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The reaction of Et,PCH,N(Me)CH,PEt, (PNP) with [Ni(CH3CN)e](BF4), results in the formation of [Ni(PNP),](BF4)2,
which possesses hoth hydride- and proton-acceptor sites. This complex is an electrocatalyst for the oxidation of
hydrogen to protons, and stoichiometric reaction with hydrogen forms [HNi(PNP)(PNHP)](BFa), in which a hydride
ligand is bound to Ni and a proton is bound to a pendant N atom of one PNP ligand. The free energy associated
with this reaction has been calculated to be =5 kcal/mol using a thermodynamic cycle. The hydride ligand and the
NH proton undergo rapid intramolecular exchange with each other and intermolecular exchange with protons in
solution. [HNi(PNP)(PNHP)](BF4), undergoes reversible deprotonation to form [HNi(PNP),](BF4) in acetonitrile solutions
(PKa = 10.6). A convenient synthetic route to the PFs~ salt of this hydride involves the reaction of PNP with
Ni(COD), to form Ni(PNP),, followed by protonation with NH,PFs. A pK, of value of 22.2 was measured for this
hydride. This value, together with the half-wave potentials of [Ni(PNP),](BF4),, was used to calculate homolytic and
heterolytic Ni—H bond dissociation free energies of 55 and 66 kcal/mol, respectively, for [HNi(PNP),](PFs). Oxidation
of [HNi(PNP),](PFs) has been studied by cyclic voltammetry, and the results are consistent with a rapid migration
of the proton from the Ni atom of the resulting [HNi(PNP),J** cation to the N atom to form [Ni(PNP)(PNHP)J?".
Estimates of the pK, values of the NiH and NH protons of these two isomers indicate that proton migration from
Ni to N should be favorable by 1-2 pK, units. Cyclic voltammetry and proton exchange studies of [HNi(depp).]-
(PFe) (where depp is Et,PCH,CH,CH,PEt,) are also presented as control experiments that support the important
role of the bridging N atom of the PNP ligand in the proton exchange reactions observed for the various Ni complexes
containing the PNP ligand. Similarly, structural studies of [Ni(PNBuP),](BF4), and [Ni(PNP)(dmpm)](BF4), (where
PNBUP is Et;PCH,N(Bu)CH,PEt, and dmpm is Me,PCH,PMe,) illustrate the importance of tetrahedral distortions
about Ni in determining the hydride acceptor ability of Ni(ll) complexes.

Introduction two terminal CO ligands and one cyanide ligand with a
vacant coordination site adjacent to the di(thiomethyl)amine
ligand. The nitrogen atom of this ligand is thought to play
an important role in the heterolytic cleavage of hydrogen at
the active site and in the transfer of the protons from the
active site to the exterior of the enzyme via a proton-transfer

Hydrogenase enzymes catalyze the oxidation of hydrogen
or its reverse: the reduction of protons to hydrogen. This
reaction is of interest because of its role in biological
metabolic processes and its potential importance to fuel cells.
From a fundamental perspective, this is the simplest elec- pathwayts
trochemical reaction involving bond formation or cleavage. '

Two well-established classes of hydrogenases are the Fe These results have led to model studies of Fe dimers
- . > . : o
only and the NiFe hydrogenases. Recent structural studiesContamlng propane dithiolate and GM{CH,S), bridges?

of the Fe-only hydrogenase frobresulfaibrio desulfuricans (1) Nicolet, Y.; de Lacey, A. L.; Veride, X.; Fernandez, V. M,
suggest that the site for hydrogen activation contains two T;écggé?i%bf" Fontecilla-Camps, J. L.Am. Chem. S02001,
Fe atoms bridged by a di(thiomethyl)amine ligand, (2) Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, LSElence
1-4 i i 1998 282,1853-1858.
HN(CHZSL)Z' In the reduced form, one iron is bound to (3) Pereira, A. S.; Tavares, P.; Moura, |.; Moura, J. J. G.; Huynh, B. H.
J. Am. Chem. So@001, 123,2771-2782.
* To whom correspondence should be addressed. E-mail: dan_dubois@ (4) Peters, J. WCurr. Opin. Struct. Biol.1999 9, 670-676.
nrel.gov. (5) Fan, H.-J.; Hall, M. BJ. Am. Chem. So@001, 123, 3828-3829.
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H/D exchange and hydrogen evolution has been observedhas been found that [Ni(ERCHNMeCH,PEb),]?t,

for some of these complexes, but evidence is lacking for [Ni(PNP)]?", catalyzes the electrochemical oxidation of
participation of the nitrogen atom of the bridging dithiolate hydrogen and reacts stoichiometrically with hydrogen to form
ligand in these model compounds. However, the proposedcomplexes in which the hydride ligand is associated with
interactions between the nitrogen atom of the bridging nickel and the proton is bound by nitrogen. Rapid exchange
dithiolate ligand, Fe, and Hemain reasonable. Examples occurs between these two sites. This complex also readily
of ligand-appended bases interacting with coordinated di- exchanges both the hydride ligand and the proton on nitrogen
hydrogen to produce heterolytic cleavage of hydrogen are with protons in solution. Deprotonation of this complex leads
known for a number of transition metal complexX&dn to the formation of [HNi(PNRJ*. Electrochemical studies
addition, the closely related phenomenon of hydrogen of the latter complex are consistent with a rapid and
bonding between metal hydrides and positively charged reversible transfer of a proton between the metal and the
hydrogen atoms bound to electronegative elements, such asitrogen atom of the PNP ligand as the Ni complex is
nitrogen or oxygen, has also been studied in some détail. oxidized and reduced. The observed catalysis, the heterolytic
These bonds have been shown to have bond energies as largactivation of hydrogen, and the transfer of protons between
as 5-6 kcal/mol, which would indicate that this type of Ni and N suggest that [Ni(PNR¥" is a good functional
interaction could be important in enzymatic systems. model of the Fe-only hydrogenases.

In the NiFe hydrogenases, the Fe atom has an almost
identical coordination sphere to that observed for the Fe-
only hydrogenas& %4 The Ni atom is bound to four sulfur Syntheses and Reactiong he ligand EAPCH.NMeCH,-
atoms of cysteine residues. Two of these sulfurs bridge thePEt (PNP) was prepared by the reaction of 2 equiv of
Fe and Ni atoms. The four sulfur atoms coordinated to Ni diethylphosphine and formaldehyde with 1 equiv of methyl-
exhibit a large distortion from the ideal positions expected amine in the form of the hydrochloride salt, as shown in
for either a tetrahedral or square planar geometry. Variousreaction 1. This Manich-type reaction has been used exten-
roles have been proposed for the Fe and Ni atoms in thesively for the preparation of a variety of mixed phosphine
activation/production of hydrogen on the basis of spectro- amine ligands with methylene bridg&sThe ligand PNBuP
scopic and theoretical studi€s® Whatever their roles, it was prepared in an analogous fashion. The NMR spectral
is likely that they act in concert because the sulfur bridges data and analytical data are consistent with the assigned
should provide strong electronic coupling between the two structure (see Experimental Section for details).
metals.

In previous studies, we have used the heterolytic cleavageZEtZPH +HANR+2CH,=0—
of hydrogen by [Ni(diphosphingf*™ complexes in the ELPCHN(R)CH,PEL + 2H,0 (1)
presence of an amine base to determine the hydricity of the Pl\ﬁ)é\lupﬁ lT;:'\r/]I—eBu
corresponding [HNi(diphosphing) complexes?® In this '
paper, we describe the preparation of [Ni(diphosphifg) Ni(ll) Complexes. Reaction of 2 equiv of PNP with
complexes containing ligand-appended nitrogen bases. It[Ni(CH3CN)s](BF.). in acetonitrile results in the formation
of red [Ni(PNP}](BF,).. Solutions of this complex bleach
(6) Lyon, E. J.; Georgakaki, I. P.; Reibenspies, J. H.; Darensbourg, M. immediately on exposure to air, and [Ni(PNJPBF,), is
@) ;hgbf”;:;cgzgqrggﬁfk??ll. 1,%?’;' 3,55'{;’32“;?',_.; varbrough, J. c;  Significantly more air-sensitive than both its hydride and

Darensbourg, M. YJ. Am. Chem. So@001, 123,9710-9711. Ni(0) analogues described in following paragraphs. The

(8) Gloaguen, F.; Lawrence, J. D.; Rauchfuss, TJBAm. Chem. Soc. ; i
2001 123, 9476- 9477 spectral data and electrochemical data for this complex

Results

(9) Lawrence, J. D.; Li, H.; Rauchfuss, T. B./ Ba&rd, M.; Rohmer, M.- are consistent with its formulation (see Experimental Sec-
M. Angew. Chem., Int. EQ001, 40, 1768-1771. tion).

(10) Lee, D.-H.; Patel, B. P.; Clot, E.; Eisenstein, O.; Crabtree, REHém. . . . .
Commun1999 297-298. Chu, H. S.; Lau, C. P Wong, K. Y. Wong, The chemical properties of [Ni(PNBF4), and [Ni-

W. T. Organometallics,1998 17, 2768. Laugh, A. J.; Park, S;;  (PNBuUP}](BF4), and their derivatives are identical with

gggama”dran’ R.; Morris, R. B Am. Chem. 50994 116,8356- respect to the chemistry described in this paper with the
(11) Custelcean, R.; Jackson, J.Ghem. Re. 2001, 101, 1963-1980. exception that X-ray quality crystals were obtained for

(12) Volbeda, A.; Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. i . i7ati i
M.; Hatchikian, E. C.; Frey, M.; Fontecilla-Camps, J.JCAm. Chem. [NI(PNBUP)Z](BH)Z Crystallization of [NI(PNBUPQX(BH)Z

S0c.1996 118, 12989-12996. from a dichloromethane/ethanol mixture resulted in. red
(13) ?;ggc;\iézé;_ gggta. H.; Miki, K.; Yasuoka, N.; Yagi, Btructure crystals and a yellow powder. ZP NMR spectrum of this
(14) Garcin,’ E.; Vernéde, X.; Hatchikian, E. C.; Volbeda, A.; Frey, M.; mixture mdlcate.d the presence of both [Nl(PNBﬂEBF“)?

Fontecilla-Camps, J. GStructure1999 7, 557-565. (red) and [HNi(PNBuPR)(BFs) (yellow). The latter is
(15) Amara, P.; Volbeda, A.; Fontecilla-Camps, J. C.; Field, M. Am. produced by the oxidation of ethanol, as verified by addition

Chem. Socl1999 121,4468-4477. . .

(16) Pavlov, M.; Siegbahn, P. E. M.; Blomberg, M. R. A.; Crabtree, R. H. Of ethanol to an NMR sample of [Ni(PNBWRBF,). in
an ?\i‘Arrg cThﬁm. SOG.EQ?/I 123,34&—5§J5-A Chem. 504999 121 CDsCN. An X-ray diffraction study of the red crystals
u, S.; omson, L. .; Rall, M. . AM. em. S0 , - . . .

4000-4007. confirmed their assignment to [Ni(PNBuWRBF.).. A per-
(18) Stein, M.; van Lenthe, E.; Baerends, E. J.; LubitzJVAm. Chem.

Soc.2001, 123,5839-5840. (20) Moedritzer, K.; Irani, R. RJ. Org. Chem.1966 31, 1603-1607.
(19) Curtis, C. J.; Miedaner, A.; Ellis, W. W.; DuBois, D. I. Am. Chem. Matienzo, L. J.; Grim, S. O. Itnorganic SynthesjBasolo, F., Ed.;

Soc.2002 124,1918-1925. McGraw-Hill: New York, 1976; Vol. 16, pp 198199.
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Ni, is 34.2°, which indicates a tetrahedral distortion ap-
proximately one-third of the way between a square planar
geometry and a tetrahedron. This large tetrahedral distortion
can be attributed to steric interactions between the ethyl
substituents on the two different diphosphine ligands, but it
may have an electronic component as w&lthe P-Ni—P
bond angle of 89.7for the diphosphine ligands is similar
to that observed for the analogous [[Ni(dmgp)lcation
(91.5), and the Ni-P bond lengths (2.23 A average) are
normal for NP* phosphine complex&$22The six-membered
ring formed by Ni and the PNBUP ligand is in the chair form
and exhibits some disorder, consistent with the expected
conformational lability.

[Ni(PNP)(dmpm)](BR), (where dmpm is bis(dimethyl-
phosphino)methane) can be prepared by addition of [Ni-
(CH3sCN)6](BF4), to a 1:1 mixture of the two ligands in
acetonitrile. Thé*P NMR spectrum of this complex, which
has an AAXX' spin system, consists of two apparent
doublets at 2.25 ane53.42 ppm in CRCN. These chemical
shift values are in the ranges expected for phosphorus atoms
in six- and four-membered rings on RiCrystallization of
this complex from a mixture of dichloromethane and ethanol
produced crystals suitable for an X-ray diffraction study. A
perspective drawing of the [Ni(PNP)(dmpr)]cation is
shown in Figure 1b. Tables 1 and 2 contain selected bond
lengths and bond angles, respectively, for this complex. It
can be seen from Figure 1b that the [Ni(PNP)(dmpm)]
cation is almost strictly planar with a dihedral angle between

_ _ _ _ the two planes defined by the two phosphorus atoms of each
Figure 1. Drawings of (a) [Ni(PNBuPj}?*, (b) [Ni(PNP)(dmpm)}*, and . . . . . ..
(c) Ni(dpype} indicating atom numbering schemes. Thermal ellipsoids are chelatlng dehOSphlne “gand and Ni of 3.9his is much
drawn at 50% probability. smaller than the 34°langle observed for [Ni(PNBUE)
(BF4),. The P-Ni—P bond angles of the two diphosphine
ligands are quite different for the two ligands: 94f@r PNP

Table 1. Selected Bond Distances (A)

cmpd NEP(@) NP2 NP3 Ni-P(@) and 73.8 for dmpm. The Ni-P bond lengths are again in
[Ni(PNBUPY](BF4)2 2.2304(9) 2.2371(8) the normal range expected for a2Nicomplex (2.21 A
[Ni(PNP)(dmpm)|(BR). 2.2276(16) 2.235(2) 2.1889(15) 2.1876(15) ,iarn epL22
Ni(dpype} 2.1483(9) 2.1526(7) 2.1478(7) 2.1461(7) 9€J.

In contrast to the PNP and PNBuP, addition of [Ni-
(CH3CN)g](BF4), to acetonitrile solutions of dpype (where

Table 2. Selected Bond Angles (deg) dpype is bis(di-2-pyridylphospino)ethafe)produced a

PL)-NI—P) 8ngi5(6P(gl)BUP)Z]FS?1IX;2N' b 05073 paramagnetic product(s), as indicated by very bfdp#dMR

1— . 1— .

P(Ly-Ni—P(LA) 159.50(6) P(LAYNi—P(2A) 89.66(3) resonances and no obgervaﬁ%@ NMR_resonances._The

P(1)-Ni—P(2A) 95.07(3) P(2Ni—P(2A) 153.21(6) desired square planar Ni(ll) complex with four coordinated
_ [Ni(PNP)(dmpm)](BF) phosphorqs atoms shguld be diam.agne.tic. Similar _results

P(1)-Ni—P(2) 73.84(7)  P(INi—P(3) 95.72(7) were obtained when Ni(dpypg)escribed in the following

ﬁﬁmiiﬁg 182:31152)) §f§ﬁ!:§§i§ 152:32(%) gﬁ;atlgraph, was oxidized with ferrocenium hexafluorophos-

Ni(d N . .

P(1)-Ni—P(2) 90_59(3I)( pypg%z_)Ni_p(:g) 131.32(3) Ni(0) Complexes.Ni(COD), (where COD is 1,5-cycloocta-

P(1)-Ni—P(3) 114.47(3) P(2)Ni—P(4) 116.78(3) diene) reacts with 2 equiv of PNP to form Ni(PNP2

P(1)-Ni—=P(4) 114.06(3)  P(3NI—P(4) 91.23(3) (reaction 2, step 1). ThéH and 3P NMR spectral data,

elemental analysis, and electrochemical data of white

spective drawing of the [Ni(PNBuR¥" cation is shown in Ni(PNPY), are all consistent with its formulation (see Experi-
Figure la. Table 1 contains selected bond lengths for thismental Section). Similarly, reaction of 2 equiv of 1,2-bis-
complex, and Table 2 contains selected bond angles. It can
be seen from Figure 1a that the [Ni(PNBgP) cation is (1) %ie?f?ei’z’?* Haltiwanger, R. C.; DuBois, D. Inorg. Chem 1991,
best described as a tetrahedrally distorted square planagzz) Berning, D. E.; Noll, B. C.; DuBois, D. L. Am. Chem. S0d.999
complex. The tetrahedral distortion, as measured by the(zg) lGZL 1143"32—Eléﬁ47- Re. 1981 81, 229-266

. . arrou, . em. Re. y .
dihedral angle between the two planes defined by the two (24) Bowen, R. J.; Garner, A. C.; Berners-Price, S. J.; Jenkins, I. D.; Sue,

phosphorus atoms of each chelating diphosphine ligand and ~ R. E.J. Organomet. Cheni998 554, 181—184.
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(di-2-pyridylphosphino)ethane (dpype) with Ni(COro- NMR at 5.93 ppm with'Jpyy = 488 Hz) and the hydride
duces Ni(dpype) The spectroscopic, analytic, and X-ray complex, respectively. The assignments for the protonated
diffraction data for this complex (see Experimental Section) diphosphine ligand, ktlepgt, were confirmed by an inde-
are also consistent with the assigned structure. A perspectivgpendent synthesis of this compound from depp and HBF
drawing of Ni(dpype) is shown in Figure 1c. Tables 1 and ether. Treatment of the reaction mixture with triethylamine
2 contain selected bond lengths and bond angles, respectivelyresults in the conversion of the protonated diphosphine ligand
for this complex. It can be seen from Figure 1c that and [Ni(depp)(CHCN),]?" into [HNi(depp)}]*.

Ni(dpype} is best described as a distorted tetrahedron. The

dihedral angle between the two planes defined by the two 3[Ni(depp)]*" + 2H, — [H,deppf" + 2[HNi(depp)] " +
phosphorus atoms of each chelating diphosphine ligand and ; 2+

Niis 85.3. As expected, this angle is much larger than those [Ni(depp)(CHCN)I™ (3)
observed for [Ni(PNRJ?" and [Ni(PNP)(dmpmf". The . 2+ . : +
average P-Ni—P bond angle formed by Ni and the dpype [NI(PNPLI™ + H, [HNi(PNHP)(PNP)] “)
ligand is 90.9, which is comparable to those observed for . _ .
Ni(dppv). (90.7, where dppv igis-bis(diphenylphosphino)- Bubbling hydrogeq 9as thrpugh a2c+eton!trd@and di-
ethylene), and Ni(dedpej90.9, where dedpe is 1-(diethyl- choromet.haneiz solutions of [Nl(FfNPQ] ra'lpldly ble.aches
phosphino)-2-(diphenylphosphino)ethane). The-Ribond the SO'EU_OHS’ and a new hydride species, [HN'(P.NHP)'
lengths (2.15 A average) are in the range expected for a Ni(O)(PNP)]2 , is formed with a proton bound to the bridging N

complex and about 0.06 A shorter than those observed foratom of the diphosphine ligand (reaction 4)' In acetonitrile-
Ni2* complexeg2225 ds, a new resonance is observed-@&.5 ppm in théH NMR

spectrum. When the sample is cooled, this resonance
NH,PF, broadens and coalesces, but the low-temperature spectrum
Ni(COD), + 2PNP— Ni(PNP), —— [HNIi(PNP),](PF;) cannot be obtained because of the relatively high freezing
2 point of acetonitrile (Figure 1s of Supporting Information).
In dichloromethane},, the exchange is slower, and the
NiH Complexes. The studies described here include coalesced spectrum is observed at room temperature. When
results for Ni complexes of both PNP and depp ligands this sample is cooled te-90 °C, two new resonances are
(where depp is 1,3-bis(diethylphosphino)propane), in which observed at-15.2 and 7.4 ppm (Figure 1s). These resonances
the N atom of PNP is replaced by a methylene,.Olthit. are assigned to the hydride ligand and NH proton, respec-
Comparisons of the hydride complexes of these two ligands tively, of [HNi(PNP)(PNHP)}*. The average of these two
help delineate the role of the bridging N atom of the PNP chemical shift values;-3.9 ppm, is nearly the same as that
ligand in various reactions described in following para- observed at room temperature in acetonitdie-Upon
graphs. warming to room temperature, the original spectrum is
Protonation of Ni(PNR)with ammonium hexafluorophos-  obtained. When the sample is heated above room tempera-
phate produces [HNi(PNE}PFs) (reaction 2, step 2). The ture, the complex rapidly decomposes, and no high-temper-
observation of a resonance afl4.8 ppm in the!H NMR ature spectrum could be obtained in dichloromethdne-
spectrum of this complex dissolved in @CN is char- These spectra indicate that a rapid exchange process occurs
acteristic of a hydride, and the quintet splitting is consistent in this complex that averages the hydride and the nitrogen-
with coupling to four phosphorus nuclei. As in the case of bound proton. The high rate of exchange, approximatety 10
[HNi(depp)]?" complexes studied previous!y,the pro- s 1, suggests an intramolecular process at the concentrations
tonation of the Ni(0) complex, Ni(PNR)to form the used for these studiesy5 x 1073 M. An intermolecular
corresponding hydride complex results in only a small shift process would require proton transfer at near diffusion-
(approximately 1 ppm) of th#P NMR resonance. However, controlled rates. In addition, when [HNi(depp) and up to
!H-coupled®P NMR spectra and®'P} H NMR spectra 5 equiv of anisidinium (g, = 11.3¥% or 4-bromoanalinium
confirm coupling between the hydride and phosphorus nuclei. tetrafluoroborate (K, = 9.6¥¢ were dissolved in deutero-

A band at 1933 cm' in the infrared spectrum is assigned to acetonitrile, no exchange was observed between the hydride
the Ni—H stretch. and protonated bases. Slower exchange was probed using
The reaction of [Ni(depp)?" with hydrogen in acetonitrile 2D 'H NMR exchange spectroscopy (NOESY), and no

in the presence of a base such as triethylamine generategxchange was observed on the2ls time scale. Addition
[HNi(depp)]* and the protonated base, as described previ- of D,O (0.14 mmol) to a sample of [HNi(depp) (0.029
ously®?In fact, reaction with hydrogen occurs in the absence mmol) and anisidinium (0.047) mmol) in GON gave about

of base, but in this case, the coordinated diphosphine ligand20% deuterium incorporation into the NiH site in 18 h,
acts as a base, as shown in reaction 3. Resonances®®the demonstrating relatively slow H/D exchange on a longer time
NMR spectrum are observed in a 1:4 ratio assigned to thescale. All of this evidence indicates that intermolecular
protonated diphosphine ligand (a singlet at 19.8 ppm in the exchange between NiH and NH sites in solution is slow,
3P NMR spectrum with an associated doublet in the and the fast exchange observed for [HNi(PNHP)(PRIP)]

(25) Berning, D. E.; Miedaner, A.; Curtis, C. J.; Noll, B. C.; Rakowski  (26) Edidin, R. T.; Sullivan, J. M.; Norton, J. R. Am. Chem. S0d.987,
DuBois, M. C.; DuBois, D. LOrganometallic001, 20, 1832-1839. 109, 3945-3953.
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must be intramolecular. The rapid exchange observed for 4.0
[HNi(PNP)(PNHP)}* is consistent with an intermediate
dihydrogen complex (reaction 5) or a (i dihydride ® 120 2
complex (reaction 6) that are not observed. Precedent exists oo
0,27 T T — %Y 2
for both pathwayst A8 16 1Mz 1 08 N6 2 &
[ o . 2.0
~P. . P
OGO
. H\N/R 2+‘//, ’—-RN Volts vs Ferrocene
~p | 2+
RN\_P‘,Ni:l; N kp\f . 6.0
PNy ©® 40
[HNi(PNP)(PNHP)]2* R.I\{—-/P ®) v g
' ;
. ——\— A1 0.0
Intermole_cular Pro_ton Exchange a_nd Protonation/ A8 <16 -14 Y5 -1 -08 \o.6 04 ©
Deprotonation Reactions.The rapid disappearance (less 2.0
than 5 min) of the hydride resonance-al4.8 ppm upon
addition of DO to [HNi(PNP)]" in CDsCN indicates that Volts vs Ferrocene 0
deuterium from DO exchanges with the hydride ligand. Figure 2. (a) Cyclic voltammogram of a 2.% 103 M solution of
More rapid exchange of the hydride ligand with@H(2.9 [Ni(deppX](BF4)2 in 0.2 M NEuBF/CH:CN. The scan rate is 50 mV/s.

; ; PO ST ; (b) Cyclic voltammogram of a 2. 10-3 M solution of [Ni(PNP}](BF4)2
equivalents) in solution is indicated by NOESY experiments in 0.2 M NEWBFJCH:CN. The scan rate is 100 mV/s.

where a strong exchange cross-peak is observed at mixing

times as short as 0.1 s. Whepis added to [HNi(depp)", than [Ni(PNHP)(dmpmJj". Both values are within thek

less than 10% incorporation of deuterium is observed after range of 7.6-10.6 estimated by Rauchfuss and co-workers

48 h. These observations support the importance of theg,, [Fex{ (SCH)2N(H)Me} (CO)]* in acetonitrile? Darens-

bridging N atom of the diphosphine ligand for the rapid bourg and co-workers have reported K, value between

intermolecular proton exchange observed for [HNI(PP) 2 1 and 4.7 in water for the 1,3,5-triaza-7-phosphaadaman-
Intermolecular exchange of both the hydride and NH {gne ligand coordinated to Pt(&)This pK, range in water

protons is also rapid for [HNi(PNP)(PNHP)] Addition of  corresponds to a range 9:62.2 in acetonitrile using a

in a complete and immediate disappearance of the resonancg, acetonitrile [, values?®

at—_3.5 ppm. [HNi(PNP)(PNHPJ} also reacts with triethyl- The [Ka of [HNi(PNP),](PF:) was measured by reaction
amine at room temperature to produce [HNi(PNP)as of Ni(PNP) with [HPt(dppe)]* (where dppe= bis(di-

indicated by a hydride resonance-&t4.8 ppm. Conversely, phenylphosphino)ethanekp= 22.0) in benzonitrile to form

the acid, 3-cyanoanilinium tetrafluoroborate, protonates [HNi(PNP)]* and Pt(dppe) An equilibrium constant of 1.6

[HNi(PNP)]" in acetonitrileds, as indicated by the re-  \aq getermined for this reaction which corresponds t.a p
appearance of the resonance-8t5 in the'HNMR spectrum. 56 of 22.2 in acetonitrile. Previou&pmeasurements in

These results _confirm+that the protonation of the bridging penzonitrile and acetonitrile have demonstrated that the
nitrogen of [HNi(PNPJ] " is reversible. When [HNi(PNE)" measured differences irkgvalues in these solvents are the

IS treéated with a slight excess of 4'Cyaf;°,a”"'”'w*‘$4l}¥ same® This pK, value and theEy, values for the (1/0) and
7.6y° or 2,4-dichloranalinium (K. = 8.0y° in acetonitrile, I1/1) couples of [Ni(PNP)]2" in acetonitrile (see later) can
the resonance assigned to the coordinated PNP ligand (5.44,¢ yseq to calculate the free energies associated with the
ppm in the*PNMR spectrum) broadens and shifts to lower 1,,61vtic and heterolytic NiH bond cleavage reactiofs
field (7.24 ppm). This resonance is attrlbutgd to the [HNI(PNP)]* in acetonitrile of 55 and 66 kcal/mol,
completely protonated form of the complex, [HNi(PNHP)- - rognectively. These values are similar to the corresponding

(PNP)F*. By measuring the chemical S_hiﬁ of th NMR values of 54 and 67 kcal/mol reported previously for
resonance of the PNP ligand of [HNi(PNP) and using [HNi(depp)] +.1®

anisidinium as the acid K = 11.3)? an equilibrium
constant of 0.1%+ 0.03 was determined for [Ni(PNHP)-
(PNP)F in acetonitrile. This corresponds to &gpvalue of
10.6 £ 0.1. Similar studies of reactions of [Ni(PNP)-
(dmpm)E* with protonated anilinium salts gave &pvalue

of 8.7 + 0.5 for [Ni(PNHP)(dmpm)j" (see Experimental
Section for details). Because of its lower positive charge,
[HNi(PNP)(PNHP)}" is expected to have a higheKpvalue

Electrochemical Studies.The cyclic voltammograms of
[Ni(depp)](BF4), and [Ni(PNP}](BF,), are shown in Figure
2, traces a and b, respectively. Both [Ni(depp) and
[Ni(PNP),]?* exhibit two reversible one-electron reductions
with AE, values (peak-to-peak potentials) close to 70 mV,
the value observed for ferrocene under the same conditions.

(28) Darensbourg, D. J.; Robertson, J. B.; Larkins, D. L.; Reibenspies, J.
H. Inorg. Chem.1999 38, 2473-2481.

(27) Ayllon, J. A;; Sayers, S. F.; Sabo-Etienne, S.; Donnadieu, B.; Chaudret, (29) Kristjansddtir, S. S.; Norton, J. R. InTransition Metal Hydrides
B.; Clot, E. Organometallics1999 18, 3981-3990. Dedieu, A., Ed.; VCH: New York, 1991; pp 36859.
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Table 3. Summary of Cyclic Voltammetry Data

cmpd Eqp(ll1) 2 Eq/2(1/0)2 MS.O k
[Ni(depp)kl(BFa)2 —0.61 (74) —-1.34(71) I Wt S E)
[-0.58] (82) [~1.34] (86) 20 -15 -1.0 0.5 o5 &
[Ni(PNP)](BF4)2 —0.64 (80) —1.24 (66) -5.0 £
_ [-0.60] (61) [-1.24] (60) 4100 S
[Ni(PNBUP)](BF4)2 —0.63 (73) —1.29 (70) @
[—0.60] (90) [1.28] (90) -15.0
[Ni(PNP)(dmpm)](BR)2 —1.22 (195) —1.31 (80) 200
Ni(dpype) -0.80 —0.85 (61)
[HNi(depp)](PFs) 0.00 €,) Volts vs Ferrocene
[HNi(PNP)](PFs) —0.62 (110) A
a All potentials are given in volts vs the ferrocene/ferrocenium couple. 504
Peak-to-peak separations are shown in parentheses in millivolts. Potentials ’ _
not in brackets were obtained onx110-3 M solutions of the complexes . ; 85 <
in 0.2 N NEuBF, acetonitrile. Potentials shown in brackets are for 0.2 N Ao 15 -1.0% ols 4
NBu4BF4 benzonitrile solutions. -5.0 §
3
. . (b) -10.0
These electron-transfer processes are diffusion controlled,
as indicated by a linear dependence of the peak currents on -15.0 1
the square root of the scan rétéData for [Ni(depp)](BF.)2 26-6

and [Ni(PNP}](BF,), are summarized in Table 3. It is likely Volts vs ferrocene
that the reversible or quasireversible Ni(ll/l) couples of these
complexes involve cleavage of weak+2.5 kcal/mol) Ni-

o ; ) 140
acetonitrile bonds as discussed previously for related |20 2
[Ni(diphosphine))?* complexeg? Similar data were obtained 03

for the Ni(0) analogues of these two complexes in benzo- s _1; 11 10200 g
nitrile (in which these two neutral complexes are soluble) 1 40®
and for Ni(dpype) and [Ni(PNP)(dmpm)](BB): in aceto- © 1 60
nitrile (see Table 3). 8.0

The cyclic voltammogram of [HNi(depgfPFs) (trace a
of Figure 3) consists of an irreversible wave with a peak

Volts vs Ferrocene

potential at 0.00 V versus ferrocene at a scan rate of 50 mV/ 8.0

s. This wave is assigned to two overlapping one-electron 160
oxidations. The peak height of this wave is 2.0 times that of ‘2"2 ~
the waves observed for the M and NI" couples of 00 %
[Ni(depp)](BF4)2, andE, — Ep2 (the peak potential minus 120 g
the peak potential at half-height) is 70 mV. Similarly, the 409
ratio of the slopes of) versust’’? (charge vs the square root 1 -6.0
of time) plots of chronoamperometric experiments in which 1-80
the potentials are stepped across the oxidation wave of -10.0

[HNi(depp)](PFs) and the N") wave of [Ni(depp)](BF4)2 Volts vs Ferrocene
is 2.13% Scan rate studies of the anodic wave at 0.00 V Figure 3. (a) Cyclic voltammogram of a 2.% 103 M solution of

indli ; [P ; ; i« [HNi(depp)](PFs) in 0.2 M NEuBF4/CH3CN. The scan rate is 100 mV/s.
indicate a diffusion-controlled process. Associated with this (b) Trace recorded after addition of triethylamine to produce a2 -3

anodic wave are three small cathodic waves@62,—0.96, M solution. (c) Cyclic voltammogram of a 1.6& 103 M solution of
and—1.34 V. The two waves at+0.62 and—1.34 V can be [HNi(PNP)](PFg) in 0.2 M NE4BF/CHsCN. The scan rate is 100 mV/s.
assigned to the N and Nivo couples of [Ni(deij2+. I(\jli)s'lc')ﬁggnrecorded after addition of triethylamine to produce a21®-3

The presence of these waves indicates that oxidation of
[HNl(depp)Zz]++ is followed by proton loss and formation of yjetely when a 2:1 ratio is reached. These results are similar
[Ni(deppk]*". These data are consistent with either an EEC 5 hose described previously for the titration of [Ni-
or an ECE process in which the chemical step is the loss of (CHsCN)§J(CIO4), with PPh, which forms [Ni(PPk)»-

a proton. (CHsCN),)?* 31 Titration of [Ni(depp}](BF). in acetonitrile

The small cathodic wave at0.9§3+v in trace a of Figure \yith HBF, also results in the appearance of a wave @196
3is assigned to [Ni(depp)(GEN)4,?". When an acetonitrile V, which reaches a maximum at a 2:1 ratio of HB®

solution of [Ni(CHCN)s](BF4). is titrated with depp, the _ [Ni(depp}](BF). (Figure 2s of Supporting Information). This
peak current for this wave reaches a maximum at a 1.2:1\yave is also observed when acetonitrile solutions of

ratio of depp to [Ni(CHCN)e](BF4). and disappears com- [njidepp)]?* are purged with hydrogen, as expected on the
basis of reaction 3. Control experiments run with protonated

(30) (a) Bard, A. J.; Faulkner, L. FElectrochemical Methodslohn Wiley
& Sons: New York, 1980; p 218. (b) Bard, A. J.; Faulkner, L. R.
Electrochemical Methodslohn Wiley & Sons: New York, 1980; pp (31) Bontempelli, G.; Magno, F.; Schiavon, G.; Corain,lBorg. Chem.
201—-204. 1981, 20, 2579-2590.
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Scheme 1 [NiO(PNPY]* and HNEg". Oxidation of [Ni"(PNP)}]* to
H . H 2+ [Ni™(PNP}Y]2* completes the two-electron oxidation process.
[RI\{\: &m:‘l’)"m] = [RNC&M:';:NR] The potential of the oxidation wave of [HNi(PNPY]* (Ey
B\W \ = —0.62 V) coincides with that of the (ll/l) couple of

[Ni(PNP)Y]?" (Er. = —0.64 V). The latter species is reduced
in two waves as expected upon reversal of the scan direction.
In the absence of triethylamine, oxidation of [HNPNP)]*
is presumably still followed by proton migration to form
AT [NiO(PNP)(PNHPY}*. However, this species in the absence
BH* . .
of a base can undergo proton exchange with itself to form
the doubly N-protonated species, ([NPNHP)]3*, and the
unprotonated species, [MiPNP)]*. This following reaction
depp, [Ni(CHCN)e|(BF4)2, [Ni(CHsCN)e](BF4). and HBFR, could account for species that lead to the observed shoulders
and HBFR rule out the possibility of these species or a on the oxidation wave at0.60 V (trace c of Figure 3). The
combination of these species producing the wave @96 observation that these shoulders collapse to a single oxidation
V. This wave disappears if triethylamine is added to a wave in the presence of a triethylamine is consistent with
solution of [HNi(depp)](PFs), trace b of Figure 3. In this  different protonated versions of [N{PNP)]*.
case, triethylamine acts as a base toward the proton liberated Because [NI’(depp}]?* and [Ni'"(PNP)]2* react rapidly
upon the two-electron oxidation of [HNi(depp), and the  with hydrogen on a preparative scale (i.e., minutes), bulk
depp ligand remains bound to Ni rather than dissociating electrolysis experiments were performed on acetonitrile
and reacting with H in solution to form [Ni(depp)-  solutions of [Ni(PNP}2* under 1 atm of Hin the presence
(CH3CN)4]*" and Hdepp*. These results are consistent with  of triethylamine. When a potential sufficient to oxidize
the 'H and3'P NMR spectral results already discussed for [HNi(PNP),]* was applied for 6 h, 15 mol of Hwere
the reaction of [Ni(depp)*" with hydrogen (see reaction 3  generated for each mole of catalyst. This experiment confirms
and associated discussion). the catalytic nature of [Ni(PNEF* for electrochemical
The cyclic voltammogram of [HNi(PNEB]PFs) shown in hydrogen oxidation, but no attempt was made to exhaustively
trace c of Figure 3 contains both similarities and differences oxidize hydrogen until the catalyst was deactivated. Cyclic
from that observed for [HNi(depgfPFs). The oxidation voltammograms of N¥(depp) and NI9(PNP) were re-
wave of [HNi(PNMeP)](PFs) is much more negative;0.60 corded in benzonitrile under hydrogen in the presence and
V versus 0.00 V, and the wave is now quasireversible. The absence of triethylamine. No enhanced current was observed
peak-to-peak separation for this wave at a scan rate of 100for the Ni{'") oxidation waves. The failure to observe a
mV/s is 150 mV, and the ratio of the peak cathodic current catalytic wave for NPPNP), is attributed to the slow
to the peak anodic current is 0.75. The anodic portion of activation of hydrogen on the cyclic voltammetry time scale
this wave is assigned to a two-electron process. The slope(i.e., a second order rate constant less than approximately
for the Q versust'? plot for a potential step across the 100 Mt s™1 by [NilD(PNP}]2". An alternative possibility
oxidation wave of [HNi(PNR] " is 1.0 times that of the slope s that the transfer of protons is slow, but as discussed, the
for the Q versust®? plot for a potential step across both transfer of a proton from Ni to a bridging N atom and then
reduction waves of [Ni(PNE]F*. Associated with this anodic  to a base in solution is rapid on NMR and cyclic voltammetry
wave are two smaller cathodic waves-a0.93 and—1.14 time scales. For these reasons, we conclude that the slowness
V. The latter wave is assigned to the Ni(I/0) couple of of the reaction of [Ni(PNRJ}?" with hydrogen is the reason
[Ni(PNP)]?* that is shifted because of a rapid protonation for not observing a catalytic response by cyclic voltammetry.
of the Ni(0) complex. The small cathodic wave observed at However, reaction with hydrogen is still relatively fast, with
—0.93 is assigned to a small amount of [Ni(PNP)(€H complete conversion of [Ni(PNR}"™ to [HNi(PNP)-
CN)4]?". This product is formed in a reaction similar to the (PNHP)F' in less than 2 min from the time of hydrogen
reaction observed following oxidation of [HNi(depp). addition, if mixing is vigorous.
When triethylamine is added to an acetonitrile solution of )
[HNi(PNP),]2*, the cyclic voltammogram shown by trace d ~ DIScussion
of Figure 3 is observed. Compared to trace c, the oxidation Design and Synthesis of Complexesrevious studies
wave is sharper, and two reduction waves are observed thahave shown that [Ni(diphosphing3d™ complexes can act as

H\N/

RN Pnic? é

[ Np

— R

A

2+ -
P . P —C —P. P—
< NR| = ‘Ni-F TNR
RN'_PN\P ] [RN P

correspond to the (11/1) and (1/0) couples of [Ni(PNP). hydride acceptors in the presence of suitable b&¥s@sir
The wave assigned to the reduction of [Ni(PNP)§CHN),|>* objective was to extend these studies to incorporate both
is absent. hydride and proton acceptor sites in the same molecule. This

These results are consistent with the reactions shown inled to our attempts to prepare [Ni(diphosphif#) com-
Scheme 1. The one-electron oxidation of [HNPNP)] " plexes containing 1,2-bis(di-2-pyridylphosphino)etifias
to [HNi("W(PNP)]?* is followed by rapid transfer of the a ligand. This ligand contains pendant terminal pyridyl
proton bound to Ni in [HNI"(PNP)]?" to the N atom of  substituents that could act as an internal base, and ruthenium
the chelating PNP ligand. In the presence of triethylamine, complexes of this type have been used to catalyze the
a proton transfer occurs from the diphosphine ligand to give hydrogenation of imine® However, when this ligand was
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reacted with [Ni(CHCN)g](BF4)2, no 3P NMR resonances  Using the cycle shown by reactions X0, a hydride acceptor
were observed, and resonances in tHeNMR spectrum ability of —55 kcal/mol for [Ni(PNP)(dmpm}, and a K,
were extremely broad. This was attributed to the formation of 10.6 for [HNi(PNHP)(dmpm§" gives a free energy of

of a paramagnetic species, which is inconsistent with a square+6 kcal/mol for the heterolytic cleavage of hydrogen by
planar [Ni(diphosphing)>* complex. To promote the forma-  [Ni(PNP)(dmpm)}*. The free energies calculated for the
tion of Ni—P bonds, the softer Ni(0) complex, Ni(COD)  heterolytic cleavage of hydrogen by [Ni(PNF) (=5 kcal/
was reacted with dpype to form Ni(dpype)n this case, mol) and [Ni(PNP)(dmpm¥]" (+6 kcal/mol) provide an
the phosphorus atoms are coordinated to Ni, as shown inexplanation for the observed differences in reactivity of these
Figure 1c. Oxidation of Ni(dpype)with 2 equiv of ferro- two complexes.

cenium hexafluorophosphate produced a paramagnetic prod-

uct or products, again inconsistent with the formation of the AG® (keal/mol)

desired diamagnetic square planar complex with four coor- H
dinated phosphorus atoms.

To overcome the problems encountered with dpype, the N(PNPLJ" + H = [HNi(PNP),]" -66 ®
PNP and PNBUP ligands were prepared to favor coordination pynicenpy,1t + H' — [HNiPNPYPNHP)YY _ -15 ©
of P atoms over N atoms. For these ligands, there are fewer
N atoms to coordinate to Ni, and the four-membered chelate
rings resulting from coordination of nitrogen and phosphorus
should be less favorable than the six-membered rings that The greater hydride acceptor ability of [Ni(PNP)
result from coordination of PNP through the phosphorus compared to [Ni(PNP)(dmpnd] is attributed to the larger
atoms. Using the PNP ligand, [Ni(PNRBF)2, [Ni(PNP)- tetrahedral distortion of this complex. It has been shown for
(dmpm)](BR)2, [HNi(PNP)](PFs), and Ni(PNP) complexes [Ni(diphosphine)]?* complexes that both the hydride ac-
can be prepared as described. All of these complexes contairceptor ability and the potential of the ¥ couple are
PNP ligands coordinated through the two phosphorus atoms strongly affected by the chelate bite size of the diphosphine
whereas the N atoms function as pendant bases and do ndigand!®??These effects can, in turn, be traced to a tetrahedral
coordinate to Ni. distortion of these nominally square planar compleXés.

Factors Affecting the Heterolytic Cleavage of Hydro- As seen in the structures of [Ni(PNBuP) and [Ni(PNP)-
gen. The cations [Ni(PNRJ?" and [Ni(PNP)(dmpm¥]" (dmpm)f* (Figure 1), the former has a large tetrahedral
contain hydride acceptor sites, the Ni atoms, and proton distortion whereas the latter is nearly planar. This tetrahedral
acceptor sites, the N atoms of the PNP ligands. However, distortion results in a much lower energy for the acceptor
only [Ni(PNP)]?* reacts with 1 atm of hydrogen at room orbital for the hydride ligand, and hence, [Ni(PNBtP)
temperature. The free energy associated with this heterolyticand [Ni(PNP)]2* are better hydride acceptors than [Ni(PNP)-
cleavage reaction can be evaluated using the thermodynami¢dmpm)F*. The large tetrahedral distortions observed about
cycle shown in reactions710. Reaction 7 is the heterolytic ~ Ni in the NiFe hydrogenas&s!are likely to have the same
cleavage of hydrogen in acetonitrile. The free energy for this effects. That is, the Ni" couple is expected to be more
reaction is 76 kcal/moi?3 The hydride donor ability of  positive, and the NP form should be a better hydride
[HNi(PNP)]* (the reverse of reaction 8) is 66 kcal/mol, as acceptor than would be observed for a more planar structure.

29 — H'g + He 76 0]

Hye + [Ni(PNP),]** — [HNi(PNP)(PNHP)]** -5 (10)

already discussed. Finally, th&pof [HNi(PNP)(PNHP)}* The Fe-only form of the enzyme is attached to the protein
is 10.6, which gives a free energy ofl5 kcal/mol AG® at only one point, a bridging cysteine. As a result, the
= —1.371K,) for reaction 9. The sum of these reactions is geometry of the active site may not be strongly influenced
the heterolytic cleavage of hydrogen by [Ni(PNP), by the protein structure. However, for the Ni/Fe hydro-

reaction 10, with a corresponding free energy-c§ kcal/ genases, the Ni sites are bound to four cysteine S atoms and
mol. This result indicates that hydrogen activation by have large tetrahedral distortiols4 In comparison, the CO
[Ni(PNP)]** should be thermodynamically favored, as dehydrogenase enzyme Gfarboxydothermus hydrogeno-
observed. formanscontains a Ni bound to four sulfur atoms, but in
For [Ni(PNP)(dmpm){*, a hydride acceptor ability 6f55 this case, the Ni atom lies in a nearly square planar
kcal/mol can be calculated using a linear relationship that environmeng It is clear that the protein can exert a strong
exists between the hydride acceptor ability of [Ni(diphos- influence on the geometry about Ni, and this geometry plays
phine}]** complexes and the N couple for these com- 3 major role in the energetics of heterolytic activation of
plexes™ This estimate is expected to be accurate with!hh  hydrogen in model compounds and in their observed redox
kcal/mol. Similarly, the &, of [HNi(PNHP)(dmpm)f* is potentials. This is consistent with an important role of protein
taken to be 10.6, the same as that measured for [HNi(PNP)-structure not only in positioning multiple binding sites for
(PNHP)F*. Itis not anticipated that the acidity of the PNHP  sypstrates but also in modulating the activity of active sites
ligand will differ significantly for these two complexes. by controlling the geometry of the coordination sphere of

metal ions.
(32) Jones, N. D.; MacFarlane, K. S.; Smith, M. B.; Schutte, R. P.; Rettig,
S. J.; James, B. Rnorg. Chem.1999 38, 3956-3966.
(33) Wayner, D. D. M.; Parker, V. DAcc. Chem. Redl993 26, 287— (34) Dobbek, H.; Svetlitchnyi, V.; Gremer, L.; Huber, R.; Meyer Sgience
294. 2001, 293,1281-1285.

Inorganic Chemistry, Vol. 42, No. 1, 2003 223



Curtis et al.

Intra- and Intermolecular H/D Exchange. The hetero-  Although Ni’ and NI'"" complexes have not been iso-
lytic cleavage of hydrogen by [Ni(PNR}" results in a lated in this work, we estimate th&pvalues of the pendant
hydride ligand on Ni and a proton on a bridging N atom of NH of [Ni®)(PNP)(PNHPY" to be between the meas-
the diphosphine ligand. As discussed, the NH proton and ured K, of 8.7 for [Ni!"(PNHP)(dmpm){* and 10.6 for
the hydride ligand of [HNi(PNHP)(PNP] exchange rapidly ~ [HNi(PNP)(PNHPYJ". [Ni®(PNP)(PNHPY' has a lower
on the NMR time scale. This is consistent with the formation positive charge than [Ni(PNHP)(dmpm)}*. This should
of an intermediate dihydrogen or dihydride complex resulting result in [Ni?(PNP)(PNHPY* having a larger K, than
from the transfer of the proton from N to the hydride ligand [Ni®™(PNHP)(dmpm)j". However, [Ni(PNP)(PNHPY"
or to Ni (reactions 5 or 6) and probably occurs when the lacks the possibility for hydrogen-bond formation between
PNP ligand is in the boat form. Rapid rotation followed by the NiH and the NH proton that is possible in [HRGPNP)-
cleavage of the dihydrogen ligand by the N of the diphos- (PNHP)F. As a result, it is anticipated that theKp of
phine ligand to reform the NH bond, or transfer of the second [Ni®’(PNP)(PNHPY" should be less than, or equal to, that
hydride ligand of the dihydride, would provide reasonable of [HNi((PNP)(PNHP}*.
explanations for the observed exchange. Both the hydride The K, of [HNi"" (PNP)}]2* is estimated to be 7. 2.5.
ligand and the NH proton exchange rapidly with protons in This value was calculated using th&pvalue of 22.2
solution, as discussed. The exchange of the hydride ligandmeasured for [HNY (PNP)]* and an estimated decrease in
occurs by exchange of the NH proton of the ligand with the K, value by 14.5 K, units upon oxidation to [HNI"-
proton sources in solution (possibly when the PNP ligand is (PNP)]?*". The estimated decrease in th€,walue is based
in the chair form), followed by the rapid intramolecular on the observation that th&pof the isoelectronic hydride,
exchange between the NH proton and the hydride. The HCo")(dppe), decreases by 14.5gunits upon oxidatiod®
hydride ligand of [HNi(PNPJ " also exchanges rapidly with  |f a similar decrease occurs when [HNPNP)]* is oxidized
the deuterium nuclei of BD, as indicated by the exchange to [HNi("(PNP}]2*, a (K, value of 7.7 should be reason-
experiments already discussed. This reaction likely proceedsable. A similar (X, value of 9.3 has been reported for
in a similar fashion, that is, protonation of the N atom of [HNi()(cyclam)]" (where cyclam is 1,4,8,11-tetraaza-
one of the diphosphine ligands followed by exchange with cyclotetradecanéf. These estimatedqy values indicate that
the hydride ligand. In contrast, no rapid proton exchange is the transfer of the proton from the Ni atom to the N atom of
observed between O and the hydride of [HNi(depglf", [HNi M (PNPY]2* should be favorable by-12 pK, units. On
which is structurally very similar but does not have a bridging this basis, it is reasonable that oxidation of [HNi(PBP)

N atom in the backbone of the ligand. As a result, for to [HNi(PNPY]2* would be followed by rapid proton transfer
[HNi(depp)]?*, exchange must occur directly between the to form [Ni(PNHP)(PNPY*. Subsequent deprotonation of
hydride ligand on Ni and the proton source in solution. This the latter complex by a base in solution results in the
is @ much slower process requiring several days. Complexesormation [Ni(PNP)]* which reoxidizes to [Ni(PNR)?* at
containing NH and OH protons and hydridic functional —0.64 V. This completes a cycle for hydrogen oxidation that
groups have generally shown rapid exchange of the NH or involves two important proton-transfer steps mediated by the
OH proton with water, but the intramolecular exchange of PNP ligand. A similar role has been proposed for the di-
these protons with the metal hydride can be slow or*&&t. (thiomethyl)amine in Fe-only hydrogenases.

The role played by the bridging N atom of the PNP ligand

in the proton exchange processes described for [HNi(EINP) Summary

(PR) and [HNi(PNP)(PNHP)](BE). is the same as that
proposed for the bridging di(thiomethyl)amine ligand in the
Fe-only hydrogenasés.

Role of the Bridging N Atom in the Oxidation of
[HNi(PNP),]". The electrochemical reduction of the Ni
complexes, [Ni(depp)?" and [Ni(PNP)]?", are remarkably
similar, both exhibiting two reversible one-electron reduc-
tions at nearly the same potentials. However, the oxidations
of the corresponding NiH complexes, [HNi(PNR)*" and
[HNi(depp)]*, are quite different. The oxidation of the
former occurs at a potential that is approximately 0.6 V
negative of the potential observed for the latter. The only
major difference between these two complexes is the
presence ba N atom in the chelate ring of the ligand of
one and not the other. This difference in potentials is
consistent with a rapid proton transfer from Ni to the N atom

The complex [Ni(PNPJ(BF,), incorporates both hydride
and proton acceptor sites in a single metal complex. Com-
parison of [Ni(PNPjJ(BF4)2, Ni(PNP), and [HNi(PNP}]-
(PK) with analogous Ni complexes of depp in which the
bridging N has been replaced with a methylene group
confirms the important role of the pendant N base in
hydrogen activation and proton-transfer processes. [Ni(iNP)
(BF4), exhibits many of the features of hydrogenase enzymes.
Heterolytic activation of hydrogen by this complex is
observed with the formation of a NiH sitAG°y— = 66
kcal/mol) and a protonated N atom of the pendant base on
one diphosphine ligand K = 10.6). This reaction is similar
to the first step proposed in the activation of by Fe-only
hydrogenases. Comparison of the molecular structures of

(35) Ciancanelli, R.; Noll, B. C.; DuBois, D. L.; DuBois, M. R. Am.

and ultimately to the solution. A rapid proton transfer from Chem. S0c2002 124, 2984-2992.
Ni to N implies that the [ values of [N{D(PNHP)(PNP)Tr (36) Kelly, C. A.; Mulazzani, Q. G.; Venturi, M.; Blinn, E. L.; Rodgers,
should be nearly equal to or larger than that of its isomeric ' A % . Am. Chem. S0d.995 117, 49114919, These authors

. ! N . report a X, value of 1.8 in water. This value has been converted to
form, [HNi"" (PNP)]%*, to avoid a large activation barrier. an acetonitrile value by adding 7.&punits as suggested in ref 29.
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[Ni(PNBuUP)](BF4), and [Ni(PNP)(dmpm)](BE). and their of methylamine (CHNHsCI, 0.85 g, 12.65 mmol) was added as
reactions with hydrogen illustrates that the larger tetrahedral an ethanol/water solution (10 mL, 3:1 ratio), followed by triethyl-
distortion observed for [Ni(PNBUBJ{BF.), increases the amine (2 mL, 14 mmol). The mixture was stirred at room
hydride acceptor ability of the Ni site by about 10 kcal/mol. temperature for 3 h, and the solvent was removed in vacuo. The
The NH and NiH protons of [HNi(PNP)(PNHFJ] the product was extracted with diethyl ether 325 mL). Removal of

. . the solvent from the combined extracts produced a clear liquid (2.12
product of heterolytic cleavage of hydrogen by [Ni(PWP) "2 1o/ ie )" Anal Caled for GHaPN: C, 56.15: H, 11.57; N,

undergo rapid intramolecular exchangel(* s™1), and both 5.95 P 26.33. Found: C.55.73' H. 12.22° N. 5.78' P. 256
sites undergo rapid proton exchange with protonated basesyyr (éD3CN): 262 ppm' (dszH’: 2.1 Hz ’PC[:,-izN)' 2.36 ppm

in solution. Treatment of [HNi(PNP)(PNHP)] with bases (s, NCH3 ); 1.37 ppm (q2Juy = 7.8 Hz, PG1,CHy); 1.02 ppm (d
whose protonated forms hav&pvalues greater than 10.6  of tr, 3Jp, = 14.1 Hz, PCHCHs). 31P NMR (CD;CN): —30.99 ppm

results in the formation of [HNi(PNE])". Oxidation of the (s).

latter hydride at the electrode results in a rapid proton transfer Et,PCH,OH (Hydroxymethyl)diethylphosphine. A Schlenk
from the resulting NI"H to the N atom of a PNP ligand to  flask was charged with diethylphosphine (2.50 g, 28 mmol) and
form [Ni®(PNHP)(PNP)}* with an estimated driving force  degassed aqueous formaldehyde (37 wt %, 2.75 g, 30 mmol) in
of 1—4 kcal/mol. This rapid proton transfer between Ni and ethanol (10 mL). The reaction mixture was stirred overnight, and
N results in a 0.6 V decrease in the oxidation potential of the solventwas removed with a vacuum at low temperatuf€jo
[HNi(PNP),]* compared to [HNi(depg)*t and a much more to produce a clear liquid (3.20 g, 95% vyield). The product was

. vacuum-distilled at 3941 °C. 'H NMR (CDsOD): 4.64 ppm (s,
reversible process. Subsequent transfer of a proton from thePchH)- 3.84 ppm (d2Jpw = 6.9 Hz, PGLOM): 1.1 and 1.3
y O, yJpH = O. ) , L. .

(PNHP)_F ligand of [Ni(')(PN_HP)(PNP)"]+ (PKa8.7-10.6) t+o 1.6 ppm (m, PEl, CHs). 3P NMR (CD;OD): —14.95 ppm (s).
a b_ase in solution _re_sults in the formation of ({N_P'_\IP)Z] . PNBuUP, Bis(diethylphosphinomethyl)butylamine.A mixture
which can be reoxidized{0.64 V) to form the original Ni-  oEt,pcH,OH (2.80 g, 23.3 mmol)n-butylamine (0.78 g, 10.7

(.”). co.mplex. This catalytic cycle inV0|Ve§ EXteUSiVe par-  mmol), ethanol (30 mL), and magnesium sulfate (5 g) was stirred
ticipation of the pendant base of the PNP ligand in a number overnight at room temperature. This mixture was filtered via

proton transfer steps. Similar interactions between the di- cannula, and the solvent and excess phosphine were removed from
(thiomethyl)amine ligand and the active Fe sites of the Fe- the filtrate with a vacuum at 7€C to yield a clear liquid (1.40 g,
only hydrogenases may contribute significantly to their 47% yield).*H NMR (CD:CN): 2.72 ppm (m, PE,N); 2.58 ppm

catalytic activity and redox properties. (tr, *Jun = 6.9 Hz, NGH,CH,CH,CHg); 1.2-1.5 ppm (m, PEI,.CHs
and NCHCH,CH,CHz); 1.03 ppm (d of tr3Jpy = 14.4 Hz and
Experimental Section 3w = 5.4 Hz, PCHCHg); 0.89 ppm (tr,2Juy = 7.2 Hz, NCH-

CH,CH,CHy). 3P NMR (CD;CN): —32.20 ppm (S).
. . Ni(PNP),. Solid Ni(COD), (0.38 g, 1.38 mmol) was added to a
31

P NMR spectra were recorded on a Varian Unity 300 MHz solution of PNP (0.65 g, 2.76 mmol) in tetrahydrofuran (30 mL)

spectrometer!H chemical shifts are reported relative to tetra- o : .
. . . that had been cooled t&-80 °C. The resulting suspension was
methylsilane using residual solvent protons as a secondary reference.

- S : allowed to warm to room temperature while stirring. Solvent was
IH NMR spectra in benzonitrile were recorded on a Varian Inova P g

400 spectrometer with solvent suppression using the Varian WET1d remov ed frpm the light yellow SO'.U tion with avacuum to produ_ce
. a white solid that was washed with acetonitrile (5 mL) and dried
pulse sequence’’ NMR spectra were proton decoupled and

. - - in a vacuum (0.59 g, 81%). Anal. Calcd forEs/NoPsNi: C,
referenced to external phosphorlc acid. Infrared spectra of Nujol 49.93: H, 10.28: N, 5.29. Found: C, 49.15: H. 10.36: N, 4165,
mulls were recorded on a Nicolet 510P spectrometer.

. . ; NMR (toluenedg): 2.42 ppm (s, PE,N); 2.22 ppm (s, NEi3 );
All electrochemical experiments were carried out under an . 31,
atmosphere of Nin 0.2 M E4NBF, acetonitrile solutions or 0.2 1.31 and 1.63 ppm (m, RECHs); 1.05 ppm (m, PCHLH; ). *1P

o . . NMR (toluenedg): 6.60 ppm (S).
M BusNBF, benzonitrile solutions. Cyclic voltammetry and chrono- . .
amperometric studies were carried out on a Cypress Systems, [TA(PNF)ES](F;_FG)' A ]fl(t)lu“gn 0:; Nclj—ngst(O.ZO lg,t_1.23fn|\11moll\)lp
computer aided electrolysis system. The working electrode was a'n ethano (10 mL) was filtered and added to a solution of Ni(RNP)

glassy carbon disk, the counter electrode was a glassy carbon rod,(o'30 9, 0.57. mmol) in tetrahydrofuran (30 mL) at room temper-

and the reference electrode was a silver wire immersed in aature. The resulting yellow solution was stirred for 0.5 h, and the

permethylferrocene/permethyferrocenium solution. Ferrocene Wasvolume reduced to 10 mL. Yellow crystalline needles formed when

used as an internal standard, and all potentials are referenced t(%he reaction flask was placed in a freezer overnight. These were

the ferrocenelferrocenium couple collected by filtration and dried in a vacuum (yield 0.20 g, 51%).

Syntheses and MaterialsAll reactions were performed using ﬁnal. d-cilzlcgsf%rs-QﬁHZSTZF-)SEGﬁLmi'N3|\£/|)'F§3<’:DH’CSN2-1’2 ’;IO 4.15.
standard Schlenk techniques under nitrogen, and all solvents were 0WN<: & 26-92: H, ©.14, T, 4.3 (CDsCN): 2.70 ppm
purified using standard procedures. All commercially available I(DSO-IPCC:II_i-lZN)l 3638 ppm (ISD'CNﬂS)"l;ii %nd 1.72 pfrg (m,
materials were of reagent-grade, or higher, quality. [Ni{CN)e]- ik o) 1. gfm (m, PCBC 3)’_ .75 ppm (pente WpH
[BF 4], [Ni(depp)](BF)2° [HNi(depp)](PFe), ¢ and dpypé were = 6.? Hz, NH).1 P NMR (CD;CN): 5.46 ppm (s). IR (Nujol
prepared according to literature methods. muII)_. 1933 cni® (v NI_.H)' .

PNP, Bis(diethylphosphinomethyl)methylamine.A Schlenk [Ni(PNP)2](BF4)2. Solid [Ni(CH:CN)sgl(BF4). (0.62 g, 1.25

flask was charged with diethylphosphine (2.27 g, 25.2 mmol) and mmol) was added to a solution qf PNP (0.59 g, 2_'50 mmol_) in
degassed aqueous formaldehyde (37 wt %, 1.95 mL, 26 mmol) in acetonitrile (30 mL), and the resulting deep red solution was stirred

ethanol (10 mL). After stirring for 30 min, the hydrochloride salt at room tgmperature for 1 h. Removal of the solvent in a vacuum
resulted in a red powder (0.74 g, 74%) that was washed with

(37) Hathaway, B. J.; Holah, D. G.; Underhill, A. E. Chem. Socl962, hexanes (50 mL) and dried in a vacuum. Numerous attempts to
2444, recrystallize the product resulted in decomposition. Anal. Calcd

Spectral and Electrochemical Measurements!H NMR and
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(CD.Cly) at—90°C: 7.38 ppm (br s, N); 3.7—2.3 ppm (multiple
broad resonances, PIgN and N(Hj3); 2.0—1.0 ppm (multiple broad
resonances, RGCH3); —15.24 ppm (br quinteJpy = 36 Hz).
31P NMR (CDClp): 11.2, 8.5, 3.5 ppm (br multiplets). Treatment
of acetonitrileel; solutions containing [HNi(PNP)(PNHP)] with

for C22H54N2P482F8Ni: C, 37.59; H, 7.74; N, 3.99. Found: C,
36.92; H, 7.69; N, 3.99H NMR (CD3CN): 2.87 ppm (s, PB:N);
2.44 ppm (s, NEl3); 2.0 ppm (m, PE,CHy); 1.21 ppm (m, P
CH,CHj3). 3P NMR (CDsCN): 1.70 ppm (s).
[Ni(PNBUP),](BF4),. This complex can be prepared using the
procedure described for [Ni(PNJBF,),. This compound was triethylamine (5uL) results in clean formation of [HNi(PNE]).
recrystallized rapidly (approximately 30 min) from a mixture of [HNi(PNHP)(PNP)]2* pK, Determination. Reaction of [HNi-
dichloromethane and ethanol without change. Recrystallization from (PNPY](PFs) with 1.1 equiv of 4-cyanoanilinium tetrafluoroborate
this solvent mixture over a period of several days resulted in red or 2, 5-dichloroanalinium tetrafluoroborate in @CN resulted in
crystals of [NiP(NBUP)(BF,)2, suitable for X-ray studies, and a 14 NMR and3'P NMR spectra consistent with complete protonation
yellow powder identified as [HNi(PNBUB(BF,) by 'H and3'P of one N atom of the hydride complex to form [HNi(PNHP)-
NMR. H NMR (CDsCN): 2.95 ppm (s, PE.N); 2.61 ppm (tr, (PNP)P*. *H NMR (CDsCN) at room temperature: 3.10 ppm
Jun = 7.8 Hz, NGH,CH,CH,CHy); 1.1-1.5 and 2.0 ppm (M, (proad s, PEI,N); 2.78 ppm (br s, NEls); 1.82 and 1.72 ppm (m,
PCH;CH; and NCHCH,CH,CHg); 0.91 (tr, ® = 7.5 Hz, PCH>CHs); 1.07 ppm (m, PCECH3); —3.35 ppm (broad s, average
NCH;CH,CH,CH3). *P NMR (CD:CN): 1.81 ppm (s). of Ni—H and N-H). 3P NMR (CD,CN): 7.25 ppm (s). Reaction
[Ni(PNP)(dmpm)](BF 4)2. Solid [Ni(CH3CN)e.5|(BF4)2 (0.50 g, of [HNi(PNP)](PFs) with 1.0 equiv of anisidinium tetrafluoroborate
1.0 mmol) was added to a solution of PNP (0.235 g, 1.0 mmol) (P-CHsOCsHsNH,HBF,) resulted in a shift of altH NMR and
and bis(dimethylphosphino)methane (dmpm, 0.136 g, 1.0 mmol) 31p NMR resonances consistent with partial protonation of one N
in acetonitrile (50 mL). The resulting red solution was stirred for 5tom of the hydride complex to form [HNi(PNP)(PNHP)] Similar
1 h, and the solvent was removed by applying a vacuum. experiments were carried out using 5:5:1 and 10:10:1 ratios of
Recrystallization of the orange powder that formed from a di- anisidinium/anisidine/[HNi(PNR)PFs) in CDsCN. Again, chemi-
chloromethane/ethanol mixture produced crystals suitable for a 5| shifts were consistent with rapid, reversible, and partial

single-crystal X-ray structure determination (yield 0.41 g, 68%). protonation of the bridging N atom of a PNP ligand. For

Anal. Calcd for GgHaiNPsBoFgNi: C, 31.83; H, 6.85; N, 2.32.
Found: C, 31.47; H, 6.76; N, 2.524 NMR (CDsCN): 3.21 ppm
(virtual triplet, splitting= 12.0 Hz, PG1,P); 2.78 ppm (m, PE,N);
2.44 ppm (m, NE3); 1.90 ppm (m, PE,CH); 1.70 ppm (virtual
triplet, splitting= 6.3 Hz, P&3); 1.17 ppm (d of tr3Jyy = 7.5
Hz, 3Jpy = 15.6 Hz, PCHCH3 ). 3P NMR (CD;CN): —53.42 ppm
(apparent doubletN = 123 Hz, dmpm); 2.25 ppm (apparent
doublet, PNP).

Ni(dpype).. Solid Ni(COD), (0.275 g, 1.0 mmol) was added to
a cold (=80 °C) solution of 1,2-bis[di(2-pyridyl)phosphino]ethane,

(dpype, 0.80 g, 2.0 mmol) in tetrahydrofuran (50 mL). The resulting
suspension was warmed to room temperature and stirred for 48 h
During this time, a dark red solution and an orange precipitate

formed. The solid (0.28 g; 32%) was collected by filtration,
recrystallized from hot acetonitrile (50 mL), and dried in a vacuum.

The crystals obtained were suitable for an X-ray diffraction study.

Anal. Calcd for GsHsoNgPsNi: C, 61.21; H, 4.67; N, 12.98.
Found: C, 60.31; H, 4.87; N, 12.934 NMR (tolueneel): 6.42
ppm (tr,J = 6.6 Hz, PGH4N); 6.71 ppm (trJ = 7.5 Hz, PGH4N);
7.35 ppm (dJ = 7.5 Hz, PGH4N); 8.30 (d,J = 3.9 Hz, PGH4N);
3.28 ppm (s, PE,CH,P). 3P NMR (tolueneds): 57.41 ppm (s).

Ni(dpype), Oxidation with Ferrocenium. Treatment of
[Ni(dpype)] with 2 equiv of CpFeBF; in acetonitrileds resulted
in paramagnetic products with 382 NMR signal and only broad
IH NMR signals. This result is similar to those obtained from
reactions of dpype with [Ni(CECN)s 5 (BF4)2.

[Ni(PNP).](BF4), Reactions with Hydrogen.In NMR tube
experiments, solutions of [Ni(PNR{BF.), in acetonitrilees or
dichloromethanel, were purged with hydrogen, and the reaction
was followed by3P NMR and'H NMR. The formation of
[HNi(PNHP)(PNP)](BR). is associated with a color change from

experiments using a 10:10:1 ratio, the following chemical shifts
were observedH NMR (CDs;CN) at room temperature: 2.76 ppm
(broad s, PEI;N); 2.44 ppm (br s, NEl3); 1.82 and 1.72 ppm (m,
PCH,CHy); 1.07 ppm (m, PCECH3). 3P NMR (CD;CN): 5.74
ppm (s). The equilibrium constant calculated using weighted
chemical shifts for the P&,N, CH3N, and phosphorus resonances
for a series of four experiments was 04%.03, which corresponds
to a K, value of 10.6+ 0.3.

[Ni(PNP)(dmpm)](BF,), Reactions with Acids. Reaction of
[Ni(PNP)(dmpm)](BR), with excess 4-cyanoanilinium tetra-
fluoroborate (K, = 7.6) resulted in the following chemical shifts.

"H NMR (CD3CN) at room temperature: 3.38 ppm (broad s,

PCH,N); 3.04 ppm (br s, NEl3). 3P NMR (CD;CN): 9.22 ppm

(br d, N= 120 Hz, PNP);=54.1 ppm (d, dmpm). Using different
ratios of 4-bromoanalinium tetrafluoroborate/4-bromoaniline/
[Ni(PNP)(dmpm)](BR), as described in the preceding experiment,
a K, value of 8.9 was obtained. A value of 8.6 was obtained using
2,5-dichloroanilinium as the acid. An average value o&®5 is
taken for the K, value.

pKa of HNi(PNP),™. Ni(PNP), (10—14 mg, 0.019-0.026 mmol)
and HPt(dppe)PFR) (22—31 mg, 0.019-0.027 mmol) were ac-
curately weighed into each of four NMR tubes, and benzonitrile
containing 10% CBCN (0.7 mL) was added to each. The solutions
were monitored by'P and solvent suppressiéd NMR until the
amounts of products and reactants present remained constant (48
h). The concentrations of HPt(dppegrnd Pt(dppe)at equilibrium
were then determined by integration of th&liP resonances. The
ratio [HNi(PNP)"])/[HPt(dppe}*] was then determined by integra-
tion of the hydride resonances in thé NMR, and the concentra-
tion of HNi(PNP)Y" was calculated using the concentration of

deep red to yellow, and the reaction is complete within 10 min at HPt(dppe)* found in the 3'P spectrum. The concentration of

room temperatureH NMR (CD3;CN) at room temperature: 3.10
ppm (broad s, PE,N); 2.78 ppm (br s, NEl3); 1.82 and 1.72 ppm
(m, PQH,CHs); 1.07 ppm (m, PChCH3); —3.35 ppm (broad s,
average of Ni-H and N-H). 31P NMR (CD;CN): 7.25 ppm (s).
IH NMR (CD,Cl,) at room temperature: 3.18 and 2.84 ppm (broad
s, PAH,N); 2.93 and 2.52 ppm (br s, NG); 2.3—1.6 ppm (m,
PCH,CHjy); 1.3—1.6 ppm (m, PCHKCH?3); no resonance observed
for Ni—H or N—H). 3P NMR (CD,Cl,): 6.20 ppm (s)H NMR
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Ni(PNP), was then found by subtracting [HNi(PNf) from the
amount of Ni(PNP) initially added. The equilibrium constant
calculated from these four experiments was #60.2, which
corresponds to aky value of 22.2+ 0.1.

[Ni(PNBuUP),](BF4), Reactions with Alcohol. Addition of
ethanol (5QuL) to a solution of [Ni(PNBuP)(BF,). in acetonitrile-
d; resulted in formation of [HNi(PNBUR)BF, within 24 h, as
indicated by3’P NMR and'H NMR spectra.



Functional Model for Hydrogenases

Table 4. Crystallographic and Refinement Data for [Ni(PNBgBFa4)2, [Ni(PNP)(dmpm)](BR)2, and Ni(dpype)

[Ni(PNBUP)](BF4)2 [Ni(PNP)(dmpm)](BR)2 Ni(dpype}
empirical formula QgHaeBngNzNiP4 C16H4182F8NNiP4 ngHseNgNiPA
formula mass 787.04 603.71 1047.70
cryst size, mm 0.26x 0.20x 0.20 0.48x 0.27 x 0.27 0.31x 0.12x 0.09
cryst color, habit red block yellow needle yellow-gold needle
crystal syst monoclinic orthorhombic _triclinic
space group C2lc Pca; P1
a, A 21.4158(12) 18.595(3) 12.134(3)

b, A 9.6615(5) 9.0279(12) 13.922(2)
c, A 18.8663(10) 16.339(2) 15.953(3)
a, deg 90 90 95.985(15)
B, deg 99.8340(10) 90 102.363(13)
y, deg 90 90 99.77(2)
Vv, A3 3846.2(4) 2742.9(7) 2566.4(9)
Z, formula units/cell 4 4 2
density (calcd), Mgm—3 1.359 1.462 1.356
absorption coeff, mmt 0.732 1.001 0.551
F(000) 1672 1256 1096
abs correction semiempirical semiempirical semiempirical
from equivalents from equivalents from equivalents

range trans coeff 0.8674 and 0.8325 0.7738 and 0.6451 0.9521 and 0.8478
T,K 135(2) 133(2) 143(2)
final Rindices R1=0.0641 R1=0.0482 R1=0.0466

[I' > 20(1)]2 wR2=0.1473 wR2=0.1174 wR2=0.1096
reflns obsd 4000 6134 9164
Rindices R1=0.0767 R1=0.0587 R1=0.0710

(all data) wR2=0.1544 wR2=0.1277 wR2=0.1187
GOF on b 1.106 1.064 1.084

AR1=J||Fo| — |Fcll/3|Fol; WR2 = \/Z[W(FfrFﬁ)z]/Z[W(Fﬁ)z]. bGOF=S= x/z[w(Ff,fFﬁ)z]/(MfN) whereM is the number of reflections arid is
the number of parameters refined.

[Hodepp](BF4).. A 5-fold excess of tetrafluoroboric acid in  NaOH solution corresponding to 0.38 mmol of Okb neutralize
diethyl ether was added to a solution of bis(diethylphosphino)- the acid produced, or 17 mol of*Hoer mole of catalyst.
propane (depp;-0.1 g) in diethyl ether (20 mL). The white solid X-ray Diffaction Studies. Crystals were manipulated under a
that formed was collected by filtration, washed with ether, and dried light hydrocarbon oil. Selected crystals were affixed with a small
in a vacuum!H NMR (CDs;CN): 5.93 ppm (d of septetdJpy = amount of silicone stopcock grease to thin glass fibers attached to
488 Hz, (CH)3(H)PELY), 2.4-2.2 ppm (m, PEi>—); 1.26 ppm tapered copper mounting pins. The mounted crystals were trans-
(dt, 33y = 20.7 Hz, 334y = 7.2 Hz, PCHCHj;). 3P NMR ferred to a goniometer of a Bruker SMART CCD diffractometer
(CDsCN): 19.8 ppm (s). equipped with an LT-2a low-temperature apparatus. Crystal-
Electrocatalytic Oxidation of Hydrogen with [Ni(PNP),]". lographic and refinement data for [Ni(PNBuUFBF4),, [Ni(PNP)-
An airtight bulk electrolysis cell with three ground glass inlets for (dmpm)](BF),, and Ni(dpype) are given in Table 4. Details of
the working, counter, and reference electrodes and two sidearmsdata collection and structure solutions for each individual complex
was fitted with a retriculated vitreous carbon working electrode, a are provided in the Supporting Information.
tungsten wire counter electrode, and a Pt wire in an acetonitrile
solution of Fe(GMes)/Fe(GMes),™ and 0.3 M NE{BF, as the Acknowledgment. This research was supported by the
reference electrode. The cell was charged with 15 mL of 0.3 M Director’s Discretionary Research and Development program
EuNBF, in acetonitrile and 15 mg of [Ni(PNH)BF,). (0.022 at the National Renewable Energy Laboratory and, in part,

mmol). The solution was purged for 15 min with hydrogen gas py the United States Department of Energy, Office of Basic
that was presaturated with acetonitrile. This caused the solution to Energy Sciences, Division of Chemical Sciences. M. Ra-

turn from orange-yellow to pale yellow as expected. To the solution kowski DuBois and R. Ciancanelli would like to acknowl-

was added 5@L of Et3N (0.36 mmol) as the base. The solution . . .
was then oxidized at- 100 mV (vs Fe(@Mes)J/Fe(GMes),") for edge the support of the National Science Foundation.

6 h during which 32.7 C of charge were passed. This corresponds
to 0.34 mmol e and thus 0.34 mmol Hproduced, or 15 mol of

H* per mol of catalyst. The acetonitrile solution from the catalysis
was added to 70 mL of distilled water and stirred for 5 min. The
resulting orange precipitate was removed by filtration. The colorless
filtrate was titrated with 0.0798 M NaOH to the endpoint using
phenolphthalein as the indicator. The titration required 4.8 mL of 1C020610V

Supporting Information Available: Acid titration data for
[Ni(depp)l(BF4),. Complete details of the X-ray diffraction studies
on Ni(dpype), [Ni(PNBuP)](BF4),, and [Ni(PNP)(dmpm)](BF)>.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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