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Density functional theory using the B3LYP hybrid functional has been employed to study the formation of
[CU'(TPAM)(O,7)]* and [Cu'(TPAMEO)(O,7)]* (TPA = tris(2-pyridylmethyl)amine) in two different solvents, THF and
EtCN. The thermodynamics of solvent coordination as well as that of the overall reactions with O, has been
computed. The formations of [Cu"(TPAM)(O,7)]* in THF and of [Cu'(TPA€0)(O,7)]* in both THF and EtCN are
found to be initiated from the [CU(TPAR)]* species, that is, the Cu complex possessing an empty coordination site.
In contrast, the formation of [Cu'(TPA)(O,7)]* in EtCN is found to be initiated from the [Cu'(TPA™)(EtCN)]* species,
that is, one solvent molecule being coordinated to Cu'. In general, good agreement is found between theoretical
and experimental results. The high accuracy of the B3LYP functional in reproducing experimental thermodynamic
data for the present type of transition metal complexes is demonstrated by the fact that the differences between
measured and computed thermodynamic parameters (AG°, AH°, and —TAS®, in most cases are less than 2.0
kcal mol~%. An attempt was made to investigate the kinetics of the formation of [Cu"(TPA")(O,7)]* in THF and
EtCN. Computed free energies of activation, AG*, are in good agreement with experimental results. However, an
analysis of the partitioning of the free energy barriers in enthalpic and entropic contributions indicates that the
computationally studied reaction pathway might differ from the one observed experimentally.

1. Introduction the interaction by different R substituents on TP¢igure
1) as well as solvent effects have been investigated. Two
recent studies were focused mainly on the solvent effects of
THF and EtCN and the electronic effects of the R substituents
H— and MeG-.58 Thermodynamic parameters such as free
energies AG®, enthalpiesAH®, and entropiesAS’, were
reported for the formation of [CYTPA™)(O,)]" and
g{Cu”(TPA’\""‘O)(O[)]+ in EtCN and for [CU(TPAH) (O]
in THF. According to those measurements the reactions are
approximately thermo-neutral; that iAG®° is close to 0.
Kinetic barriers were found for the formation of
[Cu'(TPAR)(O,)]* in THF and EtCN. The magnitudes of
the barriers differ depending on the chemical nature of the
R substituents and the solvents in which the reactions take
place. For the formation of [C'(TPA")(O,)]", which has

*To whom correspondence should be addressed. E-mail: johjo@physto.se.been studied in bo_th EtCNand THF, a hlgher barrier is found
(1) Karlin, K. D.; Wei, N.; Jung’ B.; Kaderli, S.; Niklaus, P.; Zuberbuhler, When the SOIVent IS EtCN On the baS|S Of those I’eSU|'[S the

A.D. J. Am. Chem. S0d.993 115 9506-9514. _ formation of [CU(TPAR)(O,7)]" in EtCN was suggested to
(2) Tyeklar, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.;
Karlin, K. D. J. Am. Chem. S0d.993 115, 2677-2689.

Evolution has generated a wide variety of copper contain-
ing proteins that interact with and activate. Some of these
proteins are oxidases, that is, redox-active enzymes utilizing
O, as an agent for substrate oxidation, while others function
as Q carriers, or oxygenases, incorporating oxygen into
substrate molecules. To develop a fundamental understandin
of the mechanisms of biochemical/biological Cui@terac-
tion processes, biomimetic systems such as([RAR)]™
(TPA = tris(2-pyridylmethyl)amine) (Figure 1) have been
studied.

Several experimental studies by Karlin and co-workers
have revealed structural, thermodynamic, and kinetic data
concerning the [CYTPAR)]*/O, interaction! ¢ Effects on

(3) Karlin, K. D.; Nanthakumar, A.; Fox, S.; Murthy, N. N.; Ravi, N.; (5) Fry, H. C.; Scaltrito, D. V.; Karlin, K. D.; Meyer, G. J. Am. Chem.
Huynh, B. H.; Orosz, R. D.; Day, E. B. Am. Chem. S04.994 116, Soc.2003 125(39), 11866-11871.
4753-4763. (6) Zhang, C. X.; Kaderli, S.; Costas, M.; Kim, E.-i.; Neuhold, Y.-M.;

(4) Karlin, K. D.; Kaderli, S.; Zuberbuhler, A. DAcc. Chem. Re4.997, Karlin, K. D.; Zuberbuhler, A. DInorg. Chem2003 42 (6), 1807
30, 139-147. 1824.
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Figure 1. Optimized structure of the complex [&{TPAM)(O,7)]". The Mulliken spin populations corresponding to the triplet (a) and the open-shell
singlet (b) states are shown on the Cu and O atoms and for thé Tigad. (c) The Lewis structure of the general TRR = H— or MeO—.

be initiated from the complex [C PAR)(EtCN)]", while Jaguar 4.0. Molecular Hessians were computed using the lacvp basis
it is not clear whether the reaction in THF is initiated from set. The single-point calculations of the electronic energy employed
the corresponding complex with one THF molecule or from @ larger basis set with polarization functions on all atoms, designated
[CU(TPAR)]* with a vacant coordination site. A general lacv3p(d,p) in Jaguar 4.0. Thermodynamic parameters computed

mechanism was proposed in which the solvent, if initially 2'€ €hanges in free energhG), enthalpy AH), and entropy 4S).

coordinated by the copper atom, is replaced by a dioxygen _Dlelectrlc solvent effects were evaluated using the PCM method

lecul d in which 'Gsif I idized implemented in Jaguar 4184In this method, the solute is modeled
molecule, a redox process in whic ormally oxidize as contained in a cavity of a polarizable continuum, characterized

to Cu'". by a dielectric constants. The dielectric constants used were
The present study is an attempt to model the formation of ¢(EtCN) = 27.7 ande(THF) = 7.6. The cavity was defined by a
[CU"(TPAH)(O27)]T and [CU(TPAMe9)(O,7)]T, in THF and molecular probe with the radius 2.41 A for EtCN and 2.64 A for
EtCN, using DFT (density functional theory). Thermody- THF.
namic and kinetic parameters have been computed to obtain The accuracy of the B3LYP functional has been investigated
a more detailed understanding of the reaction mechanismstsing the G3 benchmark tests on a reference set of molecular
and at the same time to investigate the ability of the B3LYP properties for a set of small molecules qf first- and second-period
functional to reproduce this kind of experimental data. The elements> It has been shown that hybrid DFT methqu pgrform
fact that experimental information is available, not only for almost as well as the G3 method. The BSLYP functional is less

the f ies but also for th tributi to the f accurate for transition elements and transition states. An overall
€ free energies but also for the contributions 1o the iree average error of 35 kcal mol! can be expected for the computed

energy from entropy and enthalpy makes these reactionSy,ermodynamic properties of the present systérf.It should also
particularly useful for comparisons between experiment and pe noted that in all cases we are aware of the binding energies of
theory. It might seem that to describe these close to thermo-jigands in complexes are too low in B3LYP calculations. Therefore,
neutral reactions, an unreachable accuracy is demanded, buit a particular ligand is found to be slightly bound in the calculations,
the goal of the calculations is not to determine whether the it is quite safe to conclude that it actually is bound. On the other
reactions are exergonic or endergonic, but rather to determinehand, if a ligand is found to be weakly unbound in the calculations,
if reaction enthalpies and entropies for this kind of reaction : :

. - (10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
can be described within the normal expected accuracy of ™™\ 'a’: Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

the B3LYP functional. Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

2. Computational Details Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
. Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

a. Methods. Molecular systems have been described by DFT Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
with the B3LYP hybrid exchange-correlation functional (which Liashenko, A.; Pi?]korz, IID.; Khomaromi, I.; Gomperts, R.; Marﬂ?, R.
; L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
includes the Bec!<e three parameter exche_mge and the Lee, Yang, A Gonzales, C.. Challacombe, M.: Gill. P. M. W.: Johnson. B. G.-
and Parr correlation).® The quantum chemical software used are Chen, W.: Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
Gaussian 98 and Jaguar 4.8- Gaussian 98 was used to optimize E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

molecular geometries with respect to energy and to calculate (ilg f_iagualg VJerS\ilgndA:-%:v Sg]i‘mg#er, Ig%.:sf;égaggé%&gfgo.
. . . - . ay, P. J.; Wwadt, V. . em. Y. s .
molecular Hessians, that is, second derivatives of the energy with (13) Tannor, D. J.; Marten, B.; Murphy, R.: Friesner, R. A.; Sitkoff, D.;

respect to the nuclear coordinates, to compute thermal and entropic Nicholls, A.; Honig, B.; Ringnalda, M.; Goddard, W. A., IlJ. Am.

corrections aff = 298 K. Jaguar 4.0 was used for single-point 14 (l\iﬂhe?m 5201?34 1&6 10183_51(:188':2._ R A Murohv. R. B
; ; H arten, b.; KIm, K.; cortis, C.; Friesner, R. A.; urpny, R. B.;

cglculat_lons of the energy with a Iargt_ar ba5|s_set and to compute Ringnalda, M. Sitkoff, D.. Honig, B.J. Biol. Chem.1996 100

dielectric effects of solvents. Copper is described by an effective 11775-11788.

core potentiat? and for geometry optimizations, all other elements (15) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J.&hem.

; ; ; ; Phys.200Q 112, 7374-7383.
have been described by a douljléasis set, designated lacvp in (16) Siegbahn. P. E. M. Blomberg, M. R. Shem. Re. 200Q 100, 421—

437.
(7) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. (17) Blomberg, M. R. A.; Siegbahn, P. E. NI. Phys. Chem. B001, 105
(8) Stephens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, Nl Bhys. 9375-9386.
Chem.1994 98, 11623-11627. (18) Siegbahn, P. E. M.; Blomberg, M. R. Annu. Re. Phys. Chem.
(9) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. 1999 50, 221-249.
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it is more difficult to judge, but the ligand still might very well be  process in which electron density is polarized toward O

bound. In some cases there is experimental information that can Formally Cu is oxidized from ¥ to d°, and Q is reduced to

be used together with the calculations to strengthen the conclusionsg superoxide. The ground-state electronic configuration of
The reparametrized B3LYP* functional which uses 15% Har- [CU'(TPAR)(O,7)]* could be either an open-shell singlet (M

tree—Fock (HF) exchange compared to the 20% used in the original _ 1) or a triplet (M= 3) state. At the B3LYP/lacvp level of

Lu.nCt'onal was also _used (o evaluate b.ond energies a}nd t.hetheory, the electronic energy of the triplet is 4.9 kcal Mol
ifference in electronic energy between different electronic spin - o

states. There are indications that the B3LYP* functional could give Iowe.r than for the open-shell §|pglet. The same S.p|lttlng yvas

obtained also when the modified B3LYP* functional with

a better description of the interaction of, Quith transition ; .
elementd? reduced HF exchange was used. By employing a larger basis

Density functional methods do not describe open-shell low-spin Set (lacv3p(d,p)), including thermal and entropic corrections
states accurately. The correct spin states are linear combinationdo the electronic energy, and adding dielectric solvent effects,
of different spin determinants, and the present DFT implementations the triplet/singlet splitting was reduced to approximately 4
are limited to a single determinant. Therefore, low-spin coupled kcal molL. For the open-shell singlet state the eigenvalue
states become spin contaminated by higher spin states. The amoungf the S operator equals 1.0, which shows that this singlet

of spin contamination is reflected in the eigenvalue of e

operator. In the case of a pure singlet state this value is 0, while it

is 2 for a triplet. If the eigenvalue of th& operator for a singlet

state is nonzero, the singlet wave function is spin contaminated by
the triplet. The energy of the correct spin states can be approximated

by extrapolation of high- and low-spin single determinants employ-
ing the broken symmetry approath.

The Mulliken spin population reported for the triplet state in
Figure 1 is a qualitative measure of the amount of unpairsgin
(+ sign) or g-spin (— sign) on each atom. This was computed
according to the normal Mulliken population analysis. It is known
by experience that C'tcomplexes which formally should have one

is severely spin contaminated by a triplet. This spin
contamination should be corrected for by applying the broken
symmetry approact. However, the Mulliken spin popula-
tions show that the computed triplet state does not correspond
to the high-spin coupling of this singlet state (Figure 1). It
is, therefore, most likely that the singlet is spin contaminated
by another triplet. If this other triplet is higher in energy
than the singlet, then the energy of the singlet state would
be lowered by a spin correction. At present this hypothetical
triplet is unknown, and it is not possible to correct for the
spin contamination. From the present calculations it is,

a-spin on Cu have some of the spin delocalized to the ligands a”d'therefore, not possible to conclude whether the true ground

therefore, typically obtain a spin population of approximate.5
on Cu.

b. Models. Free energies of formatioAG°, were computed for
all complexes of [CYTPAR)]* with O,, THF, and EtCN. This was

done to determine whether the free species or the complexes are

state of [CU(TPAR)(O,7)] " is a singlet or a triplet. However,
the triplet shown in Figure 1 was used as the ground state in
the following calculations.

Concerning the coordination of @ the [CU'(TPAR)(O, )] "

the most stable. To model the reactions as taking place in solution, COMplex both apical coordination and equatorial coordination

with solvent molecules involved in the reaction, entropy was

were tried. The structure with &oordinated in an equatorial

described in different ways depending on the molecular speciesfashion was optimized with constraints. The structure was

and state of aggregation. For theg @olecule, computed entropies
corresponding to the gas phase were used, assuming thati©

found to be 19 kcal mol higher in energy than the complex
with apical coordination of @ When the constraints were

a gas phase/solution equilibrium. The entropy differences betweenygleased, optimization led back to the apical coordination

the Cu complexes, [GTPAR)] T, [CU(TPAR)(S)]", and [CU(TPAR)-

(O27)]7, are assumed to be independent of whether the species ar
in the gas phase or solvated and could, therefore, be described b
computed gas phase entropies. Because quantum chemical fre-
quency calculations can only be performed on gas phase models,

without any barrier. Therefore, in the following all structures

Siscussed have Lxoordinated in an apical fashion and can
%e considered as trigonal bipyramidal.

CU' is known to coordinate ©either end-on or side-on,

free energies of the solvent molecules were calculated using @S revealed by several experimental and theoretical sfticies.

experimentally determined absolute liquid-state entrofpiggTHF)
= 14.5 kcal mott and TS (EtCN) = 13.5 kcal mot* (T = 298.15
K)_21,22

3. Results and Discussion

End-on coordination means that Cu binds to one of the O
atoms, while side-on means that Cu binds both O atoms in
a way that both CtO bonds have about the same distance.
Whether it is possible for a particular L&Ewomplex to

coordinate @side-on depends on the chemical nature of the

Quantum mechanical calculations have been performedcomplex ligand (L). When the complex ligand is tetradentate

to investigate the formation of [B(TPAR)(O,7)]" in the
solvents THF and EtCN.
[CU(TPAR)]* is a closed-shell'd complex. The electronic

structure is hardly affected by coordinating solvent molecules

such as EtCN and THF. However, the formation of the
copper-oxygen bond in [CUWTPAR)(O,7)]*" is a redox

(19) Reiher, M.; Salomon, O.; Hess, B. Aheor. Chem. Act2001, 107,
48-55.

(20) Noodleman, L.; Case, D. Adv. Inorg. Chem1992 38, 423-470.

(21) Lebedev, B. V.; Lityagov, V. Ya.; Krentsina, T. |.; Milov, V. Eh.
Fiz. Khim.1979 53, 264-265.

(22) Weber, L. A.; Kilpatrick, J. EJ. Chem. Phys1962 36, 829-834.

and tripodal, as TPR LCU' forms trigonal bipyramidal
complexes with ligands such as,®, OH", and CI. For
these kinds of Clicomplexes to coordinate,®ide-on would

(23) Aboelella, N. W.; Kryatov, S. V.; Gherman, B. F.; Brennessel, W.
W.; Young, V. G., Jr.; Sarangi, R.; Rybak-Akimova, E. V.; Hodgson,
K. O.; Hedman, B.; Solomon, E. I.; Cramer, C. J.; Tolman, WJB.
Am. Chem. So004 126, 16896-16911.

(24) Prigge, S. T.; Eipper, B. A.; Mains, R. E.; Amzel, L. Bcience2004
304, 864-867.

(25) Chen, P.; Solomon, E. J. Am. Chem. So2004 126, 4991-5000.

(26) Schatz, M.; Raab, V.; Foxon, S. P.; Brehm, G.; Schneider, S.; Reiher,
M.; Holthausen, M. C.; Sundermeyer, J.; SchindlerA8&gew. Chem.,
Int. Ed. 2004 43, 4360-4363.
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Table 1. Computed Thermodynamic Parameters for the Binding of ([BRAR)]* to O,, THF, and EtCN

species € reaction AH° —TAS AG°
0O, 0.0 [CU(TPAR)]+ + O, = [CU(TPAH)(O, )] * -7.34 +9.52 +2.18
0.0 [CU(TPAMEOY]+ + O, == [Cu' (TPAMEO)(O,7)]* —8.51 +9.79 +1.28
7.6 [CU(TPAH)] + O, == [CU'(TPAH) (O, )] * —9.63 +9.52 -0.11
7.6 [CU(TPAMEO) |+ 4+ O, == [Cull(TPAMeO)(O, )]+ —12.06 +9.79 —2.27
27.7 [CU(TPAM]* + Oy == [Cu(TPAH)(O2 )]+ —10.55 +9.52 —-1.03
27.7 [CU(TPAMEO)+ + O, = [Cull(TPAMEO)(O, )] * —12.79 +9.79 —3.00
THF 7.6 [CU(TPAM]* + THF == [Cu(TPAH)(THF)]* +4.02 +3.2 +7.2
7.6 [CU(TPAMEO)]+ 4+ THF = [Cu(TPAMEO)(THF)]* +6.43 +3.6 +10.0
EtCN 27.7 [CUTPAH)] + EtCN==[CU(TPAH)(EtCN)[* —2.26 +1.9 -0.4
27.7 [CU(TPAMEO)]+ + EtCN == [Cul(TPAMEO)(ELCN)]* +0.91 +1.7 +2.6

a All energies are given in kcal mol. Dielectric constantse] refer to solventse = 27.7 refers to EtCNe = 7.6 refers to THF, and = 0 corresponds
to the gas phase.

require either an octahedral geometry or a tridentate coor-methoxide substituent the formation was found to be an
dination of the tetradentate ligand, but neither of these casesendergonic procesaG° equal to+2.6 kcal mot™. In general

have been observes. EtCN is expected to coordinate stronger than THF, as a result
In this study both end-on and side-on-60D; coordination ~ 0f back-donation via ther system of Cuand the nitrile.
were tried for both [CI(TPAM)(0,7)]™ and [CU (TPAMeO)- In summary, the only case where the calculations clearly

(O.)]*. The side-on structures were optimized under the indicate a coordinated solvent molecule is in the complex
constraint of fixed CtrO distances. These structures were [CU'(TPA")(ECN)]*. In the THF solvent, the complex [Gu
found to be much higher in energy than the corresponding (TPAR)]* has a vacant coordination site both forRH and
end-on structures, and when the constraints were releasedor R = MeO. The computed difference in binding energy
the geometry optimizations for both complexes led to end- between the two solvent molecules is almost 8 kcal ol
on coordination. This investigation was made for both the which should be large enough to establish that there exists
triplet and the open-shell singlet states, with the result that @ qualitative difference between the two solvents. It can be
0, is end-on coordinated to Cin both states. On the basis noticed that, for both solvents, the substituent MeO tends to
of these investigations the end-on coordinated triplet was destabilize the coordination of solvent molecules td, @s
used in the following calculations. compared to the substituent H. Going from=RH to R =

The remainder of this section is divided into three parts. MeO, AAG® for the formation of [C{TPA")(THF)]* was
In the first part the thermodynamics of solvent and O found to be+2.8 kcal mot*. The corresponding value of
coordination is discussed. On the basis of these resultsAAG® for EtCN is +3.0 kcal motf™.
reaction mechanisms are proposed. In the second part the As mentioned above, from previous results calculated bond
thermodynamics of the suggested mechanisms is discusse§nthalpies are expected to be too wThis error partly
and compared to experimental data. The third part is focusedoriginates from the lack of description of van der Waals
on the kinetics of the proposed reaction mechanisms. interactions in DFT. Correcting for such an error would lead

Thermodynamics of Solvent and @ Coordination. The to a stabilization of the solvent complexes. In the case of
O, binding reaction can occur through different mechanisms [Cu'(TPAMeO)(EtCN)]l+, where the computed endergonicity
depending on how the solvent is involved. To understand 'S ©nly 2.6 kcal mot?, such a stabilization might lead to a

whether the solvent is coordinated to [OUPAR)]* or not, thermodynamically stable complex; see bglow._ N
the free energy of formatiom\G°, was computed for the For comparison, the formation of [TPA%)(O,7)]" was

complex [CWTPAR)(S)]*, where R is H or MeO, and the first modeled with no involvement of the solvent, giving the
solvent, S, is THF or EXCN. The results are summarized in intrinsic binding of G to [CU(TPAR)]*. In Table 1, computed
Table 1. thermodynamic data for the gas-phase reactions are presented
The formation of [CYTPAR)(THF)* was found to be together with computed dielectric effects on the-@ bond,
endergonic for both R= H and R= MeO. For the hydrogen using the dielectric constants of THF and EtCN. In the gas
substituent, the computetiG® was found to bet7.2 kcal phase, @was found 1o be slightly unbound, mainly due to

mol~1, and for the methoxide substituent it w&4.0.0 kcal a large entropy effect of almost 10 keal mylwhich is
mol% that is, the complexes should be regarded as ther_expected when a small molecule goes from the gas phase to

modynamically unstable relative to the free species in a bound .complex. The computeNG® yalues for these
solution. For the formation of [COTPAR)(EtCN)]t, the endergonic gas-phase processes are in the rangektal

computed thermodynamics show the same trend depending{ml_l' depending_on the subsituents. Dielelc_tric.effects
on the R substituent: that is, the methoxy substituent ncrease the bonding of Das a result of a stabilization of

decreases the bond energy. When the substituent is hydroger{he charge ;eparation occurring in the redox process inyolved
AG® was found to be-0.4 kcal mot?; that is., the formation "'\ the bonding. The computeRG® values for the formation

is a slightly exergonic process. Because calculated bondmc the Cu-O, bond in these systems are in the range-6f
enthalple_s are usually too lo¥this resqlt indicates that the (27) Blomberg, M. L; Blomberg, M. R. A.; Siegbahn, P. E. 81.Inorg.
complex is likely to be thermodynamically stable. For the Biochem.2005 99, 949-958.
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Table 2. Formation Pathways of [C{(TPAR)(O27)]" in THF and Table 3. Theoretical and Experimental Thermodynamics for the
EtCN Formation of [CU(TPAH)(O,7)]* and [CU (TPAMEO)(O,7)] in THF
- and EtCN
solvent reaction
THF [CU(TPAH]* + O, = [Cu(TPAH)(O,7)]* R=H R = MeO
[CU/(TPAVEO)]F + O, = [CU"(TPAMEO)(O27)] T thermodynamic
EtCN [CU(TPAH)ELCN)]* + O, = [Cu'(TPAH)(O,7)]* + EtCN solvent parameter expt DFT  expt DFT
[CU(TPAMEO)]+ + O, == [CU'(TPAMEO)(O,7)]* THF (¢ =7.6) AG® -1.62 -0.1 -2.3
) ) ) AH° —11.59 -9.6 -12.1
to 0 kcal mof! when dielectric effects are included, —-TAS +9.97 495 +9.8
depending on the substituents and on the solvent. ECN (¢ = 27.7) AGP +057 —-0.7 -098 -3.0
In contrast to the situation for the solvent molecules, the AH° -7.12 -83 -7.60 -128
MeO substituent stabilizes the €@, bond in [CW (TPAR)- —TAS +769 476 +662 +9.8
(O27)]", compared to the H substituent. Going from=RH a All energies are given in kcal mol. ® Reference 5¢ Reference 6.
to R= MeO the computed AG° for the [CU' (TPAR)(O, )]
formation is—2.2 kcal mot! in THF (¢=7.6), —2.0 kcal kcal mol't andAS® values having uncertainties less than 3

mol-! in EtCN (€=27.7), and—1.2 kcal mot! in the gas  cal mol* K™*).6 The reactions are in all cases close to
phase. The stabilizing or destabilizing effects of the R thermo-neutral, and the deviation between measured and
substituent on the CtO,, Cu—THF, and Cu-EtCN bonds ~ computedAG® is in no case more than 2 kcal mé| thus

can be explained by the electron donating potential of the well within the uncertainty of the B3LYP functional. For
two electronically different substituents. The methoxide the formation of [CH(TPA")(O,7)]* in THF and EtCN,
substituent, having electrons occupying nonbonding lone- €xperimentally obtainedS’ values are accurately repro-
pair orbitals, has a higher electron donating potential than duced by the calculations, and the main part of the error in
the hydrogen substituent, having only the electrons in the AG® is enthalpic in origin. These results indicate that the
covalent bond to carbon. The formation of [CTPAR)(O, )]+ procedure used to estimate the entropy effects on the reaction,
is a redox process in which forma”y one electron is as described in the computational details section, is valid.
transferred from the copper atom to the dioxygen molecule. In the case of the THF solvent, the computed entropy effect
This process is thermodynamically stabilized when ®PA of 9.5 kcal mot* comes solely from the loss of entropy of
includes substituents with a higher electron donating poten-the G molecule going from the gas phase to the bound
tial. This trend is reflected in the computed vertical ionization complex. The experimental value is very similar, 9.97 kcal
potential of [CUWTPAMeO)]* which is 12 kcal moi? lower mol~L. In the case of the EtCN solvent, the loss ofeédtropy
than the corresponding value for [CTPA™)]*. On the other s partly balanced by the gain in entropy when the solvent
hand, the formation of [C(TPAR)(S)]*, where S is THF or molecule is released. However, because the EtCN molecule
EtCN, can be described as an electron donation of lone-pairin solution has a much lower entropy than thgr@olecule
electrons of the solvent molecule to the copper atom, which in the gas phase, the computed net entropy loss is 7.6 kcal

explains the computed destabilization of the-diHF and ~ mol™* for the G binding reaction. The experimental value
Cu—EtCN bonds when TPRAincludes electron rich substit- IS 7.69 kcal mot*. The difference between the two solvents,

uents, such as MeO. THF and EtCN, in the experimentally measured entropy
Reaction Thermodynamics.The computed relative free ~ effects on the @ binding reaction indicates the same
energies of the solvent complexes, [FPAR)(S)]", suggest  difference that the calculations show in the interaction
that, for the formation of [CY{TPA")(O,7)]" in EtCN, one between the copper complex and the two solvent molecules,
molecule of the solvent is chemically involved in the reaction, namely, that EtCN is bound and THF is not. The calculated
which initiates from the reactants [QUPA")(EtCN)]* and reaction enthalpies are also in good agreement with experi-
0,. For the formation of [CI(TPAR)(O,7)]* in THF, the ment. In the case of THF the calculated value is ap-

effect of the solvent is purely electrostatic, and the reaction proximately 2 kcal moi* too small, while in the case of
initiates from the species [ATPAR)]* and Q. For the EtCN the calculated value is 1.3 kcal mbtoo large. Both

formation of [CUY(TPAMe0)(O,)]* in EtCN, it is not clear these deviations are well within the uncertainty of the B3LYP
whether EtCN is initially coordinated or not, due to the method.
above-mentioned uncertainty in the calculated bond enthal- For the formation of [Cl{TPAMe9)(O,7)]* in EtCN, the
pies. The proposed reaction mechanisms feb@nding in experimental data are also accurately reproduced, the com-
different solvents and for different substituents are given in putedAG® being only 2.0 kcal mot* from the experimental
Table 2. The suggestions are based on the actually computedalue. It should be noted that the computed-&tICN bond
binding energies, and the resulting reaction thermodynamicsenergy of [CUTPAMeO)(EtCN)]" is close to 0, and it is,
is given in Table 3. therefore, not clear whether the EtCN molecule should be
For the overall @ binding reactions, there is a good regarded as bound to the complex or not. The values given
agreement between theoretically and experimentally obtainedin Table 3 are calculated assuming that EtCN is not bound.
thermodynamic values, as can be seen in Table 3. TheThe computed entropy effect is almost 3 kcal nmdarger
experimental data given here are obtained covering a widethan the experimental value, which indicates that the
temperature range (183, 223, and 298 K) and are in all casesomputed result that this solvent is unbound is most likely
very accurate AH° values having uncertainties less than 1 wrong. If it is instead assumed that EtCN is bound also in
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Table 4. Theoretical and Experimental Kinetics for the Formation of separated species. In contrast, a small activation enthalpy of

[CU!(TPA")(C.)]" in THF and EiCN AH* = +1.8 kcal mot* was found experimentalfyIn light
AH* AG* of the barrier-less energy profile obtained from the calcula-
solvent expt DFT expP DFT tions it is not clear what causes the experimentally observed
THF (¢ = 7.6) 418 1.4 +5.0 +7.0 enthalpy barrier. The most likely explanation is that a lower
EtCN (¢ =27.7) +7.6 +2.3 +6.8 +7.5 free energy path can be found by not following the lowest
a All values are presented in kcal mal b Reference 5. enthalpy path. Such a reaction path cannot be described by
the present type of calculations. Because the experimental
this complex, the computed entropy effect on thebidding enthalpy barrier is so low and the computed free energy

reaction would be 8.1 kcal mo, closer to the experimental ~ barrier is only 2 kcal mot* higher than the experimental

value of 6.62 kcal mot. At the same time, the computed one, it can still be said that experimental data for this process

reaction enthalpy is larger than the experimental value by are quite well-reproduced in these calculations.

about 5 kcal mol*. Also, this error could be decreased if it The formation of [CY(TPA")(O,7)]" in EtCN has been

is assumed that EtCN is bound. described in a different and more complicated way, assuming
In summary, it can be concluded that the B3LYP func- that one EtCN molecule is initially coordinated to the copper

tional well reproduces the experimental thermodynamic data atom of the complex. This assumption is based on the

for the present type of transition metal complexes. computational results that the formation of [CQUPAM)-
Reaction Kinetics.Since there is experimental information (EtCN)]* is an exergonic process. The reaction was modeled
available also about the kinetic parameters for thbi@ding as dissociative, that is, the EtCN molecule dissociates before

reactions in the different solvents, an attempt was made tothe association of the Omolecule starts. This kind of
model these. Computed results are compared with experi-mechanism is indicated by the result that the formation of
mental data in Table 4. Concerning the reaction in EtCN the initially required complex of an associative mechanism,
the experimental data given here are as accurate and reliabl¢Cu(TPAH)(EtCN)(Q,)] *, was found to be endergonic in the
as the thermodynamic data reported atfoVke experimental  calculations. The trial structures for such a complex were
kinetic data for the reaction in THF are obtained by found to be very high in energy. On the electronic lexé&
measuring at 193 and 298 K but are reported without any for the formation was computed to bel.9 kcal mot?,
uncertainties. It was found to be much more difficult to  which indicates that thermal corrections would result in a
model and reproduce the kinetic data, as compared to thelarge positiveAG® on the order of+-15 kcal mot™. For the
thermodynamic data, but a short discussion of the results isdissociation of EtCN from [C(TPA")(EtCN)]", AH° was
given below. found to be+2.3 kcal mot?, andAG® was found to be-0.4

The formation of [CH(TPAM)(O,7)] " in THF was modeled  kcal mol . These values contribute to the ethalpy and free
as if no solvent molecule is initially coordinated to the copper energy of activationAH* and AG¥, for the formation of
atom, that is, the formation of the complex is the pure [Cu'(TPA")(O,)]*in EtCN. The second step in the reaction
formation of the Ct-O, bond. This assumption is based on is the association of the nolecule to the copper complex.
the computational results for the coordination of THF to'fCu  As in the case of THF, the formation of [(({TPA")(O,7)]*
(TPAM]*, which is found to be endergonic. By scanning in EtCN was computed by scanning the-8D bond distance
the Cu-0 distance an energy profile was obtained for the and computing thermal corrections to enthalpy and entropy
pure electronic energy. This profile shows that the electronic in each optimized point. In fact, these energy profiles are
energy decreases continuously and without barriers as thebased on the same calculations as in the THF case, with the
Cu—0 distance decreases. From the Mulliken spin population only difference being that the dielectric constant is changed
it was noted that the electron transfer occurred gradually asin the calculations of the solvent effect on the energy. The
the Cu-O distance was decreased. Thermal corrections tochange in dielectric constant has only minor effects, and just
the enthalpy and the entropy were then computed for eachas in the THF case no enthalpy barrier was found, while a
Cu—0 distance and added to this energy profile. For the free energy barrier of-7.1 kcal mot! was found at 3.8 A.
enthalpy, as well as the pure electronic energy, there is noAdding the free energy of activation corresponding to the
barrier in the profile, and the enthalpy decreases as theQCu  dissociation of the EtCN molecule to the free energy barrier
distance decreases. However, the free energy profile obtainedor the formation of the C4O, bond, the computed free
in this way has a maximum at a €0 distance of 3.8 A. energy of activation for the formation of [T PAH)(O,7)] "
At this point the spin population on Cu is 0.02 electrons. in EtCN is equal to+7.5 kcal mot™. Experimentally AG*
Taken as the difference between this point and the infinitely is found to be quite similar-6.8 kcal mott.5 Because no
separated species, the free energy of activath®’, was enthalpic barrier was found computationally for the formation
found to be+7.0 kcal mott. The experimental value is of the Cu-O, bond, the enthalpy of activation originates
slightly lower, +5.0 kcal mot.5 Concerning the partition =~ completely from the dissociation of the coordinated EtCN
of the free energy of activation into ethalpic and entropic molecule. In this way the computetH* is equal to+2.3
contributions, it is noted that no enthalpy barrier was found kcal mol%, while the experimental value i87.6 kcal mot™.®
for the formation of the CtO, bond in the calculations. In  Thus, even if the calculated free energy barrier agrees very
fact, the enthalpy is lowerAH* = —1.4 kcal mot?) at the well with the experimental one, the difference between
transition state CuO, distance than for the infinitely = computational and experimental results is substantial for the
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EtCN solvent regarding the contributions from enthalpy and mental results are available for both solvents, the differences
entropy. The computed enthalpy barrier is about 5 kcatfnol  between the computed and the measured thermodynamic
too low compared to experiment. Further, the calculations parametersAG°, AH°, and —TAS") are in fact less than
indicate that entropy increases the barrier by about 5 kcal 2.0 kcal mot™. In this case the combined computational and
mol~%, while according to the experiments, entropy lowers experimental results clearly show that the two solvents lead
the barrier by 0.8 kcal mot. As for the reaction in the THF  to different mechanisms for the,®@eaction. For the [Cu
solvent, it is again likely that the reaction pathway with the (TPAMeQ)]* complex, where there is experimental data
lowest free energy barrier is not the one with the lowest available only for the EtCN solvent, the combined experi-

enthalpy barrier.

4. Summary and Conclusions

mental and computational results indicate that most likely
the computed binding energy of the solvent molecule to the
complex is underestimated by-3 kcal mol* and that in

Quantum mechanical calculations have been performedfact also in this case the reaction mechanism wishm@st

on the formation of [CI(TPA")(O,7)]* and [CU (TPAMe9)-
(O)]" in two different solvents, THF and EtCN. The
thermodynamics of solvent coordination to [JUPAR)]* was
computed at the B3LYP/lacv3p(d,p) level of theory. To
estimate the Gibbs free energy, experimentally obtained
liquid-state entropies of the solvents were used. The free
energies computed in this way indicate that EtCN is
coordinated to [CTPA")]* (AG® < 0), while THF is not
(AG® > 0), and that neither THF nor EtCN is coordinated
to [CU(TPAMeO)]+ (AG® > 0). On the basis of these results,
the formation of [CU(TPAM)(O,7)]" in THF and of
[CU'(TPAMEO)(O,7)] in both THF and EtCN is described
as a pure formation of the coppeoxygen bond under the
dielectric influence of the solvents. In contrast, the formation
of [Cu"(TPAH)(O,")]* in EtCN is described as a dissociation
of the copper-nitrile bond followed by the formation of the
copper-oxygen bond in a completely dissociative mecha-
nism. It can be concluded that the B3LYP functional
accurately reproduces experimentally obtained thermody-
namic data. For the [C(ITPA")]" complex, where experi-

likely involves the solvent molecule.

Concerning the kinetics of the investigated reactions, the
formation of [CU(TPA")(O,)]" in THF and EtCN, the
computed free energies of activatiakG*, are also in quite
good agreement with experimentally determined free energy
barriers. The trend found experimentally, that thebidding
is faster in THF than in EtCN, is found also theoretically.
However, the quantum chemical analysis of the partitioning
of the free energy of activation in enthalpidK*) and
entropic AS) contributions is not in agreement with
experimental data. An explanation could be that the reaction
pathway having the lowest enthalpy barrier, that is, the one
described in these calculations, is not the same as the pathway
with the lowest free energy barrier, that is, the one observed
experimentally. However, it is interesting to note that because
the computed free energies of activation are only slightly
higher than the experimental values, the gain in free energy
by following a higher enthalpic path is not very large.
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