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Figure 1. UPLOT drawing of the vinyl tricarbonyl hydrate 1.

dehydrating agents such as silica gel to the corresponding 2-
carbalkoxy-3-hydroxypyrrole 7 (77%).°

Reaction of 1 with reagents having multiple donor sites is
illustrated in the two-step formation of the dihydroisoquinoline
derivative 11 from dimethoxyphenylethyl amine 8. The initially
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formed pyrrolidinone 9 can be converted on treatment with mild
acid to the pyrrole derivative 10. With POCl,;, however, cyclization
of 9 takes place to form the tricyclic product 11 (41%), most
probably through the iminium salt 9a. We are investigating the
conversion of 1 to 11 as the first step in the synthesis of alkaloids
in the erythrina family.

A noteworthy example of the behavior of the vinyl tricarbonyl
1 as a trielectrophile is found in its reactions with tryptamine or
tryptophan ethyl ester, leading to the formation of the tetracyclic
system 13. Here, carbinolamine 12 is formed initially by a double
addition of the primary amine to the «,8-unsaturated ketone and
the central carbonyl group. Treatment of 12 with BF;-Et,O yields
the tetracylic system 13, in 73% yield from the vinyl tricarbonyl.
In further reports, we will describe the use of this unusually
reactive and versatile polyelectrophile in the formation of other
systems, including indolizidines, tricyclic 8-lactams, and cyclo-
pentanones.

(8) To the vinyl tricarbonyl 1 (65 mg, 0.32 mmol) in 5 mL of CH,Cl; was
added benzylamine (34 mg, 0.32 mmol), and the reaction mixture was stirred
at room temperature for 30 min, The solvent was removed in vacuo, and the
oil was purified on a silica gel column (Et,0O/pentane, 1:3), yielding 90 mg
(93%) of pyrrolidinone 6: 'H NMR (90 MHz, CDCl;) 7.32 (m, 5 H), 4.23
(brs, 1 H), 3.83 (s, 2 H), 3.06 (t, 2H, J = 7 Hz), 2.53 (1,2 H, J = 7 Hz),
1.48 (s, 9 H); MS, CI, m/z (rel intensity) 291 (2.8), 217 (13.7), 191 (100).

(9) Momose, T.; Tanaka, T.; Yokota, T.; Nagamoto, N.; Yamada, K.
Chem. Pharm. Bull. 1978, 26, 2224.
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At some stage in the mechanism of oxygen evolution from water
(eq 1), two oxygen atoms must approach one another to provide

2H,0 — O, + 4H* + 4¢ (1)

a stereochemical pathway for O-O bond formation. In Photo-
system I1,17% this coupling is postulated to occur at a tetra-
manganese center,* for which several model complexes have been
synthesized.* These models offer limited insight into the critical
O-0 bond forming step, however. Recently, we reported a
compound, [Fe,0,(OH),(0,CPh),,(H,0)(1,4-dioxane)] (1),% in
which one could envision oxidative coupling of two closely posi-
tioned [2.46 (1) A] hydroxide ligands mutually supported by four
central iron atoms of a hexanuclear cluster. We now wish to
describe the synthesis and properties of a novel u4-peroxide
analogue, [Fe(0),(0,)(0,CPh),(OH,),] (2), prepared by simple
ligand substitution of one peroxide for two bridging hydroxides
(eq 2; the curved lines denote benzoate groups). Compound 2

(1) Dismukes, G. C. In Manganese in Metabolism and Enzyme Function;
Schramm, V. L., Welder, F. C., Eds.; Academic Press: 1986; pp 275-309.

(2) Babcock, G. T. In New Comprehensive Biochemistry: Photosynthesis,
Amesz, J., Ed.; Elsevier: Amsterdam, 1987; pp 125-158.

(3) (a) Brudvig, G. W.; Crabtree, R. H. Prog. Inorg. Chem., in press. (b)
Brudvig, G. W. In Metal Clusters in Proteins, Que, L., Jr., Ed; ACS Sym-
posium Series No. 372; American Chemical Society: Washington, DC, 1988;
p 221.

(4) Amesz, J. Biochim. Biophys. Acta 1983, 726, 1.

(5) (a) Brudvig, G. W.; Crabtree, R. H. Proc. Natl. Acad. Sci. US.A.
1986, 83, 4586. Christou, G.; Vincent, J. B. In Metal Clusters in Proteins,
Que, L., Jr., Ed;; ACS Symposium Series No. 372; American Chemical
Society: Washington: DC, 1988; p 239. (c) Dismukes, G. C. Chimica Scripta
1988, 284, 99. (d) Bhula, R.; Gainsford, G. J.; Weatherburn, D. C. J. Am.
Chem. Soc. 1988, 110, 7550, and references cited therein.

(6) Micklitz, W.; Lippard, S. J. Inorg. Chem. 1988, 27, 3067.
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Figure 1. ORTEP drawing of 2 showing the 50% probability thermal
ellipsoids and atom labels for the iron atoms and the oxygen atoms.
Carbon atoms are represented as small spheres for clarity. Selected
interatomic distances (A) and angles (deg) are as follows: O(3)-0O(4),
1.480 (12); Fe(1)-0(1), 1.899 (8); Fe(2)-0(1), 1.875 (7); Fe(3)-0(1),
1.908 (5); Fe(4)-0(2), 1.911 (8); Fe(5)-0(2), 1.866 (8); Fe(6)-0(2),
1.907 (8); Fe(1)-0(3), 1.997 (7); Fe(4)-0(3), 2.002 (9); Fe(3)-0(4),
2.010 (10); Fe(6)-0(4), 2.030 (9); Fe(1)-O(1)~Fe(2), 122.5 (3); Fe-
(1)-0(1)-Fe(3), 115.0 (4); Fe(2)-O(1)-Fe(3), 122.4 (4); Fe(4)-O-
(2)-Fe(5), 123.1 (4); Fe(4)-0O(2)-Fe(6), 114.9 (4); Fe(5)-0O(2)-Fe(6),
121.7 (4); Fe(1)-0(3)-Fe(4), 129.9 (4); Fe(1)-0(3)-0(4), 114.9 (6);
Fe(4)-0(3)-0(4), 114.4 (5); Fe(3)-0O(4)-Fe(6), 129.9 (4); Fe(3)-O-
(4)-0(3), 112.7 (6); Fe(6)-0(4)-0(3), 114.8 (6).

is significant, for it reveals features of a possible key intermediate
in metal-catalyzed oxidations of water to dioxygen.’
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Dropwise addition of 1.0 mL of aqueous 30% H,0; to a stirred
slurry of 1.0 g (0.85 mmol) of orange “basic iron(IIT) benzoate™®
in 100 mL of acetone yielded an intense red solution after 1 h.
Filtration of any unreacted material and crystallization at =10
°C gave 2:2CH,CN in 90% yield.>! A portion of this material
was also analyzed for elemental composition and by IR, Raman,

(7) A detailed stereoelectronic model for the oxygen-evolving complex of
Photosystem II will be described elsewhere.

(8) Weinland, R. F.; Herz, A. Ber. Deutsch. Ges. 1912, 45, 2662.

(9) Compound 2 was also obtained via two other routes, namely, (i) re-
action of a CH;CN solution of (NEt,),[{Fe,OClg] (1.0 mmol) and Zn-
(O,CPh), (5.0 mmol) with aqueous H,0, (30%, 1.8 mmol), followed by slow
evaporation in air (yield 84%), and (ii) reaction of 1 (0.1 mmol) in CH;CN
(40 mL) with aqueous H;0; (30%, 1.8 mmol) (yield 57%).

(10) Anal. (CggH7oN,O3Feq) C, H, N, O, Fe; IR (KBr, cm™!) 1564, 1536
(v45, COO), 1410 (v, COO); Raman (THF, 514 nm) 853 cm™!, »(O-0); 'H
NMR (250 MHz, 297 K, 15 mM in acetone-d,) & 2.85, 5.55, 5.87, 6.03, 7.78
(br), 8.32 (br), 10.03, 10.43, 10.70, 11.08; X-band ESR, 4.2 K, silent; elec-
tronic spectrum (acetone) [y nm (ey/Fe cm™ M™1)] 408 (744), 456 (592),
534 (265); magnetic susceptibility, solution {295 K, 1.3 mM in acetone-d,),
2.70 pp/Fe.
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'H NMR, ESR, UV-vis spectroscopic and magnetic measure-
ments.'® Recrystallization from CH,CN/acetone yielded trian-
gular prisms of 2.3(CH,),CO-2H,0-CH;CN which proved to be
suitable for X-ray diffraction studies.

The structure of 2 is illustrated in Figure 1.!' Tt consists of
two [Fe;O(H,0)(u-O,CPh)s]?* units bridged by two (u-O,CPh)~
groups and a p,-O,% ion. The most interesting aspect of the
structure is the central {Fe,(O,)} unit. Charge balance requires
the O-O fragment formally to be a peroxide ion. The observed
Fe—O and O-O bond lengths compare favorably to those expected
for such a moiety, mean Fe-O = 2.01 (1) A compared to 1.99
(2) A in compound 1; 0-O = 1.480 (12) A compared to 1.48 (1)

in the only other known u4-peroxo-bridged complex, K,-
[Mo0,0,,(0,),].12 A unique aspect of the coordination in 2 arises
from the planarity of the peroxo group oxygen atoms. Although
(u4-X4)M, connectivity has been observed once before when X
= O!? and several times for X = S,13 all of the structurally
characterized examples involve pyramidal geometries for the
chalcogen atoms. In the absence of any notable electronic effects,
the planarity in 2 may be attributed to the steric constraints of
the remainder of the molecule, as must the twist of only 5° about
the O-O bond vector.

Low-temperature ESR studies!® of 2 in drop-frozen THF so-
lutions indicate a diamagnetic ground state and suggest that 2
is not prone to dissociation into trinuclear units. By using the
Evans NMR method,!* a room temperature effective magnetic
moment of 2.70 ug per iron was found for 2,'® consistent with
antiferromagnetic coupling of two {Fe;0}"* units. By contrast,
compound 1 exists in a trimer-hexamer equilibrium in THF at
room temperature.!> The O-O stretching vibration in 2 gives
rise to a resonance enhanced Raman band at 853 cm™, comparable
to values reported for other metal-coordinated peroxide ion
structure types.'®

Compound 2 has been isolated as a characterized solid by direct
reaction of 1 with hydrogen peroxide.” In addition, when 20 uL
of a 30% solution of [6O]H,0, in ['*0]H,0 was added to 2 mL
of a 5 mM solution of [!0]1 in THF, the 853 cm™ resonance
Raman band was observed. This result is consistent with pre-
dominant conversion of 1 to 2 by ligand substitution and not formal
outer-sphere oxidation. This substitution reaction may proceed
by dissociation of 1 into reactive trinuclear units.

If the functional unit in Photosystem IT were comprised of a
nearly parallel pair of spin-coupled binuclear manganese centers,
water coordination and dioxygen evolution could occur with little
nuclear reorientation or ligand sphere rearrangements during the
critical O-O bond-forming step. Furthermore, a planar u4-peroxo
intermediate or transition state, such as that found in compound
2, could lower the potential for subsequent oxidation to O, In
Photosystem II there is evidence that all four electrons are ejected
from the metal core before the H,O — O, chemical transformation
steps are initiated.'? A similar result is observed for water

(11) Crystal data for 2.3(CH;3),CO-2H,0-CH;CN (CysHggNO;sFeg, M,
= 2139.8) at 298 K: triclinic, space group Pl, a = 16.361 (3) A, b=19.602
(5) A, c=20513(5) A, @ =104.15(2)°, 8= 106.57 (2)°, v = 101.99 (2)°,
V= 5835 A3, Z = 2, poug = 1.26 g/cm3, peiq = 1.22 g/cm?. For 4863 unique,
observed reflections and 564 variable parameters the current discrepancy
indices are R = 0.052, R,, = 0.065.

(12) Stomberg, R.; Trysberg, L.; Larking, 1. Acta. Chem. Scand. 1970, 24,
2678.

(13) See, for example: (a) Marko, L.; Bor, G.; Klumpp, E.; Marko, B.;
Almasy, G. Chem. Ber. 1963, 96, 955. (b) Piper, T. S.; Wilkinson, G. J. Am.
Chem. Soc. 1956, 78, 900. (c) Stevenson, D. L.; Magnusson, V. R.; Dahl,
L. F. J. Am. Chem. Soc. 1967, 89, 3727. (d) Noble, M. E. Inorg. Chem. 1986,
25, 3311. (e) Noble, M. E. Inorg. Chem. 1987, 26, 877. (f) Pelati, J. E.;
Huffman, J. C.; Wentworth, R. A. D. Inorg. Chem. 1988, 27, 2194. (g)
Tremel, W.; Henkel, G. Inorg. Chem. 1988, 27, 3896 and references cited
therein.

(14) (a) Evans, D. F. J. Chem. Soc. 1959, 2003. (b) Live, D. H,; Chan,
S. I. Anal. Chem. 1970, 42, 791.

(15) Micklitz, W.; Bott, S. G.; Bentsen, J. G.; Lippard, S. J. Unpublished
results.

(16) Ahmed, S.; McCallum, J. D.; Shiemke, A. K.; Appelman, E. A,;
Loehr, T. M.; Sanders-Loehr, J. Inorg. Chem. 1988, 27, 2230 and references
cited therein.

(17) Radmer, R.; Ollinger, O. FEBS Let:. 1986, 195, 285.
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oxidation by the catalyst [(H,0)(bpy),RuORu(bpy),(OH,) ]+ 1819
In keeping with these observations, we have thus far been unable
to demonstrate the direct 2 ¢~ oxidation of 1 to 2.

Acknowledgment. This work was supported by grants from the
National Science Foundation and the National Institute of General
Medical Sciences. W. M. is grateful for a NATO Research
Fellowship (DAAD) and J.G.B. to the American Cancer Society
for a postdoctoral fellowship. Laser Raman studies were per-
formed at the MIT Laser Research Center which is a National
Science Foundation Regional Instrumentation Facility.

Supplementary Material Available: Table of atomic positional
and thermal parameters for 2.3(CH,),CO-2H,0.-CH,CN (6
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(18) Gilbert, J. A.; Eggleston, D. S.; Murphy, W. R., Jr.; Geselowitz, D.
A.; Gersten, S. W.; Hodgson, D. J.; Meyer, T. J. J. Am. Chem. Soc. 1988,
107, 3855.

(19) This catalyst system also might operate by forming a u,-peroxo-
bridged dimer of the binuclear ruthenium centers in the crucial O-O oxidative
coupling step.
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C-5 pyrimidine nucleosides and nucleotides have found notable
applications as antiviral agents"? and as constituents of modified
nucleic acids useful as biochemical tools and diagnostic probes.>~1°
Pyrimidine dideoxyribonucleoside triphosphates modified at C-5
have recently found use in an automated rapid method for DNA
sequencing.!! In these applications C-5 serves as the site for
attachment of linker arms to haptens, fluorophores,'? metal lig-
ands,'? enzymes,' biotin,? or functional groups capable of faci-
litating the cleavage of complementary sequences. Among the
unique advantages of C-5 as a site for attaching linker arms to

(1) De Clercq, E.; Walker, R. T. Pharmacol. Ther. 1984, 26, 1.

(2) Bergstrom, D. E.; Ruth, J. L.; Reddy, P. A,; De Clercq, E. J. Med.
Chem. 1984, 27, 279.

(3) Brigati, D. J.; Myerson, D.; Leary, J. J.; Spalholz, B.; Travis, S. Z;
Fong, C. K. Y.; Hsiung, G. D.; Ward, D. C. Virology 1983, 126, 32.

(4) Leary, J. J.; Brigati, D. J.; Ward, D. C. Proc. Natl. Acac. Sci. USA.
1983, 80, 4045.

(5) Manuelidis, L.; Langer-Safer, P. R.; Ward, D. C. J. Cell Biol. 1982,
95, 619.

(6) Smith, G. H.; Doherty, P. J.; Stead, R. B.; Gorman, C. M.; Graham,
D. E.; Howard, B. H. Anal. Biochem. 1986, 156, 17.

(7) Hutchison, N. J.; Langer-Safer, P. R.; Ward, D. C.; Hamkalo, B. A.
J. Cell. Biol. 1982, 95, 609.

(8) Binder, M. S;; Tourmente, S.; Roth, J.; Renaud; Gehring, W. J. J. Cell
Biol. 1986, 102, 1646.

(9) Welcher, A. A,; Torres, A. R.; Ward, D. C. Nucl. Acids Res. 1986,
14, 10027.

(10) Melton, D. A,; Krief, P. A.; Rebagliati; M. R.; Maniatis, T.; Zinn,
K.; Green, M. R. Nucl. Acids Res. 1984, 12, 7035.

(11) Prober, J. M; Trainor, G. L.; Dam, R. J.; Hobbs, F. W.; Robertson,
C. W,; Zagursky, R. J.; Cocuzza, A. J; Jensen, M. A ; Baumeister, K. Science
1987, 238, 336.

(12) Haralambidis, J.; Chai, M.; Tregear, G. W. Nucleic Acids Res. 1987,
15,4857,

(13) Dreyer, G. B.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A. 1988, 82,
968

(.14) Jablonski, E.; Moomaw, E. W.; Tullis, R. H.; Ruth, J. L. Nucleic
Acids Res. 1986, [4, 6115.
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7 All reactions were run overnight at room temperature with 2 mmol
5-HgClidU, 4 mmol Li,PdCl,, and 5 mmol RSSR in 40 mL of metha-
nol solvent. ®Yield of product after purification by silica gel chroma-
tography eluting with 90% chloroform/10% ethanol.

nucleic acids are the lack of interference with binding of the
modified sequence to complementary sequences and the flexibility
to either modify a nucleic acid directly at the polynucleotide level,
incorporate C-5 substituted nucleoside 5’-triphosphates enzy-
matically, or incorporate the modified nucleoside phosphoramidites
in conventional automated synthesis.

We have previously described synthetic methodology for linking
olefins at C-5 of pyrimidine nucleosides via palladium-mediated
reactions of either mercurated or halogenated nucleosides.!> The
reaction has been extended to the modification of nucleoside
5’-triphosphates'® and to nucleic acids.!” A variation on this
reaction allows linkage of terminal alkynes to suitably protected
5-iodopyrimidine nucleosides.'®*  Both the alkene and alkyne
versions of the palladium-mediated coupling reaction frequently
give side products that may result from participation by solvent,
lack of regioselectivity, or intramolecular participation by a nu-
cleophilic group on the nucleoside.

We now wish to report the discovery of a novel reaction that
may prove to be at least as versatile as the palladium-mediated
coupling reactions of alkenes and alkynes. The only observed
nucleoside containing side product is unmodified nucleoside. The
reaction involves combining an organic disulfide with a methanol
solution of lithium palladium chloride in which is suspended
5-(chloromercurio)-2’-deoxyuridine (1).' After stirring overnight
at room temperature an insoluble palladium thiolate complex can
be removed by filtration to yield a methanol solution of the
product.

The disulfides shown in Scheme I were found to react with
5-(chloromercurio)-2’-deoxyuridine (1) to give 5-(alkylthio)- or
5-(arylthio)-2’-deoxyuridine (2).2° Initially, when only 1 equiv
of Pd(IT) and 1 equiv of the mercurionucleoside was used the only
disulfides to react were neutral ones (butyl and phenyl disulfides).
Disulfides with polar functional groups did not react very well,
if at all. These disulfides included 3,3’-dithiodipropionic acid,
dimethyl 3,3’-dithiodipropionate, N,N*bis(trifluoroacetyl)cyst-
amine, and 2,2’-dithiodiethanol. When the amount of Pd(II) was
doubled, all of the more polar disulfides gave good yields of
product, with the exception of 2,2’-dithiodiethanol. Since the
trifluoroacetyl-protecting group is easily removed from an amino
group in concentrated ammonia, the N,N"bis(trifluoroacetyl)-

(15) (a) Bergstrom, D. E.; Ruth, J. L. J. Org. Chem. 1978, 43, 2870. (b)
Bergstrom, D. E.; Warwick, P.; Ruth, J. L. J. Org. Chem. 1981, 46, 1432. (c)
Bergstrom, D. E.; Ogawa, M. K. J. Am. Chem. Soc. 1978, 100, 2870. (d)
Bergstrom, D. E.; Ruth, J. L. J. Am. Chem. Soc. 1976, 98, 1587.

(16) Langer, P. R.; Waldrop, A. A.; Ward, D. C. Proc. Natl. Sci. U.S.A.
1981, 78, 6633.

(17) Bigge, C. F.; Lizotte, K.; Panek, J. S.; Mertes, M. P. J. Carbohydr.,
Nucleosides, Nucleotides 1981, 8, 295.

(18) Robins, M. J.; Barr, P. J. J. Org. Chem. 1983, 48, 1854.

(19) Bergstrom, D. E.; Ruth, J. L. J. Carbohydr. Nucleosides, Nucleotides
1977, 4, 257.

(20) All new compounds were characterized by 'H and '3C NMR spec-
troscopy, high resolution FAB mass spectrometry, and ultraviolet spectroscopy.
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