CHAPTER 4 RESULTSAND DISCUSSION

The main objective of this research was to synthesize and characterize ionic copper(Il)
mixed-carboxylates as metal-containing ionic liquids and metallomesogens. The former
complexes were especially designed to function as solvent-cum-catalysts in the C-C
bond-forming reaction of methyl ketones.

lonic liquids (ILs) [1] are organic salts which melt at around 100°C or below.
These compounds are considered as environmental-friendly solvents as they are non-
flammable, have no vapour pressure and can be reused or recycled.

The C-C bond-forming reaction, such as aldol condensation of carbonyls, are
important in organic syntheses. The adol-reaction normally uses strong bases, such as
NaOH, though there were reports on the use of special and difficult to synthesize
metal(l11) complexes. However, it was accidentally discovered recently that copper(ll)
arylcarboxylate ([Cux(XCeH4COO)4]; X = H, 4-NO,, 4-OH, 4-Cl) reacted with acetone
to form black solids, which were soluble in most organic solvents but insoluble in water,
with physical characteristics tuned by the arylcarboxylates used, were redox active, and
thus potential low band gap photonic materials and redox catalysts [2]. It was noted that
one of the ligands in the black solid was formed from the C-C bond forming reaction of
two acetone molecules. Hence, this reaction may be utilized to serve as a new and facile
synthetic method for such industrially important organic products.

Copper(l1) akylcarboxylates [ Cu(RCOO)4], where R is along linear or branched
hydrocarbon chain, such as [Cuy(CH3(CH,)14C0O0)4] and [Cux(CH3(CH2);7).CHCOO),],
were thermotropic metallomesogens with melting temperatures 112°C and below -20°C
respectively [3]. These carboxylates may be converted to ionic liquid precursors by
substituting at least one of the akylcarboxylates with an arylcarboxylate ligand

containing ionisable functional groups, such as —OH or -NH,. Examples are
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[Cuy(p-HOCsH4COO)4(RCO0)4.5] and [Cuy(p-H2NCeH4COO)o(RCOO)4.4], wherea =1
and 2.

The strategies that can be adopted to reduce the melting temperatures of these
complexesto less than 100°C, so as to meet the definition of ionic liquids, are use of: (a)
long, preferably branched, alkylcarboxylate ions [3], (b) non-planar large counterions
[4], and (c) mixed ligands (to reduce the molecular symmetry) [4].

Hence, the complexes studied in this research are anionic copper(I1) complexes of
genera formula, Ky[Cuy(p-OCsH4COO0)4(CH3(CH2),CO0)44], wherea =1, 2; n = 14,
10, 8, 6), and cationic copper(ll) complexes of genera formula,
[Cup(p-H3NCeH4COO0)4(CH3(CH2),CO0)4.5] Xa, Where @ = 1, 2; n = 14; X = Cl,
CH3COO and CF3SOs.

The initial challenge of this research was to use the correct synthetic method to
obtain the designed complexes. There are several methods reported in the literature for
the synthesis of [Cu,(RCOO)4. Examples are the reaction between a Cu(ll) salt
(chloride, sulphate, and nitrate) with RCOONa [6-10], metathesis reaction between
[Cux(RCOO)4] and R’COOH [3,7,10-14], reaction between CuCO3; and RCOOH [15-
17], and reaction between Cu(OH), and RCOOH [18]. However, a specific method for
Cu(l1) mixed-carboxylates was not found in the literature. Thus, this research began
with method development to find the best method for these complexes. Suitable ionic
complexes were then used in the C-C bond-forming reaction with 3,3-dimethyl-2-
butanone, (CH3),CH-CO-CHs.

The instrumental techniques used in this project were mainly C,H elemental
analyses, Fourier transform infrared spectroscopy, UV-vis spectroscopy,
thermogravimetry, optical polarised microscopy, differential scanning caorimetry,

magnetic susceptibility and cyclic voltammetry. In addition, gas chromatography-mass
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spectroscopy was used for the determination of products from the C-C bond-forming

reaction.

41 METHOD DEVELOPMENT

The three methods selected in an attempt to find the best method for the synthesis of the
designed complexes were: one-pot, ligand-exchange, and carbonate-base-acid reactions.
The complexes prepared were: (a) K[ Cuy(p-OCsH4COO),(CH3(CH2)14C00),], (one-
pot reaction) and [Cuy(p-HOCsH,COO),(CH3(CH>)14C00),], (ligand-exchange and
carbonate-base-acid reactions); and (b) [Cux(p-H3sNCgH4COO),(CH3(CH2)14C00),| Cl>,
(one-pot reaction) and [Cux(p-HoNCgH4COO),(CH3(CH2)14C00),] (ligand-exchange

and carbonate-base-acid reactions).

411K 2[Cu2(p-OC6H 4COO)2(C H 3(CH 2)14COO)2]

a) One-pot reaction
The one-pot reaction involved complete deprotonation of all of the acidic hydrogen
using KOH, and reacting the anions formed with Cu(ll) ion. The overall reaction was

expected to occur according to Scheme 4.1.

2 p'HOC6H4COOH +2 CHg(CH2)14COOH

16 KOH

2 p'K OC6H4COOK +2 CH3(CH2)]_4COOK
2 CuCl,

K2[CUg(p'OC6H4COO)2(CH3(CH2)14COO)2] + 4 KCl

Scheme 4.1 One-pot synthesis of K[ Cu,(p-OCsH4COO),(CH3(CH»)14C0O0),]
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The product obtained was a dark brown powder (Complex 1). It was soluble in
a mixture of CH3OH-CH3COOH (95:5), but insoluble in water and almost all common

organic solvents.

1)  Structural elucidation

Based on the following analytical results, it is proposed that the structural formula of
Complex 1 is Ky[Cuy(p-OCsH4COO),(CH3(CH2)14CO0),(p-HOCsH4COOH),].2H,0
(formula mass, 1300.6 g mol™; Figure 4.1). Thus, its yield was 47.0 %. The structure is
known as paddie-wheel, and is similar to the structure of most other metal(ll)

carboxylates previoudy reported in the literature [3,12,16,17,19-22].

OH

Figure 4.1 Proposed structure of Complex 1 (K™ ions and H,O solvate molecules

are not shown)

The results of the elemental analyses (C, 55.67%; H, 6.68%) are in good
agreement with the calculated values for KCuCzoH430 (C, 55.41%; H, 6.66%; formula
mass, 1300.6 g mol ™).

The FTIR spectrum (Figure 4.2) is distinctly different from the reactants,
CH3(CH2)14COOH (Figure 4.3) and p-HOCgH4COOH (Figure 4.4), indicating a

reaction occurred between the two materials.
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The spectrum also shows the presence of the expected functional groups (Table

4.1). Itis noted that the peak at 1589 cm™ for the aromatic ring vibration is strong and

broaden, suggesting an overlap with the -C=0 peak of p-HOCsH4COOH. It is aso

noted that the —C=0 peak of this acid is shifted to lower frequency (by 88 cm™)

compared to that of the free acid (1677 cm™), implying its coordination to Cu(ll) centre
through the oxygen atom of the —C=0 group.

The A value (A = Vaym — Veym) is 145 cm™. This suggests bridging carboxylates

[23], and hence a binuclear copper(l1) complex. It is further noted that the spectrum for

Complex 1 is simple, suggesting a highly symmetrical geometry, and thus a trans-

complex (as shown in the proposed structure).

Table4.1 FTIR dataand assignment for Complex 1

Wavenumber/cm™ Assignment
3445, 3353 -OH

2918 CH3 (Vasym)
2849 CH2 (Vsym)
1589 C=C (aromatic)
1559 -COO (Vaym)
1414 -COO (Vgym)
721 para substitution

The UV-vis spectrum of Complex 1 in the solid state (Figure 4.5) shows a
gradua continuously increasing absorption from 1000 nm to 300 nm, with shoulders at
about 700 nm and 425 nm. This supports a binuclear complex with square pyramidal
Cu(ll) centres [24-26], and extensive electronic delocalisation, possibly due to

resonance which leads to the formation of conjugated double bonds (Figure 4.6).

56



3.204 : ; ;

6000 il

+000F . i

Abs.

20001 — ol

0.000 - =

-0.721 ! !
300.00 400.00 BOD.OD 800.00 1000.00
nm.

Figure4.5 UV-vis spectrum of Complex 1 (solid)

~.. () ()
0—>Cu— 0—Cu—
~~ / N 4 VAR
0 C\ - 0— —C Q
AN

Figure 4.6 Resonance structure of Complex 1 (only a partia structure is shown)

The UV-vis spectrum of Complex 1 dissolved in CH3OH-CH3COOH (95:5) is
similar to that of the solid sample (Figure 4.7). This suggests that the complex

maintained its binuclear square pyramidal geometry in this solvents mixture.
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Figure4.7 UV-vis spectrum of Complex 1 (solution)
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It is noted that the above spectrum differs markedly from copper(ll)
carboxylates published in the literature. The UV -vis spectra of copper(ll) carboxylates,
[Cux(RCOO0)4] and their benzothiazole adducts [ Cux(RCOO)4bt;] (bt = benzothiazole, R
= CH3(CHy)n, n =10, 12, 14, 16) show a broad d-d band in the range 672-700 nm, and a
small shoulder at about 280-382 nm (characteristic of binuclear complexes) [27].

To summarise, the proposed structure for Complex 1 is consistent with
the empirical formula KCuCzyH4309 as suggested by the elemental anayses, bridging
carboxylate ligands as suggested from FTIR, and square pyramidal geometry at Cu(ll)

as suggested from UV-vis spectroscopy.

i)  Molar conductance

The molar conductance of Complex 1 in CH;OH-CH3;COOH (95:5) is 172 S cm™ at
25°C. This means that it is a 1:2 electrolyte [28], and suggests that in these solvents, it
dissociated to one [Cuy(p-OCsH4COO),(CH3(CH2)14C00)2) (p-HOCH,COOH),] o and

two K" ions.

i)  Thermal and metallomesogenic properties

The thermogram (Figure 4.8) shows that Complex 1 initially suffered a gradual initial
weight loss of 2.2% at about 44°C, assigned to the evaporation of two H,O solvates
(expected 2.8%). This is followed by another weight loss of 24.5% at 222°C, which is
assigned to the loss of two p-HOCgH,COOH molecules coordinated to the axid
positions (expected, 21.2%).

Further heating to temperatures above 424°C to about 800°C did not lead to any
further weight loss. Hence, the decomposition temperature for the complex is about
424°C. This is in contrast with most copper(ll) alkylcarboxylates and copper(ll)

arylcarboxylates. As  examples, the  decomposition temperatures  of
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[Cuz(CH3(CH3)10C0O0) 4] [29], [Cuz(CH3(CH2)sCO0)4] [30] and
[Cux(CeHsCOO)4].2C,HsOH [31] are 250°C, 210°C and 230°C, respectively. The high
thermal stability of Complex 1 may be due to resonance, as suggested from the result of
UV-vis spectrum (Figur e 4.6).

The amount of residue at temperatures below 800°C is 71.3%. The expected
amount, assuming that the complex decomposed completely to K,O and CuO, is 19.5%
(Appendix 2). This suggests that the organic ligands of the complex did not decompose
completely below this temperature. Further increased of the temperature to above

900°C was not possible due to the limitation of the instrument.
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Figure 4.8 Thermogram of Complex 1

The DSC for Complex 1 (Figure 4.9) shows two weak endotherms at 64°C (AH =
+4 kI mol™) and 91°C (AH = +1.4 kJ mol™), a sharp endotherm at 162°C (AH = +21 kJ
mol™), and a broad endotherm at 210°C (AH = +49 kJ mol™). These endotherms may
corresponds to the breaking of intramolecular H-bonds, intermolecular H-bonds
between the —OH group of p-HOCgH,COOH with H,0, and p-HOCsH4COOH-Cu axia
bonds (Figure 4.1), respectively.

The calculated AH value for the intermolecular H-bonds is in good agreement with

the theoretical value (10-40 kJ mol™) [32]. It is postulated that the freed axially-
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coordinated p-HOCgH4sCOOH molecules melted (mp = 214-217°C) and then
decomposed at 223°C. This is supported by a broad exotherm at peak temperature of
256°C (AH = -21 kJ mol™), which is mostly likely due to the formation of CO, and

other organic volatiles[31].
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Figure 4.9 DSC curve of Complex 1

Thus, the DSC curve did not show pesks for the melting and clearing processes
prior to decomposition. The result is further supported by OPM pictures, which did not

show any observable changes from 25°C to 206°C(Figur e 4.10).

(3 (b)
Figure4.10 OPM of Complex 1 at: (a) 25°C; (b) 206°C

iv)  Magnetic properties

The value of the effective magnetic moment, L+, calculated using the values of Xg, Xm,

Xdia and X" (Table 4.2) is 3.12 B.M. at 298K (Appendix 3). The singlet and triplet
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energy level separation (or exchange integral, normally denoted as -2J), as a result of
the electron spin interaction between the Cu(ll) centres, is -60 cm™. The value is
calculated using the Bleaney-Bower equation [33] (Appendix 4). From these, it may be

suggested that there is a weak ferromagnetic interaction between the two Cu(ll) centres.

Table4.2 They valuesfor Complex 1 used for the calculation of et

X Values

Xg 2.97 x 10°cm’g™

Xm 386.28 x 10° cm®mol
Xdia -36.38 x 10° cm’mol™
Xm 42266 x 10° cm’mol™*

The magnetic properties of Complex 1 contrasts with the antiferromagnetic
interaction of most dinuclear Cu(ll) carboxylates and its derivatives reported in the
literature [34,35]. The magnetic interaction for these complexes were postulated to
occur through the bridging carboxylate ligands (the superexchange pathway).

The contrasting behaviour for Complex 1 suggests a more distorted geometry at
Cu(ll) centres, resulting in reduced overlap between the magnetic orbital of Cu(ll)

(diy?) with the oxygen px orbital of the ligand.

V) Redox properties

The cyclic voltammogram (CV) for Complex 1 was recorded cathodically from 0 V
within the potential window -1.0 V to +1.0 V (Figure 4.11).

The voltammogram showed three cathodic peaks at -0.07, -0.26 and -0.79 V, and a
single broad anodic peak at +0.16 V. The first cathodic peak at -0.07 V is assigned to
the reduction of [Cu(I1)Cu(Il)] to [Cu(I)Cu(l)]. The mixed-valence [Cu(ll)Cu(l)]
formed then underwent two processes. (a) reduction to [Cu(l)Cu(l)] at -0.79 V, and (b)
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dissociation to [Cu(ll)] and [Cu(l)] complexes. The mononuclear [Cu(ll)] complex

formed was then reduced to [Cu(l)] at -0.26 V.
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Figure4.11 Cyclic voltamogram of Complex 1

The single broad oxidation peak observed on the other hand may be assigned to
multiple close charge transfer oxidation processes with nearly similar potentials. These
hindered the observation of separate current peaks for each anodic process [36]. The
electrochemical processes are summarised in Scheme 4.2.

The large AE values for the three processes (230 mV, 950 mV and 420 mV)
suggest quasireversible electrochemical reactions, due to extensive structura

reorganisation upon reduction.

-0.07V -0.79V
[Cu(lCu(ll)] +——= [Cu(iNCu(l)] +——= [Cu(l)Cu(!)]
+0.16 V +0.16 V

ldissociation
[Cu(ID] + [Cu(D]

-0.26 V H +0.16 V

[Cu(h)]

Scheme 4.2 Electrochemical processes for Complex 1
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b) Ligand-exchange reaction

The ligand-exchange reaction [10] involved: (a) synthesis of the starting complexes
([Cux(p-HOCgH4COO) ]and [Cuy(CH3(CH2)14C00)4]); and (b) reacting the starting
complexes in a 1:1 mole ratio to form the corresponding mixed-carboxylates complex
with the expected chemical formula, [Cuy(p-HOCsH,COO),(CH3(CH2)14C00),]. These

reactions were expected to proceed according to Scheme 4.3.

4 p-HOC¢H,COOH 4 CH3(CH,)14,COOH
l 1
|
4 CH3(CH2)14COONa
l Il
v
[Cuz(p-HOCsH,COO),] [Cu(CH3(CH2)14C00) ]

|

2 [Cuy(p-HOCeH4COO)2(CH3(CH2)14C00) ]

Scheme 4.3 Ligand-exchange  reaction for the formation  of
[CUz(p'HOC6H4COO)2(CH3(CH2)14COO)2] (I) [CUQ(CH3C00)4], EtOH, A; (“) N32C03,
H,0, A; (111) CuCl,, EtOH, A; (IV) EtOH, pyridine, A

i) Structural elucidation [ Cuy(p-HOCgH,COO),]

The complex was obtained as a fine peacock-blue powder. Based on the following
analytical results, it is proposed to have the structura formula
([Cux(p-HOCgH4COO0)4].8H,0) (formula mass, 819.7 g mol™; Figure 4.12), which isas

expected. Thus, its percentage yield was 70.8 %.
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(H20 solvate molecules are not shown)

The results of elemental analyses (C, 40.70%; H, 3.73%) are in good agreement
with the calculated values for Cu,CagHzs020 (C, 41.03%; H, 4.43%).

Its FTIR spectrum (Figure 4.13) shows the presence of al of the expected
functional groups (Table 4.3). The A value is 176 cm™, in agreement with the presence

of bridging carboxylate group [23], and thus a binuclear complex.
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Figure4.13 FTIR spectrum of [Cu,(HOCsH,COO),].8H,0

Table4.3 FTIR data and assignment for [ Cuy(p-HOCH,COO),].8H,0

Wavenumber/cm™ Assignment
3445, 3203 -OH
1604 C=C (arométic)
1578 ~COO (Vagym)
1402 -COO (Vgym)
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The UV-vis spectrum of the complex dissolved in CH3COOH-CH3;OH (Figure
4.14) shows a broad band at 685 nm (gma= 220 M cm™) and a distinct shoulder on the

charge-transfer band at 362 nm (¢ = 58 M™*cm™). These support the proposed binuclear

square pyramidal structure [24-26].
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Figure4.14 UV-vis spectrum of [Cu,(p-HOCsH,COO)4].8H,0 (solution)

To summarise, the proposed structure is consistent with the empirical
formula CuCy4H18010 as suggested by the elemental analyses, bridging carboxylate

ligands as suggested from FTIR, and binuclear square pyramidal geometry at Cu(ll) as

suggested from UV -vis spectroscopy.

i)  Sructural eucidation of [ Cuy(CH3(CH3)14C00),]

The complex was obtained as a greenish-blue fine powder. Based on the following
analytical results, it is proposed to have the structural formula [Cuy(CH3(CH2)14C00),]

(formula mass 1148.8 g mol™; Figure 4.15), which is the expected product. Thus, its

percentage yield is 71.2%.
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Figure 4.15 Proposed structural formula of [Cux(CH3(CH>)14CO0)4]

The results of the elemental analyses (66.64% C; 11.63% H) are in good
agreement with the calculated values for Cu,CgsH12405 (66.91% C; 10.88% H).

Its FTIR spectrum (Figure 4.16) shows the presence of all of the functional
group expected to be present, as previously discussed. The value of A is 142 cm™?, in
agreement with the presence of bridging carboxylates group [23], and hence a dinuclear

complex.
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Figure 4.16 FTIR spectrum ot | Cu,(CH3(CH,)14,C0O0),]

The UV-vis spectrum of [Cuy(CH3(CH5)14C00)4] in CH3OH-CH3COOH (95:5)
(Figure 4.17) shows a broad d-d band at 700 nm (ma= 229 M™ cm™) and a distinct
shoulder on the charge-transfer band at 365 nm (€ = 59 M cm™). The results suggest a
binuclear square pyramidal [24-26] complex in solution, indicating axial ligation of the

solvent molecul es.
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Figure4.17 UV-vis spectrum of [Cu,(CHz(CH,)14,C00),] (solution)

To summarise, the proposed structure is consistent with the chemical
formula Cu,CgsH12405 as suggested by the elemental analyses, bridging carboxylate
ligands as suggested from FTIR, and binuclear square pyramidal geometry at Cu(ll) as

suggested from UV -vis spectroscopy.

iii) Structural elucidation of [ Cux(p-HOCsH4COO)2(CH3(CH2)14C00),]

The ligand-exchange reaction between [ Cuz(p-HOCgH,COO0),] and
[Cux(CH3(CH2)14C00),] formed a pale green fine powder (Complex 2). It was soluble
in CH30OH-CH3COOH (95:5), but insoluble in water and almost al common organic
solvents.
Based on the following analytical results, its proposed structural formula is

[ Cu(p-HOC6H4COO0)»(CH3(CH2)14C00)2(CH3(CHs) 14COOH)(H,0)].CH3CH,0H
(formulamass, 1232.6 g mol™; Figure 4.18). Thus, its yield was 64.8%.

The results of the elemental analyses (62.69% C and 10.74% H) are in good

agreement with the cal culated values for Cu,CgsH112014 (62.36% C and 9.16% H).

67



Figure 4.18 Proposed structural formula of Complex 2 (CH3CH,OH solvate is

not shown)

The FTIR spectrum (Figure 4.19) is distinctly different from its starting
complexes (Figure 4.13) and (Figure 4.15), and shows the presence of al of the

expected functional groups, as explained previoudly.
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Figure4.19 FTIR spectrum of Complex 2

As for Complex 1, the spectrum shows a strong and sharp peak a 1615 cm™,
assigned to the -C=O peak of CH3(CH.)14.COOH. The A vaue is 162 cm™, in

agreement with the proposed bridging carboxylate ligands [23].
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The UV-vis spectrum (Figure 4.20) of Complex 2, dissolved in CH3;OH-
CH3COOH, shows a broad d-d band at 700 nm (Ema= 229 M™ cm™) and a distinct
shoulder on the charge-transfer band at 362 nm (g = 59 M™* cm™). These gave support to

abinuclear complex with square pyramidal Cu(ll) centres [24-26], as discussed above.
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Figure 4.20 UV-vis spectrum of Complex 2 (solution)

To summarise, the proposed structure is consistent with the chemical
formula Cu,Cg4H112014 as suggested by the elemental analyses, bridging carboxylate
ligands as suggested from FTIR, and binuclear square pyramidal geometry at Cu(ll) as
suggested from UV -vis spectroscopy. It also shows a CH3(CH;)14COOH molecule and a

H2O molecule coordinated at the axial positions of copper(l1) centres (Figure 4.18).

iv) Thermal and mesogenic properties of Complex 2

The TGA (Figure 4.21) shows that Complex 2 is thermally stable up to around 230°C.
The initial gradual weight loss of 5.7% from 78°C to 230°C is assigned to the
evaporation of CH3CH,OH solvate and coordinated H,O (expected 5.2%). The complex
then decomposed by a multi-stage process with atotal weight loss of 79.9%, assigned to
the decomposition of axially-coordinated CH;(CH,)14,COOH and the carboxylate ligands,
to CO, and other volatiles [31] (expected, 84.5%).
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Figure4.21 Thermogram of Complex 2

The amount of residue at temperatures above 900°C is 14.3%. Assuming that it
was CuO, as has been suggested for many copper(l1) carboxylates [30,31], the estimated
formula mass of the complex, calculated using the gravimetry concept (Appendix 5), is
1111.1 g mol™ (expected, 1232.6 g mol™). Thus, the results from TGA and elemental
analyses are in fairly good agreement, and lend further support to the proposed
structural formula

The development of optical structure of the complex on heating is illustrated by
the sequence of OPM micrographs shown in Figure 4.22 (a-d). The pale green colour
of the complex remained unchanged until it started to melt at around 140°C, when its
colour changed to pale blue. This may be due to structural change from sguare
pyramidal to square planar due to the dissociation of the axially coordinated molecules.
On further heating, the liquid became less viscous and then cleared to an isotropic liquid
at 180°C. On cooling from the isotropic liquid phase, birefringence was observed at

84°C (Figure 4.22 (d)).
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Figure 422 OPM micrographs of Complex 2 on heating: (a) 25°C; (b) 140°C;
(€) 180°C; and (d) 84°C

The DSC curve of the complex (Figure 4.23) shows severa overlapping

endotherms. The assignments of these endotherms are given in Table 4.3.

12.0

11.5

Heat Flow (mW)
Endo up 11.0

30 50 100 150 200 250 300

Temperature (°C)

Figure4.23 DSC curve of Complex 2
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Table 4.4 DSC dataand assignment for Complex 2

Peak AH Assignment
Temperature (°C) (kJ mol™)

87 +11

101 +3 Evaporation of solvated CH;CH,OH and coordinated

117 +11 H.O

152 +77 Melting

179 +23 Dissociation of axially coordinated CH3(CH,)1,COOH
ligand and clearing of Complex 2

245 +35 Partial decomposition# of CH3(CH,)14,COOH

275 +31 Decomposition of CH3(CH,)14COO and p-
HOCH,4COO ligands

* Tear = 180°C (from OPM); and *T gecompose = 230°C (CH3(CH3)14COO ligand from TGA)

V)  Magnetic properties of Complex 2

The value of the effective magnetic moment, p«r at 298 K, calculated as before using
the values tabulated in Table 4.5, is 2.54 B.M. at 298 K. The calculated value is slightly
lower than the spin-only value for a dinuclear Cu(ll) complex for two unpaired
electrons (lgr= 2.83 B.M.). The corresponding -2J value is 80 cm™. The results indicate
a weak antiferromagnetic interaction between the two Cu(ll) centres. Most dinuclear
Cu(ll) carboxylates and its derivatives show antiferromagnetic interaction [34,35],
postulated to occur through the bridging carboxylate ligands (the super-exchange

pathway).

Table4.5 Thex valuesfor Complex 2 used for the calculation of gt

X Values
Xg 0.18 x 10°cm’g™*
Xm 221.87 x 10° cm®mol*?
Xdia -62.58 x 10° cm’mol ™
Xm 284.45 x 10° cm’mol™*
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It is noted that the magnetic properties of Complex 2 (weak antiferromagnetism)
contrasted with those of Complex 1 (weak ferromagnetism). The main difference
between the two complexes were the charge and the axial molecules. From this, it may
be deduced that the geometry at Cu(ll) for the former complex is more planar (less
distorted) compared to that of the latter complex.

Table 4.6 shows the pgs value for Complex 2 with those of its starting materials,
namely [Cux(p-HOCgH4COO)4] and [Cuy(CH3(CH>2)14C0O0)4]. The results shows that
the value of e for Complex 2 is intermediate between that of [Cu,(p-HOCsH,COO),]
(higher) and [Cuy(CH3(CH2)14C00),4] (lower). From this, it may be inferred that the
electronic communication between two copper(ll) centres is better through an
alkylcarboxylate ligand compared to an arylcarboxylate ligand. This may be due to the
fact that alkylcarboxylate ligands are stronger Lewis bases (better electron donors). As
a result, the Cu(ll) centres become less positive, which reduces the repulsion between

the two centres.

Table 4.6 The pg values (per Cu(ll)) of Complex 2 and its starting materials

Complex Mest/ (B.M )
Complex 2 1.80

[Cu(p-HOCeH,COO0),].5H,0 2.03 [34]

[Cu(CH3(CH,)12CO0)4] 1.45 [34]

vi) Redox properties of Complex 2

The cyclic voltammogram for Complex 2 was recorded cathodically from 0 V within
the potential window -1.6 V to +1.0 V (Figure 4.24). It shows three cathodic peaks at
-0.23, -047 and -1.25 V, and a single broad anodic peak a +0.43 V. The
electrochemical processes (Scheme 4.4; AE = 900 mV, 1680 mV, 660 mV) are similar

to those of Complex 1, and may be similarly explained.
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Figure4.24 Cyclic voltamogram of Complex 2

[Cu(IDCu(IN] 4% [Cu(IDCu(D] <:> [Cu(hCu(]
+0.43V +0.43V
ldissociation

[Cu(ID] + [Cu(D]

-047V H +0.43V

[Cu(h)]

Scheme 4.4 Electrochemical processes for Complex 2

It is noted that the initial reduction of Complex 2 occurs a a more negative
potential (-0.23 V) as compared to that of Complex 1 (-0.07 V). The easier reduction

for the latter complex may be due to its negative charge.

c) Carbonate-base-acid reaction

The carbonate-base-acid reaction was done according to the literature for complexes
with general formula [M,(RCOQ),] [37,38]. This method was chosen asit is considered
“clean” since the complex formed may be easily isolated from the by-products, which

are CO, gas and H0.
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In this method, a mixture of CuCOs3.Cu(OH),, p-HOCsH,COOH and
CH3(CH2)14COOH (mole ratio = 1:2:2) was heated in methanol for about one week, to
form complex with the expected chemical formula,
[Cuz(p-HOCgH4CO0),(CH3(CH>)14C0O0),]. These reactions were expected to proceed

according to Scheme 4.5.

CUCO;.Cu(OH), + 2 p-HOCgH,COOH + 2 CH4(CH,)14COOH
CH4OH

60°C
1 week

[Cuy(p-HOCH4COO),(CH3(CH,)14C0O0),] + CO, + 3H,0

Scheme 4.5 The carbonate-base-acid reaction for the formation of
Cuy(p-OCeH4CO0),(CH3(CH,)14CO0),]

It must be stated that the reaction was very slow and did not go to completion even

after reacting for one week.

i) Structural elucidation

The product isolated from the reaction was a greenish-blue powder. Based on the
following analytica results, it was found that the expected complex,
[Cux(p-HOCgH4COO0),(CH3(CH2)14C00),] was not formed. Instead, the isolated
product was [Cu,(CH3(CH3)14C0O0)4] (chemica formula, Cu,CesH1240g; formula mass
1148.8 g mol ™), as discussed below.

The results of CHN elemental analyses (C, 66.64% and H, 11.63% H) are in
good agreement with the calculated values (66.96% C and 10.81% H). Its FTIR (Figure
4.25), UV-vis (Figure 4.26) spectra are similar to those of [Cuy(CHs(CH2)14C00)4]

(Figure4.16, Figure 4.17).
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Figure 4.25 The FTIR spectrum of the product isolated

from the carbonate-base-acid reaction
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Figure 4.26 The UV-Vis spectrum of the product isolated

from the carbonate-base-acid reaction

As a conclusion, the methods suitable for the preparation of copper(ll) mixed

carboxylates,

namely

K2[ Cuz(p-OCeH4COO)2(CH3(CH2)14CO0)]

and

[Cuz(p-HOCgH4CO0),(CH3(CH,)14C0O0),] are the one-pot and ligand-exchange, but

not the carbonate-base-acid. However, the one-pot method was preferred as it was more

facile and the yield was higher than the ligand-exchange method.

76



41.2 [CUz(p-H 3NCGH4COO)2(CH 3(CH2)14COO)2] C|2

a) One-pot reaction

A facile one-pot reaction involving an equimolar ethanolic solution of CuCl.,,
p-HoNCgH,COOH and CH3(CH2)14COOH was expected to proceed according to
Scheme 4.6. The reaction involved self-assembly between Cu®* ion with those of

p-H2NCsH,COO and CH3(CH»)14COO ions generated in-situ by NHs.

2 CUC'Z +2 p-HzNC6H4COOH + 2 CH3(CH2)14COOH

Ethanol
Stir, gently heat (30 mins)

v
Greenish black solution

Cool to RT
NH3
Stir overnight at RT

v

[Cuy(p-HsNCsH4COO0),(CH3(CH,)14C00),] Cl,

Scheme 4.6 One-pot synthesis of [Cux(p-HsNCgH4COO),(CH3(CH,)14C00),] Cl,

The product obtained was a greenish blue powder (Complex 3), insoluble in
water and in almost all common organic solvents, but completely soluble in a mixture of

CH3OH-CH3COOH (95:5).

1) Structural elucidation

Based on the following analytical results, the proposed structural formula of the
complex is [Cux(p-H2NCgH4COO),(CH3(CH2)14C00),] .2H,0 (formula mass 946.2 g
mol™; Figure 4.27). Thus, its percentage yield is 73.2 %. Hence, it is not the expected

ionic complex, [Cuy(p-HsNCgH4COO),(CH3(CH2)14C00),] Clo.
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Figure 4.27 Proposed structure of Complex 3 (H,O solvate molecules
are not shown)

The results of the elemental analyses of the complex (C, 58.79%; H, 10.5%; N,
2.77%) are in good agreement with the calculated values for Cu,CssH7sN20O10
(C, 58.39%; H, 9.61%; N, 2.96%).

Its FTIR spectrum (Figure 4.28) is distinctly different from its starting materials
(Figure 4.16) and (Figure 4.29). It shows the presence of all of the expected functional
groups as shown in Table 4.7. The A value is 127 cm™, suggesting bridging

carboxylates, and thus a binuclear copper(11) complex.
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Figure4.28 FTIR spectrum of Complex 3
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Table4.7 FTIR data and assignment for Complex 3

Wavenumber/cm™ Assignment
3385, 3301 NH,
2913 CHz (Vagym)
2848 CH2 (Veym)
1597 C=C (aromatic)
1534 COO (Vaym)
1407 COO (Vgym)

The UV-vis spectrum of the complex in the solid state (Figure 4.30) shows a

broad d-d band at 665 nm and a distinct shoulder on the charge-transfer band at 442 nm.

These suggest a square planar binuclear Cu(ll) complex.
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Figure4.30 UV-vis spectrum of Complex 3 (solid)
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The UV-vis spectrum of the complex in solution (Figure 4.31) shows a broad
d-d band at 693 nm (Ema= 150 M cm™) and a distinct shoulder on the charge-transfer
band at 374 nm (g = 30 Mt cm™). The value support square pyramidal binuclear Cu(l1)
complex. The geometrical change may be due to the ligation of H,O molecules at the

axial position.
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Figure4.31 UV-visible spectrum of Complex 3 (solution)

To summarise, the proposed structure is consistent with the chemical
formula Cu,CyssH7sN2010 as suggested by the elementa analyses, bridging carboxylate
ligands as suggested from FTIR, and sguare planar geometry at Cu(ll) as suggested

from UV-vis spectroscopy.

i)  Molar conductance

The molar conductance of the complex in CH;OH-CH3;COOH (95:5) was 6 S cm™ at
25°C. Thus, it is a non-electrolyte, indicating that the dimeric structure remained intact

in these solvents, as was a so suggested from the UV -vis spectral result.

i) Thermal and mesogenic properties

The thermogram of the complex (Figure 4.32) indicates that it is thermally stable up to

around 250°C before it decomposed by a two-stage process. The initial weight loss of
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3.2% at around 100°C is assigned to loss of two solvated H,O molecules (expected,

3.8%). The total weight loss of 79.0% from 251°C to 600°C is assigned to the

decomposition of the carboxylate ligands (expected, 82.8%) to CO, and other volatiles.

The amount of residue at above 600°C was 17.3%.
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Figure 4.32 Thermogram of Complex 3

Assuming that the residue is CuO, the estimated formula mass of the complex,

calculated using the gravimetric concept as previously done, is 920 g mol™ (expected,

946.2 g mol™). Thus, the results from TGA and elementa analyses are in good

agreement, and further support the proposed structural formula.

The DSC curve of the complex (Figure 4.33) shows several overlapping

endotherms. The assignments of these endotherms are given in Table 4.8.
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Figure4.33 DSC curve of Complex 3
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Table 4.8 DSC data and assignment for Complex 3

Temperature AH Assignment

(°C) (kJmol™)
Evaporation of solvated H,O molecules

110 Melting of Complex 3 (breaking of the van der Waals forces

117 + 138 between the hexadecanoate ligands and breaking of

121 hydrogen bonds between the -NH, groups of p-
aminobenzoate ligands on adjacent dimer)

158 +16 Clearing of Complex 3

257 +103 Decomposition of CHz(CH,)1,COO ligand”

284 +9 Further decomposition of CH3(CH,)14COO ligand

i)  Magnetic properties

The value of e+, calculated as previously discussed using the values in Table 4.9, is

2.57 B.M. at 298 K, and the corresponding -2J value is 66 cm™.

Table4.9 They valuesfor Complex 3 used for the calculation of P

X Values
Xg 2.63x 10°cm’g™
Xm 248.54 x 10° cm’mol ™
Xdia -42.02 x 10° cm’mol ™
Xmo" 290.56 x 10° cm®mol ™

The Ut and -2J values of Complex 3 issimilar to those of Complex 2 (U« = 2.54
B.M, -2J = 80 cm™). This may be due to the similarity in their structures. The results
suggest that the functional groups —OH and -NH> do not have a significant effect on the

magnetic properties of these complexes.

iv)  Electrochemical properties

The CV for Complex 3 was recorded cathodically from O V within the potential

window -1.5V to +1.5V (Figure 4.34). It shows two cathodic peaks at -0.30 and -1.02
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V, and four anodic peaks at -0.07, 0.10, 0.14 and 0.82 V. The large AE values for the
two processes (1120 mV and 1160 mV) suggest quasi-reversible electrochemical

reactions, due to extensive structural reorganisation upon reduction.

...........

Figure 4.34 Cyclic voltammogram of Complex 3

The sharp anodic peak at -0.07 V provides evidence for Cu’ deposit on the
surface of the working electrode, while a small shoulder at around +0.2 V (normally
observed in the CV of the Cu®* salts at +0.1 V) [39], indicates the presence of Cu* ions
in solution. Both Cu metal and Cu® ion result from disproportionation of [Cu(l)Cu(l)].

The redox reactions are summarised in Scheme 4.7.

[Cu(IDCu(l]

-0.30v | +0.82V

\

[Cu(il)Cu(l)]

-1.02V ‘ +0.14V

\/
[Cu(hCu(b)]
‘ disproportionation

\l/ 010V 0.07V \l/

culll) <—— Cu(l) —— Cu(0)

Scheme 4.7 Electrochemical processes for Complex 3
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b) Ligand-exchange reaction

As discussed above, the ligand-exchange reaction involved several steps. The first step
was the synthesis of [Cu,(CH3(CH2)14C00),4] and [Cuy(p-H2NCgH4COO)4], and then
reacting the two complexes (1:1 mole ratio) to form complex with the expected
formula,[ Cuy(p-H2NCeH4COO),(CH3(CH2)14C00),]. These reactions were expected to

proceed according to Scheme 4.8.

4 p-H,NCsH,COOH 4 CH3(CH,)14,COOH
]
| v
4 CH3(CH2)14COON3.
Il
v v
[Cuy(p-HoNCsH4COO), [Cuz(CH3(CH2)14C00),]

v

2 [Cuy(p-H2NCeH,COO)(CH3(CH2)14C0O0),]

Scheme 4.8 The ligand-exchange reaction expected to form
CU2(p-H2NC6H4COO)2(CH3(CH2)14COO)2] (l) [CU2(CH3COO)4], EtOH, A,
(INDNax;COs3, H,0, A; (111) CuCly, EtOH, A; (1V) EtOH, pyridine, A

The complex was obtained as a greenish blue powder. Based on the following
analytical data, its proposed structural formula is [Cuy(CH3(CH2)14C00),]. Hence, the
expected [ Cuy(p-H2NCgH4COO),(CH3(CH2)14C0O0),] was not obtained from the reaction.

The results of CHN elemental analyses (C, 66.64% and H, 11.63% H) are in good
agreement with the calculated values for Cu,CgsH1240s (66.96% C and 10.81% H). Its
FTIR and UV-vis spectra (Figure 4.35 and Figure 4.36) are aso very similar to
[Cux(CH3(CH2)14C00),4] (Figure 4.16 and Figure 4.17, respectively). As such, this

complex was not further analysed as it was not the intended product.
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Figure 4.35 The FTIR spectrum of the product isolated
from the ligand-exchange reaction
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Figure 4.36 The UV-vis spectrum of the product isolated
from the ligand-exchange reaction

c) Carbonate-acid-base reaction

As before, the carbonate-acid-base reaction involving a mixture of CuCO;.Cu(OH)s,,
p-H2NCgH4COOH and CH3(CH2)14COOH (mole ratio = 1:2:2) was expected to form,

[ Cuz(p-H2NCH4COO)(CH3(CH2)14C00),]. These reactions were expected to proceed

according to Scheme 4.9.
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CUCO3.CU(OH)2 + 2 p-HoNCgH4COOH + 2 CH3(CH2)14COOH
CH;OH

60°C
1 week

[CUz(p-HzNC6H4COO)2(CH3(CH2)]_4COO)2] + CO, + 3H,0

Scheme 4.9 The carbonate-acid-base reaction for the formation of
[Cuz(p-HaNCsH4COO)o( CH3(CH2)14C00) ]

The product isolated from the reaction was a greenish blue powder. Based on the
following analytical results, its proposed chemica formulais [Cuy(CH3(CH2)14C00)4],
and not the expected complex, [Cuz(p-H.NCsH4COO),(CH3(CH2)14CO0),].

The results of CHN elemental analyses of the intermediate complex (C, 66.64%
and H, 11.63% H) are in good agreement with the calculated values for Cu,CgsH12408
(66.96% C and 10.81% H). Its FTIR and UV-Vis spectra (Figure 4.37 and Figur e 4.38)
are also similar to [ Cuy(CH3(CH2)14C00),] (Figure 4.16 and Figure 4.17 respectively).

As such, this complex was not further analysed as it was not the intended product.
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Figure 4.37 The FTIR spectrum of the product isolated

from the carbonate-base-acid reaction
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Figure 4.38 The UV-Vis spectrum of the product isolated
from the carbonate-base-acid reaction

To summarise, the one-pot reaction is suitable for the preparation of the mixed
carboxylate, [Cua(p-H2NCgH4COO),(CH3(CH2)14C0O0),], but not the corresponding
ionic complex, [Cuz(p-H3NCgH4COO),(CH3(CH5)14C0O0),] Cl,. On the other hand, both

the ligand-exchange and carbonate-base-acid reactions were not suitable methods for

the preparation of the complex.

4.2  COPPER(Il) MIXED CARBOXYLATESOF LOWER SYMMETRY

As stated earlier, the strategies that may be adopted to reduce the melting temperatures
of ionic complexes to less than 100°C, so as to meet the definition of ionic liquids, are
use of: (a) carboxylate ions with long, preferably branched, hydrocarbon chain,(b) non-
planar large counterions, and (c) mixed ligands to reduce the molecular symmetry.

Thus, the next phase of this research was to prepare and characterise lower
symmetry anionic copper(ll) complex (K[Cux(p-OCsH4COO)(CH3(CH,)14C0O0)3)),
[Cuz(p-HOCgH4COO)(CH3(CH2)14C0O0)5], and  cationic  copper(ll)  complex

([Cuz(p-H3NCsH4COO)(CH3(CH2)14CO0)5] Cl).
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421 K [CUz(p-OC6H4COO)(CH 3(CH 2)14000)3]

a) One-pot synthesis

The reaction between [ Cu(CH3COO);], p-HOCsH4COOH and CH3(CH>)14COOH (mole
ratio = 2:1:3) was fast, facile, and proceeded as expected according to Scheme 4.1. The
product was a fine turquoise blue powder, soluble in a mixture of CH3;OH-CH3;COOH

(95:5), but insoluble in water and almost all other common organic solvents.

i. Sructural elucidation

Based on the following analytical results, it is proposed that the structura formula of the
product is K[Cuy(p-OCsH,COO)(CH3(CH,)14C0O0)3] (Complex 4 ; formula mass,

1068.5 g mol™; Figure 4.39). Thus, its yield was 66.9 %.

Figure 4.39 Proposed structure of Complex 4 (K™ ion is not shown)

The results of elemental analyses (C, 61.42%; H, 10.37%) are in good agreement
with the calculated values for KCu,CssHg70g (C, 61.86%; H, 9.09%).

The FTIR spectrum (Figure 4.40) is distinctly different from the reactants,
CH3(CH2)14COOH (Figure 4.3) and p-HOC¢H,COOH (Figure 4.4), indicating a
reaction occurred between the two materias. It also shows the presence of the expected
functional groups as previously discussed. The A value of 174 cm™ isin agreement with

bridging carboxylate groups.
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Figure4.40 FTIR spectrum of Complex 4

The UV-vis spectrum of Complex 4 in the solid state (Figur e 4.41) shows a broad
d-d band at 664 nm and a distinct shoulder on the charge-transfer band at 495 nm. This

suggests a square planar binuclear Cu(ll) complex.
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Figure4.41 UV-vis spectrum of Complex 4 (solid)

The UV-vis spectrum of the complex dissolved in CH30OH-CH3;COOH (95:5)
(Figure 4.42) shows a broad d-d band at 700 nm (gma = 229 M cm™) and a distinct
shoulder on the charge-transfer band at 362 nm (¢ = 59 M™ cm™). The values support
square pyramidal binuclear Cu(ll) complex. The geometrical change may be due to the

ligation of solvent molecule at the axial position.
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Figure4.42 UV-vis spectrum of Complex 4 (solution)

To summarise, the proposed structure for Complex 4 is consistent with
the chemical formula KCu,CssHg7Og9 as suggested by the elemental analyses, bridging
carboxylate ligands as suggested from FTIR, and binuclear square planar geometry at

Cu(ll) as suggested from UV-vis spectroscopy (Figure 4.39).

ii. Thermal and mesogenic properties

The thermogram of Complex 4 (Figure 4.43) shows that it is thermally stable up to
around 244°C. Thus, it is significantly less thermally stable than Complex 1
(K2[ Cu(p-OCeH4CO0)(CH3(CH2)14C00),]). This is expected since Complex 4 has a
less symmetrical structure and does not have the resonance effect as Complex 1.

The complex then decomposed by a two-stage process with total weight 1oss of
82.0% (expected 84.4%). The amount of residue at temperatures above 550°C to 900°C
IS 18.0%. Assuming that it is K,O and CuO, the estimated formula mass of Complex 4,
caculated, using the gravimetry concept (Appendix 6), is 1111.1 g mol™ (expected
1067.0 g mol™). Thus, the results from TGA and elemental analyses are in good

agreement, and lend further support for the proposed structural formula.
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Figure4.43 TGA of Complex 4

The DSC curve of Complex 4 (Figure 4.44) shows severa overlapping

endotherms. The assignments of these endotherms are given in Table 4.10.
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Figure 4.44 DSC of Complex 4

Thus as expected, the melting and clearing temperatures for Complex 4,

(K[Cug(p-OCsH4COO)(CH3(CH2)14C00)3]) (1450C; 167°C respectively), are

significantly lower than Complex 1 (K[ Cux(p-OCsH4COO),(CH3(CH2)14C0O0),],

which did not melt or clear upon decomposition (T gec = 424°C).
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Table4.10 DSC data and assignment for Complex 4

Temperature (°C) AH*/ kJ mol™ Assignment
onset peak
61 64 +9 Melting of “freed” CH3(CH,)14COOH (mp =
64°C)
94 101 +65 Crystal-to-crystal transition
108 110 +8 Breaking of intramolecular H-bonds
118 121 +27 Crystal-to-crystal transition
145 154 +46 Melting of Complex 4
167 193 +80 Clearing of Complex 4
209 242 +128 Evaporation of “freed” CH3(CH,)14,COOH (bp =
214-217°C)
267 285 +85 Decomposition of Complex 4

*The AH value for each endotherm cannot be accurately computed due to overlapping peaks

iii.  Magnetic properties

The pet value, calculated as before using datain Table 4.11,is2.38 B.M. at 298 K, and

the corresponding -2J value is 156 cm™. The results indicate strong antiferromagnetic

interactions between the two Cu(l1) centres.

Table4.11 The) valuesfor Complex 4 used for the calculation of

X Values
Xg 1.81 x 10°cm’g™
Xm 193.13 x 10° cm’mol™*
Xdia -56.75 x 10° cm’mol ™
Xm 249.88 x 10° cm’mol™*

The result is due to the presence of more akylcarboxylate ligands in Complex 4,

consistent with the above deduction that an akylcarboxylate ligand is a better

superexchange pathway compared to an arylcarboxylate ligand.
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iv. Redox properties

The cyclic voltammogram for Complex 4 was recorded cathodically from 0 V within
the potential window -1.5V to +1.0 V (Figure 4.45). It shows three cathodic peaks at -
0.18V,-0.29 V and -1.0 V, and a broad overlapping anodic peak at +0.22 V and +0.42
V.The electrochemical processes (Scheme 4.10; AE = 600 mV, 1200 mV, 510 mV) are

similar to those of previous complexes, and may be similarly explained.

L5E-04

LOE-04

- LOE-04

Figure4.45 Cyclic voltammogram of Complex 4

[cutncun] ==Y [cugncu()] === [cu()cu()]
+0.42V +0.2V

ldissociation
Cu(ll) + Cu(l)

-0.29V l[ +0.22V

2 Cu(l)

Scheme 4.10 Electrochemical processes of Complex 4

b) Ligand-exchange reaction
The ligand-exchange reaction involved reacting [Cux(p-HOCgH,COO),] with
[Cux(CH3(CH2)14C00),4] in a 1:3 mole ratio, to form complex with the expected

chemical formula, [ Cu,(p-HOCsH4COO)(CH3(CH>)14C0O0)3].
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It is envisoned that during the reaction, the dinuclear homocarboxylates
dissociated, and then reassembled to form the desired mixed carboxylates. The reaction
was facilitated by pyridine molecules, which formed strong coordinate bond with Cu(ll)
at the axial positions of these complexes, and hence weaken the equatorial coordinate
bonds.

The product (Complex 5) was obtained as a greenish blue powder, soluble in a
mixture of CH3;OH-CH3COOH (95:5), but insoluble in water and almost al other

common organic solvents.

1)  Structural elucidation
Based on the following analytical results, it is proposed that the structural formula of the
greenish-blue powder is [Cuy(p-HOCgH,COO)(CH3(CH2)14C0O0)3(CH3CHL,0OH),]

(Complex 5; formulamass, 1122.6 g mol™; Figure 4.46). Thus, itsyield was 80.5 %.

Figure4.46 Proposed structure of Complex 5

The results of the elemental analyses (C, 63.53%; H, 10.50%) are in good
agreement with the cal culated values for Cu,CsgH110011 (C, 63.15%%; H, 9.88%).

The FTIR spectrum (Figure 4.47) is digtinctly different from the reactants,
[Cuy(p-HOCH4COO)s] and [Cun(CH3(CH,)14COO)s (Figure 4.13 and 4.16
respectively), indicating a reaction occurred between the two materials. It also shows

the presence of the expected functional groups as previously discussed. The Aoco value
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of 171 cm™ is in agreement with the presence of carboxylate group bridging the two

copper(11) ions, and hence a binuclear complex.
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Figure 4.47 FTIR spectrum of Complex 5

The UV-vis spectrum of Complex 5 in the solid state (Figure 4.48) shows a
broad d-d band at 691 nm and a distinct shoulder on the charge-transfer band at 377 nm.
This suggests a square pyramidal binuclear Cu(ll) complex. Thisis in good agreement

with the ligation of ethanol molecules at the axial positions.
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Figure 4.48 UV-vis spectrum of Complex 5 (solid)

The UV-vis spectrum of the complex dissolved in CH30OH-CH3COOH (95:5)
(Figure 4.49) shows a broad d-d band at 706 nm (gma = 203 M cm™) and a distinct
shoulder on the strong charge-transfer band at 367 nm (g = 55 M™* cm™). The result

suggests that the geometry of the complex remained intact in these solvents.
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Figure4.49 UV-vis spectrum of Complex 5 (solution)

To summarise, the proposed structure for Complex 5 (Figure 4.46) is consistent
with thechemical formula Cu,CsgH1100118s suggested by the elemental analyses,
bridging carboxylate ligands as suggested from FTIR, and binuclear square pyramidal
geometry at Cu(ll) as suggested from UV-vis spectroscopy. It also shows two

CH3CH,OH molecules coordinated at the axial positions of the copper(Il) centres.

i) Thermal and mesogenic properties

The thermogram of Complex 5 (Figure 4.50) shows that it is thermally stable up to
around 241°C. Thus, its thermal stability was slightly higher than other copper(ll)
homocarboxylates reported in the literature. Most copper(ll) carboxylates were reported
to be thermally stable up to about 220°C.

The thermogram also shows an initial weight loss of 8.5% at 84°C, assigned to
the evaporation of two CH3;CH,OH molecules (expected 8.2%). The complex then
decomposed by a two-stage process with total weight loss of 77.0%, assigned to the
decomposition of the carboxylate ligands to CO, and other volatiles (expected 80.5%).

The amount of residue at temperatures above 850°C was 14.2%. Assuming that it
was CuO, the estimated formula mass of Complex 5, calculated as previously done
using the gravimetry concept, is 1124 g mol™ (expected 1121 g mol™). Thus, the results
from TGA and elemental analyses are in good agreement, and lend further support for

the proposed structural formula
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Figure4.50 Thermogram of Complex 5

The development of optical structure of Complex 5 on heating isillustrated by the
sequence of OPM photographs as shown in Figure 4.51 (a-f). The complex was a
greenish-blue powder before heating, and the colour remained the same when it started
to melt at about 94°C. On further heating, the complex cleared at 147°C to an isotropic
liquid. On further heating to 217°C, which is below its decomposition temperature
(241°C from the TGA), the liquid became less viscous and the colour changed to paler
blue. Thus, the isotropic temperature range is 70°C, which is surprisingly large, and
contrasts with other copper(ll) carboxylates, reported to either have lower
decomposition temperatures than the clearing temperatures [Godquin], or immediately
decomposed upon clearing.

On cooling from an isotropic liquid phase to room temperature, it was observed
that a mesophase began to developed at 195°C (Figure 4.52(a)). From the optical
texture, the mesophase of the complex may be said to be smectic. On further cooling to
98°C, it developed into a more ordered columnar hexagonal mesophase, which accounts
for the brighter birefringence (Figure 4.52(b)). This mesophase remain unchanged on

further cooling to room temperature.

97



(c) (d)
Figure 451 OPM of Complex 5 on heating: (a) 147°C; (b) 161C; (c) 208°C;
and (d) 217°C

@ (b)

Figure 452 OPM of Complex 5 on cooling from the isotropic liquid
phase: (a) 195°C; (b) 98°C

The DSC curve of Complex 5 (Figure 4.53) shows several overlapping

endotherms. The assignments of these endotherms are givenin Table 4.12.
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Figure4.53 DSC curve of Complex 5

From the result, the melting temperature of Complex 5 is lower than Complex 2
([Cuz(p-HOCH4COO)2(CH3(CH2)14C0O0)2)(CH3(CH2)14CO0H) (H20)].CH3CH,0H);
Tmating = 139°C). This is as expected as Complex 5 is less symmetrical, and thus less

efficient packing in the solid state.

Table4.12 DSC data and assignment for Complex 5

Temperature (°C) AH Assignment
(kJ mol™)
onset peak
o1 96 + 77 Concurrent evaporation of two CH;CH,OH

molecules (from TGA) and melting (from OPM).

113 118 +55 Breaking of interdimeric H-bond involving p-
HOCsH,00 ligands, and van der Waals
involving CH3(CH,)1,COO0 ligands.

140 174 +36 T e = 147°C (from OPM)

215 250 +138 Complex 5 fully cleared; and decomposition of
CH3(CH,)14CO0 ligands (241°C from TGA).

276 289 +40 Further decomposition of CH3(CH,),COO
ligands.

1) Magnetic properties
The pgt value, calculated as before using the datain Table 4.13,is 1.87 B.M. at 298 K,
and the corresponding -2J value is 346 cm™*. The results indicate a very strong

antiferromagnetic interactions between the two Cu(ll) centres.
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Table4.13 Thex valuesfor Complex 5 used for the calculation of P

X value
Xg 830x 10" cm’g™
Xm 93.18 x 10°cm’mol ™
Xdia -65.28 x 10° cm® mol ™
Xmo 158.46 x 10°cm® mol ™

It is noted that the magnetic interaction is significantly stronger than the
corresponding ionic complex, Complex 4 (K[Cux(p-OCsH4COO)(CH3(CH2)14C0O0)3];
et = 2.38 B.M.; 2J = 156 cm™®). From this, it may be deduced that magnetic interaction
is stronger in neutral copper(ll) mixed-carboxylates complexes compared to charged

complexes. Thisis consistent with earlier observations (refer to Complex 1).
iv. Redox properties

The CV for Complex 5 was recorded cathodically from O V within the potentia
window -1.5V to +1.0 V (Figure 4.54). It shows three reduction peaks at -0.26 V, -0.42
V and -1.22 V, and two overlapping anodic peaks at +0.40 V, and +0.47 V. The
electrochemical processes (Scheme 4.11; AE = 890 mV, 1620 mV and 660 mV) are

similar to those of previous complexes, and may be similarly explained.
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Figure4.54 Cylic voltammogram of Complex 5
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Scheme 4.11 Electrochemical processes for Complex 5

4.2.2 One-pot synthesis of [Cux(p-H3sNCgH4COO)(CH3(CH2)14C0O0);]ClI

The reaction between CuCl,, p-Ho,NCgH,COOH and CH3(CH3)14COOH (mole ratio =
2:1:3) was fast, facile, and proceeded as expected according to Scheme 4.6. Similarly,
the reaction involved self-assembly between Cu® ion with those of p-H,NCgH4,COO
and CH3(CH;)14COQO" ions generated in-situ by NH3. The product obtained was a fine
light blue powder, soluble in a mixture of CH30OH-CH3;COOH (95:5), but insoluble in

water and amost all other common organic solvents.

i. Sructural elucidation

Based on the following analytical results, the proposed structural formula of the
complex formed is [Cux(p-H2NCgH4COO)o(CH3(CH2)14C0O0),(CH3CHL0OH)(H.0)].
The complex formed is very similar to Complex 3
[Cup(p-H2NCeH4COO0),(CH3(CH)14C00)2(H20);]  (Section  4.1.2.a), the only
difference being only in the solvate molecules..

The results of elemental analyses (C, 59.70%; H, 9.69%; N, 2.53%) are in good
agreement with the calculated values for Cu,CssH7sN2Og (C, 59.17%; H, 8.48%; N,

2.88%). Its FTIR (Figure 4.55) and UV-vis spectrum (solution) (Figure 4.56) and are
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very similar to that of [Cuz(p-H2NCgH4COO)o(CH3(CH2)14C0O0)2(H20),], Complex 3

(Figure4.28 and 4.31) respectively.
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Figure4.55 The FTIR spectrum
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Figure4.56 The UV-vis spectrum (solution)

To summarise, K[Cuy(p-OCsH,COO)(CH3(CH5)14CO0)3] (anionic copper(ll)
mixed carboxylates) and [Cuy(p-HOCgH,COO)(CH3(CH,)14C0O0)3] were successfully
prepared using the one-pot and ligand-exchange reactions, respectively. However,
[Cuz(p-H3sNCH4COO)(CH3(CH2)14C0O0)3] Cl (cationic copper(ll) mixed carboxylates)

was unsuccessfully prepared using the one-pot reaction.
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43 LOW SYMMETRY COPPER(Il) MIXED CARBOXYLATES WITH
SHORTER ALKYL CHAINS

The main objective of this part of the research was to prepare complexes with melting
points lower than [Cuy(p-HOCgH4COO)(CH3(CH2)14C00)3] (Section 4.2). The
complexes chosen have the general formula [Cu,(p-HOCsH4COO)(CH3(CH>),CO0)3]
(n =10, 8, 6), and the synthetic method used was ligand exchange. The reactions were
expected to proceed according to Scheme 4.3, where the ratio of aromatic to aliphatic
ligands was changed from 2:2 to 1:3. All complexes were analysed as previously

discussed.

431 [Cux(p-HOCsH4COO)(CH3(CH2)10CO0)4]
a) Synthesisand structural elucidation
The ligand-exchange reaction involved reacting [ Cu,(p-HOCgH4COO),4] (Section 4.1.1)
with [Cux(CH3(CH2)10C0O0)4]. The latter complex was obtained as a greenish blue
powder from the reaction of CuCl, with CHj3(CH,);0COONa. The results of the
elemental analyses (C, 58.93%; H, 9.88%) are in good agreement with the calculated
values for Cu,CagHosO11 (C, 58.93%; H, 10.10%).

Its FTIR spectrum (Figure 4.57) shows the presence of all of the functional
groups expected to be present, as previously discussed. The Aoco value of 144 cm™

suggests a bridging carboxylate group.
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Figure4.57 FTIR spectrum of [Cuy(CH3(CH3)10CO0Q,]
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Its UV-vis spectrum in the solid state (Figure 4.58) shows a broad d-d band at

708 nm and a distinct shoulder on the charge-transfer band at 383 nm. These suggest a
square pyramidal binuclear Cu(ll) complex.

Abs.

N,
| / I
S.000- il"‘

0316

300.00 400.60

1 . 1
500.00 300.00 1000.20
.

Figure 4.58 UV-visible spectrum of [Cu,(CH3(CH,)1,C00),] (solid)

Hence, the proposed structura formula of the complex s
[ Cux(CH3(CH2)10C00)4].3H,0; (formula mass, 978.4 g mol™) which is similar to that

proposed for [Cup(CH3(CH,)14C0O0)4 (Figure 4.15; Section 4.1.1). Thus,

its
percentage yield is 90.8 %.

The product obtained from the above reaction was a greenish blue powder

(Complex 6), soluble in a mixture of CH30OH-CH3COOH (95:5) and CH3OH-THF

(1:1), but insoluble in H,O and almost all other common organic solvents.

Based on the following analytical results, its proposed structural formula is

[ Cuy(p-HOCsH4COO)(CH3(CH-)10C00)3] .H-O (formula mass, 880.1 g mol™). This is

similar to that proposed for [Cux(p-HOCsH4COO)(CH3(CH2)14C0O0)3(CH3CH,0OH),]

(Complex 5; n = 14; Figure 4.46; Section 4.2.1). Thus, itsyield was 82.0 %.

The results of the elemental analyses (C, 58.78 % and H, 9.28%) are in good

agreement with the calculated values for Cu,Cs3H76010 (C, 58.68% and H, 8.70%).

Its FTIR spectrum (Figure 4.59) is distinctly different from its starting

complexes (Figure 4.13) and (Figure 4.57), and shows the presence of al of the
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expected functional groups, as discussed previously. The Aoco vaue of 160 cm™

suggests bridging carboxylate groups.
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Figure4.59 FTIR spectrum of Complex 6

Its UV-vis spectrum in the solid state (Figure 4.60) shows a broad d-d band at

676 nm and a distinct shoulder on the charge-transfer band at 380 nm. These suggest a

square planar binuclear Cu(ll) complex
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Figure4.60 UV-vis spectrum of Complex 6 (solid)
The UV-vis spectrum in solution (Figure 4.61) shows a broad d-d band at 701
M (Emax = 213 M*cm™) and a distinct shoulder on the charge-transfer band at 365 nm

(e = 56 M'em™). These indicate that its binuclear square planar structure was

maintained in solution.
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Figure4.61 UV-vis spectrum of Complex 6 (solution)

b) Thermal and mesogenic properties

The thermogram (Figur e 4.62) shows that Complex 6 (n = 10) isthermally stable up to

207°C, which is lower than Complex 5 (n = 14; Tge = 241°C). The results seem to

suggest that the complex with a shorter chain akylcarboxylate ligand has a lower

thermal stability.

The thermogram also shows a gradual weight loss of 3.1% at about 100°C,

assigned to the evaporation of H,O solvate (expected, 2.1%). The complex then

decomposed by a two-stage process with total weight loss of 81.8%, assigned to the

decomposition of carboxylate ligands to CO, and other volatiles (expected, 83.5%).
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Figure4.62 Thermogram of Complex 6
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The amount of residue at temperatures above 800°C cannot be deduced from the
thermogram as there is no plateau in the thermogram. Hence, the formula mass of
Complex 6 cannot be estimated as previously done using the gravimetry.

The development of optical structure of Complex 6 on heating isillustrated by the
sequence of OPM photographs as shown in Figure 4.63. The complex was a greenish
blue powder before heating, and started to melt and clear at about 107°C and 152°C

(Figure 4.63 (a) and (b)) respectively.

(b)

Figure 4.63 Optical structure of Complex 6 on heating at (a) 107°C; and (b) 152°C.

On cooling from the isotropic liquid phase, birefringence was observed at 78°C
(Figure 4.64 (b). This suggests metallomesogenic properties. However, the type of the

mesophase cannot be deduced with certainty from OPM.

Figure 4.64 Optical structure of Complex 6 on cooling at (a) 161°C; and (b) 78°C

107



The DSC (Figure 4.65) shows severa overlapping endotherms. The assignments

of these endotherms are given in Table 4.14.
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Figure4.65 DSC curve of Complex 6

It is to be noted that Complex 6 (n = 10) melted at a higher temperature (107°C)

compared to Complex 5 (n = 14; Tating = 96°C).

Table 4.14 DSC data and assignment for Complex 6

Temperature AH Assignment
(°C) (kJ mol™)
115 (peak) +39 Concurrent evaporation of H,O solvate and melting
~ 140 (onset) -- Clearing
200 (onset) Decomposition of CHj3(CH,);0COO and p-HOCH,COO
258 (peak) *28 | Jigands*

-- Cannot be determined accurately; * Tyea = 152°C from OPM; and #T gecom = 207°C from TGA

c)  Magnetic properties

The value of pg; , calculated for Complex 6 using the tabulated data (Table 4.15) as
previously discussed, is 2.02 B.M. at 298K. The corresponding -2J value is 294 cm™.
The results indicate strong antiferromagnetic interactions between the two Cu(ll)

centres.
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Table4.15 The ) valuesfor Complex 6 used for the calculation of s

X value
Xg 1.56 x 10° cmg™
Xm 137.30x 10° cm®mol ™
Xdia -45.61 x 10°cm’mol ™
Xm o 182.91 x 10°5 cm® mol™*

It is noted that Complex 6 (n = 10) has similar magnetic interaction with that of
Complex 5 (n = 14; pgr = 1.87 B.M.; -2J = 346 cm™). From the results, it may be
suggested that further reduction in the length of the alkyl chain has insignificant effect

on the magnetic properties of such complexes.

d) Redox properties

The cyclic voltammogram for Complex 6 was similarly recorded as for the other
complexes (Figure 4.66). It shows three cathodic peaks at -0.13, -0.26 and -0.84 V,
two broad overlapping anodic peaks at +0.16 and +0.22 V, and a small anodic peak at
+1.03 V. The electrochemical processes (Scheme 4.12 ; AE = 1160 mV, 1060 mV and

420 mV) are similar to those of previous complexes, and may be similarly explained.
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Figure4.66 Cyclic Voltammogram of Complex 6
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-0.13V -0.84V
[Cu(ilCu(ll)] &—— [Cu(ihCu(l)] &——— [Cu(l)Cu(!)]
+1.03V +0.22V

l dissociation

[Cu(ID] + [Cu(]

-0.26 vV H +0.16 V

[Cu(h)]

Scheme 4.12 Electrochemical processes for Complex 6

It is interesting to note that the initial reduction process of Complex 6 (n = 10;
-0.13 V) occurred at alower potential compared to that of Complex 5 (n = 14; -0.26 V).
This indicates a more distorted geometry at Cu(ll) in the former complex, possibly
arising from the weaker CH3(CH,);0COO-Cu coordinate bond, as suggested from the

magnetic result.

4.3.2 [Cuz(p-HOCH4COO)(CH3(CH2)sCOO)3]
a) Synthesis and structural elucidation

[Cuz(p-HOCgH4COO)(CH3(CH,)sCOO0O)3] (n = 8; Complex 7) was similarly synthesised
as for Complex 6 (n = 10), using [Cux(p-HOCgH,COO)4 (Section 4.1.1) and
[Cux(CH3(CH2)sCOO0)4] (formulamass, 812.1 g mol™; yield 99.3 %).

The structural formula of the latter complex (starting material, greenish blue
powder) agrees with the results of elemental analyses (found: C, 58.59%; H, 9.69%;
calculated for CuyCyoH760s: C, 59.16%; H, 9.43%); FTIR (Figure 4.67; Aoco = 157

cmY), and UV-vis (Figur e 4.68; Ana = 700 nm, 373 nm (shoulder)).

110



95

85

75

%T

65

55

45

35

4000 3200 2400 1800 1400 1000 600
1
cm

Figure4.67 FTIR spectrum of [Cu,(CH3(CH,)sCOO0)4]
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Figure 4.68 UV-visible spectrum of [Cu,(CH3(CH,)sCOO),] (solid)

Its structure was confirmed when peacock-blue crystals formed in CH3;OH: THF
(1:1) after a week standing at room temperature. The crystal with dimensions 0.20 x
0.08 x 0.05 mm) was solved by direct methods and refined by full matrix least squarein
F2 in the centrosymmetric space group P-1. The ORTEP presentation and the packing

pattern of the crystals is shown in Figure 4.69 and 4.70 respectively, and the data is

shown as Appendix 7.
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Figure4.69 An ORTEP presentation of [Cu,(CH3(CH,)sCOO),]

Figure 4.70 The packing pattern of the peacock-blue crystal of
[Cu(CH3(CH,)sCO0),]

The FTIR spectrum of the crystal (Figure 4.71) shows the presence of al of the
expected functional groups as previously discussed, and Aoco value is 174 cm™. The

spectrum is similar to that of greenish blue powder.
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Figure4.71 FTIR of peacock-blue crystals
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The product obtained from the above reaction was a blue powder (Complex 7; n

= 8). Its solubility was similar to that of Complex 6 (n = 10).

Based on the results of elemental analyses (found: C, 56.91%; H, 8.63%;

calculated for Cu,CagHgsO10: C, 56.84%; H, 8.32% H), FTIR (Figure 4.72; Aoco = 167

cm), and UV-vis (solid: Figure 4.73; Ama = 676 nm, 378 nm (shoulder); solution:

Figure 4.74; Ama = 700 nM (Ema= 218 M cm™), 363 nm (shoulder; € = 55 M cm™).

Its proposed structural formula, [Cuy(p-HOCgH4COO)(CH3(CH2)sCOO)3].CH3CH,OH,

(formula mass, 8240 g mol™

is very smilar to that of

Complex 6

[ Cuz(p-HOCH4COO)(CH3(CH2)10C0O0)3].H20, the only difference being only in the

solvate molecules. Thus, itsyield was 81.9 %.
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Figure 4.72 FTIR spectrum of Complex 7
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Figure4.74 UV-vis spectrum of Complex 7 (solution)

b) Thermal and metallomesogenic properties

The thermogram (Figure 4.75) shows that Complex 7 (n = 8) was thermally stable up
to 201°C. Thisis similar to that of Complex 6 (n = 10; Tge = 207°C). The results seem
to suggest that further reduction in the alkyl chain length has insignificant effect on the

thermal stability of such complexes.

The thermogram also shows a weight loss of 5.1% at 80°C, assigned to the
evaporation of CH3CH,OH molecule (expected 5.6%). The complex then decomposed

by atwo-stage process, with atotal weight loss of 73.4%, assigned to the decomposition

of the carboxylate ligands to CO, and other volatiles (expected 79.0%).
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The amount of residue at temperatures above 600°C is 21.1%. Assuming that it
was CuO, the estimated formula mass for the complex, calculated as previously done
using the gravimetry concept, is 757 g mol™ (expected, 824 g mol™). Thus, the results
from TGA and elemental analyses are fairly in good agreement, and lend further support

for the proposed structural formula.
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Figure4.75 Thermogram of Complex 7

The development of optical structure of Complex 7 (n=8) on heating isillustrated
by the sequence of photographs shown in Figure 4.76. The complex was a bluish green
powder before heating, and started to melt and then to clear at around 155°C and 220°C

respectively.

(b)

Figure4.76 Optical structure of Complex 6 on heating at (a) 110°C; and (b) 145°C
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On cooling from the isotropic liquid phase, birefringence was initially observed at
70°C (Figure 4.77 (a)) with layered structure. Upon further cooling to room
temperature, the birefringence became stronger and remain unchanged. This suggests

metallomesogenic properties. However, the type of the mesophase cannot be deduced

with certainty from OPM.

@ (b) (©

Figure 4.77 Optical structure of Complex 7 on cooling at: (a) 70°C; (b) 51°C and (c) 31°C

The DSC curve of the complex (Figure 4.78) shows severa overlapping

endotherms. The assignments of these endotherms are given in Table 4.16.
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Figure4.78 DSC curve of Complex 7
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Table4.16 DSC dataand assignment for Complex 7

Temperature AH Assignment
(°C) (kJ mol™)
107 (peak) +33 Concurrent evaporation of CH;CH,OH and melting of
Complex 7
140 (onset) - Clearing
216 (peak) +28 Decomposition of CH3(CH,)sCOO and p-HOCH,COO
236 (peak) ligands#

-- cannot be determined accurately; * Tyer = 145°C from OPM; and *Tge. = 201°C from TGA

It is interesting to note the following trend in the melting temperatures:
Complex 5 (n = 14; Tmeiting = 96°C), < Complex 6 (n = 10; Tating = 115°C) > Complex
7 (N = 8 Tmating = 107°C) (Figure 4.79). As these complexes have amost similar
structures, it may be suggested that the turning point in the melting temperatures of such

complexes may occur at n = 10.
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Figure 4.79 Plot of melting temperature vs. n for
[Cuy(p-HOCsH,COO)(CH3(CH»),CO0)4]

c) Magnetic property

The value of gt for Complex 7 (n = 8), calculated using the tabulated data (Table 4.17)
as before, is 1.89 B.M. at 298 K, and the corresponding -2J value is 337 cm™. The

results indicate strong antiferromagnetic interactions between the two Cu(ll) centres. It
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iIs noted that the magnetic interaction is similar with Complex 6,
(n = 10; per = 2.02 B.M.; -2J = 294 cm™), and may be similarly explained. From the
results, it may be suggested that further reduction in the length of the alkyl chain has

insignificant effect on the magnetic properties of such complexes, as stated previoudly.

Table4.17 The) values used to caculate P for Complex 7

X Values
Xg 1.48x 10° cm’g™*
Xm 121.95x 10° cm®mol™
Xdia -40.57 x 10° cm’mol ™
Xm 162.52 x 10° cm’mol ™

c) Redox property

The CV for Complex 7 was similarly recorded as for the other complexes (Figure
4.80). It shows three cathodic peaks at -0.13, -0.27 and -0.83 V, two broad
overlapping anodic peaks at +0.15 and +0.26 V, and a small anodic peak at +1.05 V.
The electrochemical processes (Scheme 4.13 ; AE = 1180 mV, 1090 mV and 420 mV)

are similar to those of previous complexes, and may be similarly explained.

1.6E-04 ,

8.0E-05 -

0.0E+00
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-8.0E-05 ) #

Figure4.80 Cyclic voltammogram of Complex 7
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013V 083V
[Cu(IDCu(I)] &«—= [Cu(Il)Cu(l)] &——= [Cu(l)Cu(l)]
+1.05V +0.26 V
ldissociation

[Cu(ID] + [Cu(]

-0.27V H +0.15V

[Cu(h)]

Scheme 4.13 Electrochemical processes for Complex 7

It is important to note that the initial reduction process of Complex 7 (n = 8; -0.13
V) occurs at the same potentia as that of Complex 7 (n = 10; -0.13 V). These further

support the similarity in their structures, as suggested above.

4.3.3 [Cuz(p-HOCsH4,COO)(CH3(CH2)sCO0)4]

The complex, [Cux(p-HOCsH,COO)(CH3(CH,)6COO)s] (n = 6; Complex 8) was
similarly synthesised as for Complex 7 (n = 8), using [ Cuy(p-HOCgH4COO),] (Section
4.1.1) and [Cuy(CH3(CH2)sCOO)4(CH3(CH2)sCOOH)(CH3CH,OH)] (formula mass
890.2 g mol™Y). Thus, its percentage yield is 66.7%.

The structural formula of the latter complex (fine blue powder) agrees with the
results of elemental analyses (found: C, 57.02%; H, 9.24%; calculated for
Cu,CaHg011: (C, 56.67%: H, 9.28%), FTIR (Figure 4.81; Aoco = 169 cm™), and UV-
vis (Figure 4.82; Amax = 704 NM (€ma= 255 M ecm™); 373 nm (¢ = 55 M™* cm™;
shoulder). Thisissimilar to that proposed for [ Cuy(CH3(CH3)sCOQO)4].CH3CH,0OH; n =

8; Section 4.3.2).
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Figure 4.82 UV-visible spectrum of [Cu,(CH3(CH,)sCO0),] in solution
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Figure4.81 FTIR spectrum of [Cu,(CH3(CH,)sCO0)4]
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Its structure was confirmed when peacock-blue crystals formed in CH3;OH: THF

(1:1) after aweek standing at room temperature. a crystal with dimensions 0.26 x 0.20 x

0.10 mm) was solved by direct methods and refined by full matrix least square in F2 in

the centrosymmetric space group P-1. The ORTEP presentation and the packing pattern

of the crystal is shown in Figure 4.83 and 4.84 respectively, and the data is shown as

Appendix 8.
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Figure 4.83 An ORTEP presentation of the peacock-blue crystal of

[Cuy(CH3(CH,)sCOQ) 4]
, S .'
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Figure4.84 Thecrystal packing of the peacock-blue crystal of
CUQ(CHg(CHg)GCOO)4]

The FTIR spectrum of the crystal (Figure 4.85) shows the presence of al of the
expected functional groups as previously discussed, and Aoco value is 174 cm™. The

spectrum is similar to that of greenish blue powder.
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Figure4.85 FTIR spectrum of single crystal of [Cu,(CH3(CH,)sCOO),]
The product obtained from the above reaction was a greenish sticky solid
(Complex 8; n=6). Itssolubility was similar to that of Complex 7 (n = 8).

From the results of elemental analyses (found: C, 54.06%; H, 9.15%;
calculated for Cup,Cg1H740:3: C, 54.61%; H, 8.21%), FTIR spectroscopy (Figur e 4.86;
A = 175 cm™), and UV-vis spectroscopy (Figure 4.87; 700 nm (gma= 228 M cm™®),
378 nm (¢ = 40 M™*cm™), it is proposed that the structural formula for Complex 8 is
[ Cuy(p-HOCsH4COO)(CH3(CH2)sCO0)3(CH3(CH2)6 COOH)(CH3CH20H)].H,0
(formula mass, 9021 gmol™), which is similar to that of Complex 6
([ Cuz(p-HOCH4COO)(CH3(CH2)10C00) 3] .H20, the only difference being only in the

coordinated and solvated molecules. Thus, itsyield was 75.8 %.
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Figure 4.86 FTIR spectrum of Complex 8
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Figure 4.87 UV-vis spectrum of Complex 8 (solution)

c) Thermal and metallomesogenic properties

The thermogram of (Figure 4.88) shows that Complex 8 is thermally stable up to
around 200°C. It also shows a gradual initial weight loss of 6.9% which corresponds to
the evaporation of ethanol and water molecules (expected 7.1%). The complex then
decomposed by a two-stage process with total weight loss of 75.0% assigned to the
decomposition of the carboxylate ligands to CO, and other volatiles (expected 78.8%).
The amount of residue at temperatures above 600°C is 18.1%. Assuming that it
was CuO, the estimated formula mass of Complex 8, calculated as previously done
using the gravimetry concept, is 879.5 g mol™ (expected 902.1 g mol™). Thus, the
results from TGA and elemental analyses are in good agreement, and lend further

support for the proposed structural formula.
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Figure 4.88 Thermogram of Complex 8
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The development of optical structure of Complex 8 on heating is illustrated by
the sequence of photographs (Figure 4.89). The complex was a greenish sticky solid

and was already melted at room temperature. Upon hesating, it started to clear to the

isotropic liquid phase, at around 50°C.

Figure4.89 OPM of Complex 8 on heating: (a) 27°C; (b) 50°C and (c) 101°C

On cooling from an isotropic liquid phase to room temperature, it was observed
that a mesophase began to developed at 148°C (Figure 4.90(a)). It is observed that on
further cooling to room temperature, the mesophase developed into a more ordered
mesophase, which accounts for the brighter birefringence (Figure 4.90 (b) - (d)). From

the optical texture (Figure 4.90(d)), the mesophase of the complex may be said to be

smectic.

@ (b) ©

Figure4.90 OPM of Complex 8 on cooling: (a) 148°C; (b) 145°C; (c) 80°C; and (d) 32°C
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The DSC curve of the complex (Figure 4.91) shows several overlapping

endotherms. The assignments of these endotherms are givenin Table 4.18.
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Figure 4.91 DSC curve of Complex 8
Table 4.18 DSC data and assignment for Complex 8
Peak temperature AH Assignment

(°C) (kJ mol™)

48 +10 Clearing*

86 +7 Evaporation of CH3;CH,OH molecules
200 -- Decomposition of CH3(CH,)gCOO and
224 p-HOC:H,COO ligands’

249 -- Boiling point of CH3(CH,)sCOOH

-- cannot be determined accurately; * Tyear = 50°C (from OPM); and T gecompose = 200°C from
TGA).

However, the melting temperature for Complex 8 cannot be determine from
DSC as it is assumed to be lower than the temperature range of the DSC instrument

used. The assumption is justified since the complex was a sticky solid a room

temperature (about 27°C).

d) Magnetic properties

M agnetic susceptibility measurement could not be determined as the sample was a

semi-solid at room temperature, and thus could not be packed into the tube of the Gouy

balance.
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e) Redox properties

The CV for Complex 8 (Figure 4.92) was similarly recorded as for the other
complexes. It shows three cathodic peaks at -0.12, -0.26 and -0.84 V, two broad
overlapping anodic peaks at +0.10 and +0.22 V, and a small anodic peak at +1.05 V.
The electrochemical processes (Scheme 4.14 ; AE = 1170 mV, 1060 mV and 360 mV)

are similar to those of previous complexes, and may be similarly explained.
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Figure 4.92 Cyclic voltammogram of Complex 8

It isimportant to note that the initial reduction process of Complex 8 (n = 6; -0.12
V) occurs at the same potential as that of Complex 7 (n = 8; -0.13 V). These further

support the similarity in their structures, as suggested above.

012V 084V
[Cu(INCu(ll)] &«—= [Cu(I)Cu(l)] &——= [Cu()Cu(l)]
+1.05V +0.22V
ldissociation

[Cu(IN] + [Cu(]

-0.26 vV lT +0.10V

[Cu(h)]

Scheme 4.14 Electrochemical processes for Complex 8
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44 CONVERSION TO IONIC COMPLEX

The fina step of the ligand-exchange reaction is the ionisation of the prepared
complexes, [Cuy(p-HOCH,COO),(CH3(CH,),CO0)4] ; where n =14, 10, 8 and 6, to the
corresponding ionic complexes, K[Cu,(p-OCsH4COO),(CH3(CH,),C00)4], using one mole
equivalent of KOH. The ionisation reaction is expected to proceed according to

Scheme 4.15.

[Cus(p-HOCsH,COO)(CH4(CH,),CO0)s]

KOH
EtOH, A

K[Cug(p-OCeH4COO)(CH3(CH),COO)4]

Scheme 4.15 |onisation of [ Cuy(p-HOCH,COO)(CH;3(CH,),COO)3]

44.1 K[CU z(p-OCGH 4COO) (CH 3(CH 2)14COO)3]
a) Synthesisand Structural Elucidation

Reaction between [Cu,(p-HOCH,COO)(CHs(CH,)14C0O0);] (Complex 5) and KOH gave a
fine grey powder (Complex 9). Its solubility is similar to the previously-discussed
complexes.

Based on the following analytical results, it is proposed that the chemical formula
of the product is [Cuy(CH3(CH2)14C0O0)2(0OH)2(H20),4].2C,HsOH (formula mass,
836.1 g mol™; yield 50.7 %). Hence, it was not the intended ionic complex,
K[Cuy(p-OCsH4COO)(CH3(CH2)14C0O0)4].

The results of CHN elemental analyses (C, 51.31%; H, 9.94%) are in good

agreement with the calculated values for Cu,CzsHgsO12 (C, 51.71%; H, 10.13%)
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Its FTIR spectrum (Figure 4.93) is distinctly different from its starting complex
(Figure 4.19), indicating a reaction occurred between Complex 5 and KOH. It shows a
very broad peak at 3431 cm™* and two sharp peaks at 2921 cm™ and 2851 cm?, assigned
to the —OH group and the long akyl chain, respectively. The peak for the aromatic ring,
expected at about 1600 cm™, is not obvious from the spectrum. The peaks for VagmCOO
isat 1561 cm™ and for ve,,mCOO are at 1545 cm™ and 1405 cm™. Hence, A values = 156
cm™ and 140 cm™, suggesting bridging and/or chelating carboxylate groups, and thus a
binuclear complex. The simple spectrum further suggests a symmetrica complex

(trans- isomer).
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Figure 4.93 FTIR spectrum of Complex 9
The UV-vis spectrum of the complex in solution (Figure 4.94) shows a broad d-d
band at 703 nm (ema= 146 M cm™) and a distinct shoulder on the charge-transfer band
at 360 nm (¢ = 74 Mt cm™). This suggests a binuclear complex with square pyramidal

geometry at Cu(ll) centres.
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Figure4.94 UV-vis spectrum of Complex 9 (solution)

A proposed structural formula of Complex 9 is shown in Figure 4.95. It is
consistent with thechemical formula Cu,CssHgsO12 as suggested by the elementa

analyses, bridging carboxylate ligands as suggested from FTIR, and square pyramidal

geometry at Cu(ll) as suggested from UV -vis spectroscopy.
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Figure 4.95 Proposed structure of Complex 9; solvated C,HsOH
mol ecul es are not shown
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b) Thermal Properties

The thermogram (Figure 4.96) shows that Complex 9 initialy suffered a gradua initia
weight loss of 8.8%, assigned to the evaporation of two C,HsOH solvates (expected,
11.0%). The complex then decomposed at 240°C in several steps with a total weight
loss of 63.0%, assigned to the loss of four H,O molecules and two CH3(CH,)14CO0O
ligands (expected, 69.6%). The amount of residue at temperatures above 750°C is
28.2% (expected 19.0%, assuming that it is purely CuO), indicating the presence of

other involatile compound(s).
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Figure 4.96 Thermogram of Complex 9

The development of optical structure of Complex 9 on heating isillustrated by the
sequence of photographs (Figure 4.97). The complex was a grey fine powder at room
temperature and was observed as fine needles under the microscope. Upon heating, it

started to melt and then to clear at around 162°C and 175°C respectively.

@ (b) (©
Figure 4.97 Optical structure of Complex 9 on heating at (a) 30°C; (b) 162°C; and (c) 175°C
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On cooling from an isotropic liquid phase to room temperature, it was observed
that a fan-shaped mesophase, which may assigned as Smectic A, began to developed, at
105°C (Figure 4.98(a)). On further cooling to room temperature, the tecture devel oped
into Smectic C (Figure 4.98 (b) - (d)). The results support the rod-like structure, as

shown in Figure 4.95.

@ (b)

(©) (d)

Figure 4.98 Optical structures of Complex 9 on cooling at (a) 105°C;
and (b) 96°C; (c) 25°C and (d) 24°C

The DSC curve for Complex 10 (Figure 4.99) shows several endotherms. The

assignments of these endotherms are given in Table 4.19.
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Figure 4.99 DSC curve of Complex 9

Table4.19 DSC data and assignment for Complex 9

Temperature (°C) | AH/kJmol™ Assignment
64 (peak) +5 Breaking of H-bonded C,HsOH molecules
84 (peak)
95 (peak) -- Evaporation of C;HsOH and H,O molecules,
108 (pesk) crysta-crystal phase transitions
131(peak)
162 (peak) +32 Melting of the complex
180 (onset) +25 Clearing of the complex
247 (peak) +33 Decomposition of the complex

-- cannot be determined accurately; * Tyey = 175°C from OPM; and *T e = 240°C from TGA

4.4.2 K[CUz(p-OCGH 4COO) (CH 3(CH 2) 10COO)3]
a) Synthesisand Structural Elucidation

The reaction between [Cu,(p-HOCsH4COO)(CH3(CH2)10C00)3] (Complex 6) and
KOH produced a dark green powder (Complex 10; n =10) with similar solubility to
that of Complex 9; n = 14). Based on the following analytical results, it is proposed that
its chemical formula is K[ Cux(CH3(CH2)10CO0)»(0OH),] (formula mass 671.9 g mol™;
yield 33.9%). Hence, it is not the intended ionic complex,

K[Cuz(p-OCeH4COO)(CH3(CH2)10CO0)3].
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The results of elemental analyses (found: C, 43.19% and H, 7.43%; calcul ated for

K2CU2C24H5003: C, 42.90%: H, 7.50% H); FTIR (Figure 4.100, Aoco = 135 Cm_l), and

UV-vis (Figure 4.101; Ama = 701 nm (Emax = 372 Mt cm™), shoulder, 365 nm (gmax =

148 M*em™), and 306 nm (gma = 875 M *em™).
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Figure4.101 UV-vis spectrum of Complex 10
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Its proposed structural formula (Figure 4.102) is similar to that of Complex 10.

Figure 4.102 Proposed structure of Complex 10 (K™ is not shown)

b) Thermal properties

The thermogram (Figure 4.103) shows that Complex 10 initially suffered a gradua
initial weight loss of 7.1%, assigned to the loss of two H,O, formed from four -OH
ligands (expected, 10.1%). The complex then decomposed at 255°C with a total weight
loss of 58.1%, assigned to the loss of two CH3(CH>)10COOQ ligands (expected, 59.2%).
The amount of residue at temperatures above 550°C to 900°C is 36.8%.
Assuming that it is KO and CuO, the estimated formula mass of Complex 10,
caculated, using the gravimetry concept, is 689.7 g mol™ (expected 671.9 g mol™).
Thus, the results from TGA and elemental analyses are in good agreement, and lend

further support for the proposed structural formula.
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Figure 4.103 Thermogram of Complex 10

The DSC curve for Complex 10 (Figure 4.104) shows two very weak and broad
endotherms centered at 100°C (AH cannot be determined) and 204°C (AH = +14 kJ
mol™) correspond to the loss of two H.O. It is followed by an overlapping broad
endotherm at 250°C (AHcomsined = 70 kJ mol™), which may be assigned to the

decomposition of Complex 10 (from TGA, T4 = 255°C). The DSC curve did not

show peaks for the melting and clearing processes prior to decomposition.
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Figure4.104 DSC curve of Complex 10
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4.4.3 K[Cuz(p-OCeH4COO)(CH3(CH2)sCOO)3]
a) Synthesis and Structural Elucidation

[Cuz(p-HOCgH4COO)(CH3(CH2)sCO0)3] (Complex 7) was similarly ionized as done
for Complex 6 and Complex 5 (Section 4.4.1 and 4.42).

Based on the following analytical results, it is proposed that the chemica formula
of the fine black powder obtained (Complex 11) is Ky Cuy(CH3(CH2)sCOO)2(OH),]
(formula mass 615.8 g mol™; yield 72.5 %). Hence, it is also not the intended ionic
complex, K[Cu,(p-OCsH4COO)(CH3(CH2)sCOO0)3].

The structural formula of the complex, agrees with the results of elemental
analyses (found: C, 39.82% and H, 6.29%; calculated for K,Cu,CyH420g: C, 39.01%;
H, 6.87%; FTIR (Figure 4.105), Aoco = 133 cm™; UV-vis (solution) (Figure 4.106),

Amax = 697 NM (Emax = 662 Mt cm™), shoulder, 360 nm (¢ = 176 M cm™) and 307 nm

(emax = 1184 M™*cm™). Its proposed structural formula is very similar to the complexes

previously ionized.
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Figure4.105 FTIR spectrum of Complex 11 (n=8)
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Figure4.106 UV-vis spectrum of Complex 11 (n = 8)

b) Thermal properties

The thermogram (Figure 4.107) shows that Complex 11 initially suffered a gradua

initial weight loss of 5.0%, assigned to the loss of two H,O (expected, 5.8%). The

complex then decomposed at 230°C with a total weight loss of 37.0%, assigned to the

loss of two CH3(CH2)sCOO ligands (expected, 55.5%). There is an increased of weight

at around 475°C, may be due to the formation of other volatiles.
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Figure 4.107 Thermogram of Complex 11 (n = 8)

The amount of residue at temperatures below 700°C is 63.7%. The expected

amount, assuming that the complex decomposed completely to K,O and CuO, is 41.1%
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(Appendix 1). This suggests that the organic ligands of the complex did not decompose

completely below this temperature.

The DSC curve for Complex 11 (Figure 4.108) shows a very weak endotherms
centered at 80°C (AH cannot be determined) which is correspond to the loss of water
molecules (formed from the four —~OH). It is followed by a broad endotherm at 226°C

(AH = 70 kJ mol™), which may be assigned to the decomposition of Complex 11. No

melting and clearing peaks were observed prior to decomposition.
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50 80 100 120 140 160 180 200 220 240 260 280 300

Temperature (°C)

Figure4.108 DSC curve of Complex 11 (n= 8)

4.4.4 K[Cuy(p-OCeH4COO)(CH3(CH2)sCO0)4]

[ Cuz(p-HOCH4COO)(CH3(CH2)6CO0)3] (Complex 8) was similarly ionized as for the
earlier complexes (Section 4.4.1, 4.42 and 4.43).

The structural formula of the fine black powder obtained (Complex 12; n = 6)
agrees with the results of elemental analyses (found: C, 34.83% and H, 5.67%;
caculated for KyCuxCieHzOs: C, 34.33%; H, 6.12%; chemical formula
K 5[ Cup(CH3(CH2)6CO0)»(OH),], (formula weight 559.7 g mol™; yield 25.0 %); FTIR
(Figure 4.109; Aoco = 134 cm™) and UV-vis (solution), (Figure 4.110; Ama = 696 nm,

Emax = 626 M em™); 360 nm (e = 168 M*cm™) and 307 nm (g = 1090 M em™).
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Figure4.110 UV-vis spectrum of Complex 12

The proposed structural formula of Complex 12 is similar to the previous ionized

complexes. Its thermogram Figure 4.112 and the DSC curve (Figure 4.113) are very

similar to Complex 11 and can be similarly explained.
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Figure4.111 Thermogram of Complex 12
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Figure4.112 DSC curve of Complex 12

45 THE C-C BOND FORMING REACTION

Complex 1 (K[Cux(p-OCsH4COO0)»(CH3(CH2)14CO0)x(p-HOCsH4COOH),].2H,0)
and Complex 4 (K[Cuy(p-OCsH4COO)(CH3(CH2)14C0O0)3]) were selected for the
carbon-carbon bond-forming reaction of a methyl ketone, namely 3,3-dimethyl-2-
butanone ((CH3)3C-CO-CHz). The complexes were chosen as both are ionic with the
paddle wheel structure, while the ketone was chosen as it has only one CH3 group
bonded to the carbonyl group, and hence should simplify the anticipated C-C bond
reaction.

The reaction involves refluxing the complexes with the ketone in the presence of
concentrated HCI for four hours. The colour of the reaction mixture change from dark
brown to orange brown after this time. The unreacted ketone (clear solution) was

distilled off from mixture, and the reaction products were collected and analyzed by

GCMS.
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45.1 Complex 1

The products obtained from the above reaction were a dark brown (Al; 1.71 g) and
yellow (A2; 6.04 g) liquids, collected at 90°C and 105°C respectively.

The chromatograms of Al (Figure 4.113) and A2 (Figure 4.114) show many
peaks. However, the peaks for compounds presence in significant amounts in both A1
and A2 are shown in Table 4.20, and the corresponding mass spectra are shown in

Figure4.115.
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Figure4.113 Chromatogram of dark brown liquid (A1)
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Figure4.114 Chromatogram of yellow liquid (A2)
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Table 4.20 GC data of main componentsin Al and A2

R; (min)

Amount (%)

Al

A2

4.1

195

15.6

4.4

8.8

5.8

85

6.7

10.9

7.8

6.9

11.7
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Figure4.115 Mass spectrum of moleculesat R, (min): (a) 4.1, (b) 4.4, (c) 5.8, (d) 6.7, and (€) 6.9
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The peak at retention time, R, = 5.8 min (m/z = 91) may be assigned to the unreacted
ketone, while the peaks common in both fractions are at retention times, R = 4.1 min
(m/z = 207), assigned to product formed from the condensation of two ketone
molecules, and R = 6.7 min (m/z = 281), tentatively assigned to the product formed

from the condensation of three ketone molecules (Figure 4.116).

C.3H3 T C|)H (|3H3 | , T CH, c|:H3 CH,
T LI LG
CH; © H CH; CH, . © H OH CH,

HaC——C——CHs

CH,
€) (b)

Figure4.116 Structura formulas of the molecules eluated at R, (a) 4.1 min and (b) 6.7 min

Two peaks found only in A2 are at R = 4.4 min (m/z = 207) and R, = 6.9 min
(m/z = 136). These are assigned to enol form of the above condensation product of two

ketone molecules, and to p-hydroxybenzoic acid, respectively (Figure 4.117).

T R
H3C—C|2—(|::C|:—(|:—C|:—CH3 OH
CH; OH H CHs CHg HO

€Y (b)

Figure4.117 Structural formulas of the molecules eluated at R; (&) 4.4 min, and (b) 6.9 min

The mechanism proposed to explain the formation of the product formed from

the condensation of two ketone molecules is shown in Scheme 4.17 [40].
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Step 1. Axial ligation by 3,3-dimethyl-2-butanone, one electron reduction of Cu(ll),

breaking of Cu-OOCCgHs equatorial bond and formation of enone.

CH3 H
(| CHy  H
HyC——C——C—C——H | |
| || | HiC——C—C=C—H
CH; 9 \H |
‘ CH; ©
+
My, 1w\ -H iy, | el

/(II)\FO\V 7 0

\
\
I, (I ') | ah \C

/) ////,,,, \\\\\\\\ \\
an NG

Step 2: Protonation of 3,3-dimethyl-2-butanone to form a carbocation (an enophile)

CH; CHs CH; CHs
Hs,C——C—C=—0 + HOl ——»  H,c—C—C® +Cl
CH3 CH3 OH

Step 3: The C-C bond forming reaction between the enone and the enophile

CHg H CHs (|:H3 THs T THs THa
H3c—c—<|:=<\' ®Cc—Cc——cH, H3C—C—T|:—(|Z— lc—c—CH3
| ]
—_— >

CHg O) H OH CHg CHy ~ H HO  cCH,
I, C| i
> 40 et
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///IIII (”)\\\\\\\\ \\

/ / Wiy, (“)m\\\\\ \\

Scheme 4.17 Proposed mechanism for the C-C bond-forming reaction of Complex 1
with 3,3-dimethyl-2-butanone
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4.5.2 Complex 4

The products obtained from the above reaction were a dark brown liquid (B1; 0.66 g)

and ayellow liquid (B2; 2.29 g) solution, collected at 90°C and 105°C respectively.
Compared to the GC from the reaction involving Complex 1, the GC from the

reaction involving Complex 4 is cleaner, showing three main peaks for both B1 (Figure

4.118) and B2 (Figure 4.119). Theresults are collected in Table 4.21.
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Figure4.118 Chromatogram of dark brown liquid (B1)
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Figure4.119 Chromatogram of yellow liquid (B2)
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Table4.21 GC data of main componentsin B1 and B2

R; (min) Amount (%)
Bl B2
4.1 38.6 40.2
6.7 26.2 249
9.1 12.9 11.3

It is noted that the first two peaks are at the same R; and have the same m/z values
as those obtained from the reaction involving Complex 1, and hence may be similarly
assigned. Next, it is tempting to assign the peak at R = 9.1 min (m/z = 355; Figure
4.120) to the H-bonded adduct formed between CH3(CH3)14COOH and (CH3)3;C-CO-

CHs (m/z = 356).

7 355
o 193 207 251 l L
L " L L

00 %0 80 10 140 170 200 230 260 200 320 350 380 410 440 470 S0 50

Figure4.120 Mass spectrum of the product at R, = 9.1 min

To summarise, both Complex 1 and Complex 4 assisted the formation of C-C
bond-forming products from the reaction of (CH3);C-CO-CH3;. These products were
obtained in higher yields from the reaction involving Complex 4 compared to that of
Complex 1. This may be due to the difference in structure of both complexes.
Complex 1 was a square pyramidal while Complex 4 was a square planar. As such, one
of the axia positions of Complex 1 was unavailable to form bond with the ketone

compare to Complex 4.
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