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Reactions between the metal(ir) salts [M(CH3CN),J(BF4), (M = Fe, n =

6; M = Mn,n = 4)

and some organic anionic polynitriles were studied. With the pentacyanopropenide anion pcp ™
[pcp™ = (NC),CC(CN)C(CN), ], were obtained, according to the experimental conditions, the
new complexes [M(pcp)>(H,O)4] (1, M = Fe; 2, M = Mn) and [M(pcp),] (3, M = Fe; 4 = Mn).
Use of the hexacyano-3,4-diazahexadienediide anion [(NC),CC(CN)NNC(CN)C(CN),?] instead
of pcp™ did not afford polynitrile metal complexes but led to a new organic derivative 5, of
formula C;yNgH,. Crystallographic studies indicated that the isostructural compounds 1 and 2
involve discrete monomeric units with pcp ligands acting with a monodentate coordination mode

and having the metal in a pseudooctahedral trans-MN,O4 environment; however, a rich hydrogen
bond system gives rise to a 3D array. Complex 3, which presents metal in a pseudooctahedral

MNg environment, has a 3D structure arising from pcp ligands having an unprecedented

ps-coordination mode. Compound 5 is a bicyclic derivative with a pyrazolo[1,5-a]pyrimidine

skeleton. In all derivatives, the organic part is essentially planar and involves a strongly

delocalized © system. The magnetic properties of the inorganic complexes have been studied in the
2-300 K range. Fit of the magnetic data indicates high spin complexes with weak
antiferromagnetic interactions in 2, 3 and 4 and the presence of a significant zero field splitting of

the Fe(mr) ion in 1.

Introduction

Organic polynitrile derivatives are fascinating units since,
associated with inorganic entities, many of them may lead to
a wide variety of molecular arrangements that mostly display
significant physical properties in the field of magnetism and
electrical conduction.'™®

Among these polynitrile units, the highly conjugated cya-
nocarbanions or azacyanocarbanions, synthesised from tetra-
cyanoethylene TCNE (Scheme 1)],”® catch our attention * '
for geometrical and electronic reasons: (i) despite the presence
of various CN groups, their geometry precludes the possibility
of a chelate coordination mode and they can only act as
bridging ligands affording polymeric compounds, and (ii)
association of the « electronic system of the CN groups with
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the © system of the skeleton induces high electronic delocalisa-
tion and should allow transmission of electronic effects be-
tween the metal centers.

Following these general arguments, our objective is to examine
the ability of these organic ligands to create a range of 1D, 2D
and 3D polymeric assemblies. In this paper, we present some
results obtained with the pentacyanopropenide [pcp~ =
(NC),CC(CN)C(CN), ] and the hexacyano-3,4-diazahexadiene-
diide [(NC),CC(CN)NNC(CN)C(CN),>~ = C;,Ng>7] anions.
While results concerning the latter remain scarce],”'? previous
studies have shown that, in inorganic derivatives, the pcp group
is a very versatile moiety which may act either as a simple
counterion or as a N ligand able to present different coordination
modes.'*1>2! As for example, while it acts in complexes
[M(pcp)(PPhs);] (M = Cu, Ag) as a unidentate ligand,'® it
presents - and py-coordination modes in [M(pcp)(PPhs),]
(M = Cu, Ag) and [Ag(pcp)], respectively.'®*2° We report herein
the syntheses, crystal structures and magnetic properties of new
Fe(11) and Mn(11) derivatives of formula [M(pcp)>(H,0),] and
[M(pcp)s]. Similar reactions using the C;oNg>~ anion (Scheme 1)
instead of pcp~ did not afford polynitrile metal complexes but
interestingly led to a new organic derivative, of formula
CoNgH,, whose structure, built on a pyrazolo[1,5-a]pyrimidine
skeleton, is also presented on the basis of crystallographic results.
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Experimental
General

Solvents were distilled using standard techniques and were
thoroughly deoxygenated before use. Elemental analyses were
performed by the “Service Central d’Analyses du CNRS”,
Vernaison, France. IR spectra were obtained with a Nicolet
Nexus spectrometer (KBr pellets). ESR spectra were run on a
Bruker Elaxys spectrometer (X-band). The starting materials
[Fe(CH;CN)gI(BF4),.>  [Mn(CH;CN)4I(BF,),,”  EuN
(CsN5)”!3 and (Et,N)»(CoNg)”!? were prepared as described
in the literature.

Syntheses and general characterizations

Compounds [M(CgNs),(H,0)4] (M = Fe, 1; M = Mn, 2)

[FE(CgNj)Z(H20)4] (1) . Addition of Et4N(C8N5) (301 mg,
1.02 mmol) to an acetone solution (50 mL) of
[Fe(CH3CN)g](BF4), (200 mg, 0.42 mmol) afforded a red
solution. After reflux (ca. 18 h), the solution was kept at
—20 °C overnight. After evaporation, the solution was reduced
to dryness under low pressure. The resulting orange solid was
then dissolved in methylisobutylketone (30 mL); slow diffusion
of hexane in this solution afforded red single crystals suitable
for X-ray analysis. Yield 30 mg (15%). Found: C, 41.3; H, 1.8;
N, 30.6%. Calc. for C;cHgFeN;(O4: C, 41.8; H, 1.8 N, 30.4%.
Vmax/em ™! 3420s,br (OH), 2239w and 2215s (CN), 1644m
(OH),1506s.

[Mn(CgNs)>(H>0),] (2). An essentially similar procedure
was followed using [Mn(CH3;CN),](BF4), (260 mg, 0.66 mmol)
and Et;N(CgNs) (392 mg, 1.32 mmol) in an EtOH-H,O
mixture (60 + 3 mL) (reflux for ca. 72 h). The resulting solid
was dissolved in acetone; slow diffusion of hexane in this
solution afforded orange single crystals suitable for X-ray
analysis. Yield 125 mg (31%). Found: C, 41.0; H, 1.8; N,
29.8.%. Calc. for C(HgMnN;,: C, 41.8; H, 1.8 N, 30.5%.
Vmax/em ™! 3407 vs, br (OH), 2251vw, 2228sh, 2209s (CN),
1625m, 1504s.

Compounds [M(CgNs),] (M = Fe, 3; M = Mn, 4)

[Fe(CgNs)>] (3). This reactions was carried out in a dry
box with reactants carefully dried under vacuum before use.
To dichloromethane (25 mL) were added [Fe(CH3CN)4](BF,),
(100 mg, 0.21 mmol) and Et4N(CgNs) (125 mg, 0.42 mmol).

After stirring at r.t. for ca. 14 h, the resulting precipitate was
filtered, washed with dichloromethane (2 x 10 mL) and dried
under vacuum. Yield: 45 mg (75%). Orange single crystals
were obtained by slow diffusion of hexane in an acetone
solution of this solid; they quickly decompose due to a strong
affinity towards water. Found: C, 48.4; H, 0.7, N, 33.1%. Calc.
for CigFeNyo-0.25(CH3),CO-0.75H,0: C, 48.3; H, 0.7; N,
33.7%. Umax/em ™! 2237sh and 2213s (CN), 1506s.

[Mn(CgNs)>] (4). Similar procedure starting from
[Mn(CH3CN)4](BF4), (250 mg, 0.64 mmol) and Et4N(CgNs)
(382 mg, 1.29 mmol). 4 was obtained as yellow microcrystals
but all attempts to obtain crystals suitable for X-ray studies
failed. Yield 150 mg (60%). Found: C, 46.6; Mn, 12.6; N,
32.2%. Calc. for CI(,MHNI() . 05CH2C12 C, 461, Ml’l, ]28, N,
32.6%. Vmax/cm ! 2234w, 2219s (CN), 1505s.

Compound C;yNgH> (5). CH,Cl, (30 mL) was poured in a
flask containing [Fe(CH3CN)g](BF,4), (207 mg, 0.44 mmol)
and (Et4N)>(CsNjg) (209 mg, 0.44 mmol). The mixture was
stirred at r.t. overnight. The suspension color varied from
bright orange to brown. After decantation, the dichloro-
methane solution was filtered off and the dark brown solid
was washed three times with CH,Cl, (3 x 10 mL). The organic
crops were collected altogether, washed with water in a
separating funnel and then were dried over MgSQOy. Dichloro-
methane was removed under low pressure. The resulting
yellow powder was filtered and dried under vacuum. Yield:
29 mg (29%). Single crystals of 5 were obtained by recrystalli-
sation either in dichloromethane or acetone. Found: C, 51.9;
H, 22, N, 42.7%. Calc. for ClonNg 05(CH3)2CO C, 524,
H, 1.9; N, 42.6%. Upayx/em ™' 3382m, 3332m, 3244m, 3207m
(NH), 2239s (CN). ¢ (100 MHz; (CDj3),CO) 84.4 (C6), 98.2
(C2), 108.7, 110.4, 111.2, 111.4 (C7-C10), 128.3 (C3), 134.2
(C5), 152.1 (C4), 157.2 (C1). The labeling of the carbon atoms
in is that given in Fig 7.

Crystallographic data and structure determinations

Single crystals of 1, 3-0.5(CH3),CO, 5 and 5-(CH3;),CO
suitable for X-ray studies were mounted on an Oxford Dif-
fraction Xcalibur diffractometer; 2 was studied using a Nonius
Kappa CCD diffractometer. The unit cell determinations
and data collections were carried out with Mo-Ka radiation
(4 = 0.710 73 A).

For compound 2, the measured intensities were reduced
with the DENZO program.>® The structure was solved via
direct methods with SHELXS97 and further refined with full-
matrix least-squares methods (SHELXL97) based on |F?|.%*
All non-hydrogen atoms were refined with anisotropic thermal
parameters. The hydrogen atoms in 1 and 2 were found from
difference Fourier maps and isotropically refined. However for
1, OH bond lengths were constrained.

For compounds 1, 3-0.5(CH;),CO, 5 and 5 - (CH3),CO, the
unit cell determination and data reduction were performed
using the CrysAlis program suite >° on the full set of data. The
structure was solved with either SIR-97 software’® or
SHELXS97 and refined using the SHELXL97 program.**
Both software were used within the WINGX package.?’
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For 3-0.5(CH3),CO, a small crystal (0.15 x 0.15 x 0.1
mm?®) was used to collect the full sphere of data. In order to
isolate it from wet air, it has been immersed in a drop of
Nujol®™ before being cooled down to 170 K. In these condi-
tions, the crystal provided a weak, but usable, diffraction
pattern. The full sphere data collection was then performed
using 0.75° p-scans and w-scans with an exposure time of 40 s
per frame. No absorption correction was needed owing to the
low absorption coefficient. The relatively high R;, value and
consequently high R and wR2 quality factors are very likely
due to the bad quality of the crystal which is air sensitive and
to the presence of a distorted solvent molecule within the
structure. The acetone molecule shows two statistical positions
(the C atom of the carbonyl group acts as an inversion centre)
with an occupancy factor of 1/4; in this way, the acetone
molecule alternates both positions every four cells. The hydro-
gen atoms of this molecule were not introduced in the refine-
ment. Crystallographic data and final discrepancy factors are
gathered in Table 1.

CCDC reference numbers 610446-610450.

For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b605030a

Magnetic measurements

The solid state magnetic susceptibility measurements were
carried out on powder samples using a Gouy balance (Johnson
Matthey) at room temperature. Variable temperature suscept-
ibility measurements were carried out in the temperature range
2-300 K at an applied magnetic field of 0.1 T on polycrystal-
line samples with a Quantum Design MPMS-XL-5 SQUID
magnetometer. The susceptibility data were corrected for the
sample holder previously measured using the same conditions
and for the diamagnetic contributions of the salt as deduced
by using Pascal’s constant tables.

Results and discussion
Syntheses and characterization of the inorganic complexes

Reactions of the tetracthylammonium salt of the pentacyano-
propenide anion [pcp- = (NC),CC(CN)C(CN), ] (Scheme 1)
with different acetonitrile first-row transition metal complexes
[M(CH;CN),J(BF4)> (M = Mn, Fe, Ni and Cu) were studied. In
all cases, metathesis reactions associated with the bonding of the
anion to the metal centre occurred as clearly evidenced by IR
analyses (vide infra). While problems were encountered with the
purification of the Ni and Cu derivatives, new compounds were
obtained with Mn and Fe. According to the experimental
conditions (Experimental section), hydrated [M(pcp),(H>O)4]
(1, M = Fe; 2, M = Mn) and non-hydrated [M(pcp),] com-
plexes (3, M = Fe; 4 = Mn) were obtained. The IR spectra of
compounds 14 clearly exhibit the usual vcn vibration bands
typical of the cyano groups in the 2100-2300 cm™' range;
significant increases in the wavenumbers with respect to the
anion (2239 and 2215 cm™! for 1, 2201 cm ™! for Et;N(CsNs))
indicate coordination of the polynitrile unit to the metal cen-
tre.?® The IR spectra of hydrated complexes 1-2 also exhibit
absorption bands arising from the presence of water (at ca. 3400
and 1640 cm ™!, respectively for voy and Syon).

Crystal structures of the inorganic complexes

The metal environment. Compounds 1 and 2 are isostruc-
tural; both crystallise in the monoclinic system, space group
P2,/c (Table 1). In each case, the asymmetric unit consists of
one metallic atom located on a special position (000), a
polynitrile unit and two water molecules in general positions.
This leads to a centrosymmetric [M(CsNg)>(H,0),] molecule,
in which the metal presents a pseudo-octahedral coordination
arising from a [(CN),CC(CN)C(CN),] ligand which acts with
a monodentate coordination mode (Fig. 1). The deformation

Table 1 Crystal data and structure refinement for compounds 1, 2, 3-0.5(CH;),CO, 5 and 5 - (CH;),CO

1 2 3-0.5(CH;),CO 5 5-(CH;),CO
Empirical formula C16H3F6N1004 le,HgMan()O4 C17_5H3FCN100()_5 Cl()HzNg C|3H8N80
M 460.17 459.26 414.13 234.2 292.27
Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic Orthorhombic
Space group P2y/c P2y/c Pbca P2,/n P2,2,2,
alA 5.4044(6) 5.4059(2) 11.140(3) 8.852(2) 6.352(2)
b/A 10.449(2) 10.5483(3) 11.497(3) 6.552(2) 13.906(3)
c/A 17.448(2) 17.5513(7) 16.854(4) 19.107(5) 19.582(3)
Bl°. 91.73009) 91.522(2) 90 96.48(2) 90
V/A3 984.8(2) 1000.48(6) 2158.6(9) 1101.0(5) 1464.9(5)
V4 2 2 4 4 4
D /g cm ™3 1.552 1.525 1.284 1.413 1.325
w/mm ! 0.813 0.707 0.723 0.099 0.094
F(000) 464 462 832 472 600
T/K 170(2) 120(2) 170(2) 293(2) 293(2)
0 Range/® 3.77-33.15 3.77-30.47 3.51-21.93 3.75-23.26 3.18-25.06
hkl! Ranges —7-8; £15; —=26-25 +7; —14-12, £24 +11; —11-12; —17 —13  49; -6-7; —21-20 —7-6; £16; —19-14
Reflect. col./unique, R(int) 10663/3475 4250/2597 10446/1305 6054/1577 5457/1241

0.0377 0.0275 0.1524 0.0531 0.0495
Completeness to 0 33.15 92.6% 30.47 85.4% 21.93 99.5% 23.26 99.7% 25.06 81.3%
Data/restr./param. 3475/6/158 2597/0/159 1305/0/137 1577/0/163 1486/0/200
Goodness-of-fit on F> 1.052 1.034 1.362 1.066 0.929

Fin. R [I > 20(])] R1; wR2 0.0363; 0.0941
Large. diff. peak and hole (e A™%) 0.606 and —0.354

0.0392; 0.0842
0.361 and —0.676

0.1222; 0.2384
0.674 and —0.411

0.0492; 0.1122
0.157 and —0.143

0.0400; 0.0549
0.104 and —0.102
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Fig. 1 ORTEP representation of the structure and atomic labeling
scheme in compound 2. Thermal ellipsoids are drawn at the 50%
probability level.

of the trans-MN,0O, octahedral is slightly more important in
the Mn derivative 2 than in the Fe derivative 1 with, in both
cases, one of the MO bond, MO2, with a length essentially
similar to that of the MN bond and the other MO bond
shorter (Table 2). All bond lengths are close to those found in
the isomorphic compounds [M{N(CN),},(bpym)(H,O)] (M =
Fe, Mn; bpym = 2,2-bipyrimidine) (bond lengths: FeN
2.097(4) and 2.125(5), FeO 2.126(4) A, the equivalent bond
lengths with Mn being ca. 0.05-0.07 A longer).”

Despite the air sensitivity of compound 3-0.5(CH;),CO and
the presence in the cell of disordered acetone, the crystal data
collected are of sufficient quality allowing to get the main
molecular features of the structure (see Experimental section).
The crystals were analysed as belonging to the orthorhombic
space group Pbca. The asymmetric unit consists of one metal
atom lying on an inversion centre, one polynitrile in the general

Table 2 Selected bond lengths (A) and bond angles (°) for
[Fe(CgNs5)(H20)] 1, [Mn(CgNs)(H20)g] 2 and  [Fe(CgNs)y] -
0.5(CH;),CO 3

1 2 3
M-N(1) 2.129(2) 2.205(1) 2.11(1)
M-0(1) 2.109(2) 2.144(1)

M-0(2) 2.136(2) 2.224(1)

Fe-N(4) 2.16(1)
Fe-N(5) 2.12(1)
C(1)-C(2) 1.408(2) 1.404(2) 1.37(2)
C(1)-C(4) 1.411(2) 1.419(2) 1.45(2)
C(1)-C(5) 1.418(2) 1.425(2) 1.42(2)
C(2)-C(3) 1.384(2) 1.389(2) 1.41(2)
C(2)-C(6) 1.456(2) 1.449(2) 1.47(2)
CB3)-C(7) 1.4212) 1.422(2) 1.43(2)
C(3)-C(8) 1.426(2) 1.425(3) 1.40(2)
O(1)-M-N(1) 94.20(4) 94.80(5)

O(1)-M-0(2) 91.54(4) 91.55(5)

N(1)-M-0(2) 92.04(4) 92.49(5)

N(1)-Fe-N(4) 93.4(3)
N(1)-Fe-N(5) 90.6(4)
N(4)-Fe-N(5) 91.2(3)
C2)-C(1)-C(4) 118.7(2) 119.1(1) 121(1)
C(2)-C(1)-C(5) 124.02) 124.1(1) 124(1)
C(@)-C(1)-C(5) 117.22) 116.8(2) 115(2)
C(1)-C(2)-C(3) 129.8(2) 129.8(2) 130(2)
C(3)-C(2)-C(6) 115.4(2) 115.52) 115(1)
C(1)-C(2)-C(6) 114.8(2) 114.6(2) 115(2)
C(2)-C(3)-C(7) 123.02) 123.02) 123(1)
C(2)-C(3)-C(8)) 120.2(2) 120.4(2) 121(1)
C(7-C(3)-C(8 116.7(2) 116.4(2) 115(1)

position and acetone (1/4 molecule) disordered around an inver-
sion centre. The iron atom presents a pseudo-octahedral M Ny
coordination, the six nitrogen atoms arising from six different
polynitrile units (Fig. 2). The FeN bond lengths, from 2.112(9) to
2.16(2) A, are in agreement with a high spin Fe(ir) ion.*

The molecular structures. In complexes 1 and 2, careful
examination of the intermolecular distances clearly reveals a
rich hydrogen bond system involving aqua and organocyanide
ligands (Table 3). The resulting connections of independent
molecules gives rise to a 3D array as shown in Fig. 3 for 2. The
shortest metal-metal distances match the crystallographic
parameter a (5.40 A).

In complex 3, the poly bridging coordination mode of the
pep ligand affords a 3D structure arising exclusively from
covalent bonds (Fig. 4). This leads to a 3D network in which
each Fe atom is linked to four Fe as first neighbours and eight
others as second neighbours (Fe---Fe distances 8.004 and
10.101/10.201 A, respectively); the shortest Fe-Fe distances
are associated to NCCCN bridges (N4-C7-C3-C8-N5), the
other ones to NCCCCCN bridges (N1-C4-C1-C2-C3-C7/
8-N4/5). The structure of 3 may be described as successive
planes in the [001] direction. These planes perfectly contain the
Fe ions in a roughly square arrangement; these ions [Fe- - -Fe
interdistance ca. 8.0 1&] are linked by pcp ligands acting via
their N1 and N2 atoms. These planes are linked by pcp ligands
via their N5 atoms [interplanar Fe---Fe interdistance ca.
10.2 /OX]. The crystal structure analysis reveals the presence of
a distorted acetone molecule (see Experimental section); the
relatively weak interactions between this molecule and the
polynitrile unit (shortest intermolecular contacts around
3.5 A) could explain the molecule disorder as well as the
damage to the crystal on exposure to air.

The pcp ligands. As clearly described above, despite its five
potentially bridging nitrile group, the pcp™ ligand shows only
a monodentate coordination mode in compounds 1 and 2 and
a ps-coordinating mode in compound 3. Despite these differ-
ences, and although a pointed discussion of the structural
parameters for 3 is not possible for the reason given above,
this organic ligand roughly presents similar features in com-
pounds 1-3. In compounds 1 and 2, the ligand is almost planar
(maximum of deviation from mean plane for the N4 atom in
1: —0.076 A). The central C1C2C3 system, which obviously
contains three sp> hybridised atoms, presents almost equiva-
lent CC bonds in which the lengths (1.408(2) and 1.384(2) for
1; 1.404(2) and 1.389(3) for 2) indicate essentially similar
degrees of multiplicity (Table 2). The electronic delocalisation
affects the whole organic fragment as evidenced by four
CC(N) bond lengths for the C(CN), fragments in the range
1.41-1.43 A and a central CC(N) bond length ca. 1.45 A. The
n system clearly also involves the CN groups for which it is
noteworthy that, as usually observed with such polynitrile
ligands, coordination does not deeply affect the CN bond
length, the coordinated CN bond length [1.147(2) and 1.148(2)
A, respectively, for 1 and 2] being close to those found for the
uncoordinated ones [in the range 1.138(2)-1.146(2) and
1.150(2)-1.155(3) A, respectively for 1 and 2].
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Fig.2 (a) ORTEP representation with atoms shown at the 50% probability level and (b) the original p;-coordination of pcp ligand in compound

3.0.5(CH,),CO.

Magnetic and ESR measurements

The magnetic properties for compounds 1, 2, 3 and 4 (see
Table 4) have been studied in the temperature range 2-300 K.
These compounds present roughly similar behavior that are
displayed in Fig. 5 as the thermal dependence of y,,7 product,
where y,, is the magnetic susceptibility per formula unit (1 mol
of metal ion).

The room temperature y,,, 7 values (3.20, 4.32, 3.37 and 4.33
emu K mol~! for 1, 2, 3 and 4, respectively) are in good
agreement with the expected values for magnetically isolated
high-spin ions with g = 2 (3.0 emu K mol~! for one high-spin
Fe™ ion and 4.375 emu K mol™' for one high-spin Mn",
respectively). When cooling, the y,,7" products remain con-
stant down to approximately 50 K for 1 and 2 and 100 K for 3
and 4. Below these temperatures, the y,,7 products decrease,
with a more pronounced decrease for 3 and 4 than for the
hydrated compounds 1 and 2, to reach values at 2 K of 2.0,
3.8, 0.68 and 1.50 emu K mol™! for 1, 2, 3 and 4, respectively
(Fig. 5). These facts suggest the presence in the polymeric
complexes 3 and 4 of antiferromagnetic interactions between
the M(n) ions and indicate that the hydrated complexes 1 and
2 are essentially paramagnetic as expected from their mono-
meric structures. Although for the latter the smooth decreases
at low temperature may be attributed to very weak antiferro-
magnetic interactions between M(11) ions through hydrogen
bonds, attribution to a zero field splitting (ZFS) of isolated
M(11) ions may not be excluded in all cases.>' Since it is not
possible to separate these two possible contributions, we
attempted to fit the magnetic data of each compound using
the two models, a simple Curie-Weiss law (y, = C/T — 0)
and a ZFS.

Table 3 Hydrogen bond distances (A) and angles (°) in compound 2

D-H---A D-H H-A DA DHA
O(1)-H(la)- - -N(4)* 0.803)  2.093)  2.8892)  174(3)
O(1)-H(1b)- - -O(2)** 0.84(3)  2.013) 2.8272)  163(3)
0(2)-H(2a)- - N(2)* 0.853) 1.993) 2.8372)  174(3)
O(Q)-H(@b)-- N3)***  0.84(3)  2.24(3)  2.926(2)  139(3)
O(Q)-H(@2b)- - N(5)***=*  0.84(3)  2.383) 2.9672)  127(3)

For the Fe compound 1, the fit with a Curie-Weiss law
(C = 3.251) emu K" mol™!, g = 2.083(2), # = —0.75(8)
K = —0.52(6) cm™") does not reproduce very well the low
temperature data, indicating that the Fe(u) presents a ZFS
that needs to be considered. Thus, we have fitted the magnetic
susceptibility of this compound to an isolated S = 2 ion with a
ZFS using the following equation.?

2t
N

with

Ng’ud 2e +8e ™+

1=

kT 142+ 2e 4

Fig.3 Hydrogen bonding and packing diagram in compound 2 down
the [100] plane.
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Table 4 Magnetic data for compounds 1-4

Clemu K mol™! g 0/K O/cm™! /D/Jem ™!
19 — 2.0793) — — 5.6(2)
27 4.324(1) 1.988(1) —0.303(2) -—0.211(1) —
3% 3.450(6) 2.145(5) —6.85(5) —4.76(3) —
4 4.354(5) 1.9953) —-3.77(2) —2.622) —

e

{ V)
s

Fig. 4 Views of the 3D structure of compound 3-0.5(CH;),CO. (a)
Projection in the [001] direction. (b) Projection in the [010] direction.

And

Ng*uig (6/x)(1 —e™) + (4/3x)(e ¥ — ™)
kT 1 +2e 4+ 2e %

XL =

where x = |D|/kT

This model reproduces very satisfactorily the magnetic data
in the whole temperature range with the g and D values given
in Table 5 (solid line in Fig. 5a). Note that the sign of D cannot
be determined with powder magnetic measurements and note
also that the D parameter may also account for the possible
existence of weak antiferromagnetic interactions between the
Fe(11) centers.

For the Mn compound 2, the best fit (Fig. 5a) is provided by
the Curie—Weiss law with the parameters given in Table 4. The
low 0 value accounts for the possible weak antiferromagnetic

5
2
2 4
=) 1
g,
.
=
o
T
R ] a
0 T T T T T
0 50 100 150 200 250 300

TX)

“ Best fit obtained with a ZFS using equation for a spin ground
state = 2. ® Best fit obtained with a simple Curie-Weiss law.

coupling between the complexes and/or the zero field splitting
of the S = 5/2 Mn(11) ion.

For the non-hydrated complexes 3 and 4, for which the
structural data indicate a rather isotropic three dimensional
structure, we have fitted the magnetic data with a simple
Curie—Weiss law. This model reproduces very satisfactorily
(Fig. 5b) the magnetic properties of both complexes with the
parameters given in Table 4. In both cases, the small, although
noticeable, negative 6 values indicate the presence of weak
antiferromagnetic interactions between the metal(i1) ions
through the pcp bridges. Note that other more complex
models, such as the quadratic-layer antiferromagnet, do not
produce better results.

Atlast, it is worthy to note that for compounds 1-4, the spin
ground states are confirmed with the isothermal magnetization
at 2 K (Fig. 6) that can be well reproduced with a Brillouin
function for S = 2 or S = 5/2 ground spin state with reduced
g values that account for the weak antiferromagnetic interac-
tions (solid line in Fig. 6).

ESR spectra have been recorded for the Mn compounds in
various experimental conditions (powder and solution samples,
rt. and 150 K); as expected, in these conditions, the Fe
compounds are silent. For derivatives 2 and 4, the powder
samples display at r.t. a broad and intense signal centred at g =
2.007 for 2 and g = 2.010 for 4. The solution samples exhibit
the hyperfine structure signal constituting six lines due to the
interaction of the electrons with the nuclear spin of Mn (I = 5/2);
the coupling constant values are Ay, = 94.2 and 93.5107* T
for 2 and 4, respectively. All these features are classical and in
good agreement with those usually observed for derivatives
including a Mn(1) ion in an octahedral environment.>

Crystal structure of the organic derivative 5

Reactions of the hexacyano-3,4-diazahexadienediide anion
[C1oNgZ™ = (NC)>,CC(CN)NNC(CN)C(CN),>7] (Scheme 1)

5
4
2 4
E
M 3 3
=1
E 2
T
= b
0I T T T T T
0 50 100 150 200 250 300

TX)

Fig. 5 Thermal variation of the y,,7 product for compounds 1-2 (a) and compounds 3—4 (b). Solid lines are the best fits to the ZFS model
(compound 1) or to the Curie-Weiss law (compounds 2, 3 and 4) (see text and Table 4).
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Table 5 Selected bond lengths (A) and bond angles (°) for 5 C;(NgH,
and 5-(CH;),CO

5 5.(CH;),CO
N(1)-C(1) 1.328(3) 1.337(4)
N(1)-C(4) 1.341(3) 1.343(4)
C(1)-N(4) 1.317(3) 1.330(3)
C(1)-C(2) 1.456(3) 1.458(4)
C(2)-C(3) 1.357(3) 1.343(4)
C(2)-C(7) 1.436(4) 1.430(5)
C(3)-N(2) 1.359(3) 1.358(3)
C(3)-C(8) 1.426(4) 1.446(5)
N(2)-N(3) 1.364(3) 1.369(3)
N(2)-C(4) 1.377(3) 1.383(3)
N(3)-C(5) 1.335(3) 1.345(4)
C(5)-C(6) 1.405(3) 1.402(4)
C(5)-C(9) 1.430(4) 1.427(5)
C(6)-C(4) 1.385(3) 1.394(4)
C(6)-C(10) 1.412(4) 1.409(5)
C(1)-N(1)-C(4) 117.5(2) 116.4(3)
N(4)-C(1)-N(1) 119.0(2) 118.2(3)
N(4)-C(1)-C(2) 119.8(2) 119.5(3)
N(1)-C(1)-C(2) 121.1(2) 121.7(4)
C(3)-C2)-C(7) 120.2(2) 120.8(4)
C(3)-C)-C(1) 119.2(2) 119.0(3)
C(7)-C(2)-C(1) 120.7(2) 120.1(4)
C(2)-C(3)-N(2) 118.3(2) 118.6(3)
C(2)-C(3)-C(8) 124.3(2) 124.4(3)
N(2)-C(3)-C(8) 117.5(2) 117.0(4)
C(3)-N(2)-N(3) 124.9(2) 124.4(3)
C(3)-N(2)-C(4) 120.5(2) 120.8(3)
N(3)-N(Q2)-C(4) 114.5(2) 114.7(3)
C(5)-N(3)-N(2) 102.0(2) 101.4(3)
N(3)-C(5)-C(6) 113.8(2) 114.6(3)
N(3)-C(5)-C(9) 120.7(2) 119.2(4)
C(6)-C(5)-C(9) 125.5(2) 126.3(4)
C(4)-C(6)-C(5) 105.0(2) 104.6(3)
C(4)-C(6)-C(10) 127.5(2) 129.2(4)
C(5)-C(6)-C(10) 127.6(2) 126.0(3)
N(1)-C(4)-N(2) 123.3(2) 123.13)
N(1)-C(4)-C(6) 132.02) 132.1(4)
N(2)-C(4)-C(6) 104.7(2) 104.7(4)

with the metal complexes [M(CH3CN),J(BF,), (M = Mn, Fe,
Ni and Cu) did not afford polynitrile metal complexes but
contributed to a new organic derivative 5, of formula
C,oNgHo.

Crystallisation of compound 5 in dichloromethane affords
small yellow cubic crystals of 5 which were analysed as
crystallising in the monoclinic space group P2/n; similar

5 0 0. 00
i o 0 00

1.0 15 20 25
H/T (TK-1)

Fig. 6 Isothermal magnetization at 2 K of the compounds 1-4. Solid
lines represent the best fits to the Brillouin function (see text).

Fig. 7 Structure and atomic labeling scheme in compound 5. Ther-
mal ellipsoids are drawn at the 50% probability level.

crystallisation in acetone produced needle-shape yellow crys-
tals of 5-(CH;),CO which crystallised in the orthorhombic
space group P2,2,2,. Both structures contain essentially simi-
lar C1oNgH, units but differ strongly in the relative arrange-
ment of these units in the solid state (Table 5).

The organic C;oNgH, molecule is bicyclic and built on an
pyrazolo[1,5-a] pyrimidine skeleton (Fig. 7). Both cycles bear
substituents; the pyrimidine cycle holds two cyano groups and
one amino group and the pyrazole cycle two cyano groups.
The bicyclic skeleton is planar (maximum of deviation to the
mean-square plane: 0.03 A for C6) and the whole molecule is
essentially planar (maximum of deviation to the mean-square
plane: 0.1 A for N&). Within the two rings, the CC bond length
distances are in the range 1.357(3)-1.456(4) A, while the CN
distances vary from 1.328(4) to 1.383(3) A (Table 5). The diaza
N2N3 bond length (1.364(3) and 1.369(3) A for 5. and
5-(CH;),CO, respectively) is very close to that found in the
starting anion [CoNg]*~ (1.372(4) A).lz Both are smaller than
NaNb single bond lengths (ca. 1.40 A with Na and Nb planar
and 1.45 A with Na and Nb pyramidal),’® indicating that the
NN bond also possesses some character of multiplicity.>* In
the pyrimidine cycle, the angle bond values close to 120° agree
well with hybridised sp> atoms, while in the pyrazole ring, due
to the usual constraints of a five-membered ring, these values
deviate from 120° varying from 101 to 132°. All these features
indicate an important delocalization of the m system on the
bicycle skeleton; this delocalization also affects the substitu-
ents as shown by the short CC(N) bond lengths (from 1.412 to

CN CN
HN N HyN N
=~ — - \
)—CN . , | CN
N ~N ) S N
NC - N NC @ Ny
CN CN

) CN
N \’\ N N
s = _
| N—en c=Ne
N oSN
CN

N -

e

NC @ N \C
N

Scheme 2 Resonance forms for 5.
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Table 6 Hydrogen bond distances (A) and angles (°) in compound 5
(a) and in compound 5 - acetone (b)

(Scheme 2), which presents an overall geometry not signifi-
cantly different from previous related derivatives.>’
In the monoclinic compound 5, intermolecular hydrogen

D-H--A DH H-A DA DHA
bonds based on the hydrogen atoms of the NH, group of one
§z4)7H(2)' LN 0.86 2.1903) 2974(3) 1513 CoH,Ng unit with the nitrogen atoms N7 and N8 of the cyano
N(4)*H(1)~ . ~N(8)h 0:86 2:19(3) 3:039(3) 169:1 groups of two different adjacent ClonNg units lead to
formation of linear double chains (Table 6, Fig. 8); these
%’)4 HAY O3 0.86 209 - 1526 chains stack with an interstack distance of 3.54 A. In the
N§4§:HE4B))~. ) ~.N((8)") 0.86 201 3'0998 1532 orthorhombic compound 5-(CHj3),CO, the intermolecular

“x+1ly—lLzt—x+1, -y -z —x+3/2, -y, 2+ 1/2.

Fig. 8 Hydrogen bonding in compound 5: formation of linear double
chains.

Fig. 9 Hydrogen bonding in compound 5-(CH3),CO: formation of
zig-zag chains.

1.436 /OX) and a CNH, bond length shorter than usual Csp>N
single bond length. All these features (planarity, bond length
and bond angle values) suggest several resonance forms for 5

N [1]'1]

NG CN - N

> < I
NC N=N

bond system is more complicated since the acetone molecule
also contributes to the hydrogen bonding by its oxygen atom.
This leads to zig-zag chains (Table 6, Fig. 9).

The formation of this bicyclic derivative from reaction of
the non-cyclic [C;oNg]*>~ anion with a transition metal com-
plex might arise from a mechanism which successively involves
(Scheme 3) (i) weak coordination of the polynitrile unit to the
metal via one of its N atoms (this induces a decrease of the
electronic density on the corresponding C atom), (ii) after
rotation about the NN bond, nucleophilic attack on this C
atom of one of the NC groups of the second C(CN), wing
affording, via a concerted mechanism, the bicycle skeleton and
(iii) decomplexation with protonation of the coordinated
nitrogen atom. This formation corroborates previous studies
showing that cumulated diaza derivatives are excellent syn-
thons for a variety of fused pyrazolo heterocycles.®

Conclusion

In this study, a pentacyanopropenido complex 3 has been
characterised. It displays an unprecedented 3D structure aris-
ing from an unusual pz-coordination mode for the organo-
cyanide ligand. As expected, within this new polymeric
network, antiferromagnetic interactions take place between
the metallic centres due to the bridging ligand role. It is worth
noting that these interactions, even weak, are more important
compared to those for hydrated complexes 1 and 2 for which a
rich hydrogen bond system also generates a 3D array. At-
tempts to generate similar architectures, starting from the
hexacyano-3,4-diazahexadienediide anion, were unsuccessful,
but the synthesis of the new organic derivative 5, due to its

¢
CN o oN N—/N
>:< — NC . NCTR

NC CN N CN
Na
Y
™ CN
NC
CN /
M1
CN b CN
HN N IN Ny,
* 2 — o QIC\// QC \
—CN - qu CN
N T N
N CN

Scheme 3 Mechanism for the formation of compound 5.
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geometrical and electronic features (a m electronic system,
several cyano groups), opens new perspectives for the devel-
opment of organocyanide chemistry.
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