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Abstract: By applying the three-dimensional template effect of copper(l), previously used for making various
interlocking ring systems, a new disymmetrical [2]-catenate has been made which consists of two different interlocking
rings. One ring contains a 2,9-diphenyl-1,10-phenanthroline (dpp) unit whereas the other cycle incorporates both a
dpp motif and a 2,26',2"'-terpyridine (terpy) fragment, the coordination site of these two chelates pointing toward
the inside of the ring. Depending on the oxidation state of the central metal (Cu(l) or Cu(ll)), and thus on its
preferred coordination number, two distinct situations have been observed. With monovalent copper, the two dpp
units interact with the metal and the terpy fragment remains free, at the outside of the molecule. By contrast, when
the catenate is complexed to divalent copper, the terpy motif is bonded to the metal and it is now a dpp ligand which
lies at the periphery of the complex. This dual coordination mode leads to dramatically different molecular shapes
and properties for both forms. The molecular motion which interconverts the four- and the five-coordinate complexes
can be triggered chemically, electrochemically, or photochemically by changing the oxidation state of the copper
center (Il/). The process has been studied by electrochemistry and by UV-vis spectroscopy. Interestingly, once the
stable 4-coordinate copper(l) complex has been oxidized to a thermodynamically unstable pseudo-tetrahedral copper-
(I) species, the rate of the gliding motion of the rings which will afford the stable 5-coordinate species (copper(ll)
coordinated to dpp and terpy) can be controlled at will. Under certain experimental conditions, the changeover
process is extremely slow (weeks), and the 4-coordinate complex is more or less frozen. By contrast, addition of a
coordinating counterion to the medium (¢lenormously speeds up the rearrangement and leads to the
thermodynamically stable 5-coordinate complex within minutes.

Introduction of research, in which catenanes and other related systems
o . . containing rings threaded by stringlike molecules (rotaxanes and
The fascination exerted by catenanes stems mainly from their yseydo-rotaxanes) are particularly promising, is that of the so
unusual topological properties (nonplanar molecular graphy, called “molecular machine®’or molecular assemblies whose
it also originates from the potential novel properties displayed shape, physical, chemical, and dynamic properties can be
by molecular systems containing virtually nonconstrained -qontrolied by using an external signal. The general idea of
constitutive elements, such as interlocking rings able to glide jhqycing a profound molecular rearrangement by reducing or
freely within one another. Although catenanes have been known , _ _ _
for several decadésheir chemical and physical characteristics 21(33)7@'_%’7?." zﬁg’i%éf’a;teé;l.Hé;lﬁ%irginnﬁf'ggg{ ijlsog%%a R
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oxidizing a constitutive element of a chemical system is certainly

. .. o . . -e
of great interest in itself, but it is also related to biological DoKX — N 1%
systems. Many proteins undergo dramatic conformational

changes in relation with their biological action although electron- .
transfer proteins undergo very limited changes. Recent work ‘@FT b l
has stressed the importance of redox processes in folding

unfolding reactions of redox proteins incorporating heme groups

and acting as electron-transfer agents (cytochrédmamong A~ e .0
synthetic systems, a non-catenane example mimics the action - ‘ -~
of a brake by using the coordination properties of a fragment

of the compound to slow down a rotation process about a C-C Figyre 1. The linkage isomerisms subsequent to modification of the
bond! A two-coordination site ligand has also been used t0 metal center oxidation state. The white and black circles stand,
demonstrate that hopping of a metal center (Fe(ll) or Fe(lll)) respectively, for Cu(l) and Cu(ll), whereas the chelates (bi- or terdentate
between two remote positions in the compound can be inducedcoordinating fragments) incorporated in the rings are drawn with bold
by simply oxidizing or reducing the metél. broken lines. Once the Cu(l) complex gathering two bidentate chelates

Other elegant examples based on catenanes, rotaxanes, ari@ oxidized, the resulting Cu(ll) complex undergoes a changeover
rotaxane-like systems exhibiting doreacceptor interactions ~ Process Ie_adlng to tht_a catenate second coordlnatl_on mode, basgd on
have recently been describddThey make use of chemical, ~COTPlexation of a bidentate and a terdentate ligand. Reversibly,
electrochemical, or photochemical properties to induce confor- reduction of_ th_ls cor_nplex reg_enerates the original coordination mode,

8 ’ o) through a similar gliding motion of the rings.

mational changes. Recently, a transition metal-bonded [2]-ca-
tenane has been described, which undergoes a complete
changeover process (gliding of one ring within the other) under
the action of an electrochemical sigdaWe would now like
to report the synthesis of the compound, its electrochemically
and photochemically driven motions, as well as the effect of
various experimental factors, such as nature of the solvent or
coordinating ability of the counterions used, on the rate of the
molecular rearrangement.

This square scheme reminds of the one obtained by Sano
and Taube for ruthenium complexes showing linkage isomerism
with sulfoxide ligands! Thanks to their very different phys-
icochemical properties, e.g. redox potentials, those complexes
show cyclic voltammograms characteristic of a molecular hys-
teresis phenomenon. Other transition metal complexes have also
been shown to undergo rearrangement following reduction or
oxidation of the metal centéf. Similarly, our compound is an
example of hysteresis at the molecular level, but as we will see
later, the isomerism kinetics are even slower in our case. This
Design and Synthesis of the CatenaneThanks to the  hysteresis property could be of great interest in the field of
topological link existing between its two constitutive rings, a information storage.
[2]-catenane can adopt several geometries, defined by the oyr gisymmetrical catenane consists of two different rings
respective positions of both rings, while keeping its global (rjgyre 2): one includes the classical bidentate chelate, 2,9-
topology unchanged. Th|§ makes it a potential multistable diphenyl-1,10-phenanthroline (dpp) and a polyethyleneglycol
molecule, the interconversion from one stable state to the ”ethragment, the other comprises a dpp moiety and a terdentate
one consisting of the gliding motion of one ring into the other. ligand, 2,2:6',2"-terpyridine (terpy), both units being linked by

As illustrated by previous work in our grodfa catenane can  yhree methylene groups. Both macrocycles have a 33 atom-
also sometimes act as a ligand and form stable complexes withjong inner rim in order to minimize steric hindrance toward

several transition metal atoms such as copper, cobalt, ZinC....qtation of one ring through the other. In order to distinguish

We thus synthesized a copper caterfdte, a copper complex e different coordination modes, we introduce a notation

whose organic backbone is a [2]-catenane, able to adjust itsjgicating the oxidation state of the metal and the number of
coordination geometry to the oxidation state of the metal by nirogen atoms surrounding it in each case: the tetrahedral
changing the respective position of its rings. This catenane complex is noted C#YN, and the 5-coordinate one () Ns.

offers two different coordination sites to the metal, each one e catenate is obtained as a Cu(l) pseudo-tetrahedral complex
stabilizing a different oxidation state: a tetrahedral site consist- (CUNJ) using a two-step procedure, as shown in Figure 2.

ing of two bidentate chelates favors Cu(l), whereas a 5-coor- =, 0o q0 precursor is synthesized by complexation of a
dinating atom site, consisting of bidentate and terdentate chelate%u(l) cation by an acyclic dpp unit and a macrocycle consisting

stabilizes Cu(ll). Consequently, oxidation or reduction of both of a second dop motif. The sequential addition of the metal
stable states generates a “metastable” compound, which rear-__ pp . 4 o
ranges through a gliding motion of one ring into the other cation to a solution of the macrocycle, followed by addition of

leading to the complex which best fits the new coordination the open ligand, prevents forr_natlon of a mixture of complext_as,
geometry of the metal center. These linkage isomerisms are"’moI E.IHOWS quantitative obten_tlo_n of the precursor.. The reaction
illustrated in Figure 1. of thl_g complex with the missing fragment in high dllutlpn .
conditions leads to the desired catenate. The copper cation is
(6) Bixler, J.; Bakker, G.; McLendon, G. Am. Chem. S0d.992 114, used as a template, its tetrahedral coordination geometry

?ggg‘;ffgiszgfi’%%% T.; Chesick, J. P.; Winkler, J. R.; GraySélence  jnducing the threading and the subsequent interlocking of the
(7) Kelly, T. R.; Bowyer, M. C.; Bhaskar, K. V.; Bebbington, D.; Garcia, two rings.
A.; Lang, F.; Kim, M. H.; Jette, M. PJ. Am. Chem. S04994 116, 3657

Results and Discussion

3658 (11) Tomita, A.; Sano, MlInorg. Chem.1994 33, 5825-5830 and
(8) Zelikovich, L.; Libman, J.; Shanzer, Mlature 1995 374, 790— references cited therein: Sano, M.; Taube,JHAm. Chem. Sod99],
792. 113 2327-2328..
(9) Livoreil, A.; Dietrich-Buchecker, C. O.; Sauvage, JJPAm. Chem. (12) Geiger, W. E.; Salzer, A.; Edwin, J.; Von Philipsborn, W.; Piantini,
Soc.1994 116, 9399-9400. U.; Rheingold, A. L.J. Am. Chem. S0d.99Q 112 7113-7121. Katz, N.
(10) Dietrich-Buchecker, C.; Sauvage, J.Tetrahedron199Q 46, 2, E.; Fagalde, Flnorg. Chem.1993 32, 5391-5393. JoulieL. F.; Schatz,

503-512. Dietrich-Buchecker, C.; Kintzinger, J. P.; Sauvage, J. P. E.;Ward, M. D., Weber, F.; Yellowlees, L.J. Chem. Soc., Dalton Trans.
Tetrahedron Lett1983 24,5095-5098. Dietrich-Buchecker, C.; Sauvage, 1994 799-804. Bond, A. M.; Hambley, T. W.; Mann, D. R., Snow, M. R.
J. P.; Kern, J. MJ. Am. Chem. S0d.989 111, 7791-7800. Inorg. Chem.1987, 26, 2257-2265.



12116 J. Am. Chem. Soc., Vol. 119, No. 50, 1997 vokeil et al.

(o b

Figure 2. The synthesic strategy and the target molecule: the template effect of Cu(l) induces threading of the acyclic chelate through the macrocyclic
ligand, resulting in the formation of a tetrahedral precursor complex; reaction of this complex with the complementary fragment gives the catenate.
In our case, this molecule is comprised of two different chelates: a bidentate 2,9-diphenyl-1,10-phenanthroline (two units) and a terdentate 2,2
6':2"-terpyridine.

Me_ N(Me), R A A~ R moi_ety,_ was prepared froﬁ’l_and the hexaethyleneglycc_)I dii_odo
o) = | < derivative (yield 60%). Since our target-catenate is disym-
N z Ne N . . . .
u ’ N | metrical, two different precursors are possible, according to the
F

two-step synthesis described above (vide supra). Both pos-
R=Me:2 sibilities are illustrated in Figure 4.
The threaded precursot0" can be prepared from the

= (CH;);0THP : 3 macrocycle8 and the acyclic ligand@ and then reacted with

= (CHp);0H : 4 the terpy-containing fragme. The precursod2" can also
= (CH,);080,Me : § be constructed with the macrocy®eand the acyclic ligand,
= (CH,);Br: 6 thus reacted afterwards with the hexaethyleneglycol diiodo

derivative. In both cases, the formation of the precursor is
guantitative thanks to the sequential addition of reactants and
is confirmed by'H-NMR spectroscopy. Due to the presence
of the second chelate (terpy) in the macrocygla mixture of

two copper precursors could have been formed: one consisting

9 of the desired tetrahedral Cu(dpp)omplex, the other contain-

ing the 4-coordinate Cu(dpp)¥-terpy)". Neither TLC experi-
ments, nor NMR spectrocopy indicated formation of the latter,
leading to the conclusion that the complex Cu(dppjs

| \/ N \/ | thermodynamically more stable. This conclusion is supported
NY O N by literature!® mentioning the better-accepting properties of
Z a phenanthroline as compared to a bipyridine unit, as well as
Figure 3. Intermediate key-compounds synthesized. the strong stabilizing effect of substituents arpositions for

Cu(l) complexes. From this point of view, the dpp unit, with

The synthesis of the different moieties relies on already its two phenyl groups, is better suited than the terpy unit, one
described methodologies, especially the synthesis of 2,9-bis(  pyridine playing the role of the-substituent but the other ortho
hydroxyphenyl)-1,10-phenanthrolifg(7) (Figure 3). position to a nitrogen atom being unsubstituted. This remark

5]5"-Dimethy|_2,2:6',2”_terpyridine Q) was prepared from will be of some importance in the fO”OWing electrochemical
2-acetyl-5-methylpyridine, first converted tpaccording to the ~ €xperiments (vide infra). In both cases, the target compound
method used by Jameson and3l2 was transformed into the ~ 11:PFsis obtained with 8-10% yield, via simultaneous addition
organolithium derivative by action of LD/ at low temperature ~ Of reactants in a hot GEOy/DMF suspension, and subsequent
and added to a solution of protected bromoethanol, tetrahydro-ion exchange and chromatographies on silica gel columns. It is
pyranyl-2-bromoethyl ethéf, giving 3. 4 was obtained by characterized by NMR spectroscopy and elemental analysis, and
deprotection of both alcohol functions in slightly acidic méélia  the characteristic fragmentation pattern was obtained by mass-
and converted inté by reaction with mesylate chloride in GH ~ Spectrometry asserting its topology.By action of KCN on
Cl».16 6 was finally obtained fronb and anhydrous LiBr in the catenatd 1, the free ligandl3 is obtained and character-
acetoné? 6 and7 were reacted in DMF (66C under argon)  ized (Figure 5). Its topology is also confirmed by mass
in presence of GE0s, in high dilution conditions, leading to ~ SPectrometry. Reaction d3with a copper(ll) salt (Cu(B2)
the macrocycled with 58% yield. Using similar conditions,  eads to the most stable coordination geometry, i.€!Ngu

the macrocycle8, containing only one dpp unit and no terpy Where the metal is complexed by one dpp unit and the terpy
nucleus. The composition of the complex is confirmed by mass

823 guise, LJ.; Jeémeson, D.J EerrahE%roré heﬁlf§&232i619g§5_22§(2). spectrometry and elemental analysis, its physicochemical prop-
rane, J.; auvage, J. ew. J. em ) . H H _ H H H H H
Chambron, J. .. Sauvage, J. Fetrahedronl987, 43, no. 5, 895-904. erties supporting the 5-coordination hypothesis (vide infra).
(15) Wdchi, P. C.; Engster, RHelv. Chim. Actal978 61, 885-898. (18) James, B. R.; Williams, R. J. B. Chem. Socl961 2007-2019.
(16) Martin, A. E.; Bulkowski, J. EJ. Org. Chem1982 47, 415-418. (19) Vetter, W.; Logemann, E.; Schill, @rg. Mass. Spectrom.977,

(17) Nierengarten, J. F.; Dietrich-Buchecker, C. O.; Sauvage, J. P. 12, 351; Dietrich-Buchecker, C. O.; Sauvage, JORem. Re. 1987, 87,
Am. Chem. Sod 994 116, 375-376. 795.



Ring Motions in a Disymmetrical Copper [2]-Catenate J. Am. Chem. Soc., Vol. 119, No. 50, 19977

(1)© +<+O—» @
9 7 rp

12*PFg DO
- /’ 11*PFg
10*PF¢
O Cu®

Figure 4. The two strategies based on a two-step approach: two threaded pred@rsan¢i12") are possible, depending on which macrocycle
is used 8 and9, respectively). Reaction of each precursor with the complementary fragment affords the target disymmetricallkkteimabeth
cases a 10% yield was obtained.

11*PFy

13 + Cu*".2BFy ——

11%*, 2BF,

Figure 5. Decomplexation of the copper(l) catenate by reaction with KCN gives the free lifariRemetalation leads to the thermodynamically
stable 5-coordinate Cu(ll) catenate.

In the square scheme describing the behavior of our catenatecompounds, whose structures have already been established. Its
(Figure 1), two specific complexes can be directly obtained via redox potential is-0.07V vs SCE in acetonitrile, indicating a
synthesis and thus be fully characterized:'NGuand CUNs. good stabilization of the copper(ll) state. UV-visible absorption
CUN,4 corresponds to the coordination of both dpp units around spectroscopy reveals a band centered at 636 airh2b) in
the cation, a complex already present in other catenatesacetonitrile, corresponding to a d-d transition, resulting in a pale
synthesized previously in our grodp. Analysis of the data olive-green solution. This value can be compared with the one
given by IH-NMR spectroscopy, electrochemistry, and UV- obtained for the 5-coordinated complex 'Cerpy)(bipy)-
visible absorption spectroscopy provides the characteristics of (ClO4),: 640 nm € 120)2! as well as for the same complex
the pseudo-tetrahedral Qdpp) complex: (1) the signals of  present in a copper(ll) helicate recently syntheséZedn
the phenyl protons in position 2,9 are shifted to high field collaboration with Kaim and Baumann, EPR spectroscopy
because of the phenanthroline ring curréh{2) the redox measurements on the caterateere recently performed, which
potential of the ClI'N4 couple in acetonitrile i$-0.63V vs SCE, showed an anisotropic signal characteristic of an axial symmetry
indicating a strong stabilization of the low oxidation sttte;  coordination around Cu(ll)y = 2.233;g5 = 2.045;A, = 16.6
(3) a MLCT absorption band is observed at 437 rr2500) in mT in acetonitrile at 110 K). We compared these data with
acetonitrile, resulting in a red-brown solution. This confirms those measured for a 5-coordinate complex () (7?-L)]-
the entwined arrangement of both dpp units around Cu(l). :

The geometry of the copper(ll) catenate obtained via decom- Aréﬁ?’ 'gf”gb ﬁém& LS_""F}’_‘?V'MTU-SEQL“:;Y Jé_?hguféﬁgqéf' 33232; ?2”2{, E.
plexation and remetalation has been confirmed by comparisons;mmartano. SI. Chem. Soc., Dalton Trang983 1279-1283.

of its physical and chemical properties with those of the literature  (22) Hasenknopf, B.; Lehn, J.-M.; Baum, G.; FenskePiac. Natl. Acad.
Sci. U.S.A1996 93, 1397-1400.

(20) Dietrich-Buchecker, C. O.; Marnot, P. A.; Sauvage, J. P.; Kintzinger, (23) Baumann, F.; Livoreil, A.; Kaim; W.; Sauvage, J.JPChem. Soc.,
J. P.; Maltese, PNow. J. Chim.1984 8, 573-582. Chem. Commuril996 35—36.
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Figure 6. The molecular square scheme illustrating the response of the catenate to an electrochemical signal: oxidation or reduction generates a
metastable complex which rearranges to adopt the coordination mode best fitting the new oxidation state of the metal center. The white and black
circles stand, respectively, for Cu(l) and Cu(ll). Each complex is distinguished through its number of coordinated nitrogen atems=@udt

5).

(ClOy),, containing the potential terdentate 2,6-bis(benzimidazol- can be explained in terms of a stronger ligand field around the
2'-yl)pyridine ligand L and showing square-pyramidal config- cation because of an increased coordination number, as well as
uration at the metal iorg( = 2.23,gn = 2.03;A, = 16.7 mT)?* a modification of the coordination geometry (from pseudo-
The similarity of all these data tends to confirm the 5-coordina- tetrahedral to square-pyramidal).

tion of the metal cation in our catenate through entwining of  We thus conclude that after oxidation of '®ly, the catenate

one dpp and the terpy, as summarized in the notatidiNgut underwent a linkage isomerization through a gliding motion of
also seems reasonable to suggest a square-pyramidal configuene ring in the other, transforming the metastable complex
ration of the metal. CuU'N4 into the more favorable one €Ns. Addition of

The Copper Catenate in Motion. The scheme we used to  hydrazine monohydrate or ascorbic acid triggers the reverse
describe the concept of the catenate motions (Figure 1) can nowprocess: the solution turns red-brown and shows an absorption
be transcripted in terms of molecules, as illustrated in Figure identical to that of the CiN,4 starting complex. It is reasonable
6. to suggest that this form consists of both dpp units entwined

As discussed in the previous section, we could isolate and around the metal cation, since this complex appeared as the
characterize the two most stable statedNGand CUNs. In most thermodynamically stable on synthesis of the precursor
addition, there are two states, corresponding to a nonappropriatel2* (vide supra). This hypothesis was also confirmed by the
coordination of the metal center: \, and CUNs. Our aim following electrochemical experiments.
was to generatén situ a metastable state by oxidation or Electrochemically-Driven Motion. An acetonitrile electro-
reduction, and at monitoring its linkage isomerism toward the lyte solution of the copper(l) catenate (Gl4), was oxidized
stable complex best fitting the new oxidation state of the metal. on a platinum electrode (0.1 M TBABFapplied potentia=
Each time, we compare the properties of the new species with+0.8V vs SCE, 1.5 h). The red solution progressively turns
those of the two characterized stable complexeiNgand deep green. A cyclic voltammogram of the solution shows a
Cu'Ns. We first monitored this process via UV-visible absorp- reversible signal at 200 mV/s, centeredtdt.63V vs SCE, i.e.
tion spectroscopy. A solution of @y in acetonitrile, showing corresponding to the couple N, A series of linear-sweep
an intense red-brown color, is oxidized by addition of Br voltammetries were then carried out, indicating a decrease of the
solution in acetonitrile or NOBFas a solid (Figure 7). The  signal at4+0.63 V with time, while a new signal at0.07 V
solution turns deep green (pine-tree green), the spectrumappeared (Figure 8). After several hours, the signal of the new
indicating a d-d absorption band at 670 nen §00). The species has gained the original intensity of the tetrahedral species
spectrum is superimposable with those of catenates or complexe€u'N,, the signal of the latter having almost disappeared. The
containing the same Cu(dpf) unit.1 color of the solution is then olive green.

The intensity of this absorption band decreases with time, The potential—0.07V is identical to the one measured for
accompanied by a 30 nm hypsochromic shift, resulting in a the copper(ll) metalated catenane, i.e."Bg Inversely, a
change of the solution color from pine-tree to pale olive green reductive electrolysis of the solutior-0.4 V, 1.5 h) regenerates
(Figure 8). After several hours, the absorption band is centeredthe original red color, as well as a unique signaHt63 V.
at 640 nm € 125). This spectrum is completely superimposable No signal corresponding to free copper in solution is observed,
with the one obtained for the copper(ll) catenatéd ig4) under nor has the intensity of the signal decreased. An electrospray
the same conditions of concentration and solvent. This shift mass spectrometry experiment carried out on a sample of this

(24) Sanni, S. B.. Behm, H. J.- Beurskens, P. T.- Van Albada, G. A.: solution reveal_s no traces of free_ ligand. This ino_licates that
Reedjik, J.; Lenstra, A. T. H.; Addison, A. W.; PalaniandavarJMChem. we have monitored electrochemically the oxidation of the
Soc., Dalton Trans1988 1429-1435. complex CUiN4 and its subsequent linkage isomerism leading
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0.5 {

T

400 600 800nm 560 710 nm

Figure 7. (a) Visible absorption spectra of a 0.3510* M solution of the tetrahedral Cu(l) complex BU (Amax = 437 nm, MLCT d— =z*
transition) and of its oxidized form G, (Amax= 670 nm, d-d transition) in acetonitrile (oxidant: solid NQB&nd (b) visible absorption spectroscopy
monitoring of the Cu(ll) changeover procesd) freshly oxidized solution of CiN, , (2) after 11h, (3) after 24h, (4) after 34h, (5) after 70 h, the
process is almost completed, 'Ot is the major species; (acetonitrile solution,”10/, room temperature, oxidant Bin acetonitrile).

Cu”/l N4 Cu”/l N5 CUHN4 ----- CuIN4
CUHNs -
0.63V -0.07V a

\ b
M I S~
% | ' . |
1 +0.63V  E(V) vs SCE -0.07v -0.5
cu'IN,/ CulN, Cu''N5/ CuNg
Figure 9. Cyclic voltammograms of a Cuil" solution illustrating the

different rate constants of the two changeover processes: (a) scanning
Figure 8. Electrochemical monitoring of the Cu(ll) changeover from1Vto—0.5V first, (b) scanning from-0.5Vto 1 V first. (CH-
process: after oxidative electrolysis of an acetonitrile solution &figu ~ CN, 0.1 M nBuNBF,, BF;, Pt electrode SCE, 200 mV/s).

(108 M), linear-sweep voltammetry is carried out. The upper curve is . . .
obtained immediately after electrolysis and corresponds predominently coordination geometry around the Cu(ll) cation, in agreement
to the 4-coordinate species. After 20 h, the bottom voltammogram is With the conversion of the pseudo-tetrahedral configuration in

obtained and shows almost exclusively the response of the 5-coordinateCU'N4 into the square-pyramidal configuration assumed in
complex. Redox Potential€(,): Cu”' N4 + 0.63V; CU"Ns — 0.07 Cu'Ns.
V; (0.1 M nBwNBF,, BF,, Pt electrode, SCE, 5 mV/4 V to —0.5 As indicated by the above-mentioned experiments, the two
V). changeover processes, 'Bl} to Cu'Ns and CUNs to CUNy,
do not proceed at the same speed. The first one is a slow

to the complex CtNs. Inversely, the reduction of this complex  evolution allowing to characterization of the metastable complex
has triggered the reformation of the complex'’y by an CU'Ny4, whereas the second one was too fast to allow isolation
opposite gliding motion of the ring. of the complex CINs. This discrepancy clearly appears in the

A similar experiment was conducted in collaboration with cyclic voltammograms of a solution of the 5-coordinate complex
Kaim and Bauman#® after electrochemical oxidation of an  Cu'Ns (Figure 9).
acetonitrile electrolyte solution of the complex 'Sy, the Cyclic voltammetry is carried out betweefl.0 V and—0.5
changeover process was monitored by EPR spectroscopy. The/ vs SCE, on platinum, using an acetonitrile electrolyte solution
evolution of the spectra with time indicated a relaxation of the (0.1 M nBwNBF,, 200 mV/s). Starting at-1 V (voltammo-
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gram a), the first wave represents the reduction dfNGLinto
CuNs at —0.07 V. On the reverse sweep, the corresponding

voreil et al.

isomerism process is slower, but the addition of chloride ions
(as a solution of nBANCI in CH,Cl,) increases the changeover

oxidation wave has a much smaller intensity, whereas a secondrate in a drastic manner: the total reaction time required for

oxidation wave has appeared #0.63 V, the characteristic
potential of the redox couple @IN,. This indicates that as

complete transformation of &4 diminishes from hours to 2
min. We suspect that formation of a Cu-Cl bond weakens the

soon as it was reduced at the electrode, a certain amount of theother Cu-N bonds in ClUN, (similar to a ligand-assisted

5-coordinate complex CNs rearranged rapidly into the 4-co-
ordinate form CINs. When the scan direction is reversed
(voltammogram b), i.e. starting at0.5 V, the first wave at
—0.07 V represents the oxidation of the electrode-generated
5-coordinate complex (s, where as the second waveid.63

V corresponds to the oxidation of the complex'l§u The
second wave is much higher than the first one, indicatirepal
changeover from Cls to CUN4. By contrast, the signal of
the 4-coordinate complex is almost symmetrical, indicating that
the metastable species '™y evolvesslowly. The height of
the reduction wave at0.07 V (CU'Ns to CUNs) comes from

a diffusion phenomenon since we are in d g solution. An

removaf? ) and thus enables the faster substitution of the dpp
unit by the terpy unit. In addition, in the course of the
changeover process, removal of a dpp unit from the copper(ll)
coordination sphere has to proceed before any interaction
between the metal center and the entering terpy ligand is
possible. This implies that the copper(ll) atom be “half-naked”
at some stage. If Clis present in the medium, it could interact
with the metal in this coordinatively unsaturated complex, in a
transitory fashion, and thus lower the activation barrier of the
rearrangement by stabilizing intermediate states.

The same rearrangement experiments performed in a Cu(ll)-
or Cu(l)-containing medium indicates no influence of free

approximate value of the rate constant of the changeover procesgopper on the changeover rate constant. This supports the

from CuUNs to CuUN4 can be obtained using the method
described by Nicholson and Sh&fmh By measuring the relative
intensity of oxidation and reduction waves of the'tIs couple
as a function of scan-rate, we obtained a value oflifer the

hypothesis of an intramolecular process. As a conclusion,
concerning the kinetic aspects of the present system, the strong
dependence of the isomerism rate constants on the experimental
conditions can be considered as a “solvent and ion tuning”

changeover rate. This value is very small as compared to usualopportunity. One can then determine the response of the
substitution rate constants observed for copper(l) compRxes. catenate to the signal, by including deliberately “accelerating”
A topological effect is supposedly responsible for this com- or “decelerating” agents in the medium, such as chloride ions

paratively slow process, similar to what had been observed in
the study of formation kinetics of copper(l) caten&telNone-

or water, respectively.
Photochemically-Driven Motion. It is well known that in

theless, one can also reasonably assume that this rate is sensitiv@u(l) complexes of polypyridine ligands the lowest triplet

toward the coordinative properties of the solvent and the
presence of any coordinating species in the medium. Indeed
such an influence has been observed and studied in detail in
the case of substitution of biquinoline by dimethylphenanthroline
on copper(I¥8indicating a strong accelerating effect of aceto-
nitrile as well as iodide ions. A more accurate study of the
kinetics of the Cu(l) changeover process in our catenate is
conducted at the moment.

As for the Cu(ll) changeover process, leading td Bsfrom
CU'N,, the spectroscopic monitoring experiments carried out
in various conditions indicate a drastic influence on the kinetics
of the solvent, the traces of water, and the presence of chloride
ions. In each case, an electrolyte solution of the compléX£u
is chemically oxidized, and the intensity of the absorption band
characteristic of the complex €N, (670 nm) is monitored as
a function of time. The presence of water strongly slows down
the linkage isomerism process, supporting the hypothesis of
formation of a 5-coordinate complex including a water molecule,
CUu'N4OH,. This has been already obser¢®#for the related
complex Cu(dmp)2 and suspected for the complex Cu(dap)
where dmp is 2,9-dimethyl-1,10-phenanthroline and dap is 2,9-
diphenyl-1,10-phenanthroline. As compared to the metastable
form CuU'Ny,, this 5-coordinate complex is kinetically stabilized.
By constrast, in the presence of chloride ions, the changeover
process is strongly accelerated.

The formation of the CU—Cl bond is mentioned in the
literature3! its strength depending on the polarity of the solvent.
In dichloromethane, which is less polar than acetonitrile, the

(25) Nicholson, R. S.; Shain, Anal. Chem1964 36, 4, 706-723.

(26) Inorg. Chem.1975 14, 1716-1717.

(27) Albrecht-Gary, A. M.; Dietrich-Buchecker, C. O.; Saad, Z.; Sauvage,
J. P.J. Am. Chem. S0d.988 110, 1467-1472.

(28) Frei, U. M.; Geier, Glnorg. Chem.1992 31, 3132-3137.

(29) Hall, J. R.; Marchant, N. K.; Plowman, R. Aust. J. Chem1963
16, 34—41. Sundararajan, S.; Wehry, E.1.Phys. Cheml972 76, 1528-

1536. Al-Shatti, N.; Lappin, A. G.; Sykes, A. Ghorg. Chem.1981, 20,
1466-1469.

(30) Geoffroy, M.; Wermeille, M; Dietrich-Buchecker, C. O.; Sauvage,
J. P.; Bernardinelli, Glnorg. Chim. Actal99Q 167, 157-164.

MLCT excited state is luminescent, has a reasonably long
lifetime, and can play the role of electron-transfer reagér®
CuN,4 shows a MLCT emission band (Figure 12, inset) with
Amax= 750 nm and = 60 ns in aerated acetonitrile solution at
298 K (730 nm and 115 ns in aerated £CH). Therefore, it
should be possible to cause the first step of the overall swinging
process indicated in Figure 6, namely the conversion 6Ngu
into CU'Ny4, by photoexcitation (eq 1) followed by an excited
state oxidation process in the encounter with a suitable oxidant

(eq 3):

CuN,+ hv —*Cu'N, 1)
*Cu'N,— CUN,+ heat orhv' 2)
*Cu'N,+ Ox— Cu'N,+ Red (3)
CU'N,+ Red— CUN, + Ox (4)

Red— products (5)

The occurrence of the excited state electron transfer process
(eq 3) competes with the luminescence (eq 2) which is therefore
a useful tool to evaluate whether reaction 3 takes place.

The reduction potential of the &N,/*Cu'N,4 couple can be
evaluated from the reduction potential of the "GlW/CuN,4

(31) McConnell, H. M.; Weaver, H. El. Chem. Physl956 25, 307—
311. Khan, M. A.; Schwing-Weill, M. Jlnorg. Chem.1976 15, 2202~
2205. Hall, J. R.; Marchant, N. K., Plowman, R. Aust.J. Chem1962
15, 480-485. Kriger, H. J.Chem. Ber1995 128 531-539.

(32) R. G. Wilkins,Kinetics and Mechanism of Reactions of Transition
Metal ComplexesVCH: New York, 1991; p 214.

(33) Gushurst, A. K. I.; McMillin, D. R.; Dietrich-Buchecker, C. O.;
Sauvage, J.-Anorg. Chem1989 28, 4070-4072. Everly, R. M.; McMillin,

D. R.J. Phys. Cheml991], 95, 9071-9075, and references therein. Dietrich-
Buchecker, C. O.; Nierengarten, J.-F.; Sauvage, J.-P.; Armaroli, N.; Balzani,
V.; De Cola, L.J. Am. Chem. S0d.993 115 1123711244. Armaroli,

N.; Balzani, V.; Barigelletti, F.; De Cola, L.; Flamigni, L.; Sauvage, J.-P.;
Hemmert, CJ. Am. Chem. S0od.994 116, 5211-5217.
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couple (+0.63 V vs SCE, in acetonitrile) and the energy of the 22
*Cu'N, excited state (about 1.65 eV, as estimated from the
maximum of the emission band in the same solvent) by the 204

following equation3® 18

E°(CU'N/*Cu'N,) ~ E°(Cu'N,/CUN,) — E' = —1.02 V /164
)

where E' is the one-electron potential corresponding to the
spectroscopic energy of *(, excited state. This shows that
even a mild oxidant should be sufficient to oxidize the
photoexcited *CIN4 catenate (eq 3). Nevertheless, the choice

of the oxidant is not a trivial matter because other important 0.0 5 E-10 1E9 15E9 2E9
requirements have to be satisfied: (i) the oxidant should not °
compete with CIN, for light absorption, (i) the reaction T x [p-NOyCeHyCH,Br]

between *CIN, and the oxidant (eq 3) should be fast enough Figure 10. Stern-Volmer plot for the quenching of the Ow
to compete with the intrinsic excited state decay (eq 2), and Iumir_lescence by-NO,CsH4CH:Br in agetonitrile solution at 298 K.
(iii) after reduction, the oxidant should undergo a very fast, 1€ inset shows the uncorrected luminescence spectrum 'bk Gu
irreversible decomposition reaction (eq 5) in order to prevent 2¢€tonitrile solution at 298 K.

the occurrence of the back electron-transfer reaction (eq 4). In =~ 4,
the case of Ru(ll) polypyridine compounds, photooxidation is
usually performed by using Co(lll) amine compleXésWe
have tried to use [Co(N§]3+ and [Co(NH)s(NO,)]2*, but we
have found that, because of the short excited state lifetime and
the slow rate of the bimolecular process (eq 3), the concentra-
tions of the Co(lll) complexes should have been so high as to
prevent light absorption by the Ny catenate. Therefore we
have decided to usgnitrobenzylbromidep-NO,CsH,CH_Br,
which satisfies requirements i and3fiand had previously been
used to quench the excited state of other Cu(l) complgkes. 011
By a Stern-Volmer analysi®’ (Figure 10), we have found that

the rate constant of the quenching process (eq 3) was4.1

A 02

10 M~ s 1in acetonitrile solution. Since the lifetime of *O\y 0.0 T T T ;
in air-equilibrated acetonitrile at 2% is 60 ns, we have there- 500 600 700 800
fore estimated that a sufficiently large fraction of the *8y A, nm
excited states can react with the quencher even using reasonablig re 11. Spectral changes caused by photoexcitation of an aceto-
low concentrations (18—102 M) of p-NO,CeH4CH:Br. nitrile solution containing 1.0x 104 M Cu'N, and 5.0x 102 M

The photochemical experiments were performed by exciting p-NO,CsH,CH,Br. The isosbestic point is at 625 nm. (i) The initial
with 464 nm light acetonitrile solutions containing 1x010~* spectrum; (f) the final spectrum obtained after 20 min of irradiation.

M CU'N4 and 5.0x 1072 M p-NO,CgH4CH2Br. Under these

conditions, all the exciting light is absorbed by the Cu(l) fraction of *CUN,4 excited states reacting with the quencher is

catenate. Light excitation was found to cause the spectral 55%, the fraction of quenching events that give rise to a

changes shown in Figure 11. Such spectral changes clearlypermanent formation of GiN4 is &~ 5%. Sincep-NO,CgHy4-

indicate the disappearance of 'Sy and the concomitant  CH,Br cannot quench *Ci, by energy transfer, the low

formation of CUiN, as the only reaction product. The overall efficiency of the photoinduced process has to be attributed to a

quantum yield of the photoreaction was about 3%. Since the competition between reactions 4 and 5. Under the experimental
(34) Kirchoff, J. R.; Gamache, R. E., Jr.; Blaskie, M. W.; Del Paggio, ,Conditions used, praCtiCa”y complete FranSformation O'"\QF'

A. A.; Lengel, R. K.; McMillin, D. R.Inorg. Chem1983 22, 2380-2384. into CU'N4 was achieved in about 20 min. The results obtained

Blaskie, M. W.; McMillin, D. R. Inorg.Chem.198Q 19, 3519-3522. also showed that C'iN, is not photosensitive.

; S?ﬁéﬁ“ﬁ?&g‘?ﬂ'@éhﬁ'ﬂg'?S'\ggmgﬁe%].p‘é fgﬁl&gggsz;ﬁcghoﬁ, At the end of the photoreaction, the irradiated solution was

Gushurst, A. K. I.; McMillin, D. R.; Dietrich-Buchecker, C.; Sauvage, J. Kept in the dark at 298 K. Spectrophotometric measurements

P.lnorg.Chem1989 28, 4070-4072. Dietrich-Buchecker, C. O.; Marnot, ~ showed that a slow reaction was occurring, causing a general

P. A; Sauvage, J. Pletrahedron Lett1982 23, 5291-5294. Edel, A.; decrease in absorbance, particularly in the-6800 nm region,
Marnot, P. A.; Sauvage, J. Row. J. Chim.1984 8, 495-498. . | .

(36) Balzani, V. Bolletta, F.; Gandolfi, M. T.; Maestri, Mop. Curr. as expected for the transformation of'Gl into the more stable
Chem.1978 75, 1-64. CU'"Ns species (Figure 6). After about 48 h, no further spectral

(37) See e. g. Sandrini, D.; Gandolfi, M. T.; Maestri, M.; Bolletta, F.;  change was observed. At this stage, the spectrum of the solution
Balzani, V.;Inorg.Chem1984 23, 3017-3023. Zahir, K.; Boettcher, W.;

Haim, A. Inorg. Chem 1985 24, 19661968, (curve c in Figure 12) was that of the stable''Slg species. In
(38) In acetonitrile solutionp-NO,CeH4CH,Br shows a band Withmax order to complete the cycle (Figure 6), we added to the solution

= 273 nm which does not interfere in the visible light absorption biNGu an excess of ascorbic acid (dissolved in MeOH). We observed

On reduction ofp-NO,CsH4CH2Br, a benzylic radical is formed which
undergoes a fast dimerization reaction. In the presence of dioxygen, thea gradual reappearance of the spectrum dNGuAfter about

benzylic radical gives rise to a series of reactions which end with formation 30 Min, the spectrum was practically coincident with the initial

of p-nitrobenzaldeydé? spectrum (Figure 12), showing that the cyclic process (Figure
(39) Kern, J.-M.; Sauvage, J.-B. Chem. Soc., Chem. Commua®8387, 6) was completed.
546-548.

(40) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, p.; ~ One can wonder Whether: besides the oxidation step, the
Von Zelewsky, A.Coord. Chem. Re 1988 84, 85-277. reduction step can also be induced by light. We believe that
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0.4 After elution, the plates were either scrutinized under a UV lamp or
exposed toj or, for terpyridine derivatives, put in a solution of (Dbt
Fé'(SQy)2,6H,0 in MeOH/H,0 50:50. Column chromatography was
carried out on silica gel 60 (Merck 9385, 23000 mesh) and neutral
alumina 90 (Merck 1076, 0.060.200mm). UV-visible spectra were
recorded on a Kontron Instruments UVIKON 860 spectrophotometer.
Fast atom bombardment mass spectrometry (FABMS), was recorded
in the positive ion mode with either a krypton primary atom beam in
conjunction with a 3-nitrobenzyl alcohol matrix and a Kratos MS80RF
mass spectrometer coupled to a DS90 system, or a xenon primary atom
beam with the same matrix and a ZAB-HF mass spectrometer.
Electrospray mass spectrometry was recorded in the positive ion mode
by dissolving the compound or complex in MeCN or £ at a
concentration of 50 pmol mit, and injecting the solution into a VG
T T T T BioQ triple quadrupole spectrometer (VG BioTech Ltd., Altrincham,
500 600 700 800 UK), with a mass-to-charger(/ range of 4000, using a cone voltage
A, NmM (Vo) of 40 V, with a source temperature of approximately°’80 The
IH NMR spectra were recorded on either Bruker AC 300 (300 MHz),
h WP200 SY (200 MHz) or WP400SY (400 MHz) spectrometers (using
the deuterated solvent as the lock and residual solvent as the internal
reference).

0.0

Figure 12. Absorption spectra of CNy in acetonitrile solution: (a)
before light excitation; (b) at the end of the photoreaction witl
p-NO»CsH4CH,Br (20 min irradiation); (c) after subsequent 24 h in
the dark; (d) 30 min after subsequent addition of an excess of ascorbic

acid. Electrochemistry. Electrochemical experiments were performed
with a three-electrode system consisting of a platinum working
this cannot be the case for the following reasons!'NGtis not electrode, a platinum-wire counter-electrode, and a standard reference

photosensitive and does not exhibit any luminescence. This iscalomel electrode, versus which all potentials are reported. All
an expected result since in Cu(ll) complexe$ &ectronic measurements were carried out under argon, in degassed spectroscopic

. . . . . grade solvents, using 0.1 M nBNBF, solutions as electrolytes. A
configuration) the lowest excited state is a low energy, distorted potentiostat EG&G Princeton Applied Research Model 273A connected

ligand-field level which undergoes very fast radiationless decay 1, 5 computer was used (software: Programme Research Electrochem-
to the grounq staté. Therefqre it Is not possﬂale to involve  siry Software), as well as a potentiostat Bruker E130M, connected to
Cu'Ns in a bimolecular reaction where an excited state of the a printing table.

complex should play the role of electron donor. On the other  photochemistry. All the photochemical experiments were per-
hand, even a photochemical reaction based on the addition of arformed in acetonitrile (Carlo Erba for spectroscopy). The concentation
electron donor photosensitizer seems impracticable not only for of CUN, (as Pk~ salt) was 1.0x 104 M and that ofp-NO,CeH4CH;-

the extreme complexity of the system (at this stage, the solution Br was 5.0 x 10> M. The solutions, continuously stirred, were
would also contain a large amount of unreacteNO,CgHy- irradiated with a 150 W xenon lamp (Osram XBOW/1) at 464 nm using

CH,Br), but also because of the quenching by energy transfer slit of 2.5 mm (9.4 nm). The absorption spectra were recorded with
of the photosensitizer by (s a Perkin-Elmer I5 spectrophotometer, using 1 cm path length cuvettes.

Conclusion. The three-dimensional matrix effect of the The quantum yield of the photoreaction was calculated by measuring

| . h " d th hesis of the intensity of the light source with the “micro-version” of the ferric
copper(l) cation has allowed the synthesis of a new copper oxalate actinometéf. Emission spectra were recorded with a Spex

[2]-catenate. Thanks to its topology and to the different gyyoroi0g 11 spectrofiuorimeter equipped with a Hamamatsu R-928
composition of its constitutive macrocycles, this catenate is able phototube. The spectra were corrected for the instrumental response.
to adopt two geometries, each stabilizing preferentially a An IBH single photon counting equipmentMamp, Aexe = 337 nm)
different oxidation state of the metal center. The changeover was used to obtain the excited state lifetime.

process from one geometry to the other can be triggered by g-(Dimethylamino)vinyl 2-(5-Methyl)pyridyl Ketone 1. A mixture
chemical, electrochemical, and photochemical stimuli. Its cyclic of 2-acetyl-5-methylpyridine (10 g, 0.074 mol) ahtN-dimethylifor-
functioning is reversible, reproducible and easily followed mamide dimethylacetal (DMFDMA) (12 mL; 0.089 mol) in anhydrous
through color changes. The speed of the response (Changeovelg”'\;ene (40 mL) was refluxed for h under argon. Two fractions of

is controlled at will by the experimental conditions, allowing a FD':_/'AI(StE"L' thnL) \vaeredaddg(z) after 2'5t' h drﬁlhdhet'alfindg'f
great varlablllty of rates. respectively, the metnhanol proauce eing continuously distiliea from

the mixture. Evaporation of solvent followed by addition of hexane
. : triggered precipitation of a brown powder (11.4 g, 0.06 mol, 81% yield).
Experimental Section Analytical sample was recrystallized from @El,/hexane. *H NMR
Materials and General Procedures. The following chemicals were (200 MHz, CDC}): 8.04 (d, 1H,J = 8 Hz); 7.59 (d, 1HJ = 0.6 Hz);
obtained commercially and were used without further purifications- Cs  8.44 (q, 1H,J = 1.3 Hz); 7.89 (d, 1H) = 12.7 Hz); 6.42 (d, 1H) =
CQO; (Aldrich), KCN (Jannsen), KPHJannsen)N,N-dimethylforma- 12.7 Hz); 2.38 (s, 3H); 2.99 (s, 3H); 3.16 (s, 3H). Anal. Calcd for
mide dimethylacetal (DMFDMA), tBuOK, LDA, MesClI, LiBr. nBg C1iH1aNO: C, 69.45, H, 7.42, N, 14.72. Found: C, 69.44, H, 7.44,
NBF,4 was recrystallized twice in a mixture of methanol and water and N, 14.68.
dried under vacuum at 6@ overnight. The following materials were 5,5'-Dimethylterpyridine 2. A THF solution (25 mL) of 2-acetyl-
prepared according to literature procedures: Cu(MeER)* 2,9-bis- 5-methylpyridine (0.8 g, 6 mmol) and tBuOK in THF (12 mL, 12 mmol)
(p-hydroxyphenyl)-1,10-phenanthrolif&2-acetyl-5-methyl-pyridiné? was stirred under argon at room temperature for 2 h. Théhg, 6
tetrahydropyranyl-2-bromoethan®l.Dry solvents were distilled from  mmol) was added as a solid. During 20 h stirring, the pink solution
suitable desiccants (#2 and THF from Na, MeCN and G&l, from progressively turned bright red. Addition of NBIAc (4.6 g, 0.06 mol)
P,0s) according to literature methods. Thin-layer chromatography followed by 15 mL acetic acid caused the solution to turn light brown.
(TLC) was performed on aluminum sheets coated with silica gel 60 THF was distilled off over 3 h, acetic acid was evaporated under

Fas4 (Merck 5554), or coated with neutral alumina 6@/£Merck 5550). vacuum, and the resulting black oil was treated with 40 mL gDH
(41) Jargensen, C. Kadv. Chem. Phys1963 5, 33146, Th|§ solution was neutralized with aqueousgﬁl% soluthn (end-point
(42) Kubas, G. J.; Monzyk, B.; Crumbliss, A. lnorg. Synth199Q 28, lndlca_ted by pH-paper) and extracte_d three times W!tt‘g@b-.l The

68—70. combined organic layers were dried over MgSGQiltered, and

(43) Parks, J. E.; Wagner, B. E.; Holm, R. Bl. Organometal. Chem.
1973 56, 53—66. (44) Fischer, EEPA NewslJuly 1984, 33—34.




Ring Motions in a Disymmetrical Copper [2]-Catenate

concentrated to a black solid. This solid was dissolved in toluene (40

J. Am. Chem. Soc., Vol. 119, No. 50, 199723

grade at 60C. After the 13 h-long addition, the reaction mixture was

mL), filtered on paper, and separated on alumina (eluent hexane/ether) heated and stirred for another 16 h, its orange color progressively

to give terpyridine (0.721 g, 2.8 mmol, 45% yield). Analytical sample
was recrystallized from ethanoktH NMR (200 MHz, CDC}): 2.42
(s, 6H); 8.40 (d, 2HJ = 8.5 Hz); 7.67 (d, 2H); 8.53 (s, 2H); 8.51 (d,
2H,J=8.08 Hz); 7.93 (t, 1H). Anal. Calcd for;@H:sNs: C, 78.13,
H, 5.79, N, 16.08. Found: C, 78.20, H, 5.79, N, 16.18.
5,5"-Bis(y-(tetrahydropyranyl)propyl)terpyridine 3.  Lithium di-
isopropylamid (LDA) (1.8 mL, titrated commercial solution 1.41 M)
was added dropwise to a suspension20{0.3 g, 1.15 mmol) in
anhydrous THF (20 mL) at81 °C. After 2 h stirring at—80 °C the
violet solution was allowed to reacli© and then cooled back t678
°C. A separate solution of protected bromoethanol (tetrahydropyranyl-
2-bromoethanol, 0.621 g, 2.99 mmol) in 10 mL anhydrous THF was
refrigerated to ®C. By the double-ended needle transfer technique
the organolithium solution was added to the alcohol solution. Within
20 h stirring the intense blue-green mixture was allowed to slowly warm
up to room temperature and was hydrolyzed with 10 mL water. After
evaporation of solvent and extraction with @, the organic phases
were gathered, dried over Mg$Cfiltered, and concentrated to an

intensifying. The solvent was evaporated under high vacuum and the
crude product was partitioned between £H and HO. The organic
phases were gathered, dried over MgSiltered, and concentrated to
leave a brown glassy solid. It was purified by column chromatography
over alumina (eluent C¥€l,/hexane) to give a white powder (300 mg,
0.44 mmol; 57% yield).*H NMR (200 MHz, CQCly): 8.72 (d, 2H,

J = 8 Hz); 8.60 (d, 2HJ = 2 Hz); 8.39 (d, 2HJ = 8 Hz); 8.29 (d,
2H,J =8 Hz); 8.27 (d, 4HJ = 8 Hz); 8.06 (d, 2H); 7.94 (t, 1H] =

8 Hz); 7.86 (dd, 2H); 7.77 (s, 2H); 7.03 (d, 4H); 4.04 (t, 4H= 6

Hz); 3.01 (complex peak, 4H); 2.25 (complex peak, 4H). Anal. Calcd
for C4sH3sNsO, (sample recrystallized from benzene): C, 79.74, H,
5.20. Found C, 79.86, H, 5.43. FABMS 678 [MH]

Macrocycle 8. A solution of 7 (970 mg, 2.6 mmol) and 1,12-
diiodohexaethyleneglycol (1.440 g, 2.8 mmol) in analytical grade DMF
(180 mL) was added dropwise to a stirred suspension g£Gs(2.72
g, 8.4 mmol) in analytical grade DMF (360 mL) at 8C. Another
0.1 equiv of diiodohexaethyleneglycol was added after 24 h, and the
solution was stirred under argon for 48 h, successively showing an

orange oil. It was separated by column chromatography on alumina orange then yellow color. After evaporation of solvent under high

(eluent ether/hexane 40/60), giving a white powder (317 mg, 0.63 mmol,

55% yield). *H NMR (200 MHz, CDCl,): 8.52 (d, 2H,J = 7.8 Hz);
8.54 (s, 2H); 8.38 (d, 2H) = 7.8 Hz); 7.92 (t, 1HJ = 7.8 Hz); 7.68
(dd, 2H,J = 2.4 Hz), 4.59 (t, 2H,) = 2.98 Hz); 3.84 (complex, 4H);
3.47 (complex, 4H); 2.80 (t, 4H] = 6.1 Hz); 1.98 (g, 4HJ = 6.1
Hz); global peak between 1.3 and 1.7 ppm.
5,5'-Bis(y-hydroxypropyl)terpyridine 4. The previously obtained
3 was diluted in ethanol (30 mL and a few drops of chloroform) and
heated to reflux. On addition of a drop of concd kglhe solution
turned pale yellow. The reaction was followed by thin layer chroma-
tography. Afte 3 h refluxing, the ethanol was evaporated and the
resulting solid was partitioned between &, and HO. The organic
phase was dried over MgSQ@iltered, and concentrated to give a white
powder (0.633 g), which was purified by column chromatography on
alumina (eluent CkCl./MeOH). The pure dio#t (293 mg, 0.84 mmol)
was isolated in 81% yield!H NMR (200 MHz, CDC}): 8.53 (d, 2H,
J = 8 Hz); 8.56 (s, 2H); 8.39 (d, 2H} = 7.8 Hz); 7.94 (t, 1H) =8
Hz); 7.70 (dd, 2HJ = 2.2 Hz), 3.73 (t, 4HJ = 6.3 Hz); 2.81 (t, 4H,
J = 7.3 Hz); 1.95 (it, 4HJ = 7.3 Hz and 6.3 Hz).
5,5'-Bis(y-mesylpropyl)terpyridine 5. A suspension of (193 mg,
0.55 mmol) in anhydrous Ci&l, (35 mL) and freshly distilled NEt
(0.88 mL, 6.3 mmol) was cooled down te6 °C. Mesyl chloride (0.22
mL, 2.86 mmol) in anhydrous Ci&l, (5 mL) was added dropwise
(=5 <t < —2°C) to the suspension, which turned progressively clear
yellow. According to thin layer chromatography, end-point was reached
within 2 h stirring below OC. The reaction mixture was washed with
water, the organic phase was dried over MgS@ltered, and
concentrated to a beige powder. It was purified by column chroma-
tography on alumina (eluent GHI./hexane and then pure GEl,),
giving an amorphous white powder (198 mg, 0.39 mmol, 71% yield).
14 NMR (200 MHz, CD,Cl,): 8.55 (d, 2H,J = 8 Hz); 8.56 (d, 2H,
= 2 Hz); 8.41 (d, 2HJ = 7.8 Hz); 7.95 (t, 1HJ = 8 Hz); 7.71 (dd,
2H,J = 2 Hz and 7.8 Hz), 4.26 (t, 4Hl = 6 Hz); 3.04 (s, 6H); 2.86
(t, 4H,J = 7.2 Hz); 2.14 (complex, 4H] = 7.2 Hz and 6 Hz).
5,8'-Bis(y-bromopropyl)terpyridine 6. A mixture of 5 (402 mg,
0.8 mmol) and anhydrous LiBr (0.7 g, 8 mmol) in analytical grade
acetone (25 mL) was heated at reflux fb h under argon. After
evaporation of solvent, the crude mixture was partitioned between CH
Cl, and HO. The organic phases were gathered, dried over MgSO
filtered, and concentrated to give a yellowish glassy solid (0.369 g).

vacuum, the residual solid was partitioned between@and HO,
and the organic phases were gathered, dried over Md€red, and
concentrated to an orange oil (2.9 g). A column chromatography over
silica gel (eluent CECI,/MeOH, 98/2) yielded a yellow glassy product
(978 mg, 1.6 mmol, 61% vyield)'H NMR (200 MHz, CDC}): 8.46
(d, 4H,J = 6 Hz); 8.26 (d, 2H,J = 8 Hz); 8.07 (d, 2H); 7.75 (s, 2H);
7.17 (d, 4HJ = 6 Hz); 4.31 (t, 4HJ = 5 Hz); 3.90 (t, 4HJ = 5 Hz);
3.90 (complex signal, 16H).

Precatenate 10-PFs~. The method is exactly the one used for
synthesis ofl2-PF.

Precatenate 12-PFs~. Using the double-ended needle transfer
technique, a degassed solution of CugCN),PF; (182 mg, 0,49 mmol)
in analytical grade acetonitrile (15 mL) was added under argon to a
degassed solution of macrocy@&300 mg, 0.44 mmol) in analytical
grade CHCI; (25 mL). A red-brown color formed immediately. After
stirring for 30 min, a solution o7 (171 mg, 0.44 mmol) in analytical
grade DMF (25 mL) was similarly added under argon without any
further color change. Afte2 h stirring at room temperature, the solvent
mixture was evaporated under high vacuum, giving an intensely red-
colored powder (0.56 g, 0.44 mmol). NMR analysis showed almost
quantitative formation of the precursotH NMR (200 and 400 MHz,
COSY, DMSO¢dg): 8.72 (d, 2HJ = 8 Hz); 8.64 (d, 2H); 8.53 (d, 2H,
J =8 Hz); 8.42 (d, 2HJ = 7.72 Hz); 8.34 (d, 2H) = 8.38 Hz); 8.13
(s, 2H); 7.75 (s, 2H); 8.05 (t, 1H,= 8 Hz); 7.80 (d, 2HJ = 8.4 Hz);
7.70 (d, 2H,J = 8.4 Hz); 7.68 (dd, 2HJ = 8 Hz and 2 Hz); 7.38 (d,
4H, J = 8.8 Hz); 7.23 (d, 4H,) = 8.8 Hz); 5.98 (d, 8H,) = 7.8 Hz);
3.23 (t, 4H,J = 6.9 Hz); 2.93 (4H, complex peak); 2.12 (4H, complex
peak).

Catenate 11-PFs~. A degassed solution of precatena® (0.55
g, 0.44 mmol) and diiodohexaethyleneglycol (0.260 g, 0.52 mmol) in
analytical grade DMF (90 mL) was slowly added under argon to a
suspension of GEO; (0.55 g, 1.4 mmol) in analytical grade DMF (80
mL) at 60°C. After the 10 h-long addition, the stirred solution was
maintained at 60C for another 48 h, after which it was filtrated on
paper and concentrated under high vacuum. The residual cherry-red
solid was partitioned between GEl, and HO, the organic phases were
gathered and dried over MgQOAfter filtration, a saturated aqueous
solution of KPF was then added, and the mixture was allowed to stand
for 5 h atroom temperature with good stirring. The brownish organic
phase was separated, washed with water, and dried over MgH@

'H-NMR spectrum indicated at least a 90% proportion was the desired filtered solution was concentrated under high vacuum leaving a red-

product (95% yield). The solid was utilized in following steps without
further purification, owing to its poor stability'H NMR (200 MHz,
CD,Cly): 8.67 (d, 2H,J = 8 Hz); 8.67 (s, 2H); 8.57 (d, 2H1 = 7.8
Hz); 8.01 (t, 1H,J = 8 Hz); 7.90 (dd, 2H,) = 2.2 Hz); 3.44 (t, 4H,)
= 6.3 Hz); 2.94 (t, 4H) = 7.3 Hz); 2.25 (tt, 4HJ = 7.3 Hz and 6.3
Hz).

Macrocycle 9. A degassed solution af(2,9-bisp-hydroxyphenyl)-
1,10-phenanthroline, 0.292 g, 0.8 mmol) ah@.369 g, 0.78 mmol)
in analytical grade DMF (80 mL) was added dropwise to a stirred
suspension of GEO; (0.82 g, 2.51 mmol) in 150 mL of DMF analytical

brown powder (0.579 g). By successive column chromatographies over
silica gel and alumina (eluent GBI./hexane and CHCl./MeOH), an
intense red powder was obtained (80 mg, 0.05 mmol; 10% yield) and
recrystallized from a mixture of C4€l, and GHe. *H NMR (200 and

400 MHz, COSY, CDRCly): 8.72 (d, 2H,J = 8 Hz); 8.64 (d, 2H);
8.53 (d, 2H,J = 8 Hz); 8.42 (d, 2HJ = 7.72 Hz); 8.34 (d, 2H) =

8.38 Hz); 8.13 (s, 2H); 8.05 (t, 1H, = 8 Hz); 7.80 (d, 2HJ = 8.4

Hz); 7.75 (s, 1H); 7.70 (d, 2H] = 8.36 Hz); 7.68 (dd, 2H) = 8 Hz

and 2 Hz); 7.38 (d, 4H) = 8.8 Hz); 7.23 (d, 4H,) = 8.8 Hz); 5.98

(d, 8H,J = 7.8 Hz); 3.74 (t, 4H); complex peak 3.68 (20H); 3.23 (t,
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4H, J = 6.9 Hz); 2.93 (4H, complex peak); 2.12 (4H, complex peak).
Anal. Calcd for GiH73sN7OoCuPF, (sample recrystallized from
benzene): C, 64.98, H, 4.91, N, 6.17. Found: C, 64.99, H, 5.22, N,
6.22. FABMS: 1350 [M— PR]*.

Catenand 13. The copper catenatel (112 mg, 0.07 mmol) was
dissolved in acetonitrile (30 mL), and an aqueous KCN solution (100
mg in 2 mL) was added, triggering spontaneous precipitation of a white
powder, which was dissolved on adding £&Hb (3 mL). The resulting
beige solution was left overnight with stirring at room temperature.
After evaporation of solvent, the solid was partitioned between-CH
Cl, and HO; the organic phase was washed with water, dried over
MgSQ,, filtered, and concentrated to leave a yellowish glassy product
(100 mg). *H NMR (200 and 400 MHz, NOESY, Cfl,): 8.87 (d,
2H, J = 8 Hz); 8.62 (d, 2H); 8.45 (d, 4H] = 8.8 Hz); 8.45 (d, 2H,
= 8 Hz); 8.30 (d, 4HJ = 8.8 Hz); 8.27 (d, 4H,) = 7.7 Hz); 8.06 (d,
4H,J = 8.4 Hz); 7.97 (t, 1H) = 8 Hz); 7.75 (s, 4H); 7.76 (dd, 2H,
=8 Hz and 2 Hz); 7.05 (d, 4H} = 7.8 Hz); 6.09 (d, 4HJ = 7.8 Hz);
3.92 (t, 4H); 3.92 (t, 4HJ) = 6.9 Hz); 3.64 (t, 4H); 3.49 (16H, complex
signal); 2.91 (4H, complex signal); 2.16 (4H, complex signal).
FABMS: 1288 [MH]'.

voreil et al.

Copper(ll) Catenate 1(**-2BF,~. A solution 0f13(30 mg, 2.3x
10°% mol) in 20 mL of CHCI, was added to a solution of Cu-
(BF4)2.xH20 (8 mg, 2.3x 1075 mol) in 5 mL of acetonitrile. The
resulting pale olive-green solution was left overnight with stirring at
room temperature. After evaporation of solvent, the solid was
partitioned between CiEl, and HO; the organic phase was washed
with water, dried over MgSg) filtered, and concentrated to leave a
bright pale green powder (29 mg, 85% yield), recrystallized from a
mixture of acetone and diisopropyl ether. ESMS in,CH. 675.9
[M]2*. Anal. Calcd for GiH7aN;OsCu(BRy)2: C, 63.77, H, 4.82, N,
6.43. Found: C, 63.56, H, 4.87, N, 6.49.
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