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The reaction of tungsten(v) complexes [W(S,CNR,),]JI (R = Me or Et) with Li(TCNQ) in a dimethylformamide—
water mixture at room temperature afforded the new derivatives [W(S,CNR,),J[TCNQ] 1a and 1b (TCNQ =
7,7,8,8-tetracyanoquinodimethane). These compounds reacted further with TCNQ in acetonitrile to produce
[W(S,CNR,),J[TCNQ], in which the TCNQ moieties are in a mixed-valence state. The physical properties of these
new derivatives in solution and in the solid state are presented. The structures of 1a and of its molybdenum
analogue [Mo(S,CNR,),J[TCNQ]-MeCN 2a have been studied by X-ray diffraction analyses: in 1a the TCNQ
moieties form alternating stacks along the ¢ axis according to a quite unusual bond-bond overlap; in 2a the
TCNQ' ™ moieties are dimerized and exhibit the usual slipped conformation.

The polynitrile derivatives TCNE (tetracyanoethylene) and
TCNQ (7,7,8,8-tetracyanoquinodimethane) are well known as
1 acceptors. They display two reduction processes, easily access-
ible and reversible, that allow the facile interconversion of three
oxidation states among which the TCNX"~ radical anion.'?
The combination of this property with near planarity explains
for TCNQ its propensity to undergo n— stacking leading to the
formation of simple [(TCNQ),]" or complex [(TCNQ),]"™"
anions with m <n in the solid state. The association of such
anions with inorganic cations may lead to mixed organic—
inorganic salts possessing interesting features as regards for
example their conductive, magnetic and optical properties.* In
these compounds the inorganic part plays an important role in
determining the arrangement of the TCNQ moieties, and often
in governing a partial transfer of charge to the TCNQ.*

In previous papers we described the chemistry of some
molybdenum complexes with the dithiocarbamate ligands
S,CNR, towards TCNQ and the syntheses of simple and
complex salts were reported.® We present here the chemistry
of some tungsten analogues and a comparison between the
crystal structures of [W(S,CNMe,),][TCNQ] 1a and [Mo(S,-
CNMe,),][TCNQ]-MeCN 2a.

Experimental

All reactions were performed in Schlenk tubes in a dry dioxygen-
free nitrogen atmosphere. Solvents were distilled by standard
techniques and thoroughly deoxygenated before use. Elemental
analyses were performed by the Service Central d’Analyses du
CNRS, Vernaison, France. Infrared spectra were obtained with
a Perkin-Elmer 1430 spectrometer (KBr pellets), Raman spec-
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tra with a Fourier-transform spectrometer (Bruker RFS100) at
ambient temperature using a X50 microscope objective and the
1064 nm excitation line of an Nd:YAG laser, ESR spectra either
on a JEOL FE 3X (X-band) or a Bruker ER 200D-SRC spec-
trometer and UV/VIS spectra on an ‘Anthélie’ (Secoman)
spectrometer. The apparatus, the three-compartment micro-
electrochemical cell, treatment of solvent and supporting elec-
trolyte for the electrochemical studies have all been previously
described.® The reference electrode used was the half-cell:
platinum/ferrocenium picrate (1072 M), ferrocene (1072 M),
NBu,PF, (0.2 M), benzonitrile. To compare the present results
with those from other works, the ferrocenium—ferrocene formal
potential was measured vs. the saturated calomel electrode
(SCE) in benzonitrile (0.2 M NBu,PFy) as +0.43 V. The solid-
state magnetic susceptibility measurements were made on pow-
der samples using a commercial SQUID magnetometer from
Quantum Design, from 5 to 310 K. Susceptibilities were cor-
rected for the intrinsic diamagnetism of the sample container.
Corrections for Pascal diamagnetism, which involve two terms,
the first associated with the atomic contributions and the sec-
ond with structural features such as double or triple carbon-
carbon bonds, were not made because the estimation of the
second contribution was not precise enough. The starting
materials ie. [W(S,CNR,,JI (R=Me 4a or Et 4b) and
Li(TCNQ) were prepared as described in the literature.%” The
syntheses of the molybdenum derivatives [Mo(S,CNR,),]-
[TCNQ] and [Mo(S,CNR,),JITCNQ], have been previously
described.®* The TCNQ was from Aldrich.

Preparations

[W(S,CNMe,) JITCNQ] 1a. An aqueous solution (20 cm?)
of Li(TCNQ) (211 mg, 1 mmol) was slowly added at room
temperature to a solution of complex 4a (791 mg, 1 mmol) in
dimethylformamide (70 cm®). A slight increase in temperature
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was observed; the mixture quickly changed from purple to
green. Then, water (50 cm®) was added and a green product was
precipitated. It was filtered off, washed with diethyl ether and
dried under vacuum. Its recrystallization from acetonitrile (60
cm®) at —20 °C provided dark green rectangular monocrystals
in good yield (75%) (Found: C, 32.8; H, 3.3; N, 13.4; W, 20.5.
Calc. for C,,H s NgS,W: C, 33.2; H, 3.2, N, 12.9; W, 21.2%). IR
(KBr pellets, V,,,,/em™): 2920w and 2850w (vcy); 2170s and
2150s (ven); 1545vs (ven); 835m (8¢cy); 355w (vws)- Raman (V/
cm™Y): 195w, 344w, 842m, 1384s, 1609s, 1904w, 2130m, 2182w
and 2312w. UV/VIS (MeCN): A,./nm (log €) 407 (4.66), 680
(4.05), 743 (4.52), 760 (4.45) and 841 (4.80).

[W(S,CNEL,),J[TCNQ] 1b. A blue aqueous solution (ca. 100
cm®) of Li(TCNQ) (180 mg, 0.84 mmol) was added at room
temperature to an acetone solution (70 cm®) of complex 4b (760
mg, 0.84 mmol). A green precipitate immediately appeared. It
was filtered off, washed with water and dried under vacuum. Its
recrystallization from acetonitrile produced dark green micro-
crystals (yield 85%) (Found: C, 39.4; H, 4.4; N, 11.4; W, 18.4.
Calc. for C;,HuNgSgW: C, 39.2; H, 4.5; N, 11.4; W, 18.8%). IR
(KBr pellets, V,,,,/cm™): 2980m, 2940m and 2880w (v¢y); 2180s
and 2150s (Vey); 1520vs (ven)s 1150s (ves); 830m (Scg); 355w
(vws). Raman (V/em™): 336m, 612w, 977w, 1055vw, 1197m,
1390s, 1532vw, 1600-1613vs, 2162w and 2194m. UV/VIS
(MeCN): A../nm (log €) 408 (4.76), 682 (4.13), 745 (4.59), 762
(4.52) and 842 (4.86).

[W(S,CNMe,) JITCNQ], 5a. An acetonitrile solution (30
cm®) of TCNQ (120 mg, 0.6 mmol) was slowly added at room
temperature to a solution of complex 1a (520 mg, 0.6 mmol) in
MeCN (100 cm®). The green mixture was stirred at room tem-
perature for 4 h and filtered. The filtrate was then reduced under
vacuum to half its volume and kept for several hours at —20 °C.
Fine green microcrystals were isolated after washing with
ether (yield 50%) (Found: C, 40.0; H, 2.8; N, 15.2. Calc. for
C3sHa3o N SsW: C,40.3; H, 3.0; N, 15.7%). IR (KBr pellets, .,/
cm™!): 2200-2100s (vbr) (ven); 15508 (ven); 850-830w (Scp);
355w (vws)- Raman (V/em™): 333w, 422m, 613w, 812w, 888w,
1196m, 1383s, 1600-1610s, 1676w and 2102w. UV/VIS
(MeCN): A,./nm (log €) 393 (5.03), 742 (4.52) and 840 (4.72).

[W(S,CNEL,),IITCNQ], 5b. The compound TCNQ (50 mg,
0.25 mmol) was added to an acetonitrile solution (50 cm®) of 1b
(220 mg, 0.25 mmol). The green mixture was stirred at room
temperature for 3 h. After 2 h at —20 °C fine green needles were
isolated and washed with ether (yield 70%) (Found: C, 44.7; H,
4.1; N, 14.3. Calc. for C,,H;sN,SW: C, 44.6; H, 4.1; N, 14.2%)).
IR (KBr pellets, V. /cm™!): 2200-2100s, (vbr) (vey); 1520s
(Ven); 850-830w (8cg); 355vW (Vys). Raman (Vem™): 335m,
613w, 795w, 1195s, 1387s, 1415w, 1610vs, 1869w, 1940w and
2190w. UV/VIS (MeCN): A,,../nm (log €) 398 (4.75), 685 (3.72),
747 (4.17), 764 (4.11) and 845 (4.45).

X-Ray crystallography

The powder X-ray studies were carried out using an INEL
X-ray diffractometer equipped with a CPS 120 curved detector
allowing the recording of powder patterns up to 26 = 120° (Cu-
Ka, radiation, A = 1.540 598 A).

Crystal parameters and details of the X-ray crystallographic
data collection and refinement for compounds la and 2a are
summarized in Table 1. In both cases the unit-cell parameters
were determined by least-squares refinement of 25 reflections;
intensity data were collected by the ®—26 scan technique (ambi-
ent temperature, up to 20 =50°) and corrected for Lorentz-
polarization effects. A semiempirical absorption correction (y
scan) was also applied to 1a.

Both structures were solved by combining direct methods
with Fourier-difference syntheses. Hydrogen atoms were placed
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[W(S2CNRo)all — ™ [W(S,CNR,)IITENQI -~ [W(S,CNR,)AIITCNG],
4a, 4b 1a, 1b 5a, 5b
[MOo(S2CNRy)4] [Mo(S2CNR;)4][PFe]

3a,3b 6a, 6b

N

[Mo(S2CNR;)4][TCNQ] L [Mo(S2CNR2)4][TCNQ]2

2a, 2b 7a,7b

Scheme 1 (i) TCNQ, (i) L(TNCQ). R = Me a or Et b

in their ideal positions [d(C-H) = 0.96 A] and allowed to ride on
their corresponding carbon atoms, with isotropic displacement
parameters. Both structures were refined by applying full-
matrix least squares on F2. For 1a, anisotropic thermal param-
eters were used for all non-hydrogen atoms; the computer pro-
grams used were SHELXL 93, SHELXLTL PC and PARST.?
For 2a, for which the number of usable independent reflections
was low, refinement was done using anisotropic thermal param-
eters for atoms Mo, S(1) to S(8), C(1), C(4), C(7), C(10) and
C(13) to C(19), isotropic parameters for other non-hydrogen
atoms and x, y, z fixed for H atoms in order to have a reason-
able data/parameters ratio; all the calculations were performed
on a Digital Micro VAX 3100 computer with the MOLEN
package.” In both cases atomic scattering factors were taken
from ref. 10.

CCDC reference number 186/795.

Results and Discussion

It has been previously shown that the simplest way to obtain the
molybdenum(v) compounds [Mo(S,CNR,),][TCNQ] (R =

2a or Et 2b) was the oxidation of the molybdenum(1v) deriv-
atives [Mo(S,CNR,),] 3 by TCNQ (Scheme 1).° In order to
obtain the tungsten(v) analogues and due to the high sensitivity
to dioxygen of the [W(S,CNR,),] complexes, both in solution
and in the solid state,!! we chose, by comparison with previous
works,” directly to oxidize the iodide anion by TCNQ in the
two tungsten(v) complexes [W(S,CNR,),]I (R =Me 4a or Et
4b). Since no oxidation was observed, the metatheses of 4
with Li(TCNQ) were performed at room temperature; these
afforded, after recrystallization in acetonitrile, the new deriv-
atives [W(S,CNR,),JITCNQ] 1 in the form of green mono-
crystals for 1a (R =Me), and dark green microcrystals for
1b (R = Et) (Scheme 1). Further addition of 1 equivalent of
TCNQ to these complexes performed at room temperature in
acetonitrile gave the derivatives 5 (R = Me a or Et b) the ele-
mental analyses of which were in good agreement with a 1:2
stoichiometry [W(S,CNR,),][TCNQ],. The ability of the tung-
sten compounds 1 to produce complex TCNQ salts is similar to
that of their molybdenum analogues.’

The cyclic voltammetry (CV) of complexes 1 in benzonitrile
solution reveals five redox processes (Fig. 1) of which, by
comparison with the TCNQ voltammogram,'? two reversible
systems, one cathodic and one anodic, were assigned to the
radical anion TCNQ" ", according to equation (1) (Table 2). As

TCNQ* === TCNQ" === TCNQ 1)

previously described by Nieuwpoort,® the three other waves
associated with two reversible and one irreversible system can
be ascribed to the [W(S,CNR,),]' * radical cation [equation (2)].

bm(m)

X ———[WI(S, CNR2)4] = [WY(S,CNR,),]" " —= =

[WY(S,CN Rz)d“ (@)



Table 1 Crystallographic and refinement data for complexes 1a and 2a“

Formula

M

Space group

Crystal size/mm

Crystal colour, habit

al

bIA

clA

pre

UIA®

D/Mgm™?

F(000)

p(Mo-Ka)/mm ™
Diffractometer

hkl Ranges

Number of reflections collected
Number of independent reflections
Rint

Observed reflections [1 > no ()]
No. refined parameters
Goodness of fit

R, wR

Largest difference peak, hole/e A~

la
CyuHysNeSgW
868.87

Cc

0.32 x0.18 X 0.10
Deep blue, prisms
12.894(2)
18.666(2)
14.059(2)
91.11(1)
3383(1)

1.71

1720

3.94

Siemens R3m
0-15,0-22, £16
3352

3150

0.018

2802 (n=2)

370

1.044

0.021, 0.043°
0.31, —0.38

2a
C,4H,sMoNgSg-CH;CN
822.05

P2,/c

0.04 x 0.12 x 0.32
Deep green, plates
9.254(3)

20.534(4)
19.063(3)

90.20(2)

3623(2)

1.51

1680

0.828

CAD4 Enraf-Nonius
0-11,0-24, £22
6750

6550

0.029

2346 (n=1.2)

292

1.39

0.095, 0.085°¢
0.86, —0.40

“ Details in common: monoclinic; Z = 4; graphite-monochromated Mo-Ka radiation (% 0.710 73 A); R=3(F,| = |F/ZF wR = [Ew(F,* — F2)Y
Sw(F2E 2 w = [63(F,%) + (0.0222P)] ! where P = (F,2 + 2F2)/3. “w = o(F,) = [6*(I) + (0.04F, 7] *.

Table 2 Electrochemical data* for complexes 1, 4 and 5

Complex E'’°,

1a [W(S,CNMe,),J[TCNQ] —0.84 (60)
1b [W(S,CNER,),J[TCNQ] —0.83 (100)
5a [W(S,CNMe,),JI[TCNQ], —0.83 (60)
5b [W(S,CNE,),J[TCNQ], —0.84 (60)

4a [W(S,CNMe,),]1
4b [W(S,CNEL,), ]I

E’°2 Ep!(irr] E’°4 E/OS
—0.23(60)  —1.92 —1.16(60)  0.32 (60)
—0.23(80)  —2.08 —1.18(80)  0.34(100)
—0.23(60)  —1.94 —1.15(60)  0.32 (60)
—0.23 (60) —2.03 —1.18 (60) 0.32 (60)

—1.88 —1.15 (60) 0.31 (60)
—2.06 —1.18 (60) 0.32 (60)

* E'°and E, in V, estimated from CV of solutions of the complexes ca. 1073 M in PhCN, 0.2 M NBu,PF,, platinum electrode, scan rate 0.1 Vs, V vs.

ferrocenium—ferrocene. Values given in parentheses AE, = E,, — E,. in mV.

Table 3 Magnetic and ESR data for complexes 1 and 5

Complex Clem?® K mol ™! /K Wiy
la 0.32 -3.5 1.60
1b 0.70 -0.8 2.37
5a 0.38 =175 1.74
5b 0.47 -1.5 1.94

“ Powder ESR spectra. ® In 107* T. ¢ Spectra in MeCN.

g” Apr” b ginorgc (An'b) gorg ¢

1.929 40 1.893 2.003
1.934 57 1.892 2.001
1.938 48 1.890 (61.5) 2.002
1.925 68 1.894 (59.3) 2.004

The CV of compounds 5 has features similar to that of 1 and
exhibits the five systems described above, but the peak intensity
ratios 7,(TCNQ)/i,(cation) are twice as high as those of com-
plexes 1. Moreover, the rotating-disc electrode voltammogram
(Fig. 1) clearly shows that the zero current corresponds to half
of the TCNQ-TCNQ "~ wave.

As previously shown, the charge on the TCNQ moieties in
solution may be deduced from UV/VIS spectral examination."
Ratios TCNQ:TCNQ" ™ of ca. 0.2:1 for compounds 1a and 1b
and 1.0 and 1.2:1 respectively for Sa and 5b were found.

The ESR spectra of dilute solutions of complexes 1 and 5
(Table 3) are quite similar; they all evidence the existence of two
radicals by exhibiting one signal at ca. g2.003 associated with the
TCNQ"~ entity " and a second peak, centred around 1.892. The
latter, accompanied by a two-line satellite signal (4,, = 60 < 107*
T) arising from hyperfine interaction with the "*W nucleus (nat-
ural abundance 14.4%, I = 1), is attributed to the [W(S,CNR,),]" *
inorganic cation according to previous work.

All these observations clearly indicate that the dissociation of
salts 1 in solution only gives the tungsten(v) radical cation and

the TCNQ" ™ radical anion, while the dissociation of salts 5
produces the same inorganic radical and a TCNQ  -TCNQ
mixture in a ca. 1:1 ratio; similar observations have been previ-
ously reported for the molybdenum analogues.®

Crystal structures

The powder X-ray diffraction traces of complexes 1a and 1b
were run to compare their crystal structures with those of the
molybdenum analogues.§ Compound 1b exhibits a pattern simi-
lar to that of its analogue [Mo(S,CNEt,),][TCNQ] 2b for which
it has been previously shown that the TCNQ"~ moieties exist as
independent monomers in the solid state.” In contrast, for 1a
the 20 values and the peak intensities clearly reveal the struc-
tural differences between this derivative and its molybdenum
analogue 2a; therefore, X-ray analyses were carried out for
these two complexes.

The two compounds la and 2a crystallize in monoclinic

§ A table of 20 values and peak intensities has been deposited.
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Fig. 1 (a) Cyclic voltammogram of complex 1a, (b) cyclic voltam-
mogram of Sa and (c) rotating-disc electrode voltammetry (RDEV) of
5a (ca. 1073 M in PhCN, 0.2 M NBu,PF,, platinum electrode, scan rate
0.1 Vs for CV,0.01 Vs ! for RDEV, V vs. ferrocenium—ferrocene)

space groups Cc and P2,/c, each unit cell containing four asym-
metric units. Both structures consist of four TCNQ anions and
four [M(S,CNMe,),] cations. Four MeCN molecules of solv-
ation are also present in the unit cell of 2a. The main differences
between these two structures concern the TCNQ stacks since
both cations are roughly analogous.

In both derivatives there is no crystallographically-imposed
symmetry for the TCNQ species. The quinonoid ring is planar
within experimental error, the most important departures from
the overall mean plane being found for the terminal N atoms [for
example 0.19 A for N(6B) in 1a]. In 1a the overall shape and size
parameters of the TCNQ species are quite normal, whereas in 2a
rather high estimated standard deviations (e.s.d.s) were found
for bond lengths and angles; this precludes a direct comparison
of the TCNQ geometries in the two structures (Figs. 2 and 3).

Flandrois and Chasseau’® have pointed out that the charge
on a TCNQ unit can be estimated from the difference between
the lengths of the formally single and formally double bonds of
the pseudo-quinonoid ring (respectively b and @ in Table 4)."
The bond lengths observed for 1a (Fig. 2 and Table 4) are close
to those found in Rb(TCNQ) !¢ and rather different from those
in neutral TCNQ." A charge of —1.25 is calculated from the
Kistenmacher relation,'® close to that observed for the molyb-
denum derivative [Mo(S,CNEt,),][TCNQ] 2b.> Significant dif-
ferences exist in 2a between a priori equivalent carbon—carbon
bonds (for instance b from 1.38 to 1.44 A) (Fig. 3) and the
charge (—0.92) is only tentatively given.'®

A careful examination of the literature shows that various
TCNQ arrangements may arise in the solid state; the TCNQ
moieties can exist as isolated monomers >'*!* or lead to regular
or complex chains by various stacks. One of the more usual
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Fig. 2 The cation and anion in complex la: atom numbering and
TCNQ bond lengths (A), e.s.d.s in the least significant digits (7), (8) or
(9). W-S bond lengths (e.s.d.s in the least significant digits): W-S(1B)
2.491(6), W-S(2B) 2.494(6), W-S(2A) 2.511(6), W-S(1A) 2.532(6),
W-S(4B) 2.503(6), W-S(3B) 2.508(6), W—S(4A) 2.542(6), W(1)-S(3A)
2.553(6)

arrangements concerns [(TCNQ),J* dimer units. Such dimers
often exhibit slipped conformations where slipping takes place
either along the short or long TCNQ axis; this enables the so-
called (i) ring-ring (R-R),” (ii) ring-external bond (R-B)**!
and (iii) external bond—external bond (B-B)** overlaps. How-
ever, they may also exist with an almost perfectly eclipsed
geometry.?

The TCNQ moieties of complex 1a form alternating stacks
along the ¢ axis as shown in Fig. 4. Adjacent TCNQ species are
crystallographically equivalent and exhibit a quite unusual B-B
overlap. The planes of successive units are not exactly parallel
and exhibit a 9° dihedral angle and a mean interplanar distance
of ca. 3.3 A. Short contacts between successive moieties are
observed [C(11) - - - N(5B) 3.26 A].

As clearly shown in Fig. 5, in compound 2a the TCNQ"~
units are dimerized according to a usual R—R overlap with a
short-axis slipping of ca. 0.8 A. In the centrosymmetric dimeric
units the quinonoid rings display interplanar and barycentre
distances of 3.15 and 3.29 A respectively. Such an arrangement
is quite similar to that of [{Fe(n-CsMes),},][TCNQ], in which
the intradimer distance is 3.147 A

In both [M(S,CNMe,),] groups the metal is surrounded by
eight sulfur atoms from four almost equivalent S,CNMe, lig-
ands which are basically planar; they however present various
twisting angles around the N-C bond, which range from 1.3°
for C(1)-N(1) to 2.9° for C(2)-N(2) in complex 1a (Figs. 2 and
3). Analysis of the resulting MSg polyhedron by the Kepert
procedure® indicates that its geometry at the M site is best
described as a D,4 dodecahedron. The co-ordination sphere of
1a can be described as two interpenetrating trapezoids, T, and
T,, respectively defined by S(1A), S(1B), S(4A), S(4B) and
S(2A), S(2B), S(3A), S(3B), which intersect at the cation site



Table4 Comparison of some bond lengths (A) and estimation of the charge of the TCNQ moiety

Compound Ref. a b ¢ d

la This work ~ 1.365(7) 1.408(7) 1.431(9) 1.418(9)
2a This work  1.37(2) 1.41(2) 1.405 1.41(2)
2b 5 1.356(8) 1.416(8) 1.451(8) 1.404(9)
Rb(TCNQ) 16 1.373(1) 1.423(3) 1.420(1) 1.416(8)
TCNQ 17 1.346(3) 1.448(4) 1.374(3) 1.441(4)

d

A\
e b—c c—d cdb+d) (a+olb+d) p¢
1.15609) —0.023 0013  0.506 0.989 ~125
1.15(3) 0.005  —0.005 0.498 1.02 b
1.148(9) 0.001 0.011 0.502 0.983 —1.08
1.153(7) 0.003 0.004 0.500 0.984 -1
1.140(1) 0.074 —0.067 0.476 0.942 0

“ Estimated charge of the TCNQ unit using the Kistenmacher relation ® p = A[c/(b + d)] + B with A = —41.667 and B = 19.833. ® Found to be —0.92

but only tentatively given since bond length e.s.d. values are large.

Fig. 3 The cation and anion in complex 2a: atom numbering and
TCNQ bond lengths (A), e.s.d.s in the least significant digits (2). Mo—S
bond lengths (e.s.d.s in the least significant digits): Mo—S(1) 2.492(4),
Mo-S(2) 2.523(4), Mo—S(3) 2.468(4), Mo-S(4) 2.549(4), Mo—-S(5)
2.528(4), Mo—S(6) 2.491(4), Mo—S(7) 2.526(4), Mo-S(8) 2.489(4)

and are almost perpendicular to each other (dihedral angle
90.3°). These trapezoids, though slightly twisted, do not deviate
severely from planarity: their mean, maximum departures are
respectively 0.038, 0.058 A for S(4A) in T, and 0.059, 0.091 A
for S(2A) in T,. The experimental values for ¢, and @g, i.e. the
angles made by the M—A (‘polar’ bond) and M-B (‘equatorial’
bond) bonds respectively with the four-fold inversion axis
(p, =35.0, 95 = 102.9°) are lower than expected (39.0 and 106.5°
respectively) for a normalized bite [ = (W-S/S-S) = 1.12]. This
is a well known fact resulting from the slightly different lengths
measured for ‘polar’ bonds (labelled A) and ‘equatorial’ bonds
(labelled B).** The former (mean 2.534 A) are slightly larger
than the latter (mean 2.499 A); this is explained by the more
important interligand repulsion at the polar sites. The WSg
polyhedron is very similar to those appearing in closely related
structures, viz. [W(S,CNEt,),|Br?® and [W(S,CSEt),]? (b=

1.11, 1.12; @, =34.6, 35.8°% @5 =102.4, 102.8° 0, — 05;=0.9,
1.5°). A close inspection of the Kepert parameters suggests that
the most noticeable difference between the co-ordination
spheres is a slightly larger trapezoid twisting (A0) in 1a.

The geometrical features of the MoSg polyhedron in complex
2a are quite similar to those reported above [T;: S(1), S(2),
S(3), S(4). T,: S(5), S(6), S(7), S(8). T,T, dihedral angle 90.4°;
polar Mo-S bond lengths ranging from 2.523(4) to 2.549(4) A,
equatorial Mo-S from 2.468(4) to 2.492(4) A].

Infrared studies

The IR spectra of compounds 1 are quite similar and exhibit
the characteristic vibrations of the TCNQ"~ radical and the
main features of the [W(S,CNR,),]'" inorganic cation.®!°
In both cases two sharp and intense bands at 2170, 2150 cm ™!
for 1a and at 2180, 2150 cm™! for 1b are attributable to the
Ven vibrations.!?”!% The §y; frequency values (ca. 830 cm™)
for both complexes corroborate the ionic nature of the TCNQ
group?® and clearly indicate that these compounds are simple
TCNQ salts. Furthermore, the missing a, activated modes v;_g
confirm the monomeric nature of 1b in the solid state.

The IR spectra of compounds 5 strongly differ from those
described above since they display bands attributable to highly
delocalized electronic structures,? i.e. a broad band at ca. 2220—
2100 cm™! assigned to the v¢y vibrations and two bands at
850 and 830 cm™!, characteristic of the 8y vibrations. The
band pattern, similar to the IR spectrum of [Rh(nbd)(bpy)]-
[TCNQ], {nbd = bicyclo[2.2.1]heptane-2,5-diene (norbornadi-
ene), bipy =2,2'-bipyridine},” unambiguously indicates the
existence of a complex anion resulting from strong electronic
interactions between the TCNQ moieties.

Raman studies

Raman spectra of pristine TCNQ single crystals exhibit charac-
teristic lines at 1206s, 1453vs, 1601vs, 2190vw and 2221vs cm ™.
These bands are attributable respectively to the following vibra-
tions:® vs (a mixing of ring stretch and CH bend), v, (C=C
stretch of the ring), v, (a mixing of C=C and C—C stretchings),
V4, and v, (CN stretch). For compound 1b these lines are shifted
to 1197m, 1390s, 1600-1613vs, 2162w, and 2194m cm™!; these
features vanish in intensity for la for which lines remain at
1384s, 1609s, 2130m and 2182w cm™'. The lines are shifted to
1196m, 1383s, 1600-1610s and 2102w cm ! for 5a, and to 1195s,
1387s, 1610vs and 2190w cm ™! for 5b.

The most relevant change in the Raman spectra is the strong
shift of v, at 1453 cm™! for pristine TCNQ towards 1380-1390
cm™! for these materials. This is the signature of a quasi-
complete reduction of TCNQ® in TCNQ"~ and therefore char-
acterizes the charge transfer of one electron onto the TCNQ
ring in the salts.’ The scattering of the CN bonds is somewhat
perturbed since the high-frequency component at 2221 cm™
does not occur and the lowest-frequency component at ca. 2190
cm™! has a relatively strong intensity. This change can be
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Fig.4 Views showing (a) the TCNQ stack along the ¢ axis and () the overlap between two TCNQ units in complex 1a

explained by the modification of the Raman selection rules due
to the different crystalline environments of the TCNQ moieties
in the complexes. On the whole the Raman results agree well
with the above-mentioned IR data.

Magnetic studies

Solid-state magnetic susceptibility measurements were per-
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formed on compounds 1 and 5 in the 5-310 K temperature
range. The y,, T vs. T curves for compounds 1 are shown in Fig.
6. The magnetic susceptibilities for these four compounds obey
a Curie-Weiss law y = C/(T — 0) with characteristics given in
Table 3.

For compound 1a the effective moment value (pq = 1.60 pg) is
in good agreement with the existence of a single S=1 spin.
Thus, it seems very likely that the magnetic susceptibility values
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Fig. 6 Plots of y,,7 vs. T within the 5-300 K temperature range: (a)
complex 1a, (b) 1b

correspond only to the contribution of the radical cation,
although X-ray and infrared analyses did not clearly demon-
strate the existence of a dimeric [(TCNQ),]* anion. The p.g
value (2.37 pg) of 1b is close to the magnetic moment (2.47 pg)
found for the molybdenum analogue [Mo(S,CNEt,),][TCNQ)]
2b. The effective moment of two non-interacting spins given by
equation (3) is in good agreement with our experimental results,

Heffz :gcationz[S(S + 1)] + ganionz[S(S + 1)] (3)

both values being consistent with the existence of two isolated
S=1 spins, the TCNQ'~ radical anion and the [M(S,C-
NEt,),]" " radical cation. Such a behaviour has been previously
described for [Fe(C,sH,,N¢B),][TCNQ].”

Compounds 5 present behaviours comparable with that of 1a
since the p g values (1.74 and 1.94 py respectively for Sa and
5b) show that the magnetic susceptibilities mainly result from
the S =1[W(S,CNR,),]"* system.

The weak 0 values for all the studied derivatives suggest the
existence of slight antiferromagnetic interactions at very low
temperatures which could be assigned to the inorganic cation
as a similar behaviour was previously observed for the molyb-
denum complex [Mo(S,CNMe,),][PF4].*

The room-temperature powder ESR spectra of complexes 1
and S are very alike since only one peak at ca. 1.93 (AH,, from
40 to 68 10* T) is observed in all of them. The spectra of the
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Fig. 7 Powder ESR spectra for complex 1a: (a) evolution within the
105-300 K temperature range, (b) experimental and simulated (dotted
line) ESR spectra at 105 K, (¢) temperature dependencies of the g factor
for 1a and 2a

molybdenum analogues are similar and the existence of mag-
netic interactions between the organic and inorganic anions in
each compound is suggested (Table 3).

In order to compare the magnetic behaviour of compounds
1a and 2a which strongly differ in their organic stacks, ESR
studies were run over a large temperature range (105-360 K
for 1a, 105-300 K for 2a) (Fig. 7). For 1a the g factor is
shifted from 1.901 (105 K) to 1.924 (360 K). The temperature
increase results in an obvious evolution of the spectra. While
at 105 K the spectrum displays a signal characteristic of axial
symmetry (g, =1.913 and g;=1.897), the two systems col-
lapse to give a broad signal at ca. 175 K. Comparison of g,
and g, values with those reported by Nieuwpoort® for the
[M(S,CNMe,),]* cations (M =Mo or W) clearly indicates an
inorganic origin for the detected radical at low temperature.®
For compound 2a, in the whole temperature range, the spectra
display similar features and there is no significant shift of the
g value.

Discussion

The magnetic properties of complex 1b are consistent with the
crystallographic data; they both indicate the existence of essen-
tially isolated cationic and anionic radicals, although ESR
measurements suggest weak interactions. The lack of an
organic contribution to the magnetic behaviour of 1a, 5a and
5b suggests strong interactions between the TCNQ species. As
previously shown, two TCNQ"~ or [(TCNQ),]"~ moieties can
interact to form respectively simple [(TCNQ),J*~ or complex
[(TCNQ),]"” anions in the S=0 ground state?'**' Such a
hypothesis may be applied for compounds 1a, Sa and 5b.

For the dimethyldithiocarbamatotungsten complex la the

J. Chem. Soc., Dalton Trans., 1998, Pages 489—496 495



crystallographic studies did not show the existence of isolated
dimeric [(TCNQ),]*” units; the TCNQ form alternating stacks
along the ¢ axis according to a B-B overlap with short TCNQ
unit contacts (3.26 A) which could explain the magnetic
behaviour and be associated with conduction properties.* In
the absence of suitable single crystals, such a hypothesis could
not be corroborated by conductivity measurements. In the
molybdenum analogue 2a the TCNQ units form isolated dimers
in a slipped R-R conformation. Both complexes display quite
similar magnetic properties since only the contribution of the
radical cation is observed.

For the isostructural diethyldithiocarbamato complexes 1b
and 2b the magnetic measurements are consistent with the
existence of two isolated S =1 spins, the radical cation and the
TCNQ’ ™ radical anion. These results are consistent with the
crystal structure in which the TCNQ units form independent
radical monomers.
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