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Figure 2. Single turnover reactions of R292K and O-methylisourea-
treated R292K (R292K-hR) with aspartate. Enzyme activity was as
sayed in 100 mM MOPS/50 mM KCl at pH 7.0 using 1.0 mM aspartate 
and the coupling system reported in ref 9. The graph shows the decrease 
in absorbance at 430 nm due to the conversion of the pyridoxal phosphate 
cofactor to pyridoxamine phosphate, which absorbs at 330 nm. 

At pH 7.5, the absorbance spectra of wild type AATase (WT) 
and the R292K mutant are identical. At this pH the PLP cofactor 
of AATase has absorbance peaks at 360 (unprotonated form) and 
430 nm (protonated form). Since these peak positions are sensitive 
to local conformational changes,9 it is likely that the conformation 
of the active site is not significantly perturbed by the mutation. 
Catalytic competence is greatly reduced, however, as seen by an 
increase in the Km values for both substrates and a large decrease 
in Jt08, (Table I). 

MIU has been used previously to convert the lysine side chains 
of proteins to homoarginine.10 Engler et al. have reported the 
conversion of an arginine in epidermal growth factor to homo
arginine using the general procedure applied here.3c Nearly all 
lysines in an MlU-treated protein are modified, but guanidinated 
proteins are usually stable and possess nearly the same activity 
as unmodified enzymes. This is because lysine residues are typ
ically found on the surface of proteins, and both amino and 
guanidino groups are positively charged at neutral pH. Modi
fication of R292K with MIU should result in the guanidination 
of Lys 292 as well as the 17 surface lysines present per monomer. 
Lys 258, the catalytic base of AATase, should be protected because 
it is in a base-stable aldimine linkage with the PLP cofactor. 

Optimal conditions for the reaction of both WT and R292K 
are reported in Figure 1. A significant amount of precipitate 
formed over the 4 day reaction time, but 63% of R292K and 41% 
of WT were recovered. Amino acid analysis of the R292K-hR 
sample showed that 78% of the lysine residues in R292K were 
modified. To assay the extent of modification specifically at Lys 
292, single turnover experiments were carried out as shown in 
Figure 2. The rate constant for transamination of 1 mM aspartate 
by R292K is 0.0029 ± 0.0003 s"1. Under identical conditions, 
75% of the MlU-treated R292K reacts in the mixing time (fcobsd 

> 0.14 s"1), while the remaining 25% turns over more slowly. This 
indicates that at least 75% of Lys 292 is converted to homoarginine 
under the conditions employed. 

A comparison of the steady-state kinetic parameters for WT 
and modified WT shows a slight decrease in WT activity upon 
modification, due principally to a 3-fold decrease in the value of 
k^i (Table I). ' ' In contrast, R292K-hR shows a 100-fold increase 
in the value of fccat over unmodified R292K, up to 60% that of 
the modified WT. The values for kat/Km for R292K-hR are 
100-300 times greater than those for R292K. R292K-hR, while 

(9) Goldberg, J. M.; Swanson, R. V.; Goodman, H. S.; Kirsch, J. F. Bio
chemistry 1991, 30, 30S-1\2. 

(10) (a) Fojo, A. T.; Whitney, P. L.; Awad, W. M„ Jr. Arch. Biochem. 
Biophys. 1983, 224, 636-642. (b) Cupo, P.; El-Deiry, W.; Whitney, P. L.; 
Awad, W. M., Jr. J. Biol. Chem. 1981, 255, 10828-10833. 

(11) Although both the modified WT and R292K preparations are het
erogeneous populations with on average 80% of the lysines modified, they both 
display parallel, linear double reciprocal plots characteristic of essentially a 
single active enzyme species (data not shown). 

less active than WT, is the most active position 292 AATase 
variant produced to date. 
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Gilvocarcin M (1) shows the key structural features of a 
growing class of aryl C-glycoside antibiotics1 which share a 
common aromatic nucleus, 6//-benzo[</]naphtho[l,2-i]pyran-6-
one, to which various rare sugars are connected through a C-C 
bond. These compounds are attractive as synthetic targets because 
of the challenge presented by their unusual C-glycoside structures 
linked to the highly functionalized skeleta and because some of 
the members show significant antitumor activity with exceptionally 
low toxicity.2'3 The reported synthetic endeavors, however, have 
addressed only the aglycon portion (i.e., defucogilvocarcin),4 and 
the synthesis of the full structure of the natural product with the 
sugar moiety remains a challenging problem.5,6 A total synthesis 
is also desirable because, although the relative stereochemistry 

(1) For an excellent review on biological and synthetic aspects of aryl 
C-glycoside antibiotics, see: Hacksell, U.; Daves, G. D., Jr. Prog. Med. Chem. 
1985, 22, 1. 

(2) For isolation and structural elucidation of gilvocarcins, see: (a) Hatano, 
K.; Higashide, E.; Shibata, M.; Kameda, Y.; Horii, S.; Mizuno, K. Agric. Biol. 
Chem. 1980, 44, 1157. (b) Horii, S.; Fukase, H.; Mizuta, E.; Hatano, K.; 
Mizuno, K. Chem. Pharm. Bull. 1980, 28, 3601. (c) Nakano, H.; Matsuda, 
Y.; Ito, K.; Ohkubo, S.; Morimoto, M.; Tomita, F. / . Antibiot. 1981, 34, 266. 
(d) Takahashi, K.; Yoshida, M.; Tomita, F.; Shirahata, K. Ibid. 1981, 34, 271. 
(e) Hirayama, N.; Takahashi, K.; Shirahata, K.; Ohashi, Y.; Sasada, Y. Bull. 
Chem. Soc. Jpn. 1981, 54, 1338. (T) Balitz, D. M.; O'Herron, F. A.; Bush, 
J.; Vyas, D. M.; Nettleton, D. E.; Grulich, R. E.; Bradner, W. T.; Doyle, T. 
W.; Arnold, E.; Clardy, J. J. Antibiot. 1981, 34, 1544. (g) Jain, T. C; 
Simolike, G. C; Jackman, L. M. Tetrahedron 1983, 39, 599. 

(3) For further examples, see the following, (a) Defucogilvocarcin V: 
Misra, R.; Tritch, H. R„ III; Pandey, R. C. J. Antibiot. 1985, 38, 1280. (b) 
Chrysomycin A and B: Strelitz, F.; Flon, H.; Asheshov, I. N. J. Bacteriol. 
1955, 69, 280. Weiss, U.; Yoshihira, K.; Highet, R. J.; White, R. J.; Wei, 
T. T. J. Antibiot. 1982, 35, 1194. (c) Ravidomycin: Findlay, J. A.; Liu, J.-S.; 
Radics, L.; Rakhit, S. Can. J. Chem. 1981, 59, 3018. Findlay, J. A.; Liu, J.-S.; 
Radics, L. Ibid. 1983, (57,323. (d) BE-12406A and B: Kojiri, K.; Arakawa, 
H.; Satoh, F.; Kawamura, K.; Okura, A.; Suda, H.; Okanishi, M. J. Antibiot. 
1991, 44, 1054. 

(4) For total synthesis of defucogilvocarcins, see: (a) Findlay, J. A.; 
Daljeet, A.; Murray, P. J.; Rej, R. N. Can. J. Chem. 1987, 65, 427. (b) 
Macdonald, S. J. F.; McKenzie, T. C; Hassen, W. D. J. Chem. Soc., Chem. 
Commun. 1987, 1528. (c) McKenzie, T. C; Hassen, W.; Macdonald, S. J. 
F. Tetrahedron Lett. 1987, 28, 5435. (d) Patten, A. D.; Nguyen, N. H.; 
Danishefsky, S. J. J. Org. Chem. 1988, 53, 1003. (e) Jung, M. E.; Jung, Y. 
H. Tetrahedron Lett. 1988, 29, 2517. (f) McGee, L. R.; Confalone, P. N. 
J. Org. Chem. 1988, 53, 3695. (g) Hart, D. J.; Merriman, G. H. Tetrahedron 
Lett. 1989, 30, 5093. (h) Deshpande, P. P.; Martin, O. R. Ibid. 1990, 31, 
6313. (i) Parker, K. A.; Coburn, C. A. J. Org. Chem. 1991, 56, 1666. 

(5) For synthetic studies on glycosylated analogues, see: Kwok, D.-I.; Fair, 
R. N.; Daves, G. D., Jr. J. Org. Chem. 1991, 56, 3711 and references cited 
therein. 

(6) For studies on the stereoselective construction of aryl C-glycosides 
related to the synthesis of gilvocarcins, see: (a) Martin, O. R.; Rao, S. P.; 
Kurz, K. G.; El-Shenawy, H. A. J. Am. Chem. Soc. 1988, UO, 8698. (b) 
Martin, O. R.; Hendricks, C. A. V.; Deshpande, P. P.; Cutler, A. B.; Kane, 
S. A.; Rao, S. P. Carbohydr. Res. 1990, 196, 41. (c) Cornia, M.; Casiraghi, 
G.; Zetta, L. Tetrahedron 1990, 46, 3071. (d) Parker, K. A.; Coburn, C. A. 
J. Am. Chem. Soc. 1991, 113, 8516. 
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"(a) Cp2HfCl2, AgC104/4-A molecular sieves, CH2Cl2, -78 — -20 
0C; (b) Tf2O, 'Pr2NEt/CH2Cl2, -78 0C, 30 min; (c) 6, n-BuLi/THF, 
-78 0C, 15 min; (d) 9, ''Pr2NEt, cat. DMAP/THF, room temperature, 
2 h; (e) (Ph3P)2PdCl2, NaOAc/DMA, 125 0C, 6 h; (O H2, Raney 
Ni/EtOH, room temperature, 3 days. 

of 1 has been established on the basis of X-ray crystallography, 
the absolute configuration remains to be defined.2e,f The L-
fucose-based structure 1, drawn in the original paper,2f has been 
accepted without proof.7 In this paper we record the first total 
synthesis of (+)-gilvocarcin M (1) and thereby establish that the 
natural product is the enantiomer of that depicted in 1. The 
synthetic route is exceedingly concise by virtue of two selective 
conversions (2 + 3 -* 4 and 5 + 6 -*• 8) (Scheme I). 

The acetate 2 was prepared from L-fucose,8 and its conversion 
to an aryl C-glycoside was examined. This step is a major hurdle 
in the synthesis of 1, since C-glycoside bond formation must be 
achieved in the 1,2-cis and 1,4-cis sense, which is sterically un
favorable. This contrasteric C-C-bond formation was cleanly 
effected by employing our glycosidation promoter, Cp2HfCl2-
AgClO4.

9 Thus, the glycosyl acetate 210 (1 equiv) and the io-

(7) In ref 2f the authors stated in the text that D-fucose was assumed to 
be the sugar moiety, whereas the L-sugar was depicted. The latter enantiomer 
has been conventionally accepted. See also refs 2e and 2g. 

(8) Kinoshita, T.; Miwa, T. Carbohydr. Res. 1985,143, 249. The acetate 
2 was a ca. 1/1 mixture of anomers, which was used without separation. 

(9) (a) Matsumoto, T.; Katsuki, M.; Suzuki, K. Tetrahedron Lett. 1988, 
29, 6935. (b) Matsumoto, T.; Hosoya, T.; Suzuki, K. Synlett 1991, 709. 

(10) The corresponding glycosyl fluoride was too unstable for synthetic use. 
For the use of glycosyl acetate as an alternative glycosyl donor, see: Mat
sumoto, T.; Hosoya, T.; Suzuki, K. Tetrahedron Lett. 1990, 31, 4629. 

dophenol 3" (1.2 equiv) were treated with Cp2HfCl2-AgClO4 (2 
equiv each) in CH2Cl2 at -78 to -20 0C to obtain the C-glycoside 
4 in 87% yield (a/0 = 8/I).12"14 Other promoters led to a 
decreased or reversed stereoselectivity (SnCl4, a/0 = 2.2/1; 
BF3-OEt2, a/0 = 1/1.8). 

Another notable feature here is that aryl C-glycoside formation 
took place cleanly at the position ortho to the unprotected phenolic 
hydroxyl group.9'14 This complete regiochemical control in the 
aromatic substitution was gratifying in view of the planned benzyne 
cycloaddition for constructing the naphthalene skeleton.15 Ac
cordingly, phenol 4-a was converted to the corresponding triflate 
5 quantitatively (Tf2O, 'Pr2NEt/CH2Cl2, -78 0C), which was 
treated with n-BuLi (2 equiv) in THF at -78 0C in the presence 
of 2-methoxyfuran (6, 3 equiv). Sequential benzyne formation, 
[4 + 2] cycloaddition with the furan, and aromatization of the 
primary adduct 7 occurred smoothly to give the naphthol 8 (Rf 
0.29 on silica gel TLC, hexane/Et20 = 1/1) in 85% yield. A small 
amount of the regioisomeric adduct (9%; Rf 0.51) was also isolated. 
The observed regioselectivity can be attributed to the polar effect 
of the benzyloxy substituent, which controls the mode of cyclo
addition.16 

The final stage of the synthesis consisted of construction of the 
tetracyclic system, and this was achieved by the Pd-catalyzed 
internal cyclization approach developed by Martin et al.4h 

Acylation of 8 with the acid chloride 917 gave the ester 10 (91% 
yield), which upon treatment with (Ph3P)2PdCl2 (25 mol %) and 
NaOAc (3 equiv) in AT,iV-dimethylacetamide at 125 0C effected 
intramolecular biaryl coupling to produce the tetracycle 11 in 90% 
yield. Removal of the four benzyl groups by catalytic hydro-
genolysis (H2, Raney Ni/EtOH, 1 atm) gave (+)-gilvocarcin M 
(1) in 72% yield (mp 246-249 0C dec, lit.2d mp 245-248 0C dec). 
The synthetic material exhibited physical properties identical with 
those found for the natural product (TLC mobilities, 400-MHz 
1H NMR, 100-MHz 13C NMR, IR, HRMS, UV). The sign of 
the optical rotation, however, was opposite to the one reported 
in the literature; [a]23

D +209° (c 0.21, DMSO) [lit.2"1 [a]\ -209° 
(c 0.2, DMSO)]. Thus, natural gilvocarcin M is the enantiomer 
ofl. 

The present synthesis is notable on three counts: (1) brevity 
(six steps), (2) high yield (38% overall from 2), and (3) high regio-
and stereoselectivity. Since the structure of 1 possesses all the 
essential elements of the gilvocarcin-ravidomycin class of anti
biotics, the present synthetic approach will allow preparation of 
various congeners. The total synthesis of the natural enantiomer 
is in progress and will be reported shortly. 

Acknowledgment. We are grateful to Dr. H. Saito, Kyowa 
Hakko Co., for a sample of 1. Financial support from the Ministry 
of Education, Science and Culture of Japan [Grant-in-Aid for 

(11) This substance was prepared from commercially available resorcinol 
monobenzoate (Kanto Chemical Co.) by the following sequence: (i) MOMCl, 
'Pr2NEt, CH2Cl2; (ii) 3 N NaOH, MeOH; (iii) DHP, PPTS, CH2Cl2; (iv) 
/1-BuLi, hexane, then I2; (v) PPTS, EtOH; (vi) NaH, BnBr, /!-Bu4NI, THF; 
(vii) 4 N HCl, MeOH-dioxane. 

(12) All new compounds have been fully characterized by 1H NMR, 13C 
NMR, IR, and HRMS and/or combustion analyses. 

(13) Note that the isomer depicted is the a-anomer since the L-series sugar 
is represented. 

(14) The position of aromatic substitution and stereochemistry at the 
anomeric carbon were confirmed by an NOE study (see supplementary ma
terial). 

(15) Matsumoto, T.; Hosoya, T.; Katsuki, M.; Suzuki, K. Tetrahedron 
Lett. 1991, 32, 6735. 

(16) For general reviews on aryne species, see: (a) Hoffmann, R. W. 
Dehydrobenzene and Cycloalkynes; Academic Press: New York, 1967. (b) 
Reinecke, M. G. Tetrahedron 1982, 38, 427. 

(17) This substance was prepared from the alcohol 1248 in two steps: (1) 
/!-Bu4N-MnO4, pyr,18 and (2) (COCl)2, cat. DMF, CH2Cl2. 

UMe 

12 

(18) SaIa, T.; Sargent, M. V. J. Chem. Soc., Chem. Commun. 1978, 253. 
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The products obtained from conventional solid-state synthetic 
reactions are often limited to the high-temperature thermodynamic 
ones,1'2 and thus there has been considerable interest in developing 
new low-temperature approaches that might provide access to novel 
phases and materials. For example, several groups have described 
the use of low-temperature reactive fluxes to prepare new met-
al-chalcogenide phases,3,4 and other researchers have investigated 
the low-temperature synthesis of inorganic solids via the controlled 
decomposition of molecular precursors.5 Herein, we report a 
strikingly different approach for low-temperature solid-state 
synthesis based on pulsed laser deposition (PLD), and we use this 
method to prepare the tetragonal infinite layer phase of SrCuO2. 
The tetragonal phase of SrCuO2 is an important target since it 
represents the parent structure of the high-temperature copper 
oxide superconductors; however, it is inaccessible by conventional 
high-temperature synthetic routes. 

PLD is a well-established technique for the preparation of thin 
film materials.6"9 It involves ablation of a target material with 
a high-energy pulsed laser, and deposition of the evaporated target 
material onto a substrate to yield a thin film product. There are 
several features of the ablation and deposition processes that make 
PLD ideally suited for the synthesis of new materials, including 
the following: (1) material is congruently evaporated from the 
target during rapid laser heating; (2) growth of a crystalline 
product can be carried out at temperatures significantly lower than 

(1) DiSalvo, F. J. Science 1990, 247, 649. 
(2) (a) Hagenmuller, P. Preparative Methods in Solid State Chemistry; 

Academic Press: New York, 1972. (b) Rao, C. N. R.; Gopalakrishnan, J. 
New Directions in Solid State Chemistry; Cambridge University Press: New 
York, 1986. 

(3) (a) Sunshine, S. A.; Kang, D.; Ibers, J. A. J. Am. Chem. Soc. 1987, 
109, 6202. (b) Keane, P. M.; Lu, Y,-J.; Ibers, J. A. Ace. Chem. Res. 1991, 
24, 223. 

(4) (a) Kanatzidis, M. G.; Huang, S.-P. J. Am. Chem. Soc. 1989, Ul, 760. 
(b) Kanatzidis, M. G.; Park, Y. J. Am. Chem. Soc. 1989, IU, 3767. (c) 
Kanatzidis, M. G. Chem. Mater. 1990, 2, 353. 

(5) (a) Steigerwald, M. L.; Rice, C. E. J. Am. Chem. Soc. 1988, UO, 4228. 
(b) Steigerwald, M. L. Chem. Mater. 1989, /, 52. (c) Brennan, J. G.; Siegrist, 
T.; Stuczynski, S. M.; Steigerwald, M. L. J. Am. Chem. Soc. 1990,112, 9233. 
(d) Banaszak HoIl, M. M.; Wolczanski, P. T.; Van Duyne, G. D. J. Am. 
Chem. Soc. 1990, 7/2, 7989. 

(6) (a) Cheung, J. T.; Sankur, H. Crit. Rev. Solid State Mater. Sci. 1988, 
15, 63. (b) Olander, D. R. High Temp. Sci. 1990, 27, 411. (c) Paine, D. C; 
Bravman, J. C. Laser Ablation for Materials Synthesis; Materials Research 
Society: Pittsburgh, 1990. 

(7) (a) Xi, X. X.; Venkatesan, T.; Li, Q.; Wu, X. D.; Inam, A.; Chang, 
C. C; Ramesh, R.; Hwang, D. M.; Ravi, T. S.; Findikoglu, A.; Hemmick, D.; 
Etemad, S.; Martinez, J. A.; Wilkens, B. IEEE Trans. Magn. 1991, 27, 2. 
(b) Koren, G.; Gupta, A.; Baseman, R. J.; Lutwyche, M. I.; Laibowitz, R. B. 
Appl. Phys. Lett. 1989, 55, 2450. (c) Izumi, H.; Ohata, K.; Sawada, T.; 
Morishita, T.; Tanaka, S. Appl. Phys. Lett. 1991, 59, 597. (d) Gupta, A.; 
Braren, B.; Casey, K. G.; Hussey, B. W.; Kelly, R. Appl. Phys. Lett. 1991, 
59, 1302. 

(8) (a) Triscone, J.-M.; Fischer, O.; Brunner, O.; Antognazza, L.; Kent, 
A. D.; Karkut, M. G. Phys. Rev. Lett. 1990, 64, 804. (b) Lowndes, D. H.; 
Norton, D. P.; Budai, J. D. Phys. Rev. Lett. 1990, 65, 1160. (c) Matsumoto, 
T.; Kawai, T.; Kitahama, K.; Kawai, S. Appl. Phys. Lett. 1991, 58, 2039. (d) 
Kawai, T.; Egami, Y.; Tabata, H.; Kawai, S. Nature 1991, 349, 17. 

(9) (a) Norton, D. P.; Lowndes, D. H.; Sales, B. C; Budai, J. D.; Chak-
oumakos, B. C; Kerchner, H. R. Phys. Rev. Lett. 1991, 66, 1537. (b) Fincher, 
C. R.; Blanchet, G. B. Phys. Rev. Lett. 1991, 67, 2902. (c) Tabata, H.; 
Murata, O.; Kawai, T.; Kawai, S. Appl. Phys. Lett. 1990, 56, 1576. 

Figure 1. Schematic view of the PLD chamber. Major components: (1) 
target rotation feedthrough, (2) turbomolecular pump, (3) quartz win
dow, (4) focus lens, (5) excimer laser, (6) substrate manipulator, (7) gas 
inlet, (8) substrate shutter, (9) target, (10) substrate, (11) substrate 
heater, (12) quartz crystal thickness monitor. 

26 
Figure 2. Experimental X-ray diffraction patterns for (A) the ortho-
rhombic SrCuO2 target and (B) a 5000-A SrCuO2 film prepared by 
PLD. A simulated diffraction pattern for c-axis oriented tetragonal 
SrCuO2 is shown in part C. 

those of conventional solid-state reactions; (3) the substrate can 
be chosen to enforce the growth of a specific structural phase; and 
(4) sequential multitarget evaporation can be used to prepare 
complex layered structures with atomic-level control.6"8 An in
dication of the potential of PLD for materials synthesis has been 
the growth of high-quality, epitaxial films of copper oxide su
perconductors, because these materials are compositionally com
plex and melt incongruently.7'8 There are few studies, however, 
that have utilized the unique characteristics of PLD for new 
materials synthesis.9 

Our PLD experiments were carried out in a stainless steel 
vacuum chamber that is evacuated with a turbomolecular pump 
(Figure 1). The SrCuO2 target material was prepared by con
ventional high-temperature methods from a 1:1 mixture OfSrCO3 
and CuO.10 This preparative route yields an orthorhombic phase 

(10) Stoichiometric amounts of CuO (99.999%, Johnson Matthey) and 
SrCO3 (99.999%, Johnson Matthey) were ground, heated at 800 0C for 12 
h, reground, and heated at 900 °C for 24 h. Finally, the resulting poly-
crystalline powder was pressed into a pellet and sintered at 950 0C. 
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