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Reaction of [(-Bu)sN]z[RexClg] with the tetrathiafulvalene phosphine ligaag P(CGsHs)2} 2(CH3), TTF (0-P2) in
refluxing ethanol produces the mixed-nuclearity salt [R&EP2)][Re.Clg(0-P2)] (1-2), composed of the
mononuclear R& complex () and the mixed-valence ReRé" dinuclear anionZ). The complex crystallizes

as a CHCI, solvate in the triclinic space groufil, a = 13.4559(1) Ab = 20.4015(3) Ac = 21.5538(1) Ao

= 88.261(1), p = 72.987(1), y = 84.933(1}, andZ = 2. The molecular cation consists of two tram$2

ligands in the equatorial plane and axial chloride ligands. The dinuclear anion adopts an eclipsed geometry with
an unsymmetrical coordination environment for the two metal atoms; oheéd¢er is coordinated to a chelating

0-P2 ligand and two chlorides while the other Re atom is coordinated to four chloride ligands. The dinuclear
portion of the salt is a monoanion which leads to a formal bond order assignment of 3.5, based on the fact that
the molecule possesses anReore. The salt was further characterized by infrared and electronic spectroscopies,
electrochemistry, and variable temperature magnetic susceptibility; the presence of the individual ions in bulk
samples was verified by positive and negative FAB mass spectrometry. Isolation of the two separate ions was
achieved by treatment of the salt with Cgk)., which reduces the Recation to the Ré complex ReGH

(0-P2), (3). This neutral compound was separated from the byproduct salt {8giRe.Cls(0-P2)] and reoxidized

with CCl/CH,Cl, or NOBF, to produce [ReG(o-P2)][CI] (1:[Cl]) and [ReCh(0-P2)][BF 4] (1:[BF4]), respectively.
Compounds3, 1-[Cl], and 1-[BF4] were identified by a combination of infrared spectroscopy, mass spectrometry,
and cyclic voltammetric measurements. Variable temperature dc susceptibility studies of gFRZH][Re,Cle-

(0-P2)] (2-2) revealed classical Curie paramagnetic behavior (with a Curie constant equal to 0.395) and a large
temperature independent paramagnetic contributigp & 9.64 x 1073 emu/mol). The EPR spectrum @f2

consists of a broad, complex signal due to hyperfine interactions to both isdf5peRe ( = %) and3P (| =

1/,) which is typical for paramagnetic metanetal bonded dirhenium phosphine compounds.

Introduction (dppee), and bis(diphenylphosphino)benzene (dppbe) (Scheme

Chelating diphosphines such as bis(diphenylphosphino)meth-1)’ which coordinate to transition metals in a variety of oxidation

- ) tates'® The existence of both (chelating) angs (bridging)
ane (dppm), bls(dlphenylpho§ph|nq)ethane (que), and reIatEd;ssomers of MX4(LL), compounds (Scheme 2) (% halide,
molecules are known for their ability to stabilize metal com-

- - P LL = dppe and related diphosphines) underscores the flexibility
plexes ltberough the formation of chelating and bridging inter- ¢ y,o g0 ligands and indicates that both kinetic and thermody-
actions!™® Among the commonly encountered diphosphine

i T . . namic products can be isolatéd.
ligands in dinuclear chemistry are those with an ethane or b

o . In considering molecules that are similar to dppee, we recently
ethene backbone such as dppe, bls(dlphenylphosphmo)ethen?umed our interest to tertiary phosphines with tetrathiafulvalene

substituents; two examples are depicted in Scheme 3. These
molecules resemble dppee and dppbe structurally, in that the
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[ReCh(o-P2)][RexClg(0-P2)]

Scheme 1. Schematic Drawings of Various Diphosphine
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example of a dinuclear compound that contains a single che-
lating diphosphine ligand.

Experimental Section

Physical Measurementsinfrared spectra were recorded on a Nicolet
740 FT-IR spectrophotometer. Spectra in the far-IR range-{20
cm1) were recorded on a computer-controlled Nicolet 750 FT-IR
spectrophotometer equipped with a TGS/PE detector and a silicon beam
splitter set at 2.0 or 4.0 cmresolution!H NMR spectra were measured
on a Varian 300 MHz spectrometer; chemical shifts were referenced
relative to the residual proton impurities of @Cl, or chloroformd;.
31P{1H} NMR spectra were obtained on a Varian 300 MHz spectrometer
operating at 121.4 MHz and were referenced relative to an external
standard of 85% phosphoric acid. Elemental analyses were performed
at Desert Analytics, Tucson, AZ. Electrochemical measurements were
carried out by using an EG&G Applied Research model 362 scanning
potentiostat in conjunction with a BAS model RXY recorder. Cyclic
voltammetric experiments were carried out at222 °C on 0.2 M
[n-BusN][BF4]/CH,CI; solutions in a cell equipped with a Pt working
electrode, a Ag/AgCl reference electrode, and a Pt wire. EPR spectra
were measured on a Bruker ESP-300-E spectrometer equipped with
an Oxford Instruments ESR-900 continuous flow cryostat. Variable
temperature magnetic susceptibility measurements were carried out on
a Quantum Design MPMS susceptometer housed in the Physics and
Astronomy Department at Michigan State University and funded by
the Center for Fundamental Materials Research. Data points were
collected over the range-840 K at 20 deg intervals in a field of

The phosphine that was selected for the present study is1000 G. Fast atom bombardment (FAB) mass spectrometry studies were

0-{ P(GsHs)2} 2(CH3),TTF (0-P2), which, in addition to the
phosphorus donors, has an electron-rich TTF substituent thai

can act as an electron donor to metals. The abilitp-6f2 to

chelate to a single metal center was recently documented in
our laboratories by the isolation and X-ray characterization of

the homoleptic cations [NaP2)]%", [Pt(o-P2)]%", and [Rh-

performed on a JEOL HX double-focusing mass spectrometer housed

tin the National Institutes of Health/Michigan State University Mass

Spectrometry Facility.

Starting Materials. o-{ P(GHs)2} 2(CHs).TTF (0-P2f and [(+Bu)sN]-
[RexClg]*? were prepared according to published methods. NQBS
purchased from Aldrich Chemical Co. and used as received. Acetonitrile
and methylene chloride were distilled @&A molecular sieves. Etha-

(0-P2)]* as their [BR]~ salts? In these cases we did not expect nol was distilled over Mg(OMe) and diethyl ether was distilled over

to encounter a bridging mode for the ligand becausk Ri',
and Rh complexes do not engage in strong metaketal

sodium-potassium/benzophenone. Unless otherwise specified, all reac-
tions were carried out under an argon atmosphere by using standard

bonding. To test whethes-P2 could be a bridging ligand we  Schlenk-line techniques.

turned to reactions with low-valent metals that form multiple  [ReClx(0-P2)][Re;Clg(0-P2)] (1-2). A flask charged with a mixture
M—M interactions, including those containing M6 and Re%* of [n-BusN][Re;Clg] (0.104 g, 0.091 mmol) and-P2 (0.131 g, 0.219

cores that exhibit interesting photophysical and redox proper- mmol) was treated with 10 mL of ethanol and refluxed for 1 h, during
ties1011 Herein we report the reaction o6-{P(CsHs)z} o which time the solution became yellow-orange with the deposition of

. . a red solid. The mixture was filtered in air, and the solid was washed
(CHﬁ)ﬁlTTF with [n-Bu4N]2_[Re2CI8] to y_|e_ld [Re Cl(0-P2)]- with copious amounts of EtOH and GEN to remove unreacted starting
[Re" Cls(0-P2)]. In addition to providing more data on the  materials followed by-50 mL of EO to dry the solid. Single crystals
binding preferences of theP2 ligand, this salt lends new insight  of the dicholoromethane tetrasolvate were obtained by slow diffusion
into the reaction pathway(s) of [Relg]?~ with diphosphine of CHsCN into a dichloromethane solution of the compound; yield,
ligands. The compound contains two species that are at different0.115 g (72%). Anal. Calcd foi-2:CH,Cly, Re;Cl10S12PsCo7Hso: C,
points along the reaction pathway, namely, a cation'[Qle- 42.70; H, 2.95. Found: C, 42.74; H, 2.72. Elemental analysis reflects
(0-P2)] " that results from nonredox cleavage of the metal the loss of three of the four interstitial dichloromethane molecules,
metal bond and [R&" Clg(0-P2)]", a mixed-valence anion  Which is not surprising, given that crystals removed from the mother
that represents the first step in the reduction of thg'Recore liquid are observed to rapidly lose their crystallinity. IR (Nujol, ¢

1111 ; ll DT ; : 329 (Vre-c1), 333 shire-c), 352 (re-c1), 517 (p-c-H), 691 ('c-c).
to Re!"!". The species [R&'"" Clg(0-P2)[™ constitutes the first UV—vis (CHCh): Zma (M) (€. ML cm-Y) 976 (4.80x 109, 448

(5.0 x 10%), 322 (6.4x 10%, 276 (7.5x 10%. CV (0.1 M TBABF;,
(9) Fourmigue M.; Uzelmeier, C. E.; Boubekeur, K.; Bartley, S. L.; CH.Cl, Pt disk electrode vs Ag/AgCI)Eyredy = +0.03 V,E(p,c)
Dunbar, K. R.J. Organomet. Cheni.997, 529, 343. = —0.79 V, E(p,cs = —1.12 V, Ey(0x)1 = +0.31 V, Ey(0X)2 =
(10) The sulfur atoms in these ligands are potential coordination sites, but +0.50 V,Ey2(0x); = +0.67 V,E(p,a) = +1.05. FAB-MS (Wz). 1457
this is unlikely to occur given that there are only a few examples of ([ReCh(0-P2)] "), —1186 ([ReCls(0-P2)]"). Magnetic momentu(g):
TTF itself acting as a ligand. (a) Matsubayashi, G.; Yokoyama, K.; Uett = 5.2 at 340 K (1T)uerr = 1.9 at 5 K (1T). EPR (1:1 CHClo/
Tanaka, TJ. Chem. Soc., Dalton Tran$988 3059. (b) Munakata, toluene, 4 K): g = 2.40
M.; Kuroda-Sowa, T.; Maekawa, M.; Hirota, A.; Kitagawa, Borg. e L .
Chem.1995 34, 2705. Reduction of [ReCh(o-P2)][RexCle(0-P2)] (1:2) To Yield ReCl,-
(11) (a) Nocera, D. G.; Gray, H. Bl. Am. Chem. S0d.981, 103 7349. (0-P2), (3). A solution of Co(GHs). (0.01 g, 0.053 mmol) in 2 mL of
(b) Nocera, D. G.; Gray, H. Blnorg. Chem.1984 23, 3686. (c) CH.Cl, was added to [Re@lo-P2)][Re.Cls(0-P2)] (1-2) (0.100 g, 0.038
Trogler, W. C.; Erwin, D. K,; Geoffroy, G. L.; Gray, H. Bl. Am. mmol) in 5 mL of CHCl, during which time an immediate color
change to brown-green ensued. The reaction mixture was stirred for

(8) Fourmigue M.; Batail, P.Bull. Soc. Chim. Fr1992 129, 29.

Chem. Soc1978 100, 1160. (d) Chang, I.-J.; Nocera, D. G. Am.
Chem. Soc1987 109, 4901. (e) Chang, I.-J.; Nocera, D. Gorg.
Chem.1989 28, 4309. (f) Partigianoni, C. M.; Chang, |.-J.; Nocera,
D. G. Coord. Chem. Re 1990 97, 105. (g) Partigianoni, C. M.;
Nocera, D. Glnorg. Chem.199Q 29, 2033.

(12) (a) Barder, T. J.; Walton, R. Anorg. Chem.1982 21, 2510. (b)
Barder, T. J.; Walton, R. Alnorg. Synth.1985 23, 116.



6708 Inorganic Chemistry, Vol. 37, No. 26, 1998

Table 1. Summary of Crystallographic Data for
[ReCh(0-P2)][Re;Clg(0-P2)}4CH;Cl, (1-2:4CH,Cl,)

1-2-4CH,Cl,
formula GodHssCliePsR &S
fw 2984.03
space group P1 (No. 2)
a 13.4559(1)
b, A 20.4015(3)
c, A 21.5538(1)
o, deg 88.261(1)
p, deg 72.987(1)
y, deg 84.933(1)
Vv, A3 5635.85(10)
z 2

A(Mo Ka) wavelength 0.710 73 A
Pcalcd Mg/cm? 1.76

w, mmt 3.95

T,°C —100

R12 0.0751
wR2 0.1594

aR1=}||Fo| — ‘FCH/ZlFoL bwR2= [ZW(FO - FCZ)Z]/Z[W(FOZ)Z]UZ-

12 h to give a yellow precipitate, which was isolated by filtration,
washed three times with 5 mL of GHl,, and driedin vacug yield,
0.031 g (56%). IR (Nujol, cmb): 330 (re-ci), 513 @-c-t), 702
(veec). FAB-MS (m/2) = +1457 ([ReCy(P2)]"), —1457 (<5% of
base, [ReG(P2)] ). Magnetic momentug): uer = 5.0 at 300 K (1T),
Uet = 1.8 at 2 K (1T).

Oxidation of ReCl,(0-P2), (3). (i) Preparation of [ReClx(0-P2)]-
[Cl] (2-[CI]). A small quantity of ReG(o-P2), (3) (0.020 g, 0.014
mmol) was stirred in a mixture of 5 mL of Gigl, and 10 mL of C(Y
under refluxing conditions for 3 days. The yellow-orange solution was
reduced in volume, and 30 mL of £ was added to precipitate a
yellow-orange solid, which was washed withh@tand driedn vacug
yield, 0.008 g (38%). IR (Nujol, crm): 327 (re-c1), 518 (--c-n),
695 (vc--c). FAB-MS (m/2): 1457 ([ReCl(P2)]").

(i) Preparation of [ReCl,(0-P2)][BF 4] (1:[BF4]). A 4.2 mL aliquot
of a stock solution of NOBJ(0.014 g, 0.120 mmol, 10 mL Ci&l,)
was slowly added to a mixture of ReQ-P2) (3) (0.054 g, 0.037
mmol) in 5 mL of CHCl,. The mixture was stirred for 3 days, during
which time the solution color gradually became red-brown. The reaction
mixture was filtered in air to remove unreacted R€&P2) (3) and
treated with 30 mL of BED to afford a red-brown precipitate. The
resulting solid was isolated by filtration, washed with@&tand dried
in vacug yield 0.035 g (61%). CV (0.2 M TBABE CH.Cl,, Pt disk
electrode vs Ag/AQCI):Eix(0x). = +0.75 V, Eyp(0X), = +1.14 V,
Ey(red) = +0.07 V, Eyp(red) = — 0.97 V. Magnetic momeniug):
tert = 4.9 at 300 K (1T)uer = 0.7 at 2 K (1T).

X-ray Crystallographic Studies. Single crystals of [ReG(o-P2)]-
[ReClg(0-P2)F4CH:CI; (1-2:4CH,Cl,) were grown by slow diffusion
of acetonitrile into a dichloromethane solution of the title compound.
A red-orange parallelepiped of approximate dimensions 6.1&17

Uzelmeier et al.

and four solvent molecules. Solvent disorder and poor packing severely
affected the scattering ability of the crystal at higlfeangles; data
collection was therefore limited t® less than 21.72 The poor
scattering and the high absorption led to a variety of issues during the
refinement of the structure. The solvent disorder was resolved
completely for only one of the solvent molecules (C(100), CI(15), and
Cl(16)). Atoms CI(15), CI(16), CI(15B), and CI(16B) were refined at
50% occupancy in alternate least squares cycles. There is also a
possibility that the phenyl groups that involve the atoms C{I&R0)

and C(21)-C(26) are undergoing a wagging motion. Atoms C(1),
C(34), C(41), C(59), C(66), and C(67) were refined isotropically, and
hydrogen atoms were placed in calculated positions and allowed to
ride on the bonded atom. The methyl hydrogen atoms were included
as rigid groups with rotational freedom at the bonded carbon atom.
Refinement of all non-hydrogen atoms was carried out with anisotropic
temperature factors except as noted above.

Results and Discussion

Preparation of [ReCly(0-P2)][Re Cle(0-P2)] (1:2). The
unusual salt [ReG(o-P2)][Re.Clg(0-P2)] (1-2) is prepared in
the highest yields from reaction ofnffBu)iN]2[Re,Clg] with
2.4 equiv ofo-P2 in refluxing ethanol. The mononuclear cation
[transReCh(0-P2)] ™ (1) results from nonredox cleavage of the
dimetal unit, which is not particularly surprising given the
demonstrated ability of bidentate phosphines to cleave the
quadruple bond of [R&Xg]?~ species. Reactions involving other
bidentate phosphine ligands with an ethene backbone, such as
bis(diphenylphosphino)ethene (dppéeand bis(diphenylphos-
phino)benzene (dppbé),performed in alcohols produce the
analogous complexes@nsReXy(LL)]X (LL = dppbe, dppee).
Similar behavior has also been noted with ligands such as bis-
(diphenylphosphino)ethane (dpgebis(diphenylphosphino)-
amine (dppa}f® bis(diethylphosphino)ethane (dep€9,and
bis(ditolylphosphino)ethane (dtp&#

The anion in the structuregfReClg(0-P2)] (2), results from
the substitution of two chlorides on [R&lg]>~ with concomitant
reduction of the dirhenium core from B¢ to Re®". The
reaction conditions are similar to those reported for the synthesis
of a-RexX4(dppee) (X = ClI, Br),1” but in the present casmly
onechelating diphosphine ligand enters the coordination sphere.
It is interesting to note that the dppee reactions proceed with
M—M cleavage to yield the mononuclear Re(lll) cations [ReX
(dppee)]™, with no evidence for monosubstituted products of
the type encountered in this study. The dinuclear aBiappears
to be a previously undetected intermediate in the conversion of
[RexXg]%~ compounds to the bis-substituted,R&(P-P) com-
pounds.

Isolation of [Re(0-P2)%,Cl;]* from [ReCl(0-P2)][RexCls-

x 0.55 mm was secured on the tip of a glass fiber with silicone grease (0-P2)]. Reaction of1-2 with a slight excess of the reducing

and cooled to—100 + 1 °C during data collection by using a cold
nitrogen stream. The data were collected ifh @mnge of 0.99-21.72

agent CoCpaffords a yellow solid identified as Ref{b-P2),
(3) on the basis of infrared, mass spectroscopic, and magnetic

on a Siemens SMART/CCD area detector diffractometer equipped with susceptibility measurements. This reaction is similar to one

monochromated Mo & radiation. Successful refinement of the structure
was carried out in the triclini®1 space group. Of the 21 397 reflections
that were collected, 13 226 were determined to be unidfet) =
0.067) and 11 595 were observed~20(l)). The data were corrected
for absorption with transmission factors ranging from 0.63 to 0.99. The
structure was solved by direct methods and refined by full-matrix least

reported by Waltoret al. for the reduction of [ReG(dppee)]-

Cl to ReC}h(dppee).t* The neutral compound is fairly
insoluble, thereby allowing it to be separated from the byproduct
salt [CoCp][Re.Clg(0-P2)]. The FAB mass spectrum &
contains a parent ion peakmtz = 1457 for both positive and

squares refinement. Crystallographic computing was performed using "€gative ion spectra, which is consistent with R¢EP2).

SHELXTL, version 5'3 Crystal parameters and basic information

pertaining to data collection and structure refinement are summarized (14) Bakir, M.; Fanwick, P. E.; Walton, R. A2olyhedron1987, 6, 907.

in Table 1, and the positional parameters are given in Table 2.
The asymmetric unit consists of one PRé&(0-P2)]” (2) moiety,
two half [ReCh(o-P2)]" (1) cations residing on centers of inversion,

(13) SHELXTL, version 5.04: G. M. Sheldrick and Siemens Analytical
X-ray Systems, Inc., 1997, 6300 Enterprise Lane, Madison WI 53719.

(15) Esjornson, D.; Bakir, M.; Fanwick P. E.; Jones, K. S.; Walton, R. A.
Inorg. Chem.199Q 29, 2055.

(16) (a) Jaecker, J. A.; Murtha, D. P.; Walton, R. lAorg. Chim. Acta
1975 13, 21. (b) Barder, T. J.; Cotton, F. A,; Lewis, D.; Schwotzer,
W.; Tetrick, S. M.; Walton, R. AJ. Am. Chem. So4984 106, 2882.
(c) Cotton, F. A.; Daniels, L. MInorg. Chim. Actal988 142 255.

(17) Anderson, L. B.; Bakir, M.; Walton, R. ARolyhedron1987, 6, 1483.
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Table 2. Positional Parameters<(L0* for x, y, z A2 x 10 for U(eq)) for [ReCh(0-P2)][Re;Cls(0-P2)F4CH,Cl, (1-2:4CH,Cly)

atom xla ylb zc U(eqf atom xla y/b zc U(eqf
Re(1)  —1606(1) 11759(1) —4022(1) 21(1) C(37) —3755(14) 9225(9) —2177(9) 33(5)
Re(2) —2198(1) 12723(1) —3521(1) 23(1) C(38) —3149(14) 9294(8) —1799(9) 30(4)
Re(3) —5000 5000 0 15(1) C(39) —3914(19) 9635(10)  —2724(11) 54(6)
Re(4) 0 10000 —10000 18(1) C(40) —2489(18) 9864(10)  —1818(11) 53(7)
CI(1) —1863(4) 10927(2) —3206(2) 34(1) C(41) —6369(12) 5863(8) —1143(8) 20(4H
Cl(2) 175(4) 11495(2) —4101(2) 37(1) C(42) —7069(13) 6299(8) —716(10) 31(5)
CI(3) 691(4) 13021(2) —3333(2) 36(1) C(43) —8008(15) 6515(9) —835(11) 38(5)
Cl(4) 1996(3) 13574(2) —4278(2) 30(1) C(44) —8246(18) 6295(11)  —1355(13) 57(6)
CI(5) —3982(3) 12924(2) —3431(2) 27(1) C(45) —7550(18) 5868(11) —1794(12) 57(7)
Cl(6) —2699(4) 12412(2) —2440(2) 38(1) C(46) —6615(16) 5646(9) —1674(11) 42(5)
CI(7) —3729(3) 4263(2) —612(2) 20(1) C(47) —4262(14) 5279(7) —1704(8) 26(4)
CI(8) 1023(3) 10250(2) —9357(2) 24(1) C(48) —3367(13) 5596(8) —2057(8) 27(4)
Cl(9) —2654(9) 6490(6) —6761(5) 133(4) C(49) —2664(14) 5300(9) —2600(9) 36(5)
Cl(10) —2428(8) 7589(5) —6010(5) 123(3) C(50) —2868(16) 4704(9) —2808(10) 41(5)
Cl(11) 111(5) 113697(3) —1987(3) 71(2) C(51) —3724(14) 4393(9) —2501(9) 36(5)
Cl(12) —1629(5) 13130(3) —1071(3) 68(2) C(52) —4410(13) 4683(8) —1947(8) 22(4)
S(1) —4534(3) 12424(2) —4968(2) 30(1) C(53) —3752(13) 6232(7) 701(8) 22(4)
S(2) —2707(4) 13059(2) —5770(2) 34(1) C(54) —2989(13) 6060(9) 1009(9) 30(4)
S(3) —6037(4) 13712(2) —5153(3) 36(1) C(55) —3021(16) 6349(10) 1568(9) 41(5)
S(4) —4212(4) 114311(2) —6001(3) 41(1) C(56) —3843(17) 6819(10) 1862(11) 48(6)
S(5) —4978(3) 7095(2) —1355(2) 25(1) C(57) —4591(13) 6969(9) 1561(9) 34(5)
S(6) —3669(3) 7286(2) —495(2) 24(1) C(58) —4567(14) 6688(8) 988(9) 31(5)
S(7) —4496(4) 8524(2) —2001(2) 36(1) C(59) —2380(12) 5566(7) —452(8) 16(4)
S(8) —3149(4) 8712(2) —1181(2) 34(1) C(60) —1849(13) 5901(8) —1009(8) 25(4)
S(9) —1940(4) 11843(2) —8429(2) 29(1) C(61) —821(15) 5672(10)  —1313(10) 40(5)
S(10)  —2475(4) 10594(2) —7742(2) 28(1) C(62) —310(15) 5153(10) —1067(12) 47(6)
S(11) —3779(4) 12639(2) —7342(2) 36(1) C(63) —869(15) 4831(9) —515(11) 40(5)
S(12) —4351(4) 11422(2) —6634(2) 41(1) C(64) —1891(13) 5045(8) —233(9) 28(4)
P(1) —3139(4) 11549(2) —4262(2) 25(1) C(65) —1528(12) 11108(7) —8893(8) 19(4)
P(2) —1225(3) 12200(2) —5086(2) 23(1) C(66) —1790(12) 10545(8) —8559(8) 20(4)
P(3) —5130(3) 5615(2) —974(2) 17(1) C(67) —2753(12) 11459(8) —7766(8) 21(4)
P(4) —3748(3) 5818(2) —37(2) 16(1) C(68) —3512(15) 11789(8) —7302(9) 33(5)
P(5) —863(3) 11113(2) —9742(2) 20(1) C(69) —5064(15) 12653(10)  —6804(9) 37(5)
P(6) —1388(3) 9773(2) —9002(2) 20(1) C(70) —5309(16) 12092(10) —6478(9) 41(5)
Cc(1) —3334(12) 12192(7) —4829(8) 18(4) C(71) —5720(17) 13276(11) —6798(11) 56(6)
C(2) —2475(13) 12493(8) —5199(8) 25(4) C(72) —6320(16) 11973(11)  —5980(10) 53(6)
C@®3) —4078(12) 13098(8) —5440(9) 25(4) C(73) —1842(12) 11374(7)  —10148(9) 21(4)
C@) —4679(15) 13638(8) —5541(9) 32(5) C(74) —1565(13) 11314(8)  —10814(8) 23(4)
C(5) —6187(16) 14546(8) —5354(11) 39(5) C(75) —2279(13) 11514(8) —11150(9) 24(4)
c(6) —5359(17) 14814(10) —5725(13) 53(6) C(76) —3259(16)  11754(9) —10822(11) 40(5)
C(7) —7278(15) 14881(9) —5034(12) 50(6) C(77) —3562(16) 11814(11) —10154(11) 47(6)
C(8) —5312(17) 15519(9) —5977(12) 51(6) C(78) —2843(13) 11633(9) —9806(9) 31(5)
C(9) —4380(13) 11394(8) —3663(10) 29(5) C(79) —74(11) 11813(7) —9825(8) 20(4)
C(10) —4483(15) 11449(8) —3004(10) 37(5) C(80) 421(12) 11911(8) —9351(9) 26(4)
C(11) —5373(17) 11260(10)  —2556(11) 48(6) C(81) 1012(14) 12444(9)  —9424(9) 36(5)
C(12) —6140(17) 11069(11) —2760(12) 52(6) C(82) 1137(14) 12866(9) —9957(10) 36(5)
C(13) —6067(16) 11007(10)  —3407(15) 63(8) C(83) 666(14) 12764(8) —10415(9) 31(4)
C(14) —5183(16) 11188(8) —3864(11) 41(5) C(84) 40(12) 12237(7) —10351(9) 23(4)
C(15) —2879(14) 10808(8) —4741(9) 30(4) C(85) —2601(12) 9543(8) —9113(8) 22(4)
C(16) —3062(20) 10764(10)  —5327(13) 65(7) C(86) —2643(14) 8956(8) —9393(8) 26(4)
c@7) —2843(23) 10204(10) —5685(12) 74(9) C(87) —3542(15) 8784(10)  —9495(9) 41(5)
C(18) —2448(20) 9636(10)  —5454(14) 69(8) C(88) —4428(17) 9213(11)  —9354(11) 52(6)
C(19) —2228(29) 9659(13)  —4908(16) 115(15) C(89) —4382(14) 9824(10)  —9110(11) 45(6)
C(20) —2482(23) 10243(10) —4525(16) 85(10) C(90) —3471(13) 9993(9) —8999(9) 31(5)
C(21) —751(14) 11567(9) —5698(8) 31(4) C(91) —1090(12) 9212(8) —8402(8) 23(4)
C(22) —107(28) 11054(18)  —5619(14) 139(18) C(92) —1367(14) 8572(8) —8324(9) 32(5)
C(23) 269(32) 10567(20) —6067(18) 158(21) C(93) —1076(17) 8144(10)  —7877(10) 43(5)
C(24) 16(23) 10590(14) —6623(14) 88(10) C(94) —497(17) 8366(8) —7509(10) 42(6)
C(25) —661(17) 11069(11) —6722(12) 56(7) C(95) —249(16) 9003(12)  —7559(10) 50(6)
C(26) —1045(18) 11544(11) —6260(12) 60(7) C(96) —532(13) 9431(7) —7999(8) 23(4)
C(27) —292(13) 12817(10)  —5392(8) 31(5) C(97) —3159(22) 7233(15) —6461(15) 87(9)
C(28) 409(15) 12903(10) —5052(10) 42(5) C(98) —1263(18) 13657(12) —1734(12) 65(7)
C(29) 1155(17) 13344(13) —5270(12) 66(7) C(99) —9454(58) 14460(26)  —3479(31) 307(49)
C(30) 1231(16) 13673(13) —5845(1) 58(7) C(100) 1136(37) 12249(19) —7367(18) 134(15)
C(31) 573(17) 13589(11) —6205(11) 55(7) CI(13) —8964(13) 15109(7) —3153(8) 193(6)
C(32) —184(15) 13150(10)  —5971(9) 38(5) Cl(14) —10029(10) 14776(6) —4095(8) 182(6)
C(33) —4666(11) 6424(7) —907(8) 15(4) Cl(15) 1907(24) 12849(12) —7640(11) 93(7)
C(34) —4079(12) 6503(8) —519(8) 19(4) Cl(16y 2216(41) 12735(29) —7517(31) 290(37)
C(35) —4152(13) 7608(7) —1124(8) 18(4) Cl(15B) —139(37) 12660(19) —7636(19) 119(10)
C(36) —3972(12) 8186(7) —1393(9) 24(4) Cl(16B) 296(58) 12472(35)  —7668(31) 265(40)

2U(eq) is defined as one-third of the orthogonalizédtensor.” Isotropic refinementS 50% occupancy.

These results are in accord wighbeing neutral since both  of 3 exhibits modes due to-P2 at 513 and 702 cm and a
positive and negative ions were detected. The infrared spectrumcharacteristio’(Re—Cl) feature at 330 ct.
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Figure 1. Diagram of the cation [Re@o-P2)]* (1) with non-hydrogen atoms represented by their 50% probability ellipsoids: viewed from (a)
the top and (b) the side.

In order to characterize the cation in the original compound, the presence of the cation [&,(0-P2)] ™. In the negative ion
ReCh(o-P2) was reoxidized by gentle refluxing of the com- mode, the highest mass peak ismaz = —1186, which is
pound in CC)/CH.Cl,. It had been reported earlier that such consistent with the anion, [R€ls(0-P2)] .
conditions led to the oxidation of Refdippb) to [ReChL(dppb}]- Molecular Structure of [ReCl,(0-P2)] [ReoClg(0-P2)] (1-
[CI].*> Mass spectroscopic analysisbfCl] gives a parent ion 2-4CH,Cl,). Drawings of the ions [Re@o-P2)]" (1) and
peak atm/z = +1457, which is in accord with the presence of [RexClg(0-P2)]” (2) are depicted in Figures 1 and 2. Selected
[ReCh(0-P2)]". On the basis of the chemistry of similar bond distances and angles are provided in Tables 3 and 4,
complexes, it is reasonable to assume thagtains the trans  respectively. The asymmetric unit consists of one {Rg
configuration throughout the redox reactidg® Alternatively (0-P2)I" (1) moiety, two half [ReCl(o-P2)y]" (2) units, and
one can trea8 with NOBF;, to yield [ReCh(0-P2)][BF4] (1- four dichloromethane solvent molecules. The cations are six-
[BF4]), but care must be taken not to add excess oxidant, ascoordinate molecules withtrans-chelating diphosphine
this will lead to oxidation of the TTF substituents as well. If ligands. The angle§IP(3)-Re(3)-P(4) and[IP(4)-Re(3)-
this occurs, the solution assumes an intense green color whichCI(7) are 80.62(13) and 92.50(13) for one cation, and
is characteristic of TTF radicals. OP(5)-Re(4)-P(6)= 79.63(14) andJP(6)—Re(4)-CI(8) =

Spectroscopic Characterization.The paramagnetic nature  88.42(14) for the second, independent cation are comparable
of [ReCh(o-P2)][Re.Cls(0-P2)] leads to a broad, featureless to those observed in similar moleculés!® The average Re
IH NMR spectrum and the complete absencé'Bf'H} NMR Cl and Re-P distances of 2.31(1) and 2.459(3) A, respectively,
signals. The IR spectrum confirms the presence(&e—Cl) are similar to corresponding distances reported for analogous
stretches at 329, 333, and 352 ¢iriThe electronic absorbance  bis-diphosphine complexes, [Re(®-P)]* (P-P = dppee,
spectrum reveals the characteristic phenyl and TTF-baseddppbe, dppe, dppa, depe, dtpe). IndHe2 ligand, representative
transitions that are attributable to the ligand at 276, 322, and distancese.g, C(33)-C(34)= 1.33(2) A and S(5/6)-C(33/34)
448 cntl, The extinction coefficients of the TTF bands are = 1.74(2) A, are essentially unchanged relative to the bond
reliable indicators of the number of chromophores in the lengths in the free phosphine ligaft}.These data suggest that
molecule® Thus on the basis of the fact that freeP2 with there is no pronounced electronic change in the dithiole system
four phenyl groups exhibits a band at 276 nm withearalue due to the electronic donation of the phosphorus to the metal
of 25 000 M1 cm and [ReCj(0-P2)][Re,Clg(0-P2)] exhibits center. The out-of-plane bend of 22at the S(5) and S(6)

a transition at 276 with aavalue of 74 600, one can ascertain positions is similar to those observed for [RHP2)][BF4],°
that the compound contains three TTF phosphines (or 12 phenyl[Ni(0-P2)][BF 4]2, and [Pto-P2)][BF 4]21°° and is most likely
groups). The low-energy transition at 976 nm in the near-IR due to packing influences. The corresponding bend in the

) e ™ e N
region signifies ao o* transition for a mixed-valence (18) (a) Bennett, M. J.: Cotton, F. A.: Walton, R. & Am. Chem. Soc.

Re'—Re" complex? The FAB mass spectrum df2 displays 1966 88, 3866. (b) Bennett, M. J.; Cotton, F. A.; Walton, R. Rroc.
the highest mass peakratz = +1457, which is consistent with R. Soc., Londoii968 A303 175.
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Figure 3. Cyclic voltammograms of (a) [Re&b-P2)][Re.Cls(0-P2)]
(2-2) in 0.1 M TBABF/CH,CI, and (b) [ReCl(0-P2)][BF 4] (1-[BF4])
in 0.2 M TBABF4/CH.CI, at a Pt disk electrode vs Ag/AgCI.
Table 4. Summary of Bond Distances (A) and Angles (deg) for the
Anion [ReClg(0-P2)]" (2) of [ReCh(o-P2)][Re,Cls(0-P2)}4CH.Cl,
(1-2-4CH,Cl,)
Bond Distances
A B A-B A) A B A-B(A)
Re(1) Re(2) 2.2402(9) Re(1) P(1) 2.335(5)
Re(1) P(2) 2.367(5) Re(1) CI(1) 2.380(4)
Re(1) Cl(2) 2.367(4) Re(2) CI(3) 2.315(4)
Re(2)  Cl(4)  2.325(4) Re(2)  CI(5) 2.351(4)
Re(2) Cl(6) 2.313(5) P(1) C(9) 1.84(2)
PQ) C(1) 1.82(2) C(1) C(2) 1.38(2)
C(1) S(1) 1.75(2) C@3) C@4) 1.36(2)
(b) c)  s@ 17202 c(B  c(6)  1.32(3)
Bond Angles
A-B-C A-B-C

A B C (deg) A B C (deg)

Re(1) Re(2) Cl(4) 110.04(11) Re(l) Re(2) CI(3) 100.20(12)
Re(2) Re(1l) CI(1) 107.2(12) Re(2) Re(l) CI(2) 111.32(12)
Re(2) Re(1) P(1) 97.23(11) Cl2) Re(1) CI(1) 83.1(2)
P(2)  Re(l) Cl(1) 157.0(2) CI(3) Re(2) CI(6) 85.9(2)

i i i - i . CI(3) Re(2) CI(5) 150.9(2 Re(1) P(2 C(2) 105.8(6
Figure 2. Diagram of the anion [RE€ls(0-P2)I™ (2) with non-hydrogen cézg RZ&; P((Z)) 93.1((2)) P‘(ez()) C((Z)) C((l)) 116.7((1)2)

atoms represented by their 50% probability ellipsoids; viewed from
(a) the top and (b) the side. C(1) C(2) S(2) 115.6(12) S(2) C(3) S(1) 114.3(9

. : . N | I

Table 3. Summary of Bond Distances (A) and Angles (deg) for the The anlor_1,2, IS an unsymm_etrlcal ”.‘”.‘ed valence ReRe

Cation [ReCY(0-P2)]* (1) of [ReCh(o-P2)][ReCls(0-P2)}4CH.Cl, molecule with four chloride ions residing on Re(2), and two
chloride ions along with one chelating-P2 ligand being

(1-2-4CH,Cl,)
. coordinated to Re(1) in an eclipsed conformation when viewed

Bond Distances down the Re-Re axis. The ReRe distance is 2.2402(9) A,
A B A-B(A) A B A-B(A) which, on the basis of the qualitative overlap scheme for the

Re(3) P(3) 2.456(4) Re(3) P(4) 2.457(4) MoLs geometry, represents a bond order of 3d8rf6%0™
Re(3) CI(7) 2.296(4) P(3) C(33) 1.840(14) electronic configuration). This is reasonable given that it is a

(F;((g)s) g((g)l) igi% g((g)3) gggg 133% little longer than the ReRe quadruple bond in [BiN]»-
: . [RexClg], which is 2.222(2) A2 but shorter than the metal
s cGN 1.78(2) cEn - cE’) 130 metal distance in the triply bonded compound,@&gdth),
Bond Angles (2.293(2) A)!8 It should be noted that this distance is much
A—B—-C A—B—C longer than those in the more symmetricab/R& phosphine
A B C (deg) A B C (deg) cations [ReCls(PMes)s]* (2.205(1) A) and [ReCly(PMePh)]*

P(3) Re(3) P(4) 80.62(13) P(3) Re(3) P(4A) 99.38(13) (2.218(1) A)ZO This may be due to the fact that the orbita!s
Cl(7) Re(8) P(4) 92.50(13) Re(3) P(3) C(33) 105.5(5) are more contracted in the cations and therefore the metal ions
Re(3) P(3) C(41) 123.7(5) P(3) C(33) C(34) 120.3(12) are required to be closer in order to achieve good overlap. The
C(33) S(B) C(35) 93.6(7) S(5) C(@35) S(6) 1142(8)  Re-Cl distances on the “formally” Re(lll) center range from

. - . . . 2.313(5) to 2.351(4) A, as compared to the average distance of
e e e o T g ~229) A I (ReCHI 2 Th Re-CI diances o Rl
differences in the magnitude of the bonds and angles within areRe(1}-Cl(1) = 2.380(4) A and Re(1)Ci(2) = 2.367(4) A.

the dithiole rings for the two cations. (20) (a) Cotton, F. A.; Dunbar, K. R.; Falvello, L. R.; Tomas, M.; Walton,
R. A.J. Am. Chem. S0d983 105 4950. (b) Cotton, F. A.; Jennings,
(19) (a) Uzelmeier, C. E.; Fourmigué/.; Dunbar, K. R. unpublished J. G.; Price, A. C.; Vidyasager, Knorg. Chem.199Q 29, 4138.

results. (b) Uzelmeier, C. E.; Fourmigud.; Grandinetti, G.; Dunbar, (21) Cotton, F. A.; Frenz, B. A,; Stults, B. R.; Webb, T. R.Am. Chem.
K. R. Manuscript in preparation. Soc.1976 98, 2768.
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Figure 4. Magnetic data for [ReGlo-P2)][Re;Cls(0-P2)] (1:2): (@) xmoi @nduerr vs T (K) and (b)xT vs T (K) fit to the Curie-Weiss law with
a slope ofyre.

Table 5. Possible Redox Reactions for the Individual lons in the = +0.75 V, Eyx(0x); = +1.14 V, andE;y(redy = +0.07 V,
Salt [ReCl(0-P2}]|[RezClg(0-P2)F 4CH;Cl, (1-2-4CH,Cly) with an irreversible reduction process locate&@t,c) = —1.02
[RE"Cly(0-P2)] T (1) [Rex"! Clg(0-P2)]™ (2) V. The published data for the related mononuclea Ralt
Oxidations (Metal- and Phosphine-Based) [ReCIz(dppeea]CI_measured in Fhe same solvent and referenced
Rell — ReV ReMIl — R, versus Ag/AgCl include an oxidation from Reo RéV at ca.
Re@©-P2)? — Re(-P2)?* (2e  total)  Re(0-P2P — Rey(0-P2)* +1.5 V and two reductions corresponding to'Ree' and Ré/
Re@-P2)*" — Re-P2)** (2¢ total) Re(0-P2)" — Rex(0-P2y* Ré at—0.2 and ca—1.4, respectively® On the basis of these
Reductions (Metal-Based Only) results, we conclude that the mononuclear catigresponsible
Sg:' —*Fle?g' Re/\l — ReM! for the oxidations aEj;(0x) = +0.67 V andE(p,a)= +1.05,

as well as reductions &/(red)= +0.03 V andg(p,c)= —1.12
V in the CV of 1-2. These are assigned to the two oxidations
These are longer than corresponding values in (ke of the 0-P2 ligands and reductions from e~ Re' and Ré
(PMePh)* (Re-Cl = 2.33 A) and [ReClsPMey)* — Ré, respectively. The R&ReV couple fortrans[Re,Cl,-
(Re_CI =2.34 A)ZO The Only other dinuclear Complexes with (dppbe)][cu was reported to occur at1.51 V,l5 which is
a single chelating ligand of which we are aware are,[f[Re,- beyond the 1.50 V scan range that was used for the current
Cl(dto)] (dto = 3,6-dithiaoctane) and [BiN][Re Cl7(dth)];*? measurements. The remaining features in the cyclic voltammo-
in both of these cases, however, the coordination mode for thegram of 1-2 are Eyj»(0x), = +0.50 V, Eyjx(0x); = +0.31 V,
bidentate ligand is axialequatorial rather than equatorial andE(p,c = —0.79 V; these are assigned as tedP2 oxi-
equatorial. dations and a reduction from Ré' — Re)'!' in the dinuclear
Cyclic Voltammetric Studies. As Figure 3a shows, the  anion. The oxidation processes for the coordinat@®® ligands
electrochemistry of [Re@lo-P2p][Re.Cls(0-P2)] in 0.1 M are shifted to more positive potentials relative to the free ligand
TBABF4CH,CI;, is quite complicated. This is due to the (E12(0x); = +0.41 V, Eyp(ox), = +0.85 V), with those
presence of three redox-active Re ions as well as three TTFassociated with the cation occurring at the highest values. This
phosphine ligands that are each capable of undergoing two oneshift to higher potentials is indicative of strong mettijand
electron oxidations. The most likely possibilities for redox interactions, which leads to an electron-withdrawing effect on
processes based on the established electrochemistry@RBe  the TTF substituents.
molecule and similar Re compounds are provided in Table 5.  Magnetic Properties. (i) [ReCh(0-P2)][Re2Cls(0-P2)]
The compound exhibits four TTF phosphine-based oxidation (1-2). The magnetic susceptibility measurementd.@ shown
processes and three metal-based reductions, two of which wouldin Figure 4 reveal a Curie paramagnetic behavior for the salt
be expected to be fairly accessible, namely'Re Re' and with a Curie constant o€ = 0.395 and a temperature inde-
Re/'" — Re''', and one of which would be much less pendent paramagnetism contribution (TIg) = 9.64x 1073
accessible, namely, Re~ R€. The two TTF phosphine ligands  emu/mol)?® This TIP behavior was previously noted for a
on the mononuclear catiofl, undergo oxidations at the same similar series of Ré& complexes, ReXPRPh) (X = Cl, Br;
potential; therefore, the coincidence of these processes leads t®R = Me, Et), although in these casgs, was somewhat smaller
a total of 2e being associated with these couples. (in the range 1.661.36 x 10~2 emu/mol)?* The anion [Re-
Obviously the only way one can assign the redox processesClg(o-P2)™ is a mixed-valence compound with an overdll d
for the individual ions in1-2 is to prepare at least one ion configuration and therefore should haveSws 1/, ground state.
separately with an “innocent” counterion. In this vein, we have Given thatC = 0.395 for [ReClg(0-P2)]” (2) we can estimate
prepared and measured the electrochemistry foiGR@-P2)]- Uess t0 be ~1.77 ug. This value is in good agreement with
[BF4] (Figure 3b). The salt-[BF4] exhibits couples alE1/2(0x)1 moments obtained for similar compounds, such as,{Re
Cly(PMePh)][PFg], which exhibits a moment 0f1.8 ug at

(22) (a) Heyen, B. J.; Powell, G. IPolyhedron1988 7, 1207. (b) Heyen,
B. J.; Jennings, J. G.; Powell, G. Inorg. Chim. Actal995 229, (23) Carlin, R. L.MagnetochemistrySpringer: New York, 1986.
241. (24) Gunz, H. P.; Leigh, G. 3. Chem. Socl971, 2229.
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Figure 5. EPR spectrum of [Re@lo-P2)][Re.Cls(0-P2)] (1-2) in a
1:1 toluene/CHCI; glass at 4 K.

3000 4000

room temperaturé> and [ReX4(dppm)][PFs] (X = ClI, Br),
which exhibit moments of-1.5 ug.26

(i) [ReCl2(0-P2)][BF 4] (1:[BF4]). The susceptibility mea-
surements of the separate mononuclear cafipreveal a TIP
(ymip = 10.7 x 102 emu/mol) with an extrinsic paramagnetic
(Curie) contribution being observed at low temperatures. As-
suming that this impurity is ar8 = %, system, it can be
estimated that it is 10% of one spifa. The value forp agrees
quite well with the previously calculated value fi2.

(ii) ReCl(0-P2), (3). The ¢ compound3, contains the same
ligand system ad and is expected to possess one unpaired
electron §= 1/,). They versusT data exhibit Curie behavior
with aC = 0.392 and gmp = 9.34 x 10°3 emu/mol. This is
in agreement with the presence of noninteractg %, ions
(C = 0.375 forS = %, and g = 2). The moment at room
temperature i34.9 ug.

EPR Spectroscopy.The EPR spectrum of [Regb-P2)]-
[RexClg(0-P2)] (1-2) in a 1:1 CHCly/toluene glassta4 K is
shown in Figure 5. A complex pattern is observed that is indica-
tive of hyperfine coupling to thé®Re and'®’Re nuclei [ =
5/;) and3P (I = ;) nuclei. The spectrum is centered at 2833
G (g = 2.40). Given the complexity of the spectrum, exget
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nuclear R& cation and a mixed-valence ®¢! anion. This
study was initiated to explore the binding capabilitieda?2,

a molecule that structurally resembles ligands such as bis-
(diphenylphosphino)benzene and bis(diphenylphosphino)ethyl-
ene. Accordingly, we anticipated that it would exhibit both
o-chelating angb-bridging modes. The latter binding situation
has not yet been observed f@P2, however, including in the
present study. One could argue that the bridging mode is
disfavored due to the rigidity of the liga?@put clearly this is

not the case if the bis(diphenylphosphino)benzene (dppbe)
ligand can assume both chelating and bridging modes in
ReX4(dppbe) compounds (X= Cl and Br). The new anion
[a-ReClg(0-P2)] (2) constitutes the first report of an unbridged
M3Lg complex containing a single diphosphine ligand and may
represent an intermediate in the formation of the, as yet, un-
knowna-Re'"!' Cly(0-P2), and-Re'"!' Cly(0-P2) compounds.
Complexes of the typeofReClg(0-P2)]~ with chelatingo-P2
ligands can be viewed as structural models for extended arrays
of metal units bridged by the electronically similar P4 ligand
(PhPLTTF. Further studies of metametal-bonded compounds
with the 0-P2 and the P4 ligand are currently underway.
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Conclusion

Reaction of the tetrathiafulvalene functionalized tertiary
phosphineo-P2 with the quadruply bonded dinuclear anion
[ReClg]?>™ in alcoholic media results in the isolation of the
unusual salt [ReG(o-P2)][Re,Clg(0-P2)] composed of a mono-
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