
8291 

tainly experience more unfavorable intramolecular contacts 
with the COD ligands than the diphenylacetylene moiety. 

Although dinuclear complex 1 is coordinately unsaturated, 
its chemistry did not include facile donor-ligand addition unless 
the donor had cylindrical form, so that it could penetrate the 
relatively congested region around the nickel atoms (Figure 
1). Illustrative of this donor-acceptor chemistry was the ob
servation that alkyl phosphites did not react with 1 up to 90 0C, 
whereas rerr-butylisonitrile reacted instantly at 18 0C to give 
Ni(CNR)4. Spectroscopic studies gave no evidence of disso
ciation of 1 in solution nor of complex formation with di
phenylacetylene, although 1 slowly catalyzed cyclotrimeri-
zation of the acetylene to hexaphenylbenzene. 

Hydrogen reacted with 1 with selective transfer of hydrogen 
atoms (presumably from nickel) to the acetylene to give cis-
CeHsCH=CHCeHs;" no reduction of the cyclooctadiene 
ligand could be detected by GC analysis. Complex 1 served as 
a selective catalyst for the hydrogenation of acetylenes to cis-
olefins at 18-20 0C. This facile reduction is completely con
sistent with the cluster thesis for activation of triple bonds 
toward hydrogen reduction.12"14 However, the bond order 
reduction that can be realized in such w2 structures is not a 
sufficient condition. We have found that analogous acetylene 
cluster complexes in which the C=C triple bond has been 
substantially lengthened show no evidence of dihydrogen re
duction nor of catalysis of acetylene reduction by dihydrogen 
up to 80-100 0C. All these inactive clusters are formally 
coordinately saturated; complexes demonstrated to be inactive 
included Co2(CO)6(RC=CR),5 Co4(CO),0(RC=CR),15 and 
(C5Hs)2Ni2(RC=CR),2 where R is phenyl. Clearly the ef
fective coordination unsaturation in 1 plays a key role in this 
selective catalytic chemistry. We are now attempting a 
mechanistic definition of this reduction chemistry. 

Through calculations, synthesis of analogues of 1 with li
gands alternative to cyclooctadiene, and a thorough chemical 
exploration we are attempting a definitive characterization of 
the factor(s) that lead to the long metal-metal bond in this 
complex and the structure-chemistry relationship. 
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Synthesis and Interconversion of the Isomeric 
a- and $-Mo%Oib

A- Ions 

Sir: 

Although Mo8O26
4- isomers have been suspected for some 

time,1 their structural differences have only recently been 
clarified2'3 (see Figure la). In an effort to determine the precise 
conditions which favor selective synthesis of a single isomer, 
we have prepared several alkylammonium salts of the 
Mo8O26

4- ion and discovered a facile isomerization process 
which rapidly interconverts these structurally disparate iso
mers. 

When R4NX (R = CH3, C2H5, /J-C3H7, W-C4H9; X = Cl 
or Br) is added to an acidified aqueous sodium molybdate so
lution (pH 3-4), the compounds 0-[(CH3J4N]2Na2Mo8O26-
2H2O,4 /3-[(C2Hs)4N]3NaMo8O26,5 /3-[(n-C3H7)4N]3-
NaMo8026-2H20,5 and a-[(n-C4H9)4N]4Mo8026

6 are pre
cipitated.7 When (n-C4H9)4NX addition is preceded by ad
dition of a large excess of KCl, however, the compound /3-
[(n-C4H9)4N]3KMo8026-2H20 is obtained.7 In order to de
termine whether this cation dependent a-f3 selectivity might 
reflect different solution equilibria instead of selective pre
cipitation, the compounds [(/i-C4H9)4N]3KMo8026-2H20 (1) 
and [(n-C4H9)4N]4Mo8026 (2) were subjected to an infrared 
study in acetonitrile. Remarkably, this study revealed that 1 
and 2, although pure /3 and a isomers, respectively, in the solid 
state, consist of a-fi mixtures in acetonitrile, with the solid state 
structure predominating (see Figure Ib-e). This equilibrium 
is most easily followed by comparing the strong 808-cm_1 

absorption characteristic of the a isomer with the weak 965-
and strong 717-cm-' absorptions characteristic of the /3 isomer. 
The equilibrium may be shifted toward the a isomer by adding 
[(n-C4H9)4N]Cl to acetonitrile solutions of 1 or 2 (see Figure 
Ie and f).8 This cation dependent equilibrium can be exploited 
to synthesize a wide variety of compounds by mixing solutions 
of 2 in acetonitrile with various aqueous halide solutions. These 
compounds7 include the families 0-M4Mo8O26-HH2O (M = 
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Figure 1. Idealized structures of the /3- and (J-Mo8O26
4" isomers are shown 

in (a). Small circles represent molybdenums and large circles represent 
oxygens. Below are IR spectra of (b) [OC4H9)4N]3KMo8026-2H20 (1) 
in KBr pellet, (c) [/?-C4H9)4N]4 Mo8O26 (2) in KBr pellet, (d) 1 in 
CH,CH, (e) 2 in CH3CN, (f) 1 plus («-C4H9)4NCl in CH3CN, (g) 2 plus 
(«-C4H9)4NCl in CH3CN, (h) (ND4)4Mo802 64D20 in D2O. 

Rb, K) and /HCn-G^H^NbMMogC^-nl^O (M = Rb, K, 
NH4). Heating, however, should be avoided since 2 in aceto-
nitrile is quite hygroscopic, and such hydrated solutions react 

(reversibly) to form Mo60i92~ when heated. 
The rapid isomerization of a-MosC>264- under anhydrous 

conditions9 is difficult to reconcile with current mechanistic 
theories of polyoxoanion transformations.10 We propose 
therefore a mechanism based on the intramolecular process 
shown in Figure 2. For clarity of presentation, all coordination 
polyhedra have been idealized. In fact, all five- and six-coor
dinate molybdenums are strongly displaced toward polyhedral 
edges. Such off-center displacements lead to distortion of the 
coordination polyhedra. In the 7-M08O26 structure, the 
coordination at Mo(a) (and Mo(a')) leads to instability in that 
Mo(a)-O(l) and Mo(a)-0(2) bond orders of about two and 
an Mo(a)-0(7) bond order of about one imply a total Mo(a)-
0(11) plus Mo(a)-0(8) bond order of about one to achieve 
hexavalency at Mo(a). This is unlikely since these last two 
bonds are trans to double bonds. It is quite possible, therefore, 
that the isomerization is catalyzed by traces of water9 such that 
the vacant coordination positions at Mo(a) (and Mo(a')) are 
occupied by hydroxyl ions (vide infra). 

The idealized mechanism shown in Figure 2 can be analyzed 
from two points of view. From a global point of view, the a, y, 
and /3 structures consist of cubic closed packed (ccp) oxygens 
with molybdenums occupying tetrahedral and octahedral 
holes. The a-y and 0-y structures consist of close packed 
oxygens with molybdenums occupying trigonal bypyramidal 
and octahedral holes. Here, however, the oxygen close packing 
is based on interpenetrating hexagonally close packed (hep) 
layers similar to those found in the a-Keggin structure." By 
following the packing of the oxygens bonded to Mo(b), Mo(c), 
Mo(b'), and Mo(c') as the isomerization proceeds, a shear 
plane becomes apparent, arising from the repeated cep-hep 
transformations. Note also that the proposed mechanism 
preserves overall inversion symmetry. From a local point of 
view, each molybdenum atom alters its coordination polytope 
in a precedented fashion. Polytopal expansion proceeds via 
facial attack on tetrahedra yielding trigonal bipyramids or edge 
attack on trigonal bipyramids yielding octahedra. Polytopal 
isomerization of Mo(a) and Mo(a') in the course of the a-y 

ALPHA-GAMMA BETA-GAMMA 

Figure 2. Proposed mechanism for the a-0 Mo8O26
4- isomerization, represented by three structures along the reaction pathway. All structures are idealized. 

Small circles represent molybdenums, large circles represent oxygens. Nuclei with primed labels are related to nuclei with same label, unprimed, by 
inversion symmetry. 
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to /3-7 transformation rigorously follows the Berry mechanism 
with 0(7) and 0(7') acting as "pivots". 

Even though the a-y and /3-7 structures are constitutionally 
identical, differing only in configuration at Mo(a) and Mo(a'), 
we have included the 7 structure in Figure 2 since it is a frag
ment of the M010O348- and (Mog0276~)co structures found 
in the compounds (NH4)gMoio03412 and (NH4)6Mo8027-
4H2O,13 respectively. The formation of these compounds, 
which occurs in acidified aqueous molybdate solutions, can 
readily be accounted for by the present mechanistic scheme. 
If M0O42- ions attack the Mo(a) and Mo(a') centered trigonal 
bipyramids on the 0(2)-0(8) and 0(2')-0(8') edges in the 
a-y structure or the 0(I)-O(11) and 0(T)-O(H') edges in 
the /3-7 structure, the M010O348- structure is generated. Ei
ther analogous attack by hydroxyl ions followed by proton 
transfer and polycondensation or hydroxyl attack on the 
0(2)-0(7) and 0(2')-0(7') edges in the a-y structure fol
lowed by polycondensation leads to the (Mog0276~)a> struc
ture. 

These speculations, however, can be rendered meaningful 
only by experimental data regarding aqueous solution struc
tures. Preliminary infrared spectroscopic data of concentrated 
aqueous sodium and ammonium molybdate solutions thus far 
rule out the a-Mog0264_ structure as a major component at 
pH 3-4 (see Figure Ih). We are currently measuring infrared, 
Raman, and i 7 0 NMR spectra of aqueous molybdate species 
as a function of pH, counterion, temperature, and concentra
tion, and hope to be able to better define their structural and 
dynamic characteristics. 
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Formation of Ethylenebenzenium and Protonated 
Benzocyclobutene, but Not a-Phenylethyl, Cations 
from the Ionization of Gaseous 
/3-Phenylethyl Halides1-2 

Sir: 
Solution ionization and solvolysis studies of a wide variety 

of /3-arylethyl systems have indicated the intermediacy of both 
ethylenarenium and a-arylethyl ions. The recent definitive 
study by Olah and Porter3 of the ionization of/3-phenylethyl 
chloride (1-Cl) in superacid medium gives detailed NMR ev
idence for the formation of the ethylenebenzenium (2) and 
a-phenylethyl (3) cations in proportions ranging from 1:2 to 
10:1, with the /3-ethylphenyl ion (4) as the proposed interme
diate3-4 (see Scheme I). Although this medium should mini
mize solvent effects, we find that the unimolecular decompo
sition of gaseous 1-Cl (and n-propylbenzene, 1-CH3) ions 
produces negligible amounts of either 2 or 3 as stable (lifetimes 
>10 - 5 s) ionic products, yielding instead a protonated ben
zocyclobutene ion (5)6-7 and an unknown ion (X); X appears 
to be formed by the isomerization of 2 or 5. In contrast, ion
ization of/3-phenylethyl bromide and iodide (1-Br, —I) yields 
2 and X. 

These conclusions are based on collisional activation (CA) 
mass spectra8 of the product ions. A preliminary communi
cation5 on 1-Br reported the formation of 2 at low electron 
energies, but erroneously interpreted the high energy results 
as evidence for the formation of 3 and 4. Our present conclu
sions are based on data obtained from improved CA instru
mentation9 of substantially higher resolution, sensitivity, and 
precision. The new CA data show no evidence at any ionizing 
energy for greater loss of C3F^ than C"H2, which would be 
expected for 4.'° Also the better-resolved CA spectrum of 3 
generated from a-phenylethyl bromide shows substantial 
quantitative differences in comparison to any of the CA spectra 
of any other of the CgHg+ isomers studied.''•'2 

Variation of the CA peak abundances (Figure 1) with 
change of the electron energy used in forming the CSHQ+ ions 
gives strong evidence that only binary mixtures of CgH9

+ 

isomers are formed from ionization of 1 with 70 eV electrons; 
1-CI and 1-CH3 give 20:80 and 40:60 mixtures of 5:X, re
spectively, and 1-Br and 1-1 give 25:75 and 30:70 of (pre
sumably) 2:X, respectively. The CA spectra of the CgH9

+ ions 
formed at low energies indicate a single isomer, those from 1-Cl 
and I-CH3 matching closely that from CgH9

+ ions formed by 
ion source protonation of benzocyclobutene, 5.6 No compound 
could be obtained for the unequivocal generation of 2, but this 
appears to be the most logical structure for the CgH9

+ ions 
formed from 1-Br and 1-1 at low energies. The equivalence of 
the a- and /3-carbons8 is consistent with structure 2, and the 
value of [-CH2] / [-CH3] is far greater than that in the CA 
spectrum of any other CgH9

+ isomer studied. In fact, the 
spectra of none of these isomers (0-, m-, and p-methylbenzyl, 

Scheme I 
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