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-197.1 ppm for F ( l )  lends some support to this notion. Alter- 
natively, this C-F bond lengthening and high-field I9F chemical 
shift may be due to a rehybridization by C(  1) such that more p 
character is found in the orbital used to form the bond to F( I ) ,  
or they may reflect a significant ionic contribution in the Co-C 
bonding.' There is a pronounced flattening of the tetrahedron 
involving Co, C(1), C(2), and C(2a) (Co-C(1)-C(2) = 116.0 (2)O; 
summation of the angles involving these atoms is 3 4 3 . 3 O ;  F- 
(1)-C(1)-C(2) = 101.7 (3)') suggesting that more s character 
might be utilized in the C-C bonds. However, the C(l)-C(2) 
bond distance is 1 .532 (5) A, which would seem to argue against 
rehybridization. Thus, the best explanation at this time would 

appear to be that there is significant carbanionic character in- 
volving the carbon atom bonded to the cobalt atom. 
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The rhenium anion [($-C,Me5)Re(CO)2Br-] (27  has been prepared in high yield from the reaction of lateral or diagonal 
($-CJMe5)Re(C0)2Br2 (1) with alkyl/aryllithium and Grignard reagents, trialkylborohydrides, and one-electron reducing agents. 
The molecular structure of 2- (as the [PPP+] salt) was established by X-ray crystallography. [ ($-C5Me,)Re(CO)2Br] [PPP] 
crystallizes in the orthorhombic space group Pbca with a = 20.646 ( 5 )  A, b = 17.690 ( 5 )  A, c = 17.555 (3) A, V = 6412 A3, 
and Z = 8. Solution FT-IR studies of 2- (in THF) reveal the presence of only solvent-separated ion pairs when the gegencation 
is [Li'], [K+], or [PPP+] from -70 OC to room temperature. [2][Na] at room temperature displays a 39:61 mixture of carbonyl 
oxygen-sodium and solvent-separated ion pairs, respectively. Variable-temperature FT-IR examination of [2] [Na] reveals a 
reversible temperature-dependent equilibrium involving both anionic species. The equilibrium constant for these ion pairs has 
been determined by 1R band-shape analysis over the temperature range -70 OC to room temperature, and values of AH and A S  
are reported. The reactivity and stability of 2- are described. 

Introduction 
Synthetic routes to the (cyclopentadieny1)dicarbonylrhenium 

dihalide compounds C P R ~ ( C O ) ~ X ~  (where X = Br, I) have been 
known for several years.'-' Of these dihalides, the dibromide 
has received much attention in terms of chemical investigationS 
and as a precursor in the synthesis of other four-legged piano-stool 
complexes based on the CpRe fragment.&13 However, synthetic 
pathways to the corresponding (pentamethylcyclopentadieny1)- 
dicarbonylrhenium dihalides, C P * R ~ ( C O ) ~ X ~  (where Cp* = 
CSMeS), have only recently been described in detail. While the 
diiodide C P * R ~ ( C O ) ~ I ~ ,  initially obtained from the reaction of 
Cp*2Re2(CO)5 with 12, was the first compound of this genre 
prepared,14 it was not until the work of Sutton et al. that  reliable 
and stereoselective syntheses of these dihalide compounds were 
reported.ls-'* As such, the reactivity of these dihalides remains 
to be explored and established. Four-legged piano-stool complexes 
of the form CpMX2Y2 may exist as two nonequivalent stereo- 
isomers that are commonly referred to as cis and trans isomers. 
We have adopted King's nomenclature2 to describe the isomeric 
dibromides discussed in this paper. Here the descriptors lateral 
and diagonal correspond to the cis and trans stereoisomers, re- 
spectively. 

The reaction of C ~ R e ( c 0 ) ~ B r ~  with Grignard reagents has been 
reported.6 However, no mention was made of the relationship 
between the product dependence and initial dibromide stereo- 
chemistry. Furthermore, while the reported physical data dealing 
with such compounds as c ~ R e ( C o ) ~ B r ( M e ) ,  C P R ~ ( C O ) ~ I ( M ~ ) ,  
and C ~ R e ( c o ) , ( M e ) ~  are not in question, we do not believe that 
these represent products of direct alkyl/bromide exchange. 

* Address correspondence to these authors. 
'UT. * UNT. 

In related reactivity studies using the isomeric dibromides, 
C P R ~ ( C O ) ~ B ~ ~ ,  we have observed that a direct metathetical re- 
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placement of the bromide ligands with RLi or RMgX reagents 
(where R = Me, Ph, or t-Bu) to yield the dialkyl (aryl) complexes 
C P R ~ ( C O ) ~ R ~  does not o c ~ u r . ~ ~ , ~ O  Instead, metal-halogen ex- 
change and cyclopentadienyl ring attack are observed. The relative 
amounts of these products are dependent on the nature of the 
reducing agent and the stereochemistry of the initial dibromide. 
For example, di~g-CpRe(CO)~Br~ reacts exclusively with RLi and 
RMgX reagents to afford [ c ~ R e ( C o ) ~ B r - ] ,  while the lateral 
isomer gives both [CpRe(CO),Br-] and [(q4-C5H5R)Re(CO),Bry] 
with MeLi and PhLi. Therefore, it was of interest to us to examine 
the chemistry associated with the Cp*Re analogue using similar 
reducing agents. Here we report our results on the reaction of 
Cp*Re(CO), with Br2 as a route toward the isomeric dibromide 
compounds, the reactivity of lat-1 and diug-1 with a variety of 
reducing agents, and the thermodynamics of ion pairing in 
[Cp*Re(CO),Br] [Na]. 

Results 

The transformations observed in this work are summarized in 
eqs 1 and 2 and Scheme I. A structure study was undertaken 
for [2][PPP], whose results are presented in Tables 1-111 and 
Figure 2. Finally, ion pairing and functionalization studies of 2- 
were conducted and the results are shown in Table IV and Figures 
4 and 5. These results are discussed in the appropriate sections 
that follow. 

Discussion 

I. Synthesis of lat- and di~g-Cp*Re(CO)~Br,. Reaction of 
either Br2'v2 or pyridinium hydrobromide perbromide9 with 
Cp*Re(C0)32' in trifluoroacetic acid (TFA) gives the expected 
isomeric dibromides in low to moderate yields. The length of the 
reaction appears to be important, as we have repeatedly obtained 
only /at-1 in 3040% yield (isolated) during short mixing periods 
(<1 h). Longer reaction times (1-3 days) give both lar-1 and 
diug-1 in lowered yields, which are easily isolated in pure form 
by column chromatography using silica ge1.16 Independent of the 
reaction's duration is the formation of a green material that is 
devoid of carbonyl ligands and that has resisted purification via 
chromatography as it is irreversibly adsorbed onto the silica gel. 
Tentatively, we believe this material may be the tetrabromide 
complex Cp*ReBr4,= which results from bromination of la?-1 and 
dag-1. Independent treatment of 1 with pyridinium hydrobromide 
perbromide leads to formation of a green material that displays 
a single, new Cp* resonance at 6 1.90 (CDC13) suggestive of 
Cp*ReBr4. 

11. Reaction of 1 with RLi, RMgX, and Trialkylborobydrides. 
The reduction behavior of la?-1 and diug-1 was initially studied 
with RLi reagents (R = Me, Ph, t-Bu) in an attempt to prepare 
the corresponding R-substituted complex C P * R ~ ( C O ) ~ B ~ ( R ) . ~ ~  

Nunn et al. 

Barrientos-Penna, C. F.; Klahn-Oliva, A. H.; Sutton, D. Organo- 
metallics 1985, 4, 367. 
Einstein, F. W. B.; Klahn-Oliva, A. H.; Sutton, D.; Tyers, K. G. Or- 
ganometallics 1986, 5, 53. 
Einstein, F. W. B.; Jones, R. H.; Klahn-Oliva, A. H.; Sutton, D. Or- 
ganometallics 1986, 5, 2476. 
(a) Klahn-Oliva, A. H.; Singer, R. D.; Sutton, D. J. Am. Chem: Soc. 
1986, 108, 3107. (b) Klahn-Oliva, A. H.; Singer, R. D.; Aramtnt, J. 
M.; Sutton, D. Inorg. Chem. 1989, 28, 4217. (c) Related chemistry: 
Klahn, A. H.; Sutton, D. Organometallics 1989, 8, 198. 
Nunn, C. M.; Cowley, A. H.; Lee, S. W.; Richmond, M. G. Unpub- 
lished results. 
A related study involving the hydrogen-mediated photolysis of 
Cp*Re(CO), in hexane has been shown to afford low yields of diag 
Cp*Re(C0)2H2: Hoyano, J. K.; Graham, W. A. G. J.  Am. Chem. Soc. 
1982, 104, 3727. 
(a) Patton, A. T.; Strouse, C. E.; Knobler. C. B.; Gladysz, J. A. J. Am. 
Chem. Soc. 1983, 105, 5804. (b) King, R. B.; Bisnette, M. B. J. 
Organomet. Chem. 1967.8, 287. (c) King, R. B.; Iqbal, M. Z.; King, 
A. D., Jr. J. Organomet. Chem. 1979, 171, 53. 
Reports dealing with the related tetrachloro derivative Cp*ReCI,: (a) 
Herrmann, W. A. J .  Organomet. Chem. 1986,300. 1 I 1  and references 
therein. (b) Herrmann, W. A. Angew. Chem., Int. Ed. Engl. 1988, 27, 
1297 and references therein. (c) See also: Murray, R. C.; Blum, L.; 
Liu, A. H.; Schrock, R. R. Organometallics 1985, 4, 953. 
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Figure 1. Infrared spectra of the carbonyl region for (A) [($-CSMeS)- 
Re(CO)2Br][Li] and (B) [($-CsMeS)Re(C0)2Br][MgBr]. Both spectra 
were recorded in T H F  at -70 'C. 

However, in all cases only the anionic complex [Cp*Re(CO),Br-] 
(2-) was observed when 1 equiv of RLi was used (eq 1). Red- 

+RLi  * I 

2-LI la! -1. A 

brown solutions of 1 (either isomer) react instantaneously with 
added RLi at -78 OC in THF to give a yellow solution containing 
2-; the essentially quantitative conversion to 2- was easily con- 
firmed by low-temperature FT-IR measurements. The carbonyl 
bands for 2- are observed at 1.863 and 1789 cm-I consistent with 
the ascription of Z as an anionic threelegged piano-stool complex 
(see Figure la). Such a low-energy shifting of the CO stretching 
bands of 2- relative to 1 is directly attributed to the increased 
charge density at  the rhenium center, which manifests itself by 
reducing the CO stretching force constant for each of the CO 
ligands.24 The higher frequency CO band (1863 cm-') in 2- is 
readily assigned to a symmetric CO stretching mode, while the 
lower frequency band (1789 cm-') corresponds to the antisym- 
metric CO mode on the basis of group theoretical con~iderations.2~ 
IR studies (in THF) indicate that 2- exists as symmetrically 
solvated ion pairs possessing idealized C, symmetry.26 This is 
supported by the spectral invariance of 2- over a wide range of 
temperatures (-78 OC to room temperature), which serves to rule 

(23) Related reduction studies dealing with Cp*Rh and Cp*Ir systems: (a) 
Jones, W. D.; Feher, F. J. J. Am. Chem. Soc. 1982,104,4240,1984. 
106, 1650; 1985, 107, 620; 1986, 108, 4814. (b) Janowicz, A. H.; 
Bergman, R. G. J.  Am. Chem. Soc. 1983,105,3929. (c) Pefiana, R. 
A.; Bergman, R. G. J. Am. Chem. Soc. 1986, 108, 7332, 7346. (d) 
Jones, W. D.; Feher, F. J. Inorg. Chem. 1984,23,2376. (e) Periana, 
R. A.; Bergman. R. G. Organometallics 1984, 3, 508. 

(24) (a) Cotton, F. A.; Wilkinson, G. Aduanced Inorganic Chemistry, 3rd 
ed.; Wiley: New York. 1972; Chapter 22. (b) Cotton, F. A.; Krai- 
hanzel, C. S. J. Am. Chem. Soc. 1%2,84,4432. 

(25) Lukehart, C. M. Fundamental Transition Metal Organometallic 
Chemistry; Brooh/Cde Publishing Co.: Monterey, CA, 1985. 

(26) For a review on ion-pairing effects in organometallic complexes, ace: (a) 
Darensbourg, M. Y. Prog. Inorg. Chem. 1985,33,221 and references 
therein. (b) Also see: Marcus, Y. Ion Solvation; Wiley: New York, 
1985. 
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out a dynamic equilibration between different ion pairs.27 
Furthermore, added [ L P ]  (as CF3S03Li), tetraphenyl- 
phosphonium chloride, [PPP][Cl], or 15-crown-5 (1,4,7,10,13- 
pentaoxacyclopentadene) do not affect the intensity or frequency 
of the initial IR spectrum of 2-, reinforcing the existence of only 
solvent-separated ion pairs in T H F  solution. 

Complex 2- may be easily isolated in high yield by treating 
[2] [Li] with [PPP] [CI]. The resulting orange-yellow crystals of 
[2][PPP] gave a satisfactory microanalysis and were used in the 
NMR characterization of 2. The 'H NMR spectrum of [2] [PPP] 
in CD2CI2 displayed a singlet at  6 1.94 (1 5 H )  and a multiplet 
centered at  6 7.75 (20 H) consistent with the methyl groups of 
the Cp* ring and the aromatic protons of the [PPP+] gegenion, 
respectively. The 13C{1HJ NMR spectrum exhibited resonances 
at  6 11.0, 93.8, and 213.1 for the methyl, Cp* ring, and the 
carbonyl carbons of 2-. The metal carbonyl resonance is shifted 
to lower field relative to either /at-1 and diag-1 as a result of 
increased charge density at  the rhenium center.28 

Reaction of the Grignard reagents MeMgBr or t-BuMgCI with 
the isomeric dibromides 1 gives 2- as a result of metal-halogen 
exchange. Use of MeMgBr (slight excess) affords 2- sluggishly 
at  -78 "C, as determined by low-temperature FT-IR analysis 
(<lo% conversion after 30 min). Warming the solution to room 
temperature led to the rapid generation of 2- (eq 2), which has 
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been characterized in situ by IR spectroscopy (see Figure lb). 
[2][MgBr] exhibits C O  bands at  1872 and 1734 cm-I. These 
frequencies are different from those observed with [2][Li] (vide 
supra). In comparison to that of [2][Li], the symmetric CO 
stretching band of [2][MgBr] is shifted 9 cm-' to higher frequency, 
while the antisymmetric CO stretching band is shifted 55 cm-l 
to lower frequency. This behavior is typical of a carbonyl oxy- 
gen-[MgBr+] contact ion pair where *-electron density is polarized 
toward the carbonyl oxygen involved in ion pairing with the 
[MgBr+] gegencation as shown in eq 2.26 This interaction is 
expected to lower the CO stretching frequency of the CO group 
involved in ion pairing with concomitant strengthening of the 
remaining C O  

The reaction between t-BuMgCI and 1 (equimolar amounts) 
is rapid at -78 "C and gives 2- in near quantitative yield.30 The 
IR spectrum of [2][MgCl] is identical with that of [2][MgBr] 
and suggests similar carbonyl oxygen-[MgX+] contact ion pairs. 
In reactions with t-BuMgCI the possibility exists for a brom- 
ide/chloride exchange in the magnesium gegenion. The resulting 
[MgBr'] cation would be expected to yield an IR spectrum of 
2- identical with that observed for MeMgBr. 

Unequivocal proof for carbonyl oxygen-[MgX+] ion pairs was 
obtained by examining the effect HMPA had on the solution IR 
spectrum of [2][MgX]. Use of 10 mol equiv of HMPA led to 
the complete disruption of the contact ion pairs and production 

(27) (a) Pannell, K. H.; Jackson, D. J .  Am. Chem. Soc. 1976,98,4443. (b) 
Edgell, W. F.; Lyford, J. ,  IV. J .  Am. Chem. Soc. 1971, 93, 6407. (c) 
Edgell, W. F.; Hegde, S.; Barbetta, A. J .  Am. Chem. SOC. 1978, 100, 
1406. (d) Hogen-Esch, T. E.; Smid, J.  J .  Am. Chem. Soc. 1966,88, 
307, 318. (e) Takaki, U.; Hogen-Esch, T. E.; Smid, J.  J .  Am. Chem. 
SOC. 1971, 93, 6760. (f) Chan, L. L.; Wong, K. H.; Smid, J. J .  Am. 
Chem. SOC. 1970, 92, 1955. 

(28) (a) Mann. B. E.; Taylor, B. F. "C NMR Dofa for Organometallic 
Compounds; Academic Press: New York, 1981. (b) For similar effects 
in phosphine-substituted clusters, see: Richmond, M. G.; Kochi, J .  K. 
Inorg. Chem. 1986, 25, 1334 and references therein. (c) See also ref 
24. 

(29) Cotton, F. A.; Wing, R. M. Inorg. Chem. 1965, 4, 1328. 
(30) The disparate reactivity between MeMgBr and r-BuMgC1 is most likely 

related to differences in aggregation states. For example, see: (a) 
Coates, G. E.; Wade, K. Organometallic Compounds: The Main Group 
Elements, 3rd ed.; Methuen & Co.: London, 1967; Vol. 1 .  (b) Ashby, 
E. C. Q. Rev. 1%7,21,259. (c) Ashby, E. C. Pure Appl. Chem. 1980, 
52, 545. 

Scheme I 

HZ E r -  

Table I. X-ray Crystallographic and Data Processing Parameters for 
[ c ~ * R e ( C o ) ~ B r ]  [Ph4P] 
space group 
cell consts 

a, A 
b, 8, 
c, A v, A' 

mol formula 
fw 
formula units/cell (Z) 

cryst size, mm 
abs coeff (p ) ,  cm-I 
X(radiatn), 8, 
data collcn method 
collcn range, deg 
tot. no. of data collcd 
no. of indep data, I > 340 
tot. no. of variables 
R 
Rw 
weights 

P ,  g cm-' 

Pbca/orthorhombic (No. 61) 

20.646 (5) 
17.690 (5) 
17.555 (3) 
6411.6 
C3,H3,Br0,PRe 
796.76 
8 
1.65 1 
0.3 X 0.2 X 0.1 
51.55 
0.71073 
8-28 
2.0° I 28 I 50.0° 
6233 
2995 
370 
0.0366 
0.0432 
w = 4F,2/[02(counting) + (0.04F2)2] 

of a two-band IR spectrum identical with that of [2][Li]. 
Treatment of 1 with 1.0 mol equiv of Super-H (LiEt3BH) or 

K-Selectride [K(sec-Bu),BH] at  -78 "C led to the immediate 
formation of 2- in 50% yield, as determined by IR analysis (-78 
"C). When the hydride concentration was doubled, quantitative 
conversion to 2- was observed. At no time was the presence of 
the corresponding bromohydride complex Cp*Re(C0)2Br(H) 
observed (vide infra). On the basis of these observations, we 
believe, in analogy to the RLi and RMgX reactions, that the 
hydride reagents react with 1 to give equal molar amounts of 2- 
and HBr. A subsequent, rapid reaction between the generated 
HBr and excess [R3BH-] would then account for the 1:2 rheni- 
um/hydride stoichiometry observed with this reaction. The hy- 
drogen byproduct necessary for the proposed reaction was observed 
by G C  analysis; however, no attempt was made to quantify it. 

An alternative pathway for the rhenium/hydride stoichiometry 
involves the metathetical replacement of a bromide ligand in 1 
to give Cp*Re(CO),Br(H). Since most metal hydrides are known 
to exhibit acidic ~ha rac t e r ,~ '  a fast follow-up reaction involving 
metal-hydride deprotonation by additional [H-] would also give 
2-, as outlined in Scheme I. The IR spectra of 2- from these 
reactions are unexceptional when compared with those obtained 

(31) (a) Schunn, R. A. In Tramition Metal Hydrides; Muetterties, E. L., 
Ed.; Marcel Dekker: New York, 1971; Chapter 5. (b) Edidin, R. T.; 
Sullivan, J. M.; Norton, J. R. J .  Am. Chem. Soc. 1987, 109, 3945. (c) 
Jordan, R. F.; Norton, J. R. ACS Symp. Ser. 1982. No. 198,403 and 
references therein. (d) Moore, E. J.; Sullivan, J. M.; Norton, J. R. J .  
Am. Chem. Soc. 1986, 108, 2257. (e) Walker, H. W.; Kresge, C. T.; 
Pearson, R. G.; Ford, P. C. J .  Am. Chem. SOC. 1979, 101,7428. (f) 
Walker, H. W.; Pearson, R. G.; Ford, P. C. J .  Am. Chem. Soc. 1983, 
105, 1179. 
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Table 11. Positional Parameters for Non-Hydrogen Atoms for 
[ c ~ * R e ( C o ) ~ B r ]  [Ph4P] with Estimated Standard Deviations in 
Parentheses‘ 

A 

Nunn et al. 

B 

atom X V z B. A2 
0.64733 (2) 
0.74495 (6) 
0.0909 ( I )  
0.5710 (5) 
0.7146 (5) 
0.6035 (7) 
0.6927 (6) 
0.5981 (6) 
0.595 ( I )  
0.5531 (6) 
0.4887 (8) 
0.5714 (6) 
0.5359 (8) 
0.6272 (6) 
0.6648 (9) 
0.6446 (6) 
0.6994 (7) 
0.1250 (5) 
0.1398 (6) 
0.1675 (6) 
0.6770 (6) 
0.1603 (5) 
0.1345 (6) 
0.0149 (5) 

-0.0130 (6) 
-0.0746 (6) 

0.5741 (7) 
-0.0143 (6) 
0.1449 (5) 
0.1395 (6) 
0.1802 (7) 
0.2234 (6) 
0.2270 (6) 
0.1879 (6) 
0.0761 (5) 
0.0147 (6) 
0.0061 (6) 
0.0596 (7) 
0.6194 (7) 
0.6312 (6) 

-0.1031 (6) 

0.10035 (3) 
0.03683 (7) 
0.6040 (2) 
0.1711 (6) 
0.2484 (6) 
0.1453 (7) 
0.1953 (7) 
0.1021 (8) 
0.1694 (9) 
0.0824 (8) 
0.122 ( I )  
0.0079 (8) 

-0.042 ( I )  

-0.0888 (8) 
0.0419 (7) 
0.036 ( I )  
0.5125 (6) 
0.4654 (7) 
0.3928 (7) 
0.1330 (8) 
0.4163 (7) 
0.4878 (6) 
0.5929 (6) 
0.5206 (7) 
0.5143 (7) 
0.5762 (8) 
0.3509 (7) 
0.6564 (7) 
0.6645 (6) 
0.7436 (7) 
0.7925 (8) 
0.7632 (8) 
0.6852 (8) 
0.6356 (7) 
0.6467 (6) 
0.6492 (7) 
0.6761 (7) 
0.7033 (8) 

-0.0155 (7) 

-0.2025 (9) 
-0.1725 (8) 

0.61 146 (3) 
0.68025 (8) 
0.0984 (2) 
0.7393 (5) 
0.5771 (6) 
0.6965 (7) 
0.5915 (7) 
0.4961 (7) 
0.4441 (9) 
0.5528 (9) 
0.573 ( I )  
0.5848 (7) 
0.644 ( I )  
0.5457 (7) 
0.556 ( I )  
0.4926 (6) 
0.4315 (8) 
0.0820 (6) 
0.1452 (7) 
0.1327 (7) 
0.9447 (8) 

0.0063 (7) 
0.1479 (6) 
0.1498 (7) 
0.1857 (7) 
0.2174 (7) 
0.7158 (8) 
0.1794 (7) 
0.1513 (6) 
0.1390 (8) 
0.1816 (8) 
0.2342 (7) 
0.2470 (7) 
0.2048 (7) 
0.0069 (6) 

-0.0223 (7) 
-0.0973 (7) 
-0.1373 (7) 

1.1060 (8) 
1.0316 (7) 

-0.0055 (7) 

2.904 (7) 
4.26 (3) 
2.65 (5) 
5.7 (2) 
6.6 (2) 
4.1 (3) 
4.3 (3) 
4.3 (3) 
7.9 (4) 
6.1 (3) 

13.3 (6) 
5.1 (3) 

10.7 (5) 
3.6 (3) 
7.8 (5) 
3.8 (2) 
6.7 (4) 
2.9 (2) 
3.6 (2) 
4.3 (3) 
4.5 (3) 

3.4 (2) 
4.2 (3) 

2.7 (2) 
3.6 (3) 
3.6 (3) 
4.3 (3) 
4.5 (3) 
4.0 (3) 
2.7 (2) 
4.4 (3) 
5.0 (3) 
4.1 (3) 
4.4 (3) 
3.4 (3) 
2.8 (2) 
3.6 (3) 
4.1 (3) 
4.9 (3) 
5.5 (3) 
4.6 (3) 

EAnisotropically refined atoms are given in the form of the isotropic 
equivalent thermal parameter defined as (4/3)[a2B(l,l) + b2B(2,2) + 
c2B(3,3) + ab(cos y)B(1,2) + ac(cos B)B(1,3) + bc(cos a)B(2,3)]. 

from the RLi reactions. This suggests that the presence of R3B, 
an effective Lewis acid, in solution does not perturb the local 
environment of the rhenium anion. 

III. X-ray Crystauograpby Structure of [ZIPPPJ The structure 
of [2-] [PPP] has been confirmed by single-crystal X-ray diffraction 
analysis. Yellow crystals of 2- were grown from a THF solution 
containing [PPP] [Cl] that had been layered with heptane. 
[2][PPP] exists as discrete molecules in the unit cell with no 
unusually short inter- or intramolecular contacts; the [PPP’] 
gegenion is unexceptional and requires no further d e ~ c r i p t i o n . ~ ~  
The X-ray data collection and processing parameters for 2- are 
given in Table I with the final fractional coordinates listed in Table 
11. 

The ORTEP diagram in Figure 2 shows the molecular structure 
of 2- and clearly establishes the six-coordinate geometry about 
the rhenium, assuming the Cp* ring functions as a three-coordinate 
ligand, and an overall geometry that is typical of three-legged 
piano-stool complexes.” Selected bond distances and angles are 
given in Table 111. The top view of 2- reveals an approximate 

(32) Muller, A.; Krickemeyer, E.; Boggle, H. A. Z .  Anorg. ANg. Chem. 1987, 
554, 61. 

(33) (a) Elian, M . ;  Hoffmann, R. Inorg. Chem. 1975, 14, 1058. (b) Elian, 
M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann, R. Inorg. Chem. 
1976, 15, 1148. (c) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, 
D. L. J .  Am. Chem. Sac. 1979, 101, 585.  

Figure 2. Two ORTEP representations of [(15-C5Me5)Re(C0)2Br] [PPP]: 
(A) top view; (B) side view. For clarity, the [ P P P ]  gegencation and the 
hydrogens have been omitted. The thermal ellipsoids are drawn at the 
30% probability level. 

Table 111. Selected Bond Distances (A) and Angles (deg) in 
[Cp*Re(CO)2Br] [Ph4P]’ 

Re-Br 
Re-C(2) 
Re-C (4) 
Re-C(6) 
P-C(I I )  
P-C( 3 1 ) 
O(1 )-C( 1) 
C(3)-C(3/) 
C(3)-C(7) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(7) 

Br-Re-C( 1) 
Br-Re-C( 3) 
Br-Re-C( 5) 
Br-Re-C (7) 
C( l)-Re-C(3) 
C( I)-Re-C(5) 
C( 1 )-Re-C( 7) 
C(2)-Re-C(4) 
C( 2)-Re-C( 6) 
C( 3)-Re-C(4) 
C(3)-Re-C(6) 
C(4)-Re-C(5) 
C(4)-Re-C(7) 
C( 5)-Re-C(7 ) 

Bond Distances 
2.604 ( I )  Re-C( 1) 
1.955 (13) Re-C(3) 
2.224 (13) Re-C(5) 
2.388 (12) Re-C(7) 
1.789 ( 1 1 )  P-C(21) 
1.803 ( 1 1 )  P-C(41) 
1 .11  (2) 0(2)-C(2) 
1.50 (2) C(3)-C(4) 
1.44 (2) C(4)-C(4’) 
1.48 (2) C(5)-C(5’) 

1.42 (2) C(7)-C(7’) 
1.40 (2) C(6)-C(6’) 

Bond Angles 
100.5 (4) Br-Re-C(2) 
140.1 (3) Br-Re-C(4) 
108.3 (3) Br-Re-C(6) 
104.0 (3) C(l)-Re-C(2) 
118.6 (5) C(I)-Re-C(4) 
97.5 (5) C(I)-Re-C(6) 

150.4 (5) C(2)-Re-C(3) 
117.3 (5) C(2)-Re-C(5) 
137.2 (4) C(2)-Re-C(7) 

60.1 (4) C(3)-Re-C(7) 
38.1 (5) C(4)-Re-C(6) 
60.1 (5) C(5)-Re-C(6) 

36.5 (5) C(3)-Re-C(5) 

59.2 (4) C(6)-Re-C(7) 
Re-C(I)-O(l) 170 ( I )  Re-C(2)-O(2) 
Re-C(3)-C(3’) 125 ( I )  Re-C(3)-C(4) 
Re-C(3)-C(7) 74.3 (7) c(Y)-c(~)-c(~) 127 (1 j 
C(3’)-C(3)-C(7) 126 ( I )  C(4)-C(3)-C(7) 107 ( I )  
Re-C(4)-C(3) 73.4 (7) Re-C(4)-C(4/) 126 (1) 
Re-C(4b-C(5) 74.2 (8) C(3)-C(4)-C(4’) 

1.919 (12) 
2.266 (12) 
2.313 (14) 
2.330 (1 1 )  
1.803 ( IO)  
1.802 (1 1) 
1.07 (2) 
1.41 (2) 
1.55 (2) 
1.55 (2) 
1.52 (2) 
1.56 (2) 

94.8 (4) 
146.1 (4) 
89.4 (3) 
90.5 (5) 
90.4 (5) 

130.5 ( 5 )  
92.4 (5) 

153.6 (5) 
103.4 (5) 
61.6 (5) 
36.4 (5) 
60.1 (5) 

35.1 (4) 

70.1 (7) 

34.7 (4) 

175 ( I )  

C( 3)-C(4)-C(5) 
Re-C( 5)-C(4) 
Re-C( 5)-C(6) 
C (4)-C (5)-C (6) 
Re-C( 6)-C( 5 )  
Re-C(6)-C(7) 
C(5)-C(6)-C(7) 
Re-C(7)-C(3) 
Re-C(7)-C(7’) 
C(3)-C(7)-C(7’) 

109 (1 j ‘ 
67.7 (7) 
75.6 (7) 

69.7 (7) 
70.2 (7) 

109 (1) 
69.4 (7) 

128.8 (9) 
124 (1) 

107 (1) 

C(~;)-C(~)-C’(S j 
Re-C(5)-C( 5’) 
C(4)-C( 5)-C( 5’) 
C(S’)-C(S)-C(6) 
Re-C (6)-C (6’) 
C( 5)-C( 6)-C( 6’) 
C(6’)-C(6)-C(7) 
Re-C( 7)-C(6) 
CU)-C(V-C(6) 
C(6)-C(7)-C(7’) 

a Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

mirror plane of symmetry that is defined by the plane formed by 
the Re-Br and C(6)-C(6’) bonds. This plane bisects the two 
carbonyl groups and the C(3)-C(4) bond of the Cp* ring. The 
Re-Br, Re-carbonyl, and C-0 bond lengths are unexceptional 
in comparison to those of other cyclopentadienylrhenium com- 
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A B 

C4-2 

C3-2 

Figure 3. Top view of (A) l ~ r - ( ~ ~ - C ~ M e ~ ) R e ( C 0 ) ~ 1 ,  and (B) [($- 
C5Me5)Re(C0)2Br-], showing the Cp* ring-rhenium bond lengths (A). 
Distances for the former complex are taken from ref 16. 

The C-C bonds of the Cp* ring range from 1.40 
(2) to 1.48 (2) 8, with an average length of 1.43 (2) 8, in 
agreement with other peralkylated cyclopentadienylrhenium 
c ~ m p l e x e s . ~ ~ J ~ ~ ' ~  

The disparate Re-C(ring) bond lengths indicate that the Cp* 
ring is tilted away from the bromine atom and toward the two 
carbonyl groups. The Re-C(6) bond is the longest a t  2.388 (12) 
A and is followed by the Re-C(7) and Re-C(S) lengths of 2.330 
(1 1)  and 2.313 (14) A, respectively. The shortest Re-C(ring) 
distances of 2.266 (1 2) and 2.224 (1 3) 8, belong to R d ( 3 )  and 
Re-C(4), respectively. These variations in the Re-C(ring) bond 
lengths are not entirely unexpected when the crystallographic 
results of lar-Cp*Re(C0)21z and the theoretical studies of related 
CpML4 complexes are ~ o n s i d e r e d . ~ ~  For example, in fat- 
C P * R ~ ( C O ) ~ I ~  the Re-C(ring) bonds that are pseudotrans 
(formally opposite) to the two carbonyl ligands are observed to 
be longer than the corresponding Re-C(ring) bonds that are 
opposite the iodide ligands, as shown in Figure 3. The bond length 
asymmetry in 2- (as in fat-Cp*Re(CO)zIz) is readily rationalized 
in terms of the *-acceptor properties of the CO ligands. The CO 
ligands accept *-electron density (via the A* manifold) from the 
Cp* ring at  the expense of the opposite ReC(5-7) bonds; this 
results in an elongation and a tilting of the Cp* ring toward the 
carbonyl ligands. Alternatively, Cp* ring tilting may be viewed 
as arising from a metal &orbital (d,)-Cp* **-orbital (e2) in- 
t e r a ~ t i o n . ~ ~  The Cp* ring is expected to exhibit maximum tilting 
in ds-ML4 fragments that possess an eclipsed conformation; small 
deviations from an eclipsed conformation are not expected to 
negate the predicted trends in Cp ring tilting.I6 
On the basis of the aforementioned expectation, the isolobal 

relationship predicts that 2- should display a similar tilting pattern 
as in l ~ t - C p * R e ( C O ) ~ 1 ~ ~ ~  and C ~ M O ( C O ) , M ~ , ' ~  since the [Re- 
(CO),Br-] fragment is formally a d7-ML, species and is equivalent 
to its isolobal dS-ML4  counterpart^.'^ In this connection the metal 
fragments are derived by treating the Cp ring as a neutral five- 
electron donor. An alternative procedure would involve treating 
the Cp ring as an anionic six-electron donor with concomitant 
charge adjustment for the metal fragment; Le., Re(C0)2Br is 
isolobal with [Re(C0)212+]. Regardless of the exact factor(s) 
responsible for Cp* ring tilting, the isolobal nature of these metal 
fragments underscores the predicted and experimentally observed 
similarity among 2-, lat-Cp*Re(CO)212, and CpMo(CO),Me. 

(34) (a) Smith, R. A.; Bennett, M. J. Acru Crysrullogr., Sect. B 1977, B33, 
11 13. (b) Harrison, W.; Trotter, J. J .  Chem. Soc., Dalton Truns. 1972, 
678. (c) Kreissel, F. R.; Friedrich, P. Angew. Chem., Inr. Ed. Engl. 
1977, 16, 543. (d) Einstein, F. W. B.; Tyers, K. G.; Sutton, D. Or- 
gunometallics 1985, 4, 489. (e) Barrientos-Penna, C. F.; Einstein, F. 
W. B.; Jones, T.; Sutton, D. Inorg. Chem. 1982, 21, 2578. 

(35) (a) Okuda, J.; Herdtweck, E.; Herrmann, W. A. Inorg. Chem. 1988, 
27, 1254 and references therein. (b) Herrmann, W. A.; Floel, M.; 
Herdtweck, E. J .  Organomer. Chem. 1988, 358, 321. (c) Herrmann, 
W. A.; Fischer, R. A.; Herdtwcck, E. Angew. Chem., Inr. Ed. Engl. 
1987, 26, 1263; 1988, 27, 1509. 

(36) Kubacek, P.; Hoffmann, R.; Havlas, 2. Organometallics 1982, I ,  180. 
(37) (a) Hoffmann, R. Science (Washingron, D.C.) 1981, 211, 995. (b) 

Hoffmann, R. Angew. Chem., Inr. Ed. Engl. 1982, 21, 711. 
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Figure 4. Infrared spectra of the carbonyl region for [($-CsMe5)Re- 
(CO),Br][Na] in THF as a function of temperature: ( I )  -70 OC; (2) 
-30 OC; (3) 25 OC. The inset displays the antisymmetric carbonyl region 
(1825-1725 cm-I) for the experimental spectrum (-) of [2][Na] re- 
corded at  -70 OC, resolved bands (.-) for the contact and solvent-sepa- 
rated ions, and the theoretical curve (- - -) for both ion pairs. 

IV. Reduction Studies Using One-Electron Reducing Agents. 
The reduction of fat- and diag-1 was next examined by using 
known one-electron reducing agents in order to probe for the 
intermediacy of the corresponding 19e- complex [Cp*Re- 
(CO),Br,'-]. Treatment of 1 (either isomer) in THF at -78 OC 
with 1 equiv of cobaltocene or potassium naphthalide immediately 
gave 0.5 mol equiv of 2-, as assayed by low-temperature IR 
analysis. Use of 2.0 equiv of reducing agent afforded 2- in 
quantitative yield, as expected for a two-electron reduction process. 
The resulting two v(C0) bands of the rhenium anion are identical 
in intensity and frequency with those of [2] [Li] and suggest that 
negligible ion pairing is present between 2- and the gegencation 
(vide supra). The fact that the 19e- radical anion is not observed 
indicates that the lifetime of [Cp*Re(CO)2Br2'] is very short and 
is followed by faster subsequent reactions to ultimately give 2-. 
Loss of bromide from [c~*Re(Co)~Br;-] is anticipated to give 
the 17e- complex c ~ * R e ( C o ) ~ B r ,  which is then expected to accept 
a second electron in a fast electron transfer step involving the 
reducing agent.38 Electron transfer from [Cp*Re(C0)zBr2'-] 
to C ~ * R e ( c o ) ~ B r  is also expected to yield 2- and regenerate 1. 
The importance of this pathway will depend on the relative 
magnitude of the rates associated with bromide loss and electron 
transfer from the 19e- complex [Cp*Re(CO)2Br2'-]. The net 
outcome of these chemical reductions will still adhere to a formal 
two-electron reduction of 1. 

Facile loss of bromide, compared to C O  loss, is also predicted 
when one considers the T acidity of these two ligands. Here the 
weaker a-acceptor ligand preferentially dissociates so as to min- 
imize unfavorable metal-ligand orbital interactions in the 19e- 
radical anion.39 Alternatively, 1- could undergo a second electron 
accession to give a 20e- complex (assuming no ring hapticity 
changes), followed by bromide loss to give 2-. We favor the former 
pathway on the basis of reports of dissociative halide loss in organic 
halides and metal dimer fragmentation reactions upon one-electron 
reduction40 and note that these two schemes have precedence in 

(38) Examples of facile ligand loss upon one-electron reduction coupled with 
a second reduction step occurring at less negative potential: (a) Ama- 
tore, C.; Verpeaux, J. N.; Krusic, P. J. Organomerallics 1988, 7 ,  2426. 
(b) Kelly, R. S.; Geiger, W. E. Orgunometallics 1987, 6, 1432. (c) 
Reike, R. D.; Henry, W. P.; Army, J. S. Inorg. Chem. 1987,26,420. 
(d) Cyr, J. C.; DeGray, J. A.; Gosser, D. K.; Lee, E. S.; Reiger, P. H. 
Orgunomerullics 1985, 4, 950. (e) Leong, V. S.; Cooper, N. J. Or- 
gunomerullics 1987,6, 2000; 1988, 7, 2080. (f) Maher, J. M.; Beatty, 
R. P.; Cooper, N. J. Organometallics 1985, 4, 1354. 

(39) (a) Albright, T. A,; Burdett, J. K.; Whangbo, M. H. Orbirul Inreruc- 
tions in Chemisrry; Wiley: New York, 1985; pp 282-288. (b) Purctll. 
K. F.; Kotz, J. C. Inorgunic Chemistry; W. 8. Saunders Co.: Phila- 
delphia, PA, 1977; Chapter 9. 
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Table IV. Equilibrium Parameters for the Conversion of [2][Na] 
from Contact Ions into Solvent-Separated Ions" 

IOOOlT, K-l In keb lOOO/T, K-' In kMb 
3.36 0.405 3.95 -0.136 

3.53 0.306 4.39 -0.571 
3.36 0.456c 4.20 -0.439 

3.60 0.261 4.59 -0.717 
3.66 0.148 4.69 -0.7 19 
3.80 0.040 4.93 -0.974 
3.80 -0.01 2c 

AH = 1.8 f 0.06 kcal/mol;" AS = 7.0 f 0.2 eud 

M [Cp*Re(C0)2Br][Na] in THF by following 
the changes in the area of the 1790 and 1776 cm-' carbonyl bands. 
bDefined as the [area of solvent-separated ions]/[area of carbonyl ox- 
ygen-sodium contact ions]. Multiple determination from a second 
separate experiment. dError limits at 95% confidence limits. 

electrochemistry as they formally conform to an ECE and EEC 
process, re~pectively.~~ Currently, we are examining the redox 
chemistry of 1 using electrochemical techniques in order to un- 
ambiguously define the point of bromide loss; the redox properties 
of lat- and diag-1 will be the subject of a future paper. 

Treatment of 1 in T H F  at -78 OC with sodium naphthalide 
(2 mol equiv) was observed to occur rapidly to give [2] [Na] (vide 
supra). However, low-temperature IR analysis revealed that 2- 
exists as a 73:27 mixture of carbonyl oxygen-[Na+] and sol- 
vent-separated ion pairs, respectively. The existence of the former 
ion pairs was easily confirmed through the addition of either 
15-crown-5 or HMPA (-10 mol equiv based on Re), which 
immediately afforded an IR spectrum identical with that of 
[2] [Li]. The v(C0) values of [2] [Na] are readily assigned on 
the basis of their frequency and response to additives, as was done 
for [2] [MgX]. The two low-frequency u(C0) bands at 1790 and 
1776 cm-' represent the antisymmetric carbonyl stretching mode 
associated with the solvent-separated and carbonyl oxygensodium 
contact ion pairs, respectively. In principle, two additional u(C0) 
bands corresponding to a symmetric carbonyl stretch for each type 
of ion pair should be observed; however, only one band is observed 
at 1863 cm-I. An analogous situation involving [ c ~ F e ( C 0 ) ~ ]  [Na] 
has also been observed by Pannell and Jackson and presumably 
is the result of coupling and/or inadequate band r e s o l ~ t i o n . ~ ' ~ ~ ~ ~  

Having established the nature of ion pairs in solution for 
[2][Na], we next examined the effect of temperature on the 
equilibrium between these ion pairs in order to quantify the 
thermodynamics associated with this system. Figure 4 shows 
selected IR spectra for [2] [Na] as a function of temperature. As 
the temperature is raised from -78 OC to room temperature, the 
equilibrium constant is gradually shifted to the solvent-separated 
ion pairs in accordance with the equilibrium shown in eq 3. The 

'From 2.5 X 

contact ion 
pai r  

c 
7 

[ S S I P ]  
Keq = - solvent-separated 

[ C I P I  Ion p a i r  

ion pairing exhibited by [2][Na] represents another example of 

(40) (a) Saveant, J.  M. Acc. Chem. Res. 1980, 13, 323. (b) Andrieux, C. 
P.; Merz, A.; Seveant, J. M. J .  Am. Chem. Soc. 1985,107,6097. (c) 
Andrieux, C. P.; Gallardo, I.; Seveant, J. M.; Su, K. B. J .  Am. Chem. 
SOC. 1986, 108, 638. (d) Kadish, K. M.; Lacombe, D. A.; Anderson, 
J.  E. Inorg. Chem. 1986,25,2074, 2246. (e) Moulton, R.; Weidman, 
T. W.; Vollhardt, K. P. C.; Bard, A. J. Inorg. Chem. 1986, 25, 1846. 
(0 Dessy, R. E.; Weissman, P. M.; Pohl, R. L. J .  Am. Chem. Soc. 1966, 
88, 5 1 17. (8) Connelly, N. G.; Geiger, W. E. A h .  Urganomer. Chem. 
1984, 23, 1 and references therein. 

(41) (a) Bard, A. J.; Faulkner, L. R. Electrochemical Merhods; Wiley: New 
York, 1980; Chapter 1 1 .  (b) Nicholson, R. S.;  Shain, I. Anal. Chem. 
1964, 36, 706; 1965, 37, 178. 

(42) A similar lack of resolution involving the high-frequency CO band in 
[CpMo(CO)J [Na] has also been observed: Darensbourg, M. Y.; Jim- 
enez, P.; Sackett, J .  R.; Hanckel, J. M.; Kump, R. L. J .  Am. Chem. Soc. 
1982, /04,  1521. 
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Figure 5. Plot of In Kq + 1 vs l / T  for the contact s solvent-separated 
ion pair equilibrium for [ (T$C~M~~)R~(CO),B~]  [Na] in THF. 

the subtle balance between the electrostatic anion/cation inter- 
action and the solvation of the cation by THF in determining the 
extent of ion pairing in organometallic complexes. Lithium and 
potassium ion pairing in 2- is negligible on the basis of the for- 
mation of stable [Li+].nTHF solvates and an insufficient [K'] 
electrostatic potential, which minimizes anion/cation interac- 
t i o n ~ . ~ ~ , ~ ~  Extensive sodium ion pairing results from [Na+]'s 
intermediate oxophilicity and electrostatic properties, which favor 
contact ion 

Band-area measurements on the two, overlapping antisymmetric 
carbonyl stretching bands were performed with the assumption 
that the area under each absorption may be taken to be pro- 
portional to the relative amount of each ion pair. Table IV gives 
the Kq values for the equilibrium defined in eq 3 from which a 
Van't Hoff plot showing the variation of In Kq as a function of 
temperature is readily constructed (Figure 5). Values of 1.8 f 
0.06 kcal/mol for AH and 7.0 f 0.2 eu for AS are computed from 
the slope of the straight line and the intercept, respectively. 

It is immediately apparent that the enthalpic and entropic 
contribution to the ion pair equilibrium oppose each other. Low 
temperatures (C263 K) favor contact ion pairs as a result of an 
exothermic electrostatic interaction between 2- and [Na'], while 
higher temperatures lead to solvent-separated ion pairs as the TAS 
term dominates the free energy change associated with the 
equilibrium. A similar temperature-dependent process has also 
been reported for [Co(CO),] [Na] in THF by Edgell and Lyford.*% 
In that study the AH and AS values were observed to be 3.7 
kcal/mol and 14 eu, respectively, for the equilibrium defined 
analogously to our eq 3. Our thermodynamic values compare well 
with those of Edgell and Lyford and indicate that the carbonyl 
oxygen-sodium interaction in [CO(CO)~] [Na] is stronger than 
in [2][Na]. Finally, we note that the conversion of contact ion 
pairs of [2] [Na] into solvent-separated ion pairs displays a tem- 
perature response that is different from several aromatic car- 
banions and complexes of macrocyclic polyethers. For example, 
Jackman et  aLM have demonstrated that sodium fluorenide exists 
primarily as contact ions at  room temperature ( -95%) ,  while 
potassium fluorenide/ 18-crownd solutions are predicted to exhibit 
increased ion pairing as the temperature is raised above room 

(43) (a) Darensbourg, M. Y.; Darensbourg, D. J.; Burns, D.; Drew, D. A.  
J .  Am. Chem. Soc. 1976, 98, 3127. (b) Ash, C. E.; Delord, T.; Sim- 
mons, D.; Darensbourg, M. Y. Organomefalllcs 1986,5, 17. (c) Dar- 
ensbourg, M. Y.; Ash, C. E. Ado. Organomet. Chem. 1987,27, 1. (d) 
Nitay, M.; Rosenblum, M. J .  Urganomer. Chem. 1977, 136, C23. (e) 
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t empera t~ re .~ '~  While an explanation concerning the difference 
in AH for the conversion of contact ions into solvent-separated 
ions has been proposed,2'" no current theory exists that adequately 
explains such an inverse temperature behavior between organic 
and organometallic ions. 
V. Reactivity and Stability Studies of T. The functionalization 

of 2- was examined as a potential route to complexes of the form 
C P * R ~ ( C O ) ~ B ~ ( R ) .  Treatment of T in THF with trifluoroacetic 
acid afforded two new v(C0) bands at  2018 and 1945 cm-I, as 
expected for anion protonation. From the intensity pattern of the 
v(C0) bands we conclude that protonation proceeds to give 
C P * R ~ ( C O ) ~ B ~ ( H )  with diagonal stereochemistry.'* 2- also reacts 
with methyl triflate and magic ethyl in CH2C12 to yield the 
corresponding diag-Cp*Re(CO),Br(R) complexes on the basis 
of in situ IR analysis. The v(C0) bands for diag-Cp*Re- 
(C0)2Br(Me) were observed at 2016 (s) and 1935 (s) cm-', while 
those for di~g-Cp*Re(CO)~Br(Et) appeared at 2020 (s) and 1944 
(vs) cm-I. All of these functionalized anions decomposed in 
solution over a period of days to give C P * R ~ ( C O ) ~  as the only 
isolable product (-20-30% isolated yield). 

Finally, THF solutions of 2- were observed to be stable for a 
period of weeks when oxygen was rigorously excluded. The 
presence of oxygen leads to complex mixtures of rhenium oxides 
in addition to C P * R ~ ( C O ) ~ .  For example, [2][K] slowly de- 
composed in septum-capped vessels on the benchtop to give the 
known oxides C P * R ~ O ~ ~  and [ReOc] as the major products. IR 
analysis (KBr pellet) revealed intense v(Re=O) bands at  909 and 
877 cm-' assignable to Cp*Re03 and an intense band at  913 cm-l 
attributed to potassium perrhenate. The latter v(R-0) band 
observed was identical with that exhibited by pure [Reo,]. We 
have also observed perrhenate formation when the analogous 
[ c ~ R e ( C o ) ~ B r - ]  complex is decomposed under an oxygen at- 
mosphere.I9 The exact pathways and other products involved in 
this decomposition reaction remain as unanswered questions for 
future study. 
Experimental Section 

Pyridinium hydrobromide perbromide" and cobaltoceneq were pre- 
pared from known literature procedures, while Cp*Re(C0)3 was pre- 
pared according to the method of Gladysz et aLZia MeLi (1.4 M in 
Et,O), PhLi (2.0 M in C6Hi2), t-BuLi (1.7 M in pentane), MeMgBr (1.5 
M in toluene/THF, 75/25), r-BuMgCI (2.0 M in THF), Super-H (1.0 
M in THF), and K-Selectride (1.0 M in THF) were all purchased from 
Aldrich and used as received. Magic ethyl was obtained from Alpha and 
transferred to a Schlenk vessel for storage while methyl triflate was 
prepared according to the published proced~re.4~ All reactions were 
conducted under argon with Schlenk techniques" or in a nitrogen-filled 
Vacuum Atmosphere DL series inert-atmosphere Dri-box. THF and 
heptane were distilled from sodium/benzophenone ketyl and stored under 
argon in Schlenk vessels. HMPA was distilled from CaH,, while CD2C12 
and CDCI, were distilled from P20, and stored under argon in Schlenk 
vessels. The C and H analysis was performed by Atlantic Microlab, 
Atlanta, GA. 

Routine infrared spectra were recorded on a Nicolet 2OSXB FT-IR 
spectrometer in 0.1-mm NaCl cells. Low-temperature IR spectra were 
recorded on the same spectrometer with a Specac Model P /N 21.000 
variable-temperature cell equipped with inner and outer CaF2 windows. 
Dry ice/acetone was used as coolant, and the reported cell temperatures, 
taken to be accurate to i 1  "C, were determined with a copper- 
constantan thermocouple. 'H NMR spectra were recorded at 300 or 90 
MHz on Varian 300-VXR and JEOL FX30Q spectrometers, respec- 
tively. I3C NMR spectra were obtained at 75 MHz by using the former 
spectrometer. 

Preparation of /at- and diag-Cp*Re(C0)2Br2. To 9.7 g (24 mmol) 
of Cp*Re(CO), and 8.0 g (25 mmol) of pyridinium hydrobromide per- 

(46) (a) Herrmann, W. A.; Serrano, R.; Bock, H. Angew. Chem., Inr. Ed. 
Engl. 1984, 23, 383. (b) Herrmann, W. A.; Vas, E.; Floel, M. J. 
Organomet. Chem. 1985,297, C5. 

(47) Fieser, L. F.; Fieser, M. Reagentsfor OrganlcSynthesis; Wiley: New 
York, 1967; Vol. 1, p 967. 

(48) Eisch, J. J.; King, R. B. Organometallic Syntheses; Academic Press: 
New York, 1965; pp 70-71. 

(49) Ahmed, M. G.; Alder, R. W.; James, G. H.; Sinnott, M. L.; Whiting, 
M. C. J. Chem. Soc., Chem. Commun. 1968, 1523. 

(50) Shriver, D. F. The Manipulation of Air-Sensitive Compounds; 
McGraw-Hill: New York, 1969. 

bromide in a 500-mL Schlenk flask was added ca. 70 mL of TFA. The 
mixture was stirred for 1 h and then poured into 1 L of water. The 
resulting light brown precipitate was collected on a medium-porosity frit 
and washed with several portions of water. The filtered precipitate was 
redissolved in CH2C12 (-250 mL) and the solution dried overnight with 
CaCI2. The pure dibromides were subsequently isolated by column 
chromatography over silica gel using petroleum ether/CH2CI2 (1:l) and 
displayed spectral properties (IR and NMR) identical with those reported 
by Sutton et aLi6 Yield: /at-1, 4.7 g (36.6%); diag-1, 0.5 g (3.9%). 
Note: use of Br2 directly and/or longer reaction times led to an overall 
decrease in the yield of the isomeric dibromides. 

PrepPratioa of [Cp*Re(CO),BrIPPP]. To 0.2 g (0.37 mmol) of lat-1 
in THF (-35 mL) at -78 'C was added 0.23 mL (0.39 mmol) of a 1.7 
M r-BuLi solution. The solution was allowed to warm to room tem- 
perature and was then treated with 0.14 g (0.37 mmol) of [PPP][Cl]. 
The solution was concentrated to -10 mL, filtered under argon by using 
a fine-porosity frit, and then layered with -IO mL of heptane. The 
analytical sample and crystals suitable for X-ray diffraction analysis were 
obtained after 2 days at room temperature. Yield: 0.25 g (84.8%) of 
[2][PPP]. IR (CH2C12): v(C0) 1860 (s), 1781 (s) cm-l. IH NMR 
(CD2C12): 6 1.94 (15 H, methyls), 7.75 (20 H, aromatics). 13C NMR 
(CD2Cl2): 6 11.0 (5 C, methyls), 93.8 (5 C, Cp* ring), 117.9 ( 1  C, 
quaternary C, Jpc = 90 Hz), 131.0 and 134.8 (2 C each, ortho and 
meta), 136.1 (1 C, para), 213.1 (2 C, CO's). Anal. Calcd for 
C36H35Br02PRe: C, 54.28; H, 4.40. Found: C, 54.32; H, 4.43. 

Reaction of 1 with One-Electron Reducing Agents. In a typical ex- 
periment, 26.9 mg (0.05 mmol) of 1 (either isomer) in 20 mL of THF 
at -78 "C was treated with 0.2 mL of a 0.5 M sodium naphthalide 
solution. The reaction was instantaneous, as judged by the immediate 
discharge of the red solution of 1 to that of yellow 2-. The [2][Na] 
prepared in this manner (-2.5 X lo-' M in Re) was also used in the 
ion-pairing equilibrium study after cannulation into the variable-tem- 
perature IR cell. 

Reaction of [ZILi] with TFA. To 50.0 mg (0.1 mmol) of [2][Li] 
(prepared from lur-1 and t-BuLi) in 50 mL of THF at -78 "C was added 
0.1 mL (excess) TFA. The solution was allowed to warm to room tem- 
perature and examined by IR (v(C0) for diug-Cp*Re(C0)2Br(H): 2018 
(s) and 1945 (vs) cm-I). The solution gradually acquired a dark brown 
color and displayed only the presence of C P * R ~ ( C O ) ~  after several days. 
Cp*Re(CO), was isolated (25% yield) by column chromatography and 
verified by comparison to an authentic sample of Cp*Re(CO),. The 
reactions of [2] [Li] with methyl triflate and magic ethyl were conducted 
similarly. The expected alkylation product exhibited only diagonal 
stereochemistry by IR analysis and was observed to decompose over the 
course of days (usually 1-3 days) to give only CP*R~(CO)~ ,  as judged 
by IR spectroscopy. 

The protonation reaction was also examined by 'H NMR spectroscopy 
using [2][PPP]. Here 25.0 mg of [2][PPP] was added to a 5-mm NMR 
tube inside the Dri-box after which 0.5 mL of CDC13 and 0.05 mL 
(excess) of TFA were added. The tube was freeze-pumpthaw degassed 
three times prior to flame sealing. IH NMR analysis exhibited reso- 
nances at b 2.01 (15 H, methyls) and -9.98 ( 1  H, hydride). Decompo- 
sition of diag-Cp*Re(CO),Br(H) was evident after 6 h at room tem- 
perature. 

Crystallographic Analysis. Data were collected on an Enraf-Nonius 
CAD-4 diffractometer at 24 f 2 "C by using graphite-monochromated 
Mo Ka radiation. The data were corrected for Lorentz and polarization 
effects. An empirical absorption was applied. The structure was solved 
by MULTAN,,~ and successive cycles of difference Fourier syntheses were 
followed by least-squares refinement. Data with intensities less than 
3 4 )  were rejected, and a non-Poisson contribution weighting scheme 
with an intensity factor P set at 0.04 was used in the final stages of 
refinement.52 

Crystals of [2] [PPP] were grown from a solution of THF and heptane 
(vide supra). A suitable yellow prism was mounted in a thin-walled glass 
capillary and sealed under nitrogen. All non-hydrogen atoms were re- 
fined anisotropically, and scattering factors were taken from ref 53. 

Band-Shape Analysis. Since the antisymmetric carbonyl stretching 
bands of the sodium-contact and solvent-separated ion pairs exhibit sig- 

(51) Germain, G.; Main, P.; Wolfson, M. N. Acra Crysrallogr., Sect. A:  
Cryst. Phys., Dif/r., Theor. Gen. Crysiallogr. 1971, A27, 368. 

(52) P is used in the calculation of a(l) to down weight intense reflections 
in the least-squares refinement. The function minimized was xw(lF,I 
- lFc1)2, where w = 4(Fo)'I[~(Fo)2]2, [ x ( F 0 ) 2 ] 2  = [S2(C + R2B) + 
(P(F,,)2)2]/Lpp2, and S is the.scan rate, C is the total integrated peak 
count, R is the ratio of scan time to background counting time, and Lp 
is the Lorentz-polarization factor. 

(53) Cromer, D. T.; Walker, J. T. International Tables for  X-ray Crystal- 
lography; Kynoch: Birmingham, England, 1974; Vol. IV, Table 2.2b. 
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nificant overlap, the infrared band shapes of these CO bands were cal- 
culated by using a numerical procedure in order to determine the ratio 
of their areas. Absorbances were digitized from 1825 to I725 cm-’ at 
2-cm-’ intervals and entered into files on the university VAX 11/85 
computer. Following base-line correction, the spectra were fit by a model 
consisting of Lorentzian band shapes, each characterized by a peak 
frequency ( u ) ,  maximum intensity (I), and half-width (fwhh) (A). Since 
the instrument resolution (2 cm-I) is far less than the observed band- 
widths (-20 cm-’), it was unnecessary to convolute the model spectrum 
with a resolution (slit) function. The parameters were varied to minimize 
the squared deviation between the experimental and calculated intensities 
by using a standard nonlinear regression procedure.% A representative 
experimental and calculated spectrum of [2][Na] at -70 OC is shown in 
Figure 4. Given that the area of a Lorentzian peak is proportional to the 
product of the bandwidth and the maximum intensity, the area ratio of 
the different ion pairs is calculated easily as A 2 / A I  = (12A?)/(I,Al). 

Thedynamic  Evaluation of the Ion-Pairing Equilibrium in [ZINa]. 
THF solutions 2.5 X IO-’ M in [2][Na] (vide supra) were used to 
measure the amount of contact and solvent-separated ion pairs in solution 
over the temperature range of -70 OC to room temperature. From the 
area associated with each antisymmetric carbonyl stretching band, the 
equilibrium constants were easily determined as defined by eq 3. The 

thermodynamic parameters were obtained by plotting In Kq vs Ti, from 
which the slope and intercept afforded AH and AS, respectively. The 
error limits associated with the enthalpy and entropy for ion pairing were 
calculated by using the available least-squares regression programs5 and 
should not be taken to reflect uncertainties in sample preparation, 
band-area intensities, or temperature control but rather the deviation of 
the data points about the least-squares line. 
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The crystal structures of two layered calcium phosphonate salts, Ca(O3PCH&H2O and Ca(H03PC6H13)2, were solved by 
single-crystal X-ray diffraction. Ca(O,PCH,)-H,O is monoclinic, space group P2’/c, with Z = 4, a = 8.8562 (13) A, b = 6.6961 
(10) A, c = 8.1020 (10) A, j3 = 96.910 (1 I)’, and V = 476.97 (12) A’. Ca atoms are coordinated by six oxygen atoms at a distance 
of ca. 2.4 A, and by a seventh at 2.7 A, making the coordination environment a distorted pentagonal bipyramid. In this salt, and 
in the structurally related M(03PCnH2n+l)-H20 ( n  5 5 ;  M = Ca, Cd) series, the metal- hosphonate coordination is 5:5. Ca- 
( H O ’ P C ~ H I ~ ) ~  is triclinic, space group Pi, with Z = 2 ,  a = 5.606 (2) A, b = 7.343 (3) 1, c = 21.158 (7) A, a = 97.31 (3)O, 
0 = 96.98 (3)O, y = 90.43 ( 4 ) O ,  and V = 857.2 (6) A,. In this structure and the related Ca(H03PCnH2n+1)2 (6 < n < 18) series, 
the Ca atoms lie in approximately coplanar sheets and are coordinated by six oxygen atoms from different phosphonate groups 
lying above and below the plane. This structure is closely related to that of C Y - Z ~ ( H P O ~ ) ~ - H ~ O  and the tetravalent metal 
phosphonates M(03PR)2 (M = Zr, Hf, Ti, Ce). Layered trivalent metal phosphonate salts MH(03PR)2 (R = alkyl, phenyl; M 
= La, Sm, Ce) were also prepared. LaH(03PCH,)2 is triclinic with Z = 2, u = 5.398 (7) A, b = 8.168 (18) A, c = 10.162 (19) 
A, a = 73.76 ( 1 6 ) O ,  p = 83.89 ( 1 3 ) O ,  y = 73.50 (14)O, and V = 412.3 (13) A’. The structure of the MH(03PR)2 compounds 
appears to be closely related to that of the other 1:2 layered metal phosphonate salts Ca(H03PCnH,l)2 and M(O,PR),. 

Introduction 
There has been considerable interest in the synthesis of new 

layered metal phosphonate salts,’” because these materials have 
robust yet flexible structures. They are hybrid organic/inorganic 
materials in which the structure is directed by the choice of metal 

Recently, we demonstrated that insoluble tetravalent and tri- 
valent metal PhoSPhonateS, M(03PR)z  and M H ( O S P R ) ~ ,  could 

(1) 

and reaction conditions and the nature of the interlayer region 
depends on the organic moiety. Since pillared3 and intercalated3l6 

Frequently the structures of new metal phosphonates (which 

(2) 
(3) 

structures can be easily generated, they have been extensively 
investigated as catalysts, sorbents, and ion exchangers. 

a re  often difficult to  prepare as single crystals) can be related to 
those of known inorganic or mineral phosphates. For example, 
the structures of the tetravalent metal phosphonates M(O,PR), 
( M  = Zr ,  Ti, Hf,  Ce, Th)  are believed3” to be closely related to 
that of a-zirconium phosphate, Z r (03POH)2-H20 ,  which was 
solved in 1969 by Clearfield and  Smith.’ Likewise, the vanadyl 
phosphonates VO(RP03).H20.R’OH described by Johnson and 
Co-workerss appear t o  be derived from the  newberyite, Mg(0 , -  
POH).3H20, s t r ~ c t u r e . ~  

(4) 

( 5 )  

( 6 )  
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