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perature, 20 min, 58%) to the crystalline (E,E)-diene triol 15, mp 

The UV maximum of triol 15 (A,,, 237 nm, MeOH) and its 
300 MHz IH NMR differed appreciably from those of the target 
molecule. However, when a dilute solution of 15 in CD30D was 
irradiated for 1 h by using a low-pressure UV source,12 the 
isomerization monitored by NMR,  chromatography, and re- 
crystallization from EtOAc gave ca. 60% of colorless racemic 
punctaporonin B (2), mp 154-155 OC. The 300 MHz ’H NMR 
spectra in both CDCI, and pyridine-d5, the mass spectrum, the 
UV spectrum (A,,, 209 nm, MeOH, t 6100), and the TLC be- 
havior of this material were absolutely identical with the corre- 
sponding properties of natural punctaporonin B kindly supplied 
by Dr. J .  P. Poyser (IC1 Pharmaceuticals Division). Thus the 
first synthesis of ( i ) - 2  has been achieved in 13 steps from cy- 
clobutanone 4.13 

Supplementary Material Available: Spectral data for 2, 5, 7, 
8, 11, 12, 13, and 15 (2 pages). Ordering information is given 
on any current masthead page. 
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Monoclonal antibody technology allows the specificity of an 
antibody for its antigen to be used in targeting cancer cells.’ The 
conjugation of metals-particularly radionuclides such as wY or 
67C~-to monoclonal antibodies results in agents for radioim- 
munotherapy and other medical applications.2d Chelators that 
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Figure 1. Synthesis of 2-@-nitrobenzyl)-l,4,7,1O-tetraazacyclodode- 
cane-N,N’,N’’,N”’-tetraacetic acid, 1. Tetrapeptide [ ~ j - N O ~ P h e - G l y -  
Gly-Gly (2) was prepared by standard methods.“ (a) Reflux with 17 
equiv of BH,.THF, 31 h; 65% yield after silica gel chromatography. (b) 
Toluenesulfonyl chloride (5 equiv) in CH,CN/Et,N, 8 h, room tem- 
perature; 49% yield after silica gel HPLC. (c) Cs2C03 in DMF, 5 h, 60 
“ C ;  79% yield after silica gel HPLC. (d) 96% H2S04,  16 equiv of 
C,H,OH, 48 h, 100 OC; 91% yield after CIS HPLC. (e) BrCH,COO- 
(5 equiv), 3 h, pH 10, 70 OC; 58% yield after C I S  HPLC. 

can hold radiometals with high stability under physiological 
conditions are essential to avoid excessive radiation damage to 
nontarget  cell^.^,^ 

Derivatives of polyazamacrocycles (bearing a C-substituted 
functional group for antibody attachment) can exhibit remarkable 
kinetic inertness; for example, the copper complex of the 14- 
membered 6-@-nitrobenzyl)- 1,4,8,11 -tetraazacyclotetradecane- 
N,N”N”,N”’-tetraacetic acid (nitrobenzyl-TETA) is very stable 
in human serum under physiological conditions, and a conjugate 
of this complex with a monoclonal antibody has tested well in  
tumor-bearing Also, the gadolinium complex of the 
12-membered 1,4~7,10-tetraazacyclododecane-N,N’,N’’,N’”- 
tetraacetic acid (DOTA) is a stable, useful contrast agent for 
magnetic resonance imaging.* Desreux and co-workers9 have 
shown that complexes of lanthanides with DOTA have formation 
constants that are several orders of magnitude higher than TETA; 
thus the 12-membered macrocycle is the favored target for binding 
trivalent yttrium. 

Macrocyclic polyamines, the key precursors to macrocyclic 
bifunctional chelating agents, are synthesized by bimolecular 
cyclizations.’0 Competition between polymerization and the 
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Figure 2. Loss of yttrium from metal chelates in serum. Data shown are 
the average of two independent experiments. In each case, the total 
ligand concentration was M, while the total yttrium concentration 
was approximately IO-" M. Serum was maintained sterile at 37 OC, pH 
7.4, in an a i r /C02 atmosphere (approximately 95/5 by volume). 

desired cyclization is a common problem; our efforts to form a 
12-membered macrocycle with a p-nitrobenzyl sidechain by bi- 
molecular cyclizationsIhvk gave unsatisfactory yields. 

We have developed a new synthetic route to these macrocycles 
via peptide synthesis and intramolecular tosylamide ring closure. 
For polyazamacrocycles with nitrogens separated by two-carbon 
chains, peptides made from a-amino acids are readily accessible 
starting materials." Treatment with borane converts peptides 
to linear polyamino alcohols, in which the original peptide 
backbone has been converted to a C-terminal alcohol, an N- 
terminal primary amine, and internal secondary amines (Figure 
1, step a).12 Treatment with p-toluenesulfonyl chloride produces 
a C-terminal tosyl ester, an N-terminal secondary tosylamide, and 
internal tertiary tosylamides (Figure 1, step b). Treatment with 
mild base converts the N-terminal tosylamide to a nucleophile, 
which displaces the C-terminal tosyl ester and thus forms a 
macrocyclic ring in high yield (Figure 1, step c). This intramo- 
lecular cyclization may be performed in very dilute solution, 
eliminating concerns about polymer formation. 

The inclusion of peptide synthesis allows one to vary sidechains 
on the ring conveniently by selecting the appropriate amino acids 
as building blocks. Loss of entantiomeric purity is unlikely under 
the reaction conditions involved.I0g Amino acids such as glycine, 
P-alanine, and y-aminobutyric acid are potential sources of 2-, 
3-, and 4-carbon chains between the nitrogens in the macrocycle. 

Synthesis of the title compound 1 is illustrated in Figure 1. The 
88Y(III) complex of octadentate ligand 1 (7 mM) forms in a few 
hours at room temperature in 0.1 M ammonium acetate, pH 5. 
Under the same conditions, the 88Y(III) complexes of 14-mem- 
bered nitrobenzyl-TETA or 16-membered nitrobenzyl-HETA13 
do not form in significant yields. 

( I O )  (a) Newkome, G. R.; Pappalardo, S.;  Gupta, V.  K.; Fronczek, F. R. 
J .  Org. Chem. 1983, 48, 4848. (b) Martin, A. E.; Bulkowski, J.  E. J .  Org. 
Chem. 1982, 47, 415. (c) Richman, J. E.; Atkins, T. J. J .  Am. Chem. Soc. 
1974, 96, 2268. (d) Dietrich, B.; Hosseini, M. W.; Lehn, J.-M.; Sessions, R. 
B. Helv. Chim. Acta 1983,66, 1262. (e) Buttafava, A.; Fabbrizzi, L.; Perotti, 
A.; Poggi, A.; Seghi, B. Inorg. Chem. 1986, 25, 1456. ( f )  Sabatini, L.; 
Fabbrizzi, L. Inorg. Chem. 1979, 18, 438. (9) Marecek, J .  F.; Burrows, C. 
J .  Tetrahedron Lett. 1986,27,5943. (h) Hediger, M.; Kaden, T. A. J .  Chem. 
Soc., Chem. Commun. 1978, 14. (i) Smith, W. L.; Ekstrand, J. D.; Raymond, 
K. N. J .  Am. Chem. SOC. 1978, 100, 3539. ti) Vellacio, F.; Punzar, R. V.; 
Kemp, D. S .  Tetrahedron Lett. 1977, 6 ,  547. (k) Barefield, E. K.; Wagner, 
F.; Hcdges, K. D. Inorg. Chem. 1976, 15, 1370. (I) Tabushi, I.; Fujiyoshi, 
M. Heterocycles 1977, 7, 851. (m) Tabushi, I.; Taniguchi, Y.; Koto, H. 
Tetrahedron Lett. 1977, 12, 1049. (n) Kimura, E.; Koike, T.; Takahashi, M. 
J .  Chem. Soc., Chem. Commun. 1985, 385. (0) Muller, F. R.; Handel, H. 
Tetrahedron Lett. 1982, 23, 2769. (p) Izatt, R. M.; Christensen, J.  J. Syn- 
thesis of Macrocycles; Wiley-Interscience: New York, 1987. (4) Vriesema, 
B. K.; Buter, J.; Kellogg, R. M. J .  Org. Chem. 1984, 49, 110. 

(1 1) Stewart, J.  M.; Young, J.  D. Solid Phase Peptide Synthesis; Pierce 
Chem. Co.: New York, 1984. 

(12) Meares, C. F.; Rice, L. S .  Biochemistry 1981, 20, 610. 
(1 3) 3-@-nitrobenzyl)- 1,5,9,13-tetraazacyclohexadecane-N,N',N'',N"'- 

tetraacetic acid, prepared by the same methods used for pnitrobenzyl-TETA.' 

1988, 110, 6267-6269 6267 

The stability of a metal complex under physiological conditions 
may be assessed by dissolving the complex at high dilution in sterile 
human serum at 37 OC, pH 7.4, and measuring the rate of transfer 
of the metal from the complex to serum proteins over the course 
of several days.I4 A comparison of Y(II1) complexes of 1 and 
other ligands which have recently been reported to form complexes 
with Y(II1) or In(II1) appropriate for use in living systems15J6 
is shown in Figure 2. At lo-' M, the noncyclic octadentate ligand 
1 -@-nitrobenzy1)diethylenetriaminepentaacetate loses Y (111) with 
a pseudo-first-order rate constant k = 0.006 day-'. An analogue 
of the ligand formed by reaction of DTPA cyclic anhydride with 
a lysine residue, 88yttrium diethylenetriaminepentaacetate-mo- 
nobutylamide, loses Y(II1) 45 times faster, having k = 0.27 day-'. 
Incubation of the 88Y(III) complex of 1 for 18 days results in loss 
of so little Y(II1) from the complex-less than 0.5%-that the 
rate of loss cannot be measured under these conditions. This 
remarkable stability appears to be superior to a number of metal 
chelates now being tested in living systems.'k17 Further progress 
in this area depends on such stability. 
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Typical difficulties in the optical monitoring of photoreactions 
taking place at semiconductor surfaces are as follows: small optical 
density changes at flat surfaces and large light scattering in opaque 
particulate systems. In order to overcome these difficulties, we 
introduced optical waveguides (OWG's) and carried out flash 
photolysis measurements on OWG systems for the first time.' 

It is well known that Ag' ions deposit onto TiO, surfaces in 
a metal form under UV illumination.2 Since the deposited 
metallic Ag absorbs visible light, the deposition process can be 
monitored optically. Thus, photodeposition of Ag' from aqueous 
solution onto particulate TiO, was used here as a model system. 
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