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A whole series of mono- and disubstituted carborane-based pyridylalcohol ligands (CB-L and CB-(L),,

3.1 N,O-Type Carborane-Based Ligands

respectively) have been synthesized and fully characterized. In this chapter, the syntheses and
characterization of the pyridylalcohol ligands with ortho-, meta- and para-carborane moieties will be
described first. In the second part of the chapter, additional crystallographic analyses on the
molecular and supramolecular structures for most of the ligands have been conducted. A crystal
engineering approach has been used to study the chirality, and homochiral versus heterochiral

recognition of these ligands in the solid state.
3.1.1 Syntheses and Characterization
3.1.1.1 Monosubstituted ortho-, meta- and para- Carborane-Based Ligands

The synthetic procedure for the synthesis of monosubstituted ortho-carborane-based pyridylalcohol
ligands (oCB-L) have been previously established in the Laboratory of Inorganic Materials and
Catalysis (LMI) in the last few years.[” An extended synthesis to a new series of monosubstituted
meta- and para-carborane-based pyridylalcohol ligands (mCB-L and pCB-L) were carried out during

this PhD project by using a slightly modified procedure to that previously reported (Scheme 3.1-1).[”

Scheme 3.1-1: General synthetic scheme of mono-substituted ortho-, meta- and para-carborane pyridylalcohols.

i) 1eq. nBuLi, Ether (-84/-63°C)

ii) NAr-CHO, -84/-63°C, 5h
iii) HyO, H™ (at low temp.)

o: ortho- ; m: meta- ; p: para- ; CoB4oH1q; © = CH; rest of vertexs = BH

D00
03@

The monosubstitution reaction is initiated by the commonly used lithiation method at one of the
carbon atoms of the cluster, followed by the nucleophilic addition to an electrophile, in this case,
pyridylaldehydes. As mentioned in the introduction, this reaction is not trivial due to the tendency of
the monolithiated o-carborane to disproportionate to o-carborane and its dianion.¥ Several
methodologies were applied in the LMI group previously and the optimal condition for the

monosubstitution of o-carborane was found by using ethereal solvents as media and keeping the
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reaction temperature low during the whole reaction time(< -70 °C) to avoid reversible reaction.!**?
This reaction procedure has been followed, although with slight modifications, during this PhD work
for the synthesis of new monosubstituted ligands of mCB and pCB. Low yields were often obtained
initially for the monosubstitutions of mCB and pCB at temperatures lower than -70 °C. It was
reasoned that as the C-H vertex of mCB and pCB are relatively less acidic than that for oCB (details in
Chapter 1.1), a very low reaction temperature might slow down or prevent the deprotonation
reaction and the following reaction with the electrophile. Indeed, high yields were obtained by
increasing the reaction temperature that was found to be aptimal at -63 °C for mCB and pCB
monosubstitution reactions. Therefore, a range of monosubstituted carborane based ligands with

different pyridylalcohol substituents have been obtained in 63 to 73 % (Table 3.1-1).

Table 3.1-1: Summary of mono-substituted carborane based ligands

oCB?® mCB " pCB°®

L1, L2, L3, L4, LS L1, L2, L3 L1

a: ligands reported previously [1]; b: ligands synthesized during this PhD work

As previously mentioned, different than organic compounds such as phenyl ring, one of the
advantages of carborane cluster is the tuneable feature of the C-H or B-H vertexes without varying
the bulkiness, which provides an alternative platform to study the influence of the electronic
properties of the corresponding ligand excluding the steric hindrance effect.” Hence, for comparison
purposes, two iodinated meta-carborane-based ligands were synthesized by substituting the hydride
(H) at B(9) or/and B(10) positionby iodide (I'). The iodination reaction of the B-H vertexes was
performed under strong acidic conditions.?” The desired iodinated mCB-ligands were then obtained

by litiation and nucleophlic addition of the appropriate pyridylaldehyde (Scheme 3.1-2).

Scheme 3.1-2: Synthetic scheme of iodinated monosubstituted meta- carborane 2-pyridylalcohol I-mCB-L1 and

I,-mCB-L1.

i) 0.5 eq. |,, acetic acid .' ‘. i) 1eq. nBuLi, Ether (-63°C)
2 L

ii) HNO3:H,S0,, 80°C, 3h iy NAr-CHO, -63°C, 5h
iii) H,O iii) H,O, H* (at low temp.)

" ’(AS{ Hi I-nIICB
LS

mee e
i) 1 eq. |, acetic acid h 7 i) 1eq. nBulLi, Ether (-63°C)

ii) HNO4:H,SO,, 80°C, 2h ’AA ii) NAr-CHO, -63°C, 5h
iii) H,0 ~ iii) H,0, H (at low temp.)

1,-mCB I,-mCB-L1 (yield: 80%)

C,B4oH10; @ = CH; rest of vertexs = BH
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All compounds (0CB-L, mCB-L and pCB-L) are fully characterized by ATR-FTIR, NMR ('H, !B, *C),

elemental analysis, MALDI-TOF-MS and XRD (see the following section 3.1.2.1). Characterization for a

selected example, I,-mCB-L1, is shown bellow.

Infrared spectroscopy is a very useful technique to identify the presence of boron species containing
B-H vertex such as carborane since the B-H stretching in the spectrum is located at around 2600 —
2400 cm™. As shown in Figure 3.1-1, the broad band at 2542 cm™ corresponds to the B-H stretching

in the meta-carborane cluster I,-mCB-L1.

Figure 3.1-1: Infrared spectrum of I,-mCB-L1. Selected O-H stretching, C-H stretching and the B-H stretching are

indicated.

MALDI-TOF-MS has been used to measure the molecular ions of the ligands by ionization. Besides, a
unique isotopic pattern can be obtained from the corresponding spectrum. Therefore, the chemical
formula of the ligand can be confirmed by comparison to the simulated pattern. Spectrum of
I,-mCB-L1 and the simulated patterns are shown in Figure 3.1-2. The isotope distribution and the

molecular weight fit to the simulation as [l,-mCB-L1+H]".

Figure 3.1-2: MALDI-TOF spectrum of I,-mCB-L1(left), and the corresponding isotope simulation pattern (right).

NMR (*H, "B{*H}, "'B and C) spectra of the 1,-mCB-L1 are shown in Figure 3.1-3 as a general
example for the chemical shifts of the monosubstituted ligands. The proton resonances for this

compound correlated well with the other related carboranylalcohols.™ As can be seen in Figure 3.1-3,
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'H and *C NMR spectra show characteristic peaks for the cage-carbon C-H vertex of the carborane
cluster, pyridine ring and CHOH moiety. In the'H NMR spectrum, compound l,-mCB-L1 shows a broad
resonance for the CcH (Cc = cage carbon) proton at 64.0, which is in agreement with the
monosubstitution of the cage. Proton resonances for the OH and CHOH groups in 1,-mCB-L1 appear
as two doublets with coupling constant J = 6.0 Hz at 65.90 and 5.10, respectively. In this type of
compounds, proton resonances for the OH and CHOH appear always in the same range and have
been unambiguously confirmed previously.[” The high chemical shift for the OH signal in this and all
the other related alcohols is due to a solution persistent intra- and/or inter-molecular OH---A

hydrogen bond (A = Nitrogen or Oxygen).
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Figure 3.1-3: NMR ('H, "'B{*H}, "'B and 13C) sepctra of I,-mCB-L1in Ac-Dg. Integrations and chemical shifts are

shown.

1B{"H} NMR spectra for these series of compounds are consistent with a closo-icosahedral geometry
for the boron cage. 'B{*H} NMR spectrum of the selected example I,-mCB-L1 shows six resonances in
the range of 6-1.4 to -19.8 for ten boron atoms in a 1:1:2:2:2:2 ratio (Figure 3.1-3). The fully coupled
B NMR spectrum for this compound shows a singlet at §-19.8 for the B-I vertex whereas the rest of

the boron atoms appear as doublets due to "'B-'H coupling (170.4 to 184.8 Hz). Complete assignment
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118 chemical shifts

of all BH signals can be done by comparison with related carborane derivatives.
of basic borane skeletons do not correspond generally to the electron densities of individual vertexes
as in organic compounds, but rather to various effects (e.g. antipodal effect and neighbour effect)
influencing their electron anisotropy.® Thus, the boron atoms that are closest to the carbon atoms
are most shielded than those far away from the carbons. Addition of substituents changes the
symmetry and electron density with the corresponding changes in chemical shifts. Following all these,
we can tentatively assign all BH signals as shown in Figure

3.1-3.1 HO

It is important to note that all the ligands in this thesis are chiral

[0S
due to the presence of asymmetric carbon centres. Only one Jn

asymmetric carbon centre is present in these mono-substituted
carborane-based ligands, and so two possible enantiomers can

Figure 3.1-4: Enantiomers of
be obtained, R and S (Figure 3.1-4).

carborane-based ligands and their
absolute configurations.

3.1.1.2 Disubstituted ortho- and meta-Carborane-Based Ligands

Disubstituted ortho- and meta-carborane-based ligands (oCB-(L), and mCB-(L),) have been
synthesized by following a similar synthetic procedure to that of the monosubstituted ligands
(Scheme 3.1-3).

Scheme 3.1-3: Synthetic scheme for the di-substituted ortho- and meta- carborane and pyridylalcohols.

o H i) 2eq. nBuLi, THF/ether (0°C)
%A\' ii) NAr-CHO, -94/-63°C, 4h
’AVA iii) H,0, H* (at low temp.)

I

H (\ H i) 2eq. nBuLi, THF/Ether (0°C)
v‘ ii) NAr-CHO, -63/-41°C, 4h
A iii) H,O, H* (at low temp.)
Q

[

C,B1pH10; © = CH; rest of vertexs = BH

_ : Tz L3
_L4 T5

Na

r
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of 2 equivalents of corresponding aldehyde to give the desired disubstituted ligands. Lithiation has

In this case, two equivalents of n-BulLi are used to generate di-lithiated anions, followed by addition

been done at 0 °C to facilitate the complete formation of di-lithiated salts, although the nucleophilic
additions have been done at low temperatures, as in case of the monosubstitutions explained in the
previous section. Similarly, the conversion and final yields are affected by the temperature of the
reaction media. In agreement with the monosubstitution reactions (previous section), it was found
that the disubstitution of meta-carborane was achieved in higher yields at higher temperatures than
the related ortho-carborane ones. For example, it was found that for obtaining yields higher than
80%, a temperature of -94 °C needed to be used for the 0CB-(L2),, whereas a temperature of -63 °C is
required in case of the mCB-(L2),. It was also found that a higher temperature (-41 °C) had to be used
for a different isomer of the later mCB-(L3),. Table 3.1-2 summarized the family of disubstitution

ligands that have been synthesized.

Table 3.1-2: Summary of disubstituted carborane based ligands

oCB mCB®

(L1),*°, (L2),°, (L3),", (L4),*", (L5)," (L1),, (L2),, (L3),, (L5),

a: ligands synthesized in the group previously; b: ligands synthesized during this PhD work

Additionally, a B-methylated ortho-carborane-based ligand by substituting the hydride (H) to methyl
(CH3) at B(9) position and a B-methylated meta-carborane-based ligand at B(9) and B(10) positions
were synthesized for comparison purposes. The methylation reaction of the B-l vertexes was
performed by a modified Grignard reaction from the literature.” The disubstituted ligands were then

prepared by dilithiation and addition of the corresponding pyridylaldehydes (Scheme 3.1-4).

Scheme 3.1-4: Synthetic procedure of mono-methylated di-substituted ortho- carborane 3-pyridylalcohol ligand
Me-0CB-(L2), (top) anddi-methylated di-substituted meta- carborane 4-pyridylalcohol ligand Me,-mCB-(L3),

(bottom).

if) PdCly(PPhgz),, Cul ii) NAr-CHO, -63°C, 4h
ii) THF reflux overnight iii) HyO, H* (at low temp.)

H H
" '(AN i) excess MeMgCl 4 -{A\‘ i) 2eq. nBuLi, THF (0°C)
L L
| Me
1-oCB Me-oCB (100% conversion)

" %A\' ; i) excess MeMgCl i '(A\' : i) 2eq. nBuLi, Ether (0°C)
M ii) PACIy(PPhs),, Cul ’A!A ii) NAr-CHO, -41°C, 4h

iii) THF refulx overnight iii) HyO, H* (at low temp.)
Me

1 Me
|2-mCB Mez-mCB (100% conversion) Mez_ch_(L3)2 (yield: 57%)

CyB1gH10; @ = CH; rest of vertexs = BH
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All disubstituted compounds have been fully characterized by ATR-FTIR, NMR (*H, *B{*H}, !B, *C),
elemental analysis, MALDI-TOF-MS and XRD in some of them (see section 3.1.2.2). The
characterization details for a selected example oCB-(L1), is shown for demonstration purposes.
Similar to the monosubstituted ligands, Infrared spectrum shows the B-H stretching band at 2564

cm™ (Figure 3.1-5).

Figure 3.1-5: Infrared spectrum of oCB-(L1),. Selected O-H stretching and the B-H stretching are indicated.

The MALDI-TOF mass spectrum of oCB-(L1), and the simulated patterns are shown in Figure 3.1-6. As

it can be seen, a good agreement is found between the experimental and the calculated spectra.

Figure 3.1-6: MALDI-TOF spectrum of oCB-(L1), (left), and the corresponding isotope simulation pattern (right).

NMR (*H, B and "B{'H}) spectra of the oCB-(L1), are shown as a general example for the chemical
shifts of the disubstituted ligands. The peaks assignment for the chemical shifts in these ligands is
similar to the monosubstituted ligands. However a higher number of signals are observed in the 'H

NMR for the disubstituted ligands, which is due to the presence of diastereoisomers (syn- and anti-).

Since all the ligands contain two chiral carbon centres that can adopt the R or S configuration, two
diastereoisomers: meso compound (RS; OH groups in a syn-orientation; non chiral) and racemic
compound (mixture of SS and RR; OH groups in an anti-orientation, chiral) are formed (Scheme
3.1-5).
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Scheme 3.1-5: Stereoisomers for disubstituted compounds for both ortho- and meta- carborane moieties.

RR

Nar = Aromatic Ring

Racemate Meso

'H NMR spectra for the diastereomers mixture shows anti- to syn- ratio of 1 : 0.65. Although there is
no direct proof for the stereo-selectivity of the reaction, the lower ratio of the syn-isomer formation
is most probably because of the higher steric interaction of the OH groups. Due to the different
solubility of the diasteroisomers, separation by preparative TLC is possible in some cases. The
assignment of the syn- and anti-isomer signals in the mixture is confirmed by the *H NMR spectra of
the separated diasteroisomers (Figure 3.1-7, left) and their corresponding single crystal XRD
structures (section 3.1.2.2). Moreover, in "B NMR spectra, two broad signals in 2:8 ratios are
observed probably due to the combination of fluxional behaviour and extensive overlapping of the

both diastereoisomer signals (Figure 3.1-7, right).

1H NMR {1H}11B NMR i#
M
syn (CH) ‘u‘l "‘
J sy (OH) [\
. W] | \
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/ e S
/| 4 |
W l"‘ Wi 'M'J Ao
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Figure 3.1-7: "HNMR (left) and g {1H} and ''B (right) spectra of oCB-(L1), in Ac-Dg. In 'HNMR spectra, upper
spectrum is the mixture of syn- and anti- diastereoisomers. The middle and the lower spectra correspond to

syn-isomer and anti-isomer respectively.

As it has been shown above (Figure 3.1-7), the diastereoisomers of oCB-(L), can be observed in 'H
NMR spectra. Differently, this is not the case in the related mCB-(L), derivatives as it shown in Figure
3.1-8. This can be explained by the restricted rotation of the pyridylalcohol arms from the oCB-(L),
due to the steric hindrance of the pyridylalcohols. Free rotation of the pyridylalcohol arms from

mCB-(L), is possible in the meta-carborane derivatives due to the larger distance between the two
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cluster carbons as compared with those in the ortho-carborane derivatives. Selected *H NMR spectra

of 0oCB-(L1), and mCB-(L1), are shown (Figure 3.1-8).

74
1H NMR (oCB derivatives) \%& %‘a‘/\ /
H

f
J " \
WMMMWW'\’IM i, waw'/ MWMW#MUMMWV W A e A e i
T T T T T T T T T T
95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0
f1 (ppm)

1H NMR (mCB derivatives)
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M

..Am..-j \\a.. " .m..m-"‘ W“"J \M_A P bk e

W

95 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0
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Figure 3.1-8: '"H NMR sepctra of 0CB-(L1),(top) and mCB-(L1),(bottom) in Ac-Ds.

In summary, a whole series of mono- and disubstituted carborane-based pyridylalcohol ligands have
been successfully synthesized in high yields, by one pot reaction and have been completely
characterized. The high stabilities of the carborane moieties and the expected coordination abilities
of these N,O-type donor compounds make them attractive candidates as ligands for further studies
to develop multifunctional materials. The later will be extensively described in Chapter 3.2 —3.5. The
remaining part of the present chapter will deal with the analysis of the molecular and supramolecular

structures for most of the mono- and disubstituted compounds.
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3.1.2 Crystal Engineering: Molecular and Supramolecular Studies

3.1.2.1 Molecular versus Supramolecular Chirality of Monosubstituted Carborane-Based
2-Pyridylalcohol —A Case Study

In supramolecular chemistry and crystal engineering, one of the key researches is the design and
molecular self-assembly of molecules by a) MC

using hydrogen bonds (HBs).*”! However, ‘ " : ||

the understanding of the self-assembly %/ :\d’

mechanism remains as one of the major Enantiomers

challenges for design and synthetically b) SMC

control of the self-assemble construction. M Mirror P
e B

2
I

V.

The self-assembly of the biological molecules
are often inspiring, especially the influence

of the chirality from molecular level to two-

or three-dimensional motifs.”® One of the

Enantiomers

example is the chiral a-amino acids and their

.

Recently, Miyata and (S-SUP 1) (R-SUPpP)

supramolecular handedness helical L
[6,7,9]

structures.

co-workers developed a method .
Diastereomers

(supramolecular-tilt-chriality, STC) to define *
€ b ill,
A ul"-‘

the handedness of 2-fold  helical
¢
'n . ‘I
\!‘.l--"‘y
(

assemblies. Using this method, Miyata found \ “! - -)

a possible correlation between the
handedness of chiral amines and the
handedness of the 2,-helical charge-assisted

HB  networks.” The findings are .t,%
L
schematically represented in Figure 3.1-9. ll

Enantiomers
| | ]
L] u
n |
[ } )

\ i
Four diastereomers can be formed (R- or (R-SUPM) S-SUppy
S-**p,  **P denotes  supramolecular M Lattehanded Bollx
right-handed helix; R- or S-**M, **M P: Righ-handed helix

denotes supramolecular left-handed helix) Figure 3.1-9: Relational diagram between a) molecular

when self-assembled to form helical chirality (R or S) and b) supramolecular chirality (M or P)

supramolecular structures. It is the first time of 2;-helical hydrogen-bonded networks. Dashed lines

to show a possible connection from the represent intermolecular interactions such as e.g.,

molecular chirality (MC) to the hydrogen bonding. (Modified from reference 10)

supramolecular chirality (SMC) by relatively Copyright 2013 Nature Publishing Group.

strong non-covalent interactions. However,
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it is still a challenge for those systems with weaker intermolecular interactions or the extension to

other chiral molecular compounds.

O-H-:-N hydrogen bonded homochiral chains are found

to be formed in the racemic o-carborane

2-pyridylalcohol ligands (Figure 3.1-10)."" In order to CsBigHio:  © =CH:

OH

get more insight into the impact of carborane isomers
. . R=H -oCB-L1 rest of vertexs = BH
to the solid structures and the relations of the MC and raco

. . R=Me rac-oCB-L1-b
SMC, a complete series of racemic and the

corresponding enantiopure chiral monosubstituted Figure  3.1-10:  Previously  characterized

[1d]
carborane-based 2-pyridylalcohols (Scheme 3.1-6) carboranyl alcohols.
have been studied. The structures of those ligands have been resolved, and the correlation between
the handedness of 2,-helical HB networks and the torsion angles in the molecules will be shown in

this section.

Scheme 3.1-6: Graphical representation of the molecular structures for the carborane isomers analyzed in this

work. The rotamer found in each X-ray structure is illustrated.

g L B UL
: e e s
2 OH OH
rac-mCB-L1 rac-pCB-L1 rac--mCB-L1
N b H =N Y
D - SN
VTR S
o OH OH
§. R-0CB-L1 R-mCB-L1 R-pCB-L1
; H
g BN L 8B 1) B
: ‘Q N : ‘&y Z : ‘@ " CzB1oHi0; @ =CH;
OH OH OH
S-oCB-L1 S-mCB-L1 S-pCB-L1 rest of vertexs = BH

All the structures were confirmed by single-crystal XRD and the location of the OH hydrogen
positions are clear from the examination of different map. In addition, powder X-ray diffraction
(PXRD) pattern of each compound fits to the calculated patterns from the single-crystal X-ray data

and therefore confirms the phase purity and the absence of the concomitant polymorphism.
Molecular Structures Conformations

Rotation of the pyridine rings through the (H)(OH)C-C(pyridine) bond allows two main rotamers in

the solid state: the pyridine nitrogen syn-clinal (-sc~ -40° and +sc~ +40°) to the alcohol oxygen, or
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anti-periplanar (-app~> -150° and +app~> +150°) to it (Scheme 3.1-7). In the following discussion,

syn- or anti- will be used to refer to the syn-clinal or anti-periplanar, respectively.

Scheme 3.1-7: Newman projections for rotamers found in the solid structures for chiral 2-pyridylalcohols CB-L1.

The chirality at the carbon is indicated.

-40° Mirror +40°
/o | o \
N | N
|
|
|
R H I H R
-sc ! +sc
| 0
+150° | -150°
|
|
|
R H I H R
|
+app N N -app

The torsion angles of all enantiomers in the racemic and enantiopure structures were analyzed and
summarized in Table 3.1-3. All the o-carborane pyridylalcohols (0CB-L1) crystallize in
syn-conformations and the p-carborane pyridylalcohols (pCB-L1) crystallize in anti-conformations.
However, m-carborane pyridylalcohols crystallize in anti-conformations for the racemic structures
(rac-mCB-L1 and rac--mCB-L1) but in syn-conformations for the enantiopure structures
(R-mCB-Lland S-mCB-L1). The presence of different rotamers of m-carborane pyridylalcohols
(mCB-L1) indicates the small differences of their lattice energies, which is confirmed by the
preliminary gas phase calculations for rac-oCB-L1 and rac-mCB-L1 (the syn- conformers are more
stable than the anti- conformers due to the intramolecular O-H--:*N HBs, but vice versa for the
corresponding deprotonated molecules). The different conformations can be related to their relative
stability during crystallization due to the intermolecular hydrogen bonding between the compounds
and the solvent molecules. Besides, as mentioned previously, the acidity of the carborane decreases
in the order of o- to m- to p-carborane moieties (Chapter 1.1). Therefore, the possible influence of
the acidity of the OH group from the intra- versus intermolecular hydrogen bonding to the

conformations cannot be ruled out.

Table 3.1-3: Selected molecular, supramolecular and crystal parameters for racemic and/or enantiopure

carborane-based 2-pyridylalcohols CB-L1 from Scheme 3.1-7.

. OCCN torsion (2)
Compounds SG Z SMC
R-isomer | S-isomer

P(A)Y | ON(A) | OHN (2)

rac-oCB-L1° P2./c | 1| +39.73 - RPP | 6.703 | 2.748 | 167.49
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- —39.73 | $5"m
R- oCB-L1 2 1| +41.72 - R’ P | 6.696 | 2.751 | 166.23
S- 0oCB-11 2 1 - -42.89 | M | 6.681 | 2.744 | 164.51
-151.50
- R-M
—-146.72 2.808 | 175.20
rac-mCB-L1 Pna2; 2 7.049
+151.50 2.708 | 172.67
_ S_SupP
+146.72
R- mCB-L1 P2, 1 | +43.50 - R-*“’P | 6.708 | 2.780 | 177.30
S-mCB-L1 P2, 1 - -43.44 | S*’M | 6.709 | 2.783 | 173.50
+150.77 2.736 | 166.65
rac- pCB-L1 P2,/c | 3 +147.38 - - 2.751 | 171.93
+136.97 2.879 | 156.51
R- pCB-L1 P2,2,2, | 1 | -149.82 - R’M | 8.962 | 2.836 | 160.19
S- pCB-L1 P2,2,2, | 1 - +149.99 | S-*°p | 8963 | 2.842 | 169.03
-151.57 - R M
rac-l-mCB-L1 | P2y/n | 1 7.088 | 2.742 | 172.64
- +151.57 | S-**Pp
J -156.72 - R-"P M
rac- oCB-L1-b C2/c |1 7.138 | 2.713 | 158.19
- +156.72 | S-°p
® Space groups. b Supramolecular chirality of the OH--N hydrogen bonding network. °
Pitches of the 2, supramolecular helices. ? See reference 1d.

Supramolecular Structures

As mentioned earlier, the supramolecular structures of all those compounds are dominated by HBs
of the OH groups and the nitrogen of the pyridine rings. The observed distance of the intermolecular
O-H---N HBs from the structures are shorter than 2.75 A with respect to the sum of the van der Waals
radii (SvdW) of hydrogen and nitrogen atoms and therefore qualify as moderate hydrogen bonds.®”
The handedness of the 2, helicity for all structures is described using the supramolecular-tilt-chirality
method (STC) as illustrated in Figure 3.1-9,"%* whereas, the molecules in front of the 2, screw axis
inclines to the right define as right-handed (***P), or left-handed (***M) if inclines to the left. The

handedness of the 2;-helicity for all compounds are summarized in Table 3.1-3.

In the enantiopure carborane pyridylalcohols, as illustrated in Figure 3.1-11a, R-oCB-L1 affords
right-handed P-helices and therefore gives R-°""P (Table 3.1-3). For the opposite enantiomer S-oCB-L1,
the supramolecular structure shows left-handed M-helices therefore S-*“’M. The same observation
appears for the enantiopure m-carborane based pyridylalcohols R-mCB-L1 and S-mCB-L1 (Figure
3.1-11, ¢ and d) as well, where R enantiomers afford O-H:--N supramolecular P-helix and S
enantiomers afford M-helix. This result suggests a certain enantiomeric relation of the handedness

between the MC and the supramolecular helices/SMC in the solid state.
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a)  RoCB-L1 b)  socB-L1 €)  R-mCB-L1 d)  smce-11

(RSHPPy | (S-SUPM) | | (R-SUPP) | (S-5UPMm)
Figure 3.1-11: Supramolecular assemblies of enantiopure R-oCB-L1 (a), S- oCB-L1 (b), R-mCB-L1 (c) and
S-mCB-L1(d). Top: Projections showing four molecules of each enantiomer forming 1-D 2, helical hydrogen
bonding columns. Bottom: a magnification of the helical hydrogen bonding networks where handedness is
indicated, as determined by the supramolecular tilt chirality method.™® Al hydrogen atoms, except the

hydrogen bonded, are omitted for clarity. Color code: B pink; C grey; H white; O red; N blue.

As summarized before in Table 3.1-3, the b
_ R-pCB-L1 ) spcB-L1
enantiopure R-oCB-L1/ S-oCB-L1 and R-mCB-Ll/

$-mCB-L1 have syn-conformations with OCCN

torsion angles  ~+42-44°, Differently, the

enantiopure p-carborane-based pyridylalcohols %

R-pCB-L1 and S-pCB-L1 show anti-conformations

with OCCN torsion angles ~+150-157°. As shown in @\
90°

Figure 3.1-12, although the O-H:--N hydrogen
bonded supramolecular helices are formed
(R-pCB-L1 gives R-"“°M and S-pCB-L1 gives S-°*°P),
the absolute configuration of the molecules and the

handedness of the supramolecular helices in solid

state are in contrast to the enantiopure o- and
m-carborane derivatives (R-oCB-L1/S-0CB-L1 and
R-mCB-L1 / S-mCB-L1). This observation suggests

supM) (S_supp)

Figure 3.1-12: Supramolecular assemblies of

that the handedness of the 2; supramolecular HB R-pCB-L1 and 5-pCB-L1 (top) and the projections

networks is not dependent to the chiral of helices (bottom).
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configuration, but more likely to be dictated by the OCCN torsion angles, which is illustrated in Figure

3.1-13.

(S-SUPm) 6 Enantiomers ) (R-SUPP)

(R-SUPV) <€ Enantiomers=» (S-SUPP)

Figure 3.1-13: Pictorial representation of relationship between chirality-torsion angle (center) and handedness
of helicity (top and bottom) of the resultant 2, supramolecular hydrogen bonding network found in this work.
Specification of torsion angles is shown in Klyne-Prelog system (middle, center), in chemical drawing (middle,
right and left) and Newman representation (top and bottom) each representing a molecule. Chirality at carbon
(R or S) is indicated and supramolecular chirality (right -*”P-or left —**’M- handedness) is determined by the

supramolecular tilt chirality method.!"**"
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the enantiomers R-oCB-L1 and S-oCB-L1 is found (syn-conformation), that is, R-isomers give R-**"P

In the racemic carborane pyridylalcohols, for o-carborane moiety rac-oCB-L1, the same relation as

and S-isomers give 5-°"’M and the OCCN torsion angles are in the range of ~ 40 (*sc). On the contrary,
the m-carborane derivatives rac-mCB-L1 crystallized as the anti-conformation, which is opposite to
its enantiomers R-mCB-L1 and S-mCB-L1 (syn-conformation). Therefore, R-isomers resulting in R-"“°"M
and S-isomers give S-°*’P. Same anti-conformation as rac-mCB-L1 is also found in rac-I-mCB-L1
(Figure 3.1-14).

a) R-isomer inrac-mCB-L1 b) S-isomer inrac-mCB-L1 c) R-isomer inrac-I-mCB-L1 d) S-isomer inrac-1-mCB-L1

o S Yo e

Tre o8 Ty
& B &

90° 90°

(RSUPM)

( s:-supp) ( R-SUP ) ( s-sup P)

Figure 3.1-14: Supramolecular assemblies of 2, helical hydrogen bonding for each enantiomer R-mCB-L1(a) and
S-mCB-L1(b) in the racemic structure of mCB-L1 as well as R-I-mCB-L1 (c) and S-mCB-L1(d) in the racemic
structure of I-mCB-L1. Top: Two projections showing four molecules of each enantiomer forming 1-D 2, helical
hydrogen bonding columns. Bottom: a magnification of the helical hydrogen bonding networks where
handedness is indicated, as determined by the supramolecular tilt chirality method.™ ™ See Table 3.1-3 for
metric parameters. All hydrogen atoms, except the hydrogen bonded, are omitted for clarity. Color code: B

pink; C grey; H white; O red; N blue.

The results of the racemic o- and m-carborane derivatives (oCB-L1 and mCB-L1) are in good
agreement as the relation shown in Figure 3.1-13. That is, by measuring the sign and the value of the
OCCN torsion angle, combine with the absolute configuration of the molecules, the handedness of
the supramolecular helices can be predicted. For example, a molecule like rac-oCB-L1 that has a
syn-conformation and positive OCCN torsion angle less than 90°, in principlewill be expected to give

R-°*°P supramolecular structure based on this hypothesis.
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However, unexpectedly, the p-carborane derivative rac-pCB-L1 does not form the O-H-:-N hydrogen
bonded helices. Instead, a hydrogen bonded trimer in RRS and SSR configurations is formed (Figure
3.1-15). Recrystallization of rac-pCB-L1 with different solvents (hexane, ethanol/hexane or acetone)
result in the same trimer as it might due to the significantly lower packing density for rac-pCB-L1
(1.123 gcm™) than the enantiomers R-pCB-L1 and S-pCB-L1 (1.238 gcm™).

Figure 3.1-15: Supramolecular assembly of rac-pCB-L1 showing 6 molecules forming two pairs of hydrogen
bonded trimers. Configurations of stereogenic centers are indicated and inversion center is shown as an orange
dot. All hydrogen atoms, except those for the CHOH group, are omitted for clarity. Colour code: B pink; C gray;
H white; O red; N blue.

In order to further investigate the correlation between the moderate O-H--:N hydrogen bonds versus
the supramolecular helicity as proposed for pyridylalcohol ligands. Two extra molecules rac-oCB-L1-b
and rac-Ph-L1 were re-examined, and a total of 10 extra different crystal structures were found in
the Cambridge Structural Database (CSD, version 5.35 updated in February 2014) (Table 3.1-4).
Detailed analysis shows majority of those molecules follow the same rule as proposed above (10 out

of 12).

Table 3.1-4: Selected molecular, supramolecular and crystal parameters for racemic and/or enantiopure non

carborane-based 2-pyridylalcohols from the CSD and the chemical structures.

Chapter
3.1

Rl
R N—
HO
. b OCCN torsion (2) . .4 .
Refcode SG z SMC P(A)° | ON(A) OHN (2)
R-isomer S-isomer
Enantiopure Structures
R=H;R=
OMe
Ph P2:2:2, | 1 - +150.37 | $p | 8.187 | 2.775 -~
ALUKEX
R=H;R= 0
P2,2,2, | 1 - +169.02 sp | 8427 | 2.796 178.33
ERIWOR
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R=H;R=
iPr
%Me P2, 1 - -46.74 s°"M | 5.561 | 2.862 -
JEJOW
R'=H;R=
NO
N2 P2,2,2, | 1 | -154.46 - R*’M | 7.145 | 2.720 172.55
ISUXEA
R=EtR'=
—— |
4@ P2, | 1| +174.77 - R-*"M | 9387 | 2.831 165.60
JOGDUF
R=Me;R'=
= < > P2,2:2, | 1 ; +171.61 | $*°P | 9.635 | 2.927 172.52
JOGFAN
R=tBu; R'= iPr
N= suj e
= )° P2, 1 - +155.51 s*’p | 6.893 | 2.901 -
KORKAD
R'=Br;R=
\© P212:2; | 1| +177.40 - R*P | 8733 | 2.867 168.62
NIZFOS
R=EtR'=
S Suj
~Zo P2, 1 - +157.10 s-?p | 6.553 | 2.906 151.82
XURIJEZ
Racemic structures
R=HR= -150.73 - R-""M
\© Pna2; | 1 9.248 | 2.800 166.71
- +150.73 s-*p
rac-Ph-L1
-151.31 - R-""Mm
TICPIG P2./c | 1 9.458 | 2.842 174.86
- +151.31 s-*p
® |dentifiers for crystals structures in the Cambridge Structural Database. b Space group; “Supramolecular
chirality of the OHN hydrogen bonding network. ? pitches of the 2, supramolecular helices. °H atoms not
available.

Conclusively, the analyses of these 20 structures (carborane-based ligands CB-L1 and the
conventional organic ligands from CSD) show that certain conformation of the molecules seems can
be translated into O-H:-:N helical networks with specific handedness and it is suggested that the
correlation between the OCCN torsion angles of the molecules and the handedness of the
supramolecular helices exist. Although there are possibly various mechanisms involved for the
correlation of the MC and the SMC, according to this study, the OCCN torsion angles of the molecules

could be one of the many driving factors for the formation of the supramolecular helices.
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3.1.2.2 Homochiral Recognition of Disubstituted ortho-Carborane-Based Pyridylalcohol

Derivatives

Self-assembly and organization of chiral species is another important study in crystal engineering to
mimic the formation of high order functional structures in nature, especially the homochrial
recognition of the chiral molecules in life.”? However, it is still a challenge to design and prepare the
chiral artificial self-assembled systems due to the unclear mechanism.**3! Many reports show the
occurrence of homochiral recognition from the corresponding racemic mixture,™* that is, an
enantiomer preferentially recognizes itself to generate homochiral self-assemblies (R-::R and S:::S).
The homochiral self-recognition of meso-compounds that incorporate both enantiomeric
configurations and generate the homochiral arrangement (R-S:--S-R--R-S:+*) is also found, although it

is less common.*®

The analyses of the supramolecular structures of the family of racemic monosubstituted
o-carborane-based pyridylalcoholspreviously reported in the group,”™ revealed that the
monosubstituted compounds containing non-nitrogenated aromatic rings do not show any
homo-chiral recognition (Scheme 3.1-8, left). However, introduction of nitrogenated aromatic rings
into the compounds seems to promote certain homochiral recognition (4 out of 9 structures)
(Scheme3.1-8, right).

Scheme 3.1-8. Summary of supramolecular synthons for previously reported first generation of

carboranyl alcohols and homochiral recognition
OH
|
<

A

Ar i ™
A i o
R =H, Me i
Ar = phenyl, furanyl, styryl i
O—H---0 O—H-—N
0% 44%

Homochiral Recognition Homochiral Recognition

To further explore the possibility for complete homochiral recognition in this system, the structures
of the corresponding disubstituted o-caraborane-based pyridylalcohol with phenyl, pyridyl or
quinolyl moieties (Scheme 3.1-9) from racemic mixtures and meso stereoisomers have been analyzed

and a complete homochiral self-assembly has been observed and shown in the following.
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Scheme 3.1-9. Second generation of carboranyl alcohols

OH

%A\ O\HAr L1\E\l/j L2\© L6\©

11,2,4,6 =

The structures of all these compounds have been determined by single-crystal XRD. SQUEEZE™” was

utilized to remove the disordered solvent molecules, and the hydrogen positions of the alcohols
were determined from the different map and refined freely without any restrain. As mentioned in
section 3.1.1.2, the disubstituted compounds have two diastereoisomers: meso compounds (RS; OH
groups are in syn-orientation) and racemic compounds (mixture of SS and RR; OH groups are in
anti-orientation). In the following, the anti or syn-isomers nomenclature will be employed to

represent the racemic or meso compounds respectively.

Molecular Structures

The compounds syn-oCB-(L1),, anti-oCB-(L1),, syn-oCB-(L6), and anti-oCB-(L4), crystallized as
solvates (syn-oCB-(L1),-2MeOH, anti-oCB-(L1),-MeOH, anti-oCB-(L1),-:2EtOH, syn-oCB-(L6),:0.25H,0
and anti-oCB-(L4),-2H,0) and syn oCB-(L2), crystallized without solvent molecules in its lattice (Figure
3.1-16).

anti-oCB-(L1),-MeOH anti-oCB-(L1),-2EtOH anti-oCB-(L4),-2H,0

syn-oCB-(L1),-2MeOH syn oCB-(L2), syn-oCB-(L6),-0.25H,0

Figure 3.1-16: Molecular structures of syn-oCB-(L1),-2MeOH, anti-oCB-(L1),-MeQOH, anti-oCB-(L1),-2EtOH,
syn-oCB-(L2),, syn-oCB-(L6),-:0.25H,0 and anti-oCB-(L4),-2H,0. Thermal ellipsoids set at 35% probability (B-H

and pyridine hydrogen atoms are omitted for clarity)

46



Results and Discussion - N,O Type Ligands

Chapter
3.1

The supramolecular structures for all these compounds are built based on O-H---N and/or O—H---O

Supramolecular Structures

hydrogen bonds. The distances of these intra- and/or intermolecular hydrogen bonds are shorter
than the 2.75/2.72 A with respect to the sum of the van der Waals radii (SvdW) of hydrogen and
nitrogen/oxygen atoms, where the intermolecular hydrogen bonds are near linear. Therefore, they

are qualified as moderate hydrogen bonds.®”

For 2-pyridylalcohol derivatives oCB-(L1), (syn and anti), all the compounds are assembled as dimers.

For comparison purpose, the unsolvated syn-oCB-(L1),™*®

will be briefly described. As shown in Figure
3.1-17, the unsolvated syn-oCB-(L1), forms a dimer through two bifurcated O—H-:-(N)(O) hydrogen
bonds: one intra (with nitrogen) and one intermolecular (with oxygen). The remaining OH groups are
involved in the intramolecular O—H-:-N hydrogen bonds which facilitates the intramolecular C-H:--O
interactions. syn-oCB-(L1),,:2MeOH also forms dimers and the arrangement of the chiral
pyridylalcohol moieties is very similar to the corresponding moieties of the unsolvated syn-oCB-(L1),,
except for the interruption of the intermolecular hydrogen bonds (observed in unsolvated
syn-oCB-(L1),) by the methanol molecules. These interactions lead to the formation of homochiral

dimers (-:R-S--:S-R--) as can be seen in Figure 3.1-17.

syn-oCB-(L1),

syn-oCB-(L1),:2MeOH

Figure 3.1-17: Supramolecular assemblies of syn-oCB-(L1), (Top) and syn-oCB-(L1),-2MeOH (Bottom).
Projections showing 2 molecules of each compound forming hydrogen bonded dimers. Configurations of chiral
carbons are indicated. All hydrogen atoms, except the hydrogen bonded, are omitted for clarity. Color code: B

pink; C grey; H white; O red; N blue.
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Crystal Structures of anti-oCB-(L1),-MeOH and anti-oCB-(L1),-2EtOH also show dimeric arrangements
(Figure 3.1-18). The dimers are formed by intermolecular O—H::-N hydrogen bonds in a R2,2(16) ring,
which leaves two donors (OH) and two acceptors (N) to interact with the methanol or ethanol
solvent molecules to form two D2,2(4) patterns, resulting in the homochiral self-assembly for both
anti-oCB-(L1),-MeOH and anti-oCB-(L1),-2EtOH.

anti-oCB-(L1),-MeOH anti-oCB-(L1),-2EtOH

Figure 3.1-18: Supramolecular assemblies of anti-oCB-(L1),-MeOH (Top) and anti-oCB-(L1),-2EtOH (Bottom).
Projections showing 2 molecules of each compound forming hydrogen bonded dimers. Configurations of chiral
carbons are indicated. All hydrogen atoms, except the hydrogen bonded, and solvent molecules in the channels

are omitted for clarity. Color code: B pink; C grey; H white; O red; N blue.

Moreover, the dimers of the same chirality assemble together by weak interactions and generate
channels that are occupied by solvent molecules. Selected example anti-oCB-(L1),-2EtOH is shown in

Figure 3.1-19.

along a axis along b axis

~\ SALZN @\%\ ; .:\7
R AgI
CEFO  OERO G\

«53’2-%22‘ %\@
SEFO S\

Figure 3.1-19: Comparative views of supramolecular assemblies of anti-oCB-(L1),-2EtOH, along the ethanol
containing channels (top), and perpendicular to them (bottom). Three sets of homochiral dimers of different
chirality (red for R enantiomers and yellow for S) assemble around a crystallographic 2, screw axes to generate

the channels. Ethanol molecules are shown in ball and stick style. Color code: B pink; C grey; O red.
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In the case of 3-pyridine derivatives oCB-(L2),, meso syn-oCB-(L2), forms intermolecular O—H---N
hydrogen bonds between two different molecules and gives rise to a zigzag 2D layer (Figue 3.1-20).
The R-moieties only interact with R-moieties (and vice versa) to form supramolecular layers through

homochiral hydrogen bonded chains, and thus afford a 3D structure (Figure 3.1-20, right).

syn-oCB-(L2),

Figure 3.1-20: Supramolecular assemblies of syn-oCB-(L2),. Two projections showing three or fifteen molecules
of syn-oCB-(L2), forming hydrogen bonded zigzag layers.Configurations of chiral carbons are indicated.
See Table 3.1-4 for metric parameters. All hydrogen atoms, except the hydrogen bonded, are omitted for

clarity. Color code: B pink; C grey; H white; O red; N blue.

Phenyl derivatives oCB-(L6), is expected to have different effect due to the absence of the
nitrogenated ring. Only OH moieties can be involved in the interactions. However, surprisingly,
homochiral recognition also takes place in syn-oCB-(L6),-0.25H,0. As shown in Figure 3.1-21, one
intramolecular O—H---O hydrogen bond is formed in each molecule, and the remaining OH group
forms intermolecular O—H---O hydrogen bonds, resulting in a pentameric cluster by combination of

four molecules and one water molecule.

Figure 3.1-21: Supramolecular assemblies of syn-oCB-(L6),-0.25H,0. Projection shows four molecules of
syn-oCB-(L6), and one molecule of water form a hydrogen bonded pentamer. Configurations of chiral carbons
are indicated. All hydrogen atoms, except the hydrogen bonded, are omitted for clarity. Color code: B pink; C

grey; H white; O red; N blue.
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self-assemblies. Two anti-oCB-(L4), molecules and two water molecules interact with each other to

For 2-quinoline derivative oCB-(L4),, the formation of O—H--*N hydrogen bonds are affected by the

increased bulkiness around the nitrogen atoms and resulting in a different manner of homochiral

form intermolecular O—H-:-O hydrogen bonds in cyclic, tetrameric styles (Figure 3.1-22).

N

Figure 3.1-22: Supramolecular assembly of anti-oCB-(L4),-2H,0. Two projections showing three molecules of
anti-oCB-(L4), forming O—H-:-:0 and O—H-:-N hydrogen bonded chains that include water molecules along the a
axis. Configurations of chiral carbons are indicated. All hydrogen atoms, except the hydrogen bonded, are

omitted for clarity. Color code: B pink; C grey; H white; O red; N blue.

The remaining H atom from the water molecule forms intermolecular O—H-:-N hydrogen bonds that
lead to the formation of homochiral chains (i.e.R-R-:-R-R-+-). These homochiral chains are then packed

as racemic columns by weak interactions (Figure 3.1-23).

B

Figure 3.1-23: (A): Comparative views of self-assembled supramolecular homochiral chains (indicated by arrows)
of anti-oCB-(L4),--2H,0, perpendicular (top) and along the O-H--O and O-H-:N hydrogen bonds (bottom)
giving racemic columns (represented as red/blue rectangular prism). Color code: B pink; C grey; H white; O red;

N blue. (B): A pictorial representation of the 3D assembly of racemic columns of anti-oCB-(L4),-2H,0.
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The complete homochiral self-assemblies of all those analyzed compounds (syn-oCB-(L1),-2MeOH,
anti-oCB-(L1),MeOH, anti-oCB-(L1),:2EtOH, syn-oCB-(L2),, syn-oCB-(L6),:0.25H,0 and
anti-oCB-(L4),-2H,0) take place independently on whether the compounds are in syn- (meso) or anti-
(racemic) forms. This could be due to the stereoselective intermolecular O-H-:N/O hydrogen
bonding, although the possible influences from the spatial requirements and other interactions
between the molecules are inevitable. The mechanism for the self-recognition in these compounds is
still unclear. Further studies on these behaviors and detail analyses on more related compounds are
required. For instance, recrystallization in various solvents and analysis on the corresponding crystal
structures can provide evidence whether the solvent molecules have influence for the homochiral
recognition. In addition, more structures from different substituents such as oCB-(L4),, oCB-(L5), and
even the corresponding conventional organic and m-carborane derivatives are crucial to determine

whether the presence of pyridylalcohols drive the homochiral recognition.
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3.2 Monosubstituted N,O-Type ortho- and
Pyridylalcohol Complexes

meta-Carborane-Based

2-pyridylalcohols (Figure 3.2-1) proved to be convenient precursors for the synthesis of polynuclear
complexes, owing to their N,O-chelation capabilities, their relatively high acidity and, when
deprotonated, the efficient O-bridging coordination over two or three metal centres (Figure 3.2-1A).™
On the other hand, n-pyridylalcohols (n = 3, 4) can be used as monodentate ligands through the

nitrogen or oxygen atoms but can also be used as bridging ligands for the construction of
coordination polymers (Figure 3.2-1B)."?
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Figure 3.2-1: Some of the possible coordination mode of the monosubstituted pyridylalcohol ligands.

The pyridylalcohols described in the previous chapter can be regarded as hydroxymethylpyridine
ligands (L1 in Scheme 3.2-1) where one of the H atoms at the —CH,— position of the alcohol arm has

been replaced by a carboranyl fragment. The latter is shown for the (2-hydroxymethyl)pyridine in
Scheme 3.2-1.

Scheme 3.2-1: 2-pyridylalcohol related ligands.
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electron-withdrawing character (Chapter 1.1). Introduction of carborane into the L1 backbone is

Phenyl derivatives are often compared with carboranyl moieties because of the similar size and the

expected to exert a higher acidity of the alcohol and an increase of size and hydrophobicity, with

respect to the related phenyl-L1 derivative (Scheme 3.2-1).

The first series of cobalt complexes with oCB-L were published in our group earlier, providing an
interesting antiferromagnetic and intrinsically porous molecular material.”! As part of this PhD work,
a series of unsymmetric iron (lll) complexes have been obtained with the corresponding
2-pyridylalcohol ligands CB-L1 and luminescent copper (I) complexes with 3- and 4- pyridylalcohol
ligands CB-L2 and CB-L3. These iron (lll) and copper (I) complexes have been characterized and their

properties will be discussed in the following sections.
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3.2.1 Unsymmetric Iron (lll) Complexes

Iron complexes have been widely studied for decades in material science not only because iron is one
of the cheapest, most abundant and non-toxic transition metal source, but also for their attractive
magnetic properties and oxidation states to develop potential materials for molecular magnetism,
catalytic applications, molecular switches, etc.”” The introduction of chirality increases the value on
such materials in areas such as enantioselective catalysis, magnetochirality or non-linear optic
materials.” In this section, 2-pyridylalcohol ligands CB-L1 are applied and the complete study on the
influence of the ortho- and meta-carborane moieties towards the formation and properties of iron
complexes will be shown. Those will be also compared with the formation of the iron complexes

from the phenyl Ph-L1 ligand.

3.2.1.1. Synthesis of an ortho-Carborane-Based Complexes and Related Phenyl Derivative

The use of the ortho-carborane-based Scheme 3.2-2: Formation route of Complexes FeCl;(oCB-L1); and

pyridylalcohol ligand (0CB-L1) leads to  re.cl,(Ph-L1),][FeCl,]
FeCl,

|
unsymmetric diiron (lll) complex Acetone |
FeCl;(oCB-L1); (see scheme 3.2-2)

|
r.t. under air
A8 T L0
which is compared with the triiron (l11) o

the formation of an unique

A/

OH
Ph-L1

= Cl
\ /N”'u,| ‘\\g
Fe
o7 | n=
H Cl N\ /

[FeCly(Ph-L1),]

and will be discuss later in this l

A <
chapter. B 1 recis
Fe,Cly(0CB-L1 - cl cl
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The general synthetic procedures are I

/ =
\_ O——F

complex [FesCl,(Ph-L1),][FeCl,] that is
formed when the conventional
phenyl-pyridylalcohol (Ph-L1) ligand is
used. The magnetic, chiroptical and
nonlinear optical properties of

FeCl;(0oCB-L1); have also been studied

shown in Scheme 3.2-2. The \F: o

syntheses of all iron complexes were o \CI d‘@
carried out under air. A clear

yellowish golden solution was formed [FesCla(Ph-L1),)[FeCly]

by mixing iron (ll) dichloride (FeCl,) with oCB-L1 in a 1.5:1 ratio in acetone. Slow evaporation of the
acetone gave brownish yellow agglomerates Fe,Cl;(0CB-L1); in a quantitative yield. The same
reaction was conducted with Ph-L1. A mononuclear iron (ll) intermediate FeCl,(Ph-L1), was observed
in this case, followed by further conversion to a trinuclear iron (lll) complex [Fe;Cl;(Ph-L1),][FeCl,],
which is the most stable product as confirmed by a recent report.!® All structures of iron complexes

in scheme 3.2-2 were confirmed by single-crystal X-ray diffraction (XRD) measurements and the
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purity was proven by elemental analysis and powder X-ray diffraction (PXRD). Equations (3.2-1) and
(3.2-2) summarize the formation of these complexes, assuming that the atmospheric O, acts as

oxidizing agent.
2 FeCl, + 3 0CB-L1 + 1/2 O,~> Fe,Cl3(oCB-L1); + HCI + H,0 (3.2-1)
4FeCl, + 4 Ph-L1 + 02 - [Fe;Cl;(Ph-L1),][FeCl,] + 2 H,0 (3.2-2)

The deprotonation of the corresponding alcohol
ligands during the formation of these complexes, and
in the absence of a base, can be explained by the
hardness of the metal ion.”! That is, the higher the
hardness of the metal, the more the deprotonation of

alcohols tends to occur wupon coordination.

Consequently, complexes of early transition metals

(groups 4 — 6) exclusively contain the fully

Figure 3.2-2: Molecular structure of

deprotonated alkoxide anions, while late transition FeCl,(Ph-L1),. Color code: C grey; H white; O
metals (groups 9 — 12) usually coordinate to the fully red; N light blue; Cl green; Fe orange.
protonated ligands. Group 7 and 8 transition metals

are in an intermediate situation that the occurrence of the deprotonation of alcohols is the combined
effect of hardness of the metal ion and the acidity of the alcohols. As expected, the acidity of the
0oCB-L1 is higher than the Ph-L1 due to the more electron-withdrawing character of the o-carboranyl
than the phenyl moiety. This is proved indirectly by the isolated intermediate mononuclear iron (ll)
complex FeCl,(Ph-L1), (Figure 3.2-2), in which the alcohol moieties remain protonated. However,
during the formation of FeCl,(Ph-L1),, no such intermediate was observed even by an in situ study
under N, atmosphere by Cyclic Voltammetry and NMR spectroscopy, indicating the fast formation of

the iron (lll) compound.

Two solvates were obtained by crystallization of
complex Fe,Cl;(0CB-L1); in acetone or diethyl
ether: an acetone solvate,
[Fe,Cl;(0CB-L1);]-acetone and an ether solvate

[Fe,Cl;(oCB-L1);]-ether. The  corresponding

structures were determined by single-crystal XRD.
[Fe,Cl;(oCB-L1);]-acetone (Figure 3.2-3, left) and
[Fe,Cl;(0CB-L1);]-ether (Figure 3.2-3, right) have

the same arrangement of oCB-L1 ligand,

Figure 3.2-3: Ball and stick representation (Mercury

3.0) for molecular structure [Fe,Cl;(0CB-L1);]-acetone
(left) and [Fe,Cl3(0CB-L1);]-ether (right). Color code:
.. . . . B pink; C ; H white; O red; N light blue; Cl ;
providing an unsymmetric dinuclear iron (lll) pinic; & grey; 1 white; L re '8 ue; Hgreen

Fe orange.
complex.
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It is known that the alcohol Scheme 3.2-3: L1,-O versus H3-O bridging of hmpH in iron

deprotonation in L1 (Scheme 3.2-2)

complexes.
and its derivatives favour bridging — R — R
(H—KI(O)ZKz(N,O)) over chelating (N, \ N/ \ N/
s cl
OH) bonding modes which can foster Ii/o\F c|\l\: /O\F ol
~F¢ e----- € _—Fe—
the formation of  polynuclear \0/:‘ N/ \09/ \N
complexes. It is also known that the 7\ | N R 7 |\
R — — R =

polynuclearity seems to be lowered by
R = H, Ph (FeCly(Ph-L1),), 2-MeO-Ph R = 0CB-L1 (Fe,Cl3(0CB-L1)3)
the addition of bulky substituents near

the alkoxide functional group.®

An example was reported by Christou et al. where Mn clusters
reduce their nuclearity from Mn to Mng by increasing the bulkiness of the chelate ligands. This is
one of the explanations to the formation of the dinuclear iron (lll) complex Fe,Cl;(0oCB-L1); against
the trinuclear complex [Fes;Cl;(Ph-L1),][FeCl;]. In addition, compare to the literature, diiron (lll)
complexes with L1 ligands or its derivatives always contain an even number of alkoxide bridges
(Scheme 3.2-3, Ieft).[7'9] This is in contrast with complex Fe,Cl;(0CB-L1);, which contains three
alkoxide bridges (Scheme 3.2-3, right), that is, an odd number of alkoxide bridges per diiron moiety.
This unique formation can be interpreted by the combined effect of the higher acidity (alcohol
functional group) and the bulky substituent (o-carboranyl) that makes the alkoxide ligand (oCB-L1))
less basic and less nucleophilic, consequently less coordinating at oxygen.m Therefore, an extra
alkoxide bridge from the third oCB-L1 is needed to compensate the lack of electron densities in the

metals.

As previously mentioned (section 3.1.1), the chiral pyridylalcohol
ligand oCB-L1 can adopt an R or S configuration. Since the iron
complex contains three oCB-L1 ligands, four configurations are
possible: RRR, SSS, RRS and SSR. However, It was found that in
complex Fe,Cl;(0CB-L1);, only RRS and SSR configurations are
observed in the crystal structure represented in Figure 3.2-4. In order

to further examine the formation of complex Fe,Cl;(0CB-L1); and the

configuration of the ligands in the complex, the R and S enantiomers

Figure 3.2-4: Fe,Cl;(0CB-L1);

of oCB-L1 were separated by HPLC using chiral stationary phase

(Chrialpak AZ-H) and hexane/ethanol 80/20 as eluent. Afterwards, it was followed the same synthetic
procedure of complex Fe,Cl;(0CB-L1); (Scheme 3.2-2), but in this case by reacting FeCl, with
controlled proportions of the enantiopure ligands (R)-(+)-0CB-L1/(S)-(-)-oCB-L1mixtures (1:0.5 equiv.
or 0.5:1 equiv. per 1 equiv. of Fe) in acetone. In this way, the corresponding enantiopure complexes
Fe,Cl;(0CB-L1); with RRS and SSR configurations, Fe,Cl;((RRS)-oCB-L1); and Fe,Cl;((SSR)-0CB-L1);,

were obtained and the structures were confirmed by single-crystal XRD (Scheme 3.2-4).
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Scheme 3.2-4: Synthetic route of enantiopure complexes Fe,Cl;((RRS)-0CB-L1); and Fe,Cl;((SSR)-0CB-L1);.

2R@HSor 2S5+ 1R
2R+1S
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Spas IRORRA 77 Sp BB P21
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Space aroup: P2, Space aroup: P2,

Further studies were carried out to verify whether the homochiral RRR or SSS complexes were
possible. When only one of the enantiomers ((R)-(+)-0CB-L1 or (S)-(-)-oCB-L1) was reacted with FeCl,
in a 1.5:1 ratio, the possible combination of complex [Fe,Cl;(0CB-L1);] in RRR and SSS configurations
could not be formed. Instead, a dinuclear [Fe,Cl,((RR)-oCB-L1),]-acetone and a mononuclear
Fe((SSS)-oCB-L1); were found and characterized by XRD (Figure 3.2-5). Comparison of the PXRD data
of the simulated pattern from the structures of complexes [Fe,Cl,((RR)-oCB-L1),]-acetone and
Fe((SSS)-oCB-L1); (Figure 3.2-5a and Figure 3.2-5c) and the experimental pattern of the reaction
mixture (Figure 3.2-5b) confirmed that the final products of the reactions contain the mixture of both

complexes.

[Fe,Cl,((RR)-0CB-L1),]*acetone

O )
~ L ~
>
?
>
]

Reaction mixture

Fe((SSS)-0CB-L1),

2 Theta

Figure 3.2-5: Comparison of PXRD of a) calculated PXRD of complex [Fe,Cl,((RR)-oCB-L1),]-acetone from the
structure (left), b) experimental PXRD for the reaction mixture and c) calculated PXRD of complex
Fe((SSS)-oCB-L1); and the corresponding structure (left). X-ray structures are shown in ball and stick

representation (Mercury 3.0). Color code: B pink; C grey; H white; O red; N light blue; Cl green; Fe orange.
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It is therefore proved that only RRS and SSR configurations of the complex Fe,Cl;(0CB-L1); can be
formed, but not RRR and SSS, which maybe due to the steric hindrance of the ortho-carborane
moiety in the oCB-L1 ligand. Besides, it is worth notice that in complex
[Fe,Cl,((RR)-oCB-L1),]-acetone, a symmetrical dinuclear iron (lll) complex was formed with two
0CB-L1" with a u—«'(0): *(N,0) bonding mode, and a solvated acetone molecule is interacting with
the iron (lll) centers as 771-0 coordination, which is known for electron-deficient metals.™ This result
supports the interpretation of the poor nucleophilic property of the alkoxide ligand oCB-L1" that
drives to the formation of the three-alkoxide bridges in complex Fe,Cl;(0CB-L1); or the 771—0
coordination in complex [Fe,Cl,((RR)-oCB-L1),]-acetone to compensate the electron densities in the

electron deficient metals.

3.2.1.2. Characterizations and Properties

The unsymmetric nature of the iron (lll) complex and the possibility to obtain it in enantiopure form
is interesting to further study its properties, both in solution (Cyclic voltammetry, NMR spectroscopy,

UV-Vis spectrometry and chiroptical) and solid state (Magnetic and non-linear optic properties).

Cyclic Voltammetry

-0.74

Figure 3.2-6: Cyclic votammetry (CV; a), E in mV) and square wave voltammetry (SWV; b and c) of complex
Fe,Cl;(0CB-L1); at 100 mV'in dry acetonitrile. Plots versus Ag wire; the ferrocene couple was measured at

+0.220 V versus this reference under the same conditions.
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The cyclic voltammogram (CV) and the square wave voltammograms (SWV) of this unsymmetric
complex Fe,Cl;(0CB-L1); were measured in acetonitrile (Figure 3.2-6). Three quasi-reversible redox
processes were observed at (I) +0.07 to —0.04, (II) —0.49 and (lll) —0.74V. Process (l) is attributed to
the successive one-electron redox couples: 2Fe" + 1e” > Fe'Fe" and Fe'Fe" + 1e” > 2Fe". The
reduction SWV plot shows a broad band at +0.07, consistent with the two iron centers with different
environments reducing at slightly different voltage (c.a. +0.06 V difference). The low current intensity
processes (1) and (lll) suggests a partial decomposition take place after reduction of both iron (lll)
sites. The signal at process (IV) (+0.52 V) is attributed to species formed during reduction. This is
supported by the SWV plot which shows no signal during reduction (Figure b) but is observed in the
oxidation plot (Figure c). Overall, the CV for complex Fe,Cl;(0CB-L1); agrees with a dinuclear nature

for the complex and it is in accordance with the solid state structure.

NMR Spectroscopy

Solution 'H and !B NMR spectra show that the sharp signals from the ligand became broad after the
addition of FeCl,. The broadening of the signals indicate the formation of paramagnetic iron (lll)
centres in complex Fe,Cl3(oCB-L1); (Figure 3.2-7). Since the pyridine ring is closer to the
paramagnetic iron centre than the carborane cluster in the complex Fe,Cl;(0CB-L1);, the interference
by the paramagnetic iron (lll) centre is larger to the proton resonances of the pyridine ring than the
boron atoms of the carborane. Therefore, the '"H NMR signals are generally broader than the *'B
NMR signal.

1B NMR Spectra TH NMR Spectra
oCB-L1 Nl 0oCB-L1
Ik |
— ——— | J,,U J__,__, N NN
Fe,Cl,(0CB-L1), | i Fe,Cl,(0CB-L1),
‘ | » - L iz \v‘ﬁx’\' A\\\

11 (ppem)

Figure 3.2-7: Comparison between 'H NMR (top) and "B NMR (bottom) spectra for the oCB-L1 ligand and the

iron (Ill) complex Fe,Cl;(0CB-L1); in acetone-Dg.
Magnetic Properties

The magnetic properties of complex Fe,Cl;(0CB-L1); in solid state were studied. The
variable-temperature (2-300 K) magnetic susceptibility data of the bulk solid complex Fe,Cl;(0CB-L1);
was collected under 0.03 and 0.5 T external magnetic fields (Figure 3.2-8). The result shows complex
Fe,Cl3(0CB-L1); is an antiferromagnetic species (ymT is 7.50 cm®mol K at 300 K and decreases while

lowering the temperature). The lower yuT value of complex Fe,Cl3(0CB-L1); compare to the two
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independent high-spin iron (lll) centers
(xmT = 8.75 cm®mol™K; g = 2.00) is an
evidence of the antiferromagnetic
interaction. Magnetic susceptibility data
were analyzed using the Van Vieck
equation, derived from the spin exchange
Hamiltonian H = -JS;S,,™ where S, = S, =
5/2. The best fit matches well with the
experimental data and gives the following
values: g = 2.05, J = -10.22, TIP = 280 x
10 em®mol™, p = 0.05 % and R = 1x10°.
Overall, the analysis of the data
agreeswith the shapeand values observed

in the experimental measurement, in

74
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Figure 3.2-8: Fitting of the ywT wversus T of
rac-Fe,Cl;(0CB-L1); between 2 and 300 K. The experimental

data are shown as m and — corresponds to the fitting

values
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which the exchange coupling for both iron (Ill) atomsis significantly antiferromagnetic. DFT

calculation using the B3LYP functions was processed and in agreement with the experimental data,

giving a calculated J value of -6.0 cm™. Although there is lack of correlated complexes to establish a

clear magnetostructural correlation, the analysis of the structural parameters of the relevant

complexes show the Fe-O-Fe angles are similar but difference in the Fe-O distances, suggesting the

Fe-O distance could be the key parameter to control the magnetic behavior. That is, the longest Fe-O

separation in the complex Fe,Cl;(0CB-L1); compare to other complexes seems to explain the

antiferromagnetic coupling in this system.
UV-Vis Spectrometry

The UV-Vis spectrum of the complex
Fe,Cl3(0CB-L1); and the ligand oCB-L1 were
recorded in acetonitrile (Figure 3.2-9). Only
one band is observed for the ligand oCB-L1
near 260 nm, while two bands can be
observed for the complex Fe,Cl;(0CB-L1);
near 250 nm and 320 nm. According to the
literature, the absorption bandaround 250
nm can be attributed to the nm—> =*
transition of the ligand oCB-L1, and the
band at 320 nm can be attributed to
oCB-L1' > Fe (ll) charge transfer
transitions (LMCT).™?

0.6 o

0.4 / 1 .
02" \

0.0 4

T T T T T T T T T 1
220 240 280 280 300 320 340 360 380 400 420
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Figure 3.2-9: UV-Vis absorption spectra (normalized) of
oCBhmpH (dotted line) and complex Fe,Cl;(0CB-L1);(solid

line) in acetonitrile.
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Chiroptical Properties

The circular dichroism (CD) spectra of the enantiopure complexes (RRS)-(-)-Fe,Cl3(oCB-L1); and
(SSR)-(+)-Fe,Cl;(0oCB-L1); as well as the corresponding free enantiopure ligands (R)-(+)-
oCB-L1/(S)-(-)-oCB-L1 were recorded (Figure 3.2-10) in CH,Cl,. Both enantiopure ligands and
complexes show mirror images. The bands at 260 nm with Agvalue -9.3 M™ cm™ for the ligand
(Figure 3.2-10, dotted line) is typical for chiral secondary alcohols with an aromatic substituent.!*>**
In the case of the iron (lll) complexes (RRS)-(-)- Fe-oCB-L1-a and (SSR)-(+)-Fe,Cl;(0CB-L1);, the bands
at 260 nm, 310 nm and 350 nm display as mirror images (Figure 3.2-10, solid line), revealed the chiral
environment around the iron centres and suggest the chirality is transferred from the chiral ligands

to the corresponding complexes.

15 ~

-15 -
Figure 3.2-10: CD spectra of R(+)oCB-L1 (blue dotted line), S(-)oCB-L1 (red dotted line), (RRS)-(-)-

Fe,Cl3(0CB-L1); (blue plain line) and(SSR)-(+)- Fe,Cl3(0CB-L1); (red plain line).
Spontaneous Resolution and Non-linear Optical (NLO) Properties

As mentioned before, two different solvates (Fe,Cl;(0CB-L1);-acetone and Fe,Cl;(0CB-L1);-ether,
Figure 3.2-11) were obtained. Fe,Cl;(0CB-L1);-acetone (space group: centrosymmetric P2,/c) is
formed as a racemate (rac-Fe,Cl;(0CB-L1);), which means both enantiomers ((RR)-Fe:(S)-Fe and
(SS)-Fe: (R)-Fe, Figure 3.2-11 left) crystalized in the same crystal. Fe,Cl;(0CB-L1);-ether (space group:
non-centrosymmetric P2,, Flack parameter: 0.004(15)™) is obtained as a conglomerate (co-
Fe,Cl;(0CB-L1);), that is, the enantiomers ((RR)-Fe:(S)-Fe or (SS)-Fe:(R)-Fe, Figure 3.2-11 right)
crystalized in separated crystals. The formation of co-Fe,Cl;(0CB-L1); indicates that during the
recrystallization process, the spontaneous resolution occurs, or in other words, the immediate

separation of the corresponding enantiomers from the racemic mixtures on crystallization.

Since the loss of centrosymmetry of the material could give interesting optical and electrical
properties,lls] further investigationon whether spontaneous resolution and conglomerate formation

were possible in the entire crystalline batch (bulk solid) was carried out.
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Fe,Cl;(oCB-L1),°acetone Fe,Cl;(oCB-L1),eether
rac-Fe,Cl;(oCB-L1), co-Fe,Cl;(oCB-L1),

R / ] (RR)Fe:(S)Fe
(RR)Fe:(S)Fe e
(SS)Fe:(R)Fe “ ”
(SS)Fe:(R)Fe

Figure 3.2-11: Single crystal structures of Fe,Cl3(0CB-L1);esacetone and illustration of racemate (left) and

Fe,Cl3(0CB-L1);eether and illustration of conglomerate (right). Yellow line shapes represent one crystal.

The slow evaporation of acetone for complex Fe,Cl;(0CB-L1); (Figure 3.2-12A) gave a crystalline solid
that is isomorphous with Fe,Cl;(0CB-L1);eacetone by comparison of the PXRD patterns (Figure
3.2-12B (a) and (b)).

A B
rac-Fe,Cly(oCB-L1), @)
(RR)Fe:(S)Fe

. Fe,Cl;(0CB-L1);eacetone
; J U( J[ I

(SS)Fe:(R)Fe
- 50\"30“(5{\0“ b)
20 | | | . rac-Fe,Cl;(oCB-L1),
|
L:1 miture of Crystalline solid @ stirring JWUL.JN'WWW‘JWJWMM
enantiomers in ether
c)
80,80 'I "L co-Fe,Cl;(0CB-L1),
co-Fe,Cl,(0CB-L1), aiend LI A N bbb

9 1

Ny Fe,Cl,(0CB-L1),eether

and
Precipitate (SS)Fe:(R)Fe ‘ ‘ i ! . :

5 10 15 20 25 30
2 Theta

Acetone solution
of rac-oCB-L1

Figure 3.2-12: A: Schematic representation of racemic (rac-Fe,Cl;(0CB-L1);) and conglomerate
(co-Fe,Cl;(0CB-L1);) formation for bulk samples of Fe,Cl;(0CB-L1);. See the text for details; B: PXRD of
Fe,Cl;(0CB-L1);: a) calculated PXRD obtained from crystal structure Fe,Cl;(0CB-L1);-acetone, b) racemic mixture
rac-Fe,Cl3(0CB-L1);, c) conglomerate co-Fe,Cl;(0CB-L1);, d) calculated XRPD obtained from crystal structure

Fe,Cl;(oCB-L1);-ether.

Addition of diethyl ether to the solution of rac-Fe,Cl;(oCB-L1); in acetone provoked the formation of

a precipitate (virtually no material remain in the solution) which PXRD pattern shows that it is
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isomorphous with Fe,Cl3(0CB-L1)s-ether (Figure 3.2-12B (c) and (d)). Therefore, the solid obtained on

precipitation corresponds to a conglomerate co-Fe,Cl;(0CB-L1);.

Moreover, the conversion of rac-Fe,Cl;(0CB-L1); to co-Fe,Cl;(0CB-L1); in the solid state was also
demonstrated experimentally by exposing rac-Fe,Cl;(0CB-L1)3 crystalline solid to diethyl ether
vapour for 3 days. The resulting solid was measured by PXRD and the experimental diffraction
patterns matched with the calculated diffraction patterns from the single-crystal X-ray structure as
well. Thus, the total spontaneous resolution in the entire crystalline batches from the racemate
compounds to conglomerate, either on precipitation by addition of diethyl ether solvent or

exposition to its vapour, is confirmed.

The chiral nature of the conglomerate co-Fe,Cl;(0CB-L1); was further confirmed by measuring its
nonlinear optical activity by using second-harmonic generation (SHG) measurements. The SHG
method is commonly applied to identify the formation of conglomerates.™® The results show a
positive SHG signal of complex co-Fe,Cl;(0CB-L1); that is in agreement with its non-centrosymmetric
nature (chiral space group P2; Figure 3.2-13). The SHG signal maintains up to 110 °C exhibits the
stability of co-Fe,Cl;(0CB-L1); under laser irradiation is also observed. Additionally, the CD spectrum
shows no signal in solution implying that the co-Fe,Cl3(0CB-L1); contains a 1:1 mixture of the

enantiomers. All data is consistent with the formation of conglomerate co-Fe,Cl;(0CB-L1)s.

Second Harmonic Generation
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Figure 3.2-13: SHG intensity of co-Fe,Cl;(0CB-L1); versus temperature between -200 and 200 °C.

The study of the oCB-L1 and its comparison with the Ph-L1 highlights the unprecedented properties
from the carborane moiety versus the conventional organic based moiety in coordination chemistry.
In order to understand more the role of the carborane and the driving factors of such unique
complex formation in this system, the meta-carborane derivative mCB-L1 has also been synthesized

(Chapter 3.1.1.1). The reactivity of mCB-L1 toward FeCl, will be explained in the following section.
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3.2.1.3. Syntheses of meta-Carborane-Based Complexes

The size of both carboranyl pyridylalcohols Scheme 3.2-5: Synthesis of complexes [Fe,Clz(0CB-L1);]

oCB-L1 and mCB-L1 are very similar, the 4 [Fe,Cls(mCB-L1)5]

main difference being their acidities.”” As FeCl,

explained in the Introduction (Chapter 1.1.1), | | |
o-carborane  will exert a higher y Joeone
electron-withdrawing effect on substituents

at carbon than the related m-carborane.

Thus, it results interesting to compare the m(;:-u
coordination chemistry of oCB-L1 and l
mCB-L1 and investigate the possible effect Vi%\
of their different acidities on their L/ N
coordination chemistry. Thus, the same o 5 \\\\N/N/
synthetic procedure as complex CICT/Ee/wth;'\’ \\
Fe,Cl;(oCB-L1); has been used (Scheme
3.2-5). A clear yellow solution was formed
by mixing iron (Il) dichloride (FeCl,) with

[Fe,Cls(0CB-L1);] [Fe,Cly(mCB-L1),]

mCB-L1 in a 1.5:1 ratio in acetone. Slow
evaporation of the acetone gave a yellow crystalline solid that corresponds to Fe,Cl;(mCB-L1); in a
guantitative yield (scheme 3.2-5, right). The structure of complex Fe,Cl;(mCB-L1); is confirmed by
single-crystal XRD and the phase purity is proven by the PXRD. Unexpectedly, unlike in o-carborane
complex Fe,Cl3(0CB-L1);, an isomeric dinuclear iron (lll) complex is obtained when using mCB-L1. The
pyridine nitrogens of three mCB-L1 ligands are coordinated to only one of the iron (lll) ions in
Fe,Cl;(mCB-L1);. As it can be seen in the Scheme 3.2-5, the same as oCB-L1, mCB-L1 also adopts R
and S configuration. Different than the Fe,Cl3(0CB-L1); complex, where only RRS and SSR
configurations are found, mCB-L1 ligands in complex Fe,Cl;(mCB-L1); are found in RRR and SSS
configurations. At this point, it is vital to remind that [Fe,Cl,((RR)-oCB-L1),]-acetone or
[Fe((SSS)-0CB-L1);] were formed when only one of the oCB-L1 enantiomers (R or S) were employed
in the synthesis (Figure 3.2-5; section 3.2.1.1). The construction of Fe,Cls(mCB-L1); could then be
explained by preferential formation of a mononuclear [Fe(mCB-L1);] in solution, followed by its
coordination to FeCl; that present in the reaction media. Following the same interpretation
employed in the case of the Fe,Cl3(0CB-L1); complex, the mCB-L1 is expected to be less acidic than
the related oCB-L1, therefore, the corresponding alkoxide ligand mCB-L1" should bemore basic and
consequently more coordinating than the oCB-L1 derivative. This might certainly explain a higher
stability of a mononuclear complex like Fe(mCB-L1);, that then reacts or just crystallized with FeCls.
Unfortunately, the presence of the paramagnetic iron (lll) species inhibited the analysis by NMR
spectroscopy. Thus, a family of mCB-L1 derivatives is set to be synthesized, where the

electron-withdrawing nature of the cluster and therefore the acidity of the alcohols substituent can
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be changed, in order to further investigate the acidity in the CB-L1 system towards the formation of
the dinuclear iron (lll) complex. As previously described in section 3.1.1.1, a series of B-iodinated
mCB-L1 derivatives (I-mCB-L1 and I,-mCB-L1) were synthesized by substituting the hydride (H’) to
iodide (I') at B(9) or/and B(10) position(s), since the introduction of an electron-withdrawing group

such as iodine in such positions is known to exert an influence in the cluster carbon atoms."*®

An indirect proof of the changes of acidity of the alcohol in the CB-L1 system can be observed by
NMR spectroscopy under the same condition (5 mg/0.3 mL Ac-Dg solvent, room temperature) (Figure
3.2-14), The highlighted signals in the "H NMR spectra of oCB-L1, mCB-L1, I-mCB-L1 and I,-mCB-L1
correspond to the proton of the alcohol (-OH). As shown in the spectra, the -OH proton signal of
0CB-L1 appears at 5.97 ppm, whereas the corresponding -OH proton signal of mCB-L1, I-mCB-L1 and
1,-mCB-L1 appear 5.45 ppm, 5.64 ppm and 5.80 ppm, respectively. Within the mCB series, the OH
proton signal is more downfield shifted as more iodines are introduced in the cluster. Since the
electron density of the alcohol would be reduced by the more electron-withdrawing moieties, the
proton from the alcohol would be more deshielded and resulting in the more downfielded chemical
shift.
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Figure 3.2-14: Comparison between 'H NMR spectra for the oCB-L1 (green), mCB-L1 (blue), I-mCB-L1(purple)

and I,-mCB-L1 (red) ligands in acetone-Dg.

The corresponding iron (lll) complexes with I-mCB-L1 and 1|,-mCB-L1 ligands were synthesized
following the same reaction procedure as complex Fe,Cl3(mCB-L1);. Slow evaporation of the acetone
gave yellowish brown amorphous solid Fe,Cl3(I-mCB-L1); and Fe,Cls(l,-mCB-L1);, in which the
proposed formulas are in agreement with the elemental analyses. In the 'H NMR spectra (Figure
3.2-15), although the paramagnetic properties of the complexes causes the broadening of the signals,
it is clear that the spectra of Fe,Cl3(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cls(I,-mCB-L1); are
comparable. Therefore, both formation of the complexes Fe,Cl;(I-mCB-L1); and Fe,Cls(l,-mCB-L1);
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are suggested to have the same architecture as complex Fe,Cls(mCB-L1); rather than complex

Fe,Cl3(0CB-L1); (scheme 3.2-5).
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Figure 3.2-15: 'H NMR spectra for the corresponding complex Fe,Cl;(mCB-L1); (blue), Fe,Cl;(I-mCB-L1); (purple)
and Fe,Cl;(l,-mCB-L1); (red) ligands in acetone-Ds.

In order to shed more light into the coordination mode of the series of mCB-L1 ligands, the iron
complexes were also characterized by Cyclic Voltammetry (CV) and UV-visible spectroscopy. The
preliminary voltammograms of complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1);
were determined under the same conditions (0.85 mM complexes in TBAPF6 acetonitrile solution
with 100 mV™" scan rates) and compare with complex Fe,Cl;(0CB-L1);. Similar voltammograms are
observed for complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1);. As shown in the
voltammograms (Figure 3.2-16), only one quasi-reversible redox process was observed for complexes
Fe,Cl3(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1);, whereas in the quasi-reversible redox
process (lI) of complex Fe,Cl;(0CB-L1);, two waves was observed during reduction process as
explained previously. Although Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1); are also
asymmetric iron (lll) complexes, there is no obvious wave splitting observed during the reduction
processes, which may due to instabilityof the complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and
Fe,Cl3(l,-mCB-L1);in acetonitrile (ACN) and resulting in split of complexes to a mono-nuclear complex
Fe(mCB-L1); and FeCl;, as previously hypothesized. The observed CV signals for the
mCB-basedcomplexes are certainly compatible with such mononuclear complex formation in

solution.
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Fe,Cl;(0CB-L1), Fe,Cl;(mCB-L1),

Fe,Cl,(I-mCB-L1), Fe,Cl,(1,-mCB-L1),

Figure 3.2-16: Cyclic voltammograms (CV) of complex Fe,Cl;(0oCB-L1);, Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and
Fe,Cl3(1,-mCB-L1); at 100 mV 'scan rates in dry acetonitrile TBAPF; solution. Plots versus Ag wire; the ferrocene
couple was measured at +0.220 V for complex Fe,Clz(0CB-L1); and +0.430 V for complex Fe,Cls(mCB-L1);,

Fe,Cl3(I-mCB-L1); and Fe,Cl;(l,-mCB-L1); versus this reference under the same conditions.

Moreover, a slight shift of the cathodic peaks for complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and
Fe,Cl;(1,-rmCB-L1); to more positive potentials
are observed (Figure 3.2-17), where the E;),
are +4.25, +6.75 and +9.25 mV vs Fc'/Fc,
respectively. Although the shift is not
significant (2.5 mV), it can be observed some
influence of the ligands towards the electron
density of the metal centers. The displacement
of E;, towards more positive potentials is
consistent with the electron-withdrawing
nature of the ligands (I,-mCB-L1 > I-mCB-L1 >

Figure 3.2-17: CV of complex Fe,Cls;(mCB-L1);,
mCB-L1). The more elctron-withdrawing the g P Chl )

Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1);in the range of
ligands, the easier is the oxidation of the 2Ll s 2Cls(l; s &

L [19] +500 to -500 mV.
corresponding iron complexes:

F32CI3(|2'mCB-L1)3) > Fe2C|3(I-mCB-L1)3 > (Fezclg(mCB'Ll)g
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The UV-Vis spectra of complex Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cls(l,-rmCB-L1); were
collected and compared with that for complex Fe,Cl;(0CB-L1); and iron trichloride (FeCl;#xH,0) as
well (Figure 3.2-18). The UV-Vis spectra of complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and
Fe,Cl;(l,-mCB-L1); are similar with each other, indicating the electronic features of the complexes are
comparable. Those are however different to that of Fe,Cl;(oCB-L1);. For all Fe,Cl;(mCB-L1);,
Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1); complexes, three bands at 250 nm, 320 nm and 360 nm are
observed, while only two bands are observed forFe,Cl;(0CB-L1); complex. Same as complex
Fe,Cl3(0CB-L1);, the bands near 250 nm can be attributed to the m - =* transition of the ligands
CB-L1. The bands around 320 nm are assigned to CB-L1" - Fe (lll) ligand-to-metal charge transfer
transitions (LMCT) for complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1);.
Interestingly, the band near 360 nm that appears in complexes Fe,Cl;(mCB-L1);, Fe,Cl;(I-mCB-L1);
and Fe,Cl;(l1,-mCB-L1); also appears in the UV-spectrum of FeCl; (both in CH;CN (360 nm) and CH,Cl,
(350 nm)). Those low energy bands are therefore tentatively assigned to CI'=> Fe (lll) LMCT from
FeCl; units, although further investigation by gas phase calculation is necessary in order to confirm
the band assignments. This result is in agreement with the earlier hypothesis where the mCB-based
dinuclear iron (lll) complexes split in solution into mononuclear iron (Ill) complexes and FeCls. This
will certainly explain the differences of CV and UV results between mCB and oCB-based iron

complexes.

Figure 3.2-18: UV-Vis absorption spectra (normalized) of FeCl; (dotted line), complex Fe,Cl3(0CB-L1); (solid line,
green), Fe,Cl;(mCB-L1); (solid line, blue), Fe,Cl;(I-mCB-L1); (solid line, purple) and Fe,Clz(l,-mCB-L1); (solid line,

red) in acetonitrile.
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All the characterizations of complexes Fe,Cl;(I-mCB-L1); and Fe,Cl;(l,-mCB-L1); implied that the same
isomer as complex Fe,Cl;(mCB-L1); is formed, at least in solution. Unfortunately none of the
iodo-derivatives could be crystallized so that it is not possible at this moment to verify the solid state
structures. Providing that the analysis is correct and that all mCB-based iron (lll) complexes
correspond to mononuclear Fe(mCB-L1); complexes in solution, the basicity of the ligands might
explain the differences with the related oCB complex. However, the effect of the size of the ligands in
the architectures of the complexes cannot be ruled out. Nevertheless, the complexity of this

chemistry certainly requires further and more intensive studies.

3.2.1.4. Bulkiness versus Acidity towards Formation of Iron (lll) Complexes

As mentioned before, different formation of complexes Fe,Cl;(0CB-L1); and [Fe;Cls;(Ph-L1),][FeCl,] is
presumably caused by the combined effects of the different acidity and the bulkiness of the
corresponding ligands (Ph-L1, oCB-L1 and mCB-L1). In this section, the acidities and bulkiness of the
ligands employed in the sections above will be discussed and extent the analysis to the other two
oCB derivatives, a 2-quinolyl (0CB-L4) and a methyl-oCB-L1 derivatives (see nomenclature in Page |),

where both are bulkier than the CB-L1 compounds.

Table 3.2-1 summarized the 'H chemical shifts of the alcohols of all the ligands under the same
conditions. According to the NMR spectra, the acidity of the ligands seems to be: oCB-L4 > oCB-L1 >
MeoCB-L1 > Ph-L1 = I,-mCL1 > I-mCB-L1 > mCB-L1. Note that although the acidity of the alcohol
I,-mCB-L1 is comparable to that of Ph-L1, they form different architectures in their reactions with
FeCl, (vide supra). This clearly indicates that the dominant factor in this case is the bulkiness of the
corresponding ligand. As discussed in the previous section, all mCB-based ligands seem to form the

same architectures in solution, regardless of their different acidities and bulkiness.

Table 3.2-1: Summary of -OH chemical shiftin "H NMR

Ligands -OH 6(ppm)
oCB-L4 6.27
oCB-L1 5.97
MeoCB-L1 5.85
mCB-L1 5.45
I-mCB-L1 5.64
I,-mCB-L1 5.80
Ph-11 5.80
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An interesting example is that for the bulkier ligand oCB-L4. The
NMR data suggests that the alcohol group in this compound is
the most acidic (Table 3.2-1). It was anticipated that the bulky
nature of this compound would not form a dinuclear iron
complex FeCl(oCB-L4),. This is confirmed by its reaction with
FeCl; and the solid state characterization by single-crystal XRD

(Figure 3.2-19) of the final product. Even when a slightly bulkier

ligand than oCB-L1, such as MeoCB-L1, was employed for the

. . . . Figure 3.2-19: single-crystal XRD
reaction with iron, a mono-nuclear iron (lll) complex
[FeCl;(MeoCB-L1)][HMeoCB-L1] was formed (confirmed by
single-crystal XRD™®"). The structures of both FeCl(oCB-L4), and [FeCl;(MeoCB-L1)][HMeoCB-L1] are

illustrated in Figure 3.2-20.

structure of [FeCl(oCB-L4),]

Cl — -+
— | cl HoN"
\ N—Fe \_/
/ AN HO
o Cl
CH3
FeCl(oCB-L4), [FeCl3(MeoCB-L1)][HMeoCB-L1]

Figure 3.2-20: FeCl(oCB-L4), (left) and [FeCl;(MeoCB-L1)][HMeoCB-L1] (right)

These results indicate that the bulkiness of the ligand is the dominant factor for the formation of the
iron (lll) complex in this system, in which the bulkier the ligand, the lower the polynuclearity. It is in
agreement with the literature.®® However, the influence of the acidity cannot be neglected and could
become the dominant factor in the case that the bulky substituent is far away from the reactive
coordination site of the ligand, so that the influence of the steric hindrance is minimized. Further
studies on the influence of the acidity towards the formation of diiron (lll) complexes with carborane
moieties might help in understanding this chemistry. For instance, addition of the methyl group(s) at
the boron vertex(es) in the corresponding o-carborane ligand could in principle reduce the acidity
while being far enough of the coordination site (e.g. B (9) and/or (12)). This may allow the formation

of dinuclear complexes as oCB-L1 ligand or even as mCB-L1 derivatives.
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3.2.2 Cubane-Liked Copper (l) lodide Complexes

Luminescent materials received intense studies for sensors or optical devices. Coordination of
N-containing monodentate ligands and copper (l) halide can form metal cluster Cu.X,L,, which gives
intensive luminescent properties. The first copper (1) halide complex Cu,ls(pyridine), was discovered
in 1985 and well-studied thereafter.”" Even though the topologies are stoichiometric dependence
(CuX : L =1:1 or 1:2) and result in different copper clusters (Scheme 3.2-6),"*! the most studied and

common morphology is CusX4Ls type complexes with cubane-liked cluster.

Scheme 3.2-6: Different morphologies of Cu,X,L, clusters.
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The luminescent properties are depending on the domination of the high energy (HE)
halide-to-pyridine charge transfer excited state (XLCT*) or the low energy (LE) cluster-centered
excited state (CC*) by changing the temperature, therefore, these Cu(l) complexes are
thermochromics. At most of the cases, LE emission is dominant at room temperature while HE
emission is dominant at low temperature. For instance, Cusls(py)s solid exhibit yellow emission at
room temperature, while blue emission appears at 77K. On the other hand, the emission properties
are also sensitive to the coordinated ligands. By addition of different substituents to the pyridine ring,
various emission colours can be observed, which is due to the flexible Cuyl, core that change the
Cu--Cu distance and hence results in different CC* emission.”*?* Several reports also show potential

applications on sensing or light emitting diode (LED) by copper (1) halide materials.”

In this section, the preliminary results for the luminescent properties of copper (I) complexes with
mono-substituted carborane-based 3-pyridylalcohol (CB-L2) and 4-pyridylalcohol (CB-L3) will be
discussed and compared with the corresponding phenyl derivative (Ph-L2 and Ph-L3).

3.2.2.1 Syntheses with 3- and 4-Pyridylalcohol Ligands

The synthetic procedure was followed with slight modification from the reported literature.”®

Copper (I) iodide (Cul) and the corresponding 4-pyridylalcohols (R-L3; where R represents Ph, oCB,
mCB) were mixed in 1:1 ratio in acetonitrile at room temperature under ambient condition and

stirred until a constant clear yellowish orange solution was obtained (approx. 15 min) (Scheme 3.2-7),
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The solvent was then removed and the obtained yellowish powder was re-dissolved in toluene for

recrystallization and orange square crystals were formed for Cu-oCB-L3 and Cu-mCB-L3.

Scheme 3.2-7: Syntheses of Cu-R-L3.
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All Cu-R-L3 compounds are characterized by FTIR-ATR, NMR (lH, g, 13C), solid state UV-Vis
spectroscopy and fluorescence spectroscopy. The purity of Cu-R-L3 was proved by elemental analysis
and the crystal structure of Cu-oCB-L3 was solved by single-crystal XRD and the preliminary

single-crystal XRD data shows that Cu-mCB-L3 is isostructural to Cu-oCB-L3.

Cu-0CB-L3 crystallized in the triclinic and P-1 space group as shown in Figure 3.2-21, the structure for
Cu-0CB-L3 consists of a tetranulcear Cuyl, cubane-liked core and each copper ion coordinatedby one
oCB-L3 ligand, via the nitrogen atoms. The solid structure is dominated by intermolecular O-H--I

interactions (Figure 3.2-22).

Figure 3.2-21: crystal structure of Cu-oCB-L3. Thermal ellipsoid set at 50%. Colour code: B pink; C grey; O red; N

blue; | violet; Cu orange. Only one enantiomer is represented in those structures with disorder of OH groups.
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Figure 3.2-22: crystal packing of Cu-oCB-L3 in symmetry operation style. Cu-oCB-L3 molecules are connected

through I---H-O hydrogen bonds in the crystal lattice.

Characterization of selected example Cu-0CB-L3 and the corresponding oCB-L3 ligand by 'H and ''B
NMR spectra.

NMR (*H and ''B) spectra of the oCB-L3 and Cu-oCB-L3 are shown in Figure 3.2-23 as a general
example for the chemical shift of the Cu-R-L3 complexes and the corresponding R-L3 ligand. In the *H
NMR spectra, the proton resonances show characteristic peaks for one cage-carbon C-H vertex of the
carborane cluster, pyridine ring and CHOH moiety as discussed in Chapter 3.1.1. The signals of
Cu-oCB-L3 are shifted downfield as expected because of the coordination with copper ions. The clear
sharp signals also an indication of diamagnetic species, in this case copper (l), therefore, no oxidation
occurs to form copper (I1) (paramagnetic). In the *B NMR spectra, both 0CB-L3 and Cu-0CB-L3 are in
the range of in the range of 6-2.4 to -12.4 for ten boron atoms, which is consistent with the boron
cage of the mono-substituted ligand, implying that there is no degradation occurs for the carborane

clusters during complexation.

IH NMR 1B NMR

oCB-L3 loCB-L3

100 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3o 20 10 o -10
f1 (ppm) 1 (ppm)

Cu-oCBL3

100 9.5 9.0 8.5 a.0 6.5 6.0 5.5 5.0 4.5 4.0 30 20 10 -20 -30 -0

7.0 0 -10
f1 (ppm) 1 (ppm)

Figure 3.2-23: 'H NMR (left) and "B NMR (right) of 0CB-L3 (top) and Cu-oCB-L3 (bottom).
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In addition, since such Cu,l, systems are well studied, the same architecture of Cu (I) complexes can
be formed by using 3-pyridylalcohol (R-L2) derivatives. In order to study whether the position of the
substituents to the pyridine matters for the luminescence behavior, R-L2 derivatives have been used
to synthesize the corresponding Cu,l, complexes followed by the same reaction procedure as for
Cu-R-L3, where R represents Ph, oCB or mCB and the general characterization of the corresponding

complexes Cu-oCB-L2, Cu-mCB-L2 and Cu-Ph-L2 have also been performed.
3.2.2.2 Luminescent Properties

Solid-state luminescence results for all complexes Cu-oCB-L3, Cu-mCB-L3 and Cu-Ph-L3 in Figure
3.2-24A and Cu-0CB-L2, Cu-mCB-L2 and Cu-Ph-L2 in Figure 3.2-24B at room temperature are shown
as excitation and emission spectra. The maximum excitation and emission wavelengths are

summarized in Table 3.2-2.

A B

Figure 3.2-24: A: Normalized excitation spetra (dotted line, 300 — 450 nm, excitation at maximum emission)
and emission spectra (solid line, 450 -750 nm, A, = 380 nm). Cu-oCBL3 (blue), Cu-mCBL3 (red) and Cu-PhL3
(black). All the measurements were done in powder at room temperature. B: Normalized excitation spetra
(dotted line, 300 — 450 nm, excitation at maximum emission) and emission spectra (solid line, 450 -750 nm, Ay
=380 nm). Cu-0CBL2 (blue), Cu-mCBL2 (red) and Cu-PhL2 (black). All the measurements were done in powder

at room temperature.

In general, for the Cu-R-L3 family, maximum excitation wavelengths for all copper (I) iodide
complexes are similar, which is at around 377 nm. The emission wavelengths for Cu-oCB-L3,
Cu-mCB-L3 and Cu-Ph-L3 are 613 nm, 618 nm and 622 nm, respectively. In the case of Cu-R-L2 family,
maximum excitation wavelengths for all copper (I) iodide complexes are around 380 nm. The
emission wavelengths for Cu-oCB-L2, Cu-mCB-L2 and Cu-Ph-L2 are 624 nm, 628 nm and 595 nm,

respectively.

When comparing to the reported Cuuls(py)s system, the emission wavelengths for both Cu-R-L3 and

Cu-R-L2 complexes in general exhibit 20 to 50 nm higher, indicating the addition of the
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electron-withdrawing group to the pyridine affect the luminescence and resulting in red shift of the

emission wavelength in this system.

Table 3.2-2: Summary of maximum emission and maximum excitation of Cu-oCB-L3, Cu-mCB-L3, Cu-Ph-L3,

Cu-0CB-L2, Cu-mCB-L2 and Cu-Ph-L2 in comparison with the typical Cu4ls(py), from the literature®*?”,

oCB mCB Ph Cugls(py), >+
3 Max. emission (nm) 613 618 622 580
Max. excitation (nm) 377 377 378 380
L Max. emission (nm) 624 628 595
Max. excitation (nm) 378 382 382

As explained earlier, there are two distinct emission bands: lower-energy (LE) and higher-energy (HE)
bands. Depending on the various factors as mentioned, the inner Cu, core size could be changed and
given different emissions. At room temperature, the dominant emission is normally by LE. Therefore,
the emission bands of complexes Cu-oCB-L3, Cu-mCB-L3, Cu-Ph-L3, Cu-oCB-L2, Cu-mCB-L2 and
Cu-Ph-L2 in Figure 3.2-24 are tentatively assigned to LE emission, which also shown common large
stoke shifts that is in agreement with the feature of LE emission.””” Furthermore, the experimental
results show that the addition of electron-withdrawing group in the coordinating ligands seems to
increase the emission wavelengths by shortening the Cu--Cu distances. It is supported by the
comparison of the Cu---Cu distances of the core as shown in Table 3.2-3, where the average Cu--Cu

distance in Cu-oCB-L3 is shorter than Cuuls(py)a.

Table 3.2-3: Comparison of the selected bond lengths, atom distances and bond angles of Cu-oCB-L3

from the crystal structure and Cu4l4(py)4[28]

. . . . Cu-I-Cu N-Cu-I Cu-N-C
Cu-lA Cu-N A Cu---CuA | Il A
deg deg deg
2.632 - 1.986 - 2.585 - 4,372 - 57.07 - 95.97 - 115.43 -
Cu-oCB-L3
2.734 2.021 2.701 4.594 61.10 114.14 127.31
(28] 2.665 — 2.02 - 2.619 - 4.442 — 57.7 - 95.2 - 117.0-
Cugla(py)s
2.734 2.06 2.722 4.594 61.1 111.4 124.0

As shown earlier (Chapter 3.2), carboranes are more electron-withdrawing than phenyl group, the
electron-withdrawing character increases in the order of Ph to mCB to oCB. Thus, addition of these
substituents should affect the emission of the Cul, complexes in the same trend. However, the
maximum emission is observed in the order of Cu-oCB-L3 < Cu-mCB-L3 < Cu-Ph-L3 which is totally
opposite to what is expected, even though the difference of the emission wavelengths are very
subtle (£ 5 nm) which may due to the far away position of the carborane and phenyl moieties from
the nitrogen atom. It is worth notice that intermolecular O-H-I interactions are presented in the

solid state (Figure 3.2-22), in which may affect the Cuyl, core. Therefore, the resulting experimental
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emission of Cu-R-L3 series may due to the combined effects of both electron-withdrawing property
and the intermolecular O-H--:l interactions. Differently, in the Cu-R-L2 series, the trend of maximum
emissions is in the order of Cu-Ph-L2 < Cu-0CB-L2 < Cu-mCB-L2. Since the substituents are relatively
closer to the nitrogen atom, the bulkiness of the substituents may also a effect the size of Cu,l, core
and result in change of Cu---Cu distance. Besides, when comparing the L2 and L3 substituents, the
difference of Cu-Ph-L2 and Cu-Ph-L3 is 27 nm, Cu-0oCB-L2 and Cu-0CB-L3 is 11 nm, Cu-mCB-L2 and
Cu-mCB-L3 is 10 nm. This results show the influence of the 3- and 4-pyridine in the carborane

moieties seem to be smaller than that of the phenyl moieties for the Cu,l, complexes.

In addition, the preliminary results of the luminescence under UV lamp at both wavelengths 254 nm
and 365 nm are shown for the Cu-R-L3 (Figure 3.2-25A) and the Cu-R-L2 (Figure 3.2-25B).

A B

Cu-Ph-L3 Cu-oCB-L3 Cu-mCB-L3 Cu-Ph-L2 Cu-oCB-L2 Cu-mCB-L2

Figure 3.2-25: luminescence images of A: complexes Cu-oCB-L3, Cu-mCB-L3 and Cu-Ph-L3 and B: complexes

Cu-0CB-L2, Cu-mCB-L2 and Cu-Ph-L2 at 254 nm (top) and 365 nm (bottom) under UV lamp.

In the Cu-R-L3 family, Cu-oCB-L3 appears to have significantly more intense luminescence, followed
by Cu-mCB-L3 and Cu-Ph-L3 has less intense luminescence (Figure 3.2-25A). However, in the case of
the Cu-R-L2 series, Cu-Ph-L2 appears to have the most intense luminescence. Although further
investigation for the solid state emission quantum yields for these complexes is on-going, one of the
possible reasons that could influence the emission intensity is the rigidity of the Cuyl, core, in which
more rigid of the Cuyls core can reduce the non-radiative decay, and therefore resulting in higher
emission intensity.”?”

The details study of all these series of Cu-R-L3 and Cu-R-L2 are still in progress. The influence of the
substituents towards the emission of this system is clearly not straightforward, theoretical
calculations are definitely required to determine the HOMO and LUMO of the complexes. In addition,
the luminescent properties at low temperature and the quantum yields determination are also
crucial in order to understand the effect of carboranyl and phenyl moieties towards the Cuyl,

complexes system.
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3.3 Disubstituted N,O-Type ortho- and meta- Carborane-Based
2-Pyridylalcohol Complexes

Similar to the monosubstituted 2-pyridylalcohol ligands, both disubstituted ortho- and meta-
carborane based 2-pyridylalcohol ligands (oCB-(L1), and mCB-(L1),, respectively) contain two side

arms which can act as bidentate or monodentate moieties (Figure 3.3-1).

OH OH

z-----—-2

;

Na, = Aromatic Ring

Figure 3.3-1: Some of the possible coordination of 0CB-(L1), and mCB-(L1),.

The flexibility (bending and rotation) of the side arms, in addition to the hetero-donor coordination
sites of the ligands bring numerous possibilities to form different functional compounds.
Nevertheless, as mentioned in section 3.1.1.2, the diasteroisomers (syn- and anti-) are differentiable
due to the steric hindrance of oCB-(L1),. Therefore, the coordination with metal ions can be affected
at certain circumstances. As shown in Scheme 3.3-1, in principle, the rotation of the anti-oCB-(L1), is
less restricted compared to the syn-oCB-(L1), due to the position of the alcohol moieties. Thus, a
tetradentate coordination of anti-oCB-(L1), is feasible. This is demonstrated by the first complexation
example from the disubstituted ligand, a tetradentate cobalt (Il) complex.™ However, because of the
far distance between two carbons of the carborane cluster, the tetradentate coordination is probably

not feasible for the case of mCB-(L1), ligands.

Scheme 3.3-1: lllustration of the rotation flexibility for anti-isomer of 2-pyridylalchol ligand oCB-(L1), and the

possible tetradentate coordination with metal ions

In this chapter, complexation of oCB-(L1), and mCB-(L1), with palladium and iron will be shown. A
series of palladium (Il) pincer type complexes have been synthesized and the potential catalytic
application will be demonstrated. Additionally, the formation of the iron (lll) complexes and its

magnetic properties will be discussed thereafter.
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331 Pincer-Type Palladium (II) Complexes

Pincer complexes have received considerate attention since the first  Scheme 3.3-2: General
. . 2 . . . . structure of Pincer complex
discovery in 1976.” The corresponding ligands feature with tridentate

binding sites constructed by ac-bond coordinating bridgehead and two

donor side-arms (Scheme 3.3-2). This type of ligands allows
functionalization of the side-arms and the bridgehead position, providing a \ /

D

C—M

way to fine tune the steric and electronic properties of the ligands to obtain T
D

new complexes with desired properties. Besides, the direct o-bonding gives

additional stability to the complexes. These unique systems have gained  p_ gonor atom: O, S, N, P

(4] M = metallic centre

interest in catalysesm also some on sensors™ or switches.”™
Most of the coordinating bridgehead positions are carbon-based, although some contain amido,®

(8]

silylm or phophido™ units. The first boron-based coordinating bridgehead position system was

reported by Teixidor et al. 1 L ater, two different groups reported the first YBY (Y =S or Se; B = boron)
(Figure 3.3-2) and NBN closo-meta-carboranyl pincer complexes and studies on its catalytic

activity.[w’“]

Cl Cl

Pd
I

PhSe SePh PhSFI’]d—SPh

VUGWOK VUGWIE

Figure 3.3-2: The first reported closo-meta-carboranyl pincer complexes.lg]

Herein, by introducing the disubstituted carboranyl 2-pyridylalcohol ligands CB-(L1), and CB-(L5),
described in Chapter 3.1, the first family of ortho-carboranyl NBN palladium pincer complexes were
obtained and compared with the corresponding meta-carboranyl NBN pincer complexes. The
synthesis, structural and electronic characterization, and study on their catalytic properties will be

reported in the present section.
3.3.1.1 Syntheses of the NBN Pincer Complexes

The disubstituted 2-pyridylalcohol ligands oCB-(L1),, oCB-(L5), and mCB-(L1), were used to react with
palladium. Due to the higher tendency of palladium ion to coordinate to nitrogen from the pyridine
rings over oxygen from the alcohol groups and the flexibility of the methylalcohol arms of the ligand,
polynuclear complexes were expected to be formed. Surprisingly, mononuclear pincer complexes
were formed as shown in Scheme 3.3-3. The mononuclear pincer complexes were obtained by
reaction of corresponding 2-pyridylalcohol CB-(L), ligand and [PdCl,(MeCN),] in acetone under air.

The pincer complexes were obtained as pale yellow precipitates in high yield (71 — 76 %).
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Scheme 3.3-3: Synthetic route of NBN pincer complexes Pd-oCB(L1),, Pd-oCB(L5), (top) and Pd-mCB(L1),

(bottom).

PdCl,(MeCN),
room temp.

oCB-(L), R =H, oCB-(L1),
R = CH,, oCB-(L5),

PdCl,(MeCN),
r
55°C

mCB-(L1), Pd-mCB-(L1),

The formation of the pincer complexes was confirmed by single-crystal XRD (Figure 3.3-3). The Pd-B
o-bond formation is driven by the B-H activation occurred at the relatively more positive charge B(3)
or B(6) in o-carborane and B(2) or B(3) in m-carborane (those close to the carborane carbon

atoms).'2*3

Pd-oCB(L1), Pd-oCB(L5), Pd-mCB(L1),
Triclinic Triclinic Triclinic
Space group: P-1 Space group: P-1 Space group: P2,/c

Figure 3.3-3: Structures of Pd-oCB(L1),, Pd-oCB(L5), and Pd-mCB(L1),; thermal ellipsoids set at 90%, 70% and
80% probability, respectively, and H atoms are represented as fixed-size spheres of 0.18A (B-H and pyridine
hydrogen atoms are omitted for clarity). Color code: B pink; C grey; H white; O red; N blue; Cl green; Pd

prussian blue. Only one steroisomer is reporesented in those structures with disorder of OH groups.

Complete characterization has been done by conventional spectroscopic methods and elemental
analysis and all the data is consistent with the proposed structures. Selected NMR spectra for
Pd-oCB(L1), and Pd-mCB(L1), are shown in Figure 3.3-4 and 3.3-5, respectively.

In the 'H NMR spectra, the proton resonances show characteristic peaks for the pyridine ring and

CHOH moiety as discussed in Chapter 3.1.2. The proton signals of the pyridylalcohols ligand in the
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pincer complexes are shifted downfield as expected due to the coordination to the palladium ions. In
both cases, diastereoisomers are expected to form but only those for the meta-carborane pincer
complex Pd-mCB(L1), are observed by NMR (Figure 3.3-4 and 3.3-5, left).

'H NMR B NMR

it
A

I JMJ \L I ‘\\MWM

wwm» - o rmeee e

Figure 3.3-4: Comparison of a selected 'H and 11B NMR spectra for oCB-(L1), (top) and Pd-oCB(L1), (bottom) in
DMSO-Dg.

'H NMR B NMR
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S b s 2
L dppm)

Figure 3.3-5: Comparison of a selected 'H and 11B NMR spectra for mCB-(L1), (top) and Pd-mCB(L1), (bottom)
in DMSO-Dg.

It is worth notice that the symmetry of the carborane clusters are different between the free ligands
(10 B-Hs) and the pincer complexes (9 B-Hs) giving differentiable patterns for the hydride signals in
the "'B-decoupled 'H NMR (*H{*'B} NMR) spectra (Figure 3.3-6). A significant upfield BH hydrogen
signal at 50.37 is observed in "H{"'B} NMR spectrum of Pd-oCB(L1),. This signal is likely due to the
effect of the shielding cone of the pyridine rings to the hydrides of B (4) and B (7). Although the
assignment of the upfielded signals are not so obvious in the *H{"'B} NMR spectrum of Pd-mCB(L1),
due to the mixture of the diastereoisomers and the overlapped signals of the solvents (DMSO-Ds,

DMF and H,0), a clear difference of the hydrides patterns from the mCB-(L1), are seen.

Very broad resonances are observed in the B NMR spectra (Figure 3.3-4 and 3.3-5, right) for both
Pd-oCB(L1), and Pd-mCB(L1),, compared to the free ligands, the broad resonances in the range of
0 +10 to -20. This broadness, probably due to the overlapped signals of the diastereomeric mixtures,
does not allow the observation of the typical singlet signal for the boron atom bonded to Pd at
§=0."
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Figure 3.3-6: Comparison of a selected range of'H {"'B} NMR spectra (a) oCB-(L1), (top) and Pd-oCB(L1),
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(bottom); (b) mCB-(L1), (top) and Pd-mCB(L1), (bottom) in DMSO-Dg, the labelled signals correspond to the
H™ of BHs.

3.3.1.2 Trans Influence: X-ray Structures versus DFT Calculations

The structures of those complexes that have been measured by single-crystal XRD are shown in
Figure 3.3-3, in which the pyridine rings are in a trans fashion, as well as the chloride atom which is
opposite to the boron atom that is coordinated to Pd ion. The observed long Pd-Cl distance in the
crystal structures suggests a strong trans influence induced by the carborane moieties. The short
Pd-B distances are also consistent with the previously reported m-carboranyl-based pincers.™
Comparing the Pd-Cl distance to the similar motifs in aryl-based pincers (2.39 — 2.45 A)," the
complexes syn-Pd-oCB(L1),, Pd-oCB(L5), and Pd-mCB(L1), display exceptionally longer Pd-Cl
distances, however, comparable with the related alkyl-based pincers (2.49 — 2.52 A)."*! In order to
understand more the architecture of such pincers, density functional theory (DFT) calculations were
performed for complexes syn-Pd-oCB(L1),, Pd-oCB(L5), and Pd-mCB(L1), as well as the reported
pincers VUGWIE and VUGWOK (Figure 3.3-2)."% Unlike the measured distances from the X-ray
structures, the optimized monomers of compounds syn-Pd-oCB(L1),, Pd-oCB(L5), and Pd-mCB(L1),
show significantly shorter Pd-Cl distances (and longer Pd-B distances). Control calculations with
different theoretical methods were performed and gave the similar outcome (Table 3.3-1), indicating

that the discrepancy is not due to the accuracy of the calculation methods.

Table 3.3-1: Comparison of the selected Pd-Cl distances (A) for Pd-oCB(L1),, Pd-0CB(L5), and Pd-mCB(L1),,
VUGWIE and VUGWOK from x-ray structures and different DFT calculation methods.

syn-Pd-oCB(L1), Pd-oCB(L5), | Pd-mCB(L1), VUGWIE VUGWOK
Measured 2.4915 2.4879 2.5063 2.4170 2.4371
(X-ray structure)
PBE-D3 2.406 2.430 2.437 2.402 2.422
PBE 2.410 - - - -
MO6* 2.429 2.456 2.466 2.424 2.432
*perfomed with Gaussian09 with basis set 6-311g(d) on B, C, N, 6-311+g(d) on O and Cl, and SDD core
potential and associated basis set augmented with an f polarization function on Pd
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Further study of the crystal structures reveal that the elongation of the Pd-Cl distances are caused by
the formation of the moderate H-bonds between the hydroxyl groups and the chloride ligand of the
neighbouring complexes and a relatively weaker C—H---Cl H-bond interactions in VUGWIE and
VUGWOK (Table 3.3-2). Thus, the DFT calculations of the dimeric structures of syn-Pd-oCB(L1), and
Pd-mCB(L1), were performed, as well as the VUGWIE and VUGWOK for comparison purpose. The
results show good agreement with the measured data from the crystal structures (Table 3.3-2).
Therefore, the operative factors that modulate the Pd-Cl distances in the solid state can be
concluded by the two effects: the trans influence of the carborane moieties and the intermolecular
moderate H-bond interactions among the neighbouring complexes. Thus, more appropriate
indication to conclude the trans influence should be determined by the gas phase calculations rather

than the measured distances in the X-ray crystal structures.

Table 3.3-2: Comparison of the selected Pd-B and Pd-Cl distances (A) for syn-Pd-oCB(L1),, Pd-mCB(L1), and

VUGWOK dimers and VUGWIE trimer from x-ray structures and the calculated values.

2%

syn-Pd-oCB(L1), Pd-mCB(L1), VUGWIE VUGWOK
(dimer) (dimer) (trimer) (dimer)
Measured Pd-Cl 2.4915 2.5063 2.4170 2.4371
(X-ray structure)
Measured Pd-B 2.021 1.974 1.983 1.982
(X-ray structure)
2.497 (anti)
Pd-Cl 2.502 2.505 (syn) 2.402 2.422
1.992 (anti)
Pd-B 2.043 1.987 (syn) 1.998 2.011

*perfomed with Gaussian09 with basis set 6-311g(d) on B, C, N, 6-311+g(d) on O and Cl, and SDD core

potential and associated basis set augmented with an f polarization function on Pd

3.3.1.3 Determination of the Palladium Oxidation State

It is important to examine the nature of the palladium metal centre since in these carboranyl pincer
compounds, the oxidation state of the palladium was proposed to be palladium (0) based on the
calculation with Mulliken and Léwdin methods.™ In order to investigate these compounds, the
atomic charges with various methods (Mulliken, Lowdin, Bader and NPA) were performed in

compounds syn-Pd-oCB(L1),, Pd-mCB(L1),, and also VUGWIE, VUGWOK for comparison. The
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resulting calculated atomic charge of the Pd and B atoms show no consistency (Table 3.3-3). In
another words, the charge of the Pd and B atoms could be positive or negative depending on the
selected calculation method. This suggests that the interpretation of the oxidation state of the metal

centre based on the charge calculation is delicate.

Table 3.3-3: Selected atomic charges (Bader / Mulliken / Lowdin / NPA).

Chapter
3.3

complex syn- Pd-oCB(L1), | Pd-oCB(L5), | Pd-mCB(L1), VUGWIE VUGWOK
+0.280 +0.241 +0.247 +0.060 +0.007
pd -0.097 -0.114 -0.061 -0.382 -0.230
-0.491 -0.545 -0.423 -1.065 -0.959
+0.512 +0.493 +0.540 +0.300 +0.265
-0.616 -0.615 -0.638 -0.607 -0.608
o -0.444 -0.444 -0.453 -0.429 -0.439
+0.039 +0.060 +0.067 +0.018 +0.060
-0.674 -0.680 -0.691 -0.667 -0.672
+0.856 +0.746 +1.254 +1.205 +1.238
+0.151 +0.144 +0.139 +0.087 +0.128

B (coord.)

+0.109 +0.116 +0.062 -0.038 +0.011
+0.260 +0.257 +0.280 +0.251 +0.245

ligand syn-oCB-(L1), oCB-(L2), mCB-(L1), VUGWIE VUGWOK
+1.837 +1.746 +2.192 +2.247 +2.193
B +0.061 +0.056 +0.063 +0.015 +0.034
+0.091 +0.092 +0.095 +0.068 +0.066

The orbital localization procedure provides the electron density distribution of each orbital and the
localized centroid (Wannier centers) of the orbital, which allows visualization of where the electrons
are and who they belong to. In this method, only valence electrons are involved in the calculation.
For example, in Figure 3.3-7, one localized orbital of the Pd-Cl bond is shown from the PdCl,> complex.
The red dots represent the centroid of the localized orbitals, in which, each red dot accounts for two
electrons. Basically, as illustrated, the centroid of the Pd-Cl orbital (as pointed with red arrow) is closer to
the Cl, so the bonding electrons belong to Cl. Besides, the 8 centroids around the Pd atom indicate the

corresponding valence electrons 4s?4p°4d®, as expected for palladium (11)."

This approach has been successfully applied to characterize the surrounding effects™”

on bonding
interactions and developing iconicity scales,™® and also proposed by Sit et al. to determine the
oxidation state of the transition metal centres by electron counting procedure that is based on the
assignment of the localized orbital centroids to the individual atoms.™ |n addition, the electronic

structure of organometallic compounds are also analysed by this method recently.[lel
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L

Figure 3.3-7: Square planar pdCl,” complex as an example. Centroids of the localized orbitals are shown as red dots
(each centroid is hidden below the atom’s spheres). An isosurface of a localized orbital corresponding to one Pd-Cl

bond is also shown.™™!

Thus, this method has been applied to investigate all the pincer complexes and the same
methodology that proposed by Sit et al. has been employed to analyse the oxidation state of the
palladium metal centre. The selected localized centroid of syn-Pd-oCB(L1), and the corresponding
free ligand syn-oCB-(L1), are shown as a representation (Figure 3.3-8). The results show the localized
orbitals corresponding to the Pd-Cl bond and the Pd-B bond in syn-Pd-oCB(L1), (Figure 3.3-8a and b)
and H-B bond in the free ligand syn-oCB-(L1), (Figure 3.3-8c). Combining the resulting change of the
polarity of the bond, from the H-B (centroid closer to H) to the Pd-B (centroid locates in the middle),
and the pear shape of the Pd-B localized orbital, the electrons in the Pd-B bond seem to belong to

the boron which is in agreement with a palladium (l1). Therefore, the oxidation state of the palladium

is assigned as palladium (ll) and not as palladium (0) as previously suggested for this type of pincer
(10]

complexes.

Figure 3.3-8: Localized orbitals corresponding to the Pd-Cl, Pd-B and H-B bonds of syn-Pd-oCB(L1), (a and b) and
syn-oCB-(L1), (c), respectively. The orbital centroids of the localized orbitals at the Pd center are shown as small

green dots
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3.3.1.4 Catalytic Activities

As mentioned previously, pincer complexes are potential catalysts. Thus, a systematic study on the
homogeneous catalytic activity of the pincer complexes Pd-oCB(L1),, Pd-mCB(L1), were evaluated in
the Suzuki-Miyaura cross-coupling reaction which is a Pd-catalyzed C-C bond-forming processes.[zol
Two common substrates, 4-methyoxylphenylboronic acid and 4-bromoacetophenone, were chosen.
Initial study by using Pd-oCB(L1), as the catalyst in a constant loading (0.1 mol %) with various
conditions were performed (Table 3.3-4) and the conversion rates were determined by GC-MS. The
preliminary data showed that the use of water as reaction media gave far better results (entry 10 vs
1-8) than the organic solvents or aqueous/organic solvent mixtures (THF, DMF, MeOH, THF/H,0,
MeOH/H,0), or even with the addition of tetra-n-butylammonium bromide (TBAB) as a stabilizing
agent (entry 5 vs 6) for the palladium nanoparticles.m] Further decrease of the amount of catalyst to
10” mol % also results in a high conversion (entry 16). A blank reaction was performed in the
absence of the pincer complex, and no coupling reaction was observed. ICP-MS analysis of all the
reagents employed for the test (aryl halide, boronic acid, potassium carbonate (K,CO;)) shows that
the content of the palladium residual is only around 10° mol %. Therefore, the possibility of the

coupling reaction that induces by this palladium trace from the substrates can be ruled out.

Table 3.3-4: Summary of reactions conditions for the coupling between

4-bromoacetophenone and 4-methoxyphenylboronic acid.

Chapter
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0 B(OH), ‘o
. © Pd-oCB(L1), O
-
B 0 15eq I

Entry Reaction conditions (i)® Conv. (%)°
1 KOH (2.5 eq.), THF, 402C, 10h -
2 K,CO; (2.0 eq.), TBAB (1 eq.), THF, 402C, 12h 10
3 K3PO, (2 eq.), DMF, 802C, 10h 5
4 K,CO3 (2.0 eq.), CH;0H:H,0 (3:1), 70°C, 12h -
5 K,CO; (2.5 eq.), TBAB (1 eq.), CH;OH, 70°C, 10h | 68
6 K,CO3 (2.0 eq.), CH30H, 702C, 10h 66
7 Cs,C03 (2.5 eq.), H,0, 100°C, 12h 7
8 K,CO; (2.0 eq.), THF:H,0 (9:1), 80°C, 10h 88
9 EtsN (2.0 eq.), H,0, 809C, 12h 99
10 K,CO3 (2.0 eq.), H,0, 1109C, 10h 99
11° K,COs (2.5 eq.), TBAB (1 eq.), CHsOH, 702C, 10h | 62
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12¢ K,CO; (2.5 eq.), TBAB (1 eq.), CH;OH, 1002C, 10h | 63

13¢ K,CO; (2.0 eq.), CHsOH, 702C, 10h 60

14° K,COs (2.0 eq.), THF:H,0 (9:1), 80°C, 10h 84

15¢ Et;N (2.0 eq.), H,0, 802C, 12h 95

16° K,CO5 (2.0 eq.), H,0, 110°C, 10h 99

17° K,COs5 (2.0 eq.), H,0, 110°C, 10h -
“4-bromoacetophenone, 4-methoxyphenylboronic acid (1.5 equiv), Pd-0CB(L1), (10" mol %), base (2-3
equiv), solvent (1 mL per mmol of substrate), additive (when indicated). bConversion rate measured by
GC-MS. ‘Pd-0CB(L1), (10 mol %). “Reaction performed in the absence of Pd-0CB(L1)s,.

Furthermore, a range of different substrates were submitted to the full catalytic activity study by
using both Pd-oCB(L1), and Pd-mCB(L1), pincer complexes as catalysts under the optimized
condition (10 mol % catalyst loading, K,CO;, H,0, 110 °C, 10h), and the final products were isolated
by column chromatography and confirmed by NMR spectroscopy. The results show that not only
arylboronic acids can be coupled effectively with aryl bromides, but also the potassium
phenyltrifluoroborate (Table 3.3-5, entries 3, 5, 7 and 10). Nonetheless, benzyl bromide can also be
used as a coupling partner (Table 3.3-5, entries 11-14), in which either electron withdrawing or
electron donating groups can be incorporated in the substrates. Additionally, no by-product can be
observed but only the unreacted halides were found in the crude reaction mixtures. Overall,
Pd-oCB(L1), gives a better catalytic profile than Pd-mCB(L1),. Also, the turn-over-number (TON)
values for Pd-oCB(L1), is ranging from 770000 to 990000. Hence, a very high catalytic activity is
revealed from Pd-oCB(L1), which rivals the reported palladium catalysts performance in very low

catalyst loading on Suzuki coupling reaction, even with the other pincer type complexes.??

Table 3.3-5: Suzuki Coupling in the presence of carborane-based NBN Pincer complexes.

Pd-oCB(L1),

N Y or (10*mmol%)
R W8r+ Re_f Pd-mCB(L1), _Rif Ny n | N g
= = 4
R

\

K,CO3, H,0, 110°C, 10h
n:0,1  Y=B(OH), BFsK

3
Entry _©/ &QRZ n Y Pd-oCB(L1),(%)’ Pd-mCB(L1),(%)°
1 ﬁ &Q 0 | B(OH), 99 60
OMe
o}
2 ﬁ &© 0 | B(OH), 99 85
(0]
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3° ﬁ ”K@ 0| BFK 99 93
O
4 /©}L &© 0 | B(OH), 84 90
MeO
5b g JK<j 0| BFK 92 60
MeO
6 @ﬁ JK<j 0| B(OH), 91 5
Cl
7b @ﬁ &© 0| BFRK 97 69
Cl
8 @ﬁ &Qom 0 | B(OH), 77 20
cl OMe
Cl
9 &© 0| B(OH), 66 56
OMe
Cl
10 &© 0| BFK 61 54
OMe
11 @ &Q 1 | B(OH), 82 99
OMe
12 ©/\5 1| B(OH), 99 99
& F
13 ©/\5 Q 1| B(OH), 87 95
F
e
14 ©/\5 \Q oue | 1| BIOH) 99 99
OMe
2 Aryl or arylmethyl bromide, arylboronic acid or aryl trifluoroborate (1.5 eq.), Pd-0CB(L1), or Pd-mCB(L1),
(10'4 mol%), K,CO3 (2.0 eq.), H,0 (1 ml per mmol of ArBr or ArCH,Br), 1102C, 10h. Isolated yields. 25 eq. of K,CO3
were used.
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These remarkable results open a new window for development of a new type of carborane-based

pincer catalysts. The chirality of these carborane-based ligands also provides a possible synthetic

path to obtain the corresponding chiral pincer complexes as a potential candidate for

enantioselective catalytic studies.
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3.3.2  Symmetric Iron (lll) Complexes

As shown previously in Chapter 3.1.1.2, disubstituted ligands are obtained as a mixture of two
diastereoisomers: meso compound (RS; OH groups in a syn-orientation; non chiral) and racemic
compound (mixture of SS and RR; OH groups in an anti-orientation, chiral). Influence towards
complex formation is possible by incorporating with different diastereoisomer as mentioned at the
beginning of this chapter.Therefore, in this section, the coordination chemistry of both
diastereoisomers of the 2-pyridylalcohol ligand oCB-(L1), is explored individually for iron. The study
on the complexes formation and the magnetic properties will be discussed, followed by the

coordination study with diastereoisomers of 0CB-(L1),.
3.3.2.1 Synthesis of ortho-Carborane-Based Complex with anti-oCB-(L1),

The syn- and anti-oCB-(L1), were separated by preparative TLC (eluent: hexane/ethanol = 9:1)
andwere studied individually. The separated anti-oCB-(L1), ligand was then reacted with FeCl, (1:1
ratio) in acetone at room temperature under air. Slow evaporation of solvent from the reaction
mixture afforded yellow needle-like crystals that corresponded to the tetradentate dinuclear iron (lll)
complex Fe,Cl,(anti-oCB-(L1),), (Scheme 3.3-4). The purity was proved by elemental analysis and the

structure confirmed by single-crystal XRD.

Scheme 3.3-4: synthetic procedure of Fe,Cl,(0CB-(L1),),

FeCl,, acetone

room temp.

anti-oCB-(L1), Fe,Cly(anti-oCB-(L1),),

Different than palladium, iron has high affinity to coordinate with oxygen as explained earlier (see
Chapter 3.2.1.). Similar to the previously reported cobalt (Il) complex,'! distorted octahedral
geometry is observed in Fe,Cly(anti-oCB-(L1),), (Figure 3.3-9A). The six coordinated iron (lll) atoms
are linked by two s+alkoxo bridges from one of the oxygen atoms of each anti-oCB-(L1), ligand. The
octahedral coordination of each iron (lIl) ion is completed by one oxygen, two nitrogen atoms from

the anti-oCB-(L1), ligand and a terminal CI" ion.

As mentioned earlier (Chapter 3.1.1), only the anti-isomer of disubstituted ligand such as
anti-oCB-(L1), is chiral. Interestingly, homochirality is observed in complex Fe,Cl,(anti-oCB-(L1),),.
That is, both ligands in each dinuclear complex in the solid structure show the same configuration

(RR or SS), affording Fe,Cly(**anti-oCB-(L1),), or Fe,Cl,(*anti-oCB-(L1),),. Homochirla recognition was
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previously observed in cobalt (Il) complexes with anti-oCB-(L1),, where mononuclear compleces
formed supramolecular homochiral ribbons in the solid state.” Provided that a similar homochiral
recognition takes place for the iron derivative in solution (Scheme 3.3-5), HCl release and oxidation

to iron (lll) would explain the observed homochirality of Fe,Cl,(anti-oCB-(L1),), (Scheme 3.3-5).

Scheme 3.3-5: Hypothetic scheme for the formation of homochiral Fe,Cl,(anti-oCB-(L1),),

o {3

---H—CQO O—H------ Cl Cl----- Release of HCI O Cl
W 4 N/ 2. P\
/Fe\ Fe ——— /Fe Fe
---¢{  Cl-m-m--- He0® o cl \o\\\ A3
A-RR chain 4-RR diironcomplex

Clexchange is possible and gives rise to an opportunity to modify and functionalize the
corresponding complexes. Since the chloride ions are exposed from the complex skeleton,
Fe,Cl,(anti-oCB-(L1),), could be used as a building unit. Thus, thiocyanide ion was selected for the

initial study as it can be a bridging unit for further extension.

Figure 3.3-9: A:Molecular structure ofFe,Cl,(0CB-(L1),),. Thermal ellipsoids set at 80% probability (hydrogen atoms
are omitted for clarity). B: provisional molecular structure of Fe,(SCN),(oCB-(L1),),. Color code: B pink; C grey; H

white; O red; N blue;Cl green; Feorange, S: yellow.

Two equivalents of thiocyanide (SCN') were added to the anti-oCB-(L1), and FeCl, reaction mixture in

acetone, a reddish solution was obtained. Evaporation of the solvent afforded reddish needle-like
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crystals and the preliminary crystallographic data shows that the same architecture of iron (lll)

complex as Fe,Cly(anti-oCB-(L1),), is formed and the Cl ions are replaced by SCN" (Figure 3.3-10B).
3.3.2.2 Characterization and Properties

The symmetric Fe,Cly(anti-oCB-(L1),), has been fully characterized by FTIR-ATR, cyclic voltammetry
and the purity of the complex is proved by elemental analysis. The magnetic properties have also

been measured in solid state.
Cyclic Voltammetry

The cyclic voltammogram (CV) of this symmetric complex Fe,Cl,(anti-oCB-(L1),), was measured in
acetonitrile (Figure 3.3-10). One quasi-reversible redox process (l) was obseved at E;;, = -0.08 V
which is attributed to the successive one-electron redox couples Fe" + 1e” = Fe". This correlates well
with the formation of a symmetric Fe,Cl,(anti-oCB-(L1),), complex. In addition, an irreversible wave
(1) was observed at +0.56 V which is similar to the complex Fe,Cl3(0CB-L1); as discussed earlier

(Chapter 3.2.1).

0.2

0.0
-0.14
-0.2 1

-0.3 1

j/ mA cm®

0.4
0.5

-0.6 1

-10|00 I -5:)0 I (I) I 560 I 1OI00
E vs Ag/AgClI (V)
Figure 3.3-10: Cyclic votammetry (CV) of complex Fe,Cl,(anti-oCB-(L1),), at 100 mV™" in dry acetonitrile. Plots

versus Ag wire; the ferrocene couple was measured at +0.220 V versus this reference under the same

conditions.
Magnetic Properties

The variable-temperature (2 - 300 K) magnetic susceptibility data of the bulk solid complex
Fe,Cl,(anti-oCB-(L1),), was collected under 0.03 and 0.5 T external magnetic fields (Figure 3.3-11).

The result shows the antiferromagnetic behavior where the susceptibility ywT is 6.56 cm’mol K at
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300 K and decreases to 0.19 cm®mol™*K while lowering the temperatureto1.8 K. The lower yuT value
of complex Fe,Cl3(0CB-L1); compared to the two independent high-spin iron (1) centers (ymT = 8.75

cm®mol™K; g = 2.00) is a clear evidence of the antiferromagnetic interaction.

Figure 3.3-11: Fitting of the y\Tversus T of Fe,Cl,(anti-oCB-(L1),), between 2 and 300K. The experimental data are

shown as ® and — corresponds to the fitting values

The data was analyzed by using the highest field and program PHI,™ that incorporates the spin
exchange Hamiltonian H = -2JS;S,, where here S; = S, = 5/2.The best fit matches well with
experimental data and provided the following values: D = +47.7 cm™, E = -3.6 cm™, where Dand E
correspond to the values of the axial and values of rhombic field splitting,respectively, for each
individual Fe" carrier, g = 1.96, 2 =-7.62 (J = -15.2 cm™) cm™ and p = 0.04 %. Overall, the analysis of
the data agreeswith the shapeand values observed in the experimental measurement,in which the
exchange coupling for both iron (lll) atomsis significantly antiferromagnetic.Tests using exclusively
the exchange coupling parameter J and galso allow similar results (2J = -7.24 cm™ and g = 1.93).
Similarly, a common antiferromagnetic behavior is observed in Fe,Cl,(anti-oCB-(L1),), and in other
reported symmetric [Fe",-(OX),] complexes.?” Although the exceptionally long Fe-O distance
(2.052 — 2.083 A) is observed in Fe,Cl,(anti-oCB-(L1),),, the Fe---Fe distance (3.259 A) and the average

Fe-O-Fe angle (103.6°) are in line with the reported alkoxo-bridged diiron (1) complexes.”?”

3.3.2.3 Complexation with syn-oCB-(L1),: Conformational Influence

The high flexibility allows the anti-oCB-(L1), ligand to coordinate in a tetradentate style. In order to
investigate whether the less flexible meso diastereoisomer affects the complex formation,
syn-oCB-(L1), ligand was used. As in all iron chemistry in this thesis, the paramagnetic nature of the
iron (lll) complexes prevented the analysis with NMR spectroscopy. Therefore, reaction with
different solvents for crystallization was performed to get measurable single crystals for

characterization. Only polar solvents can be used as reaction media, in this case, acetone, acetonitrile,
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only when using DMF, MeOH and EtOH (Figure 3.3-12). Unexpectedly, no iron complexes were

DMF, MeOH and EtOH were used respectively. After 3-5 days, yellowish single crystals were obtained

formed from DMF or MeOH reaction media (Figure 3.3-12A and B), instead, carborane cage
degradation occurred and formed nido-species. This can be explained by the long crystallization
process in relatively basic and/or nucleophilic solvents and that the oCB-(L1), ligand is activated

toward the deboronation (see Chapter 1.1).

Figure 3.3-12: Molecular structure of reaction product in different solvent media. A: DMF, B: MeOH and C: EtOH.

Color code: B pink; C grey; H white; O red; N blue;Cl green; Feorange

Besides, protonation of the pyridine rings are observed and the diols in syn-oCB-(L1), was converted
to a cyclic ether compound in both cases (Figure 3.3-12A and B). It is known that diols can be
converted to cyclic ether under acidic condition in organic synthesis.”” As mentioned earlier in
Chapter 3.2.1, HCl is released while forming the iron complexes. Therefore, creating an acidic
environment during complexation is possibly the driving factor to convert the diol to cyclic ether. On
the contrary, when EtOH was used as the reaction media, a dinuclear iron (lll) complex
Fe,Cls(syn-oCB-(L1)(DMF)(H,0) was formed without deboronation of the carborane cage (Figure
3.3-12C). Similar to Fe,Cl,(anti-oCB-(L1),),, the six coordinated Fe (lll) atoms are linked by two
palkoxo bridges, but from only one syn-oCB-(L1), ligand instead and one ethanol molecule. The
octahedral coordination of each iron (lll) ion is completed by a Cl" ion and a H,O molecule on one iron

ion and two ClI ions on the other iron ion.

The structure of Fe,Cls(syn-oCB-(L1)(DMF)(H,0) clearly indicates that coordination of syn-oCB-(L1), is
different to that of its anti-oCB-(L1), isomer and it is probably due to the steric hindrance from the
syn-configuration of the OH groups. Thus, unlike anti-oCB-(L1),, syn-oCB-(L1), could only act as
bidentate ligand and resulting in coordination of the pyridylalcohol units with two different iron ions
(Figure 3.3-13).
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Figure 3.3-13: Selected coordination architecture of ligand 0CB-(L1), and diiron core from the crystal
structures of A: Fe,Cl,(anti-oCB-(L1),), and B: Fe,Cls(syn-oCB-(L1)(DMF)(H,0). The two iron (lll) atoms are
labelled.
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3.4 Disubstituted N,O-Type ortho- and meta- Carborane-Based
3-Pyridylalcohol Complexes

Disubstituted 3- and 4-pyridylalcohol ligands (oCB-(L2),, 0CB-(L3), mCB-(L2), and mCB-(L3),) contain
two monodentate side arms as previously discussed in Chapter 3.1.1.1 The ditopic nature of the N
donors from the pyridine rings and the flexibility of the side arms provide a wide bite angle range
(0° — 180°), which allow these ligands to act as bridging linkers. Thus, n-nuclear (n = 2 to oo)
complexes with various architectures are in principle possible (Scheme 3.4-1). This big directional
variation of the ligands gives opportunities to target different functional materials by proper

selection of transition metals.

Scheme 3.4-1: The illustration for the coordination mode of the disubstituted 3- pyridylalcohol ligands oCB-(L2),,

and mCB-(L2), and 4- pyridylalcohol ligands oCB-(L3), and mCB-(L3),.
oCB-(L2), or mCB-(L2), oCB-(L3), or mCB-(L3),

z------2
z-----—-=2

In this chapter, it is summarized some preliminary results on the coordination chemistry of
3-pyridylalcohol ligands CB-(L2), toward Pd, Zn and Co, which include a palladium (Il) macrocyclic
dimer and zinc (ll) and cobalt (Il) coordination polymers. The flexibility of such ligands makes it
possible to create materials from molecular levels to three dimensional frameworks with different

strategies.
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34.1 Palladium (Il) Macrocyclic Dimer

The complexation studies of the CB-(L2), ligands was started by using palladium due to its simple
coordination behaviour (4 coordination sites with square planar geometry) and because of the
diamagnetic nature of this metal allows NMR characterization and analysis. Initial study has been
carried out with the 3-pyridylalcohol ligands syn-isomer (syn-oCB-(L2),) ligand because of its

relatively rigid conformation of o-carborane derivatives as mentioned earlier in Chapter 3.1.1.2.

Many studies on Pd,L, macrocyclic system demonstrate interesting behaviours, such as polymeric
transformation and selective solvent container.” Beside that, the addition of tuneable functional
group in the internal structure of the macrocyclic ring can improves the selectivity of the materials on
host-guest system or sensors etc.'” Preliminary results of palladium macrocyclic system and its

potential inclusion properties will be discussed thereafter.
3.4.1.1 Synthesis of ortho-Carborane-Based Macrocycle

The 3-pyridylalcohol ligand oCB-(L2), has syn- and anti- diastereoisomers as previously mentioned.
Due to the different solubilities of syn-oCB-(L2), and anti-oCB-(L2),, they can be separated during

work-up from the synthesis. Only syn-oCB-(L2), was used in the following synthesis.

A macrocyclic dimer PdCl,(0CB(L2),), is formed by mixing syn-oCB-(L2), and [PdCl,(MeCN),] in DMF
under air at ambient temperature (Scheme 3.4-2). Crystallization over a period of 2-4 days gave a
yellow crystalline solid for PdCl,(0CB(L2),), in high yield (82 %). Unlike in the case of the related
2-pyridylalcohol ligand oCB-(L1), (Chapter 3.3.1), palladium pincer complex formation did not occur
with syn-oCB-(L2),. This is due to the position of the nitrogen atoms with respect to the boron cluster,
farther away in the 3-pyridylalcohol ligand, and this does not allow BH activation and pincer
formation. Therefore, the syn-oCB-(L2), ligand acts as a bridging ligand, and form a macrocyclic dimer

as shown in Scheme 3.4-2.

Scheme 3.4-2: Synthetic scheme of the palladium macrocycle PdCl,(0CB(L2),),.

N\
OH
\_/
OH PdCly(MeCN),
DMF, room temp. -
-
N
N

The new dimeric complex PdCl,(0CB(L2),), has been fully characterized by NMR spectroscopy, single
crystal and powder XRD and thermogravimetric analysis (TGA). As shown in the ‘*H NMR spectra of
the corresponding ligand and PdCl,(oCB(L2),), (Figure 3.4-1), a clear downfield shift of the peaks

have been observed on complex formation. In the "'B NMR spectra, compared to the free ligand
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syn-oCB-(L2),, further broadening of the signal is observed, which is probably due to the fluxional

behaviour of PdCl,(0CB(L2),), in solution.

'H NMR

oCB-(L2)2

oCB-(L2)2

B NMR

0.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5
1 (ppm)

Pd-(oCB)L2)2

6.0

5.5

5.4

so 40 30 20
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Figure 3.4-1: 'H NMR spectra (left) and "B NMR spectra (right) of the complex PdCl,(0CB(L2),), (bottom) and the

corresponding syn-oCB-(L2), ligand (top) in DMSO-Dg.

The structure for PdCl,(0CB(L2),),-DMF has been unequivocally established by X-ray crystallography

(Figure 3.4-2). Analysis of the structure shows an inclusion compound, where the host (Pd-dimer)

interact with the guest (DMF) by O-H---:O and C-H---:O hydrogen bonds (vide infra).

Figure 3.4-2: Structure of Pd-oCB-(L2),-DMF. Color code: B pink; C grey; H white; O red; N blue; Cl green; Pd

prussian blue.

Figure 3.4-3 shows a molecule of the host from the structure where it can be seen the disposition of

the carborane clusters and the hydroxyl moieties. As shown in Figure 3.4-3A, palladium is

coordinated in square planar mode, where two pyridines coordinate to the Palladium in the trans

fashion and two chloride ions complete the coordination. Besides, syn-oCB-(L2), coordinates with

palladium with bite angle = 0° and the plane of pyridine rings is perpendicular to CI-Pd-Cl. Moreover,

the positions of carborane moieties are pointing opposite to each other (Figure 3.4-3B).
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Figure 3.4-3: Labelled ORTEP diagrams for two different views of Pd-oCB-(L2),-DMF. The thermal ellipsoids are
shown at the 80% probability level and the H atoms as fixed-size spheres of 0.18 A. The DMF molecules and the

H atoms attached to borons (pink) are omitted for clarity.

PXRD spectra of the PdCl,(0CB(L2),),-:DMF is shown in Figure 3.4-4. The experimental result fits with
the calculated pattern of PdCl,(0CB(L2),),-DMF from the crystal structure. This clearly proves that

only a dimer is formed but no formation of other macrocycles or polymers in this system.

|

Pd-oCB(L2), - DMF

Simulated Pd-oCB(L2), - DMF

Figure 3.4-4: PXRD spectra of Pd-oCB(L2),-DMF (top) and the

calculated Pd-oCB(L2),-DMF (bottom) from the crystal structure.

3.4.1.2 Inclusion Studies

The solid state structure for PdCl,(0CB(L2),),-DMF constitutes an example of lattice inclusion
compounds with small molecular guests.® Since the macrocyclic dimer possesses four hydroxyl
groups that are not involved in the complex formation, it was expected that complex
PdCl,(0CB(L2),), shows inclusion behaviour. The macrocyclic dimer is insoluble in water, acetone,
acetonitrile, 1,4-dioxane, diethyl ether, dichloromethane or n-hexane. It is however slightly soluble in

very polar organic solvents such as DMF, DMSO, THF and EtOAc. Thus, six different inclusion
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crystallization experiment, the host PdCl,(0CB(L2),), (c.a. 50 mg) was dissolved in 2-5 mL of solvent

(guest) and the clear solution was allowed to evaporate slowly over a period of 2-4 days. This
procedure afforded crystals for six inclusion compounds: PdCl,(0CB(L2),),:SOLV (SOLV = DMF,

DMSO-I, DMF/DMSO, EtOAc, THF). The structures for all inclusion compounds have been

unequivocally established by X-ray crystallography. Crystallization solvent, host/guest stoichiometry,

space group and calculated density (D) are given in Table 3.4-1. Figure 3.4-5 shows the molecular

structures for all inclusion compounds.

Table 3.4-1. Details for crystallization solvent, Host:Guest Stoichiometry,

Space Group and Calculated Density (D; mg/m3).

Inclusion Compound | Solvent of crystallization | Host/guest | Space Group | D

2:-DMF-| DMF 1:6 P-1 1.454
2:-DMF-II DMF 1:6 P2:/n 1.390
2-DMSO- DMSO 1:8 P-1 1.490
2:-DMF/DMSO DMF + DMSO 1:2:4° P-1 1.470
2-EtOAc EtOAC 1:7° P-1 1.360
2-THF THF 1:6 P2,/c 1.441

? Olex2 was used to remove the electronic contribution of disordered solvent molecules per host:

5 DMSO molecules in 2:DMSO-II, 2 DMSO molecules in 2:DMF/DMSO and 3 EtOAc molecules in 2-EtOAc.

A comparison of the crystal structures of the inclusion compounds of PdCl,(oCB(L2),), revealed a
remarkably constant conformation of the host molecule in all the structures. The solid state
structures for the six inclusion compounds constitute examples of lattice inclusion compounds. Due
to the presence of four alcohol moieties per host guests (Figure 3.4-3A), O-H---:O and C-H--O
hydrogen bonding play a dominant role in the molecular recognition and packing. One remarkable
point is the host/guest stoichiometric ratios of 1:6 and 1:7, which are exceptionally high respect to
the guest component.® The later indicates a high efficiency of guest accommodation. Detail analysis
shows that the solvent molecules can be divided into two types: in-guest and out-guest (Figure 3.4-5,
bottom right). The out-guest solvent molecules are hold by O-H::-:O or C-H-:-Cl hydrogen bonds and
act as linkers to bridge two macrocyclic dimers together, whereas the in-guest solvent molecules are
hold by C-H:--O hydrogen bonds and located in the pores. This result is in good agreement with the
TGA data for the Pd-oCB-(L2),:6DMF as shown below, in which two different types of solvents
present in the materials. This host-guest system with various solvents is summarized and categorized

as shown in Figure 3.4-5.

The inclusion compound PdCl,(0CB(L2),),-DMF/DMSO deserves some comments as it contains two
guest molecules of different nature. As shown in Table 3.4-1, the inclusion compound contains two

DMF molecules and four DMSO ones (two were removed with Olex2) per host molecule. In this

107



Results and Discussion —Disubstituted Ligand Complexes

Chapter
3.4

particular structure, DMF and DMSO are acting as out-guest and in-guest, respectively. This means
that the more polar and better hydrogen bond acceptor DMSO guest is occupying the site dominated
by weak hydrogen bonding, whereas a somewhat worse hydrogen bond acceptor such as DMF is

occupying the moderate hydrogen bonding sites.

guests

DMSO DMF EtOAc THF

A} EtO
S=Q=--- \ (.\104»-- O=---
H

. H
HsC—N ! ‘

/

- I—

Hoom ¥ \

<= ---: H-bond acceptor
---»: H-bond donor

(ou :I'-Gugst)

LY
”, IN-Guest OUT-Guest
H H Y
| MR EIPN | a-l:  DMF DMF
S T a-ll: DMF DMF
Cl,Pd (II}I-IGuest) PdCl, b: DMSO DMSO
AT c: DMSO DMF
_ H ! ' H /N
ro | d: EtOAc EtOAc
A ‘\H H/ S
' e: THF THF
0 (o)
H b

(oJT-Gui;st)

Figure 3.4-5: Pd-0CB-(L2), with the guest solvent (left): DMF (a-1 and a-2), DMSO (b), DMSO/DMF (c), EtOAc (d)
and THF (e); The illustration of the out-guest and in-guest of Pd-oCB-(L2), and the category of the
corresponding guest molecules (right). Color code: B pink; C grey; H white; O red; N blue; S yellow; Cl green; Pd

prussian blue.

Thermal analysis is a useful tool for the study of inclusion compounds. TGA is one of the most
common techniques used. Figure 3.4-6 shows the thermogravimetric traces for the inclusion
compounds PdCl,(0CB(L2),),-DMF. It can be seen a 29.08 % weight loss from room temperature to
around 250°C, that can be attributed to the removal of six DMF molecules (calc.: 29.04 %). Melting
point measurement reveals however that this compound decomposes without melting in the range
170 — 180 °C. Further analysis of the TGA trace for PdCl,(0CB(L2),),:DMF by establishing the
derivative thermogravimetric analysis (DTG) curve (dashed trace in Figure 3.4-6) clearly shows three
peaks at 155, 180 and 205 °C. It can be explained that a first loss of some DMF molecules occurred
close to the DMF boiling point (153 °C), followed by other DMF molecules at 180 °C which leads to

the decomposition. This scenario would be consistent with a first loss of in-guest DMF molecules
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(weakly hydrogen bonded), followed by the loss of out-guest DMF molecules (stronger hydrogen
bonded).

TG % DTG /(%/min)

105 "

AN A N At N o fo A At O

WA o\ A o e

65

50 100 150 200 250 300 350
Temperature /°C

Figure 3.4-6: TGA (solid line) and DTG (dotted line) curves of Pd-oCB-(L2), - 6DMF are shown in weight % vs

temperature, heating rate: 10°C/min under nitrogen atmosphere.

TGA curves for five of the inclusion compounds are shown in Figure 3.4-7. Heating of the inclusion
compounds showed chemical decomposition of the host on guest released. Melting point
measurement and TGA analyses reveal that weight loss starts in the range 100 — 150 °C, followed by

decomposition without melting in all cases in the temperature range 150 — 250 °C.

TG I%

100

90 4

EtOAc
THF

80 1

DMF
70

DMSO/DMF
60

DMSO
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Temperature /°C

Figure 3.4-7: TGA curves of the five inclusion compounds with guest molecules EtOAc (olive green), THF (violet),

DMF (green), DMSO (blue) and DMSO/DMF (red).

The preliminary results show that due to the presence of the alcohol groups, solvents that contain

donor atom (e.g. S, O, N) are observed as guest molecules and form hydrogen bonds with the alcohol

moieties.
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3.4.2  Zinc (ll) and Cobalt (Il) Coordination Polymers: Preliminary Results

Zinc and cobalt are some of the most studied transition metals upon coordination chemistry because
of the relatively low cost, various coordination geometries and applications on biological studies as
well as material science. Zinc has various coordination number, although commonly found to form
tetrahedral or octahedral complexes. In case of Cobalt, Cobalt (Il) and (lll) are normally found and
mostly possess tetrahedral or octahedral geometry. In order to further study the coordination
chemistry of the ditopic CB-(L2), and CB-(L3), ligands, 3-pyridylalcohol ligands syn-oCB-(L2), and
zinc/cobalt complexation have been performed. Different than the palladium dimer complex in
Section 3.4.1, one dimensional (1D) coordination polymers Zn-oCB(L2), and Co-0CB(L2), have been

formed.

3-pyridylalcohol ligands syn-oCB-(L2), and ZnSO,-7H,0 (1:1 ratio) were mixed in DMF under air at
ambient temperature, slow evaporation of solvent afforded colourless square crystals that
correspond to 1D Coordination Polymer (Zn-oCB-(L2),) (Scheme 3.4-3). The purity was proven by

elemental analysis, and the structure has been confirmed by single-crystal XRD.

Scheme 3.4-3: Synthetic procedure of thecoordination polymer (Zn-oCB-(L2),)

N<
v OH
OH ZnSOy- 7TH,0
_— DMF, room temp.
N

As illustrated in Figure 3.4-8, zinc ions show an octahedral geometry. Each zinc coordinates to two
water molecules, one sulfate anion and one DMF molecule, and the ligand syn-oCB-(L2), acts as a
bridging linker to connect the zinc units. This 1D coordination polymer chain possesses an
intramolecular 055-0-:-H-O hydrogen bond and an intermolecular O-H:--0O=C hydrogen bond between
H,O and DMF in each Zinc unit (Figure 3.4-8). The polymeric chains are connected through

intermolecular 05S-0---H-O hydrogen bonds as illustrate in Figure 3.4-9, giving a 3D structure.

Figure 3.4-8: Zn-0CB-(L2), 1D polymeric chain and illustration of the hydrogen bonds between the molecules

and DMFs. Color code: B pink; C grey; H white; O red; N blue; S yellow; Cl green; Pd prussian blue.
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Figure 3.4-9: lllustration of Zn-oCB-(L2),of two polymeric chains (differentiated by green and yellow) that

connected by 0;5-0-:-H-O hydrogen bonds.

TGA data of Zn-oCB-(L2), has been measured and is shown in Figure 3.4-10. The TGA shows three
step weight loss. The first step weight loss (100 — 150°C) corresponds to the loss of water. The second
step (150 — 250°C) corresponds to the release of DMF and further heating causes the decomposition
of Zn-oCB-(L2),.

TG /%

100

90 H,0

80 A

701 DMF

80 | k

50 100 150 200 250 300 350 400 450
Temperature /°C

Figure 3.4-10: The TGA graph (weight % loss vs. temperature) of Zn-oCB-(L2),; heating rate: 10°C/min under N,.

Further trial has been done with cobalt, following the same reaction procedure employed above.
Thus, the reaction of CoSQO,:7H,0 with syn-oCB-(L2), in a 1:1 ratio in DMF afforded a violet crystalline
solid that is tentatively assigned as Co-oCB-(L2),. Unfortunately, the crystals obtained were not of
high quality and so the structure could not be solved by single-crystal XRD. However, the power
diffraction pattern for the crystalline Co-oCB-(L2), (Figure 3.4-11, top) is similar to the simulated
pattern to that of the zinc coordination polymer Zn-oCB-(L2), (Figure 3.4-11, bottom). The
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remarkable similarities of the powder patterns suggest that the cobalt coordination polymer

Co-0CB-(L2), has the same structure as the zinc coordination polymer.

Co-oCB(L2),

MNoA w‘ﬂ\ AW
o WA AN L A A U

Simulated Zn-oCB(L2),

Figure 3.4-11: Comparison of PXRD patterns of cobalt coordination polymer (Co-oCB-(L2),) (top) and the

simulated Zn-oCB-(L2), pattern (bottom).

In summary, by using the same carborane-based 3-pyridylalcohol syn-oCB-(L2), ligand, and due to
the rotational flexibility of the pyridine rings as well as the different coordination geometry of the
metals (palladium: square planar; zinc, cobalt: Octahedral), different complexes (macrocyclic dimer
Pd-oCB-(L2), and coordination polymers Zn-oCB-(L2), and Co-0CB-(L2),) can be obtained. The
different coordination mode of the ligands from the corresponding complexes is extracted from the
structures and shown in Figure 3.4-12. These results are the proof of concept that the syn-oCB-(L2),

can be potentially applied as a good linker for further extension to 2D/3D networks.

Pd-oCB(L2), Zn-0CB(L2),

Figure 3.4-12: The extracted coordination modes of the syn-oCB-(L2), from Pd-oCB(L2), (left) and Zn-oCB(L2),

(right) from the corresponding crystal structures.
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3.5 N,O-Type ortho- and meta-Carborane-Based Metal-Organic Frameworks

Metal-organic frameworks (MOFs) have received intense studies for decades because of the rigid
skeletons and various potential applications as previously mentioned. Introduction of carborane into
the backbone is expected to significantly enhance the chemical and thermal stability of MOFs
(Chapter 1.3.3). The mixed-ligand methodology to synthesize MOFs presents several advantages over
those using only one ligand as shown in Chapter 1.3. One of the most important benefits of this
method is that the resultant MOFs in the mixed linker approach is neutral and their porosity (if
present) are not blocked by counter ions. Furthermore, the combination of different types of ligands
allows more decorative abilities, such as functionalizing the internal surface and tuning the pore size
or surface area of the MOFs by using linkers with different sizes and/or Iengths.“] However, some
drawbacks remain challenges as explained earlier (Chapter 1.3.2) such as the water stability or gas

selectivity.

The focus in the present chapter is on the design, synthesis, structural variation and topologies of
MOFs composed of mixed linkers (one anionic carboxylate and the other neutral pyridylalcohol
ligands) system. Incorporating the flexible carborane-based pyridylalcohol ligands (oCB-(L2),,
mCB-(L2), and mCB-(L3),) (see Chapter 3.4) with different carboxylic acids by solvothermal method,
several mixed-ligand MOFs have been successfully synthesized. Characterizations and structural
studies will be reported in this chapter. Moreover, the water stability and the gas sorption of some of

the MOFs will be discussed thereafter.
3.5.1 ortho-Carborane-Based Mixed Ligand MOFs
3.5.1.1 Synthesis with ortho-Carborane-Based 3-Pyridylalcohol Linker

The initial studies have been done by introducing 1,4-benzenedicarboxylate (BDC) as the anionic
linker in combination with the anti-oCB-(L2), and Zn(NQs),-6H,0 in 2 mL solvent. Solvothermal
strategy was used for screening by mixing the ligands and metal salt in different ratio and heat for 24
to 48 hours in DMF, DMF/EtOH or DMF/H,0/EtOH as the reaction media. FTIR-ATR was used as a
preliminary analysis to verify whether the carborane cluster was present in the raw materials (typical
B-H stretching peak in the range of 2600 — 2400 cm™), followed by PXRD measurement to identify the
crystalline materials. The obtained crystals were measured by X-ray diffraction to determine the
structure, and the phase purity of the bulk material can then be confirmed by comparing with the

simulated pattern from the corresponding crystal structures.

The formation of anti-oCB-MOF-1 is confirmed by synchrotron single-crystal XRD and the optimal
condition to get the anti-oCB-MOF-1 were found to be Zn(NOs),:-6H,0, anti-oCB-(L2),, and 1,4-BDC in
2:1:1 ratio in 2mL of DMF/ethanol (1:1) by heating at 85 °C for 48 hours. However, a mixture was
found to be formed in the bulk material, which contained the desired product anti-oCB-MOF-1 and
the well-known MOF-5 (components: zinc ions and 1,4-BDC)"? (Scheme 3.5-1; top). Although the
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formation of MOF-5 is thermodynamically favoured, it is not stable in aqueous media or presence of
acid or base.® Therefore, different trials have been done by addition of water, benzoic acid, 0.1M
dilute HCl or 2-methylimidazole (2-Hmim) as additives. The result showed that 2-Hmim can
significantly reduce the formation of MOF-5. Optimized condition was found by using 2 equivalent of
2-methylimidazole to get the anti-oCB-MOF-1 in a pure phase. Therefore, by mixing Zn(NOs),-6H,0,
anti-oCB-(L2),, 2-Hmim and 1,4-BDC in the same solvent mixture and followed by heating at 85 °C for

48 hours, crystalline solid anti-oCB-MOF-1 (24.3 mg, yield 56 %) can be obtained (Scheme 3.5-1;
bottom).

Scheme 3.5-1: Synthetic scheme of anti-oCB-MOF-1 without 2-Hmim (top) and with 2-Hmim (bottom).

HO : (0]
(6] OH

1.4-BDC »  anti-oCB-MOF-1 + MOF 5
Zn(NO3), -6H,0
[ )—CHs

N

2-Hmim > anti-oCB-MOF-1
anti-oCB-(L2), H0>_©_<O

o OH
1,4-BDC

The phase purity is confirmed by PXRD as shown in Figure 3.5-1. Peaks from MOF-5 can be observed
(highlighted in red) in the resulting product from the synthesis in the absence of 2-Hmim (green).

Those are however totally suppressed by addition of 2-Hmim during the synthesis in the presence of
2-Hmim (blue).

additionoffB2 MOl

oeBsree-af 2\1Bng

| Simupte.sol AERNGH-A

Figure 3.5-1: Synthetic scheme of anti-oCB-MOF-1 without 2-Hmim (top) and with 2-Hmim (bottom).
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Most likely, the basicity of

The suppression of MOF-5 formation during the synthesis of anti-oCB-MOF-1 by adding 2
equivalence of 2-Hmim, can be explained by several mechanisms.™
2-Hmim (pKa (H,0) = 14.2) plays a key role in the mechanism as it is a stronger base than the
pyridylalcohol ligands (pKa (H,0) for pyridine derivatives oscilates between 5-7). Notice that no base
was added to deprotonate the carboxylic acid, so that the pyridylalcohol ligands anti-oCB-(L2),
and/or the 2-Hmim might act as the base. This could explain that in the absence of 2-Hmim, the
anti-oCB-(L2), ligands are protonated at the nitrogen atoms of the pyridine, therefore avoiding the
coordination to the metal. In this context, MOF-5 will be formed by the reaction of Zn and anionic
BDC. On the contrary, the presence of more basic 2-Hmim will preferentially deprotonate the
carboxylic acid, leaving the pyridyl units of anti-oCB-(L2), ready for coordination to the Zn metal
atoms. Consistently with this, addition of less than 2 equiv. of 2-Hmim cannot totally suppress the
MOF-5 formation. On the other hand, overdose of 2-Hmim (> 3 eq.) would block the formation of the
desired product anti-oCB-MOF-1 because the excess of 2-Hmim would act as competitive ligands to
bind to the metal ion centers.”” Therefore, appropriate amount of 2-Hmim is necessary in this

reaction.
3.5.1.2 Structural Analysis and Characterizations

Complete characterizations have been done by FTIR-ATR, PXRD, SEM, elemental analysis, TGA,
Brunauer, Emmett and Tellar (BET) surface area and gas sorption (N,, CO, and CH,). Figure 3.5-2

shows the crystal structure of anti-oCB-MOF-1 and its three dimensional structure.

anti-oCB-MOF-1 is a porous 3D structure built on rhombus-shaped [Zn,0,(CO,).] tetra-nulcear Zinc
clusters that are connected through four BDC” ligands (Figure 3.5-2A), the [Zn,0,(CO,)4] clusters
containtwo tetrahedral (green circled) and two octahedral (black circled) Zn** ions, and two p;-oxo
moieties (0*). Coordination of the 1,4-BDC ligands to the Zn clusters form a 2D layer as shown in
Figure 3.5-2B, and the anti-oCB-(L2), act as bridging linkers to connect the 2D layer and form the 3D
network (Figure 3.5-2C). Figure 3.5-2D shows the accessible pores of the 3D framework of

anti-oCB-MOF-1 alone the c axis.

As mentioned, FTIR-ATR is a useful technique as a screening tool for determining the presence of
carborane in the raw materials of the MOFs before further processing and analyses. The spectrum of
anti-oCB-MOF-1 shows a typical B-H stretching from carborane cluster at around 2530 cm™, the
similar position of the B-H stretching as the free ligand anti-oCB-(L2), (c.a. 2540 cm™) also an
indication of no degradation of the closo-carborane to an nido-cluster. Moreover, the intense C=0
stretching of the carboxylic acid can be observed near 1590 cm™ as well as the corresponding CO

band for the DMF solvent moelcules at 1647 cm™ (Figure 3.5-3).
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Figure 3.5-2: Structure of anti-oCB-MOF-1. A: The organization of the anti-oCB-(L2),around the tetranuclear Zn
clusters. B: 2D-Zn (ll)-based layer. C: 3D Zn (ll) framework by anti-oCB-(L2),bridging linkers. D: 3D network, in

which the carborane cages are pointed towards the accessible pores along the c-axis.

1593.9

C=0 1387.2

Figure 3.5-3: FTIR-ATR spectrum of anti-oCB-MOF-1

A reasonable agreement is found between the PXRD pattern of the as-made anti-oCB-MOF-1 and
that calculated from the XRD (Figure 3.5-4). Combined synchrotron PXRD and elemental analysis

measurements suggest the presence of amorphous domains (5 — 10 %) in the crystalline bulk
material.
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Asmade anti-oCB-MOF-1

Simulated anti-oCB-MOF-1

Figure 3.5-4: PXRD patterns of as-made anti-oCB-MOF-1 (top) and simulated anti-oCB-MOF-1 (bottom)

SEM images of the as-made anti-oCB-MOF-1 at 200 um and 50 um magnifications are shown in
Figure 3.5-5. The material crystalized as micrometer size blocks. The magnified image (Figure 3.5-5b)
shows the intergrown of the crystalline phase and the amorphous or semicrystalline phase, which is

in a good agreement with the PXRD data of the as-made anti-oCB-MOF-1.

Figure 3.5-5: SEM images of the as-made anti-oCB-MOF-1 in (a) 200 um and (b) 50 um.

TGA data of the as-made anti-oCB-MOF-1 (Figure 3.5-6, black) shows around 24 % weight loss
between 150 to 250 °C corresponding to the DMF (b.p.: 153 °C) solvent molecules. This result is in
good agreement with the elemental analysis data, where the amount of the DMF molecules from the
proposed formula [Zn,(CgH404),(C14B1gN,02H55),(1-0)(DMF),]-(DMF), is around 24.5 %.

MOFs are attractive due to many properties, especially permanent microporosity and large internal
surface areas. For most of the applications, it is necessary to remove guest solvent molecules from
the pores of the MOF without the loss of porosity, a process termed ‘activation’. Traditional
activation is done by heating the MOF material under vacuum. The activation of anti-oCB-MOF-1 was
done by conventional heating at 100°C for 15 hours under high vacuum (10 mbar) and is proven by

the TGA data as shown in Figure 3.5-6 (blue).
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Figure 3.5-6: TGA data of asmade anti-oCB-MOF-1 (black) and activated anti-oCB-MOF-1(blue) in weight loss (%)

vs. temperature (°C)

The BET surface area of the activated anti-oCB-MOF-1 was measured under N, at 77K. The result
shows a type Il isotherm which is an indication of a non-porous material (Figure 3.5-7A). However,
when applying CO, at 195 K, a type | isotherm is obtained, which is a typical isotherm for
microporous materials and it is in good agreement with the crystal structure (accessible pore
diameter of anti-oCB-MOF-1 = c.a. 6.5 A). The resulting BET surface area for anti-oCB-MOF-1 under
CO, is 296 m’°g" (Figure 3.5-7B). The pore volume is 0.18 cm®g" (calculated by using the D-R
equationls] (eq. 3.5-1), which is slightly smaller than the calculated pore volume from the single

crystal structure (0.21 cm’g™, calculated by PLATON).

kR2T?

In(Vp) = In(V,) — B2

[In(po/p]? (3.5-1)

Where:
V, = adsorbed volume of adsorbate; (cm>/g STP)
V, = micropore volume; (cm3/g STP)
k = constant
R = gas constant; (kJ/mol K)
T = temperature; (K)
6= affinity constant of adsorbate relative to saturation pressure
P, = saturation pressure of adsorbate; (mmHg)

p = pressure of adsorbate; (mmHg)
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Figure 3.5-7: BET surface area measurement. A: N, isotherm at 77K and B: CO, isotherm at 195K.

The dominant factors for gas sorption are depending on the size/shape of the accessible pore, the
surface character of the MOFs and the diffusion rate of the gas molecules.® The kinetic diameter of
N, and CO, are 3.64 A and 3.30 A respectively.” The kinetic diameters for small gases are widely

quoted in gas adsorption studies as they offer a very useful guideline in considering gas selectivity by

size sieving.

Figure 3.5-8: Representation image of the cavity (yellow ball) ofanti-oCB-MOF-1 along c axis. Estimated
diameter of the pore is approximately 6.5 A. Octahedral zinc is represented by light blue polyhedral, and

unsaturated tetrahedral zinc is represented by dark blue polyhedral.

Although the size of N, is bigger than CO,, the measured accessible pore size of anti-oCB-MOF-1 is
around 6.5 A, so the influence of the pore size towards the gas sorption can be ruled out. However,

as illustrates in Figure 3.5-8, the unsaturated zinc ions from the metal clusters (dark blue polydedra)
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are exposed towards the pore, which enhance the CO, adsorption due to its large quadrupole
moment (CO,: 13.4 x 10 Cm?; N,: 4.7 x 10 CmZ[G]). In addition, the polar alcohol groups from the
anti-oCB-(L2), ligand that are exposed to the pore also enhance the affinity towards CO, due to the
higher polarizability over N, (CO,: 29.1 x 102 cm?; N,: 17.6 x 102 cm®®)).

The sorption of CO, and CH, has been measured at 273K and 298K respectively (Figure 3.5-9A). The
result shows anti-oCB-MOF-1 has both CO, and CH, uptake abilities. As explained, the adsorption of
CO, in the materials is due to its large quadrupole moment and high polarizability. The adsorption of
CH, can be explained by the presence of the hydrophobic carborane clusters in the pore which
enhance the intermolecular interaction to CH, through Van der Waals forces, and also the
opened-metal sites from the zinc clusters which increase the binding strength through Coulomb
interactions due to the high polarizability (CH,: 26.0 x 102 cm?).®!

Isosteric heat of adsorption (Qst) is a commonly used determining factor to describe the binding
strength between the gas and the porous materials, that is, the higher the Qst value, the stronger the
binding strength. Figure 3.5-9B shows Qst of both CO, and CH, versus the gas uptakes, where the Qst
is calculated using the virial-type equation and the adsorption isotherm (273K and 298K) of CO, and
CH, respectively (eq. 3.5-2 and 3.5-3).

1 m i n i
InP=InN+= >~ a;N' + 3. biN' (3.5-2)

The isosteric heat of adsorption (Qst) is then calculated by using the following expression.
m )
Qst =R Zi=0aiNl (3.5-3)

Where:
P: pressure of the adsorption at T, = 273K and T, = 298K
N: quantity of gas adsorbed
T: temperature
a; and b;: virial coefficients
m and n: the number of coefficients required to describe the isotherm

R: gas constant

The Qst for CO, lies in a range of 28 kJmol™ to 32 kimol™, so that it is moderate when compared to
the reported MOFs (12 — 96 kimol™™). On the other hand, the Qst for CH, at zero-coverage is
20kJmol™and gradually increase to 23 kimol™, this result shows the anti-oCB-MOF-1 has high affinity
to CH4 even at 1 bar compare to the reported materials (3.9 — 30 kimol™ at 35 bar®). However, a
higher Qst of CO, over CH, in anti-oCB-MOF-1 is observed. It is known that CO, and CH, can interact
with the pore surface differently depending on their nature (quadrupole moment and polarizability).

As the polarizability of CO, and CH, are comparable, it might be explained by the stronger interaction
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between the unsaturated opened-metal sites with CO, due to its large quadrupole moment, whereas

the quadrupole moment of CH, is zero.

A B
€O,/ CH, isotherm CO,/ CH, isosteric heat
273K R .@‘ 321 ...
2908 K o .o..QO )8 TSN .npuuy g g g mmmE=”
273K o ae®® ..

Figure 3.5-9: A: Sorption of CO, and CH, at 273 K (blue) and 298 K (red), and B: the corresponding isosteric heat

of adsorption (Qst) that calculated by virial-type equation and the adsorption of CO, and CH, isotherms.

As explained, anti-oCB-MOF-1 is porous to CO, but not N,, and also shows good CO, and CH, affinity
because of the unique features of the pores. It is worth mention that, although the gas uptake
capacity is rather small due to the low surface area, the presence of the hydrophobic carborane
clusters induces a high CH, binding strength (Qst = 20 — 23 kimol™). This result creates a positive

alternative to incorporate carborane clusters for the development of high CH, storage materials.
3.5.1.3 Stability in Water, Organic Solvents, Acidic and Basic Media

As previously mentioned, one of the drawbacks of MOFs is their low stability towards humidity. By
introducing the hydrophobic carborane clusters in the backbone of MOFs, enhancement of the water
stability of anti-oCB-MOF-1 is expected. Herein, the water resistance of anti-oCB-MOF-1 will be
demonstrated by a combination of PXRD, water vapour sorption and contact angle measurements. In
addition, stability in different solvents (methanol, acetone and CHCl;) and also in different pH

solutions (pH 2, 4, 6, 8, 10 and 12) will be shown in the following.

The shape of the water vapour isotherm can provide direct information on the hydrophobicity or
hydrophilicity of the material."” Thus, the water vapour sorption of anti-oCB-MOF-1 was measured
at 298K (Figure 3.5-10). The water uptake (0.025 g per 1 g of sample) and the shape of the isotherm
(typical Type Il isotherm for nonporous materials) clearly show a strongly hydrophobic material that
adsorbs very little water over the entire relative pressure range. This resulting water vapour sorption
behavior of anti-oCB-MOF-1 is comparable to that of the hydrophobic ZIF-8 (0.02 gg™), shown in
Figure 3.5-108.M"
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Figure 3.5-10: A: water vapour uptake of anti-oCB-MOF-1 and B: water uptake of the reported ZIF-8 and SIM-1

8.[11]

which is isoreticular to ZIF-

The contact angle, 6., measurement is a useful tool to indicate the wettability of the materials by a
liquid, in this case, water. It is defined geometrically as the angle formed by a liquid at the
three-phase boundary where a liquid, gas and solid intersect (Figure 3.5-11). Materials with contact
angle (6.) lower than 90° are defined as hydrophilic. Hydrophobic materials on the other hand, have

8. higher than 90°, and when contact angles are over 150°, these material are defined as super

hydrophobic.

Liquid droplet ——— Gc'/.

te ———=

Figure 3.5-11: Illustration of contact angle (6.) measurement.

The as-made anti-oCB-MOF-1 was grinded to fine powder and packed by a glass slide to create a flat
surface. 8. of anti-oCB-MOF-1 has been measured with 1 um of water droplet (Figure 3.5-12). The
result shows anti-oCB-MOF-1 has 6. = 138°, and therefore anti-oCB-MOF-1 is a clear hydrophobic

Figure 3.5-12: Contact angle of anti-oCB-MOF-1 a): bright background and b): dark background.

material.
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Further proof for the hydrophobicity of anti-oCB-MOF-1 was done by a simple experiment in a
pipette. As shown in Figure 3.5-13, the anti-oCB-MOF-1 powder was packed on the top of a piece of
cotton as shown in picture a. A pink CH,Cl, layer coloured by Rhodamine B was added first, followed
by a water layer (1:1 ratio) on top of the packed anti-oCB-MOF-1 and the interface was marked as
pointed by the red arrow in the figure. The level of the CH,CI, layer was monitored and recorded
through time (Figure 3.5-13, top). As observed, the level of the CH,Cl, layer is reducing during 2.5h,
when all CH,CI, layer passed through the anti-oCB-MOF-1.

a) Oh 0.5h 2.5h
H,0 layer
CH,Cl; layer
oCarba-MOF-1 | '8
=T Cotton !
(2% ] Q ” : |
I JuT
Oh 1h 4h | overnight
| |
-~
H,0 layer | I
) i
' [ :
" £ !
k 4/

Figure 3.5-13: hydrophobicity test with H,0/CH,Cl, coloured by Rhodamine B layers. (a) Packed powder of
anti-oCB-MOF-1 in the pipette. The level of CH,Cl, layer at Oh, and after 0.5h and 2.5h (top); and the level of
H,0 layer at Oh, after 1h, 4h and overnight (bottom). Red arrows indicate the initial level of CH,Cl, and H,0 at
Oh.

A new line was then drawn to mark the initial level of the water layer (Figure 3.5-13, bottom). As can
be seen in the figure, the water level remained unchanged overnight (more than 24h), indicating that
the water cannot pass through anti-oCB-MOF-1. Since the kinetic diameter of CH,Cl, is larger than
water (CH,Cl,: 4.89 A; H,0: 2.64 A), so the influence of the size can be ruled out, thus, this result can
be explained by the hydrophobic property of anti-oCB-MOF-1.

Water resistance of the anti-oCB-MOF-1 has been also studied by PXRD (Figure 3.5-14). In an initial
experiment, a sample of as-made anti-oCB-MOF-1 was immersed in water for 15h at room
temperature. The PXRD of the solid sample after being in water (red) showed a crystalline phase very
similar to the one of the as-made sample (black) but with clear differences in the peak displacements.
Interestingly, immersion of the water treated sample in DMF for 15h showed a complete conversion

to the as-made phase (blue). These results clearly show that the anti-oCB-MOF-1 is water resistant
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for at least 15h. This makes of anti-oCB-MOF-1 a thermodynamically water stable MOF, according to

the classification by Walton and coworkers.™

H,O -> DMF

asmade

Figure 3.5-14: PXRD of as-made anti-oCB-MOF-1 (black), water treated anti-oCB-MOF-1 (red) and the

re-addition of DMF to the water treated anti-oCB-MOF-1 (blue) at room temperature.

Further test for water stability has been done by boiling the as-made anti-oCB-MOF-1 in water for 30
minutes, followed by re-addition of DMF to investigate the reversibility of the material. Figure 3.5-15
shows the PXRD of as-made anti-oCB-MOF-1 (black), boiling water treated anti-oCB-MOF-1 (red),
re-addition of DMF for 15h (green) and for 3 days (blue) to the boiling water treated anti-oCB-MOF-1.
In this case, a new peak appears at higher angle after boiling water treatment, and addition of DMF
can only partially reverse the structure to the original one. This indicates that the anti-oCB-MOF-1 is

only partially stable in boiling water.
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Figure 3.5-15: PXRD of as-made anti-oCB-MOF-1 (black), boiling water treated anti-oCB-MOF-1 (red) and the
re-addition of DMF to the water treated anti-oCB-MOF-1for 15h (green) and for 3 days (blue).
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In addition, different solvents (methanol, acetone and CHCI;) have been introduced in order to study
the influence of solvents towards the anti-oCB-MOF-1 structure. As shown in Figure 3.5-16, compare
to the as-made anti-oCB-MOF-1 (black), the CHCI; treated anti-oCB-MOF-1 remains unchanged
because of the low polarity of CHCl;. However, a slight shift of the PXRD pattern is observed for the
acetone treated sample. A bigger shift of the PXRD pattern is observed for the methanol treated
sample, similar to the one observed for the water treated PXRD of anti-oCB-MOF-1 (Figure 3.5-14).
This may due to the possible formation of the hydrogen bonding between the additional protic

solvents (in this case methanol) and the DMF solvents in the pore and/or with the surface of the

materials.

methanol

acetone

CHCl,

asmade

Figure 3.5-16: PXRD of as-made anti-oCB-MOF-1 (black), CHCI; treated anti-oCB-MOF-1 (blue), acetone treated

anti-oCB-MOF-1 (green) and methanol treated anti-oCB-MOF-1 (red).
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Figure 3.5-17: PXRD of as-made (black), water treated (red), pH 2 treated (orange), pH 4 treated (yellow), pH 6
treated (green), pH 8 treated (light green), pH 10 treated (blue) and pH 12 treated (purple) anti-oCB-MOF-1.
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Furthermore, preliminary result of the stability in acidic solution (dilute HCI) and basic solution (dilute
NaOH) have been performed and the results are summarized in Figure 3.5-17. The pH solutions were
calibrated by pH meter, followed by immersing the anti-oCB-MOF-1 powder into the corresponding
pH solutions for 15h. The anti-oCB-MOF-1 is unstable in pH 0 and pH 14 solutions as the samples are
totally dissolved. However, anti-oCB-MOF-1 is stable in solution between pH 2 to 12 solutions as the

structures are maintained.

By introducing carborane-based ligand for MOF syntheses can significantly enhance the water
stability of MOF due to the presence of hydrophobic character of carborane clusters. Additional
stability towards acidic and basic conditions (pH 2 — 12) of anti-oCB-MOF-1 has been observed as
well. The water stability and the extra acidic and basic stability of anti-oCB-MOF-1 can be achieved
not only because of the presence of the hydrophobic carborane clusters, but also the location of the
anti-oCB-(L2), ligands, which coordinate around the tetra-nuclear zinc clusters, providing extra
protection from the attack of water, acid or base to the zinc ions (Figure 3.5-18). These extraordinary
results open a new route by introducing carborane for material development that requires stability

towards aqueous conditions.

Figure 3.5-18: image of the accessible pore of anti-oCB-MOF-1 and the indication of the hydrophobic pore.
3.5.1.4 Formation of enantiopure anti-oCB-MOF-1 and meso syn-oCB-MOF-1 isomer

As mentioned previously (Chapter 3.1.1), the disubstituted ligands oCB-(L2), contain syn- and
anti-isomers. All the ligands contain two chiral carbon centres that can adopt the R or S configuration,
therefore the two diastereoisomers: meso compound (RS; OH groups in a syn-orientation; non chiral)
and racemic compound (mixture of SS and RR; OH groups in an anti-orientation, chiral). A recent
report shows the influence of enantiopure ligand and the racemic ligand towards the formation of
MOFs, in which different architectures can be obtained by applying racemic ligand or enantiopure
ligand."™ The anti-oCB-MOF-1 described above has been synthesized by using the racemic
anti-oCB-(L2), ligand. It is interesting to study the possible influence of racemic versus enantiopure
anti-oCB-(L2), ligand in this carborane-based MOF system as well as the influence of using the meso
(non-chiral) syn-oCB-(L2), ligand. In order to investigate whether the chirality affects the formation of
anti-oCB-MOF-1, the enantiopure ligands of anti-oCB-(L2), were separated by chiral column
(Chiralcel OD-3) with hexane/ethanol (8:2) as eluent. The obtained (+)-anti-oCB-(L2), and
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(-)-anti-oCB-(L2), were then used to synthesize the corresponding enantiopure MOF
(+)-anti-oCB-MOF-1 and (-)-anti-oCB-MOF-1 by slight modification of solvothermal condition
(Scheme 3.5-2). In addition, the syn-oCB-(L2), was also applied for the MOF synthesis by following

the same procedure to study whether there is any influence of the isomers for MOF construction.
Scheme 3.5-2: synthetic condition of (+)/(-)-anti-oCB-(L2),.

Zn(NO3), -6H,0, 2-Hmim, 1,4-BDC
(+)/(-)-anti-0CB~(L2), »  (+)/(-)-anti-oCB-MOF-1

DMF/EtOH; 80°C, 72h

The formation of the three new MOFs, syn-oCB-MOF-1, (+)-anti-oCB-MOF-1 and (-)-anti-oCB-MOF-1
have been confirmed by FTIR-ATR and PXRD. The resulting PXRD patterns are all the same as
rac-anti-oCB-MOF-1, indicating that the diastereoisomer or the chirality of the oCB-(L2), ligand does

not affect the MOF construction (Figure 3.5-19B).
A

Figure 3.5-19A: coordination mode of anti-oCB-(L2), in the structure of anti-oCB-MOF-1, the chiral carbon
centers are pointed by black arrows. B: PXRD of syn-oCB-MOF-1 (green), rac-anti-oCB-MOF-1 (black),
(+)-anti-oCB-MOF-1 (red) and (-)-anti-oCB-MOF-1 (blue).

The coordination mode of ligand anti-oCB-(L2), is illustrated in Figure 3.5-19A which is extracted
from the structure of racemic anti-oCB-MOF-1. Due to the rotational flexibility of the pyridine rings,
the chirality of the carbon centres do not affect the pyridine ring coordination, so that there is no

influence of the position of the alcohol groups towards the formation of 0oCB-MOF-1 in this system.
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This is in contrast with the above mentioned reportllz] where the chiral groups of the organic ligands

employed are directly bonded to the metal atoms and are therefore affecting the MOF structure.

The successful synthesis by mixed-ligand approach with carboxylic acid (1,4-BDC) and the oCB-(L2),
linker, has result in a unique 3D porous skeleton with unusual zinc clusters units. Also, the
hydrophobic feature of the pores, induced by the carborane clusters, gives rise to high CH, affinity
and significant enhancement of the water stability. The successful synthetic methodology opened a
new path to develop potential materials for application by various combination of carboxylic acids
and this family of carborane-based ligands CB-(L),. To further explore the possibility to introduce
CB-(L), in the MOF systems, in the following section, meta-carborane-based pyridylalcohol ligands
mCB-(L2), and mCB-(L3), will be introduced for the mixed-ligand MOF syntheses.

3.5.2 meta-Carborane-Based Mixed Ligand MOFs

3.5.2.1 Co/BDC MOFs: Influence of meta-carborane-based 3- and 4-Pyridylalcohol
Linkers

As previously explained (Chapter 3.1.1), the flexibility of the meta-carborane-based ligand mCB-(L2),
and mCB-(L3), are higher than those for the related ortho-carborane derivatives. The same synthetic

methodology as oCB-MOF-1 is applied for the meta-carborane-based MOF series.

Co(NO3),-6H,0, mCB-(L2), and 1,4-BDC (3:1:3 ratio) were mixed in a capped vial with DMF/ethanol
(1:1) solvent mixture (Scheme 3.5-3) for 48h at 85°C. Violet flake liked crystalline solid mCB-MOF-2
has been obtained in high yield (68.5 %).

Scheme 3.5-3: Synthetic scheme of mCB-MOF-2

OH OH HO : 0
N (0] OH

| [ comnosy-6H;0, 14-8DC

z
N\ /

» mCB-MOF-2

DMF/EtOH; 85°C; 48h
mCB-(L2),
The MOF mCB-MOF-2 is fully characterized by FTIR-ATR, PXRD and SEM. The structure is confirmed
by synchrotron single-crystal XRD. mCB-MOF-2 shows a 3D structure that is built on tri-nulcear Co
clusters [Co30,(CO0)eN,] secondary building unit (SBU). Figure 3.5-20A illustrates the coordination
environment of the Co atoms. The SBU contains a linear array of three Co atoms, all showing an
octahedral coordination. Each trinuclear SBU is then connected to six BDC units to form a 2D layer
(Figure 3.5-20B). Hence, this 2D layer is pillared by mCB-(L2), giving rise to the observed 3D
framework (Figure 3.5-20C and D).
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Figure 3.5-20: Structure of mCB-MOF-2. A: The trinuclear Co clusters. B:2D-Co(ll)-based layer. C: 3D Co(ll)

framework by mCB-(L2), bridging linkers. D: 3D network, in which the carborane ligands act as pillars.

The new pillared mCB-MOF-2 is densely pack and giving a calculated void volume only around 13% of
its unit cell. In Figure 3.5-21A, A schematic representation of mCB-MOF-2 is shown, illustrating the
coordination of the mCB-(L2), bridging linkers. It is reasoned by using 4-pyridylalohol ligand
mCB-(L3),, a related pillared MOF but with increased porosity is expected to obtain (Figure 3.5-21B).

A B

Figure 3.5-21: lllustration of the influence of pyridine position towards the pore size/shape. A: 3-pyridine in

mCB-MOF-2; B: 4-pyridine in mCB-MOF-2B

By following the same synthetic procedure as in mCB-MOF-2, a similar violet crystalline solid
mCB-MOF-2B has been obtained and characterized by FTIR-ATR, SEM and PXRD. As shown in the
SEM images in Figure 3.5-22, for both mCB-MOF-2 and mCB-MOF-2B, flake liked single crystals are

formed, which indicate similar crystal morphologies in both structures.
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Figure 3.5-22: SEM images of the (A) as-made mCB-MOF-2 in 100 um and (B) as-made mCB-MOF-2B in 100 um.

A comparison of experimental PXRD patterns for mCB-MOF-2 and mCB-MOF-2B and the calculated
one from the former is shown in Figure 3.5-23. The phase purity of bulk mCB-MOF-2 is proven by
comparison of the experimental PXRD (blue) with the calculated from the X-ray structure (black).
Since the crystal structure of mCB-MOF-2B could not be solved by single-crystal XRD, its PXRD (Figure
3.5-23, red) was compared to mCB-MOF-2. As it can be seen in the Figure, the PXRD pattern of
mCB-MOF-2B is very similar to that of mCB-MOF-2. It is important to note that the peak at around 4°
(highlighted in green) shows lower angle than the one from mCB-MOF-2 (c.a. 5°). Since the scattering
angle 206 of PXRD is a reflection of the unit cell of the materials, thus, lower angle indicates the

presence of larger spacing.
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Figure 3.5-23: PXRD of as-made mCB-MOF-2B (red), as-made mCB-MOF-2 (blue)
and simulated mCB-MOF-2 (black).

Le Bail fit with Pawley method was applied to estimate the unit cell of mCB-MOF-2B, assuming that it
crystallized in the same space group as mCB-MOF-2. As shown in Table 3.5-1, the estimated unit cell
of mCB-MOF-2B has similar dimension in B angle and b and ¢ axes as mCB-MOF-2, but in a axis,

mCB-MOF-2B is about 2 A larger than mCB-MOF-2. This result fit to the hypothesis (illustrated in
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Figure 3.5-21) that the accessible pore size can be increased as expected by replacing mCB-(L3), as

pillar ligand to connect the cobalt cluster layers.

Table 3.5-1: Space groups and Lattice parameters comparison of refined mCB-MOF-2

and La Bail fit by Pawley method of mCB-MOF-2B.

mCB-MOF-2 mCB-MOF-2B
Space group C2/c C2/c
Lattice parameters
a(A) 35.1297198 37.9073841
b (A) 9.6852316 9.0666823
c(A) 18.1992216 17.4203574
8(°) 96.69028 95.13517
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The preliminary results show that by replacing the pillar linker from mCB-(L2), to mCB-(L3), can
increase the size of the unit cell, implying a possible magnification of the pore size or shape of the
corresponding MOF. More studies on both mCB-MOF-2 and mCB-MOF-2B are still on-going. BET
surface areas are crucial in order to prove the sorption enhancement by increasing the accessible

pore size/shape with mCB-(L3), in comparison with mCB-(L2),.
3.5.2.2 M (Zn, Co)/LCOOH (BTB, TCPB) MOFs: Impact of mCB-(L2), and mCB-(L3), Linkers

As mentioned previously, the flexibility of the meta-carborane-based ligand provides various
possibilities to form different motifs. In order to study the influence of different parameters to the
MOFs formation, in the following part, syntheses of caborane-based MOFs by changing the
carboxylic acid to 1,3,5-tris(carboxylphenyl)benzene (BTB) and 1,2,4,5-tetrakis(4-carboxyphenyl)

benzene (TCPB) will be discussed.

mCB-MOF-3 is formed by mixing Zn(NOs),-6H,0, mCB-(L3), and BTB in the optimized ratio (4:1:2) in a
capped vial with DMF/ethanol/H,0 (2:1:1) solvent mixture (Scheme 3.5-4) for 48h at 85 °C.
Transparent square crystals mCB-MOF-3 has been obtained in high yield (c.a. 90 %).

Scheme 3.5-4: Synthetic scheme of mCB-MOF-3
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mCB-(L3),
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Several trials were done in order to replace zinc by Cobalt in mCB-MOF-3, however, the obtained

crystals were of low quality for XRD measurement.

The structure is confirmed by single-crystal XRD (Figure 3.5-24). As shown in Figure 3.5-24A,
tetra-nuclear zinc clusters are formed in two different coordination modes: tetrahedral (highlighted
in green) and octahedral (highlighted in black). The honeycomb like channels are formed with BTB
(Figure 3.5-24B) and the mCB-(L3), ligands are connected within the channel between two zinc
clusters as shown in Figure 3.5-24C and resulting in hemisphere channels in mCB-MOF-3 (Figure
3.5-24D).

Figure 3.5-24: The tructure of mCB-MOF-3: A: tetranuclear Zn (ll) clusters; B: formation of hexagonal void with

BTB by stacking; C: coordination of mCB-(L3), in the hexagonal void; D: close-up of one of the accessible pores.

When the tetra-carboxylic acid TCPB was used instead of tricarboxylic acid BTB, mCB-MOF-4 is
formed. Following the same procedure, mCB-MOF-4 was synthesized by mixing Zn(NO3),-6H,0,
mCB-(L3), and TCPB in the optimized ratio (2:1:1) in a capped vial with DMF/ethanol/H,0 (2:1:1)
solvent mixture (Scheme 3.5-5) for 72h at 80°C. mCB-MOF-4 was obtained as transparent rectangular

crystals.
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Scheme 3.5-5: Synthetic scheme of mCB-MOF-4
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The structure for mCB-MOF-4 is confirmed by single-crystal XRD (Figure 3.5-25). Different to the
above MOFs, the structure for mCB-MOF-4 is composed of typical dinuclear zinc unit [Zn,(COO),]
(Figure 3.5-25A), which are connected by the TCPB ligands to form a 2D framework (Figure 3.5-25B).
This framework is further bridged by the ditopic mCB-(L3), ligands at 180° via their nitrogen atoms,
resulting in a 3D framework (Figure 3.5-25C). Interpenetration of the 3D networks occur and
resulting in the formation of mCB-MOF-4 (Figure 3.5-25D).

D N .|

w

Figure 3.5-25: The structure of mCB-MOF-4: A: dinuclear Zn (ll) clusters; B: formation of 2D layers with TCPB;
C: mCB-(L3), act as pillar linkers to connect the 2D layers to form a 3D cubic networks; D: Interpenetration of

the 3D networks.

Next, cobalt was used instead of zinc with the carboxylic acid TCPB and mCB-(L3),. In this case,
Co(NOs),-6H,0, mCB-(L3), and TCPB in the optimized ratio (2:1:1) were mixed in a capped vial with
DMF/ethanol/H,0 (2:1:1) solvent mixture (Scheme 3.5-6) for 48h at 85 °C and resulting in pink
needle liked crystals mCB-MOF-5.
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Scheme 3.5-6: Synthetic scheme of mCB-MOF-5
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The structure of mCB-MOF-5 has been solved by single-crystal XRD which exhibits a 3D framework
based on a dinuclear Co* cluster (Figure 3.5-26A). Two Co®" sites are bridged by two TCPB
carboxylates and by an oxygen atom. The coordination sphere at each six-coordinate cobalt site is
completed by two monodentate TCPB carboxylate, one water molecule and one DMF molecule. The
cobalt clusters are connected by TCPB to form 2D layers (Figure 3.5-26B) and the mCB-(L3), link to
the clusters through TCPB in a zig-zag style (Figure 3.5-26C). These 2D layers are stacked together
along the c axis by hydrogen bonding between the alcohol groups of mCB-(L3), ligands to form 3D
networks (Figure 3.5-26D).

Figure 3.5-26: The structure of mCB-MOF-5: A: dinuclear Co (ll) clusters; B: formation of 2D layers with TCPB; C:
mCB-(L3), ligands link to the cobalt clusters in zig-zag style; D: 2D layers stack together by hydrogen bonding to

form 3D networks.

Conclusively, three new MOFs have been synthesized and fully characterized by FTIR-ATR, PXRD, SEM,
elemental analysis and single-crystal XRD. By changing the carboxylic acid from BTB to TCPB, very
different motifs of the MOF can be obtained, which is not only the result of the highly flexible feature
of the meta-carborane-based ligand mCB-(L3),, but also a certain degree of influence may exist from

the three dimensional bulkiness of the carborane clusters. Besides, the use of transition metals
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(cobalt, zinc) also gives rise to inevitable impact to the formation of carborane-based MOFs due to
the different reactivity and final metal clusters formed. Detail studies on the influence of various
parameters are still undergone in order to understand the formation mechanism, as well as the
water stability tests, and therefore could design a desire water stable MOFs with high gases capacity

and/or selectivity.

3.5.2.3 Incorporation of Carborane-Based Linkers: Unique Architecture versus Water
Stability

T introduction of ortho- and meta-carborane

Compared to conventional MOFs with aromatic linkers,
based pyridylalcohol ligands oCB-(L2),, mCB-(L2), and mCB-(L3), in the mixed-ligand syntheses
results in unique architectures with uncommon metal ion clusters. This is for example the case of
0oCB-MOF-1, mCB-MOF-3 and mCB-MOF-5. But common architectures are also found in some of the
carborane ligands, such as in mCB-MOF-2 and mCB-MOF-4, where they are acting as pillared ligands.
These results clearly show the versatility of these new disubstituted ligands for the construction of
MOFs without restriction from the rigidity of the ditopic ligands. As an example, the coordination
motifs of mCB-(L3), extracted from the three of the new mCB-MOF structures are shown in Figure

3.5-27.
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Figure 3.5-27: coordinating angles of ligand mCB-(L3), from A: mCB-MOF-5, B: mCB-MOF-3 and C: mCB-MOF-4

structures.

The complete study on 0oCB-MOF-1 shows high thermodynamic water stability (Section 3.5.1.3). The
preliminary results show that mCB-MOF-3 is stable in bulk water as well (Figure 3.5-28B). However,

in the case of mCB-MOF-2, the MOF is destroyed after water treatment (Figure 3.5-28A).
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Figure3.5-28: PXRD before (bottom) and after (top) water treatment of A: mCB-MOF-2 and B: mCB-MOF-3.
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As explained earlier (Chapter 1.3.2), the water molecules can attack the metal clusters and replace
the coordinated ligands, resulting in the structure of the MOFs collapse in humid environment. The
incorporation of the flexible carborane-based pyridylalcohol ligands presumably can enhance the
stability towards humid conditions or even in bulk water due to the hydrophobic character of
carborane clusters. However, such stability also depends on the construction of the ligands around
the metal ion clusters. The preliminary results of these carborane-based MOFs show that the water
stability does not fully rely on the introduction of these ligands CB-(L),, but rather how the CB-(L),
coordinate around the metal clusters, in which creates a hydrophobic environment around the metal
clusters that prevent the attack from water molecules. The MOFs oCB-MOF-1 and mCB-MOF-3
contain protected zinc clusters that surrounded by hydrophobic carborane clusters and/or the
aromatic groups from the carboxylic acid, thus, water molecules are repelled to access to the metal
centres and resulting in high water stability. However, the cobalt clusters in mCB-MOF-2 have
coordinated DMF molecules that expose to the pores and generate polar surroundings. Also, the
cobalt clusters are not protected by carborane moieties, therefore, immersion of mCB-MOF-2 into
bulk water possibly resulting in migration of water molecules towards the cobalt clusters and
disassociate the ligands from the clusters. The water stability of mCB-MOF-4 and mCB-MOF-5 are
still under investigations, although structure collapse may occur due to the polar environments of the

surroundings and the unprotected metal clusters that may be accessible by water.

Combination of these flexible CB-(L), ligands with carboxylic acids for MOF syntheses can induce the
formation of unique architectures under certain circumstances and independently giving water
stable properties according to the hydrophobicity of the metal cluster surroundings that how the
carborane ligands locate. The studies on water stabilities of these MOF systems are still on-going.
The incorporation of CB-(L), ligands in the mixed-ligand approach undoubtedly gives rise to unique
motifs with high water stabilities in some occasions. The flexibility and hydrophobicity of these
CB-(L), ligands definitely are potential candidates to develop new types of MOFs. Detail
investigations are currently continued in order to understand the dominant factors and the
formation mechanism which will be the key to design the desired water resistant MOFs with this

carborane-based system for different applications.
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