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Dinuclear [Cuy(u-O)(TpRR),] complexes, analogues of the active site of oxyhemocyanin, are theoretically studied,
and the effect of the substituents of the tris(pyrazolyl)borate ligands, TpRR', is analyzed. Density functional theory
calculations reveal that the type of bridging oxygen, peroxo, or bisoxo is strongly influenced by the nature and
position of the R substituents because of variable substituent:--bridging oxygen interactions, as well as electronic
effects. The electronic effects of ligands at the 5 position are not significant, but peroxo complexes are favored by
electron-withdrawing groups at the 3 position while bisoxo ones are strongly sterically disfavored.

Introduction Chart 1

One of the most active fields of biocoordination chemistry ! i

stems from the discovery of the presence of copper in the ., \ b \ O, L
active site of hemocyanit? an oxygen transport protein ettt/ o’ R
found in molluscs and arthropods, as well as its role in the v o= \\L L/ \o/
tyrosine-catalyzed oxidation of phenols to catechols and

catechols to quinonés® Not less interesting are the intense
and fruitful efforts to model the dinuclear copper enzymes
using copper compounds of the type fGutO),L¢].”2 These
models are also believed to play a key role in the oxidation
of alcohol8 and C-H bonds3*® as well as oxidative
polymerization& and nitrogen oxide decompositiéhiMore-
over, these model complexes provide evidence for the

1a 1b

existence of an equilibrium between the limiting peroxo and
bisoxo isomerdaandlb, respectively (Chart 13*14While

the isomerla, a u-n%n?-peroxodicopper(ll) complex, con-
tains the form of oxygen present in oxyhemocyanin and
tyrosinase, the big-oxodicopper(lll)1b might be involved
*To whom correspondence should be addressed. E-mail: in the phenol hydroxylation reaction performed by tyrosi-

gabriel.aullon@qi.ub.es. 5
T Universitat de Barcelona. nase
*New Jersey Institute of TecEnololgy. The CuyO; core of 1a exhibits short, through-ring ©0
1) Burmester, TJ. Comput. Physiol. R002 172, 95. ; [ ;
§2§ van Holde. K_E.: Miller, K. 1. Decker, F4. Biol. Chem2002 276 distances, but long, nonbonding-@D distances are present
15563. in 1b.16718 A recent example of a molecule containing a
(3) %\16615 P.; Solomon, E. Proc. Natl. Acad. Sci. U.S./2004 101, Cu,0; core is [Cu(u-O)(TpCF=CH),] where TR stands for
(4) Jaenicke, B.; Decker, ChemBioChen2004 4, 163.
(5) Zhang, C. X.; Liang, H.-C.; Humphreys, K. J.; Karlin, K. Datal. (12) Groothaert, M. H.; Van Bokhoven, J. A.; Battiston, A. A.; Weckhuysen,
Met. Complexe2003 26, 79. B. M.; Schoonheydt, R. AJ. Am. Chem. So@003 125 7269.
(6) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K.; Palmer, AABgew. (13) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young,
Chem., Int. Ed2001, 40, 4570. V. G., Jr.; Que, L., Jr.; Zubeflner, A. D.; Tolman, W. B.Science
(7) Lewis, E. A;; Tolman, W. BChem. Re. 2004 104, 1047. 1996 271, 1397.
(8) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. Ehem. Re. 2004 (14) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Wang, X;
104, 1013. Young, V. G., Jr.; Cramer, C. J.; Que, L., Jr.; Tolman, WJBAm.
(9) Kato, C. N.; Hasegawa, M.; Sato, T.; Yoshizawa, A.; Inoue, T.; Mori, Chem. Soc1996 118 11555.
W. J. Catal.2005 230, 226. (15) Mirica, L. M.; Vance, M.; Rudd, D. J.; Hedman, B.; Hodgson, K. O.;
(10) Blackman, A. G.; Tolman, W. BStruct. Bonding200Q 97, 179. Solomon, E. I.; Stack, T. D. FScience2005 308 1890.
(11) Higashimura, H.; Fujisawa, K.; Moro-oka, Y.; Kubota, M.; Shiga, A.; (16) Tolman, W. B.Acc. Chem. Red 997, 30, 227 and references cited
Uyama, H.; Kobayashi, Sl. Mol. Catal. A: Chem200Q 155, 201. therein.
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Chart 2 increasing deviations from it. Thus, for the isonerof [Cu,-
(4-0)2(NH3)e]?*, one can calculat&(Ty) = 0.76 for the N-
(17%-O; centroid) set an@®Da4n) = 7.33 for the N(basalpD.
donor set of each copper atom, disregarding in the latter case
the apical NH ligand in order to estimate deviations from
square planarity. These values indicate that isofreeris
nearly tetrahedral. Similarly, because for isorhlithe S(Ty)

and SD.n) values are 1.85 and 1.24, respectively, its
geometry is closer to that of a square-planar complex with
an additional fifth axial ligand, consistent with the angular
parameter analysis. The reorganization of the copper coor-
dination sphere also implies some degree of electron transfer
from copper to oxygen atoms, consistent with the following
oxidation states: CIO, prior to the oxygen binding step,
Cu'/O,%~ in peroxo complexes of typga, and CU'/(0?"),

in bisoxo complexes of typéb.

The electronic structure of the ligands that promote/prevent
oxygen binding is naturally expected to influence the copper
oxidation states and type of bridging oxyg&mhis was the
basis for our experimental considerafidaf quasi-isostruc-
tural variations in the Tp series and the current DFT
theoretical search for understanding the theoretical founda-
tions of the dioxygen molecule formation/cleavage process
because the six ammonia ligands in jG0),(NH3)e] %" are
esubstituted by two tridentate Tp anions to yield §G0O),-

(TpRR),] complexes. The effects of the R electron-withdraw-
ing fluorinated groups on the -©0 bond splitting are of
'particular interest and are examined in depth in this paper.
While in a previous study the role of substituestibstituent
steric repulsions was analyz&herein we will discuss some
cases in which substituent-bridging oxo interactions may

the tris(pyrazolyl)borato anion, with the R antdrbstituents
located at the 3 (close to the metal) and 5 (close to the boron)
positions, respectively. In [Gu-O)(Tpc=Cts),], the sub-
stituents of the pyrazolyl rings seem to stabilize the peroxo
form, 1a, relative to the bisoxo ong,b.1%20

We have shown previously that the existence of bonding
interactions between antipodal atoms (either matadtal
or bridge-bridge) in dinuclear complexes obeys simple
rules?! These rules, applied to the model compound,fCu
(u-O)(NH3)e]?t, allowed us to understand the role of the
electronic structure in théa < 1b interconversion process,
in which a reorganization of the coordination sphere of the
copper atoms takes place simultaneously with the cleavag
of the O—0O bond?? Hence, the two copper atoms of isomer
la can be described as having a tetrahedral environment
formed by three ammonia and osiele-onbonded peroxide
ligand. On the other hand, isom&b can be described as a
bis-square-pyramidal complex, in which two ammonia and

two oxo bridges are in a basal plane while a third ammonia influence the oxe-peroxo equilibrium. To that end, we have

is weakly bonded in an apical position. . .
explored a variety of [Cifu-O)(TpRR),;] complexes with
The rearrangement of the coordination sphere of the copperdiffperent R and yR su[bstitue)nzt(s P so)rﬁe of F')[hem as vet
atoms can be described quantitatively by the angular unprepared ’

, . 2122 .
parahmedterls def-med in Chart’2: Th(l;s’ mla,o the (;op;fr The accurate calculation of the energy differences between
tetra (?hrah envwonmelnt corres%on dsﬁt@: 1b 9°han v the peroxo- and bisoxo-bridged isomers of copper complexes
19°, with three equivalent CuN bonds. Inlb, the SOF’_per is still a matter of debate, and several authors have reported
Is nearly square-planar, havnﬂ;;% 9C° andy ~ 0° with theoretical studies at the pure DETCASPT22¢ MRCI,?°

two short and one long CtN distances. and CR-CCSD(T levels. Although it is generally assumed

The structural reorganization of the copper coordination ha: pET-B3LYP calculations somewhat underestimate the
spheres can be more simply gauged by means of continuougapility of the 1b isomer, this method allows one to treat

shape measurés“relative to ideal tetrahedro(Ta), and  he |arge systems studied in this work and is expected to
square-planaiiDan), geometries. Briefly, a zero value of & ey eq) correctly the trends in the energy difference between

given shape measure indicates a perfect match with they,q 5 isomers upon changes in the substitution pattern of
symmetry under consideration, while larger values reflect 4 o Tp ligand.

(17) Karlin, K. D.; Zuberbtler, A. D. Bioinorganic Catalysis. IBioinor- Results and Discussion
%aeﬂfefaﬁgﬁ'ig”k? fggg;R; edik, J., Bouwman, E., Eds.; Marcel 00 metrical Features DFT calculations were performed
(18) Solomon, E. I.; Chen, P.; Metz, M.; Palmer, A.; Lee, SAfigew. on complexes of the general formula [Qu-O)(TpRR);]
Chem., Int. EJ2001, 40, 4570.
(19) Hu, Z.; Williams, R. D.; Tran, D.; Spiro, T. G.; Gorun, S. M.Am. (25) zhang, C. X.; Liang, H.-C.; Kim, E.-I.; Shearer, J.; Helton, M. E.;
Chem. Soc200Q 122 3556. Kim, E.; Kaderli, S.; Incarvito, C. D.; Zuberller, A. D.; Rheingold,
(20) Hu, Z.; George, G. N.; Gorun, S. Nhorg. Chem.200%, 40, 4812. A. L.; Karlin, K. D. J. Am. Chem. So@003 125 634.
(21) Alvarez, S.; Palacios, A. A.; Adllg G. Coord. Chem. Re 1999 (26) Lam, B. M. T.; Halfen, J. A,; Young, V. G., Jr.; Hagadorn, J. R;
185-186, 431. Holland, P. L.; Lleds, A.; Cucurull-Sachez, L.; Novoa, J. J.; Alvarez,
(22) Liu, X.-Y.; Palacios, A. A.; Novoa, J. J.; Alvarez, Biorg. Chem. S.; Tolman, W. B.Inorg. Chem.200Q 39, 4059.
1998 37, 1202. (27) Baces, A.lnorg. Chem.1997, 36, 4831.
(23) Zabrodsky, H.; Peleg, S.; Avnir, b. Am. Chem. Sod 992 114, (28) Flock, M.; Pierloot, KJ. Phys. Chem. A999 103 95.
7843. (29) Rode, M. F.; Werner, H.-Theor. Chem. Ac2005 114, 309.
(24) Alvarez, S.; Alemany, P.; Casanova, D.; Cirera, J.; Llunell, M.; Avnir, (30) Cramer, C. J.; Wloch, M.; Piecuch, P.; Puzzarini, C.; Gagliardi. L.
D. Coord. Chem. Re 2005 249, 1693. Phys. Chem. 2006 110, 1991.
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are abbreviated as T, and for the sake of clarity, we will
also include hydrogen atoms in case substituents are missing.
Thus, the unsubstituted Tp ligand is abbreviatedT.pNe
group the ligands for subsequent discussion into five
categories: (a) 3-halo derivatives "pwhere X=F, Cl,
Br, and I; (b) 5-fluoro derivatives J; (c) 3-methyl, T§"Z,
and related 3-trifluoromethyl, T4, derivatives; (d) mixed
ligands having trifluoromethyl groups in some pyrazolyl rings
(pz) such as HB(pz)(¥2:%), and HB(pz)(pZ?); and (e)
hydrogen donor groups, such as amino or hydroxyN'Fp
and T2 In these formulas, Z stands for any atom or
group, including H.
e 1 St o (M Tl ompound it denifis (@) 3-Halo-Substiuted Ligands Urlike the complexes
for the pyrazolyl atoms. Color code: Cu, green; O, red; N, blue; C, black. Of the unsubstituted Tp ligand, the optimized structures for
compounds with the T ligands (X=F, Cl, Br, and I; Z
corresponding to the geometry shown in Figure 1. The main = H) present only one minimum with a short-@ distance
geometrical parameters are presented in Table 1. Atomicof about 1.40 A {a), whereas the isomdib is estimated to
coordinates of the optimized geometries are supplied asbe about 26 kcamol™ higher in energy, as illustrated in
Supporting Information. Figure 2 for the case of Tp. Only small variations in
For the compound with the unsubstituted Tp ligand JCu bonding parameters are found for the four members of this
(u-O)x(TpHH)7], two energy minima are found, similarly to ~ family, with the main difference appearing in the €Ngp
previous results for a simpler model with monodentate distance, which increases from 2.276 A for F to 2.316 A for
ligands, [Cu(u-0)2(NHs)s]. One minimum corresponds to |-
structure 1a, with an O-O distance of 1.41 A, clearly The additional destabilization of the bisoxo-bridged isomer
indicative of a bond intermediate between those ifr@nd 1b upon introduction of fluorine atoms into the optimized
0,, together with a long Cu-Cu distance of 3.66 A. The  geometry of unsubstitutedb-Tp"*" to give Tg" can be
second minimum has structudh, with no through-ring attributed to the ®-Fysrepulsions within the set of the four
bonding interaction, having ©0 and Cu--Cu distances of ~ basally coordinated pyrazolyl rings; see Figure 3. Thus, the
2.25 and 2.83 A, respectively. The €0 distances in the  O-*-Fusdistance in optimized peroxbe-[Cuz(u-O)(Tp™")2]
CwO, core are significantly longer ifa (1.97 A) than in is 3.57 A, but this value is reduced to only 2.73 A in the
1b (1.81 A), as expected according with a previous qualita- hypothetical bisoxo isomeric structurkb (calculated by
tive bonding analysi& The Cu-Npsand Cu-Ngpdistances  fixing the O+-O distance at 2.255 A, as in [@u-O)-
are consistent with a tridentate3) coordination mode of  (Tp"™)2] and optimizing the rest of the structure). Thus, the
the Tp ligand. Note that, in going frorba to 1b, Cu—Nps O---F steric interactions contribute very significantly to the
decreases by only 0.06 A, whereas-y,increases by 0.20  destabilization of the bisoxo isometb of [Cux(u-O)-
A, consistent with a change from tetrahedral to nearly square-(Tp™")2]. Similarly, the O--X nonbonding contacts decrease
planar coordination of the copper atoms and as indicated byfrom 3.63-3.73 to 2.72-2.76 A for the other halogenated
the corresponding symmetry measur&ly) and S(Dan) ligands when going from thda to 1b type structures.
(Table 1). Distances between halogen atoms at the basal pyrazolyl rings
The energetic profile for the cleavage of the-O bond ~ Of the T ligands coordinated to each copper atom in
in going fromZ1ato 1b is shown in Figure 2. The two minima ~ excess of 4.80 and 3.66 A fda and 1b isomers, respec-
are separated by 16.7 kemlol"?, with the more stable tively, rule out any significant X:--Xps steric interaction.
structure beingla, as expected from previous stud?ég® (b) 5-Fluoro Derivatives. The copper complexes of TH
The two minima are connected by a transition state, locatedand T F ligands have been studied in order to analyze the
at O--O ~ 1.94 A, with an estimated energy of19 effect of placing substituents in position 5 of the pyrazolyl

kcakmol~* above that ofla. This value is within the 17 rings and compared with the complexes of the*Tmand
19 kcatmol~! range previously reported for [@u-O).- Tp™H pair discussed above. The results indicate that substitu-
(NHg)g]2" (O-++O ~ 1.85 A)2231 tion of H by F at the 5 position has a negligible influence

Substitution Effects. To estimate the contributions of ©n the relative stabilities of the two isomeric forms. Hence,
electronic and steric effects of the fluoro substituents to the the two optimized structures obtained for"fy(1a and1b)
extra stability of the peroxo isomer, we have examined are equivalentto those calculated for the unsubstitutéd' Tp
several TR ligand substitution schemes, by independently analogue and have similar relative energies, whereas the
varying both the nature of the substituents and their position. complex with the TH" ligand presents only one minimum,
As mentioned above and shown in Figure 1, for the Sstructurela whose bond distances and angles are identical
3-substituted ligand R is close to the L4 core while for  With those ofLa-Tp" within 0.003 A and 0.4 respectively.

the 5-substituted ligand’Rs away from it. These ligands ~We can conclude that the substituents in the 5 position of
the pyrazolyl rings (if not too bulky to interact with the-B1

(31) Flock, M.; Pierloot, KJ. Phys. Chem. A999 103 95. group or with themselves) do not affect electronically the
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Table 1. Relative Energies and Geometrical ParamétemsOptimized Dinuclear Complexes of the Type pQuO)2(L)2] and Related Compounds
(L = Tripodal Ligandy

L isomer energy Cu-Cu O--0 Cu-0O Cu—Nps Cu—Ngp p y STa) S(Dapn)
(NH3)3?2 la 0.0 3.668 1.515 1.985 2.055 2.220 104.4 8.3 0.76 7.33
1b +17.0 2.869 2.288 1.835 2.003 2.381 99.3 9.3 1.85 1.24
TpHH la 0.0 3.659 1.412 1.961 2.032 2.256 93.8 24.2 2.20 7.69
1b +16.7 2.828 2.255 1.808 1.976 2.460 92.0 26.0 3.07 0.98
Tp™H la 3.647 1.403 1.954 2.044 2.276 92.3 20.7 2.61 7.68
TpChH la 3.657 1.399 1.958 2.052 2.285 92.7 21.3 2.50 7.77
TpBrH la 3.667 1.398 1.962 2.057 2.293 93.1 22.9 2.40 7.83
Tp'H la 3.683 1.397 1.970 2.064 2.316 93.9 23.9 2.28 7.91
TpHF la 0.0 3.656 1411 1.960 2.031 2.257 93.9 22.6 2.20 7.64
1b +17.0 2.826 2.254 1.808 1.975 2.448 92.2 25.4 3.01 0.98
Tp™F la 3.646 1.402 1.953 2.043 2.273 92.4 20.3 2.61 7.68
TpCHaH la 0.0 3.690 1.409 1.975 2.033 2.246 93.8 21.9 2.15 7.75
1b +22.0 2.966 2117 1.822 2.014 2.388 91.4 18.5 2.60 1.63
TpCrsH la 3.633 1.428 1.952 2.068 2.336 91.3 19.9 2.70 7.49
TpbsCRHe la 3.657 1.398 1.958 2.059 2.205 90.7 19.8 2.58 7.86
TpapCRHe la 0.0 3.627 1.414 1.946 2.017 2.319 93.9 15.1 2.63 7.36
1b +15.4 2.812 2.255 1.802 1.969 2.469 91.7 20.2 3.13 0.84
TpNH2H la 0.0 3.677 1.475 1.981 2.000 2.224 93.1 26.2 2.20 7.20
1b +15.9 2.850 2.323 1.838 1.977 2.429 91.3 23.3 2.89 0.78
TpOHH la 0.0 3.689 1.426 1.978 2.001 2.237 94.4 26.2 2.08 7.62
1b —8.0 2.858 2.485 1.893 1.976 2.549 92.0 225 3.80 0.55

a For the definition of angles, see ChartEnergies are in kcahol2, distances in A, and angles in dégrps-C%H and TP CF:H are tris(pyrazolyl)borato
ligands in which only basal or apical pyrazolyl rings contain a substituent, respectively.

40 unsubstituted TipHH analogue (2.76 A) and can be considered
as weakly attractive hydrogen-bonding interacti&iisonger
30 distances have been found for pde-Meys contacts (G+C
> 4.73; H--H > 3.28 A), again indicating that steric
20 interactions between pyrazolyl rings have a minor role in

determining the relative stability of the two isomers. Because
in the TPP" P compound first reported by Kitajima and co-
workers3234the methyl groups of theéPr substituents in the
3 position are pointing away from the & core, this
compound should be well represented by J@tO),-

— T T T T T T T T T " (Tp®s2),], as verified by the similar bond distances and
12 1416 18 20 22 24 angles found in their experimental and calculated structures,
_ o 00 (A) N o respectively. Also the greater calculated stability of isomer
oo Ereaeioplsif o 00 bond sfngtomaion 04 1 for [Cuxu-O)X(TH*) s in excelent agreement with

the structure found for the T"" analogue.

i i _ CHa,H _
structural choice of théCu,0,}2* core and that the molec- wlg)i ?_Ftr:)aérgil%,zinec):(cr)]r;;gstovr\]/;;hg%@enogi(g'l;pmini)rﬂh[g’uéor_
ular geometry of the 5-substituted complexes is well responding to the peroxo structuia (Figure 4). Nota-
reproduced by related ligands in which that position remains bly, the Cu-N,, distance, 2.34 A (Table 1), is the second
unsubstituted. _ o longest (after the complex containing thety ligand). The

(c) 3-Methyl and 3-Trifluoromethyl Derivatives. Com- O---F—C contacts (®@+F,s = 3.04 A) are too long for
pound [Cu(u-O)(Tp“"="),] has two energy minima corre-  jnteratomic interactions (Chart 3).
sponding to structurekaandlb. The former isomer presents However, the CEgroups play a significant regulatory role.
geometric parameters close to those of the related(fCu Thus, if the formation of isomerlb is attempted by
O)(Tp™*)2] complex, thus indicating that the methyl sub-  g|5ngating the ®-0 bond, the distance between theCF
stituents have little effect on the molecular geometry, despite groups and the bridging O atoms; @, shortens to~2.0
the short contacts between the bridging oxygen atoms and resulting in strong steric repulsions, in sharp contrast with
the methyl groups (6-H = 2.59 A); In contrast, thab the methyl analogue, whose weak attractive interaction with
isomer presents clear differences with respect to the unsubyne metat-oxo groups was discussed above. These terminal-
stituted analogue because thé' ' ligand is accommodated
in the molecular geometry by a lengthening of the-Clys (32) Desiraju, G. R.; Steiner, Tthe Weak Hydrogen Bond in Structural

bond distance and a shortening of the-@, bond distance Chemistry and Blology Oxford University Press: New York,
by 0.03 and 0.07 A, respectively. Moreover, short contacts (33) Kitajima, N.; Fujisawa, K.: Moro-oka, YJ. Am. Chem. Sod.989

between the bridging oxygen atoms and the methyl groups(34) %(11]"‘89751'\1 i < Fimoto. C.: M e Y - Hashimo

. . H Itajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; nashimoto,
of_ basal pyrazolyl rings (shortest-GH distance= 2.21 A, S.: Kitagawa, T.. Toriumi, K.. Tatsumi. K.: Nakamura, 4. Am.
with O---H—C angle= 142°) are shorter than those of the Chem. Soc1992 114, 1277.

e
o
1

Relative Energy (kcal/mol)

Inorganic Chemistry, Vol. 45, No. 9, 2006 3597



Figure 3. Perpendicular (top) and parallel (bottom) views of the optimized
structure of the bisoxo isoméb of the CyO; ring of [Cux(u-O)(Tp™H))].

In the parallel view, one basal pyrazolyl group of each Tp ligand is omitted
for the sake of clarity. Hydrogen atoms have been omitted. Color code:
Cu, green; O, red; N, blue; C, black; F, purple. The-© contacts, 2.73 A,
are shown as discontinuous lines.

bridging ligand repulsions provide a steric rationale for the
energy increase of théb isomer relative tola along the
series [Cu(u-O)(TpRM),] [R = H < F < CRK; (see Figure
2)]. Note that the energetic cost of elongating the@bond

up to~1.65 A appears similar for the above three complexes,
with the R= CF; complex exhibiting a slightly more shallow
minimum. Stretching the ©0 bond beyond-1.65 A results

in the steep destabilization of the bisoxo complexes. Only
for R = H is a slightly shallow minimum noticed for 0O

~ 2.3 A, consistent with the onset of a bisodd, structure.
Assuming that the destabilization of the bisoxo form relative

to the peroxo structure is due essentially to the interactions
between the 3 substituent and the oxygen atoms, one carl

estimate these repulsions in [auO)(TpRH),] to increase

by ~21 kcatmol™® from R = H to R = F and by~12
kcalmol™ from R = F to R= CFs. The energy required
for opening of the CxO;, ring in the [Cu(u-O)(Tp< )]
derivative (~33 kcatmol™) is thus consistent with the
high experimentally observed stability of the peroxo isomer

3598 Inorganic Chemistry, Vol. 45, No. 9, 2006
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Figure 4. Optimized peroxo structura of [Cux(u-O)x(TpCFM),] viewed

along the G-O vector. The closest ©F contacts (2.89 A) correspond to

the CR; group of the apical pyrazolyl rings (see also Chart 3). Apical (ap)
and basal (bs) nitrogen donor atoms are indicated; all hydrogen atoms are
omitted for the sake of clarity. Color code: Cu, green; O, red; N, blue; C,
black; F, purple.

Chart 3
H
razole
py F.\\3.04
/ ..-=0 F o
H=="" JPtiae
2.59 (2.21 LT
H @21) .+" 353

of [Cu(u-O)(TpCCHs),].1920 Finally, we note that the
Cu-++F,, contacts,~3.0 A, are too long to give significant
through-space metalF—C interaction such as that recently
found for vanadium complexes by electron paramagnetic
resonance (EPRY.

To put the numerical values of such contacts in context,
we carried out a structural database search fof-FO
nonbonded distances shorter than 3.0 A (see the Appendix).
The only contact shorter than 2.8 A found corresponds to a
casé®in which a BR~ anion is weakly coordinated to copper
at an axial position (Cu-F = 2.17 A) that imposes a
relatively short contact to a basally coordinated oxygen atom
(2.36 A). The available structural data thus support the idea
that the calculated value for the-@F contact in1b-[Cuy-
(u-0)TpCFH),], 2.0 A, represents a strongly repulsive
situation®’

To obtain a rough estimate of the importance of the
O---Fys contacts for the destabilization of the bisoxo isomer
1b in [Cux(u-O)(TpRH),] complexes (R= CH; and CR),
we have calculated the intermolecular interaction energy
between HO and BCH, with the oxygen and carbon atoms
fixed in the same geometry as the-@sC (or HC) fragment
in optimized 1b-[Cuy(u-O)(TpRH),] (R = CHs) and in the
hypotheticallb structure of the R= CF; analogue. From

(35) Choukroun, R.; Lorber, C.; Donnadieu, 8hem—Eur. J. 2002 8,
2700.

(36) Kim, M. K.; Park, J. S.; Kim, Y.-S.; Jun, Y. J.; Kang, T. Y.; Sohn, Y.
S.; Jun, M.-JAngew. Chem., Int. E®001, 40, 2458.

(37) Lommerse, J. P. M.; Stone, A. J.; Taylor, R.; Allen, F. H.Am.
Chem. Soc1996 118 3108.
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the peroxo to bisoxo form, the calculated interaction energiesbasally (two groups) or apically (one group) bonded to copper
(corrected for the basis set superposition error) change byatoms. The complexes are abbreviated a8 fpH and
—0.1 and+4.4 kcalmol™ per oxygen atom in the R CHs Tpar~CFH respectively.
and CFk geometries, respectively. Because there are two such The complex having the two g% rings of the Tp ligand
interactions in the full complex, an estimated interaction in basal positions, [Giu-O)x(Tp°s CFH),], exhibits the
energy between the GBroups and the bridging oxo ligands same trends as those found above for the analogous com-
of +9 kcatmoltis in excellent agreement with the increased plex with all three pyrazolyl rings carrying GF only one
instability of 1b-[Cuy(u-O)x(Tp*H),] (R = CF;) compared energy minimum is obtained, with an-@ distance of about
to the analogous compound with-RCH3 (~11 kcatmol™?) 1.40 A (peroxo structuréa). We notice that by removal of
and confirms the crucial role that the repulsive steric the Ck group Cu-N,, decreases from 2.34 to 2.21 A,
interactions between the 3-g@Rroup and the bridging  probably because of a relaxation in the steric congestion of
oxygen atoms have in rendering structi®unstable. the Rs+Fap contacts of 2.79 A found in [Gu-O),-
Another structural aspect of [@-O)x(TpCHH),] that is (Tp®%H),). In addition, the enhanced basicity of the pz ligand
of interest is the CiD, ring preference for planarity, as found that lost its Ck group may contribute to the shortening of
in all compounds mentioned above (Table 1). An estimation its Cu—N bonds.
of the CuyO, ring bending energy can be obtained when its  In contrast, but consistent with the basal steric hindrance
geometry is partially optimized by fixing the bending angle mentioned above, the complex with the single; €ffbstituent
between the two Cufplanesp, to 150 (Chart 2). The bent  at the apically coordinated pyrazolyl rings has two minima
structure is destabilized by about 8 keabl™* relative to corresponding to théa and 1b isomers, whose molecular
the planar geometryy = 18(°, and is accompanied by geometries are practically the same as that in the unsubsti-
changes in the geometric parameters of theGGicore, tuted analogue. In other words, the presence of the CF
specifically, the interatomic distances-@ = 1.37 A and groups on the apical pyrazole prevents the formation of either
Cu—0 = 2.01 A, to be compared with the values obtained the peroxo or bisoxo isomer.
for the planar optimized structure, 1.43 and 1.95 A,  (e) Hydrogen Donor Derivatives. According to our
respectively. conclusion that for [Cy(u-O)x(TpC™H);] the 1b isomer is
Because the two copper atoms in the optimlaperoxo destabilized by F-O repulsions whereas it is somewhat
structure of [Cua(u-O)(Tp<FH),] are formally copper(ll), the  stabilized by G-H---O weak hydrogen bonding in the case
exchange interaction between the two unpaired electrons isof [Cu,(u-O),(TpcHs+),], one would expect that the presence
an important aspect of their electronic and magnetic proper- of better hydrogen donor groups at position 3 of the pyrazolyl
ties. Therefore, we have investigated the exchange interactiorrings would significantly stabilize that isomer. We have thus
between the two copper(ll) atoms, in an attempt to evaluate selected amino and hydroxo groups as hydrogen donors and
the relative energies of the singlet (antiferromagnetic cou- performed calculations on [G{u-O),(TpNH2H),] and [Cu-
pling) and triplet (ferromagnetic coupling) states. Broken- (,-O),(Tp°"H),]. As predicted, both complexes present two
symmetry DFT calculations indicate a stabilization of the minima corresponding to isomets and 1b. Furthermore,
singlet relative to the triplet state by7178 and-5271 cnt as the hydrogen-bond formation ability of the R group
for the [Cu(u-O)(Tp®FsH),] and [Cup(u-O)x(TpCHsH),] com- increases (i.e., CH< NH, < OH), the energy olb relative
plexes, respectively. Such strong antiferromagnetic interac-to that ofladecreases, finally resulting in a reversal of their
tions should render these complexes diamagnetic at roomrelative stability for [Cu(u-O)(Tp°HH),] (see Table 1). The
temperature. Our calculations are consistent with the experi-isomers 1b show important differences in their -©0
mental behavior reported for alkyl-substituted analogous distances, which parallel the ligand-induced increase in the
complexe®* and with previous theoretical calculations that stability of the bisoxo isomer: T=H (2.12 A) < TpNHzH
give values betweer-2500 and—7600 cni*.3¥ 4 These  (2.32 A) < Tp°HH (2.48 A). Both the increased bisoxo isomer
results are also fully consistent with the observed diamag- stability and G--O distances are undoubtedly related to the
netism and EPR-silent behavior at room temperature of [Cu increasing strength of the hydrogen bonds, as revealed by
(u-O)TpCF=CH),], 10 as well as with the facile observation the decreasing (Cuy®H(ligand) distances (2.21, 1.96, and
of solid-state NMR signals from this complékNotably, ~ 1.59 A, respectively). Finally, the hydrogen-bond-enhanced
the effect of ligand fluorination is to increase significantly stability of the bisdioxo isomer is also correlated with a

the singlet-triplet gap. significant approach to square-planar coordination-sphere
(d) Mixed Ligands. To determine the importance of the geometry for the copper atoms, as indicated by a progressive
Tp°FsH ligand for the molecular geometry of th€u,0,} 2+ lengthening of the CtiN,, bond distances, 2.39, 2.43, and
core, we have also studied two complexes having different 2,55, respectively, as well as by the overall progressive
pyrazolyl rings: HB(pz)(p¥%). and HB(pz}(pZ©%). In approach to an ideal square-planar geometry as measured

these complexes, the €groups are attached to rings either by the SD4,) shape parameters: 1.63, 0.78, and 0.55,
respectively (Table 1). We note here that, as one moves from

(38) Ross, P. K.; Solomon, E. J. Am. Chem. S0d.99Q 112 5871.

(39) Tuczek, F.; Solomon, E. I. Am. Chem. S0d.994 114, 6916. peroxo to bisoxo complexes, copper(ll) becomes copper(lll),
(40) Cramer, C. J.; Smith, B. A.; Tolman, W. B. Am. Chem. Sod.996 a process favored by electron-rich ligands and which also
(41) ﬁg;ﬁfg’s‘olomon’ E. 1J. Am. Chem. So@001, 123 4938. likely favors the limiting square-planar coordination geom-
(42) Hu, Z. Ph.D. Thesis, Brown University, Providence, RI, 2001. etry.
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Table 2. Metal Coordination-Sphere Parametei@a Experimental Structures Having a General Formula{GD)(L)2], Where L= Tripodal Ligand

Le Cu--Cu O--0 Cu--O Cu- -Nys Cu- -Ngp p y 0 HTa) S(Dyn) ref
Structurela
oxyhemocyanin 3.59 1.41 1.98 2.08 2.42 96.2 9.3 156 2.10 9.53 43
TplPriPr 3.556 1.413 1.913 1.997 2.260 92.6 24.7 180 2.40 7.42 33,34
TACDPr 3.519 1.374 1.893 2.054 2.221 104.8 35.7 172 211 10.52 26
—CHy(6-TPYM) 3.477 1.486 1.908 1.995 2.201 91.6 19.0 163 2.32 7.55 44
—CHy(6-TPYE) 3.520 1.488 1.919 1.984 2.188 91.5 18.0 168 2.47 7.52 45
TpCFaCHy
A 3.366 1.728 1.892 2.005 2.420 96.6 18.4 180 2.62 4.38 20
B 3.366 1.496 1.890 2.004 2.420 96.6 18.7 151 3.44 8.07
Structurelb
TACNBZz 2.796 2.287 1.806 1.986 2.297 88.9 16.9 180 3.15 0.76 13,14
ETPY 2.866 2.287 1.833 1.991 2.412,2.592 99.2 116,111 180 3.23,3.77 1.02 46
TPYA 2.759 2.323 1.803 1.940 2.478, 2.545 87.0 15.7,13.1 180 4.44, 4.65 0.53 47
—CHy(TACNIPY 2.782 2.352 1.827 1.991 2.310 88.0 12.0 168 3.21 0.98 48

aFor the definition of angles, see Chart?Distances are in A and angles in déd\bbreviations: ETPY= 1,1,1-(2-pyridylmethyl)bis[(6-methyI-2-
pyridyl)ethyllamine; TACD = 1,4,7-triazacyclodecane; TACN 1,4,7-triazacyclononane; TPYA: 1,1,1-(2-pyridylmethyl)bis[(6-methyl-2-pyridyl)-
methyllamine; TPYE= bis(6-methyl-2-pyridyl)(2-pyridyl)ethane; TPYM: bis(6-methyl-2-pyridyl)(2-pyridyl)methane.

Structural Comparison with Experimental Data. The of the peroxo isomer of [Gu-O)(TpcHCHh),] and a
main structural parameters for compounds havingGzu  hydroxo-bridged complex. In effect, a long @D distance
rings are shown in Table 2. of 1.73 A and the concomitant bending of the,Op core

The first observation, as noted previously, is that there that would be consistent with one of the positions of the
are clear differences between the geometric parameters oflisordered oxygen atoms can be ruled out on energetic
structureslaand1b. The computed structural data reproduce grounds according to the present calculations. Furthermore,
well the experimental trends regarding the interatomic optimization of the analogous complex with a bis(hydroxo)-
distances and the shape parameters, clearly showing thatbridged copper(ll) core reveals a0 distance of 2.32 A.
despite some variability from one compound to another, there Therefore, the previous explanation of the experimental
is a clear-cut distinction between the peroxo-bridged struc- distance as a weighted average of the population of crystal-
ture,1a, and the bisoxo-bridged ongh. The most distinctive  lographic sites with oxo- and hydroxo-bridged species is a
differences appear in the nonbonding contacts:--@ plausible one.
distances of less than 1.73 A fta and larger than 2.12 A
for 1b and Cu--Cu distances larger than 3.48 A and shorter
than 2.97 A, respectively. The metdigand bond distances The present theoretical studies have allowed us to under-
for 1a and 1b isomers are as follows: CtO, larger than stand the structural choice of [gu-O)(TpRR),] compounds
1.89 A and shorter than 1.84 A; €Ny, larger than 2.00 A with different tris(pyrazolyl)borato ligand substitution pat-
and shorter than 2.01 A; GtN,, shorter than 2.42 A and  terns. For the selected Tp ligands, the relative stability of
larger than 2.30 A, respectively. Finally, the peroxo structures the peroxo- and bisoxo-bridged isomers has been evaluated,
present small values of theetrahedralshape parameters and the presence of one or two minima is seen to strongly
(0.76-3.44), whereas folb, it is the square-planarshape  depend on the nature of the substituent at the 3 position of
parameters that have small values (6-333). These data  the pyrazolyl rings but not on the presence of substituents
illustrate that the peroxebisoxo isomerization is accompa-  at the 5 position.
nied by a change in the coordination spheres of the copper The energy profiles of compounds with several substitution
ions from a distorted tetrahedral to a nearly square-planarpatterns clearly indicate that upon fluorination of position 3
(4 + 1) geometry. All compounds are planar with ar@ of the pyrazolyl rings (either directly or by attaching a
hinge angled of about 180, except for two experimental  fluoroalkyl group) it becomes harder to split the-O bond.
structures that have tethers joining the terminal copper |n other words, fluorination renders the bonded peroxo closer
ligands. to free dioxygen. This conclusion is consistent with the

The present results support the previous structural assignposition of the G-O stretching in the resonance Raman
ment of X-ray data as resulting from the cocrystallization spectra, which is shifted from 741 cfin the [Cu(u-O)x-

(Tp'PriPY,] derivative®* to 765 cntin its related fluorinated
(43) Magnus, K. A.; Hazes, B.; Ton-That, H.; Bonaventura, C.; Bonaven- | C O),(TpCFCH), ] 19
tura, J.; Hol, W. G. JProteins: Struct., Funct., Genet994 19, 302. complex [Cu(u-O)y(Tp“F=rs),].

Conclusions

(44) Kodera, |'2A Katayama,hK.; Tachi, Y.; Kano, K.; Hirota, S.; Fujinami, These observations can be rationalized by considering the
S.; Suzuki, M.J. Am. Chem. S0d.999 121, 11006. ; - : -

(45) Kodera, M.; Kajita, Y.; Tachi, Y.; Katayama, K.; Kano, K.; Hirota, repulswe (R_ F’_CI’ Br, _I’ and CE) or attractive (R_ CHs,
S.; Fujinami, S.; Suzuki, MAngew. Chem., Int. EQ2004 43, 334. NH;, and OH) interactions between 3-R groups and the

(46) Mizuno, M.; Hayashi, H.; Fujinami, S.; Furutachi, H.; Nagatomo, S.; idai i i H
Otake, S.; Uozumi, K.; Suzuki, M.; Kitagawa, Thorg. Chem2003 k?rldglng oxygen gtoms. .These. |_nteract|ons, alo.ng with the
42, 8543, ligand electron-withdrawing ability, are responsible for the

(47) Hayashi, H-t;) Fujinami, S.; Nagatomo, gh Ogo,ssé gouzukzi, Ng;gehara, enhanced stability of a copper(ll) peroxo-bridged isomer
48) Qaﬁiﬁ?ﬂ? g.Yqoﬁ'gzgvag'ﬁmkad;ﬁ?' S0 zub%ﬂjén,z ey relative to copper(lll) bisoxo complexes in the 3-substituted
Tolman, W. B.Angew. Chem., Int. Ed. Endl997, 36, 130. Tp ligand series.
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Finally, our calculations never exclude peroxo structures innermost shell$§2 and 6-31G for light elements of the
but reveal that bisoxo structures cannot form in certain casestris(pyrazolyl)borato ligands (C, N, B, H, and ®)which
for steric reasons. Thus, at least for this class of complexes,has been substituted by 6-31G* for the oxygen and nitrogen
models for non-heme dinuclear copper enzymes, peroxo-atoms directly attached to the metaf® The evaluation of

copper(ll) units, may be present in equilibrium with poten-
tially bisoxocopper(lll) ones but only if the ligands are
electron-rich.
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Appendix

Computational Details. DFT unrestricted calculations
were performed with th&aussian 98uite of program4?
The hybrid functional known as B3LYP was applfd: The
basis set used in the calculations is LANL2DZ for copper
and heavy halogen atoms (douldleralence and outermost
core orbitals with effective core pseudopotentials for the
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measures have been carried out usingShapeprograms®
in which Cu(Ny9)2(Nag)(O2 centroid) and Cu(b)2(O). cores
have been considered as coordination polyhedra. For more
information on shape measures of tetracoordinate transition
metals, the reader is referred to a recent reviedv.search

for intermolecular &-F contacts was conducted on all
Cu—0 fragments not having hydrogen atoms, to exclude
hydrogen bonding. The usual constraints on the quality of
the structural data were applied: only structures witkx R
10%, no disorder, and no errors were considered.
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