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Abstract

Lithiation of the (Z)-, ( E)-dimethyltetrathiafulvalene mixture and subsequent reaction with CIPPh, afford (Z)- and ( E)-dimethyl-
bis(diphenylphosphino)tetrathiafulvalene which are separated by fractional recrystallization. The identity of (Z)-P, has been ascertained
by its X-ray crystal structure determination. By similar methods, tetrakis(diphenylphosphino)tetrathiafulvalene (P,) is obtained from the
tetrathiafulvalene tetralithium derivative. Cyclic voltammetry experiments reveal that the new compounds oxidize reversibly in two
one-electron steps to the radical cation and dication. Reaction of o-P, with the dinuclear complex [Rh,(NCCH,),, BF,), has been
investigated and found to produce the square-planar Rh(I) compound [(o-P,),Rh][BF, ]. The identity of the product has been confirmed by
X-ray crystallography, FAB-MS, elemental analysis, and NMR spectroscopy. Several reactions of solvated cations were also performed,

all of which appear to lead to products with o-P, and P, ligands.
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1. Introduction

Incorporation of transition metal ions into a conju-
gated polymer backbone to form coordination polymers
is the subject of considerable interest in view of the
possible electrical and magnetic properties of such
chains. Thus, it has been reasoned that the introduction
of metal ions in a conjugated chain could lead to
partially-filled bands and possibly metallic conductivity
[1]. Ferrimagnetic polymer chains with magnetic metal
ions (Cu®*, Mn’*) have been shown to order ferromag-
netically [2]. Recently, emphasis has been placed on the
use of open-shell ligands such as semiquinones [3],
nitrony! nitroxides [4] or nitroxides [5] which provide a
coordinating functionality (bi-, tri-, or tetradentate) with
a simultaneous contribution to the electronic and/or
magnetic properties of the whole composite chain.

In this vein, suitably designed multidentate ligands
bearing the extra redox functionality of a tetrathiafulva-
lene (TTF) core are particularly attractive. They include
both the capability of the TTF core to be readily
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oxidized to the cation radical and the coordinating
ability of the selected TTF substituents. We recently
demonstrated that phosphorus(I1I) compounds could be
readily prepared from tetrathiafulvalenyl lithium deriva-
tives and reported, for example, the preparation of the
chelating 3,4-dimethyl-3',4'-bis(diphenylphosphino)te-
trathiafulvalene (o-P,) [6] (Scheme 1).

The chelating ability of this diphosphine was demon-
strated by the isolation of NiX, complexes of general
formula [o-P,INiX, (structure (aa) in Scheme 2). In
order to be able to build polymeric structures based on
metal-phosphine complexes (such as (c) or (cc) in
Scheme 2), two ingredients are required: (i) a bridging
diphosphine or tetraphosphine, (ii) a metal center capa-
ble of coordinating two phosphines (b, ¢) or two diphos-
phines (bb, cc).

In this paper we report that o-P, can be used as the
sole ligand in mononuclear metal complexes bearing
two such diphosphines (structure (bb) in Scheme 1), a
prerequisite for the elaboration of extended polymeric
complexes of structure (cc). Indeed, the preparation of
the required tetraphosphine tetrakis(diphenylphos-
phino)tetrathiafulvalene (P,) allows for the isolation of
the corresponding extended structure of type (cc),
[(P,)M],. Additionally, the bridging diphosphine that is
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required for the elaboration of type (c) polymer, the
( E)-dimethyl-bis(diphenylphosphino)tetrathiafulvalene.
(E)-P,, is described, together with the (Z) isomer.
While polymers can be expected from the coordination
chemistry of the (E)-P, isomer, the (Z)-P, isomer
could lead to cyclic oligomers or helical structures.

2. Results and discussion

A preliminary report of this work has appeared in
Ref. [7].

2.1. Svnthesis, 'P{'H} NMR spectroscopy and redox
properties of the TTF-containing phosphines

The most general procedures for substituting the TTF
core take advantage of the acidity of the TTF hydrogen
atoms [8]. Thus, treatment with strong bases such as
lithiumdiisopropylamide (LDA) at —78°C affords
TTF-Li which can be reacted with a variety of elec-
trophiles. Using this procedure, we earlier reported the
preparation of several TTF derivatives substituted with
one PPh, group from the reaction of the corresponding
lithium derivative, TTF-Li [6], o-Me,TTF-Li [9] or
Me,TTF-Li [10] with CIPPh,. Also, reaction with di-
or trihalides, such as PhPCl, or PBr,, afforded phos-
phines bearing two [11] or three [12] such tetrathiaful-
valenyl redox moieties. In order to prepare diphosphines
with the two —-PPh, groups on the same or on opposite
dithiole rings, access to the corresponding dilithio TTF
compound was required. However, as shown by Green
[8]. treatment of TTF itself with two equivalents of
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LDA leads to a complex mixture of polylithiated species.
This difficulty was successfully circumvented for the
preparation of o-P, by using the unsymmetrically sub-
stituted o-Me,TTF [6] (Scheme 3).

A similar strategy was employed here for the prepa-
ration of (E)- and (Z)-P,, starting from the dimethyl-
substituted TTF, available as an inseparable mixture of
the (Z) and (E) isomers. Reaction of this (Z),(E)-
Me,TTF mixture with two equivalents of LDA, fol-
lowed by addition of two equivalents of CIPPh, af-
forded the mixture of (Z)- and (E)-P, in 55% overall
yield. The two isomers could not be distinguished on
the basis of TLC, but recrystallization of the crude
product from toluene afforded one crystalline product
(m.p. 236-239°C) while concentration of the mother
liquor and slow addition of methanol yielded long nee-
dles of a second product (m.p. 192-194°C). Mass
spectroscopy and elemental analysis confirm the
CHH%P:S% formula expected for both isomers, while
the 'H and "' P{'H} NMR spectra proved to be identical.
The single crystal X-ray structural determination of the
second product (see below) demonstrated that it was in
fact the (Z) isomer, as one could indeed expect for this
less symmetrical compound whose melting point is
lower and solubility higher than those of the (E) iso-
mer. Furthermore, tetralithiation of TTF has been shown
to be readily achieved with an excess of LDA in THF
[13]; subsequent derivatization with CIPPh, affords P,
in good yield.

*'P{' H} NMR spectroscopic data (Table 1) show that
the *'P chemical shift of the phosphines is affected by
the electron-rich character of the TTF moiety if one
compares those values with that of PPh, for example
(—6ppm).

Table |
“'P{'H) NMR data for the various phosphines

()‘Pz P4 P] ( Z)-Pz ( E)-Pz
S(ppm) —188  —182 —-227 —183 -—183
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Table 2
Cyclic voltammetry data of the free ligands (in CH,Cl,, n-Bu,NPF,
0.1M, 100mVs~', Fc* /Fc at 0.39V)

Donor E1 ,, (V vs. SCE) E2, ,,(V vs. SCE)
TMTTF 0.21 0.56
P, 0.23 0.74
0P, 0.27 0.81
(2)P, 0.1 0.76
(E)-P, 031 0.76
P, 0.33 0.73

As shown by cyclic voltammetry experiments, all
new compounds exhibit two reversible one-electron oxi-
dations to the mono- and dication. Compared with the
reported data for tetramethyltetrathiafulvalene (TMTTP),
it appears that the substitution of —PPh, groups for
methyl groups only slightly decreases their donor prop-
erties (Table 2). These molecules should then retain the
redox ability of the TTF core, the added coordination
ability not withstanding.

2.2. X-ray crystal structure of (Z)-P,

The crystallographic data for (Z)-P, are given in
Table 3. Table 4 contains the atomic coordinates and
equivalent isotropic displacement coefficients. Selected
bond distances and angles are given in Table 5. Fig. 1
shows the structure of (Z)-P, confirming the (Z) stereo-
chemistry. (Z)-P, was found to crystallize together with
one toluene solvent molecule disordered on the symme-
try center. Bond distances and angles within the TTF
moiety are in accord with those of other TTF molecules.

Table 3
Crystallographic data for (Z)-P, and [o-P,],RhBF,

The TTF core itself is nearly planar with dihedral angles
between planes (C1,C2,51,S2) and (S1,52,C4,C5,53,54)
of 3.7(2)° and between planes (51,52,C4,C5,53,54) and
(83,54,C6,C7) of 0.9(1)°. The two phosphorus atoms
adopt the usual distorted tetrahedral environment with
C-P-C angle values of 101.7-103.7°

3. Metal complexes with o-P, and P,

3.1. Synthesis, spectroscopy and redox properties of
[Rh(o-P, ), ][BF, ] (1)

Several years ago, we have already reported the
preparation and electrochemical behavior of coordina-
tion complexes of o-P, with nickel halides such as
0-P, - NiCl, and o-P, - NiBr, [6]. In this paper we wish
to report the results of our investigations with aceto-
nitrile-coordinated cations of the platinum group metals,
including the metal-metal bonded cation
[Rh,(NCCH,),,]** [14] with the chelating diphos-
phines o-P, or P,.

The reaction of four equivalents of o-P, with
[Rh,(NCCH,),,l[BF, ], in CH,CN affords the mononu-
clear complex [Rh(o-P,),][BF,] (1) as yellow micro-
crystals in 76% yield. The yellow solid is insoluble in
most common solvents and exhibits only limited solu-
bility in CH,Cl, and acetone. The infrared spectrum of
(1) displays bands attributed to the phosphine ligand
along with stretches assignable to [BF,]” ions. The
absence of v(C=N) stretches supports the loss of all
CH,CN ligands. The FAB mass spectrum exhibits a

(Z)-P, - PhCH,

[0-P,],RhBF, - 5H,0

Empirical formula Cy,H,(P;S, CqsH,,BE,P,RhS, - O.H
Formula weight (g mol™") 600.742 1481.33
Crystal color and shape orange plate yellow plate
Crystal size (mm*) 0.33 X 0.30 X 0.09 0.3x02x0.1
Cystal system triclinic monoclinic
Space group P1 C2/c
Unit cell dimensions

a(d) 9.362(5) 15.761(2)
b(A) 14.204(3) 19.007(2)
c(A) 14.265(1) 24.736(2)

a (deg) 108.02(1)

B (deg) 102.22(2) 107.31€1)

y (deg) 106.35(2)
Volume (A%) 1635(1) 7100(1)
VA 2 4
Density (calc.) {gem™?) 1.313 1.408
Absorption coeff. (mm~') 0.41 0.62
R 0.048 0.16
Rw 0.065 0.21
Weighting scheme (0 2(F,) + (0.0025F}) " (e (F)+(0.0064 F})~!
Max res. electron density (¢ A~ %) 0.54 43
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Table 4
Atomic coordinates and equivalent isotropic displacement coeffi-
cients for (Z)-P,-PhCH,

x b z Ugq

Sl 0.5923(1) 0.3538(1) 0.2746(1)  0.0501(6)
S2 0.7807(1) 0.5136(1) 0.4872(1)  0.0553(6)
S3 0.5532(2) 0.3816(1) 0.5825(1)  0.0573(6)
S4 0.3578(2) 0.2237(1) 0.3715(1)  0.0542(6)
Pl 0.7876(2) 0.4830(1) 0.1724(1)  0.0477(6)
P2 0.1328(1) 0.0876(1) 0.4555(1)  0.0455(6)
Cl 0.7479(5) 0.4650(4) 0.2866(4)  0.044(2)
Cc2 0.8328(6) 0.5377(4) 0.3840(4)  0.048(2)
C3 0.9706(7) 0.6371(4) 0.4136(4)  0.065(3)
Cc4 0.6176(3) 0.3952(4) 0.4085(4)  0.045(2)
C5 0.5223(5) 0.3414(4) 0.4486(4)  0.048(2)
C6 0.3003(5) 0.2035(4) 0.4761(4)  0.042(2)
Cc7 0.3918(5) 0.2761(4) 0.5719(4)  0.044(2)
C8 0.3726(6) 0.2790(4) 0.6747(4)  0.060(3)
C9 0.6364(6) 0.3633(4) 0.0653(4)  0.048(2)
C10 0.6492(7) 0.2666(5) 0.0245(5)  0.087(3)
Cll 0.5274(9) 0.1821(5) —0.0583(6) 0.099(4)
Ccl12 0.3930(8) 0.1936(6)  —0.0996(5)  0.087(4)
Cl13 0.3782(7) 0.2882(7)  —0.0625(5)  0.084(4)
Cl4 0.4977(7) 0.3734(5) 0.0198(5)  0.064(3)
C15 0.9640(5) 0.4520(4) 0.1761(4)  0.047(2)
Clé 1.0070(6) 0.3877(4) 0.2237(4)  0.056(3)
C17 1.1404(7) 0.3663(5) 0.2188(5)  0.067(3)
C18 1.2315(7) 0.4081(5) 1.7676(5)  0.076(3)
C19 1.1942(7) 0.4735(6) 0.1223(5)  0.076(3)
Cc20 1.0591(6) 0.4949%(4) 0.1264(4)  0.061(3)
Cc21 0.1738(6)  —0.0216(4) 0.3724(4)  0.048(2)
c22 0.0531(6) —0.1151(4) 0.3009(4)  0.060(3)
C23 0.0846(7)  —0.2025(4) 0.2474(5)  0.074(3)
C24 0.2344(8)  —0.1980(5) 0.2642(6)  0.087(4)
C25 0.3567(7)  —0.105%(5) 0.3335(6)  0.087(4)
C26 0.3280(6) 0.0180(4) 0.3900(5)  0.066(3)
C27 —0.0310(3) 0.0946(3) 0.3652(4)  0.044(2)
C28  —0.0386(6) 0.0920(4) 0.2656(4)  0.055(2)
C29  —0.1614(7) 0.1031(4) 0.2057(4)  0.066(3)
C30 —0.2831(7D 0.1161(4) 0.2415(5)  0.072(3)
C31  —0.2808(6) 0.1164(5) 0.3378(6)  0.071(3)
C32 —0.1552(6) 0.1055(4) 0.3997(4)  0.056(3)
C33 0.064(2) 0.0904(9) 0.010(1)  0.125(9)
C34 0.216(2) 0.003(2) 0.0919(8)  0.20(1)
C35*  0.0732) 0.011(2) 0.029(1)  0.12(1)
C36 * —0.065(6) 0.098(3) —0.046(3)  0.18(3)
C37*  0.200(3) 0.089(2) 0.0712)  0.13(1)

Starred (™) atoms have a site occupation factor of 0.5.

mass at m/z=1303 (M) that corresponds to the
Rh(o-P,)* molecular fragment. A "*F{'H} NMR spec-
trum exhibits a singlet at 8 = —154.9 ppm which is in
the range expected for the [BF,]™ ion [15]. The 'H
NMR spectrum of (1) contains resonances assignable
only to protons of the o-P, ligands, which includes a set
of resonances between &= 7.0 and 7.5 ppm assigned to
the phenyl protons, and a singlet at 8 = 1.82 ppm due to
the methyl protons. The *'P{'H} NMR spectrum dis-
plays a doublet at 8 = 50.4 ppm with '/, _, = 133.8 Hz.
These values are within the range observed for other
Rh—P complexes and also compare well with the value
reported for the complex o-P,-NiCl, [6]. A cyclic

Table 5

Important bond distances and angles in (Z)-P,

S1-C1 1.755(5) P1-C15 1.820(6)
S1-C4 1.757(5) P2-C6 1.819(5)
S2-C2 1.744(6) P2-C21 1.831(6)
S2-C4 1.755(4) P2-C27 1.830(5)
S3-C5 1.748(5) C1-C2 1.346(6)
$3-C7 1.744(5) C2-C3 1.487(7)
S4-C5 1.752(4) C4-C5 1.346(8)
S4-C6 1.766(6) C6-C7 1.342(5)
P1-CI 1.821(6) C7-C8 1.504(8)
P1-C9 1.831(4)

C1-S1-C4 95.7(2) S2-C2-C3 115.8(4)
C2-82-C4 95.6(2) C1-C2-C3 126.3(6)
C5-83-C7 96.0(2) S1-C4-S2 114.1(3)
C5-S4-C6 96.0(2) S1-C4-C5 123.6(3)
C1-P1-C9 102.2(2) S$2-C4-C5 122.3(4)
C1-P1-CI5 101.9(3) S3-C5-S4 114.03)
C9-P1-CI15 101.8(2) $3-C5-C4 122.9(3)
C6-P2-C21 101.7(2) $4-C5-C4 123.0(4)
C6-P2-C27 103.6(2) S4-C6-P2 121.9(2)
C21-P2-C27 103.1(2) $4-C6-C7 116.0(4)
S1-C1-P1 121.5(2) P2-C6-C7 122.0(4)
S1-C1-C2 116.6(5) S3-C7-C6 118.0(4)
P1-C1-C2 121.9(4) $3-C7-C8 114.2(3)
§2-C2-C1 117.9(4) C6-C7-C8 127.7%(5)

Fig. 1. ORTEP view of (Z)-P,. Thermal ellipsoids are draw at the 50%
probability level.

+13 lo

[—
E+}YOLTS

Eiplox)y =+0.62V

E]/Z(OX)Z =+1.01V

Fig. 2. Cyclic voltamogramm of [o-P;],RhBE,, in CH,Cl,, vs.
Ag/AgCl
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Fig. 3. *'P{'"H} NMR spectrum of [Rh'(P,),]BE,], in CD,CN at
room temperature.

voltammogram of (1) (Fig. 2) exhibits two reversible
oxidations at E, ,,,=0.63 and E, , =101V vs.
Ag/AgCl, compared with the cyclic voltammogram of
o-P, under the same conditions which exhibits oxida-
tions at E, =041 and E1/2(0x) 0.85V s,
Ag/AgCl. The shift to more positive potentials of the
values in (1) is the result of strong Rh~P interactions.
The reaction of o-P, and the solvated Rh dinuclear
complex produces the mononuclear product (1) as a
result of reduction of the Rh" (d’) to Rh' (d®). As
expected the d® Rh' compound is diamagnetic. The
reduction of the metal is accompanied by oxidation of
one equivalent of ligand, justifying the need for the
addition of two equivalents excess o-P,. The presence
of the oxidized ligand was detected by the color change
to green which is the typical color of the TTF cation.

Fig. 4. pLUTO views of [0-P,],Rh* in [o-P,],RhBF,.

Preliminary studies of the analogous tetradendate P,
ligand with [Rh,(NCCH,),,J[BF, ], indicate that a simi-
lar reduction of the metal center occurs with subsequent
b1nd1ng of the ligand through the phosphine atoms. The

'P{'H} NMR spectrum displays a doublet at &=
51.0ppm with JRh p = 133.8 Hz, indicating only one
environment for the phosphorus (Fig. 3). The '"H NMR
spectrum contains resonances assignable only to the
phenyl protons, which are assigned to two broad reso-

Table 6
Atomic coordinates and equivalent isotropic displacement coeffi-
cients for [ 0-P,1,RhBF,-5H,0

x y z U,
Rh 0.00000 0.00000 0.50000 0.018(1)
S1 0.3050(5) 0.0837(4)  05021(4)  0.037(4
S2 0.3191(5) —0.065%4)  0.52954)  0.036(4)
S3 0.5159(5) 0.1026(4)  0.5594(4)  0.044(5)
S4 0.5355(5) ~-0.0442(4)  0.5894(4)  0.041(4)
P! 0.1017(4) 0.0855(4)  0.4981(3)  0.017(3)
P2 0.1188(5) ~0.0745(4) 0.5258(3) 0.019(3)
Cl 0.129(2) 0.151(1) 0.556(1) 0.029(7)
o) 0.096(2) 0.136(1) 0.601(1) 0.026(6)
C3 0.121(2) 0.179(1) 0.650(1) 0.030(7)
C4 0.165(2) 0.240(2) 0.649(2) 0.053(9)
C5 0.204(2) 0.252(2) 0.602(1) 0.046(9)
C6 0.185(2) 0207(2) 0.556(1) 0.040(8)
C7 0.093(2) 0.130(1) 0.431(1) 0.018(6)
C8 0.096(2) 0.093(2) 0.385(1) 0.043(8)
9 0.090(3) 0.123(2) 0.336(2) 0.06(1)
CI0  0.068(3) 0.195(2) 0.329(2) 0.06(1)
Cll 0.058(2) 0.231(2) 0.376(1) 0.044(8)
Cl2  0.069(2) 0.205(1) 0.424(1) 0.027(7)
Cl3 0.115(2) —0.149(1) 0.480(1) 0.020(6)
Cl4 0.129(2) —0.141(2) 0.423(1) 0.050(9)
C15 0.110Q2) -0.194(1) 0.388(1) 0.025(6)
Cl6 0.082(2) -0.262(1) 0.401(1) 0.030(7)
C17  0.079Q2) —0.274(2) 0.458(1) 0.035(7)
Cl8  0.091(2) -0.217(2) 0.497(1) 0.030(7)
C19  0.155(2) —0.107(1) 0.598(1) 0.027(7)
C20 0.115(2) —0.069(2) 0.636(1) 0.039(8)
C21 0.141(3) —0.092(2) 0.692(2) 0.07(1)
c22 0.199(3) —0.145(2) 0.71(2) 0.08(1)
Cc23 0.236(3) —0.181Q2) 0.670(2) 0.07(1)
C24 02132 —0.159(1) 0.617(1) 0.029(7)
C25 0.205(2) 0.043(1) 0.506(1) 0.02(1)
C26 0.217Q2) —0.02%(1) 0.522(1) 0.02(1)
c27 0.376(2) 0.013(1) 0.533(1) 0.03(1)
C28 0.458(2) 0.025(1) 0.555(1) 0.03(1)
C29  0.616(2) 0.079(2) 0.610(1) 0.05(2)
C30  0.625(2) 0.013(2) 0.622(2) 0.05(2)
C31 0.678(3) 0.136(2) 0.634(2) 0.07Q2)
C32 0.701(3) —0.029(2) 0.665(2) 0.07(2)
Bl 1.00000 0.063(2) 0.75000 0.15270
Fl 1.00000 0.134(2) 0.75000 0.15270
F2*  1.032(6) 0.042(3) 0.707(3) 0.15270
F3*  0915(3) 0.040(3) 0.735(4) 0.15270
F4 - 1.043(5) 0.035(3) 0.798(2) 0.15270
01 0.50000 0.208(1) 0.25000 0.034(7)
o2 0.879(2) 0.641(1) 0.7475(9) 0.054(6)
03 0.813(2) 0.532(1) 0.663(1) 0.070(8)

Starred (") atoms have a site occupation factor of 0.5.
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Table 7

Important bond distances and angles in [o-P,],RhBF,

Rh-P1 2.297(7) P1-C7 1.83(3)
Rh-P2 2.286(7) P1-C25 1.77(3)
S1-C25 1.78(3) P2-C13 1.80(3)
S1-C27 1.78(3) P2-C19 1.83(3)
S2-C26 1.71(3) P2-C26 1.80(3)
S$2-C27 1.73(3) C25-C26 1.44(4)
S$3-C28 1.72(3) C27-C28 1.27(4)
S3-C29 1.76(3)  C29-C30 1.28(5)
S4-C28 1.82(3) C29-C31 1.46(5)
S4-C30 1.78(3)  C30-C32 1.56(5)
P1-C1 1.85(3)

P1-Rh-P2 85.9(2) P1-C1-C6 121(2)
P1-Rh-P2'* 94.1(2)  S1-C25-PI 127(2)
C25-S1-C27 96(1) S1-C25-C26 112(2)
C26-S2-C27 96(1) P1-C25-C26 120(2)
C28-S3-C29 99(2) S$2-C26-P2 126(2)
C28-54-C30 95(1) $2-C26-C25 118(2)
Rh-P1-C1 117(1) P2-C26-C25 115(2)
Rh-P1-C7 118.8(8) S1-C27-S2 113(1)
Rh-P1-C25 107.5(9) S1-C27-C28 118(2)
C1-P1-C7 109(1) §2-C27-C28 129(2)
C1-P1-C25 103(1)  S3-C28-S4 109(1)
C7-P1-C25 97(1) S$3-C28-C27 129(2)
Rh-P2-C13 116.1(8) S4-C28-C27 121(2)
Rh-P2-C19 119(1)  S3-C29-C30 115(2)
Rh-P2-C26 109.5(9)  S3-C29-C31 116(3)
C13-P2-C19 107(1)  C30-C29-C31 129(3)
C13-P2-C26 103(1)  S4-C30-C29 1192)
C19-P2-C26 101(1)  S4-C30-C32 110(2)
P1-C1-C2 115(2)  C29-C30-C32 132(3)

* Symmetry operation used to generate equivalent atoms: — x, — ¥,

11—z

nances at 8 =7.0 and 7.3 ppm. Similar results have
been observed in reactions between the P, ligand and
several mononuclear solvated cations of general formula
[M(NCCH,),IBE,], M =Ni, n=6.5;, M=Fe, Co
[16), Pd [17], n=6, Pt [18], n = 4). Assigning these
resonances to bound phosphine is justified by their
considerable downfield shift with respect to 6=
— 18ppm for the free ligand. All the metal centers,
except Co, exhibit *'P{'H) NMR spectra with a single
resonance in the region of &= 36-55ppm. SQUID
measurements of the paramagnetic cobalt-complex dis-
play a w ;= 4.6 BM at room temperature. Although no
formal structural assignments can be made from these
NMR spectra, it does support the possibility that these
ligands are forming extended structures.

3.2. X-ray crystal structure of [Rh(o-P,), I[BF,]

The X-ray crystal structure of [Rh(o-P,),][BF,] (1)
depicted in Fig. 4 reveals a square planar arrangement
of ligands around the Rh' center. Table 6 contains the
atomic coordinates and equivalent isotropic displace-
ment coefficients. Selected bond distances and angles

are given in Table 7. The average Rh—P distance is
2.292(8) A and the P(1)-Rh—P(2) angle is 85.9(2)°,
while the P(1)-Rh—P(1) angle is 94.1(2)° as required
by symmetry. The TTF moiety is strongly folded along
the S - - - S axis of one dithiole ring by 24.2(2)°. Such
deformations are not unusual and have already been
observed in several non-oxidized TTF derivatives [12,19]
or tetrathiafulvalenophanes [20,21]. The packing dia-
gram of (1) shown in Fig. 5 reveals close intermolecular
interactions between the outer dithiole rings of the TTF
moieties of neighboring molecules with a plane-to-plane
distance of 3.537(2) A, resulting in the observation of
one-dimensional chains parallel to the [100] direction.
Those chains are isolated from each other, in the [010]
as in the [001] direction, by the phenyl rings of the
diphenylphosphino groups of P,. It is apparent from
examining the packing diagram that the considerable

oo L TR e TR e 2
S P e
.'. .' ‘.. < SN
P - =
Zin AT
2

NS AT BN
L} /i

Fig. 5. Top: projection of the unit cell of [o-P;],RhBE, along [010].
Bottom: projection along [100). Molecules in the centrai column are
at a=1/2. The disordered BE,” anions and the solvent molecules
have been ommited for clarity.
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bending of the TTF ligands away from the Rh—P plane
is necessary for accommodating this interaction, the
bulky phenyl rings preventing a perfect planar TTF—TTF
intermolecular interaction. The structure of (o-P,)-
NiBr,, unlike that of (1), exhibits a planar structural
arrangement with respect to the Ni-P,—TTF plane [6].
There was no evidence for intermolecular interactions
occurring in the Ni complex.

The structural arrangement observed in [Rh(o-
P,), IBF,] demonstrates that, despite the presence of the
bulky phenyl rings, extended arrays with TTF - - - TTF
overlaps can be constructed, while the electrochemical
data confirm that the reversible redox character of the
TTF moieties is retained in the phosphines and in their
metal complexes. The introduction of paramagnetic
species, either by TTF oxidation or by substituting a
paramagnetic metal cation for the Rh' metal center,
offer now rich opportunities for the elaboration of novel
conductive or magnetic materials.

4. Experimental
4.1. Synthesis

TTF [22] and cis—trans-Me,TTF [23] were prepared
according to published procedures and purified by re-
crystallization followed by vacuum sublimation.

4.1.1. 3,3'-Dimethyl-4,4'-bis(diphenylphosphino)tetra-
thiafulvalene and 3,4'-dimethyl-3',4-bis(diphenylphos-
phino)tetrathiafulvalene, cis- and trans-P,

To a solution of the cis—trans mixture of Me,TTF
(1.05g, 4.5mmol) in dry Et,O at —70°C was added
successively 'Pr,NH (1.4 ml, 10 mmol) and BuLi (2.5M
in hexanes, 4 ml, 10 mmol). After stirring at —70°C for
1 h, CIPPh, (1.62ml, 9 mmol) was added dropwise and
the mixture left to warm up to room temperature. The
residue after evaporation was Soxhlet extracted with
toluene and the concentrated solution filtered through a
short silica-gel column. Recrystallization from toluene
(30ml) afforded a first crop (0.7g) of trans-P,, m.p.
236-239°C. Concentration of the solution to 10ml
afforded a second crop of trans-P, (0.21 g). Slow addi-
tion of MeOH (20 ml) to the mother liquor afforded a
third crop which proved to be cis-P, (0.33 g, 13%), m.p.
192-194°C. Total yield 46%.

trans-P,. Anal. Calc. (found) for C;,H,P,S,: C,
64.02 (64.29); H, 4.37 (4.51); P, 10.32 (10.11); S, 21.36
(21.27); '"H NMR (CDCly, TMS) 6 7.35 (m, 10H, Ph),
2.24 (s, 3H, Me); *' P{'H) NMR (CDCl,, H,PO, 85%)
& —18.26 ppm (small amounts of the phosphine oxide
are observed at 4.27 ppm).

cis-P,. Anal. Calc. (found) for C;,H,4P,S,: C, 64.02
(64.12); H, 4.37 (4.84); P, 10.32(8.97); S, 21.36 (20.57);
'H NMR (CDCl,, TMS) 6 7.35 (m, 10H, Ph), 2.24 (s,

3H, Me); “'P{’H} NMR (CDCl,, H,PO, 85%) &
— 18.26 ppm (small amounts of the phosphine oxide are
observed at 4.29 ppm).

4.1.2. Tetrakis(diphenylphosphino)tetrathiafulvalene, P,

To a solution of TTF (0.8 g, 4 mmol) in dry THF at
—78°C was added successively 'Pr,NH (2.8 ml,
20 mmol) and BuLi (2.5M in hexanes, 8 ml, 20 mmol).
After stirring for 1h, CIPPh, (3ml, 16 mmol) was
added dropwise to the yellow suspension of TTF-Li,.
The solution darkened and an orange precipitate slowly
appeared. After stirring overnight, the suspension was
evaporated, the residue extracted with CH,Cl,, the
solution washed with H,O, dried on MgSO,, concen-
trated and filtered trough a short silica-gel column.
Recrystallization from toluene afforded P, as orange
crystals (2g, 53%) m.p. 251-252°C. '"H NMR (CDCl,,
TMS) & 7.28 (m, Ar). >’ P{'H} NMR (CDCl,, H,PO,)
8 —18.2. Anal. Calc. (found) for C;,H,,P,S,-C,Hy:
C, 7091 (70.73); H, 4.68 (4.64); P, 11.99 (11.95) S,
12.41 (12.45).

4.1.3. Bis[3,4-dimethyl-3'4'-bis(diphenylphosphino)te-
trathiafulvalene]rhodium tetrafluoroborate, [o-
P,,Rh", BF, (1)

A solution containing 0.250 g (0.416 mmol) of o-P,
and 20ml of CH,CN was slowly added to a stirred
solution of 0.100 g (0.104 mmol) of
[Rh,(NCCH,),,IBF,], [14] dissolved in 10ml of
CH,CN. Upon addition, a green solution and a yellow
crystalline solid were observed to form. The reaction
was stirred for 48 h at room temperature and the yellow
solid was collected by filtration, washed with CH,CN
(3 X 5ml) and vacuum dried; yield 0.220 g (76%). Anal.
Calc. (found) for C.,Hs,BF,P,RhS,: C, 55.28 (55.34);
H, 3.77 (4.06). IR (Csl, Nujol, cm~'): 1505 (w), 1100
(m), 1062 (s), 925 (w), 797 (m), 700 (m), 528 (m), 517
(m), 483 (w), 455 (w), 420 (w). "H NMR (CD,Cl,,
8 ppm) 7.46 (t, C¢H,), 7.20 (t, C(Hy), 7.11 (d, C¢Hy),
1.82 (s, -CH;). *P{'"H} NMR (CD,Cl,, H,PO,,
§ ppm) 50.4 (d, 'J _,=133.8Hz). "F{'H NMR
(CD,Cl,, & ppm) —154.9 (s). UV-vis (CH,Cl,, A_,,)
270, 318, 420. MS m/z: 1303 (M™*, 60). CV (0.1M
TBABE, /CH,Cl,, vs. Ag/AgCD: E| 5., = +0.63V,
E  yeny= T1.01V.

4.2. Crystal structure determination of (Z)-P,

Data collection: Enraf-Nonius CAD4F diffractome-
ter; MoKa radiation (A = 0.71073 A), graphite mono-
chromator, scan type w—26, temperature: 293K; 28
range 4-52°, index ranges 0 <h <11, —17<k< 16,
—17 <1 < 16, reflections collected 7041, independent
reflections 6414 (R, = 0.0146), observed reflections

2880 (I > 3(o)1), reflections used in refinements 3038
(parameters 388), absorption correction y-scan.
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Solution and refinements: direct methods, full matrix,
least squares, all atoms except H anisotropic, H atoms
introduced at calculated positions, included in structure
factor calculation but not refined; weighting scheme
w=1/(o*(F) + 0.0025F?). Maximum shift /e.s.d. ra-
tio 0.04; residual electron density 0.54e A7, System
used: XTAL3.2 [24]. Anisotropic displacement factors,
positional parameters for idealized hydrogen atoms as
well as a list of observed and calculated structure
factors are available as supplementary data from the
authors.

4.3. Crystal structure determination of [o-P,],Rh”,
BF,

Data collection: Rigaku AF(;6S diffractometer;
MoKa radiation (A, = 0.71069 A), graphite mono-
chromator, scan type w, temperature: 183K; 26 range
4-50°, index ranges 0 <h <18, 0<k<22, —28<]
< 27, reflections collected 6723, independent reflec-
tions 6465 (R,,, =0.163), observed reflections 2843
(I>3(o)I), reflections used in refinements 2844
(parameters 251), absorption correction y-scan.

Solution: direct methods, system: SHELXS [25] and
DIRDIF [26].

Refinements: full matrix, least squares. System used:
XTAL3.2 [24]. The (o-P,)Rh* atoms (except phenyl
rings) were refined anisotropically. The BF; anion was
found to be severely disordered, with the boron atom
and one fluorine atom on the two-fold axis. The other
fluorine atoms were then introduced at calculated posi-
tions and the whole BE, anion was refined isotropi-
cally with the overall thermal parameter and geometri-
cal restraints [27]. Isolated peaks were found in the
following Fourier difference. They were attributed to
water molecules and could be refined satisfactorily with
an isotropic thermal parameter. These disorder problems
resulted with an overall poor refinement of the struc-
ture. Repeated attempts at higher quality crystals met
with failure.
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