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Abstract: To evaluate the importance of the axial ligand in blue Cu centers, the electronic structure of a
three-coordinate model compound LCuS@Rh L = S-diketiminate ligand) is defined using low-temperature
absorption, magnetic circular dichroism (MCD), X-ray absorption spectroscopy (XAS), and resonance Raman
(rR) profiles coupled with density functional calculations. Using these excited-state spectroscopic methods the
electronic structure o2 is compared to that of a four-coordinate blue Cu model compound LCuS@Ph

= tris(pyrazolyl)hydroborate ligand) and the three-coordinate blue Cu center in fungal laccase. The spectral
features oR are substantially altered from thoselofind reflect gransinfluence of thes-diketiminate ligand

that involves a strong interaction with the Cy-g¢ orbital, concomitant with a decreased 5 imteraction

with the Cu g2—2 orbital. The lack of an axial ligand coupled with the influence of this equatorial donor leads

to many of the perturbed spectral feature® oélative tol including: the shift of the Sp— Cu CT transition

to lower energy and its reduced intensity, the stronger ligand field, the larger nitrogen covalency in the HOMO
at the expense of thiolate covalency, and the decreased excited-state distortion. From XAS, it also is clear that
loss of the axial pyrazole ligand idrelative tol leads to an increase in the effective nuclear charge of the
three-coordinate Cu i, which demonstrates that the axial ligand modulates the electronic structure. From a
comparison of2 to fungal laccase it is evident that even in the absence of an axial ligand the electronic
structure can be modulated by differential charge donation from the equatorial ligands. These studies show
that elimination of the axial ligand of the blue copper site can affect the covalency of the thiGlateond

and potentially modify the electron-transfer properties of the site.

1. Introduction (Cys), form a trigonal plane. The €B(Cys) bond is very short
i . . . o (21 A), while the Cu-N(His) interactions are fairly typical (2.0
Blu.e C.u prqtelné‘ are important in bgth intra- and Inter A). The fourth ligand, S(Met), in the ligation sphere of the
protein biological electron _transfer (Eﬁ: The _pro_tot_yplcal prototypical blue Cu site is very long (€8 =~ 2.8 A) 22 Within
blue, or type 1, Cu center in plastocyanin, which is important the diverse array of blue Cu proteins, the strength of this axial

in photosynthesis, is characterized by a trigonally distorted i ; ; ; o . ;
10 , . gand interaction shows considerable variability, which provides
tetrahedral geometry;°where three strong ligands, N(HiS) a possible mechanism for adjusting the properties of the site
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Cu(ll)—Thiolate Complexes and Fungal Laccase

Figure 1. Biological and synthetic Cu(ll) thiolates. The blue Cu center
in fungal laccase (PDB Code: 1A65). Comple{HB(pzZ)s]CuSCPh;
complex2, (5-diketiminate) CuSCPhand comple, (5-diketiminate)-
CuSGHsMe,.

type 1 center in fungal laccase, the axial ligand is ab¥€fus,
the role of the axial ligand in tuning the electronic structure is
an important issue for blue Cu centéfd>18

A small-molecule model comple®) (Figure 1) that has been
recently preparéd reproduces the uncommon trigonal Cu(ll)
geometry present in the oxidized fungal laccase type 1 Cif site
(Figure 1). ComplexX incorporates a bidentafediketiminate
nitrogen ligand with 1.9 A C&N bonds and a triphenylmethyl-
thiolate with a 2.1 A Curthiolate bond® similar to the
analogous distances in fungal lacc&s®irect comparison of
the electronic structures of the trigonal, three-coordinate Cu(ll)
sites in2 and fungal laccase is complicated by the fact that the
thiolate ligands are different: triphenylmethylthiolateimersus
cysteinate in fungal laccase. In the accompanying pélee

differences in the electronic structure associated with this change
in the thiolate ligand are addressed by comparing the spectro-

scopically defined electronic structure of the prototypical blue
Cu site in plastocyani-?2to that of a tris(pyrazolyl)hydrobo-
rate-supported model complek,that incorporates this thiolate
(Figure 1)>725 From this study, the ligating S atom in
triphenylmethylthiolate is shown to be a stronger donor than

(14) Ducros, V.; Brzozowski, A. M.; Wilson, K. S.; Brown, S. H,;
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the ligating S(Cys) in blue Cu centers. Compalso differs
from the trigonal site in fungal laccase in that fheliketiminate
ligand is used, which permits an evaluation of the influence of
equatorial ligands other than N(His) (or the closely related
N(pz)). To systematically evaluate the change in electronic
structure between the blue Cu center and comg@ext is
important to separate the influences of the thiolate ligand from
those of thg3-diketiminate nitrogen ligand. Compariryto 1,
which both incorporate the same thiolate ligand, isolates the
electronic structural effects of the thiolate ligand from those of
the nitrogen ligand and permits an evaluation of the importance
of axial ligation.

In this work, a multifaceted, excited-state spectroscopic
analysis incorporating absorption, magnetic circular dichroism
(MCD), resonance Raman (rR), and X-ray absorption spectros-
copy (XAS) methodologies is coupled with density functional
theory (DFT) calculations to characterize the electronic structure
of 2. The electronic structure o2 is compared with the
electronic structure of that was defined by parallel studies in
the accompanying papé&tAbsorption and MCD spectroscopies
provide a method to distinguish the ligand field transitions from
the charge-transfer transitions, which provides insight into
changes in the ligand field environment. A vibrational analysis
of an isotopically labeled comple (Figure 1), related t@
assists in assigning the Raman spectrum. Time-domain analysis
of the Raman profile data quantitates the excited-state Su
bond length distortion associated with the charge-transfer
transition. XAS provides insight into the nature of the ground-
state wave function and comparison witprovides an estimate
of the relative effective nuclear chargeZ.f) of Cu. DFT
calculations indicate important factors affecting the copper
thiolate bonding interaction and the importance of the axial
ligand Finally, the electronic structure determined from the
spectroscopic analysis @fis compared to that of the naturally
occurring trigonal Cu S(Cys) thiolate center in fungal laccase.

2. Experimental Procedures

2.1. Compounds.Published syntheses df 2, and LCuCl (L=
B-diketiminate ligand shown in Figure 1) were usédt All synthetic
procedures were performed in an inert-atmosphere glovebox or using
standard Schlenk techniques. The sodium salt of 2,6-dimethylphen-
ylthiol was prepared by adding the thiol (1 mL, 7.5 mmol) to a slurry
of sodium hydride (455 mg) in THF (20 mL), concentrating to 5 mL,
filtering, and precipitating with pentane (10 mL) to yield a white solid
consisting of the sodium thiolate and solvated TH® (5 equiv by*H

Ostergaard, P.; Schneider, P.; Yaver, D. S.; Pedersen, A. H.; Davies, G. JNMR spectroscopy).

Nat. Struct. Biol.1998 5, 310-316.

(15) Palmer, A. E.; Randall, D. W.; Xu, F.; Solomon, EJIAm. Chem.
Soc.1999 121, 7138-7149.

(16) Xu, F.; Berka, R. M.; Wahleithner, J. A.; Nelson, B. A.; Shuster, J.
R.; Brown, S. H.; Palmer, A. E.; Solomon, E.Biochem. J.1998 334
63—70.

(17) Lowery, M. D.; Solomon, E. linorg. Chim. Actal992 200, 233~
243.

(18) Olsson, M. H. M.; Ryde, UJ. Biol. Inorg. Chem1999 4, 654~
663.

(19) Holland, P. L.; Tolman, W. Bl. Am. Chem. Sod999 121, 7270~
7271.

(20) Randall, D. W.; George, S. D.; Hedman, B.; Hodgson, K.
Fujisawa, K.; Solomon, E. . Am. Chem. So00Q 122, 11620-11631.

(21) Gewirth, A. A.; Solomon, E. U. Am. Chem. S04988 110, 3811~
3819.

(22) LaCroix, L. B.; Shadle, S. E.; Wang, Y. N.; Averill, B. A.; Hedman,
B.; Hodgson, K. O.; Solomon, E. I. Am. Chem. S0d.996 118 7755
7768.

(23) Kitajima, N.; Fujisawa, K.; Moro-oka, YJ. Am. Chem. Sod.99Q
112 3210-3212.

(24) Kitajima, N.; Fujisawa, K.; Tanaka, M.; Moro-oka, ¥.Am. Chem.
S0c.1992 114, 9232-9233.

(25) Qiu, D.; Kilpatrick, L. T.; Kitajima, N.; Spiro, T. GJ. Am. Chem.
Soc.1994 116, 2585-2590.

2.1.1. Preparation of 3.A solution of NaSGH3(CHs),-Y/,THF (25
mg, 0.13 mmol) in THF (3 mL) was added slowly to a rgulrple
slurry of LCuCl (66 mg, 0.13 mmol) in THF (10 mL). The resultant
deep blue solution was stirred for 30 min and then slowly dried in
vacuo. The residue was extracted with pentane (10 mL), filtered through
a plug of Celite, and concentrated to 5 mL. This solution was cooled
overnight to give crystals d (20 mg, 25% yield). UV-vis (pentane)
[Amax NmM €, MM~ cm™1)]: 340 (~29), 458 (2.1), 729 (6.4); EPR (9.61
GHz, toluene, 20 K):g; = 2.18,A; = 115 x 10* cm™?, gs = 2.04,
A; =13 x 10* cm™! (simulated with QPOWA); Anal. Calcd for
CuHssCUSN: C, 71.86; H, 8.15; N, 4.53. Found: C, 71.80; H, 8.30;
N, 4.58. The X-ray crystal structure 8fis presented in the Supporting
Information. Important crystallographic data: monoclinic, space group
P2i/c, a = 11.3523(2) Ab = 17.0133(3) Ac = 18.3511(2) AB =
103.490(19, V = 3446.55(9) &, Z = 4, peaca = 1.192 g/crd. Non-
hydrogen atoms were refined with anisotropic thermal parameters, and

(26) (a) M. J. Nilges, Ph.D. Thesis, University of lllinois, Urbana, lllinois,
1979. (b) Belford, R. L.; Nilges, M. J. “Computer Simulation of Powder
Spectra”, EPR Symposium, 21st Rocky Mountain Conference, Denver,
Colorado, August, 1979. (c) A. M. Maurice, Ph.D. Thesis, University of
lllinois, Urbana, lllinois, 1980.
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hydrogen atoms were in idealized positions with riding thermal 2.5. X-ray Absorption Spectroscopy Measurements and Data
parameters. Full-matrix least squares refinemerftaronverged with Analysis. All data were measured at the Stanford Synchrotron Radiation
R1 = 0.0295,wR = 0.0727, GOF= 1.033 for 4760 independent  Laboratory under ring conditions 3.0 GeV and-G00 mA.
reflections [ > 20(l)) and 382 parameters. S K-edge data were measured using the 54-pole wiggler beam line
2.1.2. Sulfur-34 Labeling.Preparation of“S-enriched 2,6-dimeth- 6-2 in high magnetic field mode of 10 kG with a Ni-coated harmonic
ylphenylthiol was accomplished by addition of solid sulfur-34 (45 mg, rejection mirror and fully tuned Si(111) double crystal monochromator.
1.3 mmol, 77% atomic enrichment, Cambridge Isotopes) to a solution Details of the optimization of this setup for low-energy studies have
of 2,6-dimethylphenyl magnesium bromide (1.0 mL, 1.0 M in THF, been described in an earlier publicatféis K-edge measurements were
Aldrich) at room temperature. This solution was stirred under nitrogen made at room temperature. Samples were ground into a fine powder
for 3 h, and then lithium aluminum hydride-0.1 g) was added, causing  and dispersed as thinly as possible on Mylar tape to minimize the
the pale yellow color to fade. The reaction was quenched with saturated possibility of self-absorption. The data were measured as fluorescence
NH.CI (50 mL), and the aqueous layer was extracted with three portions excitation spectra utilizing an ionization chamber as a fluorescence
of 25 mL of diethyl ether. The combined organic layers were dried detector>% To check for reproducibility, 23 scans were measured
over MgSQ, reduced to an oil, and distilled at 48 (0.1 mmHg) to for each solid sample. The energy was calibrated from S K-edge spectra
yield a sample of labeled 2,6-dimethylphenylthiol that was used to make of N&,S,03-5H,0, run at intervals between sample scans. The maximum
the sodium salt (as described above) without further manipulation. of the first preedge feature in the spectrum was assigned to 2472.02
Synthesis of isotopically labeled compl&was accomplished using  eV. Data were averaged, and a smooth background was removed from
procedures similar to those described above. all spectra by fitting a polynomial to the preedge region and subtracting
2.2. UV—Vis Absorption and MCD. Room-temperature absorption  this polynomial from the entire spectrum. Normalization of the data
spectra were recorded in heptane, pentane, or toluene on a HP8453vas accomplished by fitting a flattened polynomial or straight line to
diode-array spectrophotometer. Low-temperature-Wi¢ absorption the postedge region and normalizing the edge jump to 1.0 at 2490 eV.
spectra were recorded atl0 K using either a Cary 500 or Cary 17  Fits to the edges were performed using the program EDG*R&cond
equipped with a Janis Supervaritemp dewar. MCD spectra were derivative spectra were used as guides to determine the number and
recorded using Jasco J500 (or J810,-tsible, PMT detection) and position of peaks. Preedge and rising edge features were modeled by
J200 (near-IR, liquid nitrogen-cooled InSh solid-state detection) spec- pseudo-Voigt line shapes. For the preedge feature, a fixed 1:1 ratio of
tropolarimeters modified to include Oxford SM-4 (7 T, YVis) or Lorentzian to Gaussian contributions was used. Fits were performed
SM-4000 (7 T, near-IR) superconducting magnets with optical access over several energy ranges. The reported intensity values and standard
within their sample compartments. Special care was taken to provide deviations are based on the average of all good fits. Normalization
magnetic shielding for the PMT detector. For low temperature MCD procedures can introduce3% error in preedge peak intensities, in
experiments, solid samples (mulls) that were prepared by finely grinding addition to the error resulting from the fitting procedure.
microcrystalline material into powders with a mortar and pestle and  Cu L-edge data were measured using the 31-pole wiggler beam line
then adding mulling agents (poly(dimethylsiloxane) (Aldrich) or 10-1. Samples were finely ground and spread across double-adhesive
Fluorolube (Wilmad)) were uniformly spread between quartz disks conductive carbon tape, which was attached to an aluminum paddle.
(Heraeus-Amersil) and loaded into copper MCD cells and promptly The data were measured at room temperature as total electron yield
frozen in liquid nitrogen. spectra utilizing a Galileo 4716 channeltron electron multiplier as a
2.4. Raman and Resonance Raman Enhancement Profiletn detector. For each sample—8 scans were measured to check
initial TR spectra and sulfur-34 labeling experiments performed at reproducibility. The energy was calibrated from the Cu L-edge spectra
Minnesota, resonance Raman spectra were collected on an Acton 506f CuR, run at intervals between sample scans. The maximum of the
spectrometer using a Princeton Instruments/OCD-1100-PB/UVAR Lz and L, preedges were assigned to 930.5 and 950.5 eV, respectively.
detector and ST-1385 controller, equipped with a 1200 grooves/mm A linear background was fit to the preedge region (8920 eV) and
holographic grating, interfaced with Winspec software. A grating with was subtracted from the entire spectrum. Normalization was ac-
2400 grooves/mm was used for confirmation of the sr#&lisotope complished by fitting a straight line to the postedge region and
shifts, and the shifts reported here are deemed accurate to"l 8m  normalizing the edge jump to 1.0 at 1000 eV. Fits to the edges were
Spectra-Physics 2030-15 Ar ion laser at a powfet 8/ was employed  performed using EDG_FI¥. A pseudo-Voigt peak was used to model
to pump a 375B CW dye (Rhodamine 6G) laser at 632.8 nm. Solutions the L and L, 2p — 3d transitions. Arctangent functions were used to
(~50 mM, ds-benzene) were frozen onto a gold-plated copper coldfinger model the I; and L, edge jumps. The total L-preedge intensity reported
in thermal contact with a dewar containing liquid nitrogen. The spectra here was calculated as; I+ L,. The reported intensity values and
were obtained at 77 K using a 13backscattering geometry. Raman  standard deviations are based on the average of all good fits.
shifts were referenced externally through a quadratic fit to the known Normalization procedures can introduce% error in preedge peak
spectrum of indene at room temperattfre. intensities, in addition to the error resulting from the fitting procedure.
At Stanford, (resonance) Raman spectra were recorded using a 2.6. Calculations.Density functional theory (DFT) calculations were
Princeton Instruments, liquid nitrogen cooled, back-illuminated CCD performed using the Amsterdam Density Functional package of
camera mounted on a Spex 1877 0.6 m triple spectrometer, equippedaerends and co-workers (ADF 2.0.1) using the database IV basis
with 1200, 1800, or 2400 grooves/mm holographic gratings. Continuous set38.% The Vosko, Wilk, Nusair local density approximati8rwas
wave Coherent Kr ion (Innova 90C-K) and Ar ion (Sabre-25/7) visible ysed for exchange and correlation, respectively. Generalized gradient
and UV laser lines were used for variable-energy excitation. A
polarization scrambler was placed in front of the entrance slits of the ~ (28) Heller, E. JAcc. Chem. Re<.981, 14, 368-375.
spectrometer. Samples were loaded in 5-mm (0.d.) NMR tubes 18%29) Heller, E. J.; Sundberg, R. L.; Tannor, D Phys. Chen982 86,

; T : . 2-1833.
immersed in liquid nitrogen, and spectra were obtained iR135 (30) Myers, A. B.; Mathies, R. A. IiBiological Applications of Raman

backscattering geometry with-40 mW incident power. Raman  gpectroscomSpiro, T. G., Ed.: Wiley: New York, 1987; Vol. 2, pp-58.

scattering resolution and accuracy~2 cmt. Raman peak profile (31) Myers, A. B.Acc. Chem. Red.997, 30, 519-527.

intensities were determined relative to normal Raman scattering of  (32) Zink, J. I.; Shin, K. S. KAdv. Photochem1991, 16, 119-214.

solvent peaks. Resonance Raman enhancement profiles (RREPs) were (33) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon,

simulated using the time-dependent theory of Heller, &4k that E. 1. J. Am. Chem. S0d.99§ 120, 5674-5690. _ _

imol ted i MathCAD i#Th t f the fit (34) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.;

was implemented in a Mat script.The parameters of the fits 40500 K. 0.J. Am. Chem. Sod.988 110, 3798-3805.

were adjusted until the simulated spectra reasonably matched the (35) Stern, E. A.; Heald, S. MRev. Sci. Instrum1979 50, 1579-1582.

experimental data. The same set of parameters was used to simulate (36) Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.;

both the resonance Raman enhancement profile and the absorptioiVong, J.; Spiro, C. L.; Huffman, G. P.; Huggins, F. Bucl. Instrum.

Spectrum. Meth0d51984 226, 542—-548.

(37) George, G. N. EDG_FIT; Stanford Synchrotron Radiation Labora-
(27)Methods in EnzymologyRiordan, J. F.; Vallee, B. L., Eds,; tory, Stanford Linear Accelerator Center, Stanford University, Stanford,

Academic Press: New York, 1993; Vol. 226, p 351. CA 94309.
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approximations of Becké and Perde were included for exchange Wavelength (nm)

and correlation. The calculations reported here are for spin-restricted 300 350 400 500 600 750 1?00
systems; however, spin-unrestricted calculations gave very similar | | | | | |

results. Calculations were also attempted with the Gaussian 98 package 1A Abs

using the B3LYP function4t and the SCF-¥-SW packagé* How-

ever, these packages give a ground electronic state that is inconsistent 20
with experiment; g-diketiminate ligand-based HOMGi, 1 in Table

5) is calculated, rather than a Cu-based HOMO. For the B3LYP
calculations, several basis sets, including many with different degrees
of polarization, all gave thean, »: ground state. To model the geometry

of 2, only the essential £1sN.~ core of thes-diketiminate ligand was
retained. Likewise, the thiolate was approximated by $CHhe
calculations on the resulting j8sN.CuSCH]° complex were done
single point at the X-ray structure, but symmetrizedCto Thus, the
small deviation of the Cu from theJS plane was retained. Input files,
including the atomic coordinates, are included in the Supporting 5
Information.

—_
[4)]

e (MM em1)
=

3. Results and Analysis

3.1. Synthesis and Characterization of a 3-Coordinate Aryl
Thiolate Complex. Using synthetic methods analogous to those
used for2,1® a 3-coordinatg8-diketiminate Cu(ll) complex of 100
the 2,6-dimethylphenylthiolate ligand was prepared. The X-ray
crystal structure of this produg, is presented in the Supporting
Information. The geometry 08 is very similar to that of2, 50
with the copper atom lying only 0.1046(7) A from the:®
plane, demonstrating its trigonal coordination sphere. Most
notable are the small differences in bond angles and lengths,
some of which are attributable to the lesser steric demands of
the aryl group versus the triphenylmethyl group. For example,
the Cu-S—C angle is substantially smaller (107.63(7 3 50
versus 119.43(8)in 2), and the S-C (1.789(2) A in3 versus
1.883(2) A in2) and Cu-N (average 1.902 A i8 vs 1.922 A
in 2) bonds are shorter. Interestingly, though, the-Gubond 100
is longer (2.1382(5) i3 vs 2.1243(8) irR), pointing to a “push- USRIV IUS UL VRN
pull” gffe((:t betwée)n the thiolate (ar)1d tl)ﬁert)jiketin?inate IFi)gand; 85000 30000 25000 20000 15000 10000 5000
this theme will be elaborated at length below. Energy (cm™)

Despite these structural modifications, the substitution of an Figure 2. Excited-state electronic spectra of compXs-diketimi-
aryl group in3 for the alkyl group of2 causes only minimal nate)CuSCPhin heptane in comparison to compléx [HB(pz')s]-
changes in the electronic absorption and EPR spectra. Thus thé€cuSCPh. (A) Room-temperature absorption spectrun2pincluding
intense low-energy charge-transfer absorption (vide infra) lies an overlay of Qau_ssian fit; summarized in Table 1. (B) Low-t_emperature
at 729 nm in3 (749 nm in2), and the EPR spectrum &fis 5 K)_ magr_lenc cwcul_ar dl_chr0|sm (M_CD) _spectrum fat a field of
nearly superimposable on thatdfBecause of these similarities, ¢ |+ Including Gaussian fits summarized in Table 1.
compound3 will be discussed below only in the context of Taple 1. Experimental MCD and Absorption Band
resonance Raman spectroscopy, where it was possible to us&haracterization fof
the34S-labeled form o8 to identify vibrations involving Cut+S

PO [T ST T [N YA T S T [N T T T S NN SN T T SN [N SN T VO W AT
LI B B S S B B B B e N B B S et B B B B B N B B S By B B

MCD Intensity
o

band assignment energy (cth e (M~*cm™) osc str MCD/ABS

stretching.

. . . . . 1 6300 — nd +ve

3.2. Absorption and Magnetic Circular Dichroism Spec- 2 f,'fm ~9000 — nd _xe
troscopy. 3 SmCT 13500 5400 0.0553-0.018
3.2.1. Absorption. As demonstrated in Figure 2A and 4 dy 16100 780  0.0081-0.075
summarized iinabIe 1, the absorption s gctrumZofs 5 dere 18200 1200 0.0123r0.110
. o P pe 6 drx 20450 1210  0.0124-0.057
characterized by an intense, low-energy transition 250 nm 7 Spps 22800 880 0.0090-0.027
(= 13500 cmt; € ~ 5400 Mt cm™) (band 3)!° Between 8 ma 24700 740  0.0076+0.045

9 Ligm—a* 28500 16360 0.1009 nd

15000 and 25000 cni there are several weaker bands (bands
4-8, ¢ < 1200 Mt cm™). At 28500 cmi? lies intense ¢ ~ aRatio of MCD intensity to absorption intensity. This ratio ap-
16400 Mt cm™1) band 9. Gaussian fits that are simultaneously proximates the relative C/D ratios for mull data, where it is impossible
consistent with both the absorption spectrum and the low- 0 obtain absolute C/D ratios.

temperature MCD spectrum (vide infra) are included in the

figure and summarized in Table 1. The low-temperature mull
(38) ADF 2.0.1; Vrije Universiteit, Theoretical Chemistry, De Boelelaan  absorption spectrum (not shown) is similar in general appearance
1083, 1081 HV Amsterdam, The Netherlands, 1995. to that shown in Figure 2A
(39) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84—98. 9 )

(40) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200 3.2.2. MCD. The low-temperature MCD spectrum of a poly-
1211. (dimethylsiloxane) mull 012_ is pr_esented in Figure 2B. Fits to

Eig EZ?&‘S\;VAj DF-EEyz- E:- g}ggg gg gggg:gégg- the spectrum are summarized in Table 1. At the low tempera-

(43) Becke, A. D.J. éh'em"physlgga 08, 5648-5652. tures employed in these experiments, the MCD intensity

(44) Cook, M.; Case, D. AQCPE Program #4651991; Vol. 23. originates exclusively from &-term mechanism as determined
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from the temperature dependence of the MCD spectral intensity;
that is,C O (BB/KT) Ae¢, wheref is the Bohr magnetorB is

the magnetic field,k is the Boltzmann constanfl is the
temperature (K), and is the molar circular dichroism. The
saturation behavior of the features in the low-temperature MCD
spectra gives g, vValue of 2.10, consistent with EPRthough

the latter technique better resolves the anisotropy of the
g-interaction. A moderately intense MCD band (Figure 2B, band
1) is observed at low energy, 6300 thnBand 2 is observed at
~9000 cntl. An MCD feature (band 3) is observed at the same
energy as the strong 750 nm absorption (13500 gmOf

particular importance are the three intense MCD bands (bands

4—6) to higherenergy than the 750 nm absorption (band 3). In
the spectrum shown in Figure 2B, the MCD features in the
28000-30000 cnt?! region (bands 9 and above) are distorted
due to the strong absorptions in this region. However, a spectrum
obtained on a more dilute mull, where this issue is alleviated
does not show significant MCD intensity in this region (not
shown).

3.2.3. Band AssignmentsThe bands ir2 can be assigned
in analogy with those i, corresponding spectra for which are
included in Figure 2 for compariséfi,and the blue Cu center
in plastocyanin (the coordinate system is given in Figure 1,
wherezis perpendicular to the S(thiolatejidlane and« andy
are bisected by the S(thiolatefu bond)?122For a system like
2, MCD intensity derives from out-of-state spinrbit coupling
to energetically nearby states. The magnitude of such-spin
orbit coupling scales with the spirorbit coupling constang,
which is much larger for Cu (830 cm) than for S (380 cm?)
or N (70 cntl). This enables the use of MCD-term band
intensities relative to absorption band intensities (i&/Do
ratios) to distinguish @ d (or ligand field) transitions, which
have strong MCD intensity, from charge-transfer (CT) transi-
tions, which have weaker MCD intens#ty.The large MCD
intensity of bands 46 that are clustered around 18500 ¢m
in Figure 2B, coupled with their low absorption intensity from
Figure 2A (the MCD/Abs ratio, Table 1, for these bands-&%

Randall et al.
Table 2. Oscillator Strengths for Sqp— Cu CT Band
compound 1 2
osc. strengtffiey, 0.0777 0.0553
S pr — Cu CT transition freg/cmt 16000 13500
freq. scaledeyp, sc 0.0777 0.0664

2 From room-temperature absorption spectra.

Raman data (vide infra) band 9 is assigned as an intraligand
— gr* transition.

3.2.4. Comparison to 1Many features in the optical spectra
of 2 that are presented in Figure 2 are different than those of
1,%%in particular, and those of other highly covalent-@hiolate
centerstt1521.22As Figure 2A indicates, relative to compléx
the intense, low-energy Sip— Cu CT band (band 3) is shifted
to even lower energy i@: from 16000 cm? (625 nm) inlto
13500 cm! (750 nm) in2. The energy shift of the CT band is
also clear from the MCD spectrum (Figure 2B). The ligand field
bands in2, which are intense in MCD but weak in absorption,
are analogous to the ligand field bands at lower energy than
the intense 600 nm band ih However, there is a striking
difference in the energies of these ligand field bands between
2 andl. Figure 2B demonstrates that bands 4, 5, and 6, which
move in concert, are tmuchhigher energy ir2 relative tol,
for example, the highest energy-d band moves from 11080
cm~1in 1to 20450 cntin 2. This substantial shift of the-ed
bands to higher energy clearly indicates that the ligand field is
much stronger in2. The low-energy band (band 1) i is
analogous to the 5200 crhband in1, though it is shifted to
significantly higher energy~1100 cnt?). This band corre-
sponds to a transition from thezdbrbital, which is lower in
energy in2 due to the absence of an axial ligand. This decreases
the antibonding interaction along theaxis and allows the
4s/dz mixing to increase. Finally, there are no counterparts in
complex1 for band 2 at~9000 cnt! and band 9 at 28500 crh
confirming their association with th@-diketiminate donor
ligand.

Comparison of the intensities of the low energy 8¢ Cu

times larger than for band 3), enables us to assign these bandg:1 pands in1 and 2 (Figure 2A) reveals a further difference

as d-d bands. Likewise, the low-energy band 1 is assigned as
the fourth d-d band. The specific LF bands are assigned in
analogy with those i1?° and the blue Cu center in plastocya-
nin.21.22The signs of the &= d MCD features ir2 are identical

to those in plastocyanift. At lowest energy is Cu g (band 1,
positive), while Cu ¢, (band 4, negative), Cuygdy, (band 5,
positive), and Cu @+, (band 6, negative), in order of increasing
transition energy, lie to higher energy than band 3.

The significant absorption intensity of band 3, the smaller
MCD/Abs ratio (0.02, Table 1) than bands-@ (0.08+ 0.03),
Raman profile data (vide infra), and density functional calcula-
tions (vide infra) indicate that this low-energy, intense transition
is the S pr — Cu CT transition. Band 2 is associated with the
pB-diketiminate ligand and will be considered later, as will the
assignment of the weak bands 7 and 8. Possibilities for the latter
set include N— Cu CT and the S (pseudgr — Cu CT
transitions. High energy, intense band 9 is associated with the
f-diketiminate N-donor ligand, since the absorption spectrum
of spectroscopically transparent lithium, thallium(l), and copper-
(I) p-diketiminates also show an intense absorption near 350
nm, suggesting that this absorption is general to complexes
containing thes-diketiminate ligand'®> The lack of significant
MCD intensity in band 9 further supports the ligand-based
assignment for this band, as the C-term MCD intensity will scale
with the small values of N and C, relative to Cu. Based on

betweenl and 2. Quantitatively, the band intensity can be
expressed by its oscillator strengthTo determine the oscillator
strengths from the experimental data we use the approxima-
tion: fexp= 4.61 x 1079 emax v1/2, Whereemax is the maximum
absorption andy; is the full-width at half-maximum of the
peak. The experimental oscillator strengths are 0.077 and 0.055
for 1 and2, respectively (see Table 2). Oscillator strengths give
a measure of the transition mom®nf(v) O v+|-y;u|y:0F) and
have an intrinsicv dependence (i.e., for a constant transition
moment the transition intensity increases with transition
energy). Even when the oscillator strengti2a$ scaled by the
ratio of the transition frequencies to take this factor into account,
the resulting transition moment &fis only 86% that ofl (Table
2). Since absorption intensity is proportional to overlap of the
ligand orbitals in the donor and acceptor orbitals involved in
the electronic transition, the reduced oscillator strengtt2 of
compared td points to less Spligand character in the ground-
state wave function (i.e., HOMO) &.

3.3. Resonance Raman Spectroscopy.

3.3.1. Vibrations and Isotopic Substitution.Raman spectra
of 125 and 2'° have been reported previously. Figure 3A
compares the resonance Raman (rR) specti&aafd 3 using
laser excitation into their 750 nm absorption bands and the rR
spectrum of 1 obtained using excitation into its 625 nm
absorption band. When excited into their 3-u CT bands,

(45) Holland, P. L.; Tolman, W. B. Unpublished work

(46) Solomon, E. IComm. Inorg. Cheml984 3, 225-320.



Cu(ll)—Thiolate Complexes and Fungal Laccase J. Am. Chem. Soc., Vol. 122, No. 47, ARRY

ol L 1 L T Y R TR | I A | TN AT RN T R EEENE RE TS RN BRSNS e
A 421a » Solvent - Complex 3 356 L
i 433
i w2g -
N 353 B
427
1 %4 B
T T T T T T T T T URAN IR RN L LS I R U L I R
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[N PRI P B SR PR R R Figure 4. Raman spectrum & in frozen (77 K)ds-benzene showing

B J To70 the effect of*4S isotopic labelingo = 632.8 nm.
A= 35W' ~1290 . 1 .
= — L - shift of 3 cnT! is also observed for the 355 cband (shifts
12 } 387 L of other bands are 1 crh or less, see Table S1, Supporting
i Vo ANt ~1600 | Information).
3.3.2. Assignments and Correlations with 1The fact that
250 300 350 400 430 500 the ~425 cnt! vibrational band in all the complexes shows

o such large enhancement upon excitation into their respective S
pri-Cu CT bands suggests that this vibration be assigned as the
L Cu—S stretch. The isotopically labeled Raman data in Figure 4
make this assignment unambiguously clear, sf8edncorpora-
5 tion in 3results h a 6 cnT?! shift of the 433 cm! peak to lower
B frequency. This assignment parallels and confirms the assign-
200 400 600 800 1000 1200 1400 1600 ment of Spiro, et al. fol (and related complexé$)and also
Raman Shift (cm-1) the general assignment for blue Cu proteifs? The model
complexes studied here exhibit much less mechanical coupling
Figure 3. Resonance Raman spectra of Cu(ll) thiolate model systems between the CuS stretch and thiolate side chain deformations
1[HB(pz)s]CuSCPh, 2 LCuSCPR, and3 LCuSGHaMe,, where L= than in blue Cu proteins, in which this coupling yields their
p-diketiminate. p) rR spectra obtained using excitatiol € 752 nm, characteristic vibrational envelope in the 3560 cnl
647 nm) into the respective Stp—~ Cu CT transitions. The vibration regionf‘7f50 In addition to the intense 433 crhband, in3 there
f]‘_t Nhﬁzﬁtcthml éor;\‘fspk?“?s to;he l&s Stre.tgh'twhi"e_ mvezrticaljgrrows is also an intense band at 355 timHowever, the substantial
| | e Cu-N vibration. Analogous viprations 1, Z, an are .
ingicagted bya b, cd and e as dgescribed in the teYtrR spectra enhancement of the_433 chovertone relative to the 355 crh
obtained using excitation = 351 nm) into the high energy—z* overtone and comblnatlpn bands, suggests that for conilex
transition. Black dots represent solvent vibratiodsand 3 in frozen the 433 cm* peak is a fairly pure CtS stretch. Raman spectra
(77 K) de-benzene and in frozen (120 K) toluene. of complexes2 and 3 are rather similar to those df. In
particular, the CuS stretching frequency in all of these Cu-
all Comp|exes show an intense band-@25 Cn‘rl_ In Comp|ex (||)-th|0|ate Compounds is quite similar and relatively hlgh at
1 this band is at 421 cnd, while in 2 it shifts to 428 cm! and ~425 cnt. This indicates that, 2, and3 have Cu-S bonds
in 3t is slightly higher still at 433 cm! (bands a, Figure 3A).  With similar strengths, independent of the nitrogen ligand. The
The band at 333 crt in 2 appears to shift to 355 crhin 3 Small difference (7 cm) between the CusS stretching frequen-
and become more intense (bands c), while weaker bands at 2561€S in1 and2 s consistent with small differences in the €8
and 297 cm! (bands d and e) are at essentially identical P°nd lengthit 2.12 Ain2versus 2.13 Airl.
frequencies in these two complexes. An apparent counterpart 1 he 333 cm* band in2 that upshifts tol 355 crrtin 3 seems
to the 333 cm! band in2 is observed in complet at 324 to be analogous to a band rat 3.22 cnr. In 3, the only blue
cm™L. Further, in thes-diketiminate-ligated complexes, a band CI.J model complex where the th|32Iat_e sulfur he}s beer! labeled,
at 370 et in 2 shifts to 387 cmit in 3 (bands b). There is an this band shows a small (3 cr) 34S isotope shift relative to

1 34 .
additional band at 209 crd in 3 not present ir2; reciprocally, the 6 cnT" ™S isotope shift of the 433 cm band. A Raman

a band at~145 cntlin 2 does not appear to have a counterpart ~ (47) Blair, D. F.; Campbell, G. W.; Schoonover, J. R.; Chan, S. |.; Gray,

in 3. To higher Raman shif his excitation ener 752 nm). H- B.; Malmstron, B. G; Pecht, I.; Swanson, B. I.; Woodruff, W. H.; Cho,
s.To .g er Raman shift at t S.e C.tato energy (75 ), W. K.; English, A. M.; Fry, H. A.; Lum, V.; Norton, K. AJ. Am. Chem.
the most intense bands are combinations and overtones of thesoc 1985 107 5755-5766.

fundamentals (not shown). For comp@which has two intense (48) Andrew, C. R.; Sanders-Loehr,Acc. Chem. Red996 29, 365—
i 1 i 372.

bands in the 308450 cnr* region (.355 an.d 433 Cm)’ t.he 2 (49) Qiu, D.; Dong, S. L.; Ybe, J. A.; Hecht, M. H.; Spiro, T. &.Am.

v; overtone for the 433 cmt band is 5.2 times more intense  cpem. S0c1995 117, 6443-6446.

than the analogous overtone for the 355 ¢Mand. The effect (50) Czernuszewicz, R. S.; Dave, B. C.; Germanas, G. 8p&ttroscopic

of 34S isotopic substitution i3 on the vibrational spectrum is ~ Methods in Biocinorganic Chemistrolomon, E. I., Hodgson, K. O., Eds.;
P P American Chemical Society: Washington, DC, 1998; pp-2200.

presented in Figure 4. The most obvious change in the rR (51) Herschbach, D. R.; Laurie, V. W. Chem. Phys1961 35, 458—
spectrums$ a 6 cn?! shift in the~433 cnt! band. A smaller 463.
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Figure 5. Heller fits of the absorption and resonance Raman enhance-
ment profiles (RREP) for compleX using the parameters in the text
and summarized in Table 3 for the & p~ Cu CT band.

spectrum on an aryl thiolate analoguelofHB(pz')3] CuSGFs,
(Figure S1, Supporting Information) shows increased intensity
in two partially resolved features at340 cnt! and~350 cnt?,

in parallel to the higher frequency and intensity of the 355tm
band in the aryl thiolate complex3, (where R= 2,6-
dimethylphenyl) relative to the alkyl thiolat2 (where R=
triphenylmethyl). Given these spectroscopic observations, it
appears that in coppethiolate systems utilizing an aryl thiolate,
this vibration(s) is at-20 cnT! higher frequency and higher in
intensity than with an alkyl thiolate, independent of the nitrogen
ligand. This band is likely associated with a limited amount of
mechanical coupling of the CtS stretch with an internal aryl
thiolate ligand vibration involving S.

Randall et al.

of Cu—S or Cu-ClI stretches is observed). Further, the high
frequencies of the strongly enhanced vibrations are consistent
with intraligand C-N and/or C-C stretches, which implies that
the high intensity of these vibrations derives from considerable
distortion along these modes in the excited electronic state at
350 nm. This type of geometric distortion would be expected
for an excited electronic state withrmantibonding interaction
between atoms in thg-diketiminate ligand, as would be
observed in ar* state. The fact that resonance Raman profiles
reveal that there is some €N excited-state distortion in band

9 is also consistent with it being associated with a ligarid
excited state. A transition from an orbital with intraligand
nonbonding G-C or C—N interactions to one with antibonding
interactions could modulate the strength of the-Guinterac-

tion, leading to its Raman enhancement. These two arguments
strongly argue for assignment of the 350 nm band as an
intraligandzr—sr* transition.

3.3.3. Enhancement Profile Analysis and Excited-State
Distortion. The resonance Raman enhancement profile (RREP)
in Figure 5 shows the excitation wavelength dependence of the
Raman spectral intensity relative to an internal intensity standard,
in this case solvent bands. This excitation energy dependence
of the Raman spectrum is due to the that fact that resonance
Raman intensity derives from geometric distortions in the
excited electronic staf@.Since different excitation wavelengths
involve resonance with different excited electronic states (and
therefore different excited geometries), a different set of
vibrational bands can be enhanced with different excitation
energies. From Figure 5, the425 cnt! band, which has been
assigned above based ¥8 isotope shifts as the GiB(thiolate)
stretch, is strongly enhanced through band3.{~ 750 nm
~ 13500 cn1?) of 2. This vibration is expected to be strongly
enhanced in the S> Cu CT transition (band 3), since this
electronic transition formally involves promotion of an electron
from a bonding Cu-S pr orbital to the HOMO where this
interaction is antibonding; leading to a large excited-state
distortion in the CuS bond. For bands—46 no resonance

The excitation wavelength dependence of the Raman spec-enhancement is observed, consistent with their assignment as d
trum also aids in assigning the Raman spectra. Confirming that —. § transitions at higher energy than the 8 Cu CT band.
they are indeed analogous, the 370 ¢rband in2 (Figure 5) Bands 7 and 8 show no resonance enhancement and the RREP

and the 386 cm' band in3 (Figure S2) exhibit very similar  provides no further insight into their assignment. In contrast,
Raman enhancement profiles. Figures 5 and S2 demonstrate thahe -diketiminate intraligandr—s* transition (band 9max =

energy (750 nm) CT absorption band as well as the higher gifferent set of vibrational bands is enhanced (vide supra).

energy (350 nm) absorption. This observation is consistent with Finally, the RREP of compleRis similar to that o2 and shown
the assignment of these vibrations as-@u stretches. The i, Figure S2.

HOMO of 2 has substantial N character, and therefore, some  agditional analysi-33 of the RREP of the Sp— Cu CT
distortion of the nitrogen ligands would be expected in the low pand makes it is possible to obtain a quantitative estimate of
energy S p — Cu CT excited state (vide infra). The increase  the magnitude of the excited-state distortion of the-Stbond
in Cu—N frequency in3 relative to2 is consistent with the  5g550ciated with this charge-transfer transifigft. Specifically

shorter Cu-N distances (0.02 A shorter) in the former. Complex the dimensioned distortion along normal ma@ie(AQn, e.9., a
1 does not appear to have a counterpart to thisBwibration Cu—S stretch, with units of A) is given by
band. The weak, low-frequency features at 256 and 297 cm
are at almost identical frequenciesdmnd3, and therefore are
likely associated with interngd-diketiminate ligand modes.
Finally, the resonance Raman excitation profile in Figure 5
confirms the ligandt — #* assignment for the high energy
28500 cn! (350 nm) electronic transition (band 9) in Figure
2A. Specifically, the Raman spectra of complefe8, (Figure
3B) and the LCuCl starting material (not shown) are very similar (52) Spiro, T. G.. Czeruszewicz, R, Bethods Enzymoll995 246
using 351 nm (28490 cm) excitation energy. Figure 3B 416-460. ' '
demonstrates that the most intense vibrational features in these (53) Gamelin, D. R.; Bominaar, E. L.; Mathdng C.; Kirk, M. L.;
spectra are at high frequency (545 ©m~1300 cnr?, and V\ggghardt, K.; Girerd, J.-J.; Solomon, Elthorg. Chem1996 35, 4323-
~1600 cnTl). These observations confirm that this band is

i ) - : (54) Henson, M. J.; Mukherjee, P.; Root, D. E.; Stack, T. D. P.; Solomon,
independent of the thiolate (or CI) ligand (since no enhancementE. I. J. Am. Chem. S0d.999 121, 10332-10345.

1)

where A is a dimensionless normal-coordinate displacement
parameteryy is the modal frequency (in cm), andu, is the
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Table 3. Parameters for Fits of the Stp—~ Cu CT Band in2 (I A TSN ATPTOTTIITTI ST PIUTY FENTSTRTTI FTT0E FROTY FUTITIVEG FNTRTTRaT] I
= 500 le) S K-edge

v(i)lemt A(i) Er(i)/lcm™ % contrib 2+ N -

428 2.08 930 83
540 0.05 1 0
1300 0.05 2 0
370 1.00 185 17

total Egr 1120

Renormalized Absorption

AL L I R WY S

2466 2470 eV — 2 - B-diket.

Normalized Absorption

molecular reduced mass (in g/mol). The absolute magnitude of
the dimensionless normal-coordinate displacement parameter,

A, is determined from a time-depend&nt? simulation of the O A AT e T T T T T O T T
absorption spectrum and the Raman enhancement profile using ~ 2462 2464 2466 2468 2470 2472 2474 2476
a self-consistent set of parameters (Figure 5). Energy (eV)

v b b b b e b b

The parameters used to simulate successfully the experimentalB Cu L-edge ‘
data for2 are summarized in the first two columns of Table 3. 1 :;:E_%gsggs =
For the S r — Cu CT band at 752 nm i, both the 370 and )
428 cnr! bands show enhancement withvalues of 1.0 and
2.1, respectively. In contrast, the-z* band at 350 nm shows
strong enhancement of the 1300, 540, and 370'aribrations
that have absoluté values of 1.2, 1.4, and 1.0, respectively.
The excited-state vibrational relaxation energy, corresponds
to the total amount of vibrational energy of the individual modes
associated with the difference in electronic structure upon N\
changing from the ground state to the excited state, th&is, O
=3 Er(i) = =i 1/2k; (AQ)2 The vibrational relaxation energy 925 930 935 940 945 950 955 960
of the different modesHg(i)) can also be determined by relating Energy (eV)
the A values determined above to the HuaiRhys parameter  Figure 6. XAS spectra of complexekand2. (A) S K-edge spectra.
S S = Er(i)/vi = A3/2465355The second relationship gives (B) Cu L-edge spectra. Complex— dotted line; Complex — solid
the relaxation energies for the S p~ Cu CT band of2 that line. Table 4 presents key spectral metrics.
are included in Table 3. The total relaxation energy is much
smaller for2 (1100 cnt?) than forl (2600 cnT?). As expected,

Normalized Absorption

Table 4. S K-edge and Cu L-edge XAS Data

the largest contribution (85%) to this energy is associated with S K-edge data: preedge _preedge %S
the Cu-S stretching mode (Table 3). compound energy (eV3 intensity covalency
To approximate the vibrational system so that the excited 1 2469.0 1.28 52 1.2
state distortion can be determined, we consider only the&u 2 2469.2 0.85 325

fragment and that the 428 cﬁnmoo!e corresponds to a stretch ¢y | eqdge data: peak peak %Cu
of this fragment. The strong relative intensity of this band in compound positions (eV3 intensities  covalency
the rR spectrum in Figure 3 suggests that this is a reasonable L, Ls L, Ls
approximation. Equation 1 can now be used to determine the 1 930.8 9508 4.07 104 23604
excited-state distortion. Within this approximation, the dimen- 2 931.3 951.3 3.68 097 380.8
sioned distortion along the normal coordinateQ) directly

! . . _ aEnergies reported are within an error50.1 eV." Error reported
relates to the change in the €8 distance (i.e.Ar = AQ). is the standard deviation of all good fits, an additiona#%6 error is
Since in the excited state, an electron occupies thexS p introduced by the normalization procedure.

antibonding orbital at the expense of the bonding orbital, the , 1
distortion will, in fact, be an elongation along this bond. Based the S and Cu characters in t_he HOM®i{omo ~ [1 — (1?]
on this analysis, the CtS elongation in the S;p— Cu CT |Cu 3dJ— a |S 3p) can be directly probed by measuring the
excited state o is 0.12 A, which is significantly smaller than ~ INtensities of the dipole allowed S s HOMO or Cu 2p—
that for complext (0.20 A)2° This is largely due to the smaller HOMO transmons,lwhne the relatlvg energies qf the edge and
magnitude of the dimensionless normal-coordinate displacementPré€dge features in the spectra give further insight into the
parameterA, value for2 (A = 2.1) relative tol (A = 3.3). electronic structure. _
Since both complexes incorporate the same sterically hindered 3-4-1- Intensities.The S K-edge spectrum of compléxis
triphenylmethylthiolate, the differences between the CT excited- COMPared to that of compleiin Figure 6A. Using plastocyanin
state distortions are due to the effects of differences in thelCcu 25 @ reference with 38% S 3p character in the HOW@ie
interactions on the thiolateCu bond (vide infra). |nfteZnS|_ty of tghzi /prgesdge :]eature n thehS Egs/lgoe >(<_|’_A‘Sb|5pi():tr:1m
3.4. Metal and Ligand XAS Spectroscopy XAS experi- of 2 gives ? p character in the aole ). In
ments at the S K- and Cu L-edges can provide quantitative _(I:_(r)]ntra_st,ztrr]]e H.OMObOf cor_nﬁleljgzgowshsz/o S p_chara%?jl‘?o
information about the electronic structure of a complex including us, In2 there Is substantially 16s> p character in its '

: . 7 " even though this complex utilizes the same triphenylmethyl-
details of the HOMO wave function charactér’ Specifically, thiolate ligand asl. This difference in thiolate S character in

(55) Huang, K.; Rhys, AProc. R. Soc., London A951, 208, 352. the HOMO reflects the effect of the difference in the nitrogen

(56) Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. Soc. ligation for the two systems. Finally, the reduced S 3p character
199Q 112, 1643-1645.

(57) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, Bcc. Chem. (58) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.;

Res.200Q In press. Hodgson, K. O.; Solomon, E. I. Am. Chem. Sod.993 115 767—776.
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in the HOMO of 2 relative to 1 is consistent with the
substantially reduced oscillator strength in the absorption
spectrum noted previously.

The Cu L-edge XAS spectra of complexésand 2 are
compared in Figure 6B. UsinB4n [CuCls]?~ as a reference
complex with 61% Cu character in its HOM®the HOMO of
2 has 33% Cu character (Table 4). This is slightly less than the
36% Cu character observed far Although the combined S
and Cu covalencies determined with this XAS analysis imply a
covalent thiolate interaction i, they account for only~65%
of the total wave function character. This suggests that there is
another significant covalent interaction in the HOMQ2ofThe
large 1*N superhyperfine coupling observed in its EPR spec-
trumt® implies that this covalency is contributed by N character
in the HOMO of2 (vide infra). In addition, Cl K- and Cu L-edge
XAS of the chloride analogues dfand2 indicates similar Cl
covalency in both complexes, but increased Cu character in the
Cl analogue ofl (73% Cu character) relative to the Cl analogue
of 2 (48% Cu character) (see Supporting Information, Figure
S3), further supporting the significant contribution from the
pB-diketiminate ligand in the ground-state wave function2of

3.4.2. Edge and Preedge Energie3he energies of the S
K-edge featuréS 141 |S 4pJfor 1 and2 both exhibit a first
derivative inflection point at 2471.5 eV. This indicates that the
sulfur 1s core orbitals lie at similar energies in these two
complexes and therefore that the effective nuclear charges o
the thiolate sulfurs in these two compounds are virtually
identical. This implies that the S(thiolate) atoms in both
complexes are similar donor ligands, which is consistent with
the similarities of the Raman GtS stretching frequencies
observed for the two complexes. The sulfur preedge feature in
2 occurs at 2469.2 eV (Table 4) and is 0.2 eV higher than the
preedge feature in compléxBecause the edge energies of these
two compounds are so close, the preedge energy differenc
represents the combined effects of shifts in the entire d-orbital
manifold due to changes in tigy of Cu and differences in the
ligand field splitting (vide infra).

The Cu L-edge XAS spectra presented in Figure 6B show
that both the k (~931 eV) and L (~951 eV) edges are about
0.5 eV higher in2 than in1 (Table 4). The energies of the Cu
L-edge transitions (Cu 2p> 3d, HOMO) depend on the metal
ligand field, the overall energy of the d manifold, and shifts in
the Cu 2p core energy level (vide infr&).

3.4.3. XAS Comparison of 1 to 2Contained in XAS preedge
energies is information about the relative effective nuclear
charge Zef) of the copper atom in complexésaind2. However,
the preedge energy has contributions from the ligand field
splitting, the energy of the entire d-manifold, which is affected
by Ze, and the core level energies. A more positfg for Cu
will shift the entire d-manifold to deeper binding enef§\By
examining the relative preedge and edge energiés/grsus?
at the Cu L- and S K-edge regions, we can determine the relative
Zes values for the two complexes. Scheme 1 summarizes the
three possibilities for the relativ&Zes of Cu in the two
complexes: (i) if Ze in 1 were equal toZey in 2, their
d-manifolds would be at identical energies; (ii)4i in 1 were
more positive than ir2, the d-manifold of the latter would be
to less deep binding energy; (iii) & in 1 were less positive
than in2, the d-manifold of the latter would be at deeper binding

energy. Based on the similar edge energies in the S K-edge
data for the two complexes, the S(thiolate) 1s core levels are at

(59) George, S. J.; Lowery, M. D.; Solomon, E. I.; Cramer, S1.FAm.
Chem. Soc1993 115 2968-2969.

(60) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, Holg.
Chem.1994 33, 4235-4244.
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Scheme 1

Case (i)
Zo1) = Zog(2)

Case (i)
Zeﬁ(l) > Zeﬁ(Z)

Case (iii)
Zop(1) < Z,42)
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the same energy ith and 2. Further, the MCD results (Figure
2B) make it clear that the ligand field &fis larger than ini,
with the average energy of the “initial state™d d transitions
in 2 being 6800 cm* (~0.8 eV) higher than iri.2% Including
this information for these three cases, the pattern of-Sakd
Cu—L preedge transition energy shifts for compl2xelative
to 1, As—x? 1 and Acy-127%, in Scheme 1 can be predicted.

prpIication of this analysis to the observed XAS data will enable

us to evaluate th& of Cu in 2 relative to that inl.

If the Ze of Cu in 1 and2 were equal, case (i), ligand field
effects alone, which are observed with optical spectroscopy (vide
supra), would dominate the shifts of the preedge features in
XAS spectra. This suggests that both the S ind Cu-L-
preedges foR should be at higher energy than foby a similar
amount that would correspond to the “final statgt'fclys*
ligand field difference of the two complexes (i.Ag -1 2 ~

~

As—k?~1). The magnitude of the experimentally observed shifts
in the S K- and Cu L-preedge features are not equivalent (0.2
eV for S K-edge and 0.5 eV for Cu L-edge); thus, this case
does not apply. In case (ii), the decreaZeglof 2 relative tol
would shift both the core Cu 2p orbitals and the valence orbitals
to less deep binding energy, but the magnitude of the effect on
the core orbitals should be greater. This suggests that the Cu
L-edge transition ofl would be at higher energy than f@r
Further, the decreasefls of 2 relative tol would combine
with the larger ligand field o to give a large S K-preedge
transition energy difference. In addition to the incorrect predic-
tion of the relative Cu L-preedge energies fand 1, the
predicted S K-preedge and Cu L-preedge differentgg (271
andAs_2™ 1) for this case are reversed from what is observed
experimentally. It is therefore clear thaf; of 1 is not greater
than or equal toZey of 2. Finally, in case (iii), for the S
K-preedge energy, the increased ligand fiel@ @fould be offset

by its higherZg relative to that ofl. These two effects would
largely cancel, leading to a small S K-preedge energy difference
betweenl and2. At the Cu L-edge, the increased relatiXg

of 2 would shift both the core and valence orbitals to deeper
binding energy, though again the magnitude of the shift in the
core Cu 2p orbitals would be expected to be larger. Therefore
the Cu L-preedge transition energy 2fvould be expected to

be at higher energy than the transition bfOnly case (iii)
predicts an energy shift pattern for both the Cu L-edge and S
K-edge data that is consistent with experiment. This clearly
demonstrates that tt&¢ of the copper atom id is less positive
than that of the Cu i and further implies that the d-manifold

(61) This represents the metal valence configuration after formation of
core hole denoted bg.
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g Value The isotropic portion of the observed nitrogen superhyperfine

235 230 225 220 215 210 205 200 197 interaction results from Fermi contact with the N 2s character

L1 ‘ J : ‘ L that is mixed into ther-bonding ligand MO by hybridization,
while the anisotropic portion results from spin dipolar coupling
between thé*N nuclear spin and the unpaired (anisotropically
distributed) electron character in the N pz orbital that lies along
the Cu—N bond®85%¢The noncovalent electremuclear dipolar
coupling is a small fraction (5%) of these parameters; it is not
included in this analysis because it is on the order of the
uncertainty of the simulated values. Ligand field theory expres-
sions for the superhyperfine paramet&y§“N) and Aq(*“N)
Simulation can be written a&®

Experiment

dy"/dB

14N

ACN) = B3] (A (1= A (20)

2900 3000 3100 3200 3300 3400 3500
Magnetic Field (G)

14N 14N
AN = 3] (A = o~ M)A (20)

i . ) ) ) Here 52 is the total nitrogen covalency (i.e., HOMO nitrogen
Figure 7. EPR spectrum o and a simulation with the nitrogen wave function character) and? represents the degree of s

superhyperfine interactions aligned with theirdirections along the o ilatimi . . . ~
Cu—N bonds. Parameters are summarized in the text. Experimental hybridization of thes-diketiminate ligand orbital (i.e%¥np1

spectrum from ref 19. V[ —n?% IN 2pZ0+ n|N 2. The quantitiesAse™ and
. . Aaniso ™ are calculated isotropic and anisotropic hyperfine
of complex 2 lies to deeper energy than in compléx In couplings of one unpaired electron residing in the respective

summary, this analysis of the relative XAS preedge energies nitrogen orbitals (2s and 2pz) and are tabult6H(A N ~
indicates that the effective nuclear charge on the Cu is highersog « 104 cm1 and Auneo™™ ~ 31 x 1074 cmY). The factor
in the three [2N+ S] coordinate2 than in the four [3N+ S] of ¥/, outside of the braces corrects for the two symmetry-related
coordinatel. These results clearly indicate that, while the nitrogens in the HOMO. The parametgisandn? in egs 2 are
p-diketiminate is a strong in-plane donor ligand that leads to poth unknown. However, solving egs 2 simultaneously using
reducegl Sp chgracter in the .HOMO, the additional Ilga.nd iN" the experimentally determined superhyperfine value&/cind
the axial position of the tris(pyrazolyl)hydroborate ligand A4 gives f2 = 0.2-0.3 andn? = 0.1-0.2. In addition to
provides a stronger net donor interaction with the Cu. showing moderate s hybridization, this analysis demonstrates
3.5. Analysis of Nitrogen Superhyperfine Coupling in the that the HOMO of2 has significant £25% N) nitrogen
E.PR Spectrum. The. EER spectrum op reyealls a strong  covalency. This substantial N covalency accounts for the
nitrogen superhyperfine '”teri‘Ct'O” in theregion,” as shown majority of the HOMO wave function character that was
in Figure 7. In contrast, né*N superhyperfine COUPL"QZQGJS outstanding from the S K-edge and Cu L-edge XAS experiments
resolved in the EPR spectra of either fungal laccasie'd?® %> _(vide supra). The small remaining wave function character
This suggests that thefe is considerable nitrogen character iN(~10%) apparently resides on nonligating atoms including those
the HOMO of2. For the ligating N atoms to exhibit considerable i the B-diketiminate ligand as well as the triphenylmethyl
covalency, the HOMO must be oriented in the trigonaBN  groyp,
plane. Using simulations of the EPR spectrum that include this = The magnitude of the nitrogen superhyperfine and the degree
superhyperfine interaction, the degree of N covalency can beof covalency that it indicates attest to considerably larger
quantitated. To obtain this molecular information, it is necessary ground-state nitrogen covalency fithan for either complex
to simulate the EPR spectrum with tHel hyperfine interaction 1 or for blue Cu centers such as fungal laccase or plastocyanin,
matrix (‘tensor’) aligned with itz direction ¢) along the Ce-N  \yhere no nitrogen superhyperfine is observed in the EPR
bond. This axis system is different than the molecular axis gpectrum. Higher resolution EPR-derived spectroscopic tech-
system employed in the earlier EPR simulations where z is pigues have not been applieditcand it is not possible to make
perpendicular to the HOMO plane. Thus, the superhyperfine 3 quantitative comparison between the model complexes.
interaction matrix must be rotated into this molecular axis system However, based on ENDOR studies of several blue Cu sites,
in the spectral simulations. The spin Hamiltonian parameters psffman et al. have estimated a much lower N-ligand covalency
used in the slightly revised EPR simulation shown in Figure 7 ¢ 504 N per liganc?® The large N covalency in the HOMO
are: g« = 2.037,g, = 2.037,g, = 2.169,A(Cu) = 4.7 x 10°* of 2 is consistent with its redudeS p covalency observed with
cm 1 (14 MHz), A(Cu)= 9.3 x 104 cm™! (28 MHz), A(Cu) XAS (vide supra).
= 106.7x 104 cm™! (320 MHz),A/(N) = 10 x 104 cm™?1

' — 4 ~m—1 ' — (64) The EPR parameters in the text were simulated using first-order
(30 M!;'Z)’_Aiy N) 10 r]].O_ Crr]n (30_M|_5)’ A7 (N) .#4 perturbation theory. (Neese, F.; Zumft, W. G.; Antholine, W. E.; Kroneck,
x 10~*cm™ (42 MHz), where the twd = 1 N atoms differ  p '\ {4 3. Am. Chem. S02996 118 8692-8699.) Matrix diagonalization
only in their Euler angles and the prime on the nitrogen HF approaches with QPOWAgives a slightly ¢-4%) larger value for ACu)
parameters indicate that the directions are in the ligand axis of 111 x 10~ cm™ (332 MHz).

system (i.e., CttN direction= Z); here the molecular (g and 13(ig)£gggman, B. A.; Raynor, J. Bdv. Inorg. Chem. Radiocherfi97q

Cu hyperfine) axis system places z perpendicular to th® N (66) McGarvey, B. R. InESR and NMR of Paramagnetic Species in
plane®* Biological and Related Systep®ertini, I., Drago, R. S., Eds.; D. Reidel:
Dordrecht, Holland, 1980; pp 17200.
(62) Kitajima, N.Adv. Inorg. Chem1992 39, 1-77. (67) Herman, F.; Skillman, SAtomic Structure Calculationgrentice
(63) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N.  Hall: Englewood Cliffs, NJ, 1963.
C.; Norris, V. A.; Freeman, H. C.; Solomon, EJ..Am. Chem. S0d.981, (68) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Soc.

103 4382-4388. 1991 113 1533-1538.
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Figure 8. Calculated energy level diagram and orbital representations o 5 § b, b \il
for _the high-lying _valence orbitals of the-diketiminate ligand. Key & i N
orbitals are described in the text. o 4 ~
§ 3w b
3.6. Density Functional Calculations.The experimentally o 1 < Xy > :
derived spectral features that have been described aboe for '% ] _ {
relative tol include the following: the d— d transitions are at hE: 6 . 9a" ;{.{;
higher energy; the Sqp— Cu CT transition is at lower energy ] SnCT \
and of lower intensity; the CuS bonds exhibit similar strength; ]l 2 I‘\’J
the excited-state distortiom\gs, is significantly reduced; the — 14a® F %
HOMO has similar Cu character, reduced S(thiolate) character, ] _—H‘_H—?a;, yz+xz ﬁ—}(
and enhanced N character; and theZgivalue is more positive. . yz-xz " .
These data can now be used to evaluate electronic structure 7 - a_&
calculations which can give further insight into bonding. First, ] .
the S-diketiminate ligand system is defined. Subsequently, the - 125 S
electronic structure of the Cu(ll)-thiolate complex of this ligand ] SoCT ‘;:;‘"
2 is evaluated and compared to complex -] :
3.6.1. Valence Orbitals of the Ligands. -
3.6.1.1.p-Diketiminate Valence Orbitals. The electronic - §
structure of the planar, conjugatgediketiminate ligand core, -8 g ?g" il
which is modeled as Bl,Hs, is an important aspect of the 7 a2
electronic structure of Cu compléxand permits an evaluation - 6a" g\rg‘—}‘
of the equatorial ligand interaction. Note that the phenyl rings ] NoCT
that are appended to the nitrogens of this ligand are perpen- .
dicular to the GN,Cu plané® and are not part of the conjugated 9 _

m-system. Figure 8 shows an energy level diagram determined
by ADF calculations with schematic representations of the Figure 9. Calculated energy level diagram and orbital representations
highest energys-diketiminate orbitals that might be involved for the occupied, high-lying valence orbitals of compléx (5-

in bonding interactions with Cu. In this anionic ligand, the two diketimi_nate tr_imethylthiolate Cu(ll)). Thes-diketiminate-localized
highest-lying orbitals are close in energy# < 0.2 eV). The LUMO is al_so included. See Table 5 for a summary of the calculated
HOMO (2b1l) is characterized by out-of-plane p-type orbitals wave function characters.

on the two nitrogens and the central carbon (C3). In contrast, . .
the 5b2 orbital is characterized by in-plane, out-of-phase orbitals q-anﬂbondmg analqu of 1a2. The .HOMQL.JMO gap of the
localized on the nitrogens with lobes that point directly toward ligand used (fncludlng thg phenyl Ilgands) IS 2j3 ev.

the metal (Figure 8). In 5b2, the wave function character is 3.6.1.2. Th|9late.The th|qlate orbitals were discussed fully
calculated to be mostly (39%c per N) in the hybridized N in the preceding papéf. Briefly, the two important valence
orbitals which would interact with the coordinated Cu. In Orbitals that can interact strongly with the Cu d orbitals are
contrast, in the 2bl orbital the wave function character is designated S;pand S p pseudo- These are the p orbitals on
distributed among the out-of-plane orbitals on C3 (37%JC the sulfur that do not interact with the alkyl carbon. The-Cu
and the terminal Ns (28% . per N). To deeper energy lies S—C angle splits the energy of these orbitals. Further, the Sp
the 6al orbital, an in-plane, in-phase analogue of 5b2 that couldOrbital can undergo a-symmetry interaction with the,td.?

also take part in ligandmetal bonding, though it would be orbital, while tre S p pseudworbitgl is oriented perpendicular
expected to be weaker since the energy denominator would bet0 the C-S bond and the Szporbital.

larger. To still deeper binding energy lie the out-of-plane 1a2  3.6.2. Description of Bonding in 2 and Comparison to
and 1b1 orbitals that are unlikely to have significant interactions Spectra. An energy diagram of compleg, as calculated with
with the metal orbitals. Between these last two orbitals lie the DFT including the generalized gradient approximation as
highest phenyl ring derived orbitals (not shown). The LUMO implemented in the ADF packag&3® is shown in Figure 9

of the S-diketiminate ligand (2a2) is also important in the along with representations of the highest lying molecular
spectroscopy of the complex (e.g., the ligand> 7* transition orbitals. The wave functions of these orbitals are summarized
at 350 nm, vide supra). The LUMO is characterized as the in Table 5. Three key orbitals, the HOMO (1Qathe Cu-S
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Table 5. Results of ADF Calculations for the Highest Valence Orbitals in th¢Hf8, CuSCH] Approximation to2

molecular orbital labels

10 A 16A 15A' 9A" 14A' 8A" 13A 12A TA" B6A" 11A"

xX2—y? Tnb b1 Oyy S pr dz Oyzixz dyzxz S ps.o Op a2 No LUMO
energy (eV): —-4.403 —4875 5483 5933 -—-6459 —-6.563 —-6.695 —7.311 —8.123 —8.491 —1.907
orb. contrib.
Cu dz2 0 0.2 3 0 17 0 5 6 0 0 0
Cud, 0.1 2 2 3 0.7 38 33 12 8 1.6 0.6
Cu d, 0.1 2 2 3 0.7 38 33 12 8 1.6 0.6
Cu dy 0 6 10 0 67 0 3 40 0 0 0
Cu de-y 32 0 0 11 0 1 0 0 5 37 0.0
Cu d total 32 10 17 17 85 77 74 70 21 40 1.2
Cu s+p total 1 3 9 6 5 0.1 0.7 0.5 0.1 0.1 0.2
S Total 40 5 54 46 0.2 15 7 22 0.5 0.8 0.2
CH; Total 2 1 4 4 0.4 0.1 5 4 0.2 0.5 0.0
N Total 18° 40 7 20 7 8 0.9 1.6 49 19 34
f-diket. Lig2 5 36 6 6 1.7 12 10 1.7 28 37 60

aWave function character of the nonliganding atoms ingkdiketiminate ligand® In the HOMO there is 3.13% N 2s character and 15.23% N

2p character.

A N

HOMO - 10a™

Cu - S pr antibonding
Cu - L{5b2} antibonding

9a" :Cu - S pn bonding
Cu - L(5b2) antibonding

B6a": Cu - N o L{6a1) bonding

Figure 10. Orbital contours for three important molecular orbitals of
complex2: (A) Cu de-,2 HOMO (104) showing the S p antibonding
and N ¢ antibonding interactions; (B) Sapbonding orbital (94)
showing its No antibonding interaction; and (C)-NCu bonding orbital
(6d").

prr bonding orbital (94), and the Ct-No bonding orbital (68),
are detailed in the contours in Figure 10.

3.6.2.1. HOMO. The redox-active, half-occupied HOMO
shows the now familid# 21226971 z-type antibonding interac-
tion between the,d 2 and S pr orbital (Figure 10A). This is
similar to the interaction present in the HOMO band many
blue Cu proteins. In analogy tband blue Cu proteins, where
this interaction was first observédi®®the calculations indicate
that this interaction is very covalent with 32% Cg¢land 40%
Scaic (Table 5). The Cugd-2 character calculated for the HOMO

is supported by the positive shift in the ERRvalues fromge
(=2.0023), i.e., @ > go > Qe The calculations faithfully
reproduce the relatively small Cu character (32% Gulod
obtained from the Cu L-edge measurements (33% Cu d).
Further, the significant thiolate covalency in the calculations is
consistent with the S covalency of the HOMO »that was
measured with S K-edge XAS. Importantly, the calculations
reproduce the decreased thiolate characteR ¢fi0% Sai0
relative to1 (49% Sao), though not to the extent observed
experimentally with S K-edge XAS (32% S férvs 52% S for
1). The reduction in the calculated thiolate character in the
HOMO of 2 is consistent with its reduced oscillator strength
relative tol. Also, consistent with experimental observation,
the calculations reproduce the shift in HOMO wave function
character from the thiolate ligand to the N-liganimersusl,
while the Cu character remains approximately constant. The
HOMO is also calculated to exhibit considerable (18%dN
nitrogen character which derives from an antibonding interaction
between the Cu orbitals and the 5b2 orbital of fhdiketiminate
ligand. The large N character calculated in the HOMO (18%
Ncai) agrees reasonably well with the experimental covalency
(BPexpt = 0.2-0.3) and s-p hybridization (% = 0.1-0.2)
derived above from the significadtN hyperfine observed in
the EPR spectrurf.”2Thus, the calculations quite reasonably
reproduce many key experimentally derived ground-state prop-
erties of2, and reproduce ground state differences betwken
and2.

3.6.2.2. Excited Electronic States. Spectral Patterns and
Assignments for 2.The calculated one-electron energies reflect
the experimental trends in the relative energies of the excited
states. To 0.5 eV deeper binding energy than the HOMO in
Figure 9 lies the nonbonding 2h3-diketiminate-based MO
(7mabp10r 16&). Next, the calculations predict that thg drbital
(154d) has an antibonding interaction withettS p pseudor
orbital. In the middle of the ligand field levels lies the § p
bonding orbital (94). Due to significant ligand orbital-ligand
orbital overlap between MO 94S pr-Cu bonding, Figure 10B)
and the HOMO o® (Figure 10A) which relates to the absorption

(69) Penfield, K. W.; Gewirth, A. A.; Solomon, E.J. Am. Chem. Soc.
1985 107, 4519-4529.

(70) Larsson, S.; Broo, A.; Slo, L. J. Phys. Chem1995 99, 4860-
4865.

(71) Pierloot, K.; Dekerpel, J. O. A.; Ryde, U.; Roos, B.JOAm. Chem.
So0c.1997 119 218-226.

(72) Using the values g2 andn? calculated with DFT (Table 5), the
14N superhyperfine parameters can be calculated tyhgd ~ 12 x 104
cmtandAg cad ~ 8 x 104 cm~tin good agreement with the experimental
values of 14x 104 cmtand 10x 104 cm™L




11644 J. Am. Chem. Soc., Vol. 122, No. 47, 2000 Randall et al.

intensity, it is clear that a transition from the'9arbital to the Table 6. Comparison of Total Cu 43 4p Contributions to CtS
HOMO (104) yields the intense, low-energy S €T transiton. 7 ando Bonding and Antibonding Orbitals

Clustered, to deeper binding energy than thesShonding Cu orbital HB(p2); 12 P-ket. 22
orbital are the d, dy,—x,, and g+« orbitals. Below these orbitals 4s 1.84 5.47
lie the S p pseudo-bonding orbital, thgs-diketiminate-derived 4pz 0.72 0.37
1a2 orbital, which has a weaktype bonding interaction with dpo 4.16 3.79
the Cu g,x, orbital, and the N»-bonding orbital. The spectral 4pw 3.52 6.44

total p 8.40 10.60

pattern predicted by the calculations in which thes8p Cu
CT band is embedded in the LF bands is consistent with
experiment (Figure 2). However, the calculations reverse the The values are percent of an electron
observed order of theaand dy orbitals. The assignment from
experiment (in Table 1) is consistent with the EPR-deriggd ~ also reproduce the substantial blue-shift of the ligand field
value, which provides an independent measure of the relativetransitions in2 relative tol. A metric of this in1 versus?2 is
dy — HOMO transition energy3 Only assigning the higher  the difference between the one-electron energies of the deepest
energy of these two d~ d bands as ,§ gives the correct  d orbital (d;-x;) and the HOMO (g-?), (Ad—dnay. By this
correlation between MCD and EPR spectral results over a seriesmeasure, the calculated LF splitting2ris 10500 cm* larger
of blue Cu proteind® than in 1, in reasonable agreement with the experimental
Further, the calculations provide insight into the unassigned difference of 8700 cm'. Thus, the calculations reproduce the
bands 2, 7, and 8 observed in the absorption and MCD spectradecrease in the energy of the 3 p- Cu CT transition and the
(Figure 2). Band 2 is likely due to 1— HOMO transition, higher energy of the d— d bands observed in the MCD
which is calculated at fairly low energy. However, the relative spectrum effected by the stronger, trigonal ligand field in
ordering ofz, p1and the lowest-energy LF transition is reversed complex2 compared to compleg.
in the calculations. Candidates for bands 7 and 8 in Figure 2 3.6.3. Insights from the Calculations.The above points
are two of the three deep-lying orbitals in Figure 9: S p pseudo- clearly demonstrate that the ADF density functional electronic
o, p-diketiminate 7., and No. Since the HOMO exhibits  structure calculations reproduce experimental trends reasonably
considerable N covalency thesN-HOMO absorption would well. Therefore, we are now in a position to use the calculations
be expected to exhibit an intense absorption, which is not the to gain further insight into the differences in the electronic
case for band 7 or 8. Further, Raman excitation into the-N structures of2 and 1.
HOMO CT transition should give substantial excited-state  3.6.3.1. Strength of the Thiolate Bond.The calculations
distortion and therefore a large Raman enhancement. Figure Feflect the decrease in S thiolate p character in the HOM® of
demonstrates that these bands show very little Raman enhancet€lative tol that was observed with the S K-edge experiments.
ment at any vibrational frequency, further arguing against their This results from strong interaction in the HOMO and the Cu
assignment as & Based on their calculated energy positions S pr bonding orbital between the Cyed,? and thej-diketimi-
and similarities in MCD sign with analogous copper thiolate hate ligand orbital concomitant with a weaker thiolates5-p
systems where the pseuddsand is positive, we suggest that Cu de-y2 interaction as seen in Figures 10A and 10B. Thus, in
band 7 is the S p pseudo— HOMO transition and band 8 2 there appears to be taans influence in which the greater
involves af-diketiminate > orbital whose MCD intensity ~ donor strength of thg-diketiminate ligand reduces the strength
derives from the weaW-type interaction. The d — HOMO of the thiolate S g interaction with the Cu @, orbital.
transition likely lies among the bands to higher energy than 9.  The reduced S »p character in the HOMO derived from
Finally, the calculated LUMO for the complex is localized on experimental and computational results might appear to be
the 8-diketiminate ligand and analogous to the out-of-platie inconsistent with Raman data that suggests the total strength of
2a2 orbital in the free ligand (Figures 8 and 9). The high Cu—S bonds are similar in complexdsand 2, because the
frequency of the Raman vibrations (Figure 3B) that are thiolate S-Cu vibrational frequency is so similar for the two
resonance enhanced in band 9 suggests that this band igomplexes (421 crmt in 1 versus 428 cm' in 2). However,
associated with a large excited-state distortion alorgCGr the calculations (Table 6) indicate that there is more 4s and 4p
C—N bonds. Such a distortion would be expected for an character in the Sspand S p bonding and antibonding orbitals
electronic transition frommapp; to 7a5*, where the CG-N x of 2 (10d" = de-y2, 15d = dy, 9d' = S pr, and 12a= S
interactions in thes-diketiminate ligand go from nonbonding ~ Pseudos) relative to the analogous orbitals in The Cu 4pr
to antibonding, which supports the assignment for this band. (orbital lobes in the equatorial plane but perpendicular to the
3.6.2.3. Excited-State Comparison to IThese calculations ~ Cu—S bond) and 4s interactions i@, in particular, are
also reproduce the observed spectroscopic trends in compoundignificantly larger than inl. These MOs reflect enhanced S
2 relative to compound.. Specifically, in2 the S pr — Cu bonding interactions i”2 with these Cu orbitals relative tb,
bonding orbital is calculated to be embedded in the d orbital Which compensates for the reducedsBtppe interaction. Thus,
block (Figure 9), while the calculations drplaced the thiolate ~ While the S pr character in the HOMO is different between the
S pr bonding orbital to deeper binding energy than the ligand two complexes, their net CtS bonding interactions are very
field block, consistent with experimental observation (Figure Similar. The calculations suggest that this is due to thiolate-Cu
2). In addition to the relative position of the CT transition, the orbital interactions that were not reflected in the sulfur K-edge
calculations also predict the experimental red-shift of the CT intensity.
transition: in2 the difference between the one-electron orbital ~ 3.6.3.2 Behavior of the Low-Energy S p CT Transition.
energies of the HOMO and the $ponding orbital is~2000 On the basis of the experimental evidence presented above it is

cm® less than the analogous differencelinThe calculations  clear that the 750 nm band tis the S pr — Cu CT transition.
The calculations support this assignment. While the oscillator

(73) Since the shift in the value fromge (Agi = g1 — ge) is inversely ; ; ; —
proportional to the g—~HOMO transition engrgy, assigningethe lower energy strength Ofihls band IS reduced relatlveltdems‘.{z) 0'06.6
d—d band (band 1) asxgwould predict a much greatekg than is VS fexp,s€1) = 0.077, vide supra), in compleXthis band still

experimentally observed, see ref 15. exhibits significant intensity, reflecting a covalent €8 pr

total s+ p 10.24 16.07
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bonding interaction. In fact, the quantitative intensifyy(s9
of the S pr — Cu CT band in2 (band 3) is higher than might
be expected considering the S K-edge XAS experiments that
indicate tle S p character in the HOMO & (32% S p) is
substantially reduced relative tb (52% S p). An additional
contribution tofexp in 2 not present irl is the S-diketiminate
ligand, which can also contribute to the intensity of this
transition. Figure 10, A and B, shows thatdrthere are strong
o-type Cu-N antibonding interactions in both the & p- Cu
antibonding orbital (HOMO) (18% M) and S pr bonding
orbital (94") (19% N.a9. In contrast, inl the Cu—N antibonding
interaction in the S bonding orbital is much weaker as judged
by its reduced nitrogen charactérFigure 10 indicates that in
2, the N character in both the Siponding MO and the HOMO
involves o-type antibonding interactions between the 5b2
derived -diketiminate orbital and the Cu,a2. Since the
intensity of a CT band largely derives from overlap of the ligand
orbitals in the ground and excited state and there is substantial
overlap of the N-ligand orbitals i@ in the S pr — Cu de-y2
bonding and antibonding (HOMO) orbitals, the N character will
contribute additional intensity to the Scp—~ Cu CT transition.
Time domain analysis of the RREPs (vide supra) gives a
guantitative estimate for the Sazp— Cu CT excited-state
distortion for the Cu-S bond QAgs(rcu-s)) in 2 relative tol
that is consistent with the above analysis of nitrogen-derive
intensity in the S @ — Cu CT band in2 but not1: for 2
Aeqfcu-g) =~ 0.12 Ain comparison td where Agg(rcy-s) ~
0.20 A20n 1, the large CtS distortion results from the strong
S pr character in the HOMO. This interaction is substantially
reduced irn2, due to aransinfluence resulting from the strong
pB-diketiminate ligand contributions to the S bonding orbital
and antibonding orbital (i.e., HOMO). The reduced -3
character in these orbitals @is consistent with its reduced
excited-state distortion, because the change in theSJhonding
associated with the CT transition is smalleRithan in1. There
is not a large distortion of the CtN bond since this interaction
is antibonding in both the donor and acceptor orbitals.
Finally, the intense Sspp— Cu CT band in2 (band 3) is
shifted to 2500 cm! lower energy than the analogous band in
1. In addition to the loss of the axial ligand, this reflects the
high donor strength of thé-diketiminate ligand. There are three
contributions to the reduced splitting between therpnding
and antibonding (i.e., HOMO) orbitals, which determines the
energy of the Sy — Cu CT transition, ir2 relative tol. First,

d

S K-edge XAS measurements suggest that there is substantiall)})

less S p character in the HOMO 2{32% S) than in the HOMO

of 1 (52% S) due to therans influence, which involves the
observed decrease in the 8 interaction with gz relative to

1. This reduces the splitting of the Srpponding-antibonding
pair, which reduces the energy of this CT transition. The second
factor relates to differences in the antibonding N character in
the S pr bonding orbital £20% Naicin 2 vs ~12% Ngcin 1,
Figure 10B, but see footnote 74) This places thex®pnding
orbital to less deep binding energy than its counterpattand
contributes to a decreased B @T transition energy i2 relative

to 1. Finally, differences in th& of Cu in 2 versusl due to

the loss of the axial ligand that are derived from observed XAS
edge shift patterns (vide supra) and calculations (vide infra),
influence this S p CT energy. The experimental shifts in the

(74) In complex1 the N-ligand does interact with the Srbonding
orbital. However, this interaction involves X orbital character that is
orthogonal to that in the HOMO. Therefore, there is little ligatidand
orbital overlap between the nitrogen contribution to the HOMO and Cu
Spr bonding orbital in1, and the N-ligand does not contribute to the
intensity of a CT transition between these donor and acceptor orbitals.
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Figure 11. Calculated valence energy level diagrams showing
electronic structural changes upon converting from [HB{E2)SMe

1— [H2B(pz)]CuSMe4* — [HsC3N;JCuSMe2. The bold, horizontal
arrows on the right axis represent the average of the d-orbital energies,
[, [ For complexeq, 2, and4* in order of decreasing binding energy
(i.e., increasing CWe) these values are-5.47, —5.92, —6.59 eV,
sequentially.

Cu L- and S K- preedge features indicate that three-coordinate
complex2 has a higheZet than four-coordinaté. This places
the d-orbital manifold (including the,d.» HOMO) to deeper
binding energy which can contribute to a decrease in tha S p
CT energy, though this could be partially offset by the increased
ligand field of 2 relative to1.

3.6.4. Axial Ligand Effects. There are significant experi-
mental and theoretical differences between the electronic
structures ofl and 2 (vide supra). It is possible to isolate the
origins of these differences (vide supra) by systematically
altering the geometry ofl into 2. First the axial ligand is
removed to gived*, a hypothetical trigonal bis(pyrazolyl)-
hydroborate ligated Cu thiolate. Next, the N-donor is changed
from pyrazole to3-diketiminate (i.e., comple®). The effects
f these geometrical changes on the energies of the valence
rbitals are summarized in Figure 11.

Removing the axial ligand df to generate the hypothetical
planar, three-coordinate compléxkgreatly increases the ligand
field splitting, which is rather small inl due to its more
tetrahedral geometryAddmax = 8000 cnttin 1vs 18400 cm?
in 4*). Further, in4* the S pr bonding orbital is calculated to
lie in the middle of the ligand field manifold. Both of these
trends are analogous to those observed experimentally when
comparingl to 2, demonstrating the importance of the axial
ligand. However, further electronic structural changes occur as
the equatorial nitrogen ligand is changed from two pyrazoles
in 4* to B-diketiminate in2. Specifically, the one-electron energy
difference of the HOMO and Spbonding orbitals (an ap-
proximation to the S p — Cu CT transition energy) is
calculated to be~1000 cn1? higher in energy im* than in2.
This is partly due to a larger splitting of the Bjponding and
antibonding orbitals as reflected by increasediSparacter in
the HOMO of4* (48% Said. It also results from destabilization
of the Spr bonding orbital in2 due to its substantial CtN
antibonding character.

(6]
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Further, the HOMO of4* is calculated to lie 0.85 eV to
deeper binding energy than the HOMOfThis HOMO shift
derives from a decreased effective nuclear charderglative
to 4* due to more efficient charge donation to the Cu from the
p-diketiminate ligand relative to the bidentate bis(pyrazolyl)-
hydroborate ligand. The horizontal arrows on the right ordinate
in Figure 11 show the average energy of the entire d-manifold.
These arrows indicate that #t relative tol the entire d-block
shifts to 0.85 eV deeper energy, which reflects a more positive
Zes for Cu in 4* due to the loss of the fourth (axial) ligand.
Maintaining the three-coordinate trigonal geometry, but chang-
ing the equatorial ligand from bis(pyrazolyl)hydroborate to

Randall et al.

Scheme 2

p-diketiminate, leads to an increase of the average d-block features indicate that the effective nuclear charge isfmore

energy that reflects the strong donor strength of the latter ligan
system relative to the former. However, the magnitude of the
influence of the (fourth) axial ligand oty appears to be larger
than that of the equatorial ligand.

Thus, both axial and equatorial ligand effects modulate the
electronic structure df versus2. The absence of an axial ligand
in 4* and2 increases the LF splitting. The red shift of theaSp
CT band in2 relative tol results from increases ity coupled
with strong/-diketiminate ligation that leads to reduced 8 p
bonding-antibonding splitting and a strong-NCu antibonding
interaction in the S p bonding orbital. The nature of the

equatorial ligand is important because its donor strength can

modulate the strength of the Bjinteraction which in turn can
influence the magnitude of the Srpbonding-antibonding
splitting, and therefore the energy of the & p~ Cu CT

transition. In passing, we note that the calculations predict that

the HOMO of2 lies 0.3 eV above that df due to the opposing
influences from the relative ligand fields and thgr values of

the two compounds. This agrees reasonably well with the 0.2

eV shift to higher energy observed for the preedge feature in
the S K-edge XAS experiment. This shift Zresults from the
partial cancellation of the stabilization of the d-manifold due
to the increasedes;, by the larger ligand field splitting of the d
orbitals of2 relative to1.

4. Discussion

Although complexed and2 use the same strongly bonding
triphenylmethylthiolate ligand, the loss of the axial ligand®in
relative tol and differences in the bonding with the nitrogen
ligands, tris(pyrazolyl)hydroborate ih and -diketiminate in
2, impart these two complexes with differences in their
electronic structures. Geometrical®is approximately trigonal
planari® while 1 is approximately trigonally distorted tetrahe-
dral 202562This geometric difference manifests itself by present-
ing the Cu(ll) ion with different ligand fields that can be probed
with MCD spectroscopy. The &> d bands in2 are to
significantly higher energy 8000 cnt?) than in 1, which
suggests that the trigonal geometry, and fhdiketiminate
ligand associated witB, provides a stronger ligand field than
in 1. Another manifestation of the electronic structural differ-

g Positive than forl.

4.1. Nature of the g-Diketiminate: the trans Influence.
The -diketiminate ligand in2 imparts this three-coordinate,
trigonal complex with many of the unique aspects of its
electronic structure relative to four-coordinate, distorted tetra-
hedral complexi. The negative charge of th&diketiminate
ligand in2 is localized on the planar §Bl;] unit. The resulting
destabilization of the orbitals of this anionic ligand is illustrated
by a high energy orbital, 5b2 (Figure 8), which has virtually all
of its wave function character on the nitrogen atoms. There is
a strongo-type donation from this 5b2 ligand orbital into the
Cu de-y orbital, with which it has the appropriate phase to
interact. The strength of this interaction is reflected in the
substantial“N superhyperfine observed in the EPR spectrum.
As depicted in Scheme 2, this leads toansinfluence where
the strong, in-plane interaction from tifediketiminate ligand
donates considerable electron density to the @uadat the
expense of the thiolate Stpnteraction with this orbital. This
trans influence is manifested in both the bonding and the
antibonding S g — Cu de-2 combinations and leads to the
observed differences between the 84 Cu CT transition in
the absorption spectrum df versus?2, including its lower
energy, lower oscillator strength, and smaller excited-state
distortion. Further, thisransinfluence leads to the diminished
S p covalency in the HOMO observed with S K-edge XAS.

4.2. Nature of the Cu-S Interaction. This transinfluence
of the g-diketiminate ligand suggests that the thiolate bond
should be weaker i2 than in1. Raman spectroscopy, which
provides an experimental measure of the strength of theSCu
bond through the stretching frequency, indicates that this
expectation is not experimentally substantiated and that the
Cu—S bonds in the two compounds have rather similar overall
strengths, withi2 even slightly higher:v(Cu—S) for 1 is 421
cm1, while »(Cu—S) for 2 is 428 cnt. The similar S K-edge
energies from the XAS measurements confirm that the net donor
strength of S(thiolate) is similar in the two complexes. Calcula-
tions indicate that concomitant with the decrease ins5 p
character in the HOMO d? due to theransinfluence, there is
a net increase in the Cu 4s and 4p mixing over the orbitals that
are involved in the Spand S p pseudo-bonding interactions.
These reflect donor interactions into the Cu 4s and 4p orbitals

ences of these compounds is the altered spectral characteristicthat can compensate for the reduced /8 gharacter in the

of the S pr — Cu CT transition of2 relative tol: it shifts to

HOMO and lead to comparable net €8 interactions. Thus,

lower energy, has reduced oscillator strength, and exhibits athe total Cu-S bonding is similar irl. and2, but the nature of

smaller Cu-S excited-state distortion. The intensities of the

XAS preedge features at the S K- and Cu L-edge regions point

to Cu—S covalency irl and2, though there is lessS p character

in the HOMO of 2 than 1. The 1N superhyperfine coupling
resolved in the EPR spectrum @& indicates that there is
significant nitrogen character in its HOMO, which partially
offsets the diminished Smpinteraction in this orbital. Further,
the relative energy pattern of the S K-edge and Cu L-edge XAS

these bonding interactions is different.

4.3. Role of the Axial Ligand. The fact that the net donation
of the thiolate ligand in2 is sufficient to give it a slightly
stronger CuS bond than irl (as revealed by the increase in
»(Cu—S) from Raman) indicates the importance of the axial
ligand, or its absence, in tuning the electronic structure of these
molecules. For Cu thiolate systems without axial ligands, such
as?2 and fungal laccase, it has been proposed that the thiolate
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can partially charge compensate for the missing axial ligand,
which leads to the stronger €& interactions that are observed
for these systems. The absence of an axial ligan@ &iso

increases the importance of the equatorial nitrogen ligands,

strengthening the donor interaction of {heliketiminate ligand
with Cu dey2. In this respect, the magnitude of thens
influence in2 is a direct consequence of its trigonal (i.e., no
axial ligand) geometry.

J. Am. Chem. Soc., Vol. 122, No. 47,2080/

20450 cn1t in 2 versus 15600 cmt in fungal laccase). This
reflects the donor strength of tifiediketiminate ligand relative
to the analogous bis-imidazole ligand set in fungal laccase.
Comparison of the EPR properties 2f(g, = 2.169,g5 =
2.037) to those of the blue Cu sites in fungal laccage=
2.201,gn = 2.045}%° gives additional information about the
relative strengths of the ligand fields of these two compounds.
The ligand field expressions (eqgs 3) relate the shiftgimand

The edge and preedge energies in the S and Cu XAS gy from the free electron valuge = 2.0023, Agy = 9q — Je

experiments indicate a more positigg: for 2 thanl. Thus, in
three-coordinate compleXthe d-orbital manifold is stabilized
relative to four-coordinatd. This demonstrates that the axial
ligand plays a role in modulatings through its additional donor
interaction with the Cu. Calculations confirm this, whereupon
removing the axial ligand of four coordinate [HB(glJuUSR;

1 to give hypothetical three coordinate JB{pz),]CuSR, 4*,

g = Il, 0) to the energies of the ligand field transitions:

Ag, (2) = Ag, (laccasef,, (laccase),, (2)

Agy (2) = Agy (IaccaseliXZyZ (Iaccase)?.Xzyz (2) (3b)

Here Ex represents experimentally determineetdl transition

(32)

the d-manifold moves to substantially deeper binding energy energies, where the average of the 4 and 4.« energies are

(arrows in Figure 11). Consistent with the XAS experimental
results, the calculations dhand?2 give a similar trend though
they involve different N-ligands (arrows in Figure 11). Relative
to complex 2, these theoretical results further indicate that
hypothetical complexX* has a higheZe, which confirms that
the S-diketiminate ligand is a more strongly donating bidentate
ligand than two pyrazoles, consistent with a substartaais
influence.

The axial ligand can also affect the overall ligand field. Our
previously reported data for the blue Cu center in fungal
laccasé® and the calculations in Figure 11 indicate that the

used forE,,y, These equations give the values of 2.177 and
2.035 forg; andgp, respectively, which are in good agreement
with the experimental values o2. Further, this analysis
accurately predicts the decreaseNg, of 0.03 & 2.20-2.17)

for 2 relative to fungal laccase. This analysis demonstrates that
the ligand field changes between fungal laccase arare
responsible for the changes in thealues. Likewise, thé*5%Cu
metal hyperfine interactionA()), which is larger for2 than for
fungal laccase{107 x 104 cmtvs —92 x 104 cm™), is
scaled by the change in ligand field, as manifest in the relative
Agp andAg, values. Applying the ligand field relationA(2)

absence of an axial ligand leads to an increase in the energy of® 396 x 10~* cm™* [[Agy(2) — Ag(laccase)H-*7 [Agn(2) —

the d—d bands. This effect has been attributed to stronger in-
plane ligand donor interactions. In trigonal planar comgex

Agr(laccase)]H Aj(laccase), gives an estimaté@2) of —106
x 1074 cm?, in excellent agreement with experiment. Thus,

this same effect appears to be operative and, along with strongthe ligand field effects induced by the absence of an axial ligand,
N-donor interactions, is responsible for driving the ligand field @S discussed above, are also evident in the EPR spectral data.

transitions to exceedingly high energy.
4.4, Comparison to Fungal LaccaseSince?2 is a good
structural model complex for the blue Cu site in fungal laccase,

Further, the S g — Cu CT transition in2 shows reduced
transition energy and intensity relative to the analogous band
in fungal laccase at 600 nm. This energy shift of the CT band

it is important to compare the spectroscopic features of thesein 2 results from the strong interaction with tifediketimi-

two approximately trigonal Cu(Iythiolate centers. The HOMO

nate ligand. Specifically, the combined influences of the reduced

in fungal laccase bears a similar overall appearance to theS pr interaction and the destabilizing antibonding nature of

HOMO of 2 in that they both exhibit a highly covalent
interaction between the Cyed,? and S pr orbitals!® Yet, there
are significant differences in their respective electronic struc-
tures. First, EPR measureméfitimdicate that there is substan-
tially more nitrogen character in the HOMO ®&than in fungal
laccase. This compensates for reduced 3 &paracter in the
HOMO of 2.

The results for both fungal laccase and com@erdicate
the importance of the axial ligand in modulating the strength
of the ligand field. Upon changing from the prototypical blue
Cu site in plastocyanin with an axial S(Met), to fungal laccase
where this ligand is replaced by nonligating Phe or Leu to give
a trigonal Cu(ll) center, the ligand field is shifted to higher
energy. The effect is even more dramatic if tetrahedrally
distorted stellacyanin, with an axial O(GIn) ligakds used as
the reference stafd.A similar effect is observed in the model
complexes compared in this study: upon removing the axial
pyrazole ligand frond, the ligand field in trigona® dramatically

the Cu-N interaction in the S g bonding orbital reduce the
splitting of the S pr bonding-antibonding pair, which together
lead to the decreased CT energy. The band intensity can be
described using the oscillator strength, which for the CT band
in 2 (fexp,s€S pr) is 0.066) is larger than in fungal laccd3e
(fexs(S pr) 0.055). This implies greater total ligand character in
the HOMO of 2 relative to fungal laccase. However, this
intensity increase in the Sip— Cu CT band irn2 is not due to

an increase in the thiolate covalency dfrelative to fungal
laccase. In fact, S K-edge XAS, which directly measures the S
character in the HOMO, show less S characteR i{82% S)
than in plastocyanin (38% S). This latter value represents a lower
limit for fungal laccase, since, based on the relafiygS pr)
valued® and ENDOR result&® the thiolate covalency in fungal
laccase appears to be larger than in the prototypical blue Cu
site in plastocyanin. These oscillator strength data can be
understood based on differences in mixing in thex$pnding
orbitals. In fungal laccase, this orbital is almost exclusively

increases. Relative to fungal laccase, whose ligand field CU~S Pz in character. Ir2, however, there is substantial (20%

transitions are at high energy among blue Cu cerfetle
ligand field transitions irR are at even higher energyyfo; at

Ncald Cu—N o antibonding mixed into this level. The same
Cu—N interaction is present in the HOMO d& and can
contribute to the intensity of the low energy CT band since the

(75) From Figure 11, the loss of an axial ligand decreases the energy of ligand—ligand overlap from the N ligand orbital will be

the dz orbital as observed experimentally (inthez?2 — x2 — y? transition
(band 1) is at 5200 cnt while in 2 it is at 6300 cm?). The calculated

change in energy is larger than that observed experimentally, which appears

to be due to an overestimate in the 4sfdixing in 2.

significant.
Finally, the MCD C-term signs i@ are as observed in fungal
laccase with the exception of the low-energy tdansition (at
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6300 cnt?), where this band exhibits positive signdmut was for 1 and2 demonstrate that the total copp¢hiolate bonding
negative in fungal laccase. The sign of an MCD band dependsinteractions in the two models are similar, which suggests
on the degree of ground- and excited-state spirbit coupling compensation for th&rans influence of3-diketiminate in the

to different state€® The magnitude of this coupling depends HOMO of 2 through thiolate bonding with Cu 4s and 4p orbitals.
inversely on the energy splitting between thedlate and the  Thus, the loss of an axial ligand can modulate the electronic
ligand field or charge-transfer state that sporbit couples to structure of blue Cu centers, through an increase in equatorial
it. Because, relative to fungal laccase, the ligand field states in ligand donation. An increase in the covalency of the thiolate-
2 are at much higher energy, while the 8 p> Cu CT state is Cu bond can affect the reorganization energy and increase
at much lower energy, the degree of sporbit coupling electronic coupling into protein pathways for rapid electron
between these states will be very different. In plastocyanin the transfer.

sign of the ¢ — HOMO transition is due to mixing of
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