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(Abstract: The design of molecule-based systems combining
magnetic, chiroptical and second-order optical nonlinear
properties is still very rare. We report an unusually unsym-
metric diiron(lll) complex 1, in which three bulky chiral car-
boranylpyridinealkoxide ligands (0CBhmp~) bridge both
metal ions and the complex shows the above-mentioned
properties. The introduction of o-carborane into the 2-(hy-
droxymethyl)pyridine (hmpH) architecture significantly alters
the coordination of the simple or aryl-substituted 2-hmpH.
The unusual architecture observed in 1 seems to be trig-

.

\

gered by the poor nucleophilicity of our alkoxide ligand
(oCBhmp™). A very rare case of spontaneous resolution takes
place on precipitation or exposure to solvent vapor for the
bulk compound, as confirmed by a combination of single-
crystal and powder X-ray diffraction, second-harmonic gen-
eration, and circular dichroism. The corresponding enantio-
pure complexes (+)1 and (—)1 have also been synthesized
and fully characterized. This research provides a new build-
ing block with unique geometry and electronics to construct
coordination complexes with multifunctional properties.

Introduction

The introduction of chirality into coordination compounds has
attracted much attention due to their applications in such
areas as enantioselective separation, catalysis, nonlinear optics,
sensors, and chiral switches." Of particular interest is the com-
bination of several properties within the same chiral molecule
to reveal fascinating effects, such as magnetochirality.” New
synthetic strategies to achieve chiral coordination compounds

with unprecedented architectures and combinations of proper-
ties are, therefore, in high demand for the development of
novel chiral materials. In particular, N,O ligands, such as (hy-
droxymethyl)pyridines (hmpH; Scheme 1), have proved to be
successful building blocks for the self-assembly of metallo-
supramolecular architectures with exciting physical proper-
ties.”) However, only achiral hmpH ligands have been em-
ployed in coordination compounds. We have recently de-
scribed the synthesis and molecular and supramolecular char-
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Scheme 1. 2-(Hydroxymethyl)pyridine (hmpH)-related ligands.

acterization of a series of chiral nitrogenated aromatic carbor-
anyl alcohols, such as (o-carboranyl)(2-hydroxymethyl)pyridine
(0CBhmpH; shown in Scheme 1).¥ These new compounds,
which are prepared in very good yields from one-pot reactions
in racemic form, can be regarded as a hmpH ligand in which
one of the H atoms at the CH, position of the alcohol arm has
been replaced by an o-carboranyl fragment (closo-1,2-C,B,oH;,)
to give o-carboranyl-hmpH (oCBhmpH; Scheme 1). The icosa-
hedral closo carboranes (dicarba-closo-dodecaboranes;
C,B,oH;,) are an interesting class of exceptionally stable boron-
rich clusters that can be modified at different vertices through
chemical reactions.” The high thermal and chemical stability,
hydrophobicity, acceptor character, and three-dimensional
nature of the icosahedral carborane clusters make these new
molecules valuable ligands in coordination chemistry. The aver-
age size of the o-carborane (148 A% is comparable to that of
adamantane (136 A% and is significantly larger (40%) than the
phenyl ring rotation envelope (102 A%.” Regarding the elec-
tronic effect, o-carborane behaves as a strong electron-with-
drawing group (similar to fluorinated aryl) on a substituent at
one of the cluster carbons.®” Thus, introduction of o-carbor-
ane into the hmpH backbone is expected to exert a higher de-
crease of the alcohol pK, value with respect to the related
phenyl-hmpH (phhmpH) derivative (Scheme 1). On the other
hand, introduction of o-carborane leads to an increase in the
size and hydrophobicity of oCBhmpH with respect to
phhmpH. Importantly, the alterations provoked by the intro-
duction of o-carborane into hmpH cannot be considered indi-
vidually because usually a number of properties are influenced
simultaneously. For example, we have recently published our
first results on the metallosupramolecular chemistry of
oCBhmpH with cobalt, which gives a rare example of an anti-
ferromagnetic complex with porous channels.”® The porosity in
this complex seems to be triggered by the self-assembly of
staggered carborane fragments along hydrogen-bonding net-
works. It also appears that the chirality in conjunction with the
bulky carborane favors RR/SS alternation in the supramolecular
chains as a more compact packing arrangement.
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Following our previous results, the next challenge is to re-
solve the enantiomers of our ligand or the related metal com-
plexes with the expectation that novel properties would add
to those found in the racemic complexes.® Herein, we focus
our interest on iron complexes. Although iron is inexpensive,
non-toxic, very abundant, and environmental friendly, known
chiral enantiopure iron-based molecular materials are very lim-
ited.”” We now report the synthesis of a dinuclear chiral iron
complex, both in racemic and enantiopure forms, with unusual
asymmetry triggered by the o-carborane-based ligand
oCBhmpH and compared with the corresponding phenyl-
hmpH (phhmpH) derivative. Structural, chiroptical, and mag-
netic properties of the oCBhmpH complexes are reported and
discussed. Molecular materials that combine magnetic, chirop-
tical, and second-order optical nonlinear properties are still
very rare."”

Results and Discussion

The reaction of oCBhmpH with FeCl, in a 1.5:1 ratio in acetone
gave a clear yellowish golden solution from which the Fe"
complex [Fe,Cl;(0CBhmp);] (1) was subsequently isolated in
nearly quantitative yield (Scheme 2). Small variations in the
Fe'/oCBhmpH ratio also gave complex 1. When the same reac-
tion was carried out with the phenyl-modified ligand phhmpH,
initial formation of the mononuclear Fe' complex [FeCl,-
(phhmpH),] (2) was observed, followed by its conversion to
the trinuclear Fe" complex [Fe,Cl,(phhmp),][FeCl,] (3). A com-
parison of the reactions with oCB- and phhmpH is shown in
Scheme 2.

Clearly, Fe" complexes 1 and 3 are the preferred products of
the reactions under these conditions. The stability of complex
3 is further confirmed in a recent report in which its formation
was shown by hydrolysis and reduction of the related phenyl-
pyridine-2-yl-methanone oxime ligand in the presence of FeCl,
under solvothermal conditions.” We have confirmed the
structure of 3 by using single-crystal X-ray diffraction (XRD)
studies (Figure S11 in the Supporting Information) and the
phase purity of the final product by using elemental analysis.
The formation of these complexes is summarized in Equa-
tions (1) and (2), assuming atmospheric O, is the oxidizing
agent.

2FeCl, +30CBhmpH + '/, 0, — [Fe,Cl;(6CBhmp);] (1) + HCl + H,0

(M)

4FeCl, + 4 phhmpH + O, — [Fe;Cl, (phhmp),][FeCl,] (3) + 2H,0
(2)

Note that no base is added to abstract the alcohol protons
in these two related ligands. However, in the final complexes
(1 and 3) the ligands are both deprotonated. An increasing
tendency to deprotonation of alcohols upon coordination is
expected with increasing hardness of the metal ion."? Group 7
and 8 transition metals are in an intermediate situation in
which either protonated or deprotonated coordinated alcohols

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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are found. It is in these intermediate situations that the acidity
of the alcohols might make a difference. As previously men-
tioned, our carborane-based ligand oCBhmpH is expected to
be more acidic than the related PhhmpH due to the greater
electron-withdrawing character of the o-carboranyl than that
of the phenyl moiety.®” This is indirectly confirmed by the iso-
lation and single-crystal XRD studies of the intermediate
mononuclear Fe' complex [FeCl,(phhmpH),] (2), in which the
alcohol moieties remain protonated (Figure S13 in the Sup-
porting Information). No such reaction intermediate was ob-
served during the formation of [Fe,Cl;(0CBhmp);] (1) even
under an N, atmosphere by using NMR spectroscopy.

Racemic complex 1 was characterized by using elemental
analysis, IR, cyclic voltammetry, and UV/Vis spectrometry. The
molecular structure for complex 1 was unequivocally estab-
lished by single-crystal XRD. Two crystal structures have been
determined from racemic [Fe,Cl;(0CBhmp);] (1), an acetone
solvate [Fe,Cl;(0CBhmp);]-acetone (1-acetone; Figure 1) and an
ether solvate [Fe,Cl;(0CBhmp);l-ether (1-ether; Figure S10 in
the Supporting Information). The molecular structure for com-
pound 1 shows a dinuclear Fe" system with rather unusual
asymmetry. Both solvated structures of complex 1 show the
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same arrangement of ligands
and consist of two distorted oc-
tahedral metal ions bridged by
three oCBhmp~ ligands, each of
which uses its alkoxide function-
ality to link the two Fe" ions.
The remaining pyridine rings on
each of the carborane-based li-
gands are also coordinated in
a monodentate fashion, so that
the octahedral coordination of
one Fe" ion is completed by two
pyridine nitrogen atoms and
a terminal CI” ion and the other
Fe" is completed by one pyri-
dine nitrogen and two terminal
ions. The oCBhmp~ ligands
thus feature a px'O: ¥°N,0
bonding mode, which leads to
a unique unsymmetrical dinu-
clear Fe" complex with three alk-
oxide bridges. Due to the un-
Cl symmetric nature of complex 1,
the Fe—O bonds show some dif-
ferences. The average length of
the three Fe1-O bonds (2.017 A)
— is 0.085 A shorter than the relat-

ed Fe2-O bonds (2.102A) in

structure 1-acetone. This differ-

ence is less pronounced in the

ether solvate 1-ether (0.022 A).

The three Fe—N bonds and three

Fe—Cl bonds have similar lengths

and are in agreement with

values found in other Fe" com-
plexes. The geometrical constraints imposed by the chelating
and bridging coordination modes of the three oCBhmp~ Ii-
gands in 1 (1-acetone/1-ether mean chelation N-Fe-O angle:
78.1/77.4°, mean O-Fe-O angle: 88.4/88.5°) result in a significant
distorted octahedral geometry for both metal centers (with the

Figure 1. Ball-and-stick representation (Mercury 3.0)"® of the molecular
structure of 1-acetone, showing both enantiomers in the racemate. All hy-
drogen atoms, except those for the CHOH group, are omitted for clarity.
Black spheres =N, light grey spheres =B, dark grey spheres =C, larger
spheres=Fe, other atoms labeled.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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largest deviation of the axial angle from the ideal 180° being
for N101-Fe2-0201 at 150.8(3)° and N201-Fe2-0301 at
150.2(1)° in 1-acetone and 1-ether, respectively). The Fe—Fe
separations of 2.8722(15) A and 2.8843(8) A are short enough
to be consistent with a bonding interaction between the
metals. Fe" complexes with short Fe—Fe contacts have been
reported in the literature,"® the shortest bond being
2.714 R A search in the CCDC shows only one example of
a dinuclear Fe" compound with three citrate bridges but the
complex is symmetric."

The deprotonation of the alcohol functionalities in hmpH
and its derivatives is known to favor bridging (u-x'O: k*N,0)
over chelating (N,OH) bonding modes and this is a widely
used strategy for fostering formation of polynuclear com-
plexes.™ Introducing substituents of controllable bulk near
the alkoxide functional group seems to affect the polynucleari-
ty of the related complexes in the sense of lowering the nucle-
arity for bulkier substituents and vice versa. This could also ex-
plain the formation of a dinuclear Fe" complex in the case of
1 (o-carboranyl-substituted) against a trinuclear complex in the
case of 3 (phenyl-substituted). However, it is worth noting that
regardless of the nuclearity of the iron complexes formed, in
all other reported noncarboxylate Fe" complexes in the litera-
ture with hmpH or any related derivatives, two alkoxide
pyridylalcohol ligands always bridge two close Fe" ions
(Scheme 3, left).">' Or in other words, all reported Fe" com-
plexes with 2-pyridylalcohol ligands contain (in the absence of

= R = R
\ \
N b . Ny cl
~~~~~ é‘e/ \Fe CI\I\:e/ \Fe/ cl
...... SFé—
L N0 1 NOF
N 0 N
7\ /A R U |\
R — — R S
R =H, Ph (3), 2-MeO-Ph R = oCBhmp (1)

Scheme 3. ,-O versus ;-0 bridging of hmpH in Fe complexes."®

carboxylate ligands) an even number of alkoxide bridges, re-
gardless of the nuclearity. This is in sharp contrast with dinu-
clear complex 1, which has three alkoxide bridges, that is, an
odd number of chiral pyridylalcohol ligands (Scheme 3, right).
The expected higher acidity of our ligands compared with
other hmpH-related ligands makes our alkoxide ligand
(oCBhmp™) less basic and, therefore, less nucleophilic and con-
sequently less coordinating at oxygen.® In such a case, a third
alkoxide pyridylalcohol ligand might compensate the electron
densities at the metals better. We cannot however rule out the
possible role that the bulky carborane fragments might have
in the entropy of the reaction. The presence of three alkoxide
bridges in 1 is rather surprising owing to the size of the car-
borane cages and it has important structural consequences.
Each of the pyridylalcohol ligands can adopt an R or S configu-
ration, so that RRR, SSS, RRS, and SSR could all be expected in
complex 1. However, only RRS and SSR combinations are found
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in the structure for 1 (Figure 1). Careful examination of the
structures for 1 suggests that RRR or SSS ligand combinations
would not fit around a dinuclear Fe" core due to the steric hin-
drance imposed by the handedness of the ligands. To confirm
the latter assumption, the direct stereoselective synthesis of an
enantiopure complex 1 from pure R and S enantiomers of
oCBhmpH was investigated.

The R and S enantiomers of oCBhmpH were resolved by
using HPLC over a chiral stationary phase (see the Supporting
Information) and the absolute configurations were determined
by using single-crystal XRD ((R)-(+)-oCBhmpH, ee >95.5%; (S)-
(—)-oCBhmpH, ee>95.5%)."" Addition of FeCl, to (R)-
(+)-0CBhmpH/(S)-(—)-oCBhmpH  mixtures  (1:0.5 equiv  or
0.5:1 equiv per 1equiv of Fe) in acetone quantitatively pro-
duced the corresponding enantiopure complexes [Fe,Cl;((RRS)-
oCBhmp);] ((RRS)-(—)-1) or [Fe,Cl;((SSR)-oCBhmp);] ((SSR)-
(+)-1)*" and have been characterized by using IR and XRD
(Figures S11 and S12 in the Supporting Information). Both
enantiopure metal complexes crystallize in the chiral space
group P2,, with Flack parameters of 0.028(7) ((RRS)-(—)-1) and
0.033(8) ((SSR)-(+)-1); the latter is isostructural to 1-ether.
When only one of the enantiomers was employed ((R)-
(4)-0CBhmpH or (S)-(—)-oCBhmpH with FeCl, in a 1.5:1 ratio),
a mixture of a dinuclear [Fe,Cl,((RR)-oCBhmp),]-acetone (4-ace-
tone) and mononuclear [Fe((SSS)-oCBhmp);] (5) were formed
and have been characterized by using XRD (Figure 2) and
PXRD (Figure S9 in the Supporting Information). Complexes
4-acetone and 5 crystallize in the chiral space groups P4,2,2

)[16]

Figure 2. Ball-and-stick representation (Mercury 3.0)""* of the molecular
structures of A) [Fe,Cl,((RR)-oCBhmp),]-acetone (4-acetone) and B) [Fe((SSS)-
oCBhmp);] (5). All hydrogen atoms, except those for the CHOH group, are
omitted for clarity. Black spheres=N, light grey spheres=B, dark grey
spheres =C, larger spheres =Fe, other atoms labeled; *=x, y, —z.

(Flack parameter 0.008(4)) and P2, (Flack parameter 0.009(2)),
respectively. Unlike complex 1, complexes 4 and 5 show sym-
metrical structures. Whereas in complex 4 two oCBhmp~ li-
gands with a p-x'O: k°N,0 bonding mode led to a symmetrical
dinuclear Fe" complex with two alkoxide bridges, mononuclear
complex 5 consists of a fac-Fe(oCBhmp); molecule in which
three oCBhmp~ ligands coordinate through the N and O
atoms in a bidentate fashion (Figure 2). It is particularly inter-
esting to compare the X-ray structures for the acetone solvat-
ed structures 1-acetone and 4-acetone in Figures 1 and 2. The
average length of the four Fe—O bonds (2.012 A) in 4-acetone
is 0.048 A shorter than the related average length of the six

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fe—O bonds (2.0595 A) in 1-acetone. However, the Fe—Fe sepa-
ration in 4-acetone (3.1205(6) A) is significantly larger (0.248 A)
than the related distance for 1-acetone. Most remarkable is the
position of the solvated acetone molecules in both structures.
Whereas the acetone molecules are clearly out of the metal co-
ordination spheres in 1-acetone, each acetone molecule in the
solid structure for 4-acetone is interacting with the Fe" centers
as shown in Figure 2. The acetone interaction mode is unprec-
edented and can be described as 1'-O coordination of the ace-
tone to the Fe—Fe bond (C=0-Fe, cmoia S€Paration 2.138 A;
angle 180°). It is known that n' coordination of ketones to
metal centers is preferred over n’ for electron-deficient
metals.”” This data clearly supports our hypothesis that our
alkoxide ligand (oCBhmp~) is a poor nucleophile and, there-
fore, a third oxygen, either from an alkoxide pyridylalcohol
ligand or a solvent molecule, better compensates the electron
densities at the metals. In addition, the data also show that di-
nuclear complexes with RRR or SSS ligand combinations
cannot be formed due to the steric hindrance imposed by the
handedness of the oCBhmp~ ligands.

The circular dichroism (CD) spectra were recorded in solu-
tion in CH,Cl, for ligands (R)-(+)-oCBhmpH/(S)-(—)-oCBhmpH
and the corresponding metal complexes [Fe,Cl;((SSR)-
oCBhmp);]  ((SSR)-(+)-1)/[Fe,Cl;((RRS)-0CBhmp)s]  ((RRS)-(—)-1)
(Figure 3). In all cases, they display mirror-image values for the
(4+) and (—) enantiomers within experimental error. Regarding
the ligands, their mirror-image CD spectra display structured
bands of moderate intensity with Ae values of around
—93m 'em™' at A=260 nm for (R)-(4)-0CBhmpH (see dashed
lines in Figure 3) that are typical of chiral secondary alcohols
with an aromatic substituent.”>?" The solution CD spectra for
Fe" complexes (RRS)-(—)-1 and (SSR)-(+)-1 are mirror images
and display bands at 1=260, 310, and 350 nm (Ae=-—64,
+1.6, —2.1m'ecm™, respectively, for the (RRS)-(—)-1 enantio-
mer®?), which reveals the chiral environment around the iron
centers. The CD spectra show that the enantiopure complexes
are chemically and configurationally stable in solution. Because
the two iron centers show configuration stability, a stereochem-
ical assignment can be proposed
for this uncommon chirality
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Figure 3. CD spectra of (R)-(4)-oCBhmpH (
(RR)-C-(S)-C"-(—)-1 (

), (S)-(—)-0CBhmpH (----3,
), and (5,5)-A"-(R)}-A"~(+)-1 (—).2

structures for 1 revealed that whereas 1-acetone (centrosym-
metric P2,/c space group) is a racemate and, therefore, con-
tains both enantiomers ((RR)-Fe:(S)-Fe and (SS)-Fe:Fe; Figure 1),
1-ether is formed by only one of these enantiomers and crys-
tallizes in the non-centrosymmetric and chiral space group P2,
((SS)-Fe:Fe, Flack parameter 0.004(15)).”? Therefore, the latter
is the result of spontaneous resolution and conglomerate for-
mation on crystallization (i.e., a physical mixture of enantio-
morphous (RR)-Fe:(S)-Fe and (SS)-Fe:(R)-Fe crystals).”® Because
the loss of centrosymmetry is at the origin of the appearance
of numerous interesting optical and electrical properties,** we
further explored whether total spontaneous resolution or con-
glomerate formation was possible in entire crystalline batches
(i.e., bulk solids). Thus, a crystalline powder obtained by slow
evaporation of solutions of 1 in acetone during the workup of
the reaction (Figure 4A) could be identified from comparisons
of XRPD patterns as a racemic compound (rac-1) with the P2,/
¢ space group, isomorphous to 1-acetone (Figure 4B). However,
when diethyl ether was added to a solution of rac-1 in ace-
tone, a new phase immediately precipitated (virtually no mate-
rial remained in solution) and was subsequently identified as
a conglomerate-forming monoclinic P2, form (co-1) that was
isomorphous to 1-ether (Figure S10 in the Supporting Informa-
tion). To our knowledge, this is the first switch from a racemic

around the metal centers by A Racemic (rac-1) B a)
using the A™ and C* stereo-
chemical descriptors to finally (R.R)Fe:(S)Fe 1-acetone
give (5)-A"A"-(+)-1 and (RR)- (S,5)Fe:(RIFe
C™-(5)-C"*-(—)1 (see the Support- sov‘c‘)“a\\or\ 4 b) o
ing Information). 2 _ )
As previously mentioned, two Crystaline solid smhg
crystal structures have been de- °
termined for racemic [Fe,Cl;- Gonglomerate (co-1) co-1
(0CBhmp),] (rac-1), that is, an : efheradd”'
acetone solvate ([Fe,Cls- Acetone solution 20 1-ether

of (rac)-oCBhmpH
(oCBhmp);]-acetone (1-acetone);

Figure 1) and an ether solvate
([Fe,Cl;(0CBhmp);]-ether

(1-ether); Figure S10 in the Sup-
porting Information). The struc-
tural analysis of the two solvated

Chem. Eur. J. 2014, 20, 1081 -1090 www.chemeurj.org
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and

(R,R)Fe:(S)Fe d)

5 10 15 20 25 30
20/°

Figure 4. A) Schematic representation of racemic (rac-1) and conglomerate (co-1) formation for bulk samples of 1,
see the text for details. B) XRPD of 1: a) calculated XRPD obtained from the crystal structure of 1-acetone, b) race-
mic mixture rac-1, c¢) conglomerate co-1, d) calculated XRPD obtained from the crystal structure of 1-ether.
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compound solvate to a conglomerate solvate on precipita-
tion.” These unexpected results encouraged us to study the
possibility of solvent-mediated conglomerate formation in the
solid state. The ability of rac-1 to take up solvent vapor and
convert into co-1 has been demonstrated experimentally.
Freshly made dried powdered rac-1 converts to conglomerate
co-1 when left in contact with diethyl ether vapor for 3 d (Fig-
ure S8 in the Supporting Information). The identity of the
products was confirmed by using XRPD, which matched the
calculated diffraction patterns from the single-crystal X-ray
structures. Thus, the transition from a racemic compound to
a conglomerate either on precipitation or exposition to solvent
vapor is of particular interest because it corresponds to a spon-
taneous resolution. We are further investigating the conglom-
erate formation mechanism.

To confirm the chiral nature of conglomerate solid phase co-
1, its nonlinear optical activity has been measured by using
second-harmonic generation (SHG) measurements. The SHG
method is currently used to prescreen conglomerates.”® Com-
plex co-1 shows a clear positive SHG signal (about 25% quartz;
Figure 5) that is consistent with the structure of 1-ether crystal-
lized in the non-centrosymmetric and chiral space group P2,
(see Figure S8 in the Supporting Information). Complex co-1 ex-
hibits a relatively poor damage threshold under laser irradia-
tion and remains stable up to 110°C. The decay of the time-re-
solved second-harmonic generation (TR-SHG) curve between
110°C and the decomposition temperature of the complex
(~200°C) could be due to the thermal expansion of the crystal
lattice and/or degradation of the sample. Consistent with
solid-phase co-1 being a conglomerate, that is, a 1:1 mixture of
enantiomorphous crystals, the CD spectrum in solution shows
no signal.

Solid-state, variable-temperature (2-300 K) magnetic sus-
ceptibility data under applied external magnetic fields of 0.03
and 0.5 T were collected for polycrystalline samples of com-
pound 1. The data shows behavior characteristic of an antifer-
romagnetic species, in which yx,T values decrease on lowering
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Figure 6. Fitting of the yuT versus T of rac-1 between 2 and 300 K. The ex-
perimental data are shown as m and corresponds to the fitting values.

the temperature and give a value of 7.50 cm®*mol™'K at 300 K
(Figure 6). This is lower than expected for two independent
high-spin Fe" centers of 8.75cm’mol 'K with a g value of
2.00, and is evidence of a significant antiferromagnetic interac-
tion. The graph shows a decrease in the magnetic susceptibili-
ty to nearly zero at 2 K (0.21 cm®mol ™' K). Magnetic susceptibil-
ity data were analyzed by using the Van Vleck equation de-
rived from the spin-exchange Hamiltonian H=—J5,5,*” in
which S, =5,=5/2. The best fit matches well with experimental
data and gives values of g=2.05, J=(—10.22+0.03) cm™,
TIP=280%10"%cm?*mol™!, p=0.05%, and R=1x10"" (see Ex-
perimental Section). Overall, the analysis of the data agrees
with the shape and values observed in the experimental mea-
surement, in which the exchange coupling for both Fe" atoms
is significantly antiferromagnetic. The present data confirm
compound 1 as the first dinuclear Fe" system that contains
three alkoxide bridges and displays antiferromagnetic behavior.
DFT calculations by using B3LYP functional are in agreement
with the experimental data, giving a calculated J value of

—6.0 cm™'. The analysis of the calculated J values for

other complexes with similar bridging ligands corrob-

50 orates the idea that the Fe—O separation could be
| the main parameter that controls the magnetic be-
havior and the longest Fe—O separation of 1 gives an
40 understanding of the antiferromagnetic coupling (see
1 the Supporting Information).
£ 30-
5 . Conclusion
:\Z : \A./'\.-.\_/\/_‘____/.\ —y
oy 20 - \ We report an unusually unsymmetric diiron(lll) com-
5 | | plex 1 in which three bulky chiral carboranylpyri-
™~ dinealkoxide ligands (oCBhmp~) bridge both metal
104 \\ ions; this complex combines magnetic, chiroptical,
] and second-order optical nonlinear properties. Com-
0 plex 1 constitutes the first dinuclear Fe" system that
200 150 100 50 0 50 100 150 200 contains three alkoxide bridges and displays antifer-
Temperature / °C romagnetic behavior. DFT calculations have corrobo-
rated this behavior and show that the Fe—O separa-
Figure 5. SHG intensity of co-1 versus temperature between —200 and 200°C. tion is the main parameter that controls the magnet-
Chem. Eur. J. 2014, 20, 1081 - 1090 www.chemeurj.org 1086 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

ic behavior. We showed that the introduction of the bulky o-
carborane into the 2-(hydroxymethyl)pyridine (hmpH) architec-
ture significantly alters the coordination of the simple or aryl-
substituted 2-hmpH. Whereas all other examples in the litera-
ture always show two alkoxide pyridylalcohol ligands bridging
two close Fe" ions, our dinuclear complex 1 contains three alk-
oxide bridges. This unusual architecture seems to be triggered
by the poor nucleophilicity of our alkoxide ligand (oCBhmp~).
The presence of an odd number of ligands per molecule in
1 results in a reduction of possible enantiomers with the con-
sequent simplicity of the enantiomeric mixture. A very rare
case of spontaneous resolution takes place on precipitation or
exposure to solvent vapor for the bulk compound, as con-
firmed by a combination of XRD, XRPD, SHG, and CD measure-
ments. The corresponding enantiopure complexes (+)-1 and
(—)-1 have also been synthesized and fully characterized. This
case study highlights the potential of combining carboranes,
coordination chemistry, and chirality in conceiving new molec-
ular materials with unprecedented properties and opens new
perspectives in chiral materials.

Experimental Section
Materials

All manipulations were carried out in air unless otherwise noted.
The reactions were carried out in glass vials equipped with a mag-
netic stirring bar and capped with a septum. The following chemi-
cals were used: ethanol (distilled from CaH,), acetone (distilled
from P,0O;), anhydrous FeCl, (98%, Sigma Aldrich; used as re-
ceived). (2-Pyridine)(o-carboranyl)methanol (0CBhpmH)**' and (2-
pyridine)(phenyl)methanol (phhpmH)?® were synthesized as previ-
ously reported.

General procedure for the synthesis of [Fe,Cl;(0CBhpm);] (1)
and conglomerate formation

A solution of oCBhmpH (75.0 mg, 0.298 mmol) in acetone
(0.50 mL) was added to a stirred suspension of FeCl, (16.9 mg,
0.131 mmol) in acetone (0.25 mL) in a small capped vial. The vial
was closed and the orange-brown mixture was then gently
warmed at about 50°C and shaken until formation of a clear yel-
lowish golden solution. Once the solution was at RT, it was filtered
through a Celite leach and left with the cap slightly open. Evapora-
tion of the acetone gave yellow-brown crystalline agglomerates
that were dried under vacuum to give rac-1 (71 mg, ~100%;
phase purity established by XRPD, FTIR (ATR), and elemental analy-
sis). Elemental analysis calcd (%) for C,gHsgB30ClsFe,N;0,-1.5acetone
(1056.15): C 32.41, H 5.44, N 3.09; found: C 32.14, H 5.48, N 3.89.

Transformation of rac-1 into co-1 by precipitation

Addition of diethyl ether (2.0 mL) to a solution of the above rac-
1 in acetone gave a suspension that was stirred for 3 h. The super-
natant solution was decanted to give a fine pale yellow powder
that was dried under vacuum to give ether solvate co-1 (yield:
50 mg, 73%). Phase purity was checked by XRPD, FTIR (ATR), and
elemental analysis. M.p. 231°C (decomp.); elemental analysis calcd
(%) for CogHssBsoClsFe,N;0, (1043.16): C 32.24, H 5.60, N 4.03;
found: C 32.25, H 5.65, N 4.01.
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Transformation of rac-1 into co-1 by exposure to solvent
vapor

A dry polycrystalline sample of complex rac-1 (50 mg) was exposed
to vapor of diethyl ether for 3 d. The quantitative formation of co-
1 was assessed by comparing the X-ray powder diffraction pattern
of the crystalline product with the spectrum calculated on the
basis of the single-crystal structure (Figure S8 in the Supporting In-
formation).

In situ NMR spectroscopy studies for formation of 1

The reaction was performed under inert atmosphere conditions. A
solution of oCBhpmH (15.5 mg, 0.062 mmol) in degassed [D,]-ace-
tonitrile (0.50 mL) was added to a NMR tube containing FeCl,
(5.2 mg, 0.041 mmol), with the tube kept in liquid nitrogen to
avoid the reaction starting before measurement. The iced sample
was then taken to an NMR spectrometer and 'H and "'B NMR spec-
tra were recorded. Sharp signals observed for the free ligand
became very broad and paramagnetically shifted as soon as the
[D,]-acetonitrile solution melted, which indicated the fast formation
of a Fe" compound.

Synthesis of [Fe,Cl;((RRS)-oCBhpm);] ((RRS)-(—)1)

The general procedure was followed by using (R)-(+)-oCBhmpH
(20.3 mg, 0.081 mmol), (S)-(—)-oCBhmpH ((10.3 mg, 0.041 mmol),
and FeCl, (10.3 mg, 0.081 mmol). Slow evaporation of the solvent
gave complex (RRS)-1 (39.9 mg, 96%) as brown-yellow needles
suitable for single-crystal X-ray structure determination. [a)% =
—35.5, [a]Z,=—400, [a]5,=—48.9, [a]5,=—160 (£5%; CH,Cl,
¢=0.24 g/100 mL); UV/Vis: 1 =254 (23800), 320 (10200), 356 nm
(8000M 'cm™); CD (CH,Cl,, C=2.3%10"3m): 1 =260 (—6.4), 310 (+
1.6), 350 nm (—2.1m'em™).

Synthesis of [Fe,Cl;((RRS)-oCBhpm);] ((SSR)-(+)-1)

The general procedure was followed by using (S)-(—)-oCBhmpH
(20.1 mg, 0.080 mmol), (S)-(+)-oCBhmpH (10 mg, 0.040 mmol), and
FeCl, (10.1 mg, 0.080 mmol). Slow evaporation of the solvent gave
complex (RRS)-1-acetone (52.0 mg, 125%) as brown-yellow needles
suitable for single-crystal X-ray structure determination. [a]3’ = +
348, [a]B,= +39.1, [a]Z,= +47.8, [a]2, = +169.6 (£5%) (CH,Cl,,
¢=0.23 g/100 mL); UV/Vis: =254 (22700), 320 (10000), 356 nm
(8000M 'cm™); CD (CH,Cl,, C=22x103Mm): 1=260 (+6.0), 310
(=1.3), 350 nm (+ 1.6 M 'cm™).

Synthesis of [FeCl,(phhmpH),] (2)

A degassed solution of phhmpH (20.0 mg, 0.108 mmol) in acetone
(0.30 mL) was added to a stirred degassed suspension of anhy-
drous FeCl, (7.0 mg, 0.054 mmol) in acetone (0.25 mL) in a small
vial capped with a septum and equipped with a magnetic bar. The
mixture was then gently warmed at about 50°C and stirred until
a clear red-yellow solution formed. Once the solution was at RT,
the solvent was partially evaporated under a nitrogen gas flow.
After 24-36 h, prismatic red crystals were obtained. The identity of
the compound was then established by using single-crystal X-ray
diffraction. Due to the high solubility and certain instability of the
compound, other characterization techniques were not performed.
This compound is under further investigations.
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Synthesis of [Fe;Cl,(phhmp),][FeCl,] (3)

The general procedure was followed by using phhmpH (30 mg,
0.162 mmol) and FeCl, (20.95 mg, 0.162 mmol). Under inert condi-
tions, the red crystalline material from [FeCl,(phhmpH),] (2) formed
after 24-36 h, then slowly redissolved to give a yellow solution.
Evaporation of the acetone gave yellow crystalline agglomerates
that were dried under vacuum to afford 3. The same procedure
under air directly gave compound 3 (42.6 mg, 85 %). Purity was es-
tablished by elemental analysis. Elemental analysis calcd (%) for
CusHaoClsFe,N,0, (1243.86): C 46.35, H 3.24, N 4.050; found: C 46.3,
H 3.4, N 4.3.

Reaction of FeCl, with (R)-(+)-oCBhmpH or (S)-(—)-oCBhmpH

The general procedure was followed by using FeCl, (10.1 mg,
0.079 mmol) and (R)-(+)-oCBhmpH (29.5 mg, 0.117 mmol) or FeCl,
(9.7 mg, 0.077 mmol) and (5)-(—)-oCBhmpH ((30.0 mg, 0.119 mmol).
Slow evaporation of the solvent gave mixtures of single crystals
and polycrystalline solids that corresponded to 4 and 5, as deter-
mined by XRD (Figure 2) and PXRD (Figure S9 in the Supporting In-
formation).

Physical measurements

Elemental analysis: Elemental analyses (C, H, N) were performed
by the Analysis Service of the Universitat Autonoma de Barcelona
by using a Carlo Erba CHNS EA-1108 microanalyzer.

FT-IR spectra: FTIR-ATR spectra were recorded by using a Perkin-
Elmer 1720X spectrometer.

NMR spectra: 'H, "B NMR spectra were recorded at 300 and
96 MHz, respectively, by using a Bruker ARX 300 MHz spectrometer
and referenced to the solvent ('H, residual [Ds]acetone) or BF;-OFt,
("B). Chemical shifts (0) are reported in ppm and coupling con-
stants (J) in Hz.

UV/Vis spectra: UV/Vis measurements were carried out by using
a Hewlett Packard 8453 diode array spectrometer equipped with
a Lauda RE 207 thermostat and a screw-capped quartz cuvette.

Circular dichroism: Circular dichroism (in m~'cm™") and UV/Vis
were measured by using a Jasco J-815 Circular Dichroism Spec-
trometer (IFR140 facility, Université de Rennes 1). Specific rotations
were measured in a 1dm thermostated quartz cell by using
a Perkin-Elmer-341 polarimeter.

Cyclic voltammetry: Cyclic voltammetry measurements were
made in 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF)
electrolyte solutions in acetonitrile. A two-compartment cell
equipped with a glassy carbon working electrode, a platinum
gauze as the counter electrode, and an Ag wire as the pseudo-ref-
erence electrode, properly checked against a ferrocene/ferroceni-
um (Fc/Fc™) couple before test, was used. Measurements were
made by using a BASi C-3 Cell Stand. Data were obtained at a scan
rate of 100 mVs™".

X-ray powder diffraction (XRPD): XRPD data was collected by
using a Siemens Analytical X-ray D-5000 diffractometer with a Cug,
radiation. All XRPD measurements were carried out at RT.

X-ray diffraction studies: Single-crystal intensity data for 1-ace-
tone was collected at 120 K by using a Bruker Nonius Kappa CCD
area detector mounted at the window of a rotating Mo anode
(A(Moy,) =0.71073 A; see Table S1 in the Supporting Information).
Data collection and processing were performed by using the pro-
grams COLLECT®® and DENZO®” and a multi-scan absorption cor-
rection was applied by using SADABS.®" Data for 1-ether was col-
lected at 100 K by using a Rigaku AFC,, goniometer equipped with
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an enhanced sensitivity (HG) Saturn724+ detector mounted at the
window of an FR-E+ SuperBright molybdenum rotating anode
generator (A(Moy,)=0.71073 A) with HF Varimax optics (100 um
focus). Data collection and processing, including a multi-scan ab-
sorption correction, was performed by using CrystalClear.®? The
structures were solved by using direct methods® and refined by
using full matrix least squares® on F2. X-ray reflections for 2 and 3
were collected at 298 K by using an Oxford Xcalibur Gemini Eos
CCD diffractometer with Moy, radiation (1=0.7107 A; see Table S3
in the Supporting Information). Data collection and processing, in-
cluding a multi-scan absorption correction, were performed by
using CrysAlisPro  (v. 1.171.34.55)®” and OLEX2-1.2°¢ and
SHELXL97%"" were used for structure solution and refinement. For
these structures, several H atoms (especially OH) were detected at
approximate locations in a difference Fourier map and then refined
freely. Those for BH and some CH were placed in idealized posi-
tions and refined by using a riding model, with C-H=0.93 A and
Uiso(H) = 1.2 U4(Q). Data for 4, 5, (RRS)-1, and (SSR)-1 were collected
by using a Bruker D8 Venture (4 and 5, 150K, 1=1.54178 &) or
a Bruker SMART APEX diffractometer ((RRS)-1 and (SSR)-1, 100 K,
A=0.71073 A). Data collection and processing were performed by
using the programs APEX2°¥ and SAINT® and a numerical absorp-
tion correction was applied based on indexed crystal faces by
using the Crystal Faces plugin in APEX2.°% The structures were
solved by direct methods,®*¥ which revealed the position of all
non-hydrogen atoms. These atoms were refined on F? by a full-
matrix least-squares procedure by using anisotropic displacement
parameters.?¥

Special details: For 1-acetone, 1-ether, 2, 3, 4, and 5, all hydrogen
atoms were placed in idealized positions and refined by using
a riding model. For (RRS)-1 and (SSR)-1, the solvent masking proce-
dure as implemented in Olex2?® was used to remove the electron-
ic contribution of solvent molecules from the refinement. Each
void is postulated to contain & 1.6 ((RRS)-1) or 1.3 ((SSR)-1) mole-
cules of acetone.

One of the refined phenyl rings in 3 was modeled as split over two
positions (59, 41) and geometric and thermal parameter restraints
were applied. During the refinement of complex 3, residual elec-
tron density was detected in the lattice associated with solvent
molecules. Thus, the data was treated with the SQUEEZE procedure
(from PLATON)."? The volume occupied by the solvent was
1257.4 A* and the number of electrons per unit cell deduced by
SQUEEZE was 132, these values were not interpretable as a defini-
tive number of specific solvent molecules.

Second-harmonic generation (SHG): The experimental setup used
for the TR-SHG measurements was previously published.*" A Nd/
YAG Q-switched laser (Quantel) operating at 1.06 Im was used to
deliver 360 mJ pulses of 5ns duration with a repetition rate of
10 Hz. An energy adjustment device made up of two polarizers (P)
and a half-wave plate (k/2) allowed the incident energy to vary
from 0 to ~200 mJ per pulse. A RG1000 filter was used after the
energy adjustment device to remove light from laser flash lamps.
The samples (a few mg of powder in a crucible) were placed in
a computer-controlled heating-cooling stage (Linkam THMS-600)
and were irradiated with a beam (diameter 4 mm). The signal gen-
erated by the sample (diffused light) was collected by an optical
fiber (500 Im core diameter) and directed onto the entrance slit of
a spectrometer (Ocean Optics). A boxcar integrator allowed an
average spectrum (spectral range A =490-590 nm) with a resolution
of 0.1 nm to be recorded over 2s (20 pulses). To avoid problems
related to the sublimation of the samples, the heating stage was
opened but only during the SHG measurements so it had no sig-
nificant influence on the temperature regulation. According to the
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SHG powder method described by Kurtz and Perry“? SHG signal
intensities were compared to the signal of a reference compound
(quartz; 45 Im average size).

Magnetic measurements: Magnetic measurements were carried
out at the Unitat de Mesures Magnétiques (Universitat de Barcelo-
na) on polycrystalline samples by using a Quantum Design SQUID
MPMS-XL magnetometer working in the 2-300 K range. The mag-
netic fields used in the measurements were 0.03 T (from 2-30 K)
and 0.5 T (from 2-300 K). Diamagnetic corrections were evaluated
from Pascal’'s constants. The fit was performed by minimizing the
function R (agreement factor defined as X[(y, T)*""—(y, 1)“/=-
[y ") TIP and p are defined as temperature-independent pa-
rameter and impurities, respectively.

Theoretical calculations: Density functional theory methods pro-
vide an excellent estimation of the exchange coupling constants
by taking into account the very small energy differences computed
to extract the exchange coupling constants.”” Because a detailed
description of the computational strategy used to calculate the ex-
change coupling constants in dinuclear and polynuclear complexes
is outside the scope of this paper, we will focus our discussion
here to its most relevant aspects and a more detailed description
can be found elsewhere.** For the calculation of the n different
coupling constants J; present in a polynuclear complex, we need
to carry out calculations for at least n+1 different spin distribu-
tions. Thus, by solving the system of n equations obtained from
the energy differences we can obtain n coupling constants. For
systems in which more than n spin distributions were calculated,
a least-square fitting procedure to obtain the coupling constants
must be used. In the specific case of dinuclear Fe" complexes, the
J value is directly obtained from the energy difference between
the high-spin state (parallel alignment of the local spins) and the
single-determinant low-spin solution (antiparallel alignment of the
local spins), usually called broken symmetry, divided by a 25,S,+ 5,
term (S,=5/2, S,=5/2). For the studied symmetric trinuclear Fe,"
complex with two different J values (the second one between the
two terminal Fe" centers), three spin configurations have been cal-
culated, that is, the high-spin one and two $=5/2 that correspond
to the spin inversion of the central and terminal Fe" cations, re-
spectively. In previous studies,”” we found that the hybrid B3LYP
functional®® together with the basis sets proposed by Schaefer
et al." provide J values in excellent agreement with the experi-
mental ones. We have employed a basis set of triple-C quality as
proposed by Schaefer et al. The calculations were performed with
the Gaussian 09 code® using guess functions generated by using
the Jaguar 7.5 code."*?
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