Coordination Chemistry Reviews, 119 (1992) 159-225 199
Elsevier Science Publishers B.V., Amsterdam

Ruthenium ammine compiexes of group VB donor ligands

Douglas Wagner Franco
Universidade de Sdo Paule, Instituto de Fisica e Quimica de 880 Carlos, Cx. Postal 369, 13560 Sde Carips-
SP (Brazil}

{Received 2 Mazch 1992)

CONTENTS

A IntrodUetion . . . L e e 200

B. Syntheses . . . ... e s 201
{iy Synthesis of trans-[Ru(NH,), L,3X; compounds . . . . ... .. ............. 201
(i) Synthesis of trans-TRu(NH,), LIH; 01X, salts . .. ... ... .. 201
(ii) Synthesis of trans-[RUNH, ), LYIX,, Y £#H,0, L = P(R};, P(OR),, Sbeh, and Asg, 205

C. Characterizalion . . . . . . . . . i e e e e e e 205
(i) Electronic, voliammetric and infrared spectra and X-raydata . ... ...... ..... 285
(i} Symmetry and bond distances . .. .. ... L. L. e 208

D Reactivity . . . . L e e e e 269
(i) Aquation studies . .. L L e 209
(i} The triethyl, diethyl and phosphorous acid systems . . . .. ................ 21
{iiiy Substitution reactions in trams-[Ru(NH, ), PIOEt{H, O .. .. ... ... ..... 214
fivy Trans-effect and trans-influenceseries . . . . ... ... ... ... ... .. ... 218
v Ruthenium(IIF) phosphites . . . . . . ... . 221
{viy Otherd®systemsstudied .. ... . ... . ... .. ... ... 222

E. SUImmary . . . . e e e e e e 222

Acknowledgements L L L L e e e e 223

References . . . . . e e e 22

ABBREVIATIONS

4-cp 4-cyanopyridine

4-cpH*  4-cyanopyridinium ion

cys L-cysteine

dppe bis(1,2-diphenylphosphinojethane

DMPP  I-phenyl-3,4-dimethylphosphole

ETPB 4-ethyl-2,6,7-trioxo-1-phospha(iii}-bicycle-[ 2,2,2Joctane
fu furan

gly glycine

H,Pcy cyclohexylphosphine
imN N-bound imidazole
imC C-bound imidazole
isn isonicotinamide
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L-hist L-histidine
i-Meime 1-methylimidazole
Mepyr* methylpyrazinium ion

nic nicotinate ion
nic nicotinamide
pic picoline

py pyridine

pyr pyrazine

A. INTRODUCTICN

Tertiary phosphorus ligands have been very useful as ancillary ligands in
catalysis [ 1-5]. However, very little effort has been dedicated to the understanding
of the basic chemistry of phosphanes, e.g. the quantification [ 5,6] of their trans-effect
and trans-influence.

At the time we started this work, most of the research dealing with phosphanes
as ligands was restricted to phosphines in square planar systems [7-10]. Furthermore,
reports referring to systems with the metal centre coordinated to diverse ligands
{6-28], in many cases non-innocent ones, made it difficult to establish correlations.

The exploration of the chemistry of phosphanes as ligands in 2 well-defined
octahedral environment was initiated [29] taking the ruthenium ammines as probes.
Considering that the o-bonding and innocent NH, ligand was known to be inert
to substitution in ruthentum(ii} and (II}) tetraamines [30-32], trans-
[Ru{NH,), L{H,0)]**-2* species were selected as models [29,33-35] to investigate
the mutuai influence of the metal centre and the ligand L upon their reactivities.

The systems considered above have advantages over the [Fe{CN);(H,0}]*"
and [Ru(CN)s(H,0)]>" ions, since in these cyano complexes the metal centre is
surrounded by non-innocent ligands. Furthermore, we are aware of unsuccessful
attempts [36,37] to prepare the analogue trans-[Fe(CN),L{H,0)]* . In addition,
the synthetic chemistry in [Ru(CN)s(H,0)1%~ systems is still under development
[38,39].

The phosphorus atom has vacant orbitals with symmetry and energy adequate
for back-bonding with the filled 44, orbitals of ruthenium. Sigma donation occurs
from the filled 3s orbital of phosphorus, making phosphanes biphilic higands {4,40,41]
in nature and good candidates to interact with ruthenium(il) and (i)

The M — P({I1f) back-bonding has been interpreted [ I-4] as 2 transfer of charge
from the filled nd, metal orbitals to the empty 3d, phosphorus orbitals, However,
during the last decade, questions have been raised regarding this interpretation of
metai-phosphorus bonding [42,43].

Quantum mechanical calculations {43] in free and coordinated PR systems
have suggested that the o* orbital of the P—R bond is the receptor for the nd,
electrons instead of the 3d, phosphorus orbitals.
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Most of the work to be described here has been carried out with phosphites
and phosphines and offers the opportunity for comparing their chemical behaviour.
This investigation has also been extended fo triphenyl arsine and triphenyl stibine
molecules.

B. SYNTHESES
(i} Synthesis of trans-fRu¢ NH; } L, ] X, compounds

With yields better than 70%, complexes trans-[Ru(NH;), (L), iX,, (where
L = P(OMe);, P(OEt);, P(OPr),, P(O'Pr),, P(OBut);, P(O'But)y, P{O¢),,
P(OCH,CH,Cl};, ETBP, DMMP, P(But);, and X = PF; or CF;80;) have been
isolated {see Table 1) from the reaction in acetone of the complexes [Ru{NH;)s
(H, OY|{PF5), or trans-f[Ru(NH,), (SO, }H, 0)](CF,50,), with the desired phos-
phite [30,33-35.44] or phosphine [32,42,43] molecules as follows:

k3
trans-{Ru(NH; ), Z(H,O)F* + Le=rrans-[Ru(NH,),ZL)** + H,0
koy
k2
trans-[Ru(NH ), ZL}? " + L= trans-[Ru(NH,),L,1** + Z
k-2

where Z=80; or NH,;.

The bisphosphite complexes have also been prepared [28,41] using {Ru{NH,),-
(H; OY](CF380,), instead of [Ru{NH,;)(H,0)](PF;);. In the first step, the phos-
phite molecule reduces the Ru{lII) species to Ru(1}} through an outer sphere mecha-
nism [44] followed by the substitution of the remaining free P(OR), in the metal
coordination sphere.

The presence of the monosobstituted species trans-[Ru(NH,),-
(P{OEt),}(H,O)}** was not detected even in the presence of a 10 times excess of the
starting RuIl} sait with respect to the phosphane. When Ru(Il) was in excess, the
final products were always the bisphosphite species plus unreacted Ru(ll) salt.

The experimental data accumulated on such systems suggest that k, >k,
k_, <k_,. Kinematic data supporting this scheme will be discussed in the present
paper.

(ii) Synthesis of trans-f Ru{NH, ), L{H;0)}] X, salts

The Ru{Ii), monophosphite [29,33-35] salts {trans-[Ru(NH,}, L{H,03](X).),
X =PF; or CF;807, have been isolated (see Table 1) with very good yields (higher
than 90%) from aquation of the corresponding bisphosphite complexes according to
the reaction:
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TABLE 1 _
UV-visible spectra® and formal potentials® Efygman for frans-[TRu{NH, ), LY}
L Y Amax B E” Ref.
fmm)® (M 'emPx 1073 (Vs SCEP
P(OMe), P(OMe), 294 35 +0.68 44
262 5.1
P(OE), P(OE), 204 24 +065 2
262 44
P{OPr), P(OPr), 294 23 +0.64 35
262 4.2
PO'P), PIOPH); 294 31 +0.63 44
262 48
P{OBut}, P{OBut), 204 23 +0.54 44
262 4.1
P(O'Butl, P(O'But), +0.60° 45
ETPB ETPB +0.79¢ 45
P(OC,H,Cl); POC,H,Cl)y 226° 36 +0.96> 45
264 47
. 296 47
DMPP DPMPP 2300 2.6 % 102 +0.63 45
2800 1.9 x 187
410* 70
P{OEt), P(OMe), 04 27 1068 44
262 4.7
P{OE1); P{O'Pr); 294 28 +0.63 44
262 5.0
P(OE), P(OBut), 294 26 44
262 4.6
P(OEN, POG), 296 29 45
P{OEL), P(Et), +0.56 34
P(EN), P(EL), +047 a5
P{But); P{Bui}, +447 45
H,Pcy H, Pey 2060 39 +0.62%¢ 45
252 33
338 52
Asd, NH, 376 3.6 +0.42 46
Sk NH, 393 42 +0.41 46
As, H,0 04 61 +037 46
Sbes H,0 20 66 1036 46
P{OMe); H,O 316 7.3 +0.50 33
P{OE®), H,0 3i6 6.5 +046 29
POH)(OEY),  H,O 36 52 0.36 47
P{OH}, H,O 36 53 041 47
PONOEY;  H,O0 365 0.22 47
P(OYOH}: H,0 ilé 5 0.18 47
PIOPY), H,0 6 60 4045 34

POC,HCl); H,0 314 7.1 +0.61 45



D.W. Franco|Coord. Chem. Rey. 119 {1992) 199-225 203

TABLE 1. {continued)

L Y Avex & E% Ref.
fom® (M lem ix 107 (Vs SCEP
P(O'Pr); H,O 316 5.6 +044 33
P{OBut); H,0O 316 5.4 +044 33
P(G'But), H,O 314 5.5 +8.44° 45
P{O¢)s H,O 316 78 +0.66 45
ETPB H,O 314 36 +6.59¢ 45
DMPP H,O 410 - +0.44 45
P(Et); H. O +0.33 34
P{But}, H,O 0.3 34
Pid), H,O 386 7.3 0.48¢ 34
dppe H,0 362 6.5 0.50 45
H, Pey H,0 354 6.7 +0.45¢ a5
P(OEY), NH, 309 39 39
P(OEt); Co 284 4.0 +1.1° 48
P(OE1), NO* 264 89 49
P(OE), NO; 334 18 49
Po, NO7 362 24 45
PEL, L-hist 306 4) 51
P(OE1), Meime 302 1.2 51
P{OEt), imN 303 52 29
P(OEt); fu 314 32 51
P(QEt) gly 304 55 51
P{OEt), cys 312 38 51
P(OFEL), SO%- 300 3.5 29
P{OEt), §,0% 322 32 51
P(OED), CS, N3 390 54
P(OEY), CN- 312 28 50
P(OE1), N3 323 70 50
P{OE1), SCN™ 310 4.7 50
P{OEL), isn 350 48 29
P{OEt), nic 322 20 52
P{OEL), nic 312 36
P{OEt) pyr 366 42 0.54 %
P{OEt), Mepyr 525 29
P{OEt); 4-cp 360 29 52
P{OEL), 4-cpH* 315 12 52
P{OH){OEY), YT 375 24 48, 47
PIO}OEL); pyr 415 33 45,47
P{OH}; pyr 365 36 45,47
P(O)}OH}~ pyr 45 30 45,47
POC;H,Cl)s  pyr 352 3 45
P(OMe), pyrf 365 57 33
P(O'Pr), pys 370 4 33
P(OBut), pyrf 365 40 33
P(O'But), pyr 366 39 45

P(Od}; pyr 13 2 14
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TABLE 1. (continued)

L Y y - £ E¢ Ref.
inm)* (M lem™!'x107%® (Vs SCE®
ETPB pyr 360 13 45
DMPP pyr 410 48 45
Asg, pyr 422 55 0.61 45
Sbo, pyr 425 46 0.59 45
P(Et), pyr 410 45 34
P(But), pyt 417 39 34
Pdrs pyr 393 30 0.77° 314
H,Pcy pyr 406 46 45
dppe pyr 392 22 45
P{OMe), isn 370 45 0.57 35
P(OPr), isn 378 47 0.53 35
P{O'Pr}), isn 370 44 0.49 35
P{OBut), isn 370 39 35
P{O'Bui), isn 373 30 45
P{O¢), isn 326 32 45
P{Et), isn 40 42 45
P{Butj, isn 407 43 45
dppe isn 380 24 45
Po, isn 390G 25 45
Asds, isn 410 34 45
Sbhegs isn H, O 135 45

2 =0.10 (NaCF,COQ/CF,COOH), C;;» =102 0 107* M, 25+ 2°C.

“{Incertainties: A, +2 nm; e+10%; E~ 10010 V.

“w=0.10 {(NaCF,COG/CF,COOH), 251-2°C; 20/80 cthancl/water medium; uncertainty on
E¥=10020V.

Yu=40.10 (NaCF,COQH), 25 +2°C, 20/80 acetone/water medium; uncertainty on E%=0020 V.
*Air; calcnlated on the basis of Ep,.

Koy
franS'{Ru(NH3)4 P(OR)3 )2]2 * + H30+ L—
k

trans-[Ru{NH;),(P(OR),){H,O)1** + P(OR),

To avoid back reaction, the solution was kept acidic, Cy« > 1074 M. Under these
conditions, the aquated phosphite molecule rapidly hydrolyzes [4041] to the
corresponding dialkylphosphite, which in its turn isomerizes to the phosphonate
form. This phosphonate form, P(O)H}OR),, has no affinity for the
TRu(NH, ). (P{OR);}1** moiety.

fast

P(OR), + H,0— P(OH)}(OR), + ROH

fasl

P(OH)(OR}, = P{G}(H)OR),
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The monophosphine complexes have been obtained in a similar way to that of
the monophosphite complexes [34,45,46]. In this case, the back reaction was avoided
by phosphinoxide formation.

For L = As¢,, 8Sbé,, the reaction of [Ru(NH,)s(H, O)}(PF,), with triphenyl
arsine or triphenyl stibine leads [46], respectively, to the formation of [Ru
(NH, )5 (As¢h3)](PFs); and [Ru(NH;)5(Sbs)1(PF),.

The NH; ligand in the trans position to As¢, and Sbe, is easily aquated [46]
in acidic aqueous media, lkeading to trans-{Ru(NH, ), (As¢; }(H, O){PF,), and trans-
[Ra(NH;),(8bd; }{H, O)}{PF¢),, respectively, with yields higher than 90%.

If L =Pg,, the compound trans-[Ru{NH;),(Pd, }{H, O)}{PF;); is obtained
[45] directly from the reaction of [Ru(NH;);{H,O}](PF,), with P¢;. The reaction
of P(OH)(QEt), and P(OH); with [Ru{NH,);(H,0)1** leads [47], respectively, to
the monosubstituted species trans-[RUNH, ) {P(OH); ¥H,0)1*" and trans-
[Ru(NH;),(P(OHKOE),)H,0)**.

(iii) Synthesis of trans-fRu{NH, ) LY]X,, Y# H,0and L= P{R),;, POR;, Sbo,
and Asg,

The lgand L stabilizes the ruthenium(Il) centre with respect to oxidation and
at the same time labilizes the coordinated water molecule,

With yields better than 60%, trans-TRu(NH,), LY]X, derivatives {see Table 1)
have been prepared [29,34,3544-51] by reacting the desired trans-
[Ru(NH,), L(H,0)3?* complex in aqueous medium with excess of the chosen
ligand Y.

trans-[RU(NH; ), L{H, O)J** + Y — trans-[Ru(NH,),LY]** + H,0

The compounds trans-[Ru{NH,),{P(OEt},)COJ(PFs), and trans-[Ru{NH,),
{P(OFEL);INOJ(PF,), have been prepared [4849] by bubbling CO and NO,
respectively, at 1atm through acidic aqueous solutions containing the
trans-f Ru(NH; 1 {P(OEt); XH, O)J(PF5), complex.

The mixed species trans-[Ru(NH; ) (P{OEL);)Y](PFg),, where Y = P(GMe),,
P(OBut),, P{O'Pr);, P(Od); and PMe;, have been obtained [44] by reacting the
trans-{ Ru{NH,; },(P(OEt); {H, 0)]** complex in acetone with the selected phosphane.

C. CHARACTERIZATION
(i) Electronic, voltammetric, and infrared spectra and X -ray data

As expected for d° ions with low spin configuration, and D,, symmetry {48],
two absorption bands were observed [29,33,34,44,45] in the electronic spectra of the
species trans-[Ru(NH, ), (P{OR, }: J(P(OR,);)]1* (R, =R,, R, #R,). These bands
at 294 and 260 nm {see Tabie 1), attributed to ligand field (LF) iransitions, have been
assigned to ‘4, — '4,,, 'E, and '4,,—~ 'B,,, 'E, transitions, respectively. When R =
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P(Od¢);, the ligand field band at higher energy is enveloped by the more intense
n—r* intraligand transition (IT).

For the trans-[Ru(NH ;3 ), (P(OR)5)Y]** ! % ions, only one well-defined absorp-
tion peak is observed in the UV spectra and is attributed to the LF transition
'4,—='E, consistent with C,, symmetry (see Table ). The i, for the trans-
[Ru(NH,),(P(OR);)(H,0)]?" complex ions [29,33-35,45,47-52] are all in the same
region of the spectrum, at 316 & 2 nm. Since the microsymmetry is maintained and
the ligand field strength of the P(OR), ligands is very similar, small differences in
the energy of the LF bands are very difficult to differentiate in experiments at room
temperature,

The preceding arguments could also account for the electronic spectra of the
trans-[Ru(NH, ), (P{OR, ): )(P(OR;);)]** ions, although in this case the i_,, for the
two LF transitions are not so well defined as {or the monophosphite complexes.

However, if Y # H,O, the changes in energy for the LF transitions, according
to the ligand field strength of L, are more easily identified [49,50] (4. = 264 and
323 nm for Y =NO™* and N, respectively).

The bands at 334 and 362 nm exhibited [49] by the complex ions trans-
[Ru(NH;},{P(OEt);)NO,]" and trans-{Ru(NH,), P¢;NO,]1", respectively, have
been tentatively attnbuted to LF transitions. However, their molar absorption co-
efficients are too high [53] for a ligand fieid transition {1.8 and 2.4 x 10> M " 'em ™!
for Y = P(OEt}, and Pg¢,, respectively), and probably could be better assigned (o
MLCT transitions.

For ions trans-[Ru(NH, ), PR4(H, Q)]*", the LF transitions could be observed
[34,45,46] at lower energies than that exhibited for the corresponding phosphite
compiexes. This is consistent with the higher ligand field strength of phosphites with
respect to their analogous phosphine ligands.

Values of A, for [Ru(NH;)}sL]** and trans-[Ru(NH; ), L(H,O)]** (L = As¢,
and Sbe,) are observed [46] at wavelengths higher than 375 nm.

Taking into account the energy of the LF transition for the trans-
[Ru(NH,), L(H,O))?* complexes, the following spectrochemical series can be writ-
ten: P{OH};<=P(O}OH); <= P(OMej; <= P(OEL); < P(O)(OEt); < PF{OH}OFt}, <
P{OPr), <> P(O' Pr); P{OBUL), <= P(O¢); < ETPB+ P(OC, H,Cl), > PEt, > P(But), >
Py > Asg, > Sboh,.

In general, the ligand field absorption band is difficult to observe for species
containing heterocycles in the coordination sphere {29,33-35,45-52]. In such systems,
an intense MLCT transition {(4d_—n*) is observed in the visible region of the
spectrum and the LF band is abscured by intense intraligand n—n* transitions.

MLCT bands for Ru(ll) specics are attributed [29-327 to the process:

Ru'—Y —— [Ru™, Y]

and, as expected, a relationship is observed between the energy of the band and the
formal potential Efyaumegy f0r the cotresponding aquo  species  rrans-
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[Ru{NH;), L{H,0)]**/2*, where L = P(1iI), As{II]) and Sb{ii). The more positive
the numerical value of ER,qu;muqy- the more resistant will the Ru(IT) centre be towards
oxidation to Ru(}I1}, and therefore the higher the energy of the corresponding MLCT
band.

With the substitution of one or both of the water molecules in trans-
TRu(NH,;),{(H,0),1** species for P(III), As(IIT) or Sb(ifl} ligands, the Ru(Il) oxida-
tion state is stabilized with respect to Ru(iIl). This stabilization is reflected in the
EP® value for the Ru(IE/Ru(Il) couple in these complexes with respect to the trans-
[Ru(NH;),{H,0),1** species and could be [46] as high as +096V for
trans-[TRu(NH,; ) (P(II1}),1? *, PO = P(OC, H,Cl),, and +0.66 V {34,35] for trans-
[Ru(NH,), PAID{H, 0)])** ions, P(III) = P{OC,H,Cl); and P(O¢);.

It is well accepted [30-32] that Ru(ll) is a strong = base and a rather weak ¢
acid, whereas Ru(lil) is a strong ¢ acid and a weak = acid. Therefore, the shift to
more positive values in Egugmmean 10F @ series of related complexes trans-
[Ru{NH,), L{H,0)1**7?* is a parameter indicative of the degree of back bonding
between the Ru{ll) centre and the ligand L and therefore of the ligand n-acidity.
Accordingly, from the EQ,ammuay values for the trans-[Ru(NH,},L(H,0)]3*?2*
species {see Table 1), the following series for Lz~ acidity increase can be written:
P(OWOH,;)” < P({O{OEt,)” < P{But); < P(Et); < P(OHNOEt), <> Sbg, <
Asgp, < P(OH); < DMPP < P{O'But}; <= P(OBut), = P(O'Pr); < H,Pcy =
P{OPr); < Pg, < P(OEL); < dppe<>P(OMe), < ETPB < P(OC,H,Cl), <= P{Od),.

The heterocyclic ligands Y in trans-[Ru(NH;),{P{II[})Y]?>* aquate quickly and
therefore an excess of ligand is required to assure a reasonable equilibrium concen-
tration of the complex. Under these experimental conditions for the strong o base
ligands, the medium hydrogen ion concentration reaction decreases and dispropor-
tionation reactions occur [31,55] following the electrochemical oxidation of Ru(il)
to Ru(lll). Therefore, in these systems the cyclic voltammograms frequently do not
exhibit the cathodic component, displaying an irreversible behaviour,

The anedic process [48] for the aquation of the trans-
[Ru{NH;), (P{OE1);YCO1?* complex involves the ligand and metal centre oxidation.

trans-[Ru(NH ), (P(OE1);)COP?* + 2H,0 —
trans-[RU(NH, ), (POED; ) H, O}t + CO, + 2H*

As a consequence, the cathodic component is not observed.

The IR spectra [28,30-33,43,44] of the trans-{Ru{lNH;),L,31X; complexes, in
the 4000-600 cm ™! range are the sum of the bands present in the phosphane and
the ruthenium ammine moieties; for the trans-[Ru{NH,),LY] (Y=H,0 or
Y # H,0), the bands of Y were also identified [29,33-35,44-52]. The full interpreta-
tion of the spectrum is complicated by the large number of bands observed. Therefore
the IR spectra are used only for identification purposes.

Table 2 summarizes a selected group of frequencies for ruthenivm{i1} complexes.
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TABLE 2

Selected infrared group frequencies®

Compound Stretching frequencies Ref.
fem™1)

trans-[Ru{NH,}, P(OEt}; CO){PF;}, vCO} 1995 48

trans-FRU(NH; ), (P4 YCOJ(PFs); WO} 1931 48

trans-f Ru(NH, ), (P(OEt), INOKPF, ), NG} 1507 49

trans-[Ru(NH,1 ), (P(¢); INOHPF)s wNQ) 1842 49

trans-[Ru{NH; . {(P{OEN), {C, H; Y PF )2 WC=Cy 1972 59

trans-[Ru{NH, 1, {(P{OEt); JCN]PF, WC=N)  207) 50,52

*Recorded on KBr pellets and nujol.

The ¥(CO) values [48] for the phosphane complexes in Table 2 are lower than
those observed for the free CO molecule (2100 cm ™ ') but higher than those for WCO)
in [Ru(NH,)sCOICl, (1930-1916 cm ~ ), being consistent with the different exten-
sion of the Ru{ll)—» CO back-bonding in these complexes [56-58].

Electrochemical and spectroscopic data and studies [49] on the reactivity of
the coordinated NO support the formulation Ru(ID—NO* for the nitrosyl complexes
of Table 2. The v(NO) value in the triphenylphosphine complex is consistent with
vaiues observed for ruthenium ammine nitrosyl complexes. However, the #(NO) value
in trans-[Ru(NH, ), {P(OEY);INOJ{PF,),; is about 50 cm ™' higher than any other
reported value for related ruthenium tetraammine complexes.

The v(CN) and »(C=C) frequency data [52,59] for complexes trans-[Ru{NH,),-
(P{OELD), HCN)YIPF,; and trans-{Ru{NH, ),{P(OEt), {C, H,)](PF;), are very close to
the values reported for the correspending group frequencies [60] in NaCN and
C,H,. These observations suggest that the coordination to the monophosphite
complex induces only a small change in the electron distribution of these two ligands.

{ii) Symmetry and bond distances

The X-ray crystallographic data for trans-[Ru{NH,),(P{OEt},); HCF180,),
[61] show the P(OEt); molecule coordinated to the Ru{il} centre through the
phosphorus atom. The compound crystallizes in the orthorhombic system with cell
dimensions a = 14.807(7), b = 21.065(5), ¢ = 13.466(5) A, Pbca with four molecuies per
unity cell. The microsymmetry around the metal centre Ru{N, }P,) is D,;. The four
NH; ligands are in the same plane and the two phosphites are in the trans position.
The bond distances are: Ru—P =2-366 A, Ru—N, =2.100 A and Ru—N, =2244 A

We have assumed frans instead of cis configuration for complexes
[Ru(NH; ) (P, (HN(P,AID)]*" and [Ru(NH;)(P,{IiD)(H,O0)]** by taking into
account the similarities between the chemical properties, the electronic. voltammetric
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and *H NMR spectra of the above compounds and those for the ions trans-
TRu(NH,),(P(OE1);), 1** and trans-{RufNH;),(P(OEt), )(H,0¥]*", respectively.

D. REACTIVITY
{i) Aquation studies

The aquation reactions of the complex ions trans-
[Ru{NH;), (P, {(IIHKP,(IT1}]%*, {with P,(III) = P,(III}, and P,(III) # P,(II1) where
P,{III} and P,{IIT) are phosphite or phosphine), have been studied [33-35,45,62]
and experimental data are summarized in Table 3.

The specific rate constants k _, for phosphites are independent of the hydrogen
ion concentration if Cy. > 107% M. At lower hydrogen ion concentrations, the
conversion of P{OR}, into P{O}YHKOR), becomes slower [40,41] and the aquated
phosphite molecule can substitute again [29,33] into the coordination sphere of the

TABLE 3
Rates of aquation and activation parameters for trans-[Ru(NH, ), (P, (III}(P, (1112
P,{lihH P,{IID ky x 195 AH?Y AS*® Ref.
(kcalmol ™'} (cal deg™ ! mol™ )
P{OMej; P{OMe), 24 30.3 220 33
P{OEY), P{OFt), 22 282 15 29
P(OPI), P(OPr), 1.2 260 6.5 45
P(O'Pr); P{O'Pr); g4 230 0.50 33
P{OBaty F{CBut), 1.9 26.3 8.30 33
P{O'But),? P{O'But), 1.3 45
ETPB ETPB 0.2 45
PIGCH,H,Cl); POCH,H,Cl); 45 27 12.5 45
DMPP* DMPP 26 227 -35 45
H,PCy* H,PCy 2.8 256 6.7 45
P(OMe),© FOEt), 23 300 20.5 33
P(O'Pr);° P(OEz), 92 2L —-47 33
P(OBut);* P{OEY), 1.7 27 11 33
P(Et), P(OEt), 22 34
P(EL); P{Et), 23 45
P{But)," P{But), 23 45

125°C + 0.1°C, 4 =6.10 (NaCF, COO/CF,COOH}); Cyy« = 1.0 x 10> M Uncertainties + 5%,
Coump = 10 1073 M.

®Uncertainties: AHZ | + | keal mol™?; ASZ, + 2 kcal mol ™! deg™!, calculated for T = 25°C.
*Ethanol/water medium: 50/50. Cgyaqn =10 x 167° M.

9Ethanol/water medium: 45/55.

®Acetone/water medium: 10/90. Coun=10x 107* M, Cy. = 10x 1072 M.

"Ethanol/water medium: 7/93. Cauqy =50 % 1077 M.
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aguoruthenium complex, As a consequence, small values are observed for phosphite
aqguation rates when Cy. < 107* M. However, if the aquation in basic medium is
carried out in the presence of a large excess of an auxiliary ligand X (X =803 or
imidazole), stable trans-[Ru{NH,),{P(OR);)X]?~° species are formed and good
agreement [45] is obtained between aquation rates measured in acidic and alkaline
media.

For phosphine complexes, the reactions were studied in acidic media using
pyrazine as a competitor ligand.

The kinetic data obtained in acidic media [29,33,45] are in agreement with the
rate law

ditrans-[Ru{NH,), (P, (II)H(H,O)]]
dt -

k_y [trans-[Ru(NH, ), (P, (ITTD)P(IT1))]%* ]

where P, (IT1} = P,{III) or P, (III) 3 P,{III}.

In the mixed species, P {IH) # P, {111}, the aquation product is always the more
stable monophosphane complex trans-[Ru{NH, ), (P{HI)}{H,O)]** [44]. This selec-
tivity reflects the competition between the two trans phosphorus ligands for the 4d,
electrons of the Ru{ll} centre. As a result of this, the stronger Ru(II}-P{l1i) bond in
the reactant is maintained in the product.

The aquation of the P(OBu); ligand from the complex ion trans-
[Ru{NH,), P(OBu};),]** has been studied in aqueous ethanolic medium and the
specific rate k_, showed very little sensitivity to the changes in the water concen-
tration.

The experimental data for the mononuclear systems [29,33,45] and for the
binuclear complex u-TEPP-trans-bis[(P(OE); )JRu(NH,), 1" [62], show unequivo-
cally that the ligand does not undergo hydrolysis while coordinated to the metal
centre. Similar chemical inertness with respect to oxidation reactions is observed for
coordinated phosphites [29,33,34,45,62-64] and phosphines [34,46]. This behaviour
is noticeable, in contrast to the weli-known reactivity of the non-coordinated phos-
phites and phosphines [40,417 or the phosphanes when coordinated to cobaloximes
{14,631

A very good linear relationship was found between the AH*, and AS®, data
of Table 3, suggesting that these compounds undergo aquation reactions which follow
the same mechanism [65]. The free energy of activation, AG*,, for the series of
compounds studied is in the range of 24 + 1 kcal mol ~! and the isokinetic temper-
ature is 55°C.

The accumulated experimental data strongly suggest that aquation reactions
of 18-clectron trans-[Ru{NH, ) (P, (JII}(P,(II[})]*>* complexes [20,42] are governed
by a dissociative activation mechanism [29,33,45]. As judged from the kinetic data
(Table 3}, the energy necessary to break the Ru(Il)— P,{IIl) bond in the complexes
trans-[Ru(NH, ), P, {II))P,(11}]?* depends on the nature of P, (11} and P,(I1I) and
is about 25 + 6 kcal mol 1,



D.W. FrancofCoord. Chem. Rev. 119 {1992) 199-225 211

The bistriphenylphosphite complex aquates very quickiy at room
temperature [66] yielding trans-[Ru{NH;),(P(O¢):}(H,0)1>* with the trans-
[Ru{NH;), (P¢:}H,0)]** complex is the only product isolated [46] from the
reaction of [Ru(NH,);(H,0)]*>* with large excess of P¢, in acetone. Space filling
C.P.K. models, suggest that the second P¢, and the P(Q¢); ligands, respectively,
should be quite labile due to steric hindrance.

No straightforward relationship has been obtained by plotting log k_, versus
E® for the Ru(IH)/Ru(IT) couple or log k_, versus the cone angle values of P {IID)
or P,{IIT) in the srans-{Ru(NH;), P, {IID)P,{IIN}**/2* complexes.

(ii) The triethyl, diethy! and phosphorous acid systems

The equilibrivm constant {29] for the reaction
Ky

trans-[Ru{NH, ),{P(OEt); }H, 0}]** + P{OEt); +—
k-1

trans-[RU(NH, ), (P(OEt),),1** + H,0

is{kyfk_)=75%x10" M s 422 x 1073571 =33 x 10* M ! at 25°C.

By combining the values of the Ef{,,{,.,,_,m,;, couples in the complex ions trans-
[Ru(NH, ), P(OE1),},1**/?* and trans-[Ru(NH;),(H,0),1°*/** with the equilib-
rium constant for the above reaction, it was possible to calculate { 29] the equilibrium
constant for

trans-{ Ru(NH, ), PIOE, {H,O)* " + P(OE); —=
trans-{RO(NH;),(P(OE1),),1°t + H, O

as 30 M~ at 25°C. This value is not accessible experimentally since the Ru(Iil)
complex ion oxidizes the frec phosphite molecule through an outer sphere mechanism
before the substitution reaction occurs {44].

Combining the values of EQ,auyruan for trans-[Ru(NH;), P(OEt),(H, 0)]**/2+
and for trans-TRu(NH,)(H,0),1**/?*, the affinity [29] of Ru(ll) in trans-
[Ru{NH;),(H,0),]1** for P(OEt), is calculated to be 3 x 10'? times greater than
that of RuflIl) in trans-[Ru(NH,),{H,0),1**.

The equilibrium

ky
trans-[Ru(NH, ), P(OEt);(H,0)])?* + NH,=—

k_y

trans-{Ru(NH, ), P(OE); NH, 1** + H,O
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has been studied [51] in aqueous medium at 25°C and g = 0.10 (NaCF,C0O). The
values for k,, k_, and K, are respectively, 3.1 £ 0.1 M~ s7 (55403} x 107371
and 5.6 x 1P ML,

The specific rate value for NH; aquation in trans-[Ru{NH,); P(OEt),]°" is
350 times higher than in [Ru(NH;)s 12" [30-32] but only about half of the value
observed for [Ru(NH;}.80, L

In the absence of light and oxygen, aqueous acidic solutions [29] (1.0 x 107 * M
CF;COOH) of trans-[Ru(NH,).(P{OEt);)}(H,O)}** and other monosphosphane
complexes [33,34.44,45] are stable for more than a week. The complex ion
{Ru(NH,)s(H,0))** under the same experimental conditions undergoes aguation
of the cis NH, ligands [30-32] in a time scale of hours. Therefore the cis delabilizing
effect exhibited by P{OR}), over the cis NH, ligands is noticeable in trans-
[Ru(NH,),(P(OR);},1** and trans-{Ru(NH,),P(OR);(H,O0}]** complexes
129.33.45].

Phosphorous acid and the diethyl phosphite molecule, P(IH), exist in tautomeric
equilibrium with their respective phosphonate [40,41] forms, P(IV):

P(OR); == P(O}(H)(OR);

For diethyl phosphite, the concentration of the phosphonate form is about 20
times greater [67] than that of P{OH)QE1),.

The substitution of PIOH}OE), into [Ru(NH, )s(H,0)]* * is first order in the
phosphite concentration and independent [47] of the hydrogen ion concentration of
the medium in the 107! to 107° M range.

ky
trans-[Ru(NH, )5 (H,0)1** + P(OH}XOED), kﬁ

trans-[Ru(NH., )s(P(OH)OE),)]** + H,0

k-2

trans-{Ru(NH; ) {P(OH}OEY,)}** + H,0——
trans-[Ru(NH, ), (P(OH)(CEY), }(H, 0)3** + NH;

Assuming that the P{OH)}{CEt), concentration [67] is only 5% of the total
P{O)YH){OEt),, the second-order specific rate constant, k,, has been computed to
be 024 +002M™ s, AHT =11 +2kcal mol™! and the upper limit for AST is
estimated to be —24.6cal K" M ™1

The second-order specific rate constant for the substitution of P(OEt); in
[Ru{NH,)s(H,0)]?* has not been measured but should be of the same order of
magnitude as the one determined for the coordination of P{OH)(OEt), in
[Ru{NH;)s(H,0)1?* since both ligands are quite similar. The same arguments hold
for the comparison of the specific rate constant for the aquation of the NH; molecule
in the trans-[Ru{NH;)5s(P{OH}NOE?}),)]** and trans-[Ru(NH,); P{OEt); 127 ions.
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Experimental data [2947,51] relative to the title complexes suggest the
following scheme for the reaction between P{OR); and [Ru(NH;)s(H,O}}*".

[Ru(NH3)5(H,0)1** + P(OR), <k—k-'—”——[Ru(NH3 )s POR); ** + H,0O

&

[Ru(NH;)s P(OR), I** + H,0— > trans[Ru(NH, ), P(OR),(H,0)]?* + NH,
k3
trans-[Ru(NH, ), POOR), (H, O)}** + P(OR); ==

trans-[Re(NH, ),(P(OR);), 1** + H,0

The second phosphite molecule is substituted faster than the first in the Ru{II)
coordination sphere. The rate-determining step in the above scheme is the specific
rate constant k_, for the aquation of the NH, ligand in the position trans to the
coordinated phosphite,

As pointed out earlier in this paper, the aquomonophosphite species is the only
phosphite compiex formed in the reaction of P{OH)}{OEt), and P{OH),, respectively,
with [Ru{NH)s{H, 0)31?*. This behaviour seems to be general for phosporus ligands
that exhibit the tautomeric equilibrium P(II1)= P{V).

P{I1]) is biphilic [40,41], a good ¢ base and xn acid. In the P{V) form of the
phosphonate, the phosphorus and the oxygen atom are bonded through phosphoryl
bond P=Q), where a quite strong back-bonding interaction already exists {40,417
2p.(0)— 3d,{P). Considering these two forms, phosphite and phosphonate, only the
first has empty orbitais to accommodate the 4d, electrons from the metal centre and
consequently is able to coordinate to Ru{il).

The ability of the Ru(ll) centre to stabilize the phosphite [47] form and the
inertness of the coordinated phosphite molecules to undergo oxidation [29,62] and
hydrolysis [29,33,62] reactions were used to compare the extent of the Ru(It) - P(III)
and the O(If)— P{II} back-bonding interactions.

After the coordination of the first P(OH); or P{OH)(OEt), molecule to the
Ru(ll} centre, the availability of the 4d, electrons is greatly reduced and the metal
centre is not able to shift the phosphonate — phosphite equilibrium anymore. The
fact that P(OH)OR}, (R=H or Et) does not react [29,47] with trans-
[Ru{NH, )}, (P(OEY),)(H,0}]** while the biphilic ligands [44,45,66] P{OR); (R =
Me, Et, Pr, ' Pr, But, PO) do gives experimental support to the above considerations.

Deprotonation of the coordinated water molecule in  trans-
[Ru{NH; ), (P{OEt); {H, O}]** occurs [29,63] at Cy- < 1071 M~ 1, However, for
Cy+ > 107° M, it is possible to observe [47] the acid dissociation

trans-[Ru(NH, ), (P(OR), (OH))(H,0)J** + H,0 ==
trans-[Ru{NH, ), P(OR),(O}H,O0})'* + H,0*
The pK, values for the acids trans-{Ru(NH, ), (P(OR),(OHNH,O0)]?* are [47] 3.7
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and 4.7 (25°C, g = 1.0 NaCF,COO} for R = Et and H, respectively. For the corre-
sponding Ru(ITI) acids, trans-{Ru(NH,;),{P(OR},(OH)}{H,O)}**, the pK, values
under the same experimental conditions are 1.5 and 1.0 for R = Et and H, respectively.
The trans-IRu(NH, ), P(OH);(H, 0}]** and trans-[Ru{NH,), POH)YOEHH, 0)}**
ions are [47] less acidic than phosphoric acid [41] by 2.6 and 1.6 pK, units, respec-
tively, and the corresponding RuflfI) complexes are more acidic by 1.1 and 0.6 pX,
units.

Inductive effects have been invoked {47] to explain such behaviour. in Ru{ll)
complexes, {Ru(II)— P(Il)) back-bonding is more intense than O(II) - P({III), and
will increase the eleciron density on the P{lII) atom, making the proton less acidic
than in H, PO, . Contrasting with the Ru{ll) behaviour, the RufllI} centre will act
as a Lewis acid and therefore the O—H bond will be more easily broken than in
H; PO, where O(If)— PIIT) back-bonding is operative [40,41]. The coordinated
phosphite molecules P(OH), and P{OH){(QEt},, similar to the phosphoric acid,
assume a tetrahedral configuration with the metal centre at the corner of the tetrahe-
dron. Therefore, upon coordination, the phosphorus atom undergoes an oxidative
addition and exhibits the reactivity character of P{V).

(iii} Substitution reactions in trans-fRu{NH; ), P(OEt),(H,0)]**

Substitution of the coordinated water molecule in  trans-
[Ru(NH,;), P{OEt),{H,0)}** has been studied using a large variety of entering
ligands [29,33-35,45,49-52], as may be seen in Tables 4 and 5.

It has been observed that substitution of the NH, molecuie in the trans position
to the water ligand for P{OEt); drastically changes the thermodynamic and kinetic
behaviour of the Ru(Ti) centre. This effect can be evaluated by comparing the affinities
of trans-[Ru(NH;){P(OE%);)fH,0)1?* and [Ru(NH;)s;(H,O0}** for ligands of
different donor—acceptor abilities. The affinity of the Ru(Il) centre in the monophos-
phite complex for NH;, imN and pyr, in terms of K, is respectively 16, 1.8 x 10°
and 10°¢ times smaller than that observed for the pentaammine moiety [30-32].

The affinity of the complex ion trans-[Ru{NH; ), (P{OEt); }{H,Q)}** expressed
in terms of K,,, for pyridinic nitrogen atoms {51] in six-membered heterocyclic
molecules (containing 1 or 2 nitrogen atoms) is within 15 {(py) and 36 M ™' {isn} while
for five-membered rings (imN and derivatives) K, is in the 1.1 x 10 {1-Meime) to
1.5 x 10* (imN) range. The high affinity of [Ru(NH;s{H,0)1*"* for N-heterocycles
is well known {30-32,67] and therefore the behaviour exhibited by the monophos-
phite complex is quite noticeable.

The major change observed is due to the loss of affinity of the metal centre for
typical z-acid ligands. This behaviour has been interpreted as the result of competi-
tion for the 4d, electrons of the metal centre between the P(QOEt), and the m-acid
ligands. In trans-{ Ru(NH, J{P{OE1); }(H, 0)1?*, the 4d, electrons of the Ru(¥1) centre
are not freely available for coordination to an incoming ligand as they are in
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TABLE 4

Specific rates for equilibrium constant data for the substitution reactions

215

k
trans-TRu(NH, ) (P(OE); ¥H, O)]2 * + Yt —'T_ trans-[Ru(NH, ), {P{OEt),)Y]22"* + H,0

Y k,® k% ip?* Keq Ref.
(M™Ls™Y 1) M~

ni¢ 30 i4 19 52
nic” 57 12 48 52
4-cp® 20 15 13 52
4-cpH™ * 23 860 24 52
Py 079 54 i5 51
pic 091 4.2 22 51
Byr 38 20 20 29
isn 2.2 64 36 29
Mepyr* ® 57 610 9.3 29
1-Meime 34 2.7 L3 x i0? 51
imN 15.2 0.99 1.5 x 10?7 29
L-hist 13 0.38 3.2 x 102 51
gly 11 63 i7 51
fu - - 278 51
NH;, i1 0.55 5.7 x 1¢% 51
N; ? 1.7 x 1§? 1.8 x 103 10 50
CN™*® 3.1 x 1g? 12 2.6 x 16° 50
SCN™—*® 14 x 16* 28 x 1P 4.8 50
CS,N;?® 1.3 x 1¢? 45 2.8 x 10% 54
R{o T 39 x 10? 0.75 7.9 1% 29
S, 0% ¢k 19 x 10? 25x 107 75 51
NQO; 1 18 x 19?2 5.0 x 197 76 49
NO*e T2x 1073 49
CO 3.1 26x 1973 1.2 % 1° 48
P{OEt)," 0.75 1l x 0% 6.7 x 10° 29
*25+02°C, p=01310 NaCF,COQ/CF,COOH; Cp,=2x10"% 0 S5xi0°°M;

uncertainties + 6%.

by = 1.0 (CF,COOH/NaCF,COO0).
“u=1.0 {CF,COOH)

1Cy = 1071 M, =830 NaCF,COO0.

¢Cye = 10714 1t =030 (NaCF, COO/CF,COOH).

fk_, because the statistical factor has been divided by two.
*Upper lmit.

[Ru(NH,)s(H,0)1?* due to the high =-acidity of the phosphane. The fact that
[Ru{NH,},{H,0)}** binds strongly to N; and SO, molecules [30-32] and trans-
[Ru{NH,}, P(OE1),(H,0)1** does not clearly illustrate the above considerations

[29].

Nevertheless, the Ru(Il) centre in trans-{Ru(NH;), P(OEt);(H,0)1?* still ex-
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TABLE 5
Activation parameters for the substitution reactions®

LT
trans-[RU(NH3)o(POE (H 0N + Y"* === trans-[Ru(NH, )4 (P(OEt);)Y]?*"* + H, 0

Y AH? AST AH?, AS?, Ref.
(kcalmol™ '} (caideg !mol™?) fkcalmoi™!) (caldeg™! mol !}
Py 92 0.2 154 15 50
Pyr 19.5 9.4 208 0.4 29
isn 17.5 1.7 23.5 4.6 29
imN 16.1 0.2 20.7 1.7 29
nic 14.0 —8.6 24.0 i8.2 52
4-CP® 12.2 —-16.2 18.3 —-09 52
4-CPH*® 6.5 : —32 2.1 —25 52
CS,N;* 87 —194 103 263 54
Ny 4 34 37 6.0 —32 50
CO 18 —i8 48
NO; * 7.6 —212 5.2 —244 49

i = 0.10 {CF; COOH/NaCF,C0O0), AST and AS?, calculated for T =25°C, uncertainties,
AHT,AHZ, +15kcalmol™ Y AST, AS™, + 2caldeg™ ' moi ™.

bu = 1.0 {CF3;COOH/NaCF,COO).

‘= 90.30({CF; COOH/NaCF,C0OO0).

hibits [29,48,52] a strong affinity for P(OEt);, SO2 7, CN ™ and CO. The monophos-
phite complex selectivity towards biphilic ligands is under investigation in our
laboratory for analytical purposes. This class of ligand, good n acids which at the
same time exhibit & base characteristics, interacts quite strongly with the monophos-
phite complex. A synergism between the ¢ and n components of the Ru—P{OEt),
and Ru—Y bonds along the Y—Ru—P(OEt); axis, strengthening the Ru—Y bond,
should be operative when Y is a biphilic ligand. For ligands such as N, and SO,,
which are not biphilic, this synergistic interaction would be absent.

A borderline situation is observed for the acetylene molecule [ 59]. This unsatu-
rated hydrecarbon binds strongly [68] to [Ru{NH;}{H,O0)]?* but a very weak
association has been observed [59] between trans-[Ru{NH, ), P{OEt);(H,0)]** and
C,H,.

The plots of Ky, versus {Y] for substitution of the water molecule in trans-
{Ru(NH,),(P(OEt);}{H, O)}%* exhibit different profiles {34,35,45,49,50-52] accord-
ing to the nature of Y. For electrophilic substituents such as nic, nic™, 4-Cp, 4-CpH ™,
pyr, Mepyr* and py, a clear tendency for rate saturation has been observed at ligand
concentrations higher than 0.10 M. However, for nucleophilic substituents such as
L-hist, gly, NH,, imM, Meime, N3, SCN-, CN~, SO3~, §,0%™ and CS, N5, no
such tendency has been observed. The dependence of K., upon [Y] should exhibit
first-order behaviour in all ranges of [ Y] studied,
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The treatment of the experimental data according to an SN, mechanism
trans-[Ru(NH, ), (PIOE),){(H, 0)]** 2 trans-[Ru{(NH, ), P{OEt); ]** + H,0
trans-[R(NH, ), P(OED, 12 * + Y — trans-[Ru(NH; ). {P(OEt);)YJ**

leads to different limiting rates for each of the entering ligands at high values of [Y].
Furthermore, the value of kg, for ligands [29,49,50] as SO2~, N;, CN~, SCN~
and NO;, even at [Y]<0.1 M, exceeds the observed limiting rate for Mepyr*.
Therefore, the experimental data cannot be explained by an SN, limit mechanism,

An interchange mechanism has been proposed [29,49] to explain such
behaviour:

trans-[Ru{NH s (P(OED); JH, O)]** + Y ==
trans-[[Ru(NH, ), (P(OEt); }H, OJ]2* ... Y]

trans-[ Ru{NH, )}, (P(OE#); }H,O)}** ... Y] :;"l

trans-[Ru(NH; ), (P(OEt),)Y}?* + H,O
Analysis of the experimental data [70-73] according to the relations

i 1 1
= Yo T
s — Ky Ky K Ky [Y]

suggests that bond making [29-507 is not important for electrophilic substituents
but should be relevant when Y is a nucleophile.

The aquation rates, k_,, of the ligand trans-[Ru(NH,;),{(P{OEt);)Y]**" are
invariably slower than the rates for anation, k;. The activation parameters and
corresponding aquation rates are strongly dependent on the nature of the leaving
group but independent of the nature of substituent X, where X #H,0.

Isokinetic plots of AH] versus AS] and AH?, versus ASZ, are linear [65];
AGy =164+ 1and AG*, =185+ 1 kcal mol™ .

A linear relationship {68-71] was found between log k, versus log K, and
log k_, versus log{1/K,), with the experimental data of Table 3, for several nucleo-
philes. The slope is about ( for the anation reaction, suggesting the existence of a
transition state that resembles the reactants [65,70-73]. For the aguation reaction,
the siope is close to 1, which implies that the transition state resembles the products
[65,70-73].

For substitution reactions in the trans-[Ru(NH, ), {P(OE); )(H, O)] system, an
activated complex containing one metal complex and one ligand with some degree
of bond making has been proposed [29-52].

In summary, the studies of substitution reactions in  trans-
[Ru{NH, ) (P{OEt}; }H,()]** clearly iHustrate how perturbations of a chemical
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system {changes in the properties of the entering ligand) will affect the position of
the preferred mechanistic pathway in a mechanistic continuum [73].

(iv} Trans-effect and trans-influence series

An extensive study [29,33-35, 45-47, 75] has been carried out on the substitu-
tion reactions:

L
trans-{RufNH;) L(H,0))** + Y*1:'ﬂ'aﬂs-[Ru{NH3)4 LY)?** +H,0

where L = P(II0}, As(IIT}, Sb{ii}) ligands and Y = pyr or isn (see Tablk 6).

The plots of &, versus [Y] for these reactions exhibit the same profile as was
described in  the preceding section for the reaction of itrans-
[Ru(NH,}, P(OED),(H, 011" complex ijon with electrophilic ligands. For
Y] > 0.1 M, the rates become independent of the substituting ligand concentration.

A linear relationship was observed for the plots of AH] versus AS] and
AH?® | versus AS?,, respectively; AGY =167+ 1 and AG*; = 18.8 + 1 kcal mol ™!
{see Table 7).

i a mechanism governed mainly by dissociative activation is assumed to be
operative in the above reaction [70-74,76], the specific rate constant for substitution
of the coordinated water molecule by Y, k, , has been proposed as a relative measure
of the lability of the water ligand and therefore as a parameter [29,33,3545-47,75]
for the relative measurement of the trans-effect of Y.

Based on the k; data of Table 6, the following order [33,34,44,45] of increasing
trans-effect can be writen for Y=pyr: Sb¢, < Asg, < ETPB ~ P({O¢); <
P(OC,H,Cl); € P¢y < dppe = H,PCy = P(OMe); < P(OEt); < DMPP <
P(O'But); = P(O'Pr); < P{OBut); < P(OH)OEt), <« P{OH); < P(But),; <
P(Et); < P{OH}, 0~ < P{OE),0".

The same tendency for increasing trans-effect of Y was observed [3545] if isn
{pK, = 31.5) is used instead of pyr {pK, = 6.50} Sb¢; < As¢, < P(O¢); < Pghy<=P(O
Mej}; < dppe < P{OEt); <> P(OPr); < P(O'But}), <= P(OBut), <> P(O!Pr), < P(But),.

Despite the recognized [77] relevance of steric effects on substitution reactions
of complexes with P(EI), As(IT), and S(II1) donor ligands, there have been unfruitful
attempts to correlate [33-3544,4547] k; or log &, data with the corresponding
pnictide ligands cone angles [4].

A good lincar relationship is observed for phosphanes by plotting E,?;m,,m{,,,
in trans-{Ru(NH, ) (PANNH, 01 H/2* versus log k,.

The so-cailed trans-effect for ligands of Table6 has been interpreted
{29,33,35,45-47,75] as being due more to electronic than steric effects in nature. The
stronger the back-bonding of Ru(II}-L, the more the ruthenium centre exhibits a
Rufil]) character. As a consequence, the metal centre undergoes 2 slower substitution
reaction {76]. In other words, the ligand that back-bonds more strongly to Ru(Il)
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TABLE 6
Specific rates and equilibrium data for the substitution reactions*

ky
trans-[Ru{NH; ), LIH, O)** + Y kq:’rrans-[Ru{NHg‘ LY]** +H,0
L Y ky k_y K. Ref.

M™1s7%) 71 M1
P{Et), pyr 51.0 0.45 1.1 x 18 34
PBut, pyr 340 0.51 68 34
P, pyr 1.1 0.039 30 34
dppe pyr 1.8 0.056 32 45
H, Pcy pyr 1.8 0.026 69 45
P(OMe), pyr 22 0.24 i6 45
P(OEt), pyr 38 0.28 19 29
P(OC;H,Cl), pyr Lo 0.1 20 45
P(OH}; pyr 154 0.82 19 45
P{OH}, 0~ pyf 50 x 107 11.0 45 45
P(OH)(OEY), pyr 154 0.87 18 45
P(GEL), 0" pyr 56107 116 52 45
P(O'Pr); pyr 8.5 042 21 45
P(OBut); Pyr 93 0.33 30 34
P(O'But), pyr 8.3 0.39 21 45
F({O¢), pyr 6.15 0042 36 34
ETPB pyr Q.15 0023 6.5 45
DMPP pyr 41 0051 80 45
Ashy pys 56x1072 92x 1073 &x16? 45
Sbe, pyI 46%10°2 48x10°3 9.6 x 102 45
P(But), isn 21 22x 1072 95 45
Pé, isn 12 1.6x 1072 75 46
dppe isn 17 20x 1072 &5 45
P(OMe); isn 1.2 52x 1072 22 35
P{OE1); isn 22 64 x 1072 36 29
P{OPs), isn 23 50x19°2 39 35
P(O'Pr}, isn 7.4 34%x 1071 2 35
P{OBut}, isn 8.1 20x107? 40 is
P{O'But); isn 6.0 30x 107! 20 45
P{Odg), isn g0 x 1072 56x 1073 14 45
Asgy isn 631072 44 x 1075 14 x 10° 46
Sbhe, isn 38x 1072 21 x 1073 1.8 x 10? 46

i = 0.10 (NaCF, COOQ/CF; COOH), 250 + 0.2°C; uncertainty on rate values are lower than
16%.

exhibits higher crystal field parameters. Consequently, the complex reaction is slower.
This argument would explain why phosphites always exhibit a smaller trans-effect
than the corresponding phosphines.

The trans-influence of L in the trans-fRu(NH, ), L{H,0)]** complex ions was
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related to the weakening of the bond Ru(IT)—Y in terms of AG,,. The folowing order
of increasing trans-influence of L on the basis of 1/k,, for Y = pyr may be written:
Sb¢, < Asg; < P(Et)y < DMPP < H,Pcy <« P{But); < P{OE:i),0" <«
P(OH),O~ < dppe < P, < P(OBut); < P(O'But); <= P(O'(Pr); < P(OEt), =
P(OH); < P(OH)(OEt), = P{OMe), < P{OC,H,Cl}; < ETPB < P(O¢),.

As observed for the trans-effect series, the tendency for increasing trans-influ-
ence is not altered when Y is changed from pyr to isn: Sb¢r; < As¢g; < P(But), <
dppe € P¢; < P(OBut); < P(OPr); < P{OEt); < P{OMe); < P(O'Pr); =
P(O'But); < P(O¢);.

For phosphanes, the positions of the same ligand in the trans-effect and trans-
mfluence series are not the same. In general, phosphanes that exhibit a low trans-
effect, ie. ETPB, P(O¢);, PIOC,H,Cl);, exhibit a high trans-influence.

Phosphites exhibit a stronger trans-influence than the corresponding phos-
phines, No straightforward correlation seems to come out of an analysis of Y cone
angles [4,34] and their irans-influence. Indeed, phosphites with smaller cone angles
than those of analogous phosphines exhibit a stronger trans-influence, therefore
electronic effects seem to play the major role in the ligands trans-influence.

A pilot of EQ ammuy for trans[Ru{NH;},L,(H,0)**/** ions versus K, for
the corresponding trans-[Ru(NH; )}, L, L,]** complexes exhibits a linear tendency.
As the formal potential for the aquo species becomes more positive, the more stable
becomes Ru(ll} with respect to Ru(Ill), and iess available will be the 4d, electrons
of the {Ru(NH,),L}** moiety to interact with ligand Y. As a consequence, the trans-
influence of L will be stronger.

The position of pnictides {29,33-35,45,50] in the series of ligands arranged

TABLE 7
Activation parameters for the substitution reaction®

ky
trans-[Ru(NH,3 ), L, (H, O/ * + Y= trans-[Ru{NH;), LY]** + H,0
LN

L Y AH? AST AH?, ASZ, Ref.
fkeal mol™?) {caldeg !mol™!) (kcal mol™'} (ca!deg™! mol™!)
P{But), is 86 —234 14.3 —134 45
P{OMe); ism 17.9 20 23 125 35
P{OEL), isn 17.5 1.7 235 146 35
P(OP1), isn 164 -18 215 85 35
P(O'Pr), isn 114 —164 184 1.0 35
P(OBut); isn 9.8 —216 159 —-83 3s
P{OMe), pyr 160 07 20 42 34
P{OEY), pyr 195 94 208 0.4 34
P{O'Pr), pyr 108 —18 14.6 —113 34
P(OH)OEt), pyr 765 =27 122 17.5 45

“Uncertainties: AH] and AHZ, 1 | kcal mol™?; ASf and ASZ, =2 caldeg ' mol™!,
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in order of increasing f{rans-labilizing [29,68,76,78] effect in trans-
[Ru(NH,), L{H,0)1?"*, considering the second-order specific rate of the replacement
of water by isn, is: CO <N, <isn < py < As¢py < Sbep; < P{O¢), < NH, <imN <
OH™~ < P¢, < P(OMe), < dppe < P(OEt}; <= P{OPr); < P(O'Pr); « CN™ ==
P{O'But), <> P{OBut}; < P{But); < SO}~ <imC. Unfortunately there are insufficient
data availabie in the literature [6,28,43] to write a similar trans-influence series with
Y = pyr1.

However, a similar series 29,31,43,76] can be drawn for the trans-influence of
pnictides ligands when Y is isn: NH, < 807~ < Sb¢; < Asg, <imC < P(But); <
dppe < P¢, < P(OBut); <= P{OPr); <> P{OEt); < P(OMg); = P(O'Pr); <
P(O'But), < P{Og),.

As pointed out previously [76], the observed ligand ordering in the trans-effect
and trans-influence series for ociahedral Ruil) and square planar Pt{I) complexes
[8,281 is not the same.

The versatility of pnictide Hgands, mainly phosphanes, can be easily envisaged
from their position in the above trans-effect and trans-influence series. In principle,
only by change of the radical attached to the puictide atom, e.g. P(III), is it possible
to achieve a desired kinetic or thermodynamic effect, therefore making these ligands
very atiractive for the design of new catalysts {2-4,79].

(v} Ruthenium(I1l) phosphites

The trans-[ Ru{NH; ), (P(OE),; KH, O)](X5); sait (X~ = PF; and CF;50,) has
been isolated [63] from the chemical or elecirochemical oxidation of the frans-
[Ru{NH,),{P{OEt); {H, O}](X), salt. These Ru(EH) species absorb at 285nm {e=
81403x1073M 'em ) and 390nm (e=9+1x10M 'cm™!). The EPR
spectrum of solid trans-[ Ru({NH ; },{P(OE#); {H,; 0)1(X); is consistent with axial sym-
metry C,, (g, =2.429% and g; = 1.675) and with the electronic spectrum. The trans-
TRu(NH,), (P(OEt);)(H,O]* * ion decomposes in aqueous solution according to:

4Ru(IIT) = 3Ru(IT) + Ru(IV)

The decay rate of the Ru{IH) species is inversely proportional to the solution
hydrogen ion concentration of the solution, (Cyx-=10x10"'M, k, =
4x 107357 Cy- = 10712 M, kp = 33571, 25°C, = 0.3 NaCF,COOQ).

The addition of pyrazine or isonicotinamide to aqueous acid solutions of trans-
[Ru(NH, ), {P(OE1),)(H,0)]*"* leads [80] to heterocycle oxidation and ruthenium
centre reduction. The specific rates for Ru{lIl) + Y — Ru(ll) + Y, have been estimated
as TM 's ! and 6x10"° M *s™* for Y=pyr and isn, respectively, (25°C,
Cy-=10"°M, p=030 NaCF,C0O0, CF,COOH). The use of trans
[Ru(NH;},{(P(OEt),)(H,O)J** for the catalytic oxidation of N-heterocycles has been
proposed.
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(vi) Other d° systems studied

These studies have been extended [81] to the [Ru(CN),(H,0}])*",
[Os(NH,);(H,0}]** and {Fe(CN)s{H, )13 systems.

The complex ions trans-[Ru(CN),(P{OE);),]1>~ and trans-{Os{NH,),
{P(OEt);),]1*" have been identified in solution by cyclic voliammetry and spectro-
scopic  techniques (UV-visible and NMR (*H,'*C). The trans-
[Ru{CN),(P(OEt),},1* ions undergo aquation reactions yielding the aquo mono-
phosphite species trans-[Ru{CN), P(OE1);}(H,0)}% ", k_, = 1.6+ 01 x 1073571 at
25°C, p=0.10. The osminm{If) complex does not undergo aquation reaction in a
time scale of days under the same experimental conditions as those described above.

Na, [{Fe{CN), P{OEt}; JTH, O has been isolated and characterized by microanal-
ysis, IR, UV-visible, NMR ('H, *C) and Méssbauer spectroscopies. The phosphite
substitutes in {Fe(CN)s{H,0}]®~ with the specific rate constant k, equal to
1410157 at 25°C, x = 0.10. The corresponding Fe{ITI) species were isolated from
chemical or electrochemical oxidation of the corresponding Fe(Il} complexes. The
Fe(Hil) and Fe{I1) phosphite compiexes do not undergo aquation reaction in the time
scale of a week.

From the accumulated data on the phosphite complexes of Os(II}, Ru(II), and
Fe(IT} systems the following order of decreasing back-bonding, M{I1)— P{III},
has been proposed: [Os(NH,)(P(OEt);),1°" > [Fe(CN)s P(OEY),}*~ > [Ru
{NH, ), (P(OEt);),]** > [Ru{CN),{P(OE®);),3* .

E. SUMMARY

Information has been accumulated regarding the fundamental chemistry of
prictides as ligands in mononuclear octahedral d° and d° low-spin systems. Most of
the results refer to substitution reactions. Trans-effect and trans-influence and reac-
tion mechanisms have been evaluated. In this field, some activation volume measure-
ments are in course of measurement. Attempts are in progress to achieve a better
evaluation of the trans-effect and trans-influence series for the pnictide ligands using
imN and SO% " rather than pyr and isn as substrates.

Polynuclear systems and oxidation reduction reactions in the title complexes
are also being explored [80].

For selected compounds, X-ray studies are in progress. From bond distance
data for these systerns we expect to obtain information regarding the phosphane
orbitals involved in Ru{Il)— P(11I) back-bonding.

The functionalization of silica gel with phosphorus groups as aminopropyldi-
phenylphosphine and diphenylphosphinoethyl could offer a unique opportunity to
compare the chemical behaviour of the supported phosphane complexes with that
of their analogues in solution [82]. This is also being investigated.

For moneo- and bisphosphito complexes, the LF bands are well defined. These
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are therefore interesting compounds for photosubstitution studies {83]. Furthermore,
photochemical studies can offer a unique opportunity to develop a synthetic route
for the cis derivatives since the phosphite exhibits strong cis delabilizing effect.
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