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Abstract: The electrochemical behavior of diversely substituted Cu-Ns-calix[6]arene, enzyme-like, “funnel”
complexes is analyzed. The Cu(ll)/Cu(l) redox process is regulated by the supramolecular organization of
the Cu coordination. The presence of a “shoetree” alkyl nitrile guest molecule inside the host cavity is a
prerequisite for a dynamic redox behavior. Combination of supramolecular CH—x weak interactions with
the calixarene cavity and electronic/steric effects from the N3 substituting groups (pyridine, imidazole,
pyrrolidine) enforces the preferential geometrical pattern adopted by Cu. This dictates the pathway of the
electron-transfer process and, thus, the thermodynamics and kinetics of the redox reaction in the framework
of a square-scheme mechanism. The present observations recall strongly the redox control exerted by the
protein matrix on copper proteins through biological concepts such as induced fit mechanism, protein
foldings, and entatic and allosteric effects.

Introduction behavior is essential in regards to fundamental aspects and for

) ) ) . the development of biomimetic devices.
Copper proteins and their low molecular weight synthetic The remarkable properties displayed by copper systems result
models belong to the most studied metalloredox systems since prop piay y copper sy

- - from the specificity of the electronic and geometrical properties
the biological relevance and prevalence of copper has been fully 5
N ) o of this transition metat> Cu(l) (d'9), due to its absence of crystal
recognized:* Through different types of coordination, the

¢ | ¢ functionalities f field, does not impose any force on the geometry of its
‘(‘:o_ppelr”syls etms (t:overféaﬁ targedrangetol unc 'On?']:eti 'OM environment and is generally found to afford four-coordinated
simple™ electron trans 0 redox catalysis, most of thém oy apedral (Td) geometries in an unconstrained environment.
being involved in the metabolism of,®In almost all processes,

. - The crystal field force associated with a Jafireller effect of
the functionality is based on the Cu(ll)/Cu(l) electron exchange. the Cu(ll) () ion tends to enforce a tetragonal geometry to its
Therefore, the knowledge of the factors governing their redox

surrounding leading to either five-coordinate square-based
- p o pyramidal (SBP) complexes or six-coordinate octahedral and/
Universitede Bretagne Occidentale-Brest. _ ; _
* UniversifeRereDescartes-Paris 5. or four cooro!lnate square-planar (SP) compounds._As a res_ult,
(1) (a) Kaim, W.; Rall, J.Angew. Chem., Int. Ed1996 35, 43-60. (b) in unconstrained systems, Cu(ll)/Cu(l) processes involve sig-
Messerschmidt, A.; Huber, R.; Poulos, T.; Wieghardt,Handbook of i i H i _
Metalloproteins Wiley, New York, 2001. (c) Karlin, K. D.; Tyekia Z. n!flcam geome_mc rearrangements requiring |mporta_nt rgorga
Bioinorganic Chemistry of Copper; Chapman & Hall: New York, London,  hization energies. In studies on electron-transfer kinetics for
1993. models of blue copper proteins, Rorabacher and co-workers have

(2) (a) Solomon, E. |.; Szilagyi, R. K.; George, S. D.; BasumallickChem.

Rev. 2004 104, 419-458. (b) Li, H.; Webb, S. P; Ivanic, J.; Jensen, J. H.  described the Cu(ll)/Cu(l) processes in terms of a dual-pathway
J. Am. Chem. So2004 126, 8010-8019. (c) George, S. D.; Basumallick,

L. Szilagyi, R. K. Randall, D. W.; Hill. M. G.; Nersissian, A. M.; square-schemg mechanism in which conformational changes
Valentine, J. S.; Hedman, B.; Hodgson, K. O.; Solomon, E. Am. Chem. occur sequentially with the electron-transfer step (Scheme
Soc. 2003 125 11314-11328. (d) Gray, H. B.; Malmstro, B. G.; 36-8 . . -
Williams, R. J. P.J. Biol. Inorg. Chem200Q 5, 551—559. 1).35-8 In this mechanism, O and R represent the oxidized and
(3) Rorabacher, D. BChem. Re. 2004 104, 651-697. i i
(4) (a) Zhang, C. X.; Liang, H.-C.; Humphreys, K. J.; Karlin, K. D Advances reduced stable §pe0|es, reSpeCtlvely’ Whe,reas P and Q are
in Catalytic Actiation of Dioxygen by Metal ComplexeSimandi, L. I., metastable transient species. The geometries of O and P and

Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2003; pp
79—121. (b) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K.; Palmer, A. E.

Angew. Chem., Int. Ed2001 40, 4570-4590. (c) Mirica, L. M.; (5) (a) Hathaway, B. J.; Billing, D. ECoord. Chem. Re 197Q 5, 143-207.
Ottenwaelder, X.; Stack, T. D. Ehem. Re. 2004 104, 1013-1045. (d) (b) Hathaway, B. JCoord. Chem. Re 1981, 35, 211-252. (c) Hathaway,
Lewis, E. A.; Tolman, W. BChem. Re. 2004 104, 1047-1076. (e) Kim, B. J. Struct. Bonding (Berlin}L984 57, 55—118.

E.; Chufan, E. E.; Kamaraj, K.; Karlin, K. DChem. Re. 2004 104 1077 (6) Martin, M. J.; Endicott, J. F.; Ochrymowycz, L. A.; Rorabacher, D. B.
1133. (f) Itoh, S.Curr. Opin. Chem. Biol2006 10, 115-122. Inorg. Chem.1987, 26, 3012-3022.

10.1021/ja071219h CCC: $37.00 © 2007 American Chemical Society J. AM. CHEM. SOC. 2007, 129, 8801—8810 = 8801
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Scheme 1. Square-Scheme Mechanism As Proposed by
Rorabacher et al. (Ref 3)
Pathway A
[ . E% SBP geometry
Cu(l)L (0) === Cu(I)L (P) T Cullylike
kao “ koa ker “ krp
- E% Td geometry
Cu(llL (Q) =—= Cu4(l)|+. (R) Cu(l)-like
Pathway B

those of R and Q are thus SBP and Td, respecti¥&lectron

transfer operates through the most favorable route (pathway A

or B) allowed by the most stable of the two metastable species.

Hence, the classical route of electron transfer for Cu complexes

is pathway A for which Cu(l) geometry is in an SBFd
equilibrium due to its geometrical adaptability in an uncon-

strained environment. These authors first established that the

presence of two anodic peaks on the Cu(ll)/Cu(l) voltammo-

grams corresponds to the oxidation of both P and R species

under an equilibriumBE® < E%).” Most of the studies reported

in the literature described such a route to rationalize the shapet

of CVs of Cu complexes. Very few examples of route B have
been evidenced by using voltammetric methdts13

This mechanism is of exceptional interest for biological redox
processes, since it experimentally evidenced the “gated electron
transfer” theory:* along which the conformational strains
exerted by the protein matrix on the geometry of the redox site
provide an ultimate control on the redox process. This concept
coincides with the theory of the entatic “energized” state of
Vallee and Williams}? corresponding to enhanced electronic
properties resulting from the geometric constraints exerted by
the embedding protein on the active sitéShese effects were
proposed to apply to the efficiency of “simple” electron-transfer
processeé=>17and to the activation of substrates such as®O

(7) (a) Bernardo, M. M.; Robandt, P. V.; Schroeder, R. R.; Rorabacher, D. B.
J. Am. Chem. S0&989 111, 1224-1231. (b) Bernardo, M. M.; Schroeder,
R. R.; Rorabacher D. Bnorg. Chem1991, 30, 1241-1247. (c) Robandt,
V.; Schroeder, R. R.; Rorabacher, D. Borg. Chem.1993 32, 3957
3963. (d) Villeneuve, N. M.; Schroeder, R. R.; Ochrymowycz, L. A.;
Rorabacher, D. Blnorg. Chem.1997, 36, 4475-4483.

(8) (a) Ambundo, E. A.; Yu, Q.; Ochrymowycz, L. A.; Rorabacher, DIridrg.
Chem 2003 42, 5267-5273. (b) Ambundo, E. A.; Ochrymowycz, L. A,;
Rorabacher, D. Blnorg. Chem 2001, 40, 5133-5138. (c) Yu, Q.; Salhi,

C. A.; Ambundo, E. A;; Heeg, M. J.; Ochrymowycz, L. A.; Rorabacher,
D. B. J. Am. Chem. So@001, 123 5720-5729.

(9) Several cases of Cu(ll) complexes wiy, geometry have also been
reported (see refs 3, 5, and 8).

(10) (a) Flanagan, S.; Dong, J.; Haller, K. H.; Wang, S.; Scheidt, W. R.; Scott,
R. A.; Webb, T. R.; Stanbury, D. M.; Wilson, L. J. Am. Chem. Soc.
1999 119, 88578868. (b) Xie, B.; Elder, T.; Wilson, L. J.; Stanbury, D.
M. Inorg. Chem1999 38, 12—19. (c) Xie, B.; Wilson, L. J.; Stanbury, D.
M. Inorg. Chem.2001, 40, 3606-3614.

(11) (a) Koshino, N.; Kuchiyama, Y.; Ozaki, H.; Funahashi, S.; Takagi, H. D.
Inorg. Chem 1999 38, 3352-3360. (b) Koshino, N.; Kuchiyama, Y.;
Funahashi, S.; Takagi, H. @an. J. Chem1999 77, 1498-1507. (c) Itoh,

S.; Funahashi, S.; Koshino, N.; Takagi, H. Dorg. Chim. Acta2001,
324, 252—-265. (d) Itoh, S.; Takagi, H. Onorg. Chem. Commur2002 5,
949-953.

(12) Amatore, C.; Barbe, J.-M.; Bucher, C.; Duval, E.; Guilard, R.; Verpeaux,
J.-N. Inorg. Chim. Acta2003 356, 267—278.

(13) Le Poul, N.; Campion, M.; Izzet, G.; Douziech, B.; Reinaud, O.; Le Mest,
Y. J. Am. Chem. So005 127, 5280-5281.

(14) (a) Hoffman, B. M.; Ratner, M. AJ. Am. Chem. S0d.987, 109, 6237~
6243. (b) Brunschwig, B. S.; Sutin, N. Am. Chem. So4989 111, 7454~
7465.

(15) (a) Vallee, B. L.; Williams, R. J. FProc. Natl. Acad. Sci. U.S.A968 59,
498-505. (b) Williams, R. J. PEur. J. Biochem1995 234, 363-381. (c)
Williams, R. J. PInorg. Chim. Acta Re 1971 137-155.

(16) (a) Comba, PCoord. Chem. Re 1999 182 343-371. (b) Comba, P.
Coord. Chem. Re 200Q 200, 217-202. (c) Comba, P.; Schiek, V\€oord.
Chem. Re. 2003 238-239, 21—-29.

(17) Mbofana, C.; Zimmer, Minorg. Chem.2006 45, 2598-2602.
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Scheme 2. Representation of the Simplified Topological
Reorganization Td/SBP at the Cu(ll)/Cu(l) Redox Process for
Cu-N;-Calix[6]arene Complexes and XRD Structures of
Complexes [Cu'Nz(EtCN)]*t and [Cu"N3(MeCN)(H,0)]?* Stabilized
by a Tris(pyridine) and a Tris(imidazole) Core, Respectively (Refs
19a—c)?

aRed lines symbolize CHx interactions.

These theories illustrate the important biological relevance of
he Cu(ll)/Cu(l) processes. In spite of this, very few thorough
electrochemical studies of the topological organization of the
Cu coordination have been developéd:1® An aspect which

has never been unraveled so far, for low molecular weight
synthetic models, is the effect exerted on the metal by a pocket
surrounding the binding site although it refers to important issues
such as the lock-and-key and induced fit concepts which define
the protein/substrate relationsRip5>17 In this perspective, we
have developed a supramolecular platform based on a calix[6]-
arene cone functionalized by three independent N-donor groups
leading, upon binding to copper, to the so-called funnel
complexes (Scheme 2721 In a preliminary communication,

we reported that the tris(pyridine)-calix[6]arene Cu complex
displayed an unusual electrochemical behalAde proposed
that the presence of MeCN inside the cavity, as a so-called
“shoetree” molecule, was a prerequisite to a resolved electro-
chemical behavior and that the redox process was under control
of a square-scheme mechanism. This was the first example of
a Cu complex whereby the supramolecular control of the
coordination by a protein-like pocket determines the dynamics

(18) (a) Bozel, H.; Comba, P.; Hagen, K. S.; Katsichis, C.; PritzkowHem.
Eur. J. 200Q 6, 914-919. (b) Bozel, H.; Comba, P.; Hagen, K. S.;
Kerscher, M.; Pritzkow, H.; Schatz, M.; Schindler, S.; Walter,I@rg.
Chem.2002 41, 5440-5452.
(19) (a) Blanchard, S.; Le Clainche, L.; Rager, M.-N.; Chansou, B.; Tuchagues,
J.-P.; Duprat, A. F.; Le Mest, Y.; Reinaud, 8ngew. Chem., Int. EA.998
37, 2732-2735. (b) Le Clainche, L.; Rondelez, Y.;18gue, O.; Blanchard,
S.; Campion, M.; Giorgi, M.; Duprat, A. F.; Le Mest, Y.; Reinaud, Q.
R. Acad. Sci., Ser. llc, Chir200Q 3, 811-819. (c) Le Clainche, L.; Giorgi,
M.; Reinaud, O.norg. Chem.200Q 39, 3436-3437. (d) Rondelez, Y.;
Sengque, O.; Rager, M.-N.; Duprat, A. F.; Reinaud,Chem. Eur. J200Q
6, 4218-4226. (e) Rondelez, Y.; Rager, M.-N.; Duprat, A. F.; Reinaud,
0. J. Am. Chem. So@002 124, 1334-1340. (f) Rondelez, Y. Ph. D.
Thesis, Universit'e Paris XI, 2002. (g) Le Clainche, L. Ph. D. Thesis,
UniversiteParis VI, 2000. (h) Sexque, O.; Rondelez, Y.; Le Clainche, L.;
Inisan, C.; Rager, M.-N.; Giorgi, M.; Reinaud, Gur. J. Inorg. Chem.
2001, 2597-2604.
Two other generations of calix[6]arene ligands have been synthesized since.
For the most recent, the calix-aza-cryptand ligands display covalently bound
functional groups, and the metal is totally entrapped leading to an almost
blocked trigonal geometry for Cu. See: (a) Izzet, G.; Douziech, B.; Prange
T.; Thomas, A.; Jabin, |.; Le Mest, Y.; Reinaud, Proc. Natl. Acad. Sci.
U.S.A.2005 102 6831-6836. (b) Izzet, G.; Xeng, X.; Douziech, B.;
Zeitouny, J.; Giorgi, M.; Jabin, I.; Le Mest, Y.; Reinaud, l@org. Chem.
2007, 46, 375-377.
Reinaud, O.; Le Mest, Y.; Jabin, |. I8alixarenes in the Nanoworid
Harrowfield J., Vicens, J., Eds.; Springer: Dordrecht, The Netherlands,
2006; Chapter 13.
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Tris(pyridine) family Tris(imidazole) family
1 N =) m I \
2N ~N ,NjN \,NTN J ~NN
o o o o o o o0 0 o 0 —_
O (oo | (oo o)) [O7T
3 3 3 3 3 O O
X6M83Pi03 X3Y3M63Pi03 X6Me3ImMe3 X6Me3ImEt3 XGEt3ImMe3

Tris(amine) family Q > 1 2
R'" R Ligand
_ igan

I
r\‘:> ;Iq\ SN—NUN —~NN ~NuN Me Me  XgMezimMe;
OJ I j/ Me Et XgMe3zlmEt;

o~ oj o’ oj 0 0 OI o~ oI
TP Y] YY) | s e

XeMezPyrs XgMezDmemag XgEtsImEty XgBuzlmMe; XgMezBzimMe; /
Figure 1. Representation and denomination of the three families of\thealix[6]arene ligands.

Table 1. Electrochemical Data [Ei/V vs aFC (AEpmV)] for the EPR, UV-vis, XRD) demonstrated that these funnel complexes
Cu-Ne-Calix[6]arene Complexes in MeCN are exemplary supramolecular structural models for monocopper
synthesis and enzyme active sites. As emphasized in Scheme 2, the global
°°mp'_ex EvalV (AE/mV) characterization (refs) architecture of the system is best ensured by a small alkyl nitrile
[Cu'(XeMesPicg)] * +0.50 (500) Cl(19a), CU (19b) molecule inside the cavity through concurrent participations of
[Cu!(X3Y sMesPics)] Epa(ir) = +0.90  Cu (19) Cu—nitrile bondi d CH-r interactions bet the alkv]
[Cu(XeMesimMeg)]*  +0.06 (400) Ch(19d.f), CUf (19¢) u—nitriie bonding an 7 Interactions between the alky
[Cu!(XeMeslmEt)]* +0.09 (500) Cu(19d,f), CU (19¢) group of the nitrile and phenyl units of the cavif{# ¢ Cu(l) is
%gu:8?652:ml\E/Ig)s])l+ ig-g; %ggg 2383330 stabilized in the classical Td configuration, whereas Cu(ll)
U'(Xe m . . . .
[Cu (XeiBUslmMes)]* +0.01 (100) Cu(19f) aglopts the typical SBP geometr_y, slightly distorted, through the
[Cul(XeMesBzImMes)]*  +0.20 (90) Cli(19g) binding of an extra exogenous ligand,®) at the upper access.
[Cu::(XeMesF’yrs)]2+ ,, Epe(im=-160 Cu (199) In solution, for both redox states, the hydrophobic protein-like
[Cu'(XeMesDmema)]2"  Epc(im) =-1.22  Cu(199) pocket of the calixarene controls the exchangeable guest, whose
aRecorded at 0.1 V¢ at a Pt electrode in MeCN/NBRFs. Similar affinity (jepends on hard/soft characters of Cu(ll) _and Cu(l) ions,
values were obtained with the Cu(ll) complexes, when available. respectively. Cu(ll) systems are receptive for various exogenous

f ol ¢ h q h q organic molecules such as nitriles, amides, alcohols, and water.
of electron transfer. Moreover, the redox pathway propose aSCu(I) complexes are insensitive to O-donors (including water),

EI5| (?rgheme 1) led us tg Cond(l;df.e Fhat the hlglhly ]?X|d|2||ng Cu_— and they are also resistant to air oxidation in spite of their labile
() Td state corresponds to a definitive example of a real entatic site. This stands in contrast to the classical model systems that

13,15
sta:;e.th resent article. we have extended this work to thr undergo fast dimerization into Cu(ll) dinuclear complexes upon
e present article, we have extende s work to three exposure to dioxyge.

families of CuNs-calix[6]arene complexes (Figure 1) in order . . ) .
Electrochemical Behavior.The electrochemical behavior of

to evaluate the factors which affect the topological reorganiza- . i
tion when the electron exchange is involved, and thereby the e Cu(l) and Cu(ll) complexes of the calix[6]arene ligands
depicted in Figure 1 has been examined in a series of

structural effects of ligands on the redox properties: (i) cone S ==
size for the pyridine-based calixarene; (ii) electronic effects noncoordinating (CkClz, THF) and coordinating (MeCN,
exerted by different electrodonating N-ligands; (jii) steric PhCN) solvents under an inert atmospherg) (@lovebox (Q
crowding on the top of the cone on diversely substituted = 1 PPM, HO < 1 ppm). In noncoordinating solvents, the
imidazole derivatives. The present results emphasize novelresults for both Cu(ll) and Cu(l) complexes cannot be interpreted

concepts in terms of redox regulation through supramolecular €xcept for the tris(pyrrolidine) compound. For a purpose of
control of the coordination of Cu, relevant to metal in a Cclarty, the observations in those media are presented in the

biological environment. Supporting Information. Actually, the electrochemical behavior
of the copper complexes could only be resolved and analyzed
in MeCN. This behavior can be classified into three categories

The various ligands used in the present studies are depictedcorresponding to the three families of ligands (Figure 1) for
in Figure 1, and references to their Cu complexes are given in which comparative cyclic voltammograms (CV) are presented
Table 1. The unique topology of this first generation of ligands, in Figure 2. Electrochemical data are gathered in Table 1. The
upon binding to copper, constrains the metal inside the cone comparative behavior of both Cu(l) and Cu(ll) compounds
configuration of the calix[6]arene and preserves a binding site, which did not reveal major differences is also presented in the
accessible to small exogenous ligands, deeply entrapped insideéSupporting Information. The redox mechanisms have been
the enzyme-like pockéf 21 All characterization studies (NMR,  elucidated by cyclic voltammetry at different scan ratés (

Results

J. AM. CHEM. SOC. = VOL. 129, NO. 28, 2007 8803
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a) b) Scheme 3. lllustration of the Effect of the Calixarene Substitution
at the Large Rim (Ref 19e)2

E /N vsFc

XgMe3Pics X3YsMesPicy

o a9 aleft: the in tBu substituents close the cavity entrance, thereby
strengthening the guest trapping. Right: their removal opens the cavity and
increases its flexibility, thereby weakening the guest trapping.
redox behavior of the [C(X3Y sMesPics)] ™ complex to that of
[Cu'(XeMesPics)]™ one in MeCN (Figure 2, parts b and a).

EN vsFc EN vsFc Indeed, the removal of thre8u substituents at the large rim
0.3 0.0 -0.3 05 0.0 -0.5 results in an enlarged and more open cavity with a 100-fold
increase of the MeCN exchange rate for the tris(pyridine)Cu(l)
e) complex (dissociative process) as showntHyNMR spectros-
copy and modeling studié&Interestingly, the [C{{X3Y sMes-
Pics)]* complex is characterized by an irreversible oxidation
in MeCN (Supporting Information Figure SI2), contrarily to the
[Cu'(XeMesPicg)] ™ cation. This indicates that the structural
reorganization at the electron exchange site becomes ill-
EIN vs Fe controlled. It seems that the interactionswdCN with the larger
10 00 10 20 cavity of X3Y3MesPics are not strong enough to allow revers-
Figure 2. Cyclic voltammetry at a Pt electrode in MeCN under i (a) ibility. As depicted in Scheme 3, this clearly demonstrates that
[CU' (XeMesPics)], (b) [CU(X3Y sMesPics)] ™, (c) [CU(XeMesmMes)] ™, (d) the size and flexibility of the calix[6]arene cavity must be
[Cu'(XsiBusimMes)]*, and (e) [CU(XeMesPyr)]". Supporting salt: NBy sufficiently adapted to the structure of the guest nitrile ligand
PR v=01Vsk : o ) .
in order to stabilize the geometry of the copper ion, not only in
Tris(pyridine) Complexes and Size of the Host Cone at both of its stable redox states, but also in the intermediate
the Large Rim. The CV of the [ClU(XsMesPics)] " complex in transient species (Scheme 2). Consequently, this adaptive
MeCN (Figure 2a) and that of the Cu(ll) derivative (Supporting process is necessary to observe Cu(ll)/Cu(l) reversible redox
Information Figure SI1) display the same features with a clearly processes in a dynamic mode. This behavior is similar to that
resolved anodic peak &y, = +0.8 V associated to a broad of enzymes whose functionality is governed by the ability for
cathodic process, emphasizing two peaks at-€h5 and+0.2 the host proteic cavity to adapt to and to enclose the guest
V. The two complexes can be interconverted by electrolysis (1 substrate.
e~ exchange). The spectral and electroc_hemical characteri§tics Tris(imidazole) Complexes and Influence of—-OR?! and
of the generated redox states establish the full chemical _\g2 gypstituents at the Small Rim.The interest of the tris-
reversibility of the process. In PhCN (Supporting Information ;miqa70le) derivatives stems from the fact that they are the
Figure SI1), broad and totally irreversible peaks are obseryed most “biomimetic” as the imidazole substituent corresponds to
for the Cu(l) and Cu(ll) (_:o_mpounds. Electrolys_es resu_lte(_j N the histidine residues found in proteic environment. The
the appearance of the oxidized or reduced_spemes, as 'nd'(.:ate%hiological relevance of the tris(imidazole) calix[6]arene copper
by voltammetry and spectroscopy, but required a very long time - -
scale (26-30% after 3-4 h). This can be related to a chemically complexes has begn clearly emphas.lzed by their structural
reversible and very slow process. Thus, as previously proposed features and behavidt.Moreover, this ligand core offers the
’ ‘possibility to explore the impact of steric crowding at the top

the most noteworthy point of this study is the presence of the . .
y P y P of the calixarene cone by varying'&nd R groups at the-OR!

small nitrile as the prerequisite for the observation of a Cu(ll)/ h & NR? imidazol - vely (Fi 1
Cu(l) electrochemical interconversiéhwhereas the bulkier phenoxo an Imidazole moieties, respectlvgy( igure 1).
At last, imidazole has a stronger electron-donating power than

PhCN guest, which was shown to distort thg\¥sPic; conel®® 3 > TR X
pyridine. The generic ligand of the series is the bis(methyl)

leads to a slowing down of the redox process. In order to R ) ) :

corroborate the previous conclusion about the role of thegH ~ derivative with R =R? = Me, i.e., X;MejmMes. It is the less
weak interactions and the influence of the size and flexibility Sterically hindered and thus the most adapted for comparison
of the cone on electrochemical dafaye have compared the  With other families. The CV of the [C(K¢MesimMes)] * cation

in MeCN is presented in Figure 2c. It shows a broad anodic

(22) A similar behavior has been reported in the rare cases of Cu complexes in peak at ca. 0.2 V associated with a well-defined cathodic peak
a hydrophobic environment. See: (a) Carrier, S. M.; Ruggiero, C. E;

Houser, R. P.; Tolman, W. Bnorg. Chem.1993 32, 4889-4899. (b) at —0.1 V. The same pattern is observed for [CtsMes-
Jonas, R. T.; Stack, T. D. Rnorg. Chem.1998 37, 6615-6629. (c) 2+ i

Kuzelka, J.; Mukhopadhyay, S.; Spingler, B.; Lippard, Sndrg. Chem. ImM63)] N The two redox states can be interconverted by
2004 43, 1751-1761. electrolysis (1 €). In PhCN, the [Cl(XsMeslmMes)]t complex
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displays a very broad anodic peak at ¢.7 V. The CV Scheme 4. Effect of the Calixarene Substitution at the Small Rim?

recorded after its slow electrolytic oxidation shows a broad
cathodic peak at ca=0.2 V, similar to the Cu(ll) derivative
redox features. Hence in PhCN, again only a very slow Cu(ll)/
Cu(l) process is observed. The trends in regards to the solvent
effect on the shape of this CV are close to that observed with
the tris(pyridine), since the presence of MeCN is again necessary
for the observation of a pseudoreversible process (Supporting
Information Figure SI3¥3 However, in comparison to the tris-
(pyridine) derivative, a reversed pattern is observed with a well-
defined reduction peak and a composite oxidation peak, which
corresponds to the CV features observed for the classical
pathway A (Scheme P This is in agreement with the
spectroscopic studies which showed that, in contrast with the
tris(pyridine) derivative, the tris(imidazole) system stabilizes Cu-
(11) in an SBP geometAf°but gives conformationaly ill-defined

Cu(l) complexes, except in the presence of a stroragceptor
such as CO%

The behavior of MeCN solutions of the complexes of
diversely substituted (tris)imidazole ligands, [(isR%IMRZ)] T,

emphasizes the impact of steric hindrance on the voltammetric

shape. With the less bulky'Ryroups (R = Me), the CVs of
the complexes, such as [QXisMeslmMes)]* (Figure 2c), reveal

a slow reorganization for the oxidation of the Cu(l) derivative
displaying a broad anodic peak and a large peak sepatafign
(Table 1). Remarkably, for each compound having bukkioR!

or —NR? groups (Et,iBu) or for the tris(benzimidazole)
derivative, the CVs for the Cu(ll)/Cu(l) process reach more
closely the reversibility. They display both well-defined cathodic
and anodic peaks with a lowaE, andi,dipc ~ 1, as shown in
Figure 2d for [CU(XsiBusimMes)]*. Similar observations are
obtained for the [CiXsEtsmMes)] ™ and [Cli(XsMesBzImMe)] *

XgMeslmR?;

XaRlalmMea

2The small—OMe and —NMe substituents confer to the calixarene
structure a large flexibility (top) compared to that of ligands having larger
—OR! groups or—NRZ? groups (bottom) (ref 24).

high reactivity toward @ whereas Cu(l) derivatives of the other
families are insensitive to £¥° The voltammograms of the
[Cu"(XsMesPyrs)]2" complex have been recorded in MeCN
(Figure 2e), and comparison in GEl,, THF, and PhCN is
shown in Supporting Information Figure Sl4. In contrast to the
tris(pyridine) and the tris(imidazole) compounds, this complex
displays essentially the same redox behavior in all solvents. Only
a totally irreversible cathodic peak atl.6 V is observed; it
corresponds to a one-electron reduction of Cu(ll) at the time
scale of CV (Figure 2e). No anodic peak could be detected on
the reverse scan (vide infra). Holding the scan at a potential

hindered complexes (Table 1). This suggests a less importantvalue lower than the reduction peak led to the deposition of
and/or faster coordination rearrangement at the electron ex-Cu(0) onto the surface of the electrode, as indicated by an anodic
change. The electrochemical behavior of the tris(imidazole) redissolution peak. Bulk electrolyses and coulometry, even at
complexes can thus be rationalized in terms of steric hindrancelow temperature, led also to reduction by a two-electron

at the small rim of the calix[6]arene coi&:.9With nonhindered
small rims, the system is highly mobile and flexiBfdeaving

exchange from Cu(ll) to Cu(0). The redox behavior in MeCN
of the [CU'(X¢MesDmema)]?* complex is similar giving an

the Cu free to reorganize its coordination at the electron irreversible cathodic peak, at a less negative potentidl.Z

exchange (Scheme 4, top). Conversely highly bul®R! and
—NR? groups strongly reject the corresponding large tin
substituents inside the cavifyand tend to rigidify the overall

V). This is probably due to a donor effect of the dimethylamine
weaker than that of pyrrolidin®.In comparison to the two other
families of complexes, the tris(amine) derivatives display very

conformation of the system at either redox state (Scheme 4,negative reduction potentials consistent with the stronger

bottom).
Tris(amine) Complexes. For comparison with the other
N-donor ligands, the influence of a cyclic amine, the pyrrolidine,

o-donor character of these N functions.
Experimental and Simulated Voltammetry in MeCN at
Different Scan Rates: Redox MechanismsThe comparative

has been examined (Figure 1). The tris(pyrrolidine) tagged-conebehavior in MeCN for the different families of complexes clearly

XeMesPyr; ligand is a bulkier and stronger donor. The Cu(ll)
complex [CU (XgMesPyrs)(H20),](OTf), displays an SBP struc-

showed that the shape of the CVs and hence the redox
mechanisms are strictly governed by the nature ofNkealix-

ture, and its redox behavior has been compared to that of the[6]arene ligand and are related to the presence of the MeCN
Cu(ll) derivative of a noncyclic and less hindered tertiary amine “shoetree” moleculé? The next step was the determination of

substituted ligand, the tris(dimethylamine)sMesDmema

the reaction pathway of the Cu(ll)/Cu(l) electron-transfer

(Figure 1). For both ligands, several attempts to isolate the Cu- processes in MeCN for each family of complexes with the aim

(1) derivative failed. Moreover, Cu(l)/ligand mixtures displayed

to understand the role played by the supramolecular organization
of the Cu coordination. In the case of tris(pyridine) and tris-

(23) In some cases, especially for the Cu(l) compound, a second system can bg(imidazole) compounds, the same procedure has been followed

observed at a higher potential of €0.8 V, but this system is irreproducible
in intensity. It is attributed to partial decomplexation which has been
emphasized by NMR studies. See ref 19e.

(24) The impact of the nature of theOR! and —NR? substituents on the
conformation and flexibility of the calixarene structure for the different

complexes has been the subject of detailed NMR and modeling studies on (26)

CUuCO complexes. See ref 19d.

(25) The high reactivity of the transient instable Cu(l) species towardsa®
been emphasized by a very high sensitivity of the CVs to the presence of
O, at a very low partial pressure.

The [KJ's of pyrrolidine and tris(methyl)amine are, respectively, 11.27 and
9.10.
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a) E.A b) E.A Table 2. Kinetic and Thermodynamic Constants Obtained by
E B pe pe Fitting Experimental CVs of Cu-Ns-Calix[6]arene Complexes by

scan rate
increase

scan rate
increase

pa EN vsFc Epa E N vsFe
12 08 04 00 -04 0.3 0.1 0.1 03
A
Epc

d)

E_B EN vsFc Epa EN vsFc
T2 08 04 00 -04 03 01 01 03

Figure 3. Experimental (top) and simulated (bottom) CVs at different scan
rates (0.01< v < 1 V s1) of [Cu'(XeMesPics)]?" (Panels a and c,
respectively) and [Cull(¥MesimMe3)]2* (Panels b and d, respectively) in

MeCN, at a Pt electrode under,NSupporting salt: NBiPFs.

Scheme 5. Dual-Pathway Square-Scheme Mechanism for the
Cu-Ns-Calix[6]arene Complexes in MeCN (Adapted from Ref 3):
Representation of the Two Microscopic Redox Processes
Associated with the Topological Reorganization

“classical” pathway A

+e
E%
K1 = k11"'k_1
ko ll ks
2| e Ko=kolky — F1 [g"
+ e
E%
Cu(ll) Td Cu(l) Td
}

"constrained" pathway B

as in our preliminary repofg cyclic voltammetry at variable
scan rates (0.0k v < 1 V s1) was analyzed by Digisim

simulation in the framework of a square-scheme SBPTd

Digisim

parameters XeMe3Pics XsMesimMes
E%/V vs Fc +0.26(0) +0.00(5)
koa/cm st 1.0x 1073 2.0x 1073
E%/V vs Fc +0.65(0) +0.16(0)
kog/cm st 1.0x 1073 1.5x 1073
K1 8 x 10° 1.7
ka/s™1 2.0x 10 4.3
k_y/s71 0.025 2.5
Ko 0.16 4.1x 1073
ko/s™1 11.2 367
k_o/s71 70 8.9x 10

of the experimental CVs could be performed, and alternative
mechanisms are proposed. Figure 3a displays the experimental
CVs of the [CU (XsMesPics)]2" dicationic complex at different
scan rates. At low scan rates, a quasi-reversible system is
observed aE% = +0.65 V,AE, = 300 mV. Asv is increased,

the anodic part of the CV becomes broad, while the reduction
cathodic peak remains well-defined. A cathodic peak appears
at E,& = +0.20 V, becoming predominant over the peak at
E,& = +0.50 V. Such situation reveals the existence of an
equilibrium in solution (GeE process) at the Cu(ll) redox state.

A fourth peak atE,s* ~ +0.3 V, corresponding to the reverse
peak of Epdt, is detected only at higher scan rates> 1 V

s™1) as it is the usual case with that kind of systemslhe
behavior of the Cu(l) complex is equivalent to that of the Cu-
(1) one!® The intensity of the anodic peadj?® is linear with

v12, and on starting from the Cu(l) complex, the peal€af
could not be detected even at very low scan rates: this indicates
the absence of a CE process. As shown in Figure 3c, the CVs
can be simulated with a satisfactory fit. The resulting thermo-
dynamic K; = ki/k-; = 8 x 1) and kinetic k; = 2 x 10

s71) parameters indicate a high instability of the Cu(l) ion in
the SBP conformation with fast conversion into the Cu(l) Td
conformation (Scheme 5). This was also evidenced by the
absence of the oxidation peBk*. On the other hand, the value
obtained for the thermodynamic constait (K, = ko/k—, =
0.16) shows that the two geometries, Td and SBP, of the Cu-
(I) complex can coexist in equilibrium, the latter being slightly
more stable. This is characterized by the presence of two
reduction peaksHp and E,®) at high scan rates on the
experimental CVs. This behavior corresponds to the unclassical
route B mechanism, in which Cu(l) is strongly stabilized in a
Td environment and has lost its conformational adaptability.
Instead the crossing of geometries (SBPTd) is observed for
Cu(ll) during the electron transfer.

As for the [CU (XsMeslmMes)]2" ion, Figure 3b emphasizes
the strong effect of the N ligand, comparatively with the
[Cu"(XsMesPics)]?T compound: the situation is reversed back
to the classical situation. At any scan rate, a single well-defined
reduction peak &, = —0.10 V is observed. Its peak current
is a linear function of the square root of the scan rate, indicating
that the cathodic reaction is limited by the diffusion of a Cu(ll)

mechanism (Figure 3). It was adapted from Rorabacher’s species and not affected by a CE mechanism. The ill-defined

mechanisri (Scheme 1) to the ClNs-calix[6]arene complexes

shape of the CV (function of the scan rate) is now in the anodic

(Scheme 2) leading to Scheme 5. The kinetic and thermody- part, with two convoluted oxidation peaks B ~ +0.1 V
namic parameters obtained from the data fittings are listed in and E,2 ~ +0.2 V. Forv < 0.1 V s'1, the peak aEpd is
Table 2. For the hindered tris(imidazole) compounds, reversible predominant, but an increase ofavors the appearance of the
systems have been obtained, and for the tris(amine) only thesecond oxidation peak Bp2. This indicates that the two species
total irreversibility is observed. Thus, in these cases, no fitting in equilibrium at the Cu(l) redox state can be detected. An
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a) b) Scheme 7. Proposed Redox Process for the [Cu'(XsMe3sPyrs)]2*
Complex in MeCN

+ _
EN vsFc E NV vs Fc & [Cu'(MeCN) 1" ?3- [Cu’(MeCN)4]
05 0.1 03 02 -04 1.0 -1.6 22

Figure 4. Cyclic voltammetry of (a) [Cl{XsiBusimMes)]* and (b) [CU (Xe-
MesPyrs)]?+ in MeCN at a Pt electrode under; Mt different scan rates
(0.01< v < 1V s, Supporting salt: NBiPFs.

induces a flattened cone conformation in which ttB-
phenoxyl units are strongly constrained in alterrnatandout
Scheme 6. Representation of the Steric Effect on the ] position relative to the cavity. Such a rigidified macrocyclic
%r’rt';ﬂ’e"gitrf&:; F&iI(Cﬁsrfaeuiﬁnféi’)ﬁ’fﬂf'ﬂ‘egNRwOX Mechanism structure imposes a trigonal environment to the metal center
with a relatively closed cavity entrapping MeCN. With bulky
—NR? groups, a same conformation can also result from an
equal effect on the othéBu-phenoxyl groups. Thus, as depicted
in Scheme 6, the best proposition for the mechanism of electron
transfer for the bulky ORMR2 complexes is a pathway in which
the reorganization remains limited to the exchange of an axial
exogenous ligand, Cu(ll) TBP- Cu(l) TP (trigonal pyramid§.
This is a very low-energy process. As a matter of fact, such
mechanism can be considered as a process in which only one
microscopic system of the square-scheme is at work, the
topological reorganization remaining extremely limited.
Finally, for the tris(pyrrolidine) and tris(dimethylamine) Cu-
(i) complexes, only a totally irreversible cathodic peak is
observed. Its intensity remains linear wit# (Figure 4b). Very
equivalent redox behavior was obtained with the'[&eMes- low scan rates generate a redissolution Cu(0) peak, and higher
ImMe3)]* complex: at low scan rates the peak Bg is scan rates produce an anodic pealEgt= —0.2 V, which is
observed, and at higher scan rates a shift of the equilibrium ascribed to the oxidation of a Cu(0) transiently stabilized
favors the appearance Bf.°. However, it does not allow the ~ decomposition specié$.This observation leads to the conclu-
observation of the corresponding cathodic p&ale for the sion that reduction of Cu(ll) into Cu(l) in this complex involves
reduction of the Cu(ll) complex, indicating that this species is a fast decoordination of the metal. This is corroborated by the
clearly unstable at the time scale of the experiment. The quasi-failure to isolate the Cu(l) derivative by a synthetic procedure:
reversible process, observed at low scan rates corresponding tit can be explained by the strong stabilization of the Cu(ll)
the potential at equilibrium, has thus skipped fr&fa for tris- complex which renders the Cu(ll)/Cu(l) redox potential so
(pyridine) to the more negative of the microscopic processes negative that it is impossible to generate a stable Cu(l) complex
E% = 0.00 V. The parameters deduced from the fitting of the prior to the reduction of copper to the elemental stads.
CVs (Figure 3d) attest the intuitive interpretation of the CVs comparison with the two other families of Q\g-calix[6]arene
concluding to a Cu(l) adaptable to a four- and five-coordinated complexes, (i) the insensitivity of the CVs of the tris(amine)
geometry k; = k-1, Ky = 1.7). Conversely, the Cu(ll) complex  complexes to the effect of the presence of nitrile, (ii) the fact
shows a preferential stability for a five-coordinated SBP that strong electron donor N ligand weakens the—Gitrile
conformation K, = 4.1 x 1073) with a kinetic barrier for the interactionsi?dfand (iii) the parameters from the EPR data lead
SBP— Td rearrangement of the Cu(llj(<< k-,). This kinetic us to conclude that these Cu(ll) complexes have a distorted four-
barrier orientates the mechanism toward the pathway “A” which coordinated SP geometry with very weak MeCN interactions
is the classical route for copper complexes in an unconstrainedwhich vanishes after reduction. It thus appears that the redox
environment (Scheme 5). pathway for the tris(amine) complexes is best represented as in
The set of CVs of the [C(XsiBusimMes)]* complex at Scheme 7.
different scan rates in MeCN appear completely different. It is
similar for the other sterically hindered compound$,-REt,

R? = Et, iBu (Table 1). As shown in Figure 4a, the system at  The CuNs-calix[6]arene funnel complexes have demonstrated
E°=+0.10 V (AE, = 100 mV at 0.1 V s?) remains reversible  earlier their ability to reproduce Cu biosites in structural and
and almost unaffected by the scan rate. Hence, Contrarily to thespectroscopic term€-21 Electrochemical studies of Comp|exes
precedent case, the reorganization requires a very low activationyith various substituted N ligands have been performed in
energy. Indeed previous structural (XRD) and spectroscopic different organic solvents. They unravel the diverse factors of
(NMR, EPR) studies have shown that, when tris(imidazole) the supramolecular organization of the coordination regulating
compounds are sterically hindered, the geometry is generally the redox properties of these systems. The first observation was

enforced toward trigonal bipyramid (TBP) (Scheme“8Y.As that the presence of MeCN, buried inside the cavity, is a
emphasized in Schemes 3 and 4, this is explained by the fact

that steric repulsion between theOR! and —NR? groups (27) Bond, A.; Khalifa, M. A.Inorg. Chem 1987, 26, 413-420.

Discussion
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Scheme 8. Supramolecular Concept of the “Shoetree” Molecule the dual gating of electron transféfg Indeed, the strength of
Ef”tsh“e”r(':gu(tn)elc%‘zsr?{"eg:’éztr']?znagg;hgrgggsrg'”at'on at Every Stage the Cu-nitrile interaction is function of the-donor character
of the N ligand. Together with the CHr anchoring interactions

N ('7' of the inner MeCN, these two forces counterbalance to

discriminate between preferential copper geometries. With the
weaker donor pyridine, which adds a steric crowding on the
upper rim, the anchoring interactions prevail and generate an
inward supramolecular stress on the metal. This strongly favors
the Td geometry at every stage of the redox process, even at
the metastable Cu(ll) state (Scheme 9). The electron transfer is
thus favored through pathway B. This generates transiently a
Td Cu(ll) with an enhanced oxidizing power through route B
(Scheme 5), as equalized to the more anodic microscopic
potentialE% (E% — E° = 0.4 V, Table 2), rationalizing the
electrocatalytic oxidation of phenol by this derivati?&Indeed,
this observation corresponds to a definite entatic state as
originally stated by Vallee and Willianfs115.16b

With the stronger donating tris(imidazole) ligand, the-Cu

prerequisite for the quasi-reversible behavior in a dynamic mode
for most of the complexe®. The second simple observation is
that the stronger the electron-donating ability of the N ligand,
the more negative is the Cu(ll)/Cu(l) redox potential, which is
an expected effect for the series: pyridinebenzimidazole>
imidazole> diMeamine> pyrrolidine (Table 1). However, the
complexity of the electrochemical behavior evidenced that the
influence of the N ligand on the overall redox behavior was ; ) TS -
much more subtle. Nim bond is strengthened and the -€uitrile interaction
The spectroscopic and structural properties have pointed outfcompe;]ratlvely w_eakened. This Z"OWS the Cu(ll) 'ﬁn to rellev_e
the importance of the entrapped MeCN molecule to stabilize a rom the _ca\(|ty Inner _stress and to impose tq the sy_stem_lts
defined conformation for the calix[6]arene through weak-GH preferential five-coordinated SBP geometry by interaction with

interactions between the methyl of the inner MeCN andBue an upper exogenous ligand (Scheme 9). Hence, in this case,
. - the electron pathway is gated through the classical route A

henoxyl of the calixarene cone. These properties largely support : . .

b y prop gely supp (Scheme 5). In turn, this determines the lowest of the micro-

the electrochemical observations indicating that the presence . =0 =0 o

of this guest ensures not only the fixed coordination of the two fﬁiOp'C r;e(ilo:(( EOt?m'alE ? c(jEQ <<t EntBl lTa}bIe ?‘ 6A(c)tL\J/aI\I/y,r

stable redox states, but as well and more importantly, a coheren S cod pie spl_a};s a eldo bpo e'd ac c(;se 0 t € _sgjls

host-guest interaction of the compound at the transient states ¢, and no reactivity gdo u € evidenced except reversiole
binding of CO by Cu(I):°d Hence, it appears clearly that in the

during the reorganization process whether or not the metal . .
remains coordinated to the nitrile (Scheme 2). Indeed,-host framework ofthe square-schemg .mechanls.m, the redox potgntlal
guest interactions between MeCN and calixarenes in the absencé® not regulat.ed pnly by the ba}s!c!ty of the "9"’.‘“"- The effective
of metal have already been obser#&dhis proposition has redox potential, in terms of oxidizing or reducing power toward
been corroborated by the observation that when the calixarenethe substrate, is also determined by the route of electron transfer,
cone is enlarged and opened, the € interactions are A or B, as it is then close to that of one of the microscopic
) 0 o . :

lowered, no more dynamic reversible behavior is observed. It rgt(:]ox proc(jesssf A ver;dust!E B, thus favosrmhg, resfr))e_(l:_tnk/;lely,z
thus appears that the crucial factor for the topological reorga- ©''"'€" @ FedUction or-oxidation process ( >cheme o, Table _)'
nization process is the structural role played by the MeCN guest Some of the derivatives of the tris(imidazole) family evi-
molecule through CHx weak interactions to enforce a cone denced an alternative redox pathway indicating contrarily to the
conformation. The transmission of the structuring forces by a former complexes a we;ak enerzgeUc reorganization. Steric
bottom-up process from the cone through the N functions to "epulsion between theOR" or —NR® substituents on the upper
the copper allows its conformational adaptability along the rim drives the three correspondiriBu-phenoxyl groups into
overall redox process. anin position which stabilize<Cs-symmetrical TBP/TP con-

This leads us to propose the supramolecular concept of aformation.s (Schemes 6 and 9)'. As compared to the former, this
“shoetree” molecule (Scheme 8). Indeed this concept is quite 9088 not influence the potential but was shown previously to
equivalent to the “induced fit” biological process by which the €nhance the stability of the CO addét.This observation is
functionality, here the redox dynamics, is reached through a @0 interesting illustration of a distant effect from the top to the
responsive host/guest adaptation proéés. bottom of the molecule. The entrapment of the inner ligand in

This concept is largely corroborated by the comparative the cavity in an axial configuration limits the reorganization
behavior of the tris(pyridine) and tris(imidazole) complexes. process at the electron exchange to the binding of the exogenous

Their electrochemical study assisted by computational simulation uppeg axial ligand. Th"?‘ remot(_a steric effe(_:t of theR" or

has clearly highlighted that the redox process is under control VR 9roups of the calix host ligand, resulting in a control of
of the dual-pathway square-scheme mechanism emphasized b'® Cu(l/Cu(l) process, appears remarkable as related to
Rorabacher as typical for the Cu(Il)/Cu(l) systems. Remarkably, allosteric effects for substrate recognition and protein foldings.
in the present study we have been able to establish that the route Finally the tris(amine) family displayed another type of
of electron transfer is controlled by the N ligand. Actually both behavior. As emphasized by the electrochemical behavior, this

pathways A and B (Scheme 5) are fully evidenced illustrating ligand is a sufficientr-donor to inhibit the effect of an inner
Cu—nitrile bonding. This is proposed to favor an SP or SBP
(28) (a) Arduini, A.; Giorgi, G.: Pochini, A.; Secchi, A.. Ugozzoli F.  configuration as shown in Scheme 9. In combination with the
Tetrahedron2001, 57, 2411-2417. (b) Bonechi, C.; Donati, A.; Martini, ; i P [P TRET
S.; Rossi, C.; Arduini, A.; Pochini,(A).; Lonetti, B.; Baglioni, B. Phys. strong donatm_g effect of the N Il_gands, thls_’ specn‘_lcny_lnduces
Chem. B2004 108 7603-7610. a very negative Cu(ll) reduction potential. This disfavors
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Scheme 9. Preferential Geometries Imposed by the Balance of the CH—x Weak Interactions (Red Lines) and Electronic Forces (—) of the
N Ligands: Supramolecular Control of the Cu Coordination in the Cu-Ns-Calix[6]arene Complexes in the Presence of MeCN

XgMe3Pyr, XgiBuzlmMe;  XgMeslmMe; XgMesPicy Ligand

~* >

Electronic and
supramolecular
effects on the
coordination

N
Ny Resulting
N, geometry of the
Cu Cu complex

) I
I I i Euz (CuTiCU) Redox regulation
1.6V 04V 07V
Substrate
02 co PhOH activation

strongly the Cu(l) state for which the Td arrangement cannot dence that the Cu(ll)/Cu(l) process is an interesting probe for
be reached due to steric repulsion and to the absence of thehe understanding of the complex protein functionality, espe-
inner nitrile. In turn, comparatively with the other complexes, cially when Cu is surrounded by a hydrophobic patch controlling
this supports the high reactivity of the Cu(l) transient species the secondary sphefé:!®
toward Q. More generally, it is interesting to consider how the copper
metal chemistry can be exploited through its electronic/
geometric specificity in the duality of a “redox fuel” energetic
As outlined in the introduction of this work, the supramo- machine: either as an energetic accumulator (entatic activation
lecular control of the second coordination sphere of the Cu active of substrates) when a structural stress is at work, as in the present

site by the protein matrix is crucial for the orientation of the case, or as a molecular motor, when the structural reorganization
functionality of the Cu(ll)/Cu(l)-based systems. Two major js free of constraint®

effects of the matrix are proposed to regulate this functional- ) )

ity: (i) constraints on the coordination of the metal as to regulate EXPerimental Section

the electronic and, hence, redox properties and (ii) control of  Synthesis.According to the references cited in Table 1, the ligands
the host/guest interactions (molecular recognition) between thewere reacted with either 1 molar equiv of [Cu(MeG®Fs or [Cu-
substrate and the hydrophobic proteic chamber (access channdH:20)](2)2 (Z = ClO4 or CRSG;) to produce a complex of general
and reaction site). Not so many low molecular weight synthetic formulas [Cu($MesN3)L]* and [Cu(>MesN3)(H20)L]**, respectively.
systems have been developed so far as to reproduce thesf ea_ch case, the metal ion is coordipated to all three aming groups of
features for the sake of the understanding of these supramo-the ligand and to an exogenous labile moIeguIe_ L_(whlch is (_elther a
lecular regulating factors. The present electrochemical study of SC\Vent molecule, kD, or MeCN). The latter sits inside the calix[6]-
various substituted Chis-calix[6]arene complexes associated arene pocket and can be selectively exchanged for other small

ith | . imulati d d b . coordinating molecules.
with voltammetric simulation, and supporte Yy previous Synthesis and Characterization of [CU (XsMesPyrs)(H20),]-

spectroscopic and structural characterization, demonstrates thafory),  [cu!(XgMesPyr)]PFs, and [Cu' (XsMesDmemay)](OTH) 2.
these funnel Comp|exeS fulﬁ“ these SpeCIflca'[IOI’lS Hence, they Under an inert anhydrous atrnosphere2 (ch box)’ equimo|ecu|ar
can be considered as exemplary supramolecular structuralquantities of the ligand 3VesPyr; (for synthesis and characterization,
models for monocopper enzyme redox-active sites. Remarkably,see ref 19h) and Cu(OTfjvere mixed in dry acetone to yield a green
the conception of these systems illustrates how the supramo-powder. After dissolution and filtration in THF, then precipitation by
lecular organization of the coordination is connected to the pentane, a light green product was obtained. Elemental analysis is in
regulation of the redox kinetics and thermodynamics and how agreement with a general formula [GXeMesPyrs)(Ho0)](OTf).:
this connection leads to preorganization for substrate activation¢@/cd C 61.3, H 7.5, N 2.6; found C 61.1, H 7.25, N 2.82.
(Scheme 9). The biological relevance with observation made LOW'teTperature_EPR in GEN ShOWEd a spectrum .ng" =2.23

. . . . . andgg = 2.05 @&, = 175 G). A UV—vis d—d transition is observed at
on copper proteins for redox regulation by protein foldings is

all kabR Th b . bl .~ 680 nm ¢ = 82 M~! cm™1). These features are typical of a cupric
especially remarkabt€. These observations are tangible evi- mononuclear complex in a square-based conformation. ES-MS spectra

recorded either in MeCN or Ci&l, only displayed the parent peak

Conclusion

(29) (a) Winkler, J. R.; Wittung-Stafshede, P.; Leckner, J.; Malins{B. G.;
Gray, H. B.Proc. Natl. Acad. Sci. U.S.AL997, 94, 4246-4249. (b)
Wittung-Stafshede, P.; Hill, M. G.; Gomez, E.; Di Bilio, A. J.; Karlsson, (30) (a) Rhaem, L.; Sauvage, J.Ftruct. Bonding2001, 99, 55-78. (b) Kay,
B. G.; Leckner, J.; Winkler, J. R.; Gray, H. B.; MalmatnpB. G.J. Biol. E. R.; Leigh, D. A.; Zerbetto, FAngew. Chem., Int. E®R007, 46, 72—
Inorg. Chem 1998 3, 367—370. 191.
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corresponding to the unmodified ligand. This observation likely arises
from Cu(ll) to Cu(l) reduction during the ionization process followed
by a quick decomplexation. Any attempt to obtain crystals for X-ray
characterization failed.

For the synthesis of the [AXsMe;sPyrs)]PFs compound, no pure
product could be obtained. This is likely due to the poor coordinating
ability of this ligand toward Cu(l) complexation. Nevertheless a product
has been isolated from an equimolecular mixture of the ligand and [Cu
(MeCN)]PFs in THF and precipitation by pentane in extremely inert
and anhydrous conditions. This solid exhibits a mass p#ak= 1369
corresponding to the expected cation [BgMesPyrs)] ™ (CsrH12dN306-
PRCu: mass, 1514). Contrarily to most of the other compounds of
the Ns-calix[6]arene Cu(l) series, this compound revealed to be
extremely sensitive toward @nd HO, which is indicative of a specific
reactivity. It is noteworthy that after reaction with, @ the presence

process. The fits have been performed with the Digisim 3.1 software
using a double GE approximation as the reference mechanism (the
electrochemical reactions are based on Butléslmer kinetics). The
confidence level for all varying parameters is superior to 68.3%.
Diffusion coefficients have been estimated at 2076 cn? s™%. Surface
area (0.024 ci) was determined by previous electrochemical experi-
ments. The redox potentials in both geometrig%, and E%, were
extracted from the experimental CVs. Uncompensated resistance (100
Q) and double-layer capacitance (:B) have been incorporated in
the fits calculations. The best fits between the experimental and
simulated sets of curves have been obtained for the tris(pyridine) and
tris(imidazole) compounds when fixing, respectively, the symmetry
coefficienta to 0.62 and 0.60 for the Cu(ll)/Cufy system, 0.28 and
0.61 for the Cu(ll)/Cu(l§gpr system. Preliminary simulations were
performed to verify that the value of this parameter (8.1 < 0.9)

of traces of HO, a species with an EPR spectrum close to that observed did not affect significantly the thermodynamic and kineti¢sand k

for the isolated Cu(ll) derivative was obtained. The [CtsMes-

values. The “nonideal” values#0.5) obtained forr indicate that the

Dmema)](OTf). complex was synthesized as described above for the requction process is kinetically disfavored in the SBP geometry for
pyrrolidine derivative and exhibited similar spectroscopic parameters e tris(pyridine) compoundo(= 0.28) and slightly favored for the

[Amax = 685 nm in MeCN/THF g, = 2.26 andg; = 2.06 A, = 175
G)l.

Electrochemistry. The electrochemical studies of the copper
complexes have been performed in a glovebox (Jacomexy (Dppm,
H,O < 1 ppm) with a home-designed three-electrodes cell (WE, Pt;
RE, Ag; CE, Cu). The potential of the cell was controlled by an
AUTOLAB PGSTAT 100 (Ecochemie) potentiostat monitored by a
computer. All solvents used (GBI, THF, MeCN, PhCN) have been
distilled and kept under N The supporting salt, NB®F;, has been
purified, dried under vacuum for 48 h at 100, then kept under Nn
the glovebox. All experiments have been performed with solutions of

1072 M in electroactive species. It has been checked that the behavior

was not different for different values of concentration{510* < C
< 3 x 1078 M). It has also been verified that the ligands are not

electroactive in the selected domain; the free ligands and/or Zn

complexes gave irreversible oxidation at potentials higher thar2

tris(imidazole) compoundo( = 0.61). In the Td configurationo{ =

0.62 and 0.60), this process is also favored for both compounds.
Particularly, the low value ak = 0.28 describes a kinetically disfavored
reduction process for the SBP complex. This may be due to the loss of
the exogenous ligand from the Cu(ll) species in the electron-transfer
reaction (chemical step not included in the presented fitting model).
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Supporting Information Available: Figure for the compara-

V. The experimentally measured ohmic drop (current interrupt method) tive behavior of the [Ci{XsMesPics)]* and [CU! (X eMesPics)]**
was included in the simulation procedure as uncompensated solutioncomplexes in different solvents (MeCN, @El,, THF, and

resistance.
Simulation Procedure. The voltammograms have been simulated
with a first-order reaction approximation. Although the coordination

number of the studied compounds is not invariant during the electron-

PhCN), figure for the behavior of the [GX3Y3MesPics)]™
complex, figure for the [Ci¢XsMesimMes)]+ and [CU (XsMes-
Pyr)]?* complexes in the different solvents. This material is
available free of charge via the Internet at http://pubs.acs.org.

transfer process, the ligand exchange has been neglected in terms of
kinetics and the conformational rearrangement considered as the limitingJA0O71219H
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