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Abstract

The synthesis of the triangular trinuclear nickel complexes ([Nis(u-I),(u-dppa)s]™”, n =0, +1; dppa = ligand bis(diphenylpho-
sphine)amine), is reported. The crystallographic study of these clusters allows a detailed structural comparison with the
bis(diphenylphosphine)methane (dppm) analogs. Differences in electrochemical redox potentials are discussed in the light of
stronger metal—phosphorus interaction in the dppa clusters. The dppa clusters [Nis(pu-I)>(u-dppa)s]t, show a larger HOMO-
LUMO gap, denoting greater thermodynamic stability of the dppa bridged Sle™ species, compared to its dppm analog.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The transition-metal chemistry of bis(diphenylpho-
sphino)amine (dppa) NR(PPh,), (R =H, Me, Ph) has
developed rapidly in recent years due to its versatile
coordination properties. In a manner similar to that of
the widely used bis(diphenylphosphino)methane (dppm,
CH(PPh,),) these phosphinoamine ligands can bind to
metal atoms in different ways: monodentate, chelating
or bridging [1,2].

Farrar and coworkers [3] have suggested that the
substitution of the methylene group in dppm with the
smaller NH group may increase the ligand’s propensity
to bridge two metal atoms.

In previous reports, we have described dppm stabi-
lized triangular nickel clusters that are electrocatalysts
for CO, reduction [4,6a—d]. The presence of an acidic
amine proton in a dppa ligand opens several synthetic
opportunities beyond those available with dppm. For
example, it is possible to perform template synthesis on
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a coordinated dppa ligand [7]. In particular, treatment
of primary amines with PCl; or Ph,PCl allows the facile
introduction of a range of possible substituents at the
nitrogen atom, and this is a versatile and cost effective
synthetic route for diphosphinoamines [2]. In this
communication we report the synthesis, X-ray charac-
terization and electrochemical studies of new trinuclear
nickel complexes stabilized with dppa.

2. Experimental

Ni(COD), and dppa were synthesized according to
reported procedures [5,2b]. All reactions were carried
out inside a dry box. '"H and *'P NMR spectra were
obtained in toluene-dg using a Varian Mercury 400
spectrometer. 'H spectra are referenced to internal
solvent peaks; *'P NMR signals are reported with
respect to external 85% H3;PO,. MALDI Mass spectra
were recorded at Scripps Research Institute (La Jolla,
CA) mass spectrometry facility. Electrochemical mea-
surements were performed on a BAS analytical instru-
ment, using Pt working electrode and ferrocenium/
ferrocene [Cp,Fe™/Cp,Fe] as a reference electrode,
having 40.36 V difference with respect to SCE in our
conditions. Density functional calculations were done
using the hybrid functional of Becke [10a] with Perdew
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and Wang correlation [10b], using the LANL2DZ basis
set (b3pw91/LanlL.2DZ) as implemented in GAUSSIAN-98
[10c]. The X-ray structure geometries were used as input
and hydrogen atoms position were reoptimized.

2.1. Nis(1’-dppa)s(1°-1) (1)

This complex has been synthesized by modifying
methods [4] for the synthesis of the dppm analog.
Thus, to a solution of Ni(COD), 0.274 g (1 mmol) in
THF (10 ml), dppa 0.577 g (1.5 mmol) was added. The
solution turned red after 10 min. To the red solution,
Nil, 0.310 g (1 mmol) in THF (150 ml, the solubility of
Nil, in THF is about 2.5 mg ml~') was added. The
solution turned green and a dark green precipitate was
formed. The volume was reduced by evaporation under
vacuum to 50 ml and ether 20 ml was added. The solid
was filtered off and washed with several portions (5 ml)
of ether. Anal. Calc. for Cg4Hg31,N3Ni3O3P4: C, 56.73;
H, 3.54; N, 2.36. Found: 56.59; H, 3.59; N, 2.42%. 6 *'P
(298 K, toluene-dg) 5 *'P 61 (s); 0 "H (298 K, toluene-dy)
0 H 6.8-7.4 [m, 60H, Ph]; UV—Vis [428 nm (¢ ~ 6.3 x
10° M~ 'em™Y), 572 nm (e ~7.5x10° M~ em ™))
70% yield.

2.2. [Nis(p’-dppa)s(1-1) 2] PFs- CH,CL (2)

Cluster 1 0.200 g (0.13 mmol) was dissolved in THF
(200 ml) and 0.034 g (0.13 mmol) of AgPF¢ was added,
leading to an immediate color change from green to
purple corresponding to oxidation of 1 to 2. The
solution was filtered and reduced to 20 ml by evapora-
tion under vacuum. The complex was isolated by the
addition of pentane. MS [MALDI] [Nisdppasl,]t 1585
m/z, [Nisdppaol,] 1200 m/z; UV-Vis [451 nm (¢ ~
92x10° M~ " em™'); 543 nm (¢ ~17.2x10° M~!
cem Y.

3. Results and discussion

The reaction of Nil, with the presumed adduct
‘Niodppas’ in THF solution afforded the triangular
Nizdppasl, (1) complex in 70% yield. Oxidation of the
complex with a stoichiometric amount of AgPF¢ led to
the monooxidized product [NizdppasI,]PF¢ (2) in quan-
titative yield. In order to elucidate the structural impact
of changing the dppm ligand by dppa and how it affects
electronic and chemical properties of the trinuclear
clusters, 1 and 2 were characterized spectroscopically,
structurally, and electrochemically.

3.1. Mass spectra

Mass spectrometry is a good source of information
about the relative stability of the molecular ions in the

gaseous phase. The MALDI mass spectrum of 2 (Fig. 1)
shows two intense peaks at 1585 and 1200 m/z. The
1585 peak coincides to the molecular cation 2. The 1200
mlz corresponds to the fragment [Nis{p>P,P'-
HN(Ph,P),},(u-I),] ", resulting from the dissociation
of one of the dppa ligands, and underscoring the high
stability of the Ni; metal core in the gas phase.

3.2. Molecular structure of 1 and 2

ORTEP diagrams and crystallographic and refinement
data for complexes 1 and 2 are shown in Figs. 2 and 3
and Table 1. Complexes 1 and 2 crystallize in monoclinic
P2,/n and triclinic P1 space groups, respectively. The
three nickel—nickel bonds in 1 and 2 are crystallogra-
phically independent with none of the nickel atoms
occupying special positions [8]. The triangle of nickel
atoms has two short 2.4431(10); Ni(2)-Ni(3),
2.4505(10); and one long Ni(1)-Ni(3), 2.4666(9) sides
for complex 1. Upon oxidation, complex 2 shows two
long sides [Ni(1)-Ni(2), 2.4885(14), Ni(3)-Ni(1),
2.4898(14)] and one shorter [Ni(2)—Ni(3), 2.4665(14)]
side. After oxidation of 1 by one electron, the average
metal-metal bond length expands by 0.028 A. Here, if it
is important to underscore that the X-ray structure was
collected at 100 K for 1 and at 298 K for 2, and the
significant differences in temperatures may account
partly for the differences in Ni—Ni bond lengths.

The Ni—I bond distances ranged from 2.6351(8) to
2.7782(8) (Ni—I av., 2.7077(8)) for complex 1 and are
slightly shorter in complex 2 (from 2.6127(12) to
2.7050(13), Ni—I av. = 2.658), suggesting antibonding
character of the HOMO, with respect to Ni—I bonding
(vide infra). These are very close on average, to those
(Ni—I av. =2.70 and 2.65) found in the dppm complex
[4] for the neutral and oxidized forms, respectively.

Complex 1 shows Ni—P bonds shorter (ranging from
2.166(2) to 2.1820(2); Ni—P av., 2.17(2)) compared to its
dppm analog [4] [Nis(u*-dppm)s(p*-I),] (ranging from
2.187(3) to 2.196(3); Ni—P av., 2.19(1)). The Ni—P bond
lengths for complex 2 range from 2.202(2) to 2.232(2)
and are shorter, on average, when compared to the
dppm analog [2] [Niz(u>-dppa)s(1*-1)2]CF3SO0; [2.218(1)
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Fig. 1. MALDI mass spectrum of the complex [NisdppasI]PF¢ (1).
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Fig. 2. orTEP diagram (thermal ellipsoids, 50%) for complex [Nis{p*-
P,P’-dppa};(p-1),]-2THF - (CH3),0 (1). Selected bond length (A) and
angles (°): Ni(1)-Ni(2), 2.4431(10); Ni(2)-Ni(3), 2.4505(10); Ni(1)—
Ni(3), 2.4666(9); I(1)-Ni(3), 2.6351(8); I(1)-Ni(2), 2.7782(8); Ni-I av.,
2.7077(8); Ni(2)—P(3), 2.1629(16); Ni(3)—P(5), 2.1784(16); Ni—P av.,
2.1731(16); P(1)-N(1), 1.693(5); P(2)-N(1), 1.688(5); P-N av.
1.690(5); P(6)-Ni(1)-P(1), 108.54(6); I(2)-Ni(1)-I(1), 117.03(3);
P(1)-Ni(1)-I(1), 116.79(5); Ni(2)-Ni(1)-Ni(3), 59.88(3); Ni(2)—
Ni(1)-I(1), 64.49(2); Ni(3)-Ni(1)-I(1), 60.50(2); P(3)-Ni(2)-P(2),
107.27(6); Ni(1)-Ni(2)-Ni(3), 60.54(3); P(3)-Ni(2)-I(1), 102.48(5);
1(2)-Ni(2)-1(1), 114.79(3); P(4)-Ni(3)—P(5), 110.76(6); Ni(2)—Ni(3)—
Ni(1), 59.58(3).

Fig. 3. orTEP diagram (thermal ellipsoids, 50%) for complex [Nis{p>-
P,P’-dppa};(p-1),][PFs] (2). Selected bond length (A) and angles (°):
Ni(1)-Ni(2), 2.4885(14); Ni(2)-Ni(3), 2.4665(14); Ni(3)-Ni(l),
2.4898(14); Ni(1)-I(1), 2.6127(12); Ni(2)-I(1), 2.6977(12); Ni(3)—
I(1), 2.6443(12); Ni(1)-1(2), 2.6290(12); Ni(2)-1(2), 2.6589(12);
Ni(3)-1(2), 2.7050(13); Ni-I av., 2.658(5) Ni-P av., 2.218(6); P-N
av., 1.689. Ni(1)—Ni(2)-Ni(3), 60.33(4); Ni(2)-Ni(1)—Ni(3), 59.40(4);
Ni(1)-Ni(3)-Ni(2), 60.27(4); I(1)-Ni(1)-1(2), 117.24(4); I(1)-Ni(2)—
1(2), 113.33(4); I(1)-Ni(3)-1(2), 113.56(4); P(1)-N(1)-P(2), 120.2(4);
P(4)-N(2)-P(3), 123.1(4); P(6)-N(3)-P(5), 121.1(4).

vs 2.23(1). Oxidation of 1 to 2 leads to elongation of the
Ni—P bonds, suggesting that the HOMO in 1 has a
significant contribution from those orbitals involved
also in Ni—P bonding (vide infra). Stronger metal—
phosphorus interactions in the case of the dppa trimer
is understandable in terms of the more accessible

Table 1
Crystallographic and refinement data for complexes [Nis{u*-P,P’-
dppa}s(u-1);] (1) and [Nis{p*-P,P’-dppa}s(p-1),] [PFg] (2)

1-Et,0-2THF

2-CH,Cl,

Chemical formula C84H6312N3Ni303p6 C73H65C12F612N3Ni3p7

Formula weight (g) 1778.12 1831.90
T (K) 100 296(2)
Space group P2y/n PI

a (A) 21.7736(14) 13.836(3)
b (A) 19.5673(13) 14.336(4)
¢ A) 21.7969(14) 19.248(5)
a (%) 90.00 84.42(2)
B ) 118.5010(10) 84.22(5)
y () 90.00 84.27(2)
v (A% 8161.1(9) 3764.9(17)
z 4 2

i (A) 0.71073 0.71073
Peale Mgm ™) 1.447 1.616
#(Mo Ko) (mm™1) 1.607 1.842
R[F, F >40(F)] 0.0565 0.0511
wR ® (F2, all reflections) 0.1337 0.12910

* R(F) = X||Fo| —|FJIZ|F,|.
P WR(F) = [Zlw (Fo— FPYEw (2.

phosphorus o* orbital, due to the presence of the
more electronegative nitrogen atom directly bonded to
the phosphorus atom [9]. This makes the phosphine a
better acceptor for dr electron density coming from the
metal centres and consequently strengthens the metal-
phosphorus bonds relative to the dppm analog.

3.3. Theoretical calculations

Fig. 4 shows the HOMO and LUMO orbital dia-
grams for the neutral complex [Nis(p>-dppa)s(p*-1),].
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Fig. 4. The HOMO and LUMO orbital diagrams for neutral complex
[Nis(u-dppa)s(pn3-I),] (isosurface at 0.018 au.).
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The qualitative picture of the molecular orbitals does
not differ substantially from that reported for the dppm
analogs [6a] at the Extended Hiickel calculation level.
The LUMO orbital is metal-based, having the major
contribution from the dm orbitals of nickel and =
orbitals of phosphorus. The main contributions to the
HOMO orbital come from nickel atoms (dw), iodine
atoms (n) and phosphorus atoms (). Partial delocaliza-
tion in the plane of the nickel atoms has the effect of
concentrating the electron density in the regions of the
Ni—Ni bonds, Ni-P bonds and the Iodine atoms. The
HOMO is antibonding respect to Ni—I bonds, having
two nodal planes passing through the regions of the
iodine atoms and the plane containing the Ni—I bonds.
The HOMO is bonding with respect to the Ni—Ni and
Ni—P bonds. The Ni-I antibonding character of the
HOMO orbital and Ni—Ni and Ni—P bonding character
are consistent with the shorter Ni—I distances and
longer Ni—P and Ni—Ni distances of the oxidized form
of the cluster.

3.4. Electrochemical studies

The electrochemistry provides evidence of the impact
of substituting dppm with dppa on the electronic
structure of clusters of this class. For 1, two reversible
oxidation waves Ej,»(14+/0)= —1.009 V and E;»(2+/
14+)=+0.138 V (AE»=1.15 V) are observed. As in
the dppm analog [4], no reduction waves were observed
at potentials as negative as —2 V vs Cp,Fe*’°. Under
our conditions (using acetonitrile as a solvent and a
Cp,Fe™"° reference electrode), the [Nizdppmsl,] trimer
has two reversible electrochemical processes, Ej,(1+/
0)=—1.090 V and E;»(24+/14+)=—0.150 V (AE =
0.94 V), and are slightly different from those reported in
1,1,1 trichloroethane [4]. The dppm trinuclear cluster
[Niz(p-I)o(u-dppm)s] ™ has a slightly more negative
reduction potential by 0.081 V and a more negative
oxidation potential by 0.238 V compared to the dppa
cluster [Nis(u-I)>(p-dppa)s] . The difference between
reduction and oxidation potentials, in the case of
reversible electrochemical processes, may be used to
evaluate the HOMO-LUMO gap. The difference,
E1»2+/14+)—E(1+/0), of 1.15 V in the case of the
dppa clusters 1 and 2 compared to 0.94 V for dppm
clusters denotes increased thermodynamic stability of
the dppa 5le™ species compared to its dppm analog.
The more positive reduction potentials for the reduction
of the dppa bridged cluster 2—1, compared to their
dppm analogs, quantitatively reflects the increased m-
acceptor character of dppa compared to dppm.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC Nos. 189642 and 189643. Copies of
this information may be obtained free of charge from
The Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (fax: +44-1223-336033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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