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bound to three metal atoms in the butterfly interacts 
strongly with Ru(2) (Ru(2)-P(av) = 2.369 A) and more 
weakly with Ru(3) (Ru(3)-P(av) = 2.470 A) and Ru(4) 
(Ru(4)-P(av) 2.566 A). The new P-C(14) bond length is 
1.808 (8) A. The overall skeletal geometry is that of a nido 
dodecahedron with the missing vertex being of high co- 
ordination number.‘ The second cluster 3 (Figure 2) has 
one less carbonyl than 2 and has a closo, pentagonal bi- 
pyramidal skeleton with two bridging carbonyl groups 
between axial (Ru(2) and Ru(4)) and equatorial (Ru(3)) 
ruthenium atoms as in 2. Whereas in 2 one of the alkyne 
carbon atoms was bonded to the phosphorus atom, in 3 
the acetylene is attached only to the four ruthenium atoms. 
The equatorial belt of the pentagonal bipyramid in 3 thus 
consists of Ru(l) ,  Ru(3), P,  and C(l2) and C(13) of the 
alkyne.s The apparent relationship of 2 and 3 evident in 
their structures was confirmed by warming an authentic 
sample of 2 in heptane when a smooth conversion to 3 
occurred. The transformation of 1 to 3 via intermediate 
2 can be best viewed in terms of the SEC rules. Thus 1 
a nido octahedron is converted via addition of two three- 
electron CR fragments and loss of a carbonyl to the sev- 
en-vertex nido dodecahedron 2 and subsequently via CO 
loss and molecular rearrangement to the closo seven-vertex, 
eight skeletal pair pentagonal bipyramid of 3. The rear- 
rangement 2 to 3 occurs with P-C and Ru-Ru bond 
cleavage but not C-C cleavage. These results may have 
implications for skeletal rearrangement processes in other 
mixed-cluster systems. 

Although the insertion of acetylenes into metal-phos- 
p h o m  bonds in p-PR2-bridged binuclear systems has been 
r e p ~ r t e d , ~  the formation of complexes analogous to 2 and 
3 from a phosphinidene has precedent only in the very 
recent report by Huttner and co-workers1° of the conver- 
sion of Fe3(CO),,(p3-PR) to Fe,(CO),,[PRC(R’)C(R”)] and 
Fe,(CO),(PR)[C(R’)C(R”)]. All of these clusters represent 
a ternary (M, P, C) structural variety of which the me- 
tallocarboranesl’ are perhaps the best known examples. 
There is, in addition, a synthetic analogy between the 
synthesis of 2 and 3 and the generation of metallo- 
carboranes via reaction of metalloboranes with RC=CR.12 
We are currently exploring further aspects of the reactivity 
of p-PR complexes with ternary cluster formation in mind. 
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Note Added in Proof. Following submission of this 
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(7)  (a) Williams, R. E. Adu. Inorg. Chem. Radiochem. 1976. 18,67. (b) 
Rudolph, R. W. Act. Chem. Res. 1976, 9, 446. 
(8) Deviations from the least-squares plane containing these atoms are 

as Ru(l), 0.039; Ru(3), 0.014; P, -0.032; C(12), -0.045; C(13), -0.024 A. 
(9) See, for example: (a) Yasufuku, K; Yamazaki, H. J. Organomet. 

Chem. 1972,35,367. (b) Smith, W. F.; Taylor, N. J.; Carty, A. J. J.  Chem. 
SOC. Chem. Commun. 1976,896. (c) Carty, A, J. Adu. Chem. Ser. 1982, 
No. 196, 163. (d) Regragui, R.; Dixneuf, P. H.; Taylor, N. J.; Carty, A. 
J. Organometallics 1984,3,814. Werner, H., unpublished results reported 
at the International Workshop on “Fundamental Reaction Pathways at 
Dinuclear and Polynuclear Transition Metal Centres”, Koningstein- 
Taunus, Germany, Sept 1985. 
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(11) Grimes, R. N. Adu. Inorg. Chem. Radiochem. 1983, 26, 55 and 
references therein. 

(12) (a) Weiss, R.; Bowser, J. R.; Grimes, R. N. Inorg. Chem. 1978,17, 
1522. (b) Fehlner, T. P. J.  Am. Chem. SOC. 1980,102, 3424. (c) House- 
croft, C. E.; Fehlner, T. P. Adu. Organomet. Chem. 1982, 21. 57. 
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Summary: Successive opening of one or both rings of 
ferrocene results in a cathodic shift of the redox potential 
for the couple ferrocenelferricinium, increased chemical 
lability, and vastly decreased g anisotropy in the ESR 
spectra of the respective complex radical cations. As 
opposed to closed ferricinium, ESR of the open ferric- 
inium ions is observed at room temperature. These 
findings are discussed on the basis of the electronic 
structure as suggested by INDO MO calculations. 

A characteristic property of ferrocene, 1, is the reversible 
one-electron oxidation to the ferricinium radical cation I+..’ 
ESR studies of 1+., however, are possible only at  very low 
temperatures since the orbital degeneracy of the 2E2g 
ground state for 1+. results in a large g anisotropy and 
concomitant short relaxation  time^.^,^ Since metallocene 
chemistry recently experienced a fruitful extension via the 
class of “open metall~cenes”,~ a comparison of redox and 
ESR properties of the “closed” ferrocene with its “open” 
counterpart is warranted. While peripheral ~ u b s t i t u t i o n ~ ~ ~  
(as in 2) or introduction of heteroatoms into the cyclic 
ligand (e.g., bis(~~-dicarbo1lide)iron(111)’) only brings about 
small changes in redox and ESR behavior of the closed 
bis(q5-cyclopentadienyl)iron, 1, we expected that opening 
one or both rings to form the q5-pentadienyl complexes 3 
and 4 would constitute a major perturbation resulting in 
profoundly modified redox potentials and g factor an- 
isotropies. In order to study the consequences of succes- 

‘Dedicated to Professor Karl Dimroth on the occasion of his 75th 
birthday. 

(1) Gubin, S. P. Pure Appl. Chem. 1970, 23, 463. 
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Table I. Cyclovoltammetric Data ( O / + )  and ESR 
Parameters (Radical Cations) for (q5-CsHs)2Fe (I ) ,  

(q5-2,4-Me2C5HS),Fe (2), (qs-2,4Me2C5H5) (TS-CSH6)Fe (3), and 
( T ~ - ~ , ~ - M ~ ~ C ~ H , ) ~ F ~  (4) 

g factors 
comDd coude  Dotential" characteristics (radical cation) 

1 0/+ E" = 0.490 rev, 20 "C 
all sr 

2 0 /+  E" = 0.304d rev, 20 "C 
all sr 

3 0/+ E" = 0.292 rev, 20 "C 
sr 1 100 mV/s 

(+/2+ E,, = 1.320 irrev, 20 "C) 
4 0/+ E" = 0.114g irrev, 20 "C 

all sr 
rev, -15 "C 
sr 2 400 mV/s 
rev, -45 "C 
all sr 

(g)b not observed 

g1 = 1.28 
( g ) b  not observed 

(g)  = 2.11631 

g,, = 4.36' 

g,l = 4.51e 
g1 1.40 

g1 = 2.2255 
g, = 2.1033 
g, = 2.002d 
(g)* = 2.086d 

g, = 2.0155f 

g1 = 2.1822 
g, = 2.0689 

V vs. SCE, solvent dimethoxyethane/ tetrabutylammonium 
perchlorate, glassy carbon electrode, sr = sweep rate. bFluid solu- 
tion, 20 "C. CSolvent dimethylformamid, 4 K.ll dExtrapolated 
value using an  increment of -47 mV per methyl group.10 
e Polycrystalline sample, 15 K.6 'Electrochemical in situ genera- 
tion, dimethoxyethane/tetrabutylammonium perchlorate, -70 "C 
(fluid solution), -160 "C (rigid solution). gValue for E" obtained 
via extrapolation of low-temperature E" data, AE" = +1.55 mV/ 
"C. 

sively opening the two q5-cyclopentadienyl ligands, we have 
therefore also prepared and completely characterized the 
"half-open" sandwich complex 3.89g 

I + & + E  + 
Fe Fe Fe Fe be 

2 
3 4' 

Table I lists electrochemical data obtained by cyclic 
voltammetry, for which some representative traces are 
depicted in Figure 1. Like the closed ferrocenes, half-open 
3 and open 4 also undergo one electron oxidations to the 
respective radical cations. The redox potentials are shifted 
in the cathodic direction, paralleling the effect of peripheral 
methylation. A comparison of the E" value for 2, 3, and 
4 suggests that opening one ring is tantamount to the 
introduction of two methyl groups,1o either transformation 

(8) Fe(C5H5)(2,4-C7Hll) can be prepared by the slow addition of a 1:l 
mixture of NaC5H5 and K(2,4-C7Hll) in THF to a slurry of FeCl, in THF 
at  -78 "C under nitrogen. After the addition is complete, the mixture 
is slowly warmed to room temperature and stirred for ca. 1 h. The THF 
is then removed in vacuo, and the product is extracted into pentane or 
hexane and filtered. After removal of solvent in vacuo, one is left with 
a nearly 1:l:Z mixture of Fe(C5HJ2, Fe(2,4-C7Hll),, and Fe(C5H5j(2,+ 
C7Hl1j. To remove the "open ferrocene" component, the product IS 
dissolved in a minimum volume of pentane and cooled to -20 or -40 OC, 
resulting in crystallization of nearly all the Fe(C5H5), and Fe(C,H,)- 
(2,4-C,HI1). After removal of the supernatant, the remaining product is 
dissolved in ca. 5-8 times the minimum volume of pentane required for 
dissolution and cooled as slowly as possible to ca. -20 "C. If the cooling 
rate is slow enough, deep red rods of Fe(C5H5)(2,4-C7Hllj will form, 
occasionally as large as 0.5 X 1.5 X 50 mm, which may readily be sepa- 
rated from any orange Fe(C5H5), which crystallizes. Further product may 
be isolated by concentrating the supernatant and repeating the crystal- 
lization procedure. The product has been completely characterized by 
IR, IH and 13C NMR, mass spectroscopy, elemental analysis (C, H), and 
an X-ray structural determinati~n.~ 

(9) E r s t ,  R. D.; Wilson, D. R.; Hutchinson, J. P.; Ma, H. unpublished 
results. 

a 

n 
Fe 

v 
t 

- 1 5  -10 -06 -02 -02 106 *10 V 

I 

% 
4 

-0;s p + o . s v  

20 50 100 200 m v s - '  

Figure 1. Cyclovoltammograms of the couple (q5-2,4- 
MezC5H5)2Feo/+ (medium dimethoxyethane/tetrabutyl- 
ammoniumperchlorate): (a) 25 "C, -1.5 < E < +1.0 V, 100 m V  
s-l; (b) 25 "C, -1.5 < E < 0 V, 100 mV s-l; (c) -35 "C, -2.0 < E  
< +1.0 V, 100 mV s-'; (d) -25 "C. Variation of scan rate: 20, 50, 
100, and 200 m V  

favoring the oxidation process. Since vertical ionization 
potentials in the gas-phase He I PE s p e ~ t r a ' ~ J ~  are prac- 
tically identical for 4 and 2, it is tempting to suggest that 
the greater ease of oxidation of the open ferrocene in so- 
lution is due to more effective solvation of the corre- 
sponding cation. However, the fact that the "open 
metallocenes" seem in general to be extremely crowded 
molecules4b suggests that other factors are probably also 
important. 

The redox couples 2 (O/+), 3 (O/+), and 4 (O/+) differ 
noticeably in the degree of reversibility. Whereas elec- 
trochemical oxidation of the closed 2 is reversible at room 
temperature at all scan rates, the half-open sandwich 
complex 3 displays reversibility at room temperature only 
for scan rates 2100 mV s-l, while oxidation of the open 
ferrocene 4 is irreversible under these conditions (Figure 
la).14 However, reversibility of the redox process 4 (O/+) 
even at slow scan rates can be achieved by recording the 
cyclovoltammogram at T 5 - 4 5  "C (Figure IC, ia/ic = 1, 

(10) For the polarographic potentals of ferrocene derivatives additivity 
of substituent effects has been established. AE" = -47 mV per methyl 
group: Sabbatini, M. M.; Cesarotti, E. Inorg. Chim. Acta 1977, 24, L9. 
However, in the case of the "open metallocenes" the actual site of me- 
thylation may well play a role, leading to deviations from simple addi- 
tivity, due to the uneven charge distribution over the ligand carbon atoms. 

(11) Bucher, R. Dissertation Zurich, 1977. 
(12) Bohm, M. C.; Eckert-MaksiE, M.; Ernst, R. D.; Wilson, D. R.; 

Gleiter, R. J. Am. Chem. Sac. 1982, 104, 2699. 
(13) Cauletti, C.; Green, J. C.; Kelly, M. R.; Powell, P.; van Tilborg, 

J.; Robbins, J.; Smart, J. J. Electron Spectrosc. Relat. Phenom. 1980,19, 
327. 

(14) Although a cathodic peak at E,, = -1.028 V can be seen at  room 
temperature for 4 with a wide scan range (Figure la),  if a smaller scan 
range is used this peak is absent (Figure IC), demonstrating that it ori- 
ginates from a secondary product, possibly a ligand dimer. 
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a result, whereas observation of the ESR spectra for 2+' 
requires T I 20 K, ESR of 3'' can even be observed a t  
room temperature in fluid solution. The fact that the ESR 
detectability of 4+' does require low temperatures is the 
result of the lability of this ion in solution rather than of 
relaxational line broadening. At -50 "C the isotropic ESR 
spectrum of 4+', electrochemically generated in situ, con- 
sists of a single envelope (width = 20 G). Since the ESR 
characteristics of ferricinium ions are altered only to a 
small extent by peripheral alkylation,2i6 this type of per- 
turbation does not perceptibly raise the degeneracy of the 
2E2g ground state of parent 1+' (see Figure 2A). Instead, 
it must be the effect of ring opening on electronic structure 
which is primarily responsible for the observed variation 
of the g tensor in going from 2" to 3" and 4". INDO-type 
calculations in conjugation with He I photoelectron (PE) 
spectra demonstrate that a simple correlation of the MO's 
of closed and open ferrocenes is not possible because ex- 
tensive conformation-dependent inter Fe(3d) and metal- 
ligand orbital mixings pertain in the latter two system~. '~J~ 
Therefore in order to calculate numerical values for the 
g tensor components from INDO results, a definite con- 
formation must be ascribed to 3+' and 4+' in rigid ~olution.'~ 
Even if this is done, however, an assignment of g1,,% to a 
fiied molecular coordinate system would still be ambiguous 
in the absence of single-crystal ESR data. 

In order to offer at  least a qualitative rationalization of 
the strongly reduced g anisotropy in the half-open and 
open ferricinium ions, we will assume a gauche-eclipsed 
conformation for the ground state of 4+' in both fluid and 
rigid solutions.18 This assumption is supported by the fact 
that (g) measured in fluid solution closely matches the 
average value of g,, g,, and g3, measured in rigid solution. 
INDO calculations and the subsequent consideration of 
Koopmans' defects12J7 indicate that the singly occupied 
orbital 14a in 4+' is almost exclusively Fe(3d,*).I7 This is 
in accord with one g tensor component being close to the 
free spin value, and it appears legitimate to assign g, (3+, 
4+9 to the molecular z axis. It should be mentioned that 
the single occupancy of a Fe(3dZz) orbital in 4+', as sug- 
gested by INDO calculations, contrasts with the HOMO 
in the neutral complex 4, which is mainly localized on the 
ligands. As to this conversion from a ligand-centered 
HOMO to a metal-centered HOMO upon oxidation, how- 
ever, theoretical and experimental data are mutually 
consistent. Concerning g, and g,, deviations from g = 
2.0023 may be assumed to stem from mixing via spin-orbit 
coupling of the singly occupied MO (14a, 96% Fe(3dZz) 
with the various filled MO's, MO,,. Since INDO results 
indicate a large SOMO/LUMO energy gap and only small 
metal coefficients in the subsequent virtual orbitals, con- 
tributions Ag < 0 are probably negligible. The first-order 
 relationship^'^ 
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Figure 2. ESR spectra of the radical cations (q5-2,4- 
Me2C5H&Fe+' ( 2 9 ,  (q5-2,4-Me2C5H5)(q5-C5H5)Fe+' (39, and 
(v5-2,4-Me2C5H&Fe+' (49. 2+': polycrystalline sample, 15 K.6 
3+' and 4": rigid solution after electrochemical in situ oxidation, 
dimethoxyethane/tetrabutyla"oniwnperchlorate, 113 K. Note 
the difference in field scale. 

AI3 = 70 mV). At  intermediate temperatures, this couple 
demonstrates a dependence of the degree of electrochem- 
ical reversibility on the scan rate (Figure Id), as inferred 
from the ia f i, values of 51. We therefore conclude that 
the chemical lability of ferricinium ions increases in the 
sequence closed < half-open < open.15 Quite possibly this 
sequence may be due to the greater tendency of penta- 
dienyl ligands to undergo coupling reactions, either in- 
tramolecular'6ayb or intermolecularly.'~~d 

Whereas the variation in redox behavior during the 
transition from closed via half-open to open ferrocene is 
continuous and of moderate extent only, the changes in 
the ESR spectra of the radical cations are discontinuous 
and spectacular. As Figure 2 demonstrates, transition from 
2+' (closed) to 3+. (half-open) is accompanied by an im- 
mense decrease in g anisotropy; in contrast, on passing 
from 3+' (half-open) to 4+' (open), only marginal changes 
in the g tensor components are encountered (Table I). As 

(15) The generally less robust nature of ($C5H7)M complexes relative 
to (v5-Ca5)M complexes has been observed before also for open vs. closed 
cymantrene: Seyferth, D.; Goldman, E. W.; Pornet, J. J.  Organomet. 
Chem. 1981,208, 189. 

(16) (a) Wilson, D. R.; Liu, J.-Z.; E r s t ,  R. D. J.  Am. Chem. SOC. 1982, 
104, 1120. (b) Bleeke, J. R.; Kotyk, J. J. Organometallics 1983,2,1263. 
(c) Jotham, R. W.; Kettle, S. F. A.; Moll, D. B.; Stamper, P. J. J. Orga- 
nomet. Chem. 1976,118,59. (d) Sapienza, R. S.; Riley, P. E.; Davis, R. 
E.; Pettit, R. Ibid. 1976,121, C35. (e) Yasuda, H.; Ohnuma, Y.; Yamauchi, 
M.; Tani, H.; Nakamura, A. Bull. Chem. SOC. Jpn .  1979,52, 2036. 

g3 2.0023 

(17) (a) Gleiter, R.; Bohm, M. C.; Ernst, R. D. J. Electron Spectrosc. 
Relat. Phenom. 1984,33,269. (b) Gleiter, R., personal communication. 

(18) (a) From variable-temperature 'H NMR (toluene-& +26 "C > 
T > -105 "C) a gauche-eclipd ground configuration was inferred for 4lEb 
coalescence temperature - 4 0  "C, AG* (ligand oscillation) = 38 kJ/mol. 
Conformational considerations based on orbital populations suggest a 
nearly gauche-eclipsed configuration for the ~ a t i o n . ~  (b) Wilson, D. R.; 
Ernst, R. D.; Cymbaluk, T. H. Organometallics 1983,2, 1220. 
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together with energy differences AE and MO coefficients 
cz2, cxz ,  and cy* from INDO calculations17b lead to the es- 
timates gl = 2.085, g, = 2.074, and g3 = 2.0023, if for the 
spin-orbit coupling constant somewhat intuitively the 
value of X[Fe(I)] = 356 cm-' is adopted.lg While quanti- 
tative agreement is not to be expected for this crude 
treatment,M there is reasonable accord in that one g value 
is predicted to be close to the free spin value, while the 
other two are predicted to be substantially larger. In ad- 
dition, this treatment illustrates the sources of the widely 
divergent ESR properties of closed and open ferrocenes. 
In particular, the totally different orbital compositions and 
energetic sequences for the open ferrocene MO's, a con- 
sequence of lower molecular symmetry, lead to orbitally 
nondegenerate 2A ground states for the open cations 3" 
and 4+'. Furthermore, the more extensive metal-ligand 
mixing in the open ferrocenes reduces the impact of 
spin-orbital coupling on g1,2,3. Ironically, ESR spectra of 
the open ferricinium ions bear more resemblance to oc- 
tahedral complexes of low-spin Fe3+(d5)21 than to closed 
ferricinium species, thereby justifying a description of the 
open ferrocenes in terms of two eclipsed pentadienyl lig- 
ands which provide a distorted octahedral ligand field on 
iron(I1) by means of the charged centers a t  c1,3,5. Further 
experimental and theoretical studies on these and related 
molecules are in progress. 
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quantitative agreement is to be achieved. We thank Professor Gleiter for 
providing the relevant information for the radical cations, and for per- 
mission to quote his results. 

(21) Examples include: (a) [Fe"1(S,C2(CN)2)3]3-g, = 2.225, g, = 2.114, 
and g3 = 1.986: Cotton, S. A.; Gibson, J. F. J. Chem. SOC., Chem. Com- 
mun. 1968,883. (b) [Fen1(CH3)2C3S2)3] g, = 2.14, g, = 2.09, and g3 = 2.01; 
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Summary: Chemical or electrochemical reduction of the 

complex [(~-C,H,)(OC)Fe(Me,CCO),] BF, followed by re- 
I 

moval of the Fe and BF, moieties gives pivaloin in yields 
ranging from 26 to 58 %. A formal mechanism for this 
reductive coupling of two adjacent acyl carbon donor 
atoms is proposed. 

We have reported previously that the a-enolate anions 
of (metalla-P-diketonato)BF2 complexes,1t2 metalla-6-di- 
ketonate  anion^,^ and (triacy1rhenato)BX complexes4 un- 
dergo reductive coupling of two acyl carbon donor atoms 
to give v3-allyl complexes. One representation of this C-C 
coupling reaction for a (metalla-@-diketonato)BF2 complex 
is shown in eq 1. Deprotonation of the methyl substituent 
of lb  generates the a-enolate anion 2 which apparently 
rearranges spontaneously to give the v3-allyl complex 3. 
An isolobal analysis of this type of rearrangement has been 
published earlier.5 

Within the formal representation shown in eq 1, the 
crucial C-C bond coupling is initiated by formal reduction 
at  M by the lone pair of electrons on the exo-methylene 
carbon atom. The metal undergoes a concomitant formal 
oxidation when the C-C bond is formed. The electron 
count of M in going from lb  to 3, therefore, remains the 
same. 

R R r R  1 

IFo' 
CH2 

3 

We have examined the intriguing possibility that C-C 
coupling in these molecules might be initiated by external 
reduction of the metal atom rather than by an intramo- 
lecular electronic rearrangement as shown in eq 1. We now 
report that either chemical or electrochemical reduction 
of the complex [(q-C5H,)(OC)Fe(Me3CCO~BF2," 4, occurs 
to give C-C coupling. This coupling is verified by the 
isolation of pivaloin (the organic coupling product). 

When 0.8-4.1-g samples of 4 are treated with an excess 
of chemical reducing agent (Na/Hg in THF, or sodium 
naphthalenide, NaNp, in THF, or sodium benzophenone 
ketyl, NaBZK, in dioxane) for 2 h a t  25 "C, the reaction 
solution changes color from red-orange to black. The re- 
action residue then is refluxed with 50 mL of 0.5 M NaOH 
for 2 h to remove the BF2 and Fe moieties. Following 
neutralization with aqueous HC1, the neutral reaction 
products are extracted into methylene chloride. Pivaloin 
is isolated by sublimation from the extraction residue or 
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