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Abstract

The mutual changes induced in both metal center and selected ligands kinetics and thermodynamic properties, as a consequence of the
coordination, are discussed in termssefandw-bonding. Ruthenium penta and tetraammines are used as models, focusing the attention on
phosphines, phosphites, nitrosyl, sulfite and sulfate as ancillary ligands.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction without changes in the geometry and in the coordination
sphere composition. The Ru(ll) center is a gawdonor and
Ruthenium(Il) and (Ill) ammines, in particular penta and weak Lewis acid whereas Ru(lll) is a moderate@cceptor
tetraammines, are a class of compounds with very interest-and a strong Lewis acid. Therefore, [Ru(p)kL1]3"2* and
ing and, why not say, unique properties conferred by their trans[Ru(NHz)4L1L2]3*/2* are very useful models to study
electronic configurations fdand & low spin) and the energy  the mutual influence of the ligandsy(and Ly) and the metal
and the radial extension of the 4d orbitHls4]. The thermal center with the metal in different oxidation states.
substitution inertness of these complexes contrasts with their  The development of well defined and reproducible syn-
high reactivity in electron transfer reactiojis-5]. The inter- thetic route[1-7] for ruthenium—ammine derivatives was a
conversion Ru(ll)/Ru(ll) is fast and generally accomplished key issue for tailoring complexes to a desired target. The
pentaammine and tetraammine complexes, wharg N-
* + Corresponding author. Tel.: +55 1 6273 9970: fax: +55 1 6273 9976, Neterocyclic, have been quite valuable to understand the na-
E-mail addressdouglas@igsc.usp.br (D.W. Franco). ture of the bonds between the ligands and Ru(ll) and Ru(lll)
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centers, and to establish the bases of the charge transfer spedable 1

tra understanding on coordination compouf®i9]. In this Formal reduction potentials arighax for MLCT transitions (4¢ — ) for
aspect, thé\-heterocyclic molecules py, pyrazine (pz), ison- Seiected compounts
icotinamide (isn) and their derivativEg—10] yielding inten- Complex Exany /man MLCT Amax
sive colorful compounds have proved to be very useful acting vs. NHE ev)
as either a probe in kinetic studies ofAs8—10]ancillary lig- [RU(NHs)s(Hzogl2+ +0.06°
and in tuning the reducing power of Ru([l)1]. {'r:;n(g[ﬁ)a((:ﬁ;lp P :8‘7‘(‘?

The ser;]i_nil studief8,9a, with P trans[Ru(NHs)4P(Olsp}(H20)]2* +0.69
[RuNHp)s N NI and  [(NH)sRu N\/_\/ NRu (NH; )54 ::ZE%EEEHEziiggg?:;i((l:'zztg)];* 1068

describing the nature of both Rpz bond and the charge ﬁgﬁi {Ezgmﬂ“gég"é%('?ﬁog)z]; :g'gg
transfer and intervalence bands are well recogrigde,13] trans [RUNH.)aP(OEICIH(HLO)Z  +0.85

There are other classes of ligands that, upon the coordi-trans[Ru(NHs)sSb(Ph}(H,0)J2* +0.60
nation to Ru(ll) promote dramatic changes in the kinetic and trans[Ru(NHz)sAs(Phy(H,0)1>* +0.61
thermodynamic properties of the metal cerjtier6,14—18] [Fe(CN)sp(OEtz)s+13‘ +0.64
These so-called “ancillary ligands”, which are precious in the {2‘:1?[:3)(5,6‘;2))] POt (PP +0.78 ég‘;
coordination compounds tailoring art, also undergo changestrans[Ru(NHz)jP(OMeh(pz)]y ’ 3.40
in their properties upon the coordination to the metal center. trans[Ru(NHs)sP(O'Isp)(p2)[2* 335
The present paper deals with the mutual changes induced inrans[Ru(NHz)4P(OButy(pz)]?* 3.40
both ruthenium center and selected ancillary ligands as a Con-:fans[gu(s:3)4221?1“03(@]” 083 35-?:;
sequence of the coordination. In this scope, the subject will t:zzi %RngHz;;‘AS((Phi((g?)]]ﬂ g o
be limited in ruthenium penta and tetraammines COMPIEXES, ¢ IRu(NHs)4P(Phj(H20)2* 0.77
focusing on Ru(ll) complexes, phosphines, phosphites, nitro- rans[Ru(NHs)4P(OPh}(H,0)]%* 0.90
syl, sulfite and sulfate ligands. trans[Ru(NHs)4P(Ph}(pz)?* 3.16

trans[Ru(NHs)4P(OPh}(pz) 2 1.01 3.92
2 Ref.[16].
b Refs.[1,2].

2. Phosphane as ligands ¢ Ref.[24].
2.1. General aspects of phosphanes ruthenium been used to expresses the relative metal centers stabiliza-
complexes chemistry tion to oxidation by the P(lll) ligands and can be clearly

seen comparing the redox potential of thé'RRu' couple

Phosphites and phosphines, also called phosphanes P(l11)in selected speciedgble J. On average, the difference of
are quite interesting and useful ligands. This class of IigandstheEguau)/Ru(u) for trans-[Ru(NHsz)4P(OR)}(H20)]?* com-
exhibits a characteristic electronic property of being simulta- Plex ions is nearly 0.6V higher than the one foans
neously strongr-acceptor and moderate to stromgionors  [RU(NH3)s(H20)]%*. This could be attributed on great part to
[13c,16,19] This biphilic characteristic of P(ORand P(R} the ndw orbitals stabilization through meta} ligand back-
ligands can be modulated exploring the donor/acceptor elec-bonding, by analogy to other syster{s-4,6-10] and it
tronic capabilities of group R16]. Also steric effect§20] is also noticed by the increase in the energy of MLCT
and solubility can be tuned through of a judicious choice M(I) — L absorption bands for [W(NH3)sL]** in relation
of the size of R[13c,21] As a consequence, thernjab] to trans[M" (NH3)4P(Ill)L] 2* species (L: pyrazine and iso-
and photochemical reactivitig22] of the complexes can be ~ cotinamide), as shown ifable 1
modulated tailoring the P(lll) ligand. A m-acidity strength series has been proposed for

The bond formed betweerf dow spin metal center and ~ Phosphaneg15,16] based on theEd .y rua) COUPle of
P(Il) ligand is usually strong as a consequence of its multi- trans[Ru(NHz)4P(OR%(H-0)]?* as for example: P(OPhy
ple charactef13b,c,16] This M(II)=P(lll) bond, composed  P(OGH4Cl)3>PTA>ETPB >P(OMe) ~ dppe > PPh>
of o P(lll) = M(Il) and = M(Il) — P(lll) components, in-  P(OEt}>DMPP~ P(O'But)s ~ P(O'Pr)s > P(OH); >
duces changes in both metal and ligand properties, whichP(O"But)s > P(OH)(OEt) > PEg > P(*But)z > P(OHO™ >
could be rationalized in terms of the metalligand back- P(OEtpO~. This series has been extend¢eb,7,10b,
bonding model. Similarly to what is observed for other good 15,16] to other ligands (NO>N,>CO>P(OPhy>
w-acceptor molecules, when coordinated to'[f@N)s]3~, PPh > P(OMe) > P(OEty ~ MepZ" > AsPhy > SbPh ~
RU' (NH3)5]2* and [O4 (NH3)s]2*, phosphite specieswould SO, > P(OH) > P(OH)(OEt) > NCCHz > NCCH,CHz >
accept electron density from the metalw orbitals stabi- P(OEtpO~ >P(OHRO~ >py > SGZ >imN>H,O0. A
lizing the metal center in the oxidation state (II) versus small series exhibiting similar trends have been deduced
the oxidation state (lll) by some tenths of vollaple J based onimax of M(ll) — L absorption bands fotrans
[16,23,24] This potential shift to more positive values has [Ru' (NH3)4P(Il)L]2* (L: isn, pz) specieg16,25] The
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P(R) phosphines would exhibit similar effects to P(QR)
but as they are strongerbases and weakeracids than the
corresponding phosphites, their effect on tE%(”,) M)

421

cis-[Ru(NHs)4(H20),]%* is detected in [Ru(Nk)s(H-0)]%*
0.1M HCI solution after 1h at room temperature.
This NHgz dissociation is not observefbb] in trans

and MLCT energy is lighter. This can be observed comparing [Ru(NHs)4(SO:)(H20)]2*,  trans[Ru(NHs)a(P(OR))2]2*

the positions of P(OPB)P(Ph} and P(OE®/P(Ety in the
above series.

The correlation of Ru(11}» P(lll) backbonding strength
with 31P chemical shift irtrans[Ru(NHs)sP(OEty(L)] ™,
where L: O, P(OEt}, CO, NO (147, 130, 116 and 80 ppm,

and trans[Ru(NHz)4P(OR)}(H20)]?* solutions under the
same experimental conditions even after a four day period
[14,16]

The product of the reaction of P(Ill) or S&
with trans[Ru(NH3)s(H20)]%* is invariably the trans

respectively) seemed to be promising in principle, i.e., the [Ru(NHz)4(HSOs)2] and trans[Ru(NHs)a(P(Ill)2]%* bis

higher therr-acidity of thetrans-positioned ligand, the higher

species, independently of the P(lll)/Ru concentration ra-

the31P chemical shift. However, it has been observed that astio. Even in excess of Ru(ll), the bis species is formed,

the 7 acid ability of the ligandrans-positioned to P(OE%)

with the excess ofrans[Ru(NHs)s(H20)]2" metal com-

increases, thé'P chemical shift decreases, suggesting that plex remaining unreacted. It is interesting to highlight that

the correlation is not straightforward.
The strength of the M(II}> P(lll) backbonding is such

P(Ill) [16] and SQ@% [32b] are not able to displace ei-
ther thetransNH3 ligand in [Os(NH)s(H20)]3* [16] or

that, as long as P(lll) remains coordinated, it becomes quitt CN~ in [Ru(CN)s(H20)]3~ [16] and [Fe(CN3(H20)]3~

resistant to hydrolyses and oxidatidd,16,26—29]The free
esters P(OR)are well known to undergo acid catalyzed hy-
drolysis yielding P(OR)OH) species and being very easily
oxidized (KO, I2) to the corresponding phospha{@9].
However, aslong as P(OEtemains bonded to the metal cen-
ter (examples beingrans[Ru(NHz3)4(P(OEtg),]%*, trans
[Ru(NHs)4(P(OEt)(H20)]?* and [Fe(CN3(P(OEts]3~
ions) [24], it is not hydrolyzed for a period of days
[14,16,23,31]even in CH >0.01M. This is well docu-
mented for a series dfans[Ru(NHs)4(P(OR))2]%* ions
[14,16]

A similar stability gain relative to oxidation is also
observed when P(OR)ligand is coordinated to Ru(ll)
and Fe(ll) specieg14,16,28] As long as CH>0.1M,
phosphites in bottirans[Ru(NHs)4(P(ORk(H20)]?*, and
trans[Ru(Cl)2(P(OEtg)4] [28] are resistant to oxidation
by HyO, and Ce(lV) [14,16] This stability was also
observed for P(OR)coordinated to Ru(lll) and Fe(lll) in
trans[Ru(NHs)4(P(OEt)),]3*, trans[Ru(Cl)2(P(OEtk)4]*
[29] trans[Ru(NHz)4(P(OEty(H20)]13* and [Fe(CN3
P(OEty]?. As long as CH > 0.01 M, these M(Ill) species

are stable for a period of hours in solution. However, as the

[24]. Thus, the [Fe(CNP(OEt}]3~, [Ru(CN)P(OEt)]3~
and [Os(NH)sP(OEty]2" are the final products independent
of whether the entering ligand used is in excess.

The phosphane complexes are more stable to oxidation
than are the corresponding sulfite complexes. Whereas the
white solidtrans[Ru(NH3)4(HSO;s)2] has to be utilized6b]
with dispatch, thetrans[Ru(NH3)sP(ORy)3(P(OR)3)]%*
can be manipulatefd4,16,23]Jin the air and kept under vac-
uum and in the dark for weeks. Again the phosphine com-
plexes are less stable than the phosphite analogues.

In general, trans[Ru(NH3)4(P(OR3P(OR}]X2 (X:
PR, CRs SOs7, BFs7), Ri, Ry, R1 #R> complexes in
[H*]=10"5 to 107 M solution exhibit the reversible equi-
librium [14,16,23]

trans-[RU(NH3)4(P(OR1)3P(OR)3]*"
+ Ho0 2 trans-[Ru(NHs) 4(P(OR)sH20]%" + P(OR)3
@)

However, when the hydrogen ion is higher than
10~4 M, the trans[Ru(NH3)4(P(OR)3H20]%" monophos-

hydrogen ion concentration decreases, their stability alsoPhiteé Species are quantitatively formed6], since the

decreases due to a series of reactions probably starting by:

2[Ru(NP(Il) — [Ru(V)(P(IIN] + [Ru(hPQI)] (1)

The trans[Ru(Cl)(P(OEtg)s]* [29] and trans
[Ru(NHz)4(P(OEts(H20)]3*, for example [26], have

free P(OR)3 is hydrolyzed and the P(O)(H)(QR [30]
and P(OH)(OR)2 do not coordinate to Ru(llfrans to
P(ORy)3. Similar behavior was also observed for thens:
[Ru(H0)o(P(OEt))4]%* ion [28al:

trans-[Ru(H20),(P(OEtY),]%*

been isolated as the hexafluorphophate salt and are stable for +2HO = trans-[Ru(H20)4(P(OEt);)z]2+ + 2P(OEt}

days when stored in vacuum and in the absence of light. The

corresponding phosphineans[Ru(NHs)4(P(Rs)2)]%* and
trans[Ru(NH3)4P(Rk(H20)]?* complexes, where P(R)

®3)

and for the symmetric binuclear species of ruthenium(ll)

than the corresponding phosphif&s].

Similarly to the sulfite ion S€#~ [6b,32a] the phos-
phites and phosphines strongly labilize the ligand in
the trans position and delabilize thecis position re-
garding the substitution reactiorf§b]. As an example,

[P(OEt)RuU(NHz),P(OEtyOP(OEtyRU(NHs) sP(OEt)]**
+H20 — 2rans-[Ru(NHs)4P(OEty(H20)]%+

+H(O)P(OEt) (4)
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Table 2
pKa values for some acids
Complex Ko
H3POy 2.1
HaPO3 1.3
P(OEtp(OH) 6.1
P(OH) 7.4
[Ru(NHz)4(P(OEtp(OH))(H20)]?* 3.7
[RU(NHz)4(P(OEt)(OH))(pz)F* 3.7
[Ru(NH3)4(P(OEt)(OH))(H,0)13* 1.5
[Ru(NHz)4P(OH)(H20)]%* 47
[Ru(NH3)4P(OHXR(H0)3* 1.0
[Fe(CN)XP(OEtp(OH)]?~ 5.1°
a Ref.[18].
b Ref.[24].

It is interesting to highlight that even the-B—P bond of

nucleophilicity of the entering ligand judged by it pvalue.

A more realistic approach of the dependence of the substitu-
tion rate on the liganttans-positioned to the leaving group
has not been examined separately from the other factors that
affect the substitution process.

Assuming that bond breaking is generally more relevant
than bond making for octahedral complexes substitution re-
actions, therrans-effect could be defined as the effect of a
coordinated ligand on the substitution rate of the ligaads
to itself andtrans-influence is the influence of a coordinated
ligand on the bond weakening of the ligatrdns to itself
[34a,b] see Eq(5):

trans-[RU(NHz),4L1(H20)]>*

k
+Ls k:l trans-[RU(NHz)4L1L2]2T + Ho0 (5)
-1

tetraethylpyrophosphite ligand became resistant to hydroly- L1 being the ligand whostrans-effect would be evaluated

sis after the coordination.

A good example of ther-bonding M(I1)-P(lll) relevance
has been provided by the reactions of [Fe(§N»O)]**
[24] and [Ru(NH)5(H20)]%* [18] with diethyl phosphite.
Diethyl phosphite P(OH)(OE#)(5%) exists in equilibrium
with diethyl phosphonate P(O)(Ok(H) (95%) [30].
However, only the P(OH)(OEY) formally P(lll), is able to
coordinated to Ru(ll)18], shifting the equilibrium phos-

and Ly the probe ligandKeq: ki/k_1.

The transeffect is kinetic in its nature whildrans
influence is a thermodynamic parameter. For small ligands,
where steric hindrance is not very important, bathins
influence andrans-effect can be rationalized based on elec-
tronic propertie$15,16]

Thetrans[Ru(NHz3)4L1(H20)]2* complex ion represents
a good starting model for the evaluationtadns-effect and

phonate- diethylphosphite, and thus suggesting that the transinfluence once the equatorial Niholecules are elec-

M(I) — P(lll) w-bond is stronger than the -© P(lll) one.
The manifestation of tha-bonding in the M-P(OH)(OEt»
fragment is easily observed comparing thigpvalues
for the complexes offable 2 The presence of the metal

tronic and sterically innocent ligand$—3,16] This model
allows evaluating the influence of the phosphane ligangs (L
P(ll)) towards the substitution of the water molecule.

Thus, the kinetics and the mechanism of the reac-

in the oxidation state (Il) in both complexes turns the tjons petweertrans[Ru(NHs)4P(I11)(H20)]2* with the en-

proton of the trans[Ru(NHz)4(P(OEtx(OH)]?* species
considerably less acid than in the correspondirans
[Ru(NHz)4(P(OEty(OH))J3*, where the metal center in the

tering ligands pyrazine (pz#, = 0.5), isonicotinamide (isn;
pKa=3.5) and imidazole (imN; K;=6.9) in water were
investigated by either conventional or stopped-flow spec-

oxidation state (lll) is not able to engage in backbonding trophotometry14,15,35-37]The entering ligands were cho-

with P(lll). Indeed a similar reaction with phospho-
rus acid (H)(O)P(OH) with trans[Ru(NHz)s(H20)]?*
and [Fe(CNy(H,O)]*~ led to the formation oftrans
[Ru(NHz)4(H,0)P(OH)]?* and [Fe(CN3P(OH]®~. As

sen according to theirfy, values and because the aspects of
substitution reactions &i-heterocyclic ligands in ruthenium
chemistry have been extensively studj#d4,5,7,10,11,14]

The accumulated data strongly suggest that the reaction

far as we know, these species were the first examples of agccurs via dissociative pathway mechanikim,15,35-38]
phosphorus acid complex in which the binding atom was most probablyy. The evidence is based on plotkgfsversus
phosphorus. Notably, As(ll) and Sb(lll) ligands also show entering ligand (L) concentration and activation parameters
a tendency[16,33] to engage in backbonding as observed (AS¥, AG* and AV¥). Plots ofkops versus ¢, L,: entering

for the Eﬁ,/l(,”) @y @ndimax for MLCT metal— ligand of
Table 1

2.2. trans-effect and trans-influence of phosphanes on
ruthenium(ll) tetraammines

ligand exhibit different trends depending on the nucleophilic
character of k. For instance, for P(lll) = P(OE$)and con-

sidering a number of entering ligands covering a wide range
of o-donorfr-acceptor electronic character, the tendency for
rate constant saturation was only observed for electrophilic
species, such as pyrazine, pyridine, isonicotinamide, nicoti-

Phosphanes are frequently used as ancillary ligands in sevhamide, 4-cyano-pyridine and 4-methypyrazinium ion,

eral reactivity studies, tuning tins-substitution lability of

at [C_,]>0.1molL~1 [14], thus suggesting a dissociative

metal complexes via a systematic variation of their steric and pathway mechanism. However, for nucleophilic species such
electronic properties, as already commented. The choice ofas histidine, glycine, Nkl imidazole, 1-methyl-imidazole,

a desired phophane is usually guided adjusting the Tolman’sN3~, SCN~, CN—, SO;2~, $,03%~ and CSN3~, straight
cone angl¢21], thes-donor nature of the phosphane and the lines were always observgd4,37,39] in some cases for
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Table 3

423

Second order rate and equilibrium constants for water exchange with entering ligapgisakine (pz), isonicotinamide (isn) and imidazole (imN) i@ns-

[Ru(NHg)4(P(ll)(H20)]>* complexes, at 25.0C in water

trans[Ru(NHz)4(P(Il1)(H20)]?* Lo: pZ2 Lo: isnP Lo: imN¢

P(IN) pKad  T(ECE E°(Vvs.  Amax ki Keq ki Keq ka Keq
SCEJ (nm)f (moltLs™1) (moltL) (mol~tLs 1) (mol-1L) (mol~*Ls™1) (mol-1L)

P(OEt»O~ 0.20 316 560 51

P(OH)RO~ 0.18 316 500 45

P(Ets 8.7 132 0.33 344 51 110

P("Bu)s 8.4 132 0.30 355 35 69 21 95 0.28 73

P(OH) 0.40 316 15 18

P(OEtyp(OH) 0.36 316 15 17

P(O*Bu)z 115 0.40 316 B 30 81 40 20 1200

P(O'Pry 4.1 130 0.43 316 8 20 74 21 39 1500

P(O'Bu)z 114 172 0.45 314 8 21 60 20

dmpp 0.44 410 4 80

P(OPr} 4.1 0.47 316 3 39

P(OEty 3.3 109 0.46 316 3 19 22 34 15 1500

P(OMe} 2.6 107 0.50 316 3 16 12 23 9.8 660

P CyH, 115 0.45 354 B 69

PhhPGH4PPh 125 0.54 362 B 320 17 86 35 4.7

PPh 2.7 145 0.48 386 2 30 12 75 3.9 110

P(OGH4Cl)3 110 0.61 314 il 9.0

P(OPh} -2.0 128 0.66 316 as 36 0.08 14

P(OCH)3CEL 1.7 101 0.57 314 .05 65

AsPhy 141 0.43 404 M6 610 006 1400 0.14 29

SbPh 0.44 420 05 960 004 1800 0.03 6.6

a|n 0.10 mol L= NaCRCO,, pH 3.0 (CRCO,H); refs.[14,15]

b 1n 0.10 mol L= NaCRCO;, pH 5.0 (CRCO,H); refs.[14,35,36]

€ In 0.10 mol L1 NaCRCO,/NaHCQ;, pH 9.0 (NaOH); refs[14,37])
d P(11l) pKa values; ref[40].

€ Tolman'’s cone angles; re21].

f 1n 0.10 mol L1 NaCRCO, pH 3.0 (CRCO,H); values are in the range of 5 to %3L0? cm mol 1 L~1; refs.[14,15,35-37]

[CL,] up to 0.4 mol 1. This seems to be a general behav-
ior for all the phosphorus complexes studied. Meanwhile,
an isokinetic plotAH* versusAS* is well defined for all
thetrans[Ru(NHz)4P(111)(H20)]2* complex substitution re-
actions, where the entering ligands are pyrazine, isonicoti-
namide and imidazole. This would suggest that a similar
mechanism is operative for all cases, independently of the
entering ligand properties.

In order to learn more about the intimate nature of the
mechanism, the activation volumes were meas{@8tifor
P(lll) = P(OEts. The complex-formation reactions whns
[Ru(NH3)4(P(OEtg)(H20)]** with L,: imidazole (imN),
isonicotinamide (isn) and pyrazine (pz) were studied in aque-
ous solution as a function of entering ligand concentration and
pressure up to 100 MPa, at 25:M.1°C. The volumes of ac-
tivation for the complex-formation reaction were +42.2
(pH 8.6), +1.9+ 0.3 (pH 5.3) and +2.8: 0.3 cn? mol~ (pH
5.0), for L: imN, isn and pz, respectively. In the case of isn
and pz as entering ligands, the volumes of activation for the
reverse aquation reactions were found to be #7064 and
+10.44 0.3 cn? mol~1, respectively. Based on the volume of

activation data and the constructed volume profiles a disso-

ciative interchange mechanism was propdS&d.

Once the results enable a reliable assignment of the un-

by L, were proposed as a relative measurement of the labil-
ity of the water ligand and therefore as a parameter for the
evaluation of the relativerans-effect of phosphand85].

Thus, from the data dfable 3 the following relative series
of trans-effect can be writtefil4—-16,35-37]

For Lp: pyrazine: P(OEYO~ ~P(OHRO™ > P(Etp >
P(*Bu)z > P(OH) ~ P(OEty(OH) > P(O*Bu)3 > P(O'Pr);
~ P(O'Bu)z > dmpp~ P(OEty > P(OMe) ~ PHCy ~
PhhPGH4PPh > PPl ~ P(OGH4Cl)3 > P(OPh} ~
P(OCH)3CEt.

For Ly: isonicotinamide:  P{Bu)3;>P(0'Bu)s;>
P(O'Pr)s>P(O'Bu)s > P(O"Pr); ~ P(OEty > P(OMe} >
PhhPGH4PPh ~ PPh > P(OPh).

For Ly: imidazole: P(OPr >P(0"Bu)s > P(OMe} > Ph
PGH4PPh ~ PPhR > P("Bu)s.

The same tendency is observed roughly independent of the
nature of the incoming. Thisis quite interesting since pyrazine
is basically am-acceptor ligand, the isonicotinamide has a
moderater-donor andr-acceptor character and imidazole is
basically as-donor ligand.

Again, this is what would be expected for a strict disso-
ciative mechanism. However, in addition to bond breaking,
bond making may also occur on some extension in the transi-

derlying mechanism, the second order specific rate constantsion state, suggesting a possible influence of the nature of the
(kq) for the substitution of the coordinated water molecule entering ligand on the reaction mechanism. This is clearly
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observed in the ligand dependence in Kjgs plots versus
CL, [14-16] The fact that thekops versus ¢, plots with
imidazole (and other nucleophiles) do not show linear devia-
tion above 0.1 mol £1, while there is evidence for that with 20
pyrazine and isonicotinamide (and other electrophiles) usu- 1.5+
ally occurring around 0.1 moltl, suggests some influence _10]
of the nature of the entering ligand. Furthermore, the higher
the nucleophilic character of the entering ligand, the higher
the second order specific rate constant vakye Conversely

the higher the electrophilic character, the lower this ligand 03]
concentration for which the deviation from linearity in plots -1.0+
ki1 versus ¢,, is observed. However, a direct relationship be- 15 ‘ . . .
tweenk; and the nature of the entering ligand cannot be so 0.1 0.2 0.3 04 0.5 0.6 0.7
far inferred. o . E' vs SCE(V)

Although all the phosphane complex substitution reac- ™ v
tions are reversible, the rate of the back reaction is also ,
quite sensitive to the nucleophilicity of the entering lig- 05- ® pz .
and L. For example, the aquation specific rate constant for 1 ; :;“N 2
Mepz* fromtrans[Ru(NHz)4(P(OEty)(Mepz)Fis6.1s1, 1,04 .
butif L: SO2~,k_1=7.5x 103571, at25.0°C (u.=0.11in |

3.0+

2.5

NaCRCOQy) [14]. This can be observed froieq values in &
Table 3for the triad pz, isn and imN, in all cases. =
If the transinfluence of the phosphane is related to the ‘gxz : ;

weakening of the Ru(IihL bond in terms ofAGgg, the fol- = 25 i .

lowing order of increasingrans-influence on the basis of i sox

1/Keq, WhereKeq=ki/k_1, can be writterj14,35-37] b -
For Lp: pyrazine, thetrans-influence follows the order: e o1 02 03 04 05 06 07
P(OPh} > P(OCH)sCEt > P(OGH4Cl)3 > P(OMe) ~ R a—
P(OEty(OH) ~ P(OH) ~ P(OEt ~ P(O'Pr)s ~ P(O'Bu)s ® 2
>PPy~P(O'Bu); P(OHRO™>P(OELO™ >PH,Cy~ Fig. 1. Linear free-energy relationship for the reactiomans
P("Bu)s >dmpp > P(ER. [RUNH3)aP(I1)(H20)]* + Lo = trans[Ru(NHz)aP(I1)(L 2)]2* + H,0.
For L,: isonicotinamide: P(OPB) P(OMe} ~ P(O'Bu)s (a) Second order specific rate constantvs. E; (b) reciprocal ofKeq
~ P(O'Pr)3 > P(OEty > P(O'Pr); ~ P(O"Bu)s > PPh > (ki/k_1) vs. EY. (L2: pz, isn or imN, with theE? for the aqua reagent
PRPGH4PPR > P(*Bu)s. species).
For Ly: imidazole: PEPGH4PPh > P("Bu); > PPh >
P(OMe} > P(O'Bu); > P(OEts ~ P(O'Pr)s. The reverse trend can be noted in the phosptieares-

- ) influence series written for4: pz and isn, i.e., the higher
The positions of the phosphanes in tenseffect and  he p(11) m-acceptor capacity, the more positive are the
transinfluence series are not the same. In general, phos—E(F)Qu 1y/Rul) values, leading to lovKeq as the competition

o o . |
phanes that exhibit lowrans-effect exhibit hightrans for the Adk electron density in the metal center decreases in
mfluence.' o . _the ground state. Thus, plots of loggt4) as a function oE”

All series can be rationalized concerning the electronic gypipit positive slopesFig. 1). In the case of b: imN, the
arrangement in the fRu-Y bond axis (Y: BO or L), points seem more scattered. However, the dafalite 3sug-
rather than steric factors. The main evidence for this is gest a relationship between tkgq values with thes-donor
the linear free-eor)ergy relationship between the kegor nature of the phosphane. Therefore, the same tendency for
log(1Keq) and Egyyy ruqiy for the aquo specied=(g. 1), thetrans-effect andrans-influence series is obtained.
where more positive‘igu(m)/Ru(H) values indicate stronger On the other hand, a decrease in the P(fifacceptor

Ru(ll) — P(lll) mw-backbonding. Hence, the more positive contribution is associated with an increase indtslonor
Egu(“,)/Ru(“ the more the metal center exhibits Ru(lll) char- character, weakening the Ru, bond (Lp: HoO or imN)
acter, which is more inert than Ru(Il}-3]. Therefore, the  which is ¢ in character in the ground state. It also would
metal center would prefer electrophilic ligands rather than explain why the phosphines show strongranslabilizing
nucleophilic ones. This argument would explain why phos- effects, but weaketrans-influence than phosphites. Indeed,
phites always exhibit a weakérans-effect than the corre-  the aquation ofrans[Ru(NHz)4(P(OEty)(P(Etk)]?", yields
sponding phosphine (equal R), since the phosphites are bettequantitativelytrans-[Ru(NHz)4(P(OEtg)(H20)]?* as the fi-
-acceptors. nal produc{31].
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Despite the difference in the nature of the entering lig- constant of the replacement of water by isn, is: €85 <
and, the slopes in the plots of ldg] versusEgu(,“)/Ru(”) isn <py <AsPR <SbPh <P(OPh} <NH3 <imN<OH™ <
are approximately the same. This could be interpreted as aPPh ~ P(OMe) < dppe < P(OEt) P(O"pr)3 <P(OPr)z ~
consequence of a smooth change in the reaction mechanismCN~ ~ P(OfBut)s ~ P(Butl < SO32~ <imC. Unfortu-
when the entering ligand changes from pz to isn to imN. This nately, there are not sufficient data available in the literature
change, which would suggest a mechanistic continuum typeto write a similartransinfluence series for 3: pz or imN.
behavior{41], has not been evaluated from the experimental
data since th&; andk_; values are calculated using just the
linear portion of thekyps versus € plots. The experimental
points under this condition reflect situations where the exis- 3- Nitrosyl and nitric oxide as ligands
tence of outer sphere associations is negligible and therefore
not detected. 3.1. Nitrosyl

The positions of the phosphanes in the above series can
also be rationalized using ligand field arguments. The more  Additionally to thes-bond between nitric oxide and tran-
the P(Ill) ligand stabilizes the Ru(ll) 4dorbitals through  Sition metal, NO has two degenerate unfilled orbitals ¢’
Ru(”) — P(|||) ,-n-_backbonding inter‘action7 the |arger the and’ﬂ'?) Symm-etrica”y able tO engage ’iﬂ'bonding with the
10D value, and therefore the less reactive the metal centerfilled ndm orbitals of metal ions. The energy of these two
would be regarding substitution. The increase in th®d0 T orbitals is such that their interaction with filled metals
value correlates with an increasing energy of the d—d absorp-3d, 4dw and 5dr orbitals induces remarkable changes in the
tion bandimax for the phosphite complexes with regard to chemical properties of the metal center, trens-positioned
the phosphines in the aquo speci€atfe 3. ligand and the NO ligand itse[fl7,42] As a consequence

Ingeneral, phosphane steric hindrance was not expected irfhe nitrosyl ligand (NO) is considered perhaps the strongest
this reaction in view of the well defined equatorial plane oc- T-acceptor nitrogen ligand known.
cupied by the ammines. Only very large P(lll) moleculeswill ~ The  DFT  computation for trans[Ru'" (NHz)a(L)
force the equatorial plane in the opposite direction, thereby (NO*)]**2* complex ions (L: NH, CI~, OH", py and
affecting thetrans-positioned water or  molecule. Even ~ P2) indicates that their LUMO is always composed pre-
when Changing the FRone ang'e by 40 there is no cor- dominantly of thew orbitals of NO (68—70%) ThUS, the
relation betweerk; or Keq data and the size of phosphanes one-electron reduction. of these complexes is expected to
(Table 3. Once again, the electronic effects seem to be the generate [RUNO?] specieg43,44] Indeed, the coordinated
main factor governing the reaction, which would be consis- NO radical has been detected through electron paramagnetic
tent with the difference in thek, values for phosphites and ~ résonance spectroscop¢s] for the reduced form of
phosphines. the trans[Ru(NHz)4(H.0)(NO)** ion and another one

These studies have also been extended to the ancillaryelectron reduced species &®ns[RuPP(CI)(NO)f* PP:
ligands SbPh and AsPh [33,37] A ki data examination  (C2Hs)2P(CH)2P(CoHs)2 or  (CeHs)2P(CH,)2P(CeHs)2,
shows that these two ligands do not exhibit a substantial [45a]  trans[Ru(cyclam)(C)(NO)f*  [45b]  and
trans-effect. An increasingrans-abilizing ability series can  [Ru(bipy2(C)(NO)]** [46]. As a consequence of the
be written as: SbRyx AsPh; < P(lll), when Ly: imN, and coordination, the redox potential of coordinated nitrosyl,
prb ~ ASPI’B < P(”l)' when |_2: isnor pz. Besides the low RU“ NO+/RU" NOO, becomes much less pOSitiVe than in the
trans-effect, SbPh and AsPh differ dramatically from the ~ freeion (E,?,o+/Noo =+1.042V versus NHE42].
P(Il) ligands in their electronic effects upon the metal. In Ruthenium nitrosyl complexes, in particular, exhibit
theE? versus log; plot for the analogous PBhAsPh; and linear R+-N—-O bond angles, NO stretching frequency
SbPh, the slopeis contrary to the slope observed for the phos- higher than 1870 cm and are in general susceptible to
phaneg37]. The more positive are tHe values, the higher  nucleophilic attack (OH, RNH,, RS") [42a,d] There-
thetrans-effect. Even in such cases, no correlation between fore, they are better described as [RIO*]° [47,43] The
the rates and cone angle parameters was found. A comparisotrans[Ru(NHz)4(NO)(L)]3* reaction with hydroxide ions
of the reciprocal oKeq data would suggest that the strong always yields the corresponding nitro compoutrens
trans-influence of the former ligands would be mainly due to [Ru(NHz)4(L)(NO2)]* [44], which in turn can be isolated
theiro-donor character and that ShRind AsPh labilize the as a PE~ salt, confirming the nitrosonium character of the
transimN ligand by weakening the RéimN o-bond in the NO ligand in such species. Similarly to other nitrosyl com-
ground state. The opposite behavior is observed when the lig-plexeg42,47], the formation ofrans[Ru(NHz)4(L)(NO2)]*
and is electrophilicin nature, i.e., a very waedns-influence ions from the nitrosyl complexes is assumed to occur in three
when L: pz or isn. steps[48]. First, there is a fast ion pair formation between

Finally, the position of the phosphanes in the se- the nitrosyl complexes and OHion, followed by the OH
ries of ligands arranged in order of increasitgns addition, leading to thérans[Ru(NHz)4(L)(NO2H)]* for-
labilizing [7,10b,14,32a] effect in trans[Ru(NHz),4 mation. Thetrans[Ru(NHz)4(L)(NO2H)] ion rapidly reacts
L1(H20)]?*, considering the second-order specific rate with a second OH ion, producing the nitro compourid8].
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Table 4

Data for Koy~ for selected nitrosyl complexes

Complex Koy (L?mol2)2b ko (s71 x 10)°d k_no (s71)ef
trans[Ru(NO)(NHs)4(P(OEtg](PFs)3 3.4x10° - 0.980
trans[RU(NO)(NHz)a(isn)](BF4)3 2.5x 10° - 0.043
trans[Ru(NO)(NHs)4(nic)l(BF4)3 5.9x 10 3.300 0.025
trans[Ru(NO)(NHg)4(L-hist)](BF4) 4.6x 1018 0.076 0.140
trans[Ru(NO)(NHs)a(py)](BFa4)3) 2.2x 10° 1.450 0.060
trans[Ru(NO)(NHz)4(4-pic)](BFs)3 7.7x10° 0.950 0.070
trans[Ru(NO)(NHs)4imN](BF4)3 9.7x 100 - 0.160
trans[RUu(NO)(NHz)4imC]Cl3 9 - 4.000
trans[RU[(NO)(NHz)4(pz)1(BF4)3 6.0x 10° 17.70 0.070
trans[Ru(NO)(NHs)4(4-Clpy)](BFa)3 6.0x 10° 0.260 0.030
trans[Ru[(NO)(NH3)4CI|(BF4)3 h - -
trans[RU(NO)(NHs)4(H20)1(BF4)3 e - 0.040
trans[Ru(NO)(cyclam)](Pk)2 € -

[Ru(NO)(hedta)] 1.4 1018 -

2 trans[RU(NO)(NHg)a(L)]3* + 20H- =Ko trans [Ru(NO2)(NH3)a(L)]* + H0.

b Ref.[44a,b]
¢ trans[RU(NO)(NHs)4(L)]3* + OH~ —>*oH trans[Ru(NO;H)(NHz3)4(L)] 2*.
d Ref.[48].

¢ trans[Ru" (NO®)(NH3)a(L)] 2* + H20 —>*-No trans[Ru(NHg)a(L)(H20)]* + NO.

f Ref.[49].
9 Non-observable reaction up tg;G- =103 M.
h Non-reversible reaction.

A wide range of rate constants for OHion attack
to NO' has been reportedTdble 4 [48] for a series
of trans[Ru(NHz)4(L)(NO)]3* nitrosyl complexes, with
kon changing from 7.6¢1001M~1s 1 (L: L-Hist) to
8.0x 1°M~1s™1 (L: pz). A good linear correlation be-
tweenkon with E(l31/0+/NO° which varies from-0.108 V ver-
sus NHE (L: L-Hist) to +0.112 V versus NHE (L: p)7,44]
was observed. This was expected since, similarlyis, the
E(rin/o NG redox potential reflects the electron density of the
NO ligand[44] and, therefore, would be directly related to the
susceptibility of the NO ligand to nucleophilic attack. Thus,
it was demonstratefd8] that for the series of complexes re-
ported, theEgu(m)/Ru(”) redox potential values, similar to
vNo [42d], are very convenient to predict nucleophilic attack
to coordinated NO [42a,473a]

According to activation parameteral! and AS), see
Table 5 the attack of the OH ion to the coordinated NO

heterocyclic ligand) is quite remarkable due to NGo-
ordination and, as far as we know, it is not surpassed by
any other ligand5,42a,d] The Egu(lll)/Ru(ll) for thetrans
[Ru(NHz)4(H20)(L)]™* aqua complexes (IN-heterocyclic)

is in the range of-0.062V (L: L-Hist) to +0.631V versus
NHE (L: pz) [51]. However, as judged by EPR experiments,
in the trans[Ru(NHz)4(NO)(L)]3* species no oxidation of
the metal center is observed up to 1.248,51]

The changes in théi%u Iy /Ru(lny are also reflected in
the electronic spectra. Tfme MLCT bands that occur in
the visible region of the spectrum in the [Ru(d)sL]%
ions [9a] are blue-shifted irrans[Ru(NHz)4L(NO)]3* be-
low 370 nm upon substitution of thigansNH3 ligand by
NO* [44]. For example, the\max for the MLCT band
for the [Ru(NH)s(pz)?* is 472nm while for thetrans
[Ru(NHa3)4(NO)(pz)PT itoccurs at 242 nrft4b]. The MLCT
(RU' — L) is red shifted when NOis replaced by N@"

. 3 . .
nitrogen atom is likely to proceed by means of an associative I rans{RU(NHz)a(L)(NO)]*" (L: N-heterocyclic). For ex-

mechanism, which would be consistent with an increase i
the coordination number of the N atom in nitrosyl ligand and
seems to be entropically drivé48].

The stabilization of Ru(ll) with respect to the Ru(lll)
center intrans[Ru(NHz)4(NO)(L)]"* complexes (L:N-

Table 5

Activation parameters for nitrosyl-nitro conversion intrans
[RU(NHg)4(L)(NO)]**2

Complex AH! (kJ/mol)  AS (I/Kmol)

trans[RUu[(NO)(NH3)4(pz)](BF4)3 76+2 54+ 6
trans[RU(NO)(NHz)4(nic)](BF4)3 78+1 44+ 4
trans[RU(NO)(NHs)4(4pic)l(BF4)3 75+1 26t 4

a Ref.[48].

n ample, thekmax of the RY' — L MLCT band changes from

262 nm (L: 4-pic), 267 nm (L: py) and 272 nm (L: nic) for
the nitrosyl complexes to 378, 380 and 388 nm for the corre-
sponding nitro derivatives. Assuming that the energyrof
L orbitals is not significantly affected by the change of the
NO* to NO,™, this difference could be rationalized as due
to the difference in Rul orbital stabilization as a function
of the backbonding Ry> NO* and Ru— NO,~, since NO
is a strongerr-acceptor than N@ . The MLCT bands all
appear at roughly the same energy which is consistent with
the above interpretation.

An interesting example of NOligand trans-influence
on the reactivity of thetransligand was reported for
the sulfite ligand[44b]. The sulfite ligand and the metal
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center are promptly oxidized by #./H* in trans 54x10%s71 [59] and 8.4x10°%s™1 at 40°C [54],
[RUu(NH3)4(SOs)(L)] complexeg6b]. However, in theérans- respectively, from the [RU(NH3)sCI]*, [RU" (NH3)sCIJ2*
[Ru' (NH3)4(NO)(SQs)]* complex, neither the metal northe  andtrans[Ru(NHs)4(NO)CI]2* ions.

SOs? ligand are oxidized even using Ce(lV) ions as an ox- Another example of changes induced by N@ the
idant[44b]. reactivity of thetransligand has been recently observed
Similar to observations with [Ru(Ngs(SO)]* [52], in the trans[Ru(NH3)4(NO)P(OEt}]3* ion. As previ-
the reaction of the nitrosyl complex with Eu(ll) or ously described in this paper the coordination of P(@Et)
Cd(Hg) leads to the reduction of the S(IV) ligand yield- molecules to the Ru(ll) center gives the ester a re-
ing the corresponding binuclear species [(NO)RugNH  markable resistance to hydrolysis and oxidation. When
S-SRu(NH)4(NO)]®*, isolated as a reasonably stable green the transligand is nitrosyl, however, an activation of
salt[44b]. In the presence of Zn(Hg) the reduction of the NO the coordinated ester with respect to nucleophilic attack

ligand can proceed to N is observed. In general, in aqueous solution trens
Striking examples of changes in the metal centertearts [Ru(NHz)4L(NO)]3* ions undergo OH nucleophilic addi-

ligand properties due to NO coordination were observed in tion, yielding the respectiverans[Ru(NHz)4L(NO>)]* ni-

the interatomic distance and coordinated water moledte p  tro complexes. According to previous kinetic studies in the

for the trans[Ru(NHz)4(NO)(H,0)]3* ion [53]. The inter- trans[Ru(NHs)4P(OEtk(H20)]2*/NO,~ system[60], we

atomic distances RtOH,, in both [Ru(NH)s(H20)1** and expected to observe the occurrence of only the nitrite lig-

in trans[Ru(NHz)4(NO)(H20)]** complex ions are, respec-  and aquation at [OF] =107, as P(OEH has strongrans-

tively, 2.11A [54] and 2.03%A [53]. The Ru-OH; inter- labilizing andtrans-influence effects.

atomic distance in the ruthenium(ll) nitrosyl species is sim-

ilar to the one observed in the ruthenium(lil) pentaammine trans-[RU(NH3)4P(OEty(NO2)] ™ + H20

complex ions. — trans-[RU(NHz)4P(OEt}(H20)]%* + NOp~ (6)

The Ka for thetrans[Ru" (NH3)4(NO)(H,0)]3* acid is
3.1[53], i.e., approximately 1.3 and 8.&g units smaller However, according to electrochemical and spectroscopic
than the values reported for the [R(NH3)s(H20)1°* [3] (3P NMR, 'H NMR, IR, UV-vis) measurements, af-
and [RU' (NH3)5(H20)1%* [11] acids, respectively. ter the dissolution ofrans[Ru(NH3)4P(OEty(NO)](PFe)3

The higher acidity and the short ROH, interatomic dis- salt in an aqueous buffered solution (pH 7.0), compara-

tance of arans[Ru(NHs)a(NO)(H20)]3* complex were ex-  ble concentrations of bottrans[Ru(NHz)4(NO)(H.0)]3*
plained as being a consequence of the intense participation ofand trans[Ru(NHs)4P(OEty(H20)]?* ions are formed
the water oxygen non-bonding-electrons in the ReOH; and accounts for more than 95% of all the ruthenium
bond, which was demonstrated through DFT computation to species initially present in the solutigfl]. As thetrans
be induced by the NO liganfb3]. Similar changes in the [Ru(NHz)4P(OEty(NO)]3* species is stable in acid solu-
pKj of the pyrazinium ion irtrans-[Ru(NHz)4(NO)pzHI** tion (pH< 3.0), thetrans[Ru(NHz)4(NO)(H.0)]** forma-
(pPKa = —0.8)[55] regarding [Ru(NH)s(pzH)]** (pKa=2.5) tion could not be attributed to a P(OE®lissociative pro-
[2,3]and [Ru(NH)s(pzH)** and also in the coordinated wa-  cess. Furthermore, the presence of ethanol has been de-
ter intrans-[Ru(cyclam)(NO)(HO)I3* (pKa = 3.0)[56] with tected in solution. Therefore, these results strongly sug-
respect tarans-[Ru(cyclam)CI(HO)]" (pKa=3.3)[57] have gest that it is likely an OH competitive nucleophilic at-
been reported. tack occurs in both NOand phosphorus ligand, producing,
The lability of the water ligand in thetrans respectively,trans[Ru(NHz)4P(OEts(H»0)]?* and trans
[Ru(NHz)4(NO)(H20)]3*  and  [RU'(NH3)s(H20)]2* [Ru(NHz)4(NO)(H20)]3* ions. Therefore, NO ligand is
complexes are remarkably different. The substitu- likely to exert such a strong influence over tim@ns
tion of the coordinated water molecule itrans positioned ligand that triethylphosphite becomes susceptible
[Ru(NHs)4(H-0)(NO)]** ion by CI~ proceeds approx- to OH™ nucleophilic attack. This behavior is not observed
imately 30-fold slowef53] than in the [Ru(NH)s(H20)]** when thetransligand is CO[62], pyrazine, HO or P(OEt}
(3.7x10°% and 8.7x 10 °moltLs™1, 40°C, n=2.0 [14,16]
NaCl; [H*]=1.0x 10 2mol L1, respectively). The reac-
tion of [Ru(NHg)s(H20)]?* with pyrazine (0.1 molL?) 3.2. Nitric oxide
is completed in a few minutes at room temperature
(k2=5.6x 102mol~1Ls™1) [1,2], while for the trans In contrast to the inertia of the RNO* species, the labil-
[Ru(NH3)4(NO)(H,0)]** ions ([pz]=0.5molL1) no ity of NO seems to be common in RNOP species. DFT
changes are noticed in the electronic spectra after 48 hcomputations fortrans[Ru(NHz)4(L)(NO)]®* and trans
under comparable experimental conditiof8]. Another [Ru(NHz)4(L)(NO)]?* (L: py) showed that, upon reduction,
example of the lability decrease of the ligamdns in a pronounced bend from 18@o 139 is observed in the
position to NO is provided by Cl aquation in thetrans Ru-N—-O angle. This bending is accompanied by a con-
[Ru(NH3)4(NO)CIJ?* complex ion. The chloride ligand siderable reduction in overlap of Ru#cand NO«" or-
is aquated at specific rate constants of 202 §58], bitals [49a]. Consistent with DFT calculations reported for
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[Ru(NHz)5(NO)]?*, the main changes in bond lengths for 0f L. Chloride binds tightly to Ru(lll) due to its efficiernt-
[Ru(NHz)4(L)(NO)]2* were observed along the-Ru-N—O andw-donor ability. On the other hand, since Ru(ll) species
axis [49b]. As a consequence, RNO bond weakening is  arenotable to acceptdonation and are notgood Lewis acid,
expected and therefore it is understandable that the nitric ox-chloride in general dissociates rapidly from Ru(ll) complexes
ide ligand is much more susceptible to dissociation in the [5a]. The same reasoning could explain why @issociation
trans[Ru(NHs)4(L)(NO)]%* species than in their oxidized takes place before NQilisplacement. The strongly operative
analogues. m-donation Ct — RU'NO* in trans[Ru'' L4(CI)(NO*)]%*
When ligand L is am-acceptor, as thé\-heterocyclic ~ induced by the Ru(ll) backbonding to NO(as occurs
molecules, the reduced species release8 N@ording o~ With water ligand in thetrans[Ru(NHz)4(H20)(NO)"),

reaction[49,50} is considerably less intrans[Ru''L4(CI)(NO®)]* since
ot NOC is a mw-acceptor notably weaker than RO AI-
trans-[RU(NHz)4(L)(NO)] though, computation data are not available for the

k_No X 0 trans-[Ru(NHz)4(Cl)(NO)]?*/trans-[Ru(NH3)4(Cl)(NO)]*
+H20 = mrans-[RU(NHs)4(L)(H20)]** + NO (1) system, DFT calculatior{65] performed for thetrans

ko [Ru(NHz)5(NO)]3*/trans[Ru(NHz)5(NO)]2 confirms
The rate constants for NO dissociation imans that there is a lengthening of the axial RYH3 bond,

[RU(NHs)4(L)(NO)]?* ions vary from 0.0253! (isn) [49] consistent with the labilization of the ligartdans to NO

to 4.00s! (imC) [50] at 25°C. The sequence & _no as a upon reductiqn. . .
function off_incze!asges as follows: pierﬂc~H20~'\pl>(3)/<L— Nitroxyl anion (NO~) has been attracting research interest

His~imN <pz<imC, which is the same sequence ob- primarily due to its close relationship to nitric oxide and its
served for water[32a] or sulfate [63] lability in trans biochemistry relevance. The potential of abe® 8 V versus

g . NHE [66] for the reduction NO/NO (triplet state) has been
Ru(NHg)4L(Y)]?* | LN-het lic ligand, Y: : ) , ,
LZL(J)( orgs)az(—))] complexes ( elerocyclic figan recently estimated by quantum mechanic calculation. With

such high negative reduction potential, the reduction of NO to
NO~ is thermodynamically unfavorable under physiological
conditions. The K of its conjugated acid HNO has been
recently reevaluated as 116®] and therefore it exists almost
exclusively as HNO at physiological pH.

The voltammograms of nitrosyl complexes in general
exhibit the well known reduction wave of MNTMNQ?
and a irreversible second wave in a more negative poten-

the lower thek_no value. As observed for other leav- Eal re{qlo? [tﬂ,l42at’t4%SS](;I—?ISthmOI\r/IeI\?r(]nE/EI?\Ia(g\ie prociess gas
ing ligands, a linear tendenci (vo/s™* = —0.7 x EY trans- een tentatively attributed to the couple an

[RU(NH3)4(L)(H20)]3*/2* + 0.07:R = 0.97)[49] is observed its irreversibility may be due to a chemical reaction fol-
when ther? in tran;}[R'u(NH.3)4(L)(H20)]3+/2+ i lowing the electron transfer (NOdissociation or protona-
plotted aggilﬁ(gl?/ilg”\)/alues tion of the coordinated NO). Indeed, DFT calculations for

4— . .
The electrochemical ligand parameteE ), so called L'TG(CN)‘_’.(I\:O)E .tsr;[rtehss.ed that tgﬁ,tMNﬂipeamﬁgs_ta'
“Lever's parameter”, are known to be helpful in predicting € consistent wi € irreversibility ot the

metal redox potentialg64], therefore we expected a corre- redox procesgs7].

lation betweerk_no values and the sum &, (XE_). This

correlation indeed existk(no/s ! =—0.81x ZE, +0.48;

R=0.997)[49] suggesting that the kinetic parameter is de- 4. Sulfite and sulfate ligands
termined very strongly by a thermodynamic energy. Since

EL values for a large number &-heterocyclic ligands are Sulfur(IV) species, such as S(HSO;~ and S@2~ have
available in the literature, this correlation could become a peen quite useful as ancillary ligands in ruthenium chemistry
very convenient tool to estimate the rate constants for NO [6a,b]. In these forms, they coordinate easily with Ru(ll) and
dissociation fromtrans[Ru(NHsz)(L)(NO)]?* species. exhibit a strongrans-effect andrans-influence on the coor-
Itis important to stress thatin Complexes wherg @Gllo- dination Sphere. In the form of SQt is a Strongﬂ-acid and
calizedransto NO, as intrans[Ru(NHz)4(CI)(NO)]*, trans- weako-base, and as S& they behave as moderateacids
[Ru(cyclam)(CI)(NO)I  and trans[Ru(depe)(CI)(NO), and goods-bases. When coordinated to ruthenium tetraam-

chloride is preferentially released before NO7]. This mine, these three forms above are interconverfiiig:
behavior is attributed to the electronic characteristics

According to the well accepteéa,b] dissociative path-
way for octahedral complexes reactions, the NO labilization
would reflect the affinity oftrans[Ru(NHs)4(L)(H20)]%*
fragment for the NO ligand, and be directly related
to the effective ruthenium charge in these complexes
[32]. Since Egu(,”)/Ru(”) is an indication of metal cen-
ter effective charge, it is expected that the more pos-
itive the trans[Ru(NHs)4(L)(H20)]3*/2* redox potential,

trans-[RU(NHg)4(H20)(SQ)]?" + H20 = trans-[RU(NHs)4(H20)(HSQs)] T + H

trans-[RU(NHg)y(H20)(HSQ)]* = trans-[Ru(NHg)o(H20)(SO] + HoO + HE
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[Ru''(NH3)4(SO3)(H,0)]

[Ru"(NH;)4(SO3)L] TH202/H",-H0_

+L,-H,0
—_—
fast
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[Ru(NH;3)4(SO3)L]

[RuM(NH3)4(SO4) LT*

fast

[Ru(NH3)4(SO4L]

’

MS)AE_LI(H)_) [RuI](NH3)4(SO4)L]

fast

[Ru''(NH;3)4(SO4)L]

+H,0, -SO~

4 5 [Ru''(NH;3),L(H,0)]**

fast

Scheme

The Ka(1)and Ka() for trans[Ru(NHz)4(H20)(SQ)]%*
andtrans[Ru(NHz)4(H20)(HSG;)]* acids are, respectively,
2.15 and 5.056,32]. The coordinated sulfite, as previously
mentioned, is easily oxidized to sulfate by® and the
Ru(ll) to Ru(lll) without alteration in the ruthenium coordi-

nation sphere. These Ru(lll) complexes are quite robustin so-

lution and in the solid state as their salts (XTCCRSO; ™,
BF,;~) are stable in desiccators or vials for years even in
the presence of oxygen, but in the absence of light. The
same is true fotrans[Ru(NHs)4(SG)(CI)]CI and trans
[RU(NH3)4(SO,)(H20)](tfms),. An X-ray study of theérans-
[Ru(NHz)4(SOy)4-pic]Cl shows a bent -SO—Ru bond of
127.5 [63]. The data, together with spectroscopic data (EPR
and UV-vis) strongly suggest an extensiveandw-bonding
interaction between the sulfate oxygen and the Ru(lll) ion.
The Amax for the energy of the LMCT L 4dw transition
(L: H,0, SQy%~, CI-) which occurs at 320, 326 and 348 nm
for the trans[Ru(NHz)44-pic(H,0)]%*, trans[Ru(NHg)44-
pic(SQw)]* and trans[Ru(NHs)44-pic(Cl)J** species, re-
spectively. This sequence would suggest that+thdonor
ability of SO42~ in these complexes would be between the
one of O and of Ct~ [68].

The reduction of Ru(lll) complex also occurs without any
change in the metal center coordination sphere. However,
sulfate is a very good leaving group in Ru([8a,b,32,63]

and therefore the complex undergoes a fast aquation (ranging

from 2.6 s’ for 4-Cl-py to 17 s'* for 4-NH,py) yielding the
correspondingrans-[Ru(NHz)4(L)(H-0)]?* aqua species.
Inspired by synthetic uses of 3& and SQ?~ as ligands
in cobalt chemistry Taube and Isied have developed a very
useful synthetic route for ruthenium compleXés,b,32]
It takes advantage of thieans-effect of the S(IV) species
(SOs2~, HSG;~, SO) when coordinated to Ru(ll), the
easy oxidation of S(IV) ligand to S(VI), the stability of the
Ru(llD-S(VI) and the lability of the Ru(IBS(VI) bonds
(Scheme L
This procedure has also proven to be quite useful for an-
choring and modeling supported complexes in functionalized
silica gel[69] on organic polymers as 4-polyvinyl-pyridine

1.

[70]. A substantial volume of fine synthetic work on electron-
transfer studies on homo and heteronuclear binuclear com-
plexes, and synthesis of nitrosyl compoufitig,44] benefit-

ted a lot from the above rouféa,12c,71]
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