J. Phys. Chem. A999,103,9345-9348 9345
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The water exchange on the ruthenium(lll) aqua pentaammine ion was investigated using quantum chemical
techniques. Calculations were performed for the free and the hydrated ions, with and without electron correlation
(dispersion was neglected). The most accurate result was obtained when both hydration and correlation were
considered. Two interchange pathways were investigated, one proceeding with retention of the configuration
and the other one giving rise to stereomobility. The latter is unlikely to operate, because of its high activation
energy. The computed energy of activation for the exchange with retention of the configuration (88 kJ/mol)
is close to the measuretH.,os/AGaes” values (91.5 and 93.8 kJ/mol, respectively). The dissociative mechanism
does not operate because of its higher activation energy (103 kJ/mol).

Introduction the configuration. For all above-mentioned mechanisms, the

Among the aqua pentaammine complexes of inert trivalent quantum chemical computations were performed for the free

transition metal ions, water exchange is fastasthe ruthenium- ions, similar to the_computanohs“ on the metal hexaaqu_a lons,
(1) center (AH E{AG* — 91.5/93.8 kJ/mol). The moder- and the hydrated ions. F_urthermore, electron correlatl_on in Fhe
ately negative \i?)luméggf activatibiAV?) of —4.0 cn?/mol complexes was taken into account, but not the dispersion

suggests the, mechanism for reaction 1. The strateqy described (correlation of solute and solvent). The two models, treating
99 ) 9y the free and solvated ions and the two computational levels with

Ru(NH3)5OH23+ + H,0— Ru(NH3)5OH23+ +HO (1) or without electron correlation are compared.

in previous work—4 on the water exchange of metal hexaaqua R€Sults

ions, where the int(_erch_ange mechanisms were investigated on geometries (Table 1) have been optimized for the free
the basis of the activation of the water adducts of the reactants, 4 the hydrated ions at the Hartreock level. For the latter,

(eq 2) was also applied to the present system. Although the e caiculations were performed using the self-consistent
3t 34t reaction field (SCRF) modél.” The energy of the free ions
RU(NH;)s0H, OH,™ — [RU(NHy)5 ++(OHp),™ 1" (2) (Table 2) was computed at the Hartrégock (HF) and
) ) ) ] “multiconfigurational self-consistent field second-order quaside-
steric course of reaction 1 is not yet known experimentally, two generate perturbation” (MCQDPT2) levid,which takes into
transition states have been calculated for the interchangeaccount static and dynamic electron correlation. The energy of
pathway: one giving rise to retention of the configuration ipe hydrated ions (Table 2) was computed on the basis of the
(reaction 3a) and the other one to stereomobility, where, for polarizable continuum model (PCM)12 at the HF or CAS-
example, a trand®NHs ligand would end in the cis position  ScF jevel, and the contribution due to dynamic correlation was
after the exchange of the water ligand (reaction 3b). The gptained as a second-order perturbation of the CAS-SCF wave
1s 3 function (see Computational Details). The latter technique is
transRu(NH;),("NHZ)OH,™ + H,0 — the most accurate, but also most the demanding, one. The
trans-Ru(NHy),(*NHZ)OH,>" + H,0 (3a) activation energies were computed by neglecting the zero point
energy. Therefore, thAE* values correspond approximately
trans-Ru(NH,) 4(15N H3)0H23+ +H,0— ']Eo the Eyring enthz;lpy o(; actti)vaticgsH*. :}'he Ectiva(’;ion ertl)eré;ies o
. or reactions 3a, 3b, and 4, based on the above-described models
C'S'RU(NH3)4(15NH3)OH23+ +H,0 (3b) and techniques, are summarized in Table 3.
Other approximations, the model, and its limitations were
discussed previouskr:* Therefore, these arguments are not
repeated here.

Water Exchange with Retention of the Configuration.In
3+ 3% i

RU(NH,):0H,>" — [Ru(NH)g++-OH,*'] ) aqua penftaammlne complexes, the two ha_llves qf tbe octahed"ron

are inequivalent. The attack of a nucleophile on its “upper half”,

is formed? this mechanism would proceed with retention of defined here by the water and the four equatorial ammonia

ligands, gives rise to a product where the configuration of the

TTel: ++41 21 693 36 09. Fax++41 21 693 41 11. E-mail: ammonia ligands is retained. Water exchange according to this
francois.rotzinger@epfl.ch. mechanism (reaction 3a), where the nucleophile enters adjacent

dissociative (D) mechanism is always feasi§leand was
investigated on the basis of eq 4. Since for the low-sgin d
electron configuration, no trigonal bipyramidal transition state
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TABLE 1: Ruthenium —Ligand Bond Lengths and Changes of Their Sum during the Activation

species d(Ru—N), A d(Ru—0), A Yd(Ru—L), A AYd(Ru—L), A
(i) Geometries of the Free lons
RU(NHz)s0OH,:OH,3* 2.219, 2.197, 2.185, 2.200, 2.197 2.118, 4.019 17.135 0.0
[cis-RU(NHg)s+++(OHZ) 2 1* 2.199, 2.203, 2.157, 2.207, 2.205 2.684, 2.636 16.291 —0.844
[RU(NHa)s-++(OHy)3]* 2.274,2.213,2.198, 2.181 2.867 16.681 —0.454
RU(NHs)sOH2*" 2.192, 2.200, 2.186, 2.199, 2.190 2.212 12.179 0.0
[RU(NHg)s*-OH2H]* 2.17® 2.132,2.200 3.462 14.336 2.157
(i) Geometries of the Hydrated lons

RuU(NHz)sOH,:OH3* 2.216,2.198, 2.182, 2.199, 2.200 2.124, 4.048 17.167 0.0
[cis-RU(NHg)s+++(OHR) 21 ]* 2.198, 2.202, 2.152, 2.205, 2.204 2.717, 2.670 16.348 —0.819
[RU(NHg)s*+(OH,)*1]* 2.278,2.212,2.199, 2.180 2.866 16.681 —0.486
Ru(NHs)sOH2*" 2.192, 2.200, 2.185, 2.199, 2.191 2.214 12.181 0.0
[RU(NHg)s*-OH2H]* 2.176, 2.130, 2.1986 3.446 14.320 2.139

aTwo symmetry equivalent bonds.

TABLE 2: Total Energies® of All Computed Species

free ion hydrated ion
species HF MCQDPT?2 PCM(HF) PCM(CAS-SCF} Mp2
RU(NHz)sOH,OH3 —525.345096 —526.710249 (8) —525.950190 —527.314580 (8)
[cisRU(NHg)s**+(OHy)*]* —525.304543 —526.669269 (8) —525.916466 —527.281119 (8)
[RU(NH3)s**+(OH) 2 T* —525.290579 —526.664142 (4) —525.896360 —527.268465 (75)
RU(NHz)sOH®* —449.276904 —450.449900 (210) —449.912928 —451.083175 (210)
[Ru(NHz)s*+-OHz*]* —449.244544 —450.418236 (108) —449.870599 —451.044037 (210)

aUnits: hartrees? In parentheses: number of configuration state functions.

TABLE 3: Activation Energies? for Pathways 3a, 3b, and 4

free ion hydrated ioh
species HF MCQDPT2 PCM(HF) PCM(CAS-SCF)MP2
[cis-RU(NH)s*+*(OHy) 2] 106.5 107.6 88.5 87.9
[RU(NHz)s*++(OH,)*]* 143.1 121.1 141.3 121.1
[RU(NHg)s*+-OH,]* 85.0 83.1 111.1 102.8

aUnits: kJ/mol.” Experimental valuesAHjq; = 91.5 andAGhgg = 93.8 kJ/mok:

N

Figure 1. Perspective view and imaginary mode of the transition state
[cis-RuU(NHg)s+++(OH,)2*]* (interchange mechanism, attack adjacent to

the leaving ligand). Figure 2. Perspective view of the reactant or product RugN@H-

OH3 .

to the leaving HO ligand, involves the transition stateig-Ru-

(NHa)s:+(OH)3*]* (Figure 1), which was obtained by previ- are e;xpgcped to hgve the same structures, too. Therefore, iny
ously described techniqué&!3The imaginary mode, whichis ~ 9"€ intrinsic reaction coordinate was co_mpute‘(‘j. The entgnng
the reaction coordinate, shows that this exchange is a concerte@’ €xchanged water molecule, located in the “upper half” of
process. The relatively short RtO bonds in the transition state, ~the octahedron, is hydrogen bonded to the aqua and one
which has no symmetry (Table 1), are typical of the ammonia ligand. Th_e change of the sum Qf the—FRqund
mechanism. The reactant or product (Figure 2) was obtained!€ngths Ay d(Ru—L), is negative (Table 1) indicating again that
by the computation of the intrinsic reaction coordinate, along (3a) involves ara activation. The inclusion of hydration leads
which no intermediate was found. Since the transition stage [ to small bond length changes.04 A), and more importantly,
Ru(NHa)s***(OH,)-3"]* has no symmetry, the intrinsic reaction the mechanistically diagnostity d(Ru—L) parameter changed
coordinates leading to the reactant or product are different. Forvery slightly. Whether the geometry of the free ion or that of
the analogous water exchange Wi&s{Rh(NHs)s:+(OH)3*F, the hydrated one is taken, or whether electron correlation is
the reactant as well as the product were identical despite theincluded, the computed energy of activation differs from the
different reaction coordinatéd.Hence, for the very similar  experimentdl AH¥ or AG* value of 91.5 or 93.8 kJ/mol,
transition statedis-Ru(NHs)s++(OH,)23]*, reactant and product  respectively, by less than 15 kJ/mol. As expected, the computed
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Figure 4. Perspective view and imaginary mode of the transition state
Figure 3. Perspective view and imaginary mode of the transition state [Ru(NHz)s:-*OH,3"]* (D mechanism).
[Ru(NHs3)s*++(OH)2*"]* with Cs symmetry (interchange mechanism,
attack opposite to the leaving ligand). proceed with retention of the configuration, since for a low-

) spin ¢ electron configuration the trigonal bipyramidal penta-
values based on the hydrated ions are closest to the observedqordinated intermediate is less stable than the square pyramidal
ones. ) N one? A detailed analysis of this mechanism will be given for

Water Exchange with Stereomobility. In contrast to the the water exchange on Rh(NEHs)sOH3* and Rh(NH)s-

previous case, the attack of a nucleophile on the “lower half’ g3+ 13

of the octahedron, defined by the five ammonia ligands, leads | js interesting to note that according to the calculations on
to stereomobility, where the ammonia ligand having been ine free ions in the gas phase, the D mechanism is more
originally in the apical position ends up in the equatorial plane ¢ayoraple than the interchange one by 25 kJ/mol (Table 3). The
(reaction 3b). The corresponding transition state [RuMt  rejative ordering of the activation energies does not depend on
(OH2)23'+]*, resulting from the qttack opposite to the .Ieavmg the geometries, since the inclusion of hydration leads to very
group, is a pentagonal bipyramid havifig symmetry (Figure  gma|| geometry changes (Table 1). It is the hydration energy of
3). The imaginary mode describes the concerted entry andhe two transition states for the interchange and that for the
leaving of the exchanging water molecules together with the gissociative mechanism that are different. The inclusion of
rearrangement of the three ammonia ligands in the trigonakRuN hydration lowers the activation energy by 20 kJ/mol for (3a),

plane. The corresponding reactant or product was not computediyas no effect on that of (3b), and increases that for (4) by 20
it would resemble that of (3a) (Figure 2) with the water molecule | 3/mol.

of the second coordination sphere being located in the “lower

half” of the octahedron and hydrogen bonded to ammonia piscussion

ligands only. For this transition state, the (symmetry equivalent)

Ru---O bonds are longer by about 0.2 A than those of the Role of the Computational Model. When hydration is
corresponding cis isomer, and therefore, Ajed(Ru—L) value included, the activation energy for reaction 3a, which is reaction
for this pathway (reaction 3b) is less negative (Table 1). This 1 proceeding with retention of the configuration, agrees with
suggests that also this exchange would proceed vialghe the experimentdl AHbo/AGsq, values, although specific ef-
mechanism, but with a less negative volume of activation than fects of hydrogen bonding with the bulk solvent were not
(3a). Whether electron correlation is included or not, the considered (neither in the geometry optimizations nor in the
computed activation energies are insensitive to hydration. Unlike energy computations). This omission leads to systematic errors,
the activation energy for (3a) that is sensitive to hydration, but leading to Ru-L bond lengths that are too long. Also the
not to correlation, the inclusion of the latter lowers the activation geometry optimization at the Hartre&ock level gives rise to
energy by 20 kJ/mol. Since this pathway (reaction 3b) requires longer Ru-L bond lengths, as discussed previousifTherefore,

a significantly higher activation energy (33.2 kJ/mol) than (3a), all the computed geometries suffer from too long-Rubonds.

the interchange mechanism is expected to proceed quantitativelylhe energies, on the other hand, appear more accurate.

with retention of the configuration. The activation energies for reactions 3a and 4 are sensitive
Dissociative Mechanism.The activation energy for this to hydration but that of 3b is sensitive taorrelation
always feasible, but not always most favorable pathivayas Furthermore, depending on the kind of reaction, hydration can

calculated on the basis of eq 4. The transition state [RyfidH lower or raise the activation energy as seen for (3a) and (4),
-«OH23*]*, which hasCs symmetry, together with its imaginary ~ respectively. This observation suggests that the effects of
mode are shown in Figure 4. As expected for a dissociative hydration and correlation cannot be predicted a priori. Although
activation, the Ru-O bond is much longer than in the transition  the corresponding corrections are not large§ kJ/mol in the
state for each of the interchange mechanisms, and the changg@resent cases), they are unavoidable, if the most favorable
in the sum of the RuL bond lengths during the activation, pathway has to be determined.

AYd(Ru—L), is large and positive (Table 1). The activation Stereochemistry of the Water Exchange Reaction 1 is
energy for this pathway, calculated using the best method thatunlikely to proceed with stereomobility, since reaction 3b is
takes into account hydration and electron correlation (Table 3), predicted to contribute less than 1% regardless of the applied
lies between the activation energies of the two interchange model and computational method. This result should, however,
mechanisms. The D mechanism is less favorable by 15 kJ/molnot be generalized for amine complexes of ruthenium(lll) with
than the interchange mechanism, which involves retention of bulky or chelating ligands, since strain or constraints in the
the configuration, but is more advantageous than the interchangdigand sphere could alter the activation energies for (3a) and
pathway involving stereomobility. The D mechanism would (3b) considerably by favoring or disfavoring one of the two
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pathways. It is important to note that the D mechanism requires (PCM)!%-12 were performed at the CAS-SCF level, and the
an activation energy that is higher by only 15 kJ/mol than the second-order perturbation energy of this wave function was
most favorable interchange one (Table 3). For the presentcalculated using the MCQDPT2 code (at the in vacuo level);
system, Ru(NHK)sOHy3*, it does not operate, as already the second-order contribution is equal to the second-order minus
postulated on the basis of the experimentegative volume the first-order energyE(MP2) — E(MCSCF). The total PCM
of activation. In complexes with bulky or chelating amine energy, corrected by second-order perturbation, is equal to the
ligands, however, the D pathway might become competitive or PCM energy (CAS-SCF level) plus the above second-order
even favorable, as in Rh(N&EH3)sOHy3+.13 correction.

Electronic Structure of the Transition States. The stability The zero point energy was neglected for the reasons discussed
of heptacoordinated species depends on the spin state and tha previous worlké3
number of d electrons. This has been sh¥dor the water
exchange on the first row transition metal hexaaqua ions. Acknowledgment. Prof. Dr. E. Sachez Marcos is acknowl-
According to these criteria, the two present transition states, edged for a valuable hint, and Dr. R. Humphry-Baker, for
[cis-RU(NHg)s++*(OHy)22*]* and [Ru(NH)s:*+(OH,)23"]*, which helpful comments to the manuscript.
have a low-spin ¥electron configuration, are predicted to be
accessible, since 4 electrons are located in nonbonding orbitals Supporting Information Available: A listing of the atomic
(dy levels in ref 3) and a single electron is in a slightly coordinates of the reactants/products and the transition states

antibonding (g) level. for the activation according to eqs 3a, 3b, and 4 (Tables S1
S5). This information is available free of charge via the Internet
Computational Details at http://pubs.acs.org.
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