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Abstract: A series of [M(diphosphing)X,, [HM(diphosphine)]X, and M(diphosphing)complexes have been
prepared for the purpose of determining the relative thermodynamic hydricities of the [HM(diphosphine)
complexes (M= Ni, Pt; X = BF,, PFs; diphosphine= bis(diphenylphosphino)ethane (dppe), bis(diethyl-
phosphino)ethane (depe), bis(dimethylphosphino)ethane (dmpe), bis(dimethylphosphino)propane (dmpp)).
Measurements of the half-wave potentidtsf) for the M(Il) and M(0) complexes and{a measurements for

the metal hydride complexes have been used in a thermochemical cycle to obtain quantitative thermodynamic
information on the relative hydride donor abilities of the metaydride complexes. The hydride donor strengths

vary by 23 kcal/mol and are influenced by the metal, the ligand substituents, and the size of the chelate bite
of the diphosphine ligand. The best hydride donor of the complexes prepared is [HPH{{RTg)a third-

row transition metal with basic substituents and a diphosphine ligand with a small chelate bite. The best hydride
acceptors have the opposite characteristics. X-ray diffraction studies were carried out on eight complexes:
[Ni(dmpe)](BFa4)2, [Ni(depe}l(BFa)z, [Ni(dmpp)l(BFa4)z, [Pt(dmpp}](PFe)z, [Ni(dmpek(CH3CN)](BFa)2,
[Ni(dmpp)(CH3CN)](BF4)2, Ni(dmpp), and Pt(dmpp) The cations [Ni(dmpp)?" and [Pt(dmpp)2" exhibit
significant tetrahedral distortions from a square-planar geometry arising from the larger chelate bite of dmpp
compared to that of dmpe. This tetrahedral distortion produces a decrease in the energy of the lowest unoccupied
molecular orbital of the [M(dmpp)?" complexes, stabilizes the-1 oxidation state, and makes the
[HM(dmpp)]t complexes poorer hydride donors than their dmpe analogues. Another interesting structural
feature is the shortening of the-MP bond upon reduction from M(Il) to M(0).

Introduction in predicting quantitatively which complexes will be protonated
under a given set of conditions. Whether the reactant in a
catalytic cycle is a metal hydride or its deprotonated analogue
can have important chemical consequericéhe free energy
scale resulting from i, measurements can be significantly
extended by measuring the enthalpies of protonation reactions
and making the assumption that the entropy corrections are
constant for all complexes.

Various approaches for measuring the free energies or
enthalpies of reaction 2 as well as kinetic studies of hydrogen
atom transfer reactions have been reportedf particular
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Transition-metal hydride complexes are intermediates in a
variety of important stoichiometric and catalytic reactiéresd
a knowledge of the thermodynamics associated with the
formation and cleavage of the #H bond is important to
understanding known reactions and designing new ones. The
M—H bond can be cleaved in three different ways, as shown
in reactions 3. These three reactions may be regarded as half-
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relevance to this work is the measurement of the relative free licity, except for some correlation between the nucleophilic
energy for the homolytic transfer of a hydrogen atom in solution, character and the position in the Periodic TablE.”To our
reaction 2, by means of the thermochemical cycle shown in knowledge, there has been only one previous repother-
Scheme 1, reactions4.” The free energy change associated modynamianeasurements for this reaction for transition-metal
hydrides. Sarker and Bruno have reported free energy measure-

Scheme 1 ments for hydride transfer between CpM(GQ)H complexes

LnMH+ —L M+ HtY AG° = 1.37(1K,) (4) (where M= Mo, W and L= CO, PR) and triphenylcarbonium
ion derivatives in acetonitril& Thekinetichydricities of various
LM — |_n|\/|+ + e AG°® = 23.06E°(+1/0) (5) metal hydrides have been explored in a few studies. Transition-
metal hydrides have been reacted with substrates such as
H +e —H AG°® = —23.0&°(H"/H") (6) alcohols, alkyl halides, acyl halides, aldehydes, ketones, and

the trityl cation or its derivative¥® Although the mechanistic
pathways appear to vary depending on the metal hydride and
23.0&° + 53.6 (7) Zubstrate chosen for study, some general concly§ions can be
rawn. For isostructural complexes, those containing second-
with reaction 4 can be expressed in terms &f,pralues and third-row transition metals are better hydride donors than
measured in a given solvent as discussed above. The free energihose containing first-row transition metals, and complexes with
associated with reaction 5 is measured by the reversible one-electron-donating ligands are better hydride donors than those
electron oxidation potential of M(0). Reaction 6 is the reduction with electron-withdrawing ligands. Also, early-transition-metal
of H* to H* in the solvent of choice. The free energy associated hydrides are generally more hydridic than late-transition-metal
with reaction 6 in acetonitrile has been estimated using a serieshydrides. However, as pointed out by Darensbourg and co-
of approximationg2 and sources of potential errors have been workers, using a different substrate as a probe of hydricity can

LMH =L M"+H AG =1.37(K, +

discussed in the literatufésc8More recent work has simply

lead to significantly different ordering of only moderately

treated the free energy of this reaction as an adjustable parametestructurally diverse series of compourd@This is not surprising

that can be determined by comparison with the enthalpy of a
standard reaction and making a correction for entrfSpphe

if the mechanisms for these reactions are dependent on both
the substrate and metal hydride chosen. A thermodynamic scale

result is a free energy scale that should provide a quantitative of hydricity should not be subject to this problem.

method for determining the relative hydrogen atom donor
potential for a large range of compounds in solution. This scale
is also useful in estimating bond dissociation enthalpies, which
has been its major application. A similar thermochemical cycle
has been used by Wang and Angelici to estimate bond
dissociation enthalpies in solution for a large number of
transition-metal hydride$.In their work, enthalpies were

measured for reaction 4 and free energies for reaction 5, and. M — |_n|\/|2Jr + 26

The relative free energy for hydride transfer in solution can
be obtained using the thermochemical cycle shown in Scheme
2, reactions 811. This cycle is analogous to that used above

the assumption was made that the entropy change for reaction

5 is negligible. Although less rigorous, this method allows
compounds to be included for which it is not possible to measure
pKa values directly.

Reaction 3 is the heterolytic cleavage of the-M bond to
produce M and H". The hydride transfer reaction for transition-
metal hydrides is analogous to hydride transfer reactions of
NADH, which are important in respiration. Hydride transfer

Scheme 2

LMH =L M+H"  AG°=1.37(K,) (8)
AG® = 46.1E°(11/0) (9)

H"+2e —H" AG®°=—46.1E°(H'/H")  (10)

LMHT =L M* +H™ AG®°=1.37(K) +
46.1[E°(11/0)] + 79.6 (11)

(Scheme 1) for obtaining homolytic bond dissociation energies.
The first reaction, (8), is again the measurement of tKgqf

equilibria for NADH analogues have been measured in a number the hydride. The second reaction, (9), is a two-electron oxidation

of different solventd? The lack of similar data for transition-
metal hydrides has led Dedieu to comment, “Paradoxically,
much more is known about the acidic behavior of transition
metal hydrides than about their hydridic behavior. In particular,
the factors controlling the hydricity are far from being well-

of a M(0) complex instead of the one-electron oxidation used
for obtaining homolytic bond dissociation energies. The free
energy associated with this reaction may be obtained by
measuring two reversible one-electron oxidations (the ¥/M
and Mf/M2" couples) or a single reversible two-electron

understood. There is currently no simple and unambiguous gxidation (the M/M* couple). The third reaction in this

method either for identifying or for measuring the nucleophi-
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thermochemical cycle, (10), is the reduction of a proton in various parameters influence the ability of [HM(diphosphihe)
solution by two electrons to form the hydride ion. The free to function as hydride donors.

energy for reaction 10 in acetonitrile is assigned a value of 79.6

kcal/mol. This value is obtained by adding the free energy of Results

the reduction of a proton to a hydrogen atom in acetonitrile Synthesis and Spectral Characterization of Complexes.
(53.6 kcal/mol in reaction 6) to that for the reduction of a Ni(I1), Ni(0), Ni —H, Pt(Il), Pt(0), and PtH complexes were
hydrogen atom to Hin acetonitrile. The reduction potential of repared to probe the relationship between first- and third-row
a hydrogen atom in acetonitrile has been assigned a value Oftoransition-metal complexes as hydride donors. In some cases,
—1.128 V versus the ferrocene/ferrocenium coupfeé,which Pd(ll) and Pd(0) complexes were prepared as well, but as
leads to aAG*(H/H™) value of 26.0 kcal/mol. The sources of  gjiscyssed below we were unable to synthesize the corresponding
error in determining the free energy value of 79.6 kcal/mol for  hajjadium hydride complexes. Four diphosphine liganti-
reaction 10 should be similar to those encountered in determin-p;s(dimethylphosphino)ethane (dmpe), 1,2-bis(diethylphos-
ing the value of 53.6 kcal for the free energy of reaction 6. phino)ethane (depe), 1,2-bis(diphenylphosphino)ethane (dppe),
Free energies of hydride transfer obtained using the cycle showngng 1 3-pis(dimethylphosphino)propane (dmppkre studied
in Scheme 2 should provide a quantitative measure of the for hoth the Ni and Pt complexes. Three different phosphine
relative hydride donor abilities for a series of compounds in  gypstituents, methyl, ethyl, and phenyl, are used to probe the
acetonitrile even if the constant of 79.6 kcal/mol is not glectron-donating effect of substituents, whereas dmpe and dmpp
completely accurate. are used to probe the effect of chelate bite size. In some

In previous work, we have shown that [HM@LJ complexes instances, other ligands were used to complement these four.
(where M= Ni, Pt and L is a diphosphine ligand) can transfer ~ The reaction of [Ni(CHCN)g](BF4)2 with the appropriate
a hydride ligand to coordinated CO, as shown in reactiof12. diphosphine ligand produces five-coordinate [Ni(diphosphine)

(CH3CN)](BF4)2 complexes, as shown in reaction 13. Two
[HM(L) ;" + [M'L'(CO)]" — [M(L) ]*" + [M'L' (CHO)]
(12) [Ni(CH,CN){]*" + 2L — [Ni(L) ,(CH,CN)]*"  (13)

This is an interesting reaction for several reasons. (1) Hydride L = dppe, dmpe, dmpp, depe
transfer is occurring from a positively charged hydride complex.
In other studies, hydride transfers have been observed only for
anionic or neutral transition-metal hydrides. (2) These hydride
donors involve late transition metals, as opposed to early
transition metals for which more hydridic character is expected.
(3) These metal hydride complexes can be generated by
electrochemical reduction of the corresponding [M(diphos-
phine}]?* complexes in the presence of a proton source. In this
respect, these [HM(diphosphigE)[M(diphosphine)]?" couples
closely resemble NADH/NAD couples in biological systems.
(4) A carbonyl ligand is reduced to a formyl ligand, a reaction

that generally requires a main-group-metal hydride as the . - . .
" . The Ni(0) complexes, Ni(diphosphing)shown in Table 1
6 -
reductant?® although a few transition-metal hydride donors are were prepared by reacting Ni(CODWith 2 equiv of the

known for this reactiort? (5) The ability of reaction 12 to ! . :
- diphosphine ligand. The Pt(0) and Pd(0) complexes were
Fl:gche edollr.g: 32ﬁ\(l)vrn(;§r§trlzngly gﬁg?ﬁgecr:rggnﬂ}ecgﬁu{: Zf IOOghprepared by reducing the corresponding Pt(ll) or Pd(ll) com-
Th )ll\/l (Ii hosphi 2+p X SI d y'th tp xes. ( )plexes with sodium naphthalenide in tetrahydrofuran (THF).
e [M(diphosphine]®" complexes undergo either two one- These complexes are quite air sensitive, but they are thermally

electron reductl_ons or a single two-electron reduction. This stable, and the complexes containing dmpe and dmpp ligands
suggests that if I9; measurements can be made for the can be sublimed

[HM(diphosphine)]* complexes, a quantitative thermodynamic The most convenient route to the [HNi(di .
i - e phosphiiE)Fs)
scale of relative hydride donor abilities could be made for these complexes is to prepare the Ni(0) complexes in situ as described

complexes using the thermochemical cycle outlined above. In above and add N¥PF; to protonate the metal. This method
this paper, we describe such measurements and examine hov&oes not work for the more basic platinum analogues, because

protonation of the Pt(0) derivatives with NPIRs results in

infrared bands are observed for [Ni(dmg&HsCN)](BF4), and
[Ni(dmpp)(CH3CN)](BF4)2 in the solid state (Nujol mulls),
which are assigned to CN stretching and combination middes
(see Table 1 for IR an@'P NMR data for these complexes).
The acetonitrile ligand is weakly coordinated, and it can be
removed to produce four-coordinate complexes by applying a
vacuum or by crystallizing the complexes from a noncoordi-
nating solvent. [Pd(diphosphin§()BF,), complexes and [Pt-
(diphosphine)](PFe)2 were prepared by similar methods (see
Experimental Section), and spectral data for these complexes
are also listed in Table 1.

(14) Zhang, X.-M., Bruno, J. W.; Enyinnaya, E. Org. Chem.1998

63, 4671-4678. formation of [Pt(diphosphing)(PFs)2 and hydrogen evolution.
o (15) Miedflilnes?géé; Ezuggisig%sL.; Curtis, C. J.; Haltwanger, R. C. The platinum hydrides are readily prepared by reduction of
rganometallic , . ; ; ; ;

(16) (a) Casey, C. P.; Andrews, M. A.; McAlister, D. R.; Rinz, JJE. [Pt(diphosphine)(PFe). with NaBH4.On alymlna. Spectral data
Am. Chem. Sod98Q 102 1927. (b) Sweet, J. R.; Graham, W. A. . for these complexes are summarized in Table 1. T_he crystal
Am. Chem. Sod 982 104, 2811. (c) Tam, W.; Lin, G.-Y.; Wong, W.-K; structure of [HPt(depg)(PFs) has been reported previoush.
Kiel, W. A Wong, V. K.; Gladysz, J. AJ. Am. Chem. Sod982 104 Metal hydride complexes can also be prepared by reacting

(17) (a) Wolcanski, P. T.; Bercaw, J. Ecc. Chem. Red.98Q 13, 121. hydrogen gas with 1:1 mixtures of M(0) and M(ll) complexes
(b) Labinger, J. A.; Wong, K. A.; Sheidt, W. R. Am. Chem. S0d.978 in benzonitrile. For example, [Ni(depd(BF4), generated by
100, 3254. (c) Fagan, P.; Moloy, K.; Marks, T.J.Am. Chem. S0d.981, comproportionation of Ni(depgand [Ni(depe)](BF,)., reacts

103 6959. (d) Nel§0n, G.0.; Sumner, C.(Erganometalllcsl986 5, 1983. Cleanly Wlth hydrogen to form [H(Nl(dengBH) Slm”arly,
(e) Farnos, M. D.; Woods, B. A.; Wayland, B. B. Am. Chem. S0d.986 . .

108, 3659. (f) Zhang, X.-X.; Parks, G. F.; Wayland, B. 8. Am. Chem.  addition of hydrogen gas to a 1:1 mixture of Pt(dmpaid
S0c.1997, 119, 7938-7944. (g) Dombek, B. DOrganometallics1985 4, [Pt(dmpe)](PFe) results in formation of [HPt(dmpgfPFe). In
1707. (h) Darensbourg, M. Y.; Ash, C. E.; Arndt, L. W.; Janzen, C. P;
Youngdahl, K. A.; Park, Y. KJ. Organomet. Chemi99Q 383 191. (18) Storhoff, B. N.; Lewis, C. H., JiCoord. Chem. Re 1977, 33, 1.
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Table 1. Selected Spectral Data for M(ll), MH, and M(0) Complexes

J. Am. Chem. Soc., Vol. 121, No. 49, 199935

31p NMR? (6)
ML 2]X ML ] [HML 5]X 1H NMR (3) IR (cm™)
metal L L (thfp, HZ) (thfp, HZ) (thfp, HZ) M—H (\]ptfH, JP*H, HZ) V(MH) ’V(CN)
Ni dmpe 41.8 15.00 24.6 —14.02 (8.5) 1905 2264, 2300
depe 63.3 40.9 46.% —14.16 1924
dmpp —-13.6¢ -19.9 —15.7 —14.33 1940 2300, 2335
dppe 54.7 42 5 —12.87 (2.4) 1943, 1964
Pd dmpe 383 -5.2
Pt dmpe 35.0(2169) —12.6(3714) —7.3(2184) —11.55 (726, 30) 2015
depe 58.5(2125) 21°63614) 22.1(2256) —12.12 (650, 29) 2048
dmpp —29.6(2079) —52.1°(3661) —54.£(2295) 2072
dppe 20.4(2363) 2070
dmpe depe 32.1°(3643, 62) 32.2(2388, 72)
—15.9(3665 62)  —15.3(2122, 73
depe  dmpp 26.5°(3469, 50) 38.5(2256, 66)
—54.6(376550) —56.0(2146 66)
dmpe dmpp —9.8°(3504, 55) 6.2(2551, 68)

—45.4(3834 55)

—51.3(2142 68)

a Spectra recorded in GBN unless otherwise noteblIn tolueneds. ¢ In CDsNO,. 9 In CD.Cl,. ¢In benzonitrile. IR spectra were recorded as

Nujol mulls. For [HNi(dppej](PFs), the two IR bands appear to arise from a solid-state effect, because only one band is observed in dichloromethane

solutions.

these reactions, an equilibrium concentration of the M(l)

equilibrium constants. However, it is clear that all of the hydrides

complexes homolytically cleaves hydrogen. None of the discussed in the preceding paragraph can redisbenzyl-

M(diphosphine) or [M(diphosphine)]2t complexes react with

nicotinamide hexafluorophosphate, which indicates that these

hydrogen in benzonitrile. In only one case is a reaction between metal hydrides are better hydride donors thabenzylnicotin-

a M(ll) species and hydrogen observed. [Ni(dm{(BF2)2
heterolytically cleaves hydrogen in dimethylformamide to form
[HNi(dmpp)](BF,) and H". This reaction does not occur in
benzonitrile or acetonitrilé?

Hydride Transfer Reactions. Measuring equilibrium con-
stants for reactions of [HM(diphosphing) complexes with
[M'(diphosphin®,]2" complexes, as shown in reaction 14 for
[HPt(dmpe)]* and [Ni(dmpe))?", would be the simplest
method for determining the relative hydride-donor abilities of
[HM(diphosphine)] ™ cations. This reaction is simply a competi-

[HPt(dmpe)] " + [Ni(dmpe),]*" —

[Pt(dmpe)])** + [HNi(dmpe),]* (14)
tion between two [M(diphosphing¥* species for the hydride
ligand, and it can be followed by'P NMR spectroscopy.

However, for the [HM(diphosphing)" and [M(diphos-
phing),]>" complexes synthesized in this study, the equilibrium

amide hexafluorophosphate.

pKa Measurements.Norton and co-workers have measured
the K, values of a number of transition-metal hydrides in
acetonitrile. The choice of acetonitrile was made according to
Norton for the following reasons: “(1) GJEN is a polar solvent
(e = 36) in which almost all hydride transition-metal complexes
are soluble and in which their anions should undergo less ion
pairing than in solvents such as THF; (2) €N has a low
self-ionization constantautoprotolysis= 3 x 10729 and is thus
suitable for experiments over a wide range of acid and base
strengths; (3) there exists a fair body of thermodynamic acid/
base data for organic compounds in this solvéhtJInfortu-
nately, the M(diphosphing)complexes which result from
deprotonation of the corresponding hydrides are almost totally
insoluble in acetonitrile. To overcome this solubility problem
for the M(0) complexes while maintaining solvent properties
similar to those of acetonitrile, we chose benzonitrile as the
solvent for both K, and electrochemical measurements. To

constants are too large; i.e., all of the reactions are quantitative.eStablish that theelative pK, values of metal hydrides would

The results obtained from these competition reactions producedn©t differ significantly between benzonitrile and acetonitrile,
a relative ordering of hydride donor abilities for these complexes We measured the equilibrium constants for the reactions of

of [HPt(dmpe)]* > [HPt(depe)]™ > [HPt(dmpp}] ™ > [HNi-
(dmpe}]* > [HNi(depe)}]™ > [HNi(dmpp)]*. Although this
information is quite useful, it does not provide a quantitative
measure of the driving force for these reactions.

Reactions of these six hydrides wilibenzylnicotinamide

[HNi(dppe)]™ with pyridine and [HPt(dppe)™ with triethyl-
amine in both acetonitrile and benzonitrile P NMR
spectroscopy. Using &g value of 12.3 determined for pyridine
in acetonitril@® for both acetonitrile and benzonitrile, we
measured Ig, values of 14.2+ 0.3 and 14.7 0.3 for [HNi-

hexafluorophosphate, an NAD analogue, result in some hydride(dppe)]+ in acetonitrile and benzonitrile, respectively. Similarly,

transfer in all cases. For [HPt(dmpE), this reaction goes to
completion in less tha1 h atroom temperature. For [HNi-
(depe)]™ and [HNi(dmpp)] ™, the reaction requires weeks for

using a K, value of 18.5 determined for triethylamine in
acetonitrile?® pK, values of 22.0+ 0.2 and 22.2+ 0.1 were
measured for [HPt(dppg) in acetonitrile and benzonitrile,

appreciable hydride transfer to occur. The inability of these 'eSPectively. Thus, apKa value (Ka(Pt) — pKa(Ni)) of 7.8 in
reactions to reach equilibrium in a reasonable amount of time, acetonitrile corresponds ta/epK, of 7.5 in benzonitrile. Within
coupled with a slow decomposition of the nickel hydrides under the accuracy of our measurements, these values are the same.

the same conditions in the absenceNsbenzylnicotinamide

On the basis of these results, we conclude te&tive ApK,

hexafluorophosphate, prevented a reliable measurement of thes¥@lues measured in these two solvents are not significantly

(19) A reviewer has suggested that a cooperative action of M(0) and
M(Il) species in the cleavage of hydrogen is also possible. Additional

different, although the absoluteKp scales may be different.

(20) (a) Coetzee, J. Prog. Phys. Org. Chenml 967, 4, 45. (b) Kolthoff,

experiments will be required to distinguish between these two alternatives. I. M.; Chantooni, M. K., Jr.; Bhowmik, SJ. Am. Chem. Sod 968 90,

We would note that hydrogen is not activated by a mixture of [Pt(dgitie)
and Ni(dmpe).

23-28. (c) Coetzee, J. F.; Padmanabhan, GJ.RAm. Chem. Sod.965
87, 5005.
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Kristjandatir and Norton have proposed that thedative pKa
values for a series of hydrides should be the same in water,
acetonitrile, and dichloromethaf®.

Two methods were used to measure the relative acidity of
[HNi(depe)] ™, [HNi(dmpp)]*", and [HNi(dmpe)]*. The first
was to measure equilibrium values for reactions of the hydrides
with tetramethylguanidine (TMG), as shown in reaction 15. The

HML," + TMG — ML, + TMGH™ (15)

Kegq15= [ML J[TMGH "J/[HML ,"][TMG] |

M
Ni

L pKa

23.8+:0.2
24.0+0.3
24.4+0.2
27.1+0.3

Keq1s

0.30t 0.13
0.20+ 0.15
0.087+ 0.04

(1.6 0.8)x 104

depe

dmpp
dmpe
depe

n Lol

50 40 30 20 0o 0 36 o T80 g0 ppm
_ _ ~ Figure 1. 3P NMR spectrum of the reaction of [Pt(degd)PFs and
Keq 15Vvalues are the result of five separate experiments using Pt(dmpp) in benzonitrile. The!®Pt satellites have not been labeled
different ratios of reactants. The uncertainty shown is 1 standardfor clarity. The labels are as follows: (A) [Pt(depd)PFs; (B) Pt-
deviation. To convert the equilibrium constarksg 15 to pKa (depe); (C) [HPt(dmpp)]PFs; (D) Pt(dmppy; (E) [HPt(depe)(dmpp)]-
values, the K value of 23.3 for tetramethylguanidi#fés added PFs; (F) Pt(depe)(dmpp). The spectrum has been enlarged to facilitate
to the [Keq value. The second method used for measuring the the viewing of the smaller peaks, and the top portion of peak B which
relative acidity of the nickel hydrides was to determine the COesPonds to Pt(depd)as been cropped.

equilibrium constants for the competition reactions between assured for the reaction of [HPt(degé)with a large excess

nickel hydride complexes and Ni(0) complexes, as shown in of tetramethylguanidine, akfa value for this complex of 27.1

reaction 16. Again, five separate experiments were carried out 4|4 be established (reaction 15, last entry). The equilibrium
constants for the reaction of [HPt(dege)with Pt(dmpe) and

(16) Pt(dmpp} were then used to calculate th& values for the

last two complexes. Using this approach, th€, palues for

the six hydrides shown in reactions 15 and 16 are all referenced

to TMG.

i

10

Pt

HML," + ML',— ML, + HML',"

Keq16= [MLHML ", J[HML ;" JML "]

M L L’ Keq 16 PKa (HML"2") For the Pt complexes, there is an exchange of the diphosphine
Ni depe dmpp 1.220.2 23.9 ligands to produce [HPt(L)()]" and Pt(L)(L), which ac-
depe dmpe 3.48:0.5 24.3 companies the proton exchange reaction, 16. That is, equilibria
dmpp dmpe 2.43%0.2 17 and 18 also occur. This results in fairly compf® NMR
Pt depe dmpp 5.14 0.5 27.8
e e feaoa 285 HPLL," + HPtL," — 2HPtLL ™ 17)

using different stoichiometric ratios of the reactants. To ensure Keq17= [HPtL'L 1%/[HPtL, J[HPLL', ]

that equilibrium was being obtained, measurementsgivere

made starting from opposite sides of the equilibrium. For L L Keq17

example Keq 16Was determined both for the reaction of [HNi- depe dmpp 27.6-2.7 (30.8+ 1.9)

(depe)]t with Ni(dmpe) and for the reverse reaction of depe dmpe 16.2 1.1 (17.2+ 3.6)

Ni(depe) with [HNi(dmpe)]*. The K, values for [HNi- dmpp dmpe 39.% 3.5(38.1+ 2.3)

(dmpe}]™ and [HNi(dmpp)]* were then calculated by adding . ,

23.8 (obtained from reaction 15) to I¢G 16for the reactions PIL, + Ptl, —~ 2PtLL (18)

of [Ni(dmpp)] and [Ni(dmpe}] with [HNi(depe)]*. The Ka _ 12 '

values for [HNi(dmpp)]*and [HNi(dmpe)]* calculated using Keq18= [PIL'L] /[PtL,][PtL')]

this approach are in good agreement with those determined by L K Keq1s

direct reaction with TMG (reaction 15). The relativkjvalues

resulting from competition reactions between two different metal gepe dmpp 2.36:0.02 (2.30+ 0.12)
. - epe dmpe 21.31.2(26.3+-2.4)

complexes are more accurate than those resulting from reaction dmpp dmpe 13.9- 0.3 (14.0+ 0.8)

15, because all of the species in reaction 16 are spectroscopically
observable in the same experiment. The temperature dependencgpectra, as shown in Figure 1 for the reaction of [HPt(dgpe)

of equilibrium 16 has been studied B NMR for the reactions
of [HNi(dmpp)]™ with Ni(dmpe), of [HNi(dmpp)]" with
Ni(depe), and of [HNi(depeyj] ™ with Ni(dmpe). Plots of AG®
versusT give AS’ values of 6+ 2, 5+ 2, and—4 + 2 cal/(K

with Pt(dmpp). Because of equilibria 17 and 18, all three
possible hydride species ([HPt(dege) [HPt(dmpp}]*, and

[HPt(depe)(dmpp)]) and all three possible Pt(0) species (Pt-
(depe), Pt(dmpp), and Pt(depe)(dmpp)) are present. In Figure

mol), respectively, for these three reactions. These valuesl, the four singlets (AD) with their associated Pt satellites
indicate the entropy changes associated with these protonare assigned to two Pt(0) and two platinum hydride species
exchange reactions are small. containing two identical diphosphine ligands. The two mixed
The K; of tetramethylguanidine is not large enough for it to  species each have&; spin systems that appear as two triplets
deprotonate all of the [HPt(diphosphiag) complexes at with associated Pt satellites. The resonances with negative
reasonable concentrations. When the equilibrium constant waschemical shift values (approximatetys5 ppm) in Figure 1 are
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assigned to the dmpp ligand in [HPt(demihpp]™ and Pt- LN B B B B I B e Y B B B B
(depe)@mpp, because the chemical shifts are similar to those 6 —
of [HPt(dmpp}]* and Pt(dmpp)(see Table 1). The resonances _
with positive chemical shifts (approximatelt30 ppm) are 4 _
assigned to the coordinated depe ligand of [ld&pg(dmpp)]" z |
and Ptflepg(dmpp) on the basis of the similarity of their )

chemical shifts with those of [HPt(depE) and Pt(depe) The E 2 ]
large chemical shift difference between diphosphine ligands in E 7
five- and six-membered chelate rings (approximately 80 ppm) o 0 .
is well-documented! Two criteria were used to assign the triplet .
resonances to either the mixed platinum hydride or the mixed 2 -
Pt(0) species. First, for the unmixed complexXds,p is larger i
for the Pt(0) complexes (approximately 3668700 Hz) than 7 T T T T T I

for the platinum hydride complexes (approximately 22@300

Hz), as can be seen from Table 1. This should be true for the
mixed-ligand complexes as well. Second, the chemical shifts Potential (V)

for the unmixed hydride complexes are negative of the chemical Figure 2. Cyclic voltammograms of & 1073 M solutions of (a, thin
shifts of their corresponding Pt(0) analogues; therefore, it is solid line) [Pt(depe)[PF¢]. in acetonitrile; (b, line with open circles)
expected that the triplet resonances of [HPt(depe)(drtipp)l [Pt(depej][PFe]2 in benzonitrile; (c, thick solid line) [Ni(depd]BF 4]
occur at more negative chemical shifts than for the triplet in benzonitrile. _The scan rate was 0.05 V/s, and the working e_lectrode
resonances of [Pt(depe)(dmpp)]. These assignments were conas a 2 mmdiameter glassy-carbo_n electrode. The potentials are
firmed by3!P NMR spectra recorded on reactions between the "éférenced to the ferrocene/ferrocenium couple.

various hydride complexes, reaction 17, which produce only
mixed hydride species. Similarly, reaction 18 produces only
mixed Pt(0) complexes. Equilibrium constants for reactions 17
and 18 were calculated froffP NMR data for reactions 17
and 18, and from reaction 16 (values in parenthese&dgn;
andKeq 19. Both equilibria 17 and 18 are reached rapidly (in
45 min or less) for the Pt complexes, but significant concentra-
tions of the mixed-ligand species are not observed for the Ni
complexes at room temperature. In addition, no significant
exchange of diphosphine ligands is observed for either [Ni-
(diphosphine)?* or [Pt(diphosphine)?* complexes on the basis

31 i i 2+ 12+
of PI NMR studies of mixtures of [M(15)*" and [M(L). potentials Ej,, of the nickel complexes shown in Table 2 have
COMPIEXES. an estimated accuracy €f0.02 V. Controlled-potential elec-

As can be seen from Figure 1, although the spectra are .,y sis of [Ni(dmpp)]2+ at—0.96 V resulted in the passage of
complex, the reactions interconverting the six species involved ; g faraday of charge/mol of complex, consistent with a one-

_arethSelan. There are nfo S|En|f|cant u_naSS|gn_ed pr(]eaks obse_rve lectron reduction. Plots of the peak current vs the square root
in the="P NMR spectra for these reactions. Using the integration ¢ 1he scan rate are linear for both of the reduction waves of

ratiqs qbtained from such spectra, it is possible to measuréine Nj complexes for scan rates between 0.05 and 4.0 Vs,
equilibrium constants for the proton transfer between mixed and indicating diffusion-controlled reductions

unmixed ligand complexes as shown in reaction 19. These 5 the pasis of the structural and spectroscopic results, the
Ni(ll) complexes can exist as either four- or five-coordinate

-2 -1.5 -1 -0.5

presumably with the formation of HAlthough these experi-
ments do not provide the data needed for an accukgiegue,
they suggest a value between 23.9 and 27.8. These experiments
also indicate that Pd hydrides are less stable to protonation than
their nickel and platinum analogues (i.e., the pH range over
which they are stable must be small).

Electrochemical MeasurementsCyclic voltammograms of
[Ni(depe}]2" in benzonitrile and [Pt(depg¥" in benzonitrile
and acetonitrile are shown in Figure 2. It can be seen that
[Ni(depe}]?" undergoes two reversible one-electron reductions,
which is typical for the nickel complex&s2 The half-wave

HPtL2+ + PtUL — HPtLLT + PtL, (29) species, as shown in equilibrium 20. Recrystallization of the
Keq19= [HPtL'L [Pt J/[HPIL, "J[PtL'L] [Ni(diphosphine)(RCN)* —
L L Keq 1o DKA(HML'L*) [Ni(diphosphine))*" + RCN (20)
depe dmpp 8.3%+ 0.20 28.1 i(di i 2t L a7 —INi(di i +
dop dmpe 368 165 57s [Ni(diphosphine)] e [Ni(diphosphine)] (22)
dmpp dmpe 3.7 0.30 28.5

complexes in the absence of added acetonitrile or benzonitrile
results in four-coordinate species, indicating that the equilibrium

equilibrium constants can then be used to calcul lues . . " .
q Lo lies to the right under these conditions. However, recrystalli-

for the mixed-ligand complexes in the same way as they were _~> ™| S o .
calculated for the unmixed complexes using reaction 16. zation in the presence of benzonltrllg or acetonltnlle results in
Combining these results with the equilibrium studies described the formation of five-coordinate species. As one might expect,

. . . : the net result of equilibrium 20 is to shift the reduction potential
lues for 11 diff HM(diphosph i . : .
gg%vsepxrg\s/!desipava ues for 11 different [HM(diphosphing) for the Ni(ll/l) couple (reaction 21) to more negative potentials

To determine if |, data could be obtained for a P# as the concentration of acetonitrile or benzonitrile increases.
complex, a solution gf Pd(dmpp)n benzonitrile was mixed This is caused by a decrease in the concentration of the more
with a so,lution of [HPt(dmpp] ™, but no reaction was observed. easily reduced four-c_oordinate [Ni(diphosph'@é‘) species. The
A similar experiment with [HNi(dmpp]* resulted in the Ei/2 values for the Ni(ll/l) couples shift by-0.04 to—0.11 V
formation of [Pd(dmpp)?t and Ni(dmpp) in a 1:2 ratio, (22) (a) Miedaner, A.; Haltiwanger, R. C.; DuBois, D. Inorg. Chem

1991, 30, 417-427. (b) Alyea, C. E.; Meek, D. Wnorg. Chem1972 11,
(21) Garrou, P. EChem. Re. 1981, 81, 229. 1029.
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Table 2. Electrochemical Data for M(diphosphinefomplexes
AS((1/0) AS (1111 AS®(11/0)
EvllN2  Eufli0)2  Epxll/0)2 AG®,P AS; AHC5, (cal/(K mol)) (cal/(K mol)) (cal/(K mol))
compd V) V) V) (kcal/mol) (cal/(K mol)) (kcal/mol) exptt calcd exptt calcd exptF calcd
Ni(dpppr  (—0.19) (0.91) 25.4
[-0.12] [-0.95]
Ni(dppe)} —0.70 —0.90 36.9 11 40.1 6.7 16 30.5 22 37.2 38
—0.70)  (-0.88)
[-0.66] [-0.95]
Ni(dmppr  —0.86  —1.32 50.2 27.3 58.2 158 18 377 28 535 46
-0.89) (-1.33) (23)  (16) (40)  (26) (B3)  (42)
—0.76) [-1.35]
Ni(depe) —-1.13 —1.30 56.0 23.7 63.0 12.2 18 37.7 28 49.9 46
(—1.16) (1.29) (17) (16)  (36) (26)  (53) (42)
[-1.04] [-1.34]
Pt(dppe), -1.24 57.2 20.5 64.6 46.7 38
Ni(dmpe) -1.35 62.3 29.5 71.0 55.7 46
(—1.39) (62)  (42)
[—1.32]
Pt(dmpp) —1.51 69.6 14.7 73.9 40.9 46
(—1.53) (40) (42
Pt(depe) -1.63 75.2 22.9 81.9 491 46
(—1.65) (59) (42)
Pt(dmpe) -1.73 79.8 41 91.8 67 46

a Half-wave potentials vs FeGjpor the II/l, 1/0, and 11/0 couples in benzonitrile; potentials in acetonitrile are given in parentheses, and those in
dichloromethane or dichloroethane are given in brackeisee energy for reaction 22 in benzonitrile calculated ftd@® = —nFE® assumings®
= Y,[Ex(I/l) + Eg(I1/0)] andn = 2. ¢ Entropy changes associated with 1I/1, 1/0, and 11/0 redox couples in benzonitrile; entropy changes in acetonitrile
are given in parenthesesCalculated values were obtained by using eq 24 with AN values of 15.5 for benzonitrile and 19.3 for acetonitrile and
r values of 4.0 and 7.0 for complexes with methyl and phenyl substituents, respectively.

upon changing from noncoordinating solvents, such as di- that are average values for the I/l and 1/0 couples. No

chloroethane or dichloromethane (shown by the values in information can be obtained for tlg,, values of the individual
brackets in Table 2), to pure benzonitrile or acetonitrile (values I/l and 1/0 couples.

in parentheses in Table 2). These shifts correspond to free energy The temperature dependenceaf, values of redox couples

changes of 0.92.5 kcal/mol or to equilibrium constants for
reaction 20 between 0.2 and 5 at room temperattfération
of a dichloroethane solution of [Ni(dmpfBF4). with aceto-
nitrile was followed by U\+-visible spectroscopy to determine
an equilibrium constant of 0.8 for reaction 20These values

can provide information on the entropy changes associated with
the oxidation or reduction of a species in solution. Weaver and
co-workers used nonisothermal cells to obta® values for a
number of redox couples in a wide variety of solveftt&oval

and co-workers later proposed using ferrocene as a redox

are consistent with spectroscopic measurements, which indicatestandard for variable-temperature measurements of the redox

that the acetonitrile ligands of the five-coordinate [Ni-
(diphosphing)CH3;CN)]?" species are fully dissociated in
noncoordinating solvents.

[Pt(depe)]?" undergoes a quasi-reversiblel, = 68 mV at
50 mV/s) two-electron reduction in benzonitrile and a nearly
reversible two-electron reduction in acetonitriteH, = 46 mV

at 50 mV/s). A comparison of the slopes of the chronoampero-
metric plots for potential steps across the reduction wave of

[Pt(depe)j]?t and the two reduction waves of [Ni(dmpp)" in

benzonitrile gives a ratio of 1.1:1.0. Because the slopes are

proportional to the number of electrons involved in the charge

potentials. The measured entropy changes can then be corrected
for the known entropy change of the ferrocene codple.
Equation 23 gives the relationship between the entropy change
for reaction 22,E° (approximated byEi»), and temperature.

nFeCp + [ML,]*" — [ML,]® " + nFeCp’ (22)
d(AG®)/dT = —nFd(E°)/dT = AS’,, (23)

The AS’»; values shown in Table 2 were determined by

transfer, these results are consistent with a two-electron reductiod€asuring theky, values as a function of temperature by

of [Pt(depe)]?. Pt(dmpp) and Pt(dmpe) exhibit quasi-

reversible oxidations in benzonitrile with peak-to-peak separa- : -
o Plexes by ferrocene at 294 K are listed in Table 2.

tions of 106 and 210 mV, respectively, at a scan rate of 1
mV/s. The failure to observe completely reversible couples for
Pt(dmpp) and Pt(dmpe)results in larger possible errors for
the E1» values shown in Table 2 for these two complexes
(estimated to bet 0.05 V). The two-electron oxidations
observed for the Pt(diphosphinegdomplexes giveE;;; values

differential-pulse and cyclic voltammetrAG®,,, AS 2, and
AH°,; values for the reduction of [M(diphosphin)™ com-

To obtain the experimental values for the entropy changes
associated with individual redox couplesSy) of the [M(diphos-
phine}]?" complexes, the entropy of the ferrocene redox couple
(11.5 cal/(K mol) in acetonitrile, 13.1 cal/(K mol) in benzo-
nitrile)?% is multiplied byn (the number of electrons transferred

(23) (a) Bard, A. J.; Faulkner, L..FElectrochemical Methods: Funda-
mentals and ApplicationdViley: New York, 1980; p 35. (b) Brown, E.
R.; Large, R. F. IrPhysical Methods of Chemistry Part II: Electrochemical
Methods Weissberger, A., Rossiter, B. W., Eds.; Techniques of Chemistry
I; Wiley: New York, 1971; p 483.

(24) Qualitative data for titration of [Ni(depg§* in dichloromethane
with acetonitrile are consistent with an equilibrium constant for this complex
of approximately 1: Solar, J. M.; Ozkan, M. A.; Isci, H.; Mason,|forg.
Chem.1984 23, 758.

(25) (a) Yee, E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Weaver, M.
J.J. Am. Chem. Sod979 101, 1131-1137. (b) Sahami, S.; Weaver, M.
J.J. Electroanal. Cherminterfacial Electrochem1981, 122 155-170. (c)
Hupp, J. T.; Weaver, M. dnorg. Chem 1984 23, 3639-3644. (d) The
value of 13.1 cal/(K mol) for the entropy of the ferrocene redox couple in
benzonitrile was extrapolated from Figure 6 of ref 25¢ using an acceptor
number of 15.5.

(26) Koval, C. A.; Gustafson, R. M.; Reidsema, C. Morg. Chem
1987, 26, 950—-952.
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in reaction 22) and added 165°2,. Experimental values okS’¢ Table 3. Thermodynamics of Proton Ka), Hydrogen Atom
for the 111, 1/0, and 11/0 couples for [M(diphosphing$+ (AH"r), and Hydride AG®) Transfer Reactions for
complexes are also listed in Table 2. Hupp and Weaver have [HM(diphosphine)l” Complexes
proposed the semiempirical relationship shown in eq 24 for M L PKa Eu(11/0) AHy2 AG*P
calculating the entropy of a one-electron reducienThe Ni dppe 14.7 —0.80 58.9 62.8
(142  (-0.79) (58.8) (62.7)
AS ;= 21.9— 0.58(AN)+ 20.7C,,2 — Z, It (24) SRS S8 i) Gl 12
depe 23.8 —-1.22 62.1 56.0
acceptor number (AN) is an intrinsic property of the solvent (=1.22) (62.4) (56.0)
that reflects both the electrophilicity and polarity of the so@nt, ~ Ft  dppe (2222('5 (:i'gi) (gg'g)
Zox andZq are the charges on the complexes in t_heir oxidized dmpe 24.3 ~135 61.7 50.7
and reduced forms, respectively, ands the radius of the (—1.39) (60.8) (48.9)
molecule in angstroms as defined by Sutin e¥alS’,. values Pt dmpp 27.8 —1.51 48.1
calculated using this equation are listed in Table 2 following (=1.53) (47.2)
the experimental values. The values usedrfare 4.0 A for depe 271 :i-gg ié-g
the dmpe, dmpp, and depe complexes of nickel and platinum dmpe 285 (_1:73) (38:8)
and 7.0 A for dppe complexes. These values are based on (38.8)

crystallographic data and/or molecular mechanics calculations = Calculated using the expressibis = 137K, 23. 06" (1]
and represent an average value expected for the Il and Og | “5g 57 > Calculated us?ng eq 11.HA_va|'ueF§fa26.o kcal/mol was
oxidation states. From eq 24 and the calculated valuesSit used forAG® for reaction 10 in benzonitrile (the same value as for
in Table 2, it can be seen thAS . for the 1/0 couple is expected  acetonitrile). Although this absolute value may not be correct for
to be smaller than that of the 1/l couple because of the larger benzonitrile, the relative values calculated A68°y- should be accurate.
charges involved in the latter couple. This is true where the ¢ Values for benzonitrile solutions; values for acetonitrile solutions are
values of AS’; could be obtained for both couples. The given in parentheses.
experimentaAS’ values tend to be larger than the calculated
AS’ values for the 1/l couple. As a result, the experimental
AS’c values are generally larger than the calculated values for
the reduction from M(Il) to M(0) (Table 2). Equation 24 was
developed for complexes in which the ligands prevented direct
interactions between the metal and solvent and for which
solvent-solvent interactions were more important than sokvent
metal interactiong®¢ Because the solvent can approach and even
coordinate to the metal center in the case of the Ni complexes,
the agreement between the experimental and calculated value
is surprising.

Thermodynamics of Hydride Transfer. The relative free
energies of hydride transfer for [HM(diphosphigié) cations
can be calculated using the thermochemical cycle shown in
Scheme 2. Thelfy, values for the [HM(diphosphing)" cations
and theE;, values for the 11/0 couple (or the average of the
II/l and 1/0 couples for those complexes having two one-electron
transfers) were measured for the [M(diphosphiffe) and

tetrahedral distortion, which is slight for these compounds. The
bite angles, PNi—P, of the bidentate ligands are approximately
86°, which is typical for Ni(ll) complexes containing chelating
phosphines with a two-carbon backbdAdll of the Ni—P bond
lengths in these two cations are close to the average value of
2.21 A, which is in the normal range for square-planar Ni(ll)
compound#?

In contrast to [Ni(dmpe)2" and [Ni(depe)]?", the [Ni-
dmpp}]?* cation exhibits a significant tetrahedral distortion.
he trans P-Ni—P angles are approximately 14%nd the

dihedral angle, between the planes defined by the two dmpp
ligands and Ni is 437 [Pt(dmpp}]?" shows a smaller
tetrahedral distortion, with trans-fPt—P angles of approxi-
mately 172 and a dihedral anglg of 11.5. The average bite
angle of the dmpp ligand is 92.50r [Ni(dmpp)]2" and 88.3

for [Pt(dmpp}]2". The tetrahedral distortions appear to have
little effect on the M-P bond distances. For [Ni(dmppy,
the average NiP bond distance is 2.21 A, which is the same

M(diphosphine) complexes as discussed abox&° values . :
ca(ICLEJIate(? acfgrdingpto eq 11 are listed in Table ?T along with as that observeztj for the two Ni(ll) complex_es desc_rlbed al'aac\nve.
Ei/2 values for the 11/0 couples or the average of the I/l and 1/0 _For [Pt(dmpp)]™*, the average PtP bond distance is 2.33 A,

couples. The K, values ande;» values for the 1/0 couples can in the normal range expected for Pt(ll) compleZes.

: . . The drawings shown in Figure 4 illustrate that the two five-
also be used to determine the relative enthalpies for hydrogen . ! . ot
atom transfer £G°, Table 3) using Scheme 1. coordinate Ni(ll) complexes [Ni(dmpg)CHsCN)]*" and

: . Ni(dmpp)X(CHsCN)]?* have significantly different structures.
Structural Studies. Crystallographic data for four four- [ . : : ;
coordinate M(ll) compleges ([N?(drFl)rpoIBF4)2 [Ni(depe)]- [Ni(dmpe)(CHsCN)]J?" is best described as a square-pyramidal

(BF2)o, [NI(dmppYl(BFa), and [PHAMPpI(PFe)2), two five complex with the acetonitrile ligand coordinated in the axial
] ] y = s . 2+ . _
coordinate Ni(ll) complexes ([Ni(dmpgCH;CN)](PF;), and position, whereas [Nl(qmpng3CN)]. . has a trlgon_al
[Ni(dMpp)(CHsCN)|(BF.),). and two M(0) complexes (Ni- bipyramidal geometry with the acetonitrile coordinated in the
(dmpp) and Pt(dmpp) are given in Table 4. Selected bond eq.uatorlal posmon.HThe four_ NN'_P bond angles for
distances and bond angles are given in Tables 5 and 6 [Ni(dmpeh(CHCN)}*" are all within T of the average value

respectively. Drawings of the four four-coordinate M(ll) cations of 98'4.?' In contrast, _the average_—N\li—P bond a2n+g_le for the
are shown in Figure 3. The [Nidmp#)* and [Ni(depe)2* two axial phosphine ligands of [Ni(dmpgCHsCN)]*" is 85.7,

cations are nearly planar, as measured by trafidiP-P angles and the average NNi_P bond angle for the two gquatorial
of 178 and 180, respecti\’/ely The dihedral ang}, between phosphorus atoms is 119.1The average of the NiP bond

L ” distances for both complexes is 2.23 A, but the twe-Nibond
the two planes formed by the Ni atom and the two phosphorus distances are quite differen.28 A for [Ni(dmpe(CHsCN)J2*
atoms of each bidentate ligand is 3f6r [Ni{dmpe)]?" and q ) P 3

0.0 for [Ni(depe)]?*. This angle is a useful measure of the (29) (a) Gieren, V. A.; Biggeller, P.; Hofer, K.; Haner, T.; Ruiz-Peez,
C. Acta Crystallogr 1989 C45 196-198. (b) Briggeller, P.Inorg. Chem
(27) Gutmann, VElectrochim. Actal976 21, 661-670. 199Q 29, 1742-1750. (c) Tulip, T. H.; Yamagata, T.; Yoshida, T.; Wilson,
(28) Brown, G. M.; Sutin, NJ. Am. Chem. Sod 979 101, 883-891. R. D.; Ibers, J. A.; Otsuka, 3norg. Chem 1979 18, 2239-2250.
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Table 4. Crystallographic Data for [Ni(dmpgfPFs)2, [Ni(depe}](BF4)2, [Ni(dmpp)]l(BF4)2, [Pt(dmpp}](PFs)2, [Ni(dmpel(CHsCN)](PFs)2,

[Ni(dmpp)(CHsCN)](BF4)2, Ni(dmpp), and Pt(dmpp)

[Ni(dmpe](PFe)2 [Ni(depe}|(BF4). [Ni(dmpp)](BF4)2 [Pt(dmpp}|(PFe)2
empirical formula G3H3sF12NNiO,Ps CaoHs50B2FsNiOP, C14H36B2FgNiPy Ci5.61H39.7912N0.2700 5Pt
formula mass, amu 709.95 662.81 560.64 848.70
cryst syst monoclinic orthorhombic monoclinic monoclinic
space group P2:/c Pccn Ri/n P2;/c
a(h) 17.7374(2) 17.7301(2) 9.8371(13) 17.5851(17)

b (A) 9.064 10.91290(10) 16.764(3) 9.3130(10)
c(A) 17.9013(2) 15.77990(10) 14.8801(18) 18.412(3)
o (deg) 90 90 90 90

p (deg) 96.1870(10) 90 101.136(7) 94.269(6)
y (deg) 90 90 90 90

V (A3) 2861.32(5) 3053.20(5) 2407.7(6) 3007.0(6)
A 4 4 4 4

T(K) 150(2) 162(2) 160(2) 141(2)
Rindex (1 > 20(1)) R1=0.0315 R1=0.0316 R1= 0.0286 R1=0.0332
R index (all data) R1=0.0434, R1=0.0438, R1=0.0354, R1=0.0412,

wR2 = 0.0805 wR2=0.0731 wR2=0.0716 wR2=0.0805
weighting coeff a=0.0373,b=1.0395 a=0.0398,b=1.4490 a=0.0308,0=1.7342 a=0.0351b=>5.0718
goodness of fiton F2 1.047 0.914 1.034 1.047

[Ni(dmpep(CHCN)](PF)2  [Ni(dmpp)(CHsCN)](BF4)2 Ni(dmpp). Pt(dmpp)
empirical formula Q5H38F12N2NiP5 C16H3ngFgNNiP4 C14H36NiP4 C14H36P4Pt
formula mass, amu 731.01 601.69 387.02 523.40
cryst syst monoclinic triclinic monoclinic monoclinic
space group P2,/c P1 C2/c C2lc
a(h) 19.9406(4) 10.7503(12) 17.5777(17) 17.481(6)

b (R) 9.0706(2) 14.2268(19) 9.5357(11) 9.892(3)

c(A) 16.7066(3) 17.8531(15) 14.7122(16) 14.524(5)

o (deg) 90 93.236(6) 90 90

p (deg) 97.49 92.155(6) 123.458(5) 123.879(7)

y (deg) 90 92.390(5) 90 90

V (A3) 2996.03(10) 2721.6(5) 2057.4(4) 2085.3(13)

z 4 4 4 4

T (K) 170(2) 169(2) 152(2) 160(2)

Rindex (I > 20(1)) R1=0.0560 R1= 0.0528 R1= 0.0442 R1=0.0218

Rindex (all data) R1=0.1062, R1=0.0899, R1=0.0638, R1=0.0223,
wR2=0.1349 wWR2=0.1336 wR2=0.0874 wR2=0.0510

weighting coeff a=0.0313b=14.6821 a=0.0482b = 4.9849 a=0.0227b=1.4966 a=0.0308b =+,

goodness of fiton F? 1.144 1.021 1.463 1.113

aR1 = Y |[Fo| — IFell/SIFol; WR2 = [SW(F2 — FAUYW(FRAIV2 bw L = [04(Fs?) + (aP)? + bP], whereP = (Fy? + 2F)/3.° GOF = S=

[SW(F2 — FA(M — N)]Y2, whereM is the number of reflections ard is the number of parameters refined.

Table 5. Selected Bond Distances (A)

compd M-P(1) M—P(2) M—P(3) M—P(4) M-N
[Ni(dmpe](PFo)2 2.2133(4) 2.2127(4) 2.2197(4) 2.2134(4)
[Ni(depe}](BF.): 2.2358(3) 2.2290(4)
[Ni(dmpp)](BF.) 2.1952(4) 2.2277(12) 2.2210(4) 2.2013(4)
[Pt(dmpp)](PFs): 2.3042(10) 2.3080(9) 2.3243(12) 2.3178(11)
[Ni(dmpe) 2.224(2) 2.229(2) 2.236(2) 2.225(2) 2.278(19)
(CH:CN)](PF)2
[Ni(dmpp) 2.2120(11) 2.2131(11) 2.2206(12) 2.2617(11) 1.992(3)
(CH:CN)](BF4)2
[Ni(dmpp] 2.1479(6) 2.1443(6)
[Pt(dmpp)] 2.2721(8) 2.2709(8)

and 1.99 A for [Ni(dmpp)XCHsCN)]2*. In the former a dis-
order problem involving the acetonitrile ligand probably con-
tributes to the long bond length. In [Ni(dppst@H:CN)]2* the
Ni—N bond distance is 2.10 &2 This would indicate that the

each diphosphine ligand and the metal are 87.4 and® 867
Ni(dmpp), and Pt(dmpp) respectively. For the Ni complex,
the average NiP bond distance is 2.15 A. For the Pt complex
the average PiP bond distance is 2.27 A. Although reduction

Ni—N bond length is significantly shorter for an equatorially ~generally results in a lengthening of mettigand bonds, these
bound acetonitrile as compared to an axially bound aceto- yalyes are 0.06 A shorter than the corresponding values of their

N atom by 16-15°, presumably due to steric interactions for
[Ni(dmpp)(CHsCN)]?" and packing forces for [Ni(dmpg)

(CHsCN)]2*.

Drawings of the two M(0) complexes Ni(dmppand Pt-
(dmpp) are shown in Figure 5. These two complexes are both
slightly distorted tetrahedral complexes. The dihedral angle

occurs during the reduction sequence [Ir(dpigfir(dppf)./
[Ir(dppf)2]~.3° These data suggest that bond shortening will
generally occur upon reduction of square-plarfaca@mplexes

to form tetrahedral ¥ complexes.

between the two planes defined by the phosphorus atoms of37, 2818.

(30) Longato, B.; Riello, L.; Bandoli, G.; Pilloni, Gnorg. Chem 1999
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Discussion Table 6. Selected Bond Angles (deg)

As pointed out by Labinger, the transfer of a hydride ligand _ [Ni({dmpe}](PFe)2 177 613(1
will almost always produce a coordinatively unsaturated species. E(‘EH\'!:P(D 85.933(16) P(zaN!:P(A') -613(18)

. ) > (1)-Ni—P(4) 93.826(16)  P()Ni—P(3) 93.998(16)
This led him to conclude that measurement of hydricity for P(1)-Ni—P(3) 177.701(18) P(4Ni—P(3) 86.338(16)

transition-metal hydrides would need to rely on more “phe- [Ni(depe}](BF ),

nomenological testst® However, there are stable 16-electron P@2)-Ni—P(2A) 180.0 P@FNi—P(1A)  95.222(14)
species such as the square-plarfdrahsition-metal complexes. P(2)-Ni—P(1) 84.778(14)
It was the stability of [M(diphosphing]?* complexes of Ni and [Ni(dmpp)](BF2)s

Pt that suggested to us that [HM(diphosphifie)complexes p(1y-Ni-P(4) ~ 99.926(18) P(DNi—P(3)  149.834(17)
might function as useful hydride donors for the reduction of P(1)-Ni—P(2) 89.18(3) P(3¥Ni—P(2) 93.34(3)
metal carbonyl complexé8.The objective of this work is to P(4-Ni—P(3) 93.851(19) P(HNi—P(2) 147.74(4)

demonstrate a quantitative measure of the relative hydricity for [Pt(dmpp}](PFes)2
[HM(diphosphine)] ™ complexes and to delineate some of the P(1)-Pt-P(2) 88.06(4) P(1yPt-P(3) 171.62(5)
features that determine their hydridic character. P(1)-Pt=P(4) 93.62(5) P(2yPt=P(3) 91.29(4)

Structural Studies. Diffraction studies of several of these ~ P(@~P=P(4) 172.25(5) P(4)Pt-P(3) 88.14(5)
complexes were performed to probe structtmetivity relation- [Ni(dmpek(CH:CN)](PF)2

ships. The Ni(ll) complexes can be isolated as either four- or P(1)-Ni—P(4) 91.69(10)  P(HNi—P(2) 85.21(8)

five-coordinate species. The gross geometry of the five- Egi)tm:_ggg 133:82(35()10) IF;((?)“:—E% 18%_'?[(15(')10)
coordinate complexes depends on the bite size of the diphos- p(1}-Ni—N 99.1(3) P(4y-Ni—N 97.4(5)
phine ligand. For [Ni(dmpegfCH3;CN)]>" a square-pyramidal P(2-Ni—N 98.7(3) P(3»Ni—N 98.4(4)
geometry is observed with an apical acetonitrile, whereas [Ni(dmpp)(CH:CN)](BF2):
[Ni(dmpp)(CH3CN)]J?" is a trigonal bipyramid in which the N—Ni—P(1) 82.55(10) N-Ni—P(2) 127.74(10)
acetonitrile ligand occupies an equatorial position. The small P(1)-Ni—P(2) 88.76(4) N-Ni—P(3) 87.70(10)
chelate bites observed for [Ni(dmpP)" and [Ni(depe)]?* P1-Ni—P(3) 169.91(4)  P()Ni—P(3) 95.19(4)

N—Ni—P(4) 110.35(10)  P(BNi—P(4) 96.20(4)

produce nearly planar complexes. The larger chelate bites N o
observed for [Ni(dmpp]?+ and [Pt(dmpp]?* result in signifi- P@-Ni-Pal 121'81(4_) PENI—P() 89.61(4)
cant tetrahedral distortions. The LUMO of these complexes is PQ)-NI—P(2A) 113 41E’;(‘)'(dmp%)212}Ni7P(lA) 115.41(2)
shown for planarl) and tetrahedrally distorted geometri@. ( P(2)-Ni—P(1) 101‘_24(2) P(DNiI—P(1A) 110:72(4)

[Pt(dmpp}]
P(2-Pt-P(2A) 115.85(4) P(2}Pt—-P(1A) 114.73(3)
P(2)-Pt-P(1) 99.75(3) P(LPt-P(1A) 112.82(4)

reduction potentials of the [M(diphosphia)- complexes. It
can be seen from Table 2 that the influence of the substituents
1 2 on the redox potentials follows the expected order of electron-
donating ability, Me> Et > Ph. Changing from a methyl to a
The antibonding overlap between the metal d orbital and the phenyl substituent produces a 0.49 V difference between the
ligand orbitals is decreased thcompared tdl, and LUMO 2 reduction potential of [Pt(dmpg¥f*™ and [Pt(dppe]?" and a
is stabilized with respect to LUMQ, as described in detail in ~ 0.55 V shift for the average reduction potentials of the analogous
a previous publicatiof?2 This simple molecular orbital picture  Ni complexes. The reduction potentials for the Pt complexes
provides a useful approach to understanding the thermodynamicare approximately 0.45 V more negative than the average of
properties of the [M(diphosphingdj™ complexes and their  the Ni(ll/) and Ni(l/0) couples for the same ligand. The effect
hydride analogues. of the chelate bite size is somewhat different than changing the
Dissociation of the acetonitrile ligands from the five- metal or the ligand substituents, because it has a significant
coordinate [Ni(diphosphing)lCHsCN)]?" complexes to produce  effect on the potentials of the Il/I couples but not on the po-
four-coordinate complexes is facile, and the energy differencestentials of the 1/0 couples. The Ni(ll/I) couple for [Ni(dmpp)"
between the four- and five-coordinate complexes are smaB(1 is 0.5 V positive of the Ni(ll/l) couple for [Ni(dmpg)> .
kcal/mol). As a result of the small energy differences between Similarly the redox potential for the 11/ couple of [Ni(dpph)™
the four- and five-coordinate species, the energetics of these(where dppp is 1,3-bis(diphenylphosphino)propane) is 0.54 V
five-coordinate complexes can be understood in terms of the positive of that of [Ni(dppej?* in dichloromethané?2 How-
corresponding four-coordinate complexes. ever, theEy, values for the 1/0 couples of [Ni(dpp#i™ and
Both Ni(dmpp} and Pt(dmpp)have dihedral angles between [Ni(dppp)]?" are nearly the same, and this is also true for
the two planes defined by the diphosphine ligand and the metal [Ni(dmpe)]?" and [Ni(dmpp)]?". Comparison of the redox
of nearly 90. This indicates that during reduction from potentials of Pt(dmpejlnd Pt(dmpp)shows that changing from
[M(diphosphine)]?* to M(diphosphine)these metal complexes  a diphosphine ligand with a two-carbon backbone to one with
undergo a distortion from square-planar structures to tetrahedrala three-carbon backbone produces a change in the 11/0 couple
structures. This twisting motion is larger for the Ni and Pt of approximately+0.25 V. This value is what would be
complexes with diphosphine ligands with small bite sizes expected if the Pt(ll/l) couples shifted to more positive potentials
because the M(Il) complexes are more planar. Reduction is alsoby approximately 0.5 V and the potentials of the 1/0 couples
accompanied by a contraction of the-¥ bond lengths of remained the same. As discussed above, the tetrahedral distortion
approximately 0.06 A. observed for [M(diphosphingf+ complexes containing diphos-
Electrochemical Studies.The substituents on the diphosphine phine ligands with large chelate bites leads to a lower energy
ligands, the nature of the metal, and the size of the chelate biteof the LUMO by decreasing antibonding interactions. This
of the diphosphine ligand all have comparable effects on the results in more positive potentials for the II/l couples of
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Figure 5. Drawings of Ni(dmpp) and Pt(dmpp)showing the atom-numbering schemes.

complexes containing diphosphine ligands with larger bite sizes. M(l) oxidation state. For example, [Pd(dppK) (where dppx

The potential of the 1/0 couple does not depend on the chelateis o,a’-bis(diphenylphosphinod-xylene) can be observed as a

bite size, because the Ni(l) and Pt(I) complexes are expectedstable species, as discussed in a previous publicgdichhe

to have a nearly tetrahedral geometty! stabilization of Pd(I) and Pt(l) species would suggest that radical
The observation that chelate bite size has a significant effecttype chemistry could play important roles for these complexes.

on the Il/l couple but not on the 1/0 couple has some interesting ™ (31) Zotti, G.; Zecchini, S.; Pilloni, GJ. Organomet. Chen1983 246,

consequences. Large chelate bites can be used to stabilize the1.
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A possible example of this radical chemistry is the reaction of mean that the five-coordinate-P#l and four-coordinate Pt(0)
[Pt(dmpe)]™ (produced by comproportionation of Pt(ll) and complexes undergo PP bond cleavage reactions to form four-
Pt(0) complexes) with ko form [HPt(dmpe)] " in benzonitrile, coordinate hydrides and three-coordinate Pt(0) intermediates.
which was described above. This reaction is more rapid for the These unsaturated species can react with dangling phosphine
dmpp analogue, as would be expected from a higher concentradigands from a second intermediate to produce ligand exchange.
tion of the M(l) species. Radical chemistry of [M(diphos- Formation of analogous intermediates from the four-coordinate
phine}]™ complexes should be favored by large chelate bites, M(Il) complexes is more difficult, and hence, scrambling is not
large substituents, and high temperatures. observed in this case.

Because the reductions of the [M(diphosphiffé)complexes The temperature dependence of the equilibrium constant as
produce large structural distortions, the role that entropy plays measured by?’P NMR spectroscopy for the proton-transfer
in determining the=y» values could be significantly larger than  reaction between [HNi(dmpg)" and Ni(dmpe) was studied
that expected for complexes in which the structural changes o determine if there is a significant entropy contribution to this
are not so dramatic. However, the experimena (11/0) reaction. The measured value &8 for this reaction is 6+ 2
values shown in Table 2 are in reasonable agreement with theca/(K mol). This result indicates that there are no large entropy
values calculated using the method of Hupp and We#¥er,  contributions to the proton-transfer reactions resulting from
which are also shown in Table 2. The higher experimental values gifferences in ring size of the chelating diphosphine ligands.
for AS’¢(Il/l) compared to the calculated values for the nickel gjmilar studies of the reactions between [HNi(depe)and
complexes may be partly attributed to the loss of a nitrile ligand Ni(dmpe) and between [HNi(dmpg)*" and Ni(depe)gaveAS’
upon reduction, which would be expected to increase the entropyyajyes of—4 + 2 and 5+ 2 cal/(K mol), respectively. These

in addition to that associated with the change in charge. Theseqata suggest that theS® values for the proton-transfer reactions
results indicate that the structural distortions are not leading 10 i, our study are small.

abnormally large entropy contributions. Consequently, the order
of the free energy changes and the enthalpy changes for thes
redox couples are the same, as shown in Table 2.

pKa Measurements. In the K, measurements discussed

Tilset and Parker have assumed tBawalues of transition-
Fnetal hydrides and their corresponding radicals are the same,
i.e.,(MHT) = S(M™).7¢ Substitution ofS’(M ™) for S(MH™)
above, all of the nickel and platinum complexes containing for the entropy change associatgd with the proton exchange
di hos, hine ligands with methyl or ethyl substituents can be reaction (16) leads to the conclusion t#’eq 16Should equal

? p db gkt y ; g tot thvl . the differences in thaS°¢(I/0) values observed in Table 2 for
e P o 2 oo SO DA, SO and L, (A5 10~ AAS(UD). For e e o
beMeen the M(’O) and MH complexes Qf]0r thesz complexes [Ni(dmpp)H] W.ith Ni(depe), the difference between the
are unambiguously determined for these complexes in benzo-ASorc(I/O) values is 5+ 4 cal/(K mol) (see Table 2) compared
nitrile. Because the acidities of [HNi(dppE) and [HPt(dppe]* to aAS’ value of 5+ 2 cal/(K mol) for the proton exchange

: reaction between [HNi(dmpg)" and Ni(depe). This agreement

are .S|gn|f|ca.m.tly dn‘ferent from t.hose of thg other complexes suggests tha® values of M- and MH" complexes are the same
studied, pyridine and triethylamine, respectively, were used as;

; . in our study. Hopefully, variable-temperature measurements of
Fgﬁﬁzl :;25 ;?r?g;]rf &%Cr}eigfg?énﬁnﬂl,%gralclﬁceiege?sein proton exchange reactions and electron exchange reactions will
importrfnce:p the substitu?ents of thé diphosphine ligands '[?19 be mao_le on other systems so_t_hat the validity_of the assumption
metal, and the chelate bite size of the diphosphine ligand. Thethatso Is the same for a transition-metal hydride (MH) and its

pKa values decrease by3.0 K, units if the methyl substituents radica_l (M) may be tested more rigorously. It is important to
are replaced with phenyl substituents, by&8units if Pt is establish thats” for MH and M are the same, because the

: ; : : accuracy of the M-H bond dissociation energies derived from
replaced with Ni, and by 0:30.7 unit upon changing from a . i
five- to a six-membered chelate ring. the thermochemical cycle shown in Scheme 1 depends on the

The proton transfer between Pt and Ni complexes containing validity of th's. assumption. Howe_ver, i the #H bond is
the same diphosphine ligands and between all of the Ni sHt.roneg pcl"‘?".'zed tol prod#ceha d'p0|9bwh'Ch collapsle_s upon
complexes likely proceeds viatvH—M' bridges®? In the case fro:lfrtr;wZVZi’ffI(tarIZr?cO; (t:)gti\r/ ;eitlt/lli Z%r(mﬂﬁgﬁﬂjﬁ rzeesrg ting
of two different Pt complexes, the role of hydride exchange ) ) ) o
between two Pt metals is less clear. Reactions between Hydride Transfer Potentials. The reaction of [HM(diphos-
[HPt(L);]* and Pt(), complexes (where L and’lare two phine}]* complexes with [M(diphosphingf* complexes re-
different diphosphine ligands) resulted in mixed [HPt(L){t sulted in a qualitative ordering of the hydride complexes in terms
and Pt(L)(L') complexes. The exchange of diphosphine ligands ©f their ability to donate hydride ligands. However, to obtain
permits the determination ofiga values for platinum hydride ~ duantitative information, it was necessary to use the thermo-
complexes containing two different diphosphine ligands, but it chemical cycle shown in Scheme 2. It can be seen from Table
is not clear whether the apparent hydride transfer involves the 3 that the order oAG*- values, or hydride transfer potentials,
transfer of a hydride ligand, the transfer of diphosphine ligands, Parallels thee, , values for the 11/0 couples, but the order does
or both. Studies of the reactions of [HPtg) with [HPt(L')2]* not fo_llow the_ sequence ofify vglues. More elec'tron-_donatlng
and of Pt(L) with Pt(L'), indicate that rapid diphosphine ligand ~ Substituents increase the hydrlde donor potential with=Viet
scrambling reactions occur at room temperature for bottHPt > Ph. For example, [HNi(dmpg)" and [HPt(dmpe]™ are
and Pt(0) species. Similar reactions are not observed for the@pproximately 14 kcal/mol better hydride donors than [HNi-
analogous Ni(0) or NiH complexes at room temperature, and (dppe}]™ and [HPt(dppe] *, respectively. For the same diphos-
no diphosphine ligand scrambling is observed for either Ni(ll) Phine ligand, platinum is a better hydride donor than Ni by-10

or Pt(Il) complexes. We have interpreted these observations to15 kcal/mol. A smaller chelate bite also appears to favor hydride
transfer, because the hydride donor abilities of [HNi(drgjge)

(32) Numerous compounds containing¥1—M bridges are known: (a) + i
Venanzi, L. M.Coord. Chem. Re 1982 43, 251-274. (b) Knobler, C. and [HPt(dme’] are apprOXImater 10 kcal/mol greater than

B.; Kaesz, H. D.; Minghetti, G.; Bandini, A. L.; Banditelli, G.; Bonati, F.  those of [HNi(dmppy] " and [HPt(dmpp)*, respectively. This
Inorg. Chem 1983 22, 2324-2331. is a direct result of the influence of the chelate bite size on the
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potential of the II/I redox couple. Of the complexes studied, reactions proceed too far to completion to allow direct measure-

the best hydride donor is [HPt(dmpgE), a third-row-metal ment of the equilibrium constants. An alternative approach,
complex containing a diphosphine ligand with a small chelate illustrated for the hydride exchange between [HNi(dmappand
bite and electron-donating methyl groups. [Ni(dmpe)]2* in benzonitrile (reaction 27), is to use the entropy

Although a quantitative relationship could not be developed changes associated with reactions 25 and 26 to calculate the
because of the slowness of the hydride transfer reaction, theentropy change for reaction 2XS°¢q 2sis the entropy associated
observation that [HNi(depg)" and [HNi(dmpp)] ™ can transfer
a hydride ligand tdN-benzylnicotinamide hexafluorophosphate ; + ; .
indicates that the [HM(diphosphing) complexes studied are [HNi(dmpp)] ™~ + Ni(dmpe)
more powerful hydride donors than most NADH analogues. [HNi(dmpe),] " + Ni(dmpp), (25)

The [HM(diphosphing]™ complexes in Table 3 are much . .
more powerful hydride donors than the CpM(G@)H com- [Ni(dmpe)]*" + Ni(dmpp), —
plexes (M= Mo, W) studied by Sarker and Bruré.[HNi- [Ni(dmpp),]*" + Ni(dmpe), (26)
(dppe}] ™, the poorest hydride donor in our study, is a stronger
hydride donor by approximately 16 kcal/mol than CoMo(@0O)  [HNi(dmpp),] " + [Ni(dmpe),]*" —

PMe;)H, the best hydride donor in the CpM H series; . + . 2+
fHPt(d)mpe)]+ isa st?/onger hydride donor l:?y Afgfggll/mol. These [HNi(dmpe)]™ + [Ni(dmpp),]™ (27)
data emphasize the important role of the stability of the
unsaturated complexes that result from hydride transfer. For theWith proton exchange between [HNi(dmp}s) and Ni(dmpey),
CpM(CO)(L)H complexes, hydride transfer is accompanied by for which a value of 6 2 cal/(K mol) was measuredS’eq 26
coordination of the solvent, and the hydride transfer ability of is the difference ofAS’(1l/0) values for the reaction of
these complexes should be strongly solvent dependent. For theNi{dmpp), with [Ni(dmpe}]?* (2 + 2 cal/K mol). The sum of
[HM(diphosphine)]™ complexes, stable square-planar com- AS’ contributions from reactions 25 and 26 gives a value of 8
plexes are formed. The stability of the square-planar complexes+ 4 cal/(K mol) for ASeq 2z This corresponds to &AS
is more important than the charge on the hydride complexes orcontribution of 2.4 kcal/mol to the free energy of reaction 27
the position of the transition metal in the Periodic Table. at room temperature. From Table 3 the free energy of reaction

Good hydride acceptors have the opposite characteristics 0f27 is 11.6 kcal/mol, which gives an enthalpy contribution to
good hydride donors. From Table 3, it appears that [Ni(dpe) reaction 27 of 14 kcal/mol. Therefore, [HNi(dmpE)is a better
and [Ni(dmpp}]?* should be the best hydride acceptors based hydride donor than [HNi(dmpp)" because of a larger enthalpic
on AG°4-. To evaluate the ability of these complexes to act as driving force. The entropic contribution at room temperature is
hydride acceptors, we studied the reaction of [Ni(dgjg&)and small and opposite to the enthalpic contribution.

[Ni(dmpp)]** with hydrogien in dimethylformamide. It was Using the same approachS’ calculated for the hydride
observed thgt [Nl(derpp])2 heterolyncally cleaves hydrogen exchange between [HNi(depk) and [Ni(dmpp]2* is 0 + 4
to fc_)r_rn [HNi(dmpp}] S In this case, th? metal complex is a cal/(K mol). AssumingS® for MH* is equal toS’ for M+ and
sufficiently good hydride acceptor that it can cleave theHH the same is true for MH* and M*, the entropy change

ls)ﬁ(r)l\(ljv,nmi/:|_(I:_ggllleus;r?0t:essjheeu§§1 fu'Pee:;b?é trr;gi% isenﬁg%esztraassociated with the hydride transfer between complexétM
99 g ' "and M?™ should be the difference in thAS(Il/l) values

[Ni(dppe)]?* does not react with hydrogen under the same . . )

conditions, which implies there is a kinetic constraint for this associated W't_h comp+lexes M a_nd.I\Wor t?f hy(_drlde exchange

complex. between [HNi(depe)™ and [Ni(dmpp)]4*", this leads to a
predictedAS’ value of 0 compared to the experimentat-04

In previous studies, [Pd(ttpE)(DMP)] (where ttpE is bis- . ) .
3-(diethviohosphi Nohenviphosphi d DMF is di- cal/(K mol). In conclusion, the entropy changes associated with
(3-(diethylphosphino)propyhphenylphosphine an 'S d the hydride transfer reactions in this study are small; conse-

methylformamide) heterolytically cleaved hydrogen to form a : ) .
hydride, but [Pd(etpE)(DMFS] (where etpE is bis(2-(dieth- qgently, the free energles.for.these reactions are determined
ylphosphino)ethyl)phenylphosphine) did #tThe only dif- primarily by enthalpy contributions.
ference in these complexes is that ttpE has a three-carbon chain A useful approach to understanding the features responsible
backbone while etpE has a two-carbon chain backbone. Thisfor promoting the hydride transfer reaction is to view this
result also indicates the chelate bite size is important for reaction in a stepwise manner, in which the hydride ligand is
heterolytic activation of hydrogen. We believe that this will first transferred without structural change followed by relaxation
prove to be a rather general phenomenon. of the tetrahedral M(Il) complex to a square-planar complex.
From the perspective of predicting the relative hydride donor This approach is frequently used for delineating the factors that
or acceptor abilities of complexes in solution, the relative free promote hydrogen atom transférif the hydride transfer step
energy of the hydride transfer reaction is the most important occurs without distortion, it will be favored by more basic
thermodynamic parameter. However, because the structuralsubstituents on the diphosphine ligands. Following hydride
changes associated with hydride transfer are large (e.g., [HPt-transfer, the tetrahedral [M(diphosphigl@j complexes will
(depe)]* is a distorted tetrahedréhwhile [Pt(depe)]?* is relax to square-planar structures. Because a tetrahedral Pt(ll)
expected to be square planar on the basis of the structure ofcomplex is less stable than a tetrahedral Ni(ll) complex, the
[Ni(depe}]**), it is of interest to consider the entropy changes driving force to form a square-planar platinum complex will
temperature dependence of the equilibrium constant for the i pe petter hydride donors than nickel complexes. Similarly,
transfer of the hydride ligand betweer'#¥t and M would complexes with large chelate bites will not be able to obtain a
provide this information. However, as discussed above, thesecompletely square-planar geometry. As a consequence, the
(33) Wander, S. A.; Miedaner, A; Noll, B. C.; Barkley, R. M.; DuBois,  driving force for hydride transfer will be less for complexes
D. L. Organometallics1996 15, 3360-3373. with large chelate bites.
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Summary and Conclusions [Ni(dmpe),](PFe)2r CH3NO,. X-ray-quality crystals of [Ni(dmpe)-
) ~ (PRs)2 were grown from nitromethane/methanol. Data collection was
A thermochemical cycle has been used to measure the relativeat 150 K using 30 s scans. Structure solution and refinement proceeded

hydride donor abilities of a series of [HM(diphosphisj&) normally. In addition to the Ni salt, the asymmetric unit contains one
complexes. On the basis of hydride transfer experiments, thesemolecule of CHNO; disordered at two sites. One P&nion exhibits
complexes are better hydride donors than CpM(@IOMN rotational disorder.

complexes (where M= Mo, W and L= CO, PR) and most [Ni(depe)](BF4)2"H20. Data collection was at 162 K using 30 s
NADH analogues. The hydride donor abilities of the [HM- Scans. Data beyond 0.75 A resolution were discarded in the final
(diphosphinej] ™ complexes (M= Ni, Pt) in this study and the refinement, due to \_Ne_ak scqtterlng at high angle. Nlck_el |s_p95|t|oneq
CpM (CO)(L)H compounds (M= Mo, W) studied by Sarker on a crystallographic inversion center. The asymmetric unit is 0.5 Ni

cation, one BEanion, and 0.5 water. No disorder is present.
and Bruno span a range of 50 kcal/mol. For the [HM- [Ni(dmpp) 2](BF4).. Data collection was at 160 K using 10 s scans.

(diphosphinej™ cations, the stability of the square-planar the asymmetric unit consists of the Ni cation and two; BFions.
complexes formed on hydride transfer contributes more to the one dmpp ligand is disordered, showing inversion about the central

hydride donor ability than their position in the Periodic Table. carbon atom of the propane backbone.

Structural differences between [HM(diphosphiiie)M(diphos- [Pt(dmpp)2](PFe)2"0.53CHCN-0.53CHOH. Crystals of [Pt(dmpp)-
phine), and [M(diphosphine)?* complexes are important for ~ (PF). were grown from acetonitrile/methanol at20 °C. Data
understanding differences in hydride donor ability. In this study, collection was at 141 K using 30 s scans. The asymmetric unit is the
we have shown that electrochemical reduction of [M(diphos- Pt cation, two PEanions, and 0.53 molecule each of methanol and
phine}]2t to M(diphosphine) results in a twisting of the acetonitrile. Both dmpp ligands are disordered, manifested as inversion

. . . about the central carbon of the propane backbone. OpealiBplays
diphosphine ligands about the metal to produce a tetrahedral .00 -1 Gisorder.

structure with shorter MP bonds. Protonation of the M(diphos- [Ni(dmpe)2(CHCN)](PFe)»CHCN. Crystals of [Ni{dmpe)CHs-

phine) complexes leads to [HM(diphosphigk) cations which CN)](PR). were grown from acetonitrile/methanol a0 °C. Data
have distorted tetrahedral ™, structures and MP bond collection was at 170 K using 30 s scans. The asymmetric unit is

distances comparable to [M(diphosphi}&) complexes (i.e., comprised of the Ni cation, two R@nions, and an additional molecule
the bonds lengthen on protonation). Hydride transfer is ac- of acetonitrile. The Ni is out of the plane formed by the four P atoms.
companied by a tetrahedral to square-planar structural Changé\li is disordered across this plane. The two Ni sites are separated by
without appreciable change in the-\P bond distance. Increas- 0.58A. A r_nole_cqle of ac_etonit_rile is present on either si'd_e of this plane,
ing the bite size of the diphosphine ligand of the [M(diphos- and each is within bonding distance (2.28 A) when Ni is on the same

. 2+ : . side, and just out of distance (3.37 A) when Ni is on the opposite side.
phine}]** complexes produces a tetrahedral distortion of the Site occupancy is 0.59 for the major site and 0.41 for the minor site.

square-planar complexes. This distortion makes the_se complexes INI(dmpp) 5 CHSCN)](BF o). Crystals of [Ni(dmpp)CH:CN)J(BF+)»
easier to reduce, causes them to be better hydride acceptors,ee grown from acetonitrile/methanol-a20°C. Data collection was
and stabilizes the-1 oxidation state. For [HM(diphosphing) 4 169 K using 30 s scans over a full sphere of reciprocal space. The
hydrides, the features favoring hydride donation are a third- asymmetric unit contains two crystallographically independent sets of
row transition metal containing a diphosphine ligand with basic cations and anions. Disorder is present at the central carbon of a single

substituents and a small chelate bite. propane backbone. No additional molecules are present. The system
was examined for higher space group symmetry. No additional
Experimental Section symmetry was found.
Ni(dmpp).. Crystals of Ni(dmpp)were grown from toluene at85
Physical Measurements and General Procedured and®'P NMR °C. Data collection was at 152 K using 90 s scans. The asymmetric

spectra were recorded on a Varian Unity 300 MHz spectrometer at unit is 0.5 molecule, with Ni on a 2-fold rotation axis. There is no
299.95 and 121.42 MHz, respectivell chemical shifts are reported  disorder, and there are no additional molecules.
relative to tetramethylsilane using residual solvent protons as a Pt(dmpp).. Crystals of Pt(dmpp)were grown from toluene at85
secondary referenc#P chemical shifts are reported relative to external °C. Data collection was at 160 K using 30 s scans. The asymmetric
phosphoric acid. For th&P spectra of the platinum complexes, the unit is 0.5 molecule, with Pt on a 2-fold rotation axis. There is no
spectra appear as a singlet flanked by satellites due to coupling to thedisorder, and there are no additional molecules.
195Pt (33.8% abundance) isotope. The chemical shift of the singletis  Electrochemical Studies.All electrochemical experiments were
reported followed byJsp obtained from the satellites. In the  carried out under an atmosphere ofifl0.3 M BWNBF, in benzonitrile
experiments where accurate, relative integrations of'fhsignals were or 0.3 M EtNBF, in acetonitrile. Cyclic voltammetry experiments were
needed, the repetition rate of the spectrometer was set to 11.96 scarried out on a Cypress Systems computer-aided electrolysis system.
Infrared spectra were recorded on a Nicolet 510P spectrometer as NujolThe working electrode was a glassy-carbon disk (2 mm diameter), and
mulls. Absorption experiments were carried out on a Carey 55UV the counter electrode was a glassy-carbon rod. A platinum wire
vis spectrometer. Elemental analyses were performed by Schwarzkopfimmersed in a permethylferrocene/permethylferrocenium solution was
Laboratories, Woodside, NY, or Galbraith Laboratories, Inc., Knoxville, used as a pseudoreference electrode to fix the potential. Ferrocene was
TN. All syntheses were carried out using Schlenk and drybox used as an internal standard, and all potentials are referenced to the
techniques. ferrocene/ferrocenium couple. Cell temperatures were maintained with
X-ray Diffraction Studies. Single-crystal X-ray data for eight a NESLAB RTE-110 refigerated bath/circulator containing a 50/50
complexes were collected at low temperature, ca. 150 K, on a Siemensmixture of ethylene glycol and water.

SMART CCD diffractometer using Mo & radiation ¢ = 0.710 73 Syntheses.1,2-Bis(dimethylphosphino)ethane (dmpe), 1,2-bis(di-
A). An arbitrary hemisphere of data to 0.68 A resolution was collected ethylphosphino)ethane (depe), bis(1,5-cyclooctadiene)nickel(0), and
for each sample. A full sphere was collected for [Ni(dm@PH:CN)]- dichloro(1,5-cyclooctadiene)platinum(ll) were purchased from Strem

(BF4)2, which crystallized in triclinic space grougl. Each data frame Chemical Co. and used without further purification. 1,3-Bis(dimethyl-
was 0.3 in w; frames were a correlated scan comprised of two phosphino)propane (dmpp) was purchased from Organometallics, Inc.,
exposures at half the total scan time. All data were corrected for Lorentz and used without further purification. Benzonitrile, acetonitrile, am-
and polarization effects, as well as for absorption. Structure solution monium hexafluorophosphate, 1,1,3,3-tetramethylguanidine, triethyl-
was by direct methods except for Ni(dmpp)hich was solved using amine, pyridine, tetrabutylammonium tetrafluoroborate, and tetraethyl-
the Patterson function. Anisotropic thermal parameters were refined ammonium tetrafluoroborate were purchased from Aldrich Chemical
for all non-hydrogen atoms. Details for specific compounds are given Co. and used as received. Tetrahydrofuran was purchased from Aldrich
in the following paragraphs. Chemical Co. and distilled over Na/benzophenone prior to use. [N{CH



11446 J. Am. Chem. Soc., Vol. 121, No. 49, 1999 Berning et al.

CN)s](BF4), was prepared according to literature methdili(dmpe)]- (m, 24 H, P(CHCHj3),), 1.31 (m, 8 H, EH,CH,P), 1.44 (m, 16 H,
(BF4)2 and [Ni(depe)](BF4). were prepared by modified literature ~ P(CH,CHa),). 3'P NMR (tolueneds): 6 40.5 (s).
procedures$® which are similar to those of [Ni(dmpg§BF4). discussed Ni(dmpp).. The complex was synthesized using a procedure similar

below. [Ni(dmpe)H](PFs), [Pt(dmpe)](PFs)2,%° [Pt(depe)](PFs)2,%® to that for Ni(dmpe) in 80.3% yield. The product can be sublimed
[Pt(dmpe)H](PFs), and [Pt(depeH](PFs) were prepared accordingto  under high vacuum at 11TC. *H NMR (toluenedg): 6 1.10 (m, 24
the procedures in ref 15. Ni(dmpg&} Ni(depe),®” and Pt(dmpejé were H, P(CH3),), 1.30 (m, 8 H, PEI,CH,CH,P), 1.73 (M, 4 H, PCKCH,-
prepared by modified literature procedures, and representative synthese€H,P). 3P NMR (toluenedg): ¢ —19.9 (s).
are described belovN-Benzylnicotinamide hexafluorophosphate was [Pt(dmpp)2](PFe),. Pt(COD)C} (0.80 g, 2.14 mmol) was added as
also prepared by a modified literature procedtire. a solid to dmpp (0.71 g, 4.32 mmol) in acetonitrile (75 mL), and the
[Ni(dmpp) 2](BF 4)2. [Ni(CH3CN)g][BF4]2 (0.61 g, 1.22 mmol) was resulting mixture was stirred at room temperature for 16 h. The solvent
added as a solid to a solution of dmpp (0.41 g, 2.49 mmol) in degassedwas removed in vacuo to give a white solid. The solid was dissolved
acetonitrile (100 mL) at room temperature. The solution was stirred at in water (25 mL), and a solution of NjRFs (1.00 g, 6.13 mmol) in
room temperature for 6 h, and the solvent was removed in vacuo to water (20 mL) was added, which resulted in the formation of a white
give a dark red solid. The solid was washed with methanok (3 precipitate. The precipitate was collected by filtration, washed with
mL) and dried overnight under vacuum to give the desired product in water (3x 10 mL), and dried under vacuum to give the product in
88.0% vyield. Anal. Calcd for GHzeBoFsNiPs: C, 29.99; H, 6.47; P, 91.2% yield. Anal. Calcd for GHasF12PsPt: C, 20.67; H, 4.46; P, 22.85.
22.10. Found: C, 29.60; H, 6.71; P, 22.2B. NMR (nitromethane- Found: C, 20.68; H, 5.02; P, 22.4"4 NMR (nitromethaned;): o

ds): 0 1.76 (quintet, 24 H2Jp_y = 7.8 Hz, splitting 1.9 Hz, P(83)y), 1.90 (quintet, 24 H2Jp—py = 7.2 Hz,%Jpen = 27.3 Hz, P(E3),), 2.30
2.05 (m, 8 H, PEI,CH,CH,P), 2.23 (m, 4 H, PCKCH,CH,P) 3P NMR (m, 8 H, PGH,CH,CH,P), 2.40 (m, 4 H, PCKCH,CH,P). 31> NMR
(nitromethaneds): & —13.6 (S). (nitromethaneds): 0 —29.6 (s,'Jprp = 2079 Hz).

[Ni(depe)H](PFs).. A solution of depe (1.05 g, 5.09 mmol) in THF [Pt(dmpp)_zH](PFe). Sodium borohydride on basic alumina (1.16_g
(125 mL) was cooled te-78 °C, and Ni(COD) (0.70 g, 2.54 mmol, of material with 109% NaBklcontent, 3.06 mmol) was added as a solid

COD = 1,5-cyclooctadiene) was added as a solid. The solution was t0 @ solution of [Pt(dmpp)(PFs). (1.00 g, 1.23 mmol) in acetonitrile
warmed to room temperature and stirred for an additional 16 h to give (50 mML). The resulting mixture was stirred at room temperature
a clear, yellow solution of Ni(depg)Ammonium hexafluorophosphate overnight. The alumlna was remoyed by filtration, and tr_le solvent was
(0.85 g, 5.21 mmol) in THF (50 mL) was added, which resulted in the removed from th_e filtrate by applying a vacuum. The solid that fo_rmed
formation of a precipitate. The volume was reduced to approximately Was washed with ethanol (% 5 mL) to remove excess sodium
10 mL in vacuo, and the suspension was filtered. The resulting solid Porohydride and dried overnight under vacuum to give the product in
was washed with water (& 10 mL) followed by diethyl ether (3« 72.1% yield. Anal. Calcd_for GHa7FePsPt: C, 25.11; H, 5.57. FO}Jnd:
10 mL) and dried overnight in vacuo to give the product in 93.5% C,25.25; H, 5.56. IR (Nujol):pi-n 2072 cmi™. *H NMR (acetonitrile-
yield. Anal. Calcd for GoHaoFsPsNi: C, 38.95; H, 8.01. Found: C, ) 0 —12.55 (quintet, 1 HiJpen = 642 Hz,2Jp—n = 29 Hz, Pt-H).
39.16; H, 7.89. IR (Nujol):vni—n 1924 cnrl. *H NMR (nitromethane- 3P NMR (acetonitrileds): 6 —54.4 (s,"Jpp = 2295 H2).

da): 6 —14.2 (s, 1 H, Ni-H), 1.12 (m, 24 H, P(CkCH3)2), 1.71-1.91 Pt(dmpe)z. Sodium _naphthalenide (0.1 M) in THF was ao_lded
(M, 24 H, PG,CH,P, P(GH;CHs),). 3P NMR (nitromethanek): o dropwise to a suspension of [Pt(dmgg)Fe]. (0.96 g, 1.22 mmol) in
46.2 (s). THF (100 mL) until the green color of the sodium naphthalenide

[Ni(dmpp) sH](PF). The complex was synthesized using a procedure persisted. The solution was stirred at room temperature for 2 h, and

o - : - the solvent was removed by applying a vacuum. The resulting solid
lar to that for [Ni(depeH](P 94.1% vyield. Anal. Calcd f
?:IT:I;?:FGIO%NEI ((:)I’ [31|(5§p H ](7:):61) Irllound:o éle 31.52? H a7(.:00.o:R was washed with acetonitrile (8 10 mL) and dried overnight under

Nuiol): vniw 1940 cnt. IH NMR (nit th 0 —14.3 (s, 1 a vacuum to give the product in 87.0% yield. The product can be
|(_| uril?lHi)}Nll.H43 > 024 1. PE (T.r?ozn}?n %ngia)PGZCHzCH(;’) sublimed under high vacuum at 11G. Anal. Calcd for G:HsPt: C,

; . 29.10; H, 6.51. Found: C, 29.03; H, 6.77H NMR (tolueneels): o
2.00 (m, 4 H, PCHCH,CH,P). 3P NMR (nit thanek): 6 —15.7 o ! o 8
s) (m LHP) (nitromethanet) 1.32 (m, 8 H, PEI,CH,P), 1.42 (M, 24 H3Jpy = 22 Hz, P(CH),).

. . . 3P NMR (tolueneds): & —12.6 (s,'Jprp = 3714 Hz).
Ni(dmpe),. A solution of dmpe (1.10 g, 7.33 mmol) in THF (50 . . -
mL) was cooled to-78 °C, and Ni(COD) (1.01 g, 3.67 mmol) was Pt(depe). The complex was synthesized using a procedure similar

; . to that for Pt(dmpe)in 59.4% yield.'H NMR (toluenees): ¢ 0.99
added as a solid. The solution was warmed to room temperature and(m, 24 H, P(CHCHa),), 1.24 (m 8 H, PEI,CH,P), 1.46 (m, 16 H,

stirred for an additional 16 h to give a clear, yellow solution of P(CH,CH),). 3P NMR (tolueneds): 6 21.5 (s, 3Jpep = 3614 Hz).

Ni(dmpe}. The solvent was removed in vacuo, and the product was Pt(dmpp),. The complex was synthesized using a procedure similar
washed with acetonitrile (% 10 mL). The solid was then dried under hat f P. d in 58.2% vield. Th d b blimed
vacuum overnight to give the product in 72.9% yield. The product can to that ror t(dmpe)in 58.2% yield. The product can be sublime

y ' under high vacuum at 11TC. Anal. Calcd for GHzePt: C, 32.13; H,

. . L X
?s? Szliblumggér;d)erlhggsh(\r'ﬁcguﬁ‘ g&?ﬁ “P)Nbfﬁh‘,t&';egg,ﬂihg)‘_‘ 6.93. Found: C, 32.16; H, 7.084 NMR (tolueneds): o 1.47 (m, 24
' ' 82 0 8 T AR 8- H, 33 = 21 Hz, P(®3)), 1.53 (M, 8 H, PEI,CH,CH,P), 1.87 (m,

15'0. (s). ) ) 4 H, PCHCH,CH,P). 3P NMR (toluenedg): 6 —52.1 (s,Jprp =

Ni(depe). The complex was synthesized using a procedure similar 3661 Hz).
to that for Ni(dmpe) in 78.7% yield.'H NMR (toluened): ¢ 1.02 Relative Hydride Transfer Potentials (Reaction 14). These

30 Fath B. 3. Holah. D. G.. Undernil. A E.Chem. Sod962 reactions were performed by adding-280 mg of [M(L),]?t (M =
24514) athaway, B. J.; Rolah, D. &.; Undernill, A. &.Chem. Sa Ni, Pt; L = dmpe, depe, dmpp) and 1 equiv of [MgH]* (M = Ni,

(35) (a) Hope, E. G.; Levason, W.; Powell, N. Aorg. Chim. Acta Pt; L = dmpe, depe, dmpp) to.NMR tubes in a drybox followed by
1986 115 187. (b) von Kozelka, J.; Ludwig, WHely. Chim. Acta1983 0.7 mL of CDCN. The solutions were allowed 24 h to reach
66, 902. (c) Gulliver, D. J.; Levason, W.; Smith, K. G&.Chem. Soc., Dalton equilibrium. The relative concentration of each species present was
Trans 1981, 2153. calculated by integration of th&P NMR signals.

S (?t’r?)lg%ttle?l' 131-7D-('”)°rTg-| Sy”thclgqu 828! dg?'v(\?) Cltt_eg S. D-'”Lorg\-l Relative Proton-Transfer Potentials (Reaction 16) These experi-
A?/r? Chem. 30’(1974 56 S%man, - A oeidel, W L Losser, L. ments were performed by preparing 1x41072 M solutions of the

('37) @) Mastrorilli, P.: Moro, G.: Nobile, C. F.: Latronico, Nhorg. metal hydride and M(0) complexes in benzonitrile in a drybox. Various
Chim. Actal992 192 183. (b) Gavero, G.; Frigo, A.; Turco, AGazz. aliquots were then added to NMR tubes to give a constant volume of
Chim. Ital. 1974 104, 869. 0.7 mL. The mixtures were allowed 24 h to reach equilibrium, and the

(38) (a) Chaloner, P. A.; Broadwood-Strong, G. T.XL.Chem. Soc., relative concentration of each species present was calculated by

Dalton Trans 1996 1039. (b) Nuzzo, R. G.; McCarthy, T. J.; Whitesides, integration of thé!P NMR signals.

G. (I\?:Ig)lrzg)rgogg\(zcm 1D?§|J_'|a2no’|_é3elﬁ'_s_. Roberts, R. M. G.; Kreevoy, M. M. Equilibrium Constants for Diphosphine Ligand Transfer (Reac-

J. Org. Chem1985 50, 4206. (b) Karrer, P.; Stare, F.Helv. Chim. Acta tions 17 and 18).These experiments were performed by preparing 1.4
1937 20, 418. x 1072 M solutions of the platinum hydride and platinum(0) complexes
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in benzonitrile in a drybox. Various aliquots of different hydride of [M(diphosphinej]X. and M(diphosphing)complexes in benzonitrile
complexes (reaction 17) or different Pt(0) complexes (reaction 18) were and bubbling hydrogen through the resulting solutions.

then added to NMR tubes to give a constant volume of 0.7 mL. The .
mixtures were allowed 24 h to reach equilibrium, and the concentration Acknowledgment. This work was supported by the U.S.

of each species present was calculated by integration GFEhBMR Department of Energy, Office of Science, Chemical Sciences
signals. Division.

pKa Measurements.These experiments were performed by preparing . . . .
1.4 x 1072 M samples of the metal hydride complexes in benzonitrile Supporting Information Available: - Tables of crystal data,

in a drybox. Various aliquots were then added to NMR tubes, followed data collection parameters, structure solution and refinement,

by the appropriate base (tetramethylguanidine, pyridine, or triethyl- &tomic coordinates and equivalent isotropic displacement pa-

amine), to give a constant volume of 0.7 mL. The mixtures were rameters, bond lengths, bond angles, anisotropic thermal

equilibrated for 20 min, and the relative concentrations of the species parameters, and hydrogen coordinates and isotropic displacement

present were calculated by integration of #@ NMR signals. parameters for [Ni(dmpgiPFe)2, [Ni(depe}](BF4)2, [Ni(dmpp)]-
Hydrogen Activation. These re‘_actions were performed by dissol\_/ing (BF4)2, [Pt(dmpp)](PFe)2, [Ni{dmpek(CHsCN)](PFs)2, [Ni-

20—-30 mg of [M(L)]?" (M = Ni, Pt; L = dmpe, depe, dmpp) in (dmppX(CH3CN)](BF4)2, Ni(dmpp), and Pt(dmpp) This ma-

dimethylformamided; (0.7 mL) and bubbling hydrogen through the  tgyi5|is available free of charge viathe Internetat http://pubs.acs.org.
solution. The reaction was monitored 8 and'H NMR spectroscopy.

Similar experiments were performed by dissolving equimolar amounts JA991888Y



