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Technetium(I1) complexes of the general formula c~~(X),~~~~~(P)-[TCX~(PR,R’)~L], where X = CI or Br, PR2R’ = dimethyl- 
phenylphosphine or ethyldiphenylphosphine, and L = 2,2’-bipyridine (bpy) or 1 ,IO-phenanthroline (phen), have been synthesized 
and characterized. They are prepared by replacement of one halide and one phosphine ligand of ~ ~ ~ - T c X , ( P R ~ R ’ ) ~  by the bidentate 
L ligand in refluxing ethanol, followed by reduction to the Tc(I1) oxidation state and precipitation from solution by the addition 
of aqueous hydroxide. Additionally, related technetium(I1) complexes of the general formula frans(P)-[TcX(PR,R,’),(terpy)]+, 
where terpy = 2,2’:6’,2’’-terpyridine, have been synthesized and characterized. They are prepared by terpy substitution onto and 
displacement of one phosphine and two halide ligands from mer-TcX3(PR2R’), in refluxing ethanol with concomitant reduction 
of Tc(II1) to Tc(I1). Evidence suggests a two-step synthetic process wherein the terpy ligand first displaces one halide and one 
phosphine moiety to form a Tc(II1) complex in which terpy functions as a bidentate ligand, followed by subsequent displacement 
of the second halide ligand with coordination of the third heterocyclic nitrogen of the terpy ligand and reduction to the Tc(I1) 
state. All of the complexes have been characterized by elemental analyses of prototypes, by UV-visible spectrophotometry, and 
by fast atom bombardment mass spectrometry in the positive ion mode. These “fingerprint” mass spectra exhibit peaks assigned 
to the molecular ion as well as peaks resulting from the loss of one or more monodentate ligands from the molecular ion. A 
single-crystal X-ray structure determination for cis(Cl),trans(P)-[T~Cl~(P(CH~)~C~H~)~(phen)], formula weight 626.41, shows 
that the technetium(I1) center resides in a distorted octahedral environment. This complex crystallizes in the tetragonal space 
group P4i2i2 with a = b = 10.666 (2) A, c = 24.610 (4) A, and V = 2799.4 (9) A’, with Z = 4 for 1635 observed reflections 
with F > 3 4 3  The single-crystal X-ray structure determination for tran~(P)-[TcBr(P(CH~)~C~H~)~(terpy)]S0,CF~, formula 
weight 837.54, shows that this complex, which also contains technetium(I1) in a distorted-octahedral coordination environment, 
crystallizes in the orthorhombic space group P21212, with a = 18.975 (3) A, b = 19.336 (4) A, c = 9.615 (1) A, and V = 3527.7 
(8) A3, with Z = 4 for 3462 observed reflections with F > 3a(F). 

Introduction 

W e  have recently reported on the synthesis and characterization 
of mixed-ligand technetium(II1) complexes containing 2,2‘-bi- 
pyridine (bpy) and 1 ,lo-phenanthroline (phen) ligands3 Prior 
to this report, polypyridyl complexes of technetium had been 
known only when the Tc center was in an oxidation states of +4 
or These new Tc(II1) complexes a re  of the form 
c~~(X),~~U~~(P)-[TCX~(PR~R’)~L]+ (where X represents C1 or Br, 
PR2R’ represents dimethylphenylphosphine or ethyldiphenyl- 
phosphine and L represents bpy, 4,4’-Me2bpy, or phen). During 
this initial study it was observed that several of the technetium(I1) 
analogues of these Tc(II1) complexes were synthetically accessible 
by slight modifications of the procedures for the preparation of 
the  Tc(II1) species. Moreover, the  Tc(I1) analogues could also 
be generated electrochemically from the Tc(II1) parents.6 This 
paper details the  synthesis and characterization of these Tc(I1) 
~is(~,trans(P)-[TcX,(PR~R’)~L]~ complexes, as  well as of related 
Tc(I1) species containing 2,2’:6’,2”-terpyridine, and thus extends 
considerably our knowledge of low-valent technetium-polypyridyl 
complexes. 

Abbreviations 

bpy = 2,2’-bipyridine 

phen = 1 ,lo-phenanthroline 

Me2bpy = 4,4’-dimethyl-2,2’-bipyridine 

terpy = 2,2’:6’,2”-terpyridine 

(1) Abstracted in part from the Ph.D. dissertation of B.E.W., University 
of Cincinnati, 1987. 

(2) Current address: Department of Chemistry, Bloomsburg University, 
Bloomsburg, PA 17815. 

(3) Wilcox, B. E.; Ho, D. M.; Deutsch, E. Inorg. Chem. 1989, 28, 1743. 
(4) Davison, A,; Jones, A. G.; Abrams, M. J. Inorg. Chem. 1981,20,4300. 
( 5 )  Fergusson, J. E.; Hickford, J. H. J.  Imrg. Nucl. Chem. 1966,28,2293. 
(6) Wilcox, B. E. Ph.D. Dissertation, University of Cincinnati, 1987. 

PMe2Ph = dimethylphenylphosphine 

PEtPh, = ethyldiphenylphosphine 

DPPE = Ph2PCH2CH2PPh2 

DMPE = ( C H , ) ~ P C H ~ C H ~ P ( C H S ) ~  

Ph = phenyl 

Me = methyl 

Et = ethyl 

Experimental Section 

Materials. All references to technetium in this paper are to the spe- 
cific isotope 99Tc, which was obtained as N H 2 9 T ~ 0 4  from Oak Ridge 
National Laboratories. Technetium-99 emits a low-energy (0.292 MeV) 
f i  particle with a half-life of 2.12 X los years. When this material is 
handled in milligram amounts, it does not present a serious health hazard 
since common laboratory materials provide adequate shielding. 
Bremsstrahlung is not a significant problem due to the low energy of the 
&particle emission, but normal radiation safety procedures must be used 
at all times, especially when dealing with solid samples, to prevent con- 
tamination and inadvertent inhalation. NH4Tc0, was dissolved in water 
and then treated with a small amount of 30% H202 (Fisher) to oxidize 
any TcO, impurity to pertechnetate. 

All solvents and reagents used were of reagent grade. Dimethyl- 
phenylphosphine and ethyldiphenylphosphine (Strem Chemicals) and 
2,2’-bipyridine (Aldrich), 1 ,IO-phenanthroline, and 2,2’:6’,2”-terpyridine 
(GFS Chemicals) were used as received. The technetium(II1) starting 
materials mer-TcCI3(PMe2Ph),, mer-T~Br,(PMe~Ph)~ and mer-TcC1,- 
(PEtPh,), were prepared as previously reported.’ Chromatographic 
separations were performed on Sephadex LH-20 lipophilic resin (Phar- 
macia). 

Physical Measurements. UV-visible spectra were recorded on a Cary 
210 spectrophotometer (Varian Instruments) in acetonitrile solutions. 

(7) Mazzi, U.; Bandoli, G.; DiBernardo, P.; Magon, L. J .  Inorg. Nucl. 
Chem. 1976, 38, 721. 
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Table I. Crystallographic Data for 
cis(Cl),trans(P)-[TcCI2(PMe2Ph),(phen)] (1) and 
trans(P)-ITcBr(PMe,Ph),(terpv)lSO~CF~ (2) 

Wilcox et al. 

1 2 

chem formula T C C ~ ~ H ~ ~ C I ~ N ~ P ~  T C C ~ , H ~ ~ B ~ N ~ O , P ~ S F ~  
fw 626.41 837.54 
space group P4,212 (No. 92) P2,2121 (No. 19) 
a, 8, 10.666 (2) 18.975 (3) 
b, A 10.666 (2) 19.336 (4) 
c, 8, 24.610 (4) 9.615 (1) 
a = @ = 7, deg 90 90 
v, A3 2799.4 (9) 3527.7 (8) 
2 4 4 
T,  OC 21 21 
A, A 0.71073 (Mo Ka) 0.71073 (Mo Ka) 
pEald, 9 cm-’ 1.49 1.58 
P, cm- 7.82 16.72 

R(FJ  0.048 1 0.0625 
RdF,)‘ 0.0646b 0.0408c 

transm coeff 0.563-0.609 0.779-1.000 

OR w = [ x w ( l ~ o l  - I ~ , I ) 2 / ~ w I ~ 0 1 2 1 ~ ’ 2 ;  w = [u2(F) + IgI(m-l. bg = 
0.000 524. ‘ g  = 0.000 100. 

Mass spectra were recorded on a VG 30-250 quadrupole mass spec- 
trometer (VC Masslab) with a fast atom bombardment (FAB) ionization 
source using xenon as the bombardment gas. Samples for mass analysis 
were prepared by dissolving or suspending solid samples in one of the 
following matrices: glycerol (Fisher), “Magic Matrix” (5:l w/w di- 
thiothreitol-dithioerythritol (Sigma Chemicals) with a small amount of 
methanol), or m-nitrobenzyl alcohol (Kodak). For mass analysis of 
chromatographic bands, portions of the fractions were allowed to evap- 
orate to dryness in a depression of a spot plate and then were mixed with 
the matrix by using a glass pestle. For chromatographic bands that were 
very diffuse or that contained small amounts of material, it was often 
necessary to allow several portions to evaporate in the same depression 
in order to accumulate sufficient material for analysis. Elemental 
analyses were performed by Galbraith Laboratories, Knoxville, TN. 

Synthesis of Complexes. cis (Cl),trans (P)-[T~Cl,(PMe,Ph)~(bpy)l 
and Analogues. mer-TcCI,(PMe2Ph), (168 mg, 0.271 mmol) was dis- 
solved in  20 mL of ethanol in a round-bottom flask. The solution was 
purged with nitrogen, and 209 mg (1.34 mmol) of bpy was added. The 
mixture was refluxed under nitrogen for 1 h. After the mixture had 
cooled, I O  mL of 0.1 M aqueous NaOH was added. The color of the 
solution turned immediately from red/purple to green, and a green 
precipitate slowly formed. The precipitate was collected by suction 
filtration, washed with small amounts of water, and dried in vacuo over 
P,O,. Yield: 115 mg (70%). Anal. Calcd for [TcP2N2CI2C2&l32]: C, 
51.96; H, 5.03; N, 4.66; P, 10.32; CI, 11.80. Found: C, 51.71; H, 5.08; 
N,  4.60; P, 10.31; CI, 11.97. 

Analogous complexes with phen instead of bpy, PEtPh, instead of 
PMe,Ph, and bromide instead of chloride were also prepared in a similar 
fashion. The phen analogue is blue/purple instead of green. Preparation 
of the analogue with 4,4’-dimethyl-2,2’-bipyridine was attempted; how- 
ever, addition of the aqueous hydroxide solution produced a large amount 
of brown precipitate. Dissolution of this precipitate in dichloromethane, 
followed by purification on Sephadex LH-20 (dichloromethane elution), 
produced a large brown band and a small amount of a green band pre- 
sumed to be the desired complex. 

trans (P)-p~Br(PMe~Ph)~(terpy)pO,CF, and Analogues. A 103” 
(0.1 37-mmol) sample of TcBr3(PMe2Ph), was added to 15 mL of abso- 
lute ethanol that had been deoxygenated with a stream of nitrogen for 
10 min. To this solution was added 170 mg (0.730 mmol) of 
2,2’:6’,2”-terpyridine, and the resulting solution was degassed with a 
stream of nitrogen for another 5 min. The mixture (initially red-orange) 
was refluxed under nitrogen for 24 h and cooled to room temperature. 
The resulting green-brown solution was then evaporated to dryness in 
a rotary evaporator, dissolved in approximately 5 mL of CH2CI2, and 
loaded onto a 2 X 20 cm (i.d. X I )  Sephadex LH-20 column prepared 
in CH,CI,. Elution of this column with CH2C1, produced six bands of 
different colors (in order of elution): red-orange, dark purple, green 
(major), blue, faint purple, and yellow/gold. Only the green band con- 
tained a significant amount of material. (The second and third bands 
were not resolved; resolution could be achieved by initial elution with 
90/ 10 (v/v) dichloromethane/carbon tetrachloride.) The third band 
(green) was collected, evaporated to dryness, and redissolved in 25 mL 
of acetone. To this was added 1 mL of 1 M NaS03CF3 in acetone and 
5 mL of water. This mixture was evaporated until a solid product pre- 
cipitated. The solid was collected by suction filtration, washed with small 
portions of water, and dried in vacuo over P20,; yield 78.2 mg (0.104 

mmol), 76%. Anal. Calcd for T C C ~ ~ H ~ ~ N ~ P ~ O ~ S F ~ B ~ C ~ H ~ O H :  C, 
46.22; H, 4.45; N, 4.75; P, 7.01; Br, 9.04; F, 6.45. Found: C, 46.81; H, 
4.51; N, 4.89; P, 7.08; Br, 9.37; F, 6.40. These data give a N:PBr:F ratio 
of 3:2:1:3. 

The analogous complexes ~rans(P)-[TcCI(PMe~Ph)~(terpy)]+ and 
trans(P)- [TcC1(PEtPh2),(terpy)]+ were synthesized similarly with the 
following modifications. 

trans (P)-[T~Cl(PMe~Ph)~(terpy)J30,CF,. A solution of 153 mg 
(0.247 mmol) of TcC1,(PMe2Ph), and 300 mg (0.777 mmol) of terpy in 
15 mL of deoxygenated ethanol was refluxed for 47 h under a nitrogen 
blanket. The reaction mixture was cooled, evaporated to dryness, re- 
dissolved in CH2C12, chromatographed on an LH-20 column, and pre- 
cipitated as the SO,CF,- salt as before. 
trans(P)-[TcCI(PEtPh2),(terpy)]PF6. A solution of 159 mg (0.188 

mmol) of mer-TcCI,(PEtPh,), and 216 mg (0.927 mmol) of terpy in 20 
mL of deoxygenated ethanol was refluxed for 20 h under a nitrogen 
blanket. After the mixture was cooled and rotoevaporated to dryness, 
the reaction residue was dissolved in 10 mL of dichloromethane, 4 mL 
of this solution was loaded onto an LH-20 column prepared in CH2C12 
and eluted with dichloromethane. This column procedure gave results 
similar to those obtained for the analogues described above; however, the 
bands were not well resolved and seemed to be contaminated with ma- 
terials from the top of the column, which appeared to slowly leach. A 
green band was collected as before, and precipitation of the trifluoro- 
methanesulfonate salt was attempted. However, only a very small 
amount of solid product was formed. In order to improve the chroma- 
tography, 5 mL of the dichloromethane solution of the reaction residue 
was diluted to a total volume of 25 mL, and this solution was successively 
extracted with 15-mL portions of water until the aqueous layer was 
colorless (five extractions). The volume of the dichloromethane layer was 
then reduced to 5 mL and the layer loaded onto an LH-20 column as 
before. Elution with dichloromethane produced in order brown, green, 
and violet bands followed by a fourth major green band with no others 
eluting after this. The major green band was collected, rotoevaporated 
to dryness, and dissolved in a small amount of acetone. Then, 1 mL of 
I M NH4PF6 in water was added along with 5 mL of water. Allowing 
the mixture to stand overnight produced a green precipitate, which was 
recovered by suction filtration, washed with water, and dried in vacuo 
over P205. Yield: 46.0 mg (52% based on half of the original reaction 
mixture). 

X-ray Crystal Structures. cis (Cl),lrans (P)-pcCI,( PM~,PLI)~( phen)] 
( 1 )  and tran~(P)-[TcBr(PMe~Ph)~(terpy)~O,CF~ (2). Crystallographic 
data are presented in Table I and Table SI. Crystals of 1 were obtained 
by slow evaporation from dichloromethane/heptane under argon atmo- 
sphere and those of 2 were obtained by slow evaporation from an ace- 
tone/water mixture. Unit cell parameters of both were determined from 
the angular settings of 15 well-centered reflections (20° < 28 < 27’). A 
total of 2147 and 5328 reflections, for 1 and 2, respectively, were mea- 
sured and corrected for Lorentz-polarization and absorption effects 
(based on an ellipsoidal model and $-scan data from five azimuthal 
reflections). After averaging, 1635 observed reflections were obtained 
for 1 and 3462 observed reflections were obtained for 2 with F > 3 4 9 .  
The structure of 1 was successfully solved in the tetragonal space group 
P4,2,2 (No. 92). A combination of direct methods (SHELXS with TREF 
option)8 and Fourier techniques was used to locate the positions of the 
non-hydrogen atoms. Isotropic refinement of this model with unit 
weights converged to R = 0.0757 with uncorrected data. The structure 
was subsequently refined with absorption-corrected data, a weighting 
scheme based on u(F),  and non-hydrogen positional and anisotropic 
temperature factors varying to give R = 0.0519 and R, = 0.0899.9 (The 
corresponding enantiomeric structure was refined in the space group 
P4,2,2, and converged to R = 0.0535 and R, = 0.0911.) Further re- 
finements included a riding model for the hydrogen atoms (C-H = 0.96 
8, with fixed isotropic temperature factors (U(H) = 0.08 A2) and an 
empirical isotropic extinction parameter. The structure refined smoothly 
to the final residuals R = 0.041 8 and R ,  = 0.0646. 

The structure of 2 was successfully solved in the orthorhombic space 
group P212121 (No. 19) and then refined by full-matrix least-squares 
methods. An initial sharpened Patterson map (XS:PATT)’O and subsequent 
difference Fourier syntheses were used to locate the positions of the 
non-hydrogen atoms. Isotropic refinement of this non-hydrogen model 
with unit weights converged to R = 0.1229 with uncorrected data. An- 
isotropic refinement of this model lowered the residuals to R = 0.0637. 
Subsequent cycles of least-squares refinement included absorption-cor- 

(8) All computations were made with SHELXTL (Nicolet, VMS pre-release, 
1986) on a MicroVAX I1 computer. 

(9) R,  = [E:w(lFoI - IFc~)2/C:wlFo121”2; w = [&F) f l?l(F)21-1, g = 
0.000 524. 

(10) All computations were made with SHELXTL PLUS (Nicolet, 1986) on a 
MicroVAX I1 computer. 
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Table IV. Final Atomic Positional Parameters (X104) for 
trans(P)-[T~Br(PMe~Ph)~(terpy)]SO~CF~ 

atom X Y 2 

Table 11. UV-Visible Spectrophotometric Parameters for 
Technetium(I1) Bipyridine, Phenanthroline, and Terpyridine 
Complexes in Acetonitrile 

complex A,.,, nm (e, M-l cm-I) 
cis(Cl),tr~ns(P)-[TcCl~(PMe~Ph)~(phen)] 224 (41 800), 254 

(37 500, 336 (5380), 
398 (28io), 516 
(5530), 655 (4400) 

(14600), 342 (4310), 
441 (5060). 660 (2210) 

cis(br),tr~ns(P)-[TcBr~(PMe~Ph)~(bpy)] 248 (25 600), 300 

cis(CI),tr~ns(P)-[TcCI~(PMe~Ph)~(bpy)] 247 (34 500):'293 ' 
(17 200), 445 (6620), 
670 (2560) 

~is(CI),trans(P)-[TcC1~(PEtPh,),(bpy)] 250 (3; 400): 295 
(17 200), 368 (4260), 
441 (5630), 663 (2620) 

(17700), 320 (24000), 
413 (5300), 510 
(3200), 651 (3800) 

(17000), 320 (26000), 
412 (5400), 510 
(3400). 645 (3800) 

(22800), 410 (4870), 
510 (2800) 642 (3550) 

rrans(P)- [TcCI(PMe2Ph)2(terpy)]* 243 (40900), 278 

trans(P)-[T~Br(PMe~Ph)~(terpy)]+ 244 (40800), 178 

rrans(P)- [T~Cl(PEtPh~)~(terpy)]+ 256 (39900), 322 

Table 111. Final Atomic Positional Parameters (X104) for 
cis( Cl),rr~ns(P)-[TcCl~(PMe~Ph)~(phen)] 

atom X Y 2 

Tc 365.4 (6) 365.4 (6) 5000' 
CI 747 (3) 2148 (2) 5595 (1) 
P -799 (2) 1698 (2) 4403 (1) 
N -1237 (7) -178 (7) 5425 (3) 
C(1) -1809 (8) -1244 (9) 5232 (4) 
C(2) -1775 (9) 381 (12) 5849 (4) 
C(3) -2855 (12) -77 (16) 6104 (7) 
C(4) -3398 (12) -1158 (17) 5913 (8) 
C(5) -2883 (10) -1760 (12) 5463 (7) 
C(6) -3399 (12) -2855 (13) 5226 (6) 
C(7) -997 (10) 1129 (10) 3721 (4) 
C(8) -173 (10) 3249 (9) 4282 (5) 
C(9) -2397 (7) 1987 (8) 4613 (4) 
C(10) -2679 (10) 2991 (10) 4968 (5) 
C(11) -3879 (13) 3155 (12) 5155 (6) 
C(12) -4811 (11) 2332 (13) 5027 (6) 
C(13) -4552 (11) 1329 (13) 4696 (4) 
C(14) -3343 (9) 1172 (10) 4506 (4) 

'This parameter is required by symmetry to be 0.5 and was not 
varied. 

rected data, a weighting scheme based on u(F), and hydrogen atoms 
riding on their respective carbon atoms with C-H = 0.96 A. Two com- 
mon hydrogen atom isotropic temperature parameters [ U(H) for aro- 
matic H atoms and U(H)' for methyl H atoms] were included and al- 
lowed to vary. The final residuals were R = 0.0625 and R, = 0.0408," 
with the goodness-of-fit (S)I2 being 1.27. The refined hydrogen atom 
isotropic parameters were U(H) = 0.092 (9) A2, and U(H)' = 0.120 (13) 
'42. 
Results 

Synthesis and Characterization. Table I1 lists the UV-visible 
spectrophotometric parameters for the several complexes prepared 
in this work. All of the species exhibit strong absorbances between 
300 and 700 nm and are  intensely colored. The bpy complexes 
are  dark emerald green while the phen complex is dark blue/ 
purple. The terpy complexes are  green and exhibit four absor- 
bances in the visible region; the wavelengths of these absorbance 
maxima are nearly identical and the molar extinction coefficients 
are  comparable. All complexes exhibit FAB/MS spectra in the 

( 1  1) See ref 9; g = 0.000 100. 
(12) S = [Fw(lFol - lFE1)*/(M- N)] ' / * ,  where M is the number of observed 

reflections and N IS the number of parameters refined. 

734 (1) 
2061 (1) 

852 (2) 
731 (2) 
285 (4) 

-300 (3) 
691 (5) 
643 (5) 
318 (6) 

-406 (6) 
-783 (5) 
-433 (5) 
-771 (5) 

-1480 (5) 
-1721 (5) 
-1244 (5) 
-528 (5) 

34 (5) 
-60 (6) 
511 (8) 

1171 (7) 
1248 (6) 
1318 (6) 
1290 (8) 
-10 (6) 

-314 (9) 
-989 (9) 

-1376 (12) 
-1091 (12) 
-429 (1 0) 
1163 (7) 
1151 (6) 
-176 (7) 

-1256 (11) 
-1543 (15) 
-1212 (14) 
-505 (8) 

-539 (9) 

2176 (1) 
2567 (4) 
2435 (3) 
1433 (3) 
2381 (6) 
2056 (4) 
2214 (4) 
3078 (4) 

405 (1) 
604 (1) 

-411 (2) 
1284 (2) 
1102 (4) 
223 (4) 

-394 (4) 
1561 (5) 
2009 (6) 
1987 (5) 
1542 (5) 
1098 (5) 
588 (4) 
470 (5) 
-24 (6) 

-403 (6) 
-267 (5) 
-619 (6) 

-1 146 (6) 
-1441 (5) 
-1183 (6) 

-680 (6) 
-74 (8) 

-1214 (7) 
-671 (7) 
-353 (8) 
-528 (10) 

-1001 (13) 
-1262 (11) 
-1 157 (7) 

2092 (6) 
1062 (6) 
1532 (6) 
2014 (7) 
2098 (9) 
1793 (13) 
1363 (12) 
1225 (7) 
2912 (2) 
2576 (5) 
3583 (3) 
2849 (3) 
2419 (9) 
2639 (5) 
1749 (4) 
2414 (4) 

-1223 (1) 
-1454 (2) 
-3081 (3) 

543 (3) 
-2633 (8) 
-1009 (7) 

258 (7) 
-3425 ( 1  0) 
-4338 (11) 
-4431 (11) 

-2743 (10) 
-1834 (9) 
-1683 (10) 
-769 (12) 

-8 (11) 
-113 (10) 

629 (1 1) 
1553 (12) 
2182 (12) 
1880 (11) 
942 (1 0) 

-3599 (1 1) 

-4590 (12) 
-2650 (14) 
-3792 (16) 
-4918 (14) 
-5336 (17) 
-4654 (26) 
-3521 (23) 
-3081 (16) 

40 (14) 
2203 (11) 
1016 (13) 
142 (13) 
453 (21) 

1543 (21) 
2368 (25) 
2060 (15) 

-6600 (3) 
-7643 (9) 
-6203 (12) 
-6646 (9) 
-5084 (17) 
-3965 (9) 
-5230 (8) 
-4831 (10) 

positive ion mode wherein the peak of highest mass is assigned 
to the molecular ion M+. The mass spectra of the bpy and phen 
complexes also contain peaks that arise from the loss of one or 
more of the monodentate ligands. The FAB/MS spectra of the 
terpy complexes exhibit two clusters at  masses corresponding to 
the loss of one and two phosphine ligands from the molecular ion. 
The mass spectrum of the second (purple) band observed during 
chromatographic isolation of the trans-[TcCl(PMe2Ph)2(terpy)]+ 
complex exhibits a large number of peaks, but notable among them 
are a cluster of peaks at  m / e  678,680, and 682 and a fragmen- 
tation pattern (vide infra) similar to that obtained for the cis- 
(Cl),rrans(P)-[T~~~'Cl,(P)~L]+ complex (L = bpy, phen) described 
p rev i~us ly .~  

Crystal Structures of cis (C?),brUrs (P)-[TcCI,(PMe,Ph),(phen)] 
(1)  and trans (P)-[TcBr(PMe2Ph),(terpy)]S03CF3 (2). Final 
atomic positional parameters of the title complexes are found in 
Tables 111 and IV, respectively. Selected bond lengths and angles 
are found in Tables V and VI. Molecular structure plots with 
associated atom-numbering schemes are  found in Figures 1 and 
2. Additional molecular structure plots viewed down the P-Tc-P 
axes are shown in Figure 3. The following have been deposited 
as supplementary material: full crystallographic data collection 
and refinement parameters (Table Sl); anisotropic temperature 
parameters (Table S2);  hydrogen atom coordinates (Table S3); 
complete listings of bond lengths (Table S4) and angles (Table 
S5)  and observed and calculated structure factors (Table S 6 ) .  



3920 Inorganic Chemistry,  Vol. 28, No. 20, 1989 

Table V. Selected Bond Lengths (A) and Angles (deg) for 
cis(Cl).rrans(P)-ITcCI,(PMe,Ph),(uhen)l“ 

Wilcox et  al. 

Bond Lengths 
Tc-C1 2.435 (3)  Tc-N 2.086 (7) 
Tc-P 2.391 (2) 

Bond Angles 

P-Tc-CI 89.6 ( 1 )  N-Tc-P 92.7 (2) 
CI’-Tc-CI 95.8 (1 )  P’-Tc-P 173.9 (1 )  

P’-Tc-CI 86.4 (1) N’-Tc-P 92.0 (2) 
N-Tc-CI 93.0 (2) N’-Tc-N 78.2 (4) 
N’-Tc-CI 171.1 (2) 

Numbers in parentheses represent the estimated standard devia- 
tions in the final digits. 

Table VI. Selected Bond Lengths (A) and Angles (deg) for 
rrans(P)- [T~Br(PMe~Ph)~(terpy)]S0~CF~“ 

Bond Lengths 
Tc-Br 2.558 (8) Tc-N(l) 2.093 (9) 
Tc-P(l) 2.394 (8) Tc-N(2) 2.004 (8) 
Tc-P(2) 2.404 (8) Tc-N(3) 2.101 (9) 

Bond Angles 
P( 1)-Tc-Br 86.7 (2) N(2)-Tc-P(1) 93.0 (3) 
P(2)-Tc-Br 87.5 (2) N(2)-Tc-P(2) 92.9 (3) 
P(2)-Tc-P(1) 173.6 (2) N(3)-Tc-Br 102.0 (3) 
N(1)-Tc-Br 104.3 (3) N(3)-Tc-P(1) 91.5 (3) 
N(l)-Tc-P(I) 88.8 (3) N(3)-Tc-P(2) 92.3 (3) 
N(I)-Tc-P(2) 90.1 (3) N(3)-Tc-N(1) 153.7 (3) 
N(2)-Tc-Br 178.3 (3) N(3)-Tc-N(2) 76.3 (3) 
N(2)-Tc-N(1) 77.3 (3) 

“ Numbers in parentheses represent estimated standard deviations in 
the final digits. 

Discussion 
Synthesis and Characterization. The neutral technetium(I1) 

complexes cis(X),trans(P)-[TcX,(P),L] are  prepared by L sub- 
stitution onto the mer-trichlorotris(phosphine)technetium(III) 
starting material followed by base-induced reduction of Tc(II1) 
to Tc(I1). Neither the mechanism nor the driving force underlying 
this reduction are known. Hydroxide ion induces reduction of 
the Tc(II1) species both in the reaction mixture and in an ethanol 
solution of the chromatographically purified products. However, 
the hydroxide-induced reduction does not occur in acetonitrile. 
Therefore, it is likely that the functional reducing agent is either 
the ethoxide formed in the ethanol/hydroxide mixture or ethanol 
itself. Metal ion oxidation of alcohols to aldehydes is well-known; 
e.g., Ru(II1) oxidizes alcohols in the presence of PPh3.I3 Attempts 
to form the Tc(1I) species in one step by adding hydroxide to the 
original reaction mixture proved unsuccessful. The solutions 
turned immediately from the clear orange of the mer-TcX,(P), 
starting material to a dirty brown suspension. The Tc(I1) com- 
plexes are generated in much smaller yields by allowing the original 
reaction mixture to reflux for 24 h or more instead of adding base. 
As noted previ~us ly ,~  the original reaction mixture provides both 
the Tc(I1) and Tc(II1) forms, and allowing the reaction to proceed 
for long periods of time, especially under anaerobic conditions, 
promotes the formation of the Tc(I1) species. Of all of the systems 
studied, that containing bromide forms the Tc(I1) species most 
readily because of the tendency of Br to stabilize lower oxidation 
states to a greater extent than does C1. Solutions of the Tc(I1) 
complexes that are not deoxygenated and that are  exposed to air 
will change to the color of the technetium(II1) form over several 
hours, except for the bromo species, which remains stable in 
solution for several days. The formation of the Tc(II1) species 
is confirmed by UV-visible spec t r~photometry .~  

As with the Tc(II1) analogues described p rev i~us ly ,~  these 
Tc( 11) complexes are  particularly well suited to analysis by fast 
atom bombardment mass spectrometry. The mass spectrum of 
the T ~ C l ~ ( P M e ~ P h ) ~ ( b p y )  species shows a cluster of peaks a t  mle 
601 that represents the molecular ion M+ (in which Tc(1I) has 
been oxidized to Tc(II1)). It also has an isotope distribution 

(13) Poddar, R. K.; Agarwala, U. Indion J .  Chem. 1971, 9, 411. 

CWI 
Ci61 

Figure 1. Molecular plot and atom-numbering scheme for cis(CI),- 
trans(P)- [T~C12(PMe~Ph)~(phen)]. 

ci211 

1171 

C 

Ci3) 

Figure 2. Molecular plot and atom numbering scheme for trans(P)- 
[T~Br(PMe,Ph)~(terpy)]’. 

pattern that is consistent with a species containing two chlorine 
atoms. Additionally, the spectrum exhibits several other peaks 
all of which are assigned to fragments of the complex resulting 
from the loss of monodentate ligands. That  is, a doublet a t  m l e  
566 and 568 represents the molecular ion minus a chlorine, a triplet 
a t  m l e  463,465, and 467 represents loss of a phosphine from the 
molecular ion, a peak at  m / e  428 represents loss of one C1 and 
one phosphine, a peak at m l e  393 represents loss of two C1 atoms 
and one phosphine, etc. This fragmentation behavior results in 
a mass spectrophotometric “fingerprint”, and observation of this 
“fingerprint” pattern for the other analogues allows identification 
of these species. 

The cationic technetium(I1) complexes rrans(P)-[TcX(P)2- 
(terpy)]’ are  prepared by substitution of terpy onto the mer- 
trihalotris(phosphine)technetium( 111) starting material in ethanol 
solution with concomitant reduction of Tc(II1) to Tc(I1). The 
functional reducing agent may be the free phosphine liberated 
by the replacement reaction or ethanol itself. These complexes 
exhibit ”fingerprint” FAB mass spectra; the peak of greatest mass 
in each spectrum is assigned as  the molecular ion M+, there are 
characteristic fragment peaks representing successive loss of the 
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a. 

b. 

Figure 3. Molecular plots of (a) cis(Cl),trans(P)- [TcC12(PMe2Ph)2- 
(phen)] and (b) tr~ns(P)-[TcBr(PMe,Ph)~(terpy)]+ viewed down the 
P-Tc-P axes. 

monodentate phosphine ligands, and there is a peak corresponding 
to loss of the phosphine ligands and the halide ligand. 

As noted above, reaction of the bidentate ligands bpy or phen 
with m e r - T ~ x ~ ( P ) ~  causes primarily the replacement of one X 
ligand and one P ligand by the bidentate ligand. This also appears 
to be the case with the potentially tridentate terpy ligand as 
evidenced by the FAB mass spectrum of a minor product in the 
preparation of fra~(P)-[TcCl(PMe~Ph)~(terpy)]+. This spectrum 
exhibits a molecular ion cluster centered at  m / e  680 and a 
fragmentation pattern similar to those obtained for cis(Cl),- 
truns(P)-[TcX,(P),L]+  specie^.^ A cluster with peaks at  m / e  678, 
680, and 682 is consistent with the formulation [TcC12- 
(PMe2Ph)2(terpy)]+ both in mass and in the distribution of isotopic 
peaks for a species containing two chlorine atoms. The formulation 
is also supported by the fragmentation pattern showing successive 
losses of C1 and PMe2Ph from the molecular ion. The UV-visible 
spectrum of this fraction in dichloromethane exhibits absorption 
maxima a t  260, 304, 384, and 560 nm; these maxima are  at  
wavelengths similar to those observed for cis(Cl),trans(P)- 
[ T ~ C l ~ ( P M e , P h ) ~ ( b p y ) ] +  in acetonitrile (A,,, = 262, 298, 364, 
540 nm),3 and thus it is likely that [TcCI2(PMe2Ph),(terpy)]+ 
is a six-coordinate complex with terpy functioning as a bidentate 
ligand, and is probably not a seven-coordinate complex with terpy 
functioning as a tridentate ligand. Bidentate coordination for terpy 
has been proposed for a number of c ~ m p l e x e s ' ~  and confirmed 
for cis(C),truns(Br)-[R~(CO)~Br~(terpy)]~~ by X-ray crystal- 

(14) (a) Ganokar, M. C.; Stiddard, M. H. B. J .  Chem. Soc. 1965,5346. (b) 
Deacon, G. 8.; Parrott, J. C. Aust. J .  Chem. 1974, 27, 2547. (c) 
Crumbliss, A. L.; Poulos, A. T. Inorg. Chem. 1975,14, 1529. (d) Buck, 
D. M. W.; Moore, P. J .  Chem. SOC., Dalton Trans. 1976, 638. ( e )  
Addison, C. C.; Davis, R.; Logan, N. J .  Chem. SOC., Dalton Trans. 
1974, 2070. (I-) Canty, A. J.; Chaichit, N.; Gatehouse, B. M.; et al. 
Inorg. Chem. 1981, 20, 2414. 

(IS) Deacon, G. B.; Patrick, J. M.; Skelton, B. W.; Thomas, N. C.; White, 
A. J. Aust. J .  Chem. 1984, 37, 929. 

lography. Thus, the mechanism of formation of the [TcX(P),- 
(terpy)]+ cations most likely involves the initial displacement of 
one halide and one phosphine ligand of the starting material (A) 

P 

P 

A 

and coordination of the terpy as a bidentate moiety. The resulting 
[TcX,(P),(terpy)]+ complex (B) is analogous to the [TcXZ- 
(P)2(bpy)]+ Tc(II1) complexes described previously.3 In a sub- 
sequent step, a second halide is displaced by the third terpy ni- 
trogen atom with concomitant reduction of the technetium center 
from Tc(II1) to Tc(I1) forming C.  These technetium(I1) species 
are stable toward oxidation in solution over long periods of time 
(unlike the [Tc1'X2(P),L] species) probably as a result of the 
greater a-back-bonding capabilities afforded by one tridentate 
terpy ligand relative to one bidentate bpy (or phen) and one halide 
ligand. 

UV-visible spectrophotometric parameters for the complexes 
prepared in this study are listed in Table 11. All complexes exhibit 
intense absorptions in the visible region which in turn give these 
complexes their specific colors (green for the bpy and terpy 
complexes and blue/purple for the phen complexes). Several lines 
of evidence indicate that these absorptions are  most likely due 
to the metal-to-ligand (da-to-a*) charge-transfer (MTLCT)  
transitions that are  characteristic of low-valent metal-bpy com- 
plexes.16 (1) Previously reported spectra for the Tc(II1) analogues 
of the Tc(I1) bpy and phen complexes3 exhibit comparable ab- 
sorptions that are  shifted to higher energies, consistent with the 
MTLCT assignment. For example, the lowest energy transitions 
for the Tc(I1) complexes are  in the 655-670-nm region (Table 
II),  while those for the Tc(II1) analogues are in the 535-540-nm 
r e g i ~ n . ~  (2) For the terpy complex [T~Cl(PMe~Ph)~(terpy)]+, 
reduction from Tc(I1) to Tc(1) causes the longest wavelength 
transition to shift to lower energy (651 to 690 nm), again consistent 
with the MTLCT assignment.6 (3) There are  only minor dif- 
ferences in the energies of the lowest energy bands (660 to 670 
nm) of the bpy complexes, consistent with their assignment as 
Tc(da)-to-bpy(a*) transitions, the energies of which are  only 
slightly influenced by variations in the C1, Br, and phosphine 
ligands. Similarly, the spectra of the three terpy complexes are 
not sensitive to the nature of the halogen or phosphine ligands, 
implying that they arise primarily from Tc-terpy interactions. (4) 
However, the energies of the transitions of the analogous bpy and 
phen complexes [TcC12(PMe2Ph),L] (L  = bpy, phen) are  
markedly different, supporting the supposition that they arise from 
Tc-L interactions. 

Crystal Structures of cis(~),tran~(P)-[TcCl,(PMe~Ph),(phen)] 
(1) and trans (P)-[T~Br(PMe~Ph)~(terpy)lS0,CF, (2). The 
single-crystal X-ray structure analyses of these complexes present 
rare glimpses of technetium(I1) structural chemistry. The only 
other technetium(I1) structure reports known to us are  of 
~ ~ ~ ~ ~ - T C ( D P P E ) ~ ( N C S ) ~ , ' ~  rrans-T~Cl~(P(OEt)~Ph)~, '*  and 

(16) Rillema, D. P.; Taghidiri, D. G.; Jones, D. S.; et al.; Inorg. Chem. 1987, 
26, 578 and references therein. 

(17) Bandoli, G.; Mazzi, U.; Ichimura, A.; Libson, K.; Heineman, W. R.; 
Deutsch, E .  Inorg. Chem. 1984, 23, 2898. 

(18) Mazzi, U.; Clemente, D. A.; Bandoli, G.; Magon, L.; Orio, A. A. Inorg. 
Chem. 1977, 16, 1042. 
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Table VII. Selected Bond Lengths for Related Tc(III), Tc(II), Re(II), and Ru(I1) Complexes 
bond length." 8, 

metal center complex M-P M-N M-X ref 
3 Tc(1II) cis(Cl),tran~(P)-[TcCl~(PMe~Ph)~(phen)]+ 2.461 (1) 2.1 14 (3) 

Tc(I1) cis( Cl),trans(P)- [TcCI2(PMe2Ph),(phen)] 2.391 (2) 2.086 (7) 2.435 ( 3 )  b 
Tc(1I) trans-Tc(DPPE),)CI, 2.429 (1) 2.438 ( 1 )  19 

2.354 ( 1 )  

Tc(I1) 
Tc(1I) 

Re(I1) 
Re(I1) 
Ru(I1) 

Ru(I1) 

Ru(1I) 
Ru(I1) 

Ru(I1) 

Ru(1I) 

cis(S),trans(P)-[Ru(SOCPh),(phen)(PMe,Ph),] 

trans(P)-R~(0C0Me)(CO)Cl(PPh,)~ 
trans( CI)-RuCl,(dppm), 

cis(CI)-RuCl,(dppm), 

cis(CI)- [ RuCI,(CO) (terpy)] 

2.429 (5) 
2.399 (8) 

2.450 (2) 

2.380 (3) 
2.365 (3) 
2.373 (2) 
2.340 (1) 
2.367 (1) 
2.303 (1 l ) e  
2.338 (1 l)d 

2.047 (8) 
2.097 (9)c 
2.004 (8)d 
2.058 (7) 
2.09 1 
2.013 (2)e 
2.054 (2)' 
2.082 (7)f 
2.091 ( 8 ) f  

2.081 (6)' 
1.969 (7)d 

2.410 (1) 

2.558 (8) b 
17 

27 
24 

2.426 (2)' 21 

28 

2.364 (6) 25 
26 2.426 ( 1 )  

2.440 (2) 26 
2.451 (13) 
2.420 (3y 15 

a Where applicable, bond lengths listed are average values for like bonds. bThis work. CTerminal N. dCentral N. CTrans to C1. /Trans to N. 
fTrans to S .  *Trans to P. 

~ ~ ~ ~ s - T c ( D P P E ) ~ C ~ ~ . ~ ~  Moreover, the analysis of 1 allows 
comparisons to be made to the analogous Tc(II1) structure pre- 
viously r e p ~ r t e d . ~  Selected bond lengths within these complexes 
and within some comparable Re(I1) and Ru(I1) complexes are  
presented in Table VII. 

Both of the title complexes contain technetium(I1) centers in 
a slightly distorted octahedral environment. In 1 the Tc atom 
is coordinated to two trans (axial) phosphorus atoms of the 
monodentate phosphine ligands and two cis (equatorial) chlorine 
atoms that are both trans to the two nitrogen atoms of the co- 
ordinating bidentate phen ligand. The technetium atom lies on 
a crystallographic 2-fold axis that bisects the C1-Tc-C1 angle. 
In 2, the Tc  atom is coordinated to two trans (axial) phosphorus 
atoms of the monodentate PMezPh ligands, with the four re- 
maining (equatorial) positions occupied by the three nitrogen 
atoms of the tridentate terpyridine molecule and one bromine 
atom. As can be seen in Figure 2, the phosphine moieties are not 
situated symmetrically over the terpy ligand, a fact that most likely 
accounts for the slight differences in Tc-N and Tc-P bond dis- 
tances and the variations in bond angles about the technetium 
center (see Table VI). 

The Tc-P bond distances within 1 and 2 (2.391 (2) and 2.399 
(8) A (av), respectively) are in good agreement with each other. 
These distances are significantly shorter than the average Tc(I1)-P 
distances reported for trans-Tc(DPPE)z(NCS)z and trans-Tc- 
(DPPE)$12 (average difference = 0.034 (6) A; Table VII). This 
difference in Tc(I1)-P bond distances is readily understood on 
the basis of the greater steric repulsion generated by the bulky 
phenyl groups of the DPPE ligand, relative to the single phenyl 
group of PMe2Ph. Differences in Tc(II1)-P and Tc(I1)-P bond 
lengths of similar magnitude have been previously observed and 
have also been successfully correlated with the steric bulk of groups 
bonded to the P a t o ~ n . ' ~ ~ ~  The small differences among Tc(I1)-P, 
Re(I1)-P, and Ru(I1)-P distances listed in Table VI1 are  also 
readily explained on the basis of steric effects generated by the 
orientation of the phosphine ligands and by the bulk of the groups 
bonded to P. As expected, the Tc-P distance in 1 is significantly 
shorter than the Tc(II1)-P distance in its Tc(II1) analogue (av- 
erage difference [111 - 111 = +0.070 (2) A; Table VII) as a result 
of the greater *-back-bonding interactions in the lower oxidation 
state.19 

The Tc(I1)-N bonds within 1 are also shorter than the 
Tc( 111)-N bonds within the analogous Tc(II1) complex (average 
difference [111 - 111 = +0.028 ( 5 )  A; Table VII), again due to 

(19) Libson, K.; Doyle, M. N.; Thomas, R. W.; Nelesnik, T.; Woods, M.; 
Sullivan, J .  C.; Elder, R. C.; Deutsch, E. Inorg. Chem. 1988, 27, 3614. 

(20) Konno, T.; Heeg, M. J.;  Deutsch, E. Inorg. Chem. 1988, 27, 4113. 

greater Tc-N n-back-bonding interactions in the lower oxidation 
state. This effect on the Tc-N bond length is attenuated, relative 
to the effect of oxidation state on the Tc-P bond length, due to 
the bite angle requirements of the rigid phen ligand (the N-Tc-N 
angles are  78.2' in both complexes). The Tc(I1)-N distances 
within 1 compare well with the Tc(I1)-N(termina1) distances 
within 2, and with the analogous Ru(I1)-N distances within the 
Ru-phen and Ru-terpy complexes listed in Table VII. As ex- 
pected, because of the bite requirements of the tridentate terpy 
ligand, the Tc(I1)-N(centra1) and Ru(I1)-N(centra1) distances 
are significantly shorter than the M-N(termina1) distances (Table 
VII). 

In contrast to the situation for the Tc-P and Tc-N distances, 
the Tc-CI distances in the Tc(I1) complex 1 are longer than those 
in the Tc(II1) analogue (average difference [HI - 111 = -0.081 
(2) A; Table VII). This inversion in the sign of the [111 - 111 
difference occurs because the Tc-C1 linkage is dominated by 
electrostatic interactions while the Tc-N and Tc-P linkages are 
dominated by r-back-bonding interactions. Similar observations 
and interpretations have been presented for the pair of complexes 
trans- [Tdrl /"(  DPPE)2C12]+/0, wherein the [111 - 111 difference 
in Tc-Cl bond lengths is -0.105 (2) 8, while the [HI - 111 dif- 
ference in Tc-P bond lengths is +0.072 (2) A.19 The pair of 
ruthenium complexes cis-[R~~~*/~~(bpy)~Cl~]+~~ also exhibits this 
inversion in the signs of the [111 - 111 differences for the Ru-N 
and Ru-C1 linkages.2' 

The effect of both shorter Tc-P and Tc-N bond lengths in the 
Tc(I1) species 1 creates greater steric crowding between the 
phosphine and phen ligands than in the Tc(II1) analogue, and this 
in turn results in the phosphine ligands being canted away from 
the phen ligand to a greater extent in the Tc(I1) complex. The 
P-Tc-P angle in the Tc(I1) analogue is 173.9 (l)', whereas in  
the Tc(II1) analogue it is 179.6 (1)'. This effect is probably also 
manifested in the terpy-Tc(I1) complex 2 wherein the P-Tc-P 
angle is 173.6 (2)'. As expected, the stringent bite requirements 
of the terpy ligand generate a significant distortion in the octa- 
hedral coordination environment of 2; the N(termina1)-Tc-N- 
(terminal) angle of 153.7 (3)' in 2 is typical for transition- 
metal-terpy complexes.22 

(21) Eggleston, D. S.; Goldberg, K. A.; Hodgson, D. J.; Meyer; T. J .  Inorg. 
Chem. 1985, 24, 4573. 

(22) Constable, E. In Advances in Inorganic Chemistry and Radiochemistry; 
Emeleus, H. J., Sharp,  A. G., Eds.; Academic Press: New York, 1986; 
p 69. 

(23) Libson, K.; Barnett, B. L.; Deutsch, E. Inorg. Chem. 1983, 22, 1695. 
(24) Stebler, M.; Gutierrez, A.; Ludi, A.; Biirgi, H.-B. Inorg. Chem. 1987, 

26, 1449 and references therein. 
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gen atom coordinates (Table S3) and complete listings of bond lengths 
(Table S4) and bond angles (Table S 5 )  for cis(Cl),rrans(P)-[TcC1,- 
(PMe2PhMphen)l and rran~(P)-[T~Br(PMe~Ph)~(terpy)]SO~CF, (1 3 
Pages); a listing Of observed and calculated structure factors (Table S6) 
for both compounds (24 pages). Ordering information is given on any 
current masthead page. 
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The criteria required of a good solvent for electrochemical 
studies on metal complexes or organometallic compounds include 
that it should (1) be relatively easy to purify, (2) have good 
solvating properties for both electrolyte and metal complexes or 
compounds, and (3) have an extended potential “window”.’ 
Although these criteria are  largely met by acetonitrile and other 
organic solvents such as D M F  or DMSO, they have the ability 
to coordinate and often play a role as ligands in electrochemically 
induced substitution processes.2 The solvents CH2C12, T H F ,  
1 ,Zdimethoxyethane, and propylene carbonate have a lower 
tendency to coordinate, but all have limitations arising from 
restricted potential windows, poor solvating properties, or unwanted 
chemical reactivity. There have also been recent advances in the 
use of nonpolar solvents such as benzene for electrochemical 
s t ~ d i e s . ” ~  Although useful in some studies, these solvents are 
often not conducive to large scale electrolyses, require specialized 
apparatus such  microelectrode^^^^ or utilize molten salt electrolytes 
above ambient t e m p e r a t ~ r e . ~  

We report here that 1,2-difluorobenzene (DFB) has some 
significant advantages as a solvent for electrochemical studies. 
It has a dielectric constant that is sufficiently high to dissolve many 
electrolyte and metal complex salts, it is noncoordinating, it is 
relatively inert chemically, it has a wide potential window, and 
it can be used in routine, small-scale, or large-scale electrochemical 
studies. We report here some illustrative examples from our own 
work where the utilization of DFB as an electrochemical solvent 
has been of value. 

(a) Lund, H. In Organic Electrochemistry; Baizer, M., Lund, H., Eds.; 
Marcel Dekker, Inc.: New York, 1983; pp 161-233. (b) Fry, A. J.; 
Britton, W. E. In Laboratory Techniques in Electroanalytical Chem- 
istry; Kissinger, P. T., Heineman, W. R., Eds.; Marcel Dekker, Inc.: 
New York, 1984; pp 367-382. (c) Mann, C. K. In Electroanalytical 
Chemistry; Bard, A. J., Ed.; Marcel Dekker, Inc.: New York, 1969; 

Pickett, C. J. In Comprehensive Coordination Chemistry; Wilkinson, 
G.,  Ed., Pergammon Press: New York, 1987; Vol. 1, p 493. 
Bond, A. M.; Fleischmann, M.; Robinson, J. J .  Electroanal. Chem. 
Interfacial Electrochem. 1984, 168, 299. 
Lines, R.; Parker, U. D. Acta. Chem. Scand. 1977, 831,  369. 
Pickett, C. J. J .  Chem. Soc., Chem. Commun. 1985, 323. 

Vol. 3, pp 57-134. 

Experimental Section 
Purification of 1,2-difluorobenzene (DFB) and electrochemical studies 

were carried out in a drybox (Vacuum/Atmospheres). The drybox was 
kept under a constant flow of N2, which acted as an atmospheric purge 
to prevent the contamination of DFB by other solvent vapors. 

Materials. The liquid 1,2-difluorobenzene (Aldrich, 98% or Lancaster, 
98+%) was purified by passing it through a column of activated alumina. 
DFB is expensive, and it was collected and recycled by distillation (bp 
= 92 “C) for reuse. To date, three recycling steps have not resulted in 
any noticeable degradation in the electrochemical properties of the sol- 
vent. Tetra-n-butylammonium hexafluorophosphate (TBAH) was pre- 
pared and purified as reported previously.6 

Electrochemistry. Platinum- and glassy-carbon-button electrodes of 
area -0.1 cm2 were seated in Teflon shrouds and cleaned by polishing 
with 1-pm diamond paste (Buehler). Cuvette-sized optically transparent 
electrodes (In-doped Sn02 on glass) were purchased from Delta Tech- 
nologies. Electrochemical measurements were performed by using a 
PAR Model 173 potentiostat in conjunction with a PAR Model 175 
universal programmer. Electrochemical data were recorded on a Hew- 
lett-Packard Model 501 7B X-Y recorder, and all potentials are refer- 
enced to a saturated sodium chloride calomel reference electrode (SSCE). 
Three-compartment cells were employed, where the reference and aux- 
iliary (Pt mesh) electrodes were separated from the working compart- 
ment with fine- and medium-porosity frits, respectively. For con- 
trolled-potential electrolysis experiments, a F’t mesh served as the working 
electrode. 

Results and Discussion 
Solvating Properties. The molecule 1,2-difluorobenzene is polar 

( p  = 2.59)’ and as a solvent has a higher dielectric constant (0, 
= 13.8 a t  28 OC)* than either CH2C12 (D, = 8.9)la or T H F  (D, 
= 7.4).Ia The electrolyte TBAH is very soluble in DFB with a 
saturation limit a t  room temperature of -1.5 M.  Alkali- 
metal-based electrolytes such as  Li(CF3S03) are  nor soluble in 
DFB. The solvating ability of DFB toward transition-metal 
complexes is similar to that  of CH,CN.  Many neutral 
c ~ m p l e x e s - M ~ ( C O ) , ~  (M = Mn and Re), ferrocene, fac-[Re- 
(bpy)(CO),X] (X = C1, Br; bpy = 2,2’-bipyridine)-monocationic 
salts-fac- [Re( bpy ) ( C o )  3( CH3CN)]  ( PF6), cis- [Os( bpy ) 2( 4- 
viny1pyridine)Cll (PF6)-and dicationic salts-[ M ( ~ P ~ ) ~ ] ( P F , ) ,  
(M = Fe, Ru, Os), cis-[R~”’(bpy)~(4-tert-butylpyridine)(O)]- 
(PF6)2-have solubilities that are similar in C H 3 C N  and 1,2- 
difluorobenzene. The neutral compounds [Ru(bpy),Cl,] and 
[Re(bpy)(CO)3]2 are  only sparingly soluble in either solvent. 

There are  some solubility advantages to 1,2-difluorobenzene 
as a solvent. I t  will dissolve in reasonable concentrations some 
porphyrin and phthalocyanine complexes that are nearly or totally 
insoluble in acetonitrile. Ferrocene, although very soluble in DFB, 
leads to adsorptive behavior when oxidized to the ferrocenium ion. 
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