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unencumbered end, viz., on the metal atom bonded to the four 
fhp oxygen atoms. The question of why this arrangement is 
so preferred by this ligand whereas it has not been observed 
for any other similar ligand is still unanswered, but attention 
is now directed toward the properties of the ligand itself as 
well as the properties of the dimetal unit itself. 

One possible explanation might be the following. Of the 
four ligands la-ld, the fhp ligand may be unique in its steric 
requirements. Ligand la  has been relatively little studied, but 
it is certainly clear, by example (Os2(hp),C1210), that four of 
these may be arranged in a two-vs.-two (Le., two pointing one 
way and two the other) fashion and still leave room at each 
end for an axial ligand. The H atoms at the 6-positions are 
too small to block these positions in a major way. Thus, an 
M2(hp),L2 species is possible in which the symmetrical ar- 
rangement of bridging ligands (assuming that this is inherently 
favorable) and the formation of two axial M-L bonds can be 
achieved at the same time. For all other type 1 ligands, lW, 
the size of the substituents at the 6-position is such that, in 
a two-vs.-two arrangement, no axial M-L bonds could be 
formed. In the case of fhp the unidirectional arrangement is 
possible since four fluorine atoms can fit at one end without 
repulsive contact, as noted earlier. It is then possible to form 
a good M-L axial bond at the other end. On the other hand, 
for l b  and IC, a unidirectional arrangement would result in 
large repulsive interactions between methyl groups or chlorine 
atoms. A simple graphical estimate shows that adjacent pairs 
of these groups would make contacts that are 0.3-0.5 A less 
than the sums of van der Waals radii. 

This analysis still leaves open a possibility that merits ex- 
perimental study. If the axial ligand molecules could be re- 
moved and the remaining M2(fhp)4 compound dissolved in a 
noncoordinating solvent, would rearrangement to a two-vs.-two 
structure take place? Preliminary experiments have been done 
on all of the M,(fhp),L systems but have not yielded any 
clean-cut results. 
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Preparations of the neutral methyl and ethyl esters of 
phosphotungstic acid were undertaken following the earlier 
preparations of CH30W12P0392- and C2HSOW,zP0392- re- 
ported from this laboratory.' The route chosen was vacuum 
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Figure 1. 31P MAS NMR spectra: (a) (CZH50)3W1zP037 (90" pulse, 
10-s recycle, 32 scans); (b) (CH30)3W12P037 (30" pulse, 10-s recycle, 
52 scans); (c) (HO)3WlzP037 (90" pulse, 10-s recycle, 4 scans); (d) 
[(C2H5)30]3W12P040 (90" pulse, 4-s recycle, 1375 scans). 

thermolysis of the corresponding trialkyloxonium salts, [ (C- 
H3)30]3W12P040 and [(C2Hs)30]3W12P040. The desired 
esters, in slightly impure form, were obtained at 150 "C. 
Unfortunately, these esters do not sublime, and no inert solvent 
for them has been found, so that characterization had to be 
done on the crude products. 

The 150 "C thermolysate of [(CzHS)30]3WlzPOa analyzed 
satisfactorily for (C2HSO)3W12P037. The 31P MAS (magic- 
angle-spinning) NMR spectrum (Figure la) consisted of a 
major line at -12.3 ppm, assigned to the ester, and a minor 
line at -1 1 .O ppm, which is assigned to a small amount of 
anhydrous phosphotungstic acid, discussed in more detail 
below. The 31P MAS spectrum of the 150 "C thermolysate 
of [(CH3)30]3W12P040 (Figure lb) also included a major line 
at -12.3 ppm, assigned to (CH30)3W12P037, but analysis 
showed an unsatisfactorily high carbon content. This is ra- 
tionalized by the two minor lines at -15.2 and -13.7 ppm that 
are assigned to residual [(CH3)30]3W12P040 and [(CH3),- 
0]zCH30W12P0,,, respectively. We find a 31P MAS NMR 
line at -14.8 ppm for [(C2Hs)30]3W12P040, consistent with 
assignment of the -15.2 ppm line; assignment of the -13.7 ppm 
line is based on earlier work' that reported a 31P chemical shift 
of -13.9 ppm for [(n-C6H13)4N]2CH30W12P039 in dichloro- 
ethane. 

Thermolysis of either of the tris(trialky1oxonium) salts or 
their 150 "C thermolysates at 215 "C under vacuum gave 
anhydrous phosphotungstic acid, (H0)3W12P037.2 These 
samples all had a major 31P MAS NMR line at -1 1 .O ppm 
and minor lines at -12.5 and/or -13.7 and/or -15.2 ppm, 
which are assigned as discussed above. 
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reported studies2b on the conversion of methanol and dimethyl ether to 
hydrocarbons by heteropolyacids. (b) Ono, Y.; Baba, T.; Sakai, J.; Keii, 
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has been reported previously.' Infrared spectra were determined on 
a Perkin-Elmer 983 as mineral oil mulls unless otherwise noted. 
Solid-state 31P NMR spectra were obtained at 121.4 MHz on a Bruker 
CXP-300 spectrometer. A Bruker MAS probe with 9-mm Delrin 
rotors was used. The observe coil was replaced with 3 ' /2  turns of 
14 gauge Au-plated Cu wire (1 1 mm id., 8 mm long). Magic-angle 
spinning at 4 kHz produces spectra free of detectable spinning 
sidebands, indicating that the chemical shift anisotropy is small, as 
expected for nearly symmetecal Pod3- groups6 Quantitative spectra 
were obtained with 30-90° pulses with a 4-10-s recycle delay, de- 
pending on the 31P T I  of the sample. Proton decoupling (7H2 = 40 
kHz) was employed. Proton cross-polarization was not used to obtain 
the quantitative spectra shown here but yields nonquantitative spectra 
more quickly (5-ms cross-polarization, 2-s recycle). Chemical shifts 
are reported in ppm downfield from external 85% phosphoric acid 
with an estimated precision of h0.2 ppm. It is expected that the 31P 
chemical shifts of the central phosphate groups in these compounds 
are well shielded from solvent effects so can be directly compared 
to solution values. 

[(C2H5)30]3W12P040. Triethyloxonium tetrafluoroborate (6.0 g, 
3 1.6 mmol) was added to a solution of phosphotungstic acid (14 g, 
4.7 mmol) in acetonitrile (50 mL) in a nitrogen atmosphere. The 
mixture was stirred for 15 min and then filtered to obtain 12 g (80%) 
of [(C2H5)30]3W12P040, which was washed three times with aceto- 
nitrile and dried under vacuum at room temperature. The infrared 
spectrum was normal for a salt of W12P0,3-. Anal. Calcd for 
[(C2H5)30]3W12P040: C, 6.78; H, 1.42. Found: C, 6.88, 6.86; H, 
1.50, 1.47. 

(C2HS0)3W12P037. One gram of [(C2H5)30]3W12P040 was heated 
at  150 OC under vacuum (nominal 0.1 mm) for 16 h to leave (C2- 
HS0)3W12P037. Anal. Calcd for (C2HS0)3W12P037: C, 2.43; H, 
0.51; 0, 21.6; W, 74.4; P, 1.04. Found: C, 2.70, 2.76; H, 0.66; 0.66; 
0, 21.8, 22.0; W, 74.1, 74.9; P, 1.70, 1.60. 

The infrared and 31P MAS spectra and the slight contamination 
by (HO)3W12P037 they reveal are discussed above. 

(CH3O),Wl2PO3,. [(CH3)30]3W12P040 (4.8 g) was heated as 
above to leave 4.4 g of a solid residue that was primarily (CH3- 
0),Wl2PO3, by spectroscopic characterization as discussed above. 

(H0)3W]2P037. Hydrated phosphotungstic acid (20 g) was heated 
at 21 5 OC under vacuum (nominal 0.1 mm) for 16 h to leave a solid 
residue of (H0)3W12P037. Anal. Calcd for (H0)3W12P037: W, 76.6; 
0, 22.2. Found: W, 76.3, 76.0; 0, 23.0, 23.2. Samples of [(C2- 
HS)30]3W12P040 and [(CH3)30]3W12P0,0 were thermolyzed similarly 
at 215 OC. The infrared spectra of the products were identical with 
that of (H0)3W12P037. The 215 OC thermolysis product from 
[ ( C ~ H S ) ~ O ] ~ W ~ ~ P O @  (4.5 g) was stirred in water (15 mL) and filtered 
to remove 0.18 g of insoluble material. Addition of cesium chlorde 
to the filtrate precipitated (4.5 g (97%)), identified by 
infrared analysis. 
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The synthesis of o-phenylenebis(1igand) (where L and L' 
contain heteroatoms such as phosphorus, arsenic, sulfur, ni- 
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