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two consecutive first-order reactions. We thus, after taking into 
account the fact that HClO4 is a strong acid in CH3CN,17 obtained 
a value of 5440 M"1 s"1 at 25 0C for kH+, the second-order rate 
constant in Scheme I. The temperature dependence of kH+ showed 
that the slowness of this protonation reaction is due to the acti
vation enthalpy (AH* = 16 kcal/mol, AS* « 0 eu). 

Spectrophotometric titration18 of 3H+ with the triflate salt of 
2,6-lutidinium" showed its CH3CN p£a to be 16.2 (5), implying8"1 

a p/Ca of approximately 8.7 in water. The protonation in Scheme 
I is thus thermodynamically downhill by over 16 p#a units. With 
ordinary oxygens diffusion-controlled rates are observed when 
ApAfa is downhill by more than four p#a units,5a so kH+ is more 
than 106 slower than the rate constant expected for such an oxygen. 

We have obtained measurable rate constants at reduced tem
peratures (see Table I) for two other oxo-bridged manganese 
complexes, [(TACN)4MnO^4(M-O)6][Br]4 (4)7a and [(Salpn)-
Mn(IV)0i-O)]2 (2).20 As before, rapid scan data on the protonation 
of 4 in excess HClO4 showed the formation and decay of the 
known71"'21 4H+. The protonation of 2 with pyH+ gave a stable 
product identified by its UV-vis spectrum22 as 2H+. In all three 
cases the rate constants are substantially slower than those for 
the protonation of organic oxygens with comparable equilibrium 
constants. 

We have been unable to measure rate constants for the pro
tonation of [(bispicen)Mn(in>(M-0)2Mn<m>(bispicen)][ClO4J3 (l)

11 

(the (III,IH) compound could not be generated from the reduction 
of the (111,1V) precursor fast enough to allow measurement of 
kH.), [(HB(Pz)3)Fe"»»(M-0)(M-02CCH3)2Fe("I'(HB(Pz)3)] (5)23 

(even at -30 0C the formation of 5H+ 7d was too fast to observe), 
and [(bipy)2Mn("')(M-0)2Mn<IV>(bipy)2] [ClO4]3 (6)24 (6H+ de
cayed to a known trimer4 faster than the mixing time of our 
stopped-flow; kobs = 25.2 s"1 at 25 0C, pH 2.3). 

The slow protonation rates we have observed suggest that proton 
transfers could be rate-determining in the action of oxo-bridged 

(16) Espenson, J. H. Chemical Kinetics and Reaction Mechanisms; 
McGraw-Hill: New York, NY, 1981; p 67. 

(17) Kolthoff, I. M.; Bruckenstein, S.; Chantooni, M. K. J. Am. Chem. 
Soc. 1961, 83, 3927. 

(18) The pX, is calculated from the spectrophotometrically measured 
equilibrium constant for 3 + lutidinium *=* 3H+ + lutidine as in ref 8b. 

(19) pAfa = 15.4: Cauquis, G.; Deronzier, A.; Serve, D.; Vieil, E. J. 
Electroanal. Chem. Interfacial Electrochem. 1975, 60, 205. 

(20) Larson, E. J.; Lah, M. S.; Li, X.; Bonadies, J. A.; Pecoraro, V. L. 
Inorg. Chem. 1992, 31, 373. 

(21) The fact that the relatively featureless UV-vis spectrum of 4H+ in 
CH3CN is reproduced in the diffuse reflectance spectrum of solid 4H+ implies 
that the M-OH structure established for 4H+ by X-ray crystallography (refs 
7b,c) persists in solution. UV-vis observation of the reaction of 4 with HClO4 
gives the same two isosbestic points (530 and 620 nm) observed by Arm
strong7' during the spectrophotometric titration of 3 with triflic acid. 

(22) A M-OH structure has been proposed for 2H+ on the basis of the 
increase («=0.1 A) in the Mn-Mn distance (EXAFS) of 2H+ over that of 2. 
The UV-vis spectrum of 2H+ in CH3CN agrees with that reported in ref 13. 

(23) Armstrong, W. H.; Spool, A.; Papaefthymiou, G. C; Frankel, R. B.; 
Lippard, S. J. J. Am. Chem. Soc. 1984, 106, 3653. 

(24) Calvin, M.; Cooper, S. R. J. Am. Chem. Soc. 1977, 99, 6623. 

metalloproteins. We are now investigating the effects of various 
structural features of oxo-bridged complexes on the rates at which 
they accept protons. 
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2-Ene-1,4-diols constitute useful building blocks for synthesis 
via Pd-catalyzed reactions because of their potential for sequential 
replacement of each oxygen leaving group and for enantioselective 
synthesis via dissymmetrization with chiral ligands.1"4 The am-
bident nature of nitro-stabilized anions permits both C and O 
alkylation.5'6 We wish to record an unusual Pd-catalyzed cy-

(1) Trost, B. M.; Van Vranken, D. L. Angew. Chem., Int. Ed. Engl. 1992, 
31, 228. Trost, B. M.; Van Vranken, D. L. J. Am. Chem. Soc. 1991, 113, 
6317; 1990,112, 1261. Mori, M.; Nukui, S.; Shibasaki, M. Chem. Lett. 1991, 
1797. 

(2) Deardorff, D. R.; Linde, R. G„ II; Martin, A. M.; Shulman, M. J. J. 
Org. Chem. 1989, 54, 2759. 

(3) Montforts, F. B.; Gesing-Zibulak, I.; Grammenos, W.; Schneider, M.; 
Laumen, K. HeIv. Chim. Acta 1989, 72, 1852. 

(4) Cf. Harre, M.; Raddatz, P.; Walenta, R.; Winterfeldt, E. Angew. 
Chem., Int. Ed. Engl. 1982, 21, 480. Noyori, R.; Suzuki, M. Angew. Chem., 
Int. Ed. Engl. 1984, 23, 847. 

(5) For reviews, see: Barrett, A. G. M. Chem. Soc. Rev. 1991, 20, 95. 
Tamura, R.; Kamimura, A.; Ono, N. Synthesis 1991, 423. Rosini, G.; Ballini, 
R.; Petrini, M.; Marotta, E.; Righi, P. Org. Prep. Proc. Int. 1990, 22, 707. 
Ono, N. In Nitro Compounds; Recent Advances in Synthesis and Chemistry; 
Feuer, H., Nielsen, A. T., Eds.; VCH Publishers: New York, 1990. Rosini, 
G.; Ballini, R. Synthesis 1988, 833. Kabalka, G. W.; Varma, R. S. Org. Prep. 
Proc. Int. 1987, 19, 283. Varma, R. S.; Kabalka, G. W. Heterocycles 1986, 
24, 2645. Barrett, A. G. M.; Graboski, G. G. Chem. Rev. 1986, 86, 751. Ono, 
N.; Kaji, A. Synthesis 1986, 693. Yoshikoshi, A.; Miyashita, M. Ace. Chem. 
Res. 1985, 18, 284. 

(6) Cf. Rosini, G.; Marotta, E.; Righi, P.; Seerden, J. P. J. Org. Chem. 
1991, 56, 6258. Backvall, J. E.; Karlsson, U.; Chinchilla, R. Tetrahedron Lett. 
1991, 32, 5607. Melot, J. M.; Texier-Boullet, F.; Foucaud, A. Synthesis 1988, 
558. Seebach, D.; Brook, M. A. Can. J. Chem. 1987, 65, 836. Denmark, S. 
E.; Cramer, C. J.; Sternberg, J. A. HeIv. Chim. Acta 1986, 69, 1971. Den
mark, S. E.; Dappen, M. S.; Cramer, C. J. J. Am. Chem. Soc. 1986,108, 1306. 
Magdesieva, N. N.; Sergeeva, T. A.; Kyandzhetsian, R. A. Zh. Org. Khim. 
1985, 21, 1980; Chem. Abslr. 1985, 103, 215232. Kaji, E.; Zen, S. Chem. 
Pharm. Bull. 1980, 28, 479. Nielsen, T. A.; Archibald, T. G. Tetrahedron 
1979, 26, 3475. 
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Scheme I. General Regio-, Diastereo-, and Enantioselective Synthesis of Carbanucleosides" 
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"(a) See text, (b) LAH, ether, room temperature, 95%. (c) W-C4H9Li, THF, -78 to O 0C, recooled to -78 0C, ClCO2CH3, 98%. (d) 5% 
Pd(OAc)2, 40% (!-C3H7O)3P, /1-C4H9Li, THF, room temperature, then adenine, DMSO, room temperature, 96%. (e) (i) NaOH, C2H5OH, room 
temperature; (ii) OsO4, NMO, THF-H2O, 0 0C, 88%, 2.4:1. (f) 10% (C3H5PdCl)2, 40% TPP, 2-amino-6-chloropurine, THF, room temperature, 
77%. (g) NaOH, H2O, reflux, 50%. 

cloalkylation which employs both of these possibilities and which 
creates the novel and highly reactive 3-(phenylsulfonyl)isoxazoline 
2-oxide. As an equivalent of a diastereo- and enantioselective 
hydroxy-alkoxycarbonylation and hydroxycyanation, such systems 
become useful asymmetric building blocks for the synthesis of the 
important antiviral carbanucleosides.7"9 

Initial studies explored the reaction of lithium [(phenyl-
sulfonyl)methylene]nitronate (I)10 with as-l,4-diacetoxycyclo-
pent-2-ene (2a) in the presence of 1-5 mol % of Pd(O) catalyst 
5 and triphenylphosphine (TPP), which gave a single alkylation 
product identified as the isoxazoline 2-oxide 6a on the basis of 
its spectral data and subsequent chemistry. For example, de-

O O 

PhSO 2^NO 2U RCO. X ,OCR 

2) R-CH 3 
3) R -Ph 
4) R - Ph2CH 

(dba)3Pd2-CHCI3 (5) 

Ph?5 ' 
THF1 rt 

H »"2™ H ? 

a series) n = 1 b series) n = 2 
7 X . PhSO2 
S X . CH3O 

oxygenation with SnCl2-2H20 (CH3CN, room temperature) gave 
a 94% isolated yield of the isoxazoline 7a." As a pseudoacyl 

(7) For reviews, see: Hobbs, J. B. In Comprehensive Medicinal Chemistry; 
Hansch, C, Sammes, P. G., Taylor, J. B„ Eds.; Pergamon: Oxford, 1990; 
Vol. 2, pp 306-322. Isono, K. J. Antibiot. 1988, 41, 1711. Hovi, T. In 
Antiviral Agents: The development and Assessment of Antiviral Chemo
therapy; Field, H. J., Ed.; CRC Press: Boca Raton, FL, 1988; Chapter 1, pp 
1-12. Jones, M. F. Chem. Br. 1988, 1122. Marquez, V. E.; Lim, M. Med. 
Res. Rev. 1986, 6, 1. Dolin, R. Science 1985, 227, 1296. 

(8) For some recent syntheses of aristeromycin, see: (a) Arai, Y.; Hayashi, 
K.; Matsui, M.; Koizumi, T.; Shiro, M.; Kuriyama, K. / . Chem. Soc, Perkin 
Trans. I 1991, 1709. (b) Katagiri, N.; Muto, M.; Nomura, M.; Higashikawa, 
T.; Kaneko, C. Chem. Pharm. Bull. 1991, 39, 1112. (c) Saville-Stones, E. 
A.; Lindell, S. D.; Jennings, N. S.; Head, J. C; Ford, M. J. J. Chem. Soc, 
Perkin Trans. 1 1991, 2603. (d) Wolfe, M. S.; Anderson, B. L.; Borcherding, 
D. R.; Borchardt, R. T. / . Org. Chem. 1990, JJ, 4712. (e) Maggini, M.; Prato, 
M.; Scorrano, G. Tetrahedron Lett. 1990, 31, 6243. (f) Yoshikawa, M.; 
Okaichi, Y.; Cha, B. C; Kitagawa, I. Chem. Pharm. Bull. 1989, 37, 2555. 
(g) Arai, Y.; Hayashi, Y.; Yamamoto, M.; Takayema, H.; Koizumi, T. J. 
Chem. Soc, Perkin Trans. 1 1988, 3133. (h) Deardorff, D. R.; Shulman, M. 
J.; Sheppeck, J. E., Ill Tetrahedron Lett. 1989, 30, 6625. (i) Cheikh, A. B.; 
Craine, L. E.; Recher, S. G.; Zemlicka, J. J. Org. Chem. 1988, JJ, 929. (j) 
Trost, B. M.; Kuo, G.-H.; Benneche, T. J. Am. Chem. Soc. 1988, 110, 621 
and references cited therein. 

(9) For some recent syntheses of carbovir, see: (a) Gundersen, L.; Ben
neche, T.; Undheim, K. Tetrahedron Lett. 1992, 1085. (b) Peel, M. R. 
Sternbach, D. D.; Johnson, M. R. J. Org. Chem. 1991, 56, 4990. (c) Exall 
A. M.; Jones, M. F.; Mo, C-L.; Myers, P. L.; Paternoster, I. L.; Singh, H.: 
Storer, R.; Weingarten, G. G.; Williamson, C; Brodie, A. C; Cook, J.; Lake, 
D. E.; Meerholz, C. A.; Turnbull, P. J.; Highcock, R. M. / . Chem. Soc. 
Perkin Trans. 1 1991, 2467. (d) Jones, M. F.; Myers, P. L.; Robertson, C 
A.; Storer, R.; Williamson, C. J. Chem. Soc, Perkin Trans. 1 1991, 2479 
(e) Taylor, S. J. C; Sutherland, A. G.; Lee, C; Wisdom, R.; Thomas, S. 
Roberts, S. M.; Evans, C. Chem. Commun. 1990, 1120. (f) Vince, R.; Hua, 
M. J. Med. Chem. 1990, JJ, 17. 

(10) Wade, P. A.; Hinney, H. R.; Amin, N. V.; Vail, P. D.; Morrow, S. 
D.; Hardinger, S. A.; Saft, M. S. J. Org. Chem. 1981, 46, 765. 

sulfone, nucleophilic substitution of the sulfone occurred readily 
(91% yield) as illustrated by its solvolysis in basic methanol 
(K2CO3, CH3OH, 50 0C) to the methoxy analogue 8a. Reduction 
of the sulfone with Mo(CO)6

13 in moist acetonitrile at reflux gave 
the (Z)-hydroxy nitrile 9a (94% yield).14 Reduction of the 
methoxyisoxazoline 8a to the (Z)-hydroxy ester 10a with Mo(CO)6 
required the presence of 3 equiv of boric acid and methanol to 
avoid amide formation (84% yield). 

ec c 
.CO2CH3 

a) h - l b) n « 2 

Reaction of the six-membered-ring analogue 4b required re-
fluxing THF, all other conditions being the same, to give a 92% 
yield of the isoxazoline 2-oxide 6b. In a series of experiments 
completely analogous to that reported for the five-membered ring, 
the derivatives 7b (89%), 8b (86%), 9b (94%), and 10b (77%) were 
also synthesized. 

Extrapolation to an acyclic unsymmetrical difunctional substrate 
11 tested the chemoselectivity of the ionization.15 A single 
regioisomeric isoxazoline 2-oxide 12 was isolated as a crystalline 
(mp 116-8 0C) solid. The chemoselectivity exhibited requires 
selective ionization of the sterically more accessible primary 
carbonate of 11. 

^ = ^ O C 0 2 C H 3 

PdCIZ2 

TPP 
SO2Ph 

Pd(OAc)2, OC4H9Li 

A key feature of this strategy to these intriguing heterocyclic 
building blocks is the prospect for asymmetric induction with the 

(11) For 1,3-dipolar cycloadditions of phenylsulfonyl nitrile oxide with 
olefins, see: Wade, P. A.; Hinney, H. R. J. Am. Chem. Soc. 1979,101, 1319. 
Wade, P. A.; Pillay, M. K. J. Org. Chem. 1981, 46, 5425. Whitney, R. A.; 
Nicholas, E. S. Tetrahedron Lett. 1981, 3371. Bellandi, C; DeAmici, M.; 
DeMicheli, C; Gandofi, R. Heterocycles 1984, 22, 2187. Additions todienes 
have not been reported. Asymmetric synthesis by 1,3-dipolar cycloadditions 
of nitrile oxides to dienes is not known. See: Padwa, A. 1,3-Dipolar Cyclo-
addition Chemistry; Wiley: New York, 1984; Vol. 1. 

(12) Wade, P. A.; Yen, H. K.; Hardinger, S. A.; Pillay, M. K.; Amin, N. 
V.; Vail, P. D.; Morrow, S. D. J. Org. Chem. 1983, 48, 1797. 

(13) Cf. Ciccihi, S.; Goti, A.; Brandi, A.; Guarna, A.; DeSarlo, F. Tetra
hedron Lett. 1990, 31, 3351. Guarna, A.; Guidi, A.; Goti, A.; Brandi, A.; 
DeSarlo, F. Synthesis 1989, 175. Balicki, R.; Kaczmarek, L.; Malinowski, 
M. Annalen 1989, 1139. Baraldi, P. A.; Barco, A.; Benetti, S.; Manfredini, 
S.; Simoni, D. Synthesis 1987, 276. 

(14) For cleavage with Na(Hg), see: Wade, P. A.; Bereznak, J. F. J. Org. 
Chem. 1987, 52, 2973. 

(15) Cf. Trost, B. M.; Tometzki, G. B.; Hung, M.-H. J. Am. Chem. Soc. 
1987, 109, 2176. 
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meso 2-ene-l,4-diol substrates 2-4 (n = 1 or 2). Using our 
modular asymmetric ligands 13-151 (Pd:P = 1:2.4), 3a or 4a gave 
the isoxazoline 2-oxide in 95% ee (from 4a, 94% yield), 96% ee 
(from 3a, 94% yield, or 4a, 93% yield), and 64% ee (from 4a, 86% 
yield), respectively. As observed previously, the diamide ligands 

K^KyNH PPh2 p r-^ 'N H P P t l ! V-v'° PPh2 ^~* 

S**^-NH PPh2 Z p ' ^^ ' "NH PPh2 Ph Y^O PPh2 * 

13 14 15 

invariably give higher ee's than diester ligands. Assessment of 
the ee and assignment of the absolute configuration were per
formed by conversion of the hydroxy nitrile 9a to the (S)-O-
methylmandelates,16 which establishes the absolute configuration 
of the cycloadduct to be as depicted in 6a from the reactions with 
ligands 13 and 14 and its mirror image from the reaction with 
ligand 15. In agreement with our model, the counterclockwise 
oriented binding posts of 13 and 14 initiated preferential ionization 
of the pro-S leaving group, whereas the clockwise oriented binding 
posts initiated preferential ionization of the pro-R leaving group. 

In contrast to enzymatic reactions of these types of substrates 
which do not readily extrapolate from the five- to six-mem-
bered-ring systems,17 the cycloalkylation of 2b with ligand 14, 
initially at O 0C then at reflux, gave a 68% isolated yield of 6b 
in addition to 23% of the initial C-alkylated but uncyclized product. 
The latter can be cyclized to the former by re-exposure to Pd(O) 
catalysts. Analysis of both products using the NMR (S)-O-
methylmandelate method revealed that they had >97% ee! 

This regio-, diastereo-, and enantioselective cycloalkylation 
served as a convenient entry into the important carbanucleosides 
as illustrated in Scheme I. Dicarbonate 16, [a]D -153.9° (c 3.75, 
CHCl3), available in 60% overall yield and >95% ee from 3a, 
proved to be a pivotal intermediate. For example, Pd-catalyzed 
condensation of dicarbonate 16 with adenine to give 17 provided 
entry to aristeromycin,8 whereas similar reaction with 2-amino-
6-chloropurine to give 18 ultimately led to carbovir,9 an excellent 
candidate for development as a potential antiretroviral agent for 
the treatment of AIDS.18 
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It is well-known that alkali metal enolates and related species 
are frequently aggregated in nonpolar solvents such as ethers and 
hydrocarbons.2 Most of the recent research in this field has been 
directed toward the elucidation of the factors that influence the 
state of aggregation of lithiated species at equilibrium.3 However, 
in the few kinetic studies that have been carried out,4"6 it has 
usually been found that the reactive intermediate is present only 
in small or negligible concentrations relative to the predominant 
aggregate(s). Therefore, kinetic studies are an essential com
plement to equilibrium studies. Herein we present a preliminary 
report of our investigations of the cesium enolate of l-(4-bi-
phenylyl)-2-methyl-1 -propanone7 (p-phenylisobutyrophenone, 
PhIBP). This enolate was chosen because its spectrum (X1112x 380 
nm, t 2180 M"1 cm"1) permits use of the double-indicator tech
nique. 

The equilibrium aggregation number of cesiated PhIBP (Cs-
PhIBP) in tetrahydrofuran (THF) was determined by acidity 
studies of the type detailed previously8 to be 2.17 ± 0.14 and 3.17 
± 0.15 at 25 and -20 0C, respectively, over a 10-fold concentration 
range (Figure I).9 The THF used in these experiments contained 
about 10"3 M water.10 Note that the aggregation numbers are 
averages and therefore do not necessarily correspond directly to 
the species that are actually present; for example, the aggregation 
number 3.17 could equally arise from an essentially trimeric species 
or a mixture of dimers and tetramers. 

Initial rate studies of the alkylation of Cs-PhIBP by methyl 
tosylate (MeOTs) were carried out at 25 and -20 0C in THF by 
following the decrease in the enolate absorbance to 5-10% reaction. 
The use of initial rates avoids potential complications from the 
possible formation of mixed aggregates41^ (Cs-PhlBP/CsOTs). 
The data were fit by properly weighted least squares analysis" 
to the equation log (rate) = log (k) + x log [Cs-PhIBP] + y log 
[RX] where RX is the electrophile. In this equation x can be 
shown to be equal to nk/n, where n is the equilibrium aggregation 

(1) Carbon Acidity. 84. 
(2) For reviews, see: (a) Jackman, L. M.; Lange, B. C. Tetrahedron 1977, 

33, 2737. (b) Seebach, D. Angew. Chem., Int. Ed. Engl. 1988, 27, 1624 and 
references therein, (c) Boche, G. Angew. Chem., Int. Ed. Engl. 1989, 28, 111. 

(3) For leading references, see the following and the citations therein: (a) 
Gilchrist, J. H.; Collum, D. B. J. Am. Chem. Soc. 1992, 114, 794. (b) 
Jackman, L. M.; Chen, X. / . Am. Chem. Soc. 1992, 114, 403. 

(4) (a) Ellington, J. C; Arnett, E. M. J. Am. Chem. Soc. 1988,110, 7778. 
(b) DePue, J. S.; Collum, D. B. J. Am. Chem. Soc. 1988, UO, 5524. (c) 
Arnett, E. M.; Maroldo, S. G.; Schriver, G. W.; Schilling, S. L.; Troughton, 
E. B. J. Am. Chem. Soc. 1985, 107, 2091. (d) Wanat, R. A.; Collum, D. B. 
J. Am. Chem. Soc. 1985, 107, 2078. (e) Jackman, L. M.; Dunne, T. S. J. 
Am. Chem. Soc. 1985,107, 2805. (f) Miller, J. A.; Zook, H. D. J. Org. Chem. 
1977, 42, 2629. (g) Zook, H. D.; Rellahan, W. L. J. Am. Chem. Soc. 1957, 
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