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Abstract: The mechanism for the water-exchange reaction with the transition metal aqua ions flothr&@egh

Zn" has been investigated. The exchange mechanisms were analyzed on the previously reported model (Rotzinger,
F. P.J. Am. Chem. Sod996 118 6760) that involves the metal ion with six or seven water molecules. The
structures of the reactants/products, transition states, and penta- or heptacoordinated intermediates have been computed
with Hartree-Fock or CAS-SCF methods. Each type of mechanism, associative, concerted or dissociative, proceeds
via a characteristic transition state. The calculated activation energies agree with the expeiGeatar AH¥gg

values, and the computed structural changes indicate whether an expansion or compression takes place during the
transformation of the reactant into the transition state. These changes are in perfect agreement with the changes
deduced from the experimental volumes of activatith,9g). The motions of the ligands involved in the exchange
reaction are described by the imaginary vibrational mode. All these computed quantities allow the attribution of the
water-exchange reactions to the A, r D mechanisms with use of the terminology of Merbach (Merbach, A. E.

Pure Appl. Cheml1982 54, 1479). Within the present model, no transition state has been found fertieehanism.

It remains to be verified, using an improved model, whether it really does not exist. The dissociative mechanism is
always feasible, but it is the only possible pathway for high-sgjitl and d° systems. In contrast, the associative
mechanism requires that the transition metal ion does not have more than seven 3d electrons. ""THi¢, Snd

V' react via the A, NI, CU', and Zi via the D (or ) mechanism, whereas for the elements in the middle of the
periodic table, the high-spin 3d3d” systems, both associative/l) and dissociative (D) pathways are feasible.

The present results suggest that fol'Sexa- and heptacoordinated species could coexist in aqueous solution.

Introduction systems. Recently, Bleuzen et“ahave investigated the
exchange of water in the second coordination sphere of

Ligand substitutions and exchange involving a variety of Cr(OHy)6®": its residence time is 128 ps. Intermediates with a
metal ions, main group elements, and ligands have beenjonger lifetime are detectable experimentally, whereas those with
reviewed recently by Lincoln and MerbathThe most simple 3 shorter lifetime are not and undergo therefore a substitution
substitution process involving aqua complexes of transition following the i mechanism. These selectivity criteria are,
metals is the water exchange. The detailed knowledge of suchhowever, not applicable to associative reactibns 1982,
reactions is, however, relevant not only for the understanding Merbacl introduced a different definition for the interchange
of the substitution mechanisms but also for the electron transfer mechanisms, where concerted ligand-exchange reactions proceed
proceeding via the inner-sphere pathway, since the latter isvia a single and symmetrical transition stateThe L and k
necessarily preceded by a substitution proéess. pathways do not involve any intermediate: fof bond

The substitution mechanisms were classified by Langford and formation dominates the activation process, whereasgfat |
Gray? with the symbols A, 4 lg, and D, where A and D is bond breaking. This definition, being based on structural
represent associative and dissociative mechanisms proceedingiteria, is adopted in the present study. Moreover, dissociative
via hepta- or pentacoordinated intermediates, respectivgly, | reactions proceeding via a pentacoordinated intermediate, even
describes concerted reactions that have associative characteff it is short-lived and experimentally undetectable, will be
and k represents concerted processes with dissociative characterconsidered as D processes.

The distinctiod of A and |, or D and k mechanisms is based The volume of activationAV*) is generally accepted to be
on the experimentally measurable selectivity of the intermedi- the strongest criterion for the attribution of the mechanism of
ates. For examplenia D process, thproduct distributionis exchange reactions: large negative values point toward an A
altered upon the addition of nucleophiles, but tage of the and large positive values towhra D mechanisrfi. Smaller

reaction remains unchanged. The selectivity of the pentacoor-Values are interpreted as a concerted mechanism. All these
dinated intermediates is measurable, if their lifetime is greater activation parameters describe global or total phenomena, viz.
than the time required for the reorganization of its contact €Very parameter describes the sum of the effects arising from

solvation shell, the second coordination sphere for the presenttn€ bulk solvent, the solvent of the second coordination sphere,
and the transition metal complex itself. For water exchange,

® Abstract published idvance ACS Abstractdfay 1, 1997. the contribution due to thehangeof electrostriction of the
(1) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Chem1995 42, 1. second coordination sphere and bulk water is known to be
(2) (a) Taube, H.; Myers, H.; Rich, R. lJ. Am. Chem. S0d.953 75, 5 ; i
4118, (b) Taube, HCan, J. Chem1953 37, 129. (c) Taube, HElectron small> Therefore, the experimentAlV* values reflect mainly
Transfer Reactions of Complex lons in Solutidcademic Press: New (4) Bleuzen, A.; Foglia, F.; Furet, E.; Helm, L.; Merbach, A. E.; Weber,
York, 1970. J.J. Am. Chem. S0d.996 118 12777.
(3) Langford, C. H.; Gray, H. B.Ligand Substitution Dynamics (5) Merbach, A. EPure Appl. Chem1982 54, 1479.
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changes in the first coordination sphere, and those are investi-

gated with the present calculations.
Because of the unavailability of unequivocal criteria for the

J. Am. Chem. Soc., Vol. 119, No. 22 52397

The present study reports on the water exchange of all the
first row transition elements with at2and 3+ charge except
Co(OH)e™. All the pertinent transition states and intermediates

assignment of substitution mechanisms in octahedral transitionhave been computed, and the present model was found to be

metal complexes, the usefulness of the LangfdBday clas-
sificatior® has been questionédind a mechanistic continuum

applicable to all these water-exchange reactions. No new
transition states or intermediates have been found, but there are

of the interchange type proposed. The present results that areslight structural variations of the previouglyescribed structures.
however, based on a rather simple model supply evidence forThe average deviation of calculatedE*) and experimental

the existence of both concertedy)(land two-step (A, D)
mechanisms.
In a previous study the water-exchange mechanism for the

(AG¥,99 energies of activation is 3.2 kJ/melhe maximum
deviation being 10.7 kJ/mol (for ¥). The sign of all the
computedA values agrees with that of the availat&/,gg

associative, concerted, and dissociative pathways has beervalues!1°

investigated by using ab initio methods. It has been shown that

The lifetime of all the intermediates has been computed based

each type of mechanism proceeds via a characteristic transitionon egs 2 and 3 and gives further insight into the A and D
state, such that its structure allows the identification of the mechanisms. Finally, the required electronic conditions that
substitution mechanism. As representative examples for themust be met for a given pathway to be feasible and the
three classes of mechanisms, the water exchange of the hexaaquzorrelation between the electronic structure of the metal and

ions of Ti", V!, and NI' has been analyzédh detail.

the preferred pathways are discussed.

Water exchange proceeding via the associative or concerted In contrast to Akesson et al’s findings,the present
pathway involves the participation of a seventh water molecule. calculations favor an associative water-exchange mechanism for

The previously described modeils based on the reaction

Mn". The same disagreement has already been found for V

involving the monohydrates of the hexaaqua ions in the gasin an earlier work€ The present results on all the first row

phase, [M(OH)e'OH,]"", and it allows the computation of

transition elements, in particular'vand Mr', agree with the

activation energies based on eq 1. Equation 1b, however, ismechanisms assigned on the basis of experimentally deter-

applicable only to dissociative processes.
[M(OH)g"OH,]™ — [M(OH,);™"T* (1a)

M(OH,)™" — {[M(OH,)s*+-OH,] "} (1b)

mined-12 volumes of activation.

Results

For the water exchange of all thet-2and 3t charged first
row transition elements, the reactant/product, transition state,
and intermediate structures have been calculated for the as-

In this relatively simple model, the entire second coordination gqciative, concerted, and dissociative substitution mechanisms
sphere except one water molecule, the anions, and also the bullpy ysing Hartree Fock or CAS-SCF methods. Each of the

solvent have been neglected; gas-phase species with thenree pathways proceeds via a characteristic transition state,

composition of M(OH)7"t or M(OH,)¢"" have been investi-

which is represented by the water exchange involvirlg, ™"

gated. Since the zero-point energy is expected to be smallang Ni!, respectively, proceeding via the associative, concerted,
compared with that arising from the above approximations, it ang dissociative mechanisrhsin the present investigation of

has been neglected throughout.
It has been shown previou$lyhat the neglect of dynamic
electron correlation yields slightly longer-MD bond lengths.

all the other first row transition elements, no new structures
have been found, although slight deviations from the previously
reported ones exist. The latter are typical for a given mecha-

The omission of anions and water in the second coordination nism. For some transition metals, the D mechanism proceeding
sphere, however, is more severe and leads to a larger error, alsgi 5 trigonal bipyramidal transition state and intermediate might

an elongation of the MO bonds. All these approximations

be preferred over the corresponding square pyramidal species.

and limitations have already been discussed. It should be notedrhis has already been observed bigeson et al!

that because of the simplicity of this model, the present

The total energies, the electronic states, and the sum of all

mechanistic inferences should not be considered as definitive.ihe M—0 bond lengths including the MO distances to water

The lifetime ) of the penta- and heptacoordinated intermedi-

molecules of the second coordination spherd(M—0), for

ates being formed in the exchange via the D or A mechanism, {he various reactants/products, transition states, and intermediates
respectively, has been calculated based on reaction 2 and eqexcept the previously publishd@i', V!, and NI') are reported

3.2 where AE* represents the activation energy of reaction 2.
)
Z~10"st (3)

intermediate— transition state

t=1k  k=Zexp—AE'RT};

The application of the above model required the computation
of the structures of the reactants/products, transition states, an
intermediates. These structures have been correlated with th

experimentally determined volumes of activatiok\Vf): the
change of the sum of all the MO bond lengthsAY) during
the activation process has been computed, and the sigy of
agrees with that oAV*. Hence, the computed structural changes
supply an additional criterion for the assignment of the
mechanism.

(7) Swaddle, T. WComments Inorg. Chemi991, 12, 237.
(8) Rotzinger, F. PJ. Am. Chem. S0d.996 118 6760.
(9) Sutin, N.Prog. Inorg. Chem1983 30, 441.

in Table S1 (see Supporting Information). The computed
activation energiesAE") for the associative, concerted, and
dissociative pathway, computed according to eq 1, together with
the corresponding differences of the(M—0O) valuesAY, are
summarized in Table 1, where for comparison the experimental
AG*98 AH*205 and AV¥yeg values were also included. The

Jelationship betweem\E* and AG*ygg or AH*y0g has been
é}liscussed previousf. The blank entries indicate that the

particular mechanism does not exist (within the present model
at least) for the corresponding metal.

In the following sections, the results for the associative,
concerted, and dissociative pathways will be presented in detail.

(10) Powell, D. H.; Furrer, P.; Pittet, P.-A.; Merbach, A. E.Phys.
Chem.1995 99, 16622.

(11) Akesson, R.; Pettersson, G. M.; Sandstrdl.; Wahlgren, U.J.
Am. Chem Socl994 116, 8705.

(12) Van Eldik, R.; Gaede, W.; Cohen, H.; Meyerstein]iiarg. Chem.
1992 31, 3695.
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Table 1. Activation Energies for the Various Exchange Mechanisms

AE'cad (A, A) exptl values (25C)
metal A la Db AGF, AH* ac AVFed
Sd! 22.3(1.11) >89.5
Till 35.2 (-1.22) >91.2f 43.0,43.4 —12.1
v 47.0 1.22) >03.6 57.7,49.4 —-8.9
Vi 57.9 (~1.18) 58.0 (4+1.27' 61.9, 61.8 -41
cr 98.2 (-1.20) 120.941.21) 105, 109 -96
cr 29.8 (-1.19) 15.9 ¢-1.74) ~24-319 +4.3
Mn! 60.7 (1.17) 54.1 ¢-0.90F
Mn" 30.9 (-1.49) 32.4 ¢-0.75), 31.2,32.9 —5.4

32.4 (+0.93F
Fell 58.8 (-1.35) >74.8 60.4, 64.0 —5.4
Fe' 42.3 1.52) 34.8 ¢-0.74) 35.1,41.4 +3.8
co' 45.9 (-1.50) 38.0 ¢-0.78) 35.8, 46.9 +6.1
Ni" 46.9 -1.08)f 47.4,56.9 +7.2
42.9 (+1.00p
Cu' 19.8 (+0.73), 21.9,24.8 +2.00
17.6 (+0.70F
zn' 27.3 (+0.66)

aUnits: kJ/mol.? Calculated according to eq 1b, unless noted otherwiBeference 1¢ Units: cn#/mol. ¢ Calculated according to eq 1la.
fReference 8¢ Reference 12AG* at 20°C. " Reference 10.

" . . -,
Figure 1. Perspective view of the water adduct [Co(@¥OH;]*". Figure 2. Perspective view of the transition stdf/(OHy)e**OH,]3*} ¥

. . formed via the A mechanism.
Several structural varieties exist for the water adducts

[M(OH2)e"H20]"": the seventh water molecule may be hydro-
gen bonded to one ligand, or it may bridge two ligands of the
first coordination sphere. In order to treat all the transition
metals in a uniform way, the previou8lyntroduced species
(Figure 1) were used as reactants. Several electronic states have
been computed for the various species, but only the most stable
ones are reported. The reactions starting from the other isomer
with a bridging water molecule in the second coordination
sphere have not been investigated.

Associative Mechanism. This pathway has been analy2ed
in detail for the water exchange of Ti(Q}f*. Itis also feasible
for Sc'', V', Mn", Fé'', Cd' (Tables S1 and 1), and the doublet
states of CF which will not be discussed; they resemble those ) ) ) ) )
of VI'.8 The transition states for the associative water exchange Figure 13’: Perspective view of the heptacoordinated intermediate
involving all these metal ions exhib®; symmetry and very V(OH)7™".
similar structures, although the-MD bond lengths may vary  ates AE*, eq 2) and their lifetimes are reported in Table 2.
considerably (Table S1). As a representative example, theRelatively long-lived intermediates are formed by"'Sdi'',
structure of the transition sta§§V(OH.)e:+-OH]3*}* is shown and VW', whereas those of Mip F€"', and Cd are very short
in Figure 2; the entering (or leaving) water molecule is readily lived. A qualitative diagram of the (Hartre€ock) orbital
visible. As in the case of i, the imaginary mode describes energies of hexacoordinated high-spirf B8{OH.)s"" species
the motion of the incoming or leaving water molecule. These with T, symmetry and their corresponding heptacoordinated
energies of activation have been computed with use of eq laanalogs withC, symmetry, e.g. Mn(Ok)-%" or Fe(OH)73*,

(Table 1). having each 3d orbital occupied by a single electron, is shown
The heptacoordinated intermediate formed in the water in Figure 4. In contrast to the hexacoordinated species with
exchange of Ti(OR)e®™ hasC; symmetry whereas that of 3t three nonbonding 3d levelsg)t the heptacoordinated ones,

Vil Mn', Fe'', and Cd is C,. The pertinent energies and-ND M(OHy);"*, exhibit two nonbonding and nearly degeneratg,(d
bond lengths are given in Table S1, and as an example, thetwo slightly antibonding and nearly degeneratg)(@nd one
structure of the intermediate V(QH* is shown in Figure 3. strongly antibonding (g 3d orbitals. Transition metals in which
The energy of activation for the decomposition of the intermedi- only the nonbonding levels are occupied, for exampl&, 3dt,
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Table 2. Calculated Energy and Lifetime of the Heptacoordinated
Intermediates

metal AE2kJ/mol .bns AE* ¢ kd/mol
Sci 0.5 66 21.8
Tim 22.1 2.0 13.1
Vi 34.9 1.3 12.1
Mn" 28.8 0.023 2.1
Fe! 55.5 0.038 3.3
Co' 45.6 0.010 0.3

a AE = E{M(OH,)7"*} — E{[M(OH)e*OH]™}. P Estimation based
on eq 3. Reaction 2.

/ N /
//"Im | .\\“\\\ ”Ilu,.\ Lt

- /N\ Figure 5. Perspective view of the transition staf¢Cr(OHy)s -+
/\[\ | (OHy)2]3*}* formed via the { mechanism.

Oh C2
eg N A— — d'Y
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Eigure 4. Qua_l!tative orbital diagram for hexa- and heptacoordinated Figure 6. Perspective view of the nearly pentagonal bipyramidal
first row transition metal complexes. transition staté [Mn(OH,)s*++(OH,);]*"}* formed via the { mechanism.

high-spin 3d, and low-spin 38land 3d systems, form the most 5. The water exchange takes place via the displacement of one
stable and therefore longer-lived heptacoordinated species. Theikyater molecule by the incoming ligand, while all the other five
favorable electronic structure suggests that the systems havingigands remain relatively unchanged. In the case of,Ghe

only the d. levels occupied react preferentially via the A o elongated M-O bonds of the entering and leaving water
mechanism. ligands are clearly visible (Table S1 and Figure 5), whereas for

The heptacoordinated intermediates Mn¢gRft, Fe(OH)7>", Fé', the M—O bond lengths of the “spectator” water ligands
and Co(OH)7#" exhibit symmetric electronic structures with change during the water exchange.

respect to the orbital diagram shown in Figure 4 and, in addition
to the d, shell occupied by two or four electrons, all theahd

dy levels are occupied each by one electron. Table 2 shows ontrast to the above species (Figure 5), the entering and leaving
that for these systems, the transition state energies are very clos '

to those of their corresponding intermediates and, consequently, gands are notin theis position 0 each.othgr. The exchange
their lifetimes are much shorter than those of'S&i", and takes place via the attack of the incoming ligand onto an edge
Vi ' of the MG octahedron. The five equatorial water molecules

rearrange by forming a nearly planar pentagon where cRr©M
bondtransto the incoming ligand is weakened. The imaginary
mode describes precisely this event. Such transition states could
be formed in the water exchange involving the Jafeller
distorted isoelectronic hexaaqua ions of @nd M, and the
structure of{[MNn(OHy)s:++(OH,)2]3*}* is shown in Figure 6.

In Table 2 are also reported the energies of the heptacoor-Th_ey rese"?b_'e_ the pre_v|ous_ly descrlﬁédgh_er-order saddle
dinated intermediates in comparison to those of the hexacoor-POINts (exhibiting two imaginary frequencies) a’ld also the
dinated water adducts [M(O$t-OH]™. Interestingly, the heptacoordinated species desqubed egson .elt all Inthe
energy of heptacoordinated Sc(@" is almost identical with water _exchange proceedmg via these tranS|t_|on states, bond
that of its corresponding water adduct. This result suggests thatformation is more important than bond breaking (Table S1);
hexa- and heptacoordinated'Sepecies may coexist in aqueous theAY values (Table 1) are negative and of the same magnitude

Another isomer of the transition states for the concerted
exchange mechanism exists. It also lassymmetry, but in

The occupation of the,devels determines also the symmetry
of the heptacoordinated species: a symmetric occupation, for
example 8 (Sc") or high-spin 3d (V!"), gives rise to species
with C, symmetry, whereas an asymmetric population, for
example, 38 (Ti'"")® or low-spin 3& (doublet states of ¥),8
lowers the symmetry t&;.

solution. as for the above described transition sta{¢Sr(OHy)s::-
Concerted Mechanism. The example of the water exchange (OHp)2]*"}* (Figure 5) a”d[F?(O"b)?"(OH?)Z]H}*- There-

of V(OH,)e2* has already been investigated in detailhe fore, these two types of transition states (Figures 5 and 6) arise

hexaaqua ions of ¢rand Fé react similarly (C¥ is isoelec-  from the water exchange via thgrhechanism.

tronic with V). For these metals, the transition states have  This type of transition state has also been obtained for V

the entering and leaving water molecule in thg position to and CH', but their energies are considerably higher (by more

each other. They exhibif, symmetry and strongly resemble than 10 kJ/mol) than those of the transition states with the
the heptacoordinated intermediates (Figure 3). As an example,incoming and leaving ligands in thes position. The nearly
the structure of [Cr(OH,)s+++(OH>),]3*}* is depicted in Figure pentagonally bipyramidal species are more difficult to compute,
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since they relaxed quite readily into the more stable transition
states (Figure 5).

All the attempts to compute transition states corresponding
to the y mechanism failed. This may be due to a limitation of
the present model involving only seven water molecules. This
point will be elaborated further in the discussion.

Dissociative Mechanism. The energy of activation for the
water exchange proceeding via this mechanism can be computed
by using either eq 1a or eq 1b. In addition to the preferred
concerted pathway for W, the dissociative pathway has been
analyzed based on eq 1b. For Nithe transition states have
been computed by using both equatiénall these species have
Cs symmetry, and in the transition staf@Ni(OHj)s---OH,-
OH,]2*}* no indication for the entry of the water located in the
second coordination sphere could be found. This indicates that
within the present model (eq 1), no evidence for the |
mechanism has been obtained.

In the present study, the dissociative water-exchange mech-
anism has been investigated for all the other first row transition
metals. With the exception of ¢ the dissociation of water
according to eq 1b involving complexes with & 8harge was
found to occur concertedly, with the deprotonation of a water
ligand in the equatorial plane, and the leaving water molecule
acting as the proton acceptor. The products formed we@ H
and a pentacoordinated hydroxo complex M(OH)@R#H. This
behavior is an artifact arising from the omission of anions and
water in the second coordination sphere and was not observed
for the 2+ charged complexes. Transition states that do not
involve deprotonation could, however, be obtained with use of
eq la. Such computations have been performed for the
transition states of Mh, Mn", Ni" 8 and Cl (Tables S1 and

1) with _CS symmetry (labeled SQ_P]')’ Wher_e th_e metal ion has Figure 7. Perspective view of the transition states (SQP1) formed in
approximately a square pyramidal coordination sphere. AS he D mechanism: (a){[Mn(OH2)s+-OH»OH]2"}* and (b)
examples, the structures pfMn(OH,)s:+-OH,OH,]2"}* and {[CU(OHy)s++-OHyOH;2H} .

{[Cu(OHy)s:*-OHx*OH]?*}* are shown in Figure 7. In contrast

to Cu', Mn" shows some tendency to form a trigonal bipyramid.
The corresponding species of'ScTi!, and VW' have not been
computed, since the dissociative exchange is by no means
competitive with the associative pathway (see below). In the
transition state for the D mechanism, not a single structure has
been found where the water molecule in the second coordination
sphere shows any tendency to enter the first coordination sphere.
In these species the MO bond of the leaving group is stretched
by abou 1 A (Figure 7).

For V!, Crl', Ci!, Mn", Fd'!, Cd', Ni", CU', and ZH the
transition states were calculated based on eq 1lb. Square
pyramidal structures exhibitin@s symmetry (abbreviated as
SQP2) have been obtained fot' VCr!', Cr!, Ni"', and Cli
(Figure 8), whereas trigonal bipyramidal transition states (labeled
TBP) were formed for M, Fe', Cd', and Z. The latter have
C,, Symmetry, but for F& a transition state witlCs symmetry Figure 8. Perspective view of the square pyramidal trgnsition state
being more stable by 30.1 kJ/mol than @, analog exists  {[CU(OH)s**OH]**}* (SQP2) formed in the D mechanism.

(Table S1). As examples, the structures{@Mn(OHy)s- are the least unstable ones (Table 3). This is obvious, because

OH;]?*}* and{[Fe(OH)s*+-OHZ] 2"} * are depicted in Figure 9. preaking of an elongated MO bond is a facile process,
The dissociation of the transition statgd1(OH3)s---OH,- especially if it is concerted with the compression of the

OH,]"}* (SQP1 structure, Figure 7) leads to intermediates with correspondingrans M—O bond. The transition states with a

C,, symmetry as in the case of Ni The calculations for M#, trigonal bipyramidal structure (for MpFe', Cd', and ZH, viz.

Mn'', Ni'", and CUl are reported in Tables S1 and 1, and as Figure 9) all lead to the corresponding intermediates \@ih

examples, the corresponding species of'Mnd CUf (arising symmetry. For P& the intermediate witkC, symmetry, arising

from the decay of the transition states SQP1 shown in Figure from the decay of the unfavorable transition state hawag
7) are depicted in Figure 10. The square pyramidal transition symmetry, is insignificantly (by-0.1 kJ/mol) more stable than
states (SQP2) involving Y/ Cr'', C/', Ni", and Cd form that exhibitingCs symmetry (Table S1). The latter arises from
intermediates withCs; symmetry. The corresponding tu  the decay of the lower energy transition state v@tisymmetry.
species is represented in Figure 11. Interestingly, the penta-The pertinent examples of Mrand Fé are shown in Figure
coordinated intermediates of the Jahireller ions CI and CUf 12.
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Figure 9. Perspective view of the trigonal bipyramidal transition states Figure 10. Perspective view of the pentacoordinated intermediates
(TBP) formed in the D mechanism: (&JMn(OH,)s---OH,]2*}* and (SQP1) formed in the D mechanism: (a) [Mn(@(OHz)2]*" and
(b) {[Fe(OHp)s*+-OH,]*"}*. (b) [Cu(OH)s*(OH2)2]*"

The dissociative mechanism is possible for all the transition
metals, but it requires a very high energy of activation for the
elements on the left side of the periodic table'{Sgi"', and
V). The energy of the (hydrated) pentacoordinated intermedi-
ates, being slightly lower (by-510 kJ/mol, Table 3) than that
of their corresponding transition states, is much higher than the
activation energy required for the A mechanism (Tables S1 and
1). For this reason, these transition states, together with that
of Fé", have not been computed.

Discussion

Attribution of the Mechanism. The reliability of the present
calculations is established by the agreement of the computed
activation energieAE* andAY parameters with their respective .
experimentdt'® AG*, AH*, and AV* values (Table 1). The  Figure 11. Perspective view of the pentacoordinated intermediate
computations supply structures and energies for a variety of [Cu(OH,)s*OH,]>* (SQP2) formed in the D mechanism.
transition states and intermediates arising from the water

exchange of hexaaqua ions of the first row transition metals.

Each type of mechanism, namely associative, concerted, anopertinent_A_z values_ (Table 1) are negative gnd indicate that
dissociative, proceeds via a characteristic transition state, andN€ transition state is reached by a compression of the reactant.

the three representative structures have already been describelfl these transition states always havidg symmetry, the
in previous worké The computedAY parameters reflect the ~ Imaginary mode describes the motion of the entering (qr Ieav!ng)
total change of the bond lengths during the activation (reaction li9and toward or away from the metal center. The incoming
1, Table 1), and the imaginary vibrational mode describes the ligand exhibits a M--O bond length that is significantly longer
motions of the water ligand(s) involved in the exchange reaction. than those of the six others (Table S1). Such transition states,
The present computations supply criteria for the assignment of €xhibiting six normal (or slightly elongated) #0O bonds and
substitution mechanisms. one long (weak) M-O bond, have been found for 'ScTi'",

In the associatively activated exchange reaction (A mecha- V", Mn", Fé'', and Cd. The subsequently formed hepta-
nism), the entering water molecule attacks a face of the coordinated intermediates (Figure 3), having eitBeror C,
octahedron, distorting the latter slightly (Figure 2). The symmetry (see Associative Mechanism in the Results section),
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Table 3. Calculated Energy and Lifetime of the Pentacoordinated  bonds and two long symmetrically equivalent-MD bonds, are

Intermediates representative for thg imechanism, since bond formation occurs
metal AE, kJ/mol 7, Ns AE#*, kd/mol species to a larger extent than bond breaking as shown by the calculated
VI 56.7 0.017 13 SQP2 AY values (Table 1). The imaginary mode describes a
cri 117.3 0.043 3.6 SQP2 concerted motion of the two weakly bound water ligands, where
cr 11.1 0.069 4.8 SQP2 one bond is shortened and the other one elongated correspond-
mg::' ‘212-2 8.8916 g-g 28';1 ingly. Within the present model, no transition state for the |

259 0140 65 TBP mechanism has been found.
(=21 23.1 1.12 11.7 TBP In the third type of transition state, dissociative activation
cd' 30.6 0.20 7.4 TBP (D), the M---O bond of the leaving ligand is elongated by about
Ni" 43.4 0.041 3.5 SQP2 1 A. The correspondingy values are positive (Table 1), and
38.2 0.067 4.7 SQP1 this transition state is characterized by five normat® and
Cu' 13.5 0.13 6.3 SQP2 . - .
9.4 0.27 8.2 SQP1 one long M--O t_)onds. .The imaginary mode describes the
7! 18.9 0.30 8.4 TBP motion of the activated ligand toward or away from the metal
2SQP1: square pyramidal transition SE(OH,)s-OHy OFG™ 1 anter. ITigand .Ioss is concerteq y\(ith the rearrangement to a
SQP2. square pyramidal transition Stf#é(OH2)s++-OH;]™}*. TBP: trigonal b|pyram|§1al structure exhibitir@,, symmetry for M,
trigonal bipyramidal transition stafgM(OHy)s:+-OH,]"*}*. Cd', and Z# (Figure 9a) andCs or Cp, symmetry for F&

(Figure 9b). This rearrangement is only possible for specific
occupations of the 3d levels and will be discussed in the next
section. The presence of one water molecule in the second
coordination sphere impedes this rearrangement (Figure 7),
showing that the energies of the square pyramidal and trigonal
bipyramidal structures are very close and dependent on the
second coordination sphere. The corresponding pentacoordi-
nated intermediates resemble their respective transition states
very closely.

Although the present model, neglecting essentially all the
solvent and the anions, is rather crude, it indicates that both
concerted and two-step mechanisms exist. The transition states,
together with their corresponding intermediates, can be attributed
to the A, L, and D mechanisms.

Correlation of Mechanism and Electronic Structure. In
agreement with Aesson et al.’s finding¥, the present computa-
tions indicate that the trigonal bipyramidal pentacoordinated
intermediate is more stable for MnFe!, Cd', and Zr, and
the square pyramidal one is preferred fdt,\Cr!', Cr', Mn'!!,

Ni", and CU. This result is rationalized by decomposing
conceptually the formation of a trigonal bipyramidal species into
two steps, namely the dissociation of a water molecule from
the hexacoordinated complex leading to the square pyramid,
and the subsequent rearrangement of the latter to yield the
trigonal bipyramid. Thus, the energy change upon rearrange-
ment from square pyramid to trigonal bipyramid is the relevant
parameter. It is analyzed by considering the occupation of the
3d levels of the hexaaqua ions. As an example, the dissociation
of a water molecule lying on theaxis of a M(OH)s™ complex
is discussed. The primary product, the square pyramid, may
then transform into the trigonal bipyramid. This involves the
motion of two {ransto each other) of the four water molecules
out of thexy plane in the same direction as the leaving ligand.
This motion is unfavorable, if the occupation of the ¢
orbitals is lower than each of the dd,, pair. In this case, the
Figure 12. Perspective view of the trigonal bipyramidal intermediates Oz, Oy, Orbitals can be considered as an electronic barrier for
(TBP) formed in the D mechanism: (a) [Mn(QJstOH,]%" and (b) the motion of the two M-O bonds (each exhibiting 2 electrons)
[Fe(OHp)s:OHz*". into thezdirection. The following examples illustrate the above
model: Inthe case of V(Oh?" or Cr(OHy)s>+ the water ligand
have slightly longer average ¥O bond lengths than the hexa  on the (positive) axis is removed. Thegl.2 (and @2) orbital
coordinated reactants. is empty, whereas the#ld,, (and d) orbitals are each occupied

For the second type of transition state, the associative by one electron. If the two equatorial water ligands would move
interchange mechanismy)l two structurally different species, into thezdirection, one orbital of the.d dy, pair would become
each withC, symmetry, have been obtained. The two structures antibonding due to the interaction with the moving equatorial
arise either from the attack in thes (Figure 5) or thetrans M—0O bonds. At the same time, thgzdz orbital would be
(Figure 6) position to the leaving ligand. The former has been stabilized, but since the latter is empty, the rearrangement would
found for V' 8 Cr!', and Fé, and the latter for Crand Mri". lead to a rise in the total energy. If, however, the d level
Both types of transition states, exhibiting five normaH@ is also occupied by a single electron, then the increase in energy
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Table 4. Exchange Mechanism for the Transition Metal Hexaaqua with 3d®—3d’ electron configurations, the activation energies

lons with 3d Electron Configurations for the D and A/l mechanisms are close (Table 1). In these
metal ion n mechanisrf cases, the mechanism is very likely to be governed by the nature

sdi 0 A of incoming, leaving, and spectator ligands. In all cases, where
TiM 1 A the computed activation energies for the associative and
v 2 A dissociative exchange are close, the assignment of the mecha-
V"m(dOUblet states) 3 A nism was based on the sign A being in agreement with
\C/ﬂ (doublet states) 33 | A that of AV¥. Since the experimental volume of activation is
cril 3 IZ not available for MK, the exchange mechanism can in principle
cr 4 D be predicted based on the computds values (Table 1), which
Mn' 4 D (or 12y favor water exchange via the D mechanism. Since, however,
Mn" 5 A (or 122P the present model is quite limited, it does not allow a safe
Fé:' > A (or 122P prediction in this case. The activation energies for the D and
(F:il ? g la mechanisms are quite close, and therefore, fhEathway,
Ni' 8 D requiring an only slightly higher activation energy (the difference
cu' 9 D is 6.6 kJ/mol), cannot be ruled out.
Zn' 10 D

The present calculations show that the exchange mechanism

a |t remains to be checked, using an improved model, whether some depends on the electronic structure of the transition metal ion.
(or all?) of the reactions to which the D mechanism has been assignedThe shortcoming of the hypothesis of the mechanistic continuum
proceed, in fact, viagl ® See text. of the interchange tygés that it does not take into account the

. . occupation of the 3d levels of the metal and the widely applied

of one orbital of the g, dy, pair would be compensated by the  ¢oncept of the ligand field stabilization energy (LFSE). The
stabilization of the @, level. This situation applies for Mn - reference for the A and D mechanisms can be rationalized by
Wh|ch.|ndeed rearranges. In the case df,lﬁne G, dyz pair is using the LFSE’s of the heptacoordinated species, using the
occupied by four electrons and thg.gz orbital by one. The g alitative orbital diagram represented in Figure 4.
rearrangement does not take place, since the destabilization of Limitations of the Present Model. Water exchange pro-

a doubly occupied orbital (gor d,;) cannot be counterbalanced ceeding via the A and D mechanisms involves hepta- or

by the stabilization of a singly occupied level{d?). The ! . . . .
Ia{ter is doubly occupied in Z'?] an theprefore in)ihis)case the pentacoordinated intermediates, respectively, whose lifetimes
’ ’ ! have been calculated according to eq 3 (Tables 2 and 3). There

re?rrrzzns;;\q/gnr;f dgrsrsét()jli?: tzr:ga:{]g?%iglcgiursr.ami dal interme- &€ two types of heptacoordinated intermediates, long- and short-
P 9 ay lived ones: relatively long lifetimes (of the order of-100 ns)

:;Tﬁ:nczu:gai':?o?}sbﬁf]grrﬁﬁd \j?,,r g‘n% lliglfavl?]rfzztélte fé:ggﬁt've have been computed for the early transition metal$, Sg'",
9 IV : ’ and V', and much shorter ones for MnFé", and C4 (<50

11 i
et al* have shown that these are indeed the preferred ps, Table 2). In relation to the limitations of the presently used

i i 1} |
Int‘?’Lrgig:‘zSerflgrer('),rZrr;eir;glriirﬁ is rationalized by analyzing model, the consequences for the assignment of the exchange
the electronic structure of the key species, the heptacoordinateornec'qamsrn are analyzed in the following paragraph.

intermediate or transition state. It has been shown in the Results ANY improvement of the model, for example, the addition of

section (Tables S1 and 1) that seven-coordinated transition state& S€cond coordination sphere, will change the energy of the
or intermediates should be formed preferentially by high-spin intermediate and the transition state, most Ilkt_ely in an unequal
d°—d” systems, but not the high-spinf€d'® ones. The manner. In all the cases where the energy difference between

qualitative MO diagram (Figure 4) allows to understand why those two species is large, it is unlikely that despite an
only high-spin systems with seven or less 3d electrons can form MProvement of the model, the energy of the intermediate could
seven-coordinated species. There are, however, no straight2€come higher than that of the transition state (see below).
forward criteria for the prediction of the nature of the seven- 1herefore, itis unlikely that anothe_rmmecham?lm, for example
coordinated species exhibitir@ symmetry: its identification "€ k one, Would¢apply for S¢, Ti', and V1, since the

as an intermediate or transition state requires the computationrel"j‘t'VQIy largeAE" values (10 kJ/moI) might in the vyorst

of the vibrational frequencies. Of course, a given species cannotc@s€ be reduced, but they are unlikely to turn negative (and
be an intermediate and transition state at the same time: forconvert the intermediate into a transition state). For this reason,
this reason, all the%-d” systems could undergo water exchange the“ attr:ll?utlon Of“ the A mechanism for the water exchange of
either via the A or thed mechanism and not via both (Table SC' Ti'", and V! should be safe.

1). For these systems, thgrhechanism is impossible within The situation is, however, different for MpFe'', and Cd
the present model, because of the possibility of forming two Where the energy gap between the transition state and the
relatively strong M:-O bonds. intermediate is small<{4 kJ/mol). Any improvement of the

To summarize (Table 4), the A mechanism is favorable, when model could reduce this gap to zero, or make it negative. Then,
the heptacoordinated intermediate has emptart d levels the transition state based on the present model would no longer
(Figure 4). This is the case for 8¢Ti'', and V" and also for be a stationary point on the potential energy surface, and the
the doublet states of '\ and the isoelectronic ®r The high- intermediate (of the present model) would become the transition
spin systems with 810 3d electrons, Nj Cu', and zZ#, do state. The mechanism would then have changed from A to |

not form stable heptacoordinated species and react therefore vid he hexaaqua ions of Mnand Fé&' may thus well react via

the D or eventually theglmechanism. The elements in the the kinstead of the A mechanism, but Canyway prefers a
middle of the periodic table (high-spin 3d3d” systems) can  dissociative pathway (Table 4).

react either via an associative or a dissociative mechanism (Table In general, the pentacoordinated intermediates are energeti-
1). The L or A mechanism is preferred for metals with-3 cally close to their corresponding transition statagf < 10

3d electrons, and the D mechanism by those with 6 or 7 kJ/mol), and therefore, their lifetimes (being only a rough
electrons. However, it should be noted that for the metal ions estimate, because of the limited model) are short (Table 3). As
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for the associative case, it could be that for a dissociative classes. Water exchange of Mand Fé' would then proceed

activation, an improved model changes the energy of the via the L mechanism, and some (or perhaps all) reactions, to

pentacoordinated intermediate and its corresponding transitionwhich the D mechanism has been attributed (Table 4), might

state in an unequal way, such that, as described above, thevell follow the Iy one. Furthermore, it should be noted that

(hydrated) pentacoordinated intermediate becomes the transitiorthe computed lifetimes (Table 3), ranging from 40 to 1100 ps,

state for the { mechanism. In the following paragraph, some are only rough estimates, and most of them are comparable with

reasons will be discussed why the latter does not seem to existthe time for the rearrangement of the second coordination sphere.

within the frame of the present model. For this reason, a distinction of bnd D mechanisms is not
As already mentioned in the Results section, all attempts to possible based on the present data.

compute a transition state for thg hechanism failed. This

may be due to the limitations of the present model. Transition Computational Details

states for thedmechanism are expected to have the following |l the calculations have been performed on Cray T3D, Cray Y-MP/

properties: (i) In addition to the five MO bonds with normal M94, and HP 9000/735 computers with use of the GAMESS

bond lengths, they should have two elongated-® bonds in programs.

the range of that found in the transition state for the D  The basis sets of Stevens, Basch, Krauss, and Jasvene used

mechanism (roughly 3.2 A). These two bonds should, however, for the transition metals, where the 1s, 2s, and 2p shells are represented

be significantly shorter than those of water molecules in the by relativistic effective core potentials'and the 3s, 3p, 4s, and 4p shells

second coordination sphere. (i) The normal mode belonging Nave doublez and the 3d triplé: quality. For O and H, 6-31G(d)

to the imaginary frequency should describe the compression ofbas'S sets were useddsq = 1.20°).

. : All the ab initio calculations were first carried out at the restricted
one M--O bond concerted with the elongation of the other one open shell HartreeFock level. Then, a singlegdoubles ClI involving

(as for the 4 mechanism). _ the 3d orbitals and the entire virtual space was performed ®ith
Within the present model, the above requirements cannot besymmetry for at least two states. If the coefficient of the HF wave

met by third row transition elements with 7 or fewer 3d function was<0.995 and/or the second state was of the same symmetry
electrons, since they all have been shown to form heptacoor-and close €0.5 eV) to the first one, the final result was computed at
dinated intermediates or transition states arising from the waterthe CAS-SCF level. This was necessary for mo$tand Cd species.
exchange according to the A of tnechanism, but not the | In cases where several electronic states exist, they all have been
one (Table 1). In all these cases, bond formation is more computed, but only the lowest state is reported. The transition states
important than bond breaking. For this reason, the unsuccessfulvere Ipcated as described previodsiyd their atomic coordinates are
attempts to compute transition states for themechanism given in Table S2.

involved Ni' and Zd!, high-spin systems with 8 or 10 3d

electrons that cannot form transition states for the A por | Schmidt for a copy of the GAMESS program. Professor Dr.

mechanism. All these calculations converged toward penta- o g Merbach and Dr. R. Humphry-Baker are acknowledged
coordinated species with two water molecules in the second ¢y theijr valuable discussions and helpful comments to the

coordination sphere. Obviously, hydrogen bonding is favored anyscript. Drs. J.-M. Chenais and Z. Sekera installed the
over the very weak M-O bonds. These calculations do, parallel version of GAMESS onto the Cray MPP (T3D)
however, not exclude the existence of thenechanism. They  computer. Some calculations have been performed by A. Rouge

just indic_ate that within the_prese_nt model, itis unlikely to exist. 54 G. Jenzer. Finally, | wish to thank the Service informatique
In an improved model involving, for example, the second .qpiral for computer time.

coordination sphere, the protons of the water molecules of the

first sphere would be engaged in hydrogen bonding to solvent  Supporting Information Available: A listing of selected
molecules of the second sphere. The two loosely bound waterproperties of reactants/products, transition states, and intermedi-
ligands, participating in the exchange reaction, would be ates (Table S1) and the atomic coordinates of all transition states,
deprived of the possibility of forming hydrogen bonds with including those of ref 8 (Table S2) (36 pages). See any current

water from the first coordination sphere. It remains to be masthead page for ordering and Internet access instructions.

checked whether they escape into the third coordination sphere

and/or whether a transition state for tharechanism with the JA9635950

appropriate imaginary mode exists. (13) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
The above discussion was based on Merbach's classifi€ation Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;

of reaction mechanisms, and substitutions proceeding via anfg’gg'l‘z'\l’\éfgus'r L.; Dupuis, M.; Montgomery, J.A.Comput. Chem.

experimentally undetectable and short-lived pentacoordinated (14) s;teveng, W. J.: Krauss, M.; Basch, H.: Jasien, FC&i. J. Chem.

intermediate were labeled (in this study) as D processes on the19912570, Gﬁ%hre W. J.: Ditchfield. R.: Pople. J. &.Chem. Phys1972

basis of their structures. In the Langford and Gray schéme, 56,(222-')§6.1)(b) Ditchfieid, R Hehre. W. 3.: Pople. J.JAChem. PhysLo71

reactions involving experimentally inaccessible and, therefore, 54 724

short-lived intermediatesr (< 100 ps), fall into the 4 or g (16) Scfiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571.
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