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The following complexes have been characterized in CH,Cl, or CHCIF, solutions between |

14 and 295 K by “P[H} FT

NMR and electronic spectroscopies: NiX,Li (X = CN, Cl, Br, or I), [NiXL,]X (X = Cl, Br, or I), and [NiLs]** (with
L = PMe;). These complexes present a trigonal-bipyramidal geometry with the halide(s) in equatorial position and the
cyanides in axial position. The intramolecular PMe, exchange in [NiLs)(BF,), (AG* = 6.2 kcal mol™ at 130 K) and in
[NiXL,]BF, (X = Cl (6.6), Br (7.8), I (8.2) at 169 K) proceeds via a Berry pseudorotation. For [NiXL,]X, the exchange
rate is faster, proportional to the concentration of the ionic halide, and increases according to Cl < Br < I; an I, mechanism
with a 20-electron transition state is suggested. In NiX,(PMe,); the energy barriers for the axial-equatorial phosphine
exchange are higher (9.2-13.0 at 230 K); a D mechanism, with loss of an axial phosphine to form a four-coordinate intermediate,
is proposed. The intermolecular exchange reactions Ni(CN),L; + *L = Ni(CN),L,*L + L and [NiXL,]* + *L =

[NiXLs*L]* + L (X = Cl or Br) are dissociative D.

Introduction

There have been many studies of substitution reactions in
square-planar d® transition-metal complexes where five-co-
ordinate trigonal-bipyramidal intermediates are postulated,
but only recently, following the results of English, Jesson, and
Meakin? on d® [ML.]"" and [MHL,]"*, experimental in-
formation has been obtained about the nature of the five-
coordinate intermediate, the role of intramolecular processes,
and the determination of the rate of intermolecular ligand
exchange vs. intramolecular rearrangement. These studies are
important since they are necessary to get a valuable approach
in the understanding of kinetics and mechanisms of or-
ganometallic and catalytic reactions.

To our knowledge, no systematic kinetic studies have been
reported on the d® MX,L,; complexes. The only work on
MX,L; species is due to Hoffman and Caulton,® but the
compounds studied were the d° RuX,(PPh;); and OsX,(PPh;),
complexes. Compared to d® [ML,]** species, d® MX;,L, and
[MXL,]* complexes are less symmetrical molecules, with
specific properties due to the relative electronic and steric
requirements of the X and L ligands. Thus, they offer the
opportunity to study the influence of X and L on the reactivity
and to determine if the intra- and/or intermolecular rear-
rangement processes observed in d® [MLs]** molecules are still
operating.

The nickel(II) complexes of trimethylphosphine represent
a good system to be investigated, since the trans square-planar
NiX,(PMe,), (X = CN, Cl, or Br)* and [NiX(PMe,),]* (X
= Cl or Br),’ the trigonal-bipyramidal trans-Ni(CN),(PMe,),
(D3p) and cis-NiX,(PMe;,); (Cy,),* 8 and [NiX(PMe,),]BF,’
(X = Cl, Br, or I) have been isolated and characterized.

The following two major equilibria (1) and (2) are observed
in solution and are solvent, ligand, and temperature dependent,

k
NiX,(PMe;); T—“ NiX,(PMey), + PMe; K. (1)
-1
k ’
NiX,(PMe;); + PMe; k:‘ [NIX(PMey)dX Ko (2)
-1

Experimental Section

Chemicals.” Trimethylphosphine!® and the following complexes were
synthesized according to known methods: NiX,(PMe;), (X = CN,
Cl, or Br),* NiX,;(PMe3); (X = CN, Cl, Br, or I),4"® [NiX-
(PMe;),](BF,) (X = Cl, Br,or ).

Solutions of [NiX(PMe;)s]X (X = Cl, Br, or I) were prepared in
situ in 10-mm NMR tubes by transferring PMe; to solutions of
NiX,(PMe;); in a 1:1 molar ratio in the vacuum line.

Dichloromethane (Fluka, analytlcal grade) was distilled twice from
P,05 and stored over 4-A molecular sieves. Dichloromethane-d, (CEA,
France) and chlorodifluoromethane (Freon 22, Du Pont) were used
without further purification.
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Electronic Spectroscopy. Electronic spectra were taken with a Cary
14 spectrophotometer (0.100-cm cells) equipped with a variable-
temperature Oxford CF 100 Dewar (180-295 K). No correction has
been done for the solvent contraction at 180 K.

NMR Spectroscopy. NMR Sample Preparation. The solid
complexes were weighed in a nitrogen atmosphere glovebox (KSE)
directly into 10-mm NMR tubes (Wilmad). The solvents were
deoxygenated in an all-glass~Teflon vacuum line by the freeze—
pump~thaw technique and vacuum distilled onto the solid samples.
All tubes were sealed under vacuum and stored in liquid nitrogen to
avoid formation of the “adduct” PMe;+CH,Cl,.

NMR Measurements. Variable-temperature 3'P{*H} FT NMR
spectra were recorded at 36.43 MHz using a Bruker HX-90 spec-
trometer equipped with a B-SW 3PM pulser, a B-SV 3B proton noise
decoupler, a B-ST 100/700 temperature regulating unit and a Nicolet
BNC-12 data system. Some low-temperature (110-150 K) spectra
were obtained at 24.28 MHz using a Bruker WP-60 spectrometer
with multinuclei facilities. Field frequency stabilization was achieved
on an internal 2D signal at 21.14 kG and on an external °F signal
at 14.09 kG. The temperature of the sample was measured before
and after each spectrum by a method described elsewhere.!!

Chemical Shift Referencing. As a **P chemical shift reference, we
used pure PEt; in a capillary. Since the chemical shift of PEt, was
temperature dependent (~0.03 ppm/K), we measured the chemical
shift difference between PEt; and 62,5% H,PO, (eutectic) as a function
of temperature. All chemical shifts are reported with respect to 62.5%
H,PO,, with downfield shifts considered positive.

Rate Constant Determinatien. In the case of intermolecular ex-
change in a two-site system, the following procedure was used.
Chemical shifts of the complexed and free ligands (vc? and »® in Hz)
and line widths at half-height (Wc® and W50 in Hz), in absence of
ligand exchange, have been determined at low temperature where the
reaction is frozen on the NMR time scale. To minimize the effect
of instrumental broadening, the line width is given by

W = VVmeasd _ Wrefmeasd (I)

where W™ is the actual width of the peak and W,/ is the width
of a nonexchanging reference, in our case PEt; in a capillary.
The values of r¢- and 7, the mean lifetime of the ligand in the
complexed and free site, were obtained from the Bloch equations as
modified by McConnell.}?
In the slow-exchange region

1/t = (W - W) (I1)
I/TL << (W/S)AVCFO
Above coalescence, in the fast-exchange region
PP (Avcs)?
/ret = cPr(Arce’) RS
W~ PcW - PeWi0

I/TCL >> 27TAVCF0

where Avep® = »c® — 0 and where P and Pg are the relative
population of the complexes and free sites (Pe + Pr=1). r¢tand
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g~ are related to the relative population by

Pt = Pprct (IV)

In the case of intramolecular ligand exchange, we used the program
PZDpMCS of Meakin.!* The intramolecular exchange rates were obtained
by visual comparison of experimental and calculated spectra. The
line shape calculations use density matrix methods coupled with group
theoretical methods of permutational analysis and computer techniques
for symmetry factoring.

The activation parameters were obtained from Arrhenius-like plots
in which the best straight line has been determined by least-squares
analysis, with the equation

in (k/T) = In (kg/h) + AS*/R — AH* /RT v)
where the symbols have their usual meaning.

Results

1. Solid-State Studies. Numerous structural studies on
five-coordinate Ni(II) complexes appeared these last 10
years.!*' For compounds with monodentate ligands the
trigonal-bipyramidal geometry is generally observed. However,
one must remain cautious, since the enérgy difference between
the trigonal bipyramid (TBP) and the square pyramid (SPY)
is low as is shown by the crystal structures of Ni(CN)s* % and
Ni(CN),(phos); (phos = 5-methyl-SH-dibenzophosphole),!®
where the two isomers, SPY and distorted TBP, are reported
in the same crystal. Moreover, very few regular TBP are
reported Guggenberger and Muetterties!” have proposed a
criterion based on interplanar angles of the coordination
polyhedra to distinguish between .the TBP and the SPY
structures. Using this criterion, it can be shown that
NiBr,(PMe,);"® and [NiBr(PMe,),] (BF,)° are best described
as trigonal-bipyramidal complexes, distorted toward the
square-pyramidal geometry along one of the Ni-P., axes.
NiX,(PMe,); may exist as isomers trans (1), cis eq—eq (2),

X L X L X
L X ) X L L
L L L X L
L X L L L
X L L L L

or cis ax—eq (3) and [NiX(PMe,),]* as eq (4) or ax (5). The
knowledge of the nature of the stereoisomer present in the solid
state and in solution is important since it is related to the
reactivity of the complexes.'® The crystal structure deter-
mination of NiBr,(PMe;), and [NiBr(PMe3)4]BF4 has shown
that in both complexes the bromine atoms are in equatorlal
positions (isomers 2 and 4), results which agree with previous
observations showing that, in Ni(IT) and Co(II) five-coordinate
complexes with phosphines, the halides prefer the equatorial
positions.®1?

The crystal structure of Ni(CN),(PMe;); has not been
reported, but the structures of analogous complexes, Ni-
(CN),(PPhMe,); and Ni(CN),(PPh(OEt),);, have been
determined by Ibers et al. % as distorted TBP with the two CN
ligands in axial position (isomer 1). The sxmllarlty of the
solid-state electronic and vibrational spectra? of Ni(CN),-
(PMe,),; with those of the former complexes suggests a similar
structure.

2. Solution Studies. Present knowledge of the solution
behavior of Ni(II) five-coordinate complexes with monodentate
phosphine or phosphite ligands is fractional. Since the work
of Turco et al.,* who observed the higher stabilities of cyanide
complexes compared to the halide one, the following complexes
have been isolated: NiX,(PMes)s,* NiX,(PPhMe,);,2
NiX,(PHPh,),,?* N1Br2(PHEt2)3,24 Ni(CN),(PR;);,6%
NiX,(P(OMe););,26 NiX,(phos);!® (X = halide or CN),
[NiX(PHEt,),] (BPh,),* [NiBr(P(OMe),),]) (BF,)?". These
complexes dissociate easily in solution, and excess of ligand
is usually necessary to preserve the five-coordinate species.
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Figure 1, 31P{‘H} FT NMR spectra at 36,43 MHz of (a) Ni-
{CN),(PMe;y),, 0.1 M at, 198 K, {(b) Ni(CN),(PMes)s, 0. 1Mat198
K, (¢) NiCly(PMe,),, 0. 05 Mat 173 K, (d) N1Br2(PMe2)3, 0.05M
at 183 K, and (¢) Nil;(PMe;); 0.05 M at 198 K in CH,Cl,-CD,Cl,
(L:1),

However, little has Been done to study the naturk of the species
present in solution which was in part due to the lack of suitdble

© spectroscopic probes.

2.1 Ni(CN),(PMe;), Solutions. Nl(CN)z(PMe3)3 Has been
assigned a trans trigonal-bipyramidal structure of Dy sym-
metry on the basis of the vibrational and electronic Spec-
troscopies and of magnetic, conductivity, and dipole momient
determinations in solution.* The *'P{'H} NMR spectra in
dichloromethane between 180 and 295 K show a sharp singlet
(6 =-18.4 at 198 K) indicating either that there are three
equivalent PMe; ligands (A, spectrum) in the molcule or that
the slow- exchange limit temperature is not reached-and the
molecule is still stereochemlcally nonngld The f1rst -as-
sumption, i.e., an A, spectrum, is consistent with the expected
D, TBP structure

The instability constant Kjp, descnbmg the d1ssoc1at10n of
N1(CN)2(PMe3)3 (eq 1) has been measured by electronic
spectroscopy‘ 62 dilute. CH,Cl, solutions gTable ). This
dissociation is also observed at 198 K by *'P NMR spec-
troscopy. Besides the Ni(CN),(PMe;), s1gna1 at —18.4 ppm,
a weak singlet is resolved at § = 5.7, which is assigned to the
square-planar Ni(CN),(PMe,), species (Figure 1). . To
confirm the attribution of the -5. 7 ppm singlet to Nij-
(CN),(PMe;),, we have isoldted this species and measured its
3P and 'H NMR spectra, which agree well with the results
previously reported ('"H NMR gives a pseudotriplet X,AA’X’,,
pattern characteristic.of a trans square-planar complexs) No
new species is obtained when excess PMe, is added to a
Ni(CN),(PMe,); solutions, since the 198 K 3'P NMR
spectrum shows only the two singlets due to Ni(CN)i(PMeg)g
and free PMe,. This is consistent with the temperature de-
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Table I. Equilibrium Constant Kjpne¢ (mol L™'), Rate Constant
k, (s°%), Free Energy of Reaction AG® (kcal mol™"), and Free
Energy of Activation AG* (kcal mol™') for the Reaction

k
Ni(CN), L, == Ni(CN),L, + L

Kinst =k, k-,
-1
10° % T,

L Kinst 107k, AG® AG* K  solvent ref
PMe, 25  11.6° +4.9 10.5¢ 298 CH,Cl, 6a
PMe,(OMe) 0.4 +6.0 298 CH,Cl, 6a
PMe(OMe), 0.5 +5.8 298 CH,Cl, 6a
P(OMe), 1.7 +5.1 298 CH,Cl, 6a
P(OEYD), 11.1 1.0 +4.0 12.0 298 CH,Cl, ¢6b
PEt, 5260 +0.4 293 C,H,Cl, 21
PPh(Me),  0.75 047 +5.6 12.4 298 CH,Cl, 6b
PPh(Et), 107 +2.6 293 C,H,ClL 21
PPh(OEt), 6.6 0.29 +4.3 127 298 CH,Cl, 6b
PPh, Et 1950 +0.9 298 CH,Cl, 22
PPh, Et 4166 +0.5 293 C,H,Cl, 21

PPh,(OEt) 560 29 +1.7 11.3 298 CH,Cl, 6b

2 This work.

pendence of the electronic spectrum of Ni(CN),(PMe,); which
showed nearly no difference with and without excess PMe;
between 180 and 295 K.#

At 198 K, no intermolecular PMc¢; exchange is observed
either between Ni(CN),(PMes); and Ni(CN),(PMes), or
between Ni(CN),(PMe,); and free PMe;. This exchange
begins at higher temperature and above 300 K a single line
is observed in both systems. This provides an opportunity to
investigate the mechanism of intermolecular phosphine ex-
change. The two following reactions have been studied by
variable-temperature *'P NMR.

Ni(CN),(PMe,); + *PMe; =
Ni(CN)z(PMC3)2(*PMC3) + PMC3 (3)

Ni(CN),(PMe;); + Ni(CN),(*PMe,), =
Ni(CN),(PMes), + Ni(CN),(*PMe;),(PMe;) (4)

If these two reactions occur through a dissociative D
mechanism, the rate-determining step can be written as
k
Ni(CN),(PMe,); —> Ni(CN),(PMe,), + PMe, (5)

and Tyx,1 ,» the mean lifetime of the Ni(CN),(PMes); species,
is related to the kinetic law by the expression

1/mix,, = —d[NiXoLa] /([NiXpLa]de) = &y (6)

where Tyix,1, 18 related to the mean lifetime of the ligand in
NiX,La, Taix,,- = 7cb, by relations 7 and 8 for the exchange
reactions 3 and 4, respectively.

TNIXLT = 3TNiX,Ls N
TNIXL = JATNIXLs (8)
If reaction 3 is controlled by an associative A mechanism,
the rate-determining step will be
ks
Ni(CN),(PMe3); + *PMe; —>
{Ni(CN),(PMe3)3(*PMey)} (9)
and Tyix,1, Will be related to the kinetic law by
1/ Nixa1, = ko[L] (10)
and if reaction 4 is controlled by an associative mechanism
we may write
k
Ni(CN),(PMe;); + Ni(CN),(*PMe,), —
{(CN);Ni(PMey);(*PMe;),Ni(CN),} (11)

and the expression for ryix,r, will be
1/ 7nixoL, = ka[NiX;L,] (12)
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Figure 2. Determination of the rate law for the system Ni(CN),-
L,~Ni(CN),L;-L (L = PMe;) in CH,C1,-CD,CI, (1:1) at 237 K:
{a) [Ni(CN),L;] = 9.1 X 107 M; (b) [Ni(CN),L,] = 10.0 X 107}
M; (¢) [Ni{CN),L3] = 10.0 X 1073 M.

" Fri0?

35 40 45
Figure 3. Arrhenius plot for the system Ni(CN),L,-Ni(CN),L,-L.
(L = PMe;) in CH,Cl,-CD,Cl, (1:1): (©) Ni{CN),L,—Ni(CN),L;
system, [Ni(CN),L,] = 0.025 M, [Ni(CN),L;] = 0.03 M, (@)
Ni(CN),L3~L system, [Ni(CN),L;] = 0.03 M, [L] = 0.18 M.

The rate law has been determined at a fixed temperature
by varying the concentrations of the different species. As
shown in Figure 2, there is no dependency of 1/7nx,1, on the
free L, NiX,L,, and NiX,L; concentrations. This indicates
that the reaction is first order in Ni(CN),(PMe,), and zero
order with respect to Ni(CN),(PMe,), and PMe;. Equation
6 is used to determine k;. Values of k; as a function of
temperature are reported in Figure 3. From this Arrheni-
us-like plot of k, we determined the activation parameters for
reactions 3 and 4. The activation parameters (Table II) are
equal for both reactions within experimental error. The free
energy of activation measured for the PMe; exchange is of the
same order of magnitude as those previously reported for
various phosphine, phosphite, and phosphonite exchanges on
Ni(CN),L; (Table I). As shown by Grimes and Pearson,®®
the cyanide éxchange, much slower than the phosphine ex-
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Table II.  Activation Parameters (L = PMe,)

AH*, AS*,
AG*, kcal cal K™!
process kcal mol™!  mol™! mol™!

Ni(CN),L, + L intermolecular 11.3+0.2% 132+ 0.5 +10.1=2
Ni(CN),L, + Ni(CN),L, 11.4 £0.2% 14,3+ 0.5 +12.6 2
intermolecular . -

NiCl, L, intramolecular 115+ 0.6 +10.1£3
NiBr, L, intramolecular 13.3£0.9 +12.5:4
Nil, L, intramolecular 16.6 £ 1.0 +15.7+ 4

oo R

[NiBrL, ]BF, intramolecular
[NiIL, ]BF, intramolecular
[NiL, J(BF,), intramolecular
[NiCIL,]Cl + L intermolecular ¢ 13.0£1.2 +20=z 6
[NiBrL, |Br + L intermolecular’ 9. 2% 11.3:08 7.6+4

@ At 230 X in CH,Cl,-CD,Cl, (1:1). ¥ At 169 X in CH,Cl,~
CD,Cl, (1:1). € At 130K in CHCIF,.

9. 208
10. 20
13. 2
[NiCIL, ]BF, intramolecular 6. 2
7. 2
8. 2
6. 2¢
8. 2

2+0.
5t0,
0z0.
6+0.
8:0.
20,
2+0.
4+ 0.
5£0.

CN oN ¢

N L
L Y \/
L - | L L —» L+ Ni
L ‘ 7N
N L CN
CN
s -
(kcal - mot™!)

TBP SPY " SP+L RC.

Figure 4. Schematic reaction coordinate for the ligand dissociation
in Ni(CN),L; complexes. Numerical values are for L = PMe; at
298 K.

change, does not interfere with reactions 3 and 4. The positive
entropy of activation and the first-order rate law indicate a
dissociative D mechanism for the intermolecular phosphine
exchange reaction. The intermediate is the square-planar
Ni(CN),(PMe3),. Schematic free energy change along the
reaction coordinate is shown in Figure 4, This result is in
agreement with the usual assumption that the ligand sub-
stitution in square-planar d® complexes occurs through in-
termediates of TBP geometry with the entering ligand in the
equatorial plane. But here, the TBP species is the ground state
and the square-planar species the intermediate.

2.2 NiX, (PMe;); (X = Cl, Br, or I) Solutions without Fxcess
PMe;. The solution study of the NiX,(PMes), complexes
presents a puzzling problem since tremendous variations of
the electronic spectra have been observed as a function of the
concentration of the complexes, the presence or not of excess
PMe,, the temperature, and the solvent. While in toluene (e
2.5 at 298 K) only the molecular NiX,(PMes); species is
observed, in dichloromethane (¢ 9.1 at 293 K), various species
are present.

As shown by electronic spectroscopy (Figure 5) at room
temperature in dichloromethane, NiX,(PMe;); dissociates
according to reaction 1. The four-coordinate complexes
NiX,(PMe,), may be isolated from these solutions when X
= Cl or Br as square-planar low-spin Ni(II) complexes. When
X = 1, no definite compound is obtained. We did not succeed
in getting reproducible values of the equilibrium constants K,
by electronic spectroscopy, due to the thermal and photo-
chemical instability of these five-coordinate complexes in
CH,Cl, solutions at room temperature.

The temperature dependence of the electronic spectrum of
NiCl,(PMes); is reported in Figure 6. Similar curves have
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Figure 8. Electronic spectra of solutions of NiCl,(PMes), (C) and
PMe; (L) in CH,Cl, at room temperature: (1) [C] = 2.21 X 1072
M; (2)[C] =104 X% 102M, [L] =1x102M; (3) [C] = 1.34
X102M,[L]=2%102M; (4)[C] =085%x102M,[L] =3
X 102M; (5) [C] =089 x 102 M, [L] = 10 X 102 M.

28000 (em™ 12500

Figure 6. Temperature dependence (180-295 K) of the electronic
spectrum of a solution of NiCl,(PMe,); in CH,Cly, [NiClL,(PMe,)s]
=102 M.

been obtained for X = Br and X = 1. It is apparent, from
these spectra, that lowering the temperature increases the
concentration of the five-coordinate species in solution. At
180 K, for a 1072 M solution, no dissociation is detectable.
These results are being confirmed by variable-temperature *!P
NMR, ,
The five-coordinate complexes NiX,(PMe,); are stereo-
chemically nonrigid at ambient temperature on the NMR time
scale but become stereochemically rigid at low temperature.
The slow exchange limit spectra of 0.05 M solutions of
NiX,(PMejs); in dichloromethane are shown in Figure 1 and
the NMR parameters in Table III. The exchanges are frozen
at temperatures ranging from 173 K for X = Cl to 198 K for
X = 1. In these solutions, no other species are found at these
temperatures at concentrations detectable by NMR. The3'P
NMR spectra are of the A,B type with J/A» ranging from
6.2 X 1072 for X = Cl-to 8.4 X 1072 for X = I. When the
temperature is increased, the multiplets broaden, because of
axial-equatorial ligand exchange, and collapse into a single
line (Figure 7). This line sharpens by increasing the tem-
perature and at still higher temperature (about 250 K for X
= Cl and 270 K for X = Br) the line begins to broaden and
shifts downfield, showing a new exchange process. English,
Meakin, and Jesson? have observed the same phenomenon in
their study of the mutual ligand exchange in the complex
[HNi(PEt,)4]" in acetone, but no explanation was given. A
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Table IIl. 36.43 MHz *'P{'H} FT NMR Data (L = PMe,)!
product

geometry  &p, ¢ 5p,.” Jpp?  T.K

q

Ni(CN), L, trans-SP -5.7s 198¢
NiCl, L, trans-SP 2045 183¢
NiBr,L, trans-SP ~19.2s 183¢
[NiCIL, |BF, h SP —4.0° -9.67 856 180°
[NiBrL,]BF,* SP -1.3¢  —1117 823 180°
[NiL, |(BF,),® SP —-17.3s 1234
N1(CN) L, trans-TBP -18.4s 198¢
NiCl, L, cis-TBP -04d -350t 79.0 173.1°
NiBr,L, cis-TBP -3.7d¢ -304t 720 173.1°
Nil,L, cis-TBP ~-8.7d -—28.0t 60.0 173.1¢
[NiCIL, |CI Cleg-TBP  +1.5t -28.6% 79.0 1144
[N(CIL,]BF,  Cleg-TBP +1.0t -28.8t 825 163°
[NiBrL, JBr Breq-TBP -15.7% 1144
[NiBrL,]BF,  Breg-TBP -2.6t -29.2t 79.0 163¢
[NiIL, I leq-TBP —18.48 1144
[NilL, ]BF, legTBP  -5.2t -29.2t 765 163¢
[NiL, (BF,),  TBP +0.9q -327t 706 1144

¢Inppm. ?InHz. ©InCH,Cl,-CD,Cl, (1:1). ¢ InCHCIF,.
¢ Phosphotus trans to the halogen fPhosphorus cis to the halo-
gen, € Broad signal. " Réeference 39. ! Chemical shift of free
PMe, =—61.2 ppm at 173 K. )

M4 74,000 Jk
/\ /\\

255;_,—4—// \\M xz,ooo_’_,/ ;_

-
N,
// \“\N /\
2400 b whe . 2000
0% T ATV - —

J A

f I
| ) -
s )\ PN zao__J N0 N

i \)
26 | N 80 \ M
1931 U . U_l 0 U lh
0 0 20  -30  -40 ppm o 40 20 30  -40 ppm

Figure 7. Experimental and calculated *'P{!H} FT NMR spectra for
the intramolecular exchange of L in NiBr,L, (L= PMe,) as a function
of temperature in CH,Cl,-CD,Cl, (1:1), [NiBry(PMe;);] = 0.03 M.

similar behavior was observed by Grimes and Pearson®® in the
'H NMR spectra of NiX,(PPhMe,); (X = Cl or Br) when
the neutral'ligand exchange process was studied. They ex-
plained this behavior by a rapid square-planar-tetrahedral
isomerization of the four-coordinate reaction intermediate.
Although this isorherization process is well estabhshed for (di-
and triarylphosphine)nickel(II) complexes,?® it was not ex-
pected for aryldialkylphosphines and even less for trialkyl-
phiosphines. As we detected no bulk paramagnetism in solution
by Evans’ method?” and none of the electronic transitions
expected from a triplet ground state, the fraction of the
paramagnetic species has to be very low. Comparison with
the variable temperature electronic spectra shows that this
broadening and downfield shift begins at a temperature {(about
250 K for X = Cl) where the amount of the four-coordinate
N1X2(PMe3)2 species incréases in solution. The square-
planat—tetrahedral isomerization of NiX,(PMe,), is confirmed
by P NMR. A solution of NiCl,(PMe;), shows, at 192 K,
only a sharp singlet at § = -20.4, characteristic of the
square-planar species. By increasing the temperature, the
singlet bioadens and shifts downfield showing the exchange
with a paramagnetic species tetrahedral?® or less probably
octahedral®® As the chemical shift and the concentration of
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Figure 8, Arrhenius plots for the intramolecular exchange of L in

NiX,L; (L = PMey; X = CI, B, or 1) in CH,CI-CD,Cl, (1:1),
[NiX,L,] = 002M: ® =1, 8 = Br, & = CL

the paramagnetic species are unknown, we are unable to
determine the isomerization equilibrium and rate constants,
The presence of paramagnetic species in solution is detected
at lower temperature for Cl than for Br. For Nil,(PMe,)s,
at the highest temperature obtainable in dichloromethane (313
K), the signals due to the axial-equatorial intramolecular
exchange process are at coalescence and no effects due to the
presence of paramagnetic species are observed.

We have determined the activation parameters for mutual
exchange of PMe; in the complexes Nle(PMeg) (X=Cl,
Br, or I). The diamagnetic-paramagnetic isomerization and
the fact that NiX,(PMe,); dissociates into NiX,(PMe;), at
high temperature did not allow us to study this exchange at
temperatures higher than 250 K for X = Cl and 270 K for
X = Br. Results for the three complexes are listed in Table
IT and Arrhenius-like plots are shown in Figure 8. The rate
constants have been obtained as explained in the experimental
part. The mutual exchange vector used implied that only one
of the two exchanges, E,; or E,, occurred at the same time.

Ly L1 Ly
I X X
K y | x
N £ i 1 A
L “\x L LS"‘N"\X — L "‘—N|'\X 1
L3 L2 L2

Examples of calculated and experimental spectra are given
in Figure 7 for X = Br. The exchange rate used to obtain the
calculated spectra at 274.4 K was obtained by extrapolation
of the rates obtained from the line shape analysis at lower
temperature. The rates for the mutual PMe,; exchange de-
crease in the order ClI > Br > I. This behavior can be ex-
plained in terms of nickel-phosphine da—p= bonding. This
bond strength decreases in the order 1 > Br > Cl, due to
parallel decrease of the halide 7 donation to nickel.’!
Nil,(PMe;); presents the most covalent Ni—P bond, and the
lowest rearrangement rate result which agrees very well with
the work of Takats,*? Osborn,> and Caulton.** For the mutual
exchange in the complexes NiX,(PMe,); we may consider the
following intramolecular rearrangement.
Py X Py
P X
Py = P, === (14}

X
P2 P3

However, this double Berry pseudorotation would involve an
intermediate with two axial halides and until now no such
complexes have been reported in the nickel(II)-phosphine
chemistry. The positive value (+10.1 to +15.7 cal K™! mol™)
of the activation entropy is closer to those measured for
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Table IV. Electronic Spectra of NiX (PMe,)q + xPMe, Systems in CH,Cl,:

10 (Concentratlon of the Solutions about 10 M)
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n=2 or 3 and x = Free PMe,/Complex in Molar Ratios 1, 2, and

NiX, (PMe,), NiX, (PMe,), NiX,(PMe,), + PMe,  NiX,(PMe,), + 2PMe,  NiX,(PMe,), + 10PMe,
X 295K 180K 295K 180K 295 K 180K 295 K 180 K 295K 185K
cl 14.8(380) 15.1(880) 14.7(470) 15.1(700) 14.7 (600) 14.9 (570)
17.7 (410) 17.8 (900) 17.4 (510) 17.1 (600) 17.1 (600)
18.7 (1690) 18.9 (2250) 18.7 (2010)
20.89 (380)% 19.2(420) * 22.2(250) 23.8(280) 22.7(280) 23.8 (455) 23.0(210) 23.5 (220)
26.1 26.3 (200)
Br 14.1(830) 14.6 (1220) 14.1 (840) 14.1 (900)
16.9 (1030) 17.5 (1400) 16.9 (1020) 16.9 (1100)
18.2(1107) 18.1 (1790) 18.7 (2730) 18.7 (2440) 18.3 (1230) 18.8(2815)
21.4 (734) 217 (1030) 22.7(290) 23.2(410) 23.0 23.0 (310)
26.3 (370) 26.3 (200)
I 13.8 (1100) 14.0(1720) 13.5 (1230) 13.5 (1230) 13.5 (1215)
16.7 (1870) 17.1 (2650) 16.5 (2200) 16.5 (2220). 16.5 (2110)
18.2 (4300) 18.2 (4300) 18.2 (4200)
18.9 sh 19.0 (1885)
23.5 (1680) 23.2(2300) 24.4 (1600) 24.4 (1630) 24.4 (1590)
' 25.6 (2600)
29.0 (3700) 29.4 (2400) 29.0 (3700) 29.4 (2400) 29.4 (2460)

2y %1072, cm™. Pe, Mt em™,

dissociative processes (Ni(CN),L,, +10.4 to +12.6; [NiXL,]*,
+1.0 to +20;2 [Rh(P(OR)3)s]*, +6.2;2 N1H(CN)(PEt3)3,
+10.3%) than to the values obtained for intramolecular re-
arrangements without bond breaking® ([Ni(P(OMe);)s]**,
-0.5; [Rh(P(OMe);)s]1?*, =5.9). This last evidence and the
observed dissociation of NiX,(PMe,), at ambient temperature
allows us to suggest a dissociative pathway for the mutual
exchange in these five-coordinate species. The least motion
departure of an equatorial ligand with relaxation of the re-
maining four ligands into a planar geometry will be considered
first,

( X o |t
N

Py Py \x "’1

L ’ . *
P’/Nll\x Ay wle *P3, Pa-—‘N“ . (15a)

P ‘ P2

X//ﬂ\"z
[

This process cannot interchange P, or P, since it maintains
the inequivalence of Py from P, and P, Invoking both planar
and tetrahedral species does not solve the problem, since P,
and P, are always symmetry equivalent in both structures.
Microscopic reversibility requires that P; recombine with any
four-coordinate structures with exactly the stereochemistry
it used when it departed. This means that P; will attack either
polyhedron in square brackets to generate always the starting
molecute. The interchange requires that P, or P, is the
dissociating phosphine. Thus, whether or not the departure
of P, causes the four-coordinate fragments to pass through a
C,, “tetrahedron” is not evident from the current data so the
equilibrium in square brackets is wholly speculative. This latter
mechanism (15b) passes through a four-coordinate inter-

- -
NS ¥
NI
|P1 Pz/ \X "’3
Pa"N‘i/ix = JI e Pz—‘Nll/X (15b)
£ /rln\ A
X P
4

mediate which makes previously inequivalent phosphines
become equivalent. The significant aspect of this mechanism

T
268000 (erh)

12500

Figure 9. Variable-temperature (180-295 K) electronic spectra of
a solution of NiCl,(PMe,); and PMe, in CH,Cl,, [N1C12(PM63)3]
= 085 X 107> M and [PMe,] = 3 X 1072 M,

is that it supports the existence of an axial dissociative reaction
for TBP molecules which is an alternative to the “least motion”
departure of an equatorial ligand. It should be added that it
does not mean that the axial phosphines are more labile than
the equatorial one; it means only that the axial-equatorial
interchange requires an axial phosphine dissociation. A
dissociative process with a halide loss can be excluded since
the addition of [NBu,]Cl to a solution of NiCl,L; has no
influence on the phosphine interchange rate.

2.3 NiX,(PMe;); (X = CI, Br, or I) Solutions with Excess
PMe,. Addition of PMe; to dichloromethane solutions of
NiX,(PMe,); (X = Cl, Br, or I) leads at room temperature
to the stabilization of the five-coordinate NiX,(PMe,),, ac-
cording to eq 1 (Figure 5). The effect of lowering the
temperature of a solution of N1C12(PMe3)3 (102 M) with an
excess of PMe; (2 X 1072 M) is shown in Flgure 9. Atre-
mendous variation of the electronic spectrum, in shape and
intensity, is observed, indicating the formation, at low tem-
perature, of a new chemical species. Similar spectra are
obtained for NiBr,(PMes); and Nil,(PMes); (Table IV), The
temperature effect is reversible. By increasing the amount of
excess PMe; (PMe;/complex = 2 to 10 molar ratio), no
modification of the low-temperature spectrum occurs and only
the temperature range, where the low-temperature species is
stabilized, is observed to increase with the ratio PMe,;/complex.

As shown by the increase of conductivity of the solution when
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the temperature is lowered, the [NiX(PMe;),] X species must
be formed according to eq 2.

The *'P NMR spectra of solutions with an excess of PMe;
show, at 173 K, a sharp singlet at —14.6 ppm for X = Cl, at
~15.7 ppm for X = Br, and at -18.4 ppm for X = 1. When
the ratio PMe;/NiX,(PMes); > 1, the only new resonance
observed is that of free PMe; at 61.2 ppm. This pattern may
be relevant either to a species with four equivalent phosphorus
ligands or to a fast intramolecular exchange process of
nonequivalent ligands still operating at 173 K. The presence
of a very fast intramolecular phosphorus exchange is confirmed
since at 114 K in chlorodifluoromethane the ligand exchange
is almost frozen on the NMR time scale for X = Cl and the
3P NMR spectrum consists then of two triplets (Table I11).
The electronic spectrum of [NiCl(PMe;).]Cl has been de-
termined in the same conditions (in CHCIF, solutions at 114
K). Itis similar to the one previously obtained at 180 K (in
CH,Cl,), indicating that the same species is present at 114
and 130 K. The 3'P NMR spectrum of [NiCl(PMe;),]Cl is
the same as that of [NiCl(PMe,),|BF, (Table il1). The latter
has been characterized as a low-spin, five-coordinate Wi(1l)
complex of trigonal-bipyramidal geometry with Cl in equa-
torial position.” Thus this leads us to propose a trigonal-
bipyramidal structure for the [NiCI(PMe;),]Cl species in
CH,Ct, and CHCIF, solutions,

PMe, +
NI/PMea
X —— I
S PMey

PMe 4

For [NiX(PMe;),]1X (X = Br or I) solutions in CHCIF,,
the 3P NMR spectra at 114 K are broad singlets showing that
the intramolecular PMe; exchange is still not frozen but the
rate of this exchange is higher for X = I than for X = Br (W,
=8 Hz for X =T and W;;; = 25 Hz for X = Br). Thus the
rates of intramolecular exchange in the [NiX(PMe,).IX
complexes are in the order I > Br > CI, that is, the reverse
of the order observed in [NiX(PMe,),]BF, compounds.” For
the latter compound, the slow exchange limit spectra consisting
of two triplets are observed at higher temperature (140 K and
. above). This shows that the rate of the intramolecular
phosphorus exchange is faster in the case of X~ than in the
case of BF,™ as counterion. In [NiX(PMe,),|BF; a Berry
pseudorotation mechanism was proposed for the intramolecular
phosphorus exchange. The faster exchange rates observed in
[NiX(PMe;),4]1X can be reasonably related to the nucleophilic
attack of the complex by the halide ion. As iodide is the best
nucleophile, the order of the rate constants (I > Br > CI)
observed for the three complexes can be explained. In order
to prove this nucleophilic attack, we have determined the effect
of adding variable amounts of bromine to the [NiBr-
(PMe;)41BF, complex. We have found a second-order rate
law for the intramolecular exchange of PMey: first order in
bromine and first order in complex. This rate law confirms
the participation of the ionized halide in the transition state.
The following mechanism may be considered.

-‘F 3

Py Pt
PJ\‘ X = PJ\‘ - /F'I
Ni——% &= [ X~ Ni----X T e Ni £ 4
- SN T
4
Py P, g P

The outer-sphere halide ion attacks the nickel center trans to
the equatorial halide to form a 20-electron transition state.
A 20-electron transition state has never been reported, to our
knowledge, in d® chemistry. Recently, Flynes and Brannick®’

reported a ligand-exchange reaction in a high-spin 18-electron

five-coordinate Wi(Il) complex occurring through an asso-
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ciative mechanism, showing that for high-spin species, Tol-
man’s rule®® does not apply. However, for low-spin Ni(II)
complexes, until now, enly dissociative ligand-exchange
mechanisms have been reported.®®” The mechanism proposed
above involves a concerted halide bond-making and bond-
breaking process. As indicated by the increase of the reaction
rates with the halide nucleophilicity, we are dealing with an
associative activation mode. Therefore we must consider an
associative interchange mechanism I, for these low-spin
five-coordinate Ni{Il) 18-electron complexes.

Addition of an excess of PMe; to sclutions of [NiX-
(PMe;)4] X gives rise to two singlets in the P NMR spectra
at 173 K, due to [NiX(PMe,),]X and {ree PMe,, and no
change is observed in the electronic spectra. Even the addition
of very large amounts of PMe; does not lead to a halide
displacement to obtain [Ni(PMe;)s]X,. This last cation has
been prepared in CHCIF, by adding PMe; to [Ni-
(PMe;),](BF,),. The 3'P NMR spectra of such a solution
show two singlets at 170 K, due to the phosphine and to the
new [Ni(PMe,)s]*" species in fast intramolecular exchange.
By lowering the temperature to 114 K this last singlet splits
into a triplet and a quadruplet (Table III) characteristic of
a five-coordinate trigonal-bipyramidal structure. The free
energy of activation for the intramolecular phosphine exchange
has been determined at one temperature by the method de-
scribed for NiX,(PMe,), using a suitable exchange vector.
The value obtained (AG* == 6.2 £ 0.2 kcal/mo! at 130 K) is
smaller than those obtained for the similar exchange in
[NiX(PMe.j4) BF, species (Table IT). We therefore conclude,
in this case too, to a Berry pseudorotation.

Solutions containing [NiX(PMe;),]X and free PMe; provide
a good opportunity to investigate the following intermolecular
exchange.

[NiX(PMe;),}X + *PMe; =
[NiX(PMe,);(*PMe;) X + PMe, (17)

With the rate of intramolecular PMe; exchange in [NiX-
(PMey)4] X being very high at 173 K and above, the inter-
molecular PMe, exchange process can be considered as a single
two-site exchange. A similar approach was used by English,
Meakin, and Jesson, when determining the rate of ligand
dissociation in the [FINi(PEt,),]" species.” However, the study
is complicated by the temperature dependence of the stability
of the [NiX(PMe;);]X species. When the temperature is
increased, K, decreases and thus appreciable amounts of
NiX,(PMe,); and NiX,(PMe;), are formed, causing, as
expected, a broadening and a downfield shift of the collapsed
lines. We therefore have determined the exchange rate for
X = Cl and X = Br at a low enough temperature. The ac-
tivation parameters (Table I} for the intermolecular ligand
exchange are determined by the method described in the
experimental part. The rate law is first order in complex and
zero order in PMe;. For both chloride and bromide complexes,
the activation entropies of the intermolecular exchange process
are positive. Therefore, we propose a dissociative D mechanism
with the planar [NiX(PMe,);]" species as intermediate. The
[NiX(PMe,;);]BF, (X = Cl or Br) complexes have been
isclated® and their NMR data are given in Table III. The
activation step for this ligand-exchange reaction (dissociation
of phosphine} is the same as that used previcusly to explain
the intramolecular PMe, exchange in the NiX,(PMe,);
complexes. We again observe an increase of the rates in the
order I < Br < Cl; moreover, the activation parameters are
very similar for both processes.

Conclusion

As shown by *'P NMR and electronic spectroscopies, the
following sotution equilibria (in CH,Cl, or CHCIF,) take place
in the NiX,~-PMe, system between 113 and 295 K.,



Nickel(II) Complexes with Trimethylphosphine
SP-NiX,(PMe;), = T-NiX,(PMe,;), X = halide (18)

Nin(PMe:;)z + PMC:; = Nin(PMC})} X= CN, halide
(19)

Nin(PMC:;):; + PMC3 = [NiX(PMC3)4]X X = halide
(20)

[NiX(PMe3)3]BF4 + PMC3 =
[NiX(PMe;),]BF, X = halide (21)

[Ni(PMe;),](BF,); + PMe; = [Ni(PMe;)s](BF,), (22)

The following four-coordinate species have been charac-
terized: NiX;(PMes), (X = CN, Cl, or Br) and [NiX-
(PMe;),]* (X = Cloor Br). On the whole temperature range,
the main species is the square-planar (SP) isomer. However,
a partial isomerization toward a tetrahedral (T) paramagnetic
species is proposed for NiX,(PMe;); when X = Cl or Br.

Three five-coordinate species have been identified:
NiX,(PMe;); (X = CN, Cl, Br, or I), [NiX(PMe,),]* (X =
Cl, Br, or I), and [Ni(PMej)s]?*. These complexes present
a trigonal-bipyramidal geometry with the halide(s) in
equatorial position and the cyanides in axial position. This
is consistent with the fact that, until now, no structure with
a halide in axial position has been reported in nickel(II)-
phosphine chemistry. These five-coordinate complexes are
stereochemically nonrigid. They undergo both fast intra- and
intermolecular phosphine exchange processes, these processes
following various pathways.

The intramolecular phosphine exchanges are characterized
by small free energies of activation AG*. The value for
[Ni(PMe;)s] (BF,), is 6.2 = 0.2 kcal mol™ at 130 K and is
consistent with a Berry pseudorotation. In [NiX(PMe;)4]*
the intramolecular exchange occurs through two different
processes, depending on the counterion. When the counterion
is BF,, the measured AG¥*s (at 169 K, 6.6 for Cl, 7.8 for Br,
and 8.2 kcal mol™! for I) agree with a Berry pseudorotation

with the nickel-halide bond as pivot. However, when the

counterion is a halide the barrier for the phosphine exchange
is considerably lowered. The AG*’s sequence is now reversed,
the values decreasing with increasing nucleophilicity of the
counterion. Moreover, the phosphine exchange rate is now
proportional to the ionic halide concentration, The proposed
mechanism is an associative interchange I, process, involving
a nucleophilic attack by an ionic halide, followed by the
formation of a 20-electron transition state. In NiX,(PMe,),
the energy barriers for the axial-equatorial phosphine ex-
change are higher (at 230 K, 9.2-13.0 kcal mol™!) than those
encountered in the former species. In this case, we propose
a dissociative D mechanism, involving loss of an axial
phosphine to form a four-coordinate intermediate.

The intermolecular phosphine exchanges between Ni-
(CN),(PMe;); and free PMe; occur through a dissociative
mechanism D. The free energy of the intermediate, the
square-planar Ni(CN),(PMe,),, is only 4.9 kcal mol™ higher
than that of the five-coordinate reactant at 298 K. The PMe,
intermolecular exchange reaction on NiX,(PMe;); could not
be studied, as these complexes react quantitatively with PMe,
to form [NiX(PMe;),]X. The PMe; exchange on these latter
complexes follows a D mechanism, with [NiX(PMe,);]* as
intermediate. The exchange rate is faster when X is a chlorine
than when X is a bromine.

The five-coordinate nickel(II)—-phosphine complexes exhibit
a great variety of phosphine-exchange mechanisms, the nature
of the ligand playing an important role in the mechanism, For
example, [NiLs]**, [NiXL,]Y, and NiX,L; are all trigo-
nal-bipyramidal, stereochemically nonrigid complexes, but the
intramolecular phosphine exchange in these species occurs
through different mechanisms: a Berry pseudorotation in
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[NiLs]** and [NiXL,]BF,, a tetrahedral jump in [NiHL,]*2
a dissociative D mechanism in NiX,L;, and an associative
interchange I, in [NiX(PMej;),]X. These results predict
different reactivities for the various complexes when they will
be involved in organometallic and catalytic reactions.
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A series of ligand-bridged complexes of ruthenium(III) have been prepared utilizing pyrazine, 4,4’-bipyridine, and 1,2-
bis(4-pyridyl)ethane as the bridging ligands. The preparations involve the use of Ce(IV) to oxidize complexes of ruthenium(II)
whose preparations were described previously. Dimeric complexes of the three bridging ligands, as well as trimeric and
tetrameric pyrazine-bridged complexes, were prepared. The electronic spectra and magnetic properties of these formally
low-spin d* metal complexes were studied, the latter down to liquid-helium temperatures, The flexibility in the synthetic
chemistry allowed, in principle, for a systematic study of the magnetic effects of different metal-metal interactions arising
from changes in the bridging ligand and in polymer chain length. However, the magnetic results indicate little, if any,
interactions in any of the complexes including the polymeric cases where the possibility of extended metal-metal interactions

exists,

In past work we have developed a synthetic chemistry which
has led to the preparation of a series of ligand-bridged dimeric
and oligomeric complexes of ruthenium.! Dimeric complexes
have been prepared using a series of N-heterocyclic ligands,
(bpy),CIRu(L)RuCl(bpy),** (bpy is 2,2-bipyridine; L is
pyrazine (pyz), 4,4’-bipyridine (4,4’-bpy), or trans-1,2-bis-
(4-pyridyl)ethylene (BPE)), and pyrazine-bridged oligomeric

© O OO

pytrazine 4,4'-bipyridine

trans-1,2-bis(4-pyridyl)ethylene

complexes have been prepared with controlled chain lengths,
[(bpy),CIRu(pyz) [Ru(bpy),(pyz)],RuCl(bpy),] @*2* (n =
0-4). The preparative chemistry involved uses the reactivity
properties of the bound nitrosyl and nitro groups in a series
of stepwise reactions.? From the known stereochemistry of
bis(2,2’-bipyridine) complexes, the coordination geometry at
each ruthenium site in the oligomeric chains is most likely cis.?

Questions of fundamental interest in ligand-bridged metal
complexes are the nature and extent of metal-metal inter-
actions across the bridging ligands and the effects of the
interactions on the chemical and physical properties of the
system. The role of metal-metal interactions has been studied
extensively in dimeric ruthenium complexes especially in
mixed-valence systems,*5 From these studies it has been shown
that the extent of electronic interaction can vary from in-
teractions which are sufficiently strong to modify the chemical
and physical properties of the system in a significant way®®
to weak interactions where the separate redox sites are only
slightly perturbed compared to isolated monomeric sites,*%-!!
The differences in properties observed appear to be under-
standable based on the properties of a series of closely related
dimeric compounds 4!

Localized valences are favored for cases where significant
vibrational trapping energies exist for the excess electron. The
trapping energy arises because a change in oxidation state at

the metal leads to differences in the inner- and the outer-
coordination spheres at the two redox sites. Orbital overlap
leads to electronic delocalization and reduces the vibrational
trapping energy by making the two sites more nearly
equivalent. In one limit, the electronic resonance energy arising
from the overlap is sufficient to overcome the trapping energy,
and the vibrational structures at the two sites become identical.
Delocalization is favored by strong metal-metal overlap, and
in ligand-bridged systems, the distance for significant overlap
can be extended by mixing metal orbitals with orbitals on the
bridging ligand.

Ruthenium(III) is a readily accessible oxidation state in
dimeric 2,2’-bipyridine complexes of ruthenium as shown by
electrochemical studies on ions like [(bpy),ClRu(pyz)-
RuCl(bpy),]**.*'® Complexes of ruthenium(III) have been
found to be spin-paired d° cases with one unpaired electron!?14
which means that in dimeric ions like the 4+ ion,
[(bpy),CIRu(pyz)RuCl(bpy),]** magnetic techniques provide
a sensitive probe for detecting Ru(III)-Ru(III) electronic
interactions. Magnetic measurements on ligand-bridged,
oligomeric complexes containing ruthenium in the 3+ oxidation
state could reveal extended magnetic interactions involving
more than two metal sites. It is conceivable that cooperative
interactions within such polymeric chains could lead to ma-
terials having chemical and electronic properties intermediate
between the properties of simple dimers and the properties of
extensively linked, solid-state materials.

Experimental Section'®

Measurements. Infrared spectra were recorded on a Perkin-Elmer
421 spectrophotometer in KBr pellets at room temperature, Ul-
traviolet—visible spectra were recorded on Cary Model 14, Cary Model
17, or Unicam Model SP800B spectrophotometers in 1-cm silica cells
using MCB Spectrograde acetonitrile at room temperature, ESCA
measurements were obtained on a Du Pont Instruments 650 electron
spectrometer equipped with a Du Pont Instruments multichannel
analyzer. Samples were prepared by grinding the solid complex into
the surface of a gold sample probe using a clean glass rod, Magnetic
susceptibility measurements from 1.7 to 77 K were conducted on
powdered samples of the complexes using a PAR Foner-type vibrating
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