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Mechanism of Complex Formation of Ruthenium(ll) Aquacomplexes with HC=CH,,
MeCN, Me,SO, and CO: Metal—Water Bond Rupture as Rate-Determining Step
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The reaction [Ru(kD)s]?" + L 5 [Ru(Hx0)sL]?" + H,O was followed as a function of temperature and
ethylene concentration (up to 40 MPa) using a homemade high gas pressure NMR microreactor. The reaction
was first order in HC=CH, with 10%2%¥kg mol1 s = 1.22 + 0.06, AH{/kJ mol! = 76.9+ 2, andAS*/J

K= mol~t = —42.94 8. These results confirm previous works on mono-complex formation reactions where an

. . ke
I¢ mechanism was proposed. The reaction [R@{dL]%" + *L = [Ru(H.0)s*L] 2 + L of exchange of L on

the mono-complex was followed for & H,C=CH, (10% /kg mol~! s™* = 10.8 at 298.2 K), MgSO (0.35 at
278.5 K), and CO (0.052 at 298.3 K); the rate-determining step is the rupture of thel Ry, bond withtrans

[Ru(H20)4L2]%" as reaction intermediate. Due to the trans effect exercised by these stamugpting ligands,
the ligand exchange reaction is faster than the mono-complex formation reactionsis-btsecomplex formation

kr:is
reaction, [Ru(HO)sL]2" + L — cis-[Ru(H0)4L2]?" + H,0, was also investigated for £ MeCN (10k.iskg

mol~1 s = 0.111 at 298.1 K), MgsO (0.019 at 321.6 K), and8=CH, (0.007 at 298.1 KAHs"/kJ mol!
=129.9+ 4, andAS;s/J K-t mol~t = +92.04 11); here, too, the RtH,0eq bond breaking is rate determining,

but due to the decrease of the lability of water molecules cig-&mcepting ligands, these reactions are much
slower. In the case of MeCN, the reaction scheme includes the formation tfatieebis-complex and of the
mertriscomplex. As a general rule, the rate of these complex formation reactions, of dissociative nature, can be
predicted from the oxygen-17 determined water exchange rates.

Introduction mono-complex formation reactions between [Rp@h$]>" and
ligands with various nucleophilicity has already been repdited.
The key conclusion was that the rate of the reaction was
independent of the nature of the incoming ligand, and an
interchange dissociative mechanism was thus assigned. The
effect of the coordinating ligand on the reactivity of the water
molecules of the first coordination sphere has also been
investigated

In the present study, we propose to use the data on the
reactivity of the water molecules in the first coordination sphere
as well as simple physicochemical parameters like the redox
potentials to understand and predict the conditions for the
formation of new bis- and tris-complexes of ruthenium(ll).
Taking into account statistical factors, a detailed procedure is
proposed to compare water exchange and complex formation
rates in the frame of a dissociatively activated mechanism.

Shortly after the publication of the first facile synthesis of
[Ru(H20)g](tos),* a very interesting and promising chemistry
has started on the organometallic chemistry of Ru(ll) in water.
For example, [Ru(kD)g](tos),t was shown to be an ideal
starting material for a series of new aquacomplexes with ligands
such as N-heterocycl@sphosphines, THE,arened, and ole-
fins>6 and for the straightforward syntheses of [RpChsL] 2"

(L = N7 CO8 H,C=CH,%. Ru(ll) complexes have also
promising potential applications, in particular as antitumor
agent¥® or as catalysts for the polymerization of cyclic (ring
opening metathesis polymerization, RONPYr acyclic ole-
fins.12

To better understand the mechanism of substitution reactions
on ruthenium(ll) aquacomplexes, a mechanistic study on the
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Experimental Section

Chemicals and Solutions. Dimethyl sulfoxide (MeSO, Fluka, p.a.),
deuterated dimethyl sulfoxide (Armar, 99.8 atom % D), acetonitrile
(MeCN, Fluka, p.a.), carbon monoxide (Carbagas, 99.97%), carbon-
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13 enriched carbon monoxide (Cambridge Isotope Laboratories, 99%),

ethylene (Carbagas, 99.95%), deuterated ethyler€Q@D,, Cam-
bridge Isotope Laboratories, 98% D), gmbluenesulfonic acid (Htos,

Aebischer et al.

concentration. A CO concentration of 0.053 molkgvas obtained
with this method. In a previous work, the solubility of the gas was
measured at different CO pressufesThe reported concentrations were

Fluka, puriss.) were used during syntheses and reactions of the Ru(I1)0.0161, 0.0317, and 0.048 M for pressures of 2.0, 4.0, and 6.0 MPa,

complexes without further purification. [RufB)e](tos), (tos™ =

respectively. Our value is slightly higher than these published results.

p-toluenesulfonate or tosylate anion) was prepared using the methodNevertheless, the authors mentioned that the concentration could

described by Bernhard et &l. The product was recrystallized from an
aqueous solution gf-toluenesulfonic acid 1.2 mol kg. [Ru(H,O)s-
(HoC=CH,)](tos)® and [Ru(HO)s(Me,SO)](tos)'* were prepared
following published procedures. The complex [RuCh*CO](tos)

was synthesized in a 10 mm NMR sapphire ity dissolving [Ru-
(H20)g](tos), (0.1 mol kg?) in 3 g of a 0.1 mol kg* tosylic acid
solution and applying a pressure of 1.3 MPa%O to the solution
further pressurized to 5.5 MPa with nonenriched carbon monoxide.

When the reaction was completed, the solvent was removed under
vacuum. All solutions used for the syntheses and the kinetic measure-
ments were prepared at ambient temperature in a glovebox (oxygen

increase in the presence of salt like acetic acid or propionic acid. Our
higher concentration value may result from the presence of tosylic acid
in the solution.

Kinetic Studies. The complex formation reactions between [Ru-
(H20)e]?" and ethylene was followed at different ethylene pressures
by *H NMR using the high gas pressure probe described above. The
initial metal concentrations were between 0.09 and 0.11 mol &gd
the ethylene concentrations were between 0.033 and 0.238 myl kg
which correspond to gas pressures between 1.1 and 39.8 MPa. The
ionic strengths were 0.30 mol kY In a typical run, a solution of
aquacomplex of Ru(ll) in BD was preparechia 5 mm NMRtube and

content<2 ppm). Water (solvent) was deoxygenated using an argon transferred into the homemade high gas pressure probe. Upon

stream before use and all the kinetic runs were performed in the absenc

of O,. ThelH, 13C, and’O NMR chemical shifts are referenced to

TMS (proton and carbon) and bulk water respectively, and measured

with respect to the methyl protoné & 2.38 ppm), methyl carbond(
= 22.9 ppm) of the tosylate anion and bulk watér € 0 ppm),
respectively. For thé’O NMR measurements, doubly distilled water

and 7~10% oxygen-17 enriched water (Yeda) were used. The solvent
for the kinetic measurements was 99.95% deuterated water or doubly

distilled water.
Solubility Measurements. The solubility of ethylene in a solution
containing 0.1 mol kg* Htos in D,O, was measured b\H NMR at

eclpplication of the ethylene pressure, the solution and the gas were mixed

using a mixing unit fitting inside the prodé. The mixer was stopped
during acquisition of a spectrum and was working between two
acquisitions. This ensured a constant gas concentration in the solution
and consequently the kinetics were zero order in ethylene. fhe
NMR spectra were obtained using a°9fulse length of 2Q«s in the
quadrature detection mode, with 16K data points resulting from 4 scans
accumulated over a total spectral width of 3.8 kHz.

The ethylene exchange on [Ru®)s(H,C=CH,)]>" was studied as
follows: [Ru(H.0O)s(H.C=CH,)](tos), was first dissolved in degassed

304 and 308 K and at pressures between 2 and 40 MPa. TheD20O containing Htos 0.1 mol kg in a sapphire tube. After having
measurements were performed on a Bruker ARX-400 spectrometer with @PPlied to the solution a pressure of 2.1 MPap€~CD; the tube

a high gas pressure probe equipped with a-digsiid mixing unit!’
This probe was designed to fit in a narrow bore (50 @)tryomagnet

was shaken for 2 min to saturate the water with ethylene and
immediately transferred into the NMR probe at 298.2 K. The time

and to safely support gas pressures up to ca. 100 MPa. Thebetween the mixing of the reactants and the beginning of the acquisitions

concentration of ethylene was obtained by calculating the ratio of the
integrals of the protons of dissolved ethylene to the integral of the CH

was about 3 min. The time of the beginning of the reacti®), was
treated as an adjustable parameter. The reaction was followdd by

group in Htos. The calculated concentrations are collected in Figures NMR on a Bruker ARX-400 spectrometer and the same NMR

Sla-g of the Supporting Information. These data were combined to
the data reported in a previous pafeand a global pressure
temperature empirical smoothing equation (€4 dgscribing the natural

IN(Xeipyiend = —114.47+ 5439.2T + 15.8307 InT) +
0.20135 InP) — 1.4911P (1)

logarithm of the molar fraction of dissolved ethylen@iyiens as a

parameters as for the complex formation were used (vide supra).

The exchange of M&O on [Ru(HO)sMe,SOF" was studied by
IH NMR on a Bruker AC-200 spectrometer. The complex [Ru-
(H20)s5(MezS0+46)]>" was first preparedni a 5 mm NMRtube by
dissolving [Ru(HO)s]?" (0.1108 mol kg?), Me;SO+6 (0.1109 mol
kg™, and Htos (0.107 mol kg) in 0.7002 g of RO. The solution
was kept 2 h aB21.6 K to allow the mono-complex to form and then
cooled to room temperature. Then 0.0584 g (0.9913 mol)kaf Me,-

function of the temperature and the pressure was derived. The standard®O-ds was added to the solution. After homogenization of the solution,

deviation inXetmyleneiS 7% for a temperature range between 300 and
380 K and a pressure range between 2 and 40 MPa.

The solubility of CO gas at 5.4 MPa in a solution of Htos (0.1 mol
kg™?) in D,O was measured BYC NMR at 298.2 K. The concentration
of dissolved CO was determined by calculating the ratio of the integral
of the3C NMR signal of free CO to the average of the integrals of the

the tube was transferred into the NMR probe and the exchange reaction
was followed at 278.5 K using the following parameters: /As%ulse
length in the quadrature detection mode, 16 scans accumulated over a
spectral width of 1500 Hz with 16K data points.

The formation of the bis-complex [RufB®)s(Me,SOY]*" was
followed using the same solution and by setting the NMR probe at

aromatic carbons of the tosylate anion (as described below), times the321.6 K. The same NMR parameters were used as for the exchange

concentration of the tosylate. To prevent any error resulting from the
different longitudinal relaxation times of the signals, we have first
measured all the longitudinal relaxation time&s,using the inversion
recovery pulse sequence. The following relaxation times were ob-
tained: 1.5 s (signal of free CO at 187 ppm), 6.1 s({dst5 ppm),
10.6 s (tos, 142 ppm), 4.2 s (tos 132 ppm), and 4.2 s (tos128
ppm). A relaxation delay of 20 s then was applied during the

of Me,SO. When the formation of [Ru@®)s(Me,SO)]?>" was
completed, we have added a few dropd’@f enriched water (10 atom
%) to obtain a final solution about 1 atom %3fO, kept the solution

50 h at 321.6 K, until no more significant change could be observed in
the 'O NMR spectra and finally checked the nature of the product by
170 NMR.

To study the exchange of CO, we first dissolved the enriched

measurements. Consequently, only the two signals at 132 and 12800mplex, [Ru(HO)s*CO](tos), in water ([Ru(ll)= 0.01 mol kg,

ppm, which have short enougfi;, were used to calculate the

(15) Bernhard, P.; Biner, M.; Ludi, APolyhedron199Q 9, 1095.

(16) Cusanelli, T.; Frey, U.; Richens, D. T.; Merbach, AJEAm. Chem.
Soc.1996 118 5265.

(17) Cusanelli, T.; Frey, U.; Marek, D.; Merbach, A. Epectrosc. Eur.
1997, 9/3, 22.

(18) Bradbury, E. J.; McNulty, D.; Savage, R. L.; McSweeney, BnH.
Eng. Chem1951, 44, 211.

(19) Fogg, P. G. T.; Gerrard, Volubility of Gases in Liquidsohn Wiley
& Sons: Chichester, U.K., 1991; p 282.

Htos = 0.1 mol kg'), and 5.4 MPa of?CO was then applied. The
NMR tube was kept at 298.2 K in a water bath during the reaction and
transferred regularly into the NMR probe to record tH€ NMR
spectra. Several times a day, the solution was shaken to ensure the
isotopic equilibrium between liquid and gas phases. The measurements
were performed on a Bruker AM-360 spectrometer with the following
parameters: 5.«s (90 = 21 us) pulse length in the quadrature

(20) Dake, S. B.; Chaudhari, R. \J. Chem. Eng. Datd985 30, 400.
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detection mode, 2000 scans accumulated over a spectral width of 25
kHz with 16K data points. A relaxation delay of 10 s was set between
each pulse.

The reaction between [RugB)s]>" (0.098 mol kg?') and an excess
of acetonitrile (0.393 mol kgt) was followed by*H NMR at 297.8 K
in a solution of tosylic acid (0.099 mol kg in D,O. The same
spectrometer and the same parameters as for ti8®™exchange were
used (vide supra).

For all the kinetics performed at ambient pressure, the temperature
was measured by a substitution technique using a2 ®@-resistof!
The kinetic analysis were accomplished by a nonlinear least-squares
fitting program. When differential equations were used, the mole
fractions were calculated by integrating numerically the equations using
the fourth-order RungeKutta method. The typical estimated precision
of the individual rate constants is-2% for the NMR measurements.

H/a.u.

Results

Reactivity of [Ru(H20)e]?" with H ,C=CH, in Water. For
the first time, we report here a complete mechanistic study 20
followed by NMR of a reaction between an aquacomplex and
a dissolved gas under pressure. The reaction between the hexa- 1 b)
aquacomplex of ruthenium(ll) and ethylene is of particular
interest since [Ru(kD)e]?t is involved in numerous processes
leading to the polymerization or isomerization of oleff¥3.23 - ] .
In the present study, we have followed ty NMR the reaction
of [Ru(H20)e]?" with ethylene at temperatures between 296 and
325 K, and ethylene pressures between 1 and 40 MPa. To 4
ensure a constant ethylene concentration, the solution and the_*
pressurized gas were vigorously mixed during the reaction. The 2
mono-complex, [Ru(kD)s(C2H4)]2*, and the bis-complexis-
[Ru(H20)4(C2Hy)2]%", were characterized byH, 13C, and’O
NMR in an earlier papet. 0.0 " T - T —

For gas pressures lower than 4 MPa, the reaction was slow 0.0 0.1 0.2 0.3
compared to the time needed to acquire a spectrum. In this [C,H,] / mol kg"
case the concentration of ethylene was directly measured on
the 'H NMR spectra by integrating the signal of free ethylene Figure 1. (2) Mono-complex formation reaction between [Ru(Ch]*"
at 5.04 ppm, and comparing this value to the integral of the and HC=CH, in water: evolution as a function of time, at 319 K, of

. . the height of the'H NMR signal of bound HC=CHj, in [Ru(H;O)s-
methyl of the tosylate anion, whose concentration was known H,C=CH,)]2* after mixing a solution of [RU(bD)J2* 0.10 mol kg'*

by weighing. For gas pressures higher than 4 MPa, the reactionyith H,C=CH, at 10 MPa (corresponding to a concentration of 0.16
between Rli(aq) and ethylene is too fast to allow the accurate mol kg of free dissolved ethylene). (b) Dependence of the observed
measurement of the gas concentration in the solution from thefirst-order mono-complex rate constartss; as a function of the

integral of the NMR signals. Therefore, the concentration of concentration of free dissolved ethylene at 317 K. The differe@=H
dissolved ethylene was calculated using eq 1 CH; concentrations correspond to gas pressures from 1.1 to 39.8 MPa,;

[Ru(H20)s]?" = 0.1 mol kg%, [Htos] = 0.1 mol kg™.

obs,f /s
<)
)
I

The first step of the reaction between [Ru(e]2" and

ethylene is represented by eq 2. example fit is shown in Figure lakypsis a linear function of
ethylene concentration (Figure 1b). Values of the second-order
[Ru(H,0)*" + C,H, il [RU(H,0)s(C,H)?" + H,O  (2) rate constant for the mono-complex formatitar= kobs {[CoHq]
are reported in Table S1 of the Supporting Informatiaxi;*

0 : i .
As the bis-complex formation is slow compared to the mono- 2gngti§n (Table 1) were obtained by fittings to the Eyring

complex formation the second step was neglected in the analysis. ; . .
: e 9 Y The bis-complex formation reaction between [RpChH-

Under pseudo-first-order conditions, and with 0 as initial o b
concentration of the mono-complex, the variation of the integral (C2H4)]“" and ethylene was also followed Bt NMR (eq 4).

of theH NMR signal of bound ethylene in [Rug®)s(CaH4)]12" Ko
as a function of timel(RuL), can be expressed by eq 3 [Ru(H20)5(02H4)]2+ +CH,—

I(RuL) = I(RUL).(L ~ eXpops ) 3) cisRu(H,0),(CH)A" + H0 (4)

wherel(RuL). is the integral at the end of the reaction and
kobs f the observed pseudo-first-order rate constant.

kobs fWas obtained by a nonlinear least-squares fitting program
using eq 3 with (RuL). andkgps ras adjustable parameters. An I(RuL,) =

The variation of the integral of thtH NMR signal of bound
ethylene incis{Ru(H.0)4(C;H4)2]2" as a function of time,
I(RuLy), can be expressed by eq 5

(21) Ammann, C.; Meier, P. F.; Merbach, A. E.Magn. Resonl982 46, kobs,ciseXp(_kobs,it) B kobs,feXp(_kobs,cig)
319. I(RuL,).[1 —

(22) Karlen, T.; Ludi, A.Hely. Chim. Actal992 75, 1604. Kobs,cis~ Kobs
(23) McGrath, D. V.; Grubbs, R. HOrganometallics1994 13, 224. (5)
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Table 1. Reaction of [Ru(HO)s]?" with Ethylene: Second-Order Rate Constakt@ndk.s, and Activation Parameters for the Reactions of

Formation of [Ru(HO)s(H.C=CH,)]?" and cis-[Ru(H,O0)4(H.C=CH,),]*"

[Ru(H20)s(H.C=CHj)]?" 2

Cis-[RU(H20)4(H,C=CH,),]?* ©

k?%¥kg molt st
AH/kJ mot?
AS*J K1 mol?

(1.2240.06) x 1073
76.94 2
—42.9+8

wherel(Ruly)., is the integral at the end of the reaction and

keis?%¥kg molt st (6.9+1.0)x 10°¢
AHgs/kd mol?t 129.9+ 4
ASisf/J K1 mol™? +92.0+ 11

This analytical expression was fitted to the experimental mole

Kobs.cis the observed pseudo-first-order rate constant for the fractions calculated from the integrals of the NMR signals

second step.kops ciswas calculated using eq 5 williRuLy).

and kops cisas adjustable parametefgis  was fixed using the
activation parameters obtained above. The value&@fcis
obtained at different temperatures, and the corresporiiing
values, keis = kobs cid[C2H4], are reported in the Supporting
Information. AH¢s" and AS;s" (Table 1) were obtained by
fitting kes to the Eyring equation.

During the formation of the mono and bis ethylene complexes,

no other ruthenium species could be detected in'Hhe!’O,

of free and coordinated ethylene. During the{0), the mole
fraction of coordinated ethylene &t 0, k. andC, were treated

as adjustable parameters (Figure S2). The following results were
obtained: k 2%8-2= (1.084 0.02) x 102 kg mol~t s 1 andC_

= 0.0955+ 0.0008 mol kg™.

Reactivity of [Ru(H20)sMe,SOP+ with Me,SO. The
mono-complex formation reaction between [Ru@%]%" and
Me,SO has already been reportédut not the ligand exchange
or the bis-complex formation. By mixing aqueous [Ru-

and 13C NMR spectra. Nevertheless, when a pressure of (H,O)s(Me,SO46)]2 and MeSOds at 278.5 K, we first

deuterated ethylene ¢0=CD,) was applied to an aqueous
solution of [Ru(HO)s(H2C=CH,)]?", the signal of coordinated

observed in théH NMR spectra a decrease of the signal of
bound MeSO+ (at 3.55 ppm) and a simultaneous increase of

ethylene was progressively decreasing, and the signal of thethe signal of free MgSO4s (2.70 ppm) which showed that a
free gas was simultaneously increasing. As no other specieschemical exchange between the two sites took place. No other
could be detected in the spectra during this process, we havesignal appeared during the exchange reaction and the sum of
attributed these changes to an exchange between coordinatethe integrals of these two signals remained constant throughout
and free ethylene (eq 6). the experiment, indicating that no other reaction took place
during the exchange process. The experimental mole fractions
of coordinated MgSO+s were fitted by eq 10 withk. and

x:(0) as adjustable parameters (Figure S3, Supporting Informa-
tion). The following rate constant was obtaindg2785= (3.45

+ 0.02) x 1074 kg molt s,

This exchange was much faster than the formation ofctee The same solution was then heated at 321.6 K, and a new
b_is-complex. Consequer_ltly, this latter reaction was not CON- signal assigned to theis-bis-complex (vide infra) appeared at
sidered in the mathematical treatment of the exchange (vide3 35 ppm in the spectra with the concomitant decrease of the

i7nfra). The rate law corresponding to eq 6 is expressed by eqjgnals at 3.55 and 2.70 ppm (eq 11). The variation as a function

k.
[Ru(H,0)s(H,C=CH,)]* + D,C=CD, =
[Ru(H,0)s(D,C=CD,)]*" + H,C=CH, (6)

[Ru(H,0)sMe,SOF" + Mezsoi‘s»

cis-[Ru(H,0),(Me,SO),)*" + H,0 (11)

dRul]

= ~KIRULIFL + K [RUALL]

(7
where L and *L represent ethylene containing four protons and
four deuteriums, respectively. Experiments have shown that of time of the mole fractions of these three species was analyzed
in the absence of agitation the diffusion of gas between the two kinetically giving k216 = (1.85+ 0.02) x 1075 kg mol~*
phases is slower than the time scale of the ligand exchange.s™*. The mathematical treatment and the fit is shown in the
Consequently, in the mathematical treatment of eq 7, we haveSupporting Information (Figure S4). This rate constant mea-
neglected any exchange between the liquid and the gaseousured at 321.6 K is 30 times smaller than the rate constant for
phases (see Figure S2 of the Supporting Information). With the exchange of M&O measured at 278.5 K. At the same
this approximation, the total concentrations of meG,, and temperature, the two rate constants would probably differ by at
ligand, C_, in the solution are constant and can be introduced least 2 orders of magnitude, which confirms the approximation
in eq 7 leading to eq 8. made above, i.e., the formation of the bis-complex was not
significant during the ligand exchange process and could be
neglected.

To check the nature of the complex formed at 3.36 ppm, we
added water enriched in oxygen-17 to the solution and waited
until no more changes could be observed in #® NMR
spectra. Immediately upon the addition of enriched water, a
peak at—66 ppm appeared followed by the slow appearance
of a second peak at150 ppm. These two peaks were the only
ones present beside the huge solvent peak. After 2 days at 321.6
K, the signal at-150 ppm stopped growing. During this period,
no change could be observed in thd NMR spectra. At
equilibrium, the ratio of the integrals of the peaks-&t50 and
—66 ppm was one within experimental errors as expected for
the cis-[Ru(H,0)4(Me,SO)]?" complex (only one peak would
have been expected for the trans complex).

d[RuLl]
a

k (CrdL] — Ci[RuL]) 8

If we divide both sides by the total concentration of protonated
ethylene in solution ([L]+ [Rul]), we obtain an expression
for the mole fraction of coordinated protonated ethyleqéeq

9), that can be easily integrated (eq 10).

dx,
=K (Cay— X(Cay + C) ©)

%= ot e O Cru~ Cou COX(O)
exXpEk H(Cry + CI} (10)
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Scheme 1. Complexes Formed During the Reaction of

[Ru(Hx0)e]?+ with an Excess Acetonitrile (Ratio 1%)
2.97
OH, NCMe
2.06 |
HzO//,.R‘ U‘\\\OHZ + MeCN kf HZO//"RU‘QOHZ
H,07 | YOH, H,07 | YOH,
2 H,0

2.75 . k
NCMe ke ’ NCMe

H2O/”’R] WNCMe Hy0u. Ru~“‘\OH2 ]
B " | YoH

H,07 | YOH, H,0” | 2 ] i

H,0 MeCN ]
&me: fy 288 E 4
+MeCN + MeCN 0 20 40 60 80 100
NCMe 3
HZO”"Rlu\\\OHZ t/sx 10
HZO( | YNCMe Figure 2. Reaction of [Ru(HO)e]?" with an excess acetonitrile in,D
MeCN 270 at 297.8 K: evolution as a function of time of the mole fractions of
266 free acetonitrile M), [Ru(HO)sMeCNP" (@), trans[Ru(H,O)s-

(MeCNY]?" (A), cis[Ru(H.0)s(MeCN)]?" (O), andmer[Ru(H.0)z-
(MeCN)]?* (#) in a solution containing initially Htos (0.099 mol k),
Ru(ll) (0.098 mol kg?), and MeCN (0.393 mol kg).

2The numbers are tHél NMR chemical shifts of the corresponding
acetonitrile.

Exchange of CO on [Ru(H0)sCOJ?". When a pressure ) ) .
of 5.4 MPa of?CO is applied to a solution of [Ru@d)s13COR+ S|gnals_ appeared in the spectra at 2.70 and 2.66 ppm. The ratio
0.01 mol kg'! in DO, we observe a very slow decrease of the of the integrals of th_ese two pegks was_always equal to two
13C NMR signal of bound CO at 205.5 ppm. The half-life of throughout the reaction and within expen_mental errors. Con-
the reaction was more than 1 day. In this case, $#@0 sequently, we attributed these two latter signals to the complex
diffusion between the liquid and gaseous phases could not beMeF[RU(H0)s(MeCN);]?*, where two trans acetonitrile mol-
neglected, and the total concentratiod 3O (free and bound) ~ €cules are equivalent and the third one is different. It appears
in solution is no longer constant throughout the reaction. thatthe chemical shift decreases with the number of acetonitrile
Nevertheless, taking into account the diffusion processes, wecoordinated to the metal. By comparison, the chemical shift
assumed in our case (5.4 MPa pressure?afo), that the  Of [RU(MeCN)]?* in acetonitrile was found at 2.59 ppthAn
concentration of freé3CO in solution is always negligible ~ &xample of a spectrum is given in Figure S6 of the Supporting
compared to the concentration of fr&€0. This hypothesis ~ Information.
is perfectly valid even after several half-lives. Thus, eq 8 (where ~ These pathways are supported by the fact that the sum of the

RuL represents the enriched complex&0, which is the integrals of the signals of the different acetonitrile species in
NMR active species) can be simplified (eq 12) Scheme 1 is constant to within 5%, indicating that no other
species has a significant concentration during the reaction. This
d[RuL statement was translated mathematically (egs 14 and 15),
R~ ruLIc, (12) v (e )
C,_=[L] + [ML] + 2[transML,] + 2[cis-ML,] +
and easily integrated (eq 13), 3[merML ] (14)
[RuL] = fHg,, (1) = [RuL], exp(—k C.t) = Cy = [M] + [ML] + [transML,] + [cisML,] +
fHgru(0) exp(-k C 1) (13) [merML ] (15)

whereHry.(0) andHgu. are the heights of th&C NMR signal whereC_ and Cy are the initial concentrations of ligand and

of bound CO at = 0 and at sampling time respectively, aind metal, respectively. The resulting rate laws describing the

the proportionality factor between the height and the concentra- variation of the different species shown in Scheme 1 are listed
tion. Equation 13 was fitted to the experimental heights with in eqs 16-20

k. andHgry(0) as adjustable parameters and using a value of

0.053 mol kg? for C_ (Figure S5 of the Supporting Informa- _ _ e _

tion). The following rate constant was obtaindq2%8-3= (5.2 dlLy/dt KILIM] = KfLIIML] = ks LITM I_']

+ 0.2) x 1075 kg mol* s, KimedLI[ transML 5] — KggmelLI[ Cis-ML ;] (16)
Reactivity of [Ru(H,0)e¢]?" with Acetonitrile. The reactiv- _ _ _

ity of [Ru(H.0)g]?" with an excess of acetonitrile is different dMLAt = KLIM] = (i, + ko [LIIML] (17)

from the previous cases of this study. Concomitant with the d[transML )t = K, [L][ML] — KymelL][ transML,]  (18)

decrease of the signal of free acetonitrile (Scheme 1), we )

observed first in théH NMR spectra the increase of the signal  d[Cis-ML,J/dt = K JL][ML] — KgmelLI[ CiS-ML ] (19)

at 2.97 ppm attributed to [Ru@®)sMeCNJ]",13 followed by .

the appearance of two new signals at 2.88 and 2.75 ppm. Asd[merMLd/dt = KimedLI[ transML | + )

the trans water molecule was shown to be more labile than the KeismelL][ Cis-ML ;] (20)

cis water in [Ru(HO)sMeCNJ?",1* we attributed the signal at

2.88 ppm which appeared first to thrans- and the one at 2.75  (24) Rapaport, I.; Helm, L.; Merbach, A. E.; Bernhard, P.; Ludilrorg.

ppm to the cis-[Ru(H,O)4(MeCN)]%". Finally, two other Chem.1988 27, 873.
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Table 2. Second-Order Rate Constants (in kg nma ™) for the
Formation of the Complexes with the General Formula
[Ru(H20)s-n(MeCN),?" (n = 1, 2, 3), Produced at 297.8 K, in
D,0, by the Reaction between [Ruf®)s]>" and an Excess of
Acetonitrile (1:4)

ki (1.63+ 0.06)x 1073
K (1.50+ 0.04)x 104
Keis (1.11+ 0.04)x 1074
Kirmer (2.854 0.3) x 10°5

ismer (509:t 04) x 1075

We can divide all these expressions@yto obtain the variation
of the mole fractions as a function of time. Combining
thereafter eqs 1420 yields eqs 2425.

dXL CM Xtrans—ML2+ Xcis—ML2
— = —CoxV k|l = —xw — -
dt LA CL ML 2
Xmer—ML3 X‘(rans—ML2
3 + (ke + KX T I<trmerT +
Xeis—ML,
kcismer 2 (21)
dXML —Cx kf CM B X'[ra\ns,—ML2—+_ Xcis—MLZ B
dt ) Kl T A 2
XmerfMLg
—3 |- (ke + ki [ (22)
dXtrans—ML2
T at = Cox{ 2keXu — ktrmelxtrans—MLz} (23)
AXismiL,
a Cox{2kime — KeismeXeis-mL b (24)
Hoorws s { + 25
dt A S R I<{rmelxtrans—ML2 kcismeP(cis—MLz} ( )

These analytical expressions were fitted to the experimental
mole fractions (Figure 2) and the obtained rate constants are

reported in Table 2. All the experimental mole fractions used
for the fit and the corresponding calculated mole fractions are
reported in Table S2 of the Supporting Information.

Discussion

Procedure To Compare Water Exchange with Complex
Formation Rates in the Case of anlqy Mechanism. In
previous mechanistic or kinetic studies on ruthenium(ll) aqua-

Aebischer et al.

Table 3. Reaction between [Ru@®)s]>" and Neutral Monodentate
Ligands: Second-Order Mono-Complex Formation Rate Constants,
ki, and First-Order Rate Constanks, Obtained Using Eq 28 with

the ValuesKos = 0.16 mol kg?, n. = 6, andf = 12

108 x k2982 108 x k298
ligand (kg molts™) (s
H,0 - 18
MeCN 2.07 26
Me,SO 1.31 16
1,4-thioxane 2.2 28
tetrahydrothiophene 2.4 30
maleic acid 2.18 27
fumaric acid 1.72 22
2,5-dihydrofuran 1.06 13
H2C=CH2 1.2Z2 15

aReference 13 and refs therelRate constant for the exchange of
a particular water molecule (ref 24)This work.

In the following discussion, and based on the previous studies
mentioned above, we will assume thatlamechanism operates.
In this case, the second order complex formation rate constant,
k, cannot be directly compared to the first-order water exchange
rate,kex. TO get comparable values, we need to use the Eigen
Wilkins modeP® which describes the substitution mechanism
on octahedral complexes. This model is shown in egs 26a and
26b for the substitution on a homoleptic hexa-aquacomplex and

[M(H,0)d] + L == {[M(H,0)¢} -L} ~~
[M(H,0)sL]* + H,O (26a)

Ko,
[M(H,0-ax)(H,0-eq),L] + L =

trans-[M(H,0-eq),L,] + H,0
kl,n

{[M(H,0-ax)(H,0-eq),L]-L} (26b)

k\

1.cis
cis-[M(H,0-ax),(H,0-eq),L,] + H,0

on a mono-complex, respectively. It is worth mentioning that,
in the latter case, the substitution can take place on two distinct
sites, leading to two different products, tleées- and trans
complexes. According to the EigeiWilkins model, the
complex formation is divided into two consecutive steps. The
first one is the of formation of an outer-sphere complex where
the ligand, L, occupies one of the available sites in the second
coordination sphere and is quantified by the equilibrium constant
Kos The second step, rate determining, is the exchange of
ligands between the first and the second coordination spheres

complexes, the dissociative character of the substitution reactionsand is described by the first-order rate constént,For dilute
was demonstrated. For example, the rates of mono-complexsolutions of L eq 27 applies.

formation reactions between [RufBl)¢]2* and various ligands
were independent of the nature of the incoming ligand (Table
3).12 More recently, the exchange rates of both types of water
molecules in [Ru(HO)s(H.C=CH)]?>" were determineét! It
was shown that ethylene greatly labilized the axial water
molecule k2% = 2.9 s'1) and greatly decreased the reactivity
of the four equatorial water moleculek.£%® = 2.8 x 1074

s™1) compared to the exchange on the hexa-aquacomkl@%&(

= 1.8 x 102s71). Despite this large difference of reactivity,
similar and positive activation volumes for the exchange of both
types of water molecules\Ve/cmPmol~t = +6.1 and+6.5

for the equatorial and axial positions, respectively) were
obtained.

kI = k/Kos (27)

ki, as obtained from eq 27, cannot be directly compared to the
water exchange rate constaky, for two distinct reasons. First,
because there is a fundamental difference in the definition of
these two constantsk; is the rate of replacement by L of any
of then. water molecules coordinated in a distinct coordination
site, butkex defines the rate of replacement of one particular
water molecule. This difference, resulting purely from the
definition of the two rate constants, has been extensively

(25) Eigen, M.; Tamm, KZ. Elektrochem1962 66, 93.
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discussed in a recent reviév. To compensate for the different
definitions of the two constants, we must multigdy by the
number of coordinated watey,. For example, for the reactions
on a mono-complexy. is equal to 4 for the substitution of an
equatorial water molecule, and equal to 1, for the substitution
of an axial water.

The second reason for the difference between the two
constants is purely statistical. In the EigéWilkins mechanism,
it is considered that the molecule leaving the first coordination
sphere is replaced by a molecule of the second coordination

Inorganic Chemistry, Vol. 37, No. 22, 1998921

for a water molecule leaving the first shell to be replaced by L
is 1/12. Consequently, taking into account the Eig®Vilkins
model, the different definitions of the rate constants and the
probability factor discussed above, eq 28

k

K

1
nC

P

[—
k' = =
C

1_
o=kt (28)

0s

must be applied to transform the rate constant of complex
formation,k, into the first-order rate constark;, which can be

sphere. If the solvent is the only species present in the seconddirectly compared to the water exchange rate conskagat,

shell, the probability that the leaving molecule is replaced by a
molecule of solvent is one. This is the situation when the water

Itis important to mention that when the exchange takes place
on an hexa-aquaion like [Rug®)s]?", n is equal to 6. The

exchange reactions are studied in the absence of other coorditatio f/nc is thus equal to 2 considering twelve water molecules

nating ligand present in the solution. During the complex
formation reaction between a metal center and L, the situation
is different. If there aré molecules in the second coordination
sphere, L occupies one and only one of thiesiges according
to the Eiger-Wilkins model. For a dissociative interchange
mechanism there is no discrimination between incoming ligands,
the probability that the leaving molecule is replaced by L is
therefore 1fl. Consequently, to compare the exchange reaction
with the complex formationk; must be multiplied byf.

Several models were suggested to estimate the valde of

In a first approach the second shell was viewed as a compact

arrangement around the ligands of the first shell. In this model
presented for the first time by Taube and co-workérsight

in the second shell, or equal t; if the previous model
assuming eight water molecules in the second coordination
sphere is taken into accoufit. This latter correction factor is
smaller than the error on the calculatég values and was thus
very often neglected But when we want to compare the
exchange rate of the trans water molecule in [Ra@)dL] 2",
with the rate of formation of thezans-[Ru(H,O)4L5]2" complex,
nc is equal to 1 and the ratiin. is 12 using our model. This
is a 1 order of magnitude correction that cannot be neglected
anymore.

Reactivity of [Ru(H20)e?>twith Neutral Monodentate
Ligands. The second-order rate constarksobtained for the
mono-complex formation reaction between [RuCHs]2" and

the position of closest approach of the metal center. This is
the location where the electrostatic field produced by the metal
beyond the first coordination sphere is the most intense.

This picture of a second coordination sphere made of eight
water molecules located at the eight faces of the octahedron
has been questioned since by several authors. Several exper
mental studies have shown that the second shell of some trivalen
metal cations such as [Al@D)e]3" 22 and [Cr(HO)e3+ 2°
consisted of twelve water molecules. A value of £3L was
also reported for [Rh(kD)e]3.3° More recently, molecular
dynamics calculations on the [Cr{B)]®" system have evi-
denced strong hydrogen binding resulting from polarization of
first coordination sphere water molecules which led to a mean
coordination number of 12.9 waters in the second sHell.

i
the reaction with ethyleneg9® = 1.22 x 103 kg s™* mol™?)

28 was applied to these data to obtain the corresponkiing
values. For the calculation &f, we have taken thKysvalues
calculated using the Fuoss equaffofor complex formation
reactions of [Ni(HO)s]2".26 As Ni(ll) and Ru(ll) have similar

ionic radii and identical charges, th&s should not differ too
widely for the two cations. The rate constant calculated for

Is also reported. We can see in Table 3, that allkhgalues

are very similar. They are all equal to the water exchange rate
constant, within experimental errors. The large difference of
nucleophilicity among the ligands used for this comparison is
to be emphasized. On one side, ethylene is a soft base whose
bond to ruthenium is constituted oftadonation and a-back-
bonding componerit} and on the other side, water, is a hard

These studies have shown that the residence time of a watelbase’ whose bond has onlyecomponent. Despite this large

molecule in the second coordination sphere was very skéit (
x 10° s71).31 This time is probably even shorter in the case of
divalent cations. In this case, the structure of the second

coordination sphere does not seem so well defined as shown

by a review of the different results obtained by X-ray diffrac-
tion.32 This difficulty to define accurately the second coordina-
tion sphere structure resulted probably from the weaker polar-
ization of the water molecule in the first shell which leads to a

less ordered second coordination sphere. Nevertheless, despit

this difference between di- and trivalent cations, it seems

reasonable to consider a second coordination sphere made o

twelve water molecules, even in the case of divalent cations.
Based on this hypothesis, the probability factof (tide supra),

(26) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Chem.1995 42, 1.

(27) Olson, M.; Kanazawa, Y.; Taube, B. Chem. Physl969 51, 289.

(28) Akitt, J.J. Chem. Soc., Dalton Tran$973 1177.

(29) Caminiti, R.; Licheri, G.; Piccaluga, G.; Pinna, G.Chem. Phys.
1976 65, 3134.

(30) Read, M. C.; Sandstrom, Mcta Chem. Scand.992 46, 1177.

(31) Bleuzen, A.; Foglia, F.; Furet, E.; Helm, L.; Merbach, A. E.; Weber,
J.J. Am. Chem. Sod.996 118 12777.

(32) Ohtaki, H.; Radnai, TChem. Re. 1993 93, 1157.

difference of nucleophilicity and binding mode, the mono-
complex formation reactions take place at the same rate for both
ligands. This confirms thus the mechanistic assignment, i.e.,
an interchange dissociativéy, mechanism where the rate-
determining step is the dissociation of the-RoH, bond.
Bis-Complex Formation between [Ru(HO)sL]?" Type
Complexes and L. The rate constants for the formation of
trans-,ky, andcis-bis-complex ks, are reported in Table 4, as
ell as the correspondirlg’ values obtained using eq 28. For
e outer-sphere equilibrium constaKkts, and the number of
ater molecules in the second coordination sphienee have
aken the same values as for the mono-complex formation
reactions, i.e., 0.16 mol kg and 12, respectively. For the
formation of thetrans-bis-complex,n. is of course equal to 1
and for the formation of theis-bis-complex,n; is equal to 4
(eq 26b). The comparison between thg and thek' values

(33) Neely, J.; Connick, Rl. Am. Chem. S0d.97Q 92, 3476.

(34) Burgess, Jons in SolutionEllis Horwood Limited: Chichester, U.K.,
1988; Chapter 10.

(35) Fuoss, R. MJ. Am. Chem. S0d.958 80, 5059.

(36) Burgess, Metal lons in SolutionEllis Horwood Limited: Chichester,
U.K., 1978; Chapter 12 and references therein.
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Table 4. Comparison between the Water Exchange Rate Constaptthe Ligand Exchange Rate Constards,and the Bis-Complex
Formation Rate Constants, Determined on [Ru(kD)sL]?" Type Complexesk' Values Were Calculated from theor k. Values Using Eq 28
with Kqs = 0.16,f = 12, andn. = 4 or 1 for the Substitution on Equatorial or Axial Positions, Respectively

H.C=CH; MeCN MeSO

ligand CO

site axial equat axial equat axial equat axial

TIK 298.2 298.1 298.1 298.1 278.5 321.6 298.3
10 x k/kg mol-tsta - 0.007 0.15 0.11 - 0.019 -
10° x ki/kg molt st 10.8 - — — 0.35 — 0.052
10 x k'/s™t 1600 0.13 11 21 53 0.36 7.5
10° x Key/s71P 2900 0.28 7.2 15 68 0.56 3.8
k' IKex 0.6 0.5 15 14 0.8 0.6 -

3k = ks Or ki for the formation ofcis- or trans-bis-complex, respectively.kex = kax Or keq depending on the coordination site (ref 14279.4
K.

will be discussed later, but in order to include the ligand values are usually considered to be known within a factor of
exchange reaction (eq 29), we need first to discuss this pathway.2—4.37 In the case of the reactivity of the axial site in [Ru-
(H20)sCOJ?*, the comparison is slightly more difficult to make
as the two rate constants have been measured at different
temperatures due to experimental limitations. Nevertheless, if
The [Ru(H0)s(H2C=CH,)]2* and [Ru(HO)COR+ com- we ap_ply the very rough appro>_(imation that the rate constant
plexes were found to be stable in solution for several weeks at could increase by a factor of 2 if the temperature is raised by
ambient pressuré? Moreover, functional density calculations 10 degrees, we can see that Kfeandkax are of comparable
performed on these two complexes have shown that theLRu magnitude. Conseqyently, the comparison between the different
bond was more stable than the cis and trans RsO bonds of rate cons_tants confirms tha_ mechanistic hypotheses made_
the complex4 Consequently, a ligand exchange reaction _above which can be sumr_nanzed as f_ollows: the rate determin-
pathway where the first step is the dissociation of the-Ru ing step for all the substitution reactions On.[F\’.le%]z+ or
bond is to be ruled out. This is confirmed by the fact that no [RU(H20)sL]*" type complexes is the dissociation of a-Ru
departure of L is observed in the, 70, and'3C NMR spectra ~ H20 bond.
upon dissolution of the mono-complexes in water. If a  The reaction between a ruthenium(ll) mono-complex and a
dissociation of the Ru-L bond occurred, the liberated gas (CO ligand is always kinetically controlled by the dissociation of a
or H,C=CHj) would diffuse out of the solution and substantial Water molecule but the complex formed is not always thermo-
amount of [Ru(HO)e]2t complex would form and be detected ~dynamically stable enough to be observed on the spectra. In
in the 70O NMR spectra. Moreover, as the exchange of L (eq this latter case, the new formed bis-complex loses immediately
29) is much faster than the exchange of the equatorial waterone of the two ligands, which results in an observed exchange

kL
[Ru(H,0)sL]*" + *L == [Ru(H,0)*L] " + L  (29)

molecules, we can also admit that these water molecules areof L. This situation was observed for the intermedittns-

not involved in the mechanism.

The other possibility is a pathway where the first step is the
dissociation of the RuH,04x bond (l or D). The leaving water
molecule can be substituted by *L which leads to the formation
of a trans[Ru(H,0)4L*L] 2" intermediate (eq 30). The latter

trans-[Ru(H,0),L*L] + H,O

YN

[Ru(H,0-eq),(H,0-ax)L] + *L [Ru(H,0-eq),(H,0-ax)*L] + L

(30)

can either loose L* to give back the initial reactant, or loose L
to give the product where L is replaced by *L. In other words,
the rate of formation of the final product [Ruf8)s*L] 2",
described by the rate constdqt is twice slower than the rate

of formation of thetransbis-complex intermediate. Conse-
quently, we must multiplk_ by two to obtain the rate constant
for the formation of the trans bis-complex intermedisge Then,

by introducingky = 2k_ into eq 28, the correspondirlg are
obtained (Table 4). These values can now be directly compared

[Ru(H20)4L2]?F, with L = H,C=CH,, CO, and MgSO. The
energy profile for the different possible substitution reactions
on [Ru(HO)sL]?*, where L= H,C=CH,, CO, and MgSO is
thus summarized in Figure 3.

A noticeable difference of behavior is observed between
ethylene, CO and M&O on one side and acetonitrile on the
other side. For the three former ligands, m@ns[Ru-
(H20)4L2]%" could be observed, while with acetonitrile, the
formation of atrans-bis-complex could be observed in thd
NMR spectra because of its higher stability. The nature of this
complex was confirmed by the similarity between the rate of
exchange of the trans and cis water molecules in [RO{k
MeCNTP" with the rate of formation of thérans andcis-bis-
complexes (Table 3). A close analysis of the redox potentials
of the [Ru(HO)sL]?" complexes, with L= H,O, MeCN,
H,C=CH,, CO, and MeSO* reveals that for the two former
ligands, theE® value is much less positive (by at least 350
mV) than for the three latter ones. The higR values were
interpreted as resulting from a strongback-donation from the
metal to the ligand leading to a strong polarization of theod

to the rate constants for the exchange of the axial water moleculedy, orbitals of the metal. The metal is thus unable to share the

in the corresponding complex.

We can see in Table 4, that tlk¢ values calculated from
the ligand exchange rate constatts,or from the bis-complex
formation rate constant&gs and ks, are all equal to the rate
constants for the exchange of the water molecule in the
corresponding coordination site. In every case, the kgti.
remains close to unity. The difference betwdgnand key is
smaller than the errors associated with the different constants
used for the calculation of the' values. For example, th€ys

dx, and g, orbitals with twosr-accepting ligands trans to each
other. For L= MeCN the polarization is weaker as reflected
by the lowE® value, the metal can share theorbitals with
two ligands trans to each other and tinans-bis-complex is
thus stable under the experimental conditions. It is worth
mentioning that strong-accepting ligands can bind to Ru(ll)
in a trans configuration only under drastic conditions as

(37) Wilkins, R. G.Acc. Chem. Red.97Q 3, 408.



Formation of Ruthenium(ll) Aquacomplexes Inorganic Chemistry, Vol. 37, No. 22, 1998923

e +L’klr -¥] ----::::..":: +L) kds "_'I-é'.
RUL === F3% === RuL RuL == -~ cis-Rul,
L Lk, "

water exchange

Figure 3. Energy profiles for the complex formation reactions and for the water exchange reactions opQRUJH type complexes based on
the hypothesis that the rate determining step for all the substitutions is the dissociation eHaGRbond.

exemplified by the synthesis of [Ru(C§XShyF11), in the exchange of the cis water molecules on [Re@CO]" is 2.9
superacid solvent SiF8 x 1076 57114 We can apply eq 28 and obtainkgs of 1.5 x
Prediction of the Rate of Formation of Bis- or Tris- 107 s mol™* kg for the formation of thecis-[Ru(HzO)s
Complexes. It has been reported that the exchange of the axial (CO)]?*. To observe the formation of 10% (50%) cif-bis-
water in [Ru(HO)sMe,SOF+ was much faster than the ex- complex when a pressure of 5.4 MPa of CO is applied to a
change of the equatorial ones. This was interpreted as a transsolution of [Ru(HO)sCOF* 0.1 mol kg, we should wait 83
effect of the dimethyl sulfoxide ligant. The same type of  days (625 days).
behavior was observed for the bis-comptéx¢[Ru(H,0)s(Me,-
SOY)J2". When KO was added to a solution of this bis-
complex, a first signal appeared immediately-&86 ppm in
the’0O NMR spectra and a second signal appeared very slowly
at —150 ppm. By comparison with the lability of the water
molecules in the mono-complex, we can attribute the former
signal to the two water molecules trans to 86 and the latter
one to the twocis waters. This attribution of thé’O NMR
signals is confirmed by the values of the chemical shifts, as it
was shown in the case of the [Ru@®)sL]?>" complexes, that
the’O NMR signal of the equatorial water molecules appeare
always at a more negative chemical shift than the signal of the
axial water molecules. We have already mentioned that the
bis-complex with two MgSO trans to each other is thermody-

Conclusion

Successive steps of complex formation reaction of [Ru-
(H20)6)%" occur with metat-water bond rupture activation.
Powerfulr-accepting ligands increase the lability of tinens:
water molecule, but decrease drastically the reactivity of the
ciswater molecules where substitution is taking place to form
the thermodynamically stable nesis-metat-ligand bond. It
d follows that the rates afis-bis-complex formation, and further
the rates offac-triscomplexes formation are strongly slowed-
down compared to the rates of mono-complex formation. These
rates can be tuned by changing the donor/acceptor properties

namically unstable in water. Neverthelefs:[Ru(H0)(Mes- of the ligand as reflected by the redox potential of the

> f : he final fth : comple_x_es. By using acetonitrile for example,_ it was pqssible
gfo%aRu (Mzzsstzjef(r;(;)sbt?lzrlec(inas_t 36_'6? axprEdL(J:clgo ér)e S%Léa“on to stabilize the Ru(ll) metal center toward oxidation without
—N, - ’ - 1

complexes®4° Using eq 28, we can roughly predict the time decreasing too much the reactivity. This way, it was possible

for the formation of thefac-[Ru(H,0)s(Me»SO)J2* complex to prepare rapidly and quantitativelyi;— and transbis-

by reacting MeSO with thecis-bis-complex. As mentioned complt_exes. The ef_fect of numerous ligands on the redox

above, the signal at150 ppm was not growing anymore after behawor ofa ruthe_nlum(ll) metal center have_been repdﬁ_te_d.

2 days at 321.6 K. We can therefore estimate that the half- Using these data, it may be possible to design new efficient

time for the exchange of the cis water molecules is ap- Ru(ll) catalysts or anticancer drugs.

proximately half a day or 4 1% s. If we apply eq 28, we

obtain an approximatk value of 5x 10~7 mol-! kg s for Acknowledgment. The authors thank the Swiss National

the formation of thefac-triscomplex. Consequently, if we  Science Foundation for financial support (Grant 2000-052630.97/

prepare an equimolar solution of [Ru®))4(Me,SO)]?>" and 1).

Me,SO, both 0.1 mol kg, half of the triscomplex product

should be formed after 243 days or 10% after 35 days at 321.6  Supporting Information Available: Plots of dissolved ethylene

K. concentration as a function of ethylene pressure and temperature fitted
The same type of calculation can be applied to calculate the With eq 1 (Figure S1ag); evolution as a function of time of the mole

time needed to prepare this-[Ru(H,0)4(CO)]2+ complex by fractions of free and bound L (& H,C=CH,, CO, MeSO) during

. ) : 5 -

reacting the mono-complex with CO. The rate constant for the (€ exchange of L in [Ru(HD)sL]*" (Figures S2, S3, and S5,
respectively); temperature dependence of the observed first-order rate

constantskops randkops cis for the reactions of formation of [Ru@®)s-

s i b o S G Commaon o7t (EC=CHAIZ" and cis{RU(HOM(H.C=CHy)I*" (Table SL); bis-
(39) Alessio, E.; Mestroni, G.; Nardin, G.; Attia, W. M.; Calligaris, M.; complex formation reaction between [Ru®sMe,SOF* and MeSO,

Sava, G.; Zorzet, 9norg. Chem.1988 27, 4099.
(40) Barnes, J. R.; Goodfellow, R. J. Chem. Research (3979 350. (41) Lever, A. B. PInorg. Chem.199Q 29, 1271.
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with mathematical treatment of the kinetics (eqs-$86) and evolution chemical sites used for plotting Figure S5 (Table S2) (12 pages).
as a function of time of the mole fractions of MEO in the different Ordering information is given on any current masthead page.
coordination sites (Figure S4); reaction between [RQJH2" and an

excess of MeCN, with example of*dl NMR spectrum (Figure S6);

and measured and calculated mole fractions of MeCN in the different 1C980628Z





