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Reduction of [(triphos)NiCl] (1) with an excess of NaBH,4 in THF
produces the paramagnetic Ni(l) complex [(triphos)Ni(r7?-BH,)] (2).
X-ray crystallography shows 1 to be a square-planar Ni(ll) species
in which the phosphine ligand is bidentate, whereas 2 has
pseudotetrahedral geometry at the Ni(l) center, with a tridentate
phosphine and the borohydride ligand occupying a single coordina-
tion site. Density functional theory calculations show the unpaired
electron in 2 to reside in an orbital located mainly on the Ni atom.

Well-defined Ni(l) complexes are relatively rare, although
phosphine ligands are known to support this unusual oxida-
tion state} which has been invoked in several biologically
relevant processes involving nickel-containing enzymes suc

as hydrogenase, carbon monoxide dehydrogenase, and mettio9raph

yl-S-coenzyme M reductaseNi-mediated borohydride re-
ductions have been carried out on a wide range of functional
groups in organic synthesisMonomeric Ni(I) complexes
are paramagnetic {@&lectron configuration) and demonstrate
redox properties unigue to a group 10 radit@he capacity

of the potentially tridentate, bulky ligand 1,1,1-tris(diphe-
nylphosphinomethyl)ethane [(MeC(GPPh)s, triphos] to
form stable complexes with 3d metals in low oxidation states
has been clearly demonstrateth particular, it stabilizes
the 1+ oxidation state of both cobalt and nickel. For example,
the complexes [(triphos)NiX] (X= CI, Br) have been
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prepared by reduction of the dihalide with sodium borohy-
dride® and [(triphos)MI] (M = Co, Ni) can be formed
directly from the metal diiodide without the necessity of an
added reducing agent. It is unsurprising, therefore, that a
similar Ni(l) species can be formed with the borohydride
moiety. Here we report the synthesis and structural and
spectroscopic studies of the first characterized nickel(l)
borohydride compleX.

The complex [(triphos)NiG] (1; Figure 1) is formed in
high yield by the addition of triphos to Nigin dry THF."8
1 is a moderately air-stable orange powder. PHe{'H}
NMR spectrum at 253C shows a single resonance-a21.0
ppm indicating a fluxional ligand; at 60 °C, this resolves
into two peaks at-21.6 and—22.6 ppm in a 1:2 ratio. The

pstructure of complexl was determined by X-ray crystal-

y?1%9as detailed in Table 1 and Figure 1. This reveals
a mononuclear, square-planar Ni(ll) center wiik-chloro
ligands and a bidentate triphos moiety in which the third

(5) Sacconi, L.; Midollini, S n§972 1213.
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n1974 52, 2990.

(7) All reagents were obtained from Aldrich Chemical Co. All syntheses
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standard Schlenk and glovebox techniques

To 50 mL of a THF solution of NiGI(0.30 g, 2.31 mmol) was added

an equimolar amount of triphos (1.45 g, 2.31 mmol). An immediate

color change from green to orange was observed. The solution was
stirred for 30 min and filtered. Orange crystalslofere isolated after
concentrating the resulting solution and cooling overnight 4C4

Yield: 1.40 g; 80%. Anal. Expt (theory): C, 65.30 (65.29); H, 5.19

(5.21).1H NMR (THF-dg, 300 MHz, ppm): 7.9-7.1 (br, 30H, GHs),

1.88 (s, 6H, CH), 1.69 (s, 3H, CH). 3'P{*H} NMR (THF-ds, 400

MHz, ppm): —21.0 (25°C), —21.6 (1P),—22.6 (2P) (60 °C).

Orange crystals df were grown by slow evaporation of a THF solution

at 4 °C. Single crystals were coated with Paratone-N oil, mounted

using a glass fiber, and frozen in the cold-nitrogen stream of the
goniometer. A hemisphere of data were collected on a Bruker AXS

P4/SMART 1000 diffractometer using andf scans with a scan width

of 0.3°. The detector distance was 5 cm. The data were reduced

(SAINT, ref 10a) and corrected for absorption (SADABS, ref 10b).

The structure was solved by direct methods and refined by full-matrix

least squares oR 2 (SHELXTL, ref 10c). All non-hydrogen atoms

were refined anisotropically. Hydrogen atoms were included in
calculated positions and refined using a riding model. The drawing
was generated using the program ORTEP-3 (ref 10d).
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Figure 1. ORTEP plot ofl (50% probability ellipsoids). Hydrogen atoms
are omitted for clarity. Selected bond distances (A) and angles (deg): Ni
P1, 2.1643(7); Ni-P2, 2.1693(7); Ni-ClI1, 2.1900(9); Ni-Cl2, 2.2120(7);

Cl1-Ni—P1, 172.58(3); CI2Ni—P2, 176.77(3).

Table 1. Crystal, Collection, and Refinement Parametersifand 22

1 2
empirical formula G1H39CI2NiP3 Ca1Ha3BNiP3
fw 754.24 698.18
cryst size, mm 0.4 0.15x 0.10 0.15x 0.125x 0.025
a, 25.685(3) 20.475(2)
b, A 13.8498(12) 10.3065(11)
c, A 22.0402(18) 16.9806(18)
o, deg 90 90
p, deg 97.656(3) 90
y, deg 90 90
vV, A3 7770.6(12) 3583.3(7)
0 range for data 1.60-27.50 1.99-27.50
collection (deg)
d(calcd), Mg/n? 1.289 1.294
cell meas temp, K 173(2) 173(1)
space group C2lc Pna2(1)
z 8 4
h, k, I min to max ranges—30 < h < 32 —24<h=<25
—17=<k=17 —13=<k=13
—28=<1=<28 —22=<1=21
reflns collected 26210 23632
independent refins 850R(int) = 0.0412] 7259[R(int) = 0.1102]
final Rindices R1=0.0405, R1=0.0489,
[I' > 20(1)] wR2 = 0.0892 wR2=0.0623
Rindices (all data) R* 0.0826, R1=0.1259,
wR2=0.0982 wR2=0.0725
data/restraints/ 8507/0/425 7259/1/548
parameters
GOF 1.021 0.941

final diff map, e/

0.857 and-0.275

0.351 and-0.358

AwWR2 = (Y [W(Fe? — FAZ/I[F) Y2 R1= F[|Fo| — [Fell/3|Fol. Weight
= 1/[04Fsd + (XP)2 + (YP)], where P = [max(Fo2,0) + 2FA)/3, X =
0.0436 () or 0.0137 @), andY = 5.82 (1) or 0.00 ).

phosphorus atom is unbound and resides distally from the
Ni atom. This bonding mode for triphos has been observed
commonly in other square-planar 16-electron complexes such

as [(triphos)PtG]* and [(triphos)Pt(Ch),],*? as well as in

some 18-electron species such as [(triphos)Ref[CO)
Reduction ofl with a stoichiometric amount of NaBH

in CH,CI,/JEtOH is known to produce [(triphos)NiC¥];

(11) Sevillano, P.; Habtemariam, A.; Seijo, M. I. G.; Castineiras, A,
Parsons, S.; Garcia, M. E.; Sadler, m200Q 53, 635.
(12) Kirchner, R. M; Little, R. G.; Tau, K. D.; Meek, D. VininigSlaiRe
1978 149 C15.
(13) Gibson, D. H.; He, H.; Mashuta, M. Sssassesteliigs?001 20,
1456.
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Figure 2. ORTEP plot of2 (5-0% probability ellipsoids). Hydrogen atoms
of the triphos ligand are omitted for clarity. Selected bond distances (A)
and angles (deg): NiP1, 2.2501(12); NiP2, 2.2475(13); Ni-P3, 2.2463-
(13); Ni—=HOA, 1.83(5); Ni-HOB, 1.59(5); B-HOA, 1.03(5); B-HOB,
1.09(5); B-HOC, 1.00(5); B-HOD, 1.15(5); P£Ni—P2, 93.87(5); P%
Ni—P3, 89.50(5); P2Ni—P3, 94.90(5).

however, the addition of a large excess of Naiiethanol

to complex1 in THF results in the formation of yellow
crystals of [(triphos)Nig2-BH,)] (2).1* Single-crystal X-ray
diffraction'® reveals2 to be monomeric (Table 1 and Figure
2). This complex exhibits reasonable stability in a THF
solution and in powder form, but upon exposure to oxidants
(e.g., Q) or halogenated solvents (GEl,), it decomposes
gradually.

2 is only the second stable nickel borohydride complex
to be characterized, [Tp*Nje-BH.,)] { Tp* = hydrotris(3,5-
dimethylpyrazoyl)borafe® having been reported recently.
The X-ray structure oR clearly reveals the borohydride
ligand to coordinate in a symmetricgf manner. The Ni
center ispseudtetrahedral if the borohydride ligand is
assumed to occupy a single coordination site and the Ni, B,
HOA, and HOB atoms are coplanar.

The Ni—B distance of 2.24 A ir2 is larger than the sum
of the covalent radii of nickel and boron (1.84 K)and the

(14) To a 50-mL THF solution of (0.50 g, 0.754 mmol) was added 10
mL of a ethanol solution of NaBH0.20 g, 5.303 mmol), resulting in
a yellow solution. This was then refluxed for 20 min before filtration.
Concentration of the resulting solution and cooling overnight &€ 4
afforded yellow crystals a2. Yield: 0.37 g, 53%H NMR (THF-dg,
400 MHz, ppm, from+25 to —70 °C): 6 8.0—7.1 (br, 30H, GHs),
1.60 (s, 6H, CH), 1.01 (s, 3H, CH), —0.58 (Jug = 81 Hz) (q, 4H,
BHJ). 3%P{1H} NMR (THF-dg, 300 MHz, ppm): 6 27.17.11B NMR
(THF-ds, 300 MHz, ppm): 6 —42.98 {Jgy = 82 Hz). IR (KBr, cnt):

v(B—H;) = 2354s,v(B—Hp) = 2007w. Owing to the reactivity of
the complex, elemental analysis proved difficult to obtd; 1B,
and 3P NMR spectra (THFdg) are presented in the Supporting
Information.

(15) Yellow crystals of2 were grown by slow diffusion using a THF/
ethanol mixture at £C. For details of the X-ray structure determi-
nation, see ref 9. In contrast 19 all hydrogen atoms d were found
in Fourier difference maps and refined using common isotropic thermal
parameters.
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7945,
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four hydrogen atoms of the BHgroup are tetrahedrally
arranged around the boron. The-M distances span a wide
range, 1.59(5)¥1.83(5) A, comparable to those in other
nickel hydride and borohydride complexés8 Complex?2
is structurally very similar to its Co(l) analogue [(triphos)-
Co@*>-BH,)].1° However, the hapticity of the borohydride
ligand appears very sensitive to the oxidation state and nature
of the metal and its associated ligand set in late-transition-
metal borohydride complexes. Thus, Btadopts a tridentate
binding mode in the Ni(ll) species [Tp*Njf-BH,4)]*® but a
monodentate mode in the Cu(l) analogu@0fiz., [(triphos)-
Cu@*-BH,)].2°

The magnetic susceptibility d? in the solid state was
measured by the Gouy method and in solution in TddF-
by the Evans techniqu.u. values of 2.47 and 2.5#s,
respectively, indicate the presence of a single unpaired
electron with an orbital contribution to the spin-only moment.
Attempts to obtain a reproducible electron paramagnetic experimentally for compleX2. The computed total spin
resonance spectrum have thus far been frustrated by sampl@ensities for2' (Ni, 0.855; B, 0.138; P1, 0.001; P2, 0.004;
decomposition. P3, 0.053; K 0.000; H, —0.007; H, —0.008; H;, —0.008)

Density functional theory (DFT) calculations have been clearly reveal the unpaired electron to be located predomi-
carried out to explore the nature of the unpaired electron in nantly on the metal, with only a minor presence on boron

Figure 3. Representation of the model comp&»and its spin polarization.
Selected bond distances (A) and angles (degy: i, 2.230; Ni-P2, 2.224;
Ni—P3, 2.299; Ni-H,, 1.699; Ni-Hp, 1.741; B-H,, 1.279; B-Hy, 1.275;
B—Hc, 1.205; B-Hg, 1.205; P+-Ni—P2, 95.89; P£Ni—P3, 90.16; P2
Ni—P3, 89.60.

the model complex{(MeC(CHPH,)s} Ni(172-BH,)] (2'; Fig-
ure 3)??>726 The optimized geometry of this system, in which

(Figure 3). Negligible spin populations are found on the
phosphorus and bridging hydrogen atoms.

the phenyl groups of the triphos ligand have been replaced Although complex is paramagnetic, it displays relatively

by hydrogen atoms, is in good agreement with that found

(18) Alvarez, H. M.; Krawiec, M.; Donovan-Merkert, B. T.; Fouzi, M.;
Rabinovich, D, n2001, 40, 5736.
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4096.
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programs (ref 23) using the B3LYP functional (ref 24) and a 6-31G-
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MOLEKEL (ref 26) was used for visualization (surface value: 0.0095).
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Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian03revision
B.05; Gaussian, Inc.: Pittsburgh, PA, 2003.
(24) (a) Becke, A. D iiniaiiianigil/ <1993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G 198§ 37, 785.
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56, 2257. (b) Hariharan, P. C.; Pople, J. i -1 ° 7 3
28, 213. (c) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.;
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(26) Flikiger, P.; Lithi, H. P.; Portmann, S.; Weber, J. MOLEKEL 4.0,
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sharp resonances in its NMR spectra in THfbetween 25
and —70 °C, which are easily assigned to the triphos and
borohydride ligands (see the Supporting Information). For
example, thé'B NMR spectrum shows a quintet a42.98
ppm (v, = 5 Hz), albeit measurably broader than that
obtained for free BE™ under the same conditions-41.08
ppm;wy, = 1.4 Hz). This sharpness is in accord with the
spin densities calculated f@f (qv). With a quartet centered
at—0.58 ppm in théH NMR spectrum {Jgy = 82 Hz), the
borohydride ligand remains fluxional between 25 anti0

°C. The®'P{1H} NMR spectrum under the same conditions
shows a single resonance at 27.17 ppm.

In summary, the capability of the bulky triphos ligand to
switch from a bidentate to a tridentate binding mode, in
tandem with the reducing nature and size of the borohydride
ligand, promotes the change from square-plahdo the
unusual tetrahedral compl@xComplex2 is only the second
characterized stable borohydride of nickel and the first such
example in which this metal is in thetloxidation state.
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