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Abstract—The two enantiomers of [Ru(bpy)s;[Mny(ox);] (bpy = 2,2'- blpyrldlne ox = oxalate), namely [(4)-Ru(bpy);](4)-Mn,(0x)3], (4-
1) and [(A)-Ru(bpy);](A4)-Mns(0x)3], (A-1), were obtained as single crystals using [(4)-Ru(bpy);** and [(4)-Ru(bpy)s[, respectively, as
a chiral templating cation. Their structures were determined by single-crystal X-ray diffraction. The compounds crystallise in the enan-
tiomeric chiral cubic space groups, P4332 (4-1) and P4,32 (A-1), with a = 15.492(2) and 15.507(2) A, respectively (Z 4). Both struc-
tures include a three-dimensional 10-gon 3-connected (10,3) anionic network wrapped around the [Ru(bpy);" cations. In both
crystalline enantiomers, the resolved ruthenium template cation imposes both the topology and the absolute configuration of all the
metal centres. The thermal variation of the magnetic susceptibility, measured on 4-1 and A-1 crystals, reveals an antiferromagnetic cou-
pling between the oxalate-bridged manganese ions in the paramagnetic region characterised by a negative Weiss constant ® = —35 K.

Below T = 13 K, 4-1 and A-1 exhibit a canted antiferromagnetic order.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decade, oxalate-based materials have shown
to be of particular importance in molecular magnetism,
because of the versatility of the oxalate chemistry and the
capability of the oxalate bridge to efficiently transmit the
exchange interaction between two metal ions. This versatil-
ity has been exploited to introduce several physico-chemi-
cal properties in the same material leading to a wide
variety of two- (2D) and three- (3D) dimensional multi-
functional compounds.'-? Nevertheless, a few single-crystal
structures have been described. This is even more obvious
when one is interested by optically active materials
obtained through enantioselective synthesis, since most of
the X-ray structures described up to date have been deter-
mined on single crystals obtained by starting from racemic
and achiral reagents for 2D! and 3D compounds. Chiral
3D structures of single crystals obtained from racemic re-
agents have actually been determined for compounds with
general formula [Fe"( bp}/ Fe2“ 0x),] (bpy = 2,2/-bipyri-
dine, ox = oxalate) 3 NI bpy [Mn,(0x),], [Fe"(bpy)s]-
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[NayFetl(0x)s] [Ferl(bpy)s LI'Cri!(0x):1:* [M!(bpy)s X
[Na'Cr'"(ox);] (M™, X) = (Cr,ClO,"), (Co,PF,7)), [Cr"

(bpy),][X ][anl“( 0 - cio, s, e .
(phen);[Na'Cr'" (dto) ] (phen = (1,10)- phenantrolme dto =
(1,2)- dlthlooxalate) [COIH(bpy) ][ClO4] [Co,"(0x),],6 [M"-
(bpy 3][L11Cr Y(0x)3] (M =Ni, Ru),’ [Ruu(bPY)s][CIOd
[Mn"'Cr"(0x)3.* [Ru"(bpy)a(ppy)] Mn Cr'""(ox)3] (ppy =
2-phenylpyridine-H")® and [Ru" (bpy),][Cu," (0x),].1> The
only structures determined on single crystals obtained from
resolved tris(diimiine)metal template cations associated with
racemzc trls(oxalato)chromate(III) and a third metal ion
(Li", Mn ") are those of the (4)- and (A)- [Ru”(bpy) T
[L11Cr P Paramagnets and of the (4)-[Ru"(bpy)s}-
[ClO,Mn""Cr'™(0x);] ferromagnet (Tc=4.2K).”¢ All
these structures are composed of a 3D [M;M,(ox);]"~ 10-
gon 3-connected (10,3) anionic network wrapped around
the [M(bpy)s;]"" cations. Since the octahedral environment
of all the metal ions is made up of three bidentate ligands,
the point group symmetry of all the metal centres is Ds.
Due to the resulting helical chirality, every metal centre
can exhibit either (4) or (A) configuration. The topology im-
poses the same configuration to all the metal ions and leads
to homochiral compounds. Starting from racemic reagents,
each crystal is chiral but (i) their configuration cannot be
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predicted and (ii) the crystals are often twinned. Moreover,
a statistical assembly of crystals forms a conglomerate with
no net optical activity.!! The uncertainties brought about
by an operating mode using racemic reagents make it
unadaptable for studying the optical activity in these
materials. Instead, the choice of the configuration of
MY (bpy)s " (MII Ni, Ru) allows us to control the con-
figuration of the obtained material even on powders.”-%10
For powdered samples, light scattering prevents quantita-
tive optical studies. Working on single crystals obtained
by enantioselective crystal growth allows to overcome
these problems.

Taking advantage of both the chiral templating activity
of tris(diimine)ruthenium complexes and of their config-
urational stability,” we have grown single crystals of
[(4)-Ru(bpy)s][(4)-Mny(0x);], 4-1 and _[(4)-Ru(bpy);]-
[(A)-Mn»(0X)s3], A-1 from [(A) Ru(bpy);*" and [(4)-Ru-
(bpy)sF", respectively, as unique building blocks. The
structures of both enantiomers are described as well as
their magnetic properties.

2. Results and discussion
2.1. Synthesis and single-crystal growth

Before undertaking single-crystal growth of 4-1 and A-1,
several steps were requlred The first one was to check
the ability of [M"(bpy);" to template the formation
of the 3D oxalate-bridged [Mn,"(0x),]*” anionic networks

starting from the ‘naked’ Mn?" ions.*” The self-assembly
process begins with an isotropic interaction between a
negatively charged oxalate and a cationic tris(diimine)metal
complex. Strong oxalato- - -phenyl interactions similar to
those rePorted by Dance et al. on the 3D (Ph;MeP),-
[Na'Cr'(0x);] compound!? orientate the oxalate with
respect to the diimine ligand. Step by step wrapping of
manganese and oxalate ions around the D5 template cation
(Fig. 1) then led to the formation of the (10,3) anionic
network. In order to ensure the closure of the 10-gons,
the tris(diimine) cation and the anionic network must
be compatlble in size. In the present case, we found that
[Ru(bpy); " works much better than [Ru'(phen); "
(phen = 1,10- phenantrohne) in helping with the formation
of the [ann(ox) |*~ anionic network while Decurtins
et al.’ showed that [Ni' (phen)3]2+ templates the formation
of the [Na'Co"(dto);"~ anionic network because of the

Table 1. Selected bond distances (A) and angles (°) for 4-1 in P4;32

Figure 1. A decagon of the anionic network is wrapped around the
template cation (shown for 4-1).

enhanced size of the (1,2)-dithiooxalate ligand compared
to the oxalate The templating activity of the Dy [M'-
(bpy) 7" cations is efficient not only because their symme-
try is well adapted to the formation of (10,3) anionic
network, but also due to their charge and size.

The next step was to measure the natural circular dichro-
ism (NCD) to show that it was possible to obtain enriched
compounds starting from the resolved template cation.”
This first set of experiments allowed us to assess the chiral
templating activity of [Ru"(bpy);*" towards the formation
of optically active 3D oxalate-bridged [Mn,"(ox),]*” anio-
nic networks.”

Exploiting the remarkable configurational stability of
tris(bischelated)ruthenium(II) complexes, which directly
derives from the kinetic inertness of these low spin
species, the last step was to grow single crystals of
[(4)-Ru"(bpy), [(4)-Mn," (0x),] ~and *[(4)-Ru (bpy), -

)-an (ox ) | starting from (A)-[Ru"(bpy);*" and (4)-
[Ru'(bpy)s ", respectively, mixed with free oxalate and
aqua complex of manganese(1I). Slow diffusion of the reac-
tants allowed us to perform the crystallisation by enantio-

Ru(1)-N(1) 2.057(4)
N(L#1-Ru(1)-N(1)#4 91.3(3)
N(1)#1-Ru(1)-N(1)#3 95.1(2)
N(1)#1-Ru(1)-N(1)#2 79.1(3)
N(1)#2-Ru(1)-N(1)#3 171.8(3)

Symmetry transformations used to generate equivalent atoms
#1z+1/2, —x+1/2, —y #2
#3 —y+1/2, —z, x — 1/2

#5y+1/4, x—1/4, —z - 1/4

#4 —x+3/4,z+1/4, y —
#6 —y+ 1/4, —x+ 1/4, —z — 3/4

Mn(1)-O(1) 2.167(5)
Mn(1)-O(2) 2.133(5)
02)#1 Mn(l)—O(Z) 91.03(18)
O(2)-Mn(1)-O(1)#1 93.8(2)
O(1)#1-Mn(1)— 0(1)#3 97.82(16)
O(2)#1-Mn(1)-O(1)#1 78.08(17)
O(2)#3-Mn(1)-O(1)#1 168.17(19)

—z+1/4, —y+1/4, —x + 1/4
1/4
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Figure 2. Ortep view of a representative section of the 3D [ann(ox)3]2’
anionic network of the crystal structure of A-1. Displacement ellipsoids
are shown at the 50% probability level.

1939

selective self-assembly of the anionic network around the
cationic unit.

2.2. Structure

Selected bond distances and angles for A-1 and 4-1 are
listed in Table 1. The crystal structure of A-1 consists of
tris(oxalato)manganate(Il) moieties (Fig. 2) arranged in
order to form a three-dimensional 10-gon 3-connected nets
(10,3) oxalate-based anionic network (Fig 3a) composed
of interconnected hehces (Flg 4) gomg in the three direc-
tions of space. The [Ru (bpy);] cations are situated in
the vacancies of the anionic network (Fig. 1). The space
group is P4,32, a chiral cubic space group where all the
trls(blschelated) manganese ions adopt the (A) configura-
tion. In the (A)-[Ru'(bpy);" cation, the six nitrogen
atoms are at the same distance from the Ru(Il) cation,
2.059 A. In the anionic network [Mn,"(0x),]*", the manga-
nese atoms are located on the 3-fold axis. They are
surrounded by 3equiv oxygen atoms O(1) located at
2.133 A and three other equivalent oxygen atoms O(2)
located at 2.168 A with an O(2)-Mn(1)-O(1) angle of

mirror

Figure 3. Projection of the structures of the two enantiomers 4-1 (left) and A-1 (right) along [100] showing the mirror images of the anionic networks (a)

and of the template cations (b).
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mirror

Figure 4. Left-(M) in 4-1 (left) and right-(P) in A-1 (right) handed helices
going along z. Oxalate ligands lying along the x and y axes allow the
growth of helices in these directions as shown in Figure 3a.

78.1° leading to a slightly trigonally compressed octahedral
environment. The oxalate bridge presents two different
C-O distances, 1.236 and 1.256 A, in a cis conformation
(Fig. 2). The crystal structure of A4-1 is within the
experimental precision, the mirror image of A-1 (Figs. 3
and 4).

The crystal structures of A-1 and A-1 were compared with
that of [Nl (bpy);)[Mn," (ox),].* The Ru-N distance
(2.057 A) in 1 is shorter than the Ni—N distance (2.088 A)
in the latter compound This is related to the electronic
structure of the two ions, t,° e (octahedral d6 low spin
complex) for Ru(Il) and tzgg (octahedral o complex)
for Ni(II). In the latter case, the antrbondlng e, orbitals
are partially filled, while they are empty in the former case,
leading to a slight increase of the Ni(II)-N distances
compared to Ru(IT)-N ones. This trend compares well w1th
the one observed when going from [Ru"'(bpy)s][PF¢] t

[Nr"(bpy)3][PF6]2, where the mean M-N distance at
200 K in the y phase goes from 2.063A for Ru to

a 015

ol e ]
0 60 120 180 240 300

T/K

xT / cm®.K.mol™

2.083 A for Ni.!* A noticeable change when going from

v-[Ru"(bpy);][PFs] to 4-1 and A-1 was the strong modifi-
catron of the torsion angle between the two pyridine cycles
of the bipyridine ligand. In the former salt, it varies from
6.7° up to 12.7° while it is less than 1° in 4-1 and A-1.
The same observatlon holds when comparing the geometry
of [Ni'(bpy)sP" in v-[Ni"(bpy)s]PFeh'"> and in
[Ni" (bpy),][Mn," (0x),].* We assign these torsion angle
modlﬁcatlons to the influence of the anionic network on
the template cation through the oxalato- - -phenyl interac-
tions.!? The changes in the geometry of the template cation
reveal that the first coordination sphere, as well as the
bischelating ligand of the tris(bischelated)cations, are rigid
enough to impose the topology of the anionic network, but
flexible enough to suit the packing requirements of the final
compound.

In the anionic network, the Mn(II) enV1ronment was trigo-
nally distorted both in 1 and in [Ni"(bpy);][Mn,"(0x),].
Due to both o- and n-donations from the ligand, the short-
er Mn-O distance (2.135A in 1, 2.154 A in [Ni(bpy)3]
[an(ox)3]) corresponds to the longer O-C (1.236 A in 1,
1241 A 'in  [Ni"(bpy), ][Mn,"(0x);]). The average
Mn-O distance was 2. 151 A in 1 and 2.160A in
[Nln(bpy) ][an”(ox)S]. The distortion was larger in
1 than in [N1 (bpy);)[Mn,"(0x),]. These data demonstrate
that there exists a close relationship between the structure
of the template cation, the overall structure and the struc-
ture of the anionic network: smaller M—N distances in the
template cation lead to smaller cell parameters and to a re-
duced size of the anionic network. The size enhancement of
the template cation when going from Ru(Il) to Ni(Il) is
accommodated by both an increase of the Mn—O mean dis-
tance and by a modification of the trigonal distortion of the
Mn environment. The balance between these two para-
meters is the result of the interplay between the internal
constraints existing in the coordination-bonded anionic
network and the adaptation of this network to the
template cation through supramolecular interactions.

2.3. Magnetic properties

The thermal variation of yy for 4-1 (Fig. 5a) and A4-1
shows a monotonic increase when the temperature is
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Figure 5. Thermal variations of yu (a), ymT (left axis) and y;; (right axis) (b) of 4-1 measured using a 0.1 T magnetic field. In the latter case, the Curie-

Weiss fit appears as a straight line.
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decreased down to 18 K, where it exhibits a rounded max-
imum. The magnetic properties of both enantiomers are
identical within experimental errors. The results obtained
for A4-1 are shown in Figures 5 and 6. The yy7 product
decreases continuously from 8.31 cm > K mol ™' at 300 K
when the temperature is lowered (Fig. 5b). The y;, versus
T curve (Fig. 5b) is linear in the 100-300 K temperature
range. It can be fitted by a Curie—Weiss law
v = (T — ©)/C leading to a negative Weiss constant ©

(o]
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Figure 6. Zero Field Cooled (open triangles), Field Cooled (triangles) and
Remnant magnetisation (open circles) of 4-1 measured using a 0.01 T
magnetic field.

Table 2. Crystal data and structure refinement for 4-1 and A-1

of —35K. The Zero Field Cooled (ZFC), Field Cooled
(FC) and remnant magnetisation versus temperature
curves are shown in Figure 6. The remnant magnetisation
of 4-1 and A-1 disappears when the temperature becomes
higher than 7Ty = 13 K. This temperature corresponds to
the intersection of the ZFC and FC curves. The first mag-
netisation curve at 2 K is linear up to 5 T where it reaches
1.6 ug, far from the saturation value of the material

(10 pg).

The general shape of the y\ T versus T curve, the value of
the ym7 product, which is lower for all 7 than
8.75cm > K mol™', the value expected for two indepen-
dent manganese ions with S = 5/2 and g = 2, are character-
istic of a noticeable antiferromagnetic coupling between the
two manganese ions in the 3D anionic network. The anti-
ferromagnetic exchange interaction between the manganese
ions through the oxalate bridge is supported by the nega-
tive value of the Weiss constant (@ = —35 K). These results
compare well with those obtained for [FeH(bpy)%J-
[Mn,""(0x),].%!* The overall behaviour of 1 and [Fe'-
(bpy);][Mn,"(0x),] is the same because it is dominated
by the antiferromagnetic (AF) coupling between the
manganese ions in the 3D anionic network. The increase
of the absolute values of ® and Ty in 1 compared to
[Fe" (bpy),][Mn," (0x),] is attributed to (i) the absence of
paramagnetic impurities thanks to the use of single crystals
to perform the measurements; (ii) slight changes in the
structure of the anionic network due to the use of a differ-
ent template cation.® The ZFC/FC/remnant sequence

Crystal data

Compound 4-1
Empirical formula

A-1
C36H24.50MnyNO1255Ru

Formula weight 948.07

Crystal system, space group Cubic, P4332 (No. 212) Cubic, P4,32 (No. 213)
Unit cell dimensions a=15492(2) A a=15.507(2) A
Volume 3718.1(8) A® 3728.9(8) A’

Z, Calculated density 4,1.694 gcm™3 4,1.689 gcm™3
Absorption coefficient (Mo Ka) 1.143 mm ™! 1.140 mm ™!

F000) 1898

Data collection

Temperature 253(2) K

Wavelength 0.71073 A

Crystal size

Theta range

Limiting indices

Reflections collected/unique
Completeness to theta = 30.00
Absorption correction

Max. and min. transmission

99.6%

Refinement

Refinement method

Data/restraints/parameters 1824/3/86
Observed data [/ > 2.0sigma(/)] 1447
Goodness-of-fit on F> 1.056

Final R indices [I > 2sigma(/)]
R indices (all data)

Absolute structure parameter
Max. and Av. shift/error
Largest diff. peak and hole

0.02(4)

0.20 % 0.18 x 0.16 mm
3.72-30.00°

20 <k, <21
72769/1823 [Rin = 0.0429]

0.7902 and 0.7525

R1=10.0639, wR2 =0.1573
R1=0.0895, wR2 =0.1733

0.00/0.00
2.300 and —2.772¢ A3

0.18 x0.16 x 0.14 mm
2.94-29.96°
=21 < h k, 1<21
62107/1822 [Rin, = 0.0508]
99.5%

Semi-empirical from equivalents
0.9087 and 0.8655

Full-matrix least-squares on F>

1822/3/86

1367

1.051

R1=0.0676, wR2 =0.1636
R1=0.1022, wR2 =0.1933
0.04(5)

0.00/0.00

2.051 and —2.663 ¢ A~
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demonstrates the existence of a long range magnetic order
below Ty = 13 K. The absolute value of the magnetisation
observed in the Field Cooled curve is three orders of mag-
nitude lower than those observed in the parent ferromag-
netic 3D compounds® in accordance with the expected
AF ordering.* The appearance of a weak remnant magnet-
isation below T can be ascribed to a weak canting of the
magnetic moments in the AF phase. Such a phenomenon
has already been observed in [Co" (bpy),][ClO,]-
[Co,"(0x),], a parent 3D oxalate-based compound ® In
the [Cozn(ox) ~ anionic network, an explanation of the
canting based on the single-ion anisotropy was proposed.
In [Mn,"(0x),]°", single-ion anisotropy can be ruled out.
More suitably, canting can be explained by the occurrence
of an antisymmetric Dzyaloshinsky—Moriya magnetic
exchange. This mechanism is indeed made possible by the
non-centrosymmetric space group observed in these
compounds.

3. Conclusion

The self-assembly of the [Mn,"(0x);]*~ 10-gon 3-connected
anionic network, as well as the transfer at the crystal level of
the chirality of the configurationally stable tris(bipyri-
dine)ruthenium(II) cation, has been described. This first
enantioselective single-crystal growth of 3D oxalate-based
networks, in the case when tris(oxalato)metallate D3 sym-
metry preformed building blocks are not available, can be
considered as a general strategy to insert almost any metal
ion in crystalline resolved 3D oxalate-based networks. Since
single crystals are ideal objects for precise magnetic and
optical measurements, this strategy is valuable to perform
systematic studies on these multifunctional compounds.

4. Experimental
4.1. Materials

We have followed experimental procedures described in the
literature to prepare [Ru(bpy);[X, (X = CLI)!> and the
enantiomerically enriched (4)- and (A)-isomers of [Ru-
(bpy);]I,-:3H,0.1¢ The other reagents are commercially
available and were used as purchased.

4.2. Single crystal growth

A typical crystallisation experiment consists of the forma-
tion of a silica gel by mixing Si(OCH3), (2 cm®), CH;OH
(2cm®) and a 2 cm? aqueous solution containing 7.6 mg
of oxalic acid. The resulting colourless solution is then
placed in a test tube. After a few days, a gel is formed
and an aqueous solution (6 cm?) containing 37.8 mg of
(A)- or (4)-[Ru(bpy);]I,-6H,O (0.049 mmol) and 15.6 mg
of Mn(NO3),'6H,O (0.055 mmol) is added. After 2 weeks,
tetrahedral-shaped dark red crystals form.

4.3. Physical techniques

The magnetisation of slightly crushed single crystals were
measured between 2 and 300 K on a Quantum Design

MPMSS5 squid magnetometer. The susceptibility was mea-
sured in a 0.1 T external field and corrected for tempera-
ture-independent effects. The hysteresis loops was
measured at 2 K. The zero field cooled and field cooled
measurements were performed in a 0.01 T external field.
The thermal variation of remnant magnetisation was mea-
sured after applying the same field. Prior to these measure-
ments, the superconducting coil was treated in order to
eliminate any remnant external field.

4.4. Single crystal structure determination

With the studied compounds being slightly moisture sensi-
tive, single crystals were swiftly transferred with a small
amount of solution to paratone-N oil, selected, mounted
onto a glass fibre and cryocooled in a chilled nitrogen gas
stream. Diffraction data were then collected, using a combi-
nation of w and 20 scans, on a Nonius Kappa-CCD diffrac-
tometer at 253 K for 4-1 and A-1 (Table 2). Unit cell
parameters determination, data collection strategy and inte-
gration were carried out with the Nonius EVAL-14 suite of
programs.!” The data were corrected from absorption by a
multiscan method.'® The structures were solved by direct
methods with SHELXs-86,'° refined by full least-squares on
F? and completed with SHELXL-97.2° Graphics were carried
out with prtamonD.?! All non-H atoms were refined with
anisotropic displacement parameters. The H atoms despite
being visible on the AF-map, were simply introduced at
calculated positions (riding model) except those of the water
molecules (located on the threefold axis) for which the
identified positions were first used then allowed to ride.

The absolute configurations of 4-1 and A-1 were clearly
established, with Flack’s x-parameter of 0.02(4) and
0.04(5), respectively.??> Thus the space group choice was
P4332 and P4,32, respectively. No twinning of merohedry
was observed for the measured crystals. Values of 6.4%
and 6.8%, respectively, were obtained for the R-factor
and 15.7% and 16.4%, respectively, for the weighted
R-factor.
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