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Abstract: Spectroscopic methods combined with density functional calculations are used to develop a
detailed bonding description of the us-sulfide bridged tetranuclear Cu; cluster in N,O reductase. The ground
state of Cuz has the 1Cu'/3Cu' configuration. The single electron hole dominantly resides on one Cu atom
(Cu)) and partially delocalizes onto a second Cu atom (Cuy) via a Cu;—S—Cuy, o/o superexchange pathway
which is manifested by a Cu; — Cu, intervalence transfer transition in absorption. The observed excited-
state spectral features of Cuz are dominated by the S — Cu, charge-transfer transitions and Cu, based
d—d transitions. The intensity pattern of individual S — Cu, charge-transfer transitions reflects different
bonding interactions of the sulfur valence orbitals with the four Cu’s in the Cuz cluster, which are consistent
with the individual Cu—S force constants obtained from a normal coordinate analysis of the Cuz resonance
Raman frequencies and profiles. The Cu, d orbital splitting pattern correlates with its distorted T-shaped
ligand field geometry and accounts for the observed low g value of Cuz in EPR. The dominantly localized
electronic structure description of the Cu; site results from interactions of Cuy with the two additional Cu’s
of the cluster (Cuy/Cuy), where the Cu—Cu electrostatic interactions lead to hole localization with no metal—
metal bonding. The substrate binding edge of Cuz has a dominantly oxidized Cu, and a dominantly reduced
Cuw. The electronic structure description of Cuz provides a strategy to overcome the reaction barrier of
N2O reduction at this Cu/Cu,y edge by simultaneous two-electron transfer to N,O in a bridged binding
mode. One electron can be donated directly from Cu,y and the other from Cuy through the Cu;—S—Cu, o/o
superexchange pathway. A frontier orbital scheme provides molecular insight into the catalytic mechanism
of N2O reduction by the Cuz cluster.

1. Introduction normally require transition metals as activation centers, such
as Ti, V, Ni, Zr, Ru, Hf, etd=° Thus far, none of the reported
metal/NNO complexes has been structurally determined by
crystallography. The PO in the [(NHs)sRu(NO)]?" complex

has been found from spectroscopy to coordinate to the Ru atom
in a linear end-on mode via its terminal N atédfTerminal
oxygen coordination to metal sites is also implicated in the
formation of the [Ru(NO)Ru] dimet!12and spectroscopically
identified in NbO adsorption om-Chromial® Besides the D
reduction reaction catalyzed by,®R, no copper/BD chemistry

has yet been reported.

Nitrous oxide reductase @OR) is a multicopper containing
enzyme which is the terminal oxidoreductase that catalyzes the
two-electron reduction of PO to N, and water (MO + 2HT +
260 — N2 + H0, E¢'(N2O/Np) = 1.35 V) in denitrifying
bacterial? This reaction is the last step of the denitrification
process (2N@ — 2NGO,~ — 2NO— N,O — Ny) in the global
nitrogen cycle which is coupled to ATP synthesis in anaerobic
respiration. This is also an important environmental process
because BD is a greenhouse gas. The;ON molecule is
kinetically inert for thermodecomposition with a large activation
barrier (\Eat ~ 59 kcal/mol) even though this reaction is 4 armor, 3. N.: Taube, HI. Am. Chem. S0d969 91, 6874.
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Side View
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Figure 1. Crystal structure of the Gusite fromPn (2.4 A resolution).

The CuS cluster has approxima@& symmetry with Cy—S—Cu, defining

the mirror plane. Allr(Cu—S) ~ 2.3 A, r(Cu—Cuy) andr(Cu—Cuy) ~

3.4 A, r(Cuj—Cuy) andr(Cu;—Cuy) ~ 2.6 A, r(Cuy—Cuy) ~ )
Cu—S—Cu, angle~ 161°. All other Cu—S—Cu angles are close to 20

The water ligand is weakly bound according to the higher resolution structure
of Pd (1.6 A resolution) withr(Cuy—0) ~ 2.6 A andr(Cu—0) ~ 2.8 A.
Molecular (primed) and local (unprimed) coordinate systems are indicated.

The crystal structure was recently solved foOR from two
species,Pseudomonas nauticéPn, 2.4 A resolution) and
Paracoccus denitrificangPd, 1.6 A resolution}+15 It is a
dimeric protein. In each subunit, the C-terminal domain contains
an electron-transfer Gucentert-19 and the N-terminal domain
contains a Cgcenter, which is believed to be the catalytic She.
The neighboring Cuand Cuy centers are from different subunits
in the dimeric protein,~10 A away from each other, while the
intrasubunit Cy—Cuy distance is~40 A1421The Cy center
has a strikingly new structural motif composed qfasulfide
bridged tetranuclear Cu cluster (Figure 1). Theg&gore has
approximateCs symmetry with Cy—S—Cuy (numbering scheme
for Cu’s from ref 14 and given in Figure 1) defining the mirror
plane. The Cu-S—Cu; angle is~1621°. All Cu—S bond lengths
are about the same, a2.3 A. However, the CuCu distances
are very different with the lower three coppers (CGuy, Cuy)
closer to each other (GuCuy/Cuy ~ 3.4 A, Cy—Cuy/Cuy
~ 2.6 A, Cuy;—Cuy ~ 2.9 A, Figure 1). The C4$ core is
coordinated to the protein by seven histidine ligands, Cuy,
and Cy, each have two histidines, while Guhas only one.
The water ligand position is controversial between the two
known structures fromPn and Pd. The higher resolution
structure fromPd indicates it is weakly bound and located
between Cpand Cuy.1415 The Cuy/Cuy edge is the only
accessible side to the ¢3I cluster and is believed to be the
substrate binding eddé.

Much spectroscopic data on the Lwgenter have been
published. The absorption spectrum of ACiseduced form)

(14) Brown, K.; Tegoni, M.; Prutiecio, M.; Pereira, A. S.; Besson, S.; Moura,
J. J.; Moura, |.; Cambillau, QNat. Struct. Biol.200Q 7, 191.

(15) Brown K.; DjanVIC Carugo, K.; Haltia, T.; Cabrito, |.; Saraste, M.; Moura,

. J. G, Moura I.; Tegoni, M.; Camblllau a. Biol. Chem2000 275,

41133

(16) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96, 2239.

(17) Ferguson-Miller, S.; Babcock, G. Them. Re. 1996 96, 2889.

(18) Kroneck, P. M. H.; Antholine, W. E.; Riester, J.; Zumft, W.EEBS Lett.
1989 248 212.

(19) Kroneck, P. M. H.; Antholine, W. A.; Riester, J.; Zumft, W. EEBS Lett.
1988 242 70.

(20) Farrar, J. A.; Thomson, A. J.; Cheesman, M. R.; Dooley, D. M.; Zumft,
W. G. FEBS Lett.199], 294, 11.

(21) Rosenzweig, A. CNat. Struct. Biol.200Q 7, 169.
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shows an intense band-a640 nm giving its blue colo#?:22-25
The magnetic circular dichroism (MCD) spectrum of {has
an intense pseudo-A feature in the corresponding energy
region2024-26 CD, EPR, and Raman data have also been
reporteck®.22.23.25.27.28However, because of the lack of an
accurate quantitation of the number of Cu atoms in the enzyme,
their oxidation states, and structural information, a good
understanding of these spectral features had not been acces-
sible 2024

Our initial study of the Cg center used a combination of
saturation magnetization, Cu K-edge XAS, Q/X-band EPR, and
density functional calculations to characterize the ground state
of the Cy center?® It was determined that the €genter is an
S= 1/, system and the Cu oxidation states are "/GGU. The
single electron hole dominantly resides on, Gut is partially
delocalized onto Guvia the Cy—S—Cu, o/o superexchange
pathway mediated by the bridging sulfide. In this study, we
extend our ground-state electronic structure investigations to
vibrational spectroscopy and the excited-state spectral features
of the Cy center. We also couple our spectroscopic studies
with density functional calculations to develop a detailed
description of the bonding interactions in thesulfide bridged
CwS cluster, and we use this to obtain molecular insights into
the catalytic mechanism of the two-electron reduction gdN
by the Cuy cluster.

2. Experimental Methods

Materials. All reagents were of the highest grade commercially
available and were used without further purificati®in N;,OR was
isolated and purified in Tris buffer (pk¥ 7.3), as previously reportéd,
and was further exchanged to the deuterated buffer for spectroscopic
studies. Enzymatic activities and copper and sulfur content were
characterized as previously reportéd? All studies were done at pH
~ 7.3 unless otherwise specified. Excess dithionite solution was added
to reduce the Gucenter making it spectroscopically silent, while the
oxidation state of the Gusite remains unchangé@From ref 22, the
maximum specific activity of Pn pOR is achieved with preincubation
of the enzyme with dithionite reduced methyl viologen, and the effect
of the mediator was found to be negligible. 50% glycetplvas added
as a glassing agent for low-temperature optical spectroscopy. No
perturbation in the CD spectrum of gwas observed upon adding
glycerol.

Spectroscopic StudiesLow-temperature absorption spectroscopy
was performed on a double beam spectrophotometer (Cary 500) using
a liquid helium cryostat (Janis Research Super Vari-Temp). CD/MCD
data were collected on CD spectropolarimeters (JASCO J810 with a
S20 PM tube for the UV/Vis region, and J200 with an InSb detector
for the near-IR region) with sample compartments modified to

(22) Prudecio, M.; Pereira, A. S.; Tavares, P.; Besson, S.; Cabrito, I.; Brown,
K.; Samyn, B.; Devreese, B.; VanBeeumen, J.; Rusnak, F.; Fauque, G.;
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39, 3899.
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(24) Farrar, J. A.; Zumft, W. G.; Thomson, A.Broc. Natl. Acad. Sci. U.S.A.
1998 95, 9891.

(25) Neese, F. Electronic Structure and Spectroscopy of Novel Copper Chro-
mophores in Biology. Ph.D. Thesis, Universitat Konstanz, Konstanz, 1996.

(26) Rasmussen, T.; Berks, B. C.; Sanders-Loehr, J.; Dooley, D. M.; Zumft,
W. G.; Thomson, A. JBiochemistry200Q 39, 12753.
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3006.

(28) Dooley, D. M.; Moog, R. S.; Zumft, W. GI. Am. Chem. S0d.987, 109,
30.

(29) Chen P.; George, S. D.; Cabrito, I.; Antholine, W. E.; Moura, J. J. G;
Moura, I.; Hedman, B.; Hodgson K. O Solomon, EJIAm. Chem. Soc.
2002 124, 744.
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accommodate magnetocryostats (Oxford Instruments, SM4-7T). Raman 6000
spectra were obtained using a series of lines from (Qoherent 190C- A Sp. Abs
K) and Art (Coherent Sabre 25/7) ion lasers with incident power
ranging from 5 to 20 mW in an-135° backscattering configuration.
Dye (Rhodamine 6G, Coherent 599) and Ti-Sapphire (Coherent 890)
lasers were used for other spectral regions. Scattered light was dispersed
through a triple monochromator (Spex 1877 CP, with 1200, 1800, and
2400 groove/mm gratings) and detected with a back-illuminated CCD
camera (Princeton Instruments ST-135). The samples contained in NMR
tubes were immersed in a liquid nitrogen finger dewar. Raman peak
intensities were referenced to the ice peaka80 cn1? for excitation
profiles. Background spectra of charcoal in the same NMR tube were
subtracted to remove the quartz scattering.

Normal Coordinate Analysis. Normal coordinate analyses (NCA)
were performed using the QCPE program 576 by M. R. Peterson and 750
D. F. Mcintosh based on a general valence force fiéld.

2000 F

e(M'cm

Ae (M'em™)

DFT Calculations. Density functional calculations were performed -— 500
on a PC cluster, using Gaussian®&\ general basis set (6-311G* for E 250
Cu and 6-31G* for all other atoms) was used for all of the calculations. s
Molecular orbitals were visualized using program MofRfeand E 250
analyzed using AOMix2 The structural parameters of £were taken 500

from the crystal structure of JOR (Figure 1) fromPn and averaged
over two monomers. Metalmetal and metatligand bond lengths were
adjusted to the more accurate values fromRIdeN,OR structure. The
calculations are relatively insensitive to these structural modifications.
Histidine ligands were modeled as Bllseometry optimization of Cu
NH; bond lengths did not change the description of bonding. Further
geometry optimization of the G8 core structure will be described.
Complete coordinates for calculations presented in the text are included
in the Supporting Information.

rR Profile Simulations. rR excitation profiles were simulated using
the time-dependent theory of electronic spectros&iymplemented Figure 2. Optical spectra of Gu(pH ~ 7.3): (A) 10 K absorption, (B)
in a Mathcad script® A direct modeling approaéhwas used to search 20 °C CD. (C) 5K7 TMCD, and (D) pH perturbation of MCD spectra.

. . The MCD rum = 9.8 is similar he on H 10.5.
for the set of excited-state parameters that produce the best simultaneous @ MCD spectrum at pi#= 9.8 is similar to the one at pk 10.5

MCD Intensity

30000 25000 20000 15600 10600 5000
Energy (cm™)

fit to the absorption band shape and rR profile data. Table 1. Gaussian Resolved Peak Parameters for Absorption,
CD, and MCD Spectra of Cuz
3. Results
Vinax € (abs) Ae(CD)  Ae (MCD) Kuhn®

3.1. SpectroscopicFigure 2A, B, and C presents the low- band assign (em™) (Mfem™) (M~lem™) (M~tem™)  CyD  x1000

temperature absorption, CD, and MCD spectra of. Gihe Cy 1 2 8015 1320 -1.1 —-20 —0.016 —0.80
absorption spectrum has an intense band@t0 nm 15 625 2 IT 10000 1760 13 0.76
cm !, € ~ 4000 Mt cmY), consistent with the previously s xz 11140 1100 ~ -16 ~ —225 -0218 ~1.46
) 23262 4 yz 12900 1075 -1.7 -196 —0.194 —1.55
reported room-temperature absorption spectiit#23262The 5 p, 14300 1455 -39 446 —0.327 -2.65
low-temperature absorption further resolves a number of features 6 p« 15675 3470 —0.5 640 0.196 —0.14
under this broad absorption envelope and additional electronic ; Py ig ggg 2%28 —i-g ﬁg 8-(17579(1) —g-‘zlg
. . . Xy -1 . —2.
_tran§|t|ons to lower and_hlgher energies. The MCD spectrum o 7 19775 75 07 250 —0029 —1.03
in Figure 2C shows an intense pseudo-A term in the 640 nm 10 z; 20985 930 -0.2 -39 —0.045 —0.27
(15 625 cnT?) region as previously describ@¥26 Simultaneous 11 m 22270 785 2.3 143 0.193 287
12 m 24030 1590 15  —71 —0.047 091
(30) Mclntosh, D. F.; Michaelian, K. H.; Peterson, M. ®an. J. Chem1978 13 72 28055 3295 —2.5 -8 —0.002 -0.76

56, 1289.
(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. aCy/Do = (KTIBH)(Aemcpleany. P Kuhn factor= Aecpleans

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

K. N." Strain, M. C.: Farkas, O. Tomasi, J.. Barone, V.; Cossi, M.: Cammi, Gaussian fitting of the absorption, CD, and MCD data results

R.; Mennucgi, B.; Pomelli, C.; Adamo, C; Clifford, S.; Ochterski, J.;  in a total of 13 electronic transitions at energies lower than
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; 1 . .
Rabuck, A. D.: Raghavachari, K.; Foresman, J. B.: Cioslowski, J.; ortiz, 30 000 cnTt. (Band 7 is resolved in the resonance Raman

J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; itati i i i
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, excitation profiles, vide infra.) The spectral parameters are

M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Summarized in Table 1. Relatively larg&/Do (=(kT/fH) x
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L,; i (o _
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian ,(AE,MCD,/éabg,) ra.t.IOS ( 0.1 0'3) are Ob.served for band§—8, .
98, revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998. indicating significant metal character in these electronic transi-
(32) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De®00Q 14, 123. i 38,39 . H
(33) Gorelsky, S. I.; Lever, A. B. PAOMix program revision 4.7; York tions: Bands 5 and 6 form the large pseudo-A term in the
University: Ontario, Canada, 2001.

(34) Zink, J. I.; Shin, K.-S. KAdv. Photochem1991, 16, 119. (38) Solomon, E. I.; Hanson, M. A. Iinorganic Electronic Structure and
(35) Tannor, D. T.; Heller, E. 1. Chem. Phys1982 77, 202. SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons:
(36) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon, El.I. New York, 1999; Vol. 2, p 1.
Am. Chem. Sod 998 120, 5674. (39) Band 11 is also found with a largey/Dy ratio. This likely reflects the
(37) Myers, A. B.; Mathies, R. A. InBiological Application of Raman difficulty in resolving contributions from overlapping weak bands. The net
SpectroscopySpiro, T. G., Ed.; Wiley: New York, 1987; Vol. 2, p 1. Co/Dy ratio for bands 9-12 is low (~0.078).
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Table 2. Excited-State Parameters from Simultaneous Fit to the
A (-5.8) 7 rR Profiles of Cuz (Figure 3B) and Absorption (Figure S1)2
386 415 band Eo (cm™) T\ (cm™) Avgg Avagg Avys u?
5 13930 230 0.65 1.00 0.00 0.33
(-2.1) 6 14700 290 0.87 2.02 0.25 1.00
366 7 15570 290 0.35 0.20 1.90 0.66
a Energies of zero-phonon transitidfs, damping factorI’;, dimension-
less displacements relative to the ground stAteand relative transition
r T T T dipole moment.
340 360 380 400 1 420 440
Raman Shift (cm™) 429
5000 B 6 P LoMo VY
cm
A 38cm”
4000 7 v 415cm” 144 P
—~ y
\3 3000 ; HOMO —
Sulfur CT
g 2 16 (Suter cT] —}d
- XZ - RAS
< 2000 g = —a{
w ﬁ asd 7 7 —
1000 —xZ Ulp,
_yz ——-py
0 20l 7 —
18000 16000 14000 12000
Energy ( cm—1) Cuy Cu; peS Cuy Cupy

Figure 3. (A) Resonance Raman spectrum ofZ@&xcited at 624.4 nm at

77 K. Numbers in parentheses are 34-S isotope shifts (from ref 23). (B)
Cuz IR excitation profiles overlaid on the @absorption spectrum (solid
line). Simulated profiles are in dashed lines.

MCD spectrum, and band 5 is relatively intense in the CD
spectrum. Virtually no MCD intensity is observed for band 2,
although it is moderately intense in the absorption spectrum.

Upon increasing the pH from 7.3 to 9.8, we observed
significant perturbations of bands 1, 3, 4, 8, 9, and 10 in the
MCD spectrum of Cy (Figure 2D). The K, range (8.5) of
this deprotonation process is consistent with ionization of a water
ligand bound to oxidized Ct This correlates with the fact that
there is a weakly bound water near the,/Cuy edge in the
Cuy crystal structuré15and that Cyis the dominantly oxidized
copper?® (The possibility of Cy, being the oxidized copper
will be considered in section 3.2.) No further change is observed
up to pH= 10.5, and the MCD spectrum at pH’s lower than
7.3 does not change.

The resonance Raman spectrum of @xcited at 624.4 nm

Figure 4. Energy level diagram of the spin-down set of orbitals from the
B38HFP86 calculation on the gmodel. Orbitals are labeled and arranged
according to their main compositions from a Mulliken population analysis.
Predicted electronic transitions are shown by arrows. Thicker lines represent
greater intensities. Coordinate systems are as in Figure 1.

Table 3. Energies (eV) and Compositions (%) of Selected Cu 3d-
and Sulfur 3p-Based Spin-Down MOs, Spin Density Distributions,
and Fragment Charges from a Mulliken Population Analysis of the
B38HFP86 Calculation on the Cuz Model

level  E(eV) Cu Cuy Cuy  Cuy S rest
Cu x—y? —12.10 42 18 9 4 12 16
2 —18.09 40 8 5 20 14 14
Xz —18.36 57 5 6 10 13 9
yz —18.87 & 1 1 1 2 6
Xy —-1943 D 2 0 1 14 13
x2—y? —14.45 30 41 2 3 6 19
S py —18.68 53 5 5 11 20 6
pz —19.15 18 9 12 10 38 13
px —19.64 20 13 2 3 15 48
spin density 0.42 0.16 0.08 0.03 0.14
fragment charges 1.07 0.74 0.69 0.651.15

is presented in Figure 3A. Three dominant Raman features are366 cnt! vibrations is found to derive from destructive

observed at 415, 386, and 366 chwith the first two peaks

interference between electronic transitions 5 and 6. The simula-

much stronger than the third. (The resonance Raman spectrumion parameters are summarized in Table 2.

of Cuz excited at 647 nm was previously reported. It shows
similar vibrational frequencies but with a different intensity
pattern?®) All three peaks shift to lower energy upon 34-Sulfur
isotope labeling® On the basis of these isotope shifts and

3.2. Computational. Spin-unrestricted density functional
calculations were performed to correlate with the spectroscopic
results and obtain a detailed description of the electronic
structure of the Cusite. A spectroscopically calibrated hybrid

vibrational frequencies, these three features can be assigned agnctional is used here (38% HartreEock exchange added to

Cu—S based stretching vibrations.
Figure 3B gives the excitation profiles of these three
vibrations overlaid on the Guabsorption spectrum. All three

the BP86 functional, referred as B38HFP8&BBecause the Gu
center is anS = 1/, system, all spin-up Cu d orbitals are
occupied. The net bonding interaction involves the spin-down

vibrations are resonance enhanced under the strong absorptioRet, which is the focus of our analysis. Figure 4 presents the

envelope centered at640 nm but exhibit different enhancement
profiles. This leads to the resolution of three individual electronic

spin-down MO energy level diagram from the B38HFP86
calculation. Table 3 summarizes the energies and compositions

transitions corresponding to bands 5, 6, and 7 in Figure 2. The of selected MOs. Relevant MO boundary surface plots are given

excitation profiles of all three vibrations were simulated

in Figure 5.

;imultaneously with the absorption spectrum band shape using The spin-down LUMO is equivalent to the singly occupied
time-dependent Heller theory (a three-mode/three-state problemygjecular orbital in a spin-restricted formalism and reflects the

Figures 3B and S13+3537The experimentally observed sharp
dip at~14 300 cn?! in the excitation profiles of the 386 and

10500 J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002
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A Cu, 22— (LUMO)
Fron‘t Side

Figure 6. (A) Comparison of the crystal structure (front) of £fuom Pn
N2OR with CwS core energy optimized structure (back). (B) Boundary
surface plot (side view) of the spin-down LUMO obtained from the
B38HFP86 calculation on the @& core optimized structure. Overlaid
numbers are the spin density distributions (%) on, & and Cy.

Table 4. Selected Geometry Parameter Comparison of the CusS
Core Optimized Structure of Cuz with Crystal Structures from Pn
(2.4 A) and Pd (1.6 A)

r (&) opt xtal (Pn) xtal (Pd)
Cu—S 2.186 2.22 2.30
Cw—S 2.316 2.18 2.24
Cwy—S 2.184 2.28 2.265
Cuyv—S 2.138 2.06 2.29

having a two-coordination structure and being mostly reduced.
However, the water position at the 8Zuy edge is controversial
Figure 5. Boundary surface plots of selected spin-down MOs from the in the two Cuy crystal structure$; and its possible ligation at
B38HFP86 calculation on the gunodel. Note the lines connecting Cu  the Cyy, site could also affect the electronic structure. To explore
Zﬁ‘;’gseffggd”icr’f g?;lf‘rgt IO reflect bonding interactions. Coordinate systems i s ctural effect, several calculations were performed where
the Cyy—OH; distance was gradually shortened. The calcula-
ground state wave function and its spin distribution. The tions show that the single electron hole still dominantly resides
calculated ground state (Figure 5A, Table 3) is partially inthe Cuyx2—y? orbital, even at a Gu—OH, distance of~1.9
delocalized with Cubeing the dominantly oxidized ®(42% A (Figure S2). This is because water is not as strong of a donor
spin density, Table 3), consistent with the MCD pH perturbation ligand as histidine and amine and s only two-coordinate
results. Cy contributes 16% spin density to the ground state. (not considering the possible,& ligand), while Cyis three-
The calculated spin density ratio of these two Cu’'s-is:2, coordinate (Figure 1).
which is consistent with the Q/X-band EPR results where metal DFT calculations using the hybrid functional B3LYP and the
hyperfine coupling to two Cu’'s withALAll ~ 5:2 was pure density functional BP86 were also performed. The
observed?® There is also some spin delocalization onto;Cu  electronic structure descriptions obtained are similar to those
(8%) and Cw (3%), whose hyperfine couplings are not resolved from the B38HFP86 calculation presented above, except that
in the EPR spectrum but likely contribute to the overall the ground-state wave function becomes more delocalized as
broadening of the data. Thes-bridging sulfide also has the HF exchange contribution decreases (Figure S3). We focus
significant contribution to the ground state (14% spin density). on the results calculated with the B38HFP86 functional, which
The sulfur valence orbital involved in the ground state is the S are in reasonable agreement with the EPR hyperfine data (vide
3py orbital, which forms a dominant-bonding interaction with supra).
the minus combination of—y? orbitals of Cyand Cy (Figure To explore the effect of modeling the histidine ligands as
5A, see Figure 1 for definition of molecular (primed) and local amine, the Ct-NH3 bond lengths in the Gumodel were first
(unprimed) coordinates). This/o interaction constitutes an  energy optimized, and then the {2 core structure was
excellent superexchange pathway between &@w Cuy for optimized while keeping the ligand positions frozen. The
electron delocalization. The calculation gives a large splitting optimized structure is shown in Figure 6A overlaid on the model
between the highest singly occupi€d-y? orbital and the lowest  derived from the crystal structure. Table 4 compares selected
fully occupiedxy orbital of Cu, with a calculated d orbital  structural parameters. A detailed structure parameter comparison

energy ordering ok?—y? > 722 > xz > yz > xy (Figure 4, left). is given in Table S1. Overall, the optimized structure is very
The calculated spin-down HOMO is the plus combination of similar to the crystal structure. The Ct5 bond is shorter and
x2—y?2 orbitals of Cy and Cy and has dominant Gux?—y? the Cy—S bond is longer in the geometry optimized structure

orbital character (Figure 5B, Table 3). An electronic transition than in the crystal structure. This reflects the calculated ground-
from this HOMO to the LUMO corresponds to an intervalence state wave function (Figure 6B) for the geometry optimized
transfer (IT) transition in a class Il mixed-valent center. structure where Gus the dominantly oxidized center (69% spin
The calculated Gu d manifold is low in energy, and the  density) and there is only slight delocalization onto, G2%
highest Cy, d orbital is lower than the highest d orbitals on spin density). The calculated short ¢S bond results from
the other three Cu atoms (Figure 4). This is consistent wiia Cu its low coordination number. In total, these spectroscopically
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derived and theoretically calculated structural features reflect awhich is due to the large spirorbit coupling on the Cu centé?.

reasonable description of the £site, although the differences

Band 1 is assigned as the fourthrd transition base on its low

among the CtS bonds would be exaggerated in the optimized energy. Taking the results from the B38HFP86 calculations
structure due to the overestimated electronic localization on the (Figure 4, Table 3), we associated bands 1, 3, 4, and 8zkith

Cu center (Figure 6B vs Figure 5A).
4. Analysis

4.1. Spectral Assignment: Experimental Electronic Struc-
ture. 4.1.A. S— Cu Charge-Transfer Transitions. Resonance
Raman excitation profiles of Guhave shown that all three
Cu—S based vibrations (415, 386, and 366 ¢jrare resonance

Xz, yz, and xy — x?—y? transitions, respectively, on the Cu
center. The large Gw2—y?/xy orbital splitting (Figure 2 and
Table 1) comes from the ligand field geometry of the Genter,
which has two histidine and one sulfide ligand forming a
T-shaped environment with one histidine distorted out of plane
(Figure 1). The Cux2—y? orbital lobes are oriented directly
along one of the two Gu-N bonds and the GuS bond, and

enhanced under absorption bands 5, 6, and 7 (Figure 3B). Thesghis orbital is destabilized by the stromgantibonding interac-

three bands are thus assigned as suttu€Cu charge-transfer
transitions, where the acceptor orbital is theantibonding
combination of mainly Cux2—y? and Spy orbitals (Figure 5A,
LUMO). The absorption intensity of CT transitions is mainly

tions with these ligands leading to its high energy (Figure 5A).
In contrast, the Guxy orbital has no direct antibonding

interaction and is mainly nonbonding/weak bonding in nature,
resulting in its low energy (Figure 5C). The experimental Cu

dependent on the ligand terms of donor/acceptor orbital d—d manifold overlaps with the S- Cu CT bands (Figure 2),
overlaps'! Larger overlaps give more transition intensity. Band which is consistent with the results from the B38HFP86
6 is most intense in the absorption spectrum (Figure 2A) and is calculation (Figure 4).

thus assigned as the CT transition from thg.®rbital (Figure
5D), which is thes-bonding counterpart of the LUMO acceptor

4.1.C. Intervalence Charge TransferThe HOMO-LUMO
transition in Figure 4 is predicted to be the dominant intervalence

orbital. This transition has the largest donor/acceptor overlap transfer (IT) transition in the B38HFP86 calculation, where the
and hence should be most intense in absorption. Band 5 is thedonor orbital HOMO is the plus combination of Cand Cuy
weakest in the absorption spectrum and assigned as the CTx2—y?2 orbitals with dominant Cux2—y?2 character (Figure 5B).

transition from the $, orbital (Figure 5F), which is out of the

This transition is polarized along the EuCu vector; the

Cu x?—y? orbital plane and orthogonal to this acceptor orbital. unidirectional nature predicts no MCD intensity. Band 2 is thus
This leads to the lowest donor/acceptor overlap and the weakestassigned to this transition as it is moderately intense in the
absorption intensity. Band 7 is a sulfur CT transition of absorption spectrum but has no discernible intensity in the MCD
intermediate intensity and is assigned as the CT transition from spectrum (Figure 2A and C). This intervalence transition reflects
the in-plane Sy orbital (Figure 5E). Projection of the donor  the coupling and electron delocalization between the aba
orbital wave functions (Figure 5D, E, and F) onto the acceptor Cu, centers, which is mediated by the bridging sulfide ligand
orbital (Figure 5A) gives the same trend in the donor/acceptor via the Cy—S—Cu, o/o superexchange pathway (Figure 5A).
orbital overlaps (ligand term) as indicated by the absorption 4.1.D. Histidine— Cu Charge Transfer. For histidines, the

intensity pattern, that is, large, intermediate, and low for the S highest valence orbitals arg, 7, ando ring orbitals, in order

px. Py, andpz CT transitions, respectively (Figure 4), although

of deeper binding energié$.4> Cu and Cuy are the two Cu’s

the calculated energy ordering is not the same as that experi-contributing significantly to the ground state (Figure 5A), and

mentally observed (Figure 2).
The specific assignments of sulfar Cu CT transitions can

both have two histidine ligands (Figure 1). Therefore, four
histidinesz; CT transitions are expected, and bandsl2 are

be used to understand the characteristic features observed irassigned as such. Bands 9 and 10 appeared to be associated

the Cy CD/MCD spectra (Figure 2B and C). The CT transition
out of the Sp, orbital (band 5) involves rotation of the |%
orbital onto the S component of the LUMO. This gives its

with Cu, on the basis of their pH perturbation in the MCD
spectrum (Figure 2D). Bands 11 and 12 are then assigned as
Cuy histidinesry CT transitions. Band 13 is assigned as the Cu

magnetic dipole character and results in its relatively large z, CT transition because it is’8000 cnt?! higher in energy

intensity in the CD spectrum (Figure 2B, Table 1). Additionally,
the bonding interaction of the® orbital with Cu,/Cuy (Figure

than bands 9 and 10, which is the expectet ., splitting for
imidazole — Cu CT transitiong345> These histidine CT

5F) gives this transition a nonzero transition dipole perpendicular transitions are lower in energy than that normally observed in

to the Cy—S—Cu, plane. This transition can further spiorbit

couple to the $ — Cu CT transition (band 6), which is in-
plane and polarized along the-€u bond, leading to the large
pseudo-A term observed in the MCD spectrum (Figure 2C).

The experimentally observed-S Cu CT intensity pattern
gives the following bonding description: a dominarbonding
interaction between the,-bridging sulfide and the Guatom,
and two additional weak orthogonal interactions involving
mainly Cuy/Cuy atoms in the Cg cluster.

4.1.B. Ligand Field Transitions. Because only Guis
dominantly oxidized in the Gucenter?® four d—d transitions
are expected. Bands 3, 4, and 8 can be assigned jad—zl
transitions on the basis of their high€g/Dy ratios (Table 1),

(41) Solomon, E. IComments Inorg. Chemi984 3, 227.
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tetragonal copper/imidazole model complexes380 nm for
71 CT transitions)® This is due to the low coordination number
of the Cy and Cuy centers (both three-coordinate), which
decreases the energy of their d manifolds (less ligand repulsion)
and thus the CT transition energies.

4.2. Vibrational Normal Modes: Cu—S Bonds.The three
dominant features in the GuR spectrum are assigned as-€3
based stretching vibrations (Figure 3A, section 3.1). These

(42) Gewirth, A. A.; Solomon, E. 1J. Am. Chem. Sod.988 110, 3811.

(43) Bernarducci, E.; Schwindinger, W. F.; Hughey, J. L., IV; Krogh-Jespersen,
K.; Schugar, H. JJ. Am. Chem. Sod.981, 103 1686.

(44) Bernarducci, E.; Bharadwaj, P. K.; Krogh-Jespersen, K.; Potenza, J. A;;
Schugar, H. JJ. Am. Chem. Sod.983 105, 3860.

(45) Fawcett, T. G.; Bernarducci, E. E.; Krogh-Jespersen, K.; SchugarJH. J.
Am. Chem. Sod98Q 102, 2598.

(46) Lever, A. B. P.Inorganic Electronic Spectroscopynd ed.; Elsevier
Science: Amsterdam, The Netherlands, 1984.
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vibrational modes can be understood using gtluster model, Table 5. Observed and Calculated Vibrational Frequencies
: : : . (cm~1), Mass-Weighted Eigenvectors L, Potential Energy

Whl.Cf.'l has ar? approxma?é:s symmetry with Cu—S—Cuy Distributions (%) in Parentheses, and Selected Force Constants
defining the mirror plane (Figure 1). There are four-&3ibonds (mdyn/A) from the Normal Coordinate Analysis of the Cu,S Core@
in this cluster and thus a total of four €$ based stretching
modes.l There are two symmetric (ﬁymme'.[ry in theCs point 25 w5 95 95 AMCU-S)  AMCUS)  AMCUrS)  AfCorsS)
group) in-plane modes from GuS/Cy,—S vibrations and two

415 408 414.6 408.6 0.197(73)0.105(20) —0.069(4) —0.069(4)

out-of-plane modes, one the symmetric (plus) combination of 355 350> 3863 3799  0.090(29}0.092(29) 0.117(20) 0.117(20)
Cuy —S/Cuy—S, and the other the antisymmetric (minus; A 366 363.9 367.0 363.1-0.003(0)  0.164(77) 0.085(9)  0.085(9)

symmetry) combination of Gy—S/Cuy—S, which should not orce C(Z)ﬁgt.gnéao.z %02%0(0) 2.230(0)—0.1142(148) 0.114:%48)
be resonance enhanct&dTherefore, only three symmetric i : i i
resonance Raman modes are expected, as observed experimen-aThe eigenvectors and PEDs are for #8 isotopomer.
tally (Figure 3A). The minus combination mode of €&/
Cu;—S should be higher in frequency than the plus combination A. 415 cm™! B. 386 cm™!
due to the large Ga-S—Cu, angle (~161°), whereas the reverse
case applies for the Gu-S/Cuyy—S vibrations because the
Cuy—S—Cuy angle is~87° (Figure 1)4849

To obtain a quantitative description of the Lubrational
normal modes and to determine the-€31bond force constants,
a normal coordinate analysis (NCA) was performed on the
observed vibrational data (Figure 3A), using the;€weluster
model. A generalized valence force field was used. To reduce
the number of the parameters, no angle bending and bond torsion
modes were included. The €€u interactions were ap-
proximated and fixed to small stretching force constants
calculated by Badger’s rile5lusing the Cu-Cu force constant
in the Cw center as a referencéc{—c, = 0.635 mdyn/A at
Feu-cu = 2.47 A)5253The Cu-S stretches and their interaction
force constants were allowed to float to fit the vibrational
frequencies and isotope shifts (Figure 3A). It was found that
the normal mode eigenvectors are dependent on theSCu
interaction force constants and the NCA does not have a unique
solution, although good agreement with the observed vibrational
frequencies could be obtained. To lock onto an appropriate SetFigurg 7. Vibration normal modes of the G8 core of the Cgsite. Vector
of normal mode eigenvectors, excited-state nuclear distortions ™agnitudes are scaled by a factor of 10.
of the CuS core were determined using the calculated eigen-
vectors, and the rR profile fitted S Cu CT excited-state
dimensionless displacements, (Table 2). These were obtained
from eq 137

exp NCA eigenvectors (potential energy distributions)

given in Table 5. The complete force field used in the NCA is
given in Table S2. The four G8 core stretching vibrations are
visualized in the normal mode vector diagram in Figure 7.
The calculated frequencies and isotope shifts reproduce the
experimental data. The PEDs and eigenvectors indicate that the
Ar; = 5'80652Li,n(An/ﬂ) 1) highest frequency 415 crt mode is the minus combination of
n the Cy—S/Cuy,—S vibration as predicted, but more localized

) ) ) ) on the Cy—S bond (73% Cu+S + 20% Cy,—S, Table 5). The
whereLi, is theith element of the mass-weighted eigenvector 3g6 1 +1 mode has an approximately equal mixture of €8

for the nth normal modeyn is the frequency (cmt) of the nth and Cy—S stretches (29% GuS + 29% Cy—S), and the
normal mode, andAr; (A) is the bond length change. AN agg cn11mode is dominantly the Gi-S vibration (77% Cy—
iterative approach was employed to refine the calculated S). The unobserved antisymmetric combination ofyE®/
eigenvectors to obtain a set of nuclear distortions, which are Cuv—S vibrations is predicted to be at 234 ch{48% Cuy—S
reasonable for the specific nature of each sulfur CT excited state. | 4go, Cuv—S), the lowest of the four Gt stretching normal

The determined nuclear distortions in the excited states coIre- modes. The symmetric combination of £4S/Cuy—S is highly

sponding to bands 5, 6, and 7 (Figure 2) are given in Chart S1. niyaq with the Cy—S and Cy—S stretches and is distributed
The calculated force constants, vibrational frequencies, normal mainly over the 386 cri (40% Cuy —S/Cuy—S) and 366 cm?

mode eigenvectors, and potential energy distributions (PED) are(1894 Cuy —S/Cuy—S) modes. These calculated PEDs are

(47) Czernuszewicz, R. S.; Spiro, T. G.lmorganic Electronic Structure and consistent with the observed 1R enhancement patterns for the
SpectroscopySolomon, E. I, Lever, A. B. P., Eds.; John Wiley & Sons: 415, 386, and 366 cmt modes (Figure 3B). The absorption
New York, 1999; Vol. 1, p 353. band 7 corresponds to the electronic excitation ofp,S—

(48) Wing, R. M.; Callahan, K. Pinorg. Chem.1969 8, 871. . . .
(49) Sanders-Loehr, J.; Wheeler, W. D.; Shiemke, A. K.; Averill, B. A.; Loehr, LUMO, where the donor orbital has a localized weak bonding

(50) TB-a'gé > ARmM%hethéi"%%@ilgﬁ o8 interaction (Figure 5E) and the acceptor orbital has a strong
(51) Herschbach, D. R.; Laurie, V. W. Chem. Phys1961, 35, 458. antibonding interaction between the Gind S atoms (Figure

(52) Andrew. ﬁ'.Rs;gf]cr%%'_‘[%V;’irfrzijA;rnCﬁgﬁ‘j‘zg‘gEéég-ﬁa Lappaiainen, P.i 5A). This would result in a mainly localized elongation along

(53) NCA results are relatively insensitive to the-80u force constants. the Cy—S bond in the excited state, leading to the strong
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enhancement of the mainly Gt stretch based 415 crhmode.

For absorption band 6, the donor and acceptor orbitals are the

bonding and antibonding combinations of thepgand Cy/

Cuy x2—y? orbitals (Figure 5D and A, respectively). This
excitation would result in a distortion along both €% and
Cu;—S bonds in the excited state, giving strong enhancement
to the Cy—S/Cuy;—S based 386 cmt mode. The absorption
band 5 corresponds to an electronic excitation from the S
orbital, which iso-bonding to Cy, and Cuy (Figure 5F), to

the LUMO, which is antibonding in terms of GUCuy—S
interactions (Figure 5A). This excitation would lead to the
elongation of the Gy—S and Cy,—S bonds in the excited state,
which would give resonance enhancement to the, €8/
Cuy—S based vibrations. The 386 chmode has more G-
S/Cuy—S character (40%) and thus is more enhanced under
absorption band 5. In contrast, the 415 ¢énmode has little
Cuy —S/Cyy—S character (8%, Table 5), and little enhancement
is observed for this vibration under absorption band 5.

The calculated force constants &€u—S) = 3.29 mdyn/

A, k(Cu;—S) = 3.11 mdyn/A, ank(Cuy —S) = k(Cuy—S) =
1.31 mdyn/A (Table 5). This is consistent with the electronic
structure of the Cu site, where the bridging sulfide forms a
strong o-interaction with the dominantly oxidized Cwand
mediates as/o superexchange pathway to the;Cgiving it
some oxidized character. (zuand Cy, are dominantly reduced
which leads to the weak Gu-S and Cyw,—S bonds.

4.3. EPRg-Values: Ligand Field versus Delocalization.
One unique spectral feature of the Csite is the extremely
low g value &2.16) observed in the EPRjn contrast to the
g1 ~ 2.2—2.3 for normal Cti complexes'! This could be due
to a highly covalent Cu'S bond where the spin delocalization
onto ligands would reduce the metal character in the ground
state and thus they, value3®5* However, the B38HFP86
calculation indicates there is only 14% sulfur character in the
ground state (Table 3, section 3%)the Cu-S bond is thus
not very covalent, and this cannot account for the tpwalue.

Because the Gisite is a partially delocalized class Il mixed-
valent system with Guand Cy being the main contributing
Cu centerg? the systeny tensor is a delocalization weighted
sum of the localy tensors for the monomeric sifé$” and is
affected by the extent of delocalization and the noncollinearity
of the localg tensors which are determined by the local ligand
field geometry around each Cu atom. The systemalues can
be determined using localtensors constructed from the local
ligand field geometry of Cuand Cy (Figure 8A) by diago-
nalizing theg®s tensor obtained from ecf?2

gsys,: (ngA+ (1 _ (XZ)TgBTT (2)
where thea? is the mixed-valent delocalization paramete? (
= 0.5 for complete delocalizatiof§;>® g*B are the localg
tensors, and (o',4',y') is the Euler angle rotation matrix from
tensorg® to g* (o = y' = 0, 8/ = 22°, Figure 8A). Typical
tetragonalg-values @ = gy = 2.04,9, = 2.25) were used for
the g™ B tensors’®€CFigure 8B gives the calculated dependence

(54) McGarvey, B. R. ITransition Metal ChemistryCarlin, R. L., Ed.; Marcel
Dekker: New York, 1966; Vol. 3, p 89.

(55) Preliminary Cu sulfur K-edge data are consistent with this S-covalency.
George, S. D.; Solomon, E. I., unpublished results.

(56) Westmoreland, T. D.; Wilcox, D. E.; Baldwin, M. J.; Mims, W. B.;
Solomon, E. I1.J. Am. Chem. Sod.989 111, 6106.

(57) Neese, F.; Zumft, W. G.; Antholine, W. E.; Kroneck, P. M. H.Am.
Chem. Soc1996 118 8692.
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Figure 8. Cu—Cu, dimer g tensor. (A) Localg tensor construction on
Cu and Cuy sites based on their ligand field geometries. ZIi#) direction

is perpendicular to the ligand field equatorial plane defined by the sulfide
and histidine ligandsy (y') directions on both Cu’s are defined parallel to
each other, and =y x z. The Euler angles thus defined ate=y' =0
andf' ~ 22°, wheref' is the tilting angle oz andZ with respect to each
other. Note the local tensor orientations are different from those in Figure
1 to simplify the Euler angles. (B) Calculatgevalue dependence ax? at

B = 22°. (C) Calculatedg-value dependence aw? assuming3’ = 82°.

of the systeng-values on the delocalization parametér At

B = 22°, the systeng-values do not vary much and are close
to axial @min ~ 2.04,gmig &~ 2.05, andymax ~2.24) even at the
complete delocalization limito? = 0.5). Only when the two
local g tensors are close to orthogonal?(= 0.5, Figure 8C,

left) couldgmaxreduce to 2.16, and this leads to a rhombic (close
to inverse) EPR pattern, which is not experimentally obsef¥ed.
Therefore, spin delocalization does not appear to be responsible
for the low gy value of Cuy.

From ligand field theory, thg, value of Cli EPR is inversely
proportional to thexy — x2—y? transition energy, and a high-
energyxy excited state could also contribute to the Igywalue
observed for Cu>* Taking D4, CuClL2~ as a reference, as it
has metal character in the ground state (63%*Csijnilar to
that calculated by DFT for G(69% total Cu, Table 3), the,
value of Cy could be estimated from the relative energies of
the xy — x2—y? transition (eq 3)

EMC—UCLZ‘_)AQH(CUCLE_)

Eo(Cy)

where Ag, is the deviation ofg, from the spin-only value
(2.0023), ancE,y is thexy — x2—y? transition energy (foDan
CuCl?, gy =~ 2.22,E,, = 12 500 cm?).4161 The E,, for Cu,
from abs/CD/MCD is~17 980 cnt?! (Table 1), which gives,
~ 2.16, consistent with experiment. Therefore, the thwalue

Ag(Cup) = Q)

(58) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(59) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiochem 967, 10, 247.

(60) g values ranging from 2.2 to 2.35 agd values ranging from 2.02 to 2.06
for the local monomerig tensors were investigated. All results are similar
to those presented here.

(61) Hitchman, M. A.; Cassidy, P. lnorg. Chem.1979 18, 1745.
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bridging
angle

Figure 9. Structurally perturbed models of the £site. Water ligand is
not shown for clarity. B38HFP86 calculated spin density distributions (%)
are given for Cy S, and Cy. (A) Crystal structure derived model. (B)
Linear Cy—S—Cu, bridging angle. (C) CiCu, ligand fields symmetrized
(ligand field of Cu modified to that of Cy. (D) Cu;—Cuy/Cuy interaction
eliminated by moving Cu/Cuy away from Cy to bisect the Cu-S—Cuy
angle (Cy—Cuiv ~ Cuy—Cuipy ~ 3 A).

of Cuy appears to reflect the higky — x2—y? ligand field
transition energy, which derives from the specific ligand field
geometry of Cu(Figure 1, section 4.1.B).

4.4, Structural Perturbations: Geometric Contribution to
Electronic Structure. The Cy center is a class || mixed-valent
site with the single hole dominantly localized on Cand
partially delocalized onto Guvia the Cy—S—Cu; superex-

covalency is observed (14%> 13% S character). This
demonstrates that there is some interaction betwegna@d
the Cy,/Cuy pair in the lower trinuclear unit of the Gwenter
due to their close proximity that leads to the dominantly
localized (or partially delocalized) electronic structure descrip-
tion of the Ci center. The nature of this interaction is discussed
below.

5. Discussion

5.1. Bonding Description of theus-Sulfide Bridged Tet-
ranuclear Cuz Cluster. A combination of spectroscopic
techniques and density functional calculations has provided a
detailed bonding description of thes-sulfide bridged tetra-
nuclear Cy center. The ground state of ghas the 1C/3Cu
configuration and is a class Il mixed-valent syst#ihe single
hole dominantly resides on Cwhich has a distorted T-shaped
three-coordinate ligand field resulting in the low HisCu CT
transition energies, and the large splitting of #8e'y? and the
xy orbital leading to the lovg, value observed in EPR (sections
4.1 and 4.3). The bridging sulfigs valence orbital is oriented
along the Cy-S—Cu direction and forms a dominamt-in-
teraction with the Cux?—y? orbital leading to the strong S
Cu CT transition in the absorption spectrum (section 4.1). The
same sulfupy orbital also has good interaction with the Cuy
x2—y? orbital, forming a Cu-S—Cu, o/o superexchange
pathway for electron delocalization from (o Cu;, which is
manifested in the absorption spectrum by a;Cut Cuy
intervalence transfer transition (section 4.1). ThpySalence
orbital (perpendicular to the GuS—Cu, plane) has a weak
bonding interaction with Gy and Cuy, which gives a nonzero
dipole moment to the $, — Cu CT transition perpendicular
to the Spy — Cu CT transition, resulting in an intense pseudo-A
term in the MCD spectrum. The |§ valence orbital is in the
Cu—S—Cu, plane and gives rise to a CT transition with
intermediate intensity in absorption (section 4.1). The spectro-

change pathway. To understand the geometric contribution to SCoPically determinegis-sulfide bonding interactions with the
electronic localization/delocalization, three perturbations on the four Cu's in the Cu cluster are consistent with the individual

crystal structure derived Gumodel (Figure 9A) were evaluated
by electronic structure calculations. (1) The €8—Cu,
bridging angle was made linear (Figure 9B). (2) Tha/Cu,
ligand fields were symmetrized (Figure 9C). (3) Possiblg-€u
Cuy/Cuy interactions were eliminated by moving GACuy
away from Cy so that the Ciy—S—Cuy plane bisects the Gu

Cu—S bond strengths from the stretching force constants
determined from the normal coordinate analysis of rR vibrational
data, WIthk(CU|—S) > k(CU”_S) > k(CU||| _S) ~ k(CUN—S)
(section 4.2).

The geometric origin of the dominantly localized (or partially
delocalized) electronic structure description of the; Canter

S—Cu angle (Figure 9D). The DFT calculated ground-state IS the asymmetry of CtCu distances in the G8 cluster, where

spin density distributions indicate that the linear,€8—Cu
angle and the symmetrized @0u; ligand fields, in fact, both
resulted in a more localized ground state on thea@om (63%
and 64% Cuspin density, respectively, Figure 9B and C) than
that of the crystal structure derived model (42% §hin density,
Figure 9A). This increased localization derives from the

the short distances between Cand Cu/Cuy provide an
interaction leading to the hole localization on,@section 4.4).
This interaction between Guand Cy,/Cuy could be due to
direct Cu-Cu bonding, or an electrostatic effect due to the
positive charge on Gg/Cuy which can trap electron density
on Cuy (i.e., hole localization on Gu Because Gy Cuy, and

decreased bridging sulfide covalency in the ground-state wave Ctv are all dominantly reduced with closed-shel? dlectron

function [9% (Cy—S—Cu, linear model) and 8% sulfide (ligand

fields symmetrized model) vs 14% (crystal structure model),

configurations, any direct C&¢Cu bonding interaction must
involve copper 4s/4p mixing. So far, no spectroscopic evidence

see Figure 9B and C vs Figure 9A], which leads to less for the presence of any CuCu bond has been reportéMO

superexchange and thus more localizaf®im. contrast, moving
the Cu,/Cuy centers away from Guresulted in a completely
delocalized ground state (30% Cand 30% Cuy spin density,

Figure 9D), even though a slight decrease in the bridging sulfide

(62) Glaser, T.; Rose, K.; Shadle, S. E.; Hedman, B.; Hodgson, K. E.; Solomon,

E. I.J. Am. Chem. So@001, 123 442.

calculated Cu-Cu overlap populations for several representative
Cu binuclear and cluster systems were analyzed for bonding
interaction$465“The results are that direct GaCu' bonding

(63) Koten, G. V.; James, S. L.; Jastrzebski, J. T. B. HClomprehensie
Organometallic Chemistry 1l. A Reew of the Literature 19821994
Wardell, J. L., Ed.; Elsevier Science, Inc.: New York, 1995; Vol. 3, p 57.

(64) Mehrotra, P. K.; Hoffmann, Rnorg. Chem.1978 17, 2187.
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Table 6. DFT Calculated Cu—Cu Overlap Populations (Electron)

Cuz model Cu,2* model
feu—co (A) overlap feu—cu (A) overlap
CU||—CU||| 2.57 0.0114 2.58 0.0283
Cu;—Cuyv 2.58 0.0076 2.78 0.0175
Cuy—Cuy 2.93 0.0073 2.98 0.0100
Cu—Cuy 3.36 —0.0213 3.18 0.0055
Cu—Cuy 3.38 —0.0155

is at best weak, and possibly negligibR8.The Cu-Cu overlap
populations for the Gumodel from the B38HFP86 calculations
were analyzed and compared to the simplg?€model system,
the best case where a weak! €Cu bond was suggested from
the small positive overlap population (Table%)The largest
overlap population is for the Gu-Cuy pair in Cu, but the
magnitude is only~1/; of that in the Cg?*™ model at a similar
Cu—Cu distance (Table 6). Therefore, there is virtually no direct
metak-metal bonding in the reduced (Ou;Cuy unit. To
evaluate the electrostatic effect from @Cuy on the Cy—
S—Cu localization, a simplified model was constructed with
symmetrized ligand fields on both Cand Cuy, while Cu; and
Cuyv were substituted by positive point charges (with the
Mulliken charges obtained for Guand Cy, from the Cy

Two electrons can also come from coordinated ligands if no
electrons are available from the metal center (e.g., Hf, Zr, Ti,
Ni).6-869 with few exception$, high-valent metal-oxo bonds
are normally formed in the products, which stabilize the oxide
formed and drive the reaction.

The spectroscopically calibrated MO energy level diagram
of Cuz (Figure 4) indicates that the bridging sulfide and amine
(histidine) ligand orbitals are deep in energy, and the high-energy
occupied MOs are the Cu d orbitals. Therefore, the redox
reaction with the MO substrate should mainly involve the
oxidation of Cu atoms in the cluster (i.e., G\Cuy, or Cuy,
because Gus dominantly oxidized and further oxidation would
lead to CU" which is not established in biological Cu systems).
The substrate binding edge of the LCueluster has one
dominantly oxidized Cy one dominantly reduced Gu and
an exchangeable water ligand (weakly bound). Both &
Cuy are coordinately unsaturated with open coordination
positions oriented toward the exchangeable water. The-Cu
Cuy distance is~3.4 A (Figure 1), which is in the range for
u-1,3- oru-1,1-N,O bridging, as is widely observed in isoelec-
tronic azide-Cu complexes®-73 This possible bridging interac-
tion of N,O at the CyCuy edge provides a mechanism for
overcoming the reaction barrier by simultaneous two-electron

calculation, Figure S4). When the point charges are located reduction of NO at the Cu site. One electron can be donated

halfway between Guand Cuy, a delocalized ground state is

directly from Cuyy and the other from Guthrough the Cy—

obtained (Figure S4A, symmetric model), while the asymmetric S—Cu of/o superexchange pathway.

model resulted in a localized ground state (Figure S4B,

The frontier molecular orbital (FMG%7>concept can be used

asymmetric model). This indicates that the interaction between to obtain electronic structure insight into the simultaneous two-

Cu; and the Cy/Cuy pair is mainly electrostatic, where the
positive charges on GUCuy trap electron density on Ghole
on Cuy) and result in the dominantly localized (or partially
delocalized) electronic structure description of,Cu

Structural perturbation similar to that in Figure 9D (section
4.4) was also performed on the fucore optimized structure
(section 3.2, Figure 6) by moving @GUCuy away from Cy.
The total energy of the model went up byt kcal/mol even
after re-optimizing the C4s core while keeping the ligands in

electron-transfer pathway from €to N,O. In the FMO theory,

the redox active molecular orbitals are the lowest unoccupied
MOs of the electron acceptor and the highest occupied MOs of
the electron donor. These MOs are the main participants in the
redox reaction, and the donor/acceptor orbital overlaps dominate
the reaction pathway. The LUMO of the,® molecule is ar
orbital with dominantly terminal N character (Scheme 1A,
Figure S6) and is the electron acceptor orbital for its reduction.
On the Cy/Cuy substrate binding edge of guthe highest

the perturbed state (data not shown). This indicates that theoccupied MOs (HOMOSs) are the €HOMO (Figures 4 and

asymmetry of Cu-Cu distances in the Gieluster in the crystal

5B), which is the Cy x>—Yy? orbital with significant Cyx?—y?

structure is consistent with the total energy preference of the character from superexchange mediated electron delocalization,

CwS core rather than restricted by the protein.

5.2. Electronic Structure Contributions to Reactivity. The
enzyme NOR catalyzes the two-electron reduction ofONto
N2 and HO at the Cy center, which involves the cleavage of
the N,—O bond and the reduction of the O atom to the oxide
level. In the gas phase, theNO cleavage generates ldnd a
triplet O atom P) in the first elementary step, which is
energetically uphill AH ~ 40 kcal/mol) and has a high reaction

and the highest occupied Guxy orbital (Figures 4 and S5).
These two MOs can serve as the electron donors for the two-
electron reduction of pD.”® For theu-1,1-N;O bridging mode
possibility, terminal nitrogen coordination configuration is least
likely due to the difficulty in oxo-transfer, while terminat1,1
oxygen coordination has unfavorableg®iCu; LUMO/HOMO
overlap due to the small oxygen contribution in th&ON_.UMO
(Scheme 1A and B, Figure S6). For thel,3-N,O bridging

barrier due to the spin change. This leads to the high activation mode, the LUMO of NO has good overlap with both the Gu

energy for the full thermodecomposition reaction @ENAEa
~ 59 kcal/mol), despite its thermodynamic driving fordeQ
~ —29 kcal/mol)3 In N,O model chemistry, transition metals

Xy orbital and the Cy x2—y? orbital (through its Cux?—y?

(68) Bottomley, F.; Lin, I. J. B.; White, P. S. Am. Chem. Sod.981, 103

. . . . . 703.
are used as activation centers to overcome this reaction ba.l'rlel'(eg) Vaughan, G. A.; Sofield, C. D.; Hillhouse, G. I. Am. Chem. S0d.989

by donating two electrons toJ. The two electrons can come
either from a single metal center (e.g., Ru, Ti!38 or from
two metal centers forming dimeric products (e.g., Ti,5f8

(65) Avdeef, A.; Fackler, J. P., Jmorg. Chem.1978 17, 2182.

(66) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistry, A Compre-
hensve Text 4th ed.; John Wiley & Sons: New York, 1980.

(67) Smith, M. R., Ill; Matsunaga, P. T.; Anderson, R. A.Am. Chem. Soc.
1993 115 7049.

10506 J. AM. CHEM. SOC. = VOL. 124, NO. 35, 2002

111, 5491.

(70) Drew, M. G. B.; McCann, M.; Nelson, S. M. Chem. Soc., Chem. Commun.
1979 481.

(71) Comarmond, J.; Plumer®.; Lehn, J.-M.; Agnus, Y.; Louis, R.; Weiss,
R.; Kahn, O.; Morgenstern-Badarau,Jl.Am. Chem. So2982 104, 6330.

(72) Agnus, Y.; Louis, R.; Weiss, R.. Am. Chem. S0d.979 101, 3381.

(73) Sikorav, S.; Bkouche-Waksman, I.; Kahn,JOAm. Chem. Sod984 106,
490.

(74) Klopman, GJ. Am. Chem. Sod.968 90, 223.

(75) Salem, LJ. Am. Chem. S0d.96§ 90, 543.

(76) Note the C d orbitals are not accessible from the substrate binding side.
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Scheme 1. FMO Interactions between N.O and Cuz? In summary, theus-sulfide bridged tetranuclear gwenter
A)  0.161 Debye B) p11 of N,OR provides a strategy to overcome the reaction barrier
4> of N20 reduction by simultaneous two-electron transfer. One
N—N-O N Cuy electron can be donated directly fromand the other from
%«'? Cu; through the Cy—S—Cu of/o superexchange pathway
LUMO %_R LUMO 0 | L onos (Scheme 1C, upper). The HOMOs on the/Cuy edge have
*53’ favorable overlaps with the 20 LUMO in the u4-1,3 bridging
Cuy "//‘:,uIIl mode, while the additional #0/Cu; HOMO/LUMO interaction
HOMO H_% (oxygen on Cy) and electrostatic effect with Gturther facilitate
Cuy the NbO binding. Possible H-bonding interaction of the coor-
dinated oxygen atom to the backbone NH group of His376
C) p-1,3 D) up-13 (estimatedro-n ~ 3.0 AY4 and/or additional oxygenCuy
08 interaction (estimatedo-cyv &~ 3.5 A) during the reaction
oMo Q% \Q.Cu LUMOC\N Cu leading to oxo-bridging between Cand Cy, would further
N ﬁ'? stabilize the product facilitating the reactiéhAfter the N,O
HOMOs 0® HOMOs reduction, the two-electron oxidized goenter would have the

e‘. P, *s‘%j two additio_nal electron holes on ¢and Cu,, which are in
Cupy ; ///Cum Cupy ; TCuy, the Ic_>w_ertr|nuclear CiCuy Cuy component of the clustgr. The
proximity of Cu;, Cuy, and Cy, atoms could result in the
electron delocalization over this trinuclear unit contributing to
the stabilization of the oxidized state of the &enter and thus
0o _O%U  Lovo Sa the N:O reduction. Finally, good electron-transfer pathways from
the bridging thiolates and one histidine ligand of the neighboring
by LUMO ) LUMO Cua center in the dimeric protein to the {fand Cy, atoms of
cl,‘wls'-,,%u the tetranuclear cluster would allow rapid re-reduction of the
]
]

CI.I" cu“

HOMO

v .,
Cuyy ‘2,

% Cu; site during turnovef?
“Cun W g

Cu" Cu
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