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Introduction

On the vast playground of coordination-chemistry-based
self-assembly reactions, one particularly prominent class of
compounds are the so-called molecular squares. This term
denotes a variety of complexes that have in common an ar-
rangement of four metal ions or metal fragments in the cor-
ners of a square, connected through organic ligand strands.
The ligands may coordinate through one donor atom, as for
example, in the platinum- or palladium-based complexes de-
veloped by Fujita.[1,2] If the ligands coordinate by two or
three donor atoms to each metal, chiral centres are created
(As chirality descriptors, we use the “Oriented Line Refer-
ence System”[3 ,4]). Even if the metals represent centres of

chirality, the entire complex can be achiral, if the arrange-
ment of ligand strands is gridlike (typeA, Figure 1). Exam-
ples are the complexes from tetrahedrally coordinated metal
centres presented by the Osborn group,[5] as well as the re-
lated grids from the laboratories of Lehn,[6] and others[7–11]

(for the exception of a chiral complex of type A, see Bassani
et al.[12]).

If the four ligand strands “wrap” the four metal ions in an
interwoven fashion, the resulting molecular square is a
chiral complex (type C, Figure 1). The group of Dunbar
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Abstract: The hexadentate, and ditopic
ligand 2,5-bis([2,2’]bipyridin-6-yl)pyra-
zine yields a chiral, tetrameric, square-
shaped, self-assembled species upon
complexation with Fe2+ ions. The race-
mate of this complex was resolved with
antimonyl tatrate as the chiral auxili-
ary. The purity of the enantiomer was
determined by NMR spectroscopy, by

using a chiral, diamagnetic shift re-
agent, and by circular dichroism (CD).
The CD spectrum was also calculated

by time-dependent density functional
theory, and the correlation that was
found between CD spectrum and con-
figuration was confirmed by X-ray cris-
tallography. When a “chiralised” ver-
sion of the ligand was used instead, the
corresponding iron complex was ob-
tained in diastereomerically pure form.

Keywords: chiral resolution · densi-
ty functional calculations · diaster-
eoselectivity · iron · molecular
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Figure 1. Schematic representation of several types of supramolecular
complexes. The members of the second group (B, C and D) are chiral.
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published the first example, a nickel complex with the bis-
bidentate ligand, 3,6-di-2-pyridyl-1,2,4,6-tetrazine.[13] Bu and
co-workers followed with the corresponding zinc compound,
which resolves spontaneously into single enantiomers upon
crystallisation.[14] However, it was not possible for them to
obtain larger amounts of enantiomerically pure complex in
order to investigate its stereochemical properties. This might
be due to the kinetic instability of the zinc complex. The tet-
razine ligand does not occupy all coordination sites of the
metal ions: in both cases, two solvent molecules per metal
ion are needed to complete the quasi-octahedral coordina-
tion sphere. Our group has designed ligands that provide
two terdentate terpyridine-type binding domains, that is, 2,5-
bis([2,2’]bipyridin-6-yl)pyrazine (L1) and chiral derivatives
of it.[15] These ligands were shown to yield tetrameric com-

plexes with zinc(ii); no anchillary ligands are found in these
complexes.[16] Whereas the complex [Zn4(L1)4](PF6)8 was ob-
tained as racemic compound, “chiralised” ligand L2 showed
high diastereoselectivity and yielded [Zn4(L2)4](PF6)8 with
90% de. (The use of terpene-derivatised ligands for the pre-
determination of the configuration of chiral metal centres is
a well-established method.[17]) These ligands that yield
chiral, interwoven tetramers are also interesting for the fact
that they are, in principle, not limited to the formation of
tetramers. Unlike the pyrimidine-based ligands found in

grid-type complexes[18] (A), they can also form complexes
with an odd number of metal centres, for example, three (B)
or five (D) (Figure 1). For example, Stoeckli-Evans publish-
ed the solid structure of a trimer of type B.[19] Our group re-
ported, that dissolved [Zn4(L1)4](PF6)8 is in equilibrium with
its trimeric form [Zn3(L1)3](PF6)6,

[16] and Dunbar et al.
showed that it is possible to convert a nickel-based square
into a pentagon by using a larger anion, which plays the role
of a template.[20]

Discussion of Results

Complex synthesis : Although the related zinc complexes
that we reported recently formed spontaneously upon com-
bination of a zinc source, such as the perchlorate or fluoro-
borate, with the ligands (L1 or L2) in the aprotic coordinat-
ing solvent MeCN, the corresponding iron(ii) complexes
could not be obtained in this way. Particularly L1 yielded in-
soluble coordination polymers when treated with ferrous
salts. We suspected these polymers to be kinetic intermedi-
ates, but even prolonged heating of this insoluble material
in PhCN at reflux temperature failed to convert them into
the discrete, tetrameric complex. Therefore, it was surprising
to discover that the squares can be readily synthesised ap-
plying microwave heating: stoichiometric amounts of
[Fe(H2O)6](BF4)2 and L1 were heated in 9:1 ethylene glycol/
water mixture for four minutes to reflux to furnish the de-
sired complex [Fe4(L1)4](PF6)8 in quasi-quantitative yield
after precipitation as hexafluorophosphate.

The dark green compound is diamagnetic and kinetically
stable. Its NMR spectrum displays only eight signals, that is,
half of all 16 ligand protons. This fact underlines the D4 sym-
metry of the complex, whereby two of the four lateral C2

axes divide each ligand into two equivalent halves. A de-
tailed analysis of the shifts that proton resonances of the
ligand undergo upon complexation confirms the circular
structure of the complex (Figure 2): the protons H3 and H6’’

are subject to considerable up-field shifts of Dd=�2.82 and
�1.69 ppm, respectively. These shifts are due to the expo-
sure of these protons to the magnet field provoked by the
ring current of adjacent ligand molecules. The ring-shaped
architecture of the complex becomes more evident when re-
garding the m-protons of the inner pyridine ring, H3’ and

Abstract in German: Der hexadentate und ditopische Ligand
2,5-Bis([2,2’]bipyridin-6-yl)pyrazin bildet bei der Selbstorga-
nisationsreaktion mit Fe2+-Ionen einen chiralen, quadratf-r-
migen Tetramerkomplex. Das Racemat dieses Komplexes
wurde mit Hilfe von Antimonyltartrat in die Enantiomere ge-
trennt. Die Reinheit des Enantiomers wurde durch NMR-
Spektroskopie unter Zuhilfenahme eines chiralen, diamagne-
tischen Shift-Reagenzes untersucht, wie auch duch die Beo-
bachtung des Circulardichroismus (CD). Das CD-Spektrum
wurde zudem mit zeitabh8ngiger Dichtefunktionaltheorie be-
rechnet, wobei die vorhergesagte Korrelation zwischen CD-
Spektrum und Konfiguration des Komplexes durch R-ntgen-
strukturanalyse best8tigt wurde. Die Verwendung einer “chir-
alisierten” Variante des Liganden ergab den entsprechenden
Eisenkomplex in diastereomerenreiner Form.

Figure 2. A fragment of the complex cation [Fe4(L1)4]
8+ : Change in

1H NMR shifts of the ligand L1 upon complexation to Fe2+ are indicated.

J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4839 – 48454840

FULL PAPER

www.chemeurj.org


H5’. These protons are chemically very similar and are
hardly distinguished in the NMR spectrum of the free
ligand. However, they behave differently within the com-
plex: H5’ appears at higher field (Dd=�0.29 ppm), as it
points towards a neighbouring ligand fragment. On the
other hand, H3’, which points outside the complex, is shifted
downfield (Dd=++0.45 ppm), as expected, due to the de-
crease of electron density in the complexed ligand.

The nuclearity of this circular assembly cannot be eluci-
dated directly from the NMR spectrum, but electrospray
ionisation mass spectrometry (ESI-MS) gave an answer to
this question: (Figure 3) Only tetrameric fragments of the

type {[Fe4(L1)4](PF6)n}
8�n with n=2–6 are found in MeCN.

Neither ESI-MS, nor NMR spectroscopy indicated the pres-
ence of a second, trimeric species; such a trimer was found
to be a minor equilibrium product of the corresponding
zinc(ii) complex.

Resolution of the complex and stereochemical properties :
As we have already stated in the introduction, complexes of
the type of [Fe4(L1)4](PF6)8 are chiral, due to the interwoven
arrangement of the ligand strands. All iron(ii) ions are
chiral-at-metal and have the same configuration within one
complex cation. The entire complex ion can also be regard-
ed as a short, quadruple-stranded helix. This helix is of P
helicity, if the configuration of the metal ions is L

!
.

The complex is obtained as a racemate, evidently. It was
separated by preferential crystallisation of diastereomeric
salts, by using enantiomerically pure “antimonyl tartrate”
(2R,2’R,3R,3’R)-[Sb2(tart)2]

2� as the resolving agent. As the
hexafluorophosphate salt of the complex is not soluble in
water, the complex was transformed into the readily soluble
chloride by simple metathesis reaction of [Fe4(L1)4](PF6)8
with NBu4Cl in nitromethane, as [Fe4(L1)4]Cl8 is insoluble in
this solvent. Therefore it precipitates and can be isolated by
filtration. (It is worth noting that this product could not be
obtained by the reaction of FeCl2 with L1.) The chloride
was then dissolved in water and potassium antimonyl tar-
trate was added. In cases when the resolution was successful,
one obtains brick-shaped crystals of up to 1 mm size. Un-

fortunately, this crystallisation process is very delicate, and
in most cases we obtained an amorphous powder that con-
tained both enantiomers of the complex cation. If seeding
crystals are available from one successful run, the crystallisa-
tion becomes straightforward. X-ray crystallography re-
vealed the chemical composition of the crystalline material
to be (L

!
,L
!
,L
!
,L
!
)-[Fe4(L1)4]Cl2[Sb2(tart)2]3; the details of

the structure will be discussed in the following paragraph.
These crystals were then dissolved in water and the complex
was again precipitated as the hexafluorophosphate salt. The
resolved complex was investigated by UV-visible, CD and
NMR spectroscopy. The optical absorption spectra shows
two bands at 283 and 386 nm, which are due to ligand-cen-
tred transitions, as well as a strong MLCT band at around
680 nm (e=6.98·103 lmol�1 cm�1 per Fe2+). All these bands
show strong CD activities (Figure 4). The most prominent

effect is the exciton coupling of the 283 nm transition, which
has a positive sign (i.e., the Cotton effect (CE) at longer
wavelengths is positive, whereas the shortwave CE is nega-
tive and also has a smaller amplitude than the longwave
CE). From these results we could not directly deduce the
configuration of the complex: In contrast to the [M(bpy)3]

n+

case, for which experimental and theoretical investigations
of the CD activity are numerous in the literature,[21] we did
not find any reports about the correlation of [M(terpy*)2]

n+

type complexes and their CD spectra (terpy*=an asymmet-
rical 2,2’:6’,2’’-terpyridine). Thus the necessity of an X-ray
analysis and the computational simulation of the CD-spec-
trum arose.

We also investigated the influence of the chiral, diamag-
netic, anionic shift reagent D-TRISPHAT[22,23] on both the
racemic and resolved complex. TRISPHAT (4.4 mol per
mol of complex cation) was added to the complex, which
was dissolved in [D3]MeCN. Although signals for the two
enantiomers of the complex cation are only poorly separat-
ed, as the induced shifts are relatively small (smaller than
the line splitting of the signals), the enantiomeric purity of
the resolved complex becomes evident (Figure 5).

The resolved complex is kinetically very stable. In dilute
MeCN, we observed a decrease of CD activity only at ele-
vated temperature (60 8C) over the course of several weeks.

Figure 3. ESI mass spectrum of [Fe4(L1)4](PF6)8. The continuous loss of
PF6

� ions leads to series of fragments. Insets: Found (top) and calculated
(bottom) isotopic distribution patterns.

Figure 4. Optical properties of (L
!
)-[Fe4(L1)4](PF6)8. Black: UV-visible

spectrum; grey: CD spectrum.
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This decay is irregular and does not follow first-order reac-
tion kinetics, as would be expected for a simple racemisa-
tion. Deterioration of the UV-visible spectrum and MS indi-
cated that decomposition took place and [Fe(L1)2]

2+ was
mainly formed.

Crystal structure of [Fe4L14]Cl2[Sb2(tart)2]3 : As mentioned
above, crystals of the antimonyl tartrate were submitted to
an X-ray crystal structure analysis to confirm the structure
of the complex and, more importantly, to establish the con-
figuration of the crystallised enantiomer of the complex
cation. The compound crystallises in the noncentrosymmet-
ric space group P21. The asymmetric unit contains an entire
[Fe4(L1)4]

8+ ion, three dimeric antimonyltartrate complex
anions[24,25] and two chloride ions. One of the chloride ions
occupies a position in the centre of the molecular square
(Figures 6 and 7). Per complex cation, we find at least 54(!)
water molecules; the exact number of which could not be
determined by crystallography, due to the size and extreme
water content of the compound. The water molecules and
the antimonyl tartrate anions form an infinite network
through hydrogen bonds (not shown). The complex cation
displays the expected interwoven arrangement of ligand
strands. The coordination environments of the four crystal-

lographically independent iron(ii) ions are in the expected
range. The coordination geometry is a slightly distorted oc-
tahedron. The bond lengths for the sixteen metal-to-ligand
bonds that lie within the plane of the square vary between
193 and 198 pm, wheras the remaining eight axial bonds are
shorter; they range from 186 to 189 pm. This might be com-
pared to simple [Fe(terpy)2]

2+ , for which a compression of
the axial Fe�N-bonds has also been reported.[26] The config-
uration of the metal ions could be determined by correla-
tion[27] to the stereocentres of the antimonyl tartrate anions
(2R,2’R,3R,3’R)-[Sb2(tart)2]

2� and it was found to be L
!
. This

attribution was confirmed by the determination of the abso-
lute structure of the crystal; the Flack parameter[28] for the
structure containing the L

!
complex cation and (R,R)-tar-

trate converged to x=�0.01(1).

Diastereoselective complex formation : An alternative strat-
egy towards stereochemically pure metal complexes, other

Figure 5. A part of the 1H NMR spectrum of [Fe4(L1)4](PF6)8 in
[D3]MeCN. a) The racemic complex without additive, b) the racemic
complex with D-TRISPHAT, c) the resolved complex with D-TRIS-
PHAT.

Figure 6. Top-view of the complex cation, alltogether with four antimonyl
tartrate double helices. C: brown, N: blue, O: red, Cl: green, Fe: mint,
Sb: yellow.

Figure 7. Side view of the complex cation, stressing the confinement of
on chloride anion.
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than racemate resolution, lies in the transfer of chirality
from a chiral ligand to the metal centre. We applied this dia-
stereoselective approach on the synthesis of such iron
square complexes. Ligand L2 is a “chiralised” version of L1
(vide supra) bearing pinene fragments on the lateral pyri-
dine rings at the 4’’- and 5’’-positions.

This ligand was treated with [Fe(H2O)6](BF4)2 as de-
scribed above in the microwave oven. The hexafluorophos-
phate salt of the new complex was characterised by ESI-MS
(which indicated its tetranuclearity), optical (Figure 8) and

NMR spectroscopy. The latter revealed the complete dia-
stereoselectivity of the complexation reaction (within exper-
imental errors); in the related zinc-case, a diastereomeric
ratio (d.r.) of 95:5 was observed. The UV-visible spectrum
of [Fe4(L2)4](PF6)8 is very similar to that of the complex
with L1, but the mirrored CD spectrum indicates, that the
configuration of the metal centres in [Fe4(L2)4](PF6)8 is D

!
.

This means that from the two possible diastereomers E and
F (Figure 9), configuration E was chosen, in which the

methyl groups of the pinene moieties point to each other at
the corners of the square, and not along the sides. This is
the same situation as found in the major diastereomer of
[Zn4(L2)4](PF6)8. It was not possible to grow X-ray-grade
crystals of the iron(ii)–L2 complex.

Computational methods : To confirm experimental configu-
ration assignment, TDDFT calculations for circular dichro-

ism (CD) spectrum of [Fe4(L1)4](PF6)8 were performed.
TDDFT has been recently shown to be well suited for calcu-
lation of CD spectra of simple transition-metal complexes[39]

and is currently the only ab initio approach capable of treat-
ing systems of this size. A large number of electronic excita-
tions of different origin are observed in the calculated spec-
trum, comprising more than 100 allowed transitions in the
visible region. The high charge of [Fe4(L1)4]

8+ and the re-
sulting strong interaction with counterions and solvent mole-
cules, which is difficult to describe theoretically, is yet anoth-
er source of error. Six inert PF6

� ions were therefore includ-
ed in the calculations to account for these interactions and
to partly compensate the charge of the cation. The calculat-
ed CD spectrum of {[Fe4(L1)4](PF6)6}

2+ in the range up to
3 eV is shown in Figure 10 along with the experimental spec-

trum. A uniform line width of 0.1 eV was chosen to simulate
line broadening. The TDDFT method is known to underes-
timate excitation energies by some tenth eV with the BP86
functional. Therefore, a blue-shift of 0.2 eV was applied to
the calculated CD spectrum to account for these systematic
errors and for the lacking solvation effects. Above 2.8 eV a
very dense spectrum of electronic excitations appears in
which cancellation of large rotatory strengths of opposite
sign takes place. Some of these strong excitations arise from
charge-transfer transitions from the PF6

� ions and represent
clearly artifacts of the calculation. For these reasons only
the low-energy region <3 eV was used for configuration as-
signment in which these exciplex transitions have only little
effect on the appearance of the CD spectrum. The strongest
electronic excitations of this region are collected in Table 1.
The CD spectrum is dominated by charge-transfer excita-
tions from metal d orbitals into p* orbitals of the ligands
(MLCT), though an admixture of d!d transitions and
ligand-metal charge transfer (LMCT) should be noted. Ex-
perimental and simulated spectra show semi-quantitative
agreement in the considered range. In particular, the general
pattern and the sign changes are correctly predicted, allow-
ing for assignment of experimental CD spectrum to the L

!

isomer of [Fe4(L1)4](PF6)8.

Figure 8. Optical properties of (D
!

4)-[Fe4(L2)4](PF6)8. Black: UV-visible
spectrum, grey: CD spectrum.

Figure 9. The two imaginable diastereomers of [Fe4(L2)4](PF6)8. E is the
one actually formed.

Figure 10. Found and calculated CD spectra of the enantiopure complex
[Fe4(L1)4](PF6)8. For the calculated structure, the L

!
-configuration of the

metal centres was assumed.
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Experimental Section

Generalities : For the microwave heating, we used a standard household
microwave oven, which was modified[29] in a way that allowed us to
attach a reflux condenser to the heated reaction flask. For this purpose, a
2 cm hole was drilled into the top of the oven and a brace furnace (L=

10 cm, outer f=20 mm, inner f=18 mm) was attached. Measurements
showed no leakage of electromagnetical radiation. The reaction flask in
the inner of the oven was then connected by menas of a glass tube with
two ground joints to the reflux condenser on the outside. NMR spectra
were recorded on Bruker Varian 400 and 500 spectrometers. UV-visible
and CD spectra were measured on Perkin–Elmer Lambda 25 and Jasco
J715 spectrometers, respectively. FT-ESI-MS measurements were per-
formed on a Bruker BioAPEX II apparatus. Fe(BF4)2·xH2O was pur-
chased from Aldrich. To determine the actual iron content, an aliquot of
it was reduced with Zn powder and HCl, before it was titrated with
KMnO4. The syntheses of L1 and L2 have been described elsewhere.[15]

Synthesis of (rac)-[Fe4(L1)4](PF6)8 : Fe(BF4)2·xH2O (280.9 mmol) was
placed in a 250 mL flask and was dissolved in an ethylene glycol/water
9:1 mixture (3 mL). Ligand L1 (109.1 mg, 208.9 mmol) and ascorbic acid
(10 mg) were added. The mixture was heated to reflux under argon in a
modified microwave oven for 4 min. The mixture turned dark green. The
cooled mixture was diluted with MeCN (3 mL) and the complex was pre-
cipitated with aqueous NH4PF6 (1%, 100 mL). The complex was filtered
off over Celite. It was washed with water and diethyl ether and was air-
dried. The compound was redissolved in MeCN and purified by chroma-
tography on a short column (silica 32–64 mm, MeCN +1% sat. aq.
NH4PF6). The complex was isolated from the eluted fraction by precipita-
tion, as described above. Yield: 208.5 mg (>99%), black powder.
1H NMR (500.13 MHz, [D3]MeCN): d=8.96 (dd, J=8.3, 0.8 Hz, 2H;
H3’), 8.56 (dd, J=8.3, 8.1 Hz, 2H; H4’), 8.47 (dm, J=8.1 Hz, 2H; H3’’),
8.21 (dd, J=8.1, 0.6 Hz, 2H; H5’), 7.91 (ddd, J=8.2, 8.1, 1.6 Hz, 2H;
H4’’), 7.06 (s, 2H; H3, H5), 7.02 (ddd, J=5.7, 1.5, 0.7 Hz, 2H; H6’’),
6.98 ppm (td, J=5.7, 1.3 Hz, 2H; H5’’); NOE Diff.: 8.96 (8.56, +1.9%;
8.47, +2.7%); 8.47 (8.96, +2.6%, 7.91, +2.2%); 8.21 (8.56, +2.0%;
7.06, +3.9%); 13C NMR (125.76 MHz, [D3]MeCN): d=160.21 (q),
157.54 (q), 156.84 (q), 155.85 (q), 154.14 (C6’’), 146.20 (C3), 140.92 (C4’’),
139.31 (C4’), 128.76 (C5’’), 128.18 (C5’), 126.65 (C3’), 125.85 ppm (C3’’);
ESI-MS (MeCN): m/z (%): 1326 (72) {[Fe4(L1)4](PF6)6}

2+ , 834 (100)
{[Fe4(L1)4](PF6)5}

3+ , 589 (43) {[Fe4(L1)4](PF6)4}
4+ , 442 (13)

{[Fe4(L1)4](PF6)3}
5+ , 413 (6) {[Fe4(L1)4](PF6)2+1e�}5+ ; high-resolution

ESI-MS (MeCN): {[Fe4(L1)4](PF6)5}
3+ , C96H64

56Fe4F30N24P5 requires m/z :
833.7115210; found: 833.7112016; error: 3.194·10�4.

Resolution of (rac)-[Fe4(L1)4](PF6)8 : The complex (52.8 mg, 18.0 mmol)
was dissolved in MeNO2 (4 mL) and a solution of NBu4Cl (400 mg,
1.44 mmol) in MeNO2 (4 mL) was added. [Fe4(L1)4]Cl8 precipitated and
was isolated by centrifugation. The product was washed several times
with EtOAc, then with diethyl ether. A solution of “K[Sb(tartrate)]·

3H2O” (16.1 mg, 52 mmol) in water (0.8 mL) was added to a filtered solu-
tion of this chloride salt in water (0.8 mL). If available, some seeding
crystals were added. The mixture was kept at room temperature for 24 h,
followed by another 24 h at 4 8C. The resolved complex crystallised in
dark, brick-shaped crystals (if an amorphous powder was obtained in-
stead, the resolution procedure had failed). The mother liquor was re-
moved and the crystals were washed with a little cold water. They were
then dissolved in water (30 mL) and NH4PF6 (300 mg) was added. The
precipitated hexafluorophosphate salt was filtered off over Celite. It was
washed with water and diethyl ether and was air-dried. Yield: 14.6 mg
(55%); UV/Vis (MeCN): lmax (e)=283 (9.53W104), 368 sh (8.42W104),
386 (1.17W105), 682 nm (2.79W104 mol�1dm3cm�1); CD (MeCN): lmin/max

(De)=261 (23.4), 279 (�150), 293 (254), 362 (�89.9), 386 (117), 422
(43.9), 474 (�29.7), 665 (45), 737 nm (�36 mol�1dm3cm�1).

Crystallographic analysis of [Fe4L14]Cl2[Sb2(tart)2]3 : Formula:
C120H76Cl2Fe4N24O36Sb6·54H2O, Mr=4427.61; dark green plate, crystal-
lised from water, 0.32·0.32·0.14 mm3, monoclinic, space group P21, Z=2,
a=16.3525(5), b=32.9157(8), c=18.1155(5) X, a=g=908, b=105.6258,
V=9390.4.X3. 1calcd=1566 kgm�3. The crystal was measured on a
Bruker–Nonius KappaCCD area detector, at 173 K, using graphite-
monochromated MoKa radiation with l=0.71073 X, 2qmax=57.08 ; min/
max transmission 0.66/0.84, m=1.275 mm�1. From a total of 148457 re-
flections, 46022 were independent. From these, 35471 were considered as
observed [I>3s(I)] and were used to refine 2367 parameters. The struc-
ture was solved by direct methods. Least-squares refinement against jF j
was carried out on all non-hydrogen atoms. R=0.0486 (observed data),
wR=0.0516 (all data), GOF=1.019. Min/max residual electron density
=�3.56/3.55 eX�3. The Flack-parameter for the chosen absolute struc-
ture was x=0.01(1).

60 positions of water-based oxygen atoms were localised; 33 of which
were considered as normally occupied, 8 as disordered and 19 as partially
occupied. As the electron density of the remaining maxima of the differ-
ence Fourier map decrease continuously, the actual number of water mol-
ecules could not be determined precisely. The water protons could not be
located. CCDC-208876 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).

Synthesis of (D
!
,D
!
,D
!
,D
!
)-[Fe4(L2)4](PF6)8 : Fe(BF4)2·xH2O (93.3 mmol)

and L2 (53.8 mg, 93.3 mmol) were reacted together by using a similar pro-
cedure to that described for (rac)-[Fe4(L1)4](PF6)8. Diasteriomerically
pure (D

!
,D
!
,D
!
,D
!
)-[Fe4L24](PF6]8 (81.2 mg, 94%) was obtained after chro-

matography and precipitation. 1H NMR (500.13 MHz, [D3]MeCN): d=
8.86 (dd, J=8.3, 0.8 Hz, 2H; H3’), 8.51 (t, J=8.2 Hz, 2H; H4’), 8.28 (s,
2H; H3, H5), 8.13 (dd, J=8.2, 0.8 Hz, 2H; H5’), 7.02 (s, 2H; H3’’), 6.45
(s, 2H; H6’’), 2.99 (m, 4H; Hpro-R7’’, Hpro-S7’’), 2.33 (dt, J=9.9, 5.8 Hz,
2H; Hpro-S11), 2.26 (t, J=5.5 Hz, 2H; H10’’), 2.10 (ddd, J=8.2, 5.6,
2.6 Hz, 2H; H8’’), 1.08 (s, 6H; H13’’), 0.59 (d, J=10.0 Hz, 2H; Hpro-R11’’),
0.02 ppm (s, 6H; H12’’); 13C NMR (125.76 MHz, [D3]MeCN): d=160.58
(q), 156.25 (q), 155.85 (q), 155.19 (q), 150.76 (q), 149.21 (q), 148.36 (C6’’),
145.65 (C3’’), 139.09 (C4’), 127.30 (C5’), 125.86 (C3’), 125.26 (C3,C5),
44.70 (C10’’), 39.88 (C8’’), 38.98 (q, C9’’), 33.41 (C7’’), 30.50 (C11’’), 25.25
(C13), 20.74 ppm (C12). ESI-MS (MeCN): m/z (%): 1700 (11)
{[Fe4(L2)4](PF6)6}

2+ , 1085 (27) {[Fe4(L2)4](PF6)5}
3+ , 778 (76)

{[Fe4(L2)4](PF6)4}
4+ , 593 (100) {[Fe4(L2)4](PF6)3}

5+ , 564 (12)
{[Fe4(L2)4](PF6)2+e�}5+ , 470 (95) {[Fe4(L2)4](PF6)2}

6+ ; high resolution
ESI-MS (MeCN): {[Fe4(L2)4](PF6)5}

3+ , C152H144F30
56Fe4N24P5 requires m/z :

1084.5865357; found: 1084.5865290; error: 6.7·10�6 ; UV/Vis (MeCN): lmax

(e)=232 (1.80W105), 291 (1.80W105), 382 (1.10W105), 397 (1.33W105), 480
(1.79W104), 702 nm (3.42W104 mol�1dm3cm�1); CD (MeCN): lmin/max (e)=
224 (57), 254 (�10), 282 (148), 298 (�376), 323 (31), 334 (min 17), 375
(57), 421 (�55), 474 (32), 674 (�5W102), 758 nm (6W102 mol�1dm3cm�1).

Computational details : All calculations were performed within the
framework of density functional theory (DFT) employing gradient-cor-
rected BP86 functional.[30,31] We used a split-valence basis set with polari-
sation functions on non-hydrogen atoms (SV(P)[32]) together with effi-
cient RI-J approximation for Coulomb matrix elements.[33] The ground
state geometry of [Fe4(L1)4](PF6)8 was fully optimised within D4 symme-
try. For the optimised structure, electronic excitation energies and corre-

Table 1. Electronic excitations of [Fe4(L1)4](PF6)8 below 3 eV with rota-
tory strengths >0.5W10�38 ergcm3.

Excitation Exc. energy Rot. strength Interpretation
[eV] [10�38 ergcm3]

11A2 1.36 �0.56 MLCT
31E 1.58 �1.05 MLCT
61A2 1.81 �0.87 MLCT, d!d
101E 1.88 1.88 d!d
111E 1.96 0.52 p!p*, MLCT
161E 2.27 �0.70 MLCT
331E 2.54 0.57 MLCT
211A2 2.65 0.70 p!p*, LMCT
391E 2.65 �1.09 exciplex
261A2 2.72 0.73 MLCT, LMCT
591E 2.82 �0.67 MLCT
601E 2.84 �1.94 exciplex
611E 2.86 �1.13 exciplex, MLCT
631E 2.87 �0.99 MLCT
351A2 2.87 6.00 exciplex
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sponding rotatory strengths were calculated with time-dependent density
functional theory (TDDFT).[34–36] Interpretation of character of electronic
transitions was based on the analysis of excitation vectors.[37] The Turbo-
mole[38] programme suite was used for all calculations.
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