Solvent control in the synthesis of [Mn(NCS),(bpe),(H,0),] and
[Mn(NCS),(bpe), s(CH;OH)], (bpe = 1,2-bis(4-pyridyl)ethene):
structural analysis and magnetic properties
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The combined use of pseudohalides and N,N’-type flexible organic spacers represents an excellent strategy for the
preparation of extended systems in co-ordination chemistry. In this context, the formation of two Mn™-NCS-bpe
systems (bpe = 1,2-bis(4-pyridyl)ethene) of formula [Mn(NCS),(bpe),(H,0),] 1 and [Mn(NCS),(bpe), s(CH;0H)],

2 has been observed to be solvent-dependent. Both compounds were structurally characterised by means of X-ray
single crystal diffraction and IR spectroscopy. Compound 1 consists of monomeric units where the manganese(ir)
ions are octahedrally co-ordinated. Compound 2 exhibits zigzag chains where the octahedral manganese(11) ions are
alternatively bridged through N,N’-bpe and di-p-(1,3)-NCS groups. Magnetic susceptibility measurements for 2 were
consistent with the occurrence of weak antiferromagnetic coupling (J = —1.6 cm ') through the thiocyanate bridges.

Introduction

Over the last years a great effort has been devoted to the design
of supramolecular structures whose potential applications
involve very distinct fields from heavy constructions to micro-
circuitry.’™ One of the possible approaches to the preparation
of these compounds can be carried out from co-ordination
chemistry. In this research field, some of the great number of
reported high dimensional systems concern N,N’-bidentate
organic spacers such as pyrazine, 4,4'-bipyridine and other
related compounds.*™ Thus, exploring the distinct possibilities
in length and flexibility of these ligands has become an issue of
great interest.

Among the N,N’-organic ligands, 1,2-bis(4-pyridyl)ethene
(bpe) has been the focus of attention of several works.'*¢ Even
if the number of characterised bpe-based compounds is still
scarce, some of the results are remarkably interesting. Thus,
Real et al.'* obtained the [Fe(bpe),(NCS),]-CH;OH compound
consisting of two interpenetrated 2-D networks in which bpe
ligands perform as bridges. Zubieta and co-workers'® prepared
2-D and 1-D Cu™ bpe arrangements for 1:2 and 1: 1 metal: bpe
ratio, respectively. Additionally, bpe chains were obtained in
two Mn"-bpe-NCS compounds.'* On the other hand, the 1:1.5
metal:bpe ratio provides a ladder structure for a Co"bpe
system ' and and a zigzag chain for a Cd"-bpe one.'

O~p,

Among the distinct factors involved in the synthesis of these
compounds, the solvent has been reported highly to influence
the resulting frameworks. Thus, the presence of solvation
molecules in the co-ordination spheres can prevent a further
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extension of the structure, the monomeric '* [Co(H,0),(bpe),**
complex being illustrative of this point.

On the other hand, it is worth mentioning that the use of
pseudohalides such as thiocyanate (NCS™) in this type of co-
ordination compounds has usually been related to the prepar-
ation of magnetic systems.”” Obviously, for efficient magnetic
interactions to occur the pseudohalide should be acting as a
bridge between metallic centres. In this sense, it should be
pointed out that none of the above cited M-bpe-NCS
compounds exhibits M—NCS-M links but thiocyanate groups
perform as terminal ligands.

Taking into account the above mentioned aspects, this work
was focused on the preparation of bpe-based systems exhibiting
NCS bridges. Our preliminary results concern the synthesis
and magnetostructural characterisation of two manganese(ir)
compounds of general formula [Mn(NCS),(bpe),(H,0),] 1
and [Mn(NCS),(bpe), s(CH;0H)] 2 whose formation has been
observed to be solvent-dependent.

Experimental
Synthesis

Synthesis of compound 1 was carried out by mixing an aqueous
solution of MnCl,-4H,0O (0.5 mmol, 25 ml) with an aqueous
solution of NaNCS (2.5 mmol, 25 ml). After stirring for 1 h at
ca. 80 °C a methanolic solution of bpe (Immol, 50 ml) was
added. The resulting solution was left to stand at room tem-
perature after stirring for 8 h at ca. 80 °C. After several days,
prismatic, yellow, X-ray quality single crystals were obtained
(yield 15%). Synthesis of compound 2 was carried out under
similar conditions except that MnCl,-4H,0O and NaNCS were
previously dissolved in methanol. In this way, rhombic, yellow,
X-ray quality single crystals were obtained after 7 days (yield
23%). Elemental analysis and metal ion contents were in
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Fig. 1 An ORTEP?* view (50% probability) for complex 1.

good agreement with the C,H,,MnN,O,S, and C,H;sMnN;-
OS, stoichiometries for 1 and 2, respectively. Found (Calc.):
C, 54.5 (54.64); H, 4.3 (4.23); Mn, 9.5 (9.61); N, 14.9 (14.7); S,
11.2 (11.22) for 1; C, 53.3 (53.05); H, 3.9 (3.82); Mn, 11.8
(11.59); N, 15.0 (14.63); S, 13.0 (13.49)% for 2.

Physical measurements

Microanalyses were performed with a Perkin-Elmer 2400
analyser. Analytical measurements were carried out in an ARL
3410 + ICP-AES apparatus with a Minitorch. IR spectroscopy
was performed on a Nicolet 520 FTIR spectrophotometer in
the 4004000 cm™! region. Magnetic susceptibilities of pow-
dered samples were obtained in the temperature range 1.8—
300 K using a Quantum Design Squid MPMS-7 magnetometer,
equipped with a helium continuous-flow cryostat (H = 100 G).
The experimental susceptibilities were corrected for the
diamagnetism of the constituent atoms (Pascal tables).

Crystal structure determination

X-Ray measurements for compounds 1 and 2 were taken at
room temperature on an Enraf-Nonius CAD-4 diffractometer
with graphite-monochromated Mo-Ko, radiation (1=0.71073
A), operating in w20 scanning mode. Accurate lattice param-
eters were determined from least-squares refinement of 25 well
centred reflections. Intensity data were collected in the 0 range
1-30°. During data collection, two standard reflections period-
ically observed showed no significant variation. Corrections for
Lorentz and polarisation factors were applied to the intensity
values.

The structures were solved by heavy-atom Patterson methods
using the program SHELXS 97" and refined by a full-matrix
least-squares procedure on F? using SHELXL 97." Non-
hydrogen atomic scattering factors were taken from ref. 20. In
Table 1, crystallographic data and processing parameters for
compounds 1 and 2 are shown.

CCDC reference number 186/1890.

See http://www.rsc.org/suppdata/dt/b0/b000808g/ for crystal-
lographic files in .cif format.

Results and discussion
Structural analysis

The structure of complex 1 (Fig. 1) consists of neutral mono-
mers in which manganese(11) cations are octahedrally co-ordin-
ated to two bpe groups (by N1 and N3 atoms, respectively), two
terminal NCS™ ligands (by N5 and N6 atoms, respectively)
and two molecules of water (by O1 and O2 atoms, respectively).
The organic ligands occupy the axial positions while in the
equatorial ones the thiocyanate groups and the molecules of
water are cis-located. The Mn-N,,, distances (2.281 A on
average) are slightly longer than the Mn—Nycs ones (2.158 A,
on average), the Mn—O ones being intermediate (2.215 A, on
average). The MnN,O, octahedra exhibit a noticeable dis-
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Table 1 Crystal data and structure refinement for compounds 1 and 2

1 2
Formula C,H,uMnN,O,S, C,,H;zsMnN,0S,
M 571.57 475.46
Crystal system Monoclinic Triclinic
Space group P2,/c P1
alA 10.432(4) 8.807(2)
blA 12.851(5) 11.130(2)
clA 21.164(6) 12.972(1)
al® 114.50(1)
pr 96.82(2) 92.07(1)
y° 93.87(1)
UIA? 2817(2) 1151.3(3)
VA 4 2
ulem™ 6.50 7.76
Unique data 8184 6707
Observed data 8156 6707
R(R") 0.0429 (0.1144) 0.0481 (0.1594)

Table 2 Selected bond distances (A) and angles (°) for compound 1

Mn(1)-N(1) 2.277(2) N(@6)-C(26)-S(2)  178.9(2)
Mn(1)-N(3) 2.285(2) N(5)-Mn(1)-N(6)  104.85(8)
Mn(1)-N(5) 2.153(2) N(G)-Mn(1)-0(2)  85.25(8)
Mn(1)-N(6) 2.164(2) N(6)-Mn(1)-O(1)  89.52(7)
Mn(1)-0(2) 2.208(2) 0(2) Mn(1)-O(1)  80.33(7)
Mn(1)-O(1) 2.215(2) N(3)-Mn(1)-N(I)  90.38(7)
N(5)-C(25) 1.148(3) N(6)-Mn(1) N(I)  88.94(6)
C(25)-S(1) 1.621(2) 0(2)-Mn(1)-N(1)  89.22(6)
N(6)-C(26) 1.151(3) O(1) Mn(1)-N(1)  88.31(6)
C(26)-S(2) 1.627(2) N(G3)»-Mn(1)-N(3)  91.67(7)
N(6)-Mn(1) N(3)  88.91(7)
C(25)-N(5)-Mn(1)  168.1(2) 0(2)-Mn(1)-N(3)  92.62(7)
N(5)-C(25)-S(1) 179.3(2) O(1) Mn(1)-N(3)  90.12(6)
C(26)-N(6)-Mn(1)  152.42) N(1)-Mn(1)-N(3)  177.35(6)

tortion on the equatorial angles. For instance, Nycs—Mn—
Nyes (104.85(8)°) and O-Mn-O (80.33(7)°) angles remarkably
deviate from 90°. Table 2 displays a selection of the structural
parameters for 1.

The structure of complex 2 (Figs. 2 and 3) consists of zigzag
chains extending along the [010] direction where the mangan-
ese(11) ions are alternatively bridged by double end-to-end-NCS
and N,N’-bpe bridges. The intermetallic distances through
NCS™ and bpe are 5.872 and 13.901 A, respectively. The
octahedral co-ordination sphere around manganese(1) consists
of two bpe groups, three thiocyanate ligands and one molecule
of methanol. Two N-co-ordinated thiocyanate groups occupy
two of the trans-equatorial positions, the N4-co-ordinated
one as a terminal and the N5-bonded one as an end-to-end
bridge. On the remaining trans-equatorial sites, a terminal bpe
(N2-chelated) and a bridging bpe (N1-chelated) can be found.
The axial positions are occupied by the S2-co-ordinated end-
to-end thiocyanate group and the Ol-bonded molecule of
methanol.
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Fig.2 An ORTEP view (50% probability) for complex 2. The position of C12 and C13 atoms has been split into two, A and B (with multiplicities of

0.5), for a better structural resolution.

Fig. 3 View of the zigzag chains for complex 2.

Table 3 Selected bond distances (A) and angles (°) for compound 2

Mn(1)-N(4) 2.159(3) C(21)-0(1)-Mn(1)  131.1(3)
Mn(1)-N(5) 2.182(3) N@)-Mn(1)-N(1)  91.90(12)
Mn(1)-O(1) 2.186(3) N(G5)»-Mn(1)-N(1)  90.83(12)
Mn(1)-N(1) 2.271(3) O()-Mn(1)-N(1)  91.60(11)
Mn(1)-N(2) 2.286(3) N@)-Mn(1)-N@2)  88.57(13)
Mn(1)-S(2i) 2.753(1) NG)-Mn(1)-N(2)  88.64(13)
N(#)-C(19) 1.149(5) O()-Mn(1)-N(2)  91.35(11)
C(19)-S(1A) 1.63(1) N@)-Mn(1)-S2i)  87.71(10)
C(19)-S(1B) 1.61(1) N(5)»-Mn(1)-S(2i)  91.09(9)
N(5)-C(20) 1.158(4) O(1)-Mn(1)-S(2i)  178.46(9)
C(20)-8(2) 1.637(3) N()-Mn(1)-SQ2i)  87.28(8)
S(2)-Mn(1i) 2.754(1) N(@2)-Mn(1)-S(2) 89.76(8)
O(1)-C(219) 1.400(5) C(19)-N@)-Mn(1)  160.8(3)
N@#)-C(19)-S(1A)  171.4(6)
N@)-Mn(1)-O(1) 93.4(1) N(@#)-C(19)-S(1B)  172.6(6)
N(5)-Mn(1)-O(1) 87.9(1) C(20)-N(5)-Mn(l)  165.4(3)
C(20)-S(2)-Mn(li)  100.5(1) N(5)-C(20)-S(2) 178.7(3)

Symmetry transformations used to generate equivalent atoms: (i) —x,
-y+1, —z

Table 3 shows some selected structural parameters for com-
plex 2. As can be observed, all the bond distances are typical
for manganese(u) octahedral compounds. Thus, the Mn-O
2. 186(3) A) distance is intermediate between the Mn— —Nppe ONES
(2.278 A) and the Mn— Niprigge-ncs 0nes (2.170 A). 1t is also worth

mentioning that, while the Mn—Nyqgepe distance (2.271(3) A)
is slightly shorter than the Mn— ~Nierminal- bpe ONE (2.286(3) A), the
Mn—Nyiggencs distance (2.182(3) A) is slightly longer than
the Mn—N,minancs 0ne (2.159(3) A). It should also be noticed
that the long Mn-S distance (2.753(1) A) provides a noticeable
distortion on the axial sites. Additionally, data in Table 3 also
show that the angles in the [MnN;O] octahedra are very close to
the ideal ones.

Solvent control in the synthesis of Mn—bpe-NCS systems

As concluded from the structural analysis, there are significant
differences between complexes 1 and 2 related to the use of
distinct solvents. Thus, 1 exhibits both N-bonded thiocyanate
groups and both molecules of water in cis co-ordination which
leads to a remarkable distortion on the equatorial plane (O, eer—
Mn-O,,, angle is 80°). Compound 2 just has one molecule of
solvent in the co-ordination sphere suggesting that the form-
ation of the Mn-Sycs bonds takes place by substituting a
molecule of methanol. On the other hand, the final disposition
of the MnN, xcsOmenanaS Unit for 2 indicates that the substi-
tuted molecule of methanol and the remaining one were trans-
bonded. The latter could be attributed to the greater steric
impediment caused by the methanol molecules in relation to the
water ones. Thus, the polymerisation observed for 2 could be
explained by this frans disposition as it seems to favour the
approach between metallic centres to form Mn-S bonds.
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55 + 30exp(10x) + 14exp(18x) + Sexp(24x) + exp(28x)

= 1
#im 3kT [11 + 9exp(10x) + 7exp(18x) + Sexp(24x) + 3exp(28x) + exp(30x)] 0

Table 4 Characteristic bands in the infrared spectra (400-4000 cm ')
for bpe and compounds 1 and 2

bpe 1 2
Thiocyanate, v(CN) 20771 2107, 2059i
Pyridyl ring stretching, v(C=C) 15951 16061 16041
W(ArC-C, C=N) 14081 1415m 1433m
Pyridyl ring breathing, J(ArC-H) 1984 1014m 1031m
Pyridyl out of plane bending, 822i 829m 829m
v(ArC-H)
Pyridyl ring in plane vibration 532i 561m 553m
i = Intense, m = medium.
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Fig. 4 Thermal variation of y,7 and y~' for complex 2 and their
corresponding theoretical curves.

Julve and co-workers'* have also reported two Mn-NCS—
bpe-CH;0OH compounds, their synthesis having been carried
out by slow diffusion in an H-tube glass vessel. Both systems
exhibit trans-MnN; xcsOs methanot UNItS (as the presumed precur-
sor for 2) which linearly polymerise through Mn—N,N’-bpe—
Mn-N,N’-bpe links. The Mn:bpe ratio referred to the co-
ordinated bpe groups is 1:1 for both compounds. One of the
compounds, however, accommodates a second molecule of bpe
per metal ion as a template. Thus, 2 has also been prepared in
methanol from a 1:2 Mn:bpe mixture. However, its structure
just contains 1.5 molecules of bpe and 1 molecule of solvent
per metal atom, due to the formation of NCS bridges which
are not present in the two compounds reported by Julve and
co-workers.

The three Mn"-bpe-NCS-CH,;OH compounds reported so
far can be considered to come from the precursor Mn(NCS),-
(CH;0H), which undergoes trans substitution of two co-
ordinated solvent molecules by two bridging bpe groups. The
same type of precursor can be proposed to give rise to the Fe—
bpe-NCS-CH,OH system cited above * in which the methanol
acts as a crystallisation molecule. In this compound the four
molecules of solvent have been substituted by bridging bpe
groups, giving rise to a 2-D network. The fact that at least one
molecule of solvent remains co-ordinated in the manganese(1r)
systems, as a result of the high affinity of Mn™ for oxygen,
clearly limits the further extension of the structure.

IR spectroscopy

A summary of the most important IR bands corresponding to
compounds 1 and 2 together with their tentative assignment?
is given in Table 4. As can be seen, 1 exhibits an absorption at
2077 cm™! that corresponds to the asymmetric stretching mode
of the C=N bond for N-bonded thiocyanate. For 2, two IR
bands have been found in this region (2059 and 2107 cm™?) as
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expected for N,S-bonded thiocyanate. The absorptions corre-
sponding to the organic ligand, on the other hand, are slightly
shifted to higher frequencies (in relation to the free bpe) for
both compounds 1 and 2.

Magnetic properties

Compound 2 was magnetically characterised through measure-
ments of the thermal variation of the magnetic susceptibility
Xm- Thus, the experimental y, values continuously increase
upon cooling, from 15.53 x 107 cm® mol™! at RT. Magnetic
data are displayed in Fig. 4 plotted as the thermal variation of
xmT and x,,~'. As can be seen, the y,,7 magnitude continuously
decreases upon cooling from 4.2 cm® K mol™! at RT towards
%mT = 0. On the other hand, the thermal variation of y,,”" indi-
cates that the Curie—Weiss law is followed down to 40 K. The
calculated values of C,=4.384 cm® K mol ™ and g=2.00
are typical for octahedrally co-ordinated Mn".>* The Weiss
temperature is 0 = —11.27 K.

These results are indicative of the occurrence of moderate
antiferromagnetic coupling between metallic centres. Even if
the structure for complex 2 is 1-D, the long pathway through
the organic ligand (13.901 A) clearly suggests that the bulk
magnetic behaviour of 2 should be mainly attributed to the
dimeric exchange coupling through thiocyanate groups. There-
fore, for the theoretical treatment of the experimental data, the
Van Vleck dipolar coupling model* has been used, eqn. (1)
being the expression for the susceptibility per metallic cation
(scaled for S =5/2), where x = J/kT, N and k are the Avogadro
and Boltzmann constants, respectively, and f is the Bohr mag-
neton. Preliminary attempts at fitting the experimental data by
means of eqn. (1) were not completely satisfactory. Thus, the
generated theoretical y,,, curve exhibits a maximum at low tem-
peratures which has not been experimentally observed. The
absence of a maximum in the experimental y,, values could be
attributed to the presence of a paramagnetic impurity in the
measured sample whose contribution (J) was evaluated through
eqn. (2), where y,,, corresponds to eqn. (1). The best fit param-

- NEFS(S +1) 2

eters obtained by means of eqn. (2) have been calculated to be
J=—-1.6cm™ !, g=2.00 and § = 0.053. As can be seen in Fig. 4,
the agreement between the theoretical and the experimental
curves is excellent confirming the occurrence of weak antiferro-
magnetic coupling.

Magnetostructural correlations

The weak character of the magnetic coupling associated to the
di-p~(1,3)-NCS bridges has been related to the fact that the
most probable disposition of both thiocyanate groups is that
corresponding to S and N atoms occupying axial and
equatorial positions, respectively. This ideal disposition pro-
vides the accidental orthogonality of the MO * built up from e,
metallic orbitals minimising the antiferromagnetic component
of the global J constant. It is worth mentioning that most of
the reported compounds exhibiting di-p-(1,3)-NCS pathways
concern copper(1) ***” and nickel(1r) *** cations for which the e,
are the only “magnetic” orbitals. Even if for d>7 systems the t,,
orbitals should also be considered; the general trend predicted
for d® and d° systems could be thought qualitatively to be valid
for manganese(1) systems. Thus, the weak antiferromagnetic
coupling observed for 2 (J=—1.6 cm™") is in total agreement
with the theoretical previsions considering the slight deviation
of the bridge angles from those leading to the accidental



a, i

orthogonality (N-C-S, C-S-Mn, S-Mn-N and Mn-N-C
angles are 178.7, 100.5, 91.1 and 165.4°, respectively).

Unfortunately, no information has been found concerning
other di-p-(1,3)-NCS-bridged manganese(1) systems with the
exception of the [Mn(OPPh;),(NCS),], dimer reported by
Al-Farham et al®® characterised by square pyramidal co-
ordination spheres around Mn™. A J exchange constant of
—1.5 cm™! has been reported for this compound which exhibits
bridge angles (N-C-S, C-S-Mn, S-Mn-N and Mn-N-C
178.6, 104.6, 86.4 and 167.0°, respectively) close to those found
for 2.

Conclusion

The stabilisation of the co-ordination sphere around man-
ganese(11) ions by using appropriate ligands has led to the prep-
aration of a 1-D compound (2) exhibiting bpe and thiocyanate
bridges. As far as the authors are aware, 2 represents not only
the first Mn"—bpe system exhibiting intermetallic connections
through thiocyanate bridges but also the second example of
di-p-(1,3)-NCS bridged manganese(i1) compound.

The solvent has been observed to play a crucial role in the
synthesis of all the M™-bpe-NCS compounds reported so
far. Thus, the size of the solvent molecules as well as the
chemical affinity between the solvent and the metal ion are
aspects seriously to be considered for further research in this
area.

Compound 2 exhibits a weak antiferromagnetic character
which has theoretically been interpreted in terms of dipolar
magnetic exchange through the thiocyanate bridges. This mag-
netic behaviour is consistent with the structural features related
to the di-p-(1,3)-NCS-bridged units as they are slightly deviated
from those leading to accidental orthogonality between MOs.
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