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The new ligands R,R-trans-S,S'-his[methyl(2'-quinolyl)]-1,2-dithiacyclohexane, cis-S,S'-his[methyl(2'-quinolyl)]-1,2-
dithiacyclohexane, and 1,6-bis(2'-quinolyl)-2,5-dithiahexane have been synthesized and their complexes with Cu'
and Cu" prepared. The ligand/metal systems are bistable, as the complexes with copper in both its oxidation states
are stable under the same conditions as solids and in solution. The crystal and molecular structure of [Cu'(1,6-
bis(2'-quinolyl)-2,5-dithiahexane)]ClO4 has been determined by X-ray diffraction and reveals that the complex is
monomeric, with the ligand folding around the Cu* cation, imparting to it a tetrahedral coordination. UV-vis, MS-
ESI, and NMR data indicate that the same is found for the Cu' complexes of all three ligands. Also, the Cu"
complexes are monomeric, but with a square arrangement of the ligands around Cu?*. On changing the oxidation
state, the change in the geometrical arrangement is fast and complete in less than 80 ms, as demonstrated by
cyclic voltammetry experiments. In the CV profiles, the oxidation and reduction events take place at separated E
and Eq values, with no return wave even at the fastest scan rates. In the E—Erq interval (which ranges from 450
to 650 mV, depending on the ligand), the ligand/copper system can thus exist in one of its two states, depending
on its history, and thus display electrochemical hysteretical behavior. The electrochemical cycle leading from the
tetrahedral [Cu'(ligand)]* to the square [Cu'(ligand)]** complex (and vice versa) is reversible and repeatable without
degradation, as checked by coupled UV-vis-controlled potential coulometry experiments.

Introduction molecular machine, whose components can be made to move
electrochemically or by means of a chemical redox reaction.

land Il and iy f bistabl ¢ if dinated In some cases, these copper-based systems display an even
andll, and may easily form bistable systems It coordinated ., o \ 4jyaple property, i.e., hysteresighich opens the path
by ligands featuring a donor set capable of advantageously

. . . to the possibility of storing information at a molecular
interacting with both Cuand CU.! Moreover, Cl prefers P Y 9

¢ dinati ith a tetrahedral ; d'c level3* In particular, the electrochemically driven self-
our-coordination With a tetrahedral geometry, and t.u assembling/disassembling of metal helicates has been de-
prefers five-coordination (either with a square-pyramidal or

. ) ) ) e .~ scribed with systems based on the@u couple and on
a trigonal-bipyramidal geometry) or six-coordination, with

| ted tet I v, This often leads t ligands1—3, which contain a bis-imino-bis-heterocycle donor
a very elongated tetragonal geometry. This often 1eads 10 gq 5 display a fair affinity for both oxidation states of
such significant differences between 'Cand CU in the

: copper Ligands1—3 coordinate Cli arranging around it
metal/ligand geometry and molecular overall shape that, on PP 9 ging
changing oxidation state, the whole system behaves as a(2) (&) Rahem, L.; Sauvage, J.-P.Sfruct. BondingSauvage, J.-P., Ed.;

Springer-Verlag: Berlin, 2001; vol 99, p 55. (b) Balzani, V.; Credi,
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Copper offers two oxidation states of comparable stability,
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Bistable Copper Complexes

with a square planar geometry and forming monomeric complexes, whose structure as been investigated in the solid
complexes, while with Cta single ligand, due to its rigidity, ~ state and in solution. The obtained complexes are monomeric
is not able to fold and arrange around the metal cation with in both oxidation states. The systems are bistable a4-[Cu

a tetrahedral geometry. According to this, two ligands have (ligand)f*/[Cu'(ligand)]" are stable under the same condi-
to couple with two Cu cations in order to satisfy the tions and can be electrochemically interconverted. Moreover,
coordination requirements of the latter, and dimeric helical electrochemistry indicates for all systems an hysteresis-like
complexes are obtained. The two possible states of the systenibehavior.

(helical dimer and square planar monomer) can be intercon-

verted electrochemically, with electrochemical profiles which < >
display hysteresi.In order to try to increase the set of (\N/ Ny
have prepared the new ligardis 6, in which the same frame

of ligands1—3 has been mantained, but the donor set has

been modified, changing the two imino groups into two
thioether donor atoms.

gm mm
mm
m
mm

systems capable of displaying electrochemical hysteresis, we s:>
S
N

Experimental Section

Synthesis of the LigandsLigands4—6 were prepared frorR,R
trans-1,2-cyclohexanedithidl, cis-1,2-cyclohexanedithidl 1,2-
ethandithioll® and 2-chloromethylquinoline (Aldrich product)
according to the same procedure, which is described in the following
lines. To 25 mL of absolute ethanol was added 8 mmol of sodium,
and the mixture was allowed to react under a nitrogen atmosphere.
When all the sodium metal had dissolved, 4 mmol of the chosen
dithiol was added and stirred at 4G for 30 min. To the obtained
solution, 8 mmol of 2-chloromethylquinoline dissolved in 7 mL of
absolute ethanol was added. The reaction mixture was then heated
at reflux temperature for 20 h, then cooled, and filtered, and the

The bis-thia-bis-quinoline donor set appears capable of solvent removed on a rotary evaporator. The residue was redissolved
favorably interacting with both Cuand CU, as suggested  with 50 mL of CHCl, and the organic phase washed with 50 mL
by the reported examples of ligands containing a similar of water and dried over N&Q,. After drying, the desiccant was
donor set and forming stable complexes with both oxidation removed by filtration, the solvent evaporated on a rotary evaporator,
states of copper. These ligands include a bis-thia-bis-pyridineand the crude product purified by chromatography on & 8aumn
ligand, 7, and macrocyclic ligands containing bis-thia-bis- with n-hexane/ethyl acetate (gradient from 9:1 to 5:1 v/v) as eluent.
imine donor sets such & and9.8 Different from the copper ans’(i)tr$2§ Séimiz[nggthsy? gumolglll)g 152h 2;?.?2;?'0’3 eS):

. . . | u | waxy Yy Wi 10,2681 26N> >p.
_complexes_ ofl—3, these systems are coord|nat|(_)n numb_er Yield: 38%. MS-ESI:miz = 453 (4 + Na*). *H NMR (CDsCN):
invariant with the redox change, being monomeric and with = 8.20 (d, 2H)+ 7.83 (d, 2H)+ 7.78 (d, 2H)+ 7.62 (t, 2H)+
the four donors bound to the metal center with both &had 7.5 (d+ t, 4H), H of the quinoline rings; 3.98 (s, 4H, SG—
Cu'. However, serious geometrical rearrangements in the quinoline); 2.93 (m, 2H, (S)BCH(S) of the cyclohexane ring):
overall complex structure are observed on changing the 1.6-1.3 (m, 8H, G, of the cyclohexane ring).
oxidation state, following the change in the geometry of the  cis-S,S-Bis[methyl(2-quinolyl)]-1,2-dithiacyclohexane(s). This
four donors around the copper cation. In this paper, we reportcompound is a waxy yellowish solid o§1,6N2S,. Yield: 33%. MS-
the synthesis of ligand4—6 and of their Cliand CU ESI: m'z= 431 6 + HY). 'H NMR (CD:CN): 6 = 8.19 (d, 2H)
+ 7.81 (d, 2H)+ 7.79 (d, 2H)+ 7.68 (t, 2H)+ 7.53 (t, 2H)+
(5) (a) Amendola, A.; Fabbrizzi, L.; Pallavicini, Eoord. Chem. Re 7.46 (d, 2H), H of the quinoline rings; 3.91 (m, 4H, 8&-

2001, 216-217, 435. (b) Amendola, A.; Fabbrizzi, L.; Linati, L.; inali . i .
Mangano, P.; Pallavicini, P.; Pedrazzini, V.; Zema,®hem. Eur. J. quinoline); 3.12 (m, 2H, (S)BCH(S) of the cyclohexane ring);

S

1999 5, 3679. 1.8-1.3 (m, 8H, 1, of the cyclohexane ring).
(6) Brubaker, G. R.; Brown, J. N.; Yoo, M. K.; Kinsey, R. A.; Kutchan, 1,6-Bis(2-quinolyl)-2,5-dithiahexane (6). This compound is a
T. M.; Mottel, E. A.Inorg. Chem.1979 18, 299. yellowish solid, G:H2oN,S,. Yield: 25%. MS-ESI:m/iz = 377 6

(1) Comba, P Falh gos Hambley, T. W Richens, DITChem. Soc.. 1+ 1 NMR (CDiCN): & = 8.21 (d, 2H)+ 7.94 (d, 2H)+

(8) Flanagan, S.; Dung, J.; Haller, K.; Wang, S.; Scheidt, W. R.; Scott,
R. A.; Webb, T. R.; Stanbury, D. M.; Wilson, L. J. Am. Chem. Soc. (9) Igbal, S. M.; Owen, N. LJ. Chem. Soc196Q 1030.
1997 119 8857. (10) Howl, J.; Whitesides, G. Ml. Am. Chem. S0d.987, 109, 6825.
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7.89 (d, 2H)+ 7.72 (t, 2H)+ 7.57 (t, 2H)+ 7.52 (d, 2H), H of

Pallavicini et al.

Table 1. Crystal and Refinement Data

the quinoline rings; 3.99 (s, 4H, $G—quinoline); 2.72 (s, 4H,
SCH,CH,S).

Synthesis of the Copper ComplexesCu and Clf complexes
of ligands4—6 have been obtained by treating 50 mg of the chosen
ligand, dissolved in 10 mL of acetonitrile, with the stoichiometric
amount of anhydrous, solid [(XCH3;CN)4]CIO, or CU'(CRSGs),,
under a nitrogen atmosphere. The solid complexes precipitated from
the solutions as crystals or microcrystalline powders, by slow
diffusion of diethyl ether.

[Cu'(R,R-transS,S -bis[methyl(2'-quinolyl)]-1,2-dithiacyclo-
hexane)]|CIQ,, [Cu'(4)]ClO4. This compound is a bright-yellow
microcrystalline solid, yield 91%. Anal. Calcd, for 8l
CICuN;O,S;: C52.61, H4.41, N 4.72%. Found: C 52.52, H 4.45,
N 4.80. Mass spectra (MS-ESI, on an acetonitrile solution of a
redissolved solid sample)m/z 493, 495 for [Cud)]*. IH NMR
(CDsCN): 6 = 8.56 (d, 2H)+ 8.32 (d, 2H)+ 8.11 (t, 2H)+
7.75-7.65 (m, 6H), H of the quinoline rings); 4.70 (m, 4H, B¢~
quinoline); 2.64 (m, 2H, (S)BCH(S) of the cyclohexane ring);
1.8-0.9 (m, 8H, G, of the cyclohexane ring).

[Cu"(R,R-transS,S'-bis[methyl(2'-quinolyl)]-1,2-
dithiacyclohexane)](CRSOs),, [Cu' (4)](CFsS0s),. This com-
pound is a deep-green powder, yield 79%. Anal. Calcd, for
CogH26CURsN206S,: C 39.43, H 3.31, N 3.54%. Found: C 39.39,
H 3.35, N 3.59%. Mass spectra (MS-ESI, on an acetonitrile solution
of a redissolved solid sample)wz 642, 644 for{[Cu(4)](CFs-
SO}

[Cu'(cis-S,S-bis[methyl(2'-quinolyl)]-1,2-dithiacyclohexane)]-
ClO,, [Cu'(5)]CIO4. This compound is a bright-yellow microc-
rystalline solid, yield 83%. Anal. Calcd, for gH,6CICUN;O,S,,:
C52.61,H4.41, N 4.72%. Found: C 52.66, H 4.40, N 4.69. Mass
spectra (MS-ESI, on an acetonitrile solution of a redissolved solid
sample): m/z 493, 495 for [Cu§)]*. IH NMR (CDsCN): 6 = 8.27
(d, 2H) + 8.12 (d, 2H)+ 7.96 (t, 2H)+ 7.62 (m, 4H)+ 7.44 (d,
2H), H of the quinoline rings; 4.28 (m, 4H, SHz—quinoline);
3.40 (m, 2H, (S)EICH(S) of the cyclohexane ring); 1-91.3 (m,
8H, CH; of the cyclohexane ring).

[Cu" (cis-S,S-bis[methyl(2'-quinolyl)]-1,2-dithiacyclohexane)]-
(CF3S0s),, [Cu" (5)](CF3S0s),. This compound is a green micro-
crystalline powder, vyield 60%. Anal. Calcd, for ¢l
CuRsN206Ss: C 39.43, H 3.31, N 3.54%. Found: C 39.44, H 3.34,
N 3.49%. Mass spectra (MS-ESI, on an acetonitrile solution of a
redissolved solid sampleyz 642, 644 for{ [Cu(5)](CF:SO;)} .

[Cu'(1,6-bis(2-quinolyl)-2,5-dithiahexane)]ClO,4, [Cu'(6)]-
ClOy4. This compound is a deep yellow crystalline solid, yield 92%.
Anal. Calcd, for G,H,oCICUN,O,S,: C 48.93, H 3.73, N 5.19.
Found: C 48.86, H 3.72, N 5.23. Mass spectra (MS-ESI, on an
acetonitrile solution of a redissolved solid sample)z 439, 441
for [Cu(6)]*. *H NMR (CD3CN): ¢ = 8.43 (d, 2H)+ 8.37 (d,
2H) + 8.04 (d, 2H)+ 7.74 (t, 2H)+ 7.68 (t, 2H)+ 7.59 (d, 2H),

H of the quinoline rings; 4.38 (s, 4H, $G—quinoline); 2.97 (s,
4H, SAH,CH,S).

[Cu''(1,6-bis(2-quinolyl)-2,5-dithiahexane)](CFSO;),-
2H,0, [Cu" (6)](CF3S0s),-2H,0. This compound is a green glassy
solid, yield 88%. Anal. Calcd, for £H»4CuFRsN,OgS,: C 37.25, H
3.10, N 3.62%. Found: C 37.19, H 3.07, N 3.64%. Mass spectra
(MS-ESI, on an acetonitrile solution of a redissolved solid
sample): m/z 588, 590 for{[Cu(6)](CFsSOs)} .

Spectrophotometric Titrations and Determination of Com-
plexation Constants. Titrations were performed on 30 mL
samples (kept under a dinitrogen atmosphere) of16 104 M
solutions of ligand in CKCN, by microadditions of a standard GH
CN solution of either [Cl{CH3CN),4]CIO4 or Cu(CRSO;),. In a

6058 Inorganic Chemistry, Vol. 42, No. 19, 2003

formula CuNC22SH20ClO4

fw 539.5

cryst size (mr) 0.10x 0.18x 0.28

cryst syst triclinic

space group P1

a(h) 10.0391(13)

b (A) 11.188(12)

c(A) 12.0271(27)

V (A3) 1135.5(12)

4 2

Dcalcd (g X cm*3) 1.578

T (K) 298(3)

w (mm™1) 1.296

scan type w—20

6 range (deg) 230

abs correction method -scan

index ranges —1l4<h=<14
—15< k=15
0=1=<16

reflns measured/unique 6905/66 Rn(= 0.0241)

refinement type F2

R12 0.0493

Rail 0.1313

wR2 0.0927

GOP 1.019

refined params 406

weighting scheme w = 1/[0¥(Fo?) + (0.03567)%+

0.2037]
whereP = (Fe? + 2F2)/3
(shift/esd)ax 0.000
max, minAp (e x A=3) 0.309,—0.303

aR1=3||Fo| — |Fcl|/X|Fo| (calculated on 721 reflections with> 207).
®GOF = S= [3[W(Fs? — FAZ/(n — p)I°S

typical experiment, 1:1 metal/ligand molar ratio was reached after
addition of 20 portions of 1@L each of the metal salt solutions.
Log K values for complexation were obtained through nonlinear
least squares refinement of titration data (absorbance vs volume of
added metal cation solution) using the Hyperquad2000 package.

Electrochemistry and SpectroelectrochemistryThe apparatus
for coupled controlled potential coulometry-UWis spectral
measurements was assembled as already desépikatlic vol-
tammetry studies were carried out in anhydrous;CM solution,

0.1 M in (t-But);,NCIO,4. The working electrode was a platinum
microsphere and the counter electrode a platinum wire. An SCE
electrode was used as the reference, dipped in the working solution
through a jacket filled with 0.1 M aqueous NaGlOhe measured
potential values were also checked by using a platinum wire as the
reference electrode and by adding ferrocene to the working solution
as an internal standard; the potential values referred to thé&c
couple can be transformed into values referred to SCE, or vice versa,
considering aifey, value of 425 mV vs SCE, in CA€N, determined

for the Fc'/Fc couplel?

X-ray Data Collecting and ProcessingCrystal data and details
on the crystallographic study are reported in Table 1.

Intensity data were obtained on an Enraf-Nonius CAD4 diffrac-
tometer, using graphite monochromated Ma iadiation. Unit cell
parameters were obtained by least-squares fitting of 25 centered
reflections monitored in the range 4°89 6 < 10.2%. Calculations
were performed with the WinGX-97 softwafe Corrections for

(11) Gans, P.; Sabatini, A.; Vacca, Ralantal1996 43, 1739. The same
kind of titrations has been carried out also in4Ct as solvent, finding
slightly different logK values (Cu 7.0, 6.6, 6.0; Cli 5.8, 6.0, 5.3
for ligands4, 5, and6, respectively). In solvents such as DMF and
DMSO fast complexes decomposition is observed.

(12) Gennett, T.; Milner, D. F.; Weaver, M. J. Phys. Chem1985 89,
2787.



Bistable Copper Complexes

tetrahedral geometry: in particular, the-Su—S angle is
93.32, while the N-Cu—N angle is 142.6 (see Figure 1

for other significant bond angles and distances). The two
quinoline rings are planar as expected; a calculation of the
mean planes reveals that the mean deviations are 0.002 and
0.006 A, respectively, for the two groups, and they form an
angle of 80.9. Rotational disorder at the perchlorate anion
has been found, and two alternative positions for the oxygen
atoms have been refined. The crystal packing is maintained
by van der Waals forces.

(2) Cu' Complexes in Solution.Mass spectra experiments
carried out with the electron spray (ESI) technique found
that CU complexes of ligandg—6 are monomeric also in
solution. On redissolving solid samples of the three com-
plexes in acetonitrile, yellow solutions are obtained, which
display peaks relative to the monocharged '{{tyand)]"
Figure 1. Molecular structure of [Ci(6)](ClO4). The perchlorate anion mo_leCU|ar cations (see Exper_|mer_1t_al Sgcno_n for V‘.""“e.s)'
has been omitted for clarity. Selected bond distances and angles:Nawu1 ~ While no trace of mono- or bipositive dimeric species is
1.986(3) A; Cut-N2 1.991(2) A; Cut-S1 2.380(2) A; CutS2 2.364(3) evidenced. It has to be stressed that, on the contrary, the
(97 N2 Gal- 1 117 OBy N2 Cut 2 88 ol St Cur- sz o5y, uite similar ligandsi—3 form helical dimers with CiF
. Ligands1—3 are too rigid to fold and coordinate a single

Cu' cation in a tetrahedral fashion, so that two ligands have
Lp and empirical absorption were appli#dThe structure was  to couple and intertwine to satisfy the requirements of Cu
solved by direct methods (SIR92jnd refined by full-matrix least-  for tetrahedral coordination. On changing thé Bpbridized
squares using SHELXL-9%with anisotropic displacement param- _Hc=N— moiety with the sphybridized —CH,—S—,
eters_for all non-hy_drogen atoms. I-_lydrog_en_atoms_we_re located in ligands4—6 gain flexibility with respect tdl—3. Formation
the difference Fourier maps and refined with isotropic displacement of monomeric species with Cthus reflects the ability of

parameters. Rotational disorder for one perchlorate group was . . .
detected, and two alternative positions for the oxygen atoms were.the new ligands to fold "."m“.”d the C.uat_lon and impart to
it a tetrahedral coordination, as indicated also by the

refined. Atomic scattering factors were taken frdmternational 10 o
Tables for X-ray Crystallography Diagrams of the molecular ~ Molecular structure of [C(6)]CIO4.** Moreover, the similar

structures were produced by the ORTEP progtam. coordination geometry at the copper center among the Cu

Physical MeasurementsUV —vis spectra were taken on Hewlett- complexes of4—6 is supported by the similar Uvvis
Packard HP8453 diode array spectrophotometer. IR spectra werespectra displayed: bands are found withy 364 nm € =
carried out on a Mattson 5000-FT-IR instruméeit.NMR spectra 3050 Mt cm™), 350 nm ¢ = 2200 Mt cm™?), and 348
were carried out on a Bruker AMX 400 spectrometer. Mass spectra nm (€ = 2160 Mt cm™) in the cases of4—6, respectively.
(ESI) were recorded on a Finnigan MAT TSQ 700 instrument.  Also, 1H NMR spectra determined on the Cu(l) complexes
of 4—6 in CDsCN confirm their monomeric nature. Only
shifts in the position of the signals are found on passing from

(1) Structure of [Cu'(1,6-bis(2-quinolyl)-2,5-dithiahex- the free ligands to the complexes (see Experimental Section
ane)]CIO,. X-ray diffraction on a single crystal of the Cu  for detailed spectra description), while no change in the
complex of ligands allowed us to determine its crystal and  number or multiplicity of the signals is observed.

molecular structure, which is shown in Figure 1. It consists  gpectrophotometric titration experiments were carried out
of monomeric [C{E)]" complexes and CI© anions which 1, aqdition to a solution of the chosen ligand of substo-
do not interact with the metal center. Copper(l) is four- jchiometric quantities of Cufrom a standard acetonitrile
coordinated, bonding to the two nitrogen atoms of the gqytion of [Cu(CHCN),]CIO.. Ascending linear absorbance
quinoline groups and to the two sulfur atoms. The overall g5 equivalents of added Cprofiles were found atmay
geometry at the metal center can be described as tetrahedral,ich changed into a plateau after 1 equiv of added metal.
even if serious distortions are found with respect to ideal pq o changes of slope were observed in the linear ascending
(13) Farrugia, L. IWINGX-97, An integrated system of Publiclyaflable p.art, formation of species Wl_th a stoichiometry different fr_om
Windows Programs for the Solution, Refinement and Analysis of 1:1 can be excluded even in the presence of excess ligand
Single-Crystal X-ray DiffractionUniversity of Glasgow: Glasgow,  with respect to Ct. The formation constants for equilibria

Results and Discussion

1997.
(14) North, A. C. T.; Philips, D. C.; Mathews, F. &cta Crystallogr,
Sect. A1968 24, 351. (19) Although we were not able to grow crystals suitable for X-ray
(15) Altomare, A.; Cascarano, G.; Giacovazzo, C.; GualardiJ.AAppl. diffraction of the Clicomplexes of4 and5, crystals of the complex
Crystallogr. 1993 26, 343. of ligand 4 with the isoelectronic ¥ cation Ag™ were obtained. The
(16) Sheldrick, G. MSHELXL-97, Programs for Crystal Structure Analysis crystal and molecular structure of [A{CFsSO; were determined,
University of Gdtingen: Gitingen, Germany, 1998. and also, in this case, a monomeric [Ag(ligaridyhtion was found,
(17) International Tables for X-ray Crystallographitynoch: Birmingham, with Ag* coordinated with a tetrahedral geometry by the N,S,S,N
England, 1974; Vol. 4, pp 99101, 149-150. donor set. Amendola, V.; Fabbrizzi, L.; Mangano, C.; Pallavicini, P.;
(18) Farrugia, L. JJ. Appl. Crystallogr 1997, 30, 565. Zema, M. Manuscript in preparation.

Inorganic Chemistry, Vol. 42, No. 19, 2003 6059



Pallavicini et al.

Cut + ligand = [Cu(ligand)]" are similar ford—6: log K Table 2. Eox, Eres andAE Values AE = Eox — Ereg) for Both Cu and

values of 5.8 £0.1), 5.44 {0.03), and 4.9840.03) have ~ CY' Complexes of Ligandd—6*

been determined fat—6, by means of nonlinear least squares Eox Ered AE

absorbance data refineméhtAs the donor set is identical ligand4 975 533 442

for the three ligands, the higher values found for the ligands ligand5 1115 475 640
ligand6 990 531 459

containing the 1,2-cyclohexanediyl framework could indicate
an higher degree of preorganization toward tetrahedral 2Values are reported as mV vs SCE and have been determined in
coordination in these two molecules. CHsCN, 0.1 M (ButyNCIOq, at a scan rate of 100 m¥ s %

A final remark has to be dedicated to the solid state and
solution stability of the Cucomplexes: in the solid, they
can be stored at room temperature and in air without any
apparent degradation, while acetonitrile solutions of'{Cu
(ligand)]CIO, persist unchanged (as checked by s
spectroscopy) for at least 24 h, even if exposed to air or
moisture or even by using common, non-dry acetonitrile as
solvent.

Cu, bands are found at simildrvalues, but with distinctly
different extinction coefficients (€.g4max = 595 nm,e =
4500 M1 cm! for plastocyanid).

Also, in the case of Cucomplexes the formation constants
for the equilibria Cé" + ligand= [Cu"(ligand)P" have been
determined by means of spectrophotometric titrations. The
obtained logK values are 6.0540.05), 6.10 £0.05), and
(3) Copper(ll) Complexes in Solution. Formation of 5.60 (+0.02) fqr ligandst—6, respectively. Like in the case

. . : of Cu, as the ligands feature the same donor set, the similar
monomeric complexes is expected in the case df @hose o
values found for the three complexes indicate that they

preference for square pyramidal or tetragonal geometries —
. resent a comparable preorganization degree toward a square
promotes the square arrangement of tetradentate ligands,.

. . ; disposition around Cd.
around the cation, with solvent molecules or anions complet- . . .
. o . As a final remark, it has to be stressed that, as in the case
ing the coordination sphere, as found, e.g., in the case of

ligands 1—3.45 With thio-quinoline ligands4—6, mass of Cu complexes, solid samples of Coomplexes wittl—6

. . ' . _are stable and can be stored in air at room temperature, while
spectra ESI experiments (see Experimental Section), carrlecfr eshly prepared acetonitrile solutions of [Qligand)](CFs
out on green acetonitrile solutions of pure, isolated"[Cu Y prep

(ligand)](CRS0s),, show the expectealVz peaks relative to SQ)2 last unchanged for at least 8 h, as checked by Uv

) vis spectroscopy, even under air and moisture expdsure.
[Cu"(ligand)(CRS:)]*.2° Unfortunately, we were not able . ; . s
to grow crystals suitable for diffraction of any of the three (4) Electrochemistry and Bistability. By the observation

Cu' complexes. However, in the absence of crystal and of the solid state and solution properties of copper complexe_s
molecular structure determination, the obvious hypothesis of I|gands4—6, We can say that these systerlns are authenti-
of a square arrangement of ligands6 around C&" in cally bistable. For each ligand, bothltand Qu complexes_ .

solution is further corroborated by spectral data. A band in can be prepared and handled as solids, while their acetonitrile

the visible zone is found for the green solutions of the'[Cu solutions are stable at least for hours, under the same

. . vl conditions. Moreover, the log values indicate that the
g:gir)]dgzeCnO;EIngZbC&?Iiﬁi;‘ ta?]%gﬁgg] ;(:msfg ':\%AZO ligands have such a donor set and such a flexible framework

. . R
M~ cmY) for 4—6, respectively. These values resemble th_at they are capable_(_)f interacting with either .Q“ Cu

. with comparable stabilities. Furthermore, the bistability of
closely what already found for the €eomplex of ligand these svstems is confirmed by their electrochemical behavior
7, which is similar to6 but with quinoline heterocycles S€ systems IS contl y thel ' vior.

replaced by pyridine, and with pyridine and S groups Cyclic voltammetry experiments were carried out in aceto-

separated by C¥CH, chains instead of by C£f In that case, ?c;tr“é)i tshogﬂlogn(g'é ,'\AcggAIZ aez tg;_sg pi?r::'ons% glecé:prgl_te)
a band centered at 605 nm=£ 510 M~'cm™1) was found, u piex : uper

. i f
and in the structure, the four donors of the ligand lay in the posable profiles were found for solutions of the'Cand

| .
same plane, with the copper atom somewhal dipaced from_, SREREIER B T8 SRR BETE Tl S P
it and with a further CI@~ anion coordinated in its apical P P

position to give an overall square pyramidal coordination observed that the CV profiles are to be described as featuring

. : one reduction aE,q potential, with no return wave, plus a
geometry. Also, the square pyramidal complex of Ouith separate oxidation &, potential, again with no return wave
the macrocyclic ligan® displays similar spectral features, P xP +ad :

with a band centered at 646 nm and an extinction coefficient .EOX’ Ereq andAE (AE = Eo, — Ered values are summarized

11814 .,, »  in Table 2, in which they are reported as millivolts versus
of 1154 MicmiB8ltis notew_orthy that, in blue copper SCE. As an example, the CV profile of [G5)]CIO, is
proteins, where the Cu cation is coordinated with a reported in Figure 2
geometry intermediate between those preferred by b These CV profiles are similar to those already found for
(20) The presence of one triflate counteranion in the molecular cations the copper complexes df—3 and other related bis-imino-

detected by the electron spray technique is due to the formation of : 5
this ionic couple during the mass spectrum experiment and is not heterocycle I|gandé. In that case, the absence of the return

related to any actual coordination toCwof the CRSO;~ anion, which
is a noncoordinating one. In order to further prove this, solutions of (21) Gewirth, A. A.; Solomon, E. 13. Am. Chem. S0d.988 110, 3811.

[Cu"(ligand)E+ were electrochemically generated from [igand)]- (22) After 6 h of exposition to air, not negligible spectral variations were
ClOq, in 0.1 M tetrabutylammonium perchlorate, and treated with a observed. Although we did not examine the process in detail, spectral
6-fold excess of tetrabutylammonium triflate, without observing data (e.g., mass spectra) suggest the possibility that the thia-ether
changes in the U¥vis bands. sulphur atoms are slowly transformed into=<(Q)- groups.
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Figure 2. CV profile for [CU(5)]CIO,4 obtained in acetonitrile solution,

made 0.1 M in TBAP, at 200 mV/s scan rate. Potential values are referred
to SCE.
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wave for oxidation and reduction was due to the fast self-
assembling process following the reduction of the monomeric

Scheme 1. Square Scheme for the Electrochemical Cycle Connecting
the Stable [CY6)]T (le) and [CU(6)]2" Species I{ s9?

rearrangement rearrangement

3|t is a graphically simplified version of the authentic crystal structure
of [CU'(6)]™, which is reported in Figure 1. Thigq structure has been
found for [CU'(6)]2* by molecular modeling calculations (M. Species
Il and lsq are drawings based on the approximation that the addition/
abstraction of one electron takes placellog andl e, respectively, with a
fast process without significant structural modifications; all the molecules

Cu' complexes and to the fast disassembling processare displayed with aligned C+IC12 atoms

following the oxidation of the Clhelical dimers. The copper
complexes o#l—6 are instead monomeric in both oxidation
states. Molecular modeling studies (MNP allow us to
draw a reasonable model for the 'Ceomplex of ligandé:

the four donors are arranged in a (distorted) square disposi-

tion around C&' as illustrated by specigdsq in Scheme
1241n the same scheme, the molecular cation'(l*, as
determined by X-ray diffraction, is reproduced as species
ler. it can be seen how with Cthe ligand folds to impart

a tetrahedral arrangement to its four donors. On the basis of
the observed CV data, the absence of the return wave for

both oxidation and reduction can thus be explained by
schematizing the redox behavior of the complexes with a
square schen®®;?6in which each electrochemical event is

followed by a fast rearrangement, as in Scheme 1. The

rearrangements observed after the redox events appear to

be fast and complete in less that100 ms, as no return wave
was observed up to a scan rate of 5 V/s.
Moreover, while each single redox event appears irrevers-

0.5

0.3

absorbance

T
400

500

600 700

wavelength, nm

ible 'r? the CV' proflle, it has to be stressed t_hat the thle Figure 3. UV—vis spectra measured inside the working cell during the
cycle is reversible, as none of the electrochemical or chemicalelectrochemical oxidation of [0i4)]CIO4 in acetonitrile (0.1M TBAP). The

processes bring any decomposition to the components of th
system. In particular, it is possible to transform electrochemi-
cally the stable square planar 'Coomplexesll ¢ into the
stable tetrahedral Cewomplexed, and then to transform

(23) Hyperchem 6.0 package.

(24) Calculations were run in acetonitrile as solvent and by considering
two solvent molecules coordinated in the apical positions (omitted in
the scheme). However, coordination of solvent molecules to the d
Cw?* does not affect significantly the complex stability, as they are
positioned at the apical positions of a very elongated octahedron, as
an effect of the JahnTeller distortion. (Cotton, F. A.; Wilkinson, G.
In Advanced Inorganic Chemistrpth ed.; Wiley: New York, 1988;
pp 766-767.)

(25) (a) Jacq, d. Electroanal. Chenil971, 29, 149. (b) Vallat, A.; Person,
L.; Roullier, L.; Laviron, E.Inorg. Chem.1987, 26, 332.

(26) (a) Evans, D. HChem. Re. 199Q 90, 739. (b) Bard, A. J.; Faulkner,
L. R. Electrochemical MethogdsWiley: New York, 1980. (c)
Villeneuve, N. M.; Schroeder, R. R.; Ochrymowycz, L. A.; Rorabacher,
D. B. Inorg. Chem.1997, 36, 4475 and references therein.

ghand at 364 nm (CuCT) decreases in intensity while the one at 608 nm

(Cu', d—d) increases. The reverse series of spectra is observed when re-
reducing the obtained [C!(4)]%" solution.

it back again in the square planar'Gromplexl| s, without
degradation, as demonstrated by controlled potential cou-
lometry (CPC) experiments coupled with U¥is measure-
ments. As an example, a solution of [@)]CIO, was
oxidized by setting the electrode potential at 1.0 V versus
SCE (i.e., about 50 m\# Ey), and on oxidation, the band
typical of [CU(4)]" (Amax = 364 nm) decreased in intensity
while the d-d band of [CU(4)]*" (Amax= 608 nm) increased
(see Figure 3).

After the passage of1 mol of electrons per mol of Cu,
no more current flow was observed, and superimposable
spectra were recorded. Moreover, the final spectrum had the
same featuresifax ande values) of that obtained from an
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authentic sample of [C'¢4)](CF;SGs),. The reverse process peaks appear separated as in our systems, with a peak
was observed by setting the potential at 450 mV versus SCEseparation of 360 mV, which is explained by the authors
(about 100 mV< E.g: the bands of the Clucomplex with the serious rearrangements taking place after the redox
decreased in intensity, those of 'Gucreased, and after the  events (according to this, the CV profile can be described
passage of 1 mol of electrons per mol of Cu, the original as featuring an oxidation peak at 955 mV and a reduction
[CU'(4)]" spectrum was restored. The whole cycle has beenpeak at 595 mV vs SCE). With our systenisq is similar
repeated for all the complexes up to four times, without to what was found for the reduction of the square pyramidal
observing significant variations in the final spectra. As in Cu' complex of ligand7, while E. is close to what was
the case of the copper complexes of ligatds and related found for the oxidation of the tetrahedral complexes of
systems, the system can thus exist in two forms in the sameligands8 and 9.
potential interval (e.g., 950 mV vs SCEE < 550 mV vs
SCE in the case of ligand), and it can be switched from
one form to the other by reaching the potential values at the The complexes of ligandé—6 are monomeric both with
edges of the bistability interval. According to this, also the Cu and CU, so that no electrochemical self-assembling or
systems made of ligands-6 and CU/Cu present electro-  disassembling processes are observed. However, the signifi-
chemical hysteresis. cant and fast rearrangements following oxidation and reduc-
A final comment is worthwhile on the values of the tion allow also in our systems the separation of the reduction
oxidation and reduction potentials reported in Table 1. and oxidation processes, even on the faster CV time scale.
Comparison has to be done with what is found in the According to this, these new systems are bistable and present

literature for similar systems. For the already mentioned bis- €lectrochemical hysteresis.
thia-bis-pyridine ligand?7, a reversible signal W|tl’_El,2 = Acknowledgment. This work was supported by the
555 mV versus SCE was found for the reduction of the gyropean Union (RT Network Molecular Level Devices and

square pyramidal Cucomplex, in 0.1 M aqueous KN&”  \jachines-Contract HPRN-CT-2000-00029), and by the
(peak separatio 117 mV). In the quite rigid, dinucleating  |talian Ministry of University and Research (PRHProgetto

Conclusions

thie_l—imino macrocycle8, for the oxidation of both Cu _ ‘Dispositivi Supramolecolari’).
cations a value of 1096 mV versus SCE has been found, in
CHsCN 0.1 M in TBAP. Significantly, in this case the Cu Supporting Information Available: Listings of final atomic

ézoordinates, anisotropic thermal parameters, all bond lengths and

cations are tetrahedrally coordinated, and peak separation i i . L
angles, intermolecular contacts, and unit cell and packing diagrams

that typical of a completely reversible process. Finally, in for the crystal and molecular structure of [@)](CIO.) in CIF

the case of the b's"m'no'p's'th'a macr_ocyﬁlean Eyj value format. This material is available free of charge via the Internet at
of 775 mV versus SCE is reported, in gEN (NaBF as http://pubs.acs.org.

supporting electrolyte) for the Caomplex?® Interestingly,

the Cu complex is tetrahedral, and oxidation and reduction 1C025690H

(28) Authors report a value of 0.69 V fdf;,, and, for comparison, an

(27) Authors report a value of 0.577 V vs Ag/AgCl electrode; conversion Ei/» value of 0.34 V for ferrocene, under the same conditions. The
of the value referred to SCE was done by considering the Ag/AgCl potential value has been referred by us to SCE, by considering the
couple at 0.222 mV vs NHE. usual 0.425 V vs SCE value for the FEc couple, in acetonitrile.
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