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ABSTRACT

A series of calix[4]arenes incorporating three or four bidentate diamines or pyridylamines attached at the “upper rim” were synthesized via
practical protocols. Proof of structure was obtained in one instance by X-ray crystallography. These molecules are designed for general use
as ligands for the preparation of multinuclear active site models of metalloenzymes.

Multinuclear metal arrays are ubiquitous components of reactions also are knownStudies of suitably designed
metalloprotein active sites that participate in a number of synthetic model compounds can provide new insights into
important biological reactions. For example, tricopper sites the structures, spectroscopic properties, and catalytic mech-
have been identified in the multicopper oxiddsésand in anisms of these and other metalloprotein active gifest
particulate methane monooxygenase (pMM@hich use the purposes of modeling the aforementioned biological
O, to couple the four-electron reduction ot @ H,O with

the oxidation of substrate or to functionalize hydrocarbons, (4 () Nguyen, H-H. T.; Shiemke, A. K.; Jacobs, S. J.; Hales, B. J.;
. . ” Lindstorm, M.J. Biol. Chem.1994,269, 14995—15005. (b) Nguyen, H.-

respectively. A tetracopper site (“€) that features<2 H. T.; Nakagawa, K. H.; Hedman, B.; Elliot, S. J.; Lindstrom, M. E.;

N-donors per metal has been identified in an important (Hc)nollzg”son,SK.JO.;Z ﬁhanM, S.Tll. Alr_n. ﬁhem. S%a%%flls-’ 12.176|-?T<12£6'

: : : . c) Elliot, S. J.; Zhu, M,; Tso, L.; Nguyen, H.-H. T.; Yip, J. H-K.; Chan,
respiratory enzyme, nitrous oxide reductagnc enzymes 57,7 "\ Chem. 504.997,119, 99499955, (d) Elliot, S. J.; Randall
that use two or three metal ions to catalyze various hydrolytic D. W.; Britt, R. D.; Chan, S. 13. Am. Chem. S0d.998,120, 3247—3248.
(e) Nguyen, H.-H.; Elliot, S. J.; Yip, J. HK.; Chan, S. 1.J. Biol. Chem
1998,273, 7957—7966.

T University of Minnesota. (5) . (a) Brown, K.; Tegon, M.; Prudencio, M.; Pereira, A. S.; Besson,
* College of St. Benedict and St. John’s University. S.; Moura, J. J.; Moura, |.; Cambillau, ®lat. Struct. Biol2000,7, 191—

§ Email for additional corresponding author: bjohnson@csbsju.edu.  195. (b) Alvarez, M. L.; Ai, J.; Zumft, W.; Sanders-Loehr, J.; Dooley, D.
(1) (a) Solomon, E. I.; Sundaram, U. M.; Machonkin, T.Ghem. Rew. M. J. Am. Chem. So2001,123, 576—587.

1996,96, 2563—2605. (b) Solomon, E. I.; Chen, P.; Metz, M.; Lee, S.-K,; (6) (a) Strater, N.; Lipscomb, W. N.; Klabunde, T.; Krebs, Ahgew
Palmer, A. EAAngew Chem., Int. E®001,40, 4570—4590. Chem., Int. Ed1996,35, 2024—2055. (b) Lipscomb, W. N.; Stréter, N.
(2) Messerschmidt, AAdv. Inorg. Chem1994,40, 121—-185. Chem. Re»1996,96, 2375—2433. (c) Cowan, J. &hem. Rev1998,98,

(3) Messerschmidt, AStruct. Bondingl998,90, 37-68. 1067—1087.
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multimetal centers, it would be advantageous to use multi- were required to obtai in reasonable yield. This alkylation
dentate ligand systems that can accommoda® metal of the “lower rim” of the calix[4]arene was necessary to
centers held sufficiently close to one another to enable coop-maintain the cone conformati&(which may be varied by
erative interactions in reactions with exogeneous substratesbinding alkali metal ions) and ensure that the chelating

Calixarenes have been found to be a useful scaffold for N-donors covalently linked to the “upper rim” all remain
constructing such ligands for metalloprotein active site above the calix[4]arene frame. In all subsequent steps from
modeling studies, and complexes typically containing one 2, retention of the cone conformation was confirmedhin
or two Cu89Zn 0 or Ni'tions have been examined. Higher NMR spectra by the presence of two doublets in the range
nuclearity species with three or four bound metal ions are 2.9—3.3 and 4.3—4.6 ppm & 12—13 Hz)> We attached
less commoR%® however, as are those that feature ligands three or four chloromethyl groups ®to generaté and8,
comprising bidentafé%(rather than tridentate) donors that Which were designed to serve as common precursors for the
would be expected to afford enhanced reactivity at the metalnew target ligands (Scheme 1). Compoufichad been
centers due to greater accessibility of lower coordination reported previously via a one-pot protoébbut in our hands
numbers. To address these deficiencies, we targeted a newhis method proved to be unreliable, so an alternative route
class of multidentate ligands that feature three or four analogous to one reported for disubstituted calix[4]arene
bidentate N-donors attached to the upper rim of a calix[4]- Syntheses was develop&dThus,2 was tetraformylated by
arene scaffold, and we report their successful synthesesan adapted methétiand then reduced and chlorinated to
herein. It is our ultimate hope that the ligand framework, Yield 5. Compound was prepared similarly, by triformyl-
while providing enough flexibility to incorporate up to four  ating 21° followed by reduction and chlorination.
metal centers, will possess enough rigidity and steric bulk  Attachment of secondary amines to the chloromethyl
to prevent intermolecular aggregation yet still bind the metal derivatives5 and 8 led to the desired ligands (Schemes 2
ions close enough to facilitate cooperative interactions upon
small molecule activation. |

The preparation of the new ligands began with calix[4]- Scheme 2
arene (1}>*which was converted to 25,26,27,28-tetrakis-
(2-ethoxyethyl)calix[4]arene2( Scheme 1) via an adaption

Scheme 1
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R= CH20H20CH2CH3
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§=¥= gHO Eg;:] a and 3). The indicated amines were chosen in order to span
X = Y = CH,0H (4)% l; a range of donor atom types (amine vs pyridyl), chelate ring
X =Y = CHyCl (5)
X=Y=H 2 ld (8) Xie, D.; Gutsche, C. DJ. Org. Chem1998,63, 9270—9278.
X=CHO, Y=H (6= (9) (@) Blanchard, S.; Clainche, L. L.; Rager, M-N.; Chansou, B.;
X=CHOH, Y=H (7) e Tuchagues, J.; Duprat, A. F.; Mest, Y. L.; Reinaud,ADgew Chem., Int.
X=CHyCl, Y=H (8) Ed.1998,37, 2732—3735. (b) Blanchard, S.; Rager M—N.; Duprat, A. F.;

Reinaud, ONew J. Chem1998, 1143—1146. (c) Clainche, L. L.; Giorgi,
aReagents and conditions: (a) (i) hexamethylenetetramine, M- Reinaud, Olnorg. Chem2000,39, 3436-3437. (d) Clainche, L. L

: ; ; L e . Giorgi, M.; Reinaud, O.Eur. J. Inorg. Chem.2000, 1931—-1933. (e)
trifluoroacetic acid, 1238C; (ii) CH,Cl/1 M HCI; (iii) MeOH, 47%; Rondelez, Y. Sesque, O. Rager, M.-N.. Duprat. A. F.: Reinaud,@hem.

(b) () EtOH/THF, NaBH, 4 equiv; (ii) 4 M HCI, 100% (5) and Eur. J.2000,6, 4218—4226. (f) Rondelez, Y.; Rager, M.-N.; Duprat, A.;
(8); (c) (i) CH.CI/SOCU, xs; (ii) MeOH, 100% 8) and 60% (5); Reinaud, OJ. Am. Chem. So€002,124, 1334—1340. (g) Molenveld, P.;
(d) ref 10b. Engbersen, J. F. J.; Kooijman, H.; Spek, A. L.; Reinhoudt, DJNAm.
Chem. S0c1998,120, 6726—6737.
(10) (a) Molenveld, P.; Engbersen, J. F. J.; Reinhoudt, DJ.NOrg.
Chem.1999, 64, 6337—6341. (b) Molenveld, P.; Stikvoort, W. M. G.;
of a published procedufé.n contrast to the original report, ~ Kooijman, H.. Spek, A. L.; Engbersen, J. F. J.; Reinhoudt, DINOrg.

Chem 1999 64, 3896-3906. (c) Molenveld, P.; Kapsabelis, S.; Engbersen,
we found that a vast excess of both NaH and 2-bromoethyl 3 ¢ ;. Rg,nh(,udt D. NI. A(m) Chem. S0d.997, 1plg 2948— 2943

ether, as well as an increased temperature and reaction tlme (11) Beer, P. D.; Drew, M. G. B.; Leeson, P. B; Lyssenko, K.; Ogden,
. I. Chem. Commurﬂ.995 929.
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Transition Metal Complexes; Meunier, B., Ed.; Imperial College Press: 50, 5802—5806.
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Scheme 3

aReagents and conditions: (a) MeCN, xs,883, 81%; (b) (i)
MeCN, xs NaCG;; (ii) Sephadex G-10 (MeOH), 60%; (c) (i)
MeCN, xs NaCQOs; (ii) Sephadex G-10 (MeOH), 50%; (d) (i)
MeCN, xs NaCO;; (ii) Sephadex G-10 (MeOH), 62%.

sizes when bound to a metal ion (5 vs 6), and steric bulk.
The pyridylaminesN-isopropyl-N-(2-methylpyridiné§ (9),
N-benzyIN-(2-methylpyridine)® (10), and N-isopropyIN-
(2-methylquinoline® (11) had been reported previously, but

by high-resolution fast-atom bombardment mass spectrom-
etry (FAB-MS), NMR spectroscopy, and in one instant®)(
X-ray crystallography. X-ray quality crystals ofg) were
grown by slow diffusion of BEO into a MeCN solution. The
structure shows that the calix[4]arene framework is in the
“cone” conformation, tetrasubstituted on the upper rim with
N-benzyl-N-(2-methylpyridine) (Figure 1). The ligand pre-

Figure 1. X-ray crystal structure representation 16, shown at
50% thermal ellipsoids with only heteroatoms labeled and hydrogen
atoms omitted for clarity.

organization can clearly be seen, as the covalently linked
amine donors are positioned above the calix[4]arene frame-
work in preparation for metal ion complexation.

In summary, we have developed straightforward, depend-
able syntheses of a new set of multidentate ligatis16.
Each incorporates 3 bidentate N-donors that are covalently
linked to and preorganized by the calix[4]arene framework
for metal complexation. These ligands will enable future
investigations aimed at binding metal ions and exploring the
chemistry of the resulting complexes, with the ultimate
objective being to understand the reactivity, structures, and
spectroscopic properties of multinuclear metal arrays found
in Nature.
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we developed more convenient one-pot reductive amination OL025715G

procedures for their syntheses. In general, the alkylation
reactions leading to ligands2—16 were found to proceed
best when a large excess of the amine angO{3 as base
were heated wittb or 8 in refluxing MeCN for 3—7 days.
Compoundd.2—16 were isolated as brown oils and identified
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