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The ground-state electronic and magnetic properties of one of the possible structures of the trinuclear Cu" site in
the native intermediate (NI) of the multicopper oxidases, the wus-0xo-bridged structure, are evaluated using the
Cs-symmetric Cug" complex, u30. 130 is unique in that no ligand, other than the oxo, contributes to the exchange
coupling. However, 130 has a ferromagnetic ground state, inconsistent with that of NI. Therefore, two perturbations
have been considered: protonation of the us-oxo ligand and relaxation of the us-oxo ligand into the Cus plane.
Notably, when the oxo ligand is sufficiently close to the Cus plane (<0.3 A), the ground state of .30 becomes
antiferromagnetic and can be correlated to that of NI. In addition, the ferromagnetic A ground state of 130 is
found from variable-temperature EPR to undergo a zero-field splitting (ZFS) of 2D = —5.0 cm™?, which derives
from the second-order anisotropic exchange. This allows evaluation of the o-to-7r excited-state exchange pathways
and provides experimental evidence that the orbitally degenerate 2E ground state of the antiferromagnetic x50
would also undergo a ZFS by the first-order antisymmetric exchange that has the same physical origin as the
anisotropic exchange. The important contribution of the us-oxo bridge to the ground-to-ground and ground-to-
excited-state superexchange pathways that are responsible for the isotropic, antisymmetric, and anisotropic exchanges
are discussed.

Introduction Chart 1. Proposed Structures of the Native Intermediate

) . ] ) (a) Tris-OH Bridged (b) p,-Oxo Bridged
Trimeric copper complexes with trigonal symmetry have

attracted significant interest as these complexes resemble the \ / \C“/
active sites of the multicopper oxidases (MCOs), which HO/ \OH |
include laccase, ascorbate oxidase, and ceruloplasitie. |

fully reduced forms of these enzymes react witht@form W o \Cu/

'~ /
the native intermediate (NI) that has a fully oxidized // \\ // \\
antiferromagnetically coupled trinuclear Celuster in which
all Cu centers are bridged by the product of fulb O doublet state exists-150 cnm! above the ground doublet
reductior? It has been suggested that the bridged structure state as determined from EPR power saturation and variable-
results in new signals in the electron paramagnetic resonancdéeMperature (VT) magnetic circular dichroism (MCD) spec-
(EPR) spectrum witlg values of 2.15, 1.86, and 1.65, the troscopies. ) o
latter two being< 2.02 In addition, a low-lying excited Two limiting structures for the trinuclear Csite in NI
' are consistent with its reactivity and spectral featdeEhe

* Author to whom correspondence should be addressed. E-mail: ﬂrs,t structure has thr%'OH Ilgands’ each bridging a _@u

edward.solomon@stanford.edu. pair where two OH ligands derive from @and the third

(1) (@) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S-K.; Palmer, A. E. from an ambient KD (Chart 1a); the second structure has a
Angew. Chem., Int. EQR001, 40, 4570-4590. (b) Solomon, E. I; kO ( )’

Sundaram, U. M.: Machonkin, T. EChem. Re. 1996 96, 2563 single uz-oxo ligand bridging all three Cucenters of the

2605. (c) Solomon, E. I.; Baldwin, M. J.; Lowery, M. @hem. Re. cluster with the second O atom from, @duction, either
@ iggezgfk‘_r’.zéggii} G. S.. Antholine, W. E.. Hedman, B.; Hodgson remaining bound or dissociated from the trinuclear site (Chart

K. O.; Solomon, E. 1J. Am. Chem. SoQ002 124, 6180-6193. 1b). Recently, we have reported the ground-state properties
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Top View Side View

Figure 1. u30/uzOH models used in the DFT calculations (H atoms not
shown) with the molecularx(y, andz) and the local coordinate axes,(

y', andZ?) indicated. The ethylene links in the bowl-shaped macrocyclic
ligand were truncated with H atoms for simplification. Refer to Scheme S1

(Supporting Information) for the full structure of the N ligand.

of the first structure using B3 symmetric model complex,

TrisOH23#In TrisOH, all CU' pairs are antiferromagnetically
coupled, yielding &E ground state with a zero-field splitting
(ZFS) of 65 cmt. Moreover, a strongly anisotropic EPR
signal, which shifts in resonance field withx values from

2.32 to ~1.2, was observed in the single-crystal EPR

spectrunt These characteristic features of feground state

of TrisOH arise from the combined effect of symmetry

lowering, which reflects a magnetic Jahmeller distortion,
and antisymmetric exchan§evhich results from first-order

spin—orbit coupling (SOC) to an excited state and excited-

enough (closest being 9.67 A) to avoid significant intermo-
lecular interactions. Moreovel;;O exists in a protonated
form, usOH, that has been also determined to Gg
symmetric. Thus, the bonding interactions betweenuhe
oxo ligand and the Cucenters can be greatly simplified,
and the protonated;OH form can be used as a perturbation
of the u30O structure. HowevepysO has a ferromagneti&
ground stateJ= +54.5 cnmY),” inconsistent with the ground
state of NI. A possible reason for this difference is that the
oxo ligand lies~0.5 A above the Gyplane inuz0. However,

as the trinuclear Cusite in NI has a more flexible ligand
environment, the oxo ligand is expected to be less protruded
above the Cgplane than iniz:O, which has a relatively rigid,
bowl-shaped macrocyclic ligarifl.

This study focuses on the ground-state electronic and
magnetic properties of thesO structure. First, the CtO
bonding interactions in the ferromagnetigO and its
protonated formysOH, are evaluated using the combination
of EPR spectroscopy and DFT calculations. Then, a set of
DFT calculations evaluating the effect of the position of the
oxo ligand relative to the Guplane is presented, which
allows correlation to the anitiferromagnetic ground state of
NI. In addition, the orbitally nondegeneré ground state
of u30 can zero-field split intdls = +%/, and+?%, doublets
via SOC that derives from second-order anisotropic exchange
(see below). As the anisotropic exchange shares the same
physical origin as the antisymmetric exchange, the evaluation
of the contributions of thei-oxo bridging ligand to both

to-ground-state superexchange interactions. In particular, thethe ground-to-ground and ground-to-excited-state superex-

low ger Values< 2.0 are due to the antisymmetric exchange,

which allows field-induced mixing between the two ZFS
doublets of the’E ground state when the moleculaaxis

(normal to the Cu plane) is oriented perpendicular to the
magnetic field® We have shown that the structure of TrisOH

is well-suited for antisymmetric exchange as it provides

efficient local dz—-to-dy, SOC as well as the pathways for

ground-to-excited-state superexchange interactions between

the dz—,2 ground state of one Cu center with thg elxcited
state of another Cu center through the-@H ¢ bonds®

change interactions would provide insight into the ground-
state properties of both the ferromagnetically and antiferro-
magnetically couplegis-oxo-bridged trimeric Cli systems
and allow extension to the ground-state properties of NI.

Experimental Section

Detailed descriptions of the syntheses, crystal structures, and
magnetic susceptibilities q@izO and its protonated formyzOH,

are as reported.

EPR spectra were obtained using a Bruker EMX spectrometer.

The ground-state properties of the second possible structurg-q, X-/Q-band experiments, Bruker ER 041XG/ER 051QR micro-

of NI can be best studied using th&-symmetric Cy'
complex (130, Figure 1) synthesized by Suh et’alzO is
the onlyuz-oxo-bridged Cul' complex without other effective
bridging ligands, such as pyrazolafebat may significantly
affect the exchange coupliigThe distances between the

CU' centers of the two neighboring trimer units is large

(3) Yoon, J.; Mirica, L. M.; Stack, T. D. P.; Solomon, EJl.Am. Chem.
Soc 2004 126, 12586-12595.

(4) Mirica, L. M.; Stack, T. D. PInorg. Chem 2005 44, 2131-2133.

(5) (a) Moriya, T.Phys. Re. 1960 120, 91-98. (b) Moriya, T. In
MagnetismRado, G. T., Suhl, H., Eds.; Academic Press: New York,
1963; Vol. 1, pp 85125. (c) Dzyaloshinsky, . Phys. Chem. Solids
1958 4, 241-255. (d) Gatteschi, D.; Bencini, A. Magneto-Structural
Correlations in Exchange Coupled Systeillett, R. D., Gatteschi,

D., Kahn, O., Eds.; D. Reidel: Dordrecht, The Netherlands, 1985; pp

241-268. (e) Bencini, A.; Gatteschi, DElectron Paramagnetic
Resonance of Exchange Coupled Syste3psinger-Verlag: Berlin,
1990.

(6) Tsukerblat, B. S.; Belinskii, M. I.; Fainzil’berg, V. Baw. Sci. Re.,
Sect. B1987, 9, 337-481.

(7) Suh, M. P.; Han, M. Y.; Lee, J. H.; Min, K. S.; Hyeon, C. Am.
Chem. Soc1998 120, 3819-3820.

wave bridges and ER 4102ST/ER 5106QT cavities were used.
Temperatures from 3.65 to 120 K were maintained using an Oxford
ITC503 temperature controller with an ESR 900 continuous flow

cryostat for X-band and a CF935 dynamic continuous flow cryostat

(8) (a) Angaridis, P. A.; Baran, P.; BacR.; Cervantes-Lee, F.; Haase,
W.; Mezei, G.; Raptis, R. G.; Werner Rorg. Chem2002 41, 2219~
2228. (b) Butcher, R. J.; O’Conner, C. J.; Sinnjitorg. Chem 1981
20, 537-545.
In the Cy complexes of ref 8, the additional=xN bridging ligands
from the pyrazolates are in the same plane as the magnetic orbitals
(Cu de-y). Also, the conjugater bonds of the N=N would be
relatively close in energy to the metal d orbitals. These conditions
would promote effective electron delocalization and spin polarization,
and thus, the exchange coupling in these €amplexes would be
considerably affected by the=AN bonds. On the other hand, the
N—CH,—N bridging ligands in thezO0/us0H model complexes are
not in the same plane as the magnetic orbitals (@wdd the saturated
methylene bridges{CH,—) have very stable occupied orbitals with
larger energy gaps to the metal d orbitals. Therefore, contribution of
the N—CH,—N bridging ligands to the exchange couplingO/us-
OH would be very limited.
(10) The full structure of the macrocyclic ligand is given in the Supporting
Information (Scheme S1).

©
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for Q-band experiments (transfer line GFS650 from Oxford
Instruments). The powder samples were prepared anaerobically by (a)
finely grinding the single crystals qi;O andu3OH under a N
atmosphere in a glovebox. EPR spectra were baseline subtracted
and simulated using XSophe (Beer)!

Spin-unrestricted DFT calculations were performed using Gauss-
ian 982 and Amsterdam Density Functional (ADFprograms, and
the results were analyzed using AOMiXAIl geometry optimiza-
tions were performed at uB3LYP/Lanl2dz levelFor bothuzO
and u30H, all the ethylene groups linking N atoms in the
macrocyclic ligand were truncated with H atoms (Figure 1) and
geometry optimized i€z symmetry with[®[~ 3.75. The resulting P —————

: . . . h 1000 2000 3000 4000 5000 6000

geometries were then used for single-point calculations with a Field (G)
triple-¢ Slater-type orbital basis set (ADF basis set TZP) with a
single polarization function at the local density approximation of
Vosko, Wilk, and Nusa#® with nonlocal gradient corrections of
Becke and Perdew.

Simulation

X-band expt. (8K)

(b)

Results

Electron Paramagnetic Resonance. (g¥:0. The EPR Simulation

spectra of the powdersO sample taken at the X-band (9.390
GHz = 0.313 cm?, 8 K) and the Q-band (33.81 GHz
1.13 cn1?, 10 K) are presented with their simulated spectra
in Figure 2. The EPR signals in X-band are observed only
below 120 K, and their intensities reach their maxima near T i

8 K. No change in the spectral shape is observed over the 4000 8000 12000 16000

temperature range of 3.7320 K (Figure S1, Supporting Field (G)

Information). Two transitions ate of 3.64 and 2.06 in Figure 2. EPR spectra of powdgrO complex and their simulations using
X-band and 3.77 and 2.06 in Q-band are observed with no g; ;rﬁét;y%-ozi%;) 26-28422026)*;5(1%;;”21@‘:{2 sTra?ﬁ ggfa"n‘ggt:rs
discernible hyperfine feature. These transitions correspond,  andee = 0.06 and 0.07, respectively. (a) X-band spectrum taken at 0.3
to the ‘g = 4” and “g = 2" resonances of an axial zero- mw, 8.0 K, and 9.390 GHz and (b) Q-band EPR spectrum at 0.097 mW,
field split quartet G = 3,) system demonstrating a 10.0K and 33.81 GHz.

ferromagnetic ground state, consistent with magnetic sUS-scheme 1. Ground-State Energy Diagram a0

Q-band expt. (10K)

ceptibility datd (the energy level is shown in Scheme 1). If 2 — .-
the two Kramers doublets originating from the ZFS of the 1
A ground state are well-separated in energy, such that the 3J Hllz Hlz
intermixing of these states can be ignored, thengthe- 4 />0 M, =i% 2 -4
resonance is equal to twice the trgg, of the molecule, ap _v .} 1’{ Zer
which, in turn, corresponds to the vector-couptgdalues ey~ 5.0cm

M, =i§

(11) Hanson, G. R.; Gates, K. E.; Noble, C. J.; Griffin, M.; Mitchell, A,;
12) Eﬁ’s‘zg”i\ﬂsi','Q?L%‘I(S"gh\fvmzsogﬁeﬁl93359_1&“56“6‘ G E. Ropp Of the individual Cu sites in the triméf However, with the

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Qe Of 3.64/3.77 (X-/Q-band), the moleculgg, would be

itffgmingan-KE-?’\lBugétlr”;_-nJ-h(;-?gaggfrigésc-)? Mgm.lsq- g"-;g;gisésy 1.82/1.89, which is too low for the individual Cu centers in

. D.; Kudin, K. N; in, M. C; , 0, i, J.; , P

V. Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; 430- Thereforg, theerr values indicate that the ZFS C?f th?
Clifforkd, S.; Ochterlskk 3, Peterssgn,kG. A.; Ayala, hP. Y.;hCui, Q.. ground state is small enough that the doublets mix with
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; ; s
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, applied magnetic field.
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, To evaluate the moleculay values and the ZFS of the
R.; Martin, R. L.; Fox, D. J., Keith, T.; Al-Laham, M. A.; Peng, C. — ground state, simulations were performed simultaneously on
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; 9 ! P . . y
Johnson, B. G.: Chen, W.; Wong, M. W.: Andres, J. L.; Head-Gordon, theé X- and Q-band EPR spectra using the spin-Hamilto-
M.; Replogle, E. S.; Pople, J. AGaussian 98 revision A.11.3; nian:
Gaussian, Inc.: Pittsburgh, PA, 1998.

(13) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51. o _ P R &
(b) Te Velde, G.. Baerends, E... Comput. Phys1992 99, 84-98. Hgpin= BHGS+ DS (1)

(14) (a) Gorelsky, S. IAOMix program revision 6.04; http://www.sg-

chem.net/. (b) Gorelsky, S. I.; Lever, A. B. P.Organomet. Chem i i ic fieldg i
2001 635 187-196. wheref is the Bohr magnetort{ is the magnetic fieldg is

(15) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. the g tensor in whichgx = g,y = g-andg; =0 ( = ), S
(16) }/20181(0 S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~ is the electron spin operator, aBdis theD tensor in which

— = _1 - _ =0 =i
(17) (2) Becke, A. DJ. Chem. Phys1986 84, 4524-4529. (b) Perdew, ~ Dxx= Dyy= —"/2Dz(= —D/3) andD; = 0 (i = j). The best
J. P.Phys. Re. B: Condens. Matter Mater. Phy&986 33, 8822-
8824. (18) Pilbrow, J. RJ. Magn. Reson1978 31, 479-490.
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Figure 3. Boltzmann fit to the Curie law for the temperature dependence
of theusO powder EPR intensities arising from the transitions betwéden

= +1/, levels. The dotted line is a least-squares fit to the data, with ZFS of
2D = —5.0 &+ 0.2 cntL. (Inset) Similar plot of theusOH powder EPR
intensities and fit curve with the ZFS of2= —1.6 + 0.4 cnT.

Simulation

(10K)

simulated spectra were obtained wih= g, = 2.021 & Q-band expt.
0.010) andy, = 2.064 @& 0.005), with line width parameters

W, = (650, 650, and 280 G) and the ZRES-E strain = 40'0‘0' 000 ‘1'2660‘ : ‘16600

parametersp andoe of 0.06 and 0.07, respectively (Figure Field (G)
2). TheD \_/al,ue C_OUId nOt, be ql,'lantltatlvely Otitamed’ but Figure 4. EPR spectra of powdersOH complex and their simulations
the lower limit of its magnitude i$D| > 2.0 cmt. usinggx = g, = 2.067,g, = 2.224,D = —1.02 cnt%, E/D = 0, line width

The magnitude and the sign of tBevalue were obtained  parametersiy, .= (580, 580, 330 G), and the ZF5-E strain parameters
from the temperature-dependent behavior of the EPR int_e_nsi-‘r’n"vf;"”g_‘e’flz g'n%s;‘_ggé"gazreasr%e(cg')"gybg)dxég?q"g ;ggrc:r‘;n;tt%‘_(ggﬁn%
ties. Figure 3 gives a plot of the normalized EPR intensities 10.0 K, and 33.95 GHz.

(at several fields in X-band) againstTlin nonsaturating
conditions. Assuming the ZFS is sufficiently large so that magnitude |[Dggl = 0.27 + 0.01 cm?) as obtained from a
no transition is made between the two zero-field-split Kramer point dipole model in whicHDgyq| &~ 0.65Qy%/r3.1°

doublets of the!A ground state and that the plotted EPR  The calculated moleculayvalues from these simulations

intensities are purely from the transition between Nhe= can be directly correlated to the loagvalues of each Cu
+!/, components, a Boltzmann fit to the Curie law depen- center: ¢, g,) ~ (9« 9z) andg, ~ gy, where the primed
dence was performed using eq 2: axes K, Yy, andz) refer to the local coordinates of the Cu
sites and the nonprimed axes ¥, andz) refer to theusO
EPR Intensity= Q’ exp(= 2D/KT) @ molecular coordinates withas the direction perpendicular
T{1+ exp( 2D/KT) to the Cy plane (Figure 1). Thg, ~ gy = 2.064 is small
compared to the typicad; value of a trigonal pyramidal
whereC is Curie constant] is the temperature in KD is mononuclear Cu complex of 2.22° This is consistent with
the axial ZFS parameter, akds Boltzmann’s constant. The  the large covalency of the Gtoxo bonds. A significant
best fit givesD = —2.5+ 0.1 cn™, orbital reduction would result in the low observgdalue,

The energy levels are linearly dependent on field when a5 compared to those of Cu complexes with relatively weak
the moleculaz axis is aligned with the field but not linearly  cy-to-ligand bonding interactions.

dependent when the field is perpendicular to the molecular (b) #sOH. The EPR spectra of the powdesOH sample
_zaxis (Figure S2, Supporting Inform.ation). The nonlinearity iaken at the X-band (9.390 GHz, 8 K) and at the Q-band
in the latter case results from the interaction of t.he UPPEr (33 95 GHz, 10 K) are presented with their simulated spectra
and lower doublets of the_ ZF3 ground state, and this gives Figure 4. The EPR signals in the X-band are observed
Gert values Iels_s than 4 (Figure 2). However, the ZFS2D) only below 120 K, and their intensities increase as the
of —5.0 cm* is large enough so that no transition between emperature is lowered. No change in the spectral shape was
the two ZFS doublets occurs with the X- or Q-band energy. 5pserved over the temperature range of 3.680 K (Figure

This large ZFS originates from the anisotropic exchange (also

called pseudo-dipolar exchange) involving the ground-to- (19) (a) Chasteen, N. D.; Belford, R. lnorg. Chem 197Q 9, 169175,

excited superexchange interaction between an electron in the %805- I(Db)ltChikTira, Mi§ ggnéle-&; ;gvley, R. A.; Smith, K. M. Chem.
. 0ocC., balton lrans. .
ground (@) and the excited (d) states (see below). The ;4 Vathaway. B. J.; Billing, D. ECoord. Chem. Re 197Q 5, 143

spin—spin dipolar contribution to ZFS is much smaller in 207.

Inorganic Chemistry, Vol. 44, No. 22, 2005 8079
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S3, Supporting Information). In the X-band spectrum, Table 1. Structural Parameters of the DFT OptimizegD andusOH

features are observed at; of 3.70 and 2.22, with no ~ Models
discernible hyperfine structure. As with;O, these cor- u30 usOH
respond to thed = 4” and “g = 2" resonances of an axial expP calcd expt caled
ZFS quartet system with a ferromagnetic ground state, ricu—cu) 3.105/3.125 330  3.262/3.250 353
consistent with magnetic susceptibility date the Q-band R(Cu—0) 1.869/1.883 197  1.966/1.951 2.10
i R(Cu—Nay)® 2.040/2.044 217 2.002/2.014 211
spectrum, more than two ,r’esona:nces ?re observed (FlgureR(Cu_,\lB)c 2 941/2.972 291  2201/2.206 521
4b) Here, while the g = 4" and g= 2" resonances are R(Cu—Ngy)° 2.138/2.167 2.25 2.105/2.086 224
still observed ager values of 3.75 and 2.22, additional signals ~ R(Cu—Ns»)° 2.125/2.099 222 2115/2.141 224

are present al 4360 G ~ 5.57) and bevween 8000 and [0 R0 AT | 0 gty oo
Simulat.ions were performed simultaneously on the X- and a uB3LYP/LanL2_Dz (Gaussian 98) results are _presented, in which each
. . . . structure resulted il©3 symmetry. Distances are in A, and angles are in
Q-band spectra using the spin Hamiltonian of eq 1. The bestgegrees? Two independent molecules are found in a unit &€liSee Figure
simulated spectra were obtained wih= gy = 2.067 (& 1 for atomic labels.
0.010) andg, = 2.224 & 0.005), with the line width
parameter§\y, .= (580, 580, and 330 G) and the ZES-E to the local coordinates of thtéh Cu site, and the nonprimed
strain parametersp and o of 0.05 and 0.03, respectively axes k, y, and2) refer to the molecular trimer coordinates
(Figure 4). Here, the magnitude of tBevalue of 1.02 cm?* wherezis the direction perpendicular to the {plane. These
obtained as the new signal@y ~ 5.57 is very sensitive to ~ models were fully optimized in the high-spin quartet state
this value. The sign of th® value could be obtained from ((¥0~ 3.75) at the uB3LYP/LanL2Dz level (in Gaussian
the plot of the normalized X-band EPR intensities against 98), both resulting inC; symmetric structures, with the
/T, which is presented in the inset of Figure 3. Using eq 2, structural parameters given in Table 1 (molecular coordinates
the best fit givedD = —0.8 4+ 0.2 cnl. are given in Tables S1 and S2 of the Supporting Information).
As with 50, the energy levels are linearly dependent on Overall, these optimized structures are in good agreement
the field where the molecularaxis is aligned with the field ~ Wwith the crystal structures. The geometry of each Cu site in
but are not linearly dependent when the field is perpendicular both models is best described as a distorted trigonal bipy-
to the moleculaz axis (Figure S4, Supporting Information).  ramidal structure which yields azdground state. The
Again, the nonlinearity of the latter case resultgipvalues ~ calculated CtrO and Cu-Cu distances are slightly larger
less than 4 (Figure 4). However, the ZFS is smaller than than those of the experiment, likely because of the relaxed
that of 430 and is comparable to the Q-band energy. As a ligand structure from the truncation of the ethylene links in
result, transitions between the doublets are observed. Inthe original ligand system. The €O distance in thesOH
particular, theAM = +2 transition that is observed g of model is 0.13 A longer than that of thgO model (2.10 vs
5.57 (Figure 4b) becomes allowed. The small ZFS, as 1.97 A), which reflects the weakening of the €0 bond
compared to that ofisO, reflects a decreased anisotropic as a result of the protonation at the oxo ligand.
exchange, indicating that the ground-to-excited exchange These optimized geometries were further employed for the
interactions have become smaller (see below). The-spin spin-unrestricted BP86 calculations (in ADF) using the
spin dipolar contribution to ZFS ipzsOH (|Dgg| = 0.26 + triple-¢ Slater-type orbital basis set (ADF basis set TZP).
0.02 cn1?) is, again, much smaller in magnitude than the Single-point calculations were performed in both the quartet
observed ZFS of-2.04 cntl. and the broken-symmetris = /,, (B[~ 1.75) states. The
The moleculary, value of 2.224 that corresponds to the broken-symmetry method uses thts = ¥/, configurations
g, of the local Cu site is similar to the typicgh value of ~ of the trimer (auozfs>, |[uf0e>, |B10003>, [0fafs>,
a trigonal pyramidal mononuclear Cu complex. This dem- |10283>, or |315205>, where 13 refer to metal centers
onstrates that the GtOH bonds inusOH are much less anda andp refer to up and down spins, respectively) to
covalent compared to the €® bonds inusO. This provide a better estimate of the multideterminant doublet state
difference in Cu-O bond covalency is also reflected in the (Sot = Y2, (¥~ 0.75) energy than can be obtained from a
superexchange interactions in these complexes as the magfull-symmetry calculation using the single-determinant DFT
nitudes of the coupling constants (e.g., isotropic exchangeapproaclt! The relative energies of the quartet, the broken-

constant); +54.5 cntt for uz0 and+18.9 cnt? for uz0H)’ symmetry, and the doublet states are described in Scheme
depend on the exchange integrals, which are largely related2. Accordingly, the total energy difference of the two single-
to orbital overlap. determinant quartet and the broken-symmetry states can be
) used to estimate the isotropic exchange consthiit
Analysis Y5(Egs — Ens), whereEgs and Eys refer to the total energy
Spin-unrestricted DFT calculations were performedigh ~ Of broken-symmetry and quartet states, respectively] and, in

and its protonated formu;OH, where all the ethylene groups ~ turn, the quartetdoublet splitting energy|3|. Table 2 gives
linking N atoms in the macrocyclic ligand have been the total energies of thesO andusOH models and the
truncated with H atoms, as shown in Figure 1. Atomic labels 21) (& Nood T on Phys 1981 74 57375743, ()

: . a oodleman, J. em. S 3 — .
and the axis §ystems used .throughout the manuscript ard Noodleman, L.: Case, D. A.: Aiznﬁ‘an‘ A. Am. Chem. Sod 988
described in Figure 1: the primed axeg, (', andz') refer 110, 1001-1005.
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Scheme 2. Energy Splitting in the Ground State ofGy Symmetric p123: a B124: ey p125: ey
. : — 9 VT

Trimer withs; = s, == (BLUMO) (BLUMO+1) (BLUMO+1)

S =32 <§%>=3.75 ] . 1

> |oco>, [BRR>
[3J7] [2J]
Broken Symmetry <S>=1.75
Mg =172 > |aap>, [afa>, |Bac> Figure 6. Contours ofS-spin LUMO (5123) and LUMGt1 (8124 and
|BBa>, |Bap>, |app> 125 degenerate) obtained from DFT calculations on#@ model in the
high-spin stateSq = 3. (Inset) Side view 0f3123.

S =12—¥—— <§%=0.75

a125: ey-a B124: ey+a B125: ey
Table 2. Total Energies and Isotropic Exchange Constadf the (eLUMO) (BLUMO) (BLUMO+1)
130 andusOH Models from DFT (ADF) Calculatiords y %
450 #3OH s Ve

Ensh —9.591 710 35 au —9.077 81061 au

Egs® —9.589 464 95 au —9.077 596 94 au

Jead® +246.4 cnr! +23.4 cnr?

Jexpl +54.5 cntt +18.9 cntt

auBP86/TZV (ADF) results are presentédlhe total energy (LDA+
GGA + XC) of the high-spin &t = 3/,) state.¢ The total energy (LDA+
GGA + XC) of a broken-symmetryMs = /) state.q J = Y/,(Egs — Ens);
refer to Scheme ZConversion factor: 1 ag= 2.194 75x 10° cm™L.
fMagnetic susceptibility resulfs.

Figure 7. Contours ofa- and B-spin LUMOs obtained from DFT
calculations on the:sO model in the broken-symmetiyls = 1/, state.
(Insets) Side views o125 and3124.

states. The energies and % Cu/O compositions of the MOs

$=3/2 Broken Symm M=1/2 are listed in Tables 3 and 4. In addition, the contours of the
B-spin o-spin B-spin unoccupied MOs in the high-spin and the broken-symmetry
e B pizs %, states are presented in Figures 6 and 7, respectively. In the
pemfmens guartet state, the MOs are categorized into four types: (1)
72 2450cm- | wea®2 I15°°°”'1 1% the metal-based acceptor MO with the out-of-plane @ 2p
@ Seveunane pr2ar= _:‘,0 orbital character4123), (2) the metal-based acceptor MOs
pi23: 1 with in-plane O 2p- or 2p-orbital charactersX124/4125)),
17, (3) the donor MO based on the out-of-plane Q 8pbital
1. (8107), and (4) the donor MOs based on the in-plane @ 2p
w24 1% s and 2p orbitals (3104/5105). The MOs associated with the
_— — f"’-o% in-plane O_ R/py orbitals are degenerate with (= e/g)
— 13 symmetry inCs (8104/4105 and 124/4125), whereas
al23r 2 those associated with the out-of-plane @ gbital are
R R o% nondegenerate with symmetry 107 and5123). In the
gl PSR LR AR T P S
jS— e £ : pes @ , oL 5’. L B 237,
OPXy Bl04=/B105y m—— T 0 and 1242 are the result of the and e, orbital mixing,
E whereas those @f124 and$125 are mainlye,. Theal252

Figure 5. Energy level diagram obtained from DFT calculations on the of the broken-symmetry state (Figuread,UMO) is mainly

u30 model, where the dotted horizontal lines indicate unoccupied-spin  |gcalized on one metal and is useful in describing the ligand

orbitals. Only the MOs relevant to GO bonds are presented. The . . . . d Gite i

superscriptsx, y, andz) on the orbital numbers refer toghO p orbital field aroun_d each Cu_3|te- Eac_h flve—cpordlne}te _@III;E 'S.

involved in the indicated MO. best described by a distorted trigonal bipyramidal ligand field
with the relative d-orbital energy order of&> dy, > de_2

corresponding values. TheJ's obtained indicate ferromag- > d,, > d,, (Table 5). The two unoccupiel MOs of the

netic quartet ground states for both structures, with the value broken-symmetry stat@1242 and$125 (Figure 7,ALUMO

for 430 being considerably higher, in agreement with the and SLUMO+1), reflect the trimeric interactions in the

experimental results from EPR (above) and magnetic sus-proken-symmetry states (and, thus, the doublet stateQ)f

ceptibility.” and are split in energy by 1500 cfn(Figure 5, right). The
The features of the molecular orbital (MO) energy level Cu—O bonds in both of these MOs are involved in strong
diagram relevant to the CtO bonding interactions ips0O o interactions, as reflected by the large amount of O p-orbital

are presented in Figure 5 for both the quartet and the broken-character in these MOs.

symmetry states. The MOs are labeled with superscnpts ( The ligand-to-metal bonding interactions of the high-spin
y, andz, indicating the associadeO p orbital) to facilitate state, as described in Figure 6 and Table 3, can be used to
the correlation between the quartet and the broken-symmetrydescribe the superexchange interactions presentOnThe
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Table 3. Energies and % Cu/O Compositions @O andusOH in the High-Spin §ot = 3>) State

symm. rel. E
description B-MO # inCs E (eV) (cm~hab Cu dz Cupdz Cuzdz 0 2s O 2p O 2p O 2p,
u30 Acceptors
ALUMO+1 pL25¢ e —16.06 2450 23.2 2% 27.6 0.0 19.7 0.1 0.0
ALUMO+1 plL24 e —16.06 2450 12% 32.9 8.2 0.0 0.1 19.7 0.0
ALUMO pL12F a —16.37 0 16.1 16.1 16.1 0.4 0.0 0.0 21.7
u30 Donors
op, pLO7 a —19.52 —25500 14.5 14.5 14.5 0.1 0.0 0.0 18.2
Op, £105¢ e —19.92 —28 600 7.4 102 5.9 0.0 29.3 0.1 0.0
Opy £104 e —19.92 —28 600 8.3 55 9.7 0.0 0.1 29.3 0.0
u30H Acceptors
ALUMO+1 p125 e —20.21 2100 24.8 1% 26.7 0.0 10.6 0.0 0.0
ALUMO+1 pL24 e —20.21 2100 10% 33.9 8.6 0.0 0.0 10.6 0.0
ALUMO pL2F a —20.47 0 18.4 18.4 18.4 1.1 0.0 0.0 1.0
u30OH Donors
Opy Jeickd e —25.36 —39 500 0.9 8.5 7.9 0.0 7.2 25.1 0.0
Opy L9 e —25.36 —39 500 10.6 34 3.6 0.0 25.1 7.2 0.0
Oop, Jitioz a —27.35 —55 600 11 11 11 3.9 0.0 0.0 31.9

aRelative energies whefrLUMO (orbital #123) is set equal to zerdConversion factor: 1 e\= 8065.54 cm?. ¢ dy, characterd Comprises both 2

and ¢ characters.

Table 4. Energies and % Cu/O CompositionsfO in the Broken-SymmetryMs = /) State

description MO # E (eV) Cu Cuw, Cus 0O2s O2p O 2p 0 2p,
a-Spin Acceptors
aLUMO al252 -16.27 2.4 48.1 2.3 0.1 37 11.0 3.9
aHOMO o124 —-16.94 17.2 8.0 17.4 0.0 16.0 5.6 0.0
aHOMO-1 al23tz -17.11 13.9 7.3 13.8 0.0 1.1 3.0 26.0
o-Spin Donors
op, al0P2 —-19.83 16.3 14.3 15.7 0.2 0.4 1.0 14.3
Op, al03/+2 —-20.21 12.4 7.3 12.5 0.0 5.6 12.8 10.4
Opx o102 —20.24 6.7 9.2 6.1 0.0 21.6 6.3 0.0
[-Spin Acceptors
BLUMO-+1 125 —16.09 26.1 1.9 25.7 0.0 14.7 4.9 0.0
BLUMO pL24+2 -16.27 23.7 3.0 24.4 0.2 2.4 7.5 9.8
BHOMO pL232 -16.96 9.1 21.1 7.4 0.0 2.7 7.7 19.2
f-Spin Donors
Op, 1062 -19.92 13.6 13.9 14.2 0.0 0.3 2.6 13.6
Opx 105 —19.95 8.0 12.7 6.0 0.0 16.7 5.3 0.1
Op, L1022 —-20.15 8.3 7.8 8.1 0.0 5.3 17.3 3.2
Table 5. d orbital Energies ofi30 anduzOH? enough for the ferromagnetic contribution to dominate over
e} 1450H the antiferromagnetic contribution, leading to a quartet
E (eV) rel.E (cmY) E (eV) rel.E (cmY) ground state (see beloyv). Note also that the symmetries of
o 163 0 503 0 124 andB125 MOs (Figures 6 and 7) suggest that the d
they 176 10500 215 9680 excited-state orbitals should hawetype bonds with the in-
ey —18.0 13700 —-21.9 12900 plane oxo p orbitals. These bonds would provide effective
Ghez -187 19400 —226 18 600 ground-to-excited superexchange interactions that lead to
dyz -19.0 21800 -22.8 20 200

aOrbital energies of thee MOs obtained from the broken-symmetry
calculations using ADF.

Cu sites have dominantly theground state forming either
o or pseudos antibonding MOs with the O 2p orbitals. In
the quartet ground stat&¢; = %, in Figure 5), the degenerate
p124 and 3125 have considerable in-plane O2and 2p

higher-order exchange interactions, in particular, anisotropic
exchange, which yields a ZFS /5.0 cn1tin the“A ground
state ofusO (see below).

The contours of the unoccupig¢hispin acceptor MOs of
the protonatedsOH model in the high-spin quartet state
are presented in Figure 8; their orbital energies and % MO
compositions are listed in Table 3. The energy gap between

character (20% each, Table 3), respectively, reflecting strongthea (= fLUMO) and thee MOs (= SLUMO-1) is similar

oxo o bonds with the metal dorbitals. The nondegenerate
B12F contains the out-of-plane O 2(22%, Table 3) that
forms pseudar bonds with all three metaldorbitals as a
consequence of the oxo being out of the; @lane by~0.5
A. The pseudas bonds in thea MO (= SLUMO) lead to

to that of 430 [2450 cni? (u30) vs 2100 cm? (uz0H)],

and as a consequence, the ground statesOH is also a
ferromagnetic quartet state (Table 2). However, a consider-
able reduction of both ther and pseuder interactions
between Cu-O bonds is found: in th§124/5125 e MOs,

its destabilization. Consequently, the energy gap between thethe in-plane O 2@2p, characters are reduced by half (from

a ande (= fLUMO++1) acceptor MOs is reduced, and the
resulting energy gap of 2450 cih(Figure 5, left) is small

8082 Inorganic Chemistry, Vol. 44, No. 22, 2005

20 to 11% each; Table 3), and in t&é23F a MO, the out-
of-plane O 2pcharacter is essentially eliminated (from 22
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B123: a B124: e, B125: e, Cu/Cu-0 distances or the CuO—Cu bridging angles, as
(BLUMO) (BLUMO+1) (BLUMO+1) these parameters do not significantly change over the
.- 8 -. different R@QO—Cus plane) values.

In particular, the Ct+O—Cu bridging angles, typically
used as a criterion for assessing the magnetic properties of
dimeric CU complexes, appear to play less of a role for
u30, as the angles obtained of 108:6.20.0 (Table 6a)

Eon s

are in the range that would generally favor a large antifer-
Figure 8. Contours off-spin LUMO and LUMOF1 (8124 andB125 romagnetic interaction in dimeric Gwomplexes; the Cu
degenerate) obtained from DFT calculations oni@H model in the high- O—Cu angles o~112 in the 430 crystal structure corre-
spin stateSo: = ¥2. (Inset) Side view 0f3123. spond to a strongly antiferromagnetlof ~—500 cnrl.26

o . This difference between dimers and thgoxo trimers is
to 1%; Table 3). Moreover, the magnitude of the calculated rg|ateq to the fact that the antiferromagnetic contribution in

ferromagneticJ for usOH is considerably reduced as ¢y gimers depends on the bonding interactions between
compared to that gi;O (Table 2). This decrease dis due the Cu d and the in-plane OH p orbitals in the singly

to the reduction of the fgrromagnetic contribution; the occupied MO (SOMO) and SOM@L; the OH p and p

decreased oxo characters in tn@nde MOs represent the  ,hita|s (perpendicular and parallel to the-6Du direction,

reduction of the spin density overlap between the orthogonal respectively) each form two GtO bonds in the SOMO and

magnetic orbitald? Alternatively, the antiferromagnetic SOMO+1. The dependence dfon the Cu-O—Cu angle

contribution remains virtually unaffected since the energy ¢, the ci dimers is, thus, a consequence of the difference

gap between th6LUMO andSLUMO-+1 is similar to that i, the jn-plane ep,~d and d-p,—d overlaps. However, for

of 40, as both of these MOs are shifted in energy by a yhe .0 trimer, the high-spin SOMO and the degenerate

similar amount from decreased €0 interactions due o goMO+1 (BLUMO and BLUMO-1; Figure 6) involve the

protonation. _ _ _ out-of-plane O porbital and the in-plane O,y orbitals,
Note that because of the decrease in the-Ounteractions respectively, and therefore, the two-dimensiona-Cu4-

in u30H (between the Cu.dand the O py.orbitals), the ¢y angle is not sufficient for assessing exchange interactions

energy gap between thez@round state and the rest of the 14:0.

d manifold is reduced relative to that of theD model (Table

5). This is experimentally observed in absorption and MCD

spectra in which the dd transition energies are lower for

u3s0OH .22 The effect of protonation is also reflected in the

large stabilization of the O-based donor MOs, which are

Izo;/v;;(e)d inlorobital elne_rgy byhlofg&gm(om ?_pY) _anorl] at differentR(O—Cu; plane) distances (Table 6c¢). Alterna-
cm? (Op,) relative to the s, resulting in the tively, the energy gapHsumo — EsLumo+1) becomes large

large increase in energy of the associated charge—transfe(Nhen J becomes small. This reciprocal nature bfand
L s .

tran;mons% » _ _ EsLumo+1 — Egumo has been recognized by Hay et?al.

Finally, the effect of the position of the oxolllgand relatlve According to their model) has a linear relationship with
to the Cy plane on the superexchangg interaction Was {ha SOMGO-SOMO+1 energy gap squared, assuming the
evaluated by varying the oxo-to-gplane distancé! Table o omagnetic contribution remains constat.
6 lists the resulting structural parameters, orbital energies The calculated’s and the correspondingEfumoss —
of the JLUMO and SLUMO1 of the high-spin state] ¢ ' 2 a6 plotted in Figure 9b, in which a linear fit is
values, and the % MO compositions of the magnetic orbitals i/ o. '\ wn o ferromaanetic contribution 6835 cnt
obtained from the broken-symmetry calculations. The most and an antiferroma net?c contribution of(E o
conspicuous feature found in these calculations is that theg, v, oc’an leg The denominator in thﬁeLUIg(t)t:r term
J's vary significantly from—100 to+285 cnt! and that the (gS 900 et ~ 10.5 éV) is reasonable, as this energy is the

i?igirf??ggitécfrfgpshztge 'Iz;?avgzgd_véhenlg]r?e(;"?‘;anceenergy of the metal-to-metal charge transfer (MMCT) state,
X0 lig u Lp ' P » | which is related to the Coulomb repulsion energy of the

smaller than 0.3 A, while the ferromagnetic ground state is __. . .
favored wherR(O—Cus plane) is larger than 0.3 A (Figure paired electrons in the MMCT state and has been estimated

9a)?% This variation inJ is not related to either the Gu

In contrast to the effect of protonation described above,
the ferromagnetic contribution, which is largely dependent
on the contribution of orthogonal magnetic orbitals to a single
center (i.e., oxo), is expected to be unaffected, as the oxo
characters in the magnetic orbitals remain relatively invariant

(25) The difference in the calculatedvalues in Table 2{246.4 cm?)
and those in Table 64184.0 cnt!; R(O—Cuw; plane)= 0.504 A]

(22) Kahn, O.; Galy, J.; Journaux, Y.; Jaud, J.; Morgenstern-Badarau, I. originates from the different functionals and basis sets used, not likely

Am. Chem. Sod 982 104, 2165-2176. from the two geometry optimizations, as the two geometries are very
(23) Yoon, J.; Mirica, L. M.; Stack, T. D. P.; Solomon, EJI.Am. Chem. similar.

Soc 2005 in press. (26) (a) Kahn, O.Molecular MagnetismVCH: New York, 1993. (b)
(24) The geometry optimizations [using uB3LYP/LanL2Dz in the high- Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.;

spin (Sot = 3/2) state; Gaussian 98] were performed on:tf@ model Hatfield, W. E.Inorg. Chem 1976 15, 2107-2110. (c) Tandon, S.

at six different oxo-to-Cgiplane distance£s, symmetry was imposed S.; Thompson, L. K.; Manuel, M. E.; Bridson, J. Morg. Chem.

on these optimizations, which showed no significant deviation in 1994 33, 5555-5570.

geometry from theC; symmetry optimized structure [compare Table (27) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod 975

1 andR(O—Cus plane)= 0.504 A in Table 6a]. 97, 4884-4899.
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Table 6. (a) Structural Parameters, (b) Orbital Energies and the Isotropic Exchange Cafstamid (c) Compositions of the Magnetic Orbitals
Localized at a Single Cu Site mO at Different Oxo-to-Cg Plane Distancés

R(O—Cus plane) 0.0 0.1 0.2 0.3 0.504 0.7
(a) Structural Parametérs
R(Cu—Cu) 3.33 3.33 3.33 3.32 3.30 3.27
R(Cu-0) 1.92 1.93 1.93 1.94 1.97 2.01
R(Cu—Nay) 2.14 2.14 2.15 2.16 2.18 2.20
R(Cu—Ng) 2.35 2.39 2.26 2.24 2.21 2.20
R(Cu—Ns1,3 2.23 2.24 2.24 2.24 2.24 2.23
A(Cu—O—Cu) 120.0 197.7 118.9 117.7 113.7 108.6
(b) Energie$
EsLumo+1 (eV) —14.64 —14.55 —14.56 —14.60 —14.72 —14.87
EsLumo (eV) —15.33 —15.33 —15.30 —15.24 —15.15 —15.11
EsLumo+1— EsLumo (cm™2) 5570 6290 5970 5160 3470 1940
J(cm™) —55.2 —100.1 —51.2 +28.8 +184.0 +285.4
(c) Compositions of the Magnetic Orbit&l&6)
Clp (d2)f 62.0 61.9 61.6 61.4 60.9 60.2
O (pz + Pxy) 13.1 13.2 13.8 14.4 15.6 16.9

ayB3LYP/LanL2Dz (Gaussian 98) results are presented. Each structure was optimZzgdymmetry at the high-spin quart&d = °/,) state. Distances
are in A, and angles are in degreB&(O—Cus plane) obtained when it was not fixetiSee Figure 1 for atomic label$LUMO and SLUMO+1 refer to
the unoccupiegb108 andf109/3110 MOs of the high-spin calculations, respectivélgLUMO (a110) of the broken-symmetryMs = 1/2) calculation.
f Compositions of the other two Cu centers in the trimer;(@od Cu) are less than 1%.

overlap between Cugand the out-of-plane oxo,prbitals

400 T T T T
200 | ] <—:—> | increases. Consequently, the antibondfigJMO (the a
Antiferro- 1 Ferro- MO; Figure 6) is destabilized and its energy gap with
200 : . BLUMO+1 (the e MO; Figure 6) is decreased and, thus,
e 100 | I | reduces the antiferromagnetic contribution relative to the
L : (a) ferromagnetic contribution. This results in the experimentally
- 0 determined) of +54.5 cnt? for the 430 complex in which
: the R(O—Cu; plane) is~0.5 A. Conversely, moving the oxo
-100 ! 1 ligand into the Cuplane R(O—Cus plane)< 0.3 A] results
! L ! ! \ \ in an antiferromagnetically coupled system due to loss of
0 o1 o2 03 04 05 06 07 08 the pseudar interactions in the3LUMO that leads to its
R(O-Cu; plane) decreased destabilization and increaggd {10+1 — EsLumo)
400 energy gap.
300 Q. (b) . '
Discussion
200 o, . . , .
w’E‘ 100 e In this study, experimental and computational perturbations
S e on the uzO structure, protonation of the oxo ligand, and
A R variation of the oxo-to-Cy plane distance have been
) oQ performed to evaluate the behavior of tloxo bridging
100 | < 335, - (EstumorBpiumo) 0 ligand in the exchange coupling of the three'@enters in
85900
200 Dttt theusO complex. DFT analysis has shown that the difference
0 110 210 3107 410’ in the magnitude of betweenus;0 and its protonated form,

(EpLumo-+1 - EgLumo ¥ (cm™)

Figure 9. (@) Plot of the isotropic coupling constailis at different oxo-
to-Cu; plane distancesR(O—Cus plane) and (b) the linear correlation
between thesd's and the correspondingEfumo+1 — EsLumo)? energy
gap, as obtained from DFT calculations. Refer to Table 6 for more details.

to be in the range of 510 eV282% Thus, change in the

u30H, arises from the large decrease in the'-€oxo

bonding interactions upon protonation. Consequently, the
ferromagnetic contribution to the exchange coupling is
reduced, which reflects the decrease in the spin density
contributions from the orthogonal magnetic orbitals of the
three metal centers to the bridging ligand. However, the

exchange coupling interaction when the oxo ligand is moved (EsLumo+1 — EgLumo) energy gap, and hence, the antiferro-

into the Cy plane is dominantly dependent on the change
in the antiferromagnetic contribution that is determined by
the energy gap betwegh UMO andLUMO++1. When the
oxo ligand is moved out of the Glane, the pseudo-

(28) (a) Anderson, P. WPhys. Re. 1959 115 2—13. (b) Anderson, P.
W. In MagnetismRado, G. T., Suhl, H., Eds.; Academic Press: New
York, 1963; Vol. 1, pp 2583.

(29) Didziulis, S. V.; Cohen, S. L.; Gewirth, A. A.; Solomon, EJl.Am.
Chem. Soc1988 110, 250-268.
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magnetic contribution, shows little change upon protonation
as both orbitals are stabilized in energy by the reduced@u
bonding interactions. Alternatively, upon moving the oxo
ligand close to the Giplane, the antiferromagnetic contribu-
tion is greatly increased and dominates over the relatively
constant ferromagnetic contribution. This is a consequence
of the reduction of the pseudp-bonding interactions
between the Cudand the out-of-plane oxo, prbitals, which
increases thBLUMO andLUMO+1 energy splitting. With
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the decrease of thezd p, interactions, the ground state of
130 becomes an antiferromagnetie state when the oxo-
to-Cu; plane distance is less than0.3 A. Note that the
trinuclear Cu cluster site in the MCOs is less rigid than the
bowl-shaped macrocyclic ligand of0. Therefore, if the
trinuclear Cu cluster site in the NI of the MCOs haga
oxo-bridged structure, the central oxo ligand would likely
be positioned close to the €plane (from QM/MM geometry
optimization of NI)¥ resulting in a spin-frustrated doublet
ground state, as observed experimentally.

The orbitally degenerattE ground state of an antiferro-
magnetically coupledsO would zero-field split by the first-
order antisymmetric exchang€This exchange can be related
to the large ZFS in the ferromagnetid ground state of
u30 that has been experimentally determined here from VT
EPR. The ZFS of théA state is governed by the anisotropic
exchangeD), which derives from second-order SOC com-
bined with ground-to-excited-state exchange coupiing.

Scheme 3. Ground (@) to Excited (d,) State SOC and
Superexchange Pathways;igO

d;:

dxlzzlz

dz.12 dz-32 dz.12 dz'32

change coupling between the ground state of one center to
the excited state of the other center, and vice versa.

In the us0 structure, the g ground state at each metal
center can SOC with thegexcited state via orbital angular
momentum operatok,’ ~ L, (local y' axis ~ molecularz
axis; Figure 1§2 Further, the ground-to-excited-state super-
exchange betweenzdand d, orbitals of different metal
centers is facilitated via the in-plane oxo p orbitals as

Importantly, the anisotropic exchange shares the samesuperexchange pathways (Scheme 3). The ZFSBdd cnit

physical origin as the antisymmetric exchan@®.(For a

in the %A ground state iniz0, dominated by the anisotropic

pair of metal centers, these exchange terms are expressed axchange contribution (the spispin dipolar contribution

Gy = 2| =5 — (-2 A (—2229)| (3)
ILy19,03 ,|L,lg,C%
Dy, =25 (2% +— 5 (25| @

1 2

where/ is the SOC parameteg> and|e> are the ground
and excited states at thdh metal centerA; is the energy
difference betweetig,> and|e>; L; is the orbital angular
momentum operator that couplég> and |g>; and J&%

0,9,
9182 18102 9162 i c H
Jogy Jeg anngl% are superexchange integrls which

‘]Sigi involves the transfer of one electron in the ground state
of metal 1 to the ground state of metal 2 and the second

being less than-0.3 cnt?), provides experimental evidence,
in magnitude and sign, for the existence of the combined
effects of the local SOC and ground-to-excited-state super-
exchange. Therefore, it is expected that #Eeground state

of the u3O structure would also undergo ZFS by the
antisymmetric exchange interaction. The ground-to-excited

exchange integral§f§§2222 should be larger than the ground-
to-ground exchange integréjiiZi, as the ground-to-excited
antiferromagnetic coupling is further facilitated by tihéond
between ¢ and the in-plane oxo p orbital whieltbonds to

dz on the adjacent Cu centers, as illustrated in Scheme 3.
Using the calculated ground-state exchange coupling constant
J&Z, of —55.2 cnt! [= J when R(O—Cus plane) is 0 A;

2,222
rJXlezz

Table 6] as a lower limit forJ,%%, the magnitude of the

electron from the ground state of metal 2 to the excited state Pairwise antisymmetric exchange paramé@g| of 42 cnt*

of metal 1, Whi|erg§ involves the transfer of both electrons

between the excited state of metal 1 and the ground state o
metal 2. Thus, both the antisymmetric and anisotropic

can be estimatetf. Thus, the’E ground state ofi;O with

ghe oxo ligand in the Cyplane would exhibit a ZFS of70

cm ! (=v3|Gy| for the CU3 trimerf from the antisym-

exchanges are derived from (1) local SOC and (2) superex-metric exchange.

(30) Rulgek, L.; Solomon, E. I.; Ryde, Unorg. Chem2005 44, 5612~
5628.

(31) Matrices obtained upon application of the spin wave functions of an
axial Cz3 symmetric trimer withs; = s, = s3 = 1/, to the spin-
Hamiltonian describing isotropic, antisymmetric, and anisotropic
exchange terms are given in the Supporting Information. It is shown
that only the antisymmetric exchange exists in #Bestate, whereas
only the anisotropic exchange exists in tiestate.

(32) These exchange integrals can be explicitly written as

3% = [, (1) (2) Aol b ()1 @
3% = 3 (Vg () Al (2 (1)0 (b)
5% = 9/ (D6g (2)IHe,: () (1) ©
3E = g (19 (2)| eyl (20 (1) (d)

in which the superscripts 1 and 2 refer to the metal centers and 1 and
2 in the parentheses refer to electrons. The exchange Hamiltdgjan
includes contributions from both the two-electron Coulomb operator
1/r12 and the superexchange derived from metigland overlaps.

(33) Each metal pair in3O has an effective 2-fold rotation axis passing
through the midpoint of the pair, with the axis nearly in the; Glane.

The symmetry rules of th& vectors allow the nonzer@ component

to be oriented perpendicular to the 2-fold axis. The collection of these
components from the three metal pairs result&ir= 0 and Gx, Gy)

~ 0. Since Gy, Gy) ~ 0, exchange interactions between other orbital
states (viaLx and Ly) would have negligible contributions in the
antisymmetric exchange interaction.

If only the dz ground to ¢, excited-state SOC is considered, eq 3 can
be written as

34

A7,y (7,0
(—2352)
sinceX Z1|Lay|Z120= —XZ|Laoy|Z 2 (see ref 3 for details). Substitut-
ing XZ1|Ly|Z:20= i~/3, A; = 15000 cm? (from absorption/
MCD; see ref 23), thé (SOC constant for C) = —830 cn1?, and
J;f;gj = —55.2 cnTl, Gy, = 42.3 cn1lis obtained. Note that the two-

centerG;; is a vector component along tlye ~ molecularz axis.
The effective sum of the three two-cent€i,'s in the symmetric

trigonal systems equal/3Gy, = 73.3 cnrl.

(e)

12
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A similar ZFS of 65 cm?® has been experimentally the contribution of the superexchange pathways to the facile
determined in théE ground state of TrisOH, which results rereduction of this fully oxidized intermediate in the turnover
from the combined effects of symmetry lowering and of the multicopper oxidases.

antisymmetric exchange (see the Introductibhye have Acknowledgment. We thank A. Dey for helpful discus-

used a spin-Hamiltonian model to show that the antisym- gjons regarding synthesis of theO model. This research
metric exchange SO mixes the two ZFS doublets o’the 45 supported by NIH Grant DK31450.

round state, resulting in lowes values which shift down i i )
9 g Gt Supporting Information Available: Structure of the macro-

- . . . . .
to | 1'2| n thef‘ perpentljlciulatrh dlrectloln (I'E.z" Wher; (tjhe cyclic ligand; temperature dependence of powder X-band EPR
molecu a_‘r Z axis normal 1o . e_ G p E_me IS Or!en e spectra and the Zeeman split energy level diagrams;0f and

perpendicular to the magnetic fielt). This model is ap- usOH; the molecular coordinates of the truncated models used in

propriate for any antiferromagnetically coupled'Grmer the DFT calculations; and the matrix elements of the isotropic,
with nearC; symmetry, as it does not take into account the antisymmetric, and anisotropic exchange f@zsymmetric trimer
specific orbital superexchange pathways involved. Thus, anwith s, = s, = s; = 1,. This material is available free of charge
antiferromagnetically couplegO structure is also expected via the Internet at http://pubs.acs.org.

to produce lowg values in the perpendicular direction, as it |~y507570

has efficient ground-to-ground and ground-to-excited-state

(35) The theoretical model used for Tris®Hcluded symmetry lowering

superexchange pathways for antisymmetric exchange.
Therefore, both the:s-oxo-bridged and the trig>-hy-
droxy-bridged structures would exhibit an unus8a+ 1/,
EPR signal with lowg values below 2.0. The characteristic
EPR signal of NI, which exhibits a loge value of~1.65,
can be explained by6% SO mixing® between the ground
and the low-lying excited doublet states via antisymmetric
exchange among the three 'Cuenters in the trinuclear
cluster site. The fundamental description of the ground state
of the exchange coupleds-oxo-bridged structure in this
study and that of the trig--hydroxy-bridged TrisOH in ref
3 allow detailed insight into the nature of the ground state
of the native intermediate. This is important with respect to
both the molecular mechanism of<@ bond cleavage and
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o [an equilateral {12 = Jp3 = J31 and o = 0) to isosceleskz = Jo3

= Ja1 ando = Jio—Jzg) distortion] and antisymmetric exchange factor
G (= G, which were varied to match the experimental daja=(
2.15, 1.86, and 1.65 and ZES150 cn11).2 The experimental value

of 2.15 was assumed to iRy when the moleculaz axis (the axis
normal to the Cgiplane) is aligned with the applied magnetic field,
and theg values of 1.86 and 1.65 were assumed t@bewhen the
molecularz axis was oriented perpendicular to the applied field. The
data were fit by fixing the moleculag, at 2.15 & highestg value
from experiment) and the moleculggy at 2.0; the latter was chosen
after several initial trials (small variation from 2.0 had a negligible
influence on the fits)d was varied ands was obtained from the

relationA(ZFS) = v/ 6%+3G? = 150 cnt?, from whichd = 132+ 8
cm!andG = 41 £ 8 cn! were obtained. Given these values, the
coefficient of mixing of the low-lying excited doublet state into the
ground doublet state (or of the ground doublet state into the
low-lying excited doublet state) is obtained from the expression

(v/1/12(1-06IA))? = 6.2 (& 2.5) %.



