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Mechanism and Stereochemistry of the Water-Exchange Reaction on Aqua Pentaammine
and Agua Pentakis-Methylamine Rhodium(lll) lons
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The water-exchange reaction on Rh(§DH,*t and Rh(NHCH3)sOH,*" has been investigated by ab initio
calculations on all stationary points of the potential energy surface (reactants/products, transition states, and
intermediates, if there are any). The water-exchange on R{E{OH*" proceeds via the | (interchange)
mechanism, whereas that on Rh(}HH3)sOH,*" follows a dissociative {lor D) pathway because of the

bulky NH,CH;z ligands. Both reactions proceed with retention of the configuration. For the ammonia complex,
the computed activation energy agrees with experiment, whereas for the methylamine one, equal activation
energies were found for thednd the D pathways, and they are lower thadibos” by 22 kd/mol. The distinction

of these two mechanisms is not possible on the basis of the present calculations, and the limitations of the
model are discussed. The relation between the electronic structure of the transition state for the interchange
mechanism and the intrinsic component of the activation volume is analyzed via the comparison of the water-
exchange reactions on the aqua pentaammine complexed'airRURH'. For these two very similar exchange
reactions, which give rise to equal experimental activation volum¥s§’), the intrinsic and electrostrictive
components are most likely quite different.

Introduction configurationt® Water-exchange on Ru(Ny$OH3" (reaction

2), with one fewer 4gelectron than the corresponding rhodium-
(1) compound, has been investigated recently with quantum
chemical methods, and the effects of hydration and electron
correlation were analyzed.

A few years ago, the structures of the transition states
involved in the water-exchange reaction (eq 1) on di- and
trivalent metal hexaaqua ions were investigated by ab initio
guantum chemical methods?

3+ _ 3+

M(OH2)6”++HZO—>M(OH2)5OH2”++HZO (1) Ru(NH;):OH,”" + H,0 — Ru(NH;);OH,”" + H,O (2)

The experimentat volume of activationAVagg" = —4.0 cn¥/
emol, is moderately negative and suggests thaéchanism for
reaction 2. According to the quantum chemical calculatfons,
the mechanism with the lowest activation energy is the |
pathway that proceeds with retention of the configuration. The
interchange mechanism involving the attack of the entering

On the basis of these structures, the associative (A), associativ
interchange (), or dissociative (D) mechanism could be
attributed in a straightforward way to all computed exchange
reactions. Although a rather simple gas-phase niada$ used,

in which dynamic electron correlation was neglected, it allowed
the reproductioh®# of the experimental activation energfes. water opposite to the leaving water ligand would lead to

- + 2+
Recently, t2h+e water ?XChaf'ge on V(@‘ﬁ ’ Mn(OHZ)G ’ stereomobility, but it requires a higher activation energy (by
and Fe(OH)s was remvesﬂggté‘*dby taking into account. ~33 kJ/mol)? The D mechanism, which would also proceed
elelctrotn corrtelat|tor(1j and ha(dlratlto_n, whf_reby th_?_hsur_roundmg with retention of the configuration, would be more advantageous
solvent was lreated as a dielectric continuum. ThiS IMProved y, , yhe stereomobile pathway. It is, however, also unfavorable
model led to slightly more accurate activation energies than for the water-exchange on Ru(NHOH;#+, because it requires

Tﬁ.ﬁgﬂgﬁons gn ;rneael '023 (Zntgtteh%azlgsﬁ?é-l-gegt]orie(ljlfvtvr:?a higher activation energy (15 kJ/mol) than the interchange
ItS Aimitations, was yzed, Ic structu mechanism with retention of the configuration. Because this

heptacoordinated species, which is either a transition state Orenergy difference is relatively small, the D mechanism might

ﬁgx:argelrjrg?gr:zf“’ﬁ\rgv(?frailssi?iuoisstiteigi t? I htqheecshzr:ins\:ﬁﬁligsatedpossibly become the most favorable one in complexes with
d ' @ bulky or chelating ligands.

be‘?pa;osl:tri]gnagtitzzsfsc)”r)lﬁwé,e?nsggﬁafr(;rs:: Eg;vaevgeb:: ?oiir?? ff)sred. The activation volumes for the water-exchange on RufbiH
; OH*" and Rh(NH)sOH,®" (reactions 2 and 3, respectively)
2+ 8 + 9 _ , -
the aquation of Co(NEJsCI*",* Co(NHg)sSCN'™,® and Co are equal (namely;-4.0 and—4.1 cn¥/mol 112 respectively),

+ 9 ; :
(NH2)+5NCSZ > or the co.rrespondlng anations .Of Co(BH despite the disparate electronic structures of the two metal
OHz3*. All these calculations on the pentaammine complexes centers

of cobalt(lll) were performed by taking into account hydration,
but not dynamic electron correlation.

Pentaamine complexes of cobalt(lll) and rhodium(lll) are
valence isoelectronic and both have a low-spifi electron

Rh(NH,).OH,*" + H,0 — Rh(NH,);OH,*" + H,0 (3)
In a heptacoordinated species of first-row transition metals,
TFax: ++41 21 693 41 11. E-mail: francois.rotzinger@epfl.ch. regardless of whether it is a transition state or an intermediate,
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TABLE 1: Calculated Total and Relative Energies, Experimental Activation Parameters, and Change of the Sum of the
Rhodium(lll) —Ligand Bond Lengths

Basis AEt or AE, AHzggt/Aezggi,

Species set E,2 Hartrees kJ/mol kJ/mol ASd(Ru-L), A AVued, cm¥mol
Rh(NHs)s0OHz-OHZ3" A —543.426005(20) 0.0 0.0
[cis-Rh(NH)s+++(OHy)2H]* A —543.387339(175) 101.5 102491.3/102 0.01 —-4.14+ 0.8
[RN(NH3)s*++(OHy)*T* ¢ A —543.339203(105) 227.9 0.58
Rh(NHs)sOH3* A —467.203725(19404) 0.0 0.0
[Rh(NHg)s+--OHz**T* A —467.155381(175) 126.9 1.21
Rh(NH;)s-OH3* A —467.160298(19404) 114.0 1.68
Rh(NH,CHz)sOH, OH,3" B —738.900233(3) 0.0 0.0
[cis-Rh(NH,CHz)s+++(OH,),*1* B —738.865446(3) 91.3 118 2/101 0.15 1.24 1.1
Rh(NH,CHz)sOH,** B —662.665505(20) 0.0 0.0
[Rh(NH,CHj)s:+-OH,3]* B —662.630768(20) 91.2 1138 2/107 1.24 1.2+ 1.1
Rh(NH,CHg)s:OH,** B —662.632548(20) 86.5 1.71

a|n parentheses: number of configuration state functions for the-€3F wave function? Reference 12¢ Electronic triplet ¢A") state.
4 Reference 15.

there are two nonbonding{ two moderately antibonding £ were performed as described for Ru(YsOH2*".” The geom-

and one strongly antibonding,(dd orbitals?® In complexes etries were optimized on the basis of the self-consistent reaction
of second-row transition metals, for example, those of ruthe- field model (SCRF}¢ 18 and the energies were computed using
nium(lll) and rhodium(lil), the corresponding qualitative orbital  the polarizable continuum model (PCM)?! at the complete
diagram is similar, and the small differences with respect to active space self-consistent field (CASCF) level. Electron
first-row transition metals will be discussed in this article. In correlation was treated with the ‘multiconfigurational self-
these heptacoordinated species, the nearly degenerate nonbondonsistent field second-order quasidegenerate perturbation’
ing d, levels are filled with four electrons, and the lower of the (MCQDPT2) methoéf22as described Neglected is the disper-
two d; levels is populated with one or two electrons for sion (correlation between the complex and the solvent). The
ruthenium(lll) or rhodium(lll), respectively. Because of the zero point energy (ZPE) was not included because with this
fewer electron in the antibonding; devel, a heptacoordinated  model, in which the second coordination sphere is not treated
species with a ruthenium(lll) center is expected to be more stablequantum chemically, it is meaningless, and so are also the
and to have shorter metaligand bond lengths than the calculated activation entropiea$os)).6° The most favorable
corresponding rhodium(lll) species. Because in both (pseudo- exchange pathway has the lowasb,os’. The quantum chemi-
octahedral) M(NH)sOH,3* (M = Ru or Rh) reactants, which  cally computed activation energiesAE*) correspond ap-
both undergo water exchange via an interchange mechanismproximately toAH* at 0 K with the contribution of the ZPEs
only nonbonding ¢ levels are occupied, one would expect a neglected. Because the present model does not allow the
more negativentrinsic component of the activation volume computation ofASs", AGyes' cannot be calculated, and the
(AVind)) for reaction 2 compared with that for reaction 3. most advantageous exchange pathway can only be rationalized
Although the pentaammine complexes of cobalt(lll) and rhod- or predicted if the correspondingE* values differ substantially.
ium(lll) are valence isoelectronic, the volumes of activation for ~ The associative (A), interchange,(l, or lg), and dissociative
their water-exchange reactions are sufficiently different (namely, (D) mechanisms were investigated on the basis of egs 5, 6, and
1.2 and—4.1 cn¥/mol 213 respectively) that the two reactions 7, respectively, where A represents an amine ligand, either NH
might proceed via disparate mechanisms. Whereas for pen-or NH,CHs.

taammine complexes of cobalt(lll) theg mechanism oper-

ates39.13.14the moderately negative volume of activation for Rh A; OH,OH,*" — [Rh A, OH,+:OH,*"1*  (5)
the corresponding complexes of rhodium(lll) would suggest the - -
I, mechanism. Rh Ag OH,-OH,™ — [Rh Ag*++(OH,),™'] (6)

Another interesting experimental observation is that, by
replacing the ammonia ligands of Rh(A)EDH." with the
bulky methylamine ones, the volume of activation for the water-
exchange increases by 5.3 ¥mol, such that the volume of
activation for reaction 4 is slightly positive (namely, 1.2%m

Rh A, OH,*" — [Rh A,-+-OH,*']* (7)

The geometries of all relevant stationary points on the potential
energy surface, reactants/products, transition states, and inter-
mediates, if there are any, were optimized without constraints

15
mol). and the activation energies were calculated.
3+ . 3+ The atomic coordinates of all computed structures are given
Rh(NH,CHy)sOH,™ + H,0 — RR(NH,CH;);OH,™ + in Tables S1-S12 (Supporting Information). The total energies,
H,O (4) activation energies and the change of the sum of the rhodium-

ligand (Rh-L) bond lengthsAY d(Rh-L), which occur during

Itis interesting to note that the activation volume for the water- o - -tivation processes-{3) are reported in Table 1. All Rh-L

exchange on Co(NgsOH,™" is exactly the same as that on bond lengths and their sums are given in Table 2.
Rh(NH,CH3)sOH,*".1315 To get a deeper understanding into Water-Exchange on Rh(NH)sOH23t via Interchange
the water-exchange mechanism of pentaamine complexes ofy;ochanisms. These computations were performed on the basis
rhodlqm(lll), reactions 3 and 4 were investigated with quantum eq 6. The attack of a water molecule adjacent to the aqua
chemical calculations. ligand leads to the transition stateig-Rh(NHs)s:+(OH)-2*]*
(Figure 1) with G symmetry. It is similar to that of the
corresponding ruthenium(lll) speciésSelected bond lengths
Computational Method and Model. The present calcula-  are reported in Table 2: the two RFO bond lengths of 3.13
tions, which take into account hydration and electron correlation, A are, on the average, longer by 0.44 A than those in the

Results
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TABLE 2: Rhodium(lll) —Ligand Bond Lengths and Change of Their Sum During the Activatiort

Species d(Rh-N) d(Rh-O) Sd(Rh-N) Sd(Rh-L) AYd(Rh-N) AYd(Rh-L)
(i) Basis set A:
Rh(NH;)s0OH,-OH,*" 2.153,2.142,2.117,2.143,2.141  2.121,4.033 10.696 16.850 0.0 0.0
Rh(NHs)sOH:OH3" (PA state)  2.163, 2.164, 2.430, 2.164, 2.152  2.367,4.116 11.073 17.556 0.377 0.706
[cis-Rh(NH)s*++(OHy),*1* 2.131,2.124,2.062, 2.145,2.129  3.173, 3.096 10.591 16.860 —0.105 0.010
[RN(NHz)s*++(OH) > ]* P 2.152,2.132,2.117, 2.283 3.280 10.867 17.427 0.171 0.577
Rh(NH;)sOH3+ 2.144,2.152,2.109, 2.151, 2.143 2.159 10.699 12.858 0.0 0.0
[RN(NHz)s*--OH2 ] 2.124¢2.056, 2.149 3.461 10.602 14.063 —0.097 1.205
Rh(NH;)s-OH3* 2.131¢2.058, 2.148 3.922 10.616 14.538 —0.083 1.680
Rh(NH,CHz)sOH, OHo3" 2.159, 2.151, 2.118, 2.170, 2.159  2.136, 4.058 10.757 16.951 0.0 0.0
[cisRh(NH,CHg)s++(OH),3" ¥ 2.136, 2.142, 2.064, 2.146,2.165  3.164, 3.275 10.653 17.092 —0.104 0.141
Rh(NH,CH3)sOH,** 2.163,2.161, 2.110, 2.159, 2.160  2.177 10.753 12.930 0.0 0.0
[Rh(NHCHjg)s+OH>]* 2.143,2.133, 2.058, 2.148,2.173  3.513 10.655 14.168 —0.098 1.238
Rh(NHCHa)s:OH23* 2.143, 2.145, 2.058, 2.143,2.172  3.980 10.661 14.641 —0.092 1.711
(ii) Basis set B:
Rh(NH,CH3)sOH,-OH** 2.157, 2.149, 2.115, 2.167, 2.157 2.137,4.059 10.745 16.941 0.0 0.0
[cisRN(NH.CHa)s**+(OH,) 2 1¥  2.134, 2.140, 2.062, 2.143,2.163  3.165, 3.279 10.642 17.086 —0.103 0.145
Rh(NH,CH;)sOH2*" 2.160, 2.158, 2.107, 2.156, 2.158  2.178 10.739 12.917 0.0 0.0
[RN(NH,CHg)s+--OH2*]* 2.140, 2.131, 2.056, 2.145,2.171  3.516 10.643 14.159 —0.096 1.242
Rh(NH,CHs)s*OH,®t 2.141,2.142, 2.056, 2.140, 2.170  3.981 10.649 14.630 —0.090 1.713

aUnits: angstroms? Attack opposite to the leaving groupTwo symmetry equivalent bonds.

N

Figure 1. Perspective view and imaginary mode of the transition state
[cisRh(NHg)s**+(OH,)**]* (I mechanism; attack adjacent to the leaving
water ligand).

corresponding ruthenium(lll) specié$he reactant and product
were obtained by the computation of the intrinsic reaction

longer Rh-N and Rh-O bonds. The larger the active space,
the more closely the geometry approached that obtained at the
Hartree-Fock level (Table 2). This result shows that the latter
is adequate for the geometry optimizations.

Attempts to calculate a transition state for the attack of the
entering water opposite the aqua ligand, which would give rise
to inversion of the configuration, failed for the singlet electronic
state but were successful for the triplet state. Also, this species,
[Rh(NHg)s*+(OHy)21]* (Figure 2), with G symmetry, is similar
to the corresponding ruthenium(lll) analoglBecause in the
triplet electronic state®A"") of this (heptacoordinated) transition
state, two electrons are located in two moderately antibonding
4d orbitals (¢),2° two Rh-N bonds are longer by0.1 A than
the three others (Table 2). Compared witlisfRh(NHg)s:-*
(OH)-2t]*, the Rh--O bonds are longer by 0.15 A on the
average. The attack opposite to the aqua ligand is very unlikely
to occur because this reaction requires an activation energy
(Table 1) that is higher by-100 kJ/mol compared with that
for the adjacent attack (which leads to retention of the
configuration). The change of the sum of the Rh-L bond lengths
(Table 1),AYd(Rh-L), is positive, and therefore, this value

coordinate along which no intermediate was found. Despite the would suggest thejimechanism. In the following, it will be

absence of any symmetry in the transition state, which leads toshown that in substitution reactions that involve spin changes,
two disparate intrinsic reaction coordinates, the thus obtainedthe attribution of the mechanism is not straightforward.

reactant and product are identical and very similar to the

corresponding ruthenium(lll) compouridlhe change of the
sum of all Rh-L bond lengthg\y d(Rh-L), along the activation
process (eq 6) is approximately zersQ.01 A, Table 1). This

If spin changes arise from the promotion of one or more
electrons from nonbonding into antibonding orbitals, the metal
ligand bonds (M-L), in which these antibonding electrons are
located, are elongated whereas the others are not altered much.

result suggests the | mechanism for this pathway because therhe spin change alone thus causes an increase of the sum of
intrinsic component of the activation volume is expeCted to be the M-L bonds, and this Change gives rise to an increase in the

approximately zero. The calculated activation energy is in
perfect agreement with experiment (Table 1), although all

intrinsic volume of the complex. This situation is illustrated by
the example of the reactant Rh(A)sDH,-OH,**, in which the

specific interactions between the first and second coordination Rh-O bond and the corresponding trans Rh-N bond are both

spheres are neglected.

Because, as will be shown later, water-exchange on REENH
OHy*" proceeds via the aforementioned | pathway, further
calculations have been performed on the transition stase [
Rh(NHg)s:++(OH,),3*]* to corroborate the adequacy of the
computational model. In all the presently computed rhodium-

elongated by 0.25 and 0.31 A in the lowest, thermally relaxed,
triplet electronic state (Table 2). This elongation arises from
the promotion of a nonbonding 4electron into the antibonding

d,*(O-Rh-N) orbital. This spin change causes an increase of
the AYd(Rh-L) parameter by 0.71 A. It should be noted that
reactions that involve such spin changes are likely to have

(Il complexes, there is some static electron correlation that positive intrinsic volumes of activation, just because of the
was always taken into account in the calculations of the energy increase of the M-L bonds due to the spin change. If the
but not in those of the geometry. Thus, the structure of this exchange process starting from the reactant in the triplet state

transition state has also been optimized at the €86F level

is considered, a negativey d(Rh-L) value of—0.13 A would

with various active spaces (Table 3). These calculations yieldedbe obtained, which would suggest theniechanism for this
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TABLE 3: Rhodium(lll) —Ligand Bond Lengths of the Transition
Level?

Rotzinger, F. P.

State [is-Rh(NH3)s:++(OH5),2"]* Optimized at the CAS—SCF

Number of Number of Number of
active orbitals electrons CSF¢$ d(Rh-N) d(Rh-O)
— — 1¢ 2.131,2.124,2.062, 2.145, 2.129 3.173, 3.096
2 2 3 2.135,2.127,2.077,2.152, 2.133 3.280, 3.180
4 4 20 2.154,2.130, 2.079, 2.154, 2.139 3.294, 3.170
6 6 175 2.154,2.129, 2.078, 2.153, 2.138 3.284, 3.162
8 8 1764 2.154,2.129, 2.078, 2.151, 2.137 3.259, 3.142

aUnits: angstroms? CSFs: configuration state functiorfsHartree-Fock calculation; the same data as in Table 2.

%o &o

Figure 2. Perspective view and imaginary mode of the transition state
[Rh(NHg)s**+(OH,)*"]* with Cs symmetry (4 mechanism; attack

opposite to the leaving water ligand).

Figure 3. Perspective view and imaginary mode of the transition state
[Rh(NHa)s:*OH*"]* with Cs symmetry (D mechanism).

pathway. It is evident that in such cases, the attribution of the
substitution mechanism on the basis of the intrinsic activation
volume, AVin, is not straightforward, becaugeVi,* has two

components, one arising from the spin change and the other

one from the substitution reaction itself.

Water-Exchange on Rh(NH)sOH2®" via the D Mecha-
nism. The calculations for this pathway were performed on the
basis of eq 7. The transition state, [Rh(+-OH,3*]* (Figure
3), has G symmetry, and it is again similar to that of the
analogous ruthenium(lll) speciéS he pentacoordinated inter-
mediate, Rn(NkR)s:OH,3" (Figure 4), also with €symmetry,

L,

Figure 4. Perspective view of the pentacoordinated intermediate Rh-
(NH3)s*OH2* with Cs symmetry (D mechanism).

constrained complexes, however, the D mechanism might be
preferred over the interchange one, as will be shown in the next
section.

In earlier work? arguments have been presented suggesting
that for a low-spin 8electron configuration, the rearrangement
of a square pyramidal pentacoordinated intermediate into a
trigonal bipyramid is unfavorable. Thus, this pathway would
also proceed with retention of the configuration.

Basis Sets Used in the Computation of the Water-
Exchange on Rh(NHCH3)sOH2®". The calculation of electron
correlation using the MCQDPT2 methid? for the species
involved in reaction 4 is demanding and was not feasible with
the available hardware, when basis set A, in which there are
polarization functions on all C, N, and O atoms, was used.
Because the methyl groups of methylamine are not coordinated
to the rhodium(lll) center, the polarization functions on the C
atoms were omitted in a smaller basis set B. It can be seen that
there is no loss of accuracy in the geometries when basis set B
was used; it gave rise to slightly shorter (by 0.003 A) Rh-N
and Rh-O bond lengths (Table 2). All geometry optimizations
were performed using both basis sets, but the total and activation
energies were computed with basis set B only (Table 1).

Water-Exchange on Rh(NHCH3)sOH2%" via Interchange
Mechanisms.Because for Rh(NEJsOH,3" the attack opposite
to the leaving water ligand requires a very high activation energy
(228 kJ/mol, Table 1), only the pathway for the adjacent attack
was investigated. The transition stateisfRh(NH,CH3)s:-*
(OH,)**]* (Figure 5) resembles the ammonia analogue (Figure
1) very much. It is interesting to note that the £gtoups are

resembles the corresponding transition state (Figure 3), but thelocated in the ‘lower half of the octahedron, which is

leaving water ligand is more distant from the rhodium(lll) center
(Table 2). The reactant/product hassymmetry. The activation
energy (Table 1) is moderately higher, 525 kJ/mol, than
that for the most favorable interchange pathway. The-f#&h
bond length is longer by 0.33 A than those @isfRh(NHz)s:
-+(OHy)2**]*. This mechanism is unlikely to operate for reaction
3 because of its higher activation energy. Furthermore, it would
give rise to a positive volume of activation that would be at
variance with the negative experimentalalue. In strained or

represented by the RBNhromophore. The Rh-N bonds ici$-
Rh(NH,CHz)s:++(OHy),*t]* are longer by~0.01 A in the
average than those of the Ninalogue, but the corresponding
Rh---O bonds are considerably longer, by0.09 A on the
average (Table 2).

The reactant Rn(NKCH3)sOH,OH,%t (Figure 6) was ob-
tained by the computation of the intrinsic reaction coordinate.
Again, the Rh-N, Rh-O, and RhO bonds are longer by0.01,
0.015, and 0.025 A, respectively, than in the corresponding
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Figure 8. Perspective view of the pentacoordinated intermediate Rh-
(NH,CHjz)s*OH*" (D mechanism).

Figure 5. Perspective view and imaginary mode of the transition state . . .

[cis-RN(NH,CHa)s++(OH,)-**]* (I¢ mechanism; attack adjacent to the the two transition states for the D mechanism (Figures 3 and

leaving water ligand). 7). It should be noted that there are small, but noticeable
differences between the analogous ammonia and methylamine

%/0 complexes: in the latter, the average Rh-N bonds are longer

by 0.011 A, and the Rh-O bonds are longer by 0.019 and 0.052
A in the reactant and transition state, respectively (Table 2).
Interestingly, for the D mechanism, tiA& d(Rh-N) andA} d-
(Rh-L) parameters are the same for the ammonia and methyl-
amine complexes.

The calculated activation energy (Table 1) is equal to that
for the interchange pathway and also too low by 22 kJ/mol. In
this case, the computed activation energies do not allow the
distinction of the 4 from the D mechanism.

Discussion

Activation Energies. For the water-exchange on Rh(})&
OH** via the | mechanism, the calculated activation energy
agrees within a few kilojoules/mole withH,gs" (Table 1). This

k accuracy could not be expected on the basis of this model, which

Figure 6. Perspective view of the reactant/product Rh@8Hs)sOH;-
OHz®* (I3 mechanism; attack adjacent to the leaving water ligand).

neglects all specific interactions between the first and second
coordination spheréslinterestingly, the same accuracy was
obtained for the activation energy for the water-exchange on
Ru(NHg)sOHx**, and this reaction also follows an interchange
mechanism ¢) with retention of the configuratiohThe other

two investigated pathways for reaction 3, the interchange
mechanism with stereomobility and the D mechanism, both
require higher activation energies and are therefore unlikely to
operate.

For the water-exchange on Rh(NEH3)sOH,*", equal acti-
vation energies were computed for thehd the D mechanisms.
They are both too low by 22 kJ/mol compared withizeg".12
This error is considerably larger than that of reactions 2 and 3,

Figure 7. Perspective view and imaginary mode of the transition state which both involve complexes with NHigands. Therefore,

[Rh(NH.CHg)s*+-OH**]* (D mechanism). this relatively large error may be due to the BHH; ligands or
_ o the limitation$ of the model.
ammonia complex. Because of the longer R0 bonds in €is- The error just mentioned is unlikely to arise from the omission

RN(NH,CHz)s'++(OH)2**]*, the AT d(Rh-L) value is larger for  of the polarization functions on the C atoms because the latter
reaction 4 than 3 (Tables 1 and 2). On the basis of this positive gre quite remote from the rhodium(lil) center and thetCand

A% d(Rh-L) parameter, the intrinsic volume of activation would - c—N bonds do not interfere in the present substitution reactions.
be positive, and therefore, this interchange pathway would be \ost likely, the following three reasons give rise to this error:

of the ks type. (i) The reactant might not be in its most stable conformation
The calculated activation energy is lower thaH s by 22 because it has been obtained by computations of the intrinsic
kJ/mol (Table 1). This error is in contrast to the accurate value reaction coordinate. The presently obtained local minimum
computed for the corresponding Nidomplex. might not be the global one, which is hard to find because of
Water-Exchange on Rh(NHCH3)sOH 2%t via the D Mech- the large number of possible conformers; (ii) The PCM might
anism. Reactant/product, transition state (Figure 7), and pen- not be appropriate for such compounds in which the water
tacoordinated intermediate (Figure 8) all have Sgmmetry, molecules in the second sphere are ‘perturbed’ by the hydro-

and the RhNO skeleton is the same as that of the corresponding phobic methyl groups or, in other words, the water layer in the
species with NHligands. This result can be seen by comparing second coordination sphere contains five hydrophobic methyl
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do* dy level (Figure 11a) is populated by a pair of electrons, whereas
the other one (Figure 11b) is empty. In the corresponding
transition state of Rl, the lower ¢ level is occupied by a single
dg electron only. Because there is one fewer electron in the
dp (antibonding) g levels, the RU---O bonds are stronger and
shorter than those of Rh and this is illustrated by their
respective average bond lengths of Z.68d 3.13 A25 This
du difference might change slightly on the addition of a quantum
chemically treated second coordination sphere, but thé-Ru
-O bonds will remain much shorter than the'RrO bonds?®

\/

dr

Reactant ar Transition stat; " In general, the M-O bond lengths depend on the number of
(M As OHz - OH2™") (M As - - - (OH2)2™"[") electrons in the gllevels. TheAyd(M-L) parameters for Rh
Figure 9. Qualitative orbital diagram of reactants/products 44,3+ and RY' follow the same trend; they have the respective values
and transition states [Md+(OHy),>*]*. of 0.01 and—0.82 A. Thus, theintrinsic componenbf the

activation volume,AVi,*, is expected to be smaller (more
groups. It could be that in such compounds, th®Hkholecules  negative) for Rl than for RH!, although the experimentaf2
of the second coordination sphere have to be treated quantumtotal) activation volumes are equal for the water-exchange on
chemically and that the PCM should be applied from the third these two aqua pentaammine complexes. This item will be
coordination sphere on; (iii) There is no reason the model discussed further in the next section.
represented by eqs-¥ must reproduce the activation energies | e transition state, in which the entering water would

accurately, but it most Iikely_ does so for the hexaaqua®ions attack opposite to the leaving ligand, boghlevels would each
and for the aqua pentammine complexes of'Rand RH! be occupied by a single electron.

he chan in the fir rdination sphere ar . . .
because the changes the first coordination sphere are Mechanism of the Water-Exchange Reactions(i) Rh-

calculated explicitly. However, for interchange mechanisms, the o . .
energy involved in all changes of H-bonding between the first (NHa)sOH,"". For this reactant, the most favorable pathway Is
he interchange process with retention of the configuration. On

and the second coordination spheres is represented merely b)% . S
the breaking of two H-bonds in the water adduct of the reactant. he ba_5|s of th%Zd(Rh-l__) parameter (Table 1), Wh'(?h IS
approximately zero, amtrinsic componendf the activation

The correct reproduction of this energy term by the present volume, AV, of zero is expected. Because the experimental
model is of course fortuitous. The reorganizational energy of » 2 Vint : .
g 9y AVyeg' value is—4.1 cn/mol 12 the calculations suggest that

the bulk solvent is taken into account by the PEWR? > e .
If the second coordination sphere is treated quantum Chemi_'.[heeIectrqstrlgtTe_c;mﬁg/ner\rJf tTti actl;:atlon vc:lu:nlgAVeh, .
cally, the conformation of the CHgroups might be different IS approximately—a cmi/mol, afthough a neutral figand 15
exchanged. It has been shown in the previous section and

from those obtained by the inclusion of water as a dielectric lsewherathat AV: # for th i h fh d
continuum. Therefore, correct activation energies might only elsew fr atAVin™ f0r the water-exc angf_o € corréspona-
ing RU" complex is negative. Becauad/,od" is equal for both

be available when both items (i) and (ii) are considered. Today, tal i AV should be 1 tive for R h that
such calculations are hardly feasible. The important results areme ?W'ng/' 2 SI ou h('a hess nega '?’f (t)tz USUCM/_ f
that reaction 4 proceeds via a dissociative pathway with retention - °¢ 208" ValUEs, whic lare equ? 0 the suinj int
of the configuration, and that thg &and D mechanisms have andAtymf, caFr;utl)leﬂf]equz?l foélﬁp and wa : ;I't:atAVi:th more
very similar activation energies but differefy d(Rh-L) values. negatve for an for IS a saté statement because, in

S o the transition state [cis-Ru(Ng%-+(OH)**]%, there is one
It should be noted that, therefore, the intrinsic activation volumes g ; NG .

fewer electron in the lower antibonding drbital (Figures 9

I iff . Thi i ill i i h
would be different is point will be discussed in another and 11a) than in the corresponding tevel of [cis-RN(NH)s-

section of this discussion. . o >
-+(OH,)2**]*. This result indicates that even for the similar

Electronic Structure of the Transition States [cisS-MA -+ . X T .
-(OH2)*']* (M = Ru and Rh). The electronic structure has mechanisms of reactions 2 and 3, which involve disparate
: tructural changes in the activation proces¥e* is not equal.

already been discussed for the heptacoordinated intermediates.. =~ _ ) .
his inequality is probably due to the disparate dipole moments,

and transition states formed in the water exchange of first-row ' . L
transition metal hexaaqua iof8.The electronic structure of partial charges, and sizes and shapes of the two transition states.
ndeed, theAVe term is knowA®27 to depend on these

the transition states of the aqua pentaamine complexes of the
second-row metal ions Ruand R is similar. The difference ~ Parameters. o
with respect to first-row transition metals is that thelevels On the basis of theA\yd(Rh-L) parameter, which is ap-
are split more strongly in complexes of second-row metals. In Proximately zero (Table 1), the | mechanism would be attributed
the transition state [Co(N¥+(OH,)-2*]*, with a triplet to rea_ction 3. For the water-t_exchange on RuéNBHf*
electronic state, the twosdevels that are each populated by ~(réaction 2), this parameter is much more negative and,
one electron are split by 0.1 é¥for the corresponding valence ~ consequently, this reaction proceeds via fraéchanisni.The
isoelectronic RH complex, this splitting is 0.6 eV. This larger ~average RH---O bond length of 3.13 A in the transition state
energy difference arises from the larger crystal field parameter [CiS-Rh(NHs)s:++(OH)2*"]* supplies further evidence for the |
of second-row elements. Thus, in transition states for interchangemechanism because this value lies between that calculated for
mechanisms, the five 4d levels are split into two nearly reaction 3 via the D mechanism (3.46 A) and that calculated
degenerate nonbonding tevels, two moderately antibonding ~ for reaction 2 via themechanism (2.67 A).
ds level, and a strongly antibonding tevel (Figure 9). (i) Rh(NH,CH3)sOH,%t. As already mentioned, the calculated
The two RH'---O bonds involve two oxygen-centered, activation energies for thg hnd D pathways are equal (Table
bondingo(Rh!"---O) orbitals (Figure 10) and two Rhcentered, 1) and too low by 22 kJ/mol. Possible reasons for this error
antibondings” (Rh!"---O) orbitals (Figure 11), which are thg d  have been discussed in the correspondiegults SectionThe
levels (Figure 9). In the transition statesifRh(NHg)s--- experimental activation volume for the water-exchange on this
(OH,)221]* and is-Rh(NH,CHg)s**+(OHy)2**, the lower ¢ aqua pentaamine rhodium(lll) complex, reaction 4, is 1.8/cm
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Figure 10. Contour plots depicting the twa(Rh"---O) orbitals of EissRh(NHs)s-++(OH,)2*1*: (a) MO 34; (b) MO 35.
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Figure 11. Contour plots depicting the two moderately antibondirigRh"' ---O) orbitals of Eis-Rh(NHs)s:*(OH,)2]*: (a) MO 37; (b) MO 43.

mol.*> This value is larger by 5.3 c#fmol than that of the exchange on Rh(N}CH3)sOH,®" (reaction 4) proceeds via a
corresponding complex with ammonia ligands. This increase d activation, whereas both, the ér the D mechanism, could
of AVagg™ on replacement of Ny NH,CHjz is also reproduced operate. In contrast to the calculations on RugNBH,** and
by the corresponding increase ofy d(Rh-L). Because this  Rh(NHs)sOH3", which yielded guantitative results, those on
parameter is not related quantitatively A/,qg*, it cannot be Rh(NH,CHz)sOH,3" are less accurate.

used for the distinction of thg from the D mechanism, which

is very subtle anyway. Possibly, calculations in which at least summary

the second coordination sphere is treated quantum chemically

could lead to more precise activation energies, on the basis of (i) Thewater-exchange reactions on Rugi@H;**, Rh(NH)s-
which these two types af activations could be distinguished. OHz*", and Rh(NHCH3)sOH,*" follow the respectived |, and
Also, perhapsAVin or AVe could be computed at least la (or D) mechanisms.

approximately on the basis of this improved model. At the (i) The more associative character of 'Ria low-spin &
present time, such calculations are hardly feasible and therefore system) with respect to Rh(a low-spin & system) is due to
from this study, it can only be concluded that the water- the occupation of the moderately antibonding)(drbitals in
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the transition state. The Ru--O bonds are shorter than the The zero point energy was neglected for the reasons discussed
Rh''---O ones, because in the transition statis-Ru(NHs)s-* in previous workt2:6.9

-(OHy)2*"]* the lower of these (g levels is populated by one
electron, whereas irefs-Rh(NHg)s**+(OH)2* ¥, this same (g)

level is populated by a pair of electrons. For these interchange
mechanisms, the M-O bond lengths depend on the occupation  Supporting Information Available: A listing of the atomic
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is also expected to be more negative theW,* of Rh"" and,
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