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Synthesis of New Binucleating Cylindrical Macrotricyclic Ligands Where Two Cyclam
Rings Are in a Face-to-Face Conformation. Characterization of Their Dicopper(ll) and
Dinickel(Il) Complexes
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Synthesis of new symmetrical cylindrical macrotricyclic ligaridsb, where two cyclam subunits are linked
through nitrogen atoms by two aromatic chains of various lengtietgxylylenyl, para-xylylenyl) has been
achieved. These compounds have been prepared according a five step procedure. The readily available
trisheteroprotected cyclam has been reacted with the appropriate bis(bromomethyl)benzene to give the
bimacrocycle intermediatém,b. The selective deprotection of ttert-butyloxycarbonyl group leads to the diamine
bimacrocyclesab. Condensation of these diamines with the appropriate diacid dichloride under high-dilution
conditions yields the diamide macrotricyclégb in a significant yield. After reduction of the amide moieties

and deprotection of the tosyl groups, new cylindrical macrotricytils were obtained. Macrotricyclic ligands

1ab coordinate C&™ and N#* to form binuclear species. The crystal structure of the([N)](ClO4)42CH;CN
complex has been determined by single-crystal X-ray analysigHsgN4Ni(ClO4)2*CH3CN crystallizes in the
triclinic space grougPl with unit cell dimensions o = 10.716 (3) Ab = 12.805(4) A.c = 9.292(3) A,a =
95.82(2Y, B = 103.06(2}, y = 94.94(2}, andV = 1227.8 B, Z = 2, 2396 observations, af{F) = 0.036. The
cationic part of the complex is a dimer lying on a crystallographic inversion center. Each metal ion is coordinated
to four nitrogen atoms of a cyclam unit giving an approximatively square planar coordination geometry, with an
intermetallic distance of 6.830(1) A. The ESR spectra of the binucledr Gamplexes clearly show metal

metal cooperative interactions.

Introduction by the coaxial arrangement of two tripod subud#st® (l11)
bimacrocyclic receptors in which two macrocyclic subunits are

In the last two decades the synthesis of artificial receptors jinked together by one brid 0835 (iv) macrotricyclic receptors

able to coordinate metal cations has undergone a spectacula
growth12 Most of the attention has been focused on macro-
cyclic receptors capable to bind more than one transition metal (10) ?(’3202U99hlin, P. K.; Lippard, S. J. Am. Chem. S0d.981, 103 3228-
ion2"2 Dependlng on the nature of s_ubunlts used for their (11) Drew, M. G. B.; Nelson, J.; Esho, F.; McKee, V.; Nelson, S.M.
construction, a variety of macropolycyclic structures have been Chem. Soc.. Dalton Trand982 1837-1843.

synthesized: (1) compartmental receptors which contain a large(12) Menif, R.; Martell, A. E.; Squattrito, P. J.; Clearfield, Baorg. Chem.

macrocycle able to bind two metal centers into some predeter- 1G990 29, 4732.3;/47%9- b, A Fenton. . E.- Hellier. P AGta Ch
minate arrangement$1-14 (i) macrobicyclic receptors formed ¥ Seand 1002 46, 10281048, | o D eten AL Lhem.
(14) Guerriero, P.; Tamburini, S.; Vigato, P. 8oord. Chem. Re 1995
T Universitede Bourgogne. 139 17-243.
* Universitede Fe. (15) Lehn, J. MAAcc. Chem. Red978 11, 49-57.
8 Universitede Strasbourg. (16) Dietrich, B.; Lehn, J. M.; Sauvage, J. P.; BlanzaT,etrahedronl 973
(1) Melson, G. A. @ordination Chemistry of Macrocyclic Compounds 29, 1629-1645.
Plenum: New York, 1979. (17) Lehn, J. M.; Montavon, FHelv. Chim. Actal976 59, 1566-1583.
(2) Lindoy, L. F.The Chemistry of Macrocyclic Ligand Complex@gess (18) Agnus, L.; Louis, R.; Weiss, R. Am. Chem. S0d.979 101, 3381~
Syndicate of The University of Cambridge: Cambridge, U.K. 1989. 3384.
(3) Travis, K.; Busch, D. HJ. Chem. Soc., Chem. Comm87Q 1041 (19) Barefield, E. K.; Chueng, D.; Van Derveer, D.I5Chem. Soc., Chem.
1042. Commun.1981, 302—304.
(4) Coughlin, P. K.; Lippard, S. dJnorg. Chem.1984 23, 1446-1451. (20) Burk, P. L.; Osborn, J. A.; Youinou, M. T. Am. Chem. S0d.981,
(5) Motekaitis, R. J.; Martell, A. E.; Dietrich, B.; Lehn, J. Morg. Chem. 103 1273-1274.
1984 23, 1588-1591. (21) Buttafava, A.; Fabbrizzi, L.; Peratti, A.; Seghi, B.Chem. Soc., Chem.
(6) Agnus, Y.; Louis, R.; Gisselbrecht, J. P.; Weiss,JRAmM. Chem. Commun.1982 1166-1167.
So0c.1984 106, 93—102. (22) Murase, I.; Hamada, K.; Kida, $horg. Chim. Actal981, 54, L171-
(7) Martin, A. E.; Bulkowski, J. EJ. Org. Chem1982 47, 415-418. L173.
(8) Lehn, J. M.Pure Appl. Chem198Q 52, 2441-2459. (23) Ciampolini, M.; Micheloni, M.; Nardi, N.; Vizza, F.; Buttafava, A.;
(9) Riesen, A.; Zehnder, M.; Kaden, T. Melv. Chim. Actal986 69, Fabbrizzi, L.; Perotti, AJ. Chem. Soc., Chem. Comm884 998—
2074-2079. 999.
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which are formed by bridging two macrocyciés28 to study metat-metal interaction and investigate multielectron

. . 1,27,56
More recently, particular attention has been devoted to the Processes: _
preparation of complexes possessing two transition metal ions Consequently, these systems have reached a very high level
separated by a distance of 3.8 A, preferably without bridging ~ Of sophistication in order to enhance their ability to form
ligands144950 No direct metametal interaction occurs, buta  Pinuclear complexes. These various frames may affect deeply
substrate can interact simultaneously with both ions. The electronic and magnetic properties and also mutually influence

presence of two metal ions at a suitable distance defines a cavityN€ redox activity of each metal center. The intermetallic
where the coordination of small moleculesy(®l,, CO, etc.) ~Separation distance determines to a great extent the-meéial

and/or organic substrates can favor oxidation or other reactions.mter""ct'?_n V\_’ht'Ch Irt]' its tfutrhn plays Ian |mp(_)trr:atrr1]t roI% ',? tthe
Many such binuclear complexes have been synthesized in orde°00Perative interaction ol the compiexes with the substrate.
to mimic the reactivity of molecular oxygen and carbon We focused our attention on the preparation of cylindrical

monoxide with hemocyanif:54 which possesses a binuclear macrotricyclic ligands which are capable of maintaining two
unitss In addition. these bin’uclear complexes are good models metal ions at a fixed distance and in a face-to-face conformation.

They are prepared by linking two macrocycles together through
two bridges defining three cavities: two lateral inside the

(24) ggfgfideh R.; Riesen, A.; Kaden, T.Aelv. Chim. Actal985 68, macrocycles and a central one. Since the first cylindrical
(25) Ciampolini, M.: Fabbrizzi, L.; Perotti, A Poggi, A.: Seghi, B. macrotricyclic ligands which have been reported by Lehn and

Zanobini, F.Inorg. Chem.1987, 26, 3527—3533. co-workersy” many cylindrical macrotricyclic ligands have been
(26) Fabbrizzi, L.; Montagna, L.; Poggi, A.; Kaden, T. A.; Siegfried, L.  synthesized. Most of these ligands contain both nitrogen and

C. J. Chem. Soc., Dalton Tran%987, 2631-2634. s .
(27) Fabbrizzi, L. Montagna, L.. Poggi. A.. Kaden, T. A Siegfried, L. oxygen donor atoms and have a great affinity for alkali-metal

C. Inorg. Chem.1986 25, 2671-2672. and alkaline-earth-metal cations. To enhance the coordinating
(28) %%%hiégkée@?;?a’ A.; Endoh, Y.; Ikeda, YBull. Chem. Soc. Jpn.  properties of these macrocycles, different modifications have
(29) Matsumoto, N.; Koikawa, M.: Baba, N.; Okawa, Bull. Chem. Soc. ?heee?y:)neag? jgﬁgra:tgrﬁémg size, the nature of substituents, and
Jpn.1992 65, 258-261. '
(30) Sessler, J. L.; Sibert, J. Wetrahedron1993 49, 8727-8738. Although syntheses of cylindrical macrotricyclic ligands have
(31) Rosokha, S. V.; Lampeka, Y. D.; Maloshtan, I. 81.Chem. Soc., been reported particularly with oxﬂazamacrocycl@~42v44v47v48

Dalton Trans.1993 631—-636. . .
(32) Kajiwara, T.; Yamaguchi, T.; Kido, H.; Kawabata, S.; Kuroda, R.; ©f thia—azamacrocycli®®® subunits, to our knowledge, the

Ito, T. Inorg. Chem.1993 32, 4990-4991. macrotricyclic containing only azamacrocycles were unknown.
(33) Mochizuki, K.; Higashiya, S.; Uyama, M.; Kimura, J.Chem. Soc.,  We therefore planned to develop the synthesis of such new
(34) S?f%rp A??EQE?QT%AZJ?Z&ZC?\?&{. Actal994 77, 23-35. macrotricyclic system that would contain only polyaza subunits,
(35) Kido, H.; Takada, M.; Suwabe, M.; Yamaguchi, T.; ltoJAorg. Chim. which are potentially soft binding sites.

Acta 1995 228 133-138. In a recent communicati6hwe have briefly reported the

(36) Bridger, G. J.; Skerlj, R. T.; Thorhton, D.; Padamanabhan, S.;

Martellucci, S. A Henson, G. W.: Abrams, M. J.: Yamamoto, N.- synthesis o_f new cylindrical macrotricyclic Iigan_ds in which two
De Vreese, K.; Pauwels, R.; De Clercqg, E.Med. Chem1995 38, cyclam units are connected to each other in a face-to-face
366-378. _ _ ] conformation. We describe in detail here the synthesis as well
@7 Efgibgé yseuggeg%z“"-' Zehender, M.; Kaden, T.Helv. Chim. as the structural and spectral properties of the macrotricycles
(38) Zhang,x.;Héieh,W. Y.; Margulis, T. N.; Zompa, L.Iaorg. Chem. lab and those of their precursors. Further, we report the
1995 34, 2883-2888. preparation of dicopper(ll) and dinickel(Il) complexes of ligands
(39) 1L26hg%§¥ g/'?-;gs'mO”: J.; Wagner Aingew. Chem., Int. Ed. Engl973 lab. The X-ray analysis of the dinickel compléba is also
(40) Kétzyba-HiberL F.; Lehn, J. M.; Vierling, Hetrahedron Lett198Q reported.
21, 941-944.

(41) Jones, N. F.; Kumar, A.; Sutherland, I. @. Chem. Soc., Chem. Results and Discussion
Commun.1981, 990-992.

(42) fgézxgzﬁfze& F.; Lehn, J. M; Saigo, K. Am. Chem. Sod.981, Synthesis of Macrotricyclic Ligands 1a,b. 1,4,8,11-Tet-
(43) Kumar, A.; Magéswaran, S.: Sutherland, . T@trahedronl986 42, raazaqyclotetradecane (Comm0n|y named cyclam) was chpsen
3291-3302. to design the aimed macrotricyclic systems for the following
(44) éﬂelli,I%SL.;Sl\gog;%r;rsi,zl;g Quici, S.; Cianin, G.; Sironi, A. Org. reasons: (i) Itis a strong ligand for complexing transition metal
em. : . ; i ; i inAati i i
(45) Prat, J. A.8E.' Sutherland, I. O.; Newton, R.JFChem. Soc., Perkin catlpns dlsplaylng a rich cqqrdlnatlon _chemlsh@y’. (i) Its
Trans, 11988 13-22. ’ ’ ’ cavity can incorporate transition metal ions in a very relaxed

(46) Fages, F.; Desvergne, J. P.; Bouas-Laurent, H.; Lehn, J. M.; Konopel- configuration, giving a particularly strong metalitrogen

ilgé d-ezg_'\gggsauv P.; Barrans, ¥. Chem. Soc., Chem. Commun.  nteraction®%4 (jii) Among polyazamacrocyles, cyclam presents

(47) Quici, S.; Manfredi, A.; Raimondi, L.; Sironi, Al. Org. Chem1995

60, 6379-6388. (56) For a review seeCopper Coordination Chemistry: Biochemical and
(48) Krakowiak, K. E.; Bradshaw, J. S.; Kou, X.; Dalley, N. X Heterocyl. Inorganic Perspecties Karlin, K. D., Zubieta, J., Eds.: Adenine
Chem.1995 32, 931-935. Press: Guilderland, NY, 1984.
(49) Zanello, P.; Tamburini, S.; Vigato, P. A.; Mazzocchin, G.Gxord. (57) Cheney, J.; Lehn, J. M.; Sauvage, J. P.; Stubbs, M. Ehem. Soc.,
Chem. Re. 1987, 77, 165-273. Chem. Commuril972 1100-1101.
(50) Vigato, P. A.; Tamburini, S.; Fenton, D. Eoord. Chem. Re 199Q (58) An, H.; Bradshaw, J. S.; Izatt, R. Mhem. Re. 1992 92, 543-572.
106, 25-170. (59) Alberts, A. H.; Annunziata, R.; Lehn, J. M. Am. Chem. S0d 977,
(51) Bulkowski, J. E.; Burk, P. L.; Ludmann, M. F.; Osborn, JJAChem. 99, 8502-8504.
Soc., Chem. Commuth977, 498—-499. (60) Alberts, A. H.; Lehn, J. M.; Parker, 0. Chem. Soc., Chem. Commun.
(52) Nelson, S. M.; Esho, F.; Lavery, A. Am. Chem. Sod.983 105 1985 2311-2317.
5693-5695. (61) Lachkar, M.; Andrioletti, B.; Boitrel, B.; Guilard, R.; Atmani, Alew
(53) Powell, J.; May, C. JJ. Am. Chem. S0d.982 104 2636-2637. J. Chem.1995 19, 777-779.
(54) Pyrz, J. W.; Karlin, K. D.; Sorrel, T. N.; Vogel, G. C.; Que, J. L.  (62) Asato, E.; Kida, S.; Murase, Inorg. Chem.1989 28, 800—-802.
Inorg. Chem.1984 23, 4581-4584. (63) Martin, L. Y.; Dehayes, L. J.; Zompa, L. J.; Busch, D.JHAm. Chem.
(55) Solomon, E. |.; Penfield, K. W.; Wilcox, D. Btruct. Bondingl983 S0c.1974 96, 4046-4049.

53, 1-57. (64) Evers, A.; Hancock, R. Onorg. Chim. Actal989 160, 245-248.
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the greatest thermodynarfii@nd kineti€® stabilities for divalent Scheme 1
3d metal ions. Particularly, the Ni(ll) complex, showing B
surprising thermodynamic and kinetic stabik#f8 has been
used in a number of catalytic reactions under severe conditions. ¢ m
(iv) Cyclam being a 14-membered ring, the metal can be easily N NH TN NH
located within the macrocyck8:7° (v) The Cu(ll) or Ni(ll) ion ® TsCl (Boc),0
coordinated to the cyclam unit can be reversibly oxidized, at a - E -
moderately positive electrode potential, to form an authentic HN NH HN NTS
trivalent copper or nickel species, respectivély’3 U k)
It is therefore of major interest to incorporate two cyclam
rings into a cylindrical macrotricyclic structure. 2 3)
Synthetic Strategies. Various synthetic strategies are pos-
sible to build up a cylindrical macrotricyclic moleclig’*
For the synthesis of macrotricycléa,b a convenient reaction

pathway proceeds from the 1,8-lpstolylsulfonyl)-1,4,8,11- ™ s
tetraazacyclotetradecar®.( The different steps of the reaction E

scheme can be summarized as follows: (a) One of the nitrogen YN NT-
atoms of the 1,8-ditosylcyclan8) was first protected to give a

trisheteroprotected cyclam)( This product is a key intermedi- k)
ate to create the first bridge by a selective substitution of the @

free NH site of each macrocycle. (b) To ensure that the two

macrocyclic subunits are located at a suitable distance, the spacethe reaction by various methods without cleavage of the
group is a disubstituted aromatic derivative. Thus condensationtertiaryamine groups.
of the key intermediaté with appropriate difunctional aromatic Polymer is formed when the high-dilution technique is not
reagents leads to the bimacrocyckesb. (c) After selective  ysed. Thus, it is more easy to create the second bridge when
removal of thetert-butyloxycarbonyl groups (Boc), diamide the acylation reaction is done under high-dilution conditions
macrotricycles7ab are formed by condensation with the py reaction of ar,o’-diacid dichloride with ar,o’-diamine
precursor of the second spacer group. (d) Finally, the new ysing synchronized motor-driven syringes to deliver the reagents
cylindrical macrotricyclic ligandslab are obtained as free  simultaneously. Failure to use this technique results in con-
amines by reduction of the amide groups and removal of the siderably reduced yields of the aimed macrotricycles.
tosyl protecting groups. Synthesis. Cyclam 2 is synthesized according to a well-
Macrotricycleslab were also synthesized by direct acylation known procedurd® Starting reactan8, 1,8-ditosylcyclam, is
of ditosylcyclam 8) with an appropriate diacid dichloride using prepared by reacting cyclam with 1.7 equiv of p-toluene-
high-dilution conditions. The product is separated from the sulfonyl chloride (TsCl) following the method described by
reaction mixture containing side products in very low yieled-(5  Parker et al’(see Scheme 1, first step). CompouBdis
10%)%1.75 Indeed the macrotricycle, bimacrocycle, and mac- obtained after flash chromatography as a crystalline derivative
robicycle are present at same time in the reaction mixture.  within 30% yield. Monoacylation of the 1,8-ditosylcycla) (
There are some restrictions which must be noted, as follows: with di-tert-butyl dicarbonate affords the trisheteroprotected 1,8-
Two protection steps are required before the first linkage. (p-tolylsulfonyl)-11-gert-butyloxycarbonyl)-1,4,8,11-tetraaza-
One of the two protecting groups must be selectively removed cyclotetradecanet] in 90% yield, but excess of starting material
in the presence of the second one. The ease of removal of the3 and the tetraprotected derivative are also obtained.
tert-butyloxycarbonyl group (Boc) under very mild acid condi- ~ The new macrotricycledab are synthesized according to
tions immediately promotes its use. Many reasons can explainthe reaction sequence shown in the Scheme 2. Condensation
that p-toluenesulfonyl (Ts) has been selected as the secondof the key intermediateél with m-dibromoxylene orp-dibro-
protecting group: tosyl groups are stable under drastic condi- moxylene in refluxing acetonitrile and in the presence of
tions used for removal of other protecting groups. The presencepotassium carbonate allows the linking of two rings leading
of tosyl groups in these molecules makes them easy to purify. respectively to the bimacrocycl&s,b in good yield (75-80%).

Moreover, the tosyl groups can be removed in the last step of By treatment with trifluoroacetic acid (TFA), théert-
butyloxycarbonyl group is removed in the presence of tosyl

(65) Cabbiness, D. K.; Margerum, D. W. Am. Chem. Sod 969 91, groups. Hydmgen chioride (6 N) has also been e_njployed for
6540-6541. the selective removal of the Boc groups. Thus, acidic cleavage
(66) glﬁ%blb'gigzv D. K.; Margerum, D. W. Am. Chem. Sod97Q 92, followed by an aqueous base treatment leads to the diamine
— . ! . o o .
(67) Busch, D. HAcc. Chem. Re<.978 11, 392-400. blmagrocyclesiiab in 90% yleI(_j. B_lmacrqcyclesﬁa,b ez_ach
(68) Thiam, V. J.; Hancock, R. DJ. Chem. Soc., Dalton Trank985 1877~ contain one free secondary amine site which could be linked to
1880. the second spacer group. The other amine functions are
(69) gﬂg}‘n \éo‘]c'iggzx'lgé 055 EE%%%S' J. C. A Hancock, R.DAM. protected by the tosyl groups until the final step of the synthesis.
(70) Tham, V. J.; Hosken, G. D.; Hancock, R. Ihorg. Chem 1985 24, The high-dilution condensation ofa with isophthaloyl
3378-3381. dichloride or6b with terephthaloyl dichloride in the presence
(71) Fabbrizzi, L Comments Inorg. Cherl988 4, 33-54. '~ of NEt in dry tetrahydrofuran (THF) affords diamide macro-
() B.um"’(‘,fg\{aéhé’m.fgf;é'zzzs',’ 14'56?521(;’1. - FOggL A, FOll &., Seghl, tricyclic ligands7a,b after chromatography on silica gel in 53%
(73) Zeigerson, E.; Ginzburg, G.; Meyerstein, D.; Kirschenbaum, 0. J.
Chem. Soc., Dalton Tran498Q 1243-1247. (76) Barefield, E. K.; Wagner, F.; Herlinger, A. W.; Dahl, A. R.; Holt, S.
(74) Lehn, J. M.Struct. Bondingl973 16, 1-69. Org. Synth.1976 16, 220-225.

(75) Boitrel, B.; Andrioletti, B.; Lachkar, M.; Guilard, R.etrahedron Lett. (77) Helps, I. M.; Parker, D.; Morphy, J. R.; Chapman,Tétrahedron
1995 36, 4995-4998. 1989 45, 219-226.
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aKey: (i) (a) mBrCH,PhCHBr, (b) p-BrCH.PhCHBr; (i) (a)
m-CICOPhCOCI, (b)p-CICOPhCOCI.

and 55% vyield, respectively. Despite high-dilution conditions,
it has to be noted that polymerization occurs.

Macrotricyclic diamidegab may be converted into cylindri-
cal macrotricyclic octaamineia,b either in two step via 8a,b
(reduction of the amide functions followed by cleavage of the
tosyl groups) or by direct reduction with LiAlHN tetrahydro-
furan at reflux’® Attempts to reduce amide groups and
simultaneously cleave off the tosyl groups using LiAlétbes

Lachkar et al.

S

L T T T
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Figure 1. 3C NMR spectrum of macrotricyclgain CDCl.

state. The purity of the obtained compounds after chromatog-
raphy on silica gel was checked by TLC, IR and/or NMR
spectroscopy. These new ligands exhibit the expected spectral
properties ¥H and 13C NMR, IR, FAB-MS) as well as the
elemental analyses corresponding to the proposed formulas (see
Experimental Section). Thi! and3C NMR spectra have been
recorded for all the compounds.

The infrared spectra of ligandsand5a,b) display a strong
band at 1693 cmt assignable to the/(CO) of the tert-
butyloxycarbonyl groups. Bimacrocyclég,b are characterized
by the lack of this stretching band in their IR spectra.
Macrotricyclic diamide ligands7ab show the normal IR
absorption frequency of the amide carbonyl groups (strong band
at 1634 cml). Bands at about 1340 and 1158 ¢hof 4, 5a,b,
6ab, 7ab, and8ab are characteristic of a sulfonamide group
(SG:N). No absorptions around 1340 and at 1158 twere
observed for the macrotricyclesa,b proving the absence of
any tosyl groups.

Each macrotricycl@ab shows a peak on the mass spectrum
corresponding to the expected molecular ionmét = 1248.

The FAB-MS spectrum of ligand8a,b shows the [M+ H]*™
peak atn/z= 1221. FAB" mass spectrometry of macrotricycles
lab in CH.CI; reveals the presence of the characteristic peak
[M + H]* at m/z = 605.

The 'H and 3C NMR spectra clearly prove the structural
assignments. For example, thé NMR spectra of ligandg,
5a,b containing atert-butyloxycarbonyl group show a singlet

not lead to a pure product. A two-step synthesis has beenat 1.46 ppm due to the methyl groups. Bimacrocy&ab are

adopted. Reduction ofab with B,Hg in THF using a 16
15-fold excess of reagent and hydrolysis of the intermediate
borane-amine wih 6 N HCl at reflux deliver the macrotricycles
8ab in low yield (27—30%). A convenient yield of 90% for
8aand 88% for8b has been obtained by reductionatb with
LiAIH 4 in tetrahydrofuran at room temperature.

The cleavage of the tosyl groups 8&b is obtained by
treatment with sulfuric acid. The octaamine salt is then treated
with concentrated NaOH and extracted with chloroform to give
the new cylindrical macrotricyclic moleculds,b within 70%
and 75% yield, respectively.

The use of dibromoxylene as the first linker and diacid
chloride as the second one led to higher yields. The experi-

characterized by the lack of this singlet on tH&IrNMR spectra.

IH and 13C NMR spectra of ligand$ab, 6ab are in total
accordance with a bimacrocycle arrangement. Macrotricyclic
ligands8a,b show appropriate signals in théi and3C NMR
spectra. In théH spectroscopy, the detection of only one singlet
at 2.36 ppm foBa and at 2.35 ppm fo8b due to the methyl of
the tosyl groups reveals the high symmetry of these macrotri-
cyclic ligands. The spectrum dfb exhibits one quintuplet at
1.77 ppm attributed to th&-hydrogens, a multiplet at 2.35, and

a triplet at 3.24 ppm attributable to the-hydrogens. The
hydrogen atoms of the benzyl chains give rise to two doublets
at 3.59 and 3.96 ppm, while the hydrogen resonances of aromatic
rings appear as a singlet at 7.33 ppm. & NMR spectrum

mental details of the various steps of synthesis and the physical(Figure 1) of macrotricyclic liganda consists of 11 signals.
characteristics of the obtained compounds are reported in theThe resonances at 25.9 and 30.2 ppm are assigned to the

Experimental Section.
Characteristics of the Ligands. Macrotricycleslab which

pB-carbons, and the peaks at 48.1, 51.0, 52.1, and 52.9, to the
a-carbon atoms. The carbon atoms of benzyl chains give rise

are solids at room temperature are soluble in polar organic {0 @ Signal at 57.8 ppm. The resonances at 128.0, 130.1, 132.5,

solvents (CHCI,, CHCL;, CH3CN, EtOH). All the compounds
described herein are stable in solution as well as in the solid

(78) Saigo, K.; Kihara, N.; Hashimoto, Y.; Lin, R. J.; Fujimura, H.; Suzuki,
Y.; Hasegawa, MJ. Am. Chem. Sod.99Q 112 1144-1150.

and 137.3 ppm correspond to the carbon atoms of the aromatic
spacer groups.

New cylindrical macrotricycledab containing two cyclam
units are potentially dinucleating ligands able to coordinate two
transition metals and to maintain them at a suitable distance.
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Figure 2. UV-—visible spectrum of [C¥(1a)]*" in CH3CN.

Table 1. Spectral Properties of the €uand N#* Macrotricycle
Complexeslab and of the Corresponding Monocycle Cyclam in

CHsCN (®)
A, nm A, nm
complex (e, M~tcm™?) (e, M~tcm™?) ref
[Cux(1a)]** 351 (1097) 520 (569 this work \
[Cux(1b)]** 345 (1644) 521 (807) this work
[Cu(cyclam)Ft 505 (74) 26,73
[Niz(1a)]** 342 (293) 478 (259) this work /
[Ni(1b)]4 339 (315) 473 (273) this work \/
[Ni(cyclam)*+ 450 (45) 73,76
2600 3000 ' 3400 I 3800 Gauss

Binuclear Copp_er(ll) Complexes. To furt_her characterize Figure 3. X-band ESR spectra of the allowed transitions for Cu
these new macrotricycles, their Cu(ll) and Ni(ll) complexes have (14)14+ (a) and [Cu(1b)]*" (b) at 100 K in 3:1 EtOH/toluene solution.
been prepared and characterized by their visible and ESR
spectra. Addition of 2 equiv of copper(ll) perchlorate to ligands Table 2. ESR Data for the Dicopper(ll) Macrotricycles Complexes
1ab in refluxing ethanol results in immediate precipitation of and Copper(ll) Cyclam in Frozen Solution at 100 K in 3:1

the binuclear complexes as perchlorat€aution! Perchlorate EtOH/Toluene

salts of transition metal complexes are known to be exgposi allowed transition half-field transition
under conditions of mild shock and heat, and these compounds A (107 A(10* rewcu
must be handled with great cautionElemental analysis compds ol oo cm™) g cm ) (A
indicates that the complexes contain only the ligand and Cu- [Cux(18)]+" 2218 2.060 101 4376 187 6.5
(ClOg4)2 in 1:2 stoichiometry. [Cux(1b)]** 2226 2067 113 4402 142 74

The UV-visible spectral properties of the Eucomplexes [Cu(cyclam)P* 2.185 2.047 206
of 1a,b as well as that of the corresponding 1,4,8,11-tetraaza- . . .
cyclotetradecar®3are given in Table 1. The visible absorp- 2PSorption Oband around 930 chntypical of coordinated
tion spectra of [Cp(18)](ClO4)4 (see Figure 2) and [G(1b)]- perchloraté? . .
(ClO4)4 (Table 1) are very similar to each other, both showing Visible and infrared spectral pro_pe_rtles of these binuclear
two prominent bands at 34550 and 520 nm. The broad bands cpppgr(ll) comple>§es are characteristic of square planar coor-
are due to the dd* transition (ligand field transition) with a  dination geometry. , .
maximum absorption at 520 nm for [€da)](ClO4)s and at ESR Studies. Electron spin resonance of paramagnetic ions
521 nm for [Cu(1b)](ClO4)s, which is expected for a CuN is a convenient technique to study metaletal interactions.
chromophoré? Thus, the ligand field strength dfa s similar The ESR spectra of the €ucomplexes oflab and cyclam
to that of 1b. have been recorded. Measurements of-sppin distances of
The high intensity of the band in the region 34850 nm dicopper(ll) complexes from the half-field transition of ESR

rules out metal-centered—di* transition. This transition spectra are also reported (Table 2). .

involves some type of charge transfer between ligand and metal, ESR spec';ra 9f copper(ll) complexe; possessing a square
i.e. 0o — Cl2* (LMCT).® The absorption maxima of these planar coordlnatlo.n geometry shgl/v typical pattern Wlth four
two macrotricycles can be compared to that of the copper(ll) PeaKs corresponding g and togo.* They are characterized
cyclam complex which absorbs at 505 nm. The small batho- 2Y_the sequence = go = 2.00 andA, values in the range
chromic shifts of ca. 15 nm observed for [§18)](ClO4)4 and (150-210) x 107 cm™". Hence they, andA, values are the

16 nm for [CL(1b)I(CIO.), are probably due o a somewhat pertinent parameters to provide structural assignments.
weaker IigaEn(;Q(fiel)dq(of tr?();N-suEstituen){s. Figure 3 shows ESR spectra of the?Ceomplexes ofla,b.

f 4+ 4+
The presence of noncoordinated perchlorate anion in-[Cu The spectra of_lblnuclzar compll(eﬁtlas Egﬁm)] "f[mfd [CQ(tﬁb)t] ¢
(1a)](Cl04)s and [Cu(1D)](ClO.)4 is inferred by the presence &€ VETy simiiar and remarkably ditierent from that of a
of the broad band at 1090 crthand the absence of an intense

(80) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination CompoundsWiley-Interscience: New York, 1978.
(79) Hediger, M.; Kaden, T. AHelv. Chim. Actal983 66, 861—870. (81) Buxtrof, R.; Kaden, T. AHelv. Chim. Actal974 57, 1035-1042.
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/\ Binuclear Nickel(ll) Complexes. Macrotricycleslab easily
@ /”\W/ form homobinuclear complexes when treated with 2 equiv of
W \\/\ nickel(ll) perchlorate. The binuclear complexes J8)]-
(ClOg)4 and [Ni(1b)](ClO4)4 were synthesized in aqueous
solution and crystallized as perchlorates from EtOH.
The absorption spectra of these complexes are collected in
Table 1. In addition the spectrum of [Ni(cyclam)](C)Qis
included for comparisof® ¢ The spectra of these dinickel(ll)
complexes consist of a broad bandra#t80 nm in the visible
/\/b/wﬂ\ region attributable to the-ed* transition with an extinction
3 coefficient of ca. 259270 M~ cm™%, which is typical of a
\\ // yellow diamagnetic Ni(ll) complex and can be related to the
v d—d* transition observed for other square planar nickel(ll)
complexeg834 The bathochromic shift of this band is due to
a weakening of the ligand field of the two tertiary amino groups,
because the xylyl groups probably reduce the donor strength of
| T T T T 1 T . the tertiary nitrogen atoms. The bands in the 3360 nm
o 1400 1600 1800 2000 Gass region can be assigned to liganchetal charge transfer (LMCT).
Flguﬁ 4. X-band ESR‘Hspectra of the half-field transition for [Cu In the infrared spectra of binuclear Ni(ll) complexeslafb,
(1a)]** (a) and [Cu(1b)]** (b) at 100 K in 3:1 EtOH/toluene solution. the broad intense band at about 1090‘émssigned to CIQr
mononuclear complex [Cu(cyclardj] The spectra of dinuclear  showing no remarkable splitting indicates that practically no
derivatives (Figure 3) display a pattern indicating an axial coordination of CIQ~ occurs®® In both cases the coordination
symmetry for the coordination scheme of copper ions. Such ascheme of both nickel ions is square planar and typical of
signal is typical for copper(ll) dimers and can be interpreted as diamagnetic complexes (ESR silent). Similar absorption band
triplet state spectra originating from exchange-coupled pairs of ranges (446480 nm) have already been reported for low-spin
copper(ll) ions. Each of the spectra shows, in A = +1 square planar Ni(ll) complexe4.76.79
region, a strong absorption #3330 G withg, values of 2.218 Moreover it is well-known that Ni(ll) complexes of
and 2.226 for [Cp(1a)]*" and for [Cu(1b)]**, respectively. In polyazamacrocycles exist in aqueous solution in equilibrium
this region, due to the zero-field splitting 2D, two septets which between the diamagnetic square planar (low-spin) and para-
are shifted with respect to each other are expected. Generallymagnetic pseudo octahedral (high-spin) speié%as shown
it is difficult to observe all these lines. The coupling constant in the following equation:
A, for the binuclear complexes is about half of that of the

mononuclear complex (Table 2), revealing that in both binuclear [Ni(L)] 2 +2H,0= [Ni(L)(OH ),]*"
complexes metaimetal interactions are preséft. yellow (low spin) blue (high spin)
In the spectra (Figure 4) of [G(La)]*" and [Cy(1b)]*", a
half-field transitionAMs = +2, consistent with the presence of |y acetonitrile, the square planar species should predominate

Cu(ll) dimers?* is observed between 1200 and 1900 G. This pecause this solvent has a weaker coordinating ability than
signal presents a seven lines hyperfine pattern with an averag&yater. Indeed, the dinickel(ll) complexes shows an absorption
hyperfine spacing of (146190) x 10~* cm™. This is also  pand around 408500 nm indicating the presence of only square
evidence for the spin coupling between the two copper ions. planar species.

The ESR study clearly shows the TuCi#* interaction by Spectroscopic studies (visible, infrared, and ESR) are typical
the existence of more than four hyperfine lines in the spectra ¢ square planar copper(ll) and nickel(ll) complexes with 14-
of the dicopper(Il) complexes and by the smaller valuesof  membered tetradentate macrocycles. This suggests a similar
which are typical of dipoledipole interactions in binuclear  ggrycture of the chromophore for all the studied complexes.
copper(ll) complexed?-23:31.84 _ _ These data are corroborated by the crystal structure of [Ni

The observed ESR as well as the electronic absorption a”d(la)](CIO4)4.
infrared spectra of the complexes are t_hen consistent with a Crystal structure of [Ni(1a)](ClO4). To ascertain the
square planar geometry for each metal ion. macrotricyclic structure and the face-to-face arrangement of the

From the intensities of the half-field transitioh) and the two metal ions, the crystal structure of Blia)](ClO4)4-2CHs-
high-field transition ), the average distance) (between the  cN (14) was determined. In Table 4 the coordinates of all
two paramagnetic cations can be calculated using the well- non-hydrogen atoms are listed, and in Table 5 selected bond
known empirical equatiof# distances and angles are reported. Figure 5 shows a view of

LIl = 20/° the cationic part ofla. In the crystal, the [N(1a)]*" dimers

12 lie on crystallographic inversion centers. Each nickel atom is
bound to four nitrogen atoms of one of the cyclams. The
surroundings of the metal atoms are nearly square planar: the
nickel atom is out of the mean plane of the 4 nitrogens by

Internuclear separation was estimated todgec, = 6.5 and
7.4 A for dicopper(ll) complexes dfa,b, respectively.

(82) Hasty, E. F.; Wilson, L. J.; Hendrickson, D. Morg. Chem.1978§ 0.026(1) A,.and the NENi—N3 and N2-Ni—N4 bond ar"9|es
17, 1834-1841. are respectively equal to 177.26(7) and 174.76(Mhe Ni—N
(83) flfggh’ T. D; Martell, A. EJ. Am. Chem. Sac1972 94, 4123~ bond distances range from 1.909(2) to 1.969(2) A and are

(84) Kahn, O.; Morgenstern-Baradau, I.; Audiere, J. P.; Lehn, J. M.; Slightly shorter than 2.07 A, the ideal value as calculated from

Sullivan, S. A.J. Am. Chem. S0d.98Q 102 5935-5936.
(85) Eaton, S. S.; More, K. M.; Sawant, B. M.; Eaton, GJRAmM. Chem. (87) Sabatini, L.; Fabbrizzi, Linorg. Chem.1979 18, 438-444.

So0c.1983 105 6560-6567. (88) Fabbrizzi, L.; Micheloni, M.; Paoletti, fhorg. Chem198Q 19, 535—
(86) Eaton, S. SJ. Am. Chem. S0d.982 104, 5002-5003. 538.
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Table 3. X-ray Experimental Data for [N{18)](ClO4)4:2CHCN

formula C18H30N4Ni(C|O4)z'CH3CN
MW 604.1

color yellow

cryst system triclinic

a(h) 10.716(3)

b (A) 12.805(4)

c(A) 9.292(3)

o (deg) 95.82(2)

p (deg) 103.06(2)

y (deg) 94.94(2)

V (A3 1227.8

4 2

Dearc (g cn3d) 1.634

wavelength (A) 1.5418

u(cmt) 36.648

space group P1

diffractometer Philips PW1100/16
cryst dimens (mm) 0.2& 0.15x 0.15
temp €C) —100

radiation Cu K graphite monochromated
mode

scan speed (degy

6126 flying step-scan
0.020

step width (deg) 0.03
scan width (deg) 0.96- 0.14 tan@)
octants +h,+k,+I
6 min/max (deg) 3/52

no. of data collcd 2746

no. of data withl > 3o(l) 2396

no. of variables 325

abs min/max 0.89/1.26
R(F) 0.036
Ru(F) 0.061

p 0.08
largest peak in final diff map (e &) 0.06

GOF 1.482

molecular mechanics by Tha®® However, these values are
in the range of those found for i complexes with tetradentate
ligands®°0 The Ni—N1 and Ni-N3 bond lengths are not

significatively different, 1.965(2) and 1.969(2) A (mean value

1.967(2) A), but are longer than the-NN2 and Ni-N4 bonds,

Inorganic Chemistry, Vol. 37, No. 7, 1998581

Table 4. Atomic Coordinates and Their Esd’s for

[Ni2(18)](ClO4)s2CH,CN

atom X y z B (A?)

Ni 0.69899(5) 0.22370(4)  0.66355(5)  2.09(1)
N1 0.7216(2) 03263(2)  0.5267(3)  2.21(6)
Cl  06413(3) 04160(2)  0.5365(4)  2.76(7)
C2  06230(3) 0.4411(3)  0.6927(4)  3.02(8)
C3  0.5265(3) 0.3620(3)  0.7327(4)  2.94(8)
N2 05261(3) 0.2549(2)  0.6516(3)  2.32(6)
C4  0.4530(3) 0.1709(3)  0.7070(4)  2.88(7)
C5 0.5431(3) 0.1356(3) 0.8352(4) 2.80(7)
N3  0.6682(2) 0.1178(2)  0.7948(3)  2.13(5)
C6  0.7690(3) 0.1242(3)  0.9367(4)  2.66(7)
C7  0.9060(3) 0.1226(3)  0.9198(4)  2.81(7)
C8  0.9495(3) 0.2136(3)  0.8466(4)  2.80(7)
N4 0.8796(2) 02042(2)  0.6872(3)  2.24(6)
C9  0.9406(3) 0.2784(3)  0.6027(4)  2.66(7)
C10  0.8610(3) 03691(2)  0.5813(4)  2.65(7)
Cll  0.7006(3) 0.2795(3)  0.3650(4)  2.57(7)
Cl2  05657(3) 02316(2)  0.2893(3)  2.15(7)
C13  0.5174(3) 0.1337(2)  0.3179(3)  2.25(7)
Cl4  03941(3) 0.0868(2)  0.2485(3)  2.13(7)
Cl5  0.3173(3) 0.1392(2)  0.1415(3)  2.46(7)
C16  0.3655(3) 0.2345(3)  0.1085(4)  2.62(7)
Cl7  0.4883(3) 0.2816(2)  0.1820(3)  2.46(7)
C18  03420(3) —0.0132(3)  02999(3)  2.31(7)
Cil  0.84769(8) 0.00022(6) 0.31619(8)  2.72(2)
ol  07972(2) 00387(2)  0.4382(3)  3.66(6)
02  07454(3) —0.0302(2)  0.1884(3)  552(7)
03  009106(3) -—0.0889(2)  0.3548(4)  6.71(8)
04  0.9343(3) 0.0808(2)  0.2857(3)  5.78(7)
Cl2  0.78991(8) 0.49543(6)  1.11073(9)  2.93(2)
05  0.6605(3) 05171(3)  1.0852(5)  8.4(1)
06  0.8554(4) 05653(3)  1.0397(4)  8.08(9)
07  0.8460(4) 05071(2)  1.2660(3)  6.21(8)
08  0.7864(3) 0.3898(2)  1.0499(3)  5.52(8)
Cl19  0.0732(4) 03249(3)  0.2592(5)  4.7(1)
C20  0.1894(4) 0.3104(3)  0.3660(4)  3.48(8)
N5 0.2837(3) 02991(3)  0.4467(4)  5.04(9)

a B values for anisotropically refined atoms are given in the form of

the isotropic equivalent displacement parameter defined asgZi@)[1)
+ b?8(2,2) + ¢%3(3,3) + ab(cosy)B(1,2) + ac(cosp)B(1,3) + bc(cos

1.909(2) and 1.939(2) A (mean value 1.924(5) A). This

difference arises from the different nature of the amine groups: 0p23)1

around N1 and N2, secondary amines, around N3 and N4, Table 5. Selected Bond Distances (A) and Angles (deg) for

tertiary amines. It is noteworthy that NN(tert) bond distances

[Ni2(18)](ClO4)s2CHCN

of Ni'"TMC complex are longer than NiN(sec) bond distances Ni—N1 1.956(2) N2C3 1.496(3)
of the Ni'cyclam compleX! The two cyclam moieties have Ni—N2 1.909(2) N2-C4 1.479(3)
the trans | configuration in Bosnich’s definition with all nitrogen Ni—N3 1.969(2) N3-C5 1.501(3)
substituents on the same side of the four nitrogen mean plane. ~ Ni—N4 1.939(2) N3-C6 1.493(3)
This trans-I configuration is found for several complexes with m:gio 1'2888)) Nigés %'Z’ggg))
tetra-N-alkylated-1,4,8,11-tetraazacyclotetrade€aifeThe trans-I N1-C11 1.520(3) N4C9 1.491(3)
conformer of 14-anelNdiffers from those of 12- and 13-angN ] )
in that, except for a very long bond length, the metal ion lies N1-Ni—N2 90.61(8) N3-Ni—N4 94.03(8)
! . N1-Ni—N4 80.04(8) NENi—N3 177.26(7)
very nearly in the mean plane of the four nitrogen dor¢érs. N2—Ni—N3 87.48(8) N2-Ni—N4 174.76(7)

The six-membered rings present in each cyclam unit assume
chair conformations, while the carbenarbon bonds in the five-
membered rings adopt the usual skew conformation. The

for the five-membered rings and 90.61(8) and 94.03(@&) the

chelate angles subtended by the nitrogen donors at the nickel-SiX-membered rings. These angles are normal for planar

(1) show small deviations from 90 87.48(8} and 88.04(8)

(89) Curtis, N. F. InCoordination Chemistry of Macrocyclic Compounds
Melson, G. A., Ed.; Plenum: New York, 1979.

(90) Lee, T. Y.; Hsieh, M. Y.; Lee, T. J.; Chen, J. W.; Chung, CA8ta
Crystallogr. 1986 C42 1001-1004.

(91) Barefield, L.; Freeman, G. M.; Van Derveer, D.IGorg. Chem1986
25, 552-557.

(92) Bosnich, B.; Poon, C. K.; Tobe, M. lnorg. Chem1965 4, 1102-
1108.

(93) Crick, I. S.; Gable, R. W.; Hoskins, B. F.; Tregloan, Plrarg. Chim.
Acta 1986 111, 35-38.

(94) Oberholzer, M. R.; Neuberger, M.; Zehnder, M.; Kaden, THAlv.
Chim. Actal995 78, 505-513.

tetraamine 14-membered macrocyclic ligand complexes of Ni-
(1) with alternating five- and six-membered chelate rifg$he
lengths of the N-C single bonds in [N{1a)](ClO4)4-2CHs;CN

(1d) show small variation from the normal range depending
on the environments of the nitrogen atoms. The six bonds from
tertiary nitrogen atoms N1 and N3 to the carbon atoms of the
cyclam ring are longest with an average length of 1.504 A. The
N—C bonds involving secondary nitrogen donors N2 and N4
have an average value of 1.489 A (Table 5). In a perchlorate
group, the four C+O lengths are not very different from each
other (see Table 6), and the average value of 1.413 A is
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Figure 5. ORTEP plot of the cationic part ola showing the
numbering scheme used. Ellipdsiare scaled to enclose 50% of the
electronic density. Hydrogen atoms are omitted.

Table 6. Intramolecular Bond Lengths (A) and Angles (deg)
Involving the Chlorine and Oxygen Atoms

Lengths
Cli-01 1.426(2) Cl2-05 1.410(2)
Cl1-02 1.417(2) Cl2-06 1.396(2)
Cl1-03 1.411(2) Cl2-07 1.419(2)
Cl1-04 1.421(2) Cl2-08 1.406(2)
Angles
01-Cl1-02 109.6(1) 0O5-CI2—06 108.0(2)
01-CI1-03 107.9(2) 0O5-CI2—-07 110.0(2)
01-Cl1-04 109.7(1) 0O5-CI2—08 106.0(2)
02-CI1-03 109.3(2) 06-CI2—07 111.0(2)
02-Cl1-04 109.2(1) 06-CI2—08 111.9(2)
03-Cl1-04 111.2(2) O%#CI2—-08 109.7(2)

comparable with related compour#s.The O-CI-O bond
angles in [Nj(1a)](ClO4)4-2CH;CN show only small deviations
from the value expected for a regular ion with symmetry
(Table 6). In [N(18)](ClO4)4:2CHCN, there appears to be
no axial coordination for the complex ion as the closest contact
of the Ni (Il) ion with an oxygen atom of the perchlorate anions
is 3.394 A. Since this Ni(IF-O distance is dramatically longer
than the normal axial Nibonds, the Ni(ll}-O interaction is
not significant, and the Niis four-coordinate. Thus the
perchlorate groups are present in the lattice in an ionic form
and are quite distinct from that associated with m#tal.
Complex [Np(18)](ClO4)4:2CH;CN contain two molecules of
acetonitrile that are not coordinated to the Ni(ll) ion. The
distance from the Ni(ll) ion to the nitrogen atom of acetonitrile
is 4.677 A, and the shortest contact of this acetonitrile solvate
is 2.988(4) A with cyclam nitrogen N2. The distance between

the two metal atoms in the same molecule is equal to 6.830(1)

A and no intermolecular NiNi distance is less than 9 A,
precluding any metaimetal interaction. There are no unusual
intramolecular contacts.

Conclusion and Outlook

Ligandslab represent new types of cylindrical macrotricyclic
molecule containing only N-donor atom in their framework. The

(95) Tasker, P. A,; Sklar, L. Cryst. Mol. Struct1975 5, 329-344.

Lachkar et al.

obvious advantage offered by these new ligands over other
binucleating ligands is the well-defined constant coordination
sphere imposed by the ligand. The metaletal interaction
can be deliberately altered by lengthening the spacer group. An
especially interesting feature is that these macrotricycles are
capable of maintaining two transition metal cations at a fixed
distance. The macrotricyclds,1b form binuclear complexes
with copper(ll) and nickel(ll). From the ESR spectrum of the
dicopper(ll) complex of ligand.a, the internuclear separation
was estimated to be 6.5 A. In the solid state, the crystal structure
of [Ni2(1a)](ClO4)4-2CHsCN reveals that Ni(ll) cations are each
located on one cyclam unit at a distance of 6.829 A. Thus, the
inclusion of substrate molecule in the cavity is sterically
possible.

The cylindrical macrotricycle%a,1b are potentially versatile
binuclear ligands since a wide range of compounds having
different bridges, and hence different relationships between the
two macrocyclic units, can be synthesized. Heteronuclear
complexes may be formed when the two macrocycle units are
different, and in the case of homonuclear complexes, the
stabilization of different oxidations states may be also possible.
Work aimed to design new asymmetrical receptors of this class
of cylindrical macrotricycles and to study their complexation
behavior toward different metal cations is currently under way.

Experimental Section

Reagents and Solvents All reagents were of reagent-grade quality
and were used without further purification. All reactions employing
dry solvents were carried out under argon. Tetrahydrofuran (THF) was
distilled from LiAIH4 before use. CECN was distilled from Cakl
and stored on molecular sieves. Purification of compounds by column
chromatography was performed with 6200 mesh silica gel (for
column chromatography) and with 480 mesh (for flash chromatog-
raphy). Thin-layer chromatography (TLC) was carried out on silica
gel plates (Merck 60 fs,).

Spectroscopic Methods. 'H and *C NMR spectra have been
measured in CDGlsolution on a Bruker AC200 spectrometer of the
“Centre de Spectroscopie Malglaire de I'Universitade Bourgogne”.

The chemical shifts are given in ppm downfield from fireand'3C
signals of tetramethylsilane (TMS). The following abreviations are
used to describe NMR spectra: s, singlet; d, doublet; t, triplet; g,
quintiplet; m, multiplet. Mass spectra were obtained on a Kratos
Concept 321S spectrometer using DCI ionization and FAB modes. The
microanalyses have been performed at the “Service Central d’Analyse
du Centre National de la Recherche Scientifique”, Vernaison, France.
ESR spectra were recorded on a Bruker ESP 300 coupled to a
Microware computer at microwave powers that did not cause saturation
of the signal. To improve the signal-to-noise ratio of the spectra of
the half-field transition, all spectra were recorded using modulation
amplitudes of about 10 G. The intensity of the transitions were
measured by double-integration. BVisible spectra of the complexes
were obtained on 16—10~* mol~-L~* solutions in acetonitrile on a
Varian Cary 1 apparatus using 1-cm silica cells. Infrared spectra were
measured on a Bruker IFS 66v infrared spectrophotometer. Solid
samples were prepared as a 1% dispersion in KBr.

Synthesis of the Compounds. 1,4,8,11-Tetraazacyclotetradecane
(cyclam) (2) was synthesized according to well-known proceddfes.

1,8-Bisf-tolylsulfonyl)-1,4,8,11-tetraazacyclotetradecane (Exy-
clam) (3) was synthesized as reported in ref 77.

Macrotricycles 1ab were obtained according to the synthetic
procedure depicted in Scheme 2.

Chemistry. 1,8-Bisfp-tolylsulfonyl-11-(tert-butyloxycarbonyl-
1,4,8,11-tetraazacyclotetradecane (4).A solution of ditert-butyl
dicarbonate (1.55 g; 7.08 mmol) in chloroform (200 mL) was added
dropwise to a stirred solution of ditosylcycla®) (7.20 g; 14.17 mmol)
in CHCIl; (350 mL). The resulting mixture was stirred at room
temperature for 3 h. The solvent was then evaporated, and the residue
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was purified by chromatography on silica gel (98/2 CH/MeOH) to
give the trisheteroprotected cyclahas a white powder (3.90 g; 90%).
H NMR (CDCl) [0 (ppm)]: 1.46 (s, 9H), 1.80 (q, 4H), 2.40 (s,
3H), 2.41 (s, 3H), 2.67 (t, 2H), 2.81 (t, 2H), 2.99 (t, 2H), 3.10 (t, 2H),
3.31 (m, 8H), 7.26:7.30 (d, 4H), 7.59-7.70 (dd, 4H). 3C NMR
(CDCls) [6 (ppm)]: 22.1, 28.9, 29.1, 30.3, 46.3, 48.5, 49.9, 51.9, 80.2,
127.8, 130.3, 130.4, 135.5, 143.9, 144.1, 1556.0. FAB M&)(609,
(M + H)*. IR (KBr, cm™): 1693 (CO (Boc)), 1339 and 1159 (2.
Anal. Calcd for GgH44N4OsS; (608): C, 57.24; H, 7.24; N, 9.21; O,
15.79; S, 10.53. Found: C, 57.26; H, 7.27; N, 9.03; O, 15.35; S 10.17.
General Procedure R: Formation of Bimacrocycles. The ap-
propriatea,a’-dibromoxylene (1 mol equiv) dissolved in dry acetonitrile
was added to a solution of the trisheteroprotected cyclafd mol 11.03; S, 11.12%.
equiv) in the same solvent containing anhydrous potassium carbonate General Procedure R: Synthesis of Cylindrical Macrotricyclic
(>5 mol equiv). The reaction mixture was reﬂuxed under anhydrous D|am|des 7a,7b Under H|gh'D|IUt|0n Cond|t|0ns The Obta|ned
atmosphere for 24 h. The reaction mixture was cooled and filtered. diamine bimacrocycleSab dissolved in dry tetrahydrofuran and the
The residue washed with chloroform, and the combined filtrate and @ppropriate amount of phthaloy! dichloride in the same solvent were
washings were evaporated. The crude product obtained was purifieqadded at an equal rate and at the same time to a solution of
by column chromatography on silica gel giving the protected bimac- tetrahydrofuran containing triethylamine over a period of 24 h at room

11,11-p-Xylylenebis[1,8-bis-tolylsulfonyl)-1,4,8,11-tetraazacy-
clotetradecane] (6b). Using the general procedure,2.10 g (1.59
mmol) of bimacrocycléb gave 1.65 g of diamine bismacrocycle as a
white solid (yield 93%).

IH NMR (CDCl) [6 (ppm)]: 1.75 (q, 8H), 2.37 (s, 12H), 2.63 (m,
12H), 2.80 (t, 4H), 3.06 (m, 8H), 3.22 (t, 4H), 3.36 (t, 4H), 3.56 (s,
4H), 7.20-7.27 (d, 12H), 7.56 7.62 (dd, 8H). 13C NMR (CDCk) [0
(ppm)]: 22.1, 27.8, 29.5, 46.3, 46.9, 47.5, 49.7, 49.8, 51.0, 51.6, 53.3,
60.4, 127.7, 127.9, 129.5, 130.3, 136.0, 137.5, 138.3, 143.7, 144.0.
FAB MS (m/2) 1119, (M+ H)*. IR (KBr, cm™): 1341 and 1159
(SO:N). Anal. Calcd for GgH7gNsOsSs (1118): C, 60.11; H, 6.98;

N, 10.02; O, 11.45; S, 11.45. Found: C, 60.22; H, 7.05; N, 9.93; O,

rocycle.

11,11-m-Xylylenebis[1,8-bis-tolylsulfonyl)-4-(tert-butyloxycar-
bonyl)-1,4,8,11-tetraazacyclotetradecane] (5a)The general proce-
dure R applied to 4.75 g (7.50 mmol.) dfand 1.00 g ofx,o’-dibromo-
m-xylene (3.76 mmol) gives, after purification by chromatography (99/1
CHxCl,/MeOH), the title compound (3.80 g; 76%).

H NMR (CDCl) [0 (ppm)]: 1.46 (s, 18H), 1.69 (q, 4H), 1.88 (q,
4H), 2.38 (s, 12H), 2.47 (t, 4H), 2.72 (t, 4H), 3.03 (m, 16H), 3.31 (m,
8H), 3.57 (s, 4H), 7.187.28 (m, 12H), 7.557.63 (dd, 8H). *C NMR
(CDCls) [6 (ppm)]: 22.1,27.3, 28.2,29.1, 46.2, 47.7,48.4,49.1, 52.2,

54.3, 60.3, 80.4, 127.9, 128.8, 128.8, 130.4, 131.2, 135.7, 136.7, 138.8

144.0, 156.1. FAB MSrfVz): 1319, (M+ H)*; 1219, (M — Boc);
1119, (M — 2Boc)". IR (KBr, cm™): 1693 (CO (Boc)), 1338 and
1159 (SGN). Anal. Calcd for GeHoaNgO12Ss (1318): C, 60.09; H,
7.13; N, 8.50; O, 14.57; S, 9.71. Found: C, 60.17; H, 7.21; N, 8.15;
O, 14.17; S, 9.37.

11,11-p-Xylylenebis[1,8-bisp-tolylsulfonyl)-4-(tert-butyloxycar-
bonyl)-1,4,8,11-tetraazacyclotetradecane] (5b)The general proce-
dure R applied to 3.00 g (5.00 mmol) dfand 0.65 g of,a’-dibromo-
p-xylene (2.50 mmol) gives, after purification by chromatography (99/1
CHxCl,/MeOH), the title compound (2.50 g; 77%).

H NMR (CDCl) [0 (ppm)]: 1.46 (s, 18H), 1.63 (g, 4H), 1.86 (q,
4H), 2.38 (s, 6H), 2.39 (s, 6H), 2.72 (t, 4H), 3.02 (m, 20H), 3.34 (t,
4H), 2.50 (t, 4H), 3.57 (s, 4H), 7.197.27 (m, 12H), 7.557.63 (dd,
8H). 3C NMR (CDCh) [6 (ppm)]: 22.2, 27.4, 29.1, 34.0, 48.6, 49.00,

temperature. After addition of the reagents, the resulting mixture was
stirred for another 3 h, filtered, and then evaporated to dryness. The
crude product was purified by silica column chromatography (97/3 CH
Cl,/MeOH).

11,24,30,35-Tetrakigg-tolylsulfonyl)-3,5:16,18-dibenzo-1,7,11,14,-
20,24,30,35-octaza-2,6-dioxotricyclo[18.6:8.6"14octatriaconta-3,5,-
16,18-tetraene (7a).According to the general procedure, .50 g
(2.24 mmol) of diamine bimacrocyckea and 0.59 g of isophthaloyl
dichloride (2.90 mmol) gave, after purification by chromatography, 1.50
g of diamide macrotricycl@ain 53% yield.

1H NMR (CDCl) [0 (ppm)]: 1.75 (g, 4H), 1.96 (g, 4H), 2.37 (s,

BH), 2.39 (s, 6H), 3.103.45 (M, 32H), 3.75 (s, 4H), 7.267.37 (m,

16H), 7.59-7.63 (m, 8H). 13C NMR (CDCk) [0 (ppm)]: 22.2, 27.5,
29.3,48.3,50.3,51.6, 54.3,55.1, 60.7, 127.9, 128.2, 129.2, 130.4, 134.6,
135.5,137.5,144.1, 144.1, 171.3, 172.2. FAB M%z 1249, M+
H)*. IR (KBr, cm™): 1637 (CO), 1338 and 1158 (3K). Anal. Calcd
for CesHaoNgO10S4°H20 (1266): C, 60.66; H, 6.32; N, 8.85; O, 12.64;
S, 10.11. Found: C, 60.55; H, 6.38; N, 8.77; O, 12.69; S, 10.22.
12,26,32,37-Tetrakigg-tolylsulfonyl)-3,6:17,20-dibenzo-1,8,12,15,-
22,26,32,37-octaaza-2,7-dioxotricyclo[20.6:&.6°Jtetraconta-3,5,-
17,19-tetraene (7b). The general procedure; Bpplied to 1.65 g (1.48
mmol) of diamine bismacrocycléb and 0.39 g of terephthaloyl
dichloride (1.92 mmol) gave, after purification by chromatography, the
titte compound (1.02 g; 55%).
H NMR (CDCl) [6 (ppm)]: 1.64 (g, 8H), 2.35 (s, 6H), 2.41 (s,
6H), 2.90-3.45 (m, 32H), 3.59 (s, 4H), 7.33 (m, 16H), 7.63 (m, 8H).

51.5,54.3,60.0, 80.6, 127.9, 129.6, 130.4, 135.6, 137.4, 139.4, 144.0,13c \\MR (CDCl) [0 (ppm)]: 21.8, 21.9, 27.6, 28.4, 30.1, 30.3, 48.0,

156.1. FAB MS (/2) 1342, (M+ Na+ H)*; 1319, (M+ H)*; 1120,
(M — 2Boc)". IR (KBr, cm™%): 1693 (CO), 1341 and 1159 (SK).
Anal. Calcd for GeHgaNgO12S4 (1318): C, 60.09; H, 7.13; N, 8.50; O,
14.57; S, 9.71. Found: C, 60.13; H, 7.19; N, 8.21; O, 14.15; S, 9.29.
General Procedure B: Selective Removal of the Boc Groups.
The bimacrocycledab each containing twdert-butyloxycarbonyl
groups were stirred at room temperature f& h with aqueous
trifluoroacetic acid (90% TFA). After evaporation of the solution, the

48.7,50.3, 52.2, 53.9, 59.8, 127.9, 128.0, 130.3, 130.5, 135.1, 135.9,

138.3, 142.1, 143.7, 171.9, 172.4. FAB M®/%) 1249, (M+ H)*.

IR (KBr, cm™1): 1636 (CO), 1339 and 1158 ($8). Anal. Calcd for

Cs4HgoN5g010S4,H-O (1266): C, 60.66; H, 6.32; N, 8.85; O, 12.64; S,

10.11. Found: C, 60.53; H, 6.38; N, 8.72; O, 12.67; S, 10.12.
General Procedure R: Reduction of the Amide Groups. A

solution of appropriate diamidéa,b in dry tetrahydrofuran was added

to a suspension of lithium aluminum hydride 10 mol equiv) in THF

residue was dissolved in water, and sodium hydroxide pellets were ynder an argon atmosphere. The reaction mixture was stirred at room
added until the pH reached 12. The aqueous solution was extractedtemperature for at least 7 h. Excess hydride was destroyed by dropwise
with chloroform. The combined chloroform extracts were dried over gqdition of water. The resulting white suspension was filtered and the
magnesium sulfate and evaporated to give the pure diamine bimacro-residual solid washed with chloroform. The organic solvents were
cycles as white solids. evaporated giving the crude macrotricycle, which was purified by
11,11-m-Xylylenebis[1,8-bisp-tolylsulfonyl)-1,4,8,11-tetraazacy- column chromatography (silica gel).
clotetradecane] (6a). The general procedure Rpplied to 3.50 g (2.65 11,24,30,35-Tetrakigg-tolylsulfonyl)-3,5:16,18-dibenzo-1,7,11,14,-
mmol) of 5a gives the title compound (2.83 g; 95%). 20,24,30,35-octaazatricyclo[18.6:6°6"*qoctatriaconta-3,5,16,18-tet-
IH NMR (CDCl3) [6 (ppm)]: 1.69 (g, 4H), 1.84 (q, 4H), 2.38 (s, raene (8a). The general procedure, Bpplied to 1.30 g (1.04 mmol)
12H), 2.63 (m, 12H), 2.81 (t, 4H), 3.07 (m, 8H), 3.22 (t, 4H), 3.36 (t, of diamide macrotricycl&aand 0.79 g of LiAlH, (20.80 mmol) yielded
4H), 3.55 (s, 4H), 7.1#7.27 (m, 12H), 7.537.63 (dd, 8H). 3°C NMR the title compound (1.15 g; 90%) after purification by chromatography
(CDCL) [6 (ppm)]: 22.1, 27.9, 29.6, 46.4, 46.8, 47.4, 48.8, 49.2, 51.0, (98/2 CHCl,/MeOH).
51.7,52.0, 60.6, 127.7, 127.8, 130.0, 130.3, 136.1, 137.6, 139.6, 143.7, H NMR (CDCl) [6 (ppm)]: 1.75 (q, 8H), 2.36 (s, 12H), 2.48

143.8. FAB MS (2) 1119, (M+ H)*. IR (KBr, cm™): 1338 and
1159 (SGN). Anal. Calcd for GgH7gNgOsSs (1118): C, 60.11; H,
6.98; N, 10.02; O, 11.45; S, 11.45. Found: C, 60.27; H, 7.03; N, 9.95;
0O, 11.15; S, 11.07.

3.40 (m, 32H), 3.52 (s, 8H), 7.02 (d, 4H), 7:28.24 (m, 12H), 7.5%

7.62 (dd, 8H). 1*C NMR (CDCk) [6 (ppm)]: 22.2, 27.4, 27.7, 48.2,
49.0,49.3,51.7,52.2, 52.5, 54.5, 55.1, 60.6, 60.8, 127.8, 128.3, 128.5,
130.3, 136.7, 136.9, 140.0, 140.1, 143.7, 143.8. FAB M&)(1222,
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(M + H + 1)*; 1220, (M)". IR (KBr, cm™1): 1340 and 1158 (Sf).
Anal. Calcd for GsHsaNsOsSs-H,0 (1238): C, 62.03; H, 6.94; N, 9.05;
0O, 10.34; S, 10.34. Found: C, 62.11; H, 7.01; N, 8.90; O, 10.03; S,
10.07.

12,26,32,37-Tetrakigg-tolylsulfonyl)-3,6:17,20-dibenzo-1,8,12,15,-
22,26,32,37-octaazatricyclo [20.6'626%Jtetraconta-3,5,17,19-tet-
raene (8b). In a similar manner, using the general procedusel®0
g (0.80 mmol) of diamide macrotricycléb and 0.61 g (16.00 mmol)
of LiAIH 4 gave macrotricyclé@b (0.86 g; 88%) as a white solid after
purification by column chromatography (98/2 gt,/MeOH).

H NMR (CDCl) [d (ppm)]: 1.75 (g, 8H), 2.35 (s, 12H), 2.53
3.02 (m, 24H), 3.41 (m, 8H), 3.47 (s, 8H), 7:13.19 (dd, 8H), 7.25
7.38 (m, 8H), 7.53-7.63 (dd, 8H).3C NMR (CDCE) [6 (ppm)]: 22.2,

Lachkar et al.

The reaction mixture became yellow-orange upon adding tHe Ni
solution and was heated at 8G for 30 min. The yellow crystalline
precipitate was collected by filtration, washed with ethanol and then
with ether, and dried under vacuum.

[Nix(1a)](ClO4)s. Yellow crystals formed (yield 88%). Anal. Calcd
for CssHeoClaNgNi2016 (1119.2): C, 38.60; H, 5.36; N, 10.01; Cl, 12.67;
Ni, 10.49. Found: C, 38.79; H, 5.41; N, 9.91; CI, 12.51; Ni, 10.11.

Crystals of the suitable complex for X-ray analysis were obtained
by slow evaporation at room temperature of an acetonitrile solution.

[Niz(1b)](ClO4)a. Yellow crystals formed (yield 74%). Anal. Calcd
for CssHsoClaNsNi-0O16 (1119.2): C, 38.60; H, 5.36; N, 10.01; Cl, 12.67;
Ni, 10.49. Found: C, 38.73; H, 5.45; N, 9.92; Cl, 12.73; Ni, 10.01.

Dicopper(ll) Tetraacetate Complexes. To an ethanolic solution

27.3, 27.7, 48.2, 49.0, 49.3, 51.7, 52.2, 52.4, 54.5, 55.1, 60.7, 127.8,0f macrotricyclic ligandslab (1 mol equiv) was added copper(ll)
128.4, 128.5, 130.3, 136.7, 136.9, 140.0, 140.1, 143.7, 143.7. FAB acetate (2 mol equiv) in one portion. The solution turned dark blue

MS (W2 1222, (M+ H + 1)*. IR (KBr, cm?): 1335 and 1155
(SON). Anal. Calcd for GsHssNgOsSH,O (1238): C, 62.03; H,
6.94; N, 9.05; O, 10.34; S, 10.34. Found: C, 62.04; H, 6.78; N, 9.07;
O, 10.04; S, 10.34.

General Procedure R: Sulfuric Acid Deprotection. The tetra-
tosylated macrotricycle8ab were dissolved in concentrated$0,
(4 mL for 1 g) and treated under argon for 48 h at’@ The mixture

almost immediately. The mixture was heated and stirred for 30 min
and then triturated with ether to give a blue precipitate, which was
collected by filtration and dried under vacuum giving fCia)](OAC)4

or [Cw(1b)](OAc)s. These dicopper tetraacetate derivatives were used
for ESR studies.

X-ray Experimental Section

was allowed to cool at room temperature. Ethanol and then ether were g jitaple single crystals of [MiLa)](ClO4)s+2CHCN were obtained

added slowly at OC to the dark brown solution. The precipitate formed
overnight in the ice-box was filtered off, washed with ether, and then
dissolved in a solutionf® M NaOH. The resulting agueous solution
was extracted with chloroform (& 100 mL), and the combined organic
extracts were dried over MgS@nd evaporated to give pure macro-
tricycle as a free base.

3,5:16,18-Dibenzo-1,7,11,14,20,24,30,35-octaazatricyclo
[18.6.6-20.6"*octatriaconta-3,5,16,18-tetraene (1a). The general
procedure Papplied to 1.10 g (0.90 mmol) of tetratosylated macro-
tricycle 8a gave the title compound (0.38 g; 70%).

IH NMR (CDCl) [0 (ppm)]: 2.09 (g, 8H), 2.462.95 (m, 32H),
3.62 (d, 4H), 3.93 (d, 4H), 4.23 (m, 4H), 6.97.01 (d, 4H), 7.17 (t,
2H), 7.53 (s, 2H)."3C NMR (CDC}) [6 (ppm)]: 25.9, 30.2, 48.1, 51.0,
52.1, 52.9, 57.8, 128.0, 130.1, 132.5, 137.3. FAB M%) 605, (M
+ H)*. Anal. Calcd for GeHeoNg:2H,O (640): C, 67.50; H, 9.38; N,
17.50. Found: C, 67.70; H, 9.44; N, 16.95.

3,6:17,20-Dibenzo-1,8,12,15,22,26,32,37-octaazatricyclo-
[20.6.6-%26%Jtetraconta-3,5,17,19-tetraene (1b).Using the general
procedure R 0.80 g (0.65 mmol) of tetratosylated ligargb and
concentrated k8O, gave the title compound (0.30 g; 75%).

'H NMR (CDCl) [6 (ppm)]: 1.77 (g, 8H), 2.35 (m, 28H), 3.24 (t,
4H), 3.59 (d, 4H), 3.96 (d, 4H), 7.33 (s, 8H}3C NMR (CDCk) [0
(ppm)]: 26.1, 30.3, 49.0, 49.5, 52.8, 53.0, 61.4, 130.0, 138.9. FAB
MS (m/2) 605, (M+ H)*. Anal. Calcd for GeHedNg-2H20 (640): C,
67.50; H, 9.38; N, 17.50. Found: C, 67.08; H, 9.40; N, 16.73.

Preparation of the Binuclear Metal Complexes. Dicopper(ll)
Perchlorate ComplexesA solution of copper(ll) perchlorate hexahy-
drate (0.30 mmol) in 5 mL of ethanol was added to an ethanolic solution
(5 mL) of macrotricyclic ligandsla,b (0.15 mmol), and the mixture
was heated at 60C for 30 min. A violet precipitate that formed
immediately was filtered off, washed with ethanol and ether, and dried
in a vacuum.

[Cux(1a)](ClO4)a. Violet crystals formed (yield 84%). Anal. Calcd
for C3sHesoClaCNgO16 (1128.9): C, 38.27; H, 5.32; N, 9.92; Cl, 12.56;
Cu, 11.26. Found: C, 38.41; H, 5.39; N, 9.75; Cl, 12.34; Cu, 10.71.

[Cu2(1b)](ClO4)4. Violet crystals formed (yield 76%). Anal. Calcd
for CseHeoClaCNgO16 (1128.9): C, 38.27; H, 5.32; N, 9.92; Cl, 12.56;
Cu, 11.26. Found: C, 38.36; H, 5.41; N, 9.83; Cl, 12.21; Cu, 10.71.

Dinickel(ll) Perchlorate Complexes. Dinickel(ll) macrotricylic
complexes were prepared by dissolving the ligabab (0.15 mmol)
in hot ethanol and adding to an ethanolic Ni(Il)(G)©6H,0 solution.

as described above. A systematic search in reciprocal space using a
Philips PW1100/16 automatic diffractometer showed that crystals of
1da belong to the monoclinic system.

Quantitative data were obtained-a100°C achieved using a local-
built gas flow device. All experimental parameters used are given in
Table 5. The resulting data-set was transferred to a DEC AXP3600S
computer, and for all subsequent calculations the Nonius Molen
packag® was used with the exception of a local data reduction
program.

Three standard reflections measured gveh during the entire data
collection period showed no significant trend. The raw step-scan data
were converted to intensities using the Lehmaharsen method and
then corrected for Lorentz and polarization factors.

The structure was solved using direct methods. After refinement
of the heavy atoms, a difference Fourier map revealed maximas of
residual electronic density close to the positions expected for hydrogen
atoms; they were introduced in structure factor calculations by their
computed coordinates (€H = N—H = 0.95 A) and isotropic
temperature factors such BEH) = 1.3 BeqC or N) A2 but not refined.

At this stage empirical absorption corrections were applied using the
method of Walker and Stuattsince face indexation was not possible
under the cold gas stream. Full least-squares refinements, including
anisotropic temperature factors for non-hydrogen atoms, were against
|F|, with w = 1/0? and 0%(F?) = ocound + (pI)? A final difference

map revealed no significant maxima. The scattering factor coefficients
and anomalous dispersion coefficients come respectively from ref 99a,b.

Supporting Information Available: Tables S+S4, listing tem-
perature factors for anisotropic atont$'g), positional parameters and
their esd’s, bond distances (A), and bond angles (deg) (7 pages).
Ordering information is given on any current masthead page. Tables
S1-S4 have been deposited at the CCDC and are available on request
from the Director of the Cambridge Crystallographic Data Center, 12
Union Road, GB-Cambridge CB2 1EZ, U.K., on quoting the full journal
citation.
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