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Nitrous oxide reductase @OR) and cytochrome oxidase
(CcO) catalyze the reductions of,® to N, during microbial
denitrification and of @ to H,O during cellular respiration,
respectivelyt? These disparate metalloenzymes have in com-
mon an unusual copper site, uhat functions analogously to
the ubiquitous type 1 monocopper centdcstransfer electrons
during enzyme turnover. Controversy surrounding the structure
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of Cu, appears to have been resolved by recent X-ray crystal-
lographic resultsand spectroscopic and biochemical studies of
N,OR, CcO, and engineered Gusites® The combined data
support a novel dithiolate-bridged, delocalized mixed-valence
(Cut>Cutd) resting-state formulation with four-coordinate,
distorted tetrahedral copper ions in close proximity2(6 A

apart). A key spectroscopic signature that supports the delo-

calized nature of the site is an EPR signal with seven-line
hyperfine coupling patterns in its low-field components arising
from spin interactions with botth = 3/, copper ions" The
structure represents a fundamentally new type of electron-
transfer site in biology and is a novel entity from a purely
inorganic chemical point of view as well. Although several
complexes with big(-thiolato)dicopper(l,l) cores are knovfn,
fully delocalized “class III"” mixed-valence dicopper(l,Il)
complexes are extremely raf€,and no example of such a

species bridged by thiolates has appeared in the literature.
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Figure 1. Synthesis ofl and a representation of its X-ray crystal
structure showing one of the two chemically similar binuclear cations
generated from the two crystallographically independent half-dimers
present in the unit cell (50% ellipsoids, hydrogen atoms omitted for
clarity). Selected bond distances (A) and angles (deg) for this cation:
Cul-S1, 2.250(1); Cu%SY, 2.292(1); CutN1, 2.115(3); CutN2,
2.125(3); Cul:-Cul, 2.9306(9); S%-S1, 3.480(2); S+Cul-ST,
99.64(3); S+Cul—N1, 149.23(9); St Cul-N2, 90.25(9); ST-Cul-

N1, 107.64(9); SE-Cul—N2, 122.20(9); N+Cul-N2, 87.2(1); Cul-
S1-Cul, 80.36(3). The similar parameters for the other cation are
presented in the supporting information.

Herein we report the successful synthesis and characterization
of a unique molecule with &Cux(u-SR)}* core that closely
mimics the resting-state @eometry, oxidation level, and high
degree of electron delocalization as reflected by EPR spectros-
copy.

Our synthesis of the title complex hinged on the use of the
new ligand NalPrdacoS which was prepared from 1,5-bjis(
toluenesulfonyl)diazacyclooctane by using precedented N-
macrocycle deprotection and alkylation stratedféd. Admix-
ture of a 3:2 ratio of NafrdacoSand Cu(QSCHk), in MeOH,
followed by removal of solvent, extraction with GEl, to
remove byproducts, and crystallization from MeOHEt
yielded (LPrdacoTy),(0sSCHR) (1), analytically pure in 60%
yield as deep blue crystals (Figure'?).The 3:2 ligand-metal
stoichiometry is critical for obtaining the pure product, as the

(8) Mixed-valence multicopper complexes usually are completely valence
localized (class ), but in some instances spectroscopic evidence for
delocalization of unpaired spin in a binuclear complex or dicopper protein
active site, usually at elevated temperature3{ K), has been observed
(class Il behavior). For examples, see: (a) Dunaj-Jurco, M.; Ondrejovic,
G.; Melnik, M. Coord Chem Rev. 1988 83, 1-28. (b) Long, R. C;
Hendrickson, D. NJ. Am Chem Soc 1983 105 1513-1521. (c) Gaghe
R. R.; Koval, C. A.; Smith, T. J.; Cimolino, M. . Am Chem Soc 1979
101, 4571-4580. (d) Westmoreland, T. D.; Wilcox, D. E.; Baldwin, M.
J.; Mims, W. B.; Solomon, E. IJ. Am Chem Soc 1989 111, 6106—
6123. (e) Aasa, R.; Deinum, J.; Lerch, K.; Reinhammar,BRchim
Biophys Acta 1978 535, 287—298.

(9) Complete valence delocalization (class Ill behavior) mediated by a
copper-copper bond has been reported: (a) Harding, C.; McKee, V.;
Nelson, J.J. Am Chem Soc 1991 113 9584-9685. (b) Barr, M. E.;
Smith, P. H.; Antholine, W.; Spencer, B. Chem Soc, Chem Commun
1993 1649-1652. (c) Harding, C.; Nelson, J.; Symons, M. C. R.; Wyatt,
J.J. Chem Soc, Chem Commun 1994 2499-2500.

(10) Cyclization of the disodium salt dfl,N-bis(p-toluenesulfonyl)-
propane-1,3-diamine with 1,3-bgsfoluenesulfonyloxy)propane in DMF
afforded 1,5-bigg-toluenesulfonyl)diazacyclooctaf@ Single detosylation
with 30% HBr/HOAcOP alkylation with isopropyl bromide, and subsequent
detosylation with HSO, afforded 1-isopropyl-1,5-diazacyclooctane. Func-
tionalization with thiirane followed by deprotonation with NaH yielded
NalLiPrdacoSil See supporting information for synthetic details and charac-
terization data for all new compounds, includidg (a) Atkins, T. J.;
Richman, J. E.; Oettle, W. Prganic Synthesjslohn Wiley & Sons: New
York, 1988; Collect. Vol. 6, pp 652662. (b) Sessler, J. L.; Sibert, J. W.
Tetrahedron1993 49, 8727-8738.

(11) Houser, R. P.; Halfen, J. A.; Young, V. G., Jr.; Blackburn, N. J.;
Tolman, W. B.J. Am Chem Soc 1995 117, 10745-10746.

© 1996 American Chemical Society



2102 J. Am. Chem. Soc., Vol. 118, No. 8, 1996

extra half equivalent of NafrdacoSprovides the needed reducing
equivalent to afford the mixed-valence complex plus disulfide.

An X-ray crystal structure determination bfconfirmed the
presence of a single triflate counterion and Guy(u-SR)}*
core, as shown in Figure 1 for one of the dimers generated from
one of the two crystallographically independent but chemically
similar half-dimers in the unit celt The CuyS; unit is planar,
with an average Gu-Cu distance of 2.92 A that is slightly
longer than that suggested for C(2.5 A by EXAFS5ef 25—

2.7 A by X-ray crystallographyj. The geometry of each of
the metal ions is best described as distorted trigonal pyramidal,
with N1 and the bridging thiolate sulfur atoms defining the
trigonal plane, from which Cul is only slightly displaced (by
0.22 and 0.18 A for the two crystallographically independent
molecules). Principal distortions away from idealized trigonal
pyramidal local symmetry involve displacement of N27°
from the vector normal to the N1,S1/Sdlane and angles in
this plane that deviate from 12Qrange 99-149°). The overall
coordination geometry is analogous to those of “trigonal” type
1 copper protein sites and model complex&sl4 except the
basal plane irl incorporates a NSrather than a b5 donor
atom sef®> Also similar to type 1 centers, the ligand arrange-
ment in 1 can be construed to be intermediate between
geometries favorable for Car Cu' oxidation levels, presumably

in order to facilitate redox reactions and, in this instance, to
stabilize a C&>Cul-5 form.

The delocalized mixed-valence description implied by the
X-ray structural data is supported by spectroscopic and physical
information obtained fod in MeOH solution® Most impor-
tantly, the X-band EPR spectrum bfn a MeOH/toluene glass
at 4.2 K contains a nearly axial signal with clearly recognizable
seven-line hyperfine splitting patterns in the two lower field
components (Figure 2). Copper hyperfine coupling constants
andg values were estimated via spectral simulation (assuming
interaction of the unpaired spin with both metal ions) toghe
= 2.010,g2 = 2.046,03 = 2.204,A,°" = 36.3 G, andAs® =
49.9 G. Comparison of this signal to those reported for the
Cu, sites in @O and NOR reveals striking similaritie¥
notwithstanding differences in details such Af¢' values for
the synthetic model 1215 G larger than for the proteins. We
therefore assign analogous class Ill delocalized electronic
structures tdl and the biological sites.

The optical absorption spectrum of bltén MeOH (Figure
3) contains features aimax = 358 € 2700 M~ cm™1), 602
(800), 786 (sh), and 1466 (1200) nm. The visible absorption
bands are red-shifted and-3 times less intense relative to the
purple Cy sites from various sourcé$, possibly due to
differences in donor atom sets, metatetal distances (shorter
in Cua), or copper geometries (the metal ions inxGiave been

suggested to be more akin to the tetrahedrally distorted class

of type 1 copper sites than to the trigonal planar set better
mimicked by those i1).5" The intriguing, intense band evident
in the near-infrared region of the absorption spectrurth bs
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Figure 2. EPR data forl shown as (a) first-derivative simulated, (b)
first-derivative experimental, (c) second-derivative simulated, and (d)
second-derivative experimental spectra (9.213 GHz, 4.2 K, MeOH/
toluene glass). Parameters used to obtain the simulated spectra are
= 2.010,g; = 2.046,0s = 2.204,A,°" = 36.3 G, andAs®" = 49.9 G.
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Figure 3. Optical absorption spectrum @fin MeOH (256-800 nm)
or CD;OD (800-1600 nm). See text fotmax ande values.

not yet been assigned. Finally, in its cyclic voltammogram,
waves corresponding to one-electron reduction or oxidation of
1in MeOH are apparen&,. = —0.50 V andEy, = +0.35 V

vs SCE with 0.1 M TBAPE), but our finding that the former

is completely irreversible and the latter becomes chemically
reversible only at high scan rates1.0 V s) attests to
significant stabilization of the mixed-valence state.

In sum, we have prepared a novel compound with gubis(
thiolato)dicopper(l,Il) core that replicates essential elements of
the structural and spectroscopic features of thg Gwtallo-
protein active site. The combination1rof a low coordination
number &5), thiolate bridges, and an unusual distorted trigonal
pyramidal metal ion geometry that is supported b§rdpeoS
contributes to the stabilization of the delocalized mixed-valence
form of the{ Cu(u-SR)} * unit that heretofore was accessible
only in dicopper(l,I§ or -(11,11) 11 oxidation states. By analogy,
similar factors would appear to be responsible for the physi-
cochemical properties of the biological £aenters, for which
numerous questions regarding correlation of structure and
function remain unanswered.
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