pushed too far because they were difficult to obtain and
do contain significant uncertainties. However, the
qualitative conclusions which could be drawn from this
type of analysis might lead to the reaction profiles
shown in Chart I

Chart I

Co(5-methylhexane -2,4-dionafe)3

TBP-ox TBP-eq SP-ax

Factors which could affect the relative energies of the
five-coordinate species are, as before, the relative elec-
tronegativities and r-accepting abilities of the two
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different ends of the bidentate ligands and, in addition,
the relative w-donating abilities and the changes in ring
strain in the six-membered chelate ring in its different
orientations about the central metal ion (diequatorial
vs. apicalequatorial, etc.). These are difficult to evaluate
at this time,

We have investigated the kinetics of stereoisomeriza-
tion of Co((+)-3-acetylcamphorate); where the chirality
of the ligands causes all four octahedral stereoisomers
to have different energies and allows us to make more
direct measurements of the 12 microscopic rate con-
stants than was possible in the above systems.® The
results are similar to those in Table II and our analysis
of their significance prompted, in part, the develop-
ment of the method reported here.

The scheme described in this paper should be helpful
in unifying and understanding the mechanistic results of
many substitution and isomerization reactions of octa-
hedral compounds which react via five-coordinate
species. The same technique could be applied for other
modes of five-coordinate rearrangement if it becomes
apparent that processes other than the BPR are operable.
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Stereochemical nonrigidity has been investigated for a class of eight-coordinate transition metal hy-
Ten hydrides of the form H.ML, were prepared with L tertiary phosphines, a bidentate phosphine, and a

phosphonite for molybdenum(IV) and tungsten(IV) by reaction of NaBH, or LiAlH, with L,MCl, and excess L.

Limiting fast- and slow-exchange nmr spectra were observed for eight of these hydrides.
are relatively high (AG* = 12-16 kcal mol~!), with those for the tungsten set uniformly the higher.
of one hydride, HsMo[P(C¢H,);CH;]);, was determined by single-crystal X-ray analysis.

Rearrangement barriers
The structure
Crystals are monoclinic,

space group P2,/c, with cell dimensions of a = 12.174 (4) A, b =22057T(9A,c=19.642(11) A, and 8 = 119.68

(4)° with four molecules per cell.

Structure refinement by least squares led to a conventional R of 0.071. The

H4MP, framework is a dodecahedron with triangular faces; the hydrogen and the phosphorus atoms are at the A

and B sites, respectively (i.e., vertices of elongated and flattened tetrahedra, respectively).

The implications of the

structural information with regard to the rearrangement process and a comparison with similar processes in HML,
and H.ML, complexes are discussed.  Studies of two nine-coordinate hydrides, HeWL,, are also presented.

Magnetic equivalence of ligand nuclei in eight-
coordinate complexes has been a general obser-
vation.'=® In some instances, the magnetic equiva-

(1) E. L. Muetterties, Inorg. Chem., 4, 769 (1965).

(2) E. L. Muetterties and C. M. Wright, Quart. Rev., Chem. Soc.,
21, 109 (1967).

(3) E. L. Muetterties, Accounts Chem. Res., 3, 266 (1970); Rec.
Chem. Progr., 31, 51 (1970).

(4) 1. Chatt and R, S. Coffey, J. Chem. Soc. A, 1963 (1969).

(5) P. G. Douglas and B. L. Shaw, ibid., 334 (1970),

lence has been ascribed to a rapid intramolecular re-
arrangement, and various stylized mechanisms have
been considered.~* Preliminary nmr studies™® of
eight-coordinate complexes of the type HML, (M =

(6) M, Freni, R. Demichelis, and D. Giusto, J. Inorg. Nucl, Chem.,
29,1433 (1967).

(7) 1. P. Jesson, E. L. Muetterties, and P. Meakin, J. Amer, Chem,
Soc., 93, 5261 (1971).

(8) B. Bell, J. Chatt, G. J. Leigh, and T. Ito, J. Chem. Soc., Chem.
Commun., 34 (1972),
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Mo or W, and L is a phosphine ligand) indicated that
complexes of this type are rigid on the nmr time scale at
or just below room temperature. As the temperature
is raised the nmr spectra undergo line shape changes
characteristic of an intramolecular mutual exchange
process and eventually a limiting high-temperature
spectrum is obtained in which all the protons are in
effect equally coupled to all of the *'P nuclei.

In this paper, we describe the preparation of a series
of H{ML, complexes including a number of new mem-
bers in the series, the hydride nmr spectral changes with
temperature, the crystal structure of a representative
member in the series, H.Mo[P(C¢H;),CH:}s, and pos-
sible mechanisms for the intramolecular rearrangement
processes in these hydrides. The preparation and nmr
studies of two nine-coordinate hydrides (H¢ML;) are
also reported.

Experimental Section

A. Synthetic. General Preparative Procedures. Reagent grade
metal chlorides were used without further purification. All sol-
vents were dried over neutral grade alumina or a molecular sieve
and thoroughly degassed prior to use. Since most of the hydride
complexes or the intermediates to the hydrides react with moisture
and atmospheric oxygen, the majority of the reactions were run
under rigorously oxygen-free conditions using a Vacuum Atmo-
spheres Corporation Dri-Lab.

Preparation of the L,MCl; Complexes. In a dry nitrogen atmo-
sphere 0.021 mol of phosphorus ligand was added to 100 ml of dry,
nitrogen-saturated methylene chloride with stirring.® Bis(acetoni-
trile)molybdenum or -tungsten tetrachloride (0.01 mol) (prepared by
the reaction of acetonitrile with MoCl; or WCl;)¥® was added with
stirring continued for 1 hr.  About 350 ml of petroleum ether (bp
38-50°) was added slowly to precipitate solids or oils. The solids
were washed with an additional 400 ml of petroleum ether and then
dried in vacuo for 15 min. When the addition of petroleum ether
gave an oil, the petroleum ether was decanted, and an additional 50
ml of fresh petroleum ether was added and the flask was scratched.
Another 200 ml of petroleum ether was added, and agitation was
continued until solids precipitated. Finally, these solids were
washed with 400 ml of petroleum ether and dried in vacuo for 15
min. The L:MCl, complexes were not characterized before use in
subsequent stages in the synthesis of the H;ML, complexes. An
infrared spectrum was run to determine that there was no coordi-
nated acetonitrile,

Tetrakis(diethoxyphenylphosphine)molybdenum Tetrahydride.
Diethoxyphenylphosphine (2.77 g, 0.014 mol) and sodium boro-
hydride (1.89 g, 0.05 mol) were slurried in 80 ml of dry, hydrogen-
saturated ethanol. Bis(diethoxyphenylphosphine)molybdenum tet-
rachloride (3.80 g, 0.006 mol) was slowly added in portions over a
10-min period while hydrogen gas was passed over the surface of
the reaction mixture. After the addition was complete, the reaction
was stirred for 16 hr at 25° with a hydrogen atmosphere? maintained.
The deep yellow reaction mixture was then evaporated to dryness
in vacuo at 25°. The resulting solid was dissolved in 250 ml of
toluene, and the solution was evaporated to an oil on a Rinco evap-
orator. Methanol (150 ml) was added to the oil and the mixture
then cooled to —40°,  Yellow solids formed, and these were sepa-
rated by filtration. Recrystallization was twice effected by dissolu-
tion of the solid in 10-15 ml of toluene, filtration, and methanol
addition (100 ml) to the filtrate. In the final stage, the yellow crys-
tals, which precipitated after cooling to —40° for 3 days, were col-
lected and dried in vacuo for 4 hr at 50°. Yields varied between
0.50 and 1.5 g. In the infrared spectrum there were two bands at
1751 and 1818 cm~! probably associated with Mo—H vibrations.

Anal. Caled for CiHe:OsPsMo: C, 53.81; H, 7.22. Found:
C, 53.98; H, 6.88.

Tetrakis(diethoxyphenylphosphine)tungsten Tetrahydride. Di-
ethoxyphenylphosphine (5.15 g, 0.26 mol) and sodium borohydride

(9) Solutions of the tetrahydrides themselves are stable in a nitrogen
atmosphere. However, in some cases the yields were not high when the
reaction was carried out under nitrogen. Accordingly an argon or
hydrogen atmosphere was used.

(10) F. A. Allen, B. J. Brisdon, and G. W, A, Fowles, J. Chem. Soc.,
4531 (1964).

(3.40 g, 0.09 mol) were slurried in 150 ml of dry, hydrogen-saturated
ethanol. While maintaining the temperature at 25°, bis(diethoxy-
phenylphosphine)tungsten tetrachloride (8.80 g, 0.012 mol) was
added in small portions over a 10-min period. The reaction mix-
ture was stirred for 4 hr maintaining a hydrogen atmosphere?® and
then evaporated to dryness in vacuo at 25°. The residual gummy
solid was dissolved in 200 ml of toluene, the slurry filtered, and the
filtrate evaporated to an oil on a Rinco evaporator. Methanol
(100 ml) was added to the oil. Cooling to —40° for 20 hr gave
crystals which were separated by filtration, The crystals were
dissolved in 15 ml of toluene, and 100 ml of methanol was added to
the filtrate. After cooling for 4 hr at —40°, yellow crystals were
collected and dried in vacuo at 25° for 48 hr (yield, 1.5 g). The
infrared (Nujol mull) had W-H bands at 1808 and 1886 cm™!,

Anal, Caled for CioHgOsPsW: C, 48.99; H, 6.57. Found:
C,48.44; H, 6.74.

Tetrakis(ethyldiphenylphosphine)tungsten Tetrahydride. The
reaction was run in a nitrogen-free argon atmosphere;® purification
was done in a nitrogen atmosphere, Ethyldiphenylphosphine (6.41
g, 0.029 mol) was dissolved in 200 ml of dry, argon-saturated te-
trahydrofuran. Bis(ethyldiphenylphosphine)tungsten tetrachloride
(10.27 g, 0.014 mol) was added, and the mixture was stirred at 25°
for 15 min. Lithium aluminum hydride (3.0 g, 0.08 mol) was added
slowly in portions; when the addition was complete, the mixture
was stirred 1 additional hr, Distilled water (10 ml) was added drop-
wise to the mixture causing gas evolution and a color change from
red-yellow to chrome yellow. The mixture was filtered and the
filtrate evaporated in vacuo to a gummy deep yellow oil which was
extracted with 600 ml of refluxing petroleum ether (bp 38-50°).
The filtered extracts were evaporated on a Rinco evaporator to a
yellow oil, and solidification took place in 6 days. The solid was
dissolved in 100 ml of petroleum ether, the solution was filtered,
evaporated to 50 % of its original volume, and then cooled to —40°
for 1 day. Yellow crystals were separated by filtration and dried
in vacio for 24 hr at 25° (yield, 1.1 g). The infrared (Nujol mull)
showed W-H bands at 1820 and 1875 cm™1,

Anal, Caled for CseHgPsW: C, 64.73; H, 6.17.
C, 64.55; H,6.32.

Tetrakis(methyldiphenylphosphine)molybdenum Tetrahydride,!!
The reaction was run in either argon or helium;? the product
was worked up in a nitrogen atmosphere, Methyldiphenyl-
phosphine (1.20 g, 0.0059 mol) and sodium borohydride (0.80
g, 0.02 mol) were slurried in 30 ml of dry argon-saturated
ethanol. Bis(methyldiphenylphosphine)molybdenum tetrachloride
was added over a 10-min period. After stirring the reaction mix-
ture an additional 50 min, a yellow precipitate was separated by
filtration. The yellow solids were twice slurried in 20 ml of argon-
saturated methanol and recovered by filtration. Crude yield after
drying in vacuo was 1.23 g. The yellow solids were dissolved in
benzene (20 ml), and then methanol (30 ml) was slowly added drop-
wise to the filtered solution giving a precipitate of yellow crystals.
The infrared spectrum showed Mo-H bands at 1714 and 1800 cm~—1.

Anal. Caled for CHs;¢P:Mo: C, 69.3; H, 6.27. Found: C,
69.2; H, 6.32.

Tetrakis(triethylphosphine)molybdenum Tetrahydride. The re-
action was run in a hydrogen atmosphere;? purification can be done
in a nitrogen atmosphere, Triethylphosphine (2.6 g, 0.022 mol)
and sodium borohydride (3.0 g, 0.08 mol) were added to 80 ml of
dry, hydrogen-saturated ethanol. After cooling to 0°, bis(tri-
ethylphosphine)molybdenum tetrachloride (4.74 g, 0.01 mol) was
added over a 10-min period; the reaction mixture was stirred for 1
hr at 25° and for 15 min at 50°. The brown mixture was evaporated
to dryness in vacuo at 25°. Residual brown solids were then dis-
solved in 250 ml of toluene; the solution was filtered and evaporated
to dryness. The resulting brown oil was recrystallized three times
by dissolution in a minimum amount of petroleum ether (25-50 ml)
and methanol addition (50-75 ml) to the point of incipient precipi-
tation. After cooling to —40° for 2 hr, the off-white crystals were
separated by filtration. The crystals were dried in vacuo at 25° for
48 hr to yield 1.5 g of the desired compound. The infrared spec-
trum showed Mo-H bands at 1712 and 1808 cm—1.

Anal. Caled for C::HgsPsMo: C, 50.34; H, 11.26.
C,50.53; H, 11.25.

Tetrakis(ethyldiphenylphosphine)molybdenum Tetrahydride. In
a nitrogen-free argon atmosphere,® tetrachlorobis(ethyldiphenyl-
phosphine)molybdenum (6.66 g, 0.01 mol) was added slowly over a
10-min period to ethanol (120 ml) containing ethyldiphenylphos-

Found:

Found:

(11) F, Pennella, Chem. Commun., 158 (1971).
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phine (4.50 g, 0.021 mol) and sodium borohydride (3.02 g, 0.08 mol).
After stirring at room temperature for 1 hr, the red-yellow solution
was filtered and the filtrate evaporated to 60 ml. An equal volume
of petroleum ether (bp 38-50°) was slowly added while vigorously
scratching the walls of the flask; the flask was cooled to —40° over-
night. The resulting yellow crystals were separated by filtration
and dissolved in 25 ml of toluene (25°). Petroleum ether was
slowly added to the solution as the side walls were scratched to in-
duce crystallization. After cooling to —40°, the crystals were
separated and dried ix vacuo at 25° for 20 hr (yield, 1.51 g of yellow
crystals), The infrared spectrum (Nujol mull) showed bands at
1782, 1818s; 1835,1848 wem—1L,

Anal. Caled for Cs;eHgPiMo:
C, 70.51; H, 6.85.

Tetrakis(dimethylphenylphosphine)tungsten Tetrahydride. Bis-
(dimethylphenylphosphine)tungsten tetrachloride (6.02 g, 0.01 mol)
and dimethylphenylphosphine (3.04 g, 0.022 mol) were added to
150 ml of dry argon-saturated tetrahydrofuran.® Lithium alu-
minum hydride (2.0 g, 0.05 mol) was mixed with 200 ml of tetra-
hydrofuran, the slurry was filtered, and the filtrate was added to the
reaction mixture. This mixture was stirred at 25° for 2 hr, and
after cooling to room temperature, it was filtered, and the filtrate
was evaporated in vacuo, The resulting deep yellow oil was washed
with 400 ml of petroleum ether to remove any excess dimethyl-
phenylphosphine. Tetrahydrofuran (75 ml) was added to the re-
maining oil and 1-2 ml of water was carefully added dropwise with
stirring. After gas evolution ceased, the mixture was evaporated
to dryness on a Rinco evaporator to give a deep yellow oil. This
oil was a mixture of hydrides including the desired tetrahydride.
The latter was never obtained in pure form but was adequately
characterized by 3!P and 'H nmr data. Dissolution of the oil in 50
ml of petroleum ether followed by filtration, evaporation to 50 % of
the initial volume, and cooling to —40° for 20 hr yielded 1.0 g of
crystals. The infrared spectrum (Nujol mull) showed W-H stretch-
ing bands at 1760 and 1820 cm~1, and the nmr data suggested that
the compound was [(CeH ;(CH;).P];WH (vide infra).

Anal, Caled for CoyH3P;W: C, 47.69; H, 6.50. Found: C,
47.80; H, 6.53.

Tetrakis(methyldiphenylphosphine)tungsten Tetrahydride. Bis-
(methyldiphenylphosphine)tungsten tetrachloride (7.26 g, 0.01 mol)
and methyldiphenylphosphine (4.40 g, 0.022 mol) were added to 150
ml of dry, nitrogen-saturated ethanol in a nitrogen atmosphere for
10 min. To this mixture was added sodium borohydride (3.02 g,
0.08 mol), and after stirring for 20 hr at room temperature, it was
cooled to —40° for 2 hr. Yellow solids (4.4 g) were separated by
filtration and recrystallized by dissolution in a minimum (200 ml) of
warm benzene followed by 80-909] evaporation of the filtrate on a
Rinco evaporator. Ethanol (200 ml) was slowly added to the con-
centrate while the sides of the vessel were scratched to induce crys-
tallization, Yellow crystals were separated by filtration and dried
invacuo at 25° for 4 hr (yield, 1.4 g). The infrared spectrum showed
W-H bands at 1780 and 1820 cm™L,

Anal, Caled for C;H;¢PsW: C, 63.16; H, 5.70. Found: C,
63.12; H, 5.83.

Bis[1,2-bis(diphenylphosphino)ethanejmolybdenum Tetrahydride.
In a dry nitrogen atmosphere, [1,2-bis(diphenylphosphino)ethane}-
molybdenum tetrachloride (6.80 g, 0.01 mol) and 1,2-bis(diphenyl-
phosphino)ethane (4.78 g, 0.012 mol) were added to 150 ml of dry,
nitrogen-saturated ethanol. After stirring for 30 min at 50°, so-
dium borohydride (3.0 g, 0.08 mol) was added over a 5-min period.
Refluxing conditions were established for an additional 30 min, the
reaction was cooled slowly to room temperature, and the solid which
had precipitated was separated by filtration. This yellow solid was
twice recrystallized by dissolution in benzene at 50° and addition of
200 ml of ethanol. The resulting yellow crystals were dried in vacuo
at 25° for 5 hr (yield, 1.5 g). The infrared spectrum showed W-H
bands at 1750 and 1830 cm—1.

Anal. Caled for CHP:Mo:
69.80; H, 5.88.

Bis[1,2-bis(diphenylphosphino)ethane]tungsten Tetrahydride, The
reaction was run in a nitrogen-free argon.box;? however, the work-
up may be done under nitrogen. A slurry of [1,2-bis(diphenylphos-
phino)ethanejtungsten tetrachloride (3:62 g, 0.005 mol) and 1,2-bis-
(diphenylphosphino)ethane ¢2.39 g, 0.006 mol) in 300 ml of argon-
saturated ethanol was stirred at room temperature for 10 min,
After heating the reaction mixture to 50°, sodium borohydride (0.04
mol, 1.51 g) was added in portions over a 5-min period. On com-
pletion of the addition, yellow solids began to form. The reaction
was then refluxed for 2 hr and cooled, and the yellow solids were sep-
arated by filtration. The solids were twice recrystallized by dissolu-

C, 70.28; H, 6,74. Found:

C,69.64; H,5.84. Found: C,
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Figure 1.

The molecular structure of HiMo[P(CsH;).CH]:.

tion in benzene at 50° followed by slow ethanol addition (175 ml).
Cooling to —40° produced yellow crystals which were separated
and dried in vacuo at 25°, Yields varied between 0.60 and 1.1 g.
The infrared spectrum (Nujol mull) showed W-H bands at 1790
and 1850 cm~1,

Anal, Calcd for CxHgPsW: C, 63.42; H, 5.32. Found: C,
64.09; H, 5.54.
B. X-Ray. The crystal structure of MoH[P(CsH;)-CH;}, was

determined to establish the molecular geometry in the solid state.
Crystals are monoclinic, space group P2/c, with cell dimensions of
a= 12174 (4 A, b = 22057 D A, c = 19.642 (11) A, and 8 =
119.68 (4)°. There are four molecules per cell, and hence there is
no space group imposed molecular symmetry. The calculated
density is 1.31 g/cm?; no suitable solvent system could be found to
obtain an experimental value of the density. About 4950 reflec-
tions were measured on a Picker four-circle automatic diffractom-
eter. The structure was solved by heavy-atom techniques and
refined by full-matrix least squares to a conventional R of 0.071
for 3670 observed reflections. All of the hydrogen atoms were
located, and the hydride hydrogen positions were refined.

C. Nmr. Nmrsamples were prepared in a nitrogen atmosphere
(Vacuum Atmospheres Dri-Lab; less than 2 ppm O.) using deoxy-
genated solvents except for those samples in which chlorodifluoro-
methane was the solvent. Variable temperature proton nmr spec-
tra were recorded using a Bruker HFX-90 and Varian HR-220 spec-
trometers. The 3!P spectra (36.43 MHz) were measured with and
without proton noise decoupling using the Bruker spectrometer.
The 3P samples were run in 10-mm tubes with 3-mm coaxial capil-
laries containing hexafluorobenzene or 1,2-dibromotetrafluoro-
ethane for field-frequency stabilization. Temperatures for the
spectra taken on the HR-220 were measured either by observing the
chemical shift separation in methanol or ethylene glycol samples
run before and after each trace or by means of a thermometer which
fits inside the spinning nmr tube. For the HFX-90, temperatures
were measured by means of a copper—constantan thermocouple
located just beneath the sample tube and were calibrated using a
similar thermocouple held coaxially in the spinning sample tube
partially filled with solvent.

Results and Discussion

The Solid-State Molecular Structure of HiMo[P-
(C¢H;);:CH;],. The molecular structure of Hi;Mo-
[P(C¢H;).CH],, illustrated in Figure 1, has a metal-
ligand coordination sphere that is essentially a Dy
(42m) dodecahedron, with triangular faces, character-
ized by interpenetrating tetrahedra with hydrogen
atoms forming an elongated tetrahedron (A sites!?) and
phosphine ligands a flattened tetrahedron (B sites!?);
both share a common idealized S,(4) axis which passes
through the Mo atom and the H(1)-H(2) and H(3)-
H(4) midpoints. This stereochemistry in dodeca-
hedral geometry is that predicted by the Hoard-

(12) J.L.Hoard and 1. V. Silverton, Inorg. Chem., 2,235 (1963).
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Figure 2. Temperature-dependent hydride region 'H 90-MHz
nmr spectra of H,Mo[P(C:Hj)s]: in toluene-ds.

Silverton rules.'? An alternative characterization of
the dodecahedron is by the orthogonally equivalent
trapezoids [P(1)H(1)H(2)P(3) and P(2)H(3)H(4)P(4)]
with an observed dihedral angle of 88.7° between the
trapezoids (average atomic deviation 0.03 A). This
clearly differentiates the coordination polyhedron from
the square antiprism, the other common coordination
polyhedron in eight-coordination, since an angle of
79.4° is the limit for a regular antiprism.'®* In Figure I,
the view is in the direction of what would be the 8
axis of a square antiprism, assuming equivalent ligands.
The atomic coordinates of the atoms in the inner co-
ordination sphere are listed in Table 1.

Table I. Positions of the HMP, Atoms in

HqMO[P(CeHa)zCHS]da
Mo X y z
Mo 0.2729 0.0151 0.2522
P(1) 0.0572 —0.0233 0.1838
P(2) 0.2073 0.1227 0.2491
P(3) 0.4631 0.0289 0.2356
P(4) 0.3537 —0.0747 0.3343
H(1) 0.220 0.019 0.315
H(2) 0.371 0.045 0.348
H®3) 0.213 0.027 0.155
H®4) 0.279 —0.040 0.198

« Coordinates are in fractions of the cell edges.

_Although the overall symmetry is idealized Dy,-
(42m), the molecular symmetry is more precisely

(13) S. J. Lippard and B. J. Russ, Inorg. Chem., 7, 1686 (1968);
11, 1446 (1972).

Figure 3, Temperature-dependent hydride region *H 90-MHz nmr
spectrum of Hy;W[PCgH;(CH;)]s in toluene-ds.

Cy(2); the twofold axis maintained in the crystal is one
of the dihedral twofold axes of the idealized dodeca-
hedron (the view direction of Figure 1). There are two
types of Mo-P distances with 2.433 (2) A for Mo-P-
(1) (Mo-P(4)) and 2.503 (3) A for Mo-P(2) (Mo-P(3));
the average Mo-H distance is 1.70 (3) A. The average
H(1)-Mo-H(2) and P(1)-Mo-P(3) angles are 60.7 and
142.8°, respectively, giving dodecahedral shape param-
eters!? of 30.3° for §5(H) and 71.4° for 6z(P). These
data are typical®!415 of dodecahedral geometries even
though there are no close comparisons for eight-coor-
dinate complexes with either hydride or phosphine
ligands. It is difficult to predict what an Mo-P single
bond distance should be, but the data here are in rea-
sonable agreement with 2.48 A calculated from radii of
1.38 A for Mo(IV)!¢ and 1.10 A for P. The Mo-H dis-
tances (1.70 (3) A average) are in the range of other ob-
served distances,'® and a value of 1.8 A was estimated
for the Mo-H distance in MoH(w-CsH:)P(CHj),-
(CO).. 7 ~

The solid-state distortions from Ds(42m) symmetry
are significant at least in a statistical sense. These
deviations from the idealized symmetry, which prob-
ably prevails for the molecule in solution, may result

(14) S. 1. Lippard, Progr. Inorg, Chem., 8, 10 (1967).

(15) R.V. Parish, Coord. Chem. Rev., 1, 439 (1966). )

(16) B. A. Frenz and J. A, Ibers in “Transition Metal Hydrides,”
E. L. Muetterties, Ed., Marcel Dekker, New York, N. Y., p 42,

(17 R. 1. Doedens and L. F. Dahl, J. Amer. Chem. Soc., 87, 2576
(1965).
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Table I. Nmr Parameters for Some Eight-Coordinate Tetrahydrides at Room Temperature

Complex ZJap® om’ ép° Solvent Jaw
HqW[P(CsH‘:,)gCngq 127 1.82 Tolueﬂe'da
H,W[PCH;(OC,Hj;).]4 124 3.51 Toluene-d; 31
H WI[(CeH5):PCH,CH,P(CsH; ]2 114 10.74 Chlorobenzene
HW[PCH;(CHj3)s]. 126 2.82 Toluene-ds 30
H,W[P(CeH;).CH,]« 123 1.78 Toluene-ds
H,Mo[P(C:Hy)sls 137 5.57 Toluene-ds
H,Mo[(CeH )% PCH;CH,P(CsH):L: 119 10. 844 Chlorobenzene
HMo[P(CeH;):CHj]s 136 2.15 Toluene-ds
H.Mo[PC¢H:(OC:Hj;).]s 127 3.44 Toluene-ds

127¢ 2.48¢ 192.4¢ Methylene

chloride

H,Mo[P(C¢H;).CH;]. 131 2.10 Toluene-ds
131 2.48¢ 37.9¢ Methylene

chloride

e Jap; + Juip, + Jups + Jape.  © Parts per million upfield from TMS. ¢ Parts per million upfield from 85%, H;PQ.. ¢ Parts per million

upfield from chlorobenzene, ¢0°,

from the usual packing effects which are mainly intra-
molecular in origin. In point of fact, all four hydride
hydrogens have short contacts (2.20-2.32 A) involving
benzene hydrogen atoms.

The 'H and 3'P Nmr Results for H.ML; Complexes.
In the low-temperature limit hydride region proton nmr
spectrum of three of the five molybdenum tetrahydrides
and all five tungsten tetrahydrides reported in this work,
there is a symmetric pattern with two sharp outer lines
and a broad central region attributed to the overlapping
of many individual lines; see Figures 2, 3, and 4 and
Figure 1 in ref 7 and 8. The two exceptional molyb-
denum complexes are discussed below. In the four
cases where the low-temperature limit spectra have been
recorded at both 90 and 220 MHz, the spectra are in-
distinguishable at these two frequencies. In addition,
the low-temperature limit 3'P nmr spectrum of H,;Mo-
[P(C¢H;).CH:), in which the ligand protons have been
selectively decoupled consists of a symmetric pattern
with two distinct outer lines (Figure 2 of ref 7). The
symmetry of both the 'H and %!P spectra and the in-
variance of the 'H spectra to the magnetic field indicate
that in the solution structure of these complexes the
hydride hydrogens and the ligand phosphorus atoms are
chemically but not magnetically equivalent.

As the temperature is raised from the low-tempera-
ture limit, the shapes of the complex central parts of
both the 'H and 3'P spectra begin to change and event-
ually sharpen into the central three lines of a binomial
quintet (Figures 2, 3, and 4, Figures 1 and 2 of ref 7 and
Figure 1, of ref 8). The two outer lines remain sharp at
all temperatures, a feature characteristic of intramo-
lecular mutual exchange processes in systems of this
type.'®1® Since only the two outer lines out of the
very many lines composing the spectrum are well re-
solved, unambiguous analysis of the low-temperature
limit spectra is difficult. Chemical shifts and the sum
of the H-P coupling constants are the only parameters
that can be rigorously derived (Table II). In the hy-
dride region of the proton nmr spectra of two of the
tungsten complexes (H,W[PC¢H;(CH:);): and H,W-
[PCsHs(OC:H;),]s (Figures 3 and 4)) the satellite lines
corresponding to the 14.4%] of molecules containing
55W could be clearly seen and the 'H-83W coupling

(18) F. N. Tebbe, P. Meakin, J. P, Jesson, and E. L. Muetterties,
ibid., 92, 1068 (1970).

(19) P, Meakin, J. P. Jesson, D, H, Gerlach, F. N, Tebbe, L. J. Gug-
genberger, W, G, Peet, and E. L. Muetterties, ibid., 92, 3482 (1970).

-13¢

-34

Figure 4. Temperature-dependent hydride region 'H 90-MHz nmr
spectra of H,W[PC¢H;(OC:H;):]s in toluene-ds. The satellite lines
arising from coupling of the hydride protons to #:W (14.4%
natural abundance, I = /) can be clearly seen in the high-tempera-
ture limit spectra,

constants measured; the values are 31 and 30 Hz, re-
spectively.

A quantitative determination of the exchange rates
and mechanistic information cannot be obtained from
the temperature dependence of the nmr line shapes in
the absence of an analysis of the limiting slow-exchange
spectra. Even if the latter were achieved, it is doubtful
whether a complete density matrix line shape calcula-
tion? could be carried out even for a highly symmetric
eight-spin system. There are 4! X 4! = 576 possible
permutations which convert a labeled H,ML, molecule
into all possible labeled molecules with the same con-
figuration (the product of all permutations of the hy-
drogens among themselves and all permutations of the
ligands L among themselves). Decomposition of the
group of all possible permutations of order 576 into

(20) P. Meakin, E. L, Muetterties, F. N, Tebbe, and J. P. Jesson, ibid.,
93,4701 (1971), and references therein.
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double cosets with respect to the eight permutations
which form a representation of the molecular symmetry
group D,, indicate that there are 20 permutational sub-
classes (or basic permutational sets)® including the
identity set. Thus there are 20 different possible types
of temperature dependence for the nmr line shapes in-
cluding invariance to temperature change. Some of
these 20 possibilities can be excluded as being solely
responsible for the observed line shape effects because
they do not average all of the H-P coupling constants
and therefore do not lead to a calculated high-tempera-
ture limit hydride region 'H nmr spectrum consisting
of a binomial quintet. Even so we are left with a large
number of basic permutational mechanisms which are
by themselves consistent with the high-temperature
limit spectra. Because of this large number of possibil-
ties it is doubtful if a unique basic permutational mech-
anism could be picked out as being the only one con-
sistent with the observed spectra. The situation is even
further complicated by the fact that all linear combina-
tions of the basic permutational mechanisms must also
be considered? and at least several hundred such com-
binations would have to be tried. If the exchange pro-
cess consists of two steps—(a) a fast averaging of the
effective high-resolution nmr Hamiltonian to T, sym-
metry on the nmr time scale even at low temperatures
and (b) a slower process responsible for the observed
nmr line shape effects near room temperature—the line
shape analysis can be carried out as if the H,ML, com-
plexes had 7, symmetry. In this case there are only
five basic permutational sets’ (including the identity),
and the chances of obtaining mechanistic information
from the nmr line shapes would be much improved, pro-
vided the density matrix calculations could be carried
out.? A crude estimate of the free energies of activa-
tion can be made by estimating the exchange rate from
the appearance of the spectrum at some chosen tem-
perature and calculating the free energy of activation,
AG®, from the Eyring equation

R(T) = K(KT/h)e=26%/RT )

where R(T) is the exchange rate at temperature 7 and K
is the transmission coefficient, assumed to have the
value K = 1. Using this approach, the results shown
in Table III were obtained. It should be noted that if

Table III.  Estimated Free Energies of Activation for the Mutual
' Exchange Process in Some Eight-Coordinate Tetrahydrides
Esti-
mated AGT,
Temp, rate, keal

Complex °C sec”!  mol~! Solvent
H,W[P(CeH),C,H;]; 28 200 14.5  Toluene-ds
H.W[PCH;(OC.H>):l4 7 50 14,0 Toluene-ds
H4W[(C5H5)2PCH2CH2- 60 100 16.5 Chlorobenzene

P(CeHj):l

H4W[PC5H;(CH3)2]4 28 100 15.0 Toluene-ds
HAW{P(CBH r,)-zCHa]q 28 200 14.5 Toluene-ds
H.:Mo[P(C,H)s]s —4 200 13.0  Toluene-ds
H:Mo[P(C¢H:).C:Hi)s —15 200 12.5  Toluene-ds
HqMO[P(CsH:,)zCH3]4 —15 200 12.5 CDzClz

the estimated rates are in error by a factor of 10, the
resulting error in AG* will be only about | kcal mol~1,
As has been observed previously for analogous

HML, %122 and H,ML,'%%3 complexes, the barriers are
relatively insensitive to ligand variations; but there is a
definite trend to higher barriers for higher atomic num-
bers of the central metal. The results obtained for the
H.ML, (x = 1, 2, 4) are summarized in Table 1V,

Table IV. Barriers to Exchangee for Some H.ML, Systems

HML, H.ML, H.ML,
HFe(PF;),~ HCo(PF;). H.FeL,
<5 5.5 11.0-16.5
HRu(PF;),~ HRh(PF;), H:RuL, H:MoL,
7 9 16->20 12-13.5
HOs(PF3),~ HIr(PF;), H.OsL; H.WL,
8 10 >20 14-17

@ AG*, kcal mol—1.

HMo[PC:H;(OC.H;):, and HMo[(CsH;).PCH,-
CH.P(C¢H;),).. The hydride region 'H nmr spectra of
H Mo[PC:H;(OC;H;).]s and H,Mo[(C¢H;).PCH,CH,P-
(CeHs):]. consist of binomial quintets at all tempera-
tures attainable in CD,Cl, and chlorobenzene as sol-
vents, respectively. The 3P nmr spectrum of H.Mo-
[PC¢H:(OC:H;).]. in CH,Cl; is also a binomial quintet
down to —50°. HMo[PC¢H;(OC,H;).]: was exam-
ined at lower temperatures in CHCIF,. At —75° the
hydride region proton nmr spectrum is a sharp sym-
metric binomial quintet; below this temperature the
spectra start to broaden (probably due to increasing
viscosity of the solution) until at about —120° the
quintet can no longer be resolved. There is no evidence
in these spectra for a limiting low-temperature spectrum
which is not a binomial quintet. Two plausible inter-
pretations of these spectral data are the following: (a)
the barrier to rearrangement is low and the mutual ex-
change process is fast on the nmr time scale at all at-
tainable temperatures, thus averaging all the H-P cou-
pling constants on the nmr time scale, (b) the barriers to
exchange have a magnitude similar to those observed in
the other molybdenum tetrahydrides but the low-tem-
perature limiting spectra are accidentally binomial
quintets (this may be due either to an accidental equality
of all the H-P coupling constants or to large H-H and/
or P-P coupling constants resulting in slow-exchange-
limit quintets through a “virtual coupling” effect).
Comparative data clearly identify the second interpre-
tation as the more reasonable one. The two analogous
tungsten complexes have barriers of about the same
magnitudes as the other tungsten hydrides (Table III),
and notably one of these, H,W[(CsH;).PCH,CH,P-
(CsHs):):, has the highest barrier of the five tungsten
hydrides. Distinctions between the low-temperature-
limit spectra of the tungsten tetrahydrides and a bi-
nomial quintet are smaller for the two tungsten hydrides
analogous to the molybdenum hydrides that have a bi-
nomial quintet spectrum than those for the other
tungsten tetrahydrides. See especially the spectrum of
H4W[PC6H5(OC2H5)2]4 in Figure 4.

HML; Complexes. In two cases (M = W, L =
P(CH3),CsH;, P(C¢H:).C:H;) quartet hydride spectra

(21) P. Meakin, J. P, Jesson, F, N. Tebbe, and E. L. Muetterties,
J. Amer. Chem, Soc., 93,1797 (1971).

(22) P. Meakin, E. L. Muetterties, and J. P. Jesson, ibid., 94, 5271
(1972).

(23) P. Meakin, E. L. Muetterties, and J, P. Jesson, J. Amer. Chem.
Soc., 95, 75 (1973).
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are observed which are assigned to H¢WL; species.
One of these, HsW[P(CH3),CsH;];, has already been de-
scribed in the literature?* and the spectral data (7 12.18,
Jen = 35.7) compare reasonably well with those reported
(r 11.94, Jpg = 36.9). The corresponding parameters
for the second compound are 7 11.89 and Jeg = 34.
No line shape effects are observed in these spectra even
at very low temperatures. Rearrangement barriers in
nine-coordinate complexes are expected to be low,?
thus these data provide no stereochemical information.
The expected stereoisomer, a trigonal prism of hydrogen
atoms with phosphine ligands capping the square faces,
would have environmental equivalence and magnetic
inequivalence of the hydrogen set and of the phosphorus
set.

Conclusion

Intramolecular rearrangements are much more facile
in eight- than in six-coordinate complexes, at least for
complexes in which all ligands are equivalent or nearly
equivalent in steric and electronic character.® In the
group of H,ML, molecules and ions all coordination
classes examined to date are stereochemically non-
rigid,?22.2% and there is no large difference? in re-
arrangement barriers between six- and eight-coordinate
molecules. In fact, we have here the curious situation
in which the eight-coordinate rearrangement barriers
are surprisingly high and the six-coordinate barriers are
surprisingly low. A rationale for the low barriers in
H:;ML, molecules has been presented in the context of a
tetrahedral jump mechanism in which barrier height is
lowered as the MP, substructure approaches a regular
tetrahedron.?22 A similar mechanism was assumed
for the five-coordinate HML, molecules and ions; this
class has the lowest rearrangement barriers of the group
and has MP, substructures that more closely approach
a regular tetrahedron than do those of the other
classes.2? The crystal structure of H Mo[P(Ce¢H;),-
CH;], established a flattened MP, skeleton. It is rea-
sonable that this specific structure is representative of
the H,ML, class. If the tetrahedral jump model is then
assumed to be the dominant rearrangement path in
H.ML, molecules, a relatively high barrier becomes
plausible because of the large motions required for the
phosphorus ligands in the rearrangement process.
This contribution to the barrier should be larger than in
HML, and H,ML, classes based on the available struc-
tural data. However, there is the implicit and perhaps
unrealistic assumption in these comparisons that
P-M-P bending force constants do not vary signifi-
cantly. A further consideration in the tetrahedral
jump model unique to the eight-coordinate class is that at
least three hydride hydrogens must move in a concerted
fashion. This latter factor, in addition to uncer-
tainties in P-M-P bending force constants, makes it
rather difficult to assess the rearrangement barriers in
different classes of H,ML, complexes.

(24) J.R. Moss and B. L. Shaw, Chem. Commun., 632 (1968).

(25) Precise comparisons cannot be made, Barriers for molybdenum
and tungsten complexes fall in the same range as those found for the
six-coordinate iron analogs.?0-22 However, we have consistently found
that barriers increase in a given class as the atomic number of the central
metal increases.20-22:23  Only rough barrier eslimates are available for
ruthenium in six coordination. Using these estimates (16 to >20 keal
mol-1) for a comparison with the barriers in eight-coordination molyb-
denum, it appears that rearrangement barriers are lower in HsMLs
than in HoML. complexes.

Figure 5. Possible alternative to tetrahedral jump mechanism for
rearrangement in H,ML, complexes.

The observation that the rearrangement barrier in
H/ML, molecules increases on substitution of bi-
dentate for unidentate phosphine ligands is explicable
in terms of a tetrahedral jump model. Bidentate
ligands limit jump pathways and possibly require a con-
certed motion of all four hydrogen nuclei. We are
seeking a more exacting test of the jump model through
the synthesis of a tetrahydride which has a tetradentate
phosphine ligand. Such a structure may well be rigid
if the proposed jump process is the only relatively low
energy pathway to intramolecular rearrangements.

The foregoing discussion leaves unanswered the
question why the rearrangement barriers in H ML,
molecules are so much higher than in ML; complexes
with equivalent ligands (for H,ML, relative to ML,, the
situation is reversed).?®* Many plausible physical re-
arrangement mechanisms may be considered for a
dodecahedral eight-coordinate complex.2%12  Some of
these mechanisms such as a ““breathing” motion would
not remove the magnetic inequivalence of hydrogen
atoms (and of phosphorus atoms) in the H,ML, struc-
ture; a fast motion of this type only raises the effective
molecular symmetry from D,; to T,. A fast traverse of
D;; dodecahedral and D, square-antiprismatic forms
via the motion described by Hoard and Silverton!?
would have no effect on the nmr spectra. Achieve-
ment of magnetic equivalence in HML, through
stylized? mechanisms appears to require traverse of
dodecahedral states in which some or all phosphorus
atoms occupy sterically and electronically unfavor-
able A1? sites (one exception is noted below).?® Thus
the high barriers in the H.ML, class relative to MLs
complexes are probably a reflection of these steric and
electronic factors. Such factors can be substantive in
rearrangement modes for coordination polyhedra that
have inequivalent vertices, see especially the trigonal
bipyramid in five coordination.?

There are 20 permutational mechanisms distinguish-
able in principle by the nmr line shape changes, but at
this point in time permutational distinctions are not
made for the reasons cited above. Physical mech-
anisms alternative to the tetrahedral jump have not
been exhaustively explored, but one alternative, not
previously considered in eight-coordination, is sug-
gested by the X-ray crystal structure and is shown in
Figure 5. This mechanism involves the inversion of
the flattened P, tetrahedron and the simultaneous
twisting of the elongated H, tetrahedron. In the tran-

(26) Slow-exchange limit nmr spectra have not been observed for
ML;s complexes. 1 -3

(27) I.e., based on traverse of polytopal forms, such as the dodeca-
hedron, the square antiprism and the bicapped (square faces) trigonal
prism.13

(28) These are multistep processes whereas the tetrahedral jump
mechanism and the mechanism shown in Figure S are not.
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sition state the four phosphorus atoms are coplanar with
the central metal atom, and the H, tetrahedron was
twisted through 45° with respect to the P, tetrahedron
so that the former is staggered with respect to the latter.
The transition state has S, symmetry. There was no
indication in the solution nmr spectra of the departure
from D,; symmetry observed in the X-ray crystal struc-
ture. The deviation from D,, symmetry is small, and
even if the solution structure exhibited the same dis-
tortion the effective nmr Hamiltonian would probably
have D,; symmetry due to rapid intramolecular pro-
cesses averaging the deviations to zero on the nmr time

scale. In this physical process, the PP repulsions are
maximized in the transition state, whereas they are min-
imized in the transition state for the tetrahedral jump
mechanism. ?®
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(29) The MPy skeleton in HiMo[P(CsHs):CHs)s is about midway be-
tween a regular tetrahedron and a square plane, Hence the tetrahedral
jump mechanism and this one physical alternative require phosphorus
atom motions that are antipodal in character,

Nature of Phosphorus(V) Chloride in
Ionizing and Nonionizing Solvents™
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Abstract: Laser Raman spectra in conjunction with freezing point depression measurements provide evidence for
two competing equilibria in the ionizing solvents CH3;CN, CH;NO,, and C:H;NO,, (1) 2PCl; = PCl,* 4+ PCls~ and
(2) PCl; == PCl,* + Cl—, with (1) being predominant above about 0.03 m and (2) being predominant at lower concen-
trations. These observations resolve earlier conflicting reports on the ionization scheme in acetonitrile and nitro-
benzene. The nature of phosphorus(V) chloride has also been studied in nonionizing solvents. When cryoscopic
data are treated in the usual manner (neglect of possible solid solution formation) the apparent molecular weight in
CsH; supports the monomeric formulation PCl;, while in CCl, the apparent molecular weight supports the dimeric
formulation P.Cl;;. This study has shown, however, that solid solution formation does occur in the carbon tetra-
chloride—phosphorus(V) chloride system and that it cannot be neglected. Application of the experimentally de-
termined coefficient for the distribution of solute between solid and liquid phases (mole fraction of solute in solid
phase :mole fraction of solute in liquid phase = 0.50 = 0.02 at infinite dilution) to correct for solid solution forma-

tion gives an apparent molecular weight which is in excellent agreement with monomeric PCls.

hosphorus(V) chloride is known to show a varied
structural nature which depends upon the environ-
ment in which it is found. In the solid state*7 it is
[PCl1+][PCl¢~] and molecular PCl; in the molten® and
vapor®!! states. In polar solvents such as acetonitrile
and nitrobenzene it is ionized while in nonpolar sol-
vents such as benzene and carbon tetrachloride it is
molecular in character,® 12
The nature of phosphorus(V) chloride in solution as

(1) V. P. Petro, J. Howatson, and S. G. Shore, Abstracts, presented
in part at the 150th Meeting of the American Chemical Society, Atlantic
City, N. J., Sept., 1965, p 33-O.

(2) R. W, Suter, Ph.D. Thesis, The Ohio State University, 1969,

(3) H. C. Knachel, Ph.D. Thesis, The Ohio State University, 1971,

(4) D. Clark, K. M. Powell, and A, F. Wells, J. Chem, Soc., 642
(1942); E.R. Andrew, Nature (London), 188, 1097 (1960).

(5) G. Carlson, Spectrochim. Acta, 19,1291 (1963),

(6) J. V. DiLorenzo and R, F. Schneider, Inorg. Chem., 6, 766 (1967).

(7) K. Livingston and G. A. Ozin, J. Chem. Soc. A, 2840 (1969).

(8) A. Voigt and W. Blitz, Z. Anorg. Allg. Chem., 133, 277 (1924);
J. H. Simons and G. Jessop, /. Amer. Chem. Soc., 53, 1278 (1931);
H. Moureu, M, Magot, and G. Witroff, C. R. Acad. Sci., 205, 545 (1937);
ibid., 203, 257 (1935); ibid., 205, 276 (1937); K. Moedritger, L. Maier,
and L. Groenweghe, J. Chem. Eng, Data, 7,307 (1962).

(9) M. Roualt, Ann. Phys. (Leipzig), 14, 78 (1940).

(10) J. D. Wilmshurst and H. I. Bernstein, J. Chem. Phys., 27, 661,
217 (1957).

(11) L R. Beattie and G. A. Ozin, J. Chem. Soc. 4, 1691 (1969).

(12) M. J. Taylor and L. A. Woodward, J. Chem. Soc., 4670 (1963);
M. J. Taylor, Ph.D, Dissertation, Oxford, 1961, as cited by Beattie.13

(13) I. R. Beattie, R. Gilson, K. Livingston, V. Fawcett, and G. A.
Ozin, J. Chem, Soc. A, 712 (1967).

a function of solvent has been a matter of contention in
the literature. Conflicting reports have been given for
its properties in both ionizing and nonionizing solvents.

In acetonitrile and in nitrobenzene, phosphorus(V)
chloride is electrically conducting.'* Although it seems
certain that the tetrachlorophosphonium cation, PCl,™,
exists in such solutions, the presence of the hexachloro-
phosphate anion, PCls~, has been a source of dispute.
Payne!4 has interpreted electrolysis experiments in
nitrobenzene and acetonitrile to indicate that in these
solvents PCl; is in equilibrium with PCls* and PCle™.
On the other hand, Fialkov and Buryanov!® have inter-
preted the results of similar experiments in terms of an
alternative scheme in which PCl; is in equilibrium with
PCli* and Cl-. Critical comments!® on the proposals
of Payne!¢ and Fialkov and Buryanov!® have claimed
that phosphorus(V) chloride is in fact completely ion-
ized as PCl,;*+ and PCl¢- in acetonitrile and nitrobenzene.
However, the presence of a ‘“‘small” amount of molec-
ular PCl; in solution was later acknowledged.!?

An infrared study by Schmulbach and Ahmed!’ indi-
cated the presence of PCl;, PCl,*+, and PCls~ in CH;CN.

(14) D. S. Payne, J. Chem. Soc., 1052 (1953).

(15) Ya. A. Fialkov and Ya. B. Buryanov, J. Gen. Chem. USSR, 26,
1141 (1956).

(16) I.R. Beattie and M. J, Webster, J. Chem. Soc., 38 (1963).

(17) C.D, Schmulbach and I. Y. Ahmed, ibid., 3008 (1968).
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