D 5 B LIN Technological University Dub.lin
- ARROW@TU Dublin

Doctoral Science

2007-06-01

Metallo-cyclodextrin Complexes for the Separation of Chiral
Materials, Synthesis and Characterisation

Ciaran Francis Potter
Technological University Dublin

Follow this and additional works at: https://arrow.tudublin.ie/sciendoc

b Part of the Medicinal-Pharmaceutical Chemistry Commons

Recommended Citation
Potter, C.F. (2007). Metallo-cyclodextrin complexes for the separation of chiral materials, synthesis and
characterisation. Doctoral Thesis. Technological University Dublin. doi:10.21427/D77885

This Theses, Ph.D is brought to you for free and open
access by the Science at ARROW@TU Dublin. It has been
accepted for inclusion in Doctoral by an authorized
administrator of ARROW@TU Dublin. For more
information, please contact arrow.admin@tudublin.ie,
aisling.coyne@tudublin.ie.

OLLSCOIL TEICNEOLAIOCHTA
BHAILE ATHA CLIATH

This wors licensed under a Creative Commons D u B L I N

TEGHNOLOGICAL

Attribution-Noncommercial-Share Alike 4.0 License CRIVERSITY DUBLIN










S

poiionsd Wik o oo o
Frmacse il 2 iy



when compared to that of the parent cyclodextrin. Magnetic studies also carried out by
this group provided further evidence for the metallo-bridged structure.'

Previous publications report the use of electronic spectroscopy for the characterisation
of these complexes. Norkus ef al.* studied complexes of B-CD and copper as well as a
range of other transition metals. They observed the failure of these complexes to form
at an acidic or neutral pH. Also reported was the formation of a light blue

CuCD(OH); hydroxide precipitate in the pH range 8-10, whereas a dark blue solution
2 P

and no precipitate was seen at a higher pH, the result of the formation of the Cu(Il)
binuclear hydroxy bridged complex. All of these studies suggest that cyclodextrins are
poor coordinating ligands, their coordination ability being improved by deprotonation at
high pH values. Coordination can also be improved by derivatising the cyclodextrin.
Matsui ef al. reported the formation of a Cu(Il) complex with the CD derivative CDEn.”
Electronic spectroscopy was employed for the characterisation of this complex at a pH
of 10.5 and the data suggested the formation of a [:2 complex between the Cu(lIl) ion
and CDEn at this pH. Electronic spectroscopy has also been used to study the ternary
complexes of metallo-CDs with amino acids® which is dealt with further on.

4.1.2. Theory

Studies of electronic spectra, especially of d-block metallo-complexes, provide
information on both structure and bonding. At room temperature, most molecules will
be in their electronic and vibrational ground states. Absorption of visible/UV radiation
may cause a molecule to undergo transition from the ground electronic state to an
excited electronic state. Such transitions will occur provided the radiation contains
photons of energy corresponding in magnitude to the energy gap between the ground
and desired excited state. Hence the relationship is:

AE =E;-E;=hv (4-1)
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where E; and E; are the final and initial molecular energy levels respectively in the
molecule, h is Planck’s constant and v is the frequency.
Electronic spectra of transition metallo-complexes show absorption bands arising from
electronic transitions of several kinds:
Transitions involving &, ¢ or n electrons of the ligands or counter ions.
Transitions involving charge-transfer between metal and ligand orbitals (CT transition).
Transitions between metal d-orbitals, known as ‘d-d’ transitions.
The latter two examples are of primary interest in this study. Charge transfer transitions
arise from transitions between molecular orbitals, one of which is a metal orbital and the
other a ligand orbital. They can be due to either ligand-to-metal charge transfer
(LMCT) or metal-to-ligand charge transfer (MLCT) and result in very intense
absorptions, occurring at high energies, normaily in the UV region. The d-d transitions
tend to be much weaker and broader and are found at lower energies, ranging from near
IR to near UV.
Absorption of light follows the Beer-Lambert relationship. If 7, is the intensity of the
incident light and 7 is the intensity of the transmitted light, then

Log(L/T) = elc (4-2)
where ¢ and 1 are the concentration and the pathlength of the sample respectively and €
is the molar extinction coefficient.
The value log (I/I) is known as the absorbance (A). The extinction coefficient, which
characterises the absorption species, is an empirical measure of the fraction of light
absorbed by the molecule at a given wavelength ie. it is a constant and inherent

property of the material. The concentration is measured in mol dm™ and the pathlength

in centimeters. The extinction coefficient therefore has the units mol! dm’ cm™.
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The intensity of absorption for a given concentration is determined by the probability of
the transition which is reflected in the selection rules for such transitions. The selection
rules involved are i) Laporte Rule and ii} Spin Multiplicity rule.

Spin Multiplicity Rule: Transitions in which the total spin multiplicity remains fixed

are spin allowed transitions i.e. AS = 0 where S is the total spin quantum number and
therefore the total spin multiplicity is 2S+1, or no change in the number of parallel
electron spins.

Laporte Rule: Transitions involving the redistribution of electrons within a single shell
are forbidden, i.e. A/ = +1, which allows transitions such as s—p or p—d but forbids
d—d transitions.

These rules are not definitive. Relaxation of the rules can occur:

i) Spin-Orbit coupling results in very weak spin-forbidden bands.

i1) Electronic/vibrational coupling partially relaxes the Laporte rule. Any
phenomenon which alters the nature of the d-orbitals has the effect of relaxing the
Laporte rule.

itf)  Metal-ligand covalent interaction alters the nature of the d-orbitals, so transitions
are no longer purely d-d.

Pathways for the absorption of electromagnetic radiation by an electron and the

corresponding return to the ground state can be illustrated using a Jablonski Diagram

(Figure 4.1).
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Figure 4.1.  Jablonski Diagram Showing Electronic Absorption and Emission.

In Figure 4.1, radiative transitions are indicated by wavy arrows and non-radiative
transitions by broken arrows. Fluorescence and phosphorescence are radiative
pathways of energy loss. Other pathways such as intersystem crossing and internal
conversion are non-radiative pathways.

4.1.3. Experimental

Electronic Spectra were measured at 25 °C using a Perkin Elmer Lambda 900
UV/Vis/NIR Spectrometer. The spectrometer is a double-beam, double monochromator
ratio recording system with pre-aligned tungsten-halogen and deuterium lamps as
sources. The wavelength range is from 175-3300 nm with an accuracy of 0.08 nm in
the UV-visible region and (.3 nm in the NIR region. It has a photometric range of +/-6

in absorbance.
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Accessories available include a 60 mm Spectralon coated integrating sphere with a
range from 200-2500 nm for measurement of samples of high optical density. A
common-beam depolariser for measurements with depolarised light in the 190-2600 nm
range is also available.

Parameters used were: Range: 200-1100 nm, Slit Width: 0.1 nm, Accumulation: 4.
Spectra were taken using quartz cells of either 10 mm or 1 mm length to compensate for
the fact that the molar extinction coefficients are small in the higher wavelength region.
The resultant spectra were combined for analysis.

Solutions used for recording the electronic spectra were as follows:

» CD derivative and guest solutions were prepared by dissolution of the
appropriate moiety (0.010 mol dm™) in a KH,PO4/NaOH buffer that was
made using 500 cm’ of KH,PO4 (0.100 mol dm™) added to 347 cm’ of
NaOH (0.100 mol dm™) and diluted to 1000 cm® with deionised water to
give a resulting pH of 7.2.

» Binary and ternary complex solutions were prepared by addition of 2 cm®
of aqueous CuSO4.5H20 (0.010 mol dm>), 2 cm® of the amino CD
(0.010 mol dm™ in buffer) and 2 ¢cm® of the guest (0.010 mol dm™ in
buffer), when appropriate, to a 10 cm® volumetric flask, which was made
up to the mark using the KH,PO4/NaOH buffer resulting in an overall
complex concentration of 0.002 mol dm”™.

» The temary complex solutions containing tyrosine were made to 0.001
mol dm™ due to the poor solubility of tyrosine. The amount of CDAm
and CuSQO4.5H,0 was adjusted accordingly.

It should be noted that in some cases, especially in the case of the binary complexes

[CuCDPn}*" and [CuCDBn|*, slight precipitates formed on standing for a time period.

Lig



In order to minimise inaccuracies caused by such precipitation, the spectra were
measured immediately upon preparation of the solutions.

Another point of interest is that in the case of the DOPA ternary complexes, the spectra
were measured immediately upon sample preparation due to DOPA decomposition.
Solutions were also stored under N> and protected from light, thus eliminating any
photooxidative effects. The same precautionary steps were applied to the solutions of
tyrosine.

4.1.4. Results of Electronic Spectroscopy Study

Figure 4.2 shows the results obtained from the electronic spectroscopic study for the
binary complexes of Cu(ll) with the derivatives CDEn, CDPn and CDBn all at a pH of
7.2. Figures 4.3-4.8 show the electronic spectra for the corresponding ternary
complexes. Data for all ligands are given in Appendix C. Table 4.1 summarises the

results obtained and the interpretation is in section 4.1.5.
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Figure 4.2.  Electronic Spectra of Binary Complexes of Cu(ll) with i} CDEn ii)

CDPn and iii) CDBn (a=1 mm cell, b=10 mm cell).
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Figure 4.3.  Electronic Spectra of Ternary Complexes of Cu(II) and L-Phenylalanine

with i) CDEn ii) CDPn and iii) CDBn (a=1 mm cell, b=10 mm cell).
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Figure 44. Electronic Spectra of Ternary Complexes of Cu(II} and D-Phenylalanine

with i) CDEn ii) CDPn and iii) CDBn (a=1 mm cell, b=10 mm cell).
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Table 4.1: Electronic Absorption Data for the Binary and Ternary Complexes (pH =
F2)-
Binary Complexes
A ()
nm (mol” dm® em™)
Cu(CDEn) Cu(CDPn) Cu(CDBn)
671 (69) 716 (79) 731 (70)
254 (4557) 250 (3143) 242 (2179)
230(sh) (2958)
Ternary Complexes
A €3]
nm (mol” dm’ em™)
Guest Cu(CDEn) Cu(CDPn) Cu(CDBn)
L-Phe 607 (67) 642 (63) 634 (62)
248 (6250) 242 (4413) 239 (4413)
D-Phe 608 (69) 630 (65) 650 (40)
248 (6184) 243 (4730) 239 (4045)
L-Tyr 615 (72) 652 (66) 632 (66)
249 (6861) 260 (4133) 265 (3977)
225 (11878) 224 (12194) 224 (12877)
D-Tyr 607 (72) 621 (81) 649 (58)
248 (6735) 265 (4283) 267 (3366}
225 (14560) 224 (12847) 224 (12367)
L-DOPA 605 (69) 624 (55) 615 (57)
450 (91) 443 (83) 444 (105)
290 (4968) 296 (5466) 298 (5553)
236 (10895) 231 (13497) 232(12195)
D-DOPA 590 (123) 627 (46) 631 (41)
436 (179) 447 (80) 445 (83)
288 (5250) 297(5251) 298 (5641)
234 (11680) 233 (11803) 234 (12229)
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4.1.5. Discussion of Electronic Spectra

Results for the electronic spectroscopy study are reported in terms of Ama and € using
units of nm and mol” dm® cm™ respectively. Measurements of ¢ values for 3-CD
derivatives, ligands, binary and ternary complexes were calculated using the Beer
Lambert law. The electronic spectra of temary complexes containing D/L
phenylalanine, D/L tyrosine or D/LL. DOPA were compared, noting the differences in
Amax and €. The study primarily allows us to investigate the nature of the environment

of the copper(Il) ion.

Binary Complexes

For the binary complexes the band in the visible region can be assigned to d-d
transitions of the Cu(Il) ion, while band(s) in the UV region are assigned to electronic
transitions of the CDAm moiety. In all cases the electronic absorption spectra of the
binary complexes show a shift downfield for the d-d transition to 671, 716 and 731 nm
for [CuCDEn]**, [CuCDPn]*" and [CuCDBnJ*" respectively from the value of 810 nm
reported® for the hexaqua ion [Cu(H,0)]*". The CDAm species therefore appear to be
stronger ligands than H,O, the ligand field strength increasing in the order CDBn <
CDPn < CDEn. Cucinotta ef al.” reported a shift to 656 nm at a pH = 7 for the Cu(Il)
complex of the 3*,3"-diamine-3*, 3"-dideoxy-B-cyclodextrin where A and B represent
adjacent pyranose units of B-CD. Similar complexes of 6*,6° ~diamino-6", 6°-dideoxy-
B-cyclodextrin exhibit a shift in Amay to 680 nm.® Matsui ef al.” observed a shift to 570
nm for the [Cu(CDEn),]*" complex at pH 10.5. However Bonomo et a/.’ have shown
using potentiometric studies that the more favourable species in the pH range used in
this work is [Cu(CDEn)]*". In this study it is proposed that the copper(Il) ion is
coordinated to one CDAm molecule with the coordination sphere completed by aqua

ligands. The decrease in A, suggests that CDEn and CDPn are acting as bidentate
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ligands through coordination via the nitrogen atoms of the pendant group. The decrease
in Amax is much less for the [CuCDBn]*" complex. It is possible that in this case the
metal ion may only be coordinated to one of the nitrogen atoms, the longer alkane chain
preventing CDBn acting as a bidentate ligand. In all cases there is also an increase in
the value of the molar extinction coefficient when compared to the value of 7 mol™ dm’
cm’’ obtained for the hexaqua ion. This indicates a lowering in symmetry of the
coordination sphere around the metal ion as expected for these complexes. There is
very little change in the spectra in the UV region compared to spectra of the ligands
alone, except for a slight broadening of bands.

Ternary Complexes

In spectra of the ternary complexes, bands in the visible region are also assigned to d-d
transitions of the metal ion. Assignments of bands in the UV region are complicated by
the presence of different guest species. Spectra of the amino acids alone were recorded
(Appendix C) and from these results the band between 248 and 238 nm in the spectra of
the ternary complexes of phenylalanine can be assigned to the CDAm moiety, the
phenylalanine itself only having weak absorption in this region. Similarly with ternary
complexes of tyrosine, the band at ~ 222 nm can be assigned to a transition of the amino
acid while the band at 250-265 nm is assigned to transitions of both the amino acid and
the CDAm species. Again when DOPA is the guest species, bands at ~ 280 nm can be
assigned to transitions of the drug while absorptions in the ~ 235 nm region are assigned
to transitions of both the drug and CDAm species.

The electronic spectra of the ternary complexes formed with the amino acid
phenylalanine demonstrate an even greater downfield shift for the d-d transition than
that seen for the binary complexes. The spectra show Ay.x appearing between 606-650

nm for all complexes of [Cu(CDAm)(D/L-Phe)]”. These results suggest further
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coordination of the metal ion to the amino nitrogen atom and the hydroxyl oxygen atom
of phenylalanine. The spectra of the ternary complexes also show absorption in the UV
at ~ 262 nm, due to the cyclodextrin and the phenylalanine groups.

Electronic spectroscopic studies have not been reported for the ternary complexes of
CDPn and CDBn. However Amax and & values of the [Cu(CDEn)(D/L-Phe)]” ternary
complexes have been reported previously by Bonomo ef al.'® and our values compare
reasonably with those reported. They report Apax values at 248 and 588 nm (g = 5415
and 69 mol” dm® cm™ respectively) for [Cu(CDEn)(L-Phe)]” and at 248 and 588 nm (e
= 5442 and 72 mol” dm® cm respectively) for [Cu(CDEn)(D-Phe)]". In comparison,
we report these values at 249 and 607 nm (¢ = 6250 and 67 mol” dm® cm™ respectively)
for the L complex and 248 and 608 nm (e = 6184 and 69 mol™ dm® cm™ respectively)
for the D complex. Bonomo ef al® also report Amax values between 238-246 and 599-
630 nm for the ternary complexes of phenylalanine with the copper complexes of 6,
6*-diamino-6", 6*-dideoxy-p-cyclodextrin (where X is the second pyranose unit of -

CD derivatised and can be B, C or D as shown in Figure 4.9).

BCD =

Figure 4.9. Diagram representing the Labelling System used for Disubstituted

Derivatives by Cucinotta’ and Bonomog, where X 1s B, C or D.

Electronic spectra of the ternary complexes formed with the amino acid tyrosine show

bands between 607-652, 248-267 and 224-225 nm for all complexes of

164



