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A series of copper(ll) and copper(l) complexes have been synthesized with ligands combining 6-méthyl-2,2
bipyridines with cyclotriveratrylene (CTV)1j and with catecholZ). The electrochemicalH NMR, and mass
spectrometry characterizations of these complexes are described and discussed. The six pendant bipyridines of
ligand 1 allow for the formation of two trinuclear copper(l) complexeg){{us](BF,)s differing only in the
conformation “vic” or “int” adopted by the ligand to fit the tetrahedral cuprous ions. Similargenerates two
trinuclear copper(ll) complexes in which the conformation of the ligand fits the square planar geometry of cupric
ions. In both the cuprous and cupric complexes, a conformational equilibrium exists. 2gaeaaring two
methylbipyridines has proven to be a useful model of the coordinating sites of liarid this case, two
homologous copper(l) complexes are obtaine®)J(]BF, and [R).Cw](BF4), modeling respectively two possible
coordination conformations of ligantt With copper(ll), ligand2 yields only one complex B)Cu](CRSGs),,

which allows for the unambiguous identification of the conformations observed for lifjaommplexes. The
different coordinating modes of ligaridn the complexes mentioned are in exchange but exhibit different physical
properties, thus representing a new bistable system based on conformational isomerism which exhibits an
electrochemical potential hysteresis. An equilibrium constant and thermodynamic data were obtained for this
system by variable-temperature cyclic voltammetry. The influence of coordinating vs noncoordinating solvents
was also studied.

Introduction allosteri@ properties to the recent processes of self-assembly
o . around metallic templates, for example the spontaneous forma-
For the past 20 years, 2:8ipyridine (bipy) has probably been 5 of helicates with bipy-containing strants2° Although
among the most studied ligands in coordination chemistry, geyeral uses of cyclotriveratrylene (CTV) as a complexing unit
owing to its ability to complex a wide range of metals, from ¢, |ingphillic substrates have been described in the literdure,
alkali to transition and rare earth metalszrequently combined only a few metal complexes taking advantage of the CTV
with polyether chains® or amines;™! bipy has also been  famework have been reported so #r2¢ Following the
exhaustively introduced in macrocyclic structures, combining synthesis of a CTV derivativé bearing six pendant bipyridyl
the properties of the metal complexes with the stabilizing 46,5425 this paper describes the complexation studies and the
features of macrocyclic ligands. During the course of this work, preparation of the copper(ll/l) complexes with ligahd The
several groups have reported the introduction of bipyridyl groups properties of these complexes will also be discussed. Due to
on calix[4]arene moieties, as well as the coordinating properties
of these ligands with regard to transition metals and rare earth 15y peer, p. D.; Martin, J. P.; Drew, M. G. Hetrahedron1992 48,
cations'214 The interest of the metallic complexes obtained 9917-9928.
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Figure 1. Ligands studied:1 allows for trinuclear square planar or
tetrahedral complex formatior2 is a simpler model of the chelating
site involved in metal complexation with

the arrangement of the bipy groups around CTV’s rigid matrix,
ligand 1 depicted in Figure 1 was expected to form trinuclear

tetrahedral or square planar complexes. For comparative studies,

a fragment (Figure 1) of a possible coordinating subunit has

been synthesized and its properties have been compared to thos¢

measured fod. The synthesis of ligan& was performed by
simple reaction of an excess of 6-(bromomethyl)-Bjpyridine
with catechol in the presence of potassium carbonate in
dimethylformamide.

Cuprous and cupric complexes were obtained on preparative
scale by stoichiometric reactions of ligantland2 with either
Cu(CH;CN)4BF; or Cu(CRSQs),. The stoichiometry of the
complexes with ligand. has been determined both by BV
visible and by electrochemical methods. The nature of ligands
1 and 2 offers several possible arrangements of the bipyridine
subunits around the metallic centers, for both copper(l) and
copper(ll), as depicted in Figure 2.

For copper(l) complexes of ligarnt the metal cations may
be coordinated by two bipyridines situated on the same catechol
subunit or by two bipyridines attached to neighboring catechol
subunits. The former coordination mode will be referred to as
internal (int) while the latter will be called vicinal (vic). Each
trimetallic copper(l) complex is composed of three helices which
may bel or 6 oriented. Thus, two enantiomeric and two
mesomeric complexes may be formed for both the “int” and
the “vic” coordination modes. These eight different isomers
are shown in Figure 2a,b. In contrast, only two isomers, “vic”
or “int” are expected for square planar copper(ll) complexes of
1 (Figure 2c).

With ligand 2 and copper(l), monomeric and dimeric
complexes may be formed (Figure 2d). The helix formed in
the mononuclear complex may Beor ¢ oriented, and no

mesomers are possible. For dimeric compounds, composed ofe

two metal cations and two ligar@imoieties, two enantiomers
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Figure 2. Possible coordination modes of copper(ll) (white circle)
and copper(l) (black circle) with and2: (a) enantiomeric forms of
opper(l) complexes; (b) corresponding mesomeric forms; (c) conform-
rs of copper(ll) complexes; (d) model complexeg afith copper(ll)

and copper(l). The same symbolism will be used throughout this

(helicates) and one mesomer (face to face) are possible. Onlypaper: (i) coordinating bipyridines located on the same catechol noted

one mononuclear copper(ll) complex can be envisioned with
ligand 2 (Figure 2d).

Experimentally, only a few of the different possible isomers
are observed for each type of compound. As described in this
paper, the combination dH NMR, mass spectrometry, and
electrochemical methods allows for the distinction between the
different possible isomers obtained.

Experimental Section

General Experimental Conditions. Electrochemical measurements
were performed in 0.1 M solutions of tetrebutylammonium hexafluo-
rophosphate ((TBA)P§-commercial grade, Fluka) in diy,N-dimeth-
ylformamide (DMF) or methylene chloride (G8l;). DMF was

“int”; (ii) coordinating bipyridines located on distinct catechols noted
“ViC".

purified according to ref 26, and GBI, (Carlo Erba) was dried on 4

A molecular sieves. The synthesis of CTV(bipy(l) has been
previously reporte@® Copper complexes prepared in situ were obtained
by addition of copper(ll) triflate, Cu(GSGs),, or copper(l) tetrak-
is(acetonitrile) tetrafluoroborate, Cu(GEN)4BF4, to a ligand solution
containing 0.1 M (TBA)PE Polarographic measurements were
performed in 0.1 M (TBA)PFksolutions in DMF on a PRG4 (SOLEA-
TACUSSEL) apparatus, with a classical three-electrode setup: mercury
drop as working electrode (WE), platinum wire as counter electrode

(26) ElJammal, A.; Graf, E.; Gross, Mlectrochim. Actdl986 11, 1457
1465.
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(CE), and saturated calomel electrode (0.1 M (TBA)RF DMF CH.Cly, Amax, NmM: 250, 266, 298, 448.¢ (values were not calculated
junction) as reference electrode (RE). Stationary and cyclic voltam- for the monomer/dimer mixture, as no deconvulation was carried out).
metry (SV and CV) experiments performed on platinum rotating disk Mp: 220 °C dec. Positive FAB mass spectrometry: Calculated for
electrodes (RDE, EDI type, SOLEA-TACUSSEL) with potential scan {M}" = [CseH44NgO4CUwLBF4]t m/z1106.9 and M’} = [CagH22N4O2-
rates in a 0.030.5 V s! range were run using a computerized Cul" mv¥z509.1; measured for= 8.6 Vm/z1107.1 (2%), 509.0 (100%),
DACFAMOV setting (MICROTEC-CNRS, Toulouse, France) con- 340.0= M* — CHbipy (15%), 232= [CH,bipy]* (55%). Distinction
nected to Apple Il hardware. In this case, a classical three-electrode betweer{ M}?*/2 and{M'} ™ was possible due to their different isotopic
cell was employed with Pt disk (0.2 mm diameter) as WE, Pt wire as patterns.

CE, and Ag/AgCl as RE. All potentials given hereafter will be [(1)Cus](BF4)s. Cu(CHCN)4BF4(12.1 mg, 0.038 mmol) was added
referenced to this electrode and noted as V for V/Ag/AgCIl. This to a degassed solution of CTV(bigy(L) (16.2 mg, 0.012 mmol) in 10
electrode consisted of a Ag thread in an aqueous solution of saturatedmL of dichloromethane. The resulting red solution was stirred under
AgCl, separated from the cell by a fritted glass disk. This reference argon at room temperature for 1 h. The volume was reduced to 2 mL,
electrode has been tested for chloride leaks and the ferrocene/and 10 mL of E2O was added to precipitate the copper(l) complex.

ferrocenium redox couple was measuredat = 0.360 V with AE;
= 59 mV in dichloromethane ((TBA)RF.1 M) and atEi», = 0.410
V with AE, = 60 mV in DMF ((TBA)PR; 0.1 M). Ferrocene was not

The product was collected by filtration, washed with@tand dried
under reduced pressure to afford an orange-red air-stable solid (19 mg,
0.01 mmol, 89%).*H NMR (300 MHz, acetonels) o, ppm: 6.97 (s,

added in solution during the measurements due to the presence of the3H, Ar H of CTV), 6.48 (s, 3H, Ar H of CTV), 5.44 (dJ = 5.9 Hz,

copper(ll/1) couple around 0.400 V. Spectrophotometric studies were
performed on a diode array UWisible spectrophotometer, Hewlett-
Packard HP8452A, using 2 nm resolution. For spectroelectrochemical

3H, CHbbipy), 5.20 (d,J = 5.9 Hz, 3H, CHbipy), 5.08 (d,J = 6.5
Hz, 3H, CHbipy), 4.73 (d,J = 6.5 Hz, 3H, CHbipy), 4.40 (d,J =
13.6 Hz, 3H, CH of CTV), 3.10 (d,J = 13.6 Hz, 3H, CH of CTV).

measurements, a homemade optical transparent thin-layer electrodeThe aromatic bipyridine region was too complicated for interpretation;
(OTTLE) in Pyrex glass with an optical pathway of 0.1 mm was used. however, the ratio of aromatic bipyridine protons to methylene protons
A platinum grid of 1000 mesh was employed as WE and a Ag/AgCIl was correct. Anal. Calc for &HesN1206CUsB3F12-%> CH,Cly (Mr
electrode was used as RE. The OTTLE placed in the HP 8452A 1826.61): C, 54.40; H, 3.56; N, 8.60. Found: C, 54.40; H, 3.70; N,

spectrophotometer was monitored with a Bruker potentiostat and an 8.81. UV-visible in CHCl,, Amax NM (€, M~ cm™%): 438 (11 500).

IFELEC X-Y recorder.

Ligand 2. A mixture of catechol (44 mg, 0.4 mmol), 6-(bromo-
methyl)-2,2-bipyridine (400 mg, 1.6 mmol), and potassium carbonate
(332 mg, 2.4 mmol) in 40 mL of DMF was stirred under argon at 60
°C for 28 h. After removal of the solverim vacuq the residue was
added to 75 mL of CkCl,, and the mixture was washed twice with 50
mL of H,O. The organic layer was dried over Mg&diltered, and
evaporated to dryness. Purification by column chromatography over
silica gel (CHCl,, 2% MeOH) afforded (131 mg, 0.29 mmol, 73%)
as a white solid.*H NMR 300 MHz, acetonels 6, ppm: 8.67 (dJ=
3.6 Hz, 2H, H), 8.48 (d,J = 7.8 Hz, 2H, H;), 8.40 (d,J = 8.1 Hz,
2H, Hg), 7.90 (m, 4H, Hy), 7.70 (d,J = 7.8 Hz, 2H, H), 7.39 (m,
2H, Hs), 7.17 (M, 2H, Ha), 6.95 (M, 2H, Ha), 5.37 (s, 4H, benzylic
CHp). H NMR (300 MHz, CDC}) 8, ppm: 8.68 (ddd,J = 1.0 Hz,
J=1.8 Hz,J = 4.8 Hz, 2H, H), 8.42 (dt,J = 1.0 Hz,J = 7.9 Hz,
2H, Hg), 8.29 (dd,J = 1.0 Hz,J = 7.9 Hz, 2H, H), 7.80 (m, 4H,
Haa), 7.63 (dd,J = 1.0 Hz,J = 7.9 Hz, 2H, H), 7.30 (m, 2H, H),
7.02 (M, 2H, Ha, 6.91 (M, 2H, Ha), 5.37 (s, 4H, benzylic Ch). Anal.
Calc for GgH22N4O2°H,0O (M = 464.5): C, 72.49; H, 5.21; N, 12.06.
Found: C, 72.34; H,4.91; N, 11.71. Mp: 14344°C. Positive FAB
mass spectrometry: calculated {avl} T = [CgH22N4O,] T M/z 446.5;
measured fof = 5.8 V m/z 447.2 (100%).

[(2)CU](CF3S0s),. Copper(ll) triflate (10.8 mg, 0.03 mmol) was
added to a solution & (13.4 mg, 0.03 mmol) in 4 mL of C¥Cl, and
7 mL of methanol. The resulting pale emerald green solution was
stirred for 1 h. The copper(ll) complex was precipitated by addition
of 20 mL of hexane, collected by filtration, washed with hexane, and

dried under reduced pressure to afford a pale green solid (20 mg, 0.025

mmol, 82%). Anal. Calc for &H2FsN4OsS; (M, = 808.2): C, 44.59;
H, 2.74; N, 6.93. Found: C, 44.72; H, 2.86; N, 6.98. Y¥sible in
CH3CN, Amax, NM (€, M~tcm™3): 198 (75 000), 216 shoulder (39 100),
244 (27 500), 304 (29 600), 314 (29 400), 724 (98). Mp: 26Hec.
Positive FAB mass spectrometry: Calculated f&d} ™ = [CagHoo-
FsN4OsS]T: m/z659.1; measured fdr= 7.4 V m/z658.1 (70%), 509.1
(100%)= [(2)CuH], 340.1 (21%)= [(2)Cu — CH.bipy], 232.0 (77%)
= [CHbipyCu]t.

([(2)CUlBF)n (n =1, 2). Cu(CHCN)4BF4 (10.8 mg, 0.034 mmol)
was added to a degassed solutior2dfl4.6 mg, 0.033 mmol) in 10
mL of dichloromethane. The resulting red solution was stirred under
argon at room temperature for 1 h. The volume was reduced to 2 mL;
then 10 mL of degassed J& was added to precipitate the copper(l)
complex. The product was collected by filtration, washed witJOEt

and dried under reduced pressure to afford an air-stable orange solid

(19 mg). *H NMR (300 MHz) of the two isomeric complexes (acetone-
ds), see Table 1. Anal. Calc for sg144NsO4Cu:B,FgCH:Cl, and
Ca8H22N4O,CUBFR;+Y,CH,Cl, (M, = 1278.67 and 639.33): C, 53.54;
H, 3.63; N, 8.76. Found: C, 53.50; H, 3.83; N, 8.76. YVisible in

Mp: 239 °C dec. Positive FAB mass spectrometry: Calculated for
{M}* = CgHesN120sCUs Mz 1739.0; measured fdr= 9.6 V m/z
1738.8 (17%), 826.G6= [(1)CusBF4]%*/2 (15%), 571.6= [{M}* —
3CH,bipy — BF4]27/2 (100%).

[(2)Cu3](CF3S0s)s. Copper(ll) triflate (15.7 mg, 0.043 mmol) was
added to a solution of CTV(bipy)1) (19.7 mg, 0.014 mmol) in 7 mL
of dichloromethane and 6 mL of methanol. The resulting yellow-green
solution was stirred at room temperature for 2 h. The volume was
reduced to 2 mL, and 12 mL of E» was added to precipitate the
copper(ll) complex. The product was collected by filtration, washed
with Et,O, and dried under reduced pressure to afford a pale khaki
green solid (20 mg, 0.008 mmol, 58%). Anal. Calc fogtseF1s
N12024S-6H,0 (M, = 2568.65): C, 43.49; H, 3.06; N, 6.54. Found:
C, 43.38; H, 3.22; N, 6.48. UV-visible in GEN, Amax, NM €, M2
cm1): 200 (173 100), 246 shoulder (73 400), 304 (73 600), 314
(70 600), 722 (173). Mp: 23%C dec. Positive FAB mass spectrom-
etry: Calculated fOf{M}+ = [C92H66N12021%F15]+ m/'z 2311.5;
measured fol = 9.9 V nm/z 2311.8 (48%), 2162.4= [{MH} —
CRSO; ]t (100%), 2013.6= [{MH,} — 2CRSO; 7] (88%), 1863.2
= [{MHgz} — 3CRSG;7]" (54%), 1694.6= [{MHz} — 3CRSO; —
CHbipy]* (44%), 1482.2= [{MH3} — Cu— 4CRKRSO;~ — CHzbipy]*™
(57%), 1313.1= ([{MH3} — Cu— 4CRSQO;~ — (CHbipy).]* (58%),
1081.7= [{M} — CRSO;7]?"/2 (35%), 1006.9= [{MH} — 2CFKs-
SQO;7127/2 (51%), 932.1= [{MH3g} — Cu— 5CRSO;~ — (CHzbipy)s]
(68%)).

Results

Stoichiometric Studies. For both ligands, complexation
stoichiometries were determined bysitu studies prior to the
synthesis of the copper complexes on a preparative scale.
Studies at concentrations higher tharm3® have not been
performed due to the low solubility of the complexes formed.

(a) Copper(l) Complexes of 2. In CH,Cl, and DMF, two
absorption bands are observed in YV¥sible spectroscopy at
236 nm € = 24 000 M1 cm™1) and 286 nmd{ = 33 000 M?!
cm™1) for the free ligand2. The stoichiometry of the copper-

(I) complex formed was determined by electrochemical mea-
surements. Monitoring the current intensity of the oxidation
peak at+0.450 V (DMF) or+0.430 V (CHCI,) during the
addition of increasing amounts of Cu(gEN)4BF, to a solution

of 2 indicated a 1/1 or 2/2 stoichiometry. When samples of
this complex obtained on preparative scale were dissolved in
CHCI; or in DMF, two oxidation peaks were observed in each
of these solvents. The corresponding potentials were at 0.440
and 0.650 V in DMF and at 0.380 and 0.700 V in &Hb. From
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Figure 3. (a) Stacked plot ofH NMR spectra of ligandL (1) in (CDs),CO and its copper(l) complex in GBI, (2), (CDs).CO (3), and CBCN
(4), at 300 MHz and room temperatu®.= solvent peak. (b}H NMR spectra of free ligan@ (1) and its copper(l) complexes (2) in (gBCO,
at 300 MHz and room temperatur@®.= solvent peak.

mass spectrometry afiti NMR measurementside infra), it 2). In both cases, complexation was completed when a ratio
is clear that both the 1/1 and 2/2 (metal/ligand) complexes exist. of 3 was reached for [Cu(l)]1]. Obviously, as two oxidation
Both species are detected in the mass spectrum, and the iorpeaks are observed in GEl,, electrochemistry indicates the
observed atm/z 509.0 which possesses an isotopic pattern presence of two types of complexes in solution. It should be
corresponding to one copper atom was clearly assigned to thepointed out that, upon addition of an excess of copper(l), only
parent peak of the monomer and not to the doubly charged the oxidation peak corresponding to free copper(l) in solution
dimer. Thus the mono- and binuclear species, which correspondwas observed in addition to the oxidation of the complexes.
to at least two different coordination modes, are formed Mass spectrometry measurements performed on the isolated
simultaneously. Even though the concentrations of both speciescopper(ll/l) complexes exhibit only one molecular ion, indicating
could be obtained from NMR data, no deconvolution was carried that the two species present in solution differ only in the
out for the UV~visible spectrum of the complexes and coordination mode adopted by ligafd Stoichiometric studies
respective molar extinction coefficients have not been calculatedat higher concentration could not be performed because of the

for the two complexes. insolubility of the copper complexes in GEI, at concentrations
(b) Copper Complexes of 1.In UV —vis spectra]l exhibits higher than 103 M.
two absorption bands at 238 nm= 76 000 M cm™1) and at IH NMR. (a) Copper(l) Complexes of 2. IH NMR of the

288 nm € = 82 000 Mt cm™1) in CH,Cl,. The stoichiometry copper(l) complexes in acetomlg-clearly shows a mixture of

of the copper(l) complexation was determined by both-UV  two isomers (Figure 3b(2)) which have been identified as the
visible and electrochemical measurements. In both cases,monomer and dimer compounds by mass spectrometry data.
increasing amounts of Cu(GBN).BF, were added to solutions ~ Evidence for a more abundant dinuclear versus mononuclear
of 1 in CH,Cl,. UV—vis stoichiometric studies of copper(l) complex was obtained from CV studies discussed hereafter.
complexation were not carried out in DMF because of the Thus integration of the mixture’s NMR spectrum in acetone
copper(l) destabilization in this solvent. The 3/1 stoichiometric indicates a 2/1 dimer/monomer ratio. This ratio appeared to
ratio of copper(l) to ligandl was determined by monitoring  be strongly dependent of the nature of the solvent. Wikén
the absorbance variation at 438 nm as a function of the amountNMR experiments were performed in DMF; a ratio of 7/1

of copper added in C¥l,. The same stoichiometry could be  (dimer/monomer) was observed. As a result of unfavorable
determined by monitoring the current intensity for the oxidation tetrahedral geometry in the monomer, the aromatic catechol
peaks at+0.930 V in CHCI; and at+0.800 V in DMF (Table protons are shifted upfield (in both solvents) compared to the
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Table 1. *H NMR Data for the Dimer/Monomer Mixture of the Complex2YCu]BF,), in Acetoneds

Proton
H3; H3 H6' H4 H4 H5 H5 CHy(bipy) Hag(cat)
[(2)Cul?*: o, multiplicity, 8.63,d, 8 Hz, 4H; 8.39,d, 8.29, 1, 8.21,td, 8 and8.02, d, 7.62,m,4H 5.45,br 7.01and6.82,
J (Hz), integrn (au) 8.61,d,8Hz,4H 5Hz,4H 3Hz,4H 15Hz 4H 8 Hz, 4H s, 8H m, 4H each
[(QCu]*: o, multiplicity, 8.68,d, 8 Hz, 1H; 8.79,d, 8.30, t, 7.97,t, 7.60,m,1H 7.75,m,1H 4.73,s,2H 6.52 and 6.09,
J (Hz), integrn (au) 8.44,d,8Hz,1H 5Hz,1H 8Hz,1H 8Hz 1H m, 1H each

same protons in the dimeric complex. Chemical shifts and different coordination modes. FrodfH NMR, the relative
coupling constants are listed in Table 1. No conclusion could concentration of the two species only allows for the detection
be made concerning the structure of the dinuclear complex of the major isomer and does not allow any conclusions to be
which can adopt a helicate type conformation or a “face-to- drawn concerning the type of coordination mode preferred for
face” conformation. However, addition of chiral shift reagents [(1)Cug]®*.
like [Eu(fod)]®* (fod = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl- Electrochemical Studies. (a) Free Ligand 2.0n a mercury
3,5-octanedioato) or Pirkle’'s reagent to the sample induced noelectrode in DMF, the free ligan2shows two reduction steps
change in théH NMR spectrum, thus favoring the existence at Ej» = —2.15 and—2.68 V. The first step appears to be
of a “face-to-face” isomer. quasi-reversible 3y — Eys = 90 mV) while the second
(b) Copper(l) Complexes of 1. The behavior of the complex  reduction is irreversible. In oxidation, ligar&produces only
[(1)Cw)®*, in both 'TH NMR and electrochemical studies one assisted oxidation of mercuryB&t, = +0.200 V Ez4 —
appeared to be strongly related to the coordinating ability of Ej,s = 30 mV). On Pt and in CkCl,, no oxidation of2 was
the solvent. ThéH NMR spectra depicted in Figure 3a show detected up te-1.5 V.
the broadening of the signals corresponding either to the (b) Free Ligand 1. On the mercury electrode in DMHA,
bipyridine subunits of ligandL or to the cyclotriveratrylene  shows two reduction steps Bi,, = -2.18 and—2.65 V. The
matrix in more coordinating solvents. The most significhht first step meets the requirements for a quasi-reversible Bigp (
NMR signal has been used for determining the number of — E;;4 = 90 mV), while the second reduction is irreversible.
species present in solution is the AX pattern of the methylene The oxidation of mercury facilitated by ligaridproduces two
bridges in the CTV framework. In the spectrum of the pure assisted oxidation steps at respectivielyy = 0.230 V Ez4 —
free ligand1 (Figure 3a(l1)), this signal appears as two well- Ej;z= 30 mV) and 0.350 VEzs — Eis = 50 mV), the limiting
resolved doublets at 4.71 and 3.49 ppm. The aromatic protonscurrent for the first wave being double that of the second. On
of the CTV moiety appear as one singlet at 7.35 ppm, which is Pt and in CHCI, between—1.600 and 1.400 V1 was oxidized
representative of th€;, symmetry of the free ligand. The atEp= +1.33 V.
spectra of the copper(l) complex in different solvents, shown (c) Copper Complexes of 2. As expected from the charac-
in Figure 3a, plots 24, exhibit only one set of AX signals, all  terization of the copper(l) complexes, two oxidation peaks
located between 4.20 and 3.10 ppm. As previously reported in assigned to the mono- and binuclear complexes have been
the literature for bipyridine-copper(l) helicate®} the CH detected for solutions of the synthetic complex2){fu]BFs),
groups of the bipyridine are split into two AB signals)(which (Table 2). These oxidation peaks are observett@d40 and
are partially perturbed by the solvent peak in dichloromethane +0.650 V in DMF and at+0.380 and+0.700 V in CHCl,. In
but clearly resolved in acetone. Thus, only one species coulda first approach, neither NMR nor electrochemistry allows for
be detected ifH NMR. Also, the species produced still exhibits  identification of the redox couple corresponding respectively
the C; symmetry axis of the CTV matrix, thus discarding the to the mononuclear or the binuclear species. However, the
formation of the four possible meso forms of the copper(l) copper(ll) complex formed with ligand has been unambigu-
complex. Intramolecular motion of the bipyridines around the ously characterized as the mononuclear species from mass
copper(l) ions is responsible for the splitting and/or broadening spectrometry measurements. Furthermore, this mononuclear
of the other signals, thus explaining the strong influence of the copper(ll) species exhibits only one redox couple of which the
solvent. Additionally, for spectra recorded in dichloromethane- reoxidation step (back scan regenerating Cu(ll) from Cu(l)) is
dz (Figure 3a(2)) and acetortg-(Figure 3a(3)), which are poor  observed aEp, = +0.420 V in DMF and aEp, = +0.370 V
coordinating solvents, the singlets observed respectively at 6.62,in CH,Cl, (Table 3). Thus, in the cyclic voltammogram of the
6.13 and 6.97, 6.48 ppm are the result of the nonequivalencemixture of ([2)Cu].(BF4),) complexes depicted in Figure 4, the
of the aromatic protons on the CTV framework induced by oxidation peak in the mononuclear compleR){fu]BF, could
copper(l) coordination. Thus, only species@fsymmetry are be identified as the peak Bpa = +0.440 V in DMF and aEpa
observable and no other speciesGafsymmetry are presentin = 4+0.380 V in CHCl,. From!H NMR measurements on the
an amount detectable B4 NMR technique. In acetonitrile-  copper(l) complexes, it is clear that if there is an exchange
ds, the two singlets of the aromatic protons of the CTV moiety between the mono- and binuclear forms, this exchange is slow
are still detected at 6.62 and 7.89 ppm, and the broadening ofon the NMR time scale.
these signals gave evidence for a solvent-aided enhanced motion However, in electrochemistry, the cyclic voltammograms are
of the bipyridine subunits around copper(l). The AX pattern strongly affected by variations of the scan rate, thus indicating
remains well-defined, which is consistent with a concerted that the mono- and binuclear species are in exchange on the
motion of the bipyridines, maintaining a perman€asymmetry CV time scale. Formation of the complexessitu afforded
axis in the complexes. similar results. The main difference observed between redox
Even though several isomers are possible for each complex,studies on complexes generatedsitu versus studies on the
only one isomer, which definitely does not correspond to a meso same isolated complexes is the slower exchange between the
form, is observable itH NMR. As noticed during the titration ~ monomer and dimer in solutions of the isolated complexes. The
of ligand 1 with a copper(l) salt monitored by electrochemistry, exchange rate is enhanced by addition of increasing amounts
a minimum of two complexes is present in solution. As they of acetonitrile to solutions of §)Cu]BF;. The single copper-
exhibit different redox potentials, these two species cannot (II) complex existing with2 is generated from the two copper-
simply be enantiomers and they must therefore correspond to(l) forms by coulometric oxidation to afford a very pale yellow
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Table 2. Redox Potentials and Characteristics Measured for the Copper(l) Completeandf2?

cyclic voltammetry ab = 0.1 V/s

DMF + (TBA)PFs (0.1 M) CHCl; + (TBA)PFs (0.1 M)
complex EaV  Ep V. AE, MV 1pBlpd (Bpat Epdi2,V  Epa Vo Epe MV AE, MV 1 llpd  (Epat Epd/2, V
[(QCul™ n=1lor‘int’ +0.450 +0.370 80 +0.410  +0.430 +0.350 80 +0.390
insitu  n=2or “vic” +0.660 0.5
[(QCul™ n=1Zlor‘int’ +0.440 +0.360 80 +0.400  +0.380 +0.320 60 +0.350
isolated n=2or“vic’ +0.650 +0.700 +0.580 120 10 +0.640
[()Cu*"  “int’ +0.460 +0.360 100 +0.410  +0.460 +0.320 140 +0.390
insitu  “vic” +0.800 3.7 +0.930 +0.680 250 9.9
[(DCu®  “int’ +0.350 290 +0.400 +0.330 70 +0.365
isolated  “vic” +0.640 +0.860 +0.680 180 8.0

aV refers to V vs Ag/AgCl.

Table 3. Redox Potentials and Characteristics Measured for the Copper(ll) Complegesnadf22

cyclic voltammetry ab = 0.1 V/s

DMF + (TBA)PFs (0.1 M) CH,Cl, + (TBA)PFs (0.1 M)
complex Eoa V. BV AE, MV Ipfllpd (Bpat Epdl2,V BV BV AE, MV 1pfllpd  (Bpat /2, V

[(QCul® n=1lor“int" +0.450 +0.370 80 +0.410 +0.400 +0.310 90 +0.355

in situ n= 2 or “vic”
[(QCul® n=1lor“int" +0.420 +0.330 90 +0.375 +0.370 0.280 90 +0.325

isolated n= 2 or “vic”
[(D)Cuel®"  “int” +0.460 +0.350 110 +0.405 +0.390 +0.230 160 +0.310

in situ “vic” +0.600 1.7 +0.870 1.8
[(D)Cuel®"  “int” +0.450 +0.320 130 +0.385 +0.350 +0.220 130 +0.285

isolated “vic”
aV refers to V vs Ag/AgCl.
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isolated on a preparative scale and schematic representation of the
species involved in the electrochemically triggered conformational
Figure 4. Electrochemical identification of the mono- and binuclear rearrangement in Ci€l,, 0.1 M in (TBA)PF;, 0.1 V s and 293 K:
complexes oR with copper(l) (black circle) and copper(ll) (white circle)  Cu(l), black circle; Cu(ll), white circle. The hatched peaks correspond
in CHxCl,, 0.1 M in (TBA)PR;, at 0.1 V s to the “vic” coordination mode, and the unhatched peaks correspond
to the “int” coordination mode.
solution which exhibits a single redox couple centered=gs (
+ Epg/2 = +0.375 V in DMF and+0.325 V in CHCI, (same minor and one major, corresponding to two different coordina-
redox potentials as those measuré&idgure 4—for the isolated tion modes, are present in solution.
copper(ll) complex o). In DMF + (TBA)PF;s (0.1 M), only the more stable complex
(d) Copper Complexes of 1. (1) Synthetic Copper Com-  is observed (Table 2). Variation of the scan rate in cyclic
plexes. A typical voltammogram obtained from CV of the voltammetry did not lead to severe changes in the shape of the
isolated complexes IJCus](BF4)3 in CH,Cl, + (TBA)PFs (0.1 voltammograms; redox potentials for the oxidation and back-
M) is represented in Figure 5 and is discussed hereafter. Inreduction peaks were unaffected in &Hp and slightly shifted
CH,Cl,, two peaks are observed in both oxidation and reduction. in DMF. The above results indicate that, in &, the copper-
Thus, for the initial copper(l) complex, two complex forms, one (l) species are in fast exchange on the cyclic voltammetry time
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scale. Exhaustive oxidation of this copper(l) complex-at0
V in DMF decreased the current intensity to the limiting value fo
of zero, the number of electrons involved in the process being
estimated to 3. After exhaustive oxidation, the reduction ﬂ
potential observed and the two oxidation steps are the same as
for copper(ll) complex ofl (see Table 3). Exhaustive oxidations
were also performed in Gi&I, with the complex [{)Cug]3" at
+1.1V. Before exhaustive oxidation, two peaks were observed
in both oxidation and reduction (Table 2), while after coulo-
metric oxidation only one reduction peak-80.230 V (associ-

ated with two oxidation peaks at0.390 and+0.870 V)
remained.

(2) In Situ Copper Complexes. Surprisingly, from copper-
(1) complexes formed in situ with in CH,ClI, it has not been
possible to electrogenerate a stable corresponding copper(Il)
complex. Exhaustive coulometric oxidations were performed
at +0.500 and+1.200 V in CHCI, + (TBA)PFs (0.1 M).
Despite a considerable decrease of the current intensity, the zero
current was never reached during coulometric oxidation at
+0.500 V; this is to be expected if an exchange of conformation
occurs between the two complexed forms. The-tisible Figure 6. Variable-temperature cyclic voltamnfetry and species
spectrum of the “oxidized” solution was identical to the spectrum g‘gg"ée(d_ ')r_] ZCZ%CKIZ(Ol) Min (TBA)PF, at 0.1 V s 293 K (---);
of the starting copper(l) complex. The spectrum of the oxidized ' '

6+ i i -
complex [@)Cug|** was only observed after exhaustive oxida sponding to the major copper(l) conformer is noticeably

gﬁnoa:i:alll.z?rgr:g o;;hne; t?]?m?%?ngéncgrggg%ﬂr(iz angc):lt%e?gc- broadened and shifted t80.770 V. On the return scan at 260
trochpem'cgl meap rement )'/I'he relative in tat?’l'tp of these K, the reduction peak corresponding to the minor copper(ll)
: Su S- IVe Instability S€ conformer is more intense and also shifted to a less anodic

cop_per(ll) complexes _011 electrog_(ar_]erated in situ _has be_en potential of +0.620 V. The reduction peak assigned to the
attr!buted to th_e 4 equiv of qcetonltrlle still present in sol_utlon major copper(ll) conformer is broadened and shifted-200
dur_lr)g the in S|.tu c.omplex.atlon process. This hypothes_ls Wasy At 220 K (semidotted line in Figure 6) and lower
verified by adding increasing amounts of €BN to a solution temperatures, only one copper(l) conformer is observed and

of synthesized [)Cw]3". Beyond a certain concentration of - :
. . - . oxidized at+0.720 V. The corresponding copper(ll) conformer
acetonitrile, the reduction peak Bt = 0.680 V is no longer is reduced at-0.530 V.

observed.
In contrast with the results obtained in gy, for copper(l) Discussion
complexes ofl formed in situ in DMF+ (TBA)PFs (0.1 M) it
was possible to produce a stable corresponding copper(ll)
complex. When coulometric measurements were performed at
+1.200 V, the limiting value of zero was reached and the
number of electrons involved in the process could be estimated
to 3. The UV-visible spectrum of the oxidizedJCus]3+ was
identical to the spectrum of the compleX)Cws]®" generated
in situ from Cu(CESGs), and 1. Exhaustive reduction at
+0.100 V of this oxidized solution containing the copper(ll)

»
-

For the isolated complex JCus](BF4)s, only one pair of
enantiomers out of the eight possible isomers (see Figure 2)
has been observed itH NMR experiments. This is in
agreement with a CPK model examination which shows that
the 6 or A twist occurring in one [(bipyCu] subunit is
necessarily transmitted to the neighboring [(bi®)] for steric
reasons. This is also clear from thé NMR data, as no meso
form resulting from mixed) or A twists is observed. Indeed,

| ted f the initial | | the presence of such meso complexes would result in more than
complex regenerated from the initial copper(l) compleX( two singlets for the aromatic protons of CTV and also more

3 e : .
Cls . T_he UV~ visible spectrum of thls_regenerated SPECIES than one AX pattern. In noncoordinating solvents, like, €D
was identical to the_ spectrum (.)f. th_e starting coppe_r(l) complex Cl, or (CD3)2CO, the conformational exchange, if there is one,
of 1. The hypothesis of an equmbru_Jm_ between distinct copper- jq g,y compared to the NMR time scale. In a coordinating
(0 Complexes. f"md also b_etween distinct copper(ll) complexes solvent such as CITN the motion of bipyridines around
has been verified by variable-temperature cyclic voltammetry copper(l) ions is facilitated by the availability of coordinating

studies described hereafter. solvent molecules which can enter the inner coordination sphere

Variable-Temperature Cyclic Voltammetry. Significant of the metal upon partial dissociation of the bipyridine moieties.
voltammograms concerning the evolution of the redox potentials, The stacked plots in Figure 3a clearly show the progressive
recorded for the mixture of two distinct copper(l) specied,of  proadening of the two singlets corresponding to aromatic protons
are depicted in Figure 6. As described above, at room of the CTV framework, which is consistent with a greater
temperature (dashed line in Figure 6), the oxidation of the minor mopility of the bipyridines in coordinating solvents. Attempts
copper(l) conformer is observed£0.400 V in CHCl, and is to observe the minor conformer by variable-temperature (VT)
followed by the oxidation of the major copper(l) conformer at 14 NMR experiments in dichloromethanb-and acetonitrile-
+0.860 V in this solvent. During the return sScan, one minor d3 did not lead to a_ssignab|e peak Sp”ttings in the Spectra_
copper(ll) conformer is reduced &t0.680 V while a major  However, between 269 and 247 K, in dichloromethane, small
copper(ll) conformer is reduced &t0.330 V. side peaks in the Ar H pattern of the CTV 6.62 and 6.13)

At 260 K (solid line in Figure 6), considerable changes were observed, while the bipyridine region of the spectrum
already occur in the shape of the voltammograms. The first became much better resolved. No assignment has been possible
oxidation peak corresponding to the minor copper(l) conformer so far, and because of the low solubility of the copper(l)
has nearly disappeared while the second oxidation peak corre<complexes in noncoordinating solvents, 2B NMR experi-
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ments remained unsuccessful. In acetonitrile, VT experiments of the two oxidation peaks observed in the cyclic voltammogram

down to 247 K simply lowered the resolution of the bipy region
and shifted the Ar H signals of the CTV, but no significant
signal splittings occurred.

The stoichiometry expected for the formation of copper(l)
trinuclear complexes of has been confirmed by both UV
visible techniques and electrochemical methods. For ligand

electrochemical studies of the complex formed have demon-

of [(1)Cuws](BF4)s. The formation in situ of R)Cu]BF, by
addition of 1 equiv of copper(l) tetrakis(acetonitrile) tetrafluo-
roborate to a solution d® in CH,Cl, leads to the observation
of two oxidation peaks at+0.430 and+0.660 V in the
corresponding cyclic voltammogram, with only one return peak
at+0.350 V. Again, this corresponds to the formation of two
different types of complexes represented in Figure 2c. In the

strated the presence of two types of complexes, respectivelydistorted monomeric complex, copper(l) is easily oxidized to

oxidized at+0.400 and+0.860 V in CHCI, (see Figure 5),
whereas only one oxidation peak is observed-at640 V in

copper(ll) due to the disfavored tetrahedral arrangement of the
bipyridines around the metal ion. In the dimeric complex, the

DMF (Table 2). The two expected return peaks are observed coordinating bipyridines are on separate catechols, thus dimin-

at +0.680 and+0.330 V in CHClI,, while one return peak at
+0.350 V is observed in DMF. The respective current

ishing the distortion of the tetrahedral copper(l) geometry.
Consequently, copper(l) in the binuclear complex is more

intensities of the peaks are not in agreement with a reversible difficult to oxidize. This time, the two types of complexes are

system. The typical voltammogram reproduced in Figure 5

not in fast exchange, either on thd NMR or on the cyclic

shows that the algebraic sum of the current intensities of the voltammetry time scales, thus allowing for the characterization
set of oxidation peaks is close to the algebraic sum of the currentof each complex, not only by CV antH NMR but also by

intensities for the return peaks.

As opposed to the NMR spectra, two conformers could be
distinguished in CHCI, by electrochemistry, which can be

considered as a more sensitive method. During the electro-

chemical determination of the conformer mixture, the charac-
teristic oxidation detecting one conformer influences the
equilibrium between the two species. Thus, the minor con-

positive FAB mass spectrometry. Amazingly, the oxidation of
both complexes generates a unique type of copper(ll) complex.
This has been experimentally verified in two different ways.
First, the exhaustive coulometric oxidation of a solution @f{(
Cul,"" in DMF vyielded a stable solution of ZJCuJ?*, which
exhibited only one reversible couple-80.380 V, corresponding

to the reversible couple observed in the cyclic voltammagroms

former, oxidized at the less anodic potential, appears more of [(2)Cul?". Exhaustive coulometric reduction #&0.100 V
abundant, which is confirmed by the scan rate dependence ofof the [2)Cu]?" in situ complex in DMF (TBA)PFs (0.1 M)

the conformer ratio determined by electrochemical methods.

afforded a red-orange solution of a copper(l) complex. This

Consequently, correlations between the relative concentrationtime, the copper(l) solution exhibited only one reversible redox

of different conformers determined B4 NMR and electro-
chemistry would not be reliable.

However, as illustrated by the current intensities in Figure 5,
the minor conformer is more easily oxidized than the major

couple corresponding to the monomeric copper(l) complex
centered at+0.410 V, as DMF favors the formation of the
copper(ll) complex which exists as a monomer in solution.
Secondly, the copper(ll) complex prepared with lig&nd/hich

conformer. This is easily explained when one considers that has been characterized as a monomer, exhibits a single redox

the Cu(ll)/Cu(l) redox potential is dependent on the more or
less tetrahedral geometry of the cuprous iom,(oxidation will

be more difficult for a more ideal tetrahedral coordination
mode). In a first analysis, examination of molecular models,
IH NMR and electrochemistry suggest that the minor isomer is
most likely [(1)"MCuwg]3*, which provides the most distorted
tetrahedral coordination sphere for copper(l). In the major
conformer [()°Cw]3*, the coordinating bipy groups are

couple centered at0.375 V. This copper(ll) complex can be
converted to the corresponding copper(l) complex by coulom-
etric reduction. The resulting solution exhibits the same
voltammogram as the solution of copper(l) complexes prepared
separately.

Consequently, we can establish that, in the caseldCig]-
(BF4)3, the minor isomer observed in electrochemistry 13'¢
Cuw]®". Figure 5 summarizes the conformational transforma-

attached to two adjacent catechol subunits, consequently al-tions occurring in the system during one voltammetric cycle.

lowing the entwining of the methylbipyridyl groups to provide

a regular tetrahedral coordination sphere for the cuprous ion.

The ratio between the two isomers, which are actually
conformers, in solution, could be estimated to a minimum of

In the copper(l) state, the two conformers are in equilibrium.
Apparently, the rate of exchange between the two conformers
is strongly dependent on the coordinating power of the solvent.
Upon a scan toward anodic potentials in &, the first peak

10/1 by comparison of the respective peak currents in the cyclic observed at+0.400 V is the oxidation of the less stable
voltammograms, for each solvent. Upon oxidation, the change conformer, which possesses the most distorted tetrahedral

in the preferred coordination geometry, from tetrahedral Cu(l)
to square planar Cu(ll) inverts the conformer ratio. For the

geometry for the copper(l) ions. The second peak-@i860
V corresponds to the oxidation of the most stable conformer

Cu(ll) complex, the bipy groups provide the less distorted square which provides the less distorted tetrahedral geometry for the
planar geometry when located on the same catechol subunit,cuprous ions. After conversion of all the material into the

and reciprocally, the least stable conformet){¢Cug]®t is

copper(ll) forms, scanning toward less anodic potential reveals

obtained when the bipy groups are located on two adjacentthat the vicinal conformer has almost disappeared. With the

catechol subunits.
conformers of the Cu(ll) complex explains the inversion in the
intensity ratio for the return peaks observed in cyclic voltam-
metry. Coulometric measurements have confirmed this hy-

The rapid exchange between the twocomplexes formed in situ but not with the complexes isolated

on a preparative scale, only a small reduction peak is observed
at +0.680 V even at high scan rates. The decoordination
recoordination process converting the destabilized conformer

pothesis, by determining the number of electrons exchangedinto the stable conformer is extremely fast and accelerates as

upon running an electrolysis &t0.500 V (oxidizing the least
stable conformer) and running the same experimertla00
V (oxidizing both conformers).

The electrochemical studies of the copper(l) and copper(ll)
complexes of2 have permitted the unambiguous assignment

the affinity of the solvent for copper increases. The second
return peak att0.330 V corresponds to the reduction of the
internal copper(ll) complex in which the bipyridines are located
on the same catechol subunit. In fact, the potential observed
for this reduction is very close to the reduction potential of the
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complex [@)Cu]?", which is consistent with the coordination the initial tetrahedral (vic) Cu(ll) complex, the observaA®
mode assigned for each conformer df){Tus]3+. cannot be accounted for by this change in coordination mode.
In summary, the copper(ll/l) complexes @frepresent a A higher degree of flexibility of each Cat(bipygu' subunit in
bistable system in which the interconversion between the stablethe “int” coordination mode may possibly explain the increase
forms [(1)VcCug]3+ and [(1)"Cuws]®* is electrochemically trig- in entropy. In the equilibrium process, the negative free energy
gered and corresponds to the decoordinatiatation—reco- (AG = —6.53 kJ mot?) is representative of a spontaneous
ordination of at least three bipyridines. The driving force for displacement toward the more stable, and less distorted “int”
this conformational isomerization is the search for the most coordination mode for the copper(ll) complex. It is clear that
stable arrangement of the bipyridines around the copper ion inthis observed negative free energy change is driven by the
two redox states. The bistability of this system is best observed positive reaction entropy. The same phenomenon is expected
by cyclic voltammetry in coordinating solvents such as DMF to influence the equilibrium between the copper(l) coordination
or CH:CN, which facilitates the “int-"vic” rearrangement, or modes, and in fact, it does favor the J(cCus]3* form in both
at low scan rates in Ci€l,. Thus, the equilibrated system of CH,Cl, and DMF. The kinetics involved in the conversion of
copper complexes [jCug]®+3* presents a potential-dependent  “vic” into “int” species for copper(ll) complexes and “int” into
conformational hysteresf€:28 In this sense, it compares with  “vic” species in the case of copper(l) complexes are too fast to

systems presenting constitutional hysterésisranslational be measured by conventional methods. Further studies are
isomerism in [2]-catenané8,or electrochemically triggered  necessary, particularly to determine the exact contributions of
swinging of [2]-catenate¥. the solvent and eventual anionic species in the decoordiration

Thermodynamic information concerning the equilibrium recoordination process converting “vic” forms into “int” species
between the two coordination isomerg)[{cCug]¢+ and [(1)™- and vice versa.

Cuws]®+ was obtained from the changes observed for the reduction .

peak currents$y in cyclic voltammograms recorded at variable Conclusion

temperature. In the global scheme of Figure 5, the redox system  1pe compination of electrochemical methods with standard
int corresponds to the signals arou@.4 V, and the system 14 N\MR and mass spectrometry has allowed full characteriza-
vic corresponds to those arour®.8 V. The ratiolpdVic)/lo  ion of the components of a new bistable system of copper
(inf) measured at scan rateg {(ow enough to make the ratio  complexes obtained with ligands based on bipyridines and
independent ofv p:owdgs direct access to the equilibrium oy cjotriveratrylene. Both ligands, and 2, afforded a set of
constanteq = [[(1)™Cue] *J[[( 1)"“Cue]°*] at any temperature. complexes that exhibit an electrochemical potential hysteresis
This method applied to the currerig(int) andlp{vic) measured g9 conformational isomerism. The species involved in the
on cyclic voltammograms recorded at temperatures 'anging from nexpected bistable system produced with ligartdave been
241 ég 293 K yleld6e+d equilibrium constant valueg, = [[(1)"- useful reference models for the characterization of the species
Cug] > V/II( 1)V'C,CU3] lranging from 7.3 at 295 Kt0 0.4 at 241 oqced with ligandl, but the full understanding of this

K. Thus, van't Hoff analysis of the IKeqversus IT plotfrom neynected system is complicated by the changing molecularity
a set ofKeq values calculated at various temperatures provides jnvolved in the process producing the more stabBG(L>"

the valuef OfAlH = +34+ 1 kI moft andAS= +136.0+ from two [(2)Cu]*. The system generated with ligafids only

0.5 J mot* K™ as characteristic of this _equ'"b”“?h'A similar based on conformational isomerism, which makes it simpler to
quantitative analysis was not possible for the 'equmstlrlum study, and preliminary thermodynamic data have been obtained.
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