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Abstract: Spectroscopic methods combined with density functional calculations were used to study the
disulfide—Cu" bonding interactions in the side-on u-1%n?-bridged Cux(S;) complex, [{ Cu"[HB(3,5-Pr,pz)s]} -
(S2)], and the end-on trans-u-1,2-bridged Cu,(S;) complex, [{ Cu"(TMPA)}.(S2)]?t, in correlation to their
peroxide structural analogues. Resonance Raman shows weaker S—S bonds and stronger Cu—S bonds
in the disulfide complexes relative to the O—0 and Cu—O bonds in the peroxide analogues. The weaker
S—S bonds come from the more limited interaction between the S 3p orbitals relative to that of the O 2s/p
hybrid orbitals. The stronger Cu—S bonds result from the more covalent Cu—disulfide interactions relative
to the Cu—peroxide interactions. This is consistent with the higher energy of the disulfide valence level
relative to that of the peroxide. The ground states of the side-on Cu,(S,)/Cu,(O;) complexes are more
covalent than those of the end-on Cux(S;)/Cuz(O,) complexes. This derives from the larger o-donor
interactions in the side-on u-?:;? structure, which has four Cu—disulfide/peroxide bonds, relative to the
end-on trans-u-1,2 structure, which forms two bonds to the Cu. The larger disulfide/peroxide o-donor
interactions in the side-on complexes are reflected in their more intense higher energy disulfide/peroxide
to Cu charge transfer transitions in the absorption spectra. The large ground-state covalencies of the side-
on complexes result in significant nuclear distortions in the ligand-to-metal charge transfer excited states,
which give rise to the strong resonance Raman enhancements of the metal—ligand and intraligand vibrations.
Particularly, the large covalency of the Cu—disulfide interaction in the side-on Cux(S,) complex leads to a
different rR enhancement profile, relative to the peroxide analogues, reflecting a S—S bond distortion in
the opposite directions in the disulfide/peroxide z*, to Cu charge transfer excited states. A ligand o* back-
bonding interaction exists only in the side-on complexes, and there is more o* mixing in the side-on
Cuy(S2) complex than in the side-on Cu,(O,) complex. This o* back-bonding is shown to significantly weaken
the S—S/O—0 bond relative to that of the analogous end-on complex, leading to the low vs_s/vo—o vibrational
frequencies observed in the resonance Raman spectra of the side-on complexes.

1. Introduction chemistry?356Small molecular models have been synthesized

Copper active sites play important roles in biological oxygen to mimic tl_1eir structure_s, spectral_features, and reactivities and
chemistry! such as reversible oxygen binding (hemocyadin), have provided well-defined chemical systems, which could be
activation for substrate oxidation/hydroxylation (amine oxidase, Studied by spectroscopic methods to gain insights into their
galactose oxidase, peptidylglycinehydroxylating monooxy- electronic structure contributions to reactivity.12
genase, dopamingmonooxygenase, tyrosinase, catechol oxi- ~ One of the major structural motifs in biological Cu/oxygen
dase, and particulate-methane monooxygerfagend reduction  intermediates is the side-grn? 1,2 peroxide-bridged Cudimer
to water (laccase, ascorbate oxidase, ceruloplasmin, and Eet3p).Clz(O2) core (Scheme 1A), which is present in the oxygenated
Many Cu/oxygen intermediates have been proposed, identified,form of hemocyanin (oxyHc), tyrosinase, and catechol oxi-
and characterized spectroscopically in biological Cu/oxygen dase!3 This side-on Cy(O;) core has characteristic spectral

T Stanford University. (6) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K.; Palmer, AABgew. Chem.,
* University of Tsukuba. Int. Ed. 2001, 40, 4570.
§ Johns Hopkins University (7) Kitajima, N.; Moro-oka, Y.Chem. Re. 1994 94, 737.

(1) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96, 2239. (8) Que, L., Jr.; Tolman, W. BAngew. Chem., Int. E®002 41, 1114.

(2) Solomon, E. I.; Tuczek, F.; Root, D. E.; Brown, C. Bhem. Re. 1994 (9) Mahadevan, V.; Gebbink, R. J. M. K.; Stack, T. D.Gurr. Opin. Chem.

94, 827. Biol. 200Q 4, 228.
(3) Klinman, J. PChem. Re. 1996 96, 2541. (10) Liang, H.-C.; Dahan, M.; Karlin, K. DCurr. Opin. Chem. Biol1999 3,
168

(4) Eipper, B. A,; Stoffers, D. A.; Mains, R. Annu. Re. Neurosci.1992 .
15, 57. (11) Decker, H.; Dillinger, R.; Tuczek, FAngew. Chem., Int. EQR00Q 39,

(5) Solomon, E. |.; Sundaram, U. M.; Machonkin, T.Gem. Re. 1996 96, 1591.

2563. (12) Schindler, SEur. J. Inorg. Chem200Q 2311.
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Scheme 1. Schematic Energy Level Diagrams for the Side-On
Cu(02) (A) and the End-On Cuy(0,) (B) Core Showing the
Dominant Bonding Orbitals and Approximate Energy Splittings for
the Two Geometries in a Delocalized Molecular Orbital Picture

A. Side-On Cu,(0,) B. End-On Cu,(0,)
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Cuwy(O,) core and provides a spectroscopic comparison with the
side-onu-n%n? Cuy(O,) core (Scheme 1B This structurally
characterized end-on Q©;) core has spectral features very
different from the side-on G(O,). It exhibits two intense
absorption CT bands at524 nm 19 100 cnt?, € ~11 300
M~1cmt) and~615 nm (16 250 cn?, e ~5800 M1 cm™1)

and a relatively highro_o frequency at 830 cri.1” The higher
energy CT band is the peroxidé , to Cu transition, which is
much lower in energy and also has only half the intensity relative
to that in the side-on G{O,) complex. These result from the
fact that the bridged peroxide forms only two €0 ¢ bonds

in the end-on C(O,) complex, while there are four CtO
bonds in the side-on G(O,) complex. Thus, ther*, orbital in

the end-on Cy(O,) complex is less stabilized in energy due to
less orbital overlap, leading to its lower CT energy and lower
absorption intensity relative to the side-onGDp) complex
(Scheme 1). Ther-donor interaction of the bridged peroxide
to the Cu centers should strengthen the @ bond. This is
reflected in the relatively highvo—o frequency of the end-on
Cwp(O,) complex 830 cnt1).17 The bridging peroxide in the
side-on Cy(O,) complex has larger-donation to the Cu centers
due to its increased-overlap and should thus have an even
stronger G-O bond relative to the end-on gM®,) complex.

features including two intense charge transfer (CT) absorption However, the observeeb—o is at~760 cnmt, much lower than

bands at~340 nm (24 900 cnT1l, € ~20 000 Mt cm™1) and
~570 nm (17 500 cmt, € ~1000 M1 cm™1) and a very low
vo-o Vibrational frequency~750 cnT?) in its resonance Raman
(rR) spectrun?.A number of model complexes have now been

that of the end-on, indicating a significantly weakened @
bond. This has been ascribed to the additional back-bonding
interactions of the peroxide* orbital with the Cu d orbitals
into the HOMO of the side-on G(0,) complex (Scheme 1A%

synthesized and structurally characterized to have this The peroxidec* orbital acts as ar-acceptor, significantly

w-n%n?-Cup(Oy) core structure and associated spectral features.

The [ CUu'[HB(3,5-Pf2pz)s]} (O;)] model complex (referred to
as the side-on G(O,) complex, HB(3,5-Pspz): = hydrotris-
(3,5-diisopropylpyrazolyl)borate (monoanion)) has the side-on
w-n%n% Cu(O,) core and exhibits spectral features very similar
to oxyHc!4 It has two intense CT absorption bands~a50
nm (~28 600 cm?, ¢ ~25000 Mt cm 1) and ~540 nm
(~18 500 cnl, € ~2000 M1 cm™1) and a very lowvo_o
frequency at~760 cntl'® This structurally characterized
complex provided an excellent model in understanding the
spectral features and the peroxideu' bonding in the side-on
Cuwy(Oy) core. The highest occupied orbitals of the peroxide are
the two degenerate* orbitals, which split in energy upon
interaction with the Cli centers. The peroxide*, orbital is
out of the Cy(O,) plane in the side-on G(O,) complex and
mainly nonbonding with the Cu d orbitals. Electronic excitation
out of the peroxider*, orbital gives the lower energy, lower
intensity CT band in the side-on €(@®,) absorption spectrum.
The peroxider*, orbital is in the Cy(O,) plane and has large
o-overlap with the Cu d orbitals, leading to its large energy
stabilization (Scheme 1A). Electronic excitation out of the
orbital gives the higher energy, larger intensity CT band
observed in the side-on @i®,) absorption spectrum.

Another important complex is thg Cu'(TMPA)} 2(0,)]2*
dimer (referred to as the end-on £0,) complex, TMPA=
tris(2-methylpyridyl)amine), which has an end-tansu-1,2

(13) Magnus, K. A.; Hazes, B.; Ton-That, H.; Bonaventura, C.; Bonaventura,
J.; Hol, W. G. J.Proteins: Struct., Funct., Genet994 19, 302.

(14) Kitajima, N.; Fujisawa, K.; Fujimoto, C.; Moro-oka, Y.; Hashimoto, S.;
Kitagawa, T.; Toriumi, K.; Tatsumi, K.; Nakamura, 8. Am. Chem. Soc.
1992 114, 1277.

(15) Baldwin, M. J.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima, N.; Solomon,
E. . J. Am. Chem. S0d.992 114, 10421.

weakening the ©0 bond, leading to the lowo-o frequency
in the side-on C(O,) core!® This o* back-bonding interaction,
however, is not present in the end-on,(p) complex due to
the high energy of the* orbital.
Recently two Ctli complexes have been synthesized that are
disulfide structural analogues of the side-on and end-on
Cwpy(0O,) complexes with the same corresponding ligatid&ne
[{ CU[HB(3,5-Pkpz)]} 2(S;)] complex (referred to as the side-
on Cw(S;) complex) has a side-on-n%#,?-disulfide-bridged
Cwy(Sy) core (Figure 1A), analogous to the side-on,(@y)
complex?® The [ Cu(TMPA)} o(S:)](CIO4), complex (referred
to as the end-on G(5,) complex) has an end-amansu-1,2-
disulfide-bridged Cy(S;) core (Figure 1B), analogous to the
end-on Cy(O,) complex?! The disulfide is very similar to
peroxide but also possesses different chemical properties relative
to the peroxide, including the energies of the valence levels
and the ligand donor strength. The side-on and end-a(Su
complexes should thus provide excellent systems for compari-
sons to and correlations with the peroxide analogues in terms
of bonding interactions with the Cu. In this study, we will extend
(16) Tyeklar, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.; Karlin,
K. D. J. Am. Chem. S0d.993 115 2677.

(17) Baldwin, M. J.; Ross, P. K.; Pate, J. E.; Tyekla; Karlin, K. D.; Solomon,
E. I.J. Am. Chem. S0d.991, 113 8671.

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

(19) These two complexes are the only two'Gisulfide complexes available
in the literature. Other transition metal disulfide complexes have been
studied more extensively. For recent reviews, seéllevilA.; Jaegermann,
W.; Enemark, J. HCoord. Chem. Re 1982 46, 245. Mler, A.; Diemann,
E. Adv. Inorg. Chem.1987, 31, 89. Matsumoto, K.; Sugiyama, Hcc.
Chem. Res2002 35, 915. Wachter, JAngew. Chem., Int. EA.989 28,
1613.

(20) Fujisawa, K.; Moro-oka, Y.; Kitajima, Nl. Chem. Soc., Chem. Commun.
1994 623.

(21) Helton, M. E.; Chen, P.; Partha, P. P.; Tyeklar, Z.; Sommer, R. D

Zhakarov, L. N.; Rheingold, A. L.; Solomon, E. |.; Karlin, K. D. Am.
Chem. Soc2003 125 1160.
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A. side-on Cu,(S,) B. end-on Cu,(S,)

S S
I—"7"~pn, I I
Cu \é/Cu Cl..I"/ \s/cu
Figure 1. (A) Crystal structure of the side-on &$,) complex: [Cu-
[HB(3,5-Pi2pz)]} o S2)]. rs-s = 2.073 Arcy-s = 2.264 A,0cy-s s = 62.8.
(B) Crystal structure of the end-on g&8&,) complex: [ Cu(TMPA)} »(S)]-
(ClOg)2. rs-s = 2.044 A rcy-s = 2.280 A, Ocy-s-s = 109.7.

color of the solution gradually turned to reddish brown. After stirring
for 1 h, the toluene phase was separated and evacuated to dryness under
vacuum. Recrystallization of the resultant solid from :CH gave a
reddish brown solid (83 mg, 25%). Method 3: To a solution of sulfur
(124 mg) in diethyl ether (15 mL) was added [GiB(3,5-Pf,pz)s} -
(MeCN)J** (131 mg) dissolved in diethyl ether (15 mL). After stirring
overnight, the solvent was evaporated under reduced pressure to give
a reddish brown solid. Recrystallization from &1, at —30 °C gave
a reddish brown powder (73 mg, 28%). TFS-labeled compound
[{ CW{HB(3,5-Pipz)s} 2(3*S;)] was prepared by method 3.
Spectroscopic StudiesVariable-temperature absorption spectros-
copy was performed on a double beam spectrophotometer (Cary 500)
using a liquid helium cryostat (Janis Research Super Vari-Temp) or
on an Otsuka Electronics MCPD-2000 system with an optical fiber
attachment (3061100 nm) using NESLAB CB-80. Room-temperature
absorption spectrum was measured on a JASCO V-570 spectropho-
tometer. Mull absorption samples were prepared by dispersing the
ground powder of the complexes in poly(dimethylsiloxane) (Aldrich)

our previous spectroscopic and electronic structure studies of o mineral oil (Mallinckrodt) and sandwiching it between two quartz

the side-on and end-on €@®;) complexes to the disulfide

disks in a homemade sample holder. Raman spectra were obtained using

analogues to obtain new insight into the bonding correlations a series of lines from Kr(Coherent 190C-K) and Ar(Coherent Sabre
of the end-on/side-on structures. In section 3, we will present 25/7) ion lasers with incident power ranging from 5 to 20 mW in an
the spectroscopic/computational results and analyses, first on~135" backscattering configuration. A dye laser (Rhodamine 6G,

the side-on Ci(S;) in comparison to the side-on €®,)
complex, and then on the end-on4{$) in comparison to the
end-on Cy(O,) complex. In section 4, we will compare the

disulfide and the peroxide complexes and discuss the correla-
tions between end-on and the side-on peroxide/disulfide bond-

ing. The relatives* back-bonding interaction is evaluated for
the side-on Cg(O,)/Cwy(S,) structure.

2. Experimental Methods

Materials. All reagents and solvents were obtained from commercial
sources. Solvents were dried according to published procédams
distilled under Ar prior to use. 34-Sulfu#*g§, 94%) was obtained from

Trace Sciences International and used without further purification.

Coherent 599) was used for other spectral regions. Scattered light was
dispersed through a triple monochromator (Spex 1877 CP, with 1200,
1800, and 2400 groove/mm gratings) and detected with a back-
illuminated CCD camera (Princeton Instruments ST-135). The samples
contained in NMR tubes were immersed in a liquid nitrogen finger
dewar. Raman peak intensities were referenced to the solvent features
for excitation profiles. Background spectra of charcoal in the same NMR
tube were subtracted to remove the quartz scattelih@lMR spectra

were collected on a JEOL-GX-270 (270 MHz) NMR spectrometer.
Chemical shifts were referenced relative to an internal standard Me4Si.
FT-IR spectra were measured on a JASCO FT/IR-550 by a KBr method.
EPR spectra were recorded on a JEOL JES-RE3X ESR spectrometer
as a frozen solution at 140 K in quartz tubes (diameter 5 mm). Mass
spectra were performed on a Hitachi M-80 spectrometer by a field-

Preparation and handling of air-sensitive materials were performed desorption method.

under an argon atmosphere using standard Schlenk techniques or a Normal Coordinate Analysis. Normal coordinate analyses (NCA)
glovebox. Elemental analysis was performed by an analytical facility were performed using the QCPE program 576 by M. R. Peterson and
at the Research Laboratory of Resources Utilization, Tokyo Institute D. F. Mcintosh based on a general valence force fielfector

of Technology.

Preparation of Cux(S;) Complexes.The end-ortransu-1,2-Cy-
(S2) complex [ Cu(TMPA)}2(S,)](ClO4), was synthesized as reported
in the literature?! The side-on complex{ [Cu[HB(3,5-Pkpz)]}2(S:)]

diagrams for the vibrational normal modes were visualized using Jmol.
rR Profile Simulations. rR excitation profiles were simulated using

the time-dependent theory of electronic spectrostidymplemented

in a Mathcad script A direct modeling approaéhwas used to search

was synthesized by three methods. Method 1 is similar to that reportedfor the set of excited-state parameters that produce the best simultaneous

in the literature?® A solution of [Cu(SCPk{ HB(3,5-Phpz)s}]?324(498

mg) in octane (80 mL) was stirred under argon at room temperature
for 48 h, resulting in a color change from deep blue to reddish brown.

fit to the absorption band shape and rR profile data.
DFT Calculations. Density functional calculations were performed
on a PC cluster, using Gaussian®8&\ spectroscopically calibrated

The solvent was then evaporated under reduced pressure to give &yhbyrid functional, B38HFP86 (38% Hartre€ock exchange added to

reddish brown solid. Recrystallization from @El; at —20 °C gave a

reddish brown powder (112 mg, 35%). Single crystals suitable for X-ray (25) Mcintosh, D. F.; Michaelian, K. H.; Peterson, M. ®n. J. Chem1978

analysis were obtained from octane/&H solution. Anal. Calcd for
CssHoN12B.CWwS;: C, 57.79; H, 8.26; N, 14.98; S, 5.72. Found: C,
57.40; H, 8.30; N, 15.02; S, 5.94. FTIR (ctKBr): v»(BH) 2539.1H
NMR (8/ppm, GDsCDs, 270 MHz, 27°C): 1.23 (d,J = 7 Hz, 36H,
CHMe,), 1.24 (d,J = 7 Hz, 36H, CHMe,), 3.48 (m,J = 7 Hz, 6H,
CHMey), 3.60 (m,J = 7 Hz, 6H, HMey), 5.91 (s, 6H, pZ). EPR
(CH.Cl,, 140 K): silent. FD-MSi(vz): 1121 (M"). Method 2: To a
solution of [ Cu{HB(3,5-Ptpz)s}2(OH);]** (323 mg) in toluene (30
mL) was added NaStiH,O (504 mg) dissolved in $O (10 mL). The

(22) Perrin, D. D.; Armarego, W. L. FRurification of Laboratory Chemicajs
Pergamon Press: New York, 1988.

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

(24) Randall, D. W.; George, S. D.; Hedman, B.; Hodgson, K. O.; Fujisawa,
K.; Solomon, E. I.J. Am. Chem. So00Q 122, 11620.
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)
56, 1289.

(26) Zink, J. I.; Shin, K.-S. KAdv. Photochem1991, 16, 119.

(27) Tannor, D. T.; Heller, E. 1. Chem. Physl982 77, 202.

(28) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon, El.I.
Am. Chem. Socdl998 120, 5674.

(29) Myers, A. B.; Mathies, R. A. InBiological Application of Raman
SpectroscopySpiro, T. G., Ed.; Wiley: New York, 1987; Vol. 2, p 1.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
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® ? ‘Q“ ; zgg 221 28 000 and 21 000 cm can be assigned as disulfid#,, and
. * i i ; i
% w*y to Cu CT transitions, respectively, in analogy to the side-
=& = @m v ’ )
0E== S S - MO0 = === - onu-n2y?>-Cuy(0,) complext® The bands at 15 000 and 10 300
30000 25000 20000 15000 menn 2) : d .
Energy (cm™) cm! can be assigned as Cu-d transitions based on their
25[ 7 energies and low extinction coefficients, which are consistent
Cc os with Cu' complexes with square pyramidal ligand fiefds.
\ 2 . . .
> 7 ,’ L) S An additional transition is further resolved as a shoulder at
2 )t ' oSN ~25600 cntt (e ~7900 Mt cm™Y) in the low-temperature
£ :’ \' B R frozen glass absorption spectrum (Figure S2A) and can be
© 10l \ prm o 00 ascribed to a ligand pyrazole to Cu CT transit®mhe low-
2 ! Energy (cm™) . . .
= ! ‘\ temperature mull absorption spectrum of the side-og(€)is
— -1 . . . . . .
e st ® 267cm very similar to that of the solution, indicating the structural
/ é XNol o 749cm™ . . . . .
P N - integrity of the molecule in solution (Figure S2B). No other
] ledealel, Bt b S 5L BB electronic electric transitions were observed below 10 300:cm
30000 25000 20000 15000 1
Energy (cm™) down to 4000 cm.
The absorption spectrum of the side-on,(&4) complex is
Figure 2. (A) Room-temperature absorption spectrum of the side-on 2

Cux(S2) complex in CHCI,. (B) Resonance Raman profiles of the 260 and qualitatively very similar t_o that of the side-op-nz:nz-

500 cnt ! vibrational modes (dots) and the simulated profiles (dashed lines) Cu(O,) complex overall (Figure S1CG¥. The energy of the

of the side-on Cy(S,) complex. (C) Resonance Raman profiles of the 267  (isulfidesr*,, to Cu CT transition{28 000 cnt?) is very similar

and 749 cm? vibrational modes (dots) and the simulated profiles of oxyHc to that of the peroxide*,, to Cu CT transition £28 500 le)
g

adapted from ref 36). Inset: partial expansions of the corresponding figures. | . ) .
(dap ) P P P 919 in the side-on Cy(O) complex, although the disulfide*, to

the BP86 functiondl), was used. A general basis set (6-311G* for cu CU CT transition is~3000 cnv* higher than in the peroxide
and 6-31G* for all other atoms) was used for all calculations. Molecular analogue (Figure 2A and Figure S1C).

orbitals were visualized using the program Molfemd analyzed using Resonance RamanThe rR spectra of the side-on &8)
AOMix. 3 The structural parameters were taken from the corresponding complex excited into the intense disulfid#, to Cu CT band
crystal structures of the disulfide complexes. Side chains on theligands(hy = ~27490 cn’Tl) are presented in Figure 3. Vibrational
were truncated and replaced by hydrogen atoms for simplicity. Complete modes are observed at 219, 260, 500, 578, and 990, amith
coordina_ltes for calc_ulations presented in the text are included in the the 500 cm! mode being the most intense. A similar rR
Supporting Information. spectrum is observed on the solid sample of the side-on
Cux(S,) complex, further confirming the molecular integrity in
solution (Figure S3). Upo#'S isotope labeling, the 500, 578,
and 990 cm! modes shift to lower frequencies at 488, 566,
and 966 cm?, respectively.

The side-on Cy(S;) core hasD,, symmetry. There are five
in-plane bond stretching vibrations from the S bond and four
Cu—S bond stretches (2A+ Bz, + Big +B2y), but only the
two totally symmetric vibrations (4§ are resonance Raman

3. Results and Analysis

3.1. u-n%n?-Cuy(S;): Comparison to u-p%n?-Cuy(Oy).
3.1.A. Spectroscopic. Absorption.The room-temperature
absorption spectrum of the side-pm?172-Cux(S;) complex is
shown in Figure 2A. Four electronic transitions are resolved,
at ~28 000 ¢t (e ~31 200 Mt cm™1), ~21 000 cn? (e
~3700 M1 cm™1), ~15000 cm? (e ~230 M1 cm™1), and
10300 cm? (e ~130 Mt cm™Y). The two intense bands at

(34) Lever, A. B. P.Inorganic Electronic Spectroscopynd ed.; Elsevier
Science: Amsterdam, The Netherlands, 1984.

(35) A similar transition is also present in the low-temperature mull absorption
spectrum of the side-on G(®,) complex. See ref 15. Note the electronic
transitions are sharpened in the low-temperature absorption spectrum and
thus have larger epsilon values.

(31) Szilagyi, R. K.; Metz, M.; Solomon, E. . Phys. Chem. 2002 106,
2994,
(32) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De200Q 14, 123.

(33) Gorelsky, S. I.; Lever, A. B. PAOMix program Revision 4.7; York
University: Ontario, Canada, 2001.
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Table 1. Observed and Calculated Vibrational Frequencies (cm~1), Mass-Weighted Eigenvectors L,, Potential Energy Distributions (%) in
Parentheses, and Selected Force Constants (mdyn/A) from the Normal Coordinate Analysis of the Side-On Cuy(S;) Corea?

expt NCA eigenvectors (potential energy distributions)
mode 29 g 29 g Alcy-s Alcy—s Alcy-s Alcy-s Ars_g

Agvs-s 500 488 500 488 0.080(9) 0.080(9) 0.080(9) 0.080(9) 0.236(63)
Bsu 498 487 —0.136(25) —0.136(25) 0.136(25) 0.136(25) 0.000(0)
Bigveu-s 495 483 496 483 —0.118(25) 0.118(25) 0.118(25) —0.118(25) 0.000(0)
Bau 300 294 —0.070(25) 0.070(25) —0.070(25) 0.070(25) 0.000(0)
Ag veu-cu 260 260 260 260 0.055(17) 0.055(17) 0.055(17) 0.055(17) —0.083(30)

force constants keu-s = 2.33 ks-s=1.82

aThe eigenvectors and PEDs are for #8 isotopomer? The complete force field is given in Table S1.

active®”-3The most intense mode at 500 chtan be assigned A AV AV

. . . . ) g 'S-S g ' Cu—Cu
as the totally symmetric-SS stretching vibratiom{s_s) on the 500 em-! 260 cm-!
basis of its frequency arfdS isotope shif?~41 The other totally
symmetric vibrational mode is Gt stretch based, but it mainly g —~
involves motions of the Cu atoms and is thus at low frequency //(\ '*\\ //4 S
with little/no isotope effect (vide infral The 260 cmi! mode e Tl <leul loa>
is assigned as suchd-cy). The 219 cm® mode is also low in RN o . RN
frequency with no isotope effect, but much less resonance & s/
enhanced than the 260 ctnmode upon excitation into the f
disulfide to Cu CT absorption bands (Figure S4). This mode is
likely a Cu—N based vibration from the hydrotris(pyrazolyl)-
borate ligand?2 The 578 cm! mode is weak in intensity and B) T(*s) C) I,
has the sam&S isotope shift as thes-s mode A\v = 12 cnt?l). .06 G +0.06 +0.00_ S +0.00
Therefore, this mode is assigned as a combination mode_ef — 7 T~ — ¥
vibration with an unidentified low-frequency vibration (580 Cu ~— |+% Cu Cu ~ l% Cu
78). The 990 cm! vibration has a large sulfur isotope shift +0.06" 8 ~+0.06 +.00 ~ S7+0.00
(Av = 24 cnm?) and is too high in frequency for a fundamental
Cu—S based vibration. This mode is assigned as the first +0.09_Q _H0-09 +0.03 +0.03
overtone of the non-totally symmetric €& based vibrational Cu — |(} Cu Cu — |0} Cu
mode at 495 cmt.43 000~ O 70.09 Jﬁ {.03

To obtain a quantitative description of the observed vibra-
tional normal modes, a normal coordinate analysis was per- Figure 4. (A) Vector diagrams of thes—s andvcy-cy vibrational normal

. - modes. Vectors scaled by a factor 10. (B) Bond length distortions (A) at
formed on the vibrational data-s, vcy-cy and the 495 cm the *, to Cu CT excited state for the side-on £3) and Cu(Oy)

vibration) using the side-on G{§,) core structuré? Only in- complexes. (C) Bond length distortions (A) at th&, to Cu CT excited
plane vibrations were included and a generalized valence forcestate for the side-on G(5;) and Cu(Oz) complexes.

field was used. The SS, four equivalent CuS stretches, and
their interaction constants were floated to first fit the experi-
mentalvs_s andvc,-cy frequencies and their isotope shifts. This
initial NCA predicts that the frequencies of thggBand By,
modes are in the 466600 cnT ! region, one of which could be
correlated to the 990 cm overtone vibration observed in the
rR spectra. The NCA was further refined incorporating this
overtone frequency (495 crhfundamental). The analysis with
assignment of the 990 crh vibration as the B, overtone is
presented her¥.The calculated vibrational frequencies, selected
force constants, normal mode eigenvectors, and potential energ

distributions (PED) are summarized in Table 1. The complete
force fields are given in Table S1. The five in-plane vibrations
are visualized in the vector diagram in Figure S5.

The calculated frequencies and isotope shifts reproduce the
experimental data. The PEDs and eigenvectors indicate that the
500 cnt! mode is indeed a dominang-s vibration (63% S-S
+ 37% Cu-S, Table 1, Figure 4A). The 260 crhmode is
dominantly Cu-S based (70% CuS + 30% S-S) and has
virtually no sulfur isotope effect (Table 1). This is consistent
XNith the description of thecy—cy vibration involving mainly
(36) Larrabee, J. A.; Spiro, T. G. Am. Chem. S0d.98Q 102, 4217. motions of the Cu atoms (Figure 4A). The calculakeds and

(37) Cotton, F. AChemical Applications of Group Theo§rd ed.; John Wiley kcu-s are 1.82 and 2.33 mdyn/,&’ respectively.
& Sons: New York, 1990. . . . .
(38) Czernuszewicz, R. S.; Spiro, T. G.Imorganic Electronic Structure and To allow a direct comparison with the side-onA($) com-

SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons: i i i
New York 1999: Vol 1. p 353 plex, a parallel NCA using the generalized valence force field

(39) Miiler, A.; Jaegermann, W.; Enemark, J. Goord. Chem. Re 1982 46, was also performed on the side-on () complex and its
(40) %/‘;55 Wart, H. E.: Scheraga, H. 4. Phys. Chem976 80, 1812 published vibrational data (Table S3, $8¥5The results show
(41) Van Wart, H. E.: Scheraga, H. A. Phys. Chem1976 80, 1823. that both thevs_s andvcy—cy Vibrational modes in the side-on

(42) A similar vibration mode is also observed in the same energy region in the H 0 0
resonance Raman spectrum of the side-o(@4) complex. See ref 15. Clp(S,) are more mixed than theo—o (87% O-O + 13%

(43) Another possibility for the assignment of this feature is as the first overtone

of the vs_s vibration at 500 cm!. However, a similar vibration was (44) Assigning the 990 cnt vibration as the overtone of the;Bmode has
identified in the resonance Raman spectra of the side-g(gucomplex very little effect on the calculated-SS force constant and the normal mode
at 1144 cm?, which can only be assigned as an overtone of the non-totally descriptions. The fitted CuS force constant decreases from 2.33 to 2.02
symmetric Cu-O based vibration since the overtone of theo vibration mdyn/A (Table S2).

should appear at1500 cnt. The 990 cm? vibration of the side-on Gx (45) The results obtained on the L0,) complexes are similar to those reported
(S;) complex is assigned as in the side-on(@j4) complex. See ref 15. in the literature using UreyBradley force fields. See refs 15 and 17.
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Table 2. Excited-State Parameters from Simultaneous Fit to the
rR Profiles and Absorption Spectra of Side-On Cuy(S,) (Figures
2B and S2C) and oxyHc (Figures 2C and S1B)?@

Side-On Cy(Sy)

band Ep (cm™Y) T (cm™) Avgo Avsy u?

Ty 20 000 500 2.35 —2.20 0.24

T 27 450 350 1.20 1.80 1.00
oxyHc

band Eo (cm™) T, (cm™) Avag Avisg u?

Ty 14 600 350 2.80 —2.40 0.12

s 26 700 500 3.95 —-0.70 1.00

aEnergies of zero-phonon transitidf,, damping factor[;, dimension-
less displacements relative to the ground stAteand relative transition
dipole momentg,.

Cu—0) andvcy-cy (84% Cu-O + 16% O-0) vibrations in
the side-on Cy(O,) analogue. This is consistent with the fact
that thevs_s (500 cnTt) andvey-cy (260 cnTl) vibrations are
much closer in energy in the side-on %) than thevo—o (763
cm 1) andvey-cy (284 cntl) vibrations in the side-on G(O,)
complex, which leads to increased mode mixing. Kaes
(1.82 mdyn/A) is smaller than théo-o (2.40 mdyn/A),
consistent with the weaker-S5 bond relative to the ©0 bond.
The calculatede,-s (2.33 mdyn/A) is larger thakc,—o (1.80
mdyn/A), indicating a stronger GtS interaction in the side-
on Cw(S;) complex than the CdO interaction in the side-on
Cw(Oy).

rR Excitation Profiles. The rR excitation profiles of thes_s
(500 cnml) and vey—cy (260 cntl) vibrational modes of the
side-on Cu(S;) complex are presented in Figure 2B. Both

related to the excited-state nuclear distortiofs,(A), through
the normal mode eigenvectors (Table 1) using é§ 1,

Ar, = 5.80652Li'n(An/ﬁ) (1)

wherelLi, is theith element of the mass-weighted eigenvector
for the nth normal mode, and, is the frequency (cm') of the
nth normal mode. The excited-state distortions determined from
the analysis are plotted in Figure 4B,C for the disulfide,
andz*, CT excited states, respectively. A similar analysis was
also performed on the excitation profiles of the-o andvey-cu
vibrations and absorption spectrum band shape of oxyHc
(Figures 2C and S1B, Table 2). These excited-state nuclear
distortions are also included in Figure 48*; CT) and C &*
CT) for comparison with the results from the side-orp(Sd)
complex48

For thes*, to Cu CT excited states, both the side-on,Cu
(S2) and oxyHc have the dominant distortions along the intra-
ligand coordinatesArs-s = —0.21 A, Aro_o = —0.23 A),
which shorten upon electronic excitation. In contrast, the intra-
ligand distortion directions are opposite in th®, to Cu CT
excited states in the side-on £8,) and oxyHc. The SS bond
elongates in the side-on g;) (Ars-s = +0.07 A), while the
O—0 bond shortens in oxyHAfo-0 = —0.13 A), although
both have significant elongations along the metajand bonds.
This difference in the intraligand distortion directions correlates
with the different excitation profile patterns in the , excited
state (Figure 2B,C). Thes_s is more intense thanc,—cy in
the side-on Cy(S;), whereas theo-_o is weaker thamc,—cyin

vibrations are resonance enhanced under the intense disulfideyxyHc in thez* , to Cu CT excited states. The implications of

7*, andz*, to Cu CT absorption bands (Figure 2A) (which

the different excited-state distortion directions will be considered

further confirms the spectral assignment) and follow the pelow.

absorption band shape. The intensity of thes vibration is
always higher than that of the., ¢, vibration throughout the
absorption envelope. This relative-s/vcy—cy intensity pattern
is dramatically different from what is found for the sidesom?
n?-Clp(0O,) core. Figure 2C gives the rR excitation profiles of
the vo-o (749 cnt?) and vey-cy (267 cntl) modes of
oxyHc 2846 which contains the same side-ary2:72-Cuy(Oy)
core structure as the side-on£D,) complex!3 Both vibrations
are resonance enhanced under the intense pergXidendz*,
to Cu CT absorption bands (Figure S1A), but the relatiyes/
veu-cu iNtensities are reversed in the , relative to ther*, to
Cu CT transitions. While theo_o vibration is more intense
than thevcy—cy vibration under the peroxida*, CT band,
similar to the case in the side-on £8;) complex, thevcy—cy
vibration is much more intense than thg-o upon excitation
into the peroxider*, CT band.

The excitation profiles of thes s andvcy-cy vibrations of
the side-on Ci(S;) complex were simulated simultaneously with
its absorption spectrum band sh&pesing time-dependent

3.1.B. Computational. Cu'—Disulfide Covalency. Spin
unrestricted broken-symmetryM{ = 0) density functional
calculations were performed to obtain a more quantitative
description of the bonding interaction between the disulfide and
the CU centers in the side-an-;%172-Cu(S;) complex. Similar
calculations were also performed on the sidexen?:;?-Cu,-

(O,) complex for direct comparison. Boundary surface plots of
key molecular orbitals (MOs) contributing to the disulficle
Cu'/peroxide-Cu' bonding are given in Figure 5 and Figure
S6. Their energies and compositions are summarized in
Table 3.

The highest occupied molecular orbitals on the disulfide
(S%7) ligand are the two degenerat# orbitals, which split in
energy upon interaction with the Cu d orbitals. The sulfide
orbital is out of the Cy(S,) plane and mainly nonbonding with
the highest energy singly occupied Cu d orbitatg).(° The
DFT calculated disulfider*, orbital is shown in Figure 5B.
The disulfide *, orbital is in the Cy(S;) plane and has
significanto-overlaps with the singly occupied Gty orbitals

Heller theory (a two-mode/two-state problem, Figures 2B and forming the dominant bonding interaction. The calculated spin-
$2C)?2729The simulated parameters are summarized in Table gown LUMO (Figure SAxy—*,) clearly shows this dominant

2. The fitted excited-state dimensionless distortidxs,can be

(46) The full rR excitation profiles of the side-on €@,) complex were not

obtained due to photodecomposition of the complex under near-UV

illumination.
(47) 77 K toluene glass absorption spectrum of the side-os{Sglucomplex

was used in the simulation to account for the temperature effect because

o-interaction, with the disulfide™ ; orbital forming twoo bonds
with each Cu. This LUMO orbital is also strongly polarized on

(48) A normal-mode analysis was also performed on the oxyHc vibrational data
to get the normal mode eigenvectors. The results are summarized in Table
S5. Complete force fields for oxyHc are given in Table S6.

the rR excitation profiles were obtained at liquid nitrogen temperature (49) The molecular coordinate system is defined such thak-#rds is along

(Figure S2C).

the Cu-Cu vector and the-axis is perpendicular to the g$,) plane.
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Table 4. Calculated 7*, and =*, Excited-State Distorting Forces
(cm~Y/A) and Predicted Distortion Directions@ along the Intraligand
Coordinates (Qi) Relative to the Ground State

A. xy-m*;, LUMO

I(7*s) I'()
VA0 AQu @V AQu
side-on Cy(Sy) —3630 + 3940 -
side-on Cy(Oy) 6050 - 19 250 -
end-on Cu(Sy) 10 990 - 11 000 -
end-on Cy(0Oy) 21940 - 27 430 -

a+: elongation;—: contraction.

with the largerkc,-s force constant than thiey,—o in the side-
on Cw(Oz) complex (section 3.1.A. Resonance Raman).

The z* ,+xy orbital is the bonding combination counterpart
of the LUMO (Figure 5C) and the donor orbital of the disulfide
a* , to Cu CT transition. An interesting result is that the disulfide
Figure 5. Boundary surface plots of selected spin-down MOs from the 7* o-character in this donor orbital (29%) is calculated to be
spin-unrestricted B38HFP86 calculations of the side-os(&) complex smaller than that in the acceptor orbital (36%). This behavior
at the broken-symmetriMs = 0) state (A-C) and the triplet$= 1) state is opposite of that of the side-on €@,) complex (39%r*,, in
(D). 2 The HOMO notation here refers to the MO diagram in Scheme 1A. donor, 22%* , in the acceptor, Table 3). This has an important

Table 3. Energies (eV) and Compositions (%) of Selected implication for thex*, to Cu CT excited-state distortions (vide
Spin-Down Molecular Orbitals and Spin Density Distributions from infra).
a Mulliken Population Analysis of the Spin-Unrestricted Excited-S Di . Analvsis of th R
Broken-Symmetry (Ms = 0) and Triplet (S = 1) B38HFP86 _xcﬁe - tat_e |stort|on§. nalysis of the resonance Raman
Calculations on the Side-On Cuy(S;) and the Side-On Cux(O3) excitation profiles of the side-on @($;) core vibrations gave
Models Side-On G the excited-state nuclear distortions in thex(&) core (section
ide-On Cu(S,) 3.1.A. IR Excitation Profiles). In this section, DFT calculations
level B  Cu ()  Cuz  rest are used to estimate the excited-state distortions to complement
[xy—*0]* (LUMO) :(13-18 i gg 5% 111 our experimental results using the geometric dependence of the
{;(VYLXy]a —7.40 6 29 13 52 orbital energy splittings. _
spin density 5 —0.58 0.00 0.58 For the disulfider*, to Cu CT excited state, the calculated
[((xy=xy)+0*]” (HOMO)*  —2.88 36 15 36 ground-state donor/acceptor (,+xy/xy—m*,) orbital splitting
Side-On Cy(0y) is related to the CT transition energy. The geometric dependence
level E(eV) cut 02) w2 rest of this donor/acceptor orbital splitting (thus the transition energy)
[xy—7*o]2 (LUMO) —052 1 22 68 10 along a nuclear coordinate (e.g., theSbond) can be used to
* e —6.49 1 97 2 0 determine the direction of the excited-state distortié@) along
[7* o +xy12 —7.40 10 39 13 38 i i isi .
spin density 069 000 069 this coordinate. This is evaluated through e®f 2:
[(xy—xy)+0*]° (HOMO) —1.54 43 3 43 o
@ oV ey D
a Broken-symmetriMs = 0 calculation? Triplet S= 1 calculation® The &\ 0Q. o Yex
HOMO notation here refers to the MO diagram in Scheme 1A. AQi = — + 2

one side of the molecule, showing the single localized spin (or

electron hole) on the Cu atom. (The spin-up LUMO is polarized where the integral is the linear electrenuclear coupling force

on the other side of the molecule containing the localized evaluated at the equilibrium geometry of the ground state (the
opposite spin.) The dominantdonor interaction between the excited-state distorting force), akds the force constant along
disulfide and the Cu is similar to that in the peroxide analogue the coordinat&). Determination of the dependence of the donor/
side-on Cy(O,) complex (Figure S6&)1850and is reflected in ~ acceptor (D/A) orbital energy splitting with small geometric
the high-energy large-intensity disulfide(peroxide?), to Cu perturbations around the ground-state equilibriua83listance,
CT transition in the absorption spectra due to the large donor/ (AEPA/AQ)o, gives an approximation to the linear coupling
acceptor orbital overlap (Figures 2A and S1). Importantly, the matrix element in eq 2 and thus the evaluationA®s_s, if
disulfide * ,—Cu' interaction is more covalent in the side-on ks-s is known.

Cwy(S,) than the peroxider* ,—Cu' interaction in the side-on The (AEPA/AQ)o term was calculated for both the disulfide
Cu(O2) complex. The LUMOxy—rnt*; of the side-on Cy(S,) * s andsr*y to Cu CT excited states along the-S coordinate
contains 36% disulfider* ,-character compared to the 22% of the side-on Ci(S;) complex. The Cy(S;) core geometry was
peroxides* ,-character in the side-on g®,) LUMO (Table first optimized to obtain the equilibrium geomef¥and then
3)51 This more covalent interaction between the disulfide and the S-S bond length was perturbed Hy0.04 A to calculate
the coppers suggests a stronger-Sbond, which is consistent  the changes in the donor/acceptor orbital splittings. Parallel
calculations were performed on the side-on(@y) complex.

(50) Ross, P. K.; Solomon, E. J. Am. Chem. Sod.99], 113 3246. ; R ;

(51) Unoccupied antibonding MOs are used to describe the bonding since theTable 4 summarizes the calculated distorting forces and
corresponding occupied bonding orbitals are more mixed due to spin
polarization leading to energy proximity with other occupied orbitals. The (52) Solomon, E. IComments Inorg. Chemi984 3, 227.
unoccupied MOs reflect the net contributions to bonding not compensated (53) The hydrotris(pyrazolyl)borate ligand positions were kept fixed in the
by electron occupation of antibonding orbitals. optimization.
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predicted distortion directions for both the disulfide/peroxide 2.0
m*, ands*, to Cu CT excited states. The calculated distorting in ﬁce:m‘i""e
forces are positive, predicting a contraction (negative) distortion inAcetone A c

along the intraligand (SS or O—0) bond, except for the force

in the disulfides*, to Cu CT excited state, which is predicted
to have an SS elongation (positive) distortion. The predicted
excited-state distortions are in good agreement with the bond
distortions determined from the resonance Raman excitation
profiles (Figure 4).

The calculated excited-state distortions reflect the composi-
tions of the ground-state donor/acceptor orbitals for the corre-
sponding CT excited states. The disulfid®, to Cu CT excited
state corresponds to the electronic excitation from the donor
orbital z* ,+xy (Figure 5C) to the acceptor LUMQy—rx*,
(Figure 5A). Since the acceptor orbital has more disulfitig-
character (36%) than in the donor orbital (29%) (Table 3), this
7*; CT excited state is actually more antibonding in terms of .« Cuxy-based MO (15%*, Table 3), more than the peroxide
S—S interaction than in the ground state. This leads to the o*-mixing in the side-on Cy(O,) complex (3%c*, Table 3,
elongation distortipn along the-5 coordinate in thg disulfide Figure S6D). This larger mixing of the disulfide-character
7" 10 Cu CT exuted.state, as determined experimentally gnd into the Cuxy orbitals reflects a larger back-bonding interaction
calculated by DFT (vide supra). In contrast, the donor orbital ;, he side-on C(S,) than in the side-on G(O) complex.
for the disulfidesr*, to Cu CT excited state is almost a pure g ig consistent with the fact that the-S bond is weaker

S-S antibondingz* orbital (98%*.-character, Table 3 and  yha the G-0 bond, and thus the free disulfide antibondirfg
Figure 5B). Electronic excitation into the acceptor LUMO results .:t-1'is lower in energy than the free peroxigtorbital. The

in an exciteq state,. which is less antibpnding in terms of the |5\ver energy of the disulfide* orbital decreases its energy
S—S interaction. This leads to a contraction along th&S®ond separation from the Cwy orbitals in the side-on G(S,)

in the disulfides*, to Cu excited state, consistent with the complex and leads to the increased mixing (i.e., back-bonding).
results from the rR excitation profiles and DFT calculations (vide 5q 4 result, the SS bond of the side-on G8, complex ks_s
infra). = 1.82 mdyn/A) is weaker than the free disulfide((S:2")

For the side-on G(O,) complex, both the donor orbitals™, = 1.88 mdyn/A)3° even though the large-donor interaction
Figure S6B andr*,+Xxy, Figure S6C, and Table 3) for the', between the bound disulfide and the Cu atoms would strengthen
and 7*, to Cu CT excited states have more peroxide the S-S bond.
m*-character than the acceptor orbital LUM®y{-7* o, Figure 3.2. transpu-1,2-Clp(S;): Comparison to transpu-1,2-
S6A, and Table 3). Therefore, both excited states are |eSSCu2(02). 3.2.A. Spectroscopic. Absorption and rR Spectra.
antibonding in terms of the ©0 interaction and have contrac- The low-temperature absorption spectrum of the end-on
tions along the GO bond, as determined from the rR profiles Cw(S;) complex in acetone solution is presented in Figure 6.
and calculated from DFT. Three bands are observed-at7 600,~15 400, and~11 800

Thus, the different distortion directions along the intraligand cm=1 in the visible region (labeled A, B, and C, respectively)
bond between the side-on €8;) and the side-on G{O.) with significant intensity (estimated >2000 Mt cm™1).2%
complexes in ther*, CT states correlate with the different These three bands change their relative intensities upon changing
relativevs g/veu—cu @andvo-ofveu—cu 'R enhancement profiles  the solvent from acetone to acetonitrile (Figure 6). This indicates
upon excitation into ther*, CT transitions and are due to the that absorption bands A, B, and C are from different chemical

Absorbance

25000 20000 15000 10000
Energy (cm™)

Figure 6. Solution absorption spectra of the end-on(&J) complex in
acetonitrile at-40 °C (solid line) and in acetone at64 °C (dashed line).

different covalent interactions between disulfideu and per- species (referred to as species A, B, and C, respectively) which

oxide—Cu in the side-on C(S;) and Cy(O,) complexes. shift their relative equilibrium concentrations with solvent
o* Back-bonding. An essential feature in the peroxid€u' conditions. Thus, solutions of the end-on (&8s) complex

bonding of the side-on G(O,) core is the back-bonding contain a mixturé?

interaction from the Cwy orbitals into theo* orbital of the To identify the absorption band associated with the end-on

bound peroxide (Scheme 1A}850The peroxides* orbital acts Cux(S) complex, resonance Raman spectra were obtained by

as as-acceptor, increasing the HOM@UMO splitting and exciting into these three absorption bands to differentiate these

stabilizing the Cu-peroxide structure. Since the peroxitie chemical species and their associated vibrational features. Figure
orbital is much more antibonding than th& orbitals in terms 7 gives the frozen solution rR spectra with excitations at 568
of the O—0O interaction, this back-bonding interaction causes a nm (~17 600 cm?!), 647 nm (15460 cm?), and 785 nm
significant weakening of the ©0 bond, which is reflected in  (~12 740 cml), probing the absorption bands A, B, and C in
the low O-0O vibrational frequency observed in the rR of the Figure 6, respectively. The three rR spectra obtained have
side-on Cy(0,) complex and oxyHé>36This o* back-bonding different resonance Raman patterns with different vibrational
interaction with the Cuxy orbitals is also observed in the

i ide- indi (54) Exposing the acetone solution of the end-on(S#) complex to Q causes
calculations of the side-on @Lsz) complex and best indicated differential disappearance of all three bands, further confirming that they

in the spin-down LUMO of the triplet calculation (Figure 5D, are from different chemical species@with different @activity. A sulfate

— * i i bound monomeric complex (TMPA)C4OSQ; was isolated and character-
(XV Xy?+0 ' co_r_responc_img to the HOMO in SCheme_ 1A)' ized from the reaction products, which may come from the reaction of the
There is a significant mixing of the disulfide*-character into end-on Cy(S,) with O,. Helton, M. E.; Karlin, K. D. Unpublished results.
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Figure 7. Resonance Raman spectra of the end-op($)complex in
frozen solution at 77 K. Isotope shifts up#i$ labeling are in parentheses.
(A) In acetonitrile, excited at 568 nm~17 600 cnT?, band A). (B) In
acetone, excited at 647 nny{5 460 cn1!, band B). (C) In acetone, excited
at 785 nm (12 740 cn1?, band C).

600

frequencies and associat¥8 isotope shifts, further confirming

vibration is very low in energy <140 cnt?) and outside our
observable frequency ran§eTherefore, we expect only two
343 isotope sensitive vibrations in the end-on,(&) rR
spectrum, onevs_s around 408-600 cnT! and onevcy-ss
around 256-420 cnt! with 34S isotope shifts of about10
and—5 cn?, respectively?® The spectra with excitations into
band A and B are consistent with the expected vibrational
frequency pattern (Figure 7A,B). However, excitation into band
C gives a rR spectrum with thréés isotope sensitive vibrations,
which indicates that band C is not associated with the end-on
Cw(S,) complex3® In addition, going from the side-on Gu
(Sy) to the end-on CiS,) structure, the SS bond strength and
thus the vibrational frequency should increase due to the lack
of o* back-bonding effect (vide infra)>1” The highest energy
343 isotope sensitive vibration upon excitation into band C is
469 cnt! (Figure 7C), much lower than thes_s of the side-

on Cu(S;) complex (500 cm?, Figure 3). This further excludes
the possibility that band C is associated with the end-op Cu
(S2) complex.

Low-temperature absorption and rR spectra were also ob-
tained on the solid powder of the end-on /(3) complex
(Figures S7 and S8). The intensity of the absorption band B is
negligible relative to band A in the mull absorption spectrum
(Figure S7), indicating a negligible content of species B in the
solid state. Only the rR features of species A were obtained
with excitations into both band A and B energy region (Figure
S8A,B), which further confirms the dominance of species A in
the solid state. Therefore, absorption band A in solution must
be associated with the end-onA$p) complex determined from
crystallography and is assigned as the disulfide to Cu CT band.
The energy of this disulfide to Cu CT transition17 600 cnt?)
is very similar to the peroxide to Cu CT transition in the end-
on Cw(O,) complex 18 000 cntl),l” similar to the case
observed between the side-on (%) and Cu(O,) complexes
(section 3.1.A).

The rR features with excitation into band A are thus
associated with the end-on €8,) complex, at 499, 441, and

that the absorption bands A, B, and C in Figure 6 are associated31g cnrt with 34S isotope shifts of-9, 0, and—4 cnr?,

with three different chemical species in solution. Excitation into

respectively (Figure 7A). On the basis of the frequencies and

absorption band A gives dominant rR features of species A at 34g isotope shiftd? the 499 cm feature is assigned as the s

499, 441, and 316 cm with 3S isotopes shifts of-9, 0, and
—4 cnl, respectively (Figure 7A). Excitation into absorption

band B gives dominant rR features of species B at 522, 428,

and 328 cm? with 34S isotope shifts of-10, 0, and—5 cn1%,
respectively (Figure 7B). Excitation into absorption band C gives
dominant rR features of species C at 469, 422, and 310'cm
with 34S isotope shifts of-6, —3, and—3 cn%, respectively
(Figure 7C).

The end-ortransu-1,2-Cy(S,) core from the crystal structure
has Cz, symmetry?! There are thus five in-plane vibrational
normal modes (34+ 2By): the symmetric SS stretching
vibrationvs-s (Ag), the symmetric and antisymmetric combina-
tions of Cu-S stretching vibratiomcy-s s(Ag) andvey-s as(Bu),
and the symmetric and antisymmetric combinations of
Cu—S—S bending vibrationdcy-s-ss (Ag) and dcu-s-s.as
(By).375556 Only the totally symmetricvs-s, vcuy-ss and
dcu-s-s sVibrations are resonance Raman actf/&he dcy-s-s s

(55) Wilson, E. B., Jr.; Decius, J. C.; Cross, P.M&lecular Vibrations Dover
Publications: New York, 1980.

(56) Woodward, L. Alntroduction to the Theory of Molecular Vibrations and
Vibrational SpectroscopyClarendon Press: Oxford, 1972.
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vibration and the 316 cni feature is assigned as the symmetric
veu-s,s Vibration mode of the end-on G(%;,) core. The intense
vibration at 441 cm! does not have anifS isotope effect, and
a similar mode is also present in the rR spectra of the end-on
Cuwy(Oy) complex. This mode can be associated with a-Qu
based vibratiod? In addition, a vibrational mode is observed
at 478 cmtin the IR spectrum of the end-on &8,) complex,
which shifts to 474 cm! upon3*S labeling?! This vibration
can be assigned as the antisymmetric combination of theSCu
stretching vibrationsycy-s as

Resonance Raman Analysis.To obtain a quantitative
description of the observed vibrational normal modes § =
499 cnml; voy-s as= 478 cnTl; voy-s s= 316 cnTl), a normal-
mode analysis was performed using the end-op(&) core
structur@! and a generalized valence force field. TheSs two

(57) Thedcy-o-os Vibration of the end-on GiO,) complex was estimated at
140 cntt (see ref 17). Since the sulfur atom is much heavier than the
oxygen atom, an upper limit frequency of the, s s vibration for the
end-on Cy(S;) complex is estimated to be125 cnr.

(58) The third vibration could gain &S isotope effect through mechanical
coupling with thevs_s or ve,-s s vibration mode.
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Table 5. Observed and Calculated Vibrational Frequencies (cm~1), Mass-Weighted Eigenvectors L, Potential Energy Distributions (%) in
Parentheses, and Selected Force Constants (mdyn/A) from the Normal Coordinate Analysis of the End-On Cuy(S;) Coreab

expt NCA eigenvectors (potential energy distributions)

mode %28 s %S s Algy—s Argy—s Ars_g ABcy-s—s ABcy-s—s
Agvs-s 499 490 500 489 0.074(13) 0.074(13) 0.178(63) —0.113(6) —0.113(6)
Bu vcu-sias 478 474 481 471 —0.153(50) —0.153(50) 0.000(0) —0.006(0) 0.006(0)
Agveu-ss 316 312 318 310 0.134(29) 0.134(29) -—0.176(41) —0.042(1) —0.042(1)
AgOcu-s-s.s 125 125 123 —0.005(1) —0.005(1) —0.003(0) 0.097(49) 0.097(49)
Budcu-s-sas 82 80 0.013(8) 0.013(8) 0.000(0) —0.067(42) 0.067(42)
force constants kcu-s = 2.88 ks-s=2.41 hey-s-s=0.54

aThe eigenvectors and PEDs are for 8 isotopomer® The complete force field is given in Table STChosen frequency for the symmetric bending

mode as described in the text.
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Figure 8. (A) Vector diagrams for thes_s andvc,-s svibrational modes.
Vectors scaled by 10. (B) Resonance Raman profiles af¢he(499 cnr?)

andvcy-s s Vibrations overlaid on the absorption spectrum of the end-on

Cuw(Sp) complex in acetonitrile.

equivalent Cu-S stretches, two equivalent E$—S bendings,

and their interaction constants were floated to fit the vibrational

frequencies and isotope shifts of the end-on(Sg complex.
Since the symmetridc,-s-s s bending mode is not observed,
it is estimated to be at-125 cnt! for the NCA575° The

A parallel NCA with a generalized valence force field was
also performed on the end-on £0,) complex using the
published literature data (Table S8 and 59) allow a direct
comparison with the end-on @$;) complex?> The results
show that there is more mixing between tkes (contains 26%
Cu—S) andvc,-ss(contains 41% SS) vibrations in the end-
on Cw(S;) complex than that between the o (contains 10%
Cu—0) andvcy-o s(contains 13% G-0O) vibrations in the end-
on Cuy(0O,) analogue, again consistent with the smaller energy
separation ofs—s andvc,-s s(Av = 183 cn1?) relative tovo-o
andvcy-os (Av = 271 cn?). Theks-s (2.41 mdyn/A) of the
end-on Cy(S,) is smaller than théo—o (3.11 mdyn/A) of the
end-on Cy(Oy) complex, consistent with the weaketS bond
relative to the G-O bond. Thekcy—s (2.88 mdyn/A) determined
is, however, larger thakcy—o (2.02 mdyn/A), indicating a
stronger Cu-S bond in the end-on G(5;) complex than the
Cu—O bond in the peroxide analogue. The force constant
comparisons of the end-on &8,) and the end-on G(O,)
species are very similar to those between the side-on complexes
(section 3.1.A).

The resonance Raman profiles were also obtained farghe
andvc,-s s Vibrations across absorption band A (Figure §B).
Both vibrations are resonance enhanced over absorption band
A, confirming its assignment as the disulfidg to Cu CT
transition(s)®* The intensity of thevs_s vibration (499 cm?)
is always higher than that of the,,_s s vibration (316 cn?)
throughout the absorption envelope. This relatives/vey-s s
intensity pattern is very similar to what was observed in the
end-on Cuy(O,) complex, where the intensity of thep—o
vibration (832 cm?) is always higher than that of they—o s

calculated vibrational frequencies, selected force constants,yibration (561 cn?) (Figure S10}7 This similarity of relative
normal mode eigenvectors, and potential energy distributions intensities of the intraligand/metaligand vibration profiles
are summarized in Table 5. The complete force fields are given across the absorption envelope suggests similar nuclear distor-
in Table S7. The five in-plane vibrations are visualized in the tjons in the disulfide/peroxider* to Cu CT excited states

vector diagram in Figure S9.

between the end-on @%,) and the end-on CG(O,) com-

The calculated frequencies and iSOtOpe shifts are ConSiStentp|exesf}2 Due to the poor resolution of the Over|apping absorp_

with the experimental data. The calculated PEDs and eigen-

vectors indicate that the 499 cihmode is indeed a dominant
vs-s Vvibration (63% S-S + 26% Cu-S + 12% Cu-S-S,
Table 5, Figure 8A). The 478 cmh mode observed in IR is a
pure antisymmetrio’cy—s as vibration (100% Cu-S), and the
316 cnt! mode is dominantly a symmetriec,-s s vibration
(58% Cu-S + 41% S-S + 2% Cu—-S—S, Figure 8A). The
calculatedks-s and ke,—s force constants are 2.41 and 2.88
mdyn/A, respectively.

(59) The calculated CuS force constant is insensitive to the,-s-s sfrequency.
Increasing théc,—s-s sfrequency to 150 crt results in a decrease of the
S-S force constant to 2.11 mdyn/A, while decreasing thg s ss
frequency to 100 cnt increases theSS force constant to 2.62 mdyn/A.

(60) Due to the presence of the species B in the solution, the 316w s s
vibration rR intensity has significant overlap with the 328¢naibration

of the species B in the 17565000 cn1! excitation energy region. Thus
the ve,-s s vibration rR intensity was determined using the rR intensity of
the 499 cm? vs s vibration and thevc,—s dvss intensity ratio obtained
from the solid-state rR spectra at corresponding excitation energies.
Note the disulfider*, andz*, to Cu CT transitions are not resolved here
due to the overlapping bands of other species in the solution (vide supra).
The slightly resolved low-energy shoulder of band A in the mull absorption
spectrum of the end-on G($;) complex indicates the presence of two
electronic transitions under band A (Figure S7).

Note that for the end-on @D, complex (ref 17), the symmetric GO
vibration is not enhanced under the peroxide, CT transition. This
behavior is not observed in the end-on,Gucomplex, which is likely due

to the strong overlap of the*,/z*, CT transitions in the absorption
spectrum of the disulfide complex leading to unresolved rR profiles of the
symmetric Cu-S vibration.

(61)

(62)
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A. d-n* LUMO

Figure 9. Boundary surface plots of selected spin-down MOs from the
spin-unrestricted B38HFP86 calculations of the end-oa(&u complex
at the broken-symmetnMs = 0) state (A-C) and the triplet$= 1) state
(D). @ The HOMO notation here refers to the MO diagram in Scheme 1B.

Table 6. Energies (eV) and Compositions (%) of Selected
Spin-Down Molecular Orbitals and Spin Density Distributions from
a Mulliken Population Analysis of the Spin-Unrestricted
Broken-Symmetry (Ms = 0) and Triplet (S = 1) B38HFP86
Calculations on the End-On Cux(S;) and the End-On Cuy(0O>)
Models

End-On Cuy(Sy)

level E (eV) Cul S1 S2 Cu2 rest
[d—7* 5] (LUMO) —5.57 65 13 2 1 20
[*y]2 —9.43 1 49 46 1 3
[* ,+d]? —1046 11 27 46 5 11
spin density 0.69 0.14 -0.14 -0.69
[d—d]® (HOMO)® —5.88 37 4 4 37 18

End-On Cu(Oy)

level E (eV) Cul 01 02 Cu2 rest
[d=a*5]2 (LUMO)  —4.65 43 8 1 0 48
[72*\]2 —-9.77 2 48 45 2 4
[7* o +d]? —10.64 10 27 42 7 12
spin density 0.71 015 -0.15 -0.71
[d—d]° (HOMO)® —-5.04 37 3 3 37 20

a Broken-symmetrivls = 0 calculation? Triplet S= 1 calculationt The
LUMO/HOMO notation here refers to the MO diagram in Scheme 1B.

each Cu center. The calculated spin-down LUMO (Figure 9A,
d—x*,) clearly shows this single-donor interaction of the
bridging disulfide with one Cu atom. The localization of this
spin-down LUMO indicates the localized spin on this Cu. (The
spin-up LUMO is polarized on the other Cu and contains the
opposite spin.) This dominant singtedonor interaction with
each Cu is very similar to that in the peroxide analogue end-on
Cux(O,) complex (Figure S11A), which is reflected in the strong
peroxider* ; to Cu CT band in the absorption spectrum (Figure
S10)1” However, as observed in the side-on(Sd)/Cux(Oy)
complexes, the disulfider* ,—Cu' interaction in the end-on
Cuwy(S;) complex is more covalent than the peroxiee,—Cu'

in the end-on Cg(O,) complex. The LUMO ¢-x*, orbital of

the end-on Cy((S;) complex contains 15% disulfide character
in comparison to the 9% peroxide character in the LUMO of
the end-on Cg(O,) complex. This more covalent disulfigde
Cu' interaction in the end-on G(8;) complex is consistent with
its stronger Ct+S bond kcy—s = 2.88 mdyn/A) than the GO
bond kcu-o = 2.02 mdyn/A) in the end-on G(O,) complex
from the rR analysis (section 3.2.A).

Excited-State Distortions. In parallel to the side-on Gu
(S2)/Cw(Oy) complexes, DFT calculations were used to calculate
the excited-state distortions along the Sbond for the end-on
Cwy(S,)/Cuy(0Oy) complexes in the disulfide/peroxide* ,/z*
to Cu CT excited states. The end-on(S4)/Cuy(O,) cores were
first geometry optimized, and then the-S/O—0O bonds were
distorted by +0.04 A around the equilibrium positions to
calculate the changes in the donor/acceptor orbital energy
splittings to evaluate theAEPA/AQ)o term (i.e., the linear
coupling matrix element in eq 2, section 3.1.B). The calculated
distortion forces and predicted distortion directions are given
in Table 4. The predicted nuclear distortion directions between
the end-on Ci(S;) and the end-on G{O,) complexes are
similar for bothz*, andz*, to Cu CT excited states. This is
consistent with their similar rR enhancement profiles where the
rR intensities of the intraligand vibrations are always higher
than those of the metaligand vibrations across the CT
absorption envelope for both the end-onx(&4) and the end-
on Cw(O,) complexes (Figure 8 and Figure S10).

The predicted nuclear distortions are all negative (contraction)

tion spectra of the mixture, the analysis presented on the side-2long the intraligand bond in both the, andz*y to Cu CT
on Cw(S,) complex in section 3.1.A was not attempted on the €xcited states for both the end-onA%) and the end-on Gu

end-on Cy(S;) complex.
3.2.B. Computational. CU'—Disulfide Covalency. Spin-
unrestricted broken-symmetryM{ = 0) density functional

(O) complexes. This is consistent with the nature of the ground-
state donor/acceptor orbitals involved in the disulfide/peroxide
w* ,/m*, to Cu CT transitions. Considering the end-on(&)

calculations were performed to obtain a more quantitative cOMplex as an example, the donor orbital of the disulfide
description of the bonding interaction between the disulfide and to Cu CT transition is ther*;+d orbital shown in Figure 9C,

the CU' centers in the end-otransu-1,2-Cu(S;) complex.
Parallel calculations were also performed on the entrams
u-1,2-Cyp(Oy) complex for direct comparison. Boundary surface
plots of key molecular orbitals (MOs) contributing to the
disulfide—Cu'/peroxide-Cu' bonding are give in Figure 9 and

which has 73% disulfide character and is dominantly ar§S
antibonding orbital. The acceptor orbitat-d*, (Figure 9A) is
dominantly a Cu-S antibonding orbital which has only 15%
disulfide m* ;-character. Electronic excitation from the donor
to the acceptor will result in a decrease in electron density in

Figure S11. Their energies and composition are summarized inthe S-S 7* antibonding orbital at the excited state and thus a

Table 6.

The highest occupied doubly degenerateorbitals of the
free disulfide split in energy upon interaction with the Cu d
orbitals in the end-on G(S;) complex. The disulfider*, orbital
is out of the Cy(S;) plane and mainly nonbonding (Figure 9B,
a*\). The disulfider*; orbital is in the Cy(S;) plane and forms
one dominant-donor interaction with the highest d orbital on
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contraction along the -SS bond. Similar situations apply for

the other disulfide/peroxide to Cu CT transitions, and the

excited-state intraligand distortions are thus all negative.
Therefore, the similar relatives_g/vcy-ssandvo-o/veu-o.s

rR enhancement profiles upon excitation into the disulfide/

peroxide CT bands reflect similar excited-state distortions

between the end-on g%,) and the end-on G{O,) complexes.
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Table 7. Summary and Comparison of Force Constants (mdyn/A)
side-on Cuy(S;) end-on Cuy(S;) S S, H,S, side-on Cuy(0,) oxyHc end-on Cu,(0,) 0,2~ 0, H,O,
ks-s 1.82 241 1.88 32”R 2.7P ko-o 2.40 2.29 3.11 2% 56F 3.84
keu-s 2.33 2.88 keu-o 1.80 1.74 2.02

a Calculated from their vibrational frequencigsising the harmonic oscillator modélFrom ref 64.¢ From ref 63.9 From ref 65.

This is in contrast to the case observed in #tig CT excited

higher than that of the free peroxide by2 eV 5 The more

states of the side-on complexes. The difference between the endextended radial distribution function of the S 3p relative to that

on and the side-on complexes will be discussed.

Lack of ¢* Back-bonding. In previous studies, &* back-
bonding interaction was not present in the end-orny(Og)

complex, in contrast to the side-on £0,) complex, where

the back-bonding from the Cxy orbitals into thes* orbital of

of the O 2p also gives better overlap with the Cu 3d orbitals
and further contributes to the increased strength of the £u
bonds relative to the CtO bonds.

The more covalent disulfide* ,—Cu" interactions are also
consistent with the similar disulfide/peroxide, to Cu CT

the side-on bound peroxide causes a significant weakening ofenergies observed in the absorption spectra of the side-on
the O-0 bond (Scheme 1 and section 3.12B§:°The O-O complexes (Figures 2A and S1C, section 3.1.A). Although the
bond strength of the end-on &@;) complex ko-o = 3.11 free disulfidesr* valence level is higher in energy than that of
mdyn/A, Table S8, section 3.2.A) is larger relative to that of the free peroxide, the more covalent'Cudisulfide interaction
the free peroxideko-o(022") = 2.76 mdyn/&3) due to the leads to larger bonding stabilization relative to the! €peroxide
o-donor interaction of the end-on bound peroxide, orbital interaction. The net result is similar bonding/antibonding orbital
to the CUf centers, which strengthens the-O bond. A similar splittings in the sideon Cw(S;) and Cu(O,) complexes, and
situation is found in the end-on g$;) case, where no disulfide  thus their similatz*, CT energies. However, for dimer complex
o*-character is observed in the-dl orbital of the triplet-state CT energies, excited-state effects also have to be taken into
calculation (Figure 9D, Table 6), which corresponds to the account, because excited-state antiferromagnetic coupling makes
HOMO in Scheme 1B. The lack af* back-bonding in the end-  a significant contribution to the transition energ?é$.58These
on Cw(S;) complex and ther-donor interaction of the bound  excited-state effects are also dependent on the covalencies of
disulfide to the Cli centers result in a strengtheneet S bond the metal-ligand interactions and their valence level energy
(ks-s = 2.41 mdyn/A, Table 5, section 3.2.A) relative to the separations (quantitated through a valence-bond configuration
free disulfide ks-s(S?") = 1.88 mdyn/&9), in contrast to the  interaction (VBCI) model}.6768While high covalency and small
significantly weakened SS bond in the side-on G(5) valence energy separation stabilize the ground state, increasing
complex ks-s = 1.82 mdyn/A, Table 1). The correlation the CT transition energy, the high covalency and large valence
between the end-on and the side-on(Sy) complexes willbe  energy separation also increase the excited-state antiferromag-
considered below. netism, which would decrease the CT transition energy. The
fact that similar CT energies are observed for both side-on

4. Discussion disulfide and peroxide complexes indicates that the total effects

4.1. Comparison of Disulfides and PeroxidesA combina- are similar for b90th the side-on (%) and the side-on Gu
tion of spectroscopy and electronic structure calculations has (O2) complexes
been used to elucidate the disulfid€u' bonding interactions The high covalency of the disulfide* ,—Cu" interaction is

in the side-onu-y%n? and the end-ortransu-1,2 Cy(S,) also the explanation for the elongation distortion of theSS
complexes and the correlations to their peroxide analogues. Thebond in ther*, CT excited state in the side-on £8,) complex,
S—S bonds in the disulfide complexes are generally weaker thanin contrast to the side-on Gi®,) complex, where the ©0
the O-0O bonds in the peroxide analogues (Table 7). This is bond contracts (Figure 4B). The highly covalent disulficig—
consistent with the weaker<5 bond in the free 8 (ks-s(S%") Cu' interaction leads to increased disulfig®,-character in the
= 1.88 mdyn/Aj® and HBS, (ks-s(H2S) = 2.77 mdyn/Aj* acceptor LUMO, relative to that in the donor orbital (Table 3,
relative to the G-O bond in the free &~ (ko-o(02") = 2.76 section 3.1.B). The corresponding disulfid&, to LUMO
mdyn/AY3 and HO, (ko-o(H202) = 3.84 mdyn/A)85 which is
due to the more limited 3p3p interaction in S S than the 2s/ (66) From photoelectron spectroscopy, the ionization energy:8f i ~2 eV
p—2s/p hybrid interaction in ©0 at bond distances of2.1 e P T ok s By fohem. Phys. Lett

and~1.4 A, respectively. (67) Tuczek, F.; Solomon, E. Inorg. Chem.1993 32, 2850.
. . . (68) Tuczek, F.; Solomon, E. I. Am. Chem. S0d.994 116, 6916.
The Cu-S bonds in the disulfide complexes are stronger than (69) From the VBCI model, the ground-state stabilization is givefid, where

the Cu-0O bonds in the peroxide anak)gues (Table 7) The f is the metat-ligand resonance integral ardis the metat-ligand valence
. A level energy separation. The excited-state effects contribfgU — A)

stronger Cu-S bonds derive from the more covalent disulfide to the CT transition energy, whetg is the energy of the metal-to-metal

a* ,—Cu' interactions relative to the peroxidé(,—Cu“ interac- CT state ¢6.5 eV). Thus the total CT transition energyAs+ 2/A —

. . . : AU — A). For the disulfide/peroxider*, to Cu CT, the excited-state
tions in the peroxide analogues (sections 3.1.B and 3.2.B). The teLm ils r:Eegligible beﬁauﬁe*ofcp_)lpofr (r)]ver_lgp betgjgzr;;the gggoCUX)l/

; ; ; I ; ; ; orbitals. Experimentally the*, CT of the side-on is ~ cnT
higher covalency of the disulfideCu’ bonds is gonglstent V\_"th . higher in energy than that of the side-onx(fdp) complex (section 3.1.A),
the energy of the valence level of the free disulfide, which is which indicatesA + S%A is larger for the side-on G(&;) complex.
However, similar energies are observeddy, CT for both side-on Cu
(S;) and Cuy(O,) complexes, which indicates th#8/(U — A) term is also

(63) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination larger for the side-on G(S;) complex. Because the denominatbr{ A)
Compounds; Part A: Theory and Applications in Inorganic Chemistry is larger for the side-on G(;) complex due to the smalléy, the5? factor
5th ed.; John Wiley & Sons: New York, 1997. must be dominant in the excited-state stabilization, which is consistent with
(64) Marsden, C. J.; Smith, B. J. Phys. Chem198§ 92, 347. the highly covalent disulfideCu' interaction in the side-on G(&,)
(65) Giguere, P. A,; Bain, Q1. Phys. Chem1952 56, 340. complex.
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electronic excitation thus gives an excited state that is more side-on Cu(S,) complex kcu—s = 2.33 mdyn/A) is weaker than
S-S antibonding in nature, with an elongated $Sbhond. While that of the end-on G{S;) complex kcy—s = 2.88 mdyn/A),
the sulfur covalency in the end-on £8;) complex is also large,  due to the increased bridging of the sulfur atoms in the side-on
the acceptor orbital still has less sulfur character than that of Cuy(S;) structure.
the donor orbital, similar to the end-on peroxide analogue. a*-Donation versuse*-Back-bonding. A distinctive feature
4.2. End-On to Side-On Bonding Correlation. Ground- of side-on Cy(O,) bonding is thes*-back-bonding effect where
State Covalency.Previous studies have shown that on going the peroxides* orbital acts as ar-acceptor, receiving electron
from the end-on CiO,) to the side-on CxO,) structure, the density from the Cwy orbitals (section 3.1.B). This*-back-
total o-donor interaction from the bound peroxide to the Cu bonding interaction exists in the side-on but not the end-on Cu
centers is almost doubled and the ground state of the side-on(O2) complex because in the side-on there is significans-
Cuwy(0y) is approximately twice as covalent as that of the end- donation from the peroxide to the Cu, which lowers the relative
on Cw(0,) complex!>17 Our results are consistent with this  energy of thes* orbital, enhancing mixing with Cu d orbitals.
model. From DFT calculations, the ground state of the side-on This o*-back-bonding significantly weakens the side-or-O
Cuw(O,) complex contains 22% & character (Table 3), while  bond ko-o(side-on)= 2.40 mdyn/A) relative to that of the end-
the end-on Cy(O.) complex contains 9% £~ character (Table ~ on Cw(O;) complex ko-o(end-on)= 3.11 mdyn/A), even
6). This increased covalent interaction in the ground state (i.e., though the larger peroxide* to Cu donation interaction would
larger peroxider-donation) of the side-on G(O,) complex is strengthen the ©0 bond in the side-on complex. To evaluate
reflected experimentally in its absorption spectrum, where the the effects on the ©0 bond strength ofr* charge donation
integrated peroxider* to Cu CT transition intensity is about — ando*-back-bonding, two sets of calculations were performed
twice as strong as that of the end-on,@j) complex (Figure ~ on the simple @ unit.’2 In one set, starting from the &
S1C vs Figure S10%17 This results from the fact that there molecule, electron density was taken out from tteorbital
are four peroxide Cu bonds in the side-on GD,) complex gradually and the ©0 bond was subsequently optimized.
and only two peroxideCu bonds in the end-on G{D-) Frequency calculations were then performed to obtain the force
complex, due to the different bonding geometries between the constants of the ©0 bond at each step. This determines the
side-onu-n%n? and end-orntransu-1,2 bridging modes. The  effect ofzz* charge donation on the-©0 bond strength. In the
individual Cu-O bond strength of the side-on £@,) complex ~ second set of calculations, starting from the™Qnolecule,
is slightly weaker than that of the end-on compléx_(o(side- electron density was added into the orbital gradually.
on) = 1.80 mdyn/A ko_o(end-on)= 2.02 mdyn/A, Table 7),  Geometry optimizations and frequency calculations were then
which is consistent with the fact that each oxygen atom in the performed to determine the effect on the-O force constants
side-on Cy(O,) complex is shared by two Cu centers (increased of electron back-donation into the* orbital. The calculated
bridging). Thus, the CaO strength is lowered, although the O—0O bond force constant versus total charge of theut is
total peroxide to Cu donation is almost doubled. plotted in Figure 10A for ther* channel (solid circles) and the

A similar increase in the ligand donation to the Cu and thus @ channel (open circles).
the ground-state covalency is also observed in the calculations The calculations show that withdrawing electron density from
going from the end-on G(S,) to the side-on Ci{S,) complex. the O~ z* orbital increases the strength of the-@ bond
The ground state of the side-on £$) complex contains 36%  (i.€., increasedo-o) and adding electron density into the O
S,2~ character (Table 3), roughly twice the 15% Scharacter o* orbital decreases it. This is consistent with the-O
of the end-on Ci(S;) complex (Table 6). Due to the contamina- antibonding nature of the* and o* orbitals. However, from
tion of other species in solution, the absorption intensities of Figure 10A, theo* orbital is more effective in changing the
the disulfide to Cu CT transitions in the end-on,($) could O—0 bond strength than the* orbital. This is reflected in the
not be accurately determined (section 3.2.A), which hinders a different slopes oko-o versus charge in the plots and consistent
direct experimental CT comparison of the disulfide to Cu donor With the more antibonding nature of th& orbital than ther*
strength between the end-on %) and the side-on G(S,) orbital. Relative estimates were obtained from linear fits to the
complexes. However, the relative absorption intensities of the data points in Figure 10A, which give slopes of 2.94 and 4.87
CT transitions can be estimated from the relative rR enhance-mdynA~1 e~ for the 7* and o* channels, respectively.
ments under the absorption bands because the rR intensity scales The calculated results in Figure 10A can be used to
with the square of the absorption intensi§yFor the side-on extrapolate the ©0 bond force constant of the side-on
Cw(Sy) complex, an enhancement factor ©70 is observed Cu(O2) complex considering only the*-donation effect, if
for the vs_s vibrational mode with on-resonance excitation

relative to off-resonance (or preresonance) excitation (Figure (71) The rR enhancement is also dependent on the magnitude of excited-state
distortions, which could be estimated from eq 2. Using the DFT calculated

2B), while on/off resonance enhancement ratio is onhp for excited-state distortion forces (Table 4) and NCA force constants (Tables
the end-on Ci(S;) complex (Figure 8B). The stronger rR 1 and 5), the estimated excited-state distortion of the side-o(Sgus

. . smaller (by a factor of-2) relative to the end-on G(5;) complex along
enhancement for the side-on £&) complex reflects its much the S-S bond (the~500 cmi2 vibration). This is consistent with the more
higher disulfide to Cu CT absorption intensity relative to that covalent disulfide Cu! interaction in the side-on G(E;) complex, which

. . decreases the difference in the disulfide characters in the donor/acceptor

of the end-on Cy(S;) complex, and thus higher covalency in orbitals. This is also consistent with a major contribution to the rR
the ground state and larger donor strength thﬁ:nlbridged enhancement relative to the end-on disulfide complex deriving from a higher

. . .. . absorption intensity for the side-on &8,) complex.
disulfide’* Similarly, the individual Cu-S bond strength of the  (72) Spin-restricted calculations were performed using the ADF2000 package
with the VWN local density approximation and Beekeerdew nonlocal
gradient correction, and the ADF basis set IV. Solvation model was used

(70) Solomon, E. I.; Hanson, M. A. linorganic Electronic Structure and to compensate the high anionic nature of the species, and water was chosen
SpectroscopySolomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons: as the solvent. The radii of 1.4 and 1.85 were used for oxygen and sulfur
New York, 1999; Vol. 2, p 1. atoms in the solvation model, respectively.
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6 O—0 29p hybrid orbitals at~2.1 and~1.4 A bond distances,
® 1* channel ®  g* channel :
5 O ¢* channel o* channel respectlvely.

The data presented in Figure 10B can also be used to
extrapolate the SS force constant of the side-on £8)
complex considering only tha*-donation effect, if theo*-
back-bonding were not present. Since no similar monomeric
Cu'—disulfide complex is available, the* charge donation
change from the end-on g$,) to the side-on Ci(S,) was
referenced to the peroxide analogues using the DFT calculated
relative ground-state LUMGOr* ,-characters which reflect the
20 45 A0 20 A5 a0 s*-donor strength. The effective-0.17 electron change in the

Charge of O, Charge of S, O, z* orbital on going from the end-on G(0O,) to the side-on
Figure 10. Calculated effects of* charge donation (solid circles/squares) CU(O2) correlates to a 13% increase (22% peroxide for side-
ando* back-bonding (open circles/squares) on the bond strengths@ O on, Table 3; 9% peroxide for end-on, Table 6) in the peroxide
(A) fnd S-S (B). Solid lines are linear fits to thf dfita poi”fsz@*i 7 character in the ground-state LUMO. On changing the structure
;c;(gitggi-tzlticg?gigzﬁ:;eg state of peroxideAg*: z* to o* one-electron frpm .end-on Cb(Sg) to side-on CWS,), the .grognd-statg

disulfide character increases by 21% (36% disulfide for side-
the o* back-bonding were not present. A monomeric end-on ©N: Table 3; 15% disulfide for end-on,_ Table 6). This. corre-
Cu'—peroxide complex was taken as a reference, where theSPONds to a—0.23 electron change in the, Sr* orbital
0,2~ binds to a single Clicenter withko_o = 2.86 mdyn/A73 referencing to the pe_romde analogues. Using the data in Figure
Going from the end-on monomer to the end-or(@4) dimer 10B, extrapolatlon_ gives an-sS force constant df's-s = 2.65
complex koo = 3.11 mdyn/A), the increase of the-@ bond mdyn{A for the S|de-o_n CAS;) complex. Compared to the
strength Ak = +0.25 mdyn/A) gives a correspondirg).085 experimentally determined value &-s = 1.82 mdyn/A for
electron population change in the peroxide orbital. Going the side-on Cy(S;) complex, the differenceAks-s = —0.83
from the end-on CiO,) to the side-on C4O,) complex, the mdyn/A) again must result from the*-back-bonding effect.
charge donation out of the peroxid# orbital should be twice Linear extrapolation using '_[he _data in Fl_gure_ 108 gives about
that of going from the end-on monomer to the end-on dimer, +0.36 electron back-donation into the disulfid& orbital.
on the basis of the integrated peroxide to Cu CT intensity in  Therefore, the experimentally observed significant weakening
the absorption spectruti’ This gives an additionat-0.085 of the S-S bond in the side-on G(&;) complex relative to

'
w » (3]
kg s (mdyn/A)

N

kg, , (mdyn/A)
w
N

-
-

x 2 = —0.17 electron population change in the & orbital that in the end-on G{S;) complex is due to the disulfide*-
relative to the end-on (the total is0.17 x 2 = —0.34) and back-bonding interaction with the Cu d orbitals, similar to the
extrapolates to &o_o = 3.61 mdyn/A for the side-on G(0>) case in the side-on/end-on £0,) complexes. The*-back-

complex, corresponding to @_o of ~875 cntl. Compared bonding interaction is larger in the side-on %) complex

to the experimentally determined valuekef o = 2.40 mdyn/A relative to that in the side-on @(®,) complex. This is consistent

for the side-on Cy(O,) complex (Table 7), the large decrease With the lower energy of the disulfide* orbital, and thus the
(Ako_o = —1.21 mdyn/A) in O-O force constant must come decreased energy separation from the Cu d manifolds, relative
from the o*-back-bonding effect which is only present in the O that of the peroxide™ orbital due to the weaker interaction
side-on Cy(0;) complex. The calculation in Figure 10A gives Of S—S. The larger metadligand covalency in the side-on gu

an estimate of-0.25 electron population change in the?O (S2) complex further contributes to lowering the energy of the
o* orbital. disulfide o* orbital relative to that in the side-on QiD,)

Parallel calculations were also performed on thauSit to complex due to the increased ligant, to Cuo-type charge

differentiate ther*-donation ando*-back-bonding effects on donat|_on. _ ) o
the S-S bond strength. The calculated-S force constant An interesting contrast between the peroxide and disulfide
dependence on the electron populations imthand o* orbitals complexes is also observed on the intraligand vibrational

of the S/S,2 unit is give in Figure 10B. Results similar to frequencies on going from the end-on t.o the side-on geometry.
those obtained in the Qralculations are observed. Donating FOr the Cu(Oz) complexes, the reduction of the-®@ force
electron density out of the disulfide* orbital increases the constant from the end-on to the side-on complex is reflected in
S—S bond strength, while accepting electron density into the the large decrease of the—o vibrational flrequency observed
o* orbital decreases it. The* channel is more effective in N the rF\; spectrazo-o(end-on)= 832 cn™, vo-o(side-on)=
changing the SS bond strength than the channel, consistent /63 cnT). However, thess_s frequency (500 cn) of the side-
with its more S-S antibonding nature. Linear fits to the data ©" C(S2) complex is almost the same as that of the end-on
give the slopes of 1.04 and 2.32 maj? e for the 7+ and Cwy(S;) complex (499 cm?), although the S'S force constant

o* channels, respectively. Both slopes of theand o* channels of the side-on disulfide is significantly reduced relative to that
for S, are smaller than the corresponding channels fgr/ O of the end-on. Thi_s is due _to d?fferences in the mode mixin_g
0,2~. This is consistent with the fact that the and o* orbitals between the peroxide and disulfide complexes. For the peroxide
of S, are less antibonding in nature than those atiQe to the complexes, the ©0 vibrations are high in energy relative to

weaker interaction between-S 3p orbitals relative to that of e Cu~O (and Cu-O—0 bending) vibrations and, therefore,
have little mode mixing (Table S3 and S8). The reduction in

(73) Pate, J. E.; Cruse, R. W.; Karlin, K. D.; Solomon, EI.IAm. Chem. Soc. the O_O force constant from the end-on to the side-on thus
1987, 109, 2624. results in a decrease ab-o frequency. However, for the
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disulfide complexes, the -SS vibrations are much lower in  significant in the side-on G(S;) complex relative to that in
energy due to the increased mass and weaker bond, close tahe side-on Cg(O,) complex. Thiss*-back-bonding interaction
the Cu-S stretching (and CuS—S bending) vibrations. This  significantly weakens the intraligand bond strength in both the
leads to significant mode mixing between the vibrations (Tables side-on disulfide and peroxide complexes, accounting for the
1 and 5) such that the reduction of the Sforce constant from  low intraligand vibrational frequencies observed in their rR
the end-on to the side-on geometry is not reflected by a reductionspectra. In oxy-tyrosinase, this back-bonding interaction activates
in vibrational frequency. This contrast between the peroxide the cleavage of the ©O bond for its electrophilic attack on
and disulfide complexes demonstrates the fact that force substrates.
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