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Abstract: Cellulose has been used to separate the enantiomers of a range of dimetallo
coordination compounds with different surface topologies. The compounds are all
approximately cylindrical in shape, but are based on octahedral coordination at the
metals and are also helical. When separation has been achieved, the first eluted
enantiomer has always been proven to have a negative circular dichroism (CD)
signal for its longest wavelength metal to ligand charge transfer band. In order to under-
stand the underlying basis for the elution order, gas phase molecular dynamics and
snap-shot minimisations of each enantiomer with the repeat unit of cellulose,
glucose, have been undertaken. For new dimetallo helicates, it is important to have a
quick assessment of the enantiomeric identity of the first eluted compound. To this
end, the coupled-oscillator model of CD has been applied to relate the signs of the
CD signals to the identity of the enantiomers. This correlation is consistent with
crystallographic data for the first eluted enantiomer of the parent compound.

Keywords: Dimetallo helicates, Circular dichroism, Cellulose, Chromatography,
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INTRODUCTION

A series of cationic dimetallo helicates, based on octahedral coordination at
the metals by three fairly rigid tetra-dentate ligands, have been designed
and synthesised at Warwick.!'~* These helicates are of appropriate size and
shape to target the major groove of DNA,"®! and upon binding they induce
unusual structural changes in the DNA."*®! The compounds are chiral and
the helicity of the complex has been found to have a significant effect on
the DNA binding of the enantiomers.'” After exhaustive searches of estab-
lished resolution methodologies, we found that the enantiomers of the
parent compound [Fe,(L)s]*" (Figure 1) can be separated using cellulose
(in paper or packed in a column) with 0.02 M aqueous sodium chloride as
the eluent,”! and we have subsequently refined the mobile phases to
minimise the amount of NaCl required (since this ends up in solution with
the resolved enantiomers and is very difficult to remove).”® The chromato-
graphic behaviour of derivatives of the parent dimetallo helicate differs
depending on where substituents are located. The effects, which are given
in detail in reference [8], can be summarised with reference to the position
labels in Figure 1 as follows. Replacing the bridging CH, group with O at
position A worsens the enantiomeric separation, though does not remove it
completely. Adding methyl groups on the imine bond at position B destroys
the enantiomeric separation. Substitution at positions 3 (C), 5 (E) and 4 (D)
of the terminal pyridine results in a small reduction in separation efficiency
with their effect being in the order (C) < (E) < (D).

Figure 1. Ligand and dimetallohelicate structures of the parent compound
[Fez(L1)3]4+, with sites of potential substitution labelled (the substitution pattern is
usually symmetric about A and is assumed to be so in this work). z is the 3-fold axis
of the helicate.
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To date, whenever chiral resolution has been achieved, the first eluting
compound gives a negative circular dichroism (CD) signal in its longest wave-
length band. The first eluted band of the parent compound has been shown by
X-ray crystallography to be the M-helicate."™ In order to be able to use the
methodology and enantiomer assignments suggested by the circular
dichroism, it is necessary to understand the basis of the molecular discrimi-
nation on the column and also the mechanistic origin of the CD signal. The
aim of the work reported in this paper was, therefore, to understand why (or
why not) we observed a chiral discrimination when the dimetallo helicates
were eluted from a cellulose (polymer of glucose) stationary phase by
examining the interactions between parent helicate and a glucose monomer,
and to understand the basis of the CD spectra which could be obtained for
the two enantiomers.

EXPERIMENTAL
Spectroscopy

[Fe,(L1)3]Cly was synthesised and resolved as described in reference.'® The
CD spectra were collected in 1 cm pathlength cuvettes using a Jasco J-715
spectropolarimeter, and averaged over 4 scans with response time = 1 s.
Concentrations were determined using &€s74,m = 16,900 mol ! dm® cm™!
for the metal-ligand charge transfer band.'*® The absorption spectra were
collected on a Jasco V-550 spectrometer using a 1 cm pathlength cuvette.

Computational Modelling

Models of glucose and the two helicate enantiomers were constructed. High
temperature molecular dynamics (MD) simulations were performed with the
cylinder frozen, while the glucose was mobile. These simulations were
designed to identify likely sugar interaction sites on the cylinder. It was
hoped they would provide molecular level insights into the differential
cellulose binding of the two enantiomers. The configurations with the most
favourable energies from the MD simulations were then energy-minimised
to further optimise the geometries. The helicate coordinates were taken
from the crystal structure, while glucose was constructed using the 2D
sketcher module in Quanta and then energy-minimised. Compounds were
modelled using the CHARMM?22 all-atom force-field with modifications, so
the glucose remained in the chair conformation.'"®~'?! Simulations were
performed using DL_POLY. The conversion from CHARMM to DL_POLY
force-field formats was achieved using a purpose-built program that inter-
preted the CHARMM prm and crd files. Simulations were performed in the
NVT ensemble at 900K using the Hoover thermostat with a time constant
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of 0.1 ps and a time step of 2 fs. The high temperature was adopted to ensure
the glucose moved around sampling all potential interaction sites.

RESULTS
Circular Dichroism Spectroscopy

Spectra for the two ‘baseline separated’ bands from a racemic mixture of
[Fe,(L,)5]*", loaded on a column packed with cellulose and eluted with
20mM NaCl'®), are given in Figure 2. CD spectra for all compounds where
the enantiomers could be resolved™ give the same sign pattern, from long
wavelength to shorter wavelength of —/+/— /4 /—/+ for the first eluting
enantiomer. The second eluting enantiomer has the opposite sign pattern.
The labelling of the spectra in Figure 2 with M and P follows from the CD
theory outlined below. This labelling has recently been confirmed for the
first eluting enantiomer of the parent compound only, from a crystal
structure of a crystal grown from column eluent.!™ The CD theory given
below enables us to generalise the crystallographic assignment of the parent
compound to all derivative compounds.
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Figure 2. Absorbance of the first eluting [Fex(L)s]*" band (mobile phase: 0.02 M
NaCl) and the CD spectra of both bands (converted to Ae using concentrations deter-
mined from the absorbance magnitude and the extinction coefficient).*®! Absorbance
(times 50) scale is on the right hand side. The spectrum labelled M is the enantiomer
eluted first. Labels M and P are assigned on the basis of the CD analysis of this work.
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In order to be able to use CD spectroscopy as a fast means of confirming
the handedness of fractions eluted from the cellulose columns for all the
dimetallo helicates, it is important to understand the origin of the signs of
the bands and to be able to relate this to the handedness of the helicate. The
relevant theoretical model for CD intensity of electric dipole allowed tran-
sitions in independent chromophores is the exciton coupling model.!">! For
degenerate transitions, if this model is appropriate, one expects to see a
characteristic exciton spectrum with a very sharp transition from negative to
positive (or vice versa) signals. Such a signal is apparent in the dimetallo
helicate spectra of Figure 2 centered at 280 nm. This region of the spectrum
is dominated by the in-ligand transitions on the three identical chelates.

As the conjugation of the m-chelate of the dimetallo-helicates is broken at
the central bridge, we can spectroscopically model the helicates as two
tris-chelate metal complexes stacked vertically. The CD arising from the
in-ligand couplings of single-metal tris-chelate complexes is well estab-
lished.!"*~'®! The equations for the bimetallo tris-chelate CD can therefore
be taken from the literature!'>'”! after multiplying by a factor of two. As
tris-chelates have D3 symmetry, their transitions are either polarised along
the 3-fold axis, denoted z in Figure 1, or in the plane perpendicular to this.
The in-ligand transitions of relevance for CD are all polarised along the
chelate backbone, as the ones perpendicular to this do not give rise to a CD
signal (the electron movement is in a plane, so not chiral). The z-polarised
transitions are by convention labelled A, and the x/y-polarised, E. The CD
intensity, R, for the A, and E polarised in-ligand bands of the P bi-metallo

helicate is, therefore,
R(Z) = r(A2) = 8 (1)
x/y) "\ E)  T./2h

(where the upper, in this case positive, sign refers to the upper transition
polarization, namely z) with transition energies

2\ (A W
8(%) _8<f) =¢ im 2

where ¢ is the energy of the unperturbed transition, w is the magnitude of its
transition dipole moment, and p is the distance from the metal to the centre of
a chelating part of the ligand. As R(z) is the z (or A,) polarized CD that results
from the in-phase coupling of the transition moments on the three ligands, the
A, band occurs at the higher energy (shorter wavelength). It is positive in sign
for the P-enantiomer. R(x/y) by way of contrast results from the out-of-phase
coupling of the transition moments and is opposite in sign from R(z). The
energy ordering is the same for the M-enantiomer, but the sign pattern is
inverted. This lets us identify the handedness of enantiomers eluting from
the column: if the higher energy (shorter wavelength) band of the 280 nm

A
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couplet is positive, then the complex is the P enantiomer. Thus, the second
eluting enantiomer is P.

The other bands in the spectrum are less clearly excitonic in nature,
arising as they do from a complicated overlay of different metal ligand
charge transfer (MLCT) and in-ligand bands. However, it is convenient to
have an empirical rule based only on the longest wavelength CD band. To
this end, it is necessary to understand the longest wavelength MLCT band
CD. The dilemma here is that the available data on transition polarisations
of long wavelength charge transfer transitions for low spin iron(II) and
ruthenium(II) (including our own stretched film LD assignments of transition
polarisations in Fe,L;)!'% show significantly more (>90%) E than A,
intensity of the long wavelength end of the absorbance spectrum, but the
CD spectra show similar magnitude positive and negative bands, which,
assuming the CD signals arises from a similar mechanism, requires both A,
and E absorption intensities to be of similar magnitudes.

The dilemma is resolved by realising that E-polarised MLCT transitions
occurring from an Fe metal d orbital to the middle of a ligand 7 orbital®!
will have significant absorbance intensity, but will involve planar electron
movement, and thus will not give rise to a CD signal MLCT transitions into
long axis polarised 7 states will give rise to both E and A, MLCT absorbance
intensity, both of which will have a helical twist and give rise to a CD signal.
The net effect will be that the absorbance spectrum is dominated by E polarised
transitions in regions where there are short-axis polarised MLCT bands,
whereas the CD spectrum will have similar magnitude contributions from
the two polarisations in accordance with the experimental observation.
Using the enantiomeric assignment made using the 280 nm in-ligand band
(for which we also know the energy ordering of components, see above), we
conclude that the longest wavelength P enantiomer MLCT CD, which is
positive in sign, is due to an A, transition (Equation (1)). The longest wave-
length band for all helicates is thus A,, and can be used to assign the handedness
of the helicates. For all the compounds investigated to date,'™ if enantiomeric
resolution occurs, the first eluting enantiomer has a negative CD sign, M.

Modelling

The molecular modelling of glucose, the cellulose monomer, interacting with
the two enantiomers of [Fez(L1)3]4+ revealed three sites with more favourable
interaction energies. Two of these involved the sugar being near one of the
metal centres and the other was near the bridging CH, group (Figure 3).
The interaction energies of each enantiomer of [Fex(L;)s]*" with a sugar in
each of these sites are given in Table 1. Interaction energy = total confi-
gurational energy — configurational energy of glucose (the helicate is frozen
so only contributes to the non-bonded energy). Simulations were also
performed for the helicate where the CH, bridge is replaced by O.
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Figure 3. Site 1 (top), site 2 (middle) and site 3 (bottom). Hydrogens have been
omitted for clarity. The sites are shown for the M enantiomer.

In each of the three interactions sites on [Fez(Ll)3]4+ favoured by the
glucose, the interaction is strongest between the P-enantiomer and the
glucose, meaning that the M-enantiomer is expected to come off a column
first—as it indeed does. It follows that, when sites 1 and 2 are blocked by,
e.g., a methyl substituent on the immine bond, the resolution between the
enantiomers is expected to be reduced. In practice,™ loss of sites 1 and 2 is
sufficient to completely remove the enantiomeric resolution. The calculations
suggest, however, that with great care and collecting beginnings and ends of
fractions, some degree of resolution might be achieved.

The overall strongest interaction for the glucose with the P-enantiomer of
[Fez(Ll)3]4+ is at the site nearest the bridging group (site 3, Fig. 3). Contrary to
our expectations (given the charged nature of the metallo-helicate), when the
bridging CH, was replaced by the potentially H-bonding O atom the inter-
action of the glucose with site 3 became less attractive, and it always
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Table 1. Interaction energies of each enantiomer of [Fe (L Da]*" and the analogous
compound where the CH, bridge is replaced by O (denoted O in the table) with a
glucose molecule in each of the 3 favourable sites. Site 3 is near the bridging
CH, or O

Interaction Interaction Interaction
energy energy energy
Sitel  (kcalmol™!)  Site2  (kcalmol ')  Site3  (kcalmol ')

CH, P —-9.0 P -84 P —-11.0
CH, M -79 M -7.1 M 62
o) P -89 P -84 P —
o) M -79 M -7.1 M —

migrated to sites 1 or 2. The experimental consequence of this would be
predicted to be that the discrimination between the enantiomers is reduced
and their residence time on the column is shortened. This is indeed the
case. The enantiomeric resolution of the O-bridged helicates is significantly
smaller than that of the parent compound,"™ and both O-bridged enantiomers
have larger Ry values (distance moved by analyte divided by distance moved
by solvent front) on cellulose paper than the corresponding CH, compound.'®!

CONCLUSIONS

From the analysis of the CD of the in-ligand exciton band and the longest wave-
length MLCT region of the spectrum, we can conclude that CD can be used to
assign the handedness of the di-iron triple helicates. A negative long wave-
length band corresponds to the M-enantiomer. To date, from the data in
reference [8], we conclude here that it is always the M-enantiomer which
elutes first from cellulose and the P-enantiomer which elutes second,
whenever any resolution is achieved. For other metals initial consideration of
the in-ligand region of the spectrum would be necessary before establishing
such a rule. Molecular modelling of glucose monomers and both M and P
helicates has been used to understand why the elution occurs in this way. In
general terms, P interacts more favourably with glucose so is retained on a
column. Much of this discrimination arises from interaction near the metal
atoms. It follows from this, that when this site is filled up with a substituent
on the immine, such as CHj, then the chiral resolution is reduced or
removed. The origin of lower resolution when the bridging atom is changed
from CH, to the electronegative O arises, somewhat surprisingly, from the
fact that the H-bonding glucose does not interact as favourably with the
O-bridged site as with the other sites near the metal. This then reduces
the time the helicates spend on the column and reduces the discrimination
between the enantiomers, as there is no contribution from the bridging site.
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