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by quenching the reduction product with aqueous ammo
nium chloride. An 84% yield of 9,10-dibenzylphenanthrene 
was obtained. Dimethyldichlorosilane quenching gave 4. 
The ultimate reduction product of trans-1 is thus 32~. Even 
at —78° this dianion underwent rapid Z1E «=• E1E equili
bration, thus invalidating the silane quench as a mechanis
tic probe.5 The dramatically different rates of cleavage of 
cis- and trans-2-~, nevertheless, form the basis for a rela
tively secure assignment of reaction stereochemistry, as fol
lows. Despite the greater thermodynamic stability of trans-
than cis-2, trans-2~ cleaves far more rapidly. This phe
nomenon is familiar in the conrotatory cleavages of neutral 
3,4-diphenylcyclobutene derivatives11-13 and is understood 
on the basis of strong steric repulsion in the Z,E diene iso
mer, formed conrotatorily from the m-cyclobutene. The 
trans > cis rate order may thus be considered diagnostic for 
conrotation in such systems. 

I N D O / M O calculations were carried out for the parent 
cyclobutene-l,3-butadiene anion radical cleavage using as 
initial and final geometries those of the corresponding neu
tral substrates.14 Intermediate state geometries were calcu
lated assuming a linear relationship between C3-C4 bond 
stretching and rotation. This assumption was validated by 
more extensive studies on the neutral cyclobutene system. 
The initial (cyclobutene anion radical) and final (butadiene 
anion radical) state binding energies thus calculated were 
—4.0519 and —4.0232 hartrees, respectively. For the conro
tatory cleavage, ten intermediate calculations fixed the 
transition state at 6 = 45°, binding energy —3.9901. The 
smaller activation energy is thus 0.0331 hartree or 20.8 
kcal/mol. The disrotatory maximum also occurred at 6 = 
45°, E = —3.9233, the smaller, activation energy being 
0.0989 hartree or 62.1 kcal/mol. The conrotatory mode is 
clearly predicted. Incidentally, the perpendicular state cor
responding to a "diradical" mechanism has E = —3.9714 
hartrees, and this mechanism is thus also favored over the 
dis mode. The parent benzocyclobutene anion radical, the 
electrocyclic cleavage of which is ideally allowed,5 was also 
investigated using INDO. The initial and final state ener
gies are —8.1140 (benzocyclobutene anion radical) and 
—7.8846 hartrees (o-xylylene anion radical). For the conro
tatory mode the transition state (again at 6 = 45°) has en
ergy —7.8838, corresponding to a barrier of only 0.0008 
hartree or 0.5 kcal/mol. In the dis mode, the smaller acti
vation energy is 0.0378 hartree or 23.7 kcal/mol. These re
sults emphatically concur with OCD and with experiment 
in foreseeing a favored and ideally allowed con mode for 
this radical. One notes also that the unfavorable interaction 
between the termini of the o-xylylene system in the conro
tatory mode envisioned by HOMO is not manifested in the 
calculation, since virtually no activation barrier exists. Thus 
not only is the predominance of HOMO's single interaction 
questioned but even its quantitative importance. 

The available facts are consistent with the generalization 
that ideally allowed electrocyclic reactions of radicals have 
extremely low barriers and that, in the more numerous in
stances where neither mode is allowed, both have substan
tial barriers. In the cyclobutene-butadiene anion radical 
system the preferred mode is the same as for the neutral cy
clobutene system, viz., conrotation. 
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Oxidation State Properties of Delocalized, 
Ligand-Bridged Metal Complexes. 
[Ru30(CH3C02)6L3]n+ and the Pyrazine-Bridged, 
Cluster-Cluster Dimer, [Ru30(CH3C02)6(py)2]2pyz'n+ 

Sir: 

Spencer and Wilkinson1 have investigated the redox 
properties of the triangular cluster system [Ru3-
0 ( C H 3 C 0 2 ) 6 L 3 ] " + (L is a neutral ligand, e.g., H2O, pyri
dine) using chemical and electrochemical experiments. 
They found that the cluster units remain intact for n = 0 
and +1 (eq 1) but that a two-electron reduction of the neu-

[RusCKCHsCO^Lj]* £ * [Ru30(CH3C02)eL3]0 (1) 

tral cluster gave a compound formulated as Ru3-
(CH 3 CO 2 ^L 3 , in which the bridging oxide ion is lost. Cot
ton and Norman2 have determined the structure of the 
mixed-valence cluster [Ru3 I U I U 1 1 0(CH 3 C0 2 ) 6 (PPh 3 ) 3 ] by 
X-ray methods (Figure 1). Since the ruthenium ions are 
crystallographically equivalent, they have suggested that 
substantial electron derealization occurs within the Ru3O 
framework and have proposed a qualitative MO scheme to 
describe the electronic structure of the cluster system. 

Because of our general interest in the chemical and elec
tronic properties of polymetallic systems, including oxo-
bridged compounds,3 we have investigated the redox prop
erties and some aspects of the synthetic chemistry of the tri
angular ruthenium cluster systems. In Figure 2a is shown a 
cyclic voltammogram for the system Ru 3 0(CH 3 C0 2 )6-
(py)2(pyz) (py is pyridine, pyz is pyrazine)4 which demon
strates that the clusters have an extensive oxidation state 
chemistry.5 The four electrochemically reversible6 one-elec
tron waves in the voltammogram indicate that the cluster 
system remains intact in five discrete molecular oxidation 
states, fRu30(CH3C02)6(py)2(pyz)]+ 3-+ 2 '+ 1 '0 ' -1 . 

Ruthenium ESCA7 experiments have been carried out on 
a series of the cluster systems including the mixed-valence 
pyridine cases, [Ru3

l l '111 ' l n0(CH3C02)6(pv)3] and 
[ R u 3

l l u l u v O ( C H 3 C 0 2 ) 6 ( p y ) 3 ] 2 + , and [Ru3
1"'1"'"1-

0 ( C H 3 C 0 2 ) 6 ( p y ) 3 ] + ( P F 6
- salts). The +2 system was pre

pared from the +1 system by either chemical (using Cl2) or 
electrochemical (at +1.2 V vs. SSCE; n = 1.2) oxidation in 
CH2Cl2 .8 The ESCA results reinforce the idea that the 
clusters are delocalized and that the observed redox proper
ties are carried by valence orbitals delocalized over all three 
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Scheme I 
Ru3O(CH3COj)6(Py)2(CO) ^=* [Ru8O(CH3COj)6(Py)2(CO)]* 

CH2Cl2 

Figure 1. Structure of Ru30(CH3C02)6L3, where L is PPh3 (ref 2). 

20flA 

-1.0 -2.0 volts 

Figure 2. The 50 mV/sec cyclic voltammograms of 1.0 X 10"3 M solu
tions in 0.1 M («-butyl)4NPF6-CH3CN (25 ± 2°): (a) [Ru3O-
(CH3C02)6(py)2(pyz)]+, (b) [Ru3O(CH3COj)6(Py)2](pyz)[Ru3O(C-
H3C02)6(py)2]

2+. 

ruthenium ions. The Ru (3ds/2) binding energies for the 
three systems vs. C (Is) at 284.0 eV are: [Ru3O-
(CH 3C0 2 ) 6 (py) 3 ] 0 , 279.3 eV; [RU30(CH 3C0 2) 6(py)3]+ , 
280.4; [Ru30(CH3C02)6(py)3]2 + , ~281.0 eV. Although 
not definitive, the data are consistent with the idea that for 
the 0 and +1 systems the ruthenium sites are equivalent or 
nearly equivalent. The binding energies for the O and +1 
systems are in a range characteristic of Ru(II) while for the 
+2 system the binding energy is intermediate between 
Ru(II) and R U ( I I I ) . 3 , 7 The ruthenium centers remain 
equivalent in the ESCA experiment if a pyridine group is 
replaced by pyrazine or other heterocyclic N bases. 

We have developed synthetic routes for the preparation 
of systems in which cluster units are linked by bridging Hg-
ands (Scheme I). The preparations utilize the carbonyl 
cluster system first prepared by Spencer and Wilkinson9 

and are based on the loss of CO from the coordination 
sphere following a one-electron oxidation. 

The pyrazine bridged dimer10 (shown) has been isolated 
as its PFf1

- salt and a cyclic voltammogram is shown in Fig
ure 2b. The waves at more anodic potentials, £1/2 = 2.05 
and 1.07 V, are broad with large peak separations (A£p = 
£p,a ~ £p,c — 85 mV). The wave shapes can be attributed 

MeOH 

I MeOH 

, _ [Ru3O(CH3COj)6(Py)2(CH3OH)]* + CO 

J pre 

^- [Ru30(CH3C02)6(py)2(pyz)]* 

& Ru3O(CH3CO2 )6(py)2](pyz)[Ru30(CH3C02)6(py)2]}
2* 

= [Ru30(pyz)Ru30]2* 

{* N 2 H 4 

[Ru3O(CH3C02)6(py)2](pyz)[Ru3O(CH3C02)e(py)2]
0 

= [Ru30(pyz)Ru30]0 

to two slightly separated one-electron waves and are indica
tive of, at best, a weak cluster-cluster interaction across the 
bridging ligand." The two pairs of electrochemically re
versible one-electron waves (split by 100 and 270 mV, re
spectively) at more cathodic potentials indicate that signifi
cant cluster-cluster interactions appear as the electron con
tent of the clusters increases. Also, the data show that the 
pyrazine-bridged, cluster-cluster mixed-valence ions, 
[Ru 3 0(pyz)Ru 3 0] + and [Ru 30(pyz)Ru 30]~, are discrete, 
definable species in solution. The +1 mixed-valence system 
has been isolated as the PF6 - salt, [Ru3O-
(pyz)Ru30](PF6), by dissolving equimolar amounts of the 
O and +2 cluster dimers in CH2Cl2- The electronic spec
trum of solutions of the +1 ion, when corrected for the pres
ence of the +2 and O species,12 has a low energy band at 
Xmax 950 nm (e ~11,000) characteristic of a discrete 
[Ru30(CH3C02)6(py)2(pyz]0 unit and a band at 700 nm (e 
~12,000) characteristic of a discrete [Ru3O-
(CH3C02)6(py)2(pyz]+ unit.13 The low-energy electronic 
spectra show that the valence electron density is not fully 
delocalized over the two cluster units. This conclusion is re
inforced by the Ru (3ds/2) ESCA spectrum of the +1 clus
ter dimer. Two binding energies are observed at 279.4 and 
280.3 eV instead of one binding energy at an intermediate 
energy. The solid state experiment is somewhat ambiguous 
since in the solid state there could conceivably be an equi
molar mixture of the O and +2 systems. We have been un
able to observe a cluster-cluster intervalence transfer ab
sorption band14 in low-energy visible or near-infrared spec
tra, probably because of interference by the intense intra-
cluster electronic transitions. 

From our initial work on the synthesis and redox proper
ties of the chemically linked cluster systems, it appears that 
the preparation of two-dimensional polymeric systems with 
a controlled number of electron vacancies may prove possi
ble. 
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CH3O. 

CH3OOC- -CHO 

II 

X ' " "CH3 

IX, X = CH2; Y = OCH3 

X, X = 0 ; Y = OCH3 

I , X = 0; Y, = 0 
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Total Synthesis of (±)-Vermiculine 

Sir: 

The structure of the antibiotic vermiculine has recently 
been established as I on the basis of X-ray crystallographic 
analysis.1-2 The total synthesis of this substance in racemic 
form, undertaken as part of a program on the synthesis of 
biologically active macrocycles, is reported herein. The 
pathway of the synthesis, which involves only ten steps, fea
tures several noteworthy functionally selective reactions and 
the application of the previously described "double activa
tion" method3,4 to generate both ester linkages of the ma-
crocycle in a single operation. 

The readily available dimethyl 2,2-dimethoxyglutarate,5 

upon treatment with 1.4 equiv of diisobutylaluminum hy
dride in methylene chloride at —78° for 1 hr, afforded after 
workup6 the pure aldehyde ester II7 in 50% yield. Reaction 
of II with 1.5 equiv of dimethallylcadmium8 in ether at 
—78° for 1 hr gave the alcohol III which without purifica
tion was treated with tribenzylchlorosilane (1.3 equiv) and 
imidazole (1.3 equiv) in dimethylformamide at 25° for 15 
hr to form the corresponding silyl ether IV (70% from II). 
Reduction of IV with 1.2 equiv of diisobutylaluminum hy
dride in methylene chloride at —78° for 30 min produced 
the aldehyde V which was directly condensed with the sodi
um salt (from NaH) of diethyl ethoxycarbonylmethane-
phosphonate (1.8 equiv) in tetrahydrofuran at 25° for 1 hr 
to give the trans a,/3-unsaturated ester VI (94% overall 
from IV). The key intermediate for the synthesis of vermi
culine, the hydroxy acid VII, was prepared from VI in 100% 
yield by hydrolysis with 0.17 N lithium hydroxide in metha-
nol-water (2:1) at 25° for 24 hr. The 2-pyridinethiol ester 
VIII, prepared by reaction of the hydroxy acid VII with 1.5 

CH3O. / O C H 

OR 

III, R = H; X = COOCH3 

IV, R = (C6H5CH2)SSi; X = COOCH3 

V, R = (C6H5CH2 )3Si; X =CH0 
VI, R = (C6H5CH2)3Si; X = JrOnS-CH=CHCOOC2H 

VII, R = H; X = tram -CH=CHCOOH 

VIII, R = H; X = irans-CH=CHCOS—f-^i 

equiv of 2,2'-dipyridyl disulfide and 1.5 equiv of triphenyl-
phosphine in concentrated solution in xylene at 0° for 20 hr, 
was obtained in pure form in 77% yield after chromatogra
phy on silica gel. Heating of VIII in 0.1 M solution in xy
lene at reflux with 3 equiv of 2,6-lutidine9 for 24 hr pro
duced in 30% yield a mixture (1:1) of the desired vermicu
line derivative IX (methallyl groups cis) and the diast-
ereomer of IX having a trans arrangement of the two meth
allyl groups.3'4,10 The mixture was converted without sepa
ration to the keto ketal lactone X by reaction with osmium 
tetroxide (0.1 equiv) and sodium periodate (6 equiv) in 50% 
aqueous <erf-butyl alcohol at 25° for 1 hr (70% yield) and 
thence quantitatively to a mixture of (±)-vermiculine (I) 
and the trans (meso) diastereomer by exposure to acetic 
acid-water-tetrahydrofuran (3:1:1) at 45° for 1 hr. Chro
matography of the mixture on silica gel using benzene-
ethyl acetate (1:1) afforded racemic vermiculine (I), mp 
143-144°, and the trans (meso) diastereomer, mp 131 — 
132° (relative Rf values 0.24 and 0.15, respectively). The 
infrared (CHCl3), 1H N M R (CDCl3), ultraviolet (EtOH), 
and mass spectra of synthetic (±)-I were identical with 
those of an authentic specimen of vermiculine.11_14 
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