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A complete series of homo- and heterobimetallic complexes of the type [MM’(dppm),(CH,CN),](BF,), (M, M’ = Ni, Pd, Pt;
dppm = Ph,PCH,PPh,) have been prepared by comproportionation of appropriate M(0) and M’(II) complexes. These complexes
have been characterized by 'H and 3P NMR spectroscopy. NMR evidence shows that the acetonitrile ligands are labile for all
complexes containing nickel and palladium. For certain heterobimetallic complexes, a second isomer is observed involving one
bridging and one chelating dppm ligand while preserving the metal-metal bond.

Introduction

Binuclear complexes of type 1 containing palladium and
platinum have received considerable attention over the past 10
years.'® One of the interesting features of these complexes is
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their ability to undergo facile reactions with a range of small
molecules such as CO, SO,, isocyanides, diazomethane, sulfur,
and activated alkynes to form A-frame complexes in which small
molecules are bound to both metal atoms. In this respect they
can be regarded as models for metal surfaces.! Although the
syntheses of heterobimetallic dimers of the second- and third-row
metals have been described for complexes of type 1,%1% no ho-
mobimetallic analogues of nickel are known nor have heterobi-
metallic complexes of this type that contain nickel with palladium
or platinum been reported. This paper presents the synthesis and
characterization of a complete series of complexes of type 2. This
series of complexes should provide an opportunity for a systematic
examination of the influence of various metals on the reactivity,
structure, and bonding of this class of bimetallic complexes.

A second interesting feature of complexes of type 2 is the
presence of two weakly coordinating acetonitrile ligands. In
principle, these bimetallic complexes have more than one coor-
dination site available for the binding and activation of small
molecules. This feature is unusual for metal dimers and clusters,
and studies of these complexes should help extend the knowledge
gained by studying complexes of type 1. The lability of both the
bridging dppm ligand and the ligands trans to the Pt—Pt bond in
the latter complexes has been shown to be important in substitution
reactions,'’'2  A-frame formation,'* and the oxidative addition
of hydrogen.!!
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Experimental Section

General Considerations. Acetonitrile and dichloromethane were dried
by distillation from calcium hydride under nitrogen. Toluene, hexanes,
and diethyl ether were distilled from sodium benzophenone ketyl under
nitrogen. All reactions were carried out by using standard Schlenk
techniques. Ni(COD), (COD is 1,5-cyclooctadiene) and dppm (dppm
is bis(diphenylphosphino)methane) were purchased from Strem Chem-
icals, Inc. Pdy(dba); (dba is dibenzylideneacetone) was purchased from
Alfa Products. Pt(COD),,'* [Pd(CH;CN),]J(BF,),,'* [Ni(CH,CN)]-
(BF,),,!% and [Pt(COD)(CH3CN),](BF,),'” were prepared by literature
methods. [Ni(C¢HsCN)g](BF,), was prepared in a manner strictly
analogous to that used for [Ni(CH;CN)4](BF,), with use of CsHsCN
as the solvent.

Infrared spectra were obtained on a Perkin-Elmer 599B spectropho-
tometer. All of the BF, salts showed a broad, strong infrared absorption
between 900 and 1150 cm™. No bands were observed for any of the
complexes in the 2100-2400-cm™! range that could be assigned to coor-
dinated acetonitrile. A JEOL FX90Q FT NMR spectrometer equipped
with a tunable variable-temperature probe was used to collect 'H and 3'P
NMR spectra. TMS was used as an internal reference for all 'H spectra.
A capillary filled with phosphoric acid was used as an external reference
for 3P NMR spectra. All P NMR spectra were proton-decoupled.
Chemical shifts downfield, i.e. to the left, of the phosphoric acid reso-
nance are assigned positive values. Initial spectral simulations were
performed with the RACCOON program, a version of LAOCOON written for
the IBM PC.’® Final simulations and plotting were carried out by using
the PANIC program on an Aspect 2000 computer.'’

[Ni(dppm) (CH;CN)],(BF,),. A solution of [Ni(CH;CN)s](BF,),
'/,CH;CN (1.5 g, 3.0 mmol) in acetonitrile (50 mL) was added to a
solution of bis(diphenylphosphino)methane (2.31 g, 6.0 mmol) in di-
chloromethane (50 mL). The resulting red solution was stirred at room
temperature for 1 h; then the solvent was removed on a vacuum line to
give a yellow powder. The powder was dissolved in acetonitrile (50 mL),
and the resulting solution was added to a stirred suspension of Ni(COD),
(0.82 g, 3.0 mmol) in acetonitrile (20 mL). The resulting green solution
was stirred for 2 h before removing the solvent on a vacuum line. The
crude product was recrystallized from a mixture of dichloromethane and
hexanes to give a purple solid. This solid was collected by filtration and
dried in vacuo at 50 °C for 5 h. The yield was 2.85 g (85%). 'H NMR
(dichloromethane-d,): Ph, 7.3~7.7 ppm (m); CH,, 4.48 ppm (quintet,
J = 4.5 Hz); CH,CN, 1.27 ppm (broad s). P NMR (dichloro-
methane-d,): 1.35 ppm (s). Anal. Calcd for Cs4H;soN,B;FgNi,P,: C,
56.79; H, 4.42; N, 2.45; P, 10.85. Found: C, 56.53; H, 4.47; N, 2.10;
P, 10.57.

[Ni(dppm)(CsH;CN)],(BF,),. A suspension of Ni(COD), (0.55 g, 2.0
mmol) in benzonitrile (20 mL) was added to the reaction mixture of
dppm (1.54 g, 4.0 mmol) and [Ni(C¢HsCN)4](BF,), (1.70 g, 2.0 mmol)
in benzonitrile (30 mL). A dark green reaction mixture formed imme-
diately. The solvent was removed at 60 °C in vacuo to produce a dark
green solid. Recrystallization of this solid from a mixture of dichloro-
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Table I. 3P NMR Data for [MM’(dppm),(CH;CN),}(BF); Dimers®*

Miedaner and DuBois

complex p Ypp, Hz 2Jpp, Hz 2Jop, Hz 3Jpps Hz
6a (NiNi) 135
6b (NiNi) 1.50
7 (PdPd) -5.86
8 (PtPt) 12 2720 -138 60 (PAPx)
32 (PyPar)
9 (NiPd) 0.0 (Ni) N =163
-7.34 (Pd)
11 (PdPY) -1.5 (P1) 2690 75 54 (P,Py)
-6.5 (Pd) 33 (P,Py)
(Upypy = Jpgpy = 5)
10 (NiPt) 22491 (P 2419 (PtP,) 521 (PtPy) 374 (PAPg) 5 (PoPy)
0.56 (Py) 2897 (PtP,) 58 (P,Py) 60 (PgPyy)
271 (Pyy) 1123 (PtPy) 7 (PyPy) -63 (PyPy)
-56.3 (Py)
12 (PdPY) 3150 (Py) 2250 (PtP,) (0) (PtPy,) 396 (PAPs) 16 (PsPy)
9.33 (Py) 2579 (PtPy) 750 (P,Py) 39 (PyPy)
1.47 (Pyy) 1958 (PtPy) 0 (PyPy) 52 (PyPy)
537 (Py)

9See structures 1, 9, 10, 11, and 12 of the text for labeling of phosphorus atoms. ®The relative signs of the coupling constants given in this table
are the ones that give the best fit in our hands. However, they may not be unique.

methane and hexanes produced a purple solid, which was collected by
filtration and dried in vacuo at 50 °C for 5 h. The yield was 1.83 g
(72%). 'H NMR (dichloromethane-d,): Ph, 6.7-7.7 ppm (m); CH,,
4,60 ppm (quintet, J = 4.5 Hz). P NMR (dichloromethane-d,): 1.50
ppm (s). Anal. Caled for C¢4Hs4N,B,FgNi,P,: C, 60.46; H, 4.31; N,
2.21; P, 9.78. Found: C, 60.71; H, 4.40; N, 2.12; P, 9.57.

[Pd(dppm)(CH;CN)],(BF,),. A yellow solution of [Pd(CH;CN),]-
(BF,), (0.44 g, 1.0 mmol) in acetonitrile (30 mL) was added to a solution
of dppm (0.77 g, 2.0 mmol) in dichloromethane (20 mL). The reaction
mixture was stirred for 1 h to produce a white suspension. Pd,(dba);
(0.50 g, 5.0 mmo}) was added to the suspension, and the reaction mixture
was stirred overnight. The resulting orange solution was filtered, and the
solvent was removed from the filtrate with a vacuum line to produce an
orange solid. The crude product was recrystailized from a mixture of
dichloromethane and hexanes at =20 °C to yield 1.02 g (83%) of a yellow
microcrystalline solid. The product was dried at 50 °C for 2 h in vacuo.
'H NMR (dichloromethane-d,): Ph, 7.4 ppm (m); CH,, 5.38 ppm
(quintet, J = 5 Hz); CH,CN, 1.35 ppm (s). *'P NMR (acetonitrile-d,):
-5.86 ppm (s). Anal. Caled for Cs4HsoN,B,FgP Pd,: C, 52.42; H, 4.08;
N, 2.26; P, 10.01; Pd, 17.20. Found: C, 52.54; H,4.12; N, 2.18; P, 9.81;
Pd, 16.84.

[Pt{dppm)(CH,CN)],(BF,),. A mixture of [Pt(COD)(CH,CN),](B-
F4); (0.27 g, 0.48 mmol) and Pt(COD), (0.21 g, 0.50 mmol) in aceto-
nitrile (50 mL) was stirred for 0.5 h to give a clear orange solution. A
solution of dppm (0.38 g, 1.0 mmol) in acetone (30 mL) was added to
the orange solution. The resulting reaction mixture was stirred for 1 h
at room temperature and then heated to 70 °C for 60 h. The clear,
red-brown solution was filtered, and the volume of the filtrate was re-
duced to approximately 15 mL in vacuo. Diethyl ether was added slowly
to the solution to give a yellow precipitate, which was collected by fil-
tration and dried in vacuo at 50 °C for 2 h. The yield was 0.275 g (45%).
'H NMR (dichloromethane-d,): Ph, 7.4 ppm (m); CH,, 4.60 ppm
(quintet, J = 4.5 Hz; %Pt satellites, J = 59 Hz); CH;CN, 1.21 ppm (s;
195P¢ satellites, J = 8 Hz). *'P NMR (dichloromethane-d,): 1.2 ppm
(s); '9°Pt satellite spectrum, A, X spin system, 'Jpp = 2720 Hz, 2Jpp =
-138 Hz. Anal. Caled for Cs4HsoN,B,FgP4Pty: C, 45.84; H, 3.57; N,
1.98. Found: C, 45.27; H, 3.65; N, 1.89.

[PdNi(dppm),(CH;CN),](BF,),!/,CH;CN. A mixture of {Pd(CH;-
CN),](BF,), (0.44 g, 1.0 mmol) and dppm (0.77 g, 2.0 mmol) in ace-
tonitrile (50 mL) was stirred for 0.5 h to form a white suspension.
Ni(COD), (0.28 g, 1.0 mmol) was added to the suspension, and the
resulting reaction mixture was stirred for an additional 2 h to produce
a red-brown solution. The solution was filtered, and the solvent was
removed from the filtrate on a vacuum line to produce an orange solid.
This solid was recrystallized from a mixture of acetonitrile and diethyl
ether. The product was collected on a frit and dried in vacuo at 50 °C
for 2 h. The yield was 0.61 g (51%). 'H NMR (acetone-d;): Ph, 7.2-7.6
ppm (m); CH,, 4.87 ppm (quintet, J = 5 Hz); CH;CN (-92 °C), 1.36
(s) and 1.71 ppm (s). 3P NMR (dichloromethane-d,): AA’XX’ spec-
trum consisting of two triplets centered at -7.34 and 0.0 ppm (triplet
splitting 32 Hz). Anal. Calcd for CssHs) 5N, sB,FyPyNiPd: C, 54.58;
H, 4.29; N, 2.89. Found: C, 52.32; H, 4.41; N, 2.91.

[PtNi(dppm),(CH,CN),}(BF,),. A suspension of [Pt(dppm),](BF,),
(0.50 g, 0.44 mmotl) and Ni(COD), (0.12 g, 0.44 mmol) in acetonitrile
(30 mL) was stirred for 2 h to form a clear red solution. The solution

was filtered and the solvent removed from the filtrate in vacuo to produce
a red-brown solid. This product was recrystallized from a mixture of
acetonitrile and diethyl ether, collected by filtration, and dried on a
vacuum line at 50 °C for 2 h. The yield was 0.47 g (84%). 'H NMR
(dichloromethane-d,): Ph, 7.4 ppm (m); CH,, 4.50 (m); CH,CN, 1.69
(s). *'P NMR (dichloromethane-d,): complex second-order pattern that
can be simulated by using the parameters listed in Table I. Anal. Caled
for Cs4HyoN,;B,FsNiP,Pt: C, 50.73; H, 3.95; N, 2.19. Found: C, 50.51;
H, 4.11; N, 1.44.

{PdPt(dppm),(CH,CN),)(BF,),. Pt(COD), (0.21 g, 0.5 mmol) was
added to a suspension of [Pd(dppm),]}(BF,), (0.52 g, 0.5 mmol) in ace-
tonitrile (50 mL). The resulting reaction mixture was stirred for 2 h to
give a clear, red solution. The solution was filtered, and the solvent was
removed from the filtrate on a vacuum line. The resulting red-brown
solid was recrystallized from a mixture of acetonitrile and toluene at -20
°C. The product was collected by filtration and dried in vacuo at 50 °C
for 2 h. The yield was 0.295 g (44%). 'H NMR (dichloromethane-d,):
Ph, 7.45 ppm (m); CH,, 4.51 ppm (m); CH,CN, 1.18 ppm (t, “Jpyy =
7 Hz) and 1.58 ppm. 3P NMR (dichloromethane-d,): complex sec-
ond-order spectrum that can be simulated by using the parameters listed
in Table I. Anal. Calcd for Cs4HsoN,B,FsP,PdPt: C, 48.92; H, 3.80;
P, 9.34. Found: C, 48.72; H, 3.89; P, 9.05.

Results and Interpretations

Although Pd and Pt dimers of type 1 are well-known, we know
of no examples of analogous Ni dimers. This is surprising in view
of the fact that the Ni(I) dimer 3 has been known for some time.%

N N 4-
c c RP PRy

CN—Ni—Ni—CN CN—Ni—Ni—CN

c C RsP PR
NN 3 3
4

3

In addition, the electrochemical reductions of nickel(II) cyano
phosphine complexes such as [Ni(CN),(PEt,Ph),] result in for-
mation of unstable complexes similar to 4.2 The nickel(I) dimer
[Niy(u-CNMe)(CNMe);(dppm),]1{(PFs), (5) was synthesized
recently by comproportionation of [Ni(CNMe),](PFs), and
Ni(CNMe), foillowed by reaction with dppm.”? Complexes 3-5
all contain either cyanide or isocyanide ligands in positions trans
to the Ni-Ni bond. It was of interest to determine if stable
nickel(I) dimers could be synthesized without this particular
structural feature.
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[MM’(dppm),(CH;CN),](BF,), Complexes

The reaction of Ni(COD), (where COD is 1,5-cyclooctadiene)
with [Ni(dppm),](BF,), in acetonitrile followed by recrystalli-
zation from a mixture of dichloromethane and hexanes results
in the formation of [Ni(dppm)(CH;CN)],(BF,), (6a), as shown
ineq 1. The analogous benzonitrile complex, 6b, can be prepared

2+
P p

RCN | %
[Ni(dppm)p1(BFslp + NI(COD); —= RCN——Nli—Nl——NCR

PP

6a, R=CH3
b, R =CgHs N

by changing the solvent from acetonitrile to benzonitrile. The
products are isolated as deep purple solids, which are moderately
air sensitive in the solid state and in solution.

In dichloromethane, both complexes exhibit a sharp single
resonance in the *'P NMR spectrum as expected since all
phosphorus atoms are chemically equivalent. The chemical shifts
of 1.35 and 1.50 ppm for complexes 6a and 6b, respectively, are
consistent with a bridging dppm ligand.?!” When dppm chelates
to a single metal to form a four-membered ring, the resonance
for the phosphorus atoms occurs at much higher fields.?>?* For
example, [Ni(dppm),](BF,),, which has two chelating dppm
ligands, has a single resonance at —35.4 ppm. Evidence for the
presence of four phosphorus atoms in these complexes is the
observation of a quintet for the methylene protons of the bridging
dppm ligand.?>?* This pattern arises from the coupling of the
methylene protons to the four strongly coupled phosphorus atoms.

The presence of coordinated acetonitrile in 6a is indicated by
the observation of a methyl resonance at 1.27 ppm in dichloro-
methane-d, at =70 °C. At room temperature, this resonance is
broad. This is consistent with a rapid reversible dissociation of
acetonitrile. If acetonitrile is added to the NMR sample at room
temperature, the resonance assigned to acetonitrile increases in
intensity and shifts toward the position of free acetonitrile. The
elemental analyses are also consistent with the presence of two
acetonitrile or benzonitrile ligands per molecule. However, no
IR bands are present in the 2100-2400-cm™ range expected for
coordinated acetonitrile or benzonitrile ligands for 6a and 6b or
for any of the complexes described in this paper. Apparently, the
intensity of this band is to weak to be detected for this class of
compounds.

Reaction of [Pd,(dba),] (where dba is dibenzylideneacetone)
with [Pd(dppm),](BF,), in acetonitrile results in the formation
of [Pd(dppm)(CH;CN)],(BF,), (7). This orange-brown complex
is moderately air-sensitive. The observation of a single resonance
in the 3'P NMR spectrum of this compound with a chemical shift
of -5.86 ppm is indicative of a bridging dppm ligand. The res-
onance assigned to the methylene protons of the bridging dppm
ligand is a quintet at 5.38 ppm with a splitting of 5 Hz. This
observation is again consistent with the coupling of these protons
to four strongly coupled phosphorus atoms. A sharp methyl
resonance assigned to coordinated acetonitrile is observed at 1.35
ppm when dichloromethane-d, is used as the solvent. On addition
of acetonitrile to this solution, this resonance broadens and shifts
toward the position of free acetonitrile. In acetonitrile-d; solutions,
the resonance for acetonitrile occurs at the position of free ace-
tonitrile. These observations indicate that the acetonitrile ligands
in this complex are also labile.

Under conditions strictly analogous to those used for the
preparation of the nickel and palladium dimers, no reaction was
observed between Pt(COD), and [Pt(dppm),](BF,),. Refluxing
the reaction mixture in acetonitrile for 3 weeks resulted in the
formation of impure product in very low yields. To circumvent
these difficulties, a different preparative route was used. It seemed
reasonable that replacement of the chelating dppm ligands of
[Pt(dppm),](BF,), with ligands that were more labile might

(23) Hunt, C. T.; Balch, A. L. Inorg. Chem. 1981, 20, 2267.
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Trans. 1977, 951; 1978, 1540.
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facilitate the initial formation of the Pt—~Pt bond. This appears
to be the case since reaction of Pt(COD), with [Pt(COD)(C-
H,CN),](BF,), followed by treatment with dppm gives [Pt-
(dppm)(CH;CN)],(BF,), (8) in reasonable yields and high purity.

The 3P NMR spectrum of {Pt(dppm)(CH,CN)],(BF,), con-
sists of a single resonance at 1.2 ppm with A,X and A X, satellite
spectra arising from isotopomers containing one and two !>5Pt
isotopes, respectively. The appearance and analysis of the spec-
trum are very similar to those of [Pt(dppm)Cl],,%* and the analysis
is not repeated here. The parameters derived from such an analysis
are given in Table I. In addition, the observation of resonances
assignable to the A X, isotopomer allows an estimation of the PtPt
coupling constant to be made. The value obtained from spectral
simulation is 7200 Hz, which is similar to the value of 10269 Hz
observed for [Pt(Ph,Ppy)Cl], (Ph,Ppy is 2-(diphenyl-
phosphino)pyridine).’

The methylene protons of dppm appear as a quintet in the 'H
NMR spectrum due to coupling with the four phosphorus atoms
of the complex. Satellites are also observed for the methylene
protons due to coupling to '**Pt. The magnitude of the PH
coupling and PtH coupling are appropriate for a dimeric com-
plex.?* In dichloromethane-d,, the methyl resonance for coor-
dinated acetonitrile is observed at 1.21 ppm with shoulders arising
from coupling to Pt (*/pyy = 8 Hz). This resonance is unaffected
by the addition of acetonitrile to the NMR sample. These ob-
servations indicate that the acetonitrile ligands are not as labile
for the homobimetallic platinum dimer as they are for the
analogous nickel and palladium complexes, in which they exchange
with free acetonitrile to at least =50 °C.

The heterobimetallic dimers can be prepared in a straight-
forward manner by the comproportionation reactions 2-4. These

ras 2+
PA PX
‘ CHsCN [
{Pd(dppm)1(BF4)2 + Ni(COD)y —— H300N—?T|—Pld—NCCH3
L
)
(2)
2+
CHg
C
N Pa

CH4CN
[Pt(dppm)a](BF4)z + Ni(COD), ——~ HscCN——rl\u—Plt—Px (3)

Pa_Fo
10
[Pd(dppm)p1(BF,), + PHCOD), SHC
CHa 2+
pA/\Pa “ ﬁ Pa

HaCCN—Pd—Pt—NCCH; == Hsch—PId——P't—Px (4)
| .

Par_Per Fu_Fa
1 12

reactions are surprisingly clean and do not give a statistical dis-
tribution of products. The isolated heterobimetallic complexes
do not cleave to give mixtures of homobimetallic dimers, and
mixtures of the homobimetallic dimers are stable under conditions
similar to those used to prepare the dimers. These observations
indicate that formation of the metal-metal bonds in reactions 2—4
are determined by the kineties of these reactions and not by
thermodynamics. The arrangements of the remaining ligands
about the metal-metal axes appear to be under thermodynamic
control. For example, complex 10 is also formed when Pt(COD),
is reacted with [Ni(dppm),](BF,),, which requires cleavage of
nickel-phosphorus bonds and formation of platinum-phosphorus
bonds.

The *'P NMR spectrum of 9 consists of two triplets centered
at =7.3 and 0.0 ppm. The chemical shift values for these two
triplets agree well with those of the palladium dimer (-5.9 ppm)
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Figure 1. 'H NMR spectra of [NiPd(dppm),(CH;CN),](BF,); in ace-
tone-dg at (a) 30 °C and (b) 92 °C. Chemical shifts of selected reso-
nances are indicated by arrows.

and the nickel dimer (+1.35 ppm). On the basis of these data
the triplet resonance at 0.0 ppm is assigned to the phosphorus
atoms coordinated to nickel and the resonance at -7.3 ppm is
assigned to the phosphorus atoms coordinated to palladium. In
addition, the resonances centered at 0.0 ppm are broader than
those centered at ~7.3 ppm. In the homobimetallic dimers the
singlet for the Ni dimer is broader than that of the palladium
dimer. Since large phosphorus—phosphorus coupling constants
are observed in the mixed palladium~platinum dimers and the
nickel-platinum dimer, as discussed below, this spectrum is best
interpreted as a deceptively simple AA’XX’ spectrum. The only
parameters that can be obtained with any confidence from the
spectrum are the chemical shift difference and V (63 Hz), which
is Jux + Jax’ in 9.2 This value is similar to those observed for
Jam + Jpy in 10 and 12 (Table I).

The proton NMR spectrum exhibits an apparent quintet for
the methylene protons of dppm at 4.87 ppm at room temperature
with a splitting of 5 Hz. Again the quintet pattern and the
phosphorus chemical shifts are diagnostic of a dimeric structure
for this complex. At —92 °C in acetone-dg two resonances are
observed at 1.71 and 1.36 ppm as shown in Figure 1. These
resonances are assigned to the two acetonitrile ligands coordinated
to nickel and palladium. It is not possible by using the data at
hand to make an unambiguous assignment of which resonance
corresponds to the acetonitrile ligand coordinated to nickel or
palladium. When the sample is warmed, the two methyl reso-
nances coalesce at —70 °C and appear as a single resonance above
-65 °C. These results indicate that the acetonitrile ligands ex-
change rapidly. After addition of acetonitrile to the NMR sample
at -96 °C, the resonance at 1.36 ppm is not observed due to rapid
exchange with free acetonitrile while the resonance at 1.71 ppm
is unaffected. This result shows that the acetonitrile ligand as-
sociated with the resonance at 1.36 ppm is still exchanging rapidly
with free acetonitrile at this temperature while the other aceto-
nitrile ligand is not. A second exchange process is observed for
the methylene protons of the coordinated dppm ligand. As shown
in Figure 1, the methylene resonance for dppm appears as a quintet
centered at 4.87 ppm at room temperature. At —92 °C two broad
resonances are observed at 5.65 and 4.35 ppm. These resonances
coalesce at —26 °C, which gives an activation barrier for this
process of 12 kcal/mol.2® Presumably the two resonances observed
at -92 °C are associated with axial and equatorial hydrogens of
the “six-membered” ring, as described previously for [Pt-
(dppm)(PPh;)],%*.27 The resonances in the phenyl region of the
'TH NMR spectrum are also significantly altered over the tem-

(25) Abraham, R. J. The Analysis of High Resolution NMR Spectra; El-
sevier: New York, 1971; pp 91-96.

(26) Martin, M. L.; Martin, G. J.; Delpuech, J. J. Practical NMR Spec-
troscopy, Heyden: Philadelphia, 1980.

(27) Blau, R. J.; Espenson, J. H.; Kim, S.; Jacobson, R. A, Inorg. Chem.
1986, 25, 757.
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Figure 2. (a) Experimental 3P NMR spectrum of [NiPt(dppm),-
(CH,;CN),](BF,), in acetonitrile-d;. (b) Simulated spectrum with use
of parameters given in Table I. Asterisks indicate impurities. Chemical
shifts of selected resonances are indicated by arrows.

perature range in which resonances for the methylene protons of
dppm show temperature dependence. The appearance of the >'P
NMR spectrum is unchanged throughout this temperature range.

The *'P NMR spectrum of 10 is quite complex and is shown
in Figure 2 together with the simulated spectrum for this complex.
This spectrum can be understood as an ABMX spectrum with
195Pt satellite spectra. This spin system is consistent with structure
10 and not with the more symmetrical structure observed for the
nickel-palladium dimer. Complexes containing both bridging and
chelating dppm ligands hdave been reported previously. [Pt,-
(dppm);]?* has been characterized by an X-ray structure,*® and
[Pt,(dppm),(PPh;)I]* has been detected as a reaction intermediate
and characterized by 3'P NMR.!? It is somewhat surprising that
the chelating diphosphine in 10 is bound to platinum rather than
nickel since the ring strain for the four-membered ring would be
expected to be smaller for the smaller nickel atom. However, the
magnitudes of the PtP coupling constants (see Table I) clearly
indicate that the chelating diphosphine is bound to platinum. The
values of the remaining coupling constants are consistent with those
observed for related complexes.?!?

The 'H NMR spectrum of 10 in dichloromethane-d, at room
temperature exhibits a single broad resonance at 1.69 ppm assigned
to coordinated acetonitrile and a multiplet for the methylene
protons of the bridging and chelating dppm ligands. When the
sample is cooled to =90 °C, two resonances are observed for the
acetonitrile ligands at 1.59 and 1.46 ppm. Addition of acetonitrile
at =90 °C results in a shifting of the resonance at 1.46 ppm to
that of free acetonitrile while the resonance at 1.59 ppm remains
unchanged. Whether it is the acetonitrile ligand that is trans to
phoshorus or platinum that is more labile is ambiguous on the
basis of the spectral data, but clearly one site is more labile than
the other. Since platinum has a larger trans influence than
phosphorus,? one might suspect that it is acetonitrile trans to
platinum which is more labile.

(28) Al-Resayes, S. I; Hitchcock, P. B.; Nixon, J. F. J. Organomet. Chem.
1984, 267, C13.
(29) Blau, R. J.; Espenson, J. H. Inorg. Chem. 1986, 25, 878.
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Figure 3. *'P NMR spectra: (a) isomer 11 in acetonitrile; (b) isomer

12 in acetone. Chemical shifts of selected resonances are indicated by
arrows.

The geometry adopted by the palladium—-platinum dimer is
solvent-dependent. In acetonitrile the more symmetrical isomer
11 is the predominant species in solution as shown by the P NMR
spectrum (Figure 3a). This spectrum is clearly that of an AA’XX’
spin system with platinum satellites and can be simulated by using
the parameters given in Table I. These parameters are consistent
with those observed for [PdPt(dppm),Cl,].1° In acetone the isomer
that predominates at equilibrium is the less symmetrical dimer
12, in which a chelating diphosphine ligand is bound to platinum.
The spectrum of this isomer is shown in Figure 3b. In di-
chloromethane solutions 3'P NMR spectra indicate that isomers
11 and 12 are present in approximately a 2:1 ratio. The spectrum
shown in Figure 3b is consistent with an ABMX spin system with
195pt satellite spectra, as discussed above for the Ni-Pt dimer. The
parameters used to simulate this spectrum are given in Table I.
These values are similar to those observed for the Ni-Pt dimer.

The proton NMR spectrum of a mixture of 11 and 12 in
dichloromethane-d, at 30 °C exhibits a singlet at 1.18 ppm with
195pt satellites (“Jpy = 7 Hz). This resonance is assigned to the
acetonitrile ligand coordinated to platinum of isomer 11. A second
broad resonance at 1.58 ppm is assigned to the rapidly exchanging
acetonitrile ligands coordinated to palladium of both isomers. A
multiplet is observed at 4.51 ppm for the bridging methylene
protons, and the signal has 19°Pt satellites (3Jpy; = 68 Hz). When
the sample is cooled to —52 °C, the resonance at 1.58 ppm splits
into three resonances at 1.64, 1.59, and 1.31 ppm with relative
intensities of approximately 1:1:2, The resonance at 1.31 ppm
is assigned to the acetonitrile ligand coordinated to the palladium
atom of isomer 11 since the intensity of this resonance is equivalent
to that of the resonance at 1.18 ppm assigned to the acetonitrile
bound to platinum. The remaining two resonances are assigned
to the acetonitrile ligands coordinated to palladium of isomer 12.
Addition of acetonitrile to the NMR sample at =70 °C results
in a shift of the resonance at 1.59 ppm to coincide with the
resonance for free acetonitrile, and the resonance at 1.31 ppm is
broadened. This result is consistent with the rate of exchange
of acetonitrile for the various resonances being 1.59 > 1.31 > 1.64
> 1.18 ppm. Since the trans influence of Pt is reported to be
greater than that of phosphorus,? the resonance at 1.59 ppm can
tentatively be assigned to the acetonitrile ligand trans to platinum
in isomer 12 and the resonance at 1.64 ppm to the acetonitrile
trans to phosphorus. This assignment would be consistent with
the acetonitrile ligands trans to platinum in both isomers ex-
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changing faster than the acetonitrile ligand trans to phosphorus.
Discussion and Summary

A general method has been found for the synthesis of a complete
series of homo- and heterobimetallic compounds of nickel, pal-
ladium, and platinum. 3'P NMR studies show that the homo-
bimetallic dimers all have symmetrical structures such as 6. For
the heterobimetallic compounds two structural types have been
observed. For the nickel-palladium dimer only the symmetrical
structure 9 containing two bridging dppm ligands is observed. The
nickel-platinum dimer exhibits only the unsymmetrical structure
10 containing one bridging and one chelating dppm ligand. The
palladium-platinum dimer exhibits either or both structures de-
pending on the solvent. It seems likely that ring strain would favor
the symmetrical structures since two five-membered rings are
formed in this structure as opposed to one four-membered ring
and one five-membered ring for the unsymmetrical dimers. In
addition, it would seem likely that ring strain would be highest
for those unsymmetrical dimers in which the four-membered rings
involved the largest metal atom. However, whenever the un-
symmetrical dimers are formed, the largest metal atom, platinum,
is part of the four-membered ring. The observed results are the
opposite of what is expected on the basis of these qualitative ring
strain arguments. An alternative explanation for the observed
structures is that the order of metal-phosphorus bond strength
is Pt > Pd > Ni. In this case the unsymmetrical dimers are
favored by the formation of the maximum number of strong
metal-phosphorus bonds and the symmetrical dimers are favored
by ring strain. Consistent with this interpretation is the observation
that addition of trimethyl phosphite to an NMR tube containing
the unsymmetrical nickel-platinum dimer results in the formation
of a symmetrical dimer. A similar rearrangement occurs when
bridging ligands such as carbon monoxide or acetylene®® are added
to 10.

The ability of dppm to bridge two metals or chelate to a single
metal in this class of dimers leads to three structural types that
are bridged by two, one, or no dppm ligand. These dimers have
different dihedral angles between the two planes defined by the
three ligands bound to each metal atom. This angle has a value
of 33~40° in dimers with two bridging dppm ligands 123 It
is much larger for the structurally characterized dimer [Pt,- -
(dppm);]%* (59°), which has a single bridging dppm ligand.?®
Dimers that have no bridging ligands exhibit angles of 60-90°,
and free rotation about the metal-metal bond is possible.?**! With
these structural features in mind, it is of interest to compare
single-bond PtP coupling constants, !Jpp, for the phosphorus atoms
trans to nickel, palladium, and platinum in unsymmetrical dimers
such as 10 and 12. Comparisons of 'Jpp for platinum dimers
containing two bridging dppm ligands and for square-planar Pt(II)
complexes have been used to construct a trans-influence series
of H =~ Pt > P > CL.® The single-bond couplings of Pt to the
phosphorus atom trans to nickel and palladium of 10 and 12 are
1123 and 1958 Hz, respectively. For the related platinum dimer
[Pt,(dppm),(PPh3)I]* the 1Jpp coupling constant is 1607 Hz.!2
With use of these values, a tentative trans-influence series can
be constructed: Ni > Pt > Pd. Clearly, more results on iso-
structural compounds are needed before much confidence can be
placed in such a series. In the proposal of this series data from
the more common dimers with two bridging dppm ligands have
not been used since it is not known if coupling constants in these
systems are dependent on the dihedral angle discussed above.

(30) DuBois, D. L.; Miedaner, A., unpublished results.

(31) Manojlovic-Muir, L.; Muir, K. W,; Solomun, T. 4cta Crystallogr., Sect.
B: Struct. Crystallogr. Cryst. Chem. 1979, B35, 1237. Manojlovic-
Muir, L.; Muir, K. W.; Solomun, T. J. Organomet. Chem. 1979, 179,
479. Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Manojlovic-Muir,
L.; Muir, K. W.; Solomun, T.; Seddon, K. R. Inorg. Chim. Acta 1977,
23, L33. Manojlovic-Muir, L. ; Muir, K. W, J. Organomet. Chem.
1981, 219, 129.

(32) Doonan, D. J.; Balch, A. L.; Goldberg, S. Z.; Eisenberg, R.; Miller, J.
S. J. Am. Chem. Soc. 1975, 97, 1961. Modinos, A.; Woodward, P. J.
Chem. Soc., Dalton Trans. 1975, 1516.



2484 Inorg. Chem. 1988, 27, 24842489

Another interesting feature of these dimers is the lability of
the acetonitrile ligands. From our qualitative results the rate of
exchange is Ni == Pd > Pt. This is the same order expected for
ligand exchange of square-planar complexes in the +2 oxidation
state.’? Parallels between square-planar d® complexes and d°-d°
dimers have been noted previously.” This order also seems to
coincide qualitatively with the rates of reactions of these dimers

(33) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic Reactions. A
Study of Metal Complexes in Solution 2nd ed.; Wiley: New York,
1968, pp 415-420.

with small molecules such as hydrogen and acetylene.?®
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The potentially pentadentate ligands 1,4,7-triazacyclononane-N,N-diacetate (C;oH;,N3;0,%, TCDA) and 1-oxa-4,7-diazacyclo-
nonane-N,N"-diacetate (C,oH,4N,0:2", DOCDA) have been synthesized, and the corresponding blue vanadyi(IV) complexes
[VO(TCDA)}-H,0 (1) and [VO(DOCDA)] have been isolated. Oxidation of 1in 0.1 M H,SO, with PbO, or [Ni([9]aneN,),]**
([9]aneN; = 1,4,7-triazacyclononane) yields yellow [VO,(TCDAH)]-2H,0 (2). The crystal structures of 1 and 2 have been
determined by X-ray crystallography. Crystal data for 1: monoclinic, space group P2,/c; a = 6.679 (2), b = 10.323 (3), ¢ =
18.701 (5) A; B = 90.85 (2)°; V' = 1289.2 (5) A3, Z = 4, p.uea = 1.70 g cm™?; final R = 0.036 from 3383 observed reflections.
Crystal data for 2: monoclinic, space group P2,/m a = 13.361 (8), b = 15.533 (5), c = 15.986 (8) A; 8 = 111.77 (4)°; V' = 3039.4
(8) A% Z = 8; peuies = 1.59 g em™; final R = 0.044 from 4937 observed reflections. Cyclic voltammograms of 1 and [VO-
(DOCDA)] in acetonitrile show one reversible one-electron-transfer process (VO** = VO™ +¢7) at E,j;; = +0.427 and +0.622
V vs Fc*/Fc, respectively. The kinetics of the acid-independent outer-sphere one-electron oxidation of 1 and [VO(DOCDA)]
with [Ni([9]aneN;),]** as one-electron oxidant has been measured in acidic aqueous solution (k;, = 685 M™! 57! for 1 and 14
M5 for [VO(DOCDA)] at 25 °C, 7 = 0.56 M). This reactivity difference is discussed in the frame of the Marcus cross relation

for outer-sphere electron-transfer processes.

Introduction

Oxovanadium(IV) complexes of amino polycarboxylates are
readily oxidized in acidic aqueous solution by strong outer-sphere
one-electron oxidants such as [IrClg]* or [(en),Co™,(u-
NH,,0,)}* to form cis-dioxovanadium(V) species. Sasaki, Saito,
and co-workers have in a series of elegant kinetic studies proposed
that oxovanadium(V) species are probable intermediates.”* They
have used aquaoxo(quadridentate)vanadium(IV) complexes
(quadridentate = amino polycarboxylato ligands) as starting
materials, where the aqua ligand is cis with respect to the V=0
group. Upon deprotonation of this aqua group (OVIV—OH),
oxidation, and subsequent further deprotonation the cis-dioxo-
vanadium(V) species are generated:

Ka
[OVIV(OH,)L]" == [OVIV(OH)L]™! + H* (1)
[OVIY(OH)L]""! + oxidant —
[OVY(OH)L]" + reduced oxidant (2)
[OVY(OH)L}" — [0,V'L]™' + H* 3)

In the case of Na[VVO(edtaH)] (edtaH = monoprotonated
ethylenediaminetetraacetate), a six-coordinate vanadyl(IV) com-
plex with no aqua ligand but a pentadentate edta ligand instead,
the presence of a steady-state oxovanadium(V)-edta complex has

(1) (a) Ruhr-Universitat Bochum. (b) Universitit Heidelberg. (c) Present
address: Department of Chemistry, Universidade Federal de Santa
Catarina, Florianopolis, 88.000 Brazil.

(2) Wang, B.; Sasaki, Y.; Okazaki, K.; Kanesato, K.; Saito, K. Inorg. Chem.
1986, 25, 3745,

(3) Nishizawa, M.; Sasaki, Y; Saito, K. Inorg. Chem. 1985, 24, 767.

(4) Sasaki, Y.; Kanesato, M.; Okazaki, K.; Nagasawa, A.; Saito, K. Inorg.
Chem. 1988, 24. 772.

been detected.* The final oxidation product was again a cis-di-
oxovanadium(V)—edta complex, where the edta ligand is only
tetradentate.!

Pseudooctahedral oxovanadium(IV)>-7 and cis-dioxo-
vanadium(V)#!% amino polycarboxylato complexes have been
characterized by X-ray crystallography as have been a few five-
and six-coordinate monooxovanadium(V) complexes with
Schiff-base ligands,!!''?  Electrochemical data on [VOL]" =
[VOL]™! + e systems are extremely rare.

At the outset of this work we hoped to be able to characterize
the proposed oxovanadium(V) intermediates by oxidizing oxo-
vanadium(IV) compounds that contain a strongly binding pen-
tadentate chelate ligand which might inhibit the rapid formation
of cis-dioxovanadium(V) species in aqueous solution. For this
purpose we have synthesized two new, potentially pentadentate
amino polycarboxylate ligands, namely 1,4,7-triazacyclononane-
N,N-diacetate (TCDA) and 1-oxa-4,7-diazacyclononane-N,N*-
diacetate (DOCDA), via functionalization of the parent cyclo-
nonanes.!*> Both ligands readily form the corresponding six-co-

(5) Ooi, S.; Nishizawa, M.; Matsumoto, K.; Kuroya, H.; Saito, K. Bu//.
Chem. Soc. Jpn. 1979, 52, 452.
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Crystallogr. Cryst. Chem. 1976, B32, 71.
(7) Bersted, B. H.; Belford, R. L.; Paul, I. C. Inorg. Chem. 1968, 7, 1557.
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1974, 52, 2184. (b) Stomberg, R. Acta Chem. Scand., Ser. A 1986,
A40, 168-176.
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Org. Chem. 1978, 33B, 265.
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