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Abstract: The structures of the transition states and intermediates formed in the water-exchange of hexaagua complexes
of the first row transition elements have been computed with ab initio methods at the H&tdeor CAS-SCF

level. As an approximation, water molecules in the second coordination sphere except one, bulk water, and anions
have been neglected. For each of the three types of activation, namely associative, concerted, and dissociative
mechanism, a representative transition metal complex has been studied, viz.2)8{OWOH,)s>", and Ni(OH)e?*.

Each type of mechanism proceeds via a characteristic transition state. For the A and D mechanisms, respectively,
hepta- or pentacoordinated intermediates are formed, and their lifetimes were estimated based on the energy difference
between that of the transition state and the corresponding intermediate. The computed activation energies are in
agreement with the experimental values and are independent of the mechanism or the charge on the metal center.
The bond length changes occurring during the activation agree with the corresponding experkwéntdlies. In

a recent article, Akesson et all. Am. Chem. S0d.994 116, 8705) proposed an interpretation of the experimental

AV* values that differs from that commonly applied (Merbach, APEte Appl. Chem1987, 59, 161). In particular,

they claimed a dissociative activation for the water-exchange of the hexaaqua iothsantl\WIr' in spite of their

negative volumes of activation. The present computational results'oar® in perfect agreement with thg |
mechanism attributed on the basis ofAtg* value. It should be noted that in principle, the D mechanism is possible

for all the hexaaqua ions of the first transition series, but in many cases, the associative or concerted pathway is
preferred. For a given complex, all the possible mechanisms must be analyzed, before the most favorable pathway
can be determined. The presently studied case'gfihere equal energies of activation have been computed for

the |l and D mechanism, illustrates this point. The attribution of the mechanism was only possible by comparison
with the experimental volume of activation. Computed energies of activation alone may not suffice to identify the
mechanism; a safe attribution can only be made if the structural changes agree with the volume of activation.

Introduction values are interpreted as an | mechanism. All these thermo
chemical parameters describe global or total phenomena, viz
. . ) h every parameter describes the sum of the effects arising fron
metal ions and ligands haye been I’eV.IEV\.Ied recently .by Llncoln the bulk solvent, the second coordination sphere solvent, an
and MerbacH. The most simple substitution process involving the transition metal complex itself. For water-exchange, the

aqua complexes of transition metr_slls |s_the water-exchange. Thecontribution due to the electrostriction of the second coordination
detailed knowledge of such reactions is, however, relevant not

. - . sphere and bulk water is known to be sntallherefore, the
only for the understanding of the substitution mechanisms but experimentalAVE values reflect mainlv chanaes in the first
also for the electron transfer proceeding via the inner-sphere P y 9

pathway, since the latter is necessarily preceded byasubstitutioncoord'n"’1t|0n sphere which are investigated with the presen

process. calculations. | ) |
The substitution mechanisms are classified with the symbols N @ recent article, Sandstroand co-workerSclaimed that
A, I |, 1, and D, where A and D represent associative and & dissociative rather than an associative mechanism operate

dissociative mechanisms proceeding via hepta- or pentacoor-for V(OHz2)s*" and Mn(OH)e**. It should be noted that their
dinated intermediates, respectively, and || or Iy describe ~ Pentagonal bipyramidal heptacoordinated species of the typ

Ligand substitutions and exchange involving a variety of

concerted reactions that may have some associatiyeo(l ~ M(OH2)7"" have been computed with highly constrained
dissociative () characteB The mechanisms are attributed —Optimizations, and furthermore, not a single frequency computa
based on thermodynamic activation parametersAikg, AS, tion on such a species has been reported. According to th

AG* or AV*. The volume of activation is generally accepted present calculations, Sandstits M(OH,);"* species do not
to be the strongest criterion: large negative values point toward represent chemically relevant stationary points on the potentia

an A and large positive values towleet D mechanisrfi. Smaller energy surface, and therefore, their mechanistic interpretation
based on these species might be questionable. Our comput
® Abstract published iAdvance ACS Abstractuly 1, 1996. i i i i
(1) Lincoln' S. F.; Merbach, A EAd. Inorg. Chem.1095 43, 1. tlon_s, however, are in perfect agreemerjt W_lth theéchanism
(2) () Taube, H.: Myers, H.: Rich, R. L. Am. Chem. S0d 953 75, derived from measurements of the activation volurfes.
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In the present article, all the transition state and intermediate degenerate states (e.g. the doublet states of [@H*)
structures that could occur along the reaction coordinate of therequiring a CAS-SCF wave function. Although density func-
water-exchange process involving representative hexaaqua iongional theory would provide better results for a variety of
of the 3d metals have been computed. Since there are threecompounds, since it includes dynamic correlation, a uniform
types of mechanisms, three typical examples are discussed irtreatment of all the elements of the first transition series is not
this study, together with their most favorable reaction pathways. possible at this level. For this reason, the computations have
Furthermore, the lifetime of one penta- and one heptacoordinatedoeen performed at the HartreBock or CAS-SCF level where
intermediate has been calculated. The structures of the transitiomecessary. The pertinent calculations for the MM
states are related to the electronic structure or vice versa, anccomplexes are shown in Table 1. For Ni(@k", the same
the correlation electronic structureubstitution mechanism is ~ M—O bond lengths were obtained with density function theory
discussed. and Hartree-Fock calculations. The bond lengths of Ti-

The calculations have been performed with ab initio methods (OH)e*" and V(OHy)e?" were, however, slightly longer in the
at the Hartree'Fock or CAS-SCF (complete active space SCF, Hartree-Fock calculations. This relatively small error is due
a multiconfigurational approach) level where appropriate; to the omission of dynamic correlation.
dynamic electron correlation was neglected. The validity of  Calculations on the water adducts [M(@KOH,]"* clearly
this approximation has been verified using density functional show that the M-O bond lengths obtained for M(Qi"*
theory. It should be noted that a transition state is CharaCterizedcomplexes are too long. This arises from the omission of the
by a single imaginary vibrational frequency, whereas an second coordination sphere water molecules and possibly th
intermediate hagso imaginary frequency. Species with more anions, since the MO bond of the water ligand carrying the
than one imaginary frequency do not represent chemically second coordination sphere water is shorter than the others b
relevant species on the potential energy surface. In this study,at least 0.05 A (Table 1). The geometry optimizations have
reactants, products, and intermediates are characterized by theeen performed irC; symmetry for V' and Ni', and the
absence of any imaginary frequency throughout, whereassymmetry was found to b€ Therefore, the adduct [Ti-
transition states always have a single imaginary frequency. (OH,)s:OH,]3" has then been computed @ symmetry. A

As an approximation, second coordination sphere and bulk perspective view of this species is shown in Figure 1. It should
water as well as the anions have been neglected. Activationbe noted that for the present exchange reactions, the wate
energies for the associative (A) and the concertgdI(llq) adducts represent either the reactant or the product.
pathways have been computed based on eq la, and for the Transition States. For the two aqua ions Ti(OBe*" and
dissociative (D) ones, both eqs 1a or 1b can be used. The bond\j(OH,)s2*, the most negative and the most positive volumes
length changes occurring during the activation were comparedof activation have been measuret, respectively, whereas

with the volumes of activation, and these changes, together with for \/((OH,)¢2*+ an intermediate value has been obsefh(@able

the mechanism. reactions proceed via quite disparate transition states. Th
{[Ti(OHy)g**-OH;]3"}* species hasC; symmetry, and the

[M(OH)¢:OH,]™" — [M(OH,),""T* (1a) incoming ligand can be recognized easily (Figure 2). The

imaginary mode describes an almost pure motion of the enterin
M(QH2)6”+ — [M(OH2)6”+]* (1b) ligand toward or away from the i center. In this reaction,

water entry dominates clearly the activation process, since the
six M—O bonds of Ti(OH)e*" do not alter appreciably, when

As mentioned above, one example for each type of mechanismthe single second coordination sphere water molecule penetrate
is discussed: the associative, concerted, and dissociative activa: g P p

tions have been analyzed based on the examples of TEOH into the first co_ordination _sphere (Table 1a). During this
V(OH,)s%", and Ni(OH)s?", respectively. Interestingly, each grocess, theg\)ertlnent;v/o d|§tance h‘."ls been s_horteped by1.3
type of mechanism proceeds via a different transition state; the from 413 A102.81 A. This transition state is typical for an
present results suggest that the structure of the transition stateé mechanism. . "

and intermediates provides a straightforward criterion for the _IN contrast to the previous example, the transition state
attribution of the reaction mechanism. The calculated structural {[V(OH2)s*+(OH2);]*"}*, arising from a concerted process, has
changes parallel the experimentally determined volumes of C2 Symmetry (Figure 3); the entering and leaving water
activation. To our knowledge, this is the first study discussing molecules are symmetr!cally equwalent and indistinguishable,
substitution mechanisms of transition metal aqua ions based on2nd the reaction coordinate iskaspecies (non totally sym-
transition state and intermediate structures that were calculatedN®tric)- The bond lengths of the incoming or leaving water

with ab initio methods. ligand are both 2.68 A. This value is perfectly consistent with
a concerted substitution mechanism, where entry of one ligant

Results is accompanied by the stretching of the correspondingQM
. bond of the leaving group. In fact, the imaginary mode
Hexahydrates and Their Water Adducts. Akesson etal.  gegcripes the concerted shortening of one and the elongatio

have shown that the computed geometries of the free (gas phasejf the other V-0 bond involved in the exchange reaction. In
M(OHo)e™" complexes are not the same as those found in crystal s case, bond formation is more important than bond breaking
structures. In the following calculations, dynamic electron gince the water in the second coordination sphere at 4.38 2
correlation has been neglected, and the error due to thisgomes closer to the Weenter by 1.7 A while the bond of the
approximation has been estimated by comparing the bond|eaying ligand is elongated by only about 0.5 A. The computed
lengths obtained at the HartreBock level with those from  yansition state structure is in perfect agreement with the |

density functional theory. The latter includes dynamic correla- echanism derived from the experimental volume of activation.
tion, butitis not suitable for the treatment of species with nearly another “transition state” withC,, symmetry, a (distorted)

(8) Ducommun, Y.; Newman, K. E.; Merbach, A. Borg. Chem198Q pentagonal bipyramid, has also been located (Figure 4), but thi
19, 3696.
(9) Akesson, R.; Pettersson, G. M.; Sandstrd/.; Wahlgren, UJ. Am. (10) Hugi, A. D.; Helm, L.; Merbach, A. Hnorg. Chem1987, 26, 1763.

Chem Soc1994 116, 8691. (11) Probst, M. M.; Hermansson, K. Chem. Phys1992 96, 8995.
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Table 1. Selected Properties of Reactants/Products, Transition States, and Interriediates

electronic state

species (symmetry) energy, au dM—0), A S[dM—-0)], A
(a) Complexes of T
Ti(OH2)®" 2B1g (D2n) —2.297872 2.09, 2.09, 2.09,2.09, 2.17, 2.17 12.70
Ti(OHp)6*" 2B1g (D2n) —512.800990 2.11,2.11,2.12,2.12,2.16, 2.16 12.78
[Ti(OH2)e*OHZ) 3" 2A"" (Cy) —588.866969 2.04,2.12,2.13,2.13,2.17,2.17,4.13 16.89
{[Ti(OH,)g-OH3*} 2A (Cy) —588.853581 2.17,2.17,2.16, 2.14,2.11, 2.11, 2.81 15.67
[Ti(OH.)A1]* B (Cy) —588.857848 2.14,2.14,2.22,2.22,2.21,2.21,2.21 15.35
Ti(OHy)A+ 2A (Cy) —588.858554 2.13,2.16,2.17,2.19, 2.21, 2.23, 2.25 15.34
[Ti(OH2)s*(OH2)2]3* 2B, (Cz) ~588.832249 2.03,2.03,2.08, 2.15, 2.15, 4.03, 4.03 18.50
(b) Complexes of ¥
V(OHo)e? g (Th)° —2.885818 2.1pd 13.02
V(OH,)6? “Aq (Th) —526.558701 2.7 13.26
{[V(OH2)s*--OH,]2*}* A" (Cy ~526.536626 2.15,2.18,2.18, 2.18, 2.21, 3.63 14.53
[V(OH2)s:OH,) 2" A" (Cy —526.537111 2.15,2.18, 2.18, 2.18, 2.21, 4.20 15.10
[V(OH3)e-OH;] %" A" (Cy)® —602.600249 2.18,2.21,2.22,2.22,2.21,2.21,4.38 17.63
{[V(OH)s++*(OHy)2) 2"} A (Cy) —602.578190 2.21,2.21,2.22,2.22,2.23, 2.68, 2.68 16.45
[V(OHy)s**+(OHy),] 2+ | “B; (Ca) ~602.574029 2.61,2.61,2.36,2.21,2.21,2.22, 2.22 16.44
[V(OH,)*']* 2A (Cy) —602.508126 2.23,2.23,2.29, 2.29, 2.26, 2.39, 2.39 16.08
[V(OH2)A]* B (Cy) —602.507244 2.29,2.29, 2.25,2.25, 2.27,2.35, 2.35 16.05
(c) Complexes of Ni
Ni(OHg)e2* 37, (Th)e —2.686839 2.1%¢ 12.66
Ni(OH2)e2* A (Th) —624.234910 2.1 12.66
{[Ni(OH)s*+-OH;]2}* 3A" (Cy —624.217043 2.05, 2.07, 2.07, 2.07, 2.10, 3.38 13.74
[Ni(OH2)s-OH]2* 3A’ (C) —624.218375 2.04,2.07,2.07,2.07,2.11, 4.17 14.53
[Ni(OH2)e*OHZ)?" SA" (Cy)® —700.277398 2.07,2.12,2.12,2.12,2.12,2.12,4.28 16.95
{[Ni(OH2)5*+-OHzOH,] 2"} * A (Cy) —700.261055 2.05, 2.05, 2.08, 2.08, 2.08, 3.34, 4.27 17.95
[Ni(OH2)s*(OH,)2] 37, (Ca) ~700.262834 2.05, 2.05, 2.08, 2.07, 2.07, 4.22, 4.22 18.76
[Ni(OH2)s+++(OHp)7] 2+ 3B, (Ca,) —700.251605 2.09, 2.09, 2.06, 2.06, 2.14, 3.06, 3.06 16.56

2 Hartree-Fock or CAS-SCF calculations, unless noted otheriSemputation using density functional theory (see Computational Details).
¢ Computation usindp,, symmetry.d All six bonds have the same lengthtComputation using; symmetry.f Hyper saddel point with two imaginary
frequencies.

five bonds and also the MO distance of the second coordina-
_ tion sphere water (the “incoming” ligand) remain nearly
d unchanged. Although the water molecule in the second spher

' ! is close to the leaving ligand and the generated vacant site, i

ﬂ does not show any tendency to occupy the place of the latte

(Figure 5, Table 1c). The structure of this transition state shows

ﬁ\i that a dissociative activation is not affected by ligands in the

T second coordination sphere. This observation was corroborate

. by the computation of the transition state with the second sphert

water molecule omitted: the structures of the two transition

states are very similar, in particular the bond length of the
leaving ligand (Table 1c, Figures 5 and 6).

The dissociative pathway has also been investigated in detai
for V', where the computation has been done by omitting the
“inactive” second coordination sphere water molecule. In the
transition state{[V(OHy)s:-*OH,]2*}* (Table 1b) with Cs
symmetry, the VO bond has been elongated by about 1.4 A,
Species haBNO imaginary frequencieand hence itis a hyper and the |eaVing ||gand is also attracted by the closest hydI’OgeI
saddle point having no relevance for the water-exchange. atom of an equatorial water ligand as in the correspondirig Ni
Furthermore, its energy is significantly higher (Tables 1b and compound (Figure 6). In the'Vcase, the energy of activation
2) than that of the true transition states (see above and below) for the k and D mechanism is the same (Tables 1b and 2), bu
An analogous Speciesy exhibmng also two imaginary frequencies the StrL-]CturaI Changes relating to the volume of activation are
and a high energy, has also been found fdf (Yiable 1c). The  quite different.
latter two resemble the heptacoordinated species that have been Itis obvious that the three different types of activation, namely

Figure 1. Perspective view of the [Ti(Op-OH,]*" water adduct.

investigated by Akesson et &l. the associative, concerted, or dissociative, give rise to structur
Attempts to compute a transition state for an associative or ally quite disparate and characteristic transition states (Figure

concerted pathway for the water-exchange of NiglgH failed, 2,3,5, and 6).

but a transition state was found readily for the dissociative Intermediates. In principle, all the transition states with

activation. This specie§[Ni(OHy)s++OH,OH,]2*}*, carrying symmetry-inequivalent incoming and leaving ligands must

also a second coordination sphere water molecule, is quiteultimately be followed by intermediates where the entering and

different from the two previous ones (Figure 5): it h@s departing ligands are symmetry equivalent. Therefore, the

symmetry, the “incoming” and departing ligands are well water-exchange of Ti(Oh®" and Ni(OH)e?" has to involve
distinguishable. The imaginary mode involves mainly a motion intermediates. The heptacoordinated intermediate TH¢H
of the leaving ligand toward or away from the''Nienter. Here, (Figure 7) has nearl¢, symmetry and resembles the transition
the activation is dominated by ligand loss: the-Kd bond of state of ! (Figure 3) very much, but it hasnly realvibrational
the leaving water molecule is elongated by 1.2 A while the other frequenciesn contrast to the latter having an imaginary one.
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Table 2. Energy and Bond Length Differences Relative to the Corresponding MgOHComplexes or Their Respective [M(Qfgt OH,]""
Water Adducts-Comparison with Experimental Ddta

AE or
specie’ AH*e ASHd AGHef AEFoe AVF! A9
{[Ti(OHy)e+-OH,]3+}* 43.4 +1.2 43.0 35.2 -12.1 -1.22
( ) 3+
Ti(OH,)7 22.1 —1.55
[Ti(OH )5+ (OHy)7] 3+ 91.2 +1.61
{[V(OH2)s"*-OH,]?}* 61.8 -0.4 61.9 58.0 —4.1 +1.27
[V(OHy)s: OH,)2* 56.7 +1.84
{[V(OH,)s:*+(OHy);]*}* 61.8 -0.4 61.9 57.9 -4.1 —-1.18
[V(OHy)s+++(OHy),]2* 68.8 -1.19
[V(OHy)AH]*i 242 —-1.55
[V(OH2)7?*]*] 244 -158
{[Ni(OH2)s---OH;]2"}* 56.9 +32.0 47.4 46.9 +7.2 +1.08
[Ni(OH )5 OH]2* 43.4 +1.87
{INi(OH)s***OH,*OH;] %} * 56.9 +32.0 47.4 42.9 +7.2 +1.00
[Ni(OH )5+ (OHy)5] 2 38.2 +1.81
[Ni(OHj)s:++(OHy)2]*" " 67.7 —-0.39

aReferences 7, 8, and 10The AE, AE* or AZ values for species with 6 or 7,8 molecules are based on the respective reactants with the sarr
amount of HO. ¢ Units: kJ/mol.¢ Units: J K-* mol~%. ¢ No zero point energy has been includédnits: cn®/mol. 9 AX = difference between the
S[d(M—0)] entries from Table 1, e. A3 = Z[d(M—O)]{transition state/intermedigte- S[d(M—0)}{ M(OH2)s"/[M(OH2)s: OH,]"™*}; units: A.
h Hyper saddle point (two imaginary frequencieA state.l 2B state.

Figure 2. Perspective view of th@[Ti(OHy)e -OH,]3*}* transition
state.

Also, it should be noted that all seven-MD bonds have - P
approximately the same length (Table 1a, Figure 7). A similar . :
structure, obtained with constrained optimizations, has been bt 4

reported by Probst et al. for M(G#"" complexes (M= Li™,
Na", Mg?*, and APF").11 Since the Ti(OH);*" intermediate
has C; symmetry, the incoming and leaving ligands are
symmetry inequivalent. Water-exchange can only take place
if at one stage of the substitution process the incoming and
leaving ligand become (symmetrically) equivalent. In this case,
this occurs via the transition state [Ti(QRF*]* having C,
symmetry (Table 1a, Figure 8). The latter species, exhibiting
necessarily an imaginary frequency, is very difficult to distin-
guish from the intermediate [Ti(OH]®" (Figure 7). The
reaction coordinate, b species, involves mainly rotations of
two water ligands, and the energy of activation for this doubtless
very fast process Is ab.OUt 19 "J/".‘O' (Table 1a). Figure 3. Transition state{[V(OHy)s +*(OHz)7]?}* with C; sym-

In_ all the heptacoordmgﬁted species, regf_irdless whether theymetry: (a) view along the; axis; (b) perspective view.
are intermediates or transition states, opéig in O, sSymmetry)
orbital is destabilized, and for this reason, doublet states of e.g.describes, as in the previously discussel Tase, the inter-
V! or Cr'" in which 3 electrons occupy the two lowest 3d conversion of the two (enantiomeric) intermediates haag
orbitals have to be considered. The geometries of the two symmetry. The V analogs of the latter intermediates have not
V(OH,)-2" species withtC, symmetry in their respectivi and been computed, since they are expected to be structurally onl
B states have been optimized. These calculations requiredslightly different from the computationally much less demanding
CAS-SCF wave functions, and the thus obtained species (Tabletransition state witlC, symmetry, and furthermore, their energy
1b) are the V analogs of the previously discussed [Ti(Q#]* is expected to be lower by only about 2 kJ/mol (see above).
transition state (Table 1a, Figure 8): the (single) imaginary mode The transition states [V(Of%?*]* (2A and 2B states, C;
is not related to the reaction coordinate for water-exchange, butsymmetry) exhibit a very high energy-242 and+-244 kJ/mol
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Figure 7. Perspective view of the heptacoordinated intermediate Ti-
Figure 4. Perspective view of the pentagonal bipyramidal hyper saddle (OH,)*+ with C; symmetry.
point specieg[V(OHy)s:++(OH,)2]?"}* with Cp, symmetry.

Figure 8. Perspective view of the transition stg{@i(OH,)7]3*}* with
C, symmetry that equivalences the incoming and leaving water ligands

Figure 5. Perspective view of thg[Ni(OH)s+++OH,-OH,]2}* transi-
tion state.

Figure 9. Perspective view of the pentacoordinated square-pyramidal
intermediate [Ni(OH)s:(OH,)2]?".

calculation shows that it can be excluded that any species o
V''in the doublet state participates in the water-exchange.

The intermediate [Ni(Ob)s:(OH,),]2" has Cp, symmetry
(Figure 9). Basically, it is a square pyramidal pentacoordinatec
species being hydrated by two water molecules. The leaving
relative to [V(OH)eOH,]?" for the °A and ?B states, respec-  water ligand (Figure 5) has escaped into the second coordinatio
tively) and V-0 bonds that are substantially shorter than those sphere where it is symmetry equivalent with the other (the
of the transition stat€[V(OHy)s:*+(OH,),]2"}* with a quartet “incoming”) second coordination sphere water. Remarkably,
state which is formed in the concerted pathway (Table 1b). This the energies of both intermediates [Ni(@(OH,);]%" and [Ni-

Figure 6. Perspective view of th¢[Ni(OH,)s-*OH,]2}* transition
state.
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(OH,)s*OH,]%" are close to those of their respective transition is just sufficiently long for their participation in diffusion-
states (Table 1c). controlled reactions. It is possible that the D mechanism
The dissociative pathway has also been analyzed ft Ti  obtained for Ni arises from the limitations of the present model.
Since for such an activation the energy of the transition state It remains to be verified whether the pentacoordinated inter-
and the corresponding intermediate are very close as shownmediate becomes a transition state when an improved mode
above, only the computationally less demanding intermediate including for example 12 water molecules in the second
[Ti(OH2)s*(OHy)2]3t (resembling that represented in Figure 9) coordination sphere is used. In this case, water-exchange woul

has been calculated (Table 1a). Although its energy has to beproceed via theglmechanism.

slightly lower than that of its preceding transition state, it is

For each of the three representative metal aqua ions, thi

considerably higher (Table 2) than that of the transition state computation of the transition states for the A,.l...l,, and D

{[Ti(OH2)g*-OH,]3*}* for the A mechanism. Therefore, the
dissociative pathway can be ruled out fot'Ti

mechanisms has been attempted. Féfffie A and D and for
V' the I, and D mechanisms are feasible whereas fdr binly

Energies and total bond length changes in comparison to thethe dissociative pathway appeared to be viable (Tables 1 ani

respective M(OH)¢"" complexes or their [M(Ob)g: OH,]"™"
water adducts are summarized in Table 2.

Discussion

2). For Ti" the energy of activation for the dissociative process
is so high that this pathway can be ruled out. The activation
energies for thegland D mechanism of V/ however, are equal
(Table 2), and therefore, the comput&BE* values do not allow

As already mentioned in the introduction, most of the present the attribution of the mechanism.

calculations have been performed at the Hartileeck level.

The present computations supply also structural information

In general, the 3d electrons of the transition elements are which can be correlated with the experimental volumes of
correlated, and therefore, CAS-SCF calculations are required.activation. The M-O bond lengths and their sum, vZd(M—
Many of the selected examples, however, have very weakly O)], are reported in Table 1. The elongation or compression

correlated 3d electrons: the single 3d electron df Tannot
be correlated to another one, and both(in the quartet state)
and NI' have either filled or half-filled or empty dor d,”

of a given bond during the activation usually affects also the
other “spectator” bonds. For this reason, the changes of all the
bond lengths or their sum, abbreviated witX (Table 2), is

subshells. Inthese cases, there is no near degeneracy, and stategpected to be related to the volume of activation. Table 2

arising from ¢ — d,” excitations are irrelevant as checked by
ClI calculations Cuyr > 0.997). Hence, Hartreg=ock wave
functions were adequate for all thesd ®ind Ni' complexes.
The doublet states of'y however, required a CAS-SCF wave
function.

The agreement between experimenta®* (or AH) and
calculatedAE* values is good, if not excellent. This supports

shows that the sign oAZ agrees with that oAV¥, and in the
case of ! where the computedE* value did not allow theyl
mechanism to be distinguished from the D mechanismAtie
value for the } mechanism parallels the experimental volume
of activation’ Akesson et af. questioned the commonly
applied* interpretation of experimentalV* values and claimed
that the aqua ions of Vand Mr' undergo a dissociative

the validity of the model represented by eq 1 and the structuressubstitution. Interestingly, Powell et &lcalculated approximate
of the transition states. Zero point energies have not beenvolumes of activation based on the computations of Akessor

included in AE* and AE, because much more severe ap-
proximations like the omission of all the second coordination

et al® and showed that they agree with the experimentdt
values hence corroborating an associative activation foand

sphere water molecules except one, the bulk water, and theMn'. In the following discussion, Akesson et af.'data are

counterions have already been made.

analyzed critically and compared with the present results.

The lifetime of the intermediates can be estimated based on First' the dissociative mechanism is discussed: Akesson €

the correspondingAE* and AE values from Table 2 by
computing the energy of activatioAE*) for the process
described by eq 2.

intermediate— transition state

)

For the intermediates Ti(Of3t and [Ni(OHy)s:(OH,)2]%" or
[Ni(OH3)s:OH,] %", the corresponding lifetimes) of the order
of 2 ns, 40 ps, or 70 ps have been estimated based on®q 3.

7=1Kk
k= Z exp{ —AE*/RT}

Z~10"st ()

Of course, the different lifetimes of the two intermediates [Ni-
(OHy)s*(OHy)2]?t and [Ni(OH)s*OH,]2+ are an artifact arising

al® found a linear relationship oAEs vs log kex (kex: rate of
water exchange) for \/ Cr', Mn'', Cd', Ni'", CU', and ZH,
whereAE; is the energy for the dissociation of a water ligand
from the M(OH)e?t complex to form M(OH)s?™ and a free
water ligand. Since the linear correlation held also f8ravid
Mn'", they concluded that these aqua ions undergo a dissocic
tively activated water exchange. The present calculations or
V! have shown, however, that theE* values fo a D and }
mechanism are equal and hence the computed energy
activation cannot be considered as a reliable quantity for the
assignment of the mechanism. It should further be noted tha
the AEg values were not computed for transition states, but for
pentacoordinated species that are most likely intermediates. Th
present study shows (Table 2) that for a dissociative reactior
the energies of the transition state and the correspondin
intermediate are very similar. This is the reason why Akesson
et al® obtained the linear relationship. The latter allows the

from the different number of second coordination sphere water conclusion that for the above metal ions, thessociatie

molecules considered in the calculation. Overall, it can be
concluded that the Ti(Og3" intermediate is quite long lived:;

mechanism could be possiplbut it does not exclude the
operation of another mechanism.

its lifetime should be comparable to that of the pentacoordinated ~ For the associative activation, however, the situation is quite

intermediate Co(NHCEJ(NH,CHz),2™ generated in the base
hydrolysis of Co(NHCHz)sX™ complexes3 The pentacoor-
dinated N¥ species are very short lived; however, their lifetime

(12) Sutin, N.Prog. Inorg. Chem1983 30, 441.
(13) Rotzinger, F. Plnorg. Chem.1991, 30, 2763.

different; for the 3 ions, Akesson et &.observed a linear
relationship ofAE7 vs log kex With too large a slope, whereas

(14) Merbach, A. EPure Appl. Chem1987, 59, 161.
(15) Powell, D. H.; Furrer, P.; Pittet, P.-A.; Merbach, A. E.Phys.
Chem.1995 99, 16622.
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for the 2+ ions, no correlation was found at alAE; represents  that in the present study two approximations have been made
the dissociation energy of the heptacoordinated species into then the molecular model, the anions, the second coordinatior
hexacoordinated one and a free water molecule). Quite obvi- sphere water molecules except one, and the bulk water hav
ously, their model is inadequate for the description of the been neglected, and in the computations, dynamic electror
associative activation. This is because Akesson efakgen correlation has not been included. The computations on the
coordinated species are structurally and also energetically quiteother elements of the first transition series will be reported later.
different from the transition states computed in the present study;

their seven-coordinated species were obtained in highly con- Computational Details

strained optimizations and do not represent stationary points

on the potential energy surface. In fact, they did not report All the calculations have _been performed on Cray Y-MP/M94 and
any frequency computations that would be required for the HP 9000/735 computers using the GAMES&r ADF 1.1.4 (Depart-
characterization of the nature of the computed species. Moremem of Theoretical Chemistry, Vrije Universiteit, Amsterdam)

. . . . programs.
generally, seven-coordinated intermediates and seven-coordi" 9 ) . . ) ) .
For the (spin unrestricted) density functional calculations basis sets

nated transition states were not distinguished, i.e. they did NOt,\/ of the ADF package were taken (they are approximately of triple-
account for the structural variety of seven-coordinated Species., ience+ polarization function quality). The local exchange-correla-
The present calculations show that fol'Ta seven-coordinated  tion functional of Voske-Wilk —Nusaif? and nonlocal corrections to
transition state and a seven coordinated intermediate eXiSt,the exchange and the correlation of Be€land Perdevi? respectively,
whereas for V there is only a structurally different seven- were used.
coordinated transition state, and this is precisely the distinction  |n the ab initio calculations, the basis sets of Stevens, Basch, Kraus:
between the A andalImechanism. Furthermore, it should be and Jasieft were used for the transition metals, where the 1s, 2s, and
noted that NI does not form any seven-coordinated transition 2p shells are represented by relativistic effective core potentials, anc
state or intermediate; such species have more than one imaginarghe 3s, 3p, 4s, and 4p shells have doubkd the 3d triples quality.
frequency and therefore do not represent chemically relevantFor O and H 6-31G(d) basis sétsvere useddss = 1.207).
points on the potential energy surface (Tables 1 and 2). All the ab initio calculations were firs'_t carried out at the res_tricted
The variations ofAV# with the nature of M in M(OH)s™ open shell HartreeFock level. Then, a singlegdoubles ClI involving

complexes have been rationalized in terms of a More O'Ferrall t€ 3d orbitals and the entire virtual space was performed @ith
type diagrant416-18 where the limiting A or D mechanisms symmetry for at least two states. If the coefficient of the HF wave
’ . - function was<0.99 and/or the second state was of the same symmetry
are suggested to give rise Aov* = —1350r+13.5 C'ﬁ/moh and close €0.5 eV) to the first one, the final result was computed at
respectively. A water molecule in the first coordination sphere he CAS-SCF level. In cases where several electronic states exist, the

of any metal with any charge has a molar volume of 1:B.5  all have been computed, but only the lowest state is reported.

1.0 cn¥/mol 1419 Location of the Transition States. Since, in general, this task can
The present calculations show why the limiting values of turn out to be quite difficult, the presently adopted procedure is

—13.5 or+13.5 cni/mol are not reached in the water-exchange described briefly:

of the agqua ions of the first transition series. The above limiting  Starting from either an intermediate (having only real vibrational

values apply most likely to the hepta- or pentacoordinated frequencies) or an adduct of the type [M(E§1OH,]"* a selected M-O

intermediatesbut not to thetransition states The AV* values, bond was elongated or compressed and kept fixed while all the othe
however, describe the volume change required to reach theinternal coordinates were optimized. The calculation was doi@ at
transition state which precedes the intermediatén the symmetry; the starting structure must not have a higher symmetry,

otherwise corresponding distortions have to be made. Such constraine

transition state, the entry or the loss of the ligand is not optimizations were performed for several values of the selecte®M

Completeq. The Calqulatﬁid(M—O)] andA;‘. yalugs (Tqbles' bond until all the gradients were0.005 hartree/bohr. The structure

1 and 2) illustrate this point: in the substitution involving Ti-  f,jling these requirements was then submitted to a frequency
(OH,)¢*" the entering ligand is at 2.8 A from the'Ticenter in computation. All these calculations were performed with a smaller
the transition state, but at 2.2 A in the intermediate, showing basis set (SV quality was sufficient in this case). Finally, the transition
that indeed thentry of the ligand is incomplete in the transition states were located by following the appropriate mode with a negative
state The analysis of th&[d(M—0O)] values (Table 1a) reveals Eigenvalue, and this calculation was performed with the large basis
that the transformation of the transition state into the intermedi- set.

ate brings a further reduction &d(M—0)] (by 0.35 A).
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