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Abstract: Vanadyl hydrogen phosphate hemihydrate, VO(HPO,):0.5H,0, has been characterized through a combination of
techniques including infrared spectroscopy, paper chromatography, X-ray powder diffraction, scanning electron microscopy,
thermogravimetric analysis and magnetic susceptibility measurements. It crystallizes in the orthorhombic system, a = 7.434
() A, b =9.620 (2) A, c =5.699 (1) A in space group Pramn or P2ymn. The structure consists of two-dimensional layers
of HPO,> anions and pairs of antiferromagnetically coupled V** cations. The layers are held together by strong hydrogen
bonding. Above ~350 °C, VO(HPO,)-0.5H,0 undergoes a topotactic dehydration to (VO),P,0,, an active and selective

catalyst for the oxidation of butane to maleic anhydride.

Vanadium phosphorus oxides have a rich and complex chemistry
that is, as yet, incompletely explored. Both the vanadium oxidation
state and the phosphorus to vanadium ratio can be varied. Even
at a P/V ratio restricted to 1, several well-characterized phases
are known, listed in order of increasing vanadium oxidation state:
VPO,,'? (VO),P,0,,'%% a-VOPO,,1* 14 o-VOPOQ,,13:1516 5.
VOPO,,!'2!7 and VOPO,-2H,0.1%12141820  The simple C, hy-
drocarbons butane and butene can be oxidized with air to maleic
anhydride over vanadium phosphate catalysts 3*-"21-25  The
consensus of these studies indicates that the best catalysts have
vanadium in the +4 oxidation state and a P/V ratio of approx-
imately 1. The pyrophosphate, (VO),P,0O;, is the only well-
characterized solid phase that has these values for vanadium
oxidation state and P/V ratio and it has been detected by X-ray
diffraction in active catalysts which exhibit high selectivities.
Catalyst precursors, usually identified as blue or green solids, 26730
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must also contain vanadium(IV) monophosphates but these have
not been thoroughly characterized even though results of some
X-ray, SEM, infrared, and chemical analyses on these precursors
have been reported,?*26:29-32

During earlier studies directed toward the synthesis of solid
materials with layered structures composed of alternating inorganic
and organic layers,**** we investigated the reactions of the va-
nadium phosphate VOPO, and its hydrates with neutral organic
donor ligands such as pyridine.?> Coordination intercalation
compounds in which the pyridine molecules were directly bound
to vanadium in the VOPO, layers were synthesized but under some
conditions reduction of V>* to V** along with oxidative coupling
of the organic ligand was observed. This redox chemistry of
VOPO,-2H,0 was studied in detail by using two different ap-
proaches. First, VOPO,2H,0 was reduced in aqueous suspension
with mild inorganic reducing agents. These reactions led to
intercalation compounds A,VOPO,nH,0, where A is a mono-
or divalent cation, in which the structural arrangement of the
VOPO, layers had been retained.’® Second, VOPO,.2H,0 was
reacted with a variety of organic compounds to study the fate of
the vanadium phosphate when reduced in a more complicated
process. The reactions led not to intercalation but to the formation
of a new layer structure vanadium(IV) hydrogen phosphate,
VO(HPO,)-0.5H,0, which is related to the catalysis used to
produce maleic anhydride from butene or butane ’~721-3237-41

In this paper we describe methods for the preparation of VO-
(HPO,)-0.5H,0, its structural, spectroscopic, and magnetic
properties, and its thermal transformation to vanadyl pyro-
phosphate, (VO),P,0,.

Synthesis and Characterization of Vanadium(IV) Hydrogen
Phosphate Hemihydrate. The results of exploratory experiments
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using VOPO,-2H,0 as an oxidizing agent for organic compounds
showed that 2-propanol could be oxidized to acetone at 120 °C
to yield a new vanadium(IV) hydrogen phosphate, VO(HPO,)-
0.5H,0. Attempts to carry out this reaction on a larger scale
in refluxing 2-propanol (bp 82.4 °C) failed because of the lower
reaction temperature. However, refluxing a suspension of
VOPO,2H,0 in 2-butanol (bp 98 °C) resulted in the production
of the same blue vanadium hydrogen phosphate solid phase ob-
served in the small scale experiments with 2-propanol at 120 °C
along with 2-butanone as the organic oxidation product.

The yield of VO(HPO,)-0.5H,0 (see below) varies from 57%
to 68%, with the remainder of the vanadium being transformed
into a yellow, acetone-soluble V>* compound. The amount of
2-butanone detected in the supernatant corresponds to the amount
of solid isolated according to

2VOPO,2H,0 + Et~-CHOH-Me —
2VO(HPO,)-0.5H,0 + Et-CO-Me + 3H,0

VO(HPO,)-0.5H,0 can be produced also by reaction of V,0s
with excess concentrated phosphoric acid in ethanolic solution.
The ethanol serves to reduce the V3* to V*#*, resulting in the
production of acetaldehyde diethyl acetal. This preparation is
more convenient because the need to prepare VOPO,-2H,0 (from
V,0s and H;PO,) is eliminated and the yield is quantitative. The
reaction in ethanol is slow but could probably be accelerated by
replacing the ethanol with a higher boiling homologue. The
synthesis from V,Ojs is similar to those reported in the patent
literature for the preparation of maleic anhydride catalyst pre-
cursors which employ isobutanol and solid H;PO,.*?¢3% The
product obtained by the H;PO,/EtOH method is blue-green while
that produced by the VOPO,-2H,0/2-butanol method is more
blue, but their compositions as determined by elemental analysis,
oxidation state titration, and infrared spectroscopy are identical.
The powder X-ray diffraction patterns are also very similar, with
the lines in the product produced by the V,05/H;PO,/EtOH
method being somewhat broader, indicating smaller crystallite
size. The powder X-ray diffraction pattern and infrared spectrum
demonstrate this to be the same compound reported as an
“optimum” maleic anhydride catalyst precursor.?®3!

The scanning electron micrographs shown in Figure 1 confirm
the difference in crystallite size. The product formed by the
VOPO,2H,0/2-butanol method is shown in Figure la. It is
composed of well-formed plate-like crystals of approximate size
3 X 0.2 um. The product from the V,05/H;PO,/EtOH method
has significantly smaller crystallites, less well-formed but still
plate-like, with size on the order of 0.5 X 0.08 um.

The vanadium hydrogen phosphate phase is formulated as
VO(HPO,)-0.5H,0 on the basis of the combined evidence of
elemental and thermogravimetric analysis, redox titrations, paper
chromatography, and infrared spectroscopy. Elemental analyses
give the stoichiometry H,VPOs s and redox titrations demonstrate
the average vanadium valence to be 4.00. The infrared spectrum
of VO(HPO,)-0.5H,0 and that of its fully deuterated analogue,
prepared as described in the Experimental Section, are displayed
in Figure 2. The bands for coordinated water at 3375 and 1642
cm! in the hydrogen compound are clearly distinguished. These
bands shift to 2525 and ~1200 cm™ after deuteration, though
the lower frequency band in the deuterated compound is masked
by the P-O stretching vibrations which occur in the 900-1200-cm™
range. The infrared data demonstrate the presence of coordinated
water in the compound. Comparison of the two spectra shows
the absence of the 1132-cm™! band of VO(HPO,)-0.5H,0 in its
deuterated analogue and a slight shift to higher frequency (~10
cm') of the 976-cm™ band. Such changes would not be expected
for a phosphate group that has no P-OH bonds, so they support
the formulation of the compound as a hydrogen phosphate.

Paper chromatography can distinguish between orthophosphates
and pyrophosphates or other more highly condensed phosphate
anions. The results of paper chromatography experiments showed
only orthophosphate was present in the compound.

The X-ray powder diffraction pattern of VO(HPO,)-0.5H,0
prepared by the VOPO,2H,0/2-butanol method is well resolved.
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i
Figure 1. SEM photomicrographs of VO(HPO,)-0.5H,0 prepared by
(a) the VOPO,2H,0/2-butanol method and (b) the V,05/H,PO,/
ethanol method. The bar in the lower right corresponds to 10 pum.
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Figure 2. Infrared spectrum of VO(HPQO,)-0.5H,0 (bottom) and its
deuterated analogue (top).

The pattern was indexed in the orthorhombic crystal system with
lattice constants a = 7.434 (2) A, b = 9.620 (2) A, and ¢ = 5.699
(1) A after least-squares refinement. The effects of preferred
orientation on the 001 line show the ¢ axis is normal to the major
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Table I. X-ray Powder Diffraction Data for VO(HPO,)-0.5H,0°

hkl deac dobsd 20054 Lobsd

110 5.8823 5.901 15.00 29
001 5.6990 5.719 15.48 100.0
020 4.8100 4818 18.40 2.0
101 4.5229 4,535 19.56 39.7
111 4.0931 4.099 21.66 5.0
021 3.6758 3.684 24,14 23.2
121 3.2950 3.300 27.00 32.2
201 3.1133 3.116 28.62 17.8
130 2.9444 2.944 30.34 34,6
220 2.9412

031 2.7946 2.796 31.98 10.4
102 2.6607 2.663 33.62 26.7
131 2.6159 2.615 34.26 6.8
221 2.6136

112 2.5645 2.567 34,92 5.1
022 2.4516 2.454 36.58 6.3
040 2.4050 2.405 37.36 3.7
310 2.3997

202 2.2614 2.263 39.80 6.4
231 2.2337 2.234 40.34 4,9
311 2.2116 2.212 40.76 1.7
032 2.1300 2.131 42.38 4.6
321 2.0547 2.055 44,02 3.6
132 2.0476 2.047 44.20 5.9
222 2.0465

330 1.9608 1.960 46.28 1.2
241 1.9033 1.903 47.74 7.1
013 1.8637 1.864 48.82 2.8
150 1.8626

331 1.8541 1.854 49,10 9.0
312 1.8355 1.836 49.62 7.8
113 1.8077 1.808 50.44 1.5

4Orthorhombic; possible space groups Pmmn and P2,mn; a = 7.434
(2) A, b =9620(2) A, and ¢ = 5.699 (1) &; A = 1.5405 A.

platelet face. The data are presented in Table I. The systematic
extinction for lines of the form Ak0 when 4 + k  2n indicates
that the possible space groups are Pmmn or P2,mn. The detailed
structure of VO(HPO,).0.5H,0 was deduced from a single-crystal
X-ray diffraction study*? on a crystal grown from aqueous solution.

Magnetization (M) data were obtained from VO(HPO,)-
0.5H,0 (prepared by the VOPO,-2H,0/2-butanol method) in
applied magnetic fields (H) of 0-7.8 kG. M(H) isotherms ob-
tained at several temperatures were linear in H above 3 kG:
M(H.T) = M(T) + x,(T)H, where x, is the gram magnetic
susceptibility and M, is the saturation magnetization arising from
ferromagnetic impurities. The values of M, obtained were
equivalent to the contribution of less than 20 molar ppm of fer-
romagnetic Fe metal impurities.

High-precision magnetic susceptibility data were obtained by
measuring the magnetization in a fixed H of 6.35 kG upon
sweeping the temperature at less than 1 K/min from 4 to 300 K.
The data were corrected for the small contribution from ferro-
magnetic impurities and are plotted in Figure 3. With increasing
temperature, x, first decreases rapidly but reaches a minimum
at T ~ 14 K, increases monotonically up to 53 K, then smoothly
decreases again with temperature up to 300 K, the maximum
temperature of the measurement.

The inverse gram susceptibility is plotted vs. temperature in
Figure 4. The data between 200 and 300 K are described very
well by a Curie-~Weiss behavior (cf. solid line in Figure 4): Xz
= Cy/(T - 6), where Cy; = 2.08 X 1073 cm?® K gm™! is the gram
Curie constant and 6 = -25.3 K is the Weiss temperature. The
upward curvature of the data below ~200 K in Figure 4 is due
to pairwise short-range antiferromagnetic ordering of the V4*
cations (see below), consistent with the negative sign of the Weiss
temperature. The initial decrease in  with increasing temperature
from 4 to 14 K probably reflects the presence of isolated para-
magnetic centers. The general features of the behavior of x(T)

(42) Leonowicz, M. E.; Johnson, J. W.; Brody, J. F.; Shannon, H.; New-
sam, J. M. J. Solid State Chem., in press.
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Figure 3. Gram magnetic susceptibility of VO(HPO,)-0.5H,0 vs. tem-
perature.
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Figure 4. Inverse gram magnetic susceptibility of VO(HPO,)-0.5H,0
vs. temperature.

are also exhibited by molecular V** dimers.4

Thermal Reactions of VO(HPO,)-0.5H,0. VO(HPO,)-0.5H,0
retains its water of hydration tenaciously. The weight loss in inert
atmosphere at a heating rate of 10 °C/min is displayed in Figure
5. The water is lost in one continuous step beginning at about
220 °C and with maximum slope at 450 °C. While most hydrated
transition-metal salts lose coordinated water in the temperature
range 100-200 °C, some layered vanadium oxide hydrates con-
taining V4* retain water of hydration up to 300 °C 4

A number of experiments were performed in which VO(HP-
04):0.5H,0 was heated in flowing He at temperatures varying
from 400 to 800 °C. The results of these experiments are
presented in Table II. In all cases, all lines in the X-ray powder
diffraction patterns of the products could be indexed as those
previously reported for vanadyl pyrophosphate, (VO),P,0,.
However, the crystallinity varied considerably, with samples
prepared at lower temperatures showing fewer, broader, and
weaker lines than samples prepared at higher temperatures. The
color of the product varied from grey-brown to grey-green. Results
of elemental analyses for vanadium and phosphorus agree well
with the formula (VO),P,0;, particularly for the more crystalline
samples. Table II lists the total weight loss observed upon heating
to give (VO),P,0,. Values range between 11% and 12.5%, ex-
cluding a single experiment carried out at lower temperature in

(43) Ginsberg, A. P.; Koubek, E.; Williams, H. J. Inorg. Chem. 1969, 5,
1656-1662. Syamal, A. Coord. Chem. Rev. 1975, 16, 309-339.

(44) Aldebert, P.; Baffier, N.; Gharbi, N.; Livage, J. Mater. Res. Bull.
1981, 16, 669-676.
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Figure 5. Thermogravimetric analysis of VO(HPO,)-0.5H,0 in flowing
He at 10 °C/min.

Table II. Thermal Decomposition of VO(HPO,)-0.5H,0 in Flowing
Helium

temp, °C time weight loss, %  crystallinity®
480° 16 h 11.10 1
412¢ 5 days 9,18 2
5304 3 days 12.09 2
610° 3 days 12,44 2
595 3 days 11.37 3
640°¢ 5 days 11.46 3
755 4 days 11.53 4
780%/ 3 days 12.23 4

10.48% weight loss calculated for
VO(HPO,)-0.5H,0 — (VO),P,0,

¢Crystallinity qualitatively ranked by sharpness of (VO),P,0, dif-
fraction pattern (4 is most crystalline). ®Prepared by VOPO,2H,0/
2-butanol method, other samples prepared by V,0s/H;PO,/EtOH
method. ¢ Atmosphere was He saturated with H,O at room tempera-
ture. 4Starting material was VO(DPO,)-0.5D,0. °Starting material
was the product of (c); weight loss is cumulative. /Elemental analysis
of product: 32.91% V, 20.58% P; calculated for V,P,0q: 33.10% V,
20.12% P.

the presence of water vapor and also cooled to ambient temper-
ature in water vapor.

The weight losses observed are slightly higher than the 10.48%
expected for the reaction 2VO(HPO,)-0.5H,0 — (VO),P,0, +
2H,0, possibly due to the presence of surface adsorbed water.
The presence of structural water or O—H groups in the product
is ruled out because the infrared spectrum of (VO),P,0, prepared
from VO(HPO,)-0.5H,0 (Figure 6) is identical with that of the
material prepared from the fully deuterated analogue.

The dehydration reacticn of VO(HPO,)-0.5H,0 to (VO),P,0,
occurs without altering the apparent size and shape of the indi-
vidual crystallites as shown in Figure 7. In Figure 7a is a scanning
electron micrograph of a sample prepared by the VOPO,
2H,0/2-butanol method and in Figure 7b the sample after it had
been heated to ~500 °C for about 1 h. There is no gross change
in crystallite size or morphology after the transformation from
VO(HP04)'05H20 to (V0)2P207

When VO(HPO,)-5H,0 is heated in oxygen, the vanadium is
oxidized from V#* to V3* during and after the loss of H,0. A
yellow compound of formula VOPO, is formed but its structure
depends on the temperature of the reaction. Two new polymorphs,
v- and 6-VOPO, can be formed by control of the conditions. These
will be described separately.

Discussion

The structure of VO(HPO,)-0.5H,0* is made up of vanadium
octahedra and phosphorus tetrahedra with connectivity VO-
(HzO)1!202};202}{3P(0H)02};201f'3 (Figurc 8) The vanadium
coordination sphere contains one multiply bound terminal oxygen

Johnson et al.
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Figure 6. Infrared spectrum of (VO),P,0,.
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Figure 7. SEM photomicrographs of (a) VO(HPO,)-0.5H,0 and (b)
(VO),P,0; produced from it. The bar in the lower right corresponds to
I pwm.

(V==0) trans to a coordinated water molecule. The coordinated
water molecule is shared between two nearest-neighbor vanadium
atoms. The oxygens in the equatorial positions of the vanadium
coordination sphere belong to HPO,> groups. The phosphorus
coordination sphere consists of an unshared -OH group directed
toward the interlayer space, two oxygen atoms coordinated to a
single vanadium, and one oxygen that is shared between two
vanadium atoms. The layers are held together in the ¢ direction
through strong hydrogen bonding between the coordinated water
molecules and the P-OH groups of adjacent layers. The strong
hydrogen-bonded network is reflected in the high temperature
required for water loss.
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Figure 8. VO(HPO,)-0.5H,0 structure as viewed along ¢. Stippled
atoms in the tetrahedra are hydroxyl oxygens and in the octahedra are
water oxygens.

Table ITI. Parameters Used To Fit the Gram Magnetic
Susceptibility Data for VO(HPQ,)+0.5H,0

Curie-Weiss fit
(220 < T < 300 K)

C=208x107cm’ K g

Bleaney-Bowers fit
(T<300K,eq 1)

Xo = -3 X 107 cm? g!

6=-253K C=40X%10%cm?K g!
C=212x100cm*K g!
= -30.6 cm™!
e = 1.72 pp

The interatomic distance between the V atoms in adjacent
face-sharing octahedra within the ab plane of Figure 8 is 3.10 A.
In contrast, all other V-V distances within the ab plane are 4.87
A or longer and the distance between the layers is 5.70 A. The
large difference between the nearest-neighbor and next-nearest-
neighbor V-V distances suggest that the magnetic properties
should exhibit behavior expected for isolated V, dimers. Assuming
that the exchange coupling within a V, dimer is isotropic (i.e.,
the coupling energy is —2J5,S,), the magnetic susceptibility for
an isolated dimer model containing two S = !/, cations with
isotropic g tensors is given by the Bleany-Bowers equation*6

c., 4c
T " TG + exp(-2J/kgT))

X=Xt 4y

where x, is a temperature-independent contribution, C'/ T is the
Curie-like contribution from isolated paramagnetic centers, C¢
is the Curie constant associated with the V, dimers, and kg is
Boltzmann's constant. In the limit of high temperatures (|2J/kg7)
<« 1), the last term in eq 1 reduces to x4 = C4/(T - 9), with §
= J/(2kg), as observed in Figure 4. At low temperatures, x¢ —
0 and exhibits a broad maximum near T ~ 26, as observed.

A quantitative fit of eq 1 to the data below 300 K was obtained
for reasonable values of the adjustable parameters x,, C, CY, and
J (Table III) and is shown in Figure 3 (solid curve). The con-
tributions of the V, dimers (dot-dashed curve) and the isolated
spins (dashed curve) are also shown in Figure 3. If the isolated
spins are assumed to be isolated V4* defects, then the ratio of
isolated to dimerized V** is C'//C! = 1.9% (cf. Table III). The
sum of C'and (Yis 2.16 X 1072 cm?® K gm™, close to the value

(45) Bordes, E.; Courtine, P.; Johnson, J. W. J. Solid State Chem. 1984,
55, 270-279.

(46) Bleaney, B.; Bowers, K. D. Proc. R. Soc. London, Ser. A 1952, A214,
451-465.
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Figure 9. (VO),P,0; structure as viewed along a.

of 2.08 X 1073 cm?® K gm™! obtained above from the fit of the
Curie-Weiss law to the high temperature data in Figure 4; the
8 value (=22 K) derived from J (8 = J/(2kg)) is also close to that
(=25.3 K) found from the Curie-Weiss fit. From C + CY, one
obtains the effective moment per V** ion g = 1.72 ug, almost
identical with the value 1.73 ug expected for a spin '/, ion with
g = 2. Finally, the (negative) value of xg in Table III is close
to the value computed for the diamagnetism of the ion cores (-3.4
X 10" cm®/gm). To sum up, the susceptibility data are consistent
with the structure of VO(HPO,)-0.5H,0 in which weakly ex-
change coupled (J = =31 cm™) vanadium dimers are effectively
isolated from each other. The magnetic data are closely similar
to previous results for several molecular VO?* dimer systems in
which J varies from =25 to =250 cm™.4?

The structure of the hemihydrate is closely related to that of
(VO),P,0,. The structure of the pyrophosphate has previously
been determined by single-crystal X-ray diffraction.” The unit
cell is orthorhombic with lattice constants @ = 7.725 A, b = 16.576
A, and ¢ =9.573 A. A view of the structure looking down a onto
the be plane is shown in Figure 9. The layers are joined together
through V—O=V and P—O—P bonds resulting in chains of
vanadium octahedra sharing opposite corners and pyrophosphate
(P,0,*) groups. The structure of VO(HPO,)-0.5H,0 in the ab
plane is topologically similar to that of (VO),P,0; in its bc plane
(see Figures 8 and 9). The change from face-shared to edge-shared
octahedra in converting the hemihydrate to the pyrophosphate
results in a small expansion of one axis (a = 7.434 A becomes
b/2 = 8.288 A) but the other in-plane dimension shows little
change (a = 9.620 A becomes ¢ = 9.573 A). The X-ray and
scanning electron microscopy data suggest that the transformation
is topotatic and occurs by condensation of the P-OH groups
between adjacent layers and elimination of the coordinated water
molecules. Transmission electron microscopy and electron dif-
fractjg)n confirm the proposed topotaxy of the dehydration reac-
tion.

Evidence for the formation of VO(HPO,)-0.5H,0 exists in the
literature but the compound has not been thoroughly characterized.
A maleic anhydride catalyst precursor prepared by an aqueous
precipitation method3! exhibits an X-ray powder diagram very
similar to our data for VO(HPO,)-0.5H,0 (Table I). Recent
patcnts26b use scanning electron microscopy to detail the mor-
phology of catalysts prepared from V,05 and H,PO, in alcoholic
medium. Finally, a recent publication reports both the IR and
X-ray pattern of VO(HPQO,)-0.5H,0 but misidentifies it as a
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pyrophosphate, (VO),P,0,:2H,0.%

The topotactic nature of the transformation from VO(HP-
04)-0.5H,0 to (VO),P,04, the active catalyst for the oxidation
of butane to maleic anhydride, explains the crucial role of precursor
morphology in determining catalyst performance which has been
previously noted.? By synthesizing VO(HPO,)-0.5H,0 in al-
coholic solvents under certain conditions,?® crystals with a
plate-like morphology having the (001) face exposed are formed.
The topotactic dehydration results in (VO),P,0, with the (020)
face of the resulting platelike crystallites being the major crystal
face exposed.

Experimental Section

Unless otherwise noted, all procedures were carried out in air.
Reagent grade V,0;s, 85% H;PO,, and 95% EtOH were used as received.
VOPO,2H,0 was prepared as described previously.!®35 2-Butanol
(Aldrich, 99%) showed no 2-butanone by GLC analyses. Vanadium
oxidation state measurements were performed by redox titrimetry, oxi-
dizing the sample with a known excess of Ce**, and titrating the mixture
with Fe?* to determine unreacted Ce** and total V3*, Powder X-ray
diffraction patterns were measured on a Siemens D-500 automated dif-
fractometer using monochromated Cu Ko radiation, with a 0.02° 26 step
every 5 s for an effective scan rate of 0.24° 26/min. An automatic
routine subtracted Cu Ko, peaks and provided integrated intensities.
Elemental analyses were performed by Galbraith Laboratories. FT-IR
spectra, run in KBr pellets, and scanning electron micrographs were
obtained from the ER&E Analytical and Information Division. Ther-
mogravimetric analyses were done using either a Du Pont thermal ana-
lyzer, Models 951 and 990, or an evacuable Fisher 260F microbalance
at a heating rate of 10 °C/min. GLC was done with a Hewlett-Packard
5840A with a Carbowax (10 ft., 10% on Chromasorb WHP) column at
90 °C and quantified by the standard addition method. Paper chroma-
tography was performed as described in the literature.#’ Samples were
dissolved in 0.02 M Na,EDTA, as were standards of NaH,POy4 and
Na,P,0;. Orthophosphate gave an Ry value of 0.76, pyrophosphate gave
0.50. Only orthophosphate was observed in VO(HPO,)-0.5H,0.
Magnetization measurements were carried out by using a modified
George Associates Faraday Magnetometer equipped with a Perkin-Elmer
AR-2 vacuum microbalance and a 4-in. Varian Electromagnet and con-
stant current supply. The sample used for magnetic measurements was
synthesized from highest purity commercially available starting materials.
The accuracies of the reported temperatures and susceptibilities are ~ 1
K and ~ 1%, respectively.

Reaction of VOPO,2H,0O with 2-Butanol. VOPO,2H,0O (8.00 g,
0.0404 mol) was refluxed with stirring in 2-butanol (160 mL) for 21 h.

After cooling, the resulting solid was filtered. 2-Butanone (0.010 g, 0.126
mol) was detected in the yellow filtrate. The solid was washed four times
with acetone (50 mL). The initial washings were orange. The resulting
light blue solid was dried in vacuo for 8 h to yield 4.74 g of VO(HP-
0,):0.5H,0 (0.0276 mol, 68.2%). Anal. [Found (Calcd)]: 28.59% V
(29.63), 18.19% P (18.02), 1.23% H (1.17).

Reaction of V,0s with H;PO, In Ethanol. V,0; (15.00 g, 0.0825 mol)
was refluxed with stirring in 95% EtOH (900 mL) containing H;PO,
(22.6 mL, 0.330 mol). During the reaction the suspension changed from
orange to olive-green to pale blue-green. After 11 days, the solid was
filtered from the clear supernatant, washed with acetone, and dried in
vacuo for 16 h to yield 28.46 g of VO(HPO,)-0.5H,0 (0.166 mol, 100%).
Anal. [Found (Caled)]: 29.39% V (29.63), 17.79% P (18.02), 1.31%
H(1.17).

Preparation of Deuterated Analogue. The reaction was set up in a
flowing N, drybox to prevent H/D exchange with atmospheric moisture.
The V,0; and the glassware were oven-dried at 150 °C before use. V,0s
(0.300 g, 1.65 mmol) was placed in a 25-mL flask with ethanol-dg (99%
D, 9.00 g), D,0 (0.50 g), and D,PO, (85% in D,0, 0.79 g, 6.65 mmol).
The flask was fitted with a stirring bar and reflux condenser topped by
a CaSOy-filled drying tube and removed from the drybox. The mixture
was refluxed with stirring for 11 days, cooled, and filtered. The resulting
blue solid was washed with D,O and dried at 60 °C in vacuo for 16 h
to yield 0.567 g of VO(DPO,):0.5D,0 (3.26 mmol, 98.8%).

Thermal Reactions of VO(HPO,)-0.5H,0. VO(HPO,)-0.5H,0O was
placed in an alumina boat inside a silica tube in an electric furnace.
Helium was passed through the tube while heating. The temperature
inside the tube was monitored with a thermocouple placed immediately
over the sample. The tube was purged overnight with helium before
heating began. Samples were weighed before and after reaction on an
analytical balance.
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Note Added in Proof. The crystal structure of VO(HPO,)-
0.5H,0 has recently been described.*®

Registry No. VOPO,2H,0, 12359-27-2; VO(HPO,)-0.5H,0,
93280-40-1; (VO),P,05, 58834-75-6; V,0;, 1314-62-1; 2-butanol, 78-
92.2,
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Abstract: Reaction of Al;Me¢ with ReH,P, and with ReH;P; (P = PMe,Ph and PMePh,) in benzene occurs with methane
elimination to give ReH,AlMe,P; and ReH,AlMe,P;, respectively. Each bimetallic compound is fluxional and shows evidence
for both bridging and terminal hydride ligands. The X-ray crystal structure of ReHgAlMe,(PMePh,), shows it to be based
on a ReH¢P, dodecahedron with AlMe, bound to two hydride ligands, forming a #2-H,AlMe, unit. Crystallographic data
(=162 °C): triclinic, PT with Z =2and a = 17.815 (8) A, b = 10.386 (4) A, c = 11.094 (4) A, « = 111.47 (2)°, 8 = 86.08
(2)°, v = 95.78 (2)°. The X-ray crystal structure of ReH;AlMe,(PMePh,); shows a ReH,P; pentagonal bipyramid (one
P axial and two equatorial) with AlMe, attached through thAree hydride ligands, one axial and two equatorial on Re, forming
a H;AlMe,2 unit. Crystallographic data (=164 °C): monoclinic, P2,/a with Z = 4 and a = 15.053 (4) A, b = 15.900 (4)
A, c=11.705(2) A, and 8 = 92.59 (1)°. Evidence for the mechanism of these reactions is presented, and the trend for aluminum

to achieve a coordination number greater than 4 is surveyed.

An open coordination site (i.e., a 16-valence electron configu-
ration) is thought to be a prerequisite for binding a donor substrate
to a metal complex. This being the case, we speculated that
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covalent attachment of an aluminum Lewis acid to a transition
metal (eq 1) might provide a bimetallic complex with unsaturation
at the main-group center which could provide a new means for
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