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Abstract
The substitution reaction

ky
trans-[Ru(NH3),P(II)H,0]** + pz =
k

-1
trans-[Ru(NH,),P(I1D)pz]** + H,0

where P(IlI) = PEt;, PBuj, PPh;, P(OBu); and
P(OPh); has been studied at 25.0°C, u=0.10
NaCF;C00, Cyx+=10X 107> M. Assuming the
second order specific rate k, for the substitution of
the water molecule on the coordination sphere for
pz as indicative of a relative order of the trans-effect
of P(III), the following increasing trans-effect order
can be written: P(OPh); < PPh; <P(OEt); <
P(OBu); < PBuy < PEt;. The weakening of the
Ru(Il)--pz bond expressed as 1/K., permits us to
write the following order of increasing trans-
influence: PEt; < PBuj < P(OBu); < P(OEt); ~
PPh; <P(OPh);. The complex trans-[Ru(NH;),-
(PEt3)(P(OEt)3)](PFg), has been isolated and charac-
terized by microanalysis, electronic and voltammetric
spectra. The aquation of this complex provides
additional support to the generalizations about the
influence of 7 bonding on the trans-influence of
phosphanes.

Introduction

Despite the relevance of phosphines and phos-
phites in catalysis, there have been few attempts
to compare the trans-effect and trans-influence of
these ligands for a homologous series [1—4]. These
studies [4—6] are restricted mainly to the effects
of phosphanes on bond lengths, stretching frequen-
cies and coupling constants of ligands on the trans-
position on the coordination sphere and, in a few
cases, to the measurement of displacement equilibria.

Unfortunately the few data available [3—6] refer
to systems where the metal center is surrounded by
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different kinds of ligands, a situation which does
not permit any reliable conclusion.

In our laboratory we are studying the chemistry
of phosphanes when coordinated to a metal center
using rutheniumammines as probes [7—10]. Com-
plexes of the type trans-[Ru(NH;),P(III)(H,0)]*,
where P(IIT) is a phosphane, are very convenient for
these studies. Since the ammonias are innocent
ligands [11], such complex ions ailow us to study
the effects provoked by the systematic substitution
of different P(III) ligands on the site trans to them
in the coordination sphere.

This paper deals with the comparison of the
trans-effect and trans-influence of phosphites and
phosphanes. We define the trans-effect of P(III) as
the second-order specific rate (k,) of the substitution
of water on the coordination sphere of trans-[Ru-
(NH3),P(I11)}(H,0)]** for pz. The trans-influence,
of P(III), is defined as the weakening of the Ru(Il)—
pz bond in terms of AG,, for the trans-[Ru(NHj),-
P(1I1)Y(H,0)]* —pz reaction.

Experimental

Equipment

The UV-Vis spectra and slow kinetics measure-
ments were obtained on a VARIAN 634 M or Cary
14 spectrophotometer.

An Aminco-Morrow spectrophotometer was em-
ployed for the fast kinetic measurements.

Cyclic voltammograms were obtained using an
electrochemical system consisting of Potentiostat/
Galvanostat (model-173), Programmer (model-175)
and a Recorder (model-REQ074), all obtained from
Princeton Applied Research Corporation (PARC).
Glassy carbon, platinum wire and SCE electrodes
were employed as working, auxiliary and reference
electrodes, respectively.

In all the experiments the ionic strength was
kept at 0.10 M (NaCF3;COO) and the temperature
stabilized at (25.0+0.1)°C using a Superohm
thermostat. All the manipulations were carried out
under argon employing standard techniques [12].
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Doubly distilled water was used throughout.
Acetone, ethanol and ether were purified according
to the literature [13].

RuCl;-xH,0, isonicotinamide (isn), pyrazine (pz),
phosphites (P(OR);) and phosphines (PR;) ligands
were purchased from Aldrich and used without
further purification.

From RuCl3-xH,0, [Ru(NH;)s;Cl|Cl;, [Ru-
(NH3)5(H,0)]1(PF¢),, trans-[Ru(NH;)q(P(OEt)s3),]-
(PF¢),, trans-[Ru(NHj)4(PEt;),](PF¢),, trans-[Ru-
(NH31)4(P(OBu);),](PFs), and  trans-[Ru(NH;),-
(PPh3(H,0)](PF¢), were prepared as described in
the literature [7,9,10,14]. All these complexes
were characterized by comparing the UV—Vis and
voltammetric spectra with those reported in the
literature [7,9, 10, 14]. The ions trans-[Ru(NH;),-
P(II1)Y(H,0)]**, where P(III) = PEt3, P(OBu);, PBu;,
PPh; and P(OPh); were generated in solution by
aquation of the corresponding bisphosphite and bis-
phosphino complexes.

The compounds trans-[Ru(NH;3)s(P(OPh);3),]-
(PF¢),, trans-[Ru(NHj3)4(PBuj),](PF¢), and trans-
[Ru(NH;3)4(P(OEt); X PEt3)](PF); were prepared as

follows.

1. trans-{ Ru{NH3 )4(P(OPh)3 ), ] (PF¢ )2

200 mg of [Ru(NH;3)s(H,0)](PFs), were dis-
solved on 15 ml of dry purified acetone, previously
degassed for 30—40 min. Using syringe techniques
2.0 ml of P(OPh);, already degassed, were added
to the reaction flask. After 30—40 min at room
temperature (23—27 °C), the solvent and the excess
of phosphite were eliminated by rotoevaporation.
A white solid was obtained. It was dissolved in the
minimum amount of acetone and reprecipitated by
adding 5—10 ml of cold and degassed dry ether,
then filtered and washed with ether, and finally
dried and stored under vacuum while protected from
light. The yield was better than 80%. No significant
decomposition was found to occur over a one month
period, as judged by the CV and UV—Vis spectra.

1. trans-f{Ru{NH 3 )4(PBus ), ] (PF¢ )2

200 mg of [Ru(NH;)4(H,0)](PFs), were dis-
solved in 15 ml of dry purified acetone, previously
degassed in an argon atmosphere of 30—40 min.

Using the syringe techniques 2.0 ml of PBuj, already
degassed, were added to the reaction flask. After
30—40 min at room temperature (23-27 °C), the
solvent and the excess of phosphine were eliminated
by rotoevaporation. A white solid was obtained.
It was dissolved in the minimum amount of absolute
ethanol and reprecipitated by adding 200-250 ml
of cold and degassed dry ether. The solution was
allowed to cool in the refrigerator for 16 h to im-
prove the yield, which was better than 60%. The
precipitate was filtered, washed with ether, and then
dried and stored in a vacuum desiccator protected
from light. As judged from the CV and UV-—Vis
spectra, no decomposition of the diphosphine com-
pound was observed within a one week period.

HI. trans-{ Ru(NH3 )4(P(OEt )5 )(PEt3 )] (PF¢ )2

100—-130 mg of trans-[Ru(NH;)4(P(OEt);)(H,-
0)](PF¢), were dissolved on 15-20 ml of dry puri-
fied acetone, previously degassed in an argon at-
mosphere for 30—40 min. Using the syringe tech-
niques 1.5 ml of PEt; were added to the Ru(ll)
solution. After 20 min the solvent and excess of phos-
phine were rotoevaporated. The yellow residue was
dissolved in the minimum volume of degassed acetone
and reprecipitated adding cold and degassed dry
ether. The pale yellow solid was filtered in a glove-
bag washed with ether, dried and stored under
vacuum. Yield: better than 70%. According to the
CV and UV—Vis spectra the compound is stable for
more than one month when stored under vacuum
and in the absence of light.

The analyses (Table I) were performed by the
staff of the Microanalytical Laboratory at Stanford
University and of the Instituto de Quimica of Uni-
versidade de Sao Paulo.

Methods

The aquation of the complex ion trans-[Ru-
(NH3)4(P(OEt);}(PEt);] %" was studied in the pres-
ence of large excess of isonicotinamide, isn. A
weighed amount (5—6 mg) of solid trans-[Ru(NHj;),-
(P(OEt); X PEt3)](PF¢), was dissolved in 100 ml of
0.6 M isn aqueous solution previously degassed (at
the desired hydrogen ion concentration, temperature
and ionic strength). About 30 ml of this solution
was transferred through Teflon tubing to a 10 cm

TABLE I. Analytical Data and Formal Potentials for the Ruthenium—Phosphane Complexes

Complex C(%) H(%) N(%) E® (V)& D
Calc. Found Calc. Found Calc. Found

trans-{ Ru(NH3)4(P(OPh)3),](PFg), 40.01 37.76 3.89 3.87 5.19 5.34 ¢

trans-[Ru(NH3)4(PBu3); ] (PFg), 33.37 33.28 7.64 7.68 6.48 6.84 0.47

trans-[Ru(NH3)4(P(OEt)3)(PEt3) }(PFg)2 19.38 20.26 5.65 4,98 7.53 7.45 0.56

2y = 0.10 (NaCF'3CO0/CF3CO0H); (25.0 + 0.1) °C; Cg+ = 1.0 X 1073 M.

undergoes fast aquation.

bys. SCE; uncertainty of +0.01 V. ®This complex
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path length quartz cell, (previously flushed with
argon), sealed with a serum cap. The progress of the
reaction was monitored at 365 nm. Pseudo-first-order
rate constants (k,ps) were determined graphically
from plots of In(4. — A,) versus t, where A, was
the final absorbance value and A, the absorbance at
time ¢.

The substitution reactions were performed under
pseudo-first-order conditions (excess of pz). The
reactions between frans-[Ru(NH;),P(III}H,0)]*
and pyrazine were monitored following the increase
of absorbance in the region of spectra of the MLCT
bands of the pyrazine derivatives.

The kinetic data were according to the relation

Kovs = k1lpz] +k_;

The kops values were obtained from In(4. — A,)
versus t plots. Values of k, and k_, were calculated
from the slope and intercept of plots of k,ps versus
[pz]. Keq was calculated from the ratio ky/k_;.

The rate constants were reproducible to within
+6%, and each value is a mean of at least three inde-
pendent determinations. The In(A. — A;) versus t
plots were linear for at least four half-lives.

Results and Discussion

The kinetic data for the substitution reaction

ky
trans-[Ru(NH3),P(IIIYH,0)]*" + pz ==
k_y

trans-[Ru(NH;),P(111)pz]** + H,0

TABLE 1I. Substitution in frans-[Ru(NH3)4(P(OR)3)(H,-
0)]?* by Pyrazine?

P(OR)3 [pz] (M) 10 X kgps? (57D

P(OPh);° 0.0251 0.462
0.0503 0.495
0.0754 0.533
0.101 0.578
0.151 0.619
0.201 0.680
0.251 0.715

P(OBu)3 0.0200 5.24
0.0300 6.30
0.0400 7.27
0.0500 8.25
0.0600 9.18
0.0800 10.5
0.100 11.9
0.150 14.9
0.200 16.3
0.300 18.1

84 =0.10 (NaCF3COO/CF3COOH); (25.0 £ 0.1) °C; Cyr ~
1.0X 1073 M; Cryqry ~ 50X 10* M. PEach value is a
mean of at least four independent determinations agreeing
within 6%.  ©10% acetone.
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TABLE III, Substitution in trans-[Ru(NH3)4(PR3)(H,0)] 2+
by Pyrazine?

PR, [pz] (M) Kobs® (s7)
PPh3° 0.0500 0.110
0.100 0.180
0.200 0.280
0.250 0.390
0.300 0.430
0.350 0.460
0.400 0.500
0.450 0.530
PBu34 0.0100 0.840
0.0150 1.04
0.0200 1.19
0.0250 1.37
0.0300 1.54
0.0400 1.90
0.0500 2.25
0.0600 2.54
0.0800 3.16
0.100 3.70
0.150 4.02
0.200 5.83
PEt; 0.0100 0.960
0.0150 1.21
0.0200 1.47
0.0250 1.72
0.0300 1.98
0.0350 2.23
0.0400 2.49
0.0450 2.74
0.0500 3.00
0.0600 3.35
0.0800 4.02
0.100 4.54
0.120 5.07
0.150 5.60

8y = 0.10(NaCF3COO/CF3COOH); (25.0 £ 0.1)°C; Cy+~
1.0X 1073 M; Cryqmn ~S5-0X 107* M. PEach value is
a mean of at least four independent determinations agreeing
within 6%.  ©10% acetone.  97.5% EtOH.

are shown in Table II and III. All these reactions
exhibit the same kinetic pattern already described
for the substitution reactions of trans-[Ru(NHj),-
(P(OEt);)(H,0)]** and related complex ions with
electrophilic reagents [7,9, 10]. Under pseudo-first-
order conditions the rate is dependent of the con-
centration of pz at low concentrations but exhibits
departure from linearity at ligand concentrations
higher than 0.1 M. This behavior is consistent with
the model for a dissociative activation process [7,
15, 16].

Since the mechanism is assumed to be governed
by a dissociative path [7,9,10], the rate for the
substitution of the water molecule on the coordina-
tion sphere by pz should express a relative order
of the trans-effect of the phosphorous ligands on



TABLE 1V. Data® on Substitution Reactions of trans-[Ru(NH3)4(P(III))(H20)]2+ with Pyrazine, Formal Potentials for the
Aquo—Phosphane Complexes, Phosphane Ligands Cone Angles, UV-Vis Bands Maxima and the Molar Absorptivities for the

Aquo-Phosphane and the Pyrazine Derivatives Complexes

PIID ky 10 X k_y Keq E°'aP 0° A (nm) A (nm)
(M~157h (s™H M~} ) ©) (e (M™! em™ . d (e M Tem e
P(OPh); 0.15 0.42 3.6 0.66 128 316 (7.8 X 102) 330 (2.2 X 103)
PPhy 1.2 0.60f 19 0.53 145 386 (7.3 X 102) 393 (3.0 x 10%)
0.39% 30

P(OL1)3P 3.8 2.0 20 0.46 109 316 (6.5 X 10?) 365 (4.2 X 10%)
P(OBu)4 9.8 33 30 0.43 115 316 (5.4 X 10?) 365 (4.0 X 103)
PBuj 34 5.1 68 0.30 132 355 (6.2 X 10?) 417(3.9x 10%)
PEt; 51 4.5 11X 102 0.33 132 344 (6.4 X 10?) 419(4.5 x 10%)

3y = 0.10(NaCF 3€00/CF3COOH); (25.0 + 0.1) °C; Cyg* = 1.0 X 1073 M.
dFor the trans-[ Ru(NH3)4P(LLI}H ,0)]** complex ions.

ions; vs. SCE, uncertainty of +0.01 V. €Data from ref. 17.

the MLCT bands of trans-| Ru(NH3)4P(III)(pz)] 2* complex ions.

(NH3)4(PPh3)(pz)]?*.  PData from ref. 7.

the trans-[Ru(NH;),P(III)}(H,0)]** complexes. From
the kinetic data of Table IV the following order of
increasing trans-effect can be written: P(OPh)y <
PPh; < P(OEt); < P(OBu); < PBuj <PEt;. As in-
dicated by the sequence, the phosphines are stronger
trans labilizing agents than the corresponding phos-
phites.

Steric and electronic effects are operative in such
systems. No direct relationship can be established
between the cone angle parameter [17] (8) of the
ligand and its trans-effect for all the series. However
comparison of each phosphite with the analogous
phosphine molecule shows that phosphites, with
smaller cone angles than the corresponding phos-
phines, undergo slower anation.

The phosphanes are biphilic ligands and therefore
a synergism exists between the o and 7 components
of the Ru(II)-P(III) bond. Except for PEt,, a trend
is observed for all the series: the better the o base
character of the P(III) ligand, the faster the complex
ion trans-[Ru(NH,),P(II1)(H,0)]*" substitutes the
water molecule. In contrast, the stronger the 7 acid
character of the phosphanes, the slower the sub-
stitution.

The trans-influence of P(IIl) in the trans-[Ru-
(NH3),P(III)(H,0)]** complex ions is related to the
weakening of the bond Ru(II)—pz in terms of AG,,.
Since the affinity of the metal center for pz is K¢y =
ky/k_,, the following relative order of increasing
trans-influence of P(III) is assessed on the basis of
1/K.q data (see Table IV): PEt; < PEt; < P(OBu),
< P(OEt); ~ PPh; < P(OPh),.

Contrary to what is observed for the frans-effect
sequence, the phosphites exhibit a stronger trans-
influence than the corresponding phosphines. The
larger the cone angle, the greater one would expect
to be the steric strain created by the phosphane at
the coordination sphere of the metal center and
therefore stronger its trans-influence [17]. However,

PFor the trans-[ Ru(NH3),P(II1)(H,0)]3* 2* complex
®For

fFrom Kkobs VS. [pz] plots. BBy aquation of trans-[Ru-

as observed for the trans-effect series below, the
trans-influence sequence does not follow the same
tendency of increasing the ligand cone angle. In
fact phosphites with smaller cone angles than those
of the homologous phosphines exhibit a stronger
trans-influence.

For the trans-influence a straightforward relation-
ship seems to come out of an analysis of the elec-
tronic effects. The frans-influence sequence follows
the same order as the 7 acidity increase of the phos-
phanes. The stronger the 7 acceptor ability of the
P(III), the greater will be the competition for the
4d, electrons of Ru(Il) between P(IIT) and pz along
the axis P(II)—Ru(Il)—pz weakening the Ru(Il)—pz
bond. These observations are in agreement with the
well established [18] strong 7 acid and very weak o
base characters of the pyrazine molecule.

The validity of the generalization about the
relevance of # bonding on the trans-influence of
phosphanes has additional support from the aquation
data of the complex trans-[Ru(NHj),(P(OEt);3)-
(PEt3)]?*. This study allows a direct comparison of
the frans-influence of triethyl phosphite and triethyl
phosphine. Dealing with such small molecules permits
an assessment of the electronic effect influence on
the mutual destabilization of these phosphanes.

As judged from cyclic voltammetric and electronic
spectra data of the final solution the aquation

ky
trans-[Ru(NH;)4(P(OEt); XPEt,)]* + H,0 :\——‘
-1

trans- [RU(NH3)4(P(OEt)3XH20)] ™4 PEt 3

proceeds at the specific rate 2.2+0.2X 1075 s7!
(Cy+ = 1.0X 1073 CF3COOH, u=0.10 NaCF,C00,
(25.0+0.1)°C). In acidic media the final product
exhibits the spectral characteristics [7] of the trans-
[Ru(NH;)4(P(OEt)3(H,0)]* ions: E°'=(0.46%
0.01) V versus SCE, A\ =316 nm, e = (6.4 £0.1) X



10> M™! cm™'. The complex ion trans-[Ru(NH;)s-
(PEt;XH,0)]** has the following characteristics:
E°' =(0.33+0.01) versus SCE, Apax =344 nm,
€=(6.4+02)X 10> M™' cm™'. If the aquation
is performed in the presence of pz, only the charac-
teristic band at 365 nm for the trans-{[Ru(NHj),-
(P(OEt)3)(pz)]** is observed.

It is well accepted [8] that the more positive is
the value of £%’ for the Ru(Ill)/Ru(ll) couples on
trans-[Ru(NH;3),P(1I1)(H,0)]3"**  complexes, the
stronger is the stabilization of Ru(Il) relative to
Ru(I1l), due to the back-bonding Ru(II)-P(III).

Since phosphites are stronger m acids than phos-
phines, their complexes exhibit more positive E°’
values than the corresponding phosphine complexes
(Table IV).

An interesting trend has been also observed
relating trans-effect and trans-influence respectively
with E°' for the Ru(IlI)/Ru(Il) couples on the
complexes trans-[Ru(NH;),P(IIIYH,0)]3*/2+,

As E°' becomes more positive, the slower is the
rate for the substitution of the water molecule on
the coordination sphere of the complex and the
smaller the trans-effect of L. This could be under-
stood assuming that through the # back-bonding
interaction Ru(II)--P(IIl), the metal center exhibits
the same character as Ru(Ill) and therefore reacts
slower [19]. The more positive the E°' value, the
less available will be the 4d, electrons of the Ru(ll)
center to interact with the incoming ligand. In any
case pz is a stronger w acid, and by consequence
the trans-influence of the P(III) ligand is stronger.
Further work on this area is in progress at our labora-
tory and will be reported later.
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