
Organometallics 1988, 7, 1259-1265 1259 

the @-naphthalene carbon atoms are C8.422 at  3.750) A, 
C 7 - 4 2 2  at 3.80(1) A, and C19-.C28 a t  3.45 (1) A. It is of 
interest to  note that the ferricenium cation is both stag- 
gered and highly distorted. The angle between the Cp ring 
planes is 9.l0, which is a very large distortion for a ferri- 
cenium cation.14 The staggering and bending of the fer- 
ricenium cation occurs presumably to  reduce the magni- 
tude of the 8-naphthalene-proton to Cp-proton non- 
bonded contacts. It is surprising, given the likely small 
barrier to  ring rotation, that the staggering phenomenon 
does not occur in the neutral la and lb species. As has 
been pointed out previ~usly,‘~ ferrocene usually occurs in 
a more nearly eclipsed rather than staggered conformation 
in properly analyzed structures, while unhindered ferri- 
cenium ions occur in the eclipsed c~nformation.’~J~ It is 
clear that  a number of factors are responsible for the de- 
tailed distortions observed in these molecules. Never- 
theless, the present results argue strongly that the primary 
contribution to the larger repulsion of cofacial aromatic 
rings in la and lb, compared with the related phenylated 
naphthalenes 3, 4, and 5, is the high negative charge on 
the Cp rings in the metallocenes, which is relieved by 
oxidation of one of the two metal centers. 

The crystal structure of la+ is shown in Figure 4. Note 
that the cations occur in a distorted stack and are related 

(15) Seiler, P.; Dunitz, J. D. Acta Crystallogr., Sect. E:  Crystallogr. 
Cryst. Chem. 1979, E%, 1068. Koetzle, T. F.; Takusagawa, F. Ibid. 1979, 
E35, 1074. 

(16) Sullivan, B. W. Ph.D. Thesis, Brandeis University, 1985. 

by the symmetry operation ( x ,  l/z - y, l/z + z )  within the 
stack. The angle between pairs of intermolecular Cp rings 
in the stack is 26.6 ( 5 ) O .  Representative C.-C distances 
are C8...C18’ at 3.30 (1) A and ClO-.C17’ a t  3.47 (1) A. 
However, although there are short contacts, no measurable 
conductivity was observed. It is quite possible that since 
the b axis is the direction of crystal elongation (this is the 
axis normal to the page in Figure 4), a remeasurement of 
conductivity along a morz favorable direction is merited. 
Unfortunately, to date we have been unable to obtain 
crystals of sufficient size for such a measurement. 
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The complex (q4-Cot)RhCp (Cot = cyclooctatetraene; 3) undergoes an irreversible one-electron oxidation 
to a transient radical cation. Detailed voltammetric studies suggest that the radical rearranges to (q5- 
C8H8)RhCp+ before dimerizing through the allyl radical section of the C8 ring. Anodic or chemical oxidation 
(using [FeCp,]+ or AgPF6) in CHzClz gives the C-c bonded dimer [(~5:~’5-CIZBH16)Rh2CpZ][PF6]2 (4) which 
thermally isomerizes to [ (~2,q3:~n,~’3-C16H16)Rhzcp2] [PF6IZ (2b) and then to [ (7 ,13:d,q’4-C16H16)Rh2Cp2] [PF& 
(5). The asymmetric species 5 has been fully characterized as the [BPhJ salt by single-crystal X-ray 
diffraction. Crystallographic data: C74H66B2Rh2, a = 20.421 (5) A, b = 15.198 (2) A, c = 19.528 (4) A, 0 
= 114.10 ( 2 ) O ,  space group P2,/c, R = 0.083, R, = 0.077. The dication of 5 contains two rhodium atoms, 
each carrying an ~5-cyclopentadienyl ring bridged [Rh-Rh = 6.514 (2) A] by a C16H16 ligand. The ligand 
is formally derived from two Cot molecules by formation of three C-C bonds linking the two original C8 
rings. The resultant tetracyclic ligand bonds via r,v4- and 72,73-linkages to the two rhodium atoms, acting 
as a five-electron donor to each. 

Introduction 
With the exception of the reduction of [ (74-1,3-C8H8)- 

ML] [ML = Fe(C0)32 or C O C ~ ~ , ~ ] ,  one-electron oxidation 
or reduction of q4-bound cyclooctatetraene (Cot) complexes 
produces a structural rearrangement of the metal-s-sys- 

+This may be considered as part 17 of the series Structural Con- 
sequences of Electron Transfer Reactions (part 16 Edwin, J., et al. 
J.  Am. Chem. SOC., 1987, 109, 7893) and as part 28 of the series 
Reduction-Oxidation Properties of Organotransition-Metal Com- 
plexes (part 27: J.  Chem. SOC., Dalton Trans., in press). 

*University of Bristol. 
5 University of Vermont. 

tem. When the Cot ligand is bonded in a tub form through 
nonadjacent double bonds [e.g., as in (1,5-Cot)CoCp], the 

(1) Abbreviations used in this paper: C, chemical reaction following 
electron transfer (E); Cot, cyclooctatetraene; Cp, $cyclopentadienyl; CV, 
cyclic voltammetry; Epa, anodic peak potential; FDMS, field desorption 
mass spectrum; RSD, relative standard deviation; SCE, saturated calomel 
electrode; TMS, tetramethylsilane; u, cyclic voltammetry scan rate. 

(2) (a) Dessy, R. E.; Stary, F. E.; King, R. B.; Waldrop, M. J. Am. 
Chem. SOC. 1966, 88, 471. (b) El Murr, N.; Riveccie, M.; Laviron, E.; 
Deganello, G. Tetrahedron Lett. 1976, 3339. (c) Tulyathan, B.; Geiger, 
W. E. J. Electroanal. Chem. 1980,109,325. (d) Albright, T. A.; Geiger, 
W. E.; Moraczewski, J.; Tulyathan, B. J. Am. Chem. Chem. 1981, 103, 
47237. 
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radical anion rearranges within a millisecond to the 
chair-bonded isomer [ (1,3-C0t)CoCp]-.~l~ 

The  one-electron oxidation of (1,5-Cot)CoCp gives a 
cation that decomposes too rapidly for structural charac- 
t e r i~a t ion .~  However, the oxidation of the chair-bonded 
complexes (v4-1,3-Cot)ML leads to rapid formation of the 
dimeric dications 1, ML = Fe(C0)3,6 or 2a, ML = Ru(C- 
O)3.7 The dications both have lselectron metals, although 
they differ in the mode of ring coupling. Details of the 
stereo- and regioselectivity of the C X  bond formation have 
been presented.8 

Brammer et al. 

I ,  ML = Fe(COj3 Z a ,  ML = Ru(COj3 

Zb, ML = RhCp 

Since the ring-coupling reactions of cations derived from 
1,5-Cot complexes might be expected to be different from 
their 1,3-Cot counterparts, we decided to  study the oxi- 
dation of (v4-1,5-Cot)RhCp (3). This has led to the 
characterization of a third structural form of the CI6Hl6 
ligand, 4. Perhaps more importantly, however, 4 un- 

+", " 

CpRh+' 

4 3 

dergoes thermal isomerization first to 2b  and then to the 
asymmetric species 5 which has been characterized by 
X-ray crystallography. In 5 the CI6Hl6 ligand is q2,v3- 
bonded to one rhodium atom and u,q4-bonded to the other. 
The final isomerization involves the spontaneous formation 
of two C-C bonds through addition of the uncoordinated 
double bond in half of 2b to the terminal carbon atoms 
of the coordinated alkene and allyl groups in the other half 
of the molecule. 

Experimental Section 
The preparation, purification, and reactions of the complexes 

described were carried out under an atmosphere of dry nitrogen, 
using dried, distilled, and deoxygenated solvents. The compounds 
[Rh(p-Cl)(v4-Cot)J2,B (v4-Cot)RhCp'0 (3), and [FeCp,J[PF6]" were 
prepared by published methods or by modifications thereof as 
described below. Other chemicals were of commercial origin. 
Hydrogen ('H) and proton-decoupled carbon (13C) NMR spectra 
were recorded on a JEOL FX 200 or FX 9OQ instrument (Bristol) 
and on IBM 270 and Bruker 250 instruments (Vermont) and 

(3) Moraczewski, J.; Geiger, W. E. J. Am. Chem. SOC. 1981,103,1981, 
4779. 

(4) (a) Moraczewski, J.; Geiger, W. E. J. Am. Chem. SOC. 1979, 101 
3407. (b) Grzeszczuk, M.; Smith, D. E.; Geiger, W. E. Ibid. 1983, 105, 
1772. (c )  Geiger, W. E.; Gennett, T.; Grzeszczuk, M.; Lane, G. A.; Mor- 
aczewski, J.; Salzer, A.; Smith, D. E. Ibid. 1986, 108, 7454. 

(5) Moraczewski, J.; Geiger, W. E. Organometallics 1982, I, 1385. 
(6) Connelly, N. G.; Kelly, R. L.; Kitchen, M. D.; Mills, R. M.; 

Stansfield, R. F. D.; Whiteley, M. W.; Woodward, P. J. Chem. Soc., 
Dalton Tram.  1981, 1317. 

(7) Connelly, N. G.; Graham, P. G.; Sheridan, J. B. J. Chem. SOC., 
Dalton Trans. 1986, OOO. 

(8) (a) Connelly, N. G.; Lucy, A. R.; Mills, R. M.; Sheridan, J. B.; 
Woodward, P. J. Chem. Soc., Dalton Tram.  1985,699. (b) Connelly, N. 
G.; Freeman, M. J.; Orpen, A. G.; Sheridan, J. B.; Symonds, A. N. D.; 
Whiteley, M. W. Ibid. 1985, 1027. 

(9) Bennett, M. A.; Saxby, J. D. Inorg. Chem. 1968, 7,  321. 
(10) Davison, A.; McFarlane, W.; Pratt, L.; Wilkinson, G. J.  Chem. 

SOC. A 1962, 4821. 
(11) Smart, J. C.; Pinsky, B. L. J.  Am. Chem. SOC. 1980, 102, 1009. 

calibrated against TMS as internal reference. Field desorption 
mass spectra were obtained at the NIH regional facility in Cam- 
bridge, MA, through the courtesy of Dr. Catherine Costello. 
Electrochemical studies were carried out in a Vacuum Atmo- 
spheres drylab by using instrumentation described previously? 
The reference electrode was the SCE.' Microanalyses were carried 
out by the Microanalytical Service of the School of Chemistry, 
University of Bristol. Satisfactory analytical data (h0.376 for C, 
H) were obtained for complexes 2b, 4, and 5. 

Tetra-n -butylammonium Tetraphenylborate ([n - 
Bu4N][BPh4]). A mixture of [n-Bu4N]Br (5.0 g, 15.5 mmol) and 
Na[BPh4] (5.8 g, 17.0 mmol) in 50 mL of acetone was refluxed 
for 15 min. After filtration, addition of 200 mL of H20 gave a 
white crystalline precipitate. Rwrystallization from acetonewater 
(twice) and then from acetone-diethyl ether gave the product as 
white crystals, yield 7.8 g (90%). 

(q4-Cot)RhCp (3). To a suspension of [Rh(p-Cl)(v4-Cot)12 (9.50 
g, 19.6 mmol) in toluene (250 mL) was added TlCp (11.0 g, 40.8 
mmol). After the mixture was stirred for 5.5 h, it was filtered 
and the solvent was removed in vacuo to give a yellow residue. 
Extraction with hexane (3 X 200 mL) and removal of solvent gave 
3 as a yellow solid (8.1 g, 77%). 

Reaction of 3 with AgPF,. (i) In CH3CN. Solid AgPF6 (0.28 
g, 1.1 mmol) was added to a solution of 3 (0.30 g, 1.1 mmol) in 
CH&N (20 mL) yielding a red solution. Filtration through Celite 
to remove precipitated silver, and addition of diethyl ether gave 
(Cot)[RhCpJ2[PF6J2 as a red solid, yield 0.10 g (26%). 

(ii) In CH2C12. Solid AgPF6 (0.56 g, 2.2 mmol) was added to 
a stirred solution of 3 (0.6 g, 2.2 mmol) in 100 mL of CH2C12. 
Filtration through Kieselguhr or Celite to remove precipitated 
silver gave an orange solution. Reduction in volume (to -30 mL) 
and addition of diethyl ether yielded a yellow solid which was 
found to be a mixture of mononuclear [ ($-C,H,)RhCp] [PF,] (6) 
and dinuclear 4 (yield 0.46 9). The mixture is moderately soluble 
in CH2Clz and acetone giving yellow solutions which decompose 
over 7-14 days. 
[(q5:q'5-C16H16)Rh2Cp2][PF6]2 (4). Method a. When the 

yellow solid (0.35 g, 1.3 mmol) prepared as described above from 
3 and AgPF, in CH2C12 was dissolved in acetone (7 mL), yellow 
crystals of pure 4 were deposited after 1 day; yield 0.085 g (25%). 

Method b. A mixture of 3 (0.50 g, 1.84 "01) and [FeCp,l[PF,] 
(0.60 g, 1.8 mmol) was stirred in 30 mL of CH2C12 at 273 K until 
all the ferrocenium salt had dissolved (ca. 2 h). The resulting 
yellow precipitate was washed with CHzC12 and then purified by 
dissolution in CH3CN or CH3N02, followed by filtration and 
precipitation by diethyl ether; yield 0.61 g (80%). Complex 4 is 
air-stable and dissolves in CH3CN or CH3NOz to give yellow 
solutions which slowly isomerize to 2b (see below). 

of 4 was heated under reflux for 2.5 h. The resulting yellow 
solution was filtered, washed with CH2C1,, and dried in vacuo; 
yield ca. 25% of 2b. Air-stable yellow solutions of 2b in CH3CN 
or CH3N02 isomerize further over 2 months at ambient tem- 
peratures to give 5 (see below). 

mg, 0.06 mmol) in CD3NOz (0.7 mL) was heated at 333 K for 1 
day. Addition of diethyl ether to the orange solution gave 5 as 
an amber solid (25 mg, 49%). It is soluble in CH3CN or CD3N02 
to give orange-yellow solutions that appear to be indefinitely stable 
in air. 

[GI2 ,v :u ' 4  ,q '4 - c 16H16)Rh2Cpz][BPh4]z. A solution of 0.1 g (0.12 
mmol) of 5 in 10 mL of CH3CN was refluxed in the presence of 
0.25 g (0.45 mmol) of [n-Bu4N][BPh4] for 2 h. The bis(tetra- 
phenylborate) salt precipitated from solution. After the solution 
was cooled, the crystals were separated from the mother liquor 
and washed with 10 mL of CHzClz and dried under vacuum to 
give 0.12 g of the desired salt (0.10 mmol, 83%). Crystallo- 
graphic-quality yellow cuboidal crystals were deposited when a 
hot concentrated solution of the complex in DMSO was allowed 
to cool and stand for 48 h at room temperature. 

Crystal Structure Analysis of [ (B2,q3:U',1)'4-C16H16)- 
Rh2Cp2][BPh4l2. Diffracted intensities were measured at 293 
K for a crystal, of approximate dimensions 0.35 X 0.25 X 0.08 mm, 
glued in a thin-walled glass capillary under Nz. Of the 7638 
independent reflections measured for 4 5 28 5 50' on a Nicolet 
P3m diffractometer, 5254 satisfied the criterion Z 2 1.5o(I) and 

[($ ,q 3. .q 12 ,q 13 -C16H16)Rh2Cp2][PF6]2 (2b). An acetone solution 

[($ ,q 3. .u I ,$ 14 -c16~16)Rh2cp2][PF6]2 (5). A solution of 2b (54 
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One-Electron Oxidation of (a4-Cot)RhCp 

were used in the final refinement of the structure. Three check 
reflections (412, 231,122) were remeasured every 50 reflections 
and indicated no significant crystal decay during data collection. 
Corrections were applied for Lorentz and polarization effects but 
not for X-ray absorption. 

Crystal data for [ (~2,~3:u',r1'4-C1eHl,)Rh2C~2][BPh4]2: c74- 
HssBzRh2, M, 1182.8; monoclinic, space group P2,/c (No. 14); a 
= 20.421 (5) A, b = 15.198 (2) A, c = 19.528 (4) A, @ = 114.10 
(2)O; V = 5532 (2) A3; D(ca1cd) = 1.42 g ~ m - ~ ,  Z = 4; F(000) = 
2439.7; Mo Ka X-radiation (graphite monochromator), h = 
0.71069 A; ~ ( M o  Ka) = 6.30 cm-l. 

The structure was solved by conventional heavy-atom methods 
and refined by full-matrix, blocked-cascade least squares. All 
non-hydrogen atoms except the carbon atoms of the cyclo- 
pentadienyl rings were refined with anisotropic displacement 
parameters. The cyclopentadienyl groups were disordered and 
were modeled by a pair of rigid C5H5 rings of D5h local symmetry 

(8) by refinement. The carbon atoms of these rings were assigned 
isotropic displacement parameters. Phenyl rings of the [BPhJ 
anions were constrained to idealized geometry with C-C = 1.395 
A and C-H = 0.96 A. Hydrogen atoms of the CleHls ligand were 
assigned idealized positions with C-H = 0.96 A. All hydrogen 
atoms were given fixed isotropic displacement parameters ca. 1.2 
times those of their attached carbon atoms. 

Weights were applied according to the scheme w = [u2(Fo) + 
0.0007~~]- ' ,  and refinement converged to R = 0.083, R, = 0.077, 
and S = 1.158, where R = CIIF,I - IFcll/CIFol, R, = CW'/~~~F,I 
- FJ/CW'~~J '~~,  and S = [C4lF0l - lFc1)2/(No -N,)1"2. A final 
electron-density difference synthesis showed no peaks > 0.67 or 
C-0.79 e A-3. The moderate values of the final residuals reflect 
the precision of the intensity data, which is in turn a consequence 
of size and diffracting power of the crystal. The adequacy of the 
refined model is indicated by the satisfactory goodness of fit, S. 
Scattering factors were taken from Ref 12 and all computations 
were carried out within the laboratory on a Data General Eclipse 
5230 computer with the SHELXTL system of programs.13 Se- 
lected bond lengths and angles and torsion angles are given in 
Tables I1 (supplemental material) and 111, respectively. The final 
non-hydrogen atom coordinates are listed in Table I V  (supple- 
mentary material). Full tables of bond lengths and angles and 
hydrogen atomic coordinates and a listing of observed and cal- 
culated structure factor have been deposited and are available 
as supplementary material. 

(C-C = 1.42 A, C-H = 0.96 A) of O C C U P ~ ~ C Y  0.667 (8) and 0.333 

Results and Discussion 
A. Chemical Oxidation of (q4-Cot)RhCp. The 

chemical oxidation of 3 was carried out with either 
[FeCpz][PF6] or AgPFs in CHZC1,. The reaction with 
AgPF6 immediately gave a precipitate of metallic silver and 
a yellow-orange solution from which a yellow solid was 
deposited on addition of n-hexane. The 'H NMR spec- 
trum of the solid showed a mixture of two major compo- 
nents and a small amount of a third unidentified species. 
The first of the major species was readily identified as 
[(~5-CEH9)RhCp][PF6] (6) on the basis of four resonances 

Organometallics, Vol. 7, No. 6, 1988 1261 

6 

I /  
'RhCp 

7 

a t  6 1.38 (1 H, m, HEendo), 1.76 (1 H, m, HE,,,), 2.38 (2 H, 
m, H', H'), and 7.50 (1 H, dd, H4). These signals correlate 
well with those previously reported14 for 6 generated from 

(12) International Tables for X-Ray Crystallography; Kynoch Bir- 

(13) Sheldrick, G. M. SHELXTL program for use with the Nicolet 
mingham, 1975; Vol. 4. 

X-ray system, Cambridge, 1976; updated GBttingen, 1981. 

Scheme I 

k 
3 

4a 4b 

2b-A 2b-8 

I 
4'  r, 

5 

'M = RhCp. 

3 in CF3C02H (6 1.36, 1.74, 2.24, and 7.46); signals for 
protons H2, H3, H5, and H6 were obscured by those of the 
second major component of the reaction. The resonances 
due to 6 slowly disappeared from the 'H NMR spectrum 
of the mixture, possibly as isomerization occurred to the 
ring-opened complex 7; weak signals similar to those re- 
ported14 for 7 were observed but could not be assigned 
unambiguously. 

Pure yellow crystals of the second major component 
could be isolated after the mixture had been dissolved in 
acetone at  room temperature for 24 h. However, this 
complex, 4, was better prepared by reacting 3 with rigor- 
ously dried [FeCp,]+ in CH2C12 a t  273 K; after 2 h the 
product had formed in near quantitative yield as a yellow 
crystalline precipitate. 

The IH NMR spectrum of 4 (Table I) can be fully as- 
signed to a mixture of two diastereoisomeric dimers (4a,b; 

6 

4b 4a 

(14) Evans, J.; Johnson, B. F. G.; Lewis, J.; Yarrow, D. J. J.  Chem. 
Soc., Dalton Trans. 1974, 2375. 
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Table I. ‘€I and ‘*C NMR Spectroscopic Data’ 
comulex ‘H ( ~ 3 ) ~  13C _ -  

[ (?5:~’5-C~eHia)RhzCPz12+ (4) 3.51 (1 H, m br, Ha), 3.55 (1 H, m br, Ha*), 4.59 [l 
H. dd. J(H7’H6’) = 5. J(H7’Hs’) = 2. H7’l. 5.12 . .  
(4H,  m, H’, H’*, H5,’H5*), 5.52 (3 H; m, H6, He’, 
H7), 5.75 [4H, m, J(H2H’) = 9, J(H4H5) = 9, H2, 
H2*, H4, HI*], 5.98 [5 H, d,  J(RhH) = 1, C,H;], 
6.00 [5 H, d,  J(RhH) = 1, C,H,], 6.99 [l H, dd, 
J(H3H2) = 7, J(H3H4) = 7, Ha], 7.12 [l H, dd, 
J(H3H2’) = 7, J(H3’H4’) = 7, H3’] 

[(12,13:9’2,t1’3-C~6H16)Rh~cp2]*+ (2b) 3.68 (1 H, m, Ha), 4.04 (3 H, m, H7, H7*, Ha’), 4.86 
[2 H, m, J(H2H1) = 8, J(H2’H1’) = 8, J(H2’H1’) 
= 8, H2, H2*], 5.13 [l H, dd, J(H1’H2’) = 8, 
J(H”H’*) = 8, H”], 5.31 [ l  H, dd, J(H’H2) = 8, 
J(H’H8) = 8, H’], 5.52 (2 H, m, H5,H5*), 5.70 [ l  
H, d br, J(H6H7) = 8, H6], 5.87 [lo H, d, J(RhH) 
= 1, C5H5, C5Ht], 5.8-6.1 [5 H, m, H3, H3’, H4, 
H4‘, H6‘] 

2.50 [2 H, m, J(H1’H4) = 9, H1’,H4], 2.86 [ l  H, dd 
br, J(H5H6’) = 0.5, J(H5H4) = 10, J(H5H6) = 6.5, 
H51, 3.24 [l H, m, J(H8’H7’) = 3, J(H”H’) = 8, 
Ha’], 3.29 [l H, m, J(H6’H5’) = 9, J(He’H7’) = 
10, J(H6’H5) = 0.5, H6’], 3.44 [ l  H, m, J(H7’H6’) 
= 10, J(H7’H8’) = 3, J(H7’H’’) = 4, J(H7’Rh) = 
3, He], 3.44 [ l  H, m, J(H7’H6’) = 10, J(H7’H8’) = 
3, J(H7’H’’) = 4, J(H7’Rh) = 3, H7’], 3.62 [l H, 
td, J(H7H6) = 7, J(H7Hs) = 8, J(H7Rh) = 1, H7], 
3.76 [ l  H, q br, J(H8Ha’) = 8, J(HaH7) = 8, 
J(HsH’) = 8, Ha], 4.58 [I H, t ,  J(H5’H6’) = 9, 
J(H5’H4’) = 8, H5], 4.80 [l H, td, J(H2H1) = 7, 
J(H2H3) = 6, J(H2Rh) = 1.5, H2], 5.10 
[l H, tt, J(H’Hs) = 7.5, J(H1H2) = 7, J(H1H3) = 
1, J(H’Rh) = 1, H’], 5.49 [I H, t br, J(H6H5) = 
6.5, J(HeH7) = 7, H6], 5.87-6.22 [4 H, m, 
J(H2’H3’) = 8, J(HaH4’) = 8, J(H2’Rh) = 1.5, 
H2’, H3‘, H4’, H3], 5.82 [5 H, d,  J(C,H,Rh) = 0.7, 

41.7 (Cs), 49.4 [d, J(C7Rh) = 6, C7], 54.7 [d, 
J(CIRh) = 4.5, C’], 80.8 [d, J(C3Rh) = 10, 
C3], 87.3 [d, J(C2Rh) = 6, C2], 92.2 [d, 
J(C5H5Rh) = 4.5, C5H6], 92.6 [d, J(C6Rh) = 
9, C6], 133.7, 134.0 (C4, C5) 

[ (~2 ,~3:~’ , s ’4-Cl~Hl~)Rh~cp2]2+ (5) 4.42 [d, J(CRh) = 141, 47.8, 54.5 [d, J(CRh) = 
41, 54.9 [d, J(CRh) = 41, 57.5, 81.4 [d, J(CRh) 
= 41, 91.6 [d, J(CRh) = 5, C5H5], 93.6 [d, 
J(CRh) = 51, 93.9, 94.2 [d, J(CRh) = 5, 
C5H5], 104.6 [d, J(CRh) = 5Id 

CSHJ, 5.95 [5 H, d, J(C5HbRh) = 0.7, C,H5] 

‘Complex numbering is as in Scheme I. J values in Hz. b200-MHz spectra, in CD3N02. The asterisk (*) refers to the less abundant 
diastereoisomer. 50-MHz spectra, in CD3NOP unless otherwise stated. In CD3CN. 

see also Scheme I) with q5-dienyl-bonded C8 rings. The 
assignment of two diastereoisomers is based on the ob- 
servation of pairs of signals throughout the spectrum, 
corresponding to analogous protons on each isomer. These 
are in an approximate 6:5 ratio in each case, although the 
assignment of a set of signals to a particular diastereomer 
was not possible. The diastereomerism arises from the 
asymmetric bonding of the two rhodium fragments to the 
rings, creating two chiral centers at C(8) and C(8’). Once 
formed, complex 4 slowly isomerizes further in CH3CN or 
CH3N02 as described below. However, if the initial re- 
action between 3 and AgPF, is carried out in acetonitrile, 
little or no 4 is formed. Instead, the reaction mixture is 
red, and [ (q5:q’5-C8H8)Rh2Cp2] [PF,], (8) is isolable in low 
yield as a red solid; this species has previously been pre- 
pared by the oxidation of the pseudo-triple-decker species 

When complex 4 is dissolved in CD3N02, the ‘H NMR 
spectrum changes as slow thermal isomerization occurs.16 
At  room temperature, the first new species shows one 
cyclopentadienyl resonance and is the symmetric dimer 
2b (see below); after 6 weeks the final product shows two 
cyclopentadienyl signals and has the asymmetric bimetallic 
structure 5. Each of these two species has been isolated 

[(V~:T’~-C~H~)R~~CP~].’~ 

(15) Edwin, J.; Geiger, W. E.; Rheingold, A. L. J. Am. Chem. SOC. 1984, 
106, 3052. 

(16) It is a feature of the NMR spectra of all  the dinuclear complexes 
reported herein that one isomer is never entirely free of the next until 
the fiial step in the sequence (formation of 5) is complete. It should be 
noted, however, that the spectra given in Table I are those of samples 
which were substantially ieomerically pure. 

substantially free of any other isomer and has been fully 
characterized. 

Complex 2b was readily prepared from the original 
mixture of 4 and 6 by heating under reflux in acetone for 
4 h, to give a yellow precipitate, or by allowing yellow plates 
to crystallize from the acetone solution at room tempera- 
ture over 3 days. 

The lH and 13C NMR spectra of 2b are identical with 
those of the crystals formed by anodic oxidation of 3 in 
CH2C12 (see below). Note however that 2b was isolated 
from the electrolysis instead of 4 only because of the time 
scale of the experiment; there is no fundamental difference 
between the chemical and electrochemical oxidation re- 
actions. 

A comparison of the lH and 13C NMR spectra of 2b with 
those of [ (12,q3:q’2,1’3-C16H16)RU2(C0)4(PPh3)2]2+, the bis- 
(triphenylphosphine) derivative of 2a, together with lH- 
{‘H]-decoupling experiments, shows that the former has 
the structure shown in Scheme I. The ‘H NMR spectrum 
again revealed the presence of two diastereomers of 2b, 
with the protons closest to the chiral centers [C(8) and 
C(8’)] showing the greatest shift differences between the 
two [e.g., H1 (6 5.31) and H’* (6 5.13); Ha (6 3.68) and Ha* 
(6 4.04); the asterisk refers to atoms of the second dia- 
stereoisomer]. Analogous protons distant from C(8) and 
C(8’) have indistinguishable shifts. For example, the C5H5 
hydrogens give rise to a single 10 H doublet at 6 5.87 
[J(RhH) = 1 Hz]. 

The initial spectrum of 26 shows an approximate ratio 
of 3:l for the diastereomers, but with time the minor 
component disappears. Since the final isomerization 
product 5, described below, can only form from 2b-A (see 
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Table 111. Selected Torsion Angles (des)” 
C(8)-C(I)-C(2)-C(3) -22.7 (18) C(2)-C(l)-C(8)-C(7) 
C (2)-C (1)-C (8)-C (8’) -47.6 (19) C(l)-C(2)-C(3)-C(4) 
C( 2)-c (3)-C (4)-C (5) -96.6 (14) C(2)-C(3)-C(4)-C(l’) 
C(3)-C(4)-C(5)-C(6) 30.2 (16) C(3)-C(4)-C(5)-C(6’) 
C( l‘)-C (4)-C (514  (6) -89.1 (15) C(I’)-C(4)-C(5)-C(6’) 
C(3)-C(4)-C(l’)-C(2’) 145.2 (9) C(3)-C(4)-C (l’)-C (8’) 
c (5)-C (4)-C( 1’)-c (2’) C (5)-C(4)-C (1’)-C (8’) 
C (4)-C (5)-C (6)-C( 7) C (6’)-C (5)-C(6)-C (7) 
C(4)-C (5)-C ( 6 9 4  (5’) 75.2 (15) C(4)-C(5)-C(6’)-C(7’) 
C( 6)-C( 5)-C (6’)-C (5’) C( 6)C (5)-C (6’)-C (7’) 
C(5)-C(S)-C(7)-C(S) -14.5 (19) C (6)-C(7)-C (8)-C (1) 
C(s)-C(7)-C(a)-C(8’) 38.9 (18) C (1)-C( 8)-C (8’)-C( 1’) 
C (1)-C (8)-C (8’)-C (7’) 153.5 (13) C(7)-C(8)-C(8’)-C(I’) 
C (7)-C (8)-C (8’)-C( 7’) 30.7 (18) C(4)-C(l’)-C(2’)-C(3’) 
C (8’)-C (1’14 (2’142 (3’) -110.7 (14) C(4)-C(l’)-C(8’)-C(8) 
C (4)-C (l’)-C (8’)-C (7’) -71.5 (13) C(Z’)-C(l’)-C(S’)-C(8) 
C (2’)-C (l’)-C(8’)-C (7’) 54.4 (12) c (I’)-C (2’)-c (3’)-C(40 
c (2’)-c (3’)-c (4’)-c (5’) 2.2 (23) C(3’)-C(4’)-C(5’)-C(6’) 
C(4’)-C(5’)-C(6’)4(5) -54.0 (19) C (4’)-C( 5’)-C(6’)-C (7’) 
C(5)-C(S’)-C(7’)-C(8’) 12.2 (15) C (5’)-C(6’)-C ( 7 9 4  8’) 
C(6’)-C (7’)-C (8’)-C (8) -72.6 (14) C (6’)-C (7’)-C (8’)-C( 1’) 

-93.4 (13) 
-53.9 (16) 

-159.4 (11) 

Estimated standard deviations in the least significant digit in parentheses, here and throughout this paper. 

Figure 1. Molecular structure of the dication of 5, [(CleHle)- 
Rh2Cp2I2+, showing the atom-labeling scheme. 

Scheme I), we assume that 2b-B is slowly converted to 

The final species in the thermal isomerization sequence 
is easily prepared by heating a concentrated solution of 
2b or 4 in CH3N02 or CH3CN to 60 “C for 24 h; addition 
of diethyl ether gave 5 as an air-stable solid. 

The lH and I3C NMR spectra of 5 (Table I) are complex, 
each showing two C5H5 resonances and 16 other C or H 
signals consistent with a totally asymmetric structure. The 
lH NMR spectrum was only assigned after the molecular 
structure of 5 had been determined by X-ray crystallog- 
raphy and then only with the aid of ‘H(’H) decoupling of 
both the 200- and 270-MHz spectra. 

B. Identification of 5 by X-ray Crystallography. 
X-ray diffraction data were collected from crystals of the 
bis(hexafluoroph0sphate) salt of 5 ,  but the structure 
proved to be disordered. Thus, the bis(tetrapheny1borate) 
complex was prepared by metathesis with [n-Bu4N] [BPh,] 
in acetonitrile, and yellow cubes were crystallized from hot 
DMSO. 

The X-ray diffraction study, full details of which are 
given in the Experimental Section, revealed the structure 
of the dication of 5 to be as shown in Figure 1; the atom 
labeling scheme for the carbon atoms is given in that figure 
and the attached hydrogen atoms (labels omitted for 
clarity) are numbered accordingly. Selected bond lengths 
and angles are given in Table I1 (supplementary material) 
and important torsion angles are listed in Table 111. 

The crystal structure consists of isolated dications 
[ (C16H16)Rh2Cp2]2+ and [BPh4]- anions. The rhodium 
atoms of the dication bridged by the C16H16 ligand are 
well-separated [Rh-Rh’ = 6.514 (2) A]. Each rhodium 
carries an q5-bound cyclopentadienyl ligand. The C16H16 
ligand bonds to Rh by q2 and q3 interactions [C(6), C(7) 

2b-A. 

86.9 (15) 
41.8 (17) 
26.6 (12) 

150.5 (12) 
31.2 (17) 

-94.2 (11) 
27.2 (17) 

-64.2 (14) 
-53.9 (16) 

-95.9 (15) 
71.6 (12) 

33.0 (18) 
89.8 (14) 
11.7 (16) 
53.2 (14) 

179.1 (11) 
53.2 (20) 

80.2 (17) 

49.8 (12) 

-33.0 (22) 

-124.8 (11) 

Figure 2. An alternative view of the C16H16 core of the dication 
of 5 with hydrogen atoms omitted for clarity. 

and C(l),C(2),C(3), respectively] and to Rh’ by Q- and 
q4-interactions [C(7’), and C (2’) ,C(3’) ,C (4’) ,C( 5 9 ,  respec- 
tively]. The tetracyclic sttructure of the C,&le ligand in 
5 illustrated in Figure 2 is formally derived from that of 
the C16H16 ligand in 2b-A (see Scheme I) by addition of 
the free alkene function [C(4)-C(5)] in a 1,4 fashion to the 
second ring [i.e., a t  C(1’) and C(6’)l. The additional C-C 
bonds formed are therefore C(4)-C(1’) and C(5)-C(6’). 
The ring system contains one six-membered ring [C(l’),- 
C(4),C(5),C(6’),C(7’),C(S’)], three seven-membered rings 
[C(5),C(6),C(7),C(S),C(8’),C(7’),C(6’); C(5),C(6),C(7),C- 
(S),C(8’),C(l’),C(4); and C(1),C(2),C(3),C(4),C(1’),C(8’),C- 
(S)], three eight-membered rings [C(1-8); C(l’-S’); and 
C(1’) ,C(2’),C (3’),C(4’) ,C(5’),C(6’),C(5),C(4)], as well as 
larger rings. The largest ring is 14-membered (see Figure 
2). The C16H16 ligand may therefore be regarded as a 
derivative of tetracycl0[8.3.3.0~~~.O~J~] hexdecane. 

As indicated by the torsion angles listed in Table 111, 
the conformation of the six-membered ring is a twisted 
boat [e.g., C(S’)-C(7’)-C(6’)-C(5) = 12.2 (15)’; C(5)-C- 
(4)-C(l’)-C(S’) = 27.2 (17)OI. The seven-membered rings 
show conformations loosely describable as tubs with rather 
approximate mirror symmetry about planes through C(7) 
and the midpoint of C(6’), C(7’); C(7) and the midpoint 
of C(l’), C(4); and C(8) and the midpoint of C(3)-C(4), 
respectively. The complex twistings in these conformations 
are quantified in Table 111. The eight-membered rings 
derived from the original Cot ligands [C(1-8) and C(l’-8’)] 
show different conformations, being tublike and twist- 
chair-like, respectively. The other eight-membered ring 
has a slightly distorted tub conformation [e.g. C(l’)-C- 
(4)-C(5)-C(6’) = 31.2 (17)OI. The most significant bond 
angle distortions within the ligand are those at  the carbon 
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atoms between the metal bonding sites. Thus at  C(8), 
between the q2- and q3-functions, C( 1)-C(8)-C(7) equals 
95.3 ( 1 1 ) O  and at  (36’1, between the u- and s4-functions, 
C (5’)-C (6’)-C(7’) equals 104.10 1)’. 

C. Electrochemical Oxidation of (v4-Cot)RhCp. CV 
scans of 3 in CHzClz at  a platinum electrode revealed a 
diffusion-controlled but chemically irreversible oxidation 
wave with an anodic peak potential of ca. +0.55 V. No 
reverse cathodic wave for the simple cation radical 3+ was 
seen by using maximum CV scan rates of several volts per 
second. This wave was of approximately the same height 
as that of decamethylferrocene, which undergoes a one- 
electron oxidation. 

Controlled potential coulometry with E,, = +0.8 V 
confirmed the one-electron oxidation of 3 (napp = 1.03 e). 
If the concentration of 3 was originally less than 10 mM, 
the electrolysis produced clear yellow-orange solutions that 
slowly deposited golden yellow crystals of the dinuclear 
complex 2b when kept a t  295 K for 48 h. These crystals 
were originally formulated as a dimeric dication based on 
their FDMSl which showed an intense peak at  m f e 545. 

Since the stable electrolysis products and the chemical 
oxidation studies detailed above indicated that a dimeri- 
zation of the radical cation 3+ had taken place, CV mea- 
surements were undertaken to confirm that the reaction 
following electron transfer (i.e., the reaction of 3’) was 
second-order in complex. Surprisingly, it was found that 
the rate of disappearance of 3+ is independent  of the 
concentration of 3. This implies that a rapid first-order 
reaction precedes the dimerization of the radical cation and 
suggests strongly that 3+ isomerizes to a new structure 
prior to the ring-coupling reaction. The mechanistic im- 
plications are discussed in more detail below. We con- 
centrate here on details of the electrochemical experiments. 

Voltammetry in CH2C1, is subject to appreciable resis- 
tive errors under normal circumstances. To monitor shifts 
in anodic potentials, EP,, as a function of CV scan rate, u, 
we therefore employed an internal standard, deca- 
methylferrocene, which displays Nernstian redox behav- 
ior.” The Epa value of 3 was referenced to that of the 
standard. The concentration of decamethylferrocene was 
adjusted so that its anodic peak height was equal to that 
observed for 3 a t  a particular scan rate and Concentration. 

With use of a concentration of 3 of 0.35 mM, Ep (cor- 
rected) shifted positive by an average of 293 mv per 
tenfold increase in u in two separate experiments. This 
is consistent with the oxidation of 3 being a EC mecha- 
nism18 in which a rapid chemical reaction or isomerization 
follows a one-electron transfer (predicted 30-mV shift). 
The shape of the anodic wave establishes that the initial 
heterogeneous electron transfer is rapid (Nernstian), the 
value of Ep, - Ep,/2 being 56 f 2 (RSDl) mV, close to the 
value of 57 mV predicted for a Nernstian one-electron 
process.18 The corrected EP was independent of the 
concentration of 3 ( f4  mV, RSD) over the concentration 
range 0.23-1.36 mM at 10 separate scan rates from u = 0.04 
to u = 0.40 V/s. The electrochemical data therefore sug- 
gest that the initial charge transfer to form the one-electron 
oxidized product is rapid (diagnostic: Ep, - Ep ,J, that the 
radical cation undergoes a very rapid first-order reaction 
(diagnostics: EPa shifts with u but not with concentration 
of 3), and that the dimerization of the rearranged 3+ is still 
so rapid that no wave for the rearranged 3+ is seen in CV 

Brammer et al. 

(17) Gennett, T.; Weaver, M. J. Electroanal. Chem. 1985, 186, 179. 
Under our conditions, the anodic peak current for decamethylferrocene 
shifted positive by about 12 mV when u increased from 0.04 to 0.40 V/s. 

(18) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706. 

Scheme I1 

f 

M=RhCp __ 

experiments. The following sequence is consistent with 
these observations: 

3 3+ + e- fast (1) 

3+ - isomerized-3+ very fast (2) 

isomerized-3+ - 4 fast (3) 
4 - 2 slow t 4) 

D. Mechanistic Considerations. (i) Dimerization 
of the Radical Cation. Voltammetric data are consistent 
with release of one electron from 3 to give a transient 
radical, 3+, which rapidly isomerizes before dimerization. 
Given the fact that the initially detected dimer 4 contains 
two s5-bound Cot rings, it is likely that the isomerization 
of 3+ is as shown in the first line of Scheme I. The initially 
formed 17-electron radical 3+ is proposed to rearrange to 
a (q5-CaHa)RhCp+ complex which has an 18-electron metal 
and an allyl-like radical structure in the C8 ligand. Di- 
merization would be expected to occur rapidly by coupling 
of the allyl portions of two such radicals, producing 4. 

(ii) Isomerization Reactions of 4 and 2. The for- 
mation of the diastereomers 4a and 4b results from the 
two ways in which the allyl radical can couple, assuming 
that the new C-C bond is always exo with regard to the 
two RhCp moieties. 

The oxidations of (.r14-Cot)M(C0)3 are also likely to 
proceed in the above manner, though analogues of 4 are 
not observed; rather, dications 2a and 1 are the only 
products isolated and diastereoisomers are not observed. 
The isomerization of 4 to 2b most likely occurs via a route 
similar to that by which (q5-C8Hg)RhCp+, the product of 
pr~tonat ion’~ of 3, is converted to (q2,s3-C8Hg)RhCp+; a 
full discussion of the protonation of coordinated cyclo- 
octatetrene and of the isomerization of the resulting C8H9 
ligand can be found in ref 19. Thus, it is likely that 
diastereoisomer 4a is the precursor to 2b-A and 4b is 
likewise converted to 2b-B. 

The mechanism of the formation of 5 from 2b might 
appear complex, but the X-ray structural study on the 
asymmetric product allows us to provide a reasonable 
postulate. In this mechanism it is apparent that only 2b-A 
can give 5. The first step in the reaction requires a rotation 
about the C(8)-C(8’) of 2b-A (Scheme 11) so that C(4), one 
of the carbon atoms of the uncoordinated double bond of 
one ring, comes close to C(l’), one of the terminal carbon 

(19) Bennett, M. A.; Matheson, T. W.; Robertson, G. B.; Smith, A. K.; 
Tucker, P. A. Inorg. Chem. 1981, 20, 2353. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 2
7,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

09
6a

00
4



Organometallics 1988, 7, 1265-1270 1265 

atoms of the coordinated allyl group of the other ring. 
Electrophilic attack of the latter on the former then gen- 
erates bond C(4)-C(l’), leaving a residual positive charge 
on C(5). A second electrophilic attack then occurs, of C(5) 
on C(5’), one of the coordinated alkenes of the second ring. 
Once bond C(5)-C(6’) is formed, Rh’ is a-bonded to C(7’) 
and q4-bonded to the butadiene fragment C(2’)-C(5’). 

As noted above, this reaction sequence can only occur 
with diastereoisomer 2b-A. In this case, the formation of 
the two C-C bonds, C(4)-C(1’) and C(5)-C(6’), results in 
two new seven-membered rings, C( l)C(2)C(3)C(4)C( 1’)C- 
(8’)C (8) and C (5)C (6)C (7)C(8) C (8’) C (7’)C (6’). A similar 
sequence beginning with 2b-B would generate new six- and 
eight-membered rings in a more strained polycyclic 
structure. We conclude, therefore, that diastereoisomer 
2b-B (the minor component, shown by lH NMR spec- 
troscopy) is slowly converted to 2a-A and then to 5. 
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Cycloaddition Reactions of Tetrafluorodisilacyclobutene with 

Stereoselective 1,4-Addition and Conformations of 
1,4-Disilacycloocta-2,6-dienes 

Conjugated Dienes Mediated by Metal Carbonyls. 4. 

Tarng-tjuen Jzang, Chi-young Lee, and Chao-shiuan Liu’ 

Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan 30043, Republic of China 

Received October 23, 1987 

Cycloaddition reactions between 3-tert-butyl-1,1,2,2-tetrafluoro-1,2-disilacyclobutene (1) and various 
conjugated dienes mediated by Ni(C0)4 have been studied. The reactions proceed via a (q4-diene)disi- 
lametallacycle intermediate that decomposes to result in the stereoselective 1,4-addition products, 1,4- 
disilacycloocta-2,6-dienes. Variable-temperature l9F NMR study of one derivative of the 1,4-disilacyclo- 
octa-2,6-dienes (2i) shows that it exists in a chair form in solution. Compound 2i undergoes chair to chair 
interconversion, with free energy of activation, AG* = 10.5 f 0.1 kcal/mol. 

We recently reported in a series of papers the transi- 
tion-metal carbonyl mediated cycloaddition reactions be- 
tween disilacyclobutenes and conjugated dienes, carried 
out under photochemical  condition^.'-^ With use of dif- 
ferent metal carbonyls (M = Fe, Cr, Mo, W) and substi- 
tuted dienes, the reaction intermediate X was shown to 
proceed via different reaction pathways, eq 1-3. 

Since the reaction pathways can be controlled by the 
geometry of X,’ the electronic properties of the central 
metal: and the steric effects of the substituents: a model 
of ”fine-tuning” can be demonstrated. For example, in the 
reaction of cyclohexadiene, the geometry of the interme- 
diate F2Si(t-Bu)C=CHSiF2M(714-C6H~)(C0),_3 allows 
both SiF2 groups to make the initial attack in the case of 
M = Fe but allows only one SiFz group to make the initial 
attack in the case of M = W.’ Also, under the same re- 
action conditions, F-migration is the preferred reaction 
pathway when hard metals are used (Le., M = Cr), whereas 

I i 

1 , ;  

X 
M = Fe. n = 5 

M = Cr, Mo, W; n = 6 
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Fa 

t - Bu $s ‘ >C =C R3C R 4R 2C R R6R 
S I  
F2 

FZ 

.1 -addi t ion 
via R1 = R 2  = H 

i-migration ( 2 )  

t -  8 u ~ s i ~ R 2 C R 3 = C R 4 C R 5 R e R ’  S i  

F2 

(3) 
F-migrat ion - r-8u 

F ~ S I  

H-migration goes with softer metals such as W and Fe.’b 
Interestingly, the most commonly observed reaction 

pathway, namely, 1,4-addition to the conjugated dienes was 
not observed in these reactions. The Pd- and Pt-mediated 
cycloaddition reactions between disilabutenes and conju- 
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