392 NoTES

tz -85°C By,0
ThINO3l, Th:Hz0:A
oz2m  1:90:42 1504

Ch,0 :

t=-100°¢C
Th{CIO4)g ThHCI: Hz0 ¢ A
0I5m  I:15:164:245 M CHo0

BH,0

Hao
—_

Figure 1.—The water pmr spectra of Th(NO;)s and Th(ClO4),
solutions in water—acetone mixtures, recorded on a Varian A-60
nmr spectrometer. The salt molalities, the mole ratios of all
components, and the signals arising from bulk (Bm,o) and com-~
plexed (Cq,o) water molecules are shown in the diagram.

were attributed to complex formation and hydrolysis.!!
Since complex formation of these cations with per-
chlorate ion does not occur to any appreciable ex-
tent, 151 the present study was undertaken to obtain an
estimate of their maximum hydration numbers.

The pmr measurements were carried out on a Varian
A-60 and a Varian HA-100 nmr spectrometer, each
equipped with a variable-temperature device for studies
between —150 and +200°. The experimental method
has been described in more detail elsewhere®®"1! and it
involves cooling the example in the spectrometer probe
until proton exchange has been slowed sufficiently to
permit the observation of resonance signals for water
molecules in the primary coordination shell of the cation
and in bulk medium.

To assess the contribution of hydrolysis to the low
hydration numbers found for the nitrate solutions of
these cations, the same systems were studied in the pres-
ence of perchloric acid. Although the Y?*+ and Th**
hydration numbers remained unchanged in these ex-
periments, the Sc®+ value increased from 3.9 to 5.1, a
clear indication that a hydrolysis process was important
in this solution. Since the mole ratio of H+ to Sci+
was varied from 0.7:1 to 1.1:1 in these experiments, it
may be assumed that hydrolysis was completely re-
pressed. The hydration number of 5.1 probably is
still low, as a result of complex formation with nitrate
ion.

Unacidified perchlorate solutions of these cations did
not exhibit separate resonance signals for bound and
bulk water molecules, since proton exchange was rapid
even at —100°. This situation also prevailed for acidi-
fied Sc(ClOy); solutions and only broad, nonmeasurable
signals were found for acidified Y(ClO.); solutions.
However, as shown in Figure 1, acidified solutions of
Th(ClO,), gave well-defined signals for bulk water and
the cation solvation shell. The reason for this phe-
nomernon cannot be stated without a knowledge of the
proton-exchange mechanism.

(15) R. C. Vickery, “The Chemistry of Yttrium and Scandium,” Perga-
mon Press, Inc., New York, N. Y., 1960,

(16) F. A. Cotton and G. Wilkinson, ‘“Advanced Inorganic Chemistry,”
John Wiley & Sons, Inc., New York, N. V., 1962, Chapters 31 and 32.

Inorganic Chemistry

From Figure 1, the spectra for solutions of Th(NO3),
and Th(ClO,), in water-acetone can be compared. In
contrast to the Th*¥ hydration number of 2.9 pre-
viously found for the nitrate solution of Figure 1,!! area
measurements jndicate that each Th*+ is hydrated by
about 9.1 water molecules on the average in the per-
chlorate solution shown. This value was reproduced
over an HCI to Th(ClO,)s mole ratio range of about
0.8:1 to 1.5:1. These hydtation numbers reflect the
different complexing tendencies of nitrate and per-
chlorate ions. In the absence of appreciable com-
plexing in the perchlorate solutions, each Th**+ can bind
an average of nine water molecules in the first coordina-
tion shell, a value which must be close to the maximum
for this ion."—22  Although the exact structure of the
ionic species in the perchlorate solutions cannot be de-
duced solely from the pmr results, any future postulate
must be consistent with this relatively large hydration
number. Displacement of water molecules by nitrate
ions reduces the average hydration number to about 3
in this system. This sharp reduction may indicate that
a bidentate-type linkage between Th*t and NO;— is
occurring.

At the present time, studies of hydration and complex
formation in solutions of Su*t, UO.*t and Zn?t are
under way by this direct pmr method, and preliminary
results indicate maximum solvation numbers of 6, 4,
and 6, respectively, for these species.
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The formation of metal hydrides by the protonation
of phosphine complexes of zerovalent platinum has been
reported by Cariati, Ugo, and Bonati.? These authors

(1) ¥. Cariati, R. Ugo, and F. Bonati, Inorg. Chem., 5, 1128 (1966).
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were unable to obtain analogous complexes of palladium
and nickel. We wish to report evidence for the proto-
nation of zerovalent nickel complexes in solution to give
hydrides which differ from those of Cariati, et al.,! in
being formally five-coordinate rather than four-coor-
dinate.

The addition of strong acids to solutions of tetrakis-
(triethyl phosphite)nickel(0) in benzene, acetone, or
chloroform leads to the appearance of a high-field pro-
ton magnetic resonance signal, as illustrated in Figure 1.
The position of this resonance (14.3 ppm to high field of
TMS in acetone and 14.5 ppm to high field of TMS in
benzene and chloroform) is characteristic of and diag-
nostic for a proton directly bonded to a transition
metal.? Such resonances have been observed with a
number of strong acids, such as HCIl, H,SO,, and
CF;COOH. Analogous nickel complexes of trimethyl
phosphite and triphenyl phosphite give similar results.
The high-field resonance using the triethyl phosphite
complex has a quintet structure with J = 26 cps. This
must be attributed to spin-spin interaction with four
phosphorus atoms leading to the formulation of the
reaction as

Ni[P(OCoHs)sls + HX —> HNi[P(OC:Hs)s]s* + X~ (1)

Thus the hydride complex in this case is five-coordinate
in contrast to the four-coordinate complexes HPt-
(P(CsH;)3)s+ and (P(CsH;)s)sPtHX reported by Cariati,
et al. The fact that the nmr spectra are independent
of the anions reported supports the formulation as a
five- rather than a six-coordinate species.

Examination of the 3!P spectra provides confirmatory
evidence for the hydride formation. Thus, in chloro-
form Ni[P(OC;H;);3]s gives rise to a single resonance
159 ppm to low field of phosphoric acid. The reso-
nance of the free ligand occurs 141 ppm to low field
of phosphoric acid. On addition of trifluoroacetic acid
to Ni[P(OC,H;s)s]s, the original resonance disappears
and a doublet, with J = 26 cps, is observed at —135
ppm. This must be attributed to the hydride.

Determinations of the intensity of the hydride reso-
nance relative to that of the acidic proton have been
made as a function of CF;COOH concentration. These
experiments showed that a limiting value of approxi-
mately one hydride hydrogen per Ni[P(OCyHjs); s mole-
cule was reached in the presence of a large excess of
acid. We deduce from this that a monohydride is
formed (as indicated by the doublet structure of the
8P resonance). The equilibrium constants for re-
action 1 (X— = CF;COO~) in CDCl; and CD;CN
are approximately 0.3. More accurate data on the
equilibrium constants and kinetics of formation of
nickel hydrides will be presented by other authors.
The 'H and 3'P nmr evidence could be interpreted
to indicate that all four phosphorus atoms in the
hydride molecule are equivalent, in which case a
square-pyramidal geometry with the hydrogen at
the apex would be indicated; however, we cannot
eliminate the possibilities either that the chemical

(2) M. L. H. Green and D. J. Jones, Advan.Inorg. Chem. Radiochem., T, 115
(1965).
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Figure 1. —Hydride resonance of HNi[(OPCyH; )]st at 60 Meps.
The CDCl; solution was acidified with CF;COOH (three time
averaging passes).

shifts and spin-spin coupling constants of a less sym-
metric structure (e.g., a trigonal bipyramid) are for-
tuitously very similar or that there is a rate process
which leads to fast exchange between nonequivalent
phosphorus atoms. However, there is no broadening
of the resonance on cooling to —60°.

There are several references in the literature to
spectroscopic evidence for nickel hydrides derived
from phosphine systems of the form L,NiX, 3~5

It is likely that these are all species of the form
L,NiHX analogous to the Pt species described by
Cariati, et al.! Quite recently a stable hydride of
this type [(CeHu)s;PoNiHCI] has been isolated as a
crystalline solid.®

Up to the present time efforts to isolate five-coor-
dinate nickel hydrides with phosphite ligands have
been unsuccessful. However, analogous compounds
containing chelating phosphine ligands have been pre-
pared and are described in the following note.?

Contrary to molecular weight data in the literature,®
the complex Ni[P(OC.H;);s is not dissociated to any
appreciable extent in benzene solution. This can be
shown by a ¥P nmr study of solutions of the complex
with and without added ligand. Free ligand resonances
are observed for the solutions which have added ligand,
but not for those which do not.

Extensive chemical and physical studies of these
hydrides derived from nickel(0) phosphite complexes
will be reported at a later date.

Experimental Section

Nmr spectra were obtained using a Varian HR 60 spectrometer
for proton work and a 24.3-Mcps radiofrequency unit and probe
for P work. Nmr data are listed in Table L.

Ni[P(OC;Hs)s)s was prepared by stirring a mixture of 49.4 g of
NiCl;-6H0 in 1 1. of acetonitrile for 2 hr at 25° and refluxing for

(3) M. L. H. Green, C, N. Street, and G. Wilkinson, Z. Naturforsch., 14b,
738 (1959).

(4) M. L. H. Green, M. Nehmé, and G. Wilkinson, Chem. Ind. (London).
1136 (1960).

(5) E. H. Brooks and F. Glockling, J. Chem. Soc., A, 1030 (1967).

(6) M. L. H. Green and T. Saito, Chem. Commun., 208 (1969).

(7) R. A. Schunn, Inorg. Chem., 9, 394 (1970).

(8) R. S. Vinal and L. T. Reynolds, ¢bid., 8, 1062 (1964).
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TABLE 1
1H chem 31P chem Coupling
Solvent Acid shift® shiftd constant®
(CD3)CO CF;COOH 14.3 —133 26
CDCL CF;COOH 14.5 —135 26
CsDs CF;COOH 14.4 —131 27
CDyCN CF,;COOH 14.5 —-131 26
CDCl; H.S0, 14 .4 —133 26
2 Ppm from TMS. ?Ppm from phosphoric acid. ¢ From

the proton spectrum. Values from the P spectrum agree within

experimental error.

10 min. The mixture was cooled to room temperature and 200
ml of triethyl phosphite was added. Rapid stirring for 45 sec
was followed by the addition of 72 ml of diethylamine. This
mixture was cooled in Dry Ice and filtered under nitrogen.
The solid was washed with methanol and recrystallized from
methanol under nitrogen. The product was dried under vacuum
at 25°.
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The addition of strong, nonaqueous acids to solu-
tions of the nickel(0) complex [(C,H;O);PJ.Ni leads
to the formation of a nickel hydride cation® which has
been well characterized in solution as [(C;H;O);P .-
NiH*. However, attempts to isolate salts of this
cation have been unsuccessful. The reaction of strong,
aqueous acids with the tertiary phosphine-nickel(0)
COITIpIEXES [(CﬁHj)QPCHQCHQP(CﬁH'))Q]QNI and [(CsHa);;-
PlNi has been reported? to give hydrogen and
nickel(II) salts only. This communication reports
the addition of strong, nonaqueous acids to [(CsHj),-
PCH,CH,P(CsH;)2 N1 to give stable, isolable nickel
hydride complexes.

Experimental Section

All procedures were conducted either in an evacuated system
or in an inert atmosphere. Solvents were dried on Linde molecu-
lar sieves except for tetrahydrofuran which was distilled from
LiAlH,. [(CeH;):PCHCH.P(CeH;)2]:Ni was prepared by re-
duction of [<C6H5)2PCH2CH2P<C5H5)z}zNiBrz with NELBH4.3
Tetramethylsilane was used as an internal reference in recording
the 'H nmr spectra at 28°.

Preparation of {[(CGHJ)ZPCHZCHZP(CeHg)Z]2NiH}AICI.,.—A
500-ml round-bottom flask was charged with [(C¢H;):PCH,CH,P-
(CeHs):]oNi (5.0 g, 5.9 mmol) and 150 ml of toluene. Upon
addition of sublimed AlICI; (0.8 g, 8.0 mmol), a dark brown oil
formed. The mixture was degassed and anhydrous HCI (6.0
mmol) was condensed into the flask. The mixture was then
stirred at 25° for 20 hr, and the orange precipitate was collected;
no noncondensable gases were observed. The crude product

(1) W. C. Drinkard, D. R. Eaton, J. P. Jesson, and R. V. Lindsey, Jr.,
Inorg. Chem., 9, 392 (1970).

(2) F. Cariati, R. Ugo, and I*. Bonati, ¢bid., 8, 1128 (1966).

(3) J. Chatt, F. A. Hart, and H. R. Watson, J. Chem. Soc., 2537 (19062).
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was extracted with 90 ml of tetrahydrofuran and 90 ml of toluene
was added to the orange-red, filtered extract. The solution was
kept at —25° for 18 hr, and the orange prisms were collected,
washed well with toluene, and dried at 25° (0.01 u) 2 hr to give
3.9 g (65%) of {[(CeH;)PCH,CH,P(CsH;):]oNiH} [AICL], mp
198-203°. Anal. Caled for C52H49A1C14Nip45 C, 609, H,
4.8; Al, 2.6; Cl,13.8; Ni,5.7; P,12.1. Found: C, 60.7; H,
4.9; Al, 2.6; ClI, 13.8; Ni, 5.7; P 11.9.

The infrared spectrum of the crude product showed »ni-u at
1950 em ! (Nujol mull) as a single absorption, but the recrystal-
lized sample showed two bands at 1949 and 1916 ecm~1. Solution
infrared spectra in CHCl; and tetrahydrofuran showed only one
weak, broad absorption at 1950 cm~™.. The high-field proton
nmr spectrum of the recrystallized sample showed rxi-y at 22.95
in tetrahydrofuran, 23.07 in CD,Cl,, and 23.00 in CH;OH. The
fine structure was resolved only in CH;OH as a quintet with Jp—u
= 6 Hz.

Preparation of {[(CeH;)%»PCH,CH,P(CeH;),],NiH | BF,.—A mix-
ture of AgBFy (0.5 g, 2.6 mmol) and 20 ml of 1,2-dimethoxy-
ethane was degassed under vacuum. Anhydrous HCl (3.0
mmol) was condensed into the flask and the mixture was stirred
at 25° for 1 hr. This solution of HBF, was filtered (to remove
AgCl) directly into a solution of [(CeH;)ePCH,CHP(CsHj )] Ni
(1.95 g, 2.3 mmol) in 30 ml of 1,2-dimethoxyethane. The
vellow solution rapidly turned orange, and an orange, crystal-
line solid precipitated. After stirring the mixture at 25° for 1 hr,
the crude product was collected and extracted with a total of 800
ml of hot tetrahydrofuran, and the filtered extract was concen-
trated to 100 ml under vacuum. After storage at —20° for 65
hr the solution was filtered, and the orange crystalline solid was
washed with tetrahydrofuran and dried at 25° (0.01 u) for 16 hr
to give 1.1 g (519,) of {[(CeHﬁ)gPCHgCHgP(CeHa)Q]QNiH}BF;,
mp 190°. Amnal. Caled for CHyBFNiP:: C, 66.2; H, 5.2;
F, 8.1; XNi, 6.2; P, 13.1. Found: C, 65.9; H, 5.4; F, 7.7;
Ni, 6.1; P, 13.9.

The infrared spectrum (Nujol mull) showed »xi_m at 1950
(m) em~!in addition to bands characteristic of BFy and (CeHj; ) P-
CH.CH:P(CsH;).; the H nmr spectrum showed rxi_u at 23.01
in CDyCl; solution; no fine structure was observed.

Preparation of | [(CeH;).PCH,CH,P(C:H; ), NiH } (HCL).—An-
hydrous HCI (16.5 mmol) was condensed into a degassed solu-
tion of [(CsHa)QPCHQCHQP(CGHa)z]zxi (50 g, 5.9 mmol) in 150 ml
of toluene. After being stirred at 25° for 3 hr the orange pre-
cipitate was collected, washed well with toluene, and dried at 25°
(0.5 u) 16 hr to give 5.3 g (96%) of orange {[(CsH;)PCH,CH,DP-
(CsHs)2|aNiH } (HCly), which darkens at 145° and decomposes at

190°. Amnal. Caled for C52H50C12NiP4: C, 67.3, H, 5.4:, Cl,
7.6; Ni, 6.3; P, 13.3. Found: C,66.6; H, 5.2; CI, 8.2; Ni,
6.3; P, 13.3. Attempts to recrystallize this product led to
decomposition.

The infrared spectrum (Nujol mull) showed vxi—n at 1934 cm ™!
in addition to bands characteristic of (CsH; ) PCH,;CH.P(CsHs),.
In the 'H nmr spectra of fresh CD:Cl; solutions, the resonance
observed at r —3.22 (area 1) was assigned to the HCl,~ anion*~¢
while the unresolved Ni—-H resonance appeared at r 23.02 (area
1).

Mixtures of [(CGH(,)gPCHzCHQP(Cng)z]QNI and H,SO4 or
CF;COOH in acetone also showed high-field *H nmr resonances
(7 22.95 and 22.90, respectively) but no solid products were oh-
tained.

Discussion

The addition of strong anhydrous acids to solutions
of [(C¢H;),PCH,CH,P(CsH;),]oNi produces the stable
nickel hydride complexes { [(CeH;), PCH,CH,P(CsHs)o Jo-
NiH}+X~ (X- = AICL-, BF,-, HCL") in good
yields. The complexes are high-melting, orange,
crystalline solids that slowly decompose in air.

(4) K. M. Harmon and R. R, Lake, Tnorg. Chem., T, 1921 (1968).
(3) L. W. Schroeder and J. A. Ibers, J. Am. Chem. Soc., 88, 2601 (1966).
(6) K. A. Hooten, J. Chem. Soc., A, 680 (1969).



