1t system shows moderate contributions from the N@Hdt centres (Figure 6.6.43°
which, however, are not sufficiently large as tausm detectable hyperfine splitting. The
isotropicg factors vary to some extent, with the donor stistin (CH) in [(U3-Mes-dbq)”
{Cu(dppf)}s]** diminishing thegs, and the chloride acceptor substituents p-[Cls-dbq)
{Cu(dppf)}s]** resulting in an increase ofsy. These effects reflect subtle differences in the
orbital energies of highest occupied, singly ocedpiand lowest unoccupied M®SE.
Apparently, the influence of six chloride acceptissindeed to stabilize the SOMO (see
anodically shifted reduction of the precursor),stldiminishing the HOMO-SOMO difference
relative to the SOMO-LUMO distané¥!

LUMO

328 332 336 340 344 348
B/ mT

Fig 6.6.1: X-band (9.5 GHz) EPR spectrum qfsf¢ibg){Cu(dppf)}s]** in CH,Cl, / 0.1 M
BwNPFs at RT (right), and LUMO (-2.6311 eV) Characterstof dgp from DFT calculation.
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The relatively high stability of the one-electra@duced complexes allowed us to study these
species by high-frequency EPR at 95 or 115 GHhemgtassy frozen solution state (Fig 6.6.2,
Tab 6.6.1). This technique yielded results for gh&actor anisotropy which has become a
useful information for metal complexes of radidghhds®*” The Fig 6.6.2 and the data from
Tab 6.6.1 show that the symmetry of the systeraflected by the axiad component splitting
which, however, is not uniform throughout the serieor [(1s-dbg){Cu(dppf)}s]*" and [{1s-
Mes-dbg){Cu(dppf)}s]** the g; > gy Wwhereas the reverse holds foud{Cls-dbq)
{Cu(dppf)}s]**. The altered frontier orbital pattern as indicatdzbve may be invoked to
rationalize this reversal aj components. In general, the - g3 = 4 g and theg, values

conform with those of copper(l) coordinated aniadicals of N heterocyclic liganés!

4.04 406 408 410 4.12 414
B/T

Fig 6.6.2: 115 GHz EPR spectra in toluenefCH (1/4) at 5 K of complex dicationspff-Cls-

dbg){Cu(dppf)}s]** (top) and [(is-dbg){Cu(dppf)}s]** (bottom) from Zn reduction of the
tris(tetrafluoroborates).

Tab 6.6.1: EPR data.

Compound Oiso” g g 49
[(Hs-dbg){Cu(dppf)}a]** 2.0050 2.014% 2.0005” 0.0138
[(us-Mes-dbg) {Cu(dppf)}s]** |2.0039 2.008 1.99% 0.013
[(Ms-Cls-dbg){Cu(dppf}s]*>" |2.0062 2.009% 2.0168" 0.0073

@From X-band EPR in C¥l, / 0.1 M ByNPFR;, ® from high field (115 GHz) at 5 K in
CH.ClI, / toluene (4:1)® high-field EPR (95 GHz) at 5 K in GBl,/toluene (4/1).
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6.7 Conclusion

In earlier chapters, the ferrocenylcopper(l) [@ppf)]" moiety has been shown to coordinate
weakly basicrt acceptors such asquinone8?? or a-azodicarbonyl chelatof§’! A double
association (“inverse sandwich”) between the tiicat complex of unsubstituted HATN and
two of the three BF counter-anions in the quasi-trigonal axis is obseérin the solid state
where as the NMR experiments proves to have fashange or dissociation in solution.
ElectrochemicalUV/VIS/NIR spectroelectrochemical, and EPR studiegeal small but in
some cases detectable splitting of the three femetased oxidations. Three reversible one-
electron reduction waves are observed for the Heeexsubstituted complex. The EPR
measurements at 9.5, 95 or 115 GHz for the oneéreteaeduced forms show subtle
differences and substituents effects while UV/VIENspectroelectrochemistry reveals not
only intense MLCT bands but also strong near IRogiions for the one- and two-electron
reduced states due to several closely spaced mg-bnoccupiedt molecular orbitals of the

bridging ligands.



Chapter 7

Experimental section.

7.1 Instrumentation:

EPR spectroscopy

X-band EPR spectra at 9.5 GHz were obtained frook&rsystem ESP 300 equipped with a
Hewlett-Packard Frequency counter 5350B, a BrukROI5M gaussmeter for g values
determination as a Bruker system EMX and a contisutow cryostat ESR 900 of Oxford
instruments for measurements at liquid helium teatpee (4 K). For measurements between
110-300K, same instrumental configuration was usath liquid nitrogen cryostat. The
measurements were carried out by Dr. Biprajit Sadtanstitit fir Anorganische Chemie,
Universitat Stuttgart. Spectra at high frequencyentaken on a laboratory made spectrometer
at the Grenoble High Magnetic Laboratory in frosefution at 5 K by Dr. Biprajit Sarkar and
Dr. Carole Duboc. The accuracyg¥Values is estimated #40.0003.

A two-electrode capillaf?¥ served to electrogenerate intermediates for X-HaRR while

Zn was used as reductant in the high-frequency SB&y.

Simulations of the spectra were done by using Br(M\ENEPR / Simfonia programs.
NMR spectroscopy

'H and®*P NMR spectroscopy at a frequency of 250 MHz wareied out by Mrs. Térék on

a Bruker AC 250 spectrometer. Tetramethylsilane $fMas used as the external standard.
IR spectroscopy
IR spectra were obtained using Nicolet 6700 FT-fiRcsrometer. Solution measurements

were done by using Cafwvindows and solid state measurements were pertbimyeusing

high performance diamond ATR unit called Smart Orbi
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UV-vis-NIR spectroscopy

Absorption spectra were recorded on Shimadzu UV-4@€ctrometer (200-3200 nm). For

measurements Quartz cuvettes of 1 cm path length used.
UV-vis-NIR and IR spectroelectrochemistry

UV-vis-NIR and IR spectroelectrochemistry measunetmi@vere done by Mr. Jan Fiedler. The
measurements were performed under argon atmospblirg an Optically Transparent Thin
Layer Electrochemical (OTTLE) cell developed by Mrejcik.®® The windows of the cell
consists of Cafplates. Between the cell working (platinum mesliliary (platinum mesh)

and reference electrodes (silver wire as pseudoarete) are melt-sealed.
Cyclic voltammetry

Cyclic and Differential Pulse voltammetry measurataevere performed on an EG&G PAR
273 potentiostat. The measurements were carriedundér argon atmosphere in 0.1 M
tetrabutylammonium hexafluorophosphate solutionsigus three electrode configuration
(glassy carbon as working electrode, platinum asingry electrode and silver as
pseudoreference electrode). The ferrocene / femroge couple served as the internal

reference.
Elemental analysis

Elemental analysis was performed on Perkin EImealyaer 240 by Mrs. B. Fortsch.

7.2 Solvents and Working conditions

All metal complexes were synthesized under argamgphere using conventional Schlenk
techniques. The ligands were synthesized in air.

Solvents were dried by refluxing under argon ovafciom hydride (dichloromethane,
dichloroethane, acetonitrile, and hexane), magnesxide (ethanol), sodium (toluene) or
lithium aluminium hydride (diethyl ether). They wedegassed by freeze-pump-thaw method.



7.3 Syntheses

Following compounds were commercially available:

» Ditertiarybutylazodicarboxylate, diisopropylazodisaxylate, 2,2 -dipyridyl, sodium
hypochlorite from Acros,

» Azodicarboxylic dipiperidide, N,N,N",N"-tetrametlagodicarboxymide from Fluka

* 9,10-Phenanthroquinone,  4,5-dichloro-1,2-phenylemeithe,  4,5-dimethyl-1,2-
phenylenediamine, hexaketocyclohexane octahydratgphenylenediamine, 2-

cyanopyridine from Aldrich.

The ligands abp{”, Diquinoxalino-[2,3-a:2",3"-c]phenazi®  2,3,8,9,14,15-
hexamethyldiquinoxalino-[2,3-a:2",3"-c]phenaziid and 2,3,8,9,14,15-
hexachlorodiquinoxalino-[2,3-a:2",3"-c]phenazifié were synthesized according to literature

procedure.
7.3.1 Synthesis of Copper precursors:
wnthESiS of [CU(CH3CN)4]BF4

A mixture of activated Cu powder (190 mg, 3 mmaiyl &Lu(BR),,H.O (1 gm, 3 mmol) were
heated to reflux in dry acetonitrile under argon 4oh. The color of the solution gradually
changed from blue to colorless. Copper powder wihsrdd out under argon and the
acetonitrile was removed under vacuum to get aendrigstalline solid.

(Very very moisture sensitive both in solid andusion)

Elemental analysis: 48:,N4B1F.Cuy (314.5 g / mol)

Calculated: C 30.55 %, H 3.85 %, N 17.81 %

Experimental: C 30.10 %, H 3.15 %, N 16.65 %

'H NMR (CDCk): 5/ ppm = 2.02
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[Cu(CH;CN)4]BF4 (300 mg, 0.95 mmol ) and 1,1 -diphenylphosphinafezne (dppf) (500
mg, 0.95 mmol) were stirred at room temperaturdrinacetonitrile for 8 h. Acetonitrile was
removed from the yellow solution under reduced guesto get the yellow color solid.

Yield: 500 mg (75 %)

Elemental analysis: $gH34N2B1F,P.Cu Fe (786.8 g / mol)

Calculated: C 58.01 %, H 4.36 %, N 3.56 %

Experimental: C 57.57 %, H 4.55 %, N 2.98 %

'H NMR (CD,Cl,): &/ ppm = 2.18 (s, 6H, CI}&N), 4.09 (s, 4H, Cp), 4.27 (s, 4H, Cp), 7.28-
7.62 (m, 20H, Ph)*}P NMR (CD:Cl,): 8/ ppm = -13.8

UV / Vis (CHCL): Amax/ NM € / M cm?) 427 (260)

7.3.2 Synthesis of dinuclear Cu complex with adc@dands:

Synthesis of {(p-adcO'Bu)[Cu(dppf)]2} (PFe)

A mixture of ditert.-butylazodicarboxylic ester (54 mg, 0.236 mmol),1 his-
(diphenylphosphino)ferrocene (26 mg, 0.472 mmod) aativated Cu powder (30 mg, 0.472
mmol) were first refluxed in methanol (2% water, @B) for 20 minutes and then stirred
vigorously under air at room temperature for 30reoDuring this time a deep blue solution
developed. The solution was filtered and the produwecipitated by adding 100 mg of
tetrabutylammonium hexafluorophosphate in 7 ml raeth The precipitate was filtered and
washed with methanol (8 10 ml) and diethyl ether (2 7 ml) and was dissolved in 10 ml
dichloromethane. Removal of the solvent gave a plmeder which was crystallized from
dichloromethane/diethyl ether (5/1) &t@.

Yield: 211 mg (55 %).

Elemental analysisC;gH74N2FsPsO4ClFe; (1611.1 g / mol)

Calculated.: C 58.15 %, H 4.63 %, N 1.74%

Experimental: C 57.55 %, H 4.37 %, N 1.61 %

IR (CH,Cl,): 1597 cnit

UV / Vis (CHCL): Amax/ Nm € / M cm®) 798 (4040)
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Synthesis of {(p-adcO'Pr)[Cu(dppf)]2}(PFe)

A mixture of di-isopropyl azodiformate (50 mg, 0724 mmol), 1,1"-bis-
(diphenylphospheno)ferrocene (27 mg, 0.494 mmad) astivated Cu powder (31 mg, 0.494
mmol) were first refluxed in methanol (2% waterp (&) for 20 minutes and then stirred
vigorously under air at room temperature for 15reouring this time a deep blue color
solution developed. The solution was filtered aftiahe filtrate was precipitated by adding
100 mg of tetrabutylammonium hexaflurophosphat& iml methanol. The precipitate was
filtered off and washed with methanolx(30 ml) and diethyl ether &7 ml) and was
dissolved in 10 ml dichloromethane. Removal of gswvent gave the blue powdered
solid.The solid was recrystallised from dichloroheete/diethyl ether (5/1) af €.

Yield: 189 mg (48 %)

Elemental analysis: £H70N2FsPsO4CwFe (1583.06 g / mol)

Calculated: C 57.66 %, H 4.46 %, N 1.77 %

Experimental: C 56.87 %, H 4.36 %, N 1.68 %

IR (CH,Cl,): 1579 cnit

UV / Vis (CHCL): Amax/ NM € / Mcm?) 824 (3220).

7.3.3 Synthesis of mono-nuclear Cu complexes witlt-&\R, ligands
Synthesis of {(adcpip)[Cu(dppf)]}(BF):

[Cu(dppf)(CHCN),]BF4 (50 mg, 0.714 mmol) and azodicarboxylic dipipedali(20 mg,
0.792 mmol) in 20 ml of dry dichloromethane weneretl at room temperature for 8 hours
under Argon. During this time the solution turnedlet. After removal of the solvent the
solid was washed with hexane and crystallized fdichloromethane/hexane (1/5).
Yield: 41 mg (55 %)

Elemental Analysis:¢H4sN4sCuwFe B;1F4P.0O,,CH,Cl, (1041.9 g / mol)

Calculated: C 54.18 %, H 4.84 %5.B8 %

Experimental: C 55.62 %, H 5.10 %, N 5.49 %

IR (CH,Cl,): 1672 cnit* (coordinated C=0), 1703 ¢h{free C=0)

'H NMR(CD.CL,): 8/ ppm = 1.61-1.82( m, pip), 3.42(m, pip), 3.750ip), 4.32(s, 4H, Cp),
4.52(s, 4H, Cp), 7.35 (m, 20H, PR} NMR(CD:Cl,): -6.87 ppm

UV / Vis (CHCL): Amax/ Nm €& / M em™®) 261 (12650), 520 (2550)



87

Synthesis of {(adcNM e;)[Cu(dppf)]}BFa4:

[Cu(dppf)(CHCN),]BF,4 (50 mg, 0.714 mmol) and N,N,N",N"- tetramethylazadboxamide
(12 mg, 0.714 mmol) in 20 ml of dry dichloromethamere stirred at room temperature for 4
hours under Argon. The solution turned violet. Aftemoval of the solvent the solid was
washed with hexane and crystallized from dichlortiraee/hexane (1/3).
Yield: 45 mg (65 %)
Elemental Analysis: &H40N4sCwFe B1F,P,0,.CH,CI, (961.8 g / mol)
Calculated: C 51.20 %, H 4.40 %,.B25%
Experimental: C 50.77 %, H 4.46 %, N 5.87 %
IR (CH,Cl,): 1680 cni (coordinated C=0), 1713 ¢h{free C=0)
'H NMR (CD,Cl,): &ppm = 2.98 (s, 6H, C), 3.16 (s, 6H, Ch) 4.32 (s, 4H, Cp), 4.40(s,
4H, Cp), 7.42 ppm (m, 20H, PRYP NMR (CD:Cly): -7.58 ppm
UV / Vis (CHCL): Amax/ NM € / M™cm?) 269 (4470), 522 (1220)

7.3.4 Synthesis of Cu complexes with abpy

Synthesis of {(abpy)[Cu(dppf)]}BF4:

[Cu(dppf)(CHCN),]BF,4 (56 mg, 0.714 mmol) and 2,2 -azobispyridine (13 ;(ig14 mmol)

in 20 ml of dry dichloromethane were stirred atmotemperature for 8 hours under Argon.
During this time the solution turned violet. Aftermoval of the solvent the solid was washed
with hexane and crystallized from dichloromethaegéne (1/3).

Yield: 43 mg (68 %)

Elemental analysis: 4H3zsN4sCu FeB1F4P,,CH,Cl, (973.8 g / mol)

Calculated: C 55.50 %, H 3.93%, N 5.75 %

Experimental: C 55.77 %, H 3.96 %, N 6.11 %

'H NMR(CD.Cl,)(223 K): 5/ ppm = 4.26-4.69 (8H, Cp); 6.96-7.45 (m, 20H,-(Ph;
7.42(d,1H, J = 6.6 Hz); 7.62 (t, 1H, J = 6.7 HzBZ/(m, 2H); 8.17 (d, 1H, J = 4.1 Hz); 8.35
(t, 1H, J = 7.6 Hz); 8.55 (d, 2H, J = 7.1 HZP NMR(CD:Cl,): &/ppm= -3.76

UV / Vis (CHCL): Amax/ Nm €& / M cm®) 354 (8890), 529 (2570), 638 (sh)
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Synthesis of {(u-abpy)[Cu(dppf)]2}(BF.)q:

A mixture of {(abpy)[Cu(dppf)]BE} (20 mg, 0.224 mmol) and [Cu(dppf)(GEN),;|BF, (17
mg, 0.224 mmol) in 20 ml of dry dichloromethane wtged at room temperature for 6 hours
under Argon. During this time the solution turnedeanish blue. After removal of the solvent
the solid was washed with hexane and crystallirech fdichloromethane/hexane (1/5).

Yield: 22 mg (63 %)

Elemental analysis: gHesN4sCu:BoFeFgP, (1593.7 g / mol)

Calculated: C 58.79 %, H 4.05 %, N 3.52 %

Experimental: C 57.70 %, H 4.01 %, N 3.67 %

'H NMR(CD.CL,): 8/ppm = 4.46-4.78 (16H, Cp); 6.96-7.45 (m, 40H, P 7.58(t, 2H);

8.00 (t, 2H); 8.39 (d, 2H, J = 8.0 Hz); 8.51 (d,, 2+ 5.0 Hz)*'P NMR(CD.Cly): 8/ppm= -
0.82

UV / Vis (CHCL): Amax/ Nm € / M em®) 757 (4100)

Synthesis of {(u-abpy)[Cu(dppf)]2}(BF.):

12 mg(0.19 mmol) of activated Cu powder, 22 mg&Q.thmol) of Cu(Bk)..x H.0, 25 mg
(0.135 mmol) of abpy and 150 mg (0.270 mmol) of -bis-diphenylphosphino ferrocene in
20 ml of dry dichloromethane were stirred at ro@mperature for 4 hours under Argon.
During this time the solution turned wine red. Sioln was filtered off from the Cu powder
and the solvent was removed in vacuum. The solid washed with hexane and was
crystallized from dichloromethane/hexane (1/3).

Yield: 110 mg (54 %)

Elemental analysis: gHe4N4sCw:BFeF4P4,CH,Cl, (1506.8 g / mol)

Calculated: C 59.61 %, H 4.18 %, N 3.52 %
Experimental: C 59.75 %, H 4.37 %, N 3.99%
UV / Vis (CH,CL): Amax/ Nm € / M™*emi?) 533 (5680), 392(9680)
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7.3.5 Synthesis of Cu complex with 9,10-phenanthuogpne

Synthesis of {(PhnQ)[Cu(dppf)]}BFa:

A mixture of 9,10-phenanthrenequinone (L) (44 mg,.21@ mmol) and
[Cu(dppf)(CHCN),](BF,) (168 mg, 0.214 mmol) in 30 mL dry dichloroethamere heated to
reflux under argon atmosphere for 12 h. The blgsken solution was removed under
reduced pressure and the solid was washed sewees with dry hexane. The blue solid was
recrystallised with dry dichloromethane/hexane 2t14 C.

Yield: 43 mg (68%)

Elemental analysis: gH3sCuFeB10,P.F4, 2.CHCI, (1082.8 g / mol)

Calculated C 55.46 %, H 3.72 %

Experimental: C 55.34 %, H 3.75 %

'H NMR (CD:Cl,): & / ppm = 4.39(s, 4H, Cp), 4.51 (s, 4H, Cp), 7.387(m, 20H, Ph),
7.56-7.59(m, 2H, B, 7.88 (td, 2H, J = 7.5, 1.3 HzH8.15 (d, 2H, J = 8 Hz, i 8.24 (dd,
2H,J = 1.5, 7.8 Hz, . *'P NMR(CD,Cl,): &/ppm = -10.40.

IR/cm™ (solid): 1673 ¥c-0); 1591 (Cp).

Mass spectrum: molecular ion peak centered at m/z825.08, corresponding to

[(PhnQ){Cu(dpph}I’
UV / Vis (CHCL): Amax/ Nm € / M cm®) 323 (sh), 420 (6540), 697 (3390)

7.3.6 Synthesis of tri-nuclear Cu complexes witHfelient substituted diquinoxalino-[2,3-

a:2’,3’-c]phenazine (dgp) ligands

Synthesis of [(ps-dgp){Cu(dppf)}s](BF.)s and [(us-dgp){ Cu(dppf)}s] (PFe)s:

A mixture of [Cu(dppf)(CHCN),|BF4 or [Cu(dppf)(CHCN),;]JPFs (100 mg, 1.28 mmol) and
diquinoxalino-[2,3-a:2",3"-c]phenazine (16 mg, @42mol) in 20 mL dry dichloromethane
were stirred at room temperature for 8 h under rargtonosphere. During the course of the
reaction the solution turned to green. After rem@fdahe solvent under reduced pressure the
solid thus obtained was washed thoroughly with hexand the dried product was

recrystallized from dichloromethane/hexane (1/3).
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Yield of [(Hs-dap){Cu(dppf)}s](BF4)s: 43 mg (68 %)

Elemental analysis: GHoeNeBsF12PsCusFe; (2498.6 g / mol)

Calculated: C, 60.57 %, H 3.87 %, N 3.36 %

Experimental: C 59.98 %, H 4.11 %, N 3.48 %

'H NMR (CDCh): 5 / ppm = 4.71(s, 12H, Cp), 4.78 (s, 12H, Cp), 6/88 (m, 30H, Ph),
7.3-7.35 (m, 30H, Ph), 7.41(m, 6H).8.18 (m, 6H, £); *'P NMR(CDC}): 5/ ppm = -7.25.
UV / Vis (CHCL): Amax/ NM € / M em?) 696(sh), 616(15330), 423(26220), 331(50820)

Yield of [(us-dgp){Cu(dppf)k](PFe)s: Yield: 39 mg (35%);

Elemental analysis: gHgoeNeF1sPsCusFes (2673.1 g / mol)

Calculated: C, 56.61 %, H 3.62 %, N 3.14 %

Experimental: C 57.75 %, H 3.68 %, N 3.33 %

'H NMR[CDCls, 3(ppm)] 4.71(s, 12H, Cp), 4.78 (s, 12H, Cp), 6.8847(m, 30H, Ph), 7.3-
7.35 (m, 30H, Ph), 7.41(m, 6H. 8.18 (m, 6H, ). *P NMR[CDCE, 3(ppm)]: -7.25, -
145.5 (spJer = 713 Hz, PR); **F NMR[CDCL, &(ppm)]: -73.1 (dJep = 713 Hz, PE);

Synthesis of [(ps-M es-dgp){ Cu(dppf)}3] (BF4)s and [(pz-M es-dgp){ Cu(dppf)}s] (PFe)s:

[Cu(dppf)(CHCN),]BF, or [Cu(dppf)(CHCN),]PFs (100 mg, 1.28 mmol) and 2,3,8,9,14,15-
hexamethyldiguinoxalino-[2,3-a:2",3"-c]phenazine0 (hg, 0.426 mmol) in 25 mL dry
dichloromethane were stirred at room temperature8fdn under argon atmosphere. After
removal of the solvent under reduced pressuredhe thus obtained was washed thoroughly
with hexane and the dried product was recrystallfzem dichloromethane/hexane (1/5).
Yield of [(us-Mes-dgp){Cu(dppf)k](BF4)s: 65 mg(58 %)

Elemental analysis: fgH10dNeB3sF12PsCusFe; (2582.81 g / mol)

Calculated: C, 61.38 %, H 4.27 %, N 3.25 %

Experimental: C 60.77 %, H 4.17 %, N 3.21 %

'H NMR (CDCL): 8/ ppm = 2.24 (s, 6H, Me), 4.72(s, 12H, Cp), 4851QH, Cp), 6.86-7.35
(m,60H, Ph), 7.98(s, 6H,%); *'P NMR(CDCE): 5/ ppm = -6.25

UV / Vis (CHyCL): Amax/ NM € / M cm) 626(9170), 435(33340), 346(43400)

Yield of [(Hs-Mes-dap){Cu(dppf)}s](PFe)s: 54 mg (58%);
Elemental analysis: fgH10eNeF1sPoCusFes (2757.3 g / mol)
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Calculated: C, 57.50 %, H 3.95 %, N 3.05 %

Experimental: C 58.26 %, H 4.35 %, N 3.38 %

'H NMR[CDCls, 3(ppm)]: 2.25 (s, 6H, Me), 4.75(s, 12H, Cp), 4.8218H, Cp), 6.92-7.35
(m,60H, Ph), 8.04 (s, 6HL 3P NMR[CDCE, d(ppm)]: -6.66 (s, dppf), -145.3 (Silyr = 712
Hz, PR); *°F NMR[CDCL, &(ppm)]: -73.4 (dJep = 712 Hz, PE);

Synthesis of [(us-Cle-dap){Cu(dppf)}s](BF4)s and [(ps-Cle-dqp){ Cu(dppf)}s] (PFe)s:

[Cu(dppf)(CHCN),]BF,4 (100 mg, 1.28 mmol) or [Cu(dppf)(GBN),;]PFs and 2,3,8,9,14,15-
hexachlorodiquinoxalino-[2,3-a:2",3"-c]phenazine0 (&g, 0.426 mmol) in 25 mL dry
dichloromethane were stirred at room temperature8ftn under argon atmosphere. After
removal of the solvent under reduced pressuredhe thus obtained was washed thoroughly
with hexane and the dried product was recrystallfzem dichloromethane/hexane (1/5).
Yield of [(s-Cle-dgp){Cu(dppf)k](BF4)s: 72 mg(62 %)

Elemental analysis: gdHgoNeB3sClgF12PsCusFe; (2705.3 g / mol)

Calculated: C 55.94 %, H 3.35 %, N 3.11 %

Experimental: C 54.58 %, H 3.32 %, N 3.25 %

'H NMR (CDCh): 5 / ppm = 4.67(s, 12H, Cp), 4.82 (s, 12H, Cp), 693 (m, 60H, Ph),
8.26(s, 6H, E). *'P NMR(CDCE): &/ ppm = -5.95.

UV / Vis (CHxCl): Amax/ nm € / M™cm™) 792(sh), 671(9430), 442(28500), 353(29900)

Yield of [(Hs-Cle-dgp){Cu(dppf)}](PFe)s: 60 mg (68%);

Elemental analysis: gdHgoNeClsF18PoCusFe; (2879.7 g / mol)

Calculated: C 52.55 %, H 3.15 %, N 2.92 %

Experimental: C 53.50 %, H 3.55 %, N 3.29 %

'H NMR[CDCls, d&(ppm)]: 4.73(s, 12H, Cp), 4.88 (s, 12H, Cp), 6.9297(m, 60H, Ph),
8.27(s, 6H, B). 3'P NMR[CDCE, 8(ppm)]: -5.55 (s, dppf), -145.4 (sfye = 713 Hz, PE); *°F
NMR[CDCls, &(ppm)]: -73.5 (dJep = 713 Hz, PE).
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7.4 Crystallography

Crystallographic data collection was carried out By F. Lissner, Priv. Doz. Dr. M.
Niemeyer, Mr. Denis Bubrin from University of Swgirt and Mr. S. Mobin from Indian
Institute of Technology, Bombay. Structure solvings done by Dr. F. Lissner, Priv. Doz.
Dr. M. Niemeyer, Mr. Denis Bubrin and Mr. S. Mobin.

Data collection was performed on four circle diti@meter NONIUS Kappa-CCD or
Siemens P4 with a Mo-Kradiation of 0.71073 A (graphite-monocromatized}@8 K or 173
K. The crystals were sealed in capillaries forrmasurements.

The structure were solved via direct methods uding programme SHELXS-9%78
Refinement was carried out by the full matrix lesgiares method employing the programme
SHELSL-97"*% All non-hydrogen atoms are refined anisotropicallydrogen atoms were
introduced in proper positions with coupled isotcofactors using the riding model.
Absorption corrections were performed numericaiing the programme HABITUS! The

programme DIAMOND 2.1 was used for structure drawing.

Crystallographic parameters:

GOF = Ow(|Fo|?- | Fe|®?/ (n—=m)}**  where n = number of data and m = number of
variables

R=C||F| - | Fe| )/Z|Fol

WR = {Xw( | Fo| - | Fe| %%/ XIw(Fo)1} 2

7.4.1: {(n-adcO'Bu)[Cu(dppf)]2} (PFe)
Deep blue colored prism shaped crystals were addamom CHCI, / ELO (5:1)
Crystallographic data and refinement parameter§ feadcOBu)[Cu(dppfL}(PFe)

Empirical formula Cr8H74CwFsFeN204P5
Formula wt. 1611.02 g mot
Crystal size 0.50 x 0.30 x 0.15 mm
Temperature 173 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group P2/m
Unit cell dimension a=11.434(2) A 0. =90
b =26.180(4) A B =106.687(17)
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Cell volume
Calculated density
Absorption coefficient
Max 20

Index ranges

Formula units per cell, Z
Reflection collected

Unique reflections

Rint / Ry

GOF /| F

Data / restreints / parameter
R indices (for all data)

R indices (for | > 8(l))

Largest residual densities

c=15.929(2) A y=90
4567.6(14) R

1.171 g crit

0.911 mnt

50

-13<h<13

0<k<31

0<l<18

2

8650

8184

0.0621/0.1614

0.818

8184 /6 /443
R1=0.1293, wR2 = 0.1952
R1=0.735 wR2 =0.1768
1.010/-1.091e A

7.4.2: [Cu'(adc-pip)(dppf)](BF.)

Dark violet block shaped single crystals for X-rdijfraction were obtained from CGEl,

layered with hexane.

Crystallographic data and refinement parameterfGoadc-pip)(dppf)](Bk)

Empirical formula
Formula wt.
Crystal size
Temperature
Wavelength
Crystal system
Space group

Unit cell dimension

CaeHagB1CF4FEIN4O3

937.02 g mot

0.50 x 0.30 x 0.15 mm

100 K

0.71073 A

monoclinic

P2/n

a=18.9131(12) A o = 90
b=9.3832(6) A p=106.199(4)
c=26.1565(12) A y=90
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R indices (for all data)
R indices (for | > 8(l))

Largest residual densities

Cell volume 4457.6(5) R

Calculated density 1.450 g crit

Absorption coefficient 0.937 mnmt

Max 20 56.52

Index ranges 24<h<?24
-12<k<11
-34<1<33

Formula units per cell, Z 4

Reflection collected 8692

Unique reflections 8184

Rint / Rs 0.1172/0.0910

GOF /| F 1.120

Data / restreints / parameter 8692 /0 /555

R1 =0.1229, wR2 = 0.1784
R1 = 0.084, wR2 = 0.1967
1.808,-1.520 e A

7.4.3: {(abpy)[Cu(dppf)]}BF4

Dark purple needle shaped crystals were obtaireed €H.Cl, layered with hexane (1:3).

Crystallographic data and refinement parameter§(&py)[Cu(dppf)]}BF,

Empirical formula
Formula wt.
Crystal size
Temperature
Wavelength
Crystal system
Space group

Unit cell dimension

Cell volume

Calculated density

CasH36B1CuFsFeiN4P>

888.91 g mot

1.00 x 0.80 x 0.20 mm

110 K

0.71073 A

triclinic

Pi

a=11.804(3) A o =72.155(14)
b=11.925(3)A B =89.095(13)
c=15.680(4) A vy =68.464(10)
1942.7(9) R
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Absorption coefficient 1.150 g criv

Max 20 1.061 mnt

Index ranges 25
-13<h<13
-12<k<13

Formula units per cell, Z -18<1<18

Reflection collected 2

Unique reflections 7105

Rint / R 6747

GOF | F 0.0323/0.0367

Data / restraints / parameter 0.999

R indices (for all data) 6747/0/514

R indices (for | > 8(l))
Largest residual densities

R1 = 0.0557, wR2 = 0.1367
R1 =0.051, wR2 = 0.1341
0.958, - 1.444 e R

7.4.4: {(p-abpy)[Cu(dppf)]2}(BF.)

Dark red block shaped crystals were obtained froyGH,Cl, layered with dry hexane (1:3).

Crystallographic data and refinement parameter§( foabpy)[Cu(dpp}}(BF 1)

Empirical formula
Formula wt.
Crystal size
Temperature
Wavelength
Crystal system
Space group

Unit cell dimension

Cell volume
Calculated density
Absorption coefficient

Cr8HseB1ClpFsFE&N4OP,
1542.83 mol*

0.80 x 0.40 x 0.25 mm
293 K

0.71073 A

monoclinic

P2/c

a=11.87170(10) A a = 90
b=19.8267(2) A B =93.7240(10)
c=31.06393)A y=90
7296.13(12) A

1.405 g crit

1.112 mnt
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Max 20 28.22

Index ranges -13<h<15
-26<k<25
-31<1<41

Formula units per cell, Z 4

Reflection collected 17639

Unique reflections 11858

Rint / Rs 0.0953/0.0638

GOF /| F 1.456

Data / restraints / parameter 17639/0/ 875

R indices (for all data)
R indices (for | > 8(l))

Largest residual densities

R1 =0.1180, wR2 = 0.2377
R1 =0.0787 wR2 = 0.2155
2.337,-1.148 e A

7.4.5: {(PhenQ)[Cu(dppf)]}BF4

Dark green block shaped crystals were obtained fdoynCH.Cl, layered with dry hexane

(1:3).

Crystallographic data and refinement parameter§RivenQ)[Cu(dppf)]}BR

Empirical formula
Formula wt.
Crystal size
Temperature
Wavelength
Crystal system
Space group

Unit cell dimension

Cell volume
Calculated density
Absorption coefficient
Max 20

Cag Hzg B:Cl, CuFs FE Oz P
997.83g mol*

0.80 x 0.40 x 0.25 mm
173 K

0.71073 A

monoclinic

P2/c

a=12.268(3)A =90
b=27.661(6) A p=93.29(2)
c=14.1553)A y=90
4795.7(18) R

1.382 g crit

0.977 mnt

(o]

26
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Index ranges

Formula units per cell, Z
Reflection collected

Unique reflections

Rint / Rs

GOF /| F

Data / restraints / parameter
R indices (for all data)

R indices (for | > &(1))

Largest residual densities

-4<h<15
-18<k<34
-17<1<17

4

9381

2757
0.1114/0.2700
0.763
9381/6/576

R1 = 0.2309, wR2 = 0.2481
R1 = 0.0820 wR2 = 0.1922
0.680, - 1.163 e &

7.4.6: [(Hs-dgp){Cu(dppf)}s](BF4)s

Dark green block shaped crystals were obtained fCé#Cl, layered with hexane (1:2).
Crystallographic data and refinement parameterf{(firrdgp){Cu(dppf)}](BF4)3

Empirical formula
Formula wt.
Crystal size
Temperature
Wavelength
Crystal system
Space group

Unit cell dimension

Cell volume
Calculated density
Absorption coefficient
Max 20

Index ranges

Ci28H100B3ClaCusF12FesNsOsPs
2764.36 g mot

0.28 x 0.21 x 0.18 mm
150 K

0.71073 A

orthorhombic

Pbca

a=17.6119(3) A a =90
b=33.9414(5)A p=90
c=39.9397(7) A y=90
23874.9(7) R

1.538 g cnt

1.128 mnt

26

-20<h<18

-23<k<40
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Formula units per cell, Z
Reflection collected

Unique reflections

Rint / Ry

GOF | F

Data / restraints / parameter
R indices (for all data)

R indices (for | > 8(l))

Largest residual densities

A7<1< 47
8

82199

20414

0.1228/0.2700

1.057

20414/ 0/ 1540

R1 =0.1083, wR2 = 0.2270
R1 =0.0722, wR2 = 0.1973
2.884, - 0.966 e A
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Chapter 8

Summary.

Oligonuclear metal complexes with multiple redoxogesses are gaining in importance
because of their wide relevance from molecular@ks/to enzymatic systems.ths doctoral
work, the 1,1°-bis(diphenylphosphino)ferrocenylcerfty moiety [Cu(dppf)] has been used
to form complexes with various non-innocent ligafidle 2,2 -azobispyridine (abpy), esters
and amides of azodicarboxylic ac@guinones and hexaazatrinaphthlene derivatives.

In chapter 2, the heterotetranuclear complexesCaf(dppf)] with the strongr-acceptor
ligands di-tert-butyl- or di-iso-propyl- azodicarhdate (adc-OR) are described: p{(
adcOBu){Cu'(dppf)}.](PFs) and [@-adchr){Cu'(dppf)}z](PF6). The complexes were
isolated in the stable radical bridged state. Toraglex [(1-adcOBu){Cu'(dppf)}.](PFs) was
characterized structurally showing how two [Cu(dppioieties are held together by the
central di-tert-butylazodicarboxylate radical antanmdge (Fig 8.1). The presence of one PF

as counter anion confirms the radical nature otctiraplex.

F4

Fig 8.1: Molecular structure of JfadcOBu){Cu'(dppf)}.](PFs) in the crystal (P-phenyl
groups omitted for clarity).

At 298 K the X-band EPR spectra of both complexXeswsfairly resolved line-rich EPR
spectrum agiso= 2.011 and 2.012 respectively, which can be sitedlasing twd*Cu ( =
3/2), four®P ( = 1/2) and two azd*N (I = 1/2) nuclei (Fig 8.2). At high frequency (285
GHz), the EPR spectra of the complexes show rhomlsplitting in the glassy frozen state

with small g anisotropy, confirming predominantiyand centered spin.
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325 330 335 340 345 350 355
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Fig 8.2: X-band EPR spectrum ofpfdcOBu)[Cu(dppfp} ™ at 298 K in CHCl, with

simulation.

The blue radical complexes show long-wavelengthdbaat around 800 nm for the MLCT
transition d(Ct) — 1*(adcOR"). Upon reversible one-electron oxidation the ML®3and
shifts to higher wavelengths (1100 nm) due to fdairomaof a partially emptyt molecular
orbital of (adcOR). The reversible one-electronuibn {(u-adcOR)[Cu(dppfif "~©
causes the disappearance of MLCT band due to ctenglectron filling of thet orbital of
adcOR’". The compounds can be further oxidized reversiyytwo-electrons, the process
occurring on the ferrocene termini. The large safpam between the ferrocenyl phosphines
prevents any electronic communication, resultingaintwo-electron wave in the cyclic
voltammograms.

Chapter 3 deals with heterodinuclear complexes ©Gt(dppf)] with amides of
azodicarboxylic acids. The azodicarboximides hawelar coordination sites and an identical
redox nature as other azodicarbonyl ligands. Thaptemn presents the first examples of
heterodinuclear complexes [Cadc-pip)(dppf)](Bk) and [Cl(adc-NMe)(dppf)](BF.) with a
non-reduced chelating N=N-C=0 group which is essdbd from X-ray crystal structure
determination (fig 8.3). The bond lengthsi{d = 1.258(7) A, d.n= 1.466(8) A, and go =
1.234(7) A) obtained from the structure analysipligs the binding of [Cu(dppfj]by the
non-reduced N=N-C=0 group (Fig 8.3). Apparentlyréhées non enough-back donation

from d*°(Cu) toTt (adc-NR) for full electron transfer.
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Fig 8.3: Molecular structure of [(fadc-pip)(dppf)].

The compounds were further examined by IR spe@ab@ichemistry. IR spectra shows two
Ve=o Stretching bands for the metal-bonded and freeoratbgroups of the ligand adc-NR
Upon F' reversible reduction there is a shift in the méthded carbonyl stretching bands,
however, the free carbonyl stretching band remaithanged. Even orf%eduction the free
carbonyl stretching frequency does not change wimclcates that the reduction of the
chelate ring N=N-C=0-Cu keeps the non-bonded C=disturbed.

In chapter 4, another well known azo ligand, 2 2#aspyridine (abpy), was used as non-
innocent ligand. This chapter demonstrates how abpy used to make a heterodinuclear
complex [(abpy)Cu(dppf)](BF, a heterotetranuclear complex with neutral abpgde {(Ju-
abpy)[Cu(dppN}}(BF4). and also a one-electron reduced radical fornu-dlopy’
)[Cu(dppf)L}(BF4). The dppf plays an important role in the isolataf such complexes. The
compounds were characterized by X-ray crystal &tracanalysis and hence the azo bond
lengths in non-reduced [(abpy)Cu(dppf)]@kdn=n = 1.274(3) A) and one-electron reduced
{(p-abpy)[Cu(dppHI}(BF 4) (dv=n = 1.317(5) A) (Fig 8.4) could be compared.
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Fig 8.4: Molecular structure of ficabpy)[Cu'(dppf)]} .

The electronic property of the complexes was furitedied by X-band (9.5 GHz) and high
frequency (285 GHz) EPR. The paramagnetic complgxappy)[Cu(dppf)}} * shows a well
resolved line-rich EPR spectrum at,g= 2.0069 in X-band which can be simulated by
considering two azd™N, two pyridine™N, four **P and two®*®*Cu nuclei (Fig 8.5). The in
situ generated one-electron reduced species frabpyjCu(dppf)] gave an EPR spectrum
identical to that of the heterotetranuclear comglgx-abpy)[Cu(dppf)}} *, suggesting the
conversion on reduction (Fig 8.5). The high frequerEPR measurements of p{(
abpy)[Cu(dppf)}} * showed rhombic g splitting with little g anisotropynplying mostly
ligand centered spin (Fig 8.5).
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Fig 8.5: X-band EPR spectra of electrochemicallyjegated {{1-abpy)[Cu(dppf)L} *(left-
top) obtained by in situ reduction of [(abpy)Cu(®pp(in CH.Cl, / 0.1 M BuNPF; at RT)
and (left-center) for {i-abpy)[Cu(dppf)}}(BF 4) as dissolved in C¥l, at RT; and simulated
spectrum (bottom-left) and 285 GHz EPR spectruf( pfabpy)[Cu(dpp}}(BF4) at 5 K in
CHCI; / toluene (4/1) in right.

In chapter 5, a Cicomplex of 9,10-phenanthrenequinone = PhenQ @uséed. Though there
are many reports on Gsemiquinone, Clisemiquinone and Cecatecholate complexes, this
is the first example of binding between 'Gund o-quinone in chelate fashion. Thap-
guinones are redox non-innocent ligands and caredeced in two steps to form catecholate.
In this chapter, the heterodinuclear complex [(RWé&(dppf)](BFs) has been characterized
structurally and spectroscopically. The structuaallysis (Fig 8.5) confirms the O,0"-
chelation to Cliin [(PhenQ)Cu(dppf)](BP and substantiates the unreduced quinone
character of PhenQ via the C=0 bond lengths of 7AH and 1.244(10) A (semiquinones
have> 1.27 A) and the (O)C-C(O) single bond length @f9B(13) A (semiquinones haye
1.46 A) (Fig 8.5). The geometry around' @udistorted tetrahedral. The crystal structusal
shows intra-molecular and intermolecularmt stacking which is confirmed by DFT

calculations.
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Fig 8.6: Molecular structure of [(PhenQ)@ippf)]*

In cyclic voltammetry, the complex shows reversibeluction [(PhenQ)C(dppf)]’ —
[(PhenQ)CU(dppf)] and one-electron oxidation based on therofeme group. The
electrochemically generated [(PheRQu(dppf)] was studied by X-band EPR spectroscopy.
Due to formation of the PhenSQ radical, it showypmcal signal with hyperfine couplings
from ®%Cu, *P and’H isotopes of 1.0 mT (1Cu), 1.4 mT (2P), and 0.15 (4H),
respectively.

Chapter 6 deals with new compoundgsftqgp)[Cu(dppf)}}(BF 4)3, where dqgp is hexamethyl,
hexachloro- and un-substituted diquinoxalino[&;3-3-c]phenazine, also known as
hexaazatrinaphthylene (HATN). The complexes withy B&hd Pk counter anions were
characterized structurally, spectroscopically dedteochemically. The molecular structure of
{(ps-dgp)[Cu(dppfi}(BF4); shows binding of three [Cdppf)]* units to the central dgp
bridge in G conformation with distortions along Cu-N and Ciléhds (Fig 8.7). From the
crystal structure the trapping of counter aniong BR both sides of the central dgp bridge

can be seen (Fig 8.7).
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Fig 8.7: Molecular structure of fig-dgp)[Cu(dppf)}}(BF 4)3

The complexes show (Fig 8.8) two to three ligandtered reversible reductions and one
three-electron reversible oxidation (Fig 8.8). Likeall other cases, the oxidation wave is
attributed to the iron oxidation of the dppf moésti However, it was possible to monitor the
step-wise oxidation of the ferrocene ancillariesWy-vis-NIR spectroelectrochemistry. On

successive reduction, bands in the near-IR reg@mganerated due to intra-ligand transitions.
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Fig 8.8: Cyclic voltammogram of fG-Cls-dgp)[Cu(dppd}}(BF4)s in CH.CIl, / 0.1 M
BwNPF; at RT.

Due to the relatively high stability of the oneatten reduced species -dgp)
[Cu(dppfk}?*, high frequency EPR at 95 and 115 GHz could beiethrout. The g
components show axial splitting with small g amspy implying copper(l) coordinated

anion radicals of N heterocyclic ligands.

Per spective.

The coordination chemistry of pteridine and isa(edizine) derivatives of oxido-reductase
enzymes has been subject of interest for many y&hese molecules are potential ligands for
metal centers, which binds predominantly througd)Ci{nd N(5) to form five-membered
redox-active a-iminoketo chelate ring. Seeing the biological impoce of flavin-metal
interaction, it would be very interesting to stufiyu(dppf)] complexes of pteridine or

iso(alloxazine) derivatives (Fig 8.9). This workcisrrently in progress.

//Cl:u
ol’ \
N 1
3 N R
N34 | 5% RN 475N
k{l 8 L )\ |
7
N N o} N N R
R
Pteridine Lumazine-Cu

Fig 8.9: Pteridine ligand and interaction of Lunmezwith Cu.

The use of esters and amides of azodicarboxylid tciform metal complexes where these
ligands are in the non-reduced (adc-R) and monoee state (adc-RR has been illustrated
in this doctoral work. The structural and spectopsc properties of metal complexes with
doubly reduced azodicarbonyl (adé)Rwill be of great interest to compare and contthst
properties of complexes with the same ligand irfed#int oxidation state. The dinuclear
ruthenium(lll) complexes with the esters of azohoxylic acid (adc-OR) bridge have been
synthesized and the structural and spectroscopjeepties have been investigated. The X-ray

crystal structure analysis shows binding of two'{Racac)]” moieties with the edge sharing
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unsaturated five-membered chelate rings by fuljuoed azodicarbonyl, in hydrazido form
(adc-OR), with long N-N distance of 1.440(5) A and sh@tOof 1.263(4) A and the rather
short metal-metal distances of 4.764 A (Fig 8.10).

Fig 8.10: Molecular structure off{adc-OR }{Ru(acac)} 2.

The appearance of the IVCT band on one-electronctexh in the NIR region around 2000
nm and the comproportionation constaptK1(, determined for that state points to a strong
electronic communication between the ruthenium ersnin the mixed-valent state. The
magnetic measurements of the complexes are eddengiet more insights into the magnetic

coupling between the Ru-Ru" states which is also in progress. Such substareese

possible use in the future as storage materials.
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Chapter 9

Zusammenfassung

Mehrkernige Metallkomplexe mit multiplen Redoxprsegen gewinnen wegen ihrer
umfangreichen Anwendungsmoglichkeiten von molelarar Schaltern bis hin  zu
enzymatischen Systemen an Bedeutung. In dieser effatisn wurde der 1,1°-
Bis(diphenylphosphino)ferrocenylkupfer(l)-Baust¢@®u(dppf)[ genutzt, um Komplexe mit
verschiedenerinon-innocent* Liganden wie 2,2 -Azobispyridin (abpy), Amiden uBdtern
der Azodicarbonsaure;Chinonen und Hexaazatrinaphtanlin-derivate zursstigieren.

In Kapitel 2 werden die vierkernigen Metallkompleses [Cu(dppf)] mit den starkern-
Akzeptorliganden  Di-tert-butyl- und Di-iso-propyladicarbonséaureester (adc-OR)
beschrieben: [adcOBu){Cu'(dppf)}.](PFs) und [@-adcOPr){Cu'(dppf)}.](PFs). Die
Verbindungen wurden in ihrer stabilen radikalveditén Form isoliert. Der Komplex {
adcOBu){Cu'(dppf)}.]J(PFs) wurde kristallographisch charakterisiert (Abb.1)8. Die
Abbildung zeigt zwei [Cu(dppf)}Bausteine die tiber den zentralen Briickenligandeierd
butylazodicarbonsaureester verknipft sind. Die Geget eines Gegenanions bestétigt die

radikale Natur der Verbindung.

Abb. 8.1: Molekilstruktur des jfadcOBu){Cu'(dppf)}.](PFs) (P-Phenylgruppen wurden

aufgrund der Ubersichtlicheren Darstellung weggelas
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Bei 298 K weisen beide Verbindungen teilweise afgfe linienreiche ESR-Spektren mit
0isc=2.011 beziehungsweise 2.012 auf. Die Verbindurigemten mit zwef***Cu (1=3/2)-,

vier 3P (1=1/2)- und zwei Azo'N (I=1/2)-Kernen simuliert werden (Abb. 8.2). Bei
Hochfeld-ESR-Messungen (285 GHz) in glasartig emstial 6sung zeigen die Komplexe ein
rhombisches Signal mit einer schmalen g Anisotropias auf einen vorwiegend

Ligandzentrierten Spin hinweist.

Exp.

Sim.

325 330 335 340 345 350 355
B/ mT

Abb. 8.2: X-Band-ESR-Spektrum von pgadcOBu)[Cu(dppf)b} ™ bei 298 K in CHCI,

(oben) mit Simulation (unten).

Der blaue Radikalkomplex zeigt langwellige Absaspen bei ca. 800 nm fur die MLCT-
Ubergange d(Ch — = (adcOR) verantwortlich sind. Nach der reversiblen
Einelektronenoxidation verschiebt sich der MLCT kaheren Wellenlangen (1100 nm)
infolge der Bildung teilweise leerer -Molekiilorbitale des adcOR. Nach der reversiblen
Einelektronenreduktion {(-adcOR)[Cu(dppfif "~© verschwindet der MLCT vollstandig
durch Auffiillen dest -Orbitals des adcORDie Verbindungen kénnen durch eine reversible
Zweielektronenoxidation weiter oxidiert werden, s#ie Prozess steht im Einklang mit der
Oxidation des Ferrocenzentrums. Der grof3e Abstamdchen den beiden dppf-Einheiten
verhindert jegliche elektronische Kommunikation,swsach in der Zweielektronenwelle des
Cyclovoltamogramm zeigt.

In Kapitel 3 werden Heterozweikernkomplexe des [ppf)]" mit den Amiden der
Azodicarbosauren behandelt. Die Azodicarboxyimidasen dhnliches Koordinations- und

identisches Redoxverhalten wie andere Azocarbgaylllen auf. In diesem Kapitel werden
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erstmals die Heterozweikernkomplexe [@dc-pip)(dppf)](BE) und [Cu(adc-
NMe,)(dppf)](BFs) mit einer unreduzierten N=N-C=0 Gruppe vorgesteiles wurde durch
die Einkristallanalyse (Abb. 8.3) der jeweiligen r@mdungen festgestellt. Die durch
Rontgenbeugung erhaltenen Bindungslangaen(d 1.258(7) A, d.n= 1.466(8) A, and ¢lo

= 1.234(7) A)legen nahe, dass das [Cu(dpp8prch die nicht reduzierte N=N-C=0 Gruppe
gebunden wird. Offensichtlich ist dieRiickbindung des’8 (Cu) zumn™ (adc-NR) fiir den
vollstandigen Elektronentransfer nicht stark genug.

Abb. 8.3: Molekiilstruktur des [(adc-pip)(dppf)].

Die Verbindungen wurden durch IR-Spektroelektrocieerweiter untersucht. Das IR-
Spektrum zeigt zwei dto-Schwingungsbanden fir die metallgebundene und fidiee
Carbonylbande des adc-MRiganden. Durch die erste reversible Reduktiorsefeiebt sich
die Bande des metallgebundenen Carbonyls, diereilenfhingegen bleibt unverandert. Selbst
die zweite Reduktion verédndert die Schwingungsbatetereien Carbonylgruppe nicht, was
nahelegt, dass die Reduktion des Chelatrings N=R-Ca die freie C=0 nicht beeinflusst.
Kapitel 4 beschreibt einen weiteren gut bekanntedoxaktiven Azoliganden, das 2,2-
Azobispyridin  (abpy). Abpy wird zur Herstellung es Hetreozweikernkomplexes
[(abpy)Cu(dppf)](BRE), eines Heterovierkernkomplex mit neutraler aBpgicke {(u-
abpy)[Cu(dppH}}(BF4). und der Einelektronenreduzierten radikalische Fd(m-abpy
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)[Cu(dppf)L}(BF4) verwendet. Das dppf spielt eine wichtige Rolle Her Isolierung der
beschriebenen Komplexe. Die Verbindungen wurdegstd&inkristallanalyse charakterisiert,
und infolgedessen konnten die N=N-Azobindungslangir nicht reduzierten Form
[(abpy)Cu(dppf)](BR) (dv=n = 1.274(3) A) und die Einelektronenreduzierten nfFof( -
abpy)[Cu(dppHI}(BF4) (dv=n = 1.317(5) A) (Abb. 8.4) verglichen werden.
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Abb. 8.4: Molekiilstruktur des ficabpy)[Cu'(dppf)]} .

Die elektronischen Eigenschaften der Komplexe wundeiter mithilfe der X-Band- und der
Hochfeld-ESR-Spektroskopie  untersucht. Der paramiggghe Komplex  {(-
abpy)[Cu(dppf)}} * zeigt ein gut aufgeldstes, linenreiches ESR-Spakimit gs= 2.0069 im
X-Band, was unter Verwendung von zwei AZ8l-, zwei Pyridin'*N-, vier *'P- und zwei
636%Cu-Kernen simuliert werden konnte (Abb. 8.5). Dien isitu generierte
Einelektronenreduzierte Spezies des [(abpy)Cu(fipefyab ein zu {g-abpy)[Cu(dpphHi} *
identisches ESR-Spektrum, dieses Ergebnis lasshuten, dass die Reduktion am

Briickenliganden stattfindet. Die Hochfeld-ESR-Meggpules {(1-abpy)[Cu(dppf)}} * weist
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ein rhombisches Signal mit einer kleinen g Anispieoauf, was auf ein hauptsachlich

ligandenzentrierten Spin hindeutet (Abb. 8.5).

Exp.

Exp.

Sim.

325 330 335 340 345 350 100 101 102 103
B/mT B/T

Abb. 8.5: X-Band-ESR-Spektrum des elektrochemisehegerten {{-abpy)[Cu(dppf)L} *
(links oben), erhalten durch in situ-Reduktion depy)Cu(dppf)] (in CH.Cl, / 0.1 M
BuwNPFs bei RT) und fir {(1-abpy)[Cu(dppf)}}(BF ) gelost in CHCI, bei RT (links mitte);
Simulation (links unten) und 285 GHz ESR-Spektrues {{u-abpy)[Cu(dpp}}(BF4) bei 5
K in CH.CI, / Toluol (4/1) (rechts).

In Kapitel 5 wird ein ClKomplex des 9,10-Phenantrenchinon = PhenQ besehmiédbwohl
es viele Veroffentlichungen tiber Esemichinon, Cl+Semichinon und CuCatechol-
Komplexe gibt, ist dies das erste Beispiel eineel@verbindung zwischen €und eineno-
Chinon. Dieo/p-Chinone sind redoxaktive Liganden, die durch z®&mielektronenschritte
zum Catechol reduziert werden kdnnen. In diesemit&lapurde der Heterozweikernkomplex
[(PhenQ)CUdppf)](BFs)  strukturell und  spektroskopisch  charakterisiertDie
Kristallstrukturanalyse (Abb. 8.6) bestatigt die OOKoordination zu Cu in
[(PhenQ)Cu(dppf)](BE) und belegt den unreduzierten ChinoncharakteRienQ durch die
C=0-Bindungslangen mit 1.257(11) und 1.244(10) i Wergleich: Semichinonel.27 A)
und die (O)C-C(O)-Einfachbindungslange von 1.499@ 8Semichinones 1.46 A). Die Clt

Koordinationssphare ist tetraedrisch verzerrt. Dlgristallstruktur zeigt sowohl



113

intramolekulare als auch intermolekulare =-Staplung welche durch DFT-Rechnung

bestatigt wird.

Abb. 8.6: Molekiilstruktur des [(PhenQ)@ippf)]'.

Im Cyclovoltammogramm zeigt der Komplex eine reil#esReduktion [(PhenQ)Cdppf)]
— [(PhenQ)CU(dppf)] und eine Einelektronenoxidation der Ferrageppe. Das
elektrochemisch generierte [(PhenQuU(dppf)] wurde mit Hilfe der X-Band-ESR-
Spektroskopie untersucht. Infolge der Bildung desrfSQ-Radikals weist das ESR-Spektrum
ein typisches Signal mit Hyperfeinkopplungen vor,&4 und H-Isotopen von 1.0 mT (1Cu),
1.4 mT (2P) und 0.15 mT (4H) auf.

In Kapitel 6 werden neue Verbindungen der Amizf(iqp)[Cu(dppf)}}BF4)s beschrieben,
wobei dgp hexamethyl-, hexachloro- oder unsubstites Diquinoxalino[2,3-a:B -
c]phenazine, auch als Hexaazatrinaphtalen (HATMEeilonet, darstellt. Die Komplexe mit
BF, und Pk als Gegenionen wurden strukturell, spektroskopisod elektrochemisch
untersucht. Die Molekulstruktur desu£dqp)[Cu(dppf)}}(BF4)s weist eine Koordination der
drei [Cu(dppN]-Einheiten an das zentral verbriickende dgp & Konformation mit
Fehlordnung entlang der Cu-N- und Cu-P-Bindungag &7). In der Kristallstruktur kann

das Einfangen der Gegenionen,B&n beiden Seiten des zentralen dgp beobachteemwerd
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F2

B1

F3

Abb. 8.7: Molekulstruktur des f-dqp)[Cu(dppf)}}HBF4)s.

Die Verbindung zeigt zwei bis drei reversible liganzentrierte Reduktionen und eine
reversible Dreielektronenoxidation (Abb. 8.8). Waeich in allen anderen Fallen ist die
Oxidation ein Merkmal der Eisenoxidation im dppferhoch konnte die stufenweise
Oxidation der Ferrocenbausteine zusatzlich tbenid$wWIR- Spektroelektrochemie gezeigt

werden. Bei Stufenweiser Reduktion konnten im NiRra-ligand-Ubergiange beobachtet

werden.

red3
E
red2
E

ox1
E
Eredl

10 05 00 -05 -1.0 -15 -2.0
E/Vvs. F¢”*
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Abb 8.8: Cyclovoltammogramm des pfCls-dgp)[Cu(dppd}}(BF4)s in CHCIl, / 0.1 M
Bu;NPFR; bei RT

Wegen der relativ hohen Stabilitat der einelektrwaduzierten Spezies [£-dqp)
[Cu(dppf)k}**, konnte Hochfeld-ESR-Spektroskopie bei 95 und T8z durchgefiihrt
werden. Die g-Faktoren zeigen eine axiale Aufspagltmit kleiner g- Anisotropie, was den
Schluss zulasst, dass es sich dabei uhh@odelt das an ein anionisch radikalischen N-

Heterocyclenliganden gebunden ist.
Ausblick.

Die Koordinationschemie der Pteridin- und Iso(adlpix)-Derivate von Oxido-
reduktaseenzymen ist seit vielen Jahren GegenstandJntersuchungen. Diese Molekiile
gelten als potentielle Liganden fur Metalle, welalezugsweise an O(4) und N(5) binden,
um flnfgliedrige redoxaktivex-Iminoketon-Chelatringe zu ergeben. Bei Betrachtuleg
biochemischen Bedeutung der Flavin-Metall-Wechgé&luwigen wére es sehr interessant die
[Cu(dppf)]-Komplexe der Pteridin- und Iso(alloxazin)- DeriwgiAbb. 8.9) zu untersuchen.

Diese Arbeit ist momentan in der Entwicklung.

//q:u
T
N 1
= N R
N N o} N N R
R
Pteridine Lumazine-Cu

Abb. 8.9: Pteridin Liganden und die Wechselwirkamgschen Lumazin mit Kupfer.

Die Verwendung von Estern und Amiden der Azodicaddmiren in Metallkomplexen mit der
nicht reduzierten (adc-R) und der einfach reduerefform (adc-R wurden innerhalb dieser
Arbeit vorgestellt. Die strukturellen sowie spekkopischen Eigenschaften von
Metallkomplexen mit zweifach reduzierten Azodicarbaure-derivaten (adc?R sind von

groBem Interesse, da ein Vergleich mit Komplexen denselben Liganden in anderen

Oxidationstufen sehr aufschlussreich ware. Die Kemiruthenium(ll)komplexe mit Estern
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der Azodicarbonsdure (adc-OR)-Bricke wurden daefiestnd die strukturellen und
spektroskopischen Eigenschaften untersucht. Diestdlistrukturanalyse zeigt, dass zwei
[Ru" (acac)]*-Bausteine an dem ungesattigten funfgliedrigen &heben mit vollstandig

reduzierten Azodicarbonyl, in Hydrazidoform (adcQRmit langem N-N-Abstand von

1.440(5) A und kurzen C-O Abstanden von 1.263(4udd eher kurzen Metall-Metall

Abstanden von 4.764 A (Abb. 8.10), beteiligt sind.

Abb. 8.10: Molekiilstruktur von jtadc-OR){Ru(acac)} ).

Das Auftreten der IVCT-Bande wahrend der Einelak@roeduktion in der NIR-Region bei

ca. 2000 nm und die Komproportionierungskonstantel &, ermittelt fiir diesen Fall, weise

auf eine starke elektronische Kommunikation zwischden Rutheniumzentren im

gemischtvalenten Zustand hin. Die magnetischen Megn der Komplexe, die derzeit

durchgefuhrt werden, sind notwendig, um einen bess&inblick in die magnetischen

Wechselwirkungen zwischen den 'R&®u"-Zustanden zu bekommen. Solche Materialien
sind in der Zukunft als Speichermedien denkbar.
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Abbreviations.

a

)]

A

abb.
abcp
abpy
acac
adcOBu
adcOPr
adc-pip
adc-NMe
av

b

B

bdph / hexaPhos
bdpp / pentaPhos
bptz
BusNPFs
calc.

cm

Cl

Cp

d

dd
diPhos

dm
DMF

dmso

dppf
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Hyperfine coupling constant

isotropic hyperfine constant

ampere

Abbildung

azo bis(5-chloropyrimidine)

2,2 -azobispyridine

acetylacetonate

ditert.-butylazodicarboxylic ester

diiso.-propylazodicarboxylic ester

azodicarboxylic dipiperidide

N,N,N",N"-tetramethylazodicarboxamide

average

broad (IR band)

magnetic field
1,5-bis(diphenylphosphino)hexane
1,5-bis(diphenylphosphino)penane

3,6-bis(2-pyridyl)-1,2,4,5-tetrazine

tetrabutylammonium hexafluorophosphate

calculated

centimetre

chloro

cyclopentadienyl

doublet / bond length

doublet of a doublet

1,2-bis(diphenylphosphino)ethane

chemical shift

decimetre

dimethylformamide

dimethylsulfoxide

1,1"-bis(diphenylphosphino)ferrocene

Diquinoxalino[2,3-a:2",3"-c]phenazine

anodic peak potential

cathodic peak potential
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€ molar extinction coefficient

EPR electron paramagnetic resonance
exp experimental

FeCp”* ferrocene / ferrocenium

fig figure

g gram

GHz gigahertz

HAT 1,4,5,8,9,12-hexaazatriphenylene
HATN hexaazatriphenylene

HOMO highest occupied molecular orbital
Hz hertz

I nuclear spin

IR infrared

irr irreversible

iSO isotropic

IVCT inter valence charge transfer

k rate constant

Kc comproportionation constant

L ligand

A wavelength

LLCT ligand to ligand charge transfer
LMCT ligand to metal charge transfer
LUMO lowest unoccupied molecular orbital
M molar / metal

max maximum

Me methyl

MeOH methanol

MHz megahertz

ml mililitre

MLCT metal to ligand charge transfer
mm milimeter

mmol milimole

MO molecular orbital

mol mole



mT
mV

NIR

OTTLE cell
Ox

p

Ph

PhenQ
PhenSQ
ppm

red

RT

SCE
sh

sim
SOMO

Tab
THF
uv

VS.
VS.

Vis

militesla
milivolt
wavenumbers
near infrared
nanometer
nuclear magnetic resonance
degree
degree centigrade
ortho
optically transparent thin layer elechemical cell
oxidized
para
phenyl
9,10-phenanthrene quinone
9,10-phenanthrene semiquinone
parts per million
reduced
room temperature
strong (IR band) / singlet
electron spin
standard calomel electrode
shoulder
simulated
singly occupied molecular orbital
triplet
temperature / Tesla
table
tetrahydrofuran
ultra violet
volt
very strong (IR band)
versus
visible

dihedral angle
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Z atomic number
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