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A Three-Component Modular Strategy to Extend and Link Coordination
Complexes by Using Halogen Bonds to O, S and &t Acceptors

Giuseppe Lapadula,™ Nenad Judas,” Tomislav Fris¢ié,**! and William Jones*!*!

We report a metal-organic design that allows decoration
and cross-linking of metal centres through halogen-bond-di-
rected co-crystallisation. Halogen bonds have emerged as
reliable and directional interactions, alternative to hydrogen
bonds, in supramolecular engineering of organic solids.!"
Halogen bonds that form between a polarisable and elec-
tron-deficient halogen atom (the halogen-bond donor) and
an electron-rich Lewis base (the halogen-bond acceptor)?
have been utilised to construct co—crystals,[3] salts, ionic in-
clusion frameworks® and liquid crystals.! An attractive
target in halogen-bond-based materials engineering is the in-
clusion of transition metals, which are expected to introduce
interesting magnetic, electrical and optical properties. So
far, formation of halogen-bonded co-crystals with metal-or-
ganic species has proven difficult.”*! Although the self-as-
sembly of metal-organic molecules with self-complementary
halogen-bonding functionalities was demonstrated,” at-
tempts to construct multicomponent molecular materials
have not been successful.'” This difficulty was explained by
competition with other non-covalent interactions, such as
hydrogen bonds™"! and halogen-halogen interactions.

In our search for a suitable strategy to decorate metal—or-
ganic complexes using halogen bonds we sought to achieve
the highest possible generality. Thus, we were interested in a
modular? approach that would allow adding different halo-
gen-bonding functionalities onto a given metal-organic frag-
ment. We recognised planar complexes of divalent metals
with dibenzoylmethanate anions (dbm™) as suitable candi-
dates. In particular, nickel(II) and cobalt(II) dibenzoylmeth-
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anates ([Ni(dbm),] and [Co(dbm),], Scheme 1a) provide a
coordinatively unsaturated and equatorially protected plat-
form onto which a molecule with a halogen-bonding func-
tionality could be attached. We targeted the ditopic mole-
cules morpholine (mor) and thiomorpholine (tmo) as suita-
ble ligands!™! that would attach through Co—N (or Ni—N)
bonds to form coordinatively saturated complexes:" [Co-
(dbm),(mor),], [Co(dbm),(tmo),], [Ni(dbm),(mor),] and
[Ni(dbm),(tmo),] (Scheme 1a). These complexes would then
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Scheme 1. Molecular diagrams of: a) a metal(Il) dibenzoylmethanate,
morpholine (mor), thiomorpholine (tmo), halogen-bond donor tfib and
tmo- or mor-substituted metal(II) dibenzoylmethanate; b) expected as-
sembly by coordination and halogen bonds.
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contain oxygen or sulfur atoms as potential halogen-bond
acceptors that could link to donors such as 1,4-diiodotetra-
fluorobenzene (tfib) (Scheme 1b). A simpler design was
previously utilised for coordination- and hydrogen-bond-
driven assembly of metal complexes,>!® but was never used
for the assembly of more than two types of molecules.

The tmo- or mor-substituted [Co(dbm),] and [Ni(dbm),]
complexes were obtained by re-crystallisation of the metal
dibenzoylmethanate dihydrate from liquid mor or tmo. The
materials could also be prepared from stoichiometric
amounts of reactants by liquid-assisted grinding (LAG)."”
Initial attempts to form halogen-bonded co-crystals of tfib
and [Co(dbm),(tmo),] from solutions in chloroform resulted
only in the re-crystallisation of [Co(dbm),(tmo),]. However,
LAG of [Co(dbm),(tmo),] and tfib provided a new material
(1), evidenced by X-ray powder diffraction (XRPD) pattern
(Figure 1a).181

Varying the stoichiometric ratio of the reactants in LAG
indicated that 1 is formed from [Co(dbm),(tmo),] and tfib in
the stoichiometric ratio 1:6. Subsequently, single crystals of
1 were obtained from solutions in chloroform involving [Co-
(dbm),(tmo),] and tfib in ratios between 1:6 and 1:10.

Single-crystal X-ray crystal structure determination re-
vealed the success of our modular strategy. Each [Co(dbm),-
(tmo),] molecule in 1 is attached to two tfib molecules
through a short S-I separation of 3.15 A. The resulting five-
component [Co(dbm),(tmo),(tfib),] assemblies have a
wheel-and-axle shape and are about 3 nm in length. In addi-
tion to tfib attached to the [Co(dbm),(tmo),] fragments, 1
also contains additional tfib molecules as guests,?*?!! result-
ing in the overall composition [Co(dbm),(tmo),(tfib),]-4tfib
(Figure 1b,c). In that way, 1 represents a halogen-bonded
analogy of a metal-based wheel-and-axle inclusion com-
pounds.*>*]

The [Co(dbm),(tmo),(tfib),] assemblies in 1 stack in the
[110] direction through short C--I contacts (3.49 A) be-
tween the phenyl rings of dbm and iodine atoms of tfib (Fig-
ure 1d,e). These contacts are significantly shorter than the
sum of the van der Waals radii (~3.7 A)?! and can be clas-
sified as weak halogen bonds of the C--I type.’**] To test
this interpretation, we performed a search of the Cambridge
Structural Database (CSD)?*?! for C—I-~C contacts, with
the acceptor carbon atom defined as a part of a m system
(i.e., aromatic ring, sp®> or sp hybridised). The results re-
vealed two peaks in the distribution of I---C distances with
respect to the C—I---C angle. The first peak occurs at C--I
distance close to 3.6 A and an angle of 90°, corresponding to
van der Waals I---C contacts (I, Figure 2a). The second peak
(I, Figure 2a) occurs at significantly shorter separations of
about 3.3 A and is associated with linear arrangements ex-
pected for halogen bonds.!">%%] Consequently, the assembly
of [Co(dbm),(tmo),(tfib),] units is best described as a one-
dimensional chain held by coordination and halogen bonds.

Liquid-assisted grinding of [Co(dbm),(mor),] with tfib
provided a material of composition [Co(dbm),(mor),-
(tfib),]-4 tfib (2), isostructural to 1. The isostructural nature
of 2, confirmed by single-crystal X-ray diffraction, is consis-
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Figure 1. a) XRPD patterns'™®! (bottom to top): [Co(dbm),(tmo),]; 1 pre-
pared by LAG; simulated for the crystal structure of 1; [Co(dbm),-
(mor),]; 2 prepared by LAG and simulated for the crystal structure of 2;
b) a single [Co(dbm),(tmo),(tfib),] assembly; c) guest tfib molecules
(space-filling) between the chains of [Co(dbm),(tmo),(tfib),] (wireframe).
Symmetrically different tfib guests are shown in blue and red; d) stacking
of [Co(dbm),(tmo),(tfib),] assemblies (in the central assembly: orange =
[Co(dbm),], green=tmo, purple =tfib) and e) S--I and C--I interactions
in 1.

tent with the structural similarity of O and S acceptors in
halogen bonding."" In the crystal of 2, the [Co(dbm),(mor),]
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Figure 2. a) Scatterplot of C--I separations (d) versus the C—I--C angle
(a) in C—1-C fragments involving aromatic, sp> or sp-hybridised carbon
acceptors. The maximum I corresponds to van der Waals contacts, while
II is assigned to halogen-bonding interactions and b) a halogen- and co-
ordination-bonded chain in [Co(dbm),(tmo),(tfib),].

units are crosslinked by short O--I (O-I separation: 2.81 A)
and C-1I (3.49 A) interactions to tfib (Figure 2b).

Similarly, LAG of [Ni(dbm),(mor),] with tfib provided a
material (3) that was identified as [Ni(dbm),(mor),-
(tfib),]-4 tfib, as it is isostructural its cobalt analogue. In con-
trast, [Ni(dbm),(tmo),] did not react with tfib, either in solu-
tion or by grinding. Presumably, the lack of reactivity could
be related to the relative weakness of S-I interactions!"”
compared to O--I ones.”! Consequently, our strategy result-
ed in altogether three halogen-bonded co-crystals of substi-
tuted metal dibenzoylmethanates. Co-crystals 1 and 2 could
also be synthesised in a one-pot LAG reaction® involving
[Co(dbm),]-2H,0, tfib and tmo or mor, in respective stoi-
chiometric ratio 1:2:6.

In summary, we have demonstrated a modular approach
to decorate neutral metal complexes of Ni" and Co™ with
I--O or I--S halogen bonds. Our approach resulted in a co-
ordination and halogen-bonded analogy of inclusion materi-
als based on wheel-and-axle units. The unexpected associa-
tion of the five-component building blocks into a supra-
molecular polymer highlights the importance of weak inter-
actions in the design of halogen-bonded materials. We are
currently investigating the generality of our design.

Experimental Section

In a typical LAG!"" experiment, CHCl; (75 puL) was added to of the mix-
ture of solid reactants (0.200 g), along with two stainless steel balls of
7 mm diameter. The mixture was ground for 30 min in a stainless steel jar
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using a Retsch MM200 mill at 30 Hz. The samples were subsequently an-
alysed using XRPD, FTIR-ATR spectroscopy and thermogravimetric
analysis.") CCDC-760938 (1), -760938 (2) and -760940 (low-temperature
re-determined [Co(dbm),(tmo),]) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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