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Density Functional Theory (DFT) has been applied to characterize the early stages of the reaction of dioxygenation

of [(triphos)M(catecholate}] complexes [M= Co(lll), Ir(lll); triphos = MeC(CH,PPh)3z], which have been

considered to be models of ring-opening dioxygenases. The structural features of the starting complexes and of

the intermediate complexes formed by additon gft®the coordinated catecholato ion are well reproduced. The

calculations showed that this preliminary stage can be obtained only when the oxygen molecule attacks the molecule

on the catecholato site.

Introduction containing dioxygenase (homoprotocatechuate 2,3-dioxygenase),

. . . which catalyzes thextradiol cleavage like the iron(ll) deriva-
Catechol is known to be easily oxidized by molecular oxygen ;6

to o-quinone, but under particular conditions, i.e. when the
catechol is bound to a metal center, breaking of the aromatic
ring with formation of muconic acid derivatives is observed.
This latter reaction is commonly found in the metabolic pathway
of aerobic microorganisms, which uses aromatic substances a
a carbon source, and it is performed with the help of metal-
loenzymes referred as ring cleaving dioxygenases.

The active site of these metalloenzymes contains pentacoor-
dinated Fe(lll) or Fe(ll) ions, which are essential for the catalytic
activity, bound to protein ligands (mostly histidines and ty-
rosines) and water moleculésThese dioxygenases can be
divided into two classes on the basis of the site of cleavage o
the aromatic ring and of the oxidation state of the metal ion.
The extradiol dioxygenases catalyze the cleavage of the ring
adjacent to the vicinal hydroxyl groups and generally contain
iron(ll) ions 12 Theintradiol dioxygenases employ iron(lll) and
open the ring by breaking the carbecarbon bond between
the hydroxyl groups. In both classes the catechol substrate ha:
been proven to bind directly to the metal cerftékore recently,
iron(l1l) complexes that gavextradiol cleavage of the catechols
have been reportédas well as the structure of a Mn(ll)-

The catalytic mechanisms have been the subject of detailed
experimental studiesand the problem of the dioxygen activa-
tion is still a matter of debate. While for the iron(ll)-containing
enzymes it is accepted that direct binding of the dioxygen to
he metal center represents the mechanism of oxygen activation,
for the iron(lll)-containing enzymes a more indirect reaction
mechanism has been proposed that involves the electrophilic
attack of Q to the iron(lll)-chelated catecholate moiéty?

Besides the enzymes, some complexes of the transition metal
series have been also found to catalyze the ring breaking of
¢ catechol and its derivativésFurthermore, in one case the
putative reaction intermediate between the catecholate metal
complex and the dioxygen has been isolated, namely, the
complex [(triphos)Ir(Q)(PhenSQ)|BPh(triphos= MeC(CH.-
PPh)s; PhenSQ= 9,10-phenanthrenesemiquinonate), and its
molecular structure solved by X-ray diffraction methddghe
Structure of this complex is shown in Chart 1, together with
the most relevant geometrical parameters. The dioxygen is
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Chart 1 therefore, give direct information about the role of the enzymatic
environment in the reaction, but it should be considered as a
test of the quantum mechanical techniques applied to complex
molecular systems and as a preliminary step for further
calculations. We have applied density functional theory (DFT)
to characterize the preliminary stages of the reaction between
the [(triphos)M(catecholate)] (M = Co, Rh, Ir) and dioxygen,
using several different catecholates and=MCo and Ir. These
reactions are spin-forbidden, since the final complexes are all
diamagnetic and since no paramagnetic intermediate was
experimentally observed that can support the transfer of the spin
bound to the iridium(lll) center and was found to be disordered froFr)n the oxygyen, which in the grounF()jpstate is in a triplet statg.

over the two carbon atoms of the semiquinonato ligand. g gpin-orbit coupling, which mixes triplet and singlet states,
Nevertheless, it is bound to one carbon, which acquires someggems 1o be the most probable mechanism that allows the
sp’ character breaking the aromaticity of the ring. reaction. Because of the intrinsic difficulty of DFT for treating

This reaction intermediate of Chart 1 looks very similar to - mytiplets, which requires multideterminant wave functions, and
the intermediate proposed in the qualitative reaction scheme usethecause of the complexity of including spiarbit coupling
to rationalize the catalytic activity of the enzymes. According effects at a reasonable level of accuracy, a complete study of
to the mechanism proposed by Que efahe reaction of such  the potential energy surface (PES) of the reaction was not
Fe(lll) enzymes proceeds by the activation of the cathecolate attempted. Rather, we have explored some important points of
moiety after coordination to the acidic Fe(lll) center and his surface by geometry optimizations of the set [(triphos)M-
subsequent quinonization and formation of a peroxide bridge (catecholate)] + 0,, arranging the oxygen molecule in
with the incoming oxygen molecule. This mechanism has gjfferent spatial positions with respect to the metal. The
received some justification by orbital interaction considerations cajculations were performed using two computer programs,
at the extended Hikel level of calculatiort? and more recently, namely, the Amsterdam Density Functional (ADF) progtam
a linear correlation between the natural logarithm of the kinetic ang Gaussian 98. The first program uses Slater type orbitals
constants of the various steps of the reaction and the energiegng is widely used to handle spectroscopic properties of
of the HOMO of various substrates computed at the AM1 level ansition metal complexes. The second program package
was establishetf. This correlation adds to the well-known jncludes semiempirical, HF, and post-HF methods as well as
correlations established by Que et al. showing that the rate of gensity functionals and is one of the most used gquantum
oxygenation in several model systems increases with decreasing:nemical program packages. Some comparison between the
energy of the electronic transition occurring in the visible region resylts obtained by the two programs is drawn in Conclusions.
of the spectra, assigned to a catecholato-to-iron(lll) charge-
transfer transitior¥? Computational Details

Since the exact nature of the transition metal does not seem
to play a key role in the mechanism of action of the dioxyge-
nase%® and since experimental structures are available, we

deCId.ed to approa(?h the theoretical study of the qloxygenaseexchange and the Vosko, Wilk, and Nusair functiéhdbr the
reactlons_by _applylng quant_um mechanical technlques to thecorrela‘[ion potential. This form of functional is also known as LSDA
characterization of the reactions of the above-mentioned com- oca| spin density approximation). The Stoll correlation correéfion
plexes of Co(lll) and Ir(lll). These complexes, in contrast t0 for the electrons with the same spin was also included in the
the iron systems, are diamagnetic, and the calculations do not

have to take into account the multiplet structure of the systems, (13) (a) Amsterdam Density Functional (ADFjevision 2.3; Scientific
which would be a considerable theoretical t&sknd would Computing and Modelling, Theoretical Chemistry, Vrije Univer-
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All the calculations have been performed using the Amsterdam
Density Functional (ADFF and the Gaussian 98program packages.
ADF calculations were performed using thetXunctionat® for the
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calculations. The frozen core (FC) approximation for the inner core
electrons was used. The orbitals up to 3p for cobalt, 5p for iridium, 2p
for phosphorus, and 1s for oxygen and carbon were kept frozen. Valence
electrons on each atom were treated with tripleasis functions except
hydrogens, which were treated with a singléanction. The valence
shells of non-hydrogen atoms were expanded with siggieolariza-

tion functions for Co and Ir and with singled polarization functions

for C, O, and P. The exponents of the Slater functions given with the
ADF2.3 distribution were used throughout. Electronic transitions were
computed by applying Slater’s transition-state theéry.

In the calculations performed with Gaussian 98 we used both LSDA
and GGA approximations. The GGA calculations were performed using
the PerdewWang exchangecorrelation functional® The LANL2DZ
relativistic effective core potentidfsand the basis set for the metals
and P were used. To C and H the D95(d) basis was apfflied.

The triphos ligand MeC(CHPPh); was replaced in all the calcula-
tions by the simpler model ligand triphosH, HC(gH,)s, in which
the phenyl rings and the methyl group of the phosphine were replaced
by H atoms. All the complexes studied belong to @goint symmetry
group. Geometry optimizations were performed in Cartesian coordi-
nates. Frequencies were computed in order to completely characterize
the computed structure of the adducts with dioxygen. In ADF a
numerical differentiation of energy gradients in slightly displaced
geometries was usétiwhile analytic second derivatives were available
in Gaussian 98. The numerical derivatives were computed using only
one displacement for each atomic coordinate, the calculation requiring
106 gradients for the evaluation. This procedure, although less accurate
than the standard one requiring two displacements for each atomic Figure 1. (a) Optimized structure (ADF-LSDA) of the [(triphosH)-
coordinate, was used to save computer time, which became prohibitive Co(catecholatoj] cation. Relevant bond distances (A) and angles (deg)
for the large molecules we handled. More accurate calculations were &€ shown. The values in parentheses are the experimental results. When
also performed on the iridium complex using double displacements ONly one value is reported for nonequivalent bonds and angles, it refers
and higher integration accuracy (INF 8 instead of 6). to the average over th_e nonequivalent data. (b)' Optimized structure

Calculations on the iridium complexes were performed, which (ADF-LSDA) of the [(triphosH)Ir(catecholato)]cation. Nonmetallic

. S ) . . atoms are labeled as in part a.
included the scalar relativistic corrections, Darwin and masdocity, P
in the quasi-relativistic approach implemented in ABF.

5 —_—  —41%

Results and Discussions E (eV) 30891 22;45

Geometric and Electronic Structure. The structure of the e T3 G3en (2,525131%
[(triphosH)Co(catecholata)] cation computed by geometry 31%_1_95§ T
optimization with ADF is shown in Figure la. The relevant 74 ah 1 22960 (};gg% 110905
geometrical parameters are also compared, in Figure 1a, to the 14p5Q - 13%
experimental values found for the crystal structure of [(triphos)- o] P L 7
Co(lll)(catecholato)]BE-CH,Cl,.23 The agreement between the 2% -
two structures is apparent, indicating that the chosen functional o 54%ﬁ74% —4-23%
and basis can give a correct description of the structural features 5% e
of the complex. The experimental compound shows some ] =57
differences between the two nonequivalent @ distances, 0 Co r

namely, 1.36 vs 1.32 A, which cannot be reproduced by the
calculgt’ions which alw’ays give 1.32 A Ionigure 1bythe Figure 2. Computed energy levels (ADF-LSDA) near the HOMO

' ’ oL I LUMO region for [(triphosH)Co(catecholatd)]and [(triphosH)Ir-
computed structure of the analogous Ir derivative is Shown. (catecholato)]. The metal d contribution is indicated as a percentage
Calculations on the iridium complexes were performed using of the gross atomic orbital population. The computed one-electron
the quasi-relativistic approathbecause of the large mass of transition energies between the levels indicated by the arrows are shown.
the iridium atom. Since no structure is available for the Ir Experimental values are reported in parentheses.
complex, a direct comparison of the results is not possible. The

computed energy levels near the HOMOUMO region are  gre also indicated. The spectra are characterized by four

shown in Figure 2, where the computed lower energy transitions yransitions in the UV-vis region. For the iridium derivative,

. . . the transitions observed in the 4-methylcatecholate complex,

(18) _?#rke',Klé Perdte;"' J. P W%”,%' Y.gject;onlcbDensgy'l: ”{‘/.Ct'o"la' are shown in Figure 2 in parentheses. The agreement with the
G_fgg; Me_CST Eg‘;?rﬁfgni“m Pfevgs:”ﬁfe'v‘;a \?ori?rl'gés." 19N&€ " computed transitions is apparent. No spectral data have been

(19) (a) Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270. (b) Wadlt, reported for the analogous complex of cobalt(lll). In the parent
W.R.; Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt,  complex with the ditert-butylcatecholate ligand, transitions at

W. R.J. Chem. Phys1985 82, 299. 1
(20) Dunning, T. H.; Hay, PModern Theoretical Chemistrchaefer, H. 12 400 cm ’_]_'6 300, 23 260, .and 26 740 were_reported'

F., Ed.: Plenum: New York, 1976. These transition were experimentally assighéal ligand-to-
(21) (a) Fan, L; Ziegler, TJ. Phys. Chem1992 96, 6937. (b) Fan, L.; metal charge transfer (LMCT) transitions because of their
22) ?ii%llirr' T ke, v oo B Phys. Chem1989 93 intensities @y ~ 2000-5000 cnT* mal™). In all cases, spectral

3050. o T ' ' data below 11000 cmt were not available. A pictorial

(23) Vogel, S.; Huttner, G.; Zsolnai, [Z. Naturforsch., BL993 48, 641. representation of the HOM®© 1, HOMO, LUMO, and LUMO
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[(triphosH)Co(Catecholato)]* [(triphosH)Ir(Catecholato)]*

LUMO+1

LUMO

HOMO

HOMO-1

Figure 3. Frontier orbitals (ADF-LSDA) of [(triphosH)Co(catecholato){left) and [(triphosH)Ir(catecholato)](right) represented as isovalue
surfaces ¢ = 0.07 au). Positive values of the wave function are represented in white.

+ 1 orbitals of the [(triphosH)Co(catecholatoind [(triphosH)- o-axial metal orbitals largely delocalized over the aromatic ring,
Ir(catecholato)f complexes is given in Figure 3. The classifica- with the LUMO having more metallic character. The LUMO
tion of the molecular orbitals is difficult because of the absence + 1 orbital is easily assigned to an in-plaxfe— y? like orbital,

of symmetry of the complex, which causes mixing of many with metal-P and metal-@-antibonding character.

different atomic orbitals. In Figure 2, the contribution to the 14 fing the preferred site of attack of dioxygen on the
molecular orbitals from the d orbitals of the metal is shown as substrate, we performed a series of geometrical optimization

a percentage of the gross atomic orbital population, obtained ¢ e gystem [(triphosH)Co(catecholate)} O, varying the
by Mulliken analysis. In a rough classification, which neglects relative position of Qwith respect to the complex. In all cases,

low-symmetry effects, we can divide the d metal orbitals such two minima were found: one corresponding to a complex in

asinan o_ctahedral complex into a set of ¢ e e.rb|tals and which O, binds to the Co(lll) center; the other one to a complex
two o orbitals. If we choose the plane containing the two P in which the oxvaen bridaes the Co and the carbons of the
atoms of the triphos, the two oxygens and the metal axyhe o Y9 ges the

aromatic ring. This latter situation is always met when we allow

plane, ther orbitals are in-planexy, and out-of-planexz and th lecule t h th lex f th b id
yz Theo orbitals are largely destabilized by the interaction with e g mo ecule o approach the complex from the carbon side.
The geometries of these two complexes are shown in Figure 4,

the phosphine, the in-plané — y2, being at higher energy with )
respect to the axia?, orbital. Thexy orbital is expected to be where the relevant geometrical parameters are also reported.

roughly nonbonding, since it lies in a nodal plane of the Comparison of the computed bond lengths for the dioxygen
catecholato ligand, which is the only ligand that can give Pridged comple>_< with the exper!mental v.alues reported in Chart
significant r interaction. The three levels at lower energy in 1 Shows very nice agreement irrespective of the nature of the
Figure 3 have a large metal-d character, which decreases ornetal (Co in the calculation, Ir in the experimental structure).
passing to the iridium(lIl) complex, and can be assigned to the The structure of the analogous iridium complex, [(triphosH)-
threesr-type orbitals, the in-plane one being at the lowest energy Ir(O2)(catecholato)], optimized using the quasi-relativistic
and more centered onto the metal. The next MO (HOMQ@) approack because of the large mass of the iridium atom, is
is mainly localized on the catecholate ion with a small shown in Figure 5, together with the computed relevant
antibonding contribution from one of the out-of-plane d geometrical parameters. The agreement with the observed
orbitals. The metal contribution is lowered to be only 5% in structure (Chart 1) is rather good. The largest deviation (6%) is
the iridium(lIl) complex. HOMO and LUMO are composed of  in the computed O, bond distance: 2.09 vs 1.97 A. However,
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molecules due to the computational approximations required
for computing numerically the Hessian matrix using reasonable
computer time. These imaginary solutions were also computed
in the deoxygenated complex [(triphosH)Ir(catecholdteyhere

the structure must belong to a minimum energy configuration.
Another source of error in the calculation of the vibrational
modes is the uncertainty in the location of the stationary points,
which for such large systems is always affected by some errors.

Complete geometrical optimizations have also been performed
using Gaussian 98 in the LSDA approximations. The relevant
geometrical parameters computed with ADF and Gaussian 98
are compared in Table 1. It is apparent that there is overall
agreement between the structures computed with the two
methods. The IR vibrational frequencies obtained with this latter
program were, however, all positive. This result is due to the
analytical procedure of Gaussian 98, which appears to be more
accurate for these systems. The computed IR vibrational
frequencies corresponding to mainly-O and G=C stretches
are collected in Table 2 and compared with the experimental
results. The frequencies computed, with ADF, for the free
ligands are also reported. The frequencies reported as@ C
stretch are strongly admixed with—@ vibrations in all cases.
The v(C—0O) computed for [(triphosH)Ir(catecholatd)]are
between those computed for catecholato and semiquinonato but
nearer the catecholato limit. The values reported in Table 2 for
Figure 4. Computed structures (ADF-LSDA) for the two possible the free ligands correspond to the symmetric (lower energy)
o one ey e e e o e et as 2 aISTIMELC strtch of the wio-D groups. Upon
Figure 1a. 9 9 ) coordination of dioxygen, two sets of frequencies involving the

C—0O groups are computed. The frequencies at lower energy
correspond to motions involving the<© group to which the
dioxygen is coordinated, in agreement with experimental results.
It should be noted that the vibrational frequencies computed
by both ADF and Gaussian 98 compare well with each other
and are in nice agreement with the experimental findings.
Therefore, even if the low-energy region of the spectrum is not
correctly taken into account with the ADF calculations, chemi-
cally significant vibrations are reproduced.

The overall agreement with the experimental results can be
considered satisfactory. Therefore, the computed structure can
be considered a good representation of the real complexes,
confirming the ability of DFT to represent the structure and
Figure 5. Computed structure (ADF-LSDA) [(triphosH)Irgp properties of complex molecular systems.

(catecholato)]. Relevant bond distances (A) and angles (deg) are  Some Energetic ConsiderationsThe relative stability of the

shown. Reference experimental data are shown in Chart 1. Nonmetalliccomplexes can be computed from the enthalpy of the reaction
atoms are labeled as in Figure la.

the experimental value of this distance reflects the disorder of [(tr|phosH)M(catechoIatoﬂ +0,=

the dioxygen observed in the experimental structure. [(triphOSH)M(Oz)(catecholatoﬂ
The computed structures of [(triphosH)Ir(catecholatp)] ) _ _
[(triphosH)Ir(Qy)(catecholato)], [(triphosH)Ir(catecholato}], In doing these calculations, we used the oxygen in the ground

and [(triphosH)Co(@)(catecholato)] have been further char-  triplet state with the energy computed on the optimized geometry
acterized by computing the vibrational frequencies as describedat the appropriate level of approximation. Using LSDA, we
in Computational Details. This is required in order to distinguish, obtainedAH,(Co) = —19.25 (~30.33) kcal mot* and AH(Ir)
among the stationary points of the potential surface, between= —24.46 (-35.08) kcal mot*. The values in parentheses were
relative minima, maxima, and transition staté$n all cases, computed with Gaussian 98. These computed values are largely
three eigenvalues of the computed Hessian matrix were foundaffected by the energy of the oxygen molecule. By allowance
to be imaginary when ADF was used in the calculations. This for the reaction of oxygen in the singlet state and by use of the
should not correspond to any chemically meaningful point of experimental transition energy of 22.64 kcal mfofor the
the potential surface describing the nuclear rearrangement ofsinglet-triplet (*Ay—34") separation in @ the relative stability
the reagents. However, a careful examination of these imaginaryof the oxygenated adduct decreases. The computed values are
vibrations shows that they can be due to an incomplete AH{(Co) = 3.39 (~7.59) kcal mot! and AH(Ir) = —1.82
subtraction of the translational and rotational modes of the (—12.44) kcal mot?, indicating that the accurate evaluation of
the energy of dioxygen is important for meaningful evaluation

(24) Salem, LElectrons in Chemical Reactiongohn Wiley & Sons: New of the reaction enthalpy. This quantity does not influence the
York, 1982. relative stability of the dioxygen Co and Ir complexes, which
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Table 1. Comparison between Relevant Geometrical Parameters Computed with ADF and Gaussian 98 for the Co and Ir Catecholates
Complexed

[(triphosH)Co [(triphosH)Co(Q) [(triphosH)Ir [(triphosH)Ir(Oy)

(catecholato)] (catecholato)] (catecholato)] (catecholato)]
M—P; 2.15 (2.18) 2.17 (2.19) 2.27 (2.31) 2.29 (2.33)
M—P, 2.17 (2.20) 2.17 (2.19) 2.29 (2.33) 2.29 (2.33)
M—P; 2.17 (2.20) 2.14 (2.16) 2.29 (2.33) 2.25(2.29)
M—0, 1.86 (1.83) 1.91(1.88) 2.05 (2.00) 2.08 (2.04)
M—0, 1.87 (1.83) 1.99 (1.94) 2.04 (1.99) 2.19 (2.10)
M—03 1.90(1.88) 2.09 (2.04)
C—04 1.50 (1.54) 1.47 (1.50)
03;—04 1.43(1.47) 1.44 (1.50)
Ci—0y 1.32 (1.35) 1.36 (1.39) 1.33(1.36) 1.36 (1.41)
C—0; 1.32(1.35) 1.27 (1.30) 1.33(1.36) 1.27 (1.30)
0,—C;—0O 109 (107) 110 (109)
O,—M—P, 102 (103) 93 (91) 107 (105) 95 (93)

aBond distances are in A, angles in deg. The atoms are numbered in Chart 1. Gaussian 98 results are reported in parentheses.

Table 2. Comparison between Computed Vibrational Frequencies{cfar the Free and Coordinated Catecholates

compound »(C—0) »(C—C)
catecholato 1291 (70) 1064 (12)
d(C—0)=1.348 A 1415 (34) 1377 (70)
1524 (50)
semiquinonato 1597 (315) 1007 (13)
d(C—0)=1.249 A 1605 (113) 1094 (19)
1536 (104)
1557 (11)
quinone 1717 (177) 1117 (15)
d(C-0)=1.214 A 1749 (49) 1121 (10)
1255 (33)
1399 (39)
compound ADF G98 ADF G98 expt
[(triphosH)Ir(catecholato)] 1236 (17) 1273 (12) 1556 (70) 1587 (74) 1262
1557
[(triphosH)Co(catecholato)] 1270 (23) 1290 (15) 1590 (82) 1578 (86) 1224
1580
[(triphosH)Ir(Qy)(catecholato)] 1158 (643 1064 (26j 1637 (18) 1655 (42) 1164
1187 (37 1142 (25 1553
1523 (130) 1503 (197) 1570
1564 (28) 1570 (24) 1619
[(triphosH)Co(Q)(catecholato)] 1160 (56) 1087 (20§ 1395 (22) 1172 (18)
1183 (13§ 1143 (23§ 1615 (11) 1648 (27)
1480 (103) 1506 (138)

2 Only the most intense transitions in the range 100000 cn1* are shown. Absorption intensity km mélis given in parentheses. The assignment
refers to the main component of the normal coordinaiéalues averaged over different compun@Stretching frequency associated with the long

C—0 bond.

can be obtained by subtracting the above reaction enthalpiesin the dioxygenation reaction, can rationalize the smaller
In this way we computed the iridium(lll) adduct to be more reactivity of the cobalt complexes.
stable than the cobalt(lll) complex by 5.21 (4.75) kcal ol Some Qualitative Considerations The dioxygenation reac-
Using accurate frequency calculations of Gaussian 98, we tions in the [(triphos)M(L)] series was found to depend not
evaluated the thermodynamic correction to the total energy andonly on the nature of the metal center but also on the nature of
computed, taking the oxygen in the ground state, the free energythe ligand L. To look at the effect of the substrate, we have
variations asAG(298K) = —14.9 and—22.4 kcal mot* for computed the electronic structure of a series of cobalt(lll)
the Co and Ir derivatives, respectively. The iridium complex is complexes with different L ligands. The formulas of the ligand
more stable by 7.5 kcal mol. used are shown in Figure 6 together with the charge distribution
More accurate values of the total energies generally can beobtained by a Mulliken population analysis. The computed
computed using the GGA instead of the LSDA, while the latter HOMO—LUMO transitions are reported in Table 3 and
is known to give better geometries. Using Gaussian 98, we havecompared with those of the free ligands.
computedAH,(Co) = —10.09 kcal mot* andAH(Ir) = —16.09 Since the coordination by the metal does not significantly
kcal mol* with the iridium complex 6.00 kcal mot more alter the geometry of the ligand with respect to the free ligand,
stable than the cobalt(lll) complex. except the €O bonds, and because of the qualitative nature
The values ofAH, andAG; computed with ADF and Gausian  of these results, we performed partial geometry optimizations
98 are close to each other and show that the iridium adduct isby freezing the metal coordination site with the geometrical
more stable than the cobalt adduct. This is in agreement with parameters obtained by the quantum mechanical calculations
the experimental finding that only the iridium complex was of the catecholato adduct of cobalt(lll), and optimizing the
isolated and, if this intermediate adducts plays an important role organic part using standard molecular mechanics techniques
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Figure 6. Net charges computed (ADF-LSDA) for a series of cobaltttatecholato complexes. Values in parentheses refer to the charges

computed on the free ligands.

Table 3. HOMO—LUMO Energies (cm') Computed for the
Complexes R—Rs and for the Free Ligands

Rl Rz R3 RA RS

Complexes with Ligands

HOMO—-LUMO 9710 9630 9888 9904 8840 8614

Free Ligands

tetrachlorocatechol was found to be unreactive, and it possesses
the largest positive charge. These findings also agree with a
electrophilic attack of the oxygen on the aromatic ring.
Another quantity that is often monitored to qualitatively
follow the reactivity of substrates is the HOM@QUMO energy
difference?* From the transition energies reported in Table 3,

HOMO-LUMO 25987 17163 23156 20123 12009 8606 it can be seen that upon coordination the transition energies
shift from the UV to the visible region of the spectra, in

(MMP),25which is known to perfectly reproduce the geometrical agreement with the central role played by the ligand in activating
features of organic compounds and to significantly reduce the the dioxygenation reaction. A less evident relationship exists
computer time needed for the calculations. between the reactivity of the substrate and the HGCMOMO

The computed charge distributions are shown in Figure 6, gap. We can only see that the more reactive specigshd®
where they are compared with the charges computed on thethe smaller gap. The same qualitative trend is observed in the
free ligand (values in parentheses). We can see that there is dree ligands, even if the nature of the orbital involved in the
large redistribution of the charges upon coordination, while the transition is completely changed. These findings can strengthen
charges on the metal center, the oxygen atoms, and the carbothe correlations established in reference 11, which were based
atoms bound to the oxygens do not strongly depend on theon calculations on the free ligands.
substituents on the aromatic ring. The largest variation is
observed for the charges on the carbon atoms bound to theConclusions
oxygens, Gand G, which vary from an average of 0.42 au for
R; and R—Rs to 0.62 au for R. For the series of complexes
shown in Figure 6, since the reactivity was found to follow the
series R6> R4 > R3> R2, we can see that this trend follows
this accumulation of charge: less positive charges being
computed for the more reactive species. In fact, the 3,4,5,6-

DFT has been of valuable help in characterizing the inter-
mediate of the reaction between [(triphos)M(catecholatajid
O, (M = Cao, Ir). Although the spin-forbidden nature of the
reaction, which can be allowed by spiorbit coupling mixing
of the singlet and triplet spin states, did not allow us to follow
the complete reaction pathway, we were able to reproduce the
structures of the reacting complexes and of the reaction
intermediates. The [(triphosH)Ir@{catecholate)] complex is
computed to be~6 kcal molt more stable than the corre-

(25) (a) Allinger, N. L.J. Am. Chem. S0d.977, 99, 8127 and subsequent
versions MM2-87, MM2-89, MM2-91. (bHyperchem release 3;
Hypercube Inc. and Autodesk Inc., 1993.
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sponding Co(lll) complex, almost independent of the program  The nice agreement between the computed geometries of the

used to perform the calculations, either ADF or Gaussian98, reacting complexes and the adduct with dioxygen encouraged

and independent of the functional applied, either LSDA or GGA us to pursue applications of this theoretical tool to a more

(PW91). Also, a qualitative trend between the Mulliken charges comprehensive investigation of the reaction mechanism, namely,

computed on the Ccarbon and the reactivity of the substrate to investigate the influence of the nature of the metal ion on

can be obtained from the above calculations. The dioxygenationthe reaction and to calculate the energetics of the reaction.

reaction seems favored ifi®ears the less positive charge. Inclusion of solvent effects will be also explored in a future
We have found that both ADF and Gaussian 98 can accuratelywork.

describe the geometries of the complexes, while only Gaussian

98 can afford reliable frequencies for the characterization of Acknowledgment. This work was supported by EC with

the computed geometries. ADF, using Slater-type orbitals, seemsTMR Contract FMRX-CT980174.

to afford accurate geometries with smaller basis sets, which can

then be used as the initial guess for the Gaussian 98 calculationsiC990633I



