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For the low-spin4 Ru(OHy)e?" (AVF = —0.4 cn? mol~%) and Rh(OH)s>" (AVF = —4.2 cn¥ mol~) hexaaquaions,

the respectivegland L water exchange mechanisms had been assigned, mainly on the basis of activation volumes
AVF and entering ligands effects for water substitution. For Ru(ll) the near&¥favas supposed to be due to

the compensation between a positive contribution (the loss of a water molecule) and a negative one (the contraction
of the bonds of the five spectator ligands at the transition state). Recently, it has been suggested that Rh(lll),
because of its higher positive charge, could promote further spectator ligands bond contraction sufficient to change
the sign ofAV* to a negative value. If true, this would be an example of limitation in the ugeVbffor a direct
diagnosis of the mechanism. Quantum chemical calculations including hydration effects show that the activation
energies for the water exchange on RhgRf via the | (114.8 kJ mot?) and the D pathways is 21.8 kJ mél

in favor of the former. In the case of Ru(Qk™ all attemps to compute a transition state for an interchange
mechanism failed, but the calculatedE* for the D mechanism (71.9 kJ md) is close to both experimental

AGaeg" and AHagg values. The calculatedy d(M—O) values of—0.53 A for rhodium(lll) and+1.25 A for
ruthenium(ll) agree with the experimentad/* values and suggest &and D (or k) mechanisms, respectively. In

the case of Ru(ORs?>" the shortening of the bonds of the five spectator ligands to reach the transition states
corresponds to a volume change-ef.7 cn? mol~1. For Rh(OH)e®" these spectator ligands’ volume decrease

is much smaller (maximum of0.8 cn® mol~1) and the bond lengths of the two exchanging ligands at the transition
state are characteristic of an interchange pathway with a small “a” character. Because of the stter@ Rh
bonds, water exchange on Rh(@k1" proceeds via the,lpathway with retention of the configuration, whereas

the same reaction of Ru(QJ4?", which has considerably weaker'RtO bonds, follows theglor the D mechanism.

Introduction the ease of bond-making. Similarly, an increased occupancy of

) ) ) . the g* orbitals, pointed to the ligands, will increase the bond-
Water exchange reactions on di- and trivalent transition metal breaking tendency. The electronic effects can explain the
aquaions have been the subject of extensive experimental studiegnangeover of mechanism.

and have been widely reviewédFor 3d octahedral metal ions According to these arguments, one would predict a dissocia-
the water exchange mechanism progressively changes §0m | e activation mode for water exchange on the low-spif t

to Ig as the number of d electrons increases and the ionic radiushexaaquaions Ru(OH2+, Rh(OHb)e3*, and Ir(OH)63*. In the
decreasz_as. T_hls change |s_der_nonstrated most evidently by the; ¢ study of the mechanism of substitution on Ru(#, it
change in sign of the rzlctlvatlon volum&V* and has been a5 shown that the rate constants for the anation reactions by
confirmed by Rotzinge?* who performed calculations at the ¢~ gy~ and I were very similar, indicating identical steps
Hartree-Fock or CAS-SCF level. The observed progressive (, reach the transition state (i.e., dissociation of JDHLater,
mechanistic changeover cannot be explained in terms of cationicy,js sudy was extended to a large variety of ligands possessing
size only, the electronic configuration also playing animportant \arioys charges and nucleophilicites, and it was clearly dem-
role. For ao-bonded octahfdral_complex, thg orbitals are  onqirated that the rate of the monocomplex formation reactions
nonbonding, whereas thej*eorbitals are antibonding. The |\ .q independent of the nature of the entering ligand. An |

gradual filling of the #q orbitals, spread out between ligands, yechanism was therefore attributed for the substitution reactions
will electrostatically disfavor the approach of a seventh molecule g, Ru(OH)s2+.8 However, a variable pressure study of water
toward a face or edge of the octahedron and therefore decreaseg,xchange on this ion ga\}e an activation volume close to zero

(AVF = —0.4 cn® mol~1) and was therefore interpreted as an
* To whom correspondence should be addressed. Phbag:21 692 interchange | mechanism without predominant “a” or “d”
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The Rh(OH)s** aquaion is even more intriguing. By to satisfactory results. This allowed us to characterize two water
comparison of the rate constants of the"@hd Br anation exchange mechanisms (dissociative and interchange) for this system.
with an 80 labeling technique water exchange study (no Since no seven-coordinated transition state could be found for the
incoming ||gand dependenc@ D mechanism was assign%d_ ruthenium(”) analogue, additional calculations performed at the MP2
A few years ago we obtained by high-pressure oxygen-17 NMR level (tq in<_:|ude dynamic correlation) apd CAS—SCF_(to take static
a negative volume of activation for RN(QJf+ (—4.2 cn? correlatlc_)p into account) have been carried ou_t. Despite these efforts,
mol-1° and an even more negative one for Ir(Qd" (—5.7 no transition state for an interchange mechanism could be found.
cm® mol~11° and concluded in both cases that they were due  The geometries of the reactants, transitions states, and pentacoor-
to an a.SSOCla.“Ve |nterchanm€chan|sm These |ast mecha_ dinated intermediate (for the D mechanism) were Optimized at the
nistic assignments have recently been questioned. It had beertlartree-Fock level by taking into account solvation using the self-
suggested in the case of Ru(@F" that the near-zerd\V* consistent reaction field model (SCRFleplementgd in th_e GAMESS
value could be due to a bond contraction of the five spectator progr]]ralﬁf{ﬂ Folr the fSERFI calcutla_nc:ns,tthg Ca(;’_'ti’ radlusl wa?htakten
. . s as half the value of the largest interatomic distance plus the two
:I?%gr?gr?slgagr;jgg?sigzihg il;leﬁ]Cehc:;i gfa Igzlxtggthsééh%iédr?ér corresponding van der Waals radii. Once the geometry had converged,

- .. the cavity radius was redetermined, and if it differed by more than
positive charge could promote further volume contraction in

. " o . : 0.01 A from the previous value, the geometry optimization was repeated
forming the pentaaqua transition state sufficient in this case t0 il the above criterion was fulfilled. Energies of these species were

change the sign ckV* to a negative valu& If true, this would then computed on the basis of polarizable continuum m&d&{PCM
be an example of limitation in the use of the overall activation and cPCM) using the Gaussian 98 program package.

volume AV* for a direct diagnosis of the mechanism. It is the
goal of this paper to resolve this discrepancy by using the
theoretical approach developed successfully by Rotzinger during
the recent years.

Results

Model and Approximations. The water exchange of the

Computational Details isoelectronic hexaaquaions of rhodium(lll) and ruthenium(ll),

All calculations were performed on SGI workstations using the n+ *() — * n+
GAMESS" and the Gaussian %8programs. The basis sets of Stevens [M(OH)e ™ + 6H,*O == [M(*OH 5)g ™ + 6H,0 (1)

et al*>were used for ruthenium and rhodium, where the 1s, 2s, 2p, 3s,
3p, and 3d shells are represented by relativistic effective core potentials;\yas studied on the basis of the previously descfBedodel.

the 4s, 4p, 5s, and 5Sp shells exhibit doublguality, and the 4d shell 4 j,\0lves the transition metal ion and six water molecules for
has triple¢ quality. For oxygen and hydrogen, the 6-3%& basis set the D mechanism

supplemented with a 3d polarization functicms{O) = 1.20)8 was
used.

All the calculations, in particular the location of the transition states, [|\/|(OH2)6]“Jr — {[|\/| (OHz)s"'OHz] ”+} * (2)
were performed with the method previously described by Rotziftjer.
The ab initio calculations have been carried out at the restricted
Hartree-Fock (SCF) level for the rhodium(lll) species, previous Seven water molecules for the A mechanism,
calculations of Rotzingéf having shown that this level of theory leads

M(OH,)¢:OH,]"" — {[M(OH,)¢*+-OH,]""}* (3

(8) Plumb, W.; Harris, G. Minorg. Chem.1964 3, 542-545. [M(OH,)s-OH,] {IM(OH)s 2 (3)

(9) Laurenczy, G.; Rapaport, |.; Zbinden, D.; Merbach, AM&agn. Reson.
Chem.1991 29, S45-S51.

(10) Cusanelli, A.; Frey, U.; Richens, D. T.; Merbach, AJEAM. Chem.
Soc 1996 118 5265-5271.

(11) Aebischer, N.; Merbach, A. Bnorg. React. Mech1999 1, 233— n+ Nty
245, [M(OH,)g"OH ™ — {[M(OH,)5**+(OH,),] "} (4)

(12) Richens, D. TThe Chemistry of Aquaiondohn Wiley: Chichester,

U.K., 1997; p 465. ) o ] )

(13) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A; Elbert, S. T.; Gordon, The geometries were optimized for all stationary points along
M. 5.-?3,'3238”13- H.; Koseki, S.; Matsunaga, N.; Nguyen, K-hA-; Su, the reaction paths, reactants/products, transition states, and
fég'?; mnlgj';'l'gégu‘)u's' M.; Montgomery, J. &.Comput. Chem. - iermediates (Figures 1 and 2). These calculations were

(14) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.; Robb, performed for the hydrated ions as described in Table ¥
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, (19) Kirkwood, J. G.J. Chem. Phys1934 2, 351-361.

V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; (20) Onsager, LJ. Am. Chem. Sod.936 58, 1486-1493.
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; (21) Szafran, M.; Karelson, M. M.; Katritzky, A. R.; Koput, J.; Zerner, M.

and the interchange mechanism,

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; C.J. Comput. Chen1993 14, 371-377.
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; (22) Miertus S.; Scrocco, E.; Tomasi, J. Chem. Phys198], 55, 117—
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. 129.

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, (23) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.
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2257-2261. 1182.
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Figure 2. Transition state for the associative interchangadchanism.
The M—O distances (average for the spectator ligands, left, and
M—0(7), right) indicated are for rhodium(lll). The imaginary frequency
mode for the transition state is indicated by arrows.

in this case geometry optimizations at a level including static
and dynamic electron correlation would be required. Such
calculations could be performed using the CASFF2 or
MCQDPTZ2637 methods, which are computationally very
demanding. Since, for the present purpose in the discussion of
reaction mechanisms, accurate geometries are not really needed,
Figure 1. Transition state for the dissociative D mechanism. Thed/ the ruthenium(ll) species were also computed at the Hartree
distances (average for the spectator ligands, left, andX(6), right) ~ Fock level. This approximation is responsible for the too long
|nd|ca_teq are for rhodium(lll). The imaginary mode for the transition Ru—0 bonds of Ru(Ok)e2* (Table 1). These calculations are
state is indicated by arrows. L . -
only qualitative and were performed for a comparison with the

The changes of the sum of allMD bond lengths, reactions of the isoelectronic rhodium(lll) ions. Nevertheless,
the calculated activation energy for the D mechanism does not
AZd(M—O) = deviate much from the experimental value.

Water Exchange MechanismsFor the rhodium(lll) ion two

Zd(M_O)transition state zd(M_o)reactam ®) transition states have been obtained, one for the dissociative
(Figure 1) and one for the interchange (Figure 2) mechanisms,
whereas for ruthenium(ll), only that for the dissociative pathway
could be calculated. All attempts of computations of a transition
state for an interchange or associative mechanism on ruthenium-
(I1) failed because the two Rer-O bonds are weaker than those

f RW'". In the attempts of calculations of a transition state like
(?[Rh(OHz)t-,---(OHz)z]Z*}*, the two exchanging water molecules
cﬂrSt moved away from the Rucenter and then were attracted

y the H atoms of the equatorial QHgands (those that are
perpendicular to the equatorial plane). All structures converged
toward the already describ&ttihydrate of the pentacoordinated
intermediate, Ru(OkJs:(OHy)2" (see, for example, Figure 9

of ref 3 or Figure 10 of ref 4). It is possible that a transition

during the activation is related to the intrinsic component of
the volume activationAVi,*). For the metal hexaaquaions, the
sign of A>d(M—0) was found to be the same as that of the
volume of activatior?*32

The Hartree-Fock method is adequate for all rhodium(lil)
species as can be seen by the comparison of calculated an
measured RRO bond lengths of Rh(Op®™ (Table 1). The
error is the same as that for the hexaaquaions; the calculate
Rh—0O bond lengths are slightly too long, as already dis-
cussed:*33The other approximations of this approach have also
been discussed previousi{;?! and these arguments are not
repeated here.

In contrast, the calculated R bonds of Ru(Ok)e?"
deviate considerably more from experimental results because(34) Andersson, K.; Malmauist, P.-A.; Roos, B. O.; Sadlej, A. J.; Wolinski,

K. J. Phys. Chem199Q 94, 5483-5488.

(32) Kowall, Th.; Caravan, P.; Bourgeois, H.; Helm, L.; Rotzinger, F. P.; (35) Andersson, K.; Malmgvist, P.-A.; Roos, B. @.Chem. Phys1992
Merbach, A. EJ. Am. Chem. S0d.998 120, 6569-6577. 96, 1218-1226.

(33) Akesson, R.; Petterson, L. G. M.; SandstraVl.; Wahlgren, U.J. (36) Nakano, HJ. Chem. Phys1993 99, 7983-7992.
Am. Chem. Sod 994 116, 8691-8704. (37) Nakano, HChem. Phys. Lettl993 207, 372-378.
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Table 1. Geometric and Thermodynamic Parameters Calculated (HF Level) for the Rh(lll) and Ru(ll) Species

AE*, kJ mof? dM—-0), A
symmetry gas phase PCM CPCM CPCM exptl  AYd(M—0), A
Rhodium(lll), D Mechanism
[Rh(OHy)g] 3" T2 2.066; 2.066; 2.066; 2.066; 2.066; 2.066 2916
{[Rh(OHy)s+++OH,] 3} Cs 136.6  136.6 131.3 2.077;2.013; 2.006; 2.049; 2.049; 3.462 +1.260
[Rh(OHy)s*OH] 3+ Cs 133.5 131.1  127.7 2.082; 2.008; 2.007; 2.049; 2.049; 3.989 +1.788
Rhodium(lll), I, Mechanism
[Rh(OHy)s(OH,)]3+ C 2.081; 2.047; 2.071; 2.067; 2.067; 2.051; 3.804 29016
{[Rh(OH)s+++(OH),]3*}* C 1346 1148 1129 2.052; 2.052; 2.026; 2.062; 2.062; 2.700; 2.700 —0.534
Ruthenium(ll), D Mechanism
[RU(OH)e)2* T2 2.209; 2.209; 2.209; 2.209; 2.209; 2.209 2422
{[RU(OHp)s*+OH, 2"} * Cs 69.8 719 702 2.206;2.163; 2.169; 2.188; 2.188; 3.589 +1.249
[RU(OHy)s*OHZ) >+ Cs 68.1 61.5 60.1 2.208; 2.163; 2.168; 2.187; 2.187; 4.222 +1.881

aQOptimized inD2, symmetry.? Energies obtained using SCRF geometries, with hydration effectsghe order of the oxygen numbering in
Figures 1 and 2¢ Average from X-ray structure of Cs[Rh(Q)|(SO4),-6H,0.2” EXAFS and large-angle X-ray scattering (LAXS) studies of
Rh(OH,)63" in solution give 2.03(2) &8 ¢ Average from X-ray structure of [Ru(Of#](C7H7SO)2.2°

state for the d mechanism could be found with more elaborate in terms of the sum of an intrinsic contributioAV,,*, arising
calculations involving a second coordination sphere representedirom changes in the internuclear distances during the formation
by at least 10 water molecules. In such a model compound, theof the transition state, and an electrostrictive contribution,
exchanging OHligands could not drift away easily to form H  AVeed. Fortunately, there is no overall charge creation or
bonds because these H atoms would already be engaged in Hannihilation during a solvent exchange reaction, and for an
bonds with the second coordination sphere. The present calcula-octahedral aquaion in water, the change in dipole moment by
tions indicate that transition states for the 4,dr | mechanisms  going to the transition state will not produce a significant change
are unlikely to be formed in the water exchange on Rufgh. in electrostriction. Therefore, in the cases of Rh¢glft and

It has been showh for the water exchange on the aqua- Ru(OH)e?" the measured values are directhyi,*, or close
pentaammineruthenium(lll) ion that the geometries are quite to that parameter, and can be relatec\fpd(M—O) (eq 5) and
insensitive to hydration, but for the calculation of at least are available by computation (Table 1).
qualitatively correct activation energies for several mechanistic ~ Attribution of the Exchange Mechanisms. (i) Rh(OH)e3".
pathways of a given reactant, the energy has to be computedThe difference in the calculated activation energi®g?, for
by taking into account hydration. Thus, the activation energy the water exchange on Rh(QJf* via the interchange and the
for the water exchange on rhodium(lll) via the interchange dissociative pathways is 21.8 kJ mdlin favor of the former
mechanism was found to be lower than that via the dissociative (Figure 3). This argues against the D mechanism. Furthermore,
pathway (by~20 kJ/mol). Also, the change of the sum of all the calculatedAE* for the interchange mechanism is close to
Rh—O bond lengthsAY d(Rh—0) (eq 5), for the interchange  both experimentaAGyog” and AHogs* values k2%8 = 2.2 x 1079
mechanism is negative as the volume of activation. Thus, the s, AGyes" = 122.3 kJ mot?l, AHxes" = 131+ 23 kJ mot?,
calculations supply two parameters, the activation energy andASyeg" = +29 4+ 69 J K~ mol™2).
Ay d(Rh—0), which both favor the interchange mechanism over  The experimental activation volume is4.2 cn® mol~* and
the dissociative one. supports thejmechanism. The computet d(Rh—0) value

For the Ru(OH)e2t ion, only the D (or eventually theg) of —0.534 A (Table 1) argues also in favor of therlechanism.
mechanism seems to be available on the basis of the presenHence, the experimental and the computed data support the |
model. mechanism for this exchange reaction.

Substitution or exchange reactions on the most extensively
studied § low-spin complexes, those of tathat are valence-

The usual approach to elucidate the mechanism of substitutionisoelectronic with those of Rh proceed via theyl mecha-
reactions involves the study of the dependence of the reactionnism314° Because of the pronounced difference of these two
rate on reactants’ concentration, pH, ionic strength, and solventelectronically similar trivalent transition metal centers, the |
composition. For solvent exchange at metal ions these criteriamechanism for RH will be analyzed in further detail and
are not applicable, and besides relying on theoretical simulation,compared with the corresponding exchange reaction on Rh-
one has to rely on the activation parameters obtained from (NHz)sOHx3* .41
variable temperature and pressure studies. In this context, the In the following it will be shown that the length of the
chief advantage oAV* measurements is that they are easily Rh-O bonds in the transition state [Rh(@)kt--(OH)>"]*
understood in terms of atomic movement alone; the interpreta- supports the d mechanism. The “normal” RRO bonds, for
tion of AS, on the other hand, involves fewer tangible factors example, those in Rh(O##3*, are 2.066 A, and as a value for
such as molecular energy levels and the mode of occupationan unbound Okimolecule in the second coordination sphere,
thereof. Volume changes on the macroscale are directly the Rh--O bond length of 3.804 A in the reactant Rh(#
perceived by the human senses, whereas entropy is a transcerOH:*" can be used (Table 1). The average of these two values,
dent abstraction; thus, one may theorize alout, as suggested ~ 2.935 A, would indicate an approximate Ri© bond length
by Swaddle3® with much more confidence than in the cases of for the | mechanism. Since the calculated value of 2.700 A is
AS'. It must also be recalled that for substitution reactions in smaller, the {mechanism would again be attributed on the basis
general the experimentally determin&t* is usually discussed  of this consideration (Figure 4).

Discussion

(38) Rotzinger, F. PJ. Phys. Chem. A999 103 9345-9448. (40) Lawrance, G. Alnorg. Chem 1982 21, 3687-3691.
(39) Swaddle, T. WCoord. Chem. Re 1974 14, 217-268. (41) Rotzinger, F. PJ. Phys. Chem. 2000 104, 6439-6446.
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Figure 3. PCM energyASd(M—O)/A (eq 5) and energy profiles for water exchange on rhodium(lil) and ruthenium(ll) hexaaquaions.

Rh-Oin A Mechanism

3.462

2.935

/ |
2778

2700 - :
A[R(OHo)s * * * (OH)2I™'Y

2.093
2.066

Rh(OH2)s™*

Figure 4. Water exchange on Rh(Q}#* showing the relation between
possible mechanisms and calculated oxygeretal distances at the
corresponding transition states (in region boundgd-: Rh—0 bond
length for the hexaaquaion and the reacting water molecule for the |
pathway).

Alternatively, we might define the RhO bond length for

Rh(NHz)sOHz3", which proceeds via the | mechanigiThe
average Rh-O bond length in the transition state is 3.13 A,
and the correspondingAYd(Rh—L) parameter is 0.01 A,
approximately zero. Clearly, both parameters, the ®&hbond
lengths and thé\y d(Rh—0O) value for the water exchange on
Rh(OHy)e3", are smaller than those for Rh(N}sOH,3*, and
therefore once more, the mechanism would be attributed
preferentially to the water exchange process on RhjggH
The longer Rkr-O bonds in the transition state for the exchange
reaction of Rh(NH)sOH,%" are due to the trans effect of the
NHs ligand trans to the exchanging Q@Hmolecules. The
contribution of the cis Nhlligands is smallef?

The steric course of this water exchange reaction is difficult,
if not impossible, to study experimentally. According to the
present calculations, the interchange pathway proceeds with
retention of the configuration because the attack of the incoming
water ligand takes place adjacent to the leaving ligand. In
principle, the entering water could also attack opposite the
leaving ligand, but this stereomobile pathway would require a
much higher activation energy because it would involve a triplet
electronic state. In the case of the water exchange on R{)NH
OH,?*, the stereomobile pathway requires an activation energy
that is higher by more than 100 kJ méthan that with retention

the | mechanism as the average of the bond length at theOf the configuratiort!

transition state for the D mechanism (3.462 A) and for the A

mechanism. As minimum value for the A mechanism, we may

(i) Ru(OH )¢2". All attempts to compute a transition state
for an interchange mechanism failed because in such a (putative)

add to the hexaaquaion distance (2.066 A) the equivalent of transition state the RuO bonds are weaker than the hydrogen

the bond shrinkage of the five RO spectator bonds (0.027
A) during the D activation process. This gives a-Rb distance
of 2.093 A for the hypothetical A intermediate, itself shorter

than the distance at the corresponding transition state. Therefore

the average gives a lower limit of 2.778 A for the | mechanism.
This limit is smaller than that calculated above but still allows
us to conclude the presence of amlechanism (Figure 4) that
is close to the | pathway.

An additional argument in favor of thg inechanism can be

bonds with the equatorial water molecules. In the calculation
starting with structures like those of Rhthe Ru--O bonds
were elongated and then the @tdolecules drifted away toward
the closest H atoms of the corresponding equatorial l@nds.

The unavailability of a transition state for thg mhechanism
does not mean that it does not exist. It is just not available with
the present model in which the second coordination sphere is
not treated quantum chemically. The calculatggf for the D
mechanism is also close to both experimeni@bos’ and AHags"

obtained in comparison with the water exchange reaction on (42) Rotzinger, F. PJ. Phys. Chem. 200Q 104, 8787-8795.
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values k298 = 18 x 10° s71, AGyeg' = 83.0 kJ mot?, AHoeg" change the sign oAV* to a negative value. Furthermore, the

= 87.8+ 4 kJ mol?, ASys" = +16.1+ 15 J K1 mol™b).7 contraction is definitively smaller (0.013 A) for the operating
Therefore, the result of the present calculations suggests that, mechanism on Rh(Ob&3* (V = 81.83 cn? mol™1). To this
water exchange on Ru(Q}2" proceeds via a “d” activation,  small change corresponds a volume decrease of maximum 0.8
either the § or the D mechanism. This result is in agreement cm? mol~1.

with a high-pressure study of the formation of [Ru(£4

DMF]2* from the aquaion for which the volume of the transition Conclusion

state is between the volume of the reactant and the volume of

the products; anglmechanism has been assigaéd. L . .
Finallv. the suagestion that the abnormally small observed exchange via disparate mechanisms although they are isoelec-
inary., uggest Y V€D tronic? The charges are different, especially the®bond

AV* value of —0.4 + 0.7 cn? mol~! could be due to the L . S _
contraction of the bonds between Ru and the spectator IigandsstrengthsThls is manifested by the activation energies for the

merits a comment. The calculation for the D mechanism sho exchange reactions via the D mechanism (Figure 3); fo¥,Rh
s - ulati ISM SNOWS A+ g equal to 136.6 kJ/mol, whereas for'RWE* is about
an average shortening of 0.026 A of the bond to the spectator

) half that value, namely, 71.9 kJ/mol. The ''RRO bonds are
water molecules, from 2.209 to 2.183 A for the-RD distance - ' ' |
at the transition state (Table 1). Translating this contraction to considerably stronger than the RtO bonds, and the same

) holds also for the corresponding-MO bonds in the transition
5 2+
v{/?t(r)]f;h?a\gi)lljimergtf)sggjlbzlﬁ Aerflggeg;ncﬁqcnﬁglrﬁ”y ?\?;]Sé? state for the interchange mechanism. Because of the strong
value of —1 7pcm°* moI*l. Th\ig_wou.ld leave app)ro%dmately Ril—O bonds, water exchange on Rh(g#1" proceeds via
11— o mol-1 for the volume increase due to the bond the |, pathway (close to I), whereas the same reaction of Ru-

. : (OHy)e?™, which has considerably weaker 'ReO bonds,
rupture of the leaving water molecule. The estimated value duefoIIOWS the § or the D mechanism
to the bond lengthening of 1.380 A to reach the transition state '

is clearly larger but may be compensated by the negative Acknowledgment. The authors thank the Swiss National
contribution of the entering water molecule in anprocess.  Science Foundation for financial support (Grants 2-59117.99
Interestingly for Rh(OH)e**, an already more compact ion  and 2-55459.98).

because of its-3 charge, the bond shortening of the spectator _ ) _ o _
ligands is the same (0.027 A) for the hypothetical D mechanism;  Supporting Information Available: A listing of the total energies

the higher positive charge than for Raannot promote further and atomic coordinates of all reactants/products, transition states, and

volume contraction in forming the pentaaqua transition state to Pentacoordinated intermediates (Tables—S8). This material is
available free of charge via the Internet at http://pubs.acs.org.

Why do the hexaaquaaions of RRland Rl undergo water

(43) Connolly, M. L.J. Appl. Crystallogr.1983 16, 548-558. 1C0008262





