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sum analysid? and EPR spectroscopy (1 spin/Cu by integration;
Figure S2, Supporting Information).
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Reaction ofl with sodium 4-methylthiophenolate resulted in

oxidation of the thiolate to a disulfid® However, treatind with
sodium triphenylmethylthiolate gave thermally stable, deep blue-

Members of the type 1 class of copper protein active sites are purple LCUSCPH(2).1° The X-ray crystal structure (Figure 1b)
common redox reagents in biochemistry, and extensive studiesshows that the bulky diimine 1 continues to enforce three-
of them have been crucial to the development of modern coordination in2, despite the tendency of thiolate ligands to form
bioinorganic chemistry.A trigonally disposed Hi&ys ligand bridges®2 One isopropyl methine hydrogen atom approaches the
complement is found in all of these sites, with a short, highly copper from each side of the plane at a distance 0f2.8 A,
covalent Cu-S(Cys) interaction being the primary determinant but we cannot distinguish whether this geometry is a result of
of their unique spectroscopic featufeBespite their categorization ~ weak bonding to the copper atom or from ligand constraints. The
as a single type of copper center, the type 1 coppers exhibit short Cu-N and Cu-S bond lengths [1.922(3) and 2.124(1) A,
variable coordination geometries whose relationships to spectro-respectively] are very similar to the distances in the crystal
scopic and redox properties are under intense stdihese structures of the trigonal-planar sites in the blue copper proteins
geometries mainly differ in additional ligand(s) provided to the fungal laccase (1.9, 2.2 A; Figure $23nd ceruloplasmin+2.1
copper atom by the protein: two donors at long distanees A), as well as other type 1 copper siteliterestingly, the Cu
A), giving a 3+ 2 trigonal bipyramid (azurinj;one donor at a geometry is distorted slightly toward pyramidal; the metal ion
shorter distance (2-62.9 A), giving a distorted tetrahedron (e.g., lies 0.220(1) A from the BB plane, comparable to the deviation
plastocyanin¥,or no donating residues, leaving a three-coordinate in azurin (0.1 A} but not as large as in the more tetrahedral
trigonal-planar copper (fungal lacca8eseruloplasmirf< and plastocyanin active site (0.4 AJThe pyramidalization it2, which
certain azurin mutanid.” The trigonal-planar structure is an lacks an axial ligand, should lead to reevaluation of claims that
arrangement for Cu(ll) that has no precedent, to our knowledge, weak (2.9 A or greater) axial “bonding” in type 1 copper sites
in the coordination chemistry of this ion. Here, we report the first leads to movement of the metal out of theS\plane. This
examples of synthetic Cu(ll) complexes with such a geometry, distortion from planarity, as well as the €%—C angle of
including a thiolate complex that closely mimics the structures 119.43(8j that is more obtuse than that in the proteird {0°),
of the trigonal fungal laccase and ceruloplasmin type 1 8ites. may result from steric crowding i.

The lithium salt of 2,4-bis(2,6-diisopropylphenylimido)pentane The axial signal in the X-band EPR spectrumdfigure 2a)
(L™)° was reacted with Cugto give red-purple LCuCI¥).*° An corroborates its Cu(ll) formulation, but thlgg = 2.17 andA, =
X-ray crystal structure (Figure S1, Supporting Informatién)
revealed only three ligands coordinated to the metal ion, two ¢ .
’rg\itrogen atoms from L at 1.870(3) A and a chloride at 2.127(1)

, in an almost perfectly planar geometry (the metal lies only : !

0.005 A from the NCI plane). The Cu(ll) oxidation level was G5 e (175 e motal lone i these compounds. are'fout-caordinate

confirmed from charge-balance considerations, a bond-valencebecause of the tridentate, facial coordination of the Tp ligand. (b) Thompson,
J. S.; Marks, T. J.; Ibers, J. A. Am. Chem. Sod979 101, 4180-4192. (c)
Kitajima, N.; Fujisawa, K.; Moro-oka, YJ. Am. Chem. So&99Q 112, 3210-
3212. (d) Kitajima, N.; Fujisawa, K.; Tanaka, M.; Moro-oka, ¥ Am. Chem.
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(8) For a review of Cu(ll)-thiolate chemistry, see: (a) Mandal, S.; Das,
Singh, R.; Shukla, R.; Bharadwaj, P. Roord. Chem. Re 1997 160,
191-235. To date, the only Cu(ll) complexes that accurately replicate the
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1998 120, 13156-13166.
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cm . Anal. Caicd for GgHseCUSN:: C, 76.20; H, 7.46; N, 3.70. Found: C,
76.21; H, 7.58; N, 3.68.

(11) X-ray data forl: monoclinic, space group2,/n, a = 12.5239(2) A,

b =16.6649(1) Ac = 13.9652(1) A = 104.521(19, V = 2821.59(5) &,
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Z =8, pcaca= 1.191 g/cm. Nonhydrogen atoms were refined with anisotropic
thermal parameters, and hydrogen atoms were in idealized positions with riding
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in this protein was in the Cu(l) state under the conditions of the crystal structure 1 (R1= 0.0335wR = 0.0782, GOF= 1.043 for 4036 independent reflections
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=1.019 for 5417 independent reflections witk 20(1) and 479 parameters).
(12) Bond valence sum analysesband?2 yielded copper oxidation states
of 2.12 and 2.09, respectively. (a) Thorp, H.lRorg. Chem1992 31, 1585~
1588. (b) Brown, I. D.; Altermatt, DActa Crystallogr.1985 B41, 244—247.

© 1999 American Chemical Society

Published on Web 07/27/1999



Communications to the Editor

(a)
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Figure 1. (a) Type 1 copper site in fungal laccase as determined by
X-ray crystallography (ref 6a). (b) Thermal ellipsoid (50%) diagram of
the X-ray structure o2 (hydrogen atoms omitted).
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Figure 2. (a) X-band EPR spectrum @fin toluene (9.61 GHz, 20 K):
g;=2.17,A;=111x 10*cm, g7 =2.04,A;= 13 x 104 cm. (b)

UV —vis spectrum o2 in heptane solution (298 K). Inset: Resonance
Raman spectrum @ in CsDs (lex = 632.8 nm,T = 77 K).
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111 x 10* cm™! values differ significantly from those typical
for type 1 copper protein siteg(= 2.2—2.3 andA; < 70 x
104 cm™). It is noteworthy, however, that EPR spectra of the

J. Am. Chem. Soc., Vol. 121, No. 31, 18281

(d—d bands may be buried under this feaft#r¥). The disparity
between the energies of this transition in the model and in the
proteins is under study.

The resonance Raman spectrulg € 632.8 nm) of2 in CsDg
exhibits multiple features (Figure 2b, inset), with a band at 430
cm! being most prominent. Similar spectra have been reported
for type 1 copper sites, and major bands between 340 and 435
cmtin these cases have been assigned as predominanti$ Cu
vibrations {c,-s).31%17161Highervc,-s values imply a stronger
Cu—S bond, but interpretation is complicated by vibrational
coupling with S-C and C-C thiolate vibrations. Preliminary
assignment of the 430-crhband in2 to v¢,-s is supported by
the similarity of its frequency to those reported in other model
complexes (e.g., 422 crhfor one with the same BR8S™ ligand) 2
Also, its high energy is consistent with the strong-€ibonding
expected in this trigonal complex and compares well with the
majorvc,s bands between 428 and 435 ¢hin fungal laccases
from several organismi4:'6

In view of the function of the type 1 sites as electron-transfer
agents, it is generally believed that the unusual trigonal or
tetrahedral Cu(ll) coordination geometry exists to minimize ligand
reorganization upon reduction to Cuff).Thus a Cu(l)-like
coordination geometry is enforced, giving the copper ion a high
redox potential £0.2—0.6 V vs NHE). At the extreme are the
three-coordinate fungal laccase and ceruloplasmin centers, which
have the highest redox potentials of the type 1 coppers (in some
cases>+0.7 V) 5¢1419The redox potential o2 in THF is much
lower (Ei>, = —0.18 V vs NHE, Figure S6, Supporting Informa-
tion),2% at least in part because of charge donation by the anionic
L.

In summary, using a relatively simple synthetic approach, we
have characterized the first three-coordinate complexes of Cu(ll),
including a close structural analogue of the trigonal type 1 copper
protein active sites. This work demonstrates that appropriate
protecting ligands can give this unusual Cu(ll) geometry in the
absence of protein-enforced geometric constr&inihere are
spectroscopic similarities between the synthetic model and the
protein centers, but important differences in absorption, Raman,
and electrochemical properties need to be explained through
further studies.
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