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Abstract: Details of the hydration and water exchange mechanism &f Eave been studied using density functional
calculations with a variety of different basis sets. The computed structures and hydration energies for complexes of
the type [Zn(HO),]?" with n = 1—6 are in good agreement with previous results obtained &bnmitio calculations

and self-consistent reaction field methods. Extension of our investigations to the second coordination (first solvation)
sphere and thus to complexes of the general type [ZDfiE"mH,O with n =5 andm = 1, 2 andn = 6 andm

= 1 reveals two types of complexes having either one or two hydrogen bonds between first and second sphere water
molecules. The water exchange mechanism of [26(k]2" is analyzed on the basis of the structures and energies

of these complexes. Within the variations due to the different basis sets employedt@ehomd length for water
molecules in the first coordination sphere is between 2.0 and 2.1 A, water molecules in the second coordination
sphere between 3.6 and 4.1 A and at the frontier of both spheres between 2.7 and 3.0 A. Within the limitations of
the present model, in which bulk water, counterions, and more than one exchanging water molecule have not been
considered, a limiting dissociative (D) mechanism for the water exchange reaction on{séH is suggested.

On the basis of the most reliable structures (i.e., those that could be verified with all levels of theory), the energy of
activation for the water exchange is between 4.2 and 4.6 kcal/mol, depending on the basis set employed. A transition
state for the interchange mechanism could not be localized. All optimizations invariably led to transition state structures
that indicate a limiting D mechanism.

1. Introduction molecular dynamics applied to the water exchange reactions of
lanthanide iond! The quality of these theoretical approaches

has now developed to a level that allows one to comment on

biochemical processes and have received the attention of man)’he mechanism of solvent exchange processes, even to the extent

. " 1 f
experimentalists in recent years. The applicatioralfinitio that.SU(.:h results mirror Klnetlc dafté? In this respect, the
molecular orbital calculation's;® self-consistent reaction field application of density functional theory (DFT) to transition metal

methods;® and Monte Carlo simulatiof4° to describe the complexes should open new opportunities for studying the
hydration of transition metal ions has gained significant hydration of metal ions. This was recently shown by Ricca

. 5 X T
importance. In addition, considerable work has been done usinggzgrgiaéf?grl'?:tz}bg\)’hfV%ﬁ?%ufd:helsizcgzzaleg{:gﬁ'gg d
n = . ’

Elding!® impressively modeled the exchange efHn aqueous
solution on [Pd(HO)4)2", [Pt(H0)4]%+, andtrans[PtCly(H20),]
using a combination of DFT and molecular mechanics.

The energetics and dynamics of the hydration of transition
metal ions form the basis of many fundamental chemical and
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Our general interest in the mechanism of solvent exchange
and ligand-substitution processes, coupled to the interpretation
of volume of activation dat#, has encouraged us to apply DFT
to the description of the hydration and the water exchange
processes of the Zn ion. The reason for this is the limited
kinetic data reported for the water exchange behavior 8f Zn
compared to other 3d metal ions, although the mechanistic
details for this ion play an important role in the biological
function of many metalloenzymes, such as carbonic anhydrase,
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carboxypeptidase A, thermolysin, and alcohol dehydrogenase.by 1, respectively, the | mechanism describes a concerted
The former two enzymes are part of our previous stutiesd pathway with no detectable intermediate. Further differentiation
further insights to the fundamental reaction characteristics of of the latter process intq, br lq is used to denote substitution
Zn?t, covered in the present work, will help in understanding processes with some associative or dissociative activation,
the phenomena associated with the bioinorganic and solutionrespectively. The attribution of the mechanism is based on the
chemistry of this metal ion. sign and the value of thermodynamic activation parameters like
We will first focus on the stepwise hydration of Znions AV# and AS, the former being more diagnostit. Negative
for coordination numbers between 1 and 6. In doing so, we values for these activation parameters show the trend toward
follow recent ab intio studies presented by the groups of an A mechanism, whereas positive values are an indication for
Gluskef and Kim? who investigated aqua complexes of the a mechanism with D character. Swaddle showed that one can
general formula [Zn(K0),]2T-mH,0, wheren < 4 and m= 0, expect a maximumAV# of 13.6 cn¥mol for the limiting
1,2,n=5andm=0, 1 andn=6 andm= 0. Inthe selected dissociative water exchange (D mechanism) of hexaqua-
notation, ‘h” represents the number of water molecules in the zinc(l1).® In order to find an intrinsic measure that correlates
first coordination sphere andr represents the number of water ~ with this activation parameter, we summarize al-AD bond
molecules in the second coordination (first solvation) sphere. lengths of the transition state structure and the reactant complex,
Kim and co-workersfound that at 0 K, [Zn(HO)s]?* and [Zn- respectively. The difference between these values will lead to
(H20)e]?" are the most stable structures forZions surrounded changes in bond length that parallel the sign and value of the
by five and six water molecules, respectively. However, at room volume of activation. Rotzinger has shown that this procedure
temperature, [Zn(kD)4)2"+H20 is energetically as favorable as  produces reasonable values for the water exchange reaction on
[Zn(H20)5]%T, whereas [Zn(kH0)g]2" is slightly more stable than ~ Ni2*, V2*, and T#t.6
[Zn(H20)5)27+H20 and [Zn(HO)4%"+2H,0. Gluskeret al#
showed that total molecular energies of the gas-phase cluster2. Methods
[Zn(H20)e]**, [Zn(H20):]***H0, and [Zn(HO)4]*"+2H.0 dif- (a) Models. The models used in the present work are based on the
fer by less than 0.4 kcal/mol and that a water molecule from gas-phase and thus cannot be transferred rigorously to solution. Bulk
the first coordination sphere can quite easily be lost to the secondwater, counterions, and more than one water molecule in the second
coordination sphere. Moreover, they found that it is not possible coordination (first solvation) sphere have been neglected (see further
to optimize a minimum structure for [Zng®);]2, where seven  discussion in Sections 3 and 4, respectively).
water molecules are located in the first coordination sphere. A crucial aspect of the water exchange reaction is to simulate the
Because this is in contrast to the assumption of a [26(H]2" mterchang_e nature of the _sub_stltutlon process during Wh!Ch a water
complex made by Sandstroand co-workerd, we further molecule_ln the first coordlngtlo_rl sphere is exchanged Wlth a Wat_er
. . . - molecule in the second coordination sphere. Therefore, we first studied
investigated the solvent environment ofZZwith seven water

lecul -, db he fi d d dinati the hydration of Z#" ions, considering up to seven water molecules,
molecules, partitioned between the first and second coordinationyps including the limiting dissociative and associative substitution

sphere, using DFT calculatiofs.Our calculations on gas-phase  modes of the octahedral hexaqua cation. In order to determine the
clusters also show that fully unconstrained optimizations with most favorable mechanism for this symmetrical exchange reaction, we
seven water molecules in the first coordination sphere 8f Zn  analyzed all possible mechanisms. FofZwe first investigated the
lead to structures with at least one water molecule in the secondlimiting dissociative process in eq 1 that forms a five-coordinated
coordination sphere. This discrepancy has also been discusseéhtermediate complex of the type [Znf8l)s]**H20O, with one water
by Rotzingef who stated that‘Sandstran’s [M(H;0)7]2* molecule located in the second coordination sphere. Next we consid-
species do not represent chemically velat stationary points ot -
on the potential energy surface”Although consideration of D [Zn(H0)e ™" — {[(H,0)sZn-H, 01" }" —
thermodynamic and solvation effects might favor a hep- [Zn(H,0)*"-H,0 (1)
taquazinc(ll) complex over a hexaquazinc(ll) complex with one
loosely bound water molecule, which however seems unlikely | /1. [zn(H,0)¢?"-H,0 — {[Zn(H,0)s*+2H,01*"}* —
from the evidence available, we extended our investigations to [Zn(H 0)6]2+'H 0@
complexes of the general type [Zn{®),]2"-mH,0, wheren = 2 2
5andm=1, 2 andn = 6 andm= 1. The results, reported in 2t o
the second part of this paper, enable us to comment on the naturd® [Zn(H20)g]""-H20 = {[Zn(H;0)e*+*HOI"'}" —
of this type of complexes and the basis set dependence of the [Zn(HZO)7]2+ 3)
results. Consideration of these structures as possible reactant
and intermediate complexes for the water exchange reaction ofered an associatively/dissociatively activated interchange mechanism
hexaquazinc(ll) enabled us to localize suitable transition states(ed 2) that, from an experimental point of view, has no detectable
for this reaction. intermediate. If, however, theoretically a complex of the type [Zn-
By comparing otal energes and suctalparameters of hese( O 0 Lateoneshones aloc i b e,
_gas-phase clusters, we can classify the substitution rﬂeChan'Sr%malI, otherwise this structure would resemble a true intermediate,
In terms Of the nqmendature eStab“,Shed by Langfo'rd ,and which itself is an indication of a limiting dissociative mechanism.
Gray!” This notation generally subdivides the substitution pgecause of our inability to localize chemically relevant stationary
mechanism into associative (A), dissociative (D), and inter- structures for [Zn(HO)]?* or transition state structures fdfzn-
change (I) processes. While the A and D mechanisms have(H,0)s--H,0]2"}# no further calculations concerning a limiting
intermediates with coordination numbers increased or decreasedissociative mechanism (eq 3) were performed, and the operation of
such a mechanism in the water exchange oft Zvas therefore ruled

(15) (a) Alex, A.; Clark, T.J. Comput. Chenil992 13, 704-717. (b)

von Onciul, A. R.; Clark, T.J. Comput. Cheml993 14, 392-400. (c) out. . . .
Zhang, X.: van Eldik, RInorg. Chem1995 34, 5606-5614. (d) Hartmann, In order to trace the change in bond length occurring on reaching
M.: Clark, T.; van Eldik, R.J. Mol. Model.1996 2, 358—361. the transition state structure and thus to find a measure that parallels
(16) Hartmann, M.; Clark, T.; van Eldik, Rl. Mol. Model.1996 2, the volume of activation, we hence summarized all the-@nbond
354-357. lengths in the reactant and in the transition state complex, respectively.

(17) Langford, C. H.; Gray, H. Bligand Substitution Dynamics
Benjamin: New York, 1965. (18) Swaddle, T. Winorg. Chem.1983 22, 2663-2665.
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Table 1. Selected Structural Paramefeasid Point Group (PG) Assignment for the Complexes [ZQ(H?" with n = 1-6

SHA1 6-311G 6-311G(d) 6-311G(d) 6-311G(d,p) PG
[Zn(H-0))2* 1.887 1.877 1.878 1.879 1.883 Ca
[Zn(H20)]2* 1.878 1.857 1.858 1.872 1.876 Daq
[Zn(H.0)32* 1.948 1.918 1.923 1.941 1.947 Ds
[Zn(H20)4]2* 2.000 1.971 1.977 1.997 2.004 S
[Zn(H20)s]2* 2.114, 2.114, 2.076, 2.076, 2.082, 2.082, 2.119, 2.119, 2.127,2.127, Ca

2.046, 2.031, 2.027, 2.010, 2.032, 2.016, 2.045, 2.028, 2.053, 2.038,
2.031 (2.06P) 2.010, (2.040) 2.016, (2.046) 2.028, (2.068) 2.038, (2.07P)
[Zn(H20)e]2* 2.114 2.091 2.095 2.119 2.130 T

aBecause of our main interest in this work, only t{&n—0) values [A] are reported. For further details concerning the geometries of the
calculated complexes, please consult the Supporting Informatidean values of the bond lengths used in Figure 2 are given in parentheses.

According to eq 4, the difference of these values leads to the structural Table 2. Hydration Energies [kcal/mol] for the Reaction Znt
change associated with the activation process during water exchange.nH20 — [Zn(HzO)]
The comparison of such values with available experimental volumes n  SHA1 6-311G  6-311G(d) 6-3#g(d) 6-31HG(d,p)

of activation clearly shows their reliability and applicabilfty.

1 -106.3 —110.8 —104.5 —105.4 —-101.5
] ) 2 -199.6 —2132 —200.6 -195.8 -188.1

P 3 —2629 -277.3 —259.9 —254.0 —243.0

A= {r(zn—0)} —Zr(Zn—Oi) n=6foreql (4) 4 -3129 -3296 —308.6 —299.0 —285.1
= = 5 —344.6 —-366.9 —343.7 —-326.7 —309.6

6 —373.4 —400.5 —375.6 —351.9 —332.4

n=7foreq?2

2For total energies and zero-point energies [au], refer to the
The assignment of the intimate mechanism was then possible from Supporting Information (Table 2 sup).

a comparison of the energies of activation for eqs 1 and 2. In addition,
bond distances between zinc and oxygen of water molecules in theencies are discussed in detail in the Supporting Information.
second coordination sphere were also used for the mechanisticUnless otherwise noted, all geometries given in the text are those
assignment. Due to the lack of an experimental volume of activation found at the highest level of theory (i.e., with 6-31&(d,p)).
for water exchange on 2h, struqtural changes expressed by means of (@) [Zn(H20).J2" with n = 1—6. We first consider hydrated
the A value were compared with calculated or measured values for _. ‘7. o

zinc ions of the general type [Zn{®).]?", wheren = 1—6.

other elements reported in the literatdte. . . .
(b) Computational Details. All calculations used Gaussian 94 Thus, all water molecules are located only in the first coordina-

with the B3LYP2! three-parameter hybrid density functional. The tion sphere. Selected structural parameters and hydration
basis sets used were 6-311G and 6-311&(d;311+G(d) and energies of the complexes under consideration are summarized
6-31H-G(d,p)® and the optimized SchaefeHorn—Ahlrichs split in Tables 1 and 2, respectively. Schematic presentations of the
valence bas? set augmented with p- and d-type polarization functions final molecular geometries obtained are shown in Figure 1.
(SHAL). Transition state optimizations used the synchronous transient- There have been several previous investigations dealing with
guided quasi-Newton search algorithfhsThese techniques and results  the hydration of divalent zinc ion usirap initio calculationd=5
_obtalned with a_\ddltlonal ba_S|s set modifications are explained in detail and statistical simulatiorfis1® However, to our knowledge this

in the Supporting Information. is the first study dealing with the results obtained using density
3. Results and Discussion functional calculations in combination with a series of different

basis sets.
Ba5|s. Set Depender)cy.ln general, the re.su'ts of the The structure obtained for the monoaqua complex @as
calculations depend quite strongly on the basis set used. We

. > "Csymmetry and a ZaO bond length of 1.883 A. In Figure 2
have found, however, that the SHA1 basis set gives geometrie .
very close to those found with 6-325(d.p); 6-311G(d). Sthe calculated ZaO bond lengths are plotted as a function of

- . ) the number of ligands located in the first coordination sphere.
however, is the only basis for which we were able to locate

itable t i tates for th i h tion%t 7 We find a lengthening of the ZnO bond as increases except
suita edre:jnzl lon states for evlva e{ echahngrke) reac 'Ond n dfor a slight shortening on going from [Zng@)]>" to [Zn-
surrounded by seven water molecules. e basis set depen (H20),)2". This, however, can be attributed to the formation

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill P. M. W.; Johnson,  of & hybrid orbital from an unfilled s and a filleddorbital.
'\Bﬂ-orﬁéoi‘;?b,JMA A'Fia(éﬂgeigmnkl S-Laﬁzm JdAPer:LSrSzn,SE- VA-§ The resulting lobes pointing to opposite sides of the metal ion

v, J. A, Vi i, K.; Al- zewski, V. . . . .

G.. Ortiz, J. V.. Foresman, J. B.. Cioslowski, J.. Stefanov, B. B.: lead t_o the preferred Imear_ structure of the diaqua cation with
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; H20 ligands staggered against each other. The overall structure
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; of this complex hasD,q symmetry. The structure for [Zn-

Fox, D. J.; Binkley, J. S.; Defrees D. J.; Baker, J.; Stewart, J. P.; Head- 2+ i ; ;
Gordon, M.. Gonzalez, C.. Pople, J. AUSSIAN 94. Résion B.2: (H20)3)%*, found to be a local minimum with respect to its

Gaussian Inc.: Pittsburgh, PA, 1995. potential energy surface, h& symmetry and a ZnO bond
(20) (a) Becke, A. DJ. Chem. Phys1993 98, 1372-1377, 5648 length of 1.947 A. The structure of [Zng®),]2+ belongs to

5652. (b) Stevens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. i
Phys. Chem1994 08 11623-11627 the & point group and has a 20 bond length of 2.004 A.

(21) Lee, C.; Yang, W.: Parr, R. Ghys. Re. 1988 B37, 785-789. F_or the pentaqua complex, which h@l_, symmetry, thr_ee
(22) (a) McLean, A. D.; Chandler, G. $. Chem. Phys198Q 72, 5639~ different Zn—O bond lengths were obtained, thus yielding a
2?148-1(55;0@';@;&6%‘:1 B(In)k\llsy, rii S.; ieﬁgi{, gr}; Porgﬁ, élllé/%hg?- mean value of 2.077 A. The octahedral hexaqua complex has

S. " . (C acnters, A. . Jd. em. "
10%’3_1036. (d) Hay, P. . Chem. Phys1977 66, 4377_4?2’84. Th symmetry and a ZrO bond length of 2.130 A. The zrO

(23) (a) Clark, T.: Chandrasekhar, J.; Spitznagel, G. W.; Schleyer P. v. distances in this complex obtained from other computational
R. Jk-l Compgt- Cgﬁnﬂ%ﬁ 4, 524—830013-2%3) l;rzi%%h, M. J.; Pople, J. A;  studie$ 2 vary between 1.90 and 2.14 A. Among these,
Binkley, J. S.J. Chem. Phys1984 80, 5 . 7 i - i

(24) Schifer, A.; Horn, H.; Ahlrichs, R.J. Chem. Phys1992 97, 2571 Marcoset al.” found that their gas-phase value of 2.05 A is
2577. increased to 2.07 A when the hexaqua cation is embedded in a

(25) Peng, C.; Schlegel, H. Bsr. J. Chem1993 33, 449-454. solvent reaction field, while the ZrO distance measured in
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—e— SHA1
me 631G
D m=e 8311G(d)
N cce--  B-3114G(d)

—— 6-311+G(d,p)
-170 |

-250 [

Hydration energy (kcal/mol)

-330

-410

Coordination number
Figure 3. Hydration energy as a function of the coordination number
n for Zr?* + nH,O — [Zn(H20),)?". All results were obtained using
the B3LYP functional and the basis sets shown in the legend above.

and division of these values by the coordination number n yields
the binding energy per water molecule of the complexes [Zn-
(H20)n)%".

Zn?* + nH,0 — [Zn(H,0).]*" (5)

The plot in Figure 3 shows that, as the coordination number
increases, the hydration becomes less exothermic and, thus, the
Figure 1. Molecular geometries of [Zn(#D),]** with n = 1—6 from binding energy per water molecule becomes smaller. This
DFT (B3LYP) calculations of the complgxes using' various ba;is sets. pehavior can be attributed to an increasing ligahgand
Selected structural parameters, hydration energies and point groupygpyision when the first coordination sphere is subsequently
assignment are listed in Tables 1 and 2, respectively. filled with water molecules. The hydration energy for the

215 monoaquazinc(ll) complex varies with respect to the basis set
—e— s ~ applied between-106.3 and—101.5 kcal/mol. The total gas-

e 311G P

ot P phase hydration energy for the hexaquazinc(Il) complex at the
B3114Giep) different levels of theory applied lies betweem00.5 and
—332.4 kcal/mol. These results are in good agreement with
the findings of other groups*>7° Note, however, that the
calculated gas-phase energies do not consider thermal or entropic
corrections and, therefore, cannot be compared with estimations
for the hydration energy of 2 based on reaction field
simulationg10 or experimental studied. Consideration of a
second coordination sphere (i.e., 12 water molecules at&¥n
distance of approximatetly 4 Ajand further corrections due to
the thermodynamics of the system in solution should, in
principle, refine the hydration energy obtained for the hex-
1 2 3 4 5 6 aquazinc(ll) complex. However, consideration of the complete
Coordination number second coordination sphere by means of a supermolecular
Figure 2. The zinc-oxygen bond length(Zn—0) [A] as a function approach, where all 12 water molecules in the second coordina-
of coordination numben. All results were obtained using the B3LYP  tion sphere are treated explicitly, is prevented by the complexity
functional in conjunction with the basis set shown in the legend above. of the system.
(b) [Zn(H 20)n]?"*mH0 with n =5andm =1, 2 andn
=6 andm=1. In this section, complexes of the general type

aqueous solution is 2.68.10 A26 This implies that the gas- ot . )
phase geometries are almost independent of solvent effects[ZN(H20)]*"*mH0 are presented by means of their coordina-

Therefore, the comparison of calculatéd vacuo Zn—O E:_?}n nu;nbers In ';he flrstlr%andt secondlm) coorgilr?atuin sph?re. |
distances with observed Z® bond lengths in aqueous solution | ete>(<je_ns;(r)]n otour 3” |esd_o c?mp exgs with wa eTlmo ecu Iesd
is justified. As a whole, the calculated data presented(&m— ocated in the second coordination spnere generally reveale

0) are in reasonable agreement with the corresponding experi-EN0 ;[jypebs ?f conform?rs, Wh'fh h?ve Pf'th?; on]? 0,[ two dhydrogergj
mental and calculated ones. onds between water molecules in the first and secon

. . ._coordination sphere. The former type is abbreviatefiras}
Ga;-phage hydratlort;lengrgles folr eq 3 basedfon the hy(:raélorbnd the latter asn(m). If the structure presented belongs to a
energlles.glven 'B Table 2, are photte as a ulnctlonfﬁ the first-order saddle point with respect to the potential energy
coor [nat|on numben in .Flgure 3. . The negative val ues o these surface, it is marked with a superscript pound sign (#). Selected
energies equal the binding energies between the cation and wateg;. ,-t,ral parameters and relative energies of all of the

r{Zn-C)

1.95

1.85

(26) (a) Marcus, YChem. Re. 1988 88, 1475-1478. (b) Ohtaki, H.; (27) Burgess, Jons in Solution: Basic Principles of Chemical Interac-
Radnai, T.Chem. Re. 1993 93, 1157-1204. tions; Ellis Horwood Ltd.: Chichester, England, 1988; p 55.
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Table 3. Selected Structural Parameteasid Point Group Assignment for the Complexes [Zs@hi]?"-mH,O with n =5 andm = 1, 2 andn
=6andm=1

SHA1 6-311G(d) 6-311G(d,p)
n+mP  (nm) r(Zn—0) r(Zn—0), r(Zn—0), r(Zn—0), r(Zn—0), r(Zn—0), PG
6 (5,1 2.689 2.104,2.104, 2.050, 2.898 2.020, 2.020, 2.080, 2.829 2.051, 2.051, 2.118, C,,
2.055, 2.055 2.080, 2.023 2.118, 2.055
6 (5,1) 3.594 2.037,2.037,2.119, 3.654 2.027,2.027,2.083, 3.675 2.041,2.041,2.133, C;
2.119, 2.028 2.083, 2.009 2.133, 2.035
6 {513# 3.061 2.052, 2.052, 2.005, Cs
2.072,2.043
6 {54 3.984 2.113,2.113,1.991, 4.102 2.038, 2.038, 2.087, 4.104 2.106, 2.106, 2.010, Cs
2.075, 2.038 2.097, 2.043 2.100, 2.049
7 (6,1) 3.850 2.103,2.103,2.121, 3.851 2.078, 2.078, 2.087, 3.932 2.110, 2.110,2.134, C;
2.121,2.148, 2.148 2.087,2.113,2.113 2.134,2.158, 2.158
7 (5,2) 3.809, 3.809 2.026, 2.026, 2.052, 3.814,3.814 2.010, 2.010, 2.040, 3.876,3.876 2.032,2.032,2.061, C,
2.089, 2.089 2.065, 2.065 2.105, 2.105
7 {6, 3.956 2.137,2.052,2.113, 4.150 2.104, 2.035, 2.110, 4.236 2.138, 2.055, 2.148, Cs
2.122,2.130, 2.130 2.097, 2.106, 2.106 2.138,2.143,2.143
7 {5,2# 4.197,3.026 2.063, 2.007, 2.012, Cs
2.066, 2.066
7 {5,2 4.070,4.070 2.046,2.137,2.137, 4.132,4.132 2.056, 2.061, 2.061, 4.148,4.148 2.056,2.148,2.148, C,,
2.002, 2.002 2.007, 2.007 2.009, 2.009

aBond lengths are given in [Al(Zn—0), refers to the distance of the water molecule in the second coordination spiareQ), refers to that
of the water molecules in the first coordination sphénerepresents the number of water molecules in the first coordination spheegresents
the number of water molecules in the second coordination (first solvation) sphere.

Table 4. Relative Energies[kcal/mol] for the Reactions
[Zn(H20)]2"*mH,0 — [Zn(H,0)y]? *mH:0 with n, ' > 5 andm,
m =1,2andn,n =6 andm m =1

n+m (nm—(n',mM) SHAl 6-311G(d) 6-311G(d,p)

6 (6,0)— (5,1) 4.6 7.4 4.2
6 6.1y~ (5,1)  —4.2 2.9 -3.2
6 (6,0)— {5,1}* 7.8
6 {51 {51 2.8
7 {61 —{52* 6.8
7 {523 —{53" -3.3
7 6,1)— (5,2) ~74 2.5 -55

a Energies given in the table equal the difference of the total energies
including zero-point energies of each of the complexes. See the
Supporting Information (Table 4 sup) for total energy and zero-point .
energy values [au]. 5,1y (5,1

Figure 4. Transition state complex (5/1and intermediate complex
complexes obtained are summarized in Tables 3 and 4,(5,1) obtained using the B3LYP functional and the basis sets given in
respectively. In order to distinguish between-ZB bond Tables 3 and 4, respectively.
lengths between first and second sphere water molecules, these

:)i\c/)gld d'ﬁ)t:gcﬁz ?r:i sztrtigzoiin;ui)ltgntﬂ;(zdri]f;e??ﬁ trf)sag?sc-sets the metal center. The bond length from the metal center to the
v P oxygen atom of the leaving water molecu(@n—0), is 2.829

employed, the(Zn—0), values of water molecules in the first : . oy -
coordination sphere are between 2.0 and 2.1 A, whereas theA' Consideration of [Zn(0)s]*" (see Figure 1 and Table 1)

bond lengths (Zn—O)y belonging to water molecules of the as the reactant complex shows that lengthening of the@n
second Sg here are aI{ least gregater than 3.6 A However. th distance on reaching the transition state structure occurs along
P 9 o  N%he two-fold axis. According to eq 4, further information

latter exhibit a significant basis set de_p_endence, and d'StanceSconcerning the mechanistic details is gained using the sums of
up to 4.1 A are reached. In the transition states, where water

. . the Zn—0O bond lengths of the reactant [Zn®l)e]?>" and the
is almost at the frontier of the two spheres, tign—0), bond " ; .
length is between 2.7 and 3.0 A. These values fit reasonablytranSItlon state complex, respectively. The difference between

. - - the resultingd ir(Zn—0); values, which are summarized in Table
well with the bond lengths obtained from both simulatidh 5, yields aA value, which indicates whether the structure of
and experimer?

o the reactant complex is expanded or compressed on reaching

Complexes (5,f)and (5,1) are shown in Figure 4. The he transition state and thus parallels the volume of activation.
former complex represents a possible transition state formed ingpy the highest level of theory, this value is 0.442 A. The
the water exchange reaction according to a limiting dissociative positive sign of this value implies an expansion of the reactant
mechanism (eq 1), whereas the latter belongs to the correspondsyrcture toward the transition state structure and therefore
ing intermediate. Selected structural parameters and point grouperifies the dissociative character of the mechanism. After the
assignments are summarized in Table 3. The structure Oftransiton state is passed, intermediate (5,1), which Gas
complex (5,1’3 could be localized using all basis sets unqler symmetry, is formed. At this stage, th@n—O), value is 3.675
consideration. Frequency analyses revealed one imaginaryA The relative stability of this intermediate compared to the
mode, which shows the movement of the water molecule t0 ansition state structure is3.2 kcal/mol (Table 4). This,

(28) (a) Dagnall, S. P.- Hague, D. N.. Towl, A, D. C. Chem. Soe. however, implies that the intermediate truly resembles a
Farady Trans. 21982 78, 2161. (b) Licheri, G.: Paschina, G.; Piccalagua, detectable conformer. Moreover, due to the fact that the effect
G.; Pinna, GZ. Naturforsch. A Phys. Scil1982 37, 1205. of a seventh water molecule has not been discussed up until to
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Table 5. 3ir(Zn—0) [A] and A Values [A] According to Eq 4 for used for optimization and frequency analysis of the intermediate,
Intermediate and Transition State Structures in Reactions 1 and 2 gne jmaginary vibrational frequency and thus a first-order

SHA1 6-311G(d) 6-311G(d,p) transition state is predicted instead of a local minimum. This,

(6,0— (5,1) however, clearly demonstrates a significant basis set dependence
S{r(Zn—0)}*a 13.052 13.121 13.222 of the structures under consideration and requires the application
Sir(Zn—0)® 12.684 12.570 12.780 of a series of different basis sets. The fact that the less-
A° 0.368 0.551 0.442 sophisticated basis set yields stable points with respect to the

(6,00—{5,1* potential energy surface implies that structyred}” and{5,1}
Ei{f(Zn—O){)}”a 13.285 might be artifacts and complexes (%, &nd (5,1) are better to
%icr(Zn—O)i 12.684 %2'751750 12.780 describe the transition state and the intermediate of eq 1.

(6.1 — {5 2}; . Consideration of thg total energigs (see S_upporting Informa-
S{r(Zn—0)}*2 ! ’17_437 tion) allows us to derl\(e the relatlve_ stabilties {&,1}# and
Sr(Zn—0) 16.630 16.708 17.001 {5,1} compared to their corresponding complexes (5ak)d
A° 0.729 (5,1). In general, independent of the basis set used, the latter

asum of all Zn-O bond lengths in the transition state structure. pair of complexes is more stable, alt.hOUQh t.h? energy difference
b Sum of all Zn-0O bond lengths in the (6,0) complexes summarized for the {5,1} and (5,1) complexes is surprisingly small. For
in Table 1.¢ A value according to eq 4.Sum of all Zn-O bond lengths the transition state§5,1}* and (5,1%, the same behavior can
for the {6,1} complexes summarized in Table 3. be observed, and the energy difference that favors the latter is
0.5 kcal/mol. The energy of activation for eq 1 using complex
{5,1}* as the transition state was calculated to be 7.8 kcal/mol
(Table 4). This value almost equals the one obtained for the
(5,1¥ transition state with the same basis set. Th&alue
according to eq 4 was calculated to be 0.715 A (Table 5) and
thus also verifies that the complexes presented belong to a
dissociative mechanism. However, due to the limitations
concerning the verification of the conformdis, 1} # and{5,1}
with the other basis sets used, complexes {ah)l (5,1) seem
to be more suitable for describing the transition state and
intermediate of the limiting dissociative water exchange mech-
anism (eq 1) of Z#'.
5.1 G0 qu fu_rther analysis (_)f the dissociatiye pa_lthyvay, eq _2 was

studied in order to verify whether a dissociatively activated

interchange mechanismy)is appropriate for the water exchange
reaction on Z&"™. The structures optimized for the reactant
{6,1}, transition stat¢5,2}#, and intermediat€5,2 are shown
now, the calculated\ values resemble a limiting dissociative in Figure 6. Despite the seventh water molecule, the transition
mechanism. Consideration of the applicability of each of the state and the intermediate look quite similar to the conformers
basis sets to reproduce hydration energies discussed (see thg5,1}# and{5,1}. In addition, the same problems concerning
discussion in the Supporting Information) implies that the energy the basis set dependence discussed above were encountered for
of activation obtained using the SHA1 and 6-313(d,p) basis the {5,2# complex. Therefore, transition staf6,2* could
sets are the most reasonable ones. The activation energiesyot be verified using either the SHA1 or 6-3t®(d,p) basis
which are summarized in Table 4, thus obtained are 4.6 andsets. Consequently, only the 6-311G(d) basis set leads to the
4.2 kcal/mol, respectively. transition state shown in Figure 6. Although the structures of

Further studies on possible transition states and intermediateghe reactant and intermediate could be optimized successfully
formed from reactant [Zn(kD)s]2*, which resemble the com-  using the other basis sets under consideration, further compari-
plexes implied by eq 1 and thus a limiting dissociative Sons with the complexes employed for the D mechanism (eq
mechanism, are depicted in Figure 5. Complef@d}* and 1) are limited to the results obtained with the 6-311G(d) basis
{5,13, both belonging to theCs point group, represent an Set. A more detailed description of the results obtained using
additional transition state and intermediate, respectively. Thethe SHA1 and 6-311G(d,p) basis sets is given in the
r(Zn—0), bond length of the former conformer calculated at Supporting Information.
the 6-311G(d) level of theory is 3.061 A and is expanded on  The seventh water molecule of conforn{&;1}, which has
reaching the intermediate to 4.102 A. The leaving water Cssymmetry, is located in the second coordination sphere and
molecule now is only bound to one water molecule of the first shows one hydrogen bond to a water molecule in the first
coordination sphere and thus exhibits only one hydrogen bond. coordination sphere. The distance from the metal center was
Consequently, the pathway for the leaving ligand lies rather in calculated to be 4.150 A. Surprisingly, on reaching the
the mirror plane bisecting the structure of the complex than transition state structurds,2*, which also has €symmetry,
along a two-fold axis. Interestingly, these complexes resemble this water molecule still remains in the second coordination
the structures for the water exchange ofifNecently suggested  sphere at a distance of 4.197 A from the metal and shows no
by Rotzinger tendency to penetrate the first coordination sphere. The leaving

Although the structure of the intermedidte, 1} was obtained water ligand, however, is now at a distance of 3.026 A from
using all of the basis sets shown in Tables 3 and 4, optimizationsthe metal center. After the transition state is passed, the
for the transition state structuf®,1}# were only successful with  intermediatg 5,2 is reached and both water molecules are held
the 6-311G(d) basis set. The application of the higher triple- in the second coordination sphere by one hydrogen bond each.
basis set, 6-3116(d,p), surprisingly yields transition state (8/1) The bond lengthr(Zn—0), of both water molecules was
rather than{5,1}*. Moreover, when the SHA1 basis set was calculated to be 4.132 A, thus resulting in a structure \@ith

Figure 5. Transition state comple§s,1}# and intermediate complex
{5,1} obtained using B3LYP/6-311G(d)//B3LYP/6-311G(d).
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{6,1} {52y {5,2}

Figure 6. Reactan{6,1}, transition stat€5,2#, and intermediate comple)5,2 obtained using B3LYP/6-311G(d)//B3LYP/6-311G(d).

(6.1) (5,2)

Figure 7. Complexes (6,1) and (5,2) that do not fit into a reaction scheme but are local minima with respect to their potential energy surface. The
structures were obtained using the B3LYP functional an the basis sets given in Tables 3 and 4, respectively.

symmetry. The energy of activation for the transformation of surface, are presented in Figure 7. The localization of a suitable
{6,1} into {5,2*is 6.8 kcal/mol, and the\ value is 0.729 A. transition state structure that connects the reactant (6,1) with
Although this energy of activation is 1.0 kcal/mol smaller than the intermedate (5,2) was not possible, and thus, no pathway
the correponding energy for the conformigs, }# in eq 1, for the transformation of (6,1) into (5,2) was found. This is
structural parameters such as the—Zh bond length, theA either due to the fact that these two conformers are not part of
value, and relative stabilities between the transition state andthe exchange mechanism at all or that no water exchange
the intermediate indicate that complgx 2} does not resemble  mechanism using conformers with seven water molecules is
the transition state structure of ag mechanism. Such a  possible for ZA*. It follows that the operation of a mechanism
structure should have the seventh water molecule closer to thewith a dissociatively activated interchange charactgy for
metal center than in the reactant complex, which is not the casewater exchange on 2h is unlikely within this model. Note,

for the transition state structuf®,2# This is also reflected  however, that this may depend on the approximations employed
by theA value, which is slightly higher than the one calculated in our studies. The situation may change when more water
using the 6-311G(d) basis set for the limiting D mechanism molecules are added to the second coordination (first solvation)
(eq1). Furthermore, the relative stability of intermedigie?} sphere and solvent-assisted reactions could in principle occur.
compared to that of5,2}* shows that the former conformer is Structural data and relative energies of complexes (6,1) and
more stable than the latter by3.3 kcal/mol. Therefore, after (5,2), which both have, symmetry, are reported in Tables 3
{5,2%is passed, the reaction yields an intermediate that is as g 4, respectively. The bond lengiZn—O), of the former
stable as the ones found for the limiting dissociative mechanism, .qnformer is 3.932 A. The latter complex shows only slight
thus ruling out any dissociatively activated interchange character yayiations from these bond distances, andr{@@—0), value

in this model. As a whole, structur¢s,2* and{5,2 can be is 3.876 A. In general, from consideration of the relative
considered as hydrated transition stgel}” and intermediate energies obtained on the highest level of theory, it follows that
_{5,1}, re_spectwely. Therefore, suna_ble transition state_ and conformer (5,2) is more stable than (6,1) by.5 kcal/mol
intermediate complexes for aqrhechanism where the entering/  (tapie 4. Thus, conformer (5,2) is too stable to act as a possible
leaving water molecule exhibits one hydrogen bond toward a ,:armediate produced from complex (6,1). This statement is

:Natel.r rr(loneCL(lee mhthe flrsthcoqrdlnatlonbSphtlerg COU|d. ?](?t bhe also supported by consideration of the watester interaction
ocalized, and such a mechanism can be ruled out within the o\ 0\29° On our highest level of theory, the water dimer

fralgnevk\]/ork ofdt_his ap%ro?:h.h . 5 led binding energy was calculated to be3.5 kcal/mol (see the
urther studies on tha mechanism (eq 2) revealed wo more Supporting Information) thus showing that even if the dimer-

tytf)es oIhcomptIexes.l In Ico.ntr?hst to thedStrUCtg.reSt.d'scuisedization of water from complex (6,1) is considered, formation
above, the water molecule in the second coordination sphere s ,normer (5,2) is still more favorable.

now exhibits two hydrogen bonds toward water molecules in

the first Coordinatioln sphgre. Complexes (Q,l) and (5:2)1 which “~(29) e gratefully acknowledge the suggestion made by one of the
are both local minima with respect to their potential energy reviewers of this manuscript.
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4. Conclusions ligand, are required. The only transition state that meets this
requirement is comple¥s,2}# (Figure 6). The pathway of the
leaving water molecule lies in the mirror plane bisecting the
u%)mplex, and thus, only one hydrogen bond to water molecules
in the first coordination sphere exists. The same basis set
dependence shown previously for complex1}# was found

The general trend that the bond length increases with for this complex, and therefore, the same limitations concerning
increasin rdination number including the ex ion for th L ’ .
creasing coordination number including the exception for the the reliabiltiy of this complex have to be considered. Although

diaqua complex could be reproduced. The structural parameters

P . !
obtained for these complexes are in good agreement with thosecomplex{S,Z} might be questionable and can be interpreted

found in the literature. With respect to the-Z® bond lengths as artifact of the basis set and the assumption within the model
the values obtained With the SHAL and the 6-3C(d.p) basis’ used, it shows that the seventh water molecule does not penetrate

st rosembl cach othercosey. A 3 whole Snrgetcand’® [ CooLneton sl o ¥ o ner S e
structural results obtained using the B3LYP functional and the P ’ ’ 9

6-311+G(d,p) basis set are most reasonable for this type of molec_ule_ is moved to the frontler_ of the first and second
complexes. coordination sphere. As a whole, this structure rather resembles

Extension of our studies on aqua complexes of*Zto a hydrated transition staf®, 1} # found for a limiting dissociative

complexes with water molecules in the second coordination mechanism than a transition state for an rhechanism.

sphere generally revealed two types of complexes showing eitherConS|derat|on of the energy of activation (Table 4), which is

one or two hydrogen bonds between water molecules in the only 1 kcal/mol less than the corresponding energy for the D

first and second coordination spheres. On the basis of thernechanlsm and tha value (Table 5), which is almost equal
to the one found for eq 1, further supports this statement.

structures obtained with the basis sets under consideration, thel’herefore within the model bresented. amiechanism for the
water environment of Z1 can be separated into three regions. ' . P @
water exchange reaction on Zncould not be found and a D

First, the water molecules in the first coordination sphere, which hani for thi tion i t likel
have Zn-0 bond lengths between 2.0 and 2.1 A. This distance mechanism for this reaction 1S most kely.
We are aware of the fact that the model for the water

is increased to 3:64.1 A for water molecules in the second ) o P
exchange reaction presented in this paper has limitations and

coordination sphere. At the frontier of both spheres, this bond that the results cannot be transferred rigorously to solution. We
length lies between 2.7 and 3.0 A. The water exchange reaction - ng y L
are now studying 12 water molecules in the second coordination

was simulated using the complexes discussed so far. For the . :
limiting dissociative?nechanisg (eq 1), [Zr{B)e]2* was used sphere of [Zn(HO)g]2*. Preliminary computations show that,

as reactant. When one 26 bond length was expanded, we 1% 8 B8 CCRREREL T 1 (O T8 ST BOUE TRET
could localize two transition states having either one or two

hydrogen bonds to the leaving water molecule (see complexesa.nOI molcular dynamic computations are necessary in _order to
(5,1) and {5,1}* in Figures 4 and 5, respectively). Conse- simulate the movement of water molecules between first and
quently, in complex (5, T)the path of the leaving water is along seconq COOdeEatlon sphere and hence the water exchange
the two-fold axis, whereas it lies in the mirror plane for complex behavior of Z#*.

{5,3% ltis, however, noteworthy that the latter complex could ~ Acknowledgment. The authors gratefully acknowledge
only be optimized with the 6-311G(d) basis set. Verifications financial support from the Deutsche Forschungsgemeinschaft
using other, larger basis sets were not possible. Optimizationsand the Fonds der Chemischen Industrie.

for the desired complex either resulted in the (5stucture or

did not converge at all. Therefore, complexes (5atjd, thus,
(5,1) (Figure 4) are more likely to resemble the transition state
and intermediate of a limiting D mechanism than complexes
{5, and {5,1} (Figure 5), respectively. The energy of
activation is 4.2-4.6 kcal/mol, depending on the basis set
employed (Table 4). The changes in bond length occuring
during the transformation from reactant to transition state
complex, expressed by thA values (Table 5), show an
expansion during the reaction and thus verifies a dissociative
mechanism. The operation of annhechanism was studied by
means of eq 2. Seven water molecules, six water molecules in
the first coordination sphere and one as incoming/outgoing JA970483F

The results presented in the first part of section 3 show that
the application of density functional theory in conjunction with
adequate basis sets produces reasonable structures for aq
complexes of the general type [Zn{®),]2" with n = 1—6.

Supporting Information Available: Figures 1 and 47,
cartesian coordinates, total energies, zero-point energies, and
frequencies of all structures described in the text as archive
entries produced by Gaussian 94; Tables 2 and 4; total energies,
zero-point energies [au] and results from additional basis set
modifications (SHA2 and SHA3) as Tables 2 sup and 4 sup;
Figure 3; plots of all calculations as Figure 3 sup; Chapter 2b,
detailed description of the computational techniques and basis
sets used; Chapter 3a and 3b, detailed discussion of the basis
set dependency (78 pages). See any current masthead page for
ordering and Internet access instructions.



