Exploring through-bond and through-space magnetic
communication in 1,3,2-dithiazolyl radical complexes
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Reaction of the methyl-benzodithiazolyl radical (MBDTA) with
M(hfac), complexes (M = Mn, Co, Zn) affords the complexes
M(hfac),(MBDTA),. Strong antiferromagnetic exchange
interactions are observed between M(ll) ions and the two S = %
radicals (M = Mn, Co), whereas weak antiferromagnetic
interactions are observed between radicals when using the
diamagnetic Zn(ll) ion. Strong intermolecular exchange coupling is
also evident in Mn(hfac),(MBDTA), and attributed to w*-m*
contacts between MBDTA radicals which are absent for the Co and
Zn derivatives.

Significant efforts have been made to use the so-called “metal-
radical approach” to molecular magnetism in recent years in
which exchange coupling between a metal and a paramagnetic
ligand is proposed to facilitate more effective magnetic
communication between metal than occurs via
conventional diamagnetic ligands.! In addition, recent work has
focused on using spin-carrying ligands to enhance the total spin
ground state of metal complexes! and has been proposed to
suppress quantum tunnelling in single molecule magnets.! In
addition, studies of metal-radical interactions can provide
insight into a range of metallo-enzymes in which non-innocent
redox-active ligands are proposed to play an important role in
their biological function.2 To this end, the development of new
families of paramagnetic ligands for metal coordination are
highly desirable and a range of stable heterocyclic ligands have
emerged including nitronyl nitroxide (NIT),3 verdazyl (vd)*
dithiadiazolyl (DTDA),> benzotriazinyl (btz),6 triarylmethyl
(pyBTM),” thiatriazinyl (TTA)8 and tetrazinyl (tz*-) radicals® inter
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Scheme 1. Selected coordinating radical ligands

alia (Scheme 1). The family of 1,3,2-dithiazolyl (DTA) radicals
have previously been examined as building blocks for the
construction of organic ‘spin transition’ materials, with a
number of derivatives exhibiting solid state phase transitions
between S = 0 ‘pancake dimers’ and two S = % monomers.10
Selected salts of the benzobis(1,3,2-dithiazolyl) radical cation
BBDTA** (Scheme 2) have shown magnetic order!! and the
parent benzo-1,3,2-dithiazolyl exhibits an unusual “double-
melting” from a m*—m* dimer!2 to a structurally unknown
paramagnetic phase which exhibits magnetic ordering at 11 K.13
The coordination chemistry of DTA radicals is less well
developed. A number of N-donor DTA adducts to diamagnetic
p-block Lewis acids have been reported* and a single
coordination complex to a paramagnetic metal ion
Cu(hfac),(TTTA) (TTTA, see Scheme 2) has been described.!s In
many cases radicals can be rather poor Lewis bases and
incorporation of the radical into a polydentate ligand
framework is desirable to assist metal coordination! and/or a
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strongly Lewis acidic metal ion such as M(hfac); (hfac =
hexafluoroacetylacetonate anion) have been implemented.1 In
the current paper we describe the coordination chemistry of the
monodentate methylbenzo- 1,3,2-dithiazolyl radical (MBDTA,
Scheme 2).17 In this family of radicals substantial spin density
(ca. 50%) is located on the heterocyclic N-donor atom*® which
should favour strong metal-ligand magnetic communication.
MBDTA was prepared according to the literature method!” and
reacted with M(hfac), (M =Mn, Co, Zn) in a 1.95:1 stoichiometry
in CH,Cl, at room temperature (see ESI-1). After 30 minutes the
solvent was evaporated and the dark residue sublimed in vacuo
(101 torr) to afford single crystals of M(hfac)>(MBDTA); suitable
for X-ray diffraction. PXRD studies on Mn(hfac),(MBDTA), both
after removal of solvent and after sublimation clearly reveal
complex formation occurs prior to sublimation (Figure S1).

The structures of the Co(ll) complex Co(hfac),(MBDTA), (1) and
Zn(ll) complex Zn(hfac);(MBDTA), (2)
crystallizing in the triclinic space group P-1 with half a molecule

are isomorphous,
in the asymmetric unit (Figure 1). For 1 and 2 the M-N bond
lengths are 2.086(4) and 2.180(3) A respectively. The Co-O bond
lengths in 1 are 2.042(3) — 2.060(3) A, whereas for 2 the Zn-O
bond lengths are 2.039(2) — 2.066(2) A. The bond lengths to Co
are consistent with high spin Co(ll) expected for an N,O4 donor
set. The MBDTA ring plane in 1 and 2 lies between the two hfac-
anions (Figure S5).

The structure of Mn(hfac);(MBDTA); (3) is shown in Figure 2
and, in contrast to 1 and 2, adopts the higher symmetry trigonal
R-3 space group, with half a molecule in the asymmetric unit.
The structure comprises a 6-coordinate Mn(ll) centre with two
chelate hfac™ ligands in the equatorial plane and two axial
MBDTA ligands. The Mn-N bond length is 2.205(4) A, whereas
the Mn-O bond lengths are 2.090(8) and 2.154(7) A respectively.
Structurally the conformation of 3 is different from 1 and 2. In
all three structures the four CF; groups can be considered to
generate two clefts; one which dissects the two hfac- ligands
and one which is oriented between the hfac- ligands. In 1 and 2
the plane of the MBDTA radical is located within the ‘cleft’
between the hfac ligands, whereas in the case of 3 the MBDTA
adopts an alternative geometry which dissects both hfac-
ligands (Figure 3). The Mn-O and Mn-N bond lengths in 3 are
longer than in 1 and 2 and it appears that with less steric
crowding the MBDTA ring adopts an orientation which dissects

a l?re }:}.)Crystal structure of Co(hfac)2(MBDTA): (1) (left) and Zn(hfac)(MBDTA).
right

Figure 2. (left) crystal structure of Mn(hfacez(MBDTA)z (1); (right) packing of 1
viewed down the crystallographic c-axis highlighting the hexagonal packing motif.

Figure 3. (left) crystal structure of (left) Co(hfac)(MBDTA), (2) and (r:fht)
Mn(hfac)2(MBDTA)2 (3 ]S ht), highlighting the orientation of the MBDTA radical
with respect to the M( g)z plane.

the hfac™ ligands, whereas the compressed M-N and M-O bond
lengthsin 1and 2 appear to favour the cleft in which the MBDTA
is located between hfac ligands. PXRD studies on 1, 2 and 3 (see
Figure S2) reveal no evidence for either species adopting the
alternative packing motif. The packing of 3 generates a
hexagonal packing motif (Figure 2) with channels of ca. 7.4 A
diameter with a hydrophobic interior made up of CF3 groups.
Taking into account the van der Waals radius of F (1.47 A), these
channels are very narrow and there was no evidence from the
crystal structure for inclusion of gas or solvent molecules within
the pores.

Variable temperature magnetic measurements on 1 reveal a
rapid decrease in T from 2.36 emu-K-mol?! at room
temperature down to 0.70 emu-K-mol* around 70 K where xT
forms a plateau (Figure 4). The value of xT decreases again
below 10 K to a value of 0.27 emu-K-mol* at 2 K. The general
decrease in the high temperature regime is consistent with
strong antiferromagnetic coupling between the two S = %
radicals and the octahedral Co(ll) ion which has a 4T term,
leading to an St = % spin ground state. In the low temperature
regime (T < 50 K) the data follow Curie-Weiss behaviour with C
=0.707 emu-K-mol-! (consistent with St =% and g =2.74) and a
Weiss constant 6 = -2.9 K. The large g value for complex 1
originates from the presence of unquenched orbital angular
momentum derived from the Co(ll) ion. Modelling the
temperature dependence of 1 in the high temperature region is
complicated by the significant single ion anisotropy associated
with the Co(ll) ion as well as substantial exchange coupling.
Nevertheless, the decrease in xT and subsequent plateau
observed for 1 in the high temperature region is comparable
with that reported by Murray and co-workers for an octahedral
Co(ll) complex bearing two S = % radicals.’® In the low
temperature region, the St =% ground state can exhibit no zero
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Figure 4. Temperature dependence of xT for 1. The dotted line is a guide for the
eye

field splitting and the Weiss constant (-2.9 K) reflects weak
intermolecular antiferromagnetic interactions. In order to
probe the nature of radical---radical exchange within these
complexes, we examined the magnetism of 2 in which the d°
Zn(ll) ion is diamagnetic. Complex 2 obeys Curie-Weiss
behaviour down to 30 K with C = 0.754 emu-K-mol* and 6 =-19
K, consistent with antiferromagnetic exchange between S = %
ions (C = 0.750 emu-K-mol? for g = 2.0). A plot of x vs T reveals
a maximum in x, around 9.0 K (Figure 4) and a one parameter fit
to the Bleaney-Bowers expression?® for two interacting S = %
spins (A = -2J5,8,) afforded J/k = -4.7(1) K (g fixed at 2.005). A
small increase in % in the low temperature region (T < 5 K) was
assigned to a small number of S = % defects in the lattice.

For complex 3, a plot of T vs T (Figure 5) reveals a room
temperature moment of 3.16 emu-K-mol?, considerably lower
than that expected for two non-interacting S=% and one S="5/2
spins (5.125 Strong
antiferromagnetic exchange interactions between S = 5/2 Mn(ll)

emu-K-mol?). intramolecular
and two S = % radicals would be expected to give rise to a
plateau for an St = 3/2 ground state around C = 1.875
emu-K-mol? (g = 2.0) but T decreases steadily upon cooling to
0.114 emu-K-mol? at 2 K. In the absence of significant single
ion anisotropy, the unexpected and continued decrease in XT
reflects the presence of additional, strong, intermolecular
antiferromagnetic interactions. An initial fit of the magnetic
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Fi%ure 5. Temperature dependence of 3 and xT for 2 with the dotted red line
reflecting the fit to the maximum in % vs T Bleaney-Bowers expression for two
interacting S = % species [g = 2.007 (fixed), J=-4.7(1) cm™].
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Figure 6. (top) Temperature dependence of ! for 3 with the dotted line reflectin

the fit to Curie-Weiss behaviour in the high temperature region; (bottom
temperature dependence of xT for 3 with the dotted line reflecting the best two-
parameter fit to the data (see text).

data using the simple isotropic exchange Hamiltonian A = -
2J[518; + §:83] (using fixed g values for Mn(Il) and DTA radicals
of 1.98 and 2.006, typical for these systems) proved inadequate,
predicting a plateau around T = 1.875 emu-K-mol1) consistent
with an St = 3/2 ground state. Including an additional exchange
term for intramolecular radical---radical interactions did not
improve the fit since this term is (a) likely small based on the
weak nature of radical---radical exchange in 2 and (b) only
enhances or suppresses the rate at which full population of the
St = 3/2 state is achieved and does not reflect the observed
decrease in T below that expected for an St = 3/2 ground state.
In the absence of significant spin anisotropy, the decrease in T
suggested the presence of substantial intermolecular exchange.
The inclusion of an additional mean field term (zJ') within PHI2?
provided a very good fit to the data across the entire
temperature range with J/k = -25.3(6) K and zJ)’/k = -9.1(1) K.
However, the similar magnitudes of the intra- and inter-
molecular exchange coupling suggest that consideration of the
magnetism of 3 as a simple isolated three-spin model is
inappropriate. In the limit where J’ >> J then antiferromagnetic
coupling between radicals the ligand
paramagnetism leading to weakly exchange coupled S = 5/2

would quench

spins in the low temperature regime which is not reflected in
the observed T data confirming the comparable nature of
intra- and inter-molecular exchange.

The weak nature of the intermolecular interactions in both 1
and 2 are in stark contrast to 3 and likely arises from the
different packing in isomorphous 1 and 2 (triclinic P-1) in
relation to 3 (trigonal R-3). Previous work by Preuss has shown
intermolecular exchange coupling between clusters via S*--O
contacts between DTDA radicals (where the S atom bears
substantial spin density) and hfac™ ligands (which bear a little
spin density) become important at low temperature.?2 In the
current series of complexes, both 1 and 2 exhibit close ‘edge-to-
edge’ S+++S contacts (3.558(1) A for 2) which are close to the
BDTA molecular plane (Figure S6), leading to rather poor orbital
overlap and may be expected to lead to modest exchange
coupling. Conversely in 3, the intermolecular S:**S contacts
comprise an out-of-plane T—m type contact at 3.611(4) A (Figure
S6), reflected in a much larger intermolecular exchange
coupling interaction associated with efficient SOMO-SOMO



interactions. Computational studies on these intermolecular
exchange couplings (ESI-6) confirm this perspective with near-
zero computed exchange coupling (Jinter = =1 cm) for the in-
plane contacts present in 1 and 2, but strong antiferromagnetic
coupling associated with the t---1t contact (Jinter = —360 cm1) in
3.

In summary,
monodentate donor to Lewis acidic M(hfac), complexes,
providing efficient magnetic exchange between m-based
radicals and metal d-based electrons. The manifestation of
substantial intermolecular exchange coupling in 3 augers well
for the construction of future materials in which the
propagation of efficient, through-space magnetic exchange
interactions may lead to bulk magnetic order.

we have shown that MBDTA acts as a
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