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Copper(l)y-thiolate clusters are of significant interest because

this motif!® However, mononuclear copper(l) complexes with

of their biological relevance to the cysteine-rich copper(l) proteins monothiolate ligands are rare. Only three arene thiolate com-

such as metallothioneidg;opper-regulatory proteins (ACEand
AMT13), and phytochelating. Accordingly, many examples of

plexes (Cu(SAr and Cu(SAn) have been reported so f&r°
In addition, because an arene thiol has characteristic absorption

polymeric monothiolate copper(l) clusters have been synthesizedbands in the UV region, these very intense bands must obscure

and characterized by X-ray crystallographCuwS,,® CwSs,”
CusSs,® CusS7,? CueSs, ™ CunsSig't ).
Mononuclear copper(Hthiolate and-thioether complexes are

the assignments of MLCT (metal to ligand charge transfer) bands,
luminescence, and CtS stretching frequencies in UV resonance
Raman spectroscopy. We report herein the first characterization

also important because recently the highly conserved motif of the mononuclear two-coordinate aliphatic thiolate copper(l)

XMTCXXC (where X stands for any amino acid) could be found
in ATX1,? HAH1,'3 P-type ATPase (CCCZ;,CopA and CopB),

and copper-transporting ATPase (Menkes' dist¥as®l Wilson's
diseas¥). In the case of ATX1, the copper(l) ion is speculated
to be coordinated in a mononuclear fashion (not cluster) with
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complex [NE][Cu(SAd)] (1) (AdS™: adamantane thiolate anion)
and the aliphatic thiolate copper(l) cluster [MEEus(SAd)] (2).
They were characterized by X-ray crystallography as well as by
spectroscopic methods including UV, luminescence, FT-far-IR,
and FT-Raman spectroscopy in order to elucidate coordination
numbers and modes of these copper-binding proteins.

The two-coordinate complex ([NBICu(SAd)] (1)) and the
cluster ([NEt][Cus(SAd)] (2)) were synthesized by the direct
addition of the sodium salt of the thiol (NaSAd) to a solution of
Cu(MeCN)PFR.?! Variations in reaction conditions yielded the
same products in diminished yields but gave no evidence of the
formation of higher oligomers of other compositions.

The linear coordination structure tdfand the cluster structure
of 2 were revealed by X-ray crystallographic determinations
(Figure 1)?> To the best of our knowledge, no mononuclear
aliphatic two-coordinate monothiolate copper(l) complex has been
reported so far:1 is the first example of such a complex. The
anion of1 has a linear coordination structure{Su—S angle;
180.0 for 1) with crystallographicC, symmetry. The CuS
distance of 2.147(1) A is substantially shorter than the average

(16) Vulpe, C.; Levinson, B.; Whitney, S.; Packman, S.; Gitschidlalure
Genet.1993 3, 7.

(17) Tanzi, R. E.; Petrukhin, K.; Chernov, I.; Pellequer, J. L.; Wasco, W.;
Ross, B.; Romano, D. M.; Parano, E.; Pavone, L.; Brzustowicz, L. M;
Devoto, M.; Peppercorn, J.; Bush, A. |.; Sternlieb, I.; Pirastu, M.; Gusella,
J. F.; Evgrafov, O.; Penchaszadeh, G. K.; Honig, B.; Edelman, I. S;
Soares, M. B.; Scheinberg, I. H.; Gilliam, T. ®ature Genet1993 5,
344.

(18) Pufahl, R. A.; Singer, C. P.; Peariso, K. L.; Lin, S.-J.; Schmidt, P. J,;
Fahrni, C. J.; Culotta, V. C. : Penner-Hahn, J. E.; O’Halloran, T. V.
Sciencel997, 278 853.

(19) A two-coordinate arene thiolate complex, NPr][Cu(SsCioH13)2):
Koch, S. A.; Fikar, R.; Millar, M.; O’Sullivan, Tlnorg. Chem 1984
23, 122.

(20) Three-coordinate thiolate complexes: (a) [NEu(o-padty]

(o-(pivaloylamino)benzenethiolato): Okamura, T.; Ueyama, N.; Naka-

mura, A.; Ainscough, E. W.; Brodie, A. M.; Waters, J. NI. Chem.

Soc., Chem. Commut993 1658. (b) [NEf],[Cu(SPh)]: Garner, C.

D.; Nicholson J. R.; Clegg, WInorg. Chem 1984 23, 2148. (c)

[PPh]o[Cu(SPh)]: ref 7e.

Experimental procedures and spectroscopic characterization for all new

compounds are provided in the Supporting Information.

X-ray structure analyses: Data were obtained with Mo fddiation

and structures were solved and refined by standard methd@@98 K):

white, orthorhombic Pbcg, a = 10.681(2) A,b = 25.524(3) A,c =

10.516(1) A,V = 2867(1) B, Z = 4, 1019 observed dath ¢ 50(1), 3

< 20 < 45°), R(Ry) = 6.95 (6.76) with GOF= 6.04.2 (298 K): yellow,

orthorhombic Pca2y), a= 13.004(2) Ab = 22.181(9) Ac = 23.679(3)

A, vV =6830(6) B, Z = 4, 4128 observed data ¢ 30(l), 3 < 20 <

50°), R (Ry) = 4.81 (4.07) with GOF= 2.15. Details are available in

the Supporting Information.
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Figure 1. ORTEP views of the X-ray crystal structures of the anions of
(A) [NEt4][Cu(SAd)] (1) and (B) [NEg][Cus(SAd)] (2), showing selected
atoms.

Cu—S distances in three-coordinate arene thiolate complexes
(INEtg][Cu(SPhY] (2.250(9) Ay and [PPG][Cu(SPh}]
(2.295(35)A3%9. They are similar to the average €8 distances

for the two-coordinate copper sites & (2.175 A) and
[NEt,][Cus(SBU)¢] (3) (2.164 A)8 The core structure d? was

in accord with that of3. In compound?, the CySs core of the
cage may be described as a trigonal bipyramid of metal atoms
(Cul and Cub, trigonal planar coordination (&) Cu2, Cu3,

and Cu4, linear digonal coordination (). The notable
geometric property is found in the gy+S bond length (2.175

A), which is significantly shorter than the Gy—S bond length
(2.291 A). The observed change in the-€3i distances as a
function of coordination number should influence the physico-
chemical properties of these complexes.

In the absorption spectra, the higher energy absorption band
at 253 nm forl, which is not observed in the spectra of the free
thiolate or Cu(MeCNPF;, is assigned as M(Gi)LCT transi-
tions. The absorption spectrum of [NEAQ(SAd),] supports
these assignments, since the M@ CT band was shifted to
higher energy at 231 nfi. On the other hand, the clustér
exhibits absorption bands at 273 and 300 nm (sh). The former
band is assigned to an M(GLCT transition, and the latter is
also assignable to an M(GLCT transition. These results show
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also emissive, cluster formation is not a criterion for luminescé&hce.
The emissions are most likely associated with spin-forbidden
transitions, which are not easily detected in the absorption
spectrum because of low extinction coefficients. Since the ground
state is a singlet, the emitting state is probably a triplet. This
triplet state is also suggested by the oxygen quenching experiments
of 2 in solution (data not shown).

Vibrational spectroscopy is also useful in elucidating the
structure and geometry of copper(l) thiolate compouiid$he
Cu—S stretching modes are observed in the far-infrared regions
and in the low-energy Raman shift regions,~SD0 cnt?.9.28
Group theory predicts that andv,sare Raman active for trigonal
planar geometryl}s,), while only v,sis IR active §as > v¢).2° In
contrast, in linear two-coordinate geometry, omlyis Raman
active andv, is IR active s < v,). The Cu-S stretching
frequencies are assigned on the basis of comparisons of the
vibrational spectra of complexdsand?2 with those of the related
Ag thiolate complexed® For the linear two-coordinate complex
1, 333 cn! (v4 IR) and 299 cm? (v, Raman) were assigned to
v(Cu-S) vibrations. These(Cu—S) frequencies ofl are con-
sistent with those of the two-coordinate copper site® ¢826
cm™? (v IR) and 297 cm? (v Raman)). On the other hand,
the »(Cu—S) frequencies in the three-coordinate copper sites of
2 were observed around 278 cin In order to confirm these
assignments, we prepared tRéS-labeled thiolate complex
[Cu@*sAd)]~ and cluster [C¥(**SAd)]~. The observed isotropic
frequency shifts for CaS and Cu-3“S are in good agreement
with the expected shifts for diatomic harmonic oscillators,
suggesting that these bands foand?2 are assignable te(Cu—

S) vibrations (see the Supporting Information). Moreover, these
assignments were confirmed by UV resonance Raman spectros-
copy (299 cm? for 1).3° These results indicated that it may be
used to differentiate the coordination numbers and geometries
by use of they(Cu—S) frequencies.

Further research will focus on preparing new compounds,
especially mononuclear aliphatic three-coordinate copper(l) com-
plexes, as benchmarks for future spectroscopic studies (e.g., X-ray
absorption) and on elucidation of coordination environments of
copper(l) proteins.

Acknowledgment. We thank Professor K. Tanaka of the
Institute for Molecular Science for FT-Raman measurements,
Professor T. G. Spiro of Princeton University for UV resonance
Raman investigations, and Professor T. Ikeda of this institute for
helpful discussions concerning the luminescence measurements.
This research was supported in part by a grant-in-aid for Scientific
Research from the Japanese Ministry of Education, Science,

that the changes in the coordination environment have remarkableSports, and Culture (06403010).

effects on the energy of the MLCT transitions. The observed
decrease in energy for the MLCT transition in going from two-
to three-coordination is most likely caused by an increase in the
ligand field splitting associated with the copper(l) #n.

The copper(l) metallothionein froleurospora crassexhibits

Supporting Information Available: Text presenting experimental
procedures and spectroscopic characterization for all new compounds and
experimental details of the X-ray structure determinationd afnd 2,
diagrams showing the atomic numbering fbiand 2 (Figures S1 and
S2), tables listing crystallographic data, positional and isotropic thermal

a corrected emission maximum at 565 nm upon excitation at 310 parameters, anisotropic thermal parameters, and bond lengths and angles
nm2 This large Stokes shift has been ascribed to the facts thatfor 1 and2 (Tables S1-S5), and luminescence, far-IR, and Raman spectra
only triplet luminescence is taking place and that the absorption of 1 and2 (Figures S3-S7) (29 pages). X-ray crystallographic files, in
between 280 and 350 nm takes place in overlapping MLCT and CIF format, forl and2 are available on the Internet only. Ordering and
copper(l) {{d°!] excited stated® Complexesl and 2 emit access information is given on any current masthead page.
luminescence (excitation: 320 nm, 140 K) which is observed at 1C971317B

600 and 618 nm, respectively (see the Supporting Information).
Since the mononuclear copper(l) compounid the solid sate is

(26) (a) Stillman, M. J.; Gasyna, &Methods Enzymoll991, 205, 540. (b)
McMillin, D. R.; Kirchhoff, J. R.; Goodwin, K. V.Coord. Chem. Re
1985 64, 83.

(27) Wright, J. G.; Natan, M. J.; MacDonnel, F. M.; Ralston, D. M,
O’Halloran, T. V.Prog. Inorg. Chem199Q 38, 323.

(28) Bowmaker, G.; Tan, L.-CAust. J. Chem1979 32, 1443.

(29) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordina-
tion Compounds4th ed.; John Wiley & Sons: New York, 1986; p 101.

(30) Spiro, T. G. Unpublished results.

(23) Fujisawa, K.; Imai, S.; Fujii, H.; Yoshimura, T.; Kitajima, N.; Moro-
oka, Y. Manuscript in preparation.

(24) Sorrell, T. N.; Borovik, A. Slnorg. Chem.1987, 26, 1957.

(25) (a) Beltramini, M.; Giacometti, G. M.; Salvato, B.; Giacometti, G.;
Munger, K.; Lerch, K.Biochem. J1989 260, 189. (b) Beltramini, M.;
Lerch, K. FEBS Lett.198], 127, 201.





