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coupling reaction we have developed for this synthesis represents 
a highly useful chemoselective method for preparing hitherto 
inaccessible a-C-homologated piperazinediones and, potentially, 
other a-amino acid derivatives.9 The methodology described herein 
is uniquely adaptable to the preparation of many structurally 
diverse bicyclomycin analogues that cannot be prepared by 
modification of the abundantly available natural product nor from 
any of the other published5'6 synthetic efforts. Finally, we have 
found that the p-methoxybenzyl groups can be cleanly and reliably 
removed from any of these bicyclic structures17 (i.e., 2 (R = 
CH2Ph-P-OCH3), 8b, 9b, and 10b) to afford the hydrophilic "free" 
amides. Biological and mechanistic studies utilizing this chemistry 
shall be reported in due course from these laboratories. 
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A. [M+H]* = (H5SiWi2O40)*= 2879 m/z 

[M + H-20-W03]* 

2600 2800 m/z 

B. [M-H]" = (H3SiWi2O40)"=2877 m/z 

[M-H-20]" 

[M-H-2O-WO3]" AJJ!*""] 

2600 2800 

C. [M-H]"= ( K4H2SiW9V3O40)"= 2634 m/z 

[M-H-30]-M- [,---r2K]. 

2400 2600 tt 

D. [M+H]*= [(Bu4N)4HCpTi-SiW9V304o]*=3559m/z 

(17) Preliminary antimicrobial assays of totally synthetic (±)-bicyclomycin 
against E. coli 94 and Klebsiella pneumoniae 369 show that the racemic 
material exhibits half the activity of the natural compound; numerous N-
deprotected bicyclic analogues have been evaluated for antimicrobial activity: 
Williams, R. M.; Armstrong, R. W.; Dung, J.-S., unpublished results. We 
thank Drs. Hans Maag and David Pruess of Hoffman La-Roche, Inc., for 
performing the assay. 

Fast Atom Bombardment Mass Spectroscopy (FABMS) 
of Polyoxoanions 

Richard G. Finke,*1 Michael W. Droege,1 J. Carter Cook,2 

and Kenneth S. Suslick*2 

Department of Chemistry, University of Oregon 
Eugene, Oregon 97403 

School of Chemical Sciences 
University of Illinois at Urbana- Champaign 

Urbana, Illinois 61801 

Received May 3, 1984 

Polyoxoanion chemistry3 is a field poised for a rapid develop
ment with a wide range of potential applications.3"'0'4"7 Hampering 

(1) University of Oregon. 
(2) University of Illinois. 
(3) (a) Pope, M. T. In "Heteropoly and Isopoly Oxometalates"; Spring

er- Verlag: New York, 1983; Inorganic Chemistry Concepts, (b) Weakley, 
T. J. R. Struct. Bonding 1974, 78, 131. (c) Tsigdinos, G. Topics Curr. Chem. 
1978, 76, 1. (d) Evans, H. T., Jr. Perspect. Struct. Chem. 1971, 4, 1. (e) 
Kepert, D. L. Prog. Inorg. Chem. 1962, 4, 199. (f) Tytko, K.-H., Glemser, 
O. Adv. Inorg. Chem. Radiochem. 1976, 19, 239. 

(4) A large number of examples of polyoxoanions in catalysis, largely 
heterogeneous catalysis, exist. A few references in acid catalysis,4""^ oxidation 
CaIaIySiS,4*"11 homogeneous Wacker-type4i-i chemistry, and recent reviews411 are 
provided below, (a) Onoue, Y.; Mizutani, Y.; Akiyama, S.; Izumi, Y. 
CHEMTECH 1978, 432 (b) Ono, Y.; Baba, T.; Sakai, J.; Keii, T. J. Chem. 
Soc, Chem. Commun. 1981, 400. Baba, T.; Sakai, J.; Ono, Y. Bull. Chem. 
Soc. Jpn. 1982, 55, 2657. (c) Okuhara, T.; Kasai, A.; Hayakawa, N.; Yoneda, 
Y.; Misono, M. J. Catal. 1983, 83, 121. (d) Hayashi, H.; Moffat, J. B. / . 
Catal. 1983, 83, 192; Ibid. 1983, 81, 61. (e) Konishi, Y.; Sakata, K.; Misono, 
M.; Yoneda, Y. J. Catal. 1982, 77, 169. (T) Ai, M. / . Catal. 1981, 71, 88. 
(g) Akimoto, M.; Tsuchida, Y.; Echigoya, E. Chem. Lett. 1980, 1205. (h) 
Akimoto, M.; Tsuchida, Y.; Sato, K.; Echigoya, E. J. Catal. 1981, 72, 83. (i) 
Ogawa, H.; Fujinami, H.; Taya, K. J. Chem. Soc, Chem. Commun. 1981, 
1274. (j) Taraban'ko, V. E.; Kozhevenikov, I. V.; Matreev, K. I. Kinet. Katal. 
1978, 19, 1160. (k) Kozhevnikov, I. V.; Matveev, K. I. Appl. Catal. 1983, 
5, 135; Russ. Chem. Rev. (Engl. Transl.) 1982, 51, 1075. 

[M+2H-Bu4N]* [M+H-20]* [M+H]* [M+Bu4N]* 

3400 3600 3800 m/z 

spectrum of H4SiW12O40. Note that molecular ion and the loss of O and 
WO3 are observed in both spectra A and B. Not shown are the sequential 
losses of WO3 in both spectra and much smaller peaks above 3000 m/z 
due to the attachment of WO3 fragments or of thioglycerol in the neg
ative-ion spectrum. (C) Negative-ion spectrum of K4H3SiW9V3O40. 
Extensive exchange of cations (cationization) is observed. Sequential loss 
of O and WO3 (not shown) is also observed. (D) Positive-ion spectrum 
of (Bu4N)4CpTi-SiW9V3O40. Only peaks corresponding to cation ex
change and loss of O are observed, 
observed. 

The sequential loss of WO3 is not 

_U_ 

2661 2671 2681 m/z 

Figure 2. Calculated (solid line) vs. observed (dotted line) isotopic dis
tribution patterns for the [M - 2H + K]" (= K5HSiW9V3O40") ion at 
m/z 2671. Only the centermost lines of the two patterns are directly 
comparable due to the presence of overlapping patterns in the observed 
FABMS for the K5HSiW9V3O40" ion. 

this development, however, are well-known difficulties in obtaining 
accurate analytical8 and molecular weight data,3" problems that 

(5) For photochemical applications, see: (a) Papaconstantinou, E. J. 
Chem. Soc, Chem. Commun. 1982, 12. (b) Yamase, T. Inorg. Chim. Acta 
1983, 76, L25; Ibid. 1981, 54, L207. (c) Yamase, T.; Sasaki, R.; Ikawa, T. 
J. Chem. Soc, Dalton Trans. 1981, 628. (d) Hill, C. L., unpublished results. 
Cited at the Proceedings of the Joint NSF-CNRS Polyoxoanion Workshop, 
St. Lambert des Bois, France, July 11-13, 1983. 
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have led to a number of misformulated polyoxoanions.8a Our own 
work, aimed at developing heteropolyanions for use as soluble 
metal oxide analogues in catalysis,6 has made us keenly aware 
of the need for a rapid and accurate method for determining the 
elemental compositions and molecular weights of polyoxoanions. 

Herein we report the use of fast atom bombardment mass 
spectroscopy (FABMS) 9 ' 1 0 to obtain the first mass spectra of 
nonvolatile, high molecular weight salts of polyoxoanion complexes 
such as S iW n O 4 0

4 " , SiW9V3O40
7", and the previously unreported 

organometallic-polyoxoanion complex CpTiSiW9V3O40
4".613 The 

success we have experienced suggests that FABMS constitutes 
a significant new development in the ability to characterize po
lyoxoanions and similar inorganic polyanions or -cations. 

FABMS were obtained on samples of H 4SiW 1 2O 4 0-26H 2O, l l a 

K 4H 3SiW 9V 3O 4 0 -3H 2O, 6 b ' l l b and (Bu4N)4CpTiSiW9V3O40
615 in 

thioglycerol in both the negative and positive ion modes,12 as shown 
in Figure 1. The parent or molecular ion peaks show an isotopic 
distribution which agrees with the calculated envelope, as shown 
in Figure 2. 

Cation exchange processes are clearly observed in several of 
our FABMS spectra. For example, K + replacement of H + in 
negative-ion F A B M S spectra of K 4 H 3 SiW 9 V 3 O 4 0 produces the 
progression shown in Figure IC corresponding to K4H2SiW9-
V3O40-, K5HSiW9V3O40", and K6SiW9V3O40". Similarly, Bu 4 N + 

exchange with H + in posit ive ion F A B M S of 
(Bu4N)4CpTiSiW9V3O4 0 produces the series shown in Figure 1D 
c o r r e s p o n d i n g to ( B u 4 N ) 3 H 2 C p T i S i W 9 V 3 O 4 0

 + , 
(Bu4N)4HCpTiSiW9V3O4 0

+ , and (Bu4N)5CpTiSiW9V3O40
+ . The 

latter FABMS spectrum is particularly significant, since it il
lustrates the ability of this technique to characterize the previously 
unknown CpTiSiW9V3O4 0

4", which we have synthesized as a 
discrete, soluble analogue of CpTi 3 + supported on metal oxide 
surfaces.611 

The fragmentation patterns are dominated by multiple loss of 
O (m/z 16), consistent with other mass spectral data100 '13 and by 
multiple loss of W O 3 (m/z 232). The former is seen in all 

(6) For potential applications as soluble metal-oxide analogues, see: (a) 
Finke, R. G.; Droege, M.; Hutchinson, J. R.; Gansow, O. J. Am. Chem. Soc. 
1981,103, 1587. (b) Finke, R. G.; Droege, M.; Rapko, B., unpublished results. 
(c) Besecker, C. J.; Day, V. W.; Klemperer, W. G.; Thompson, M. R. J. Am. 
Chem. Soc. 1984, 106, 4125 and references therein. 

(7) For potential applications as electron microscopy labels, see: (a) 
Zonnevijlle, F.; Pope, M. T. J. Am. Chem. Soc. 1979, 101, 2731. (b) Mann, 
S.; Williams, R. J. P.; Sethuraman, P. R.; Pope, M. T. J. Chem. Soc, Chem. 
Commun. 1981, 1083. (c) Ogan, M. D.; Keana, J. F. W. Abstr. Pap.-Am. 
Chem. Soc. 1983, 185th, ORGN 244. 

(8) (a) See the results and discussion in: Finke, R. G.; Droege, M. W. 
Inorg. Chem. 1983, 22, 1006. See also the discussion on "dodeca-
molybdate-dodecamolybdomolybdate" in Evans, H. T. Jr.; Pope, M. T. Inorg. 
Chem. 1984, 23, 501. (b) Smith, D. P.; Pope, M. T. Anal. Chem. 1969, 40, 
1906. (c) Fernandez, M. A.; Bastiaans, G. J. Anal. Chem. 1979, 51, 1402. 

(9) (a) Rinehart, K. L., Jr. Science {Washington, D.C.) 1982, 218, 254. 
(b) Busch, K. L.; Cooks, R. G. Ibid. 1982, 218, 247. (c) Barber, M.; Bordoli, 
R. S.; Elliott, G. J.; Sedgwick, D.; Tyler, A. N. Anal. Chem. 1982, 55, 645A. 
(d) Barber, M.; Bordoli, R. S.; Sedgwick, R. D.; Tyler, A. N. Nature (London) 
1981, 293, 270; Anal. Chem. Symp. Ser. 1983, 12, 177. (e) Devienne, F. M.; 
Roustan, J.-C. Org. Mass. Spectrom. 1982, 17, 173. (f) Franks, J. Int. J. 
Mass. Spectrom. Ion Phys. 1983, 46, 343. And the subsequent articles in this 
volume, pp 347-531. (g) Martin, S. A.; Costello, C. E.; Blemann, K. Anal. 
Chem. 1982, 54, 2362. (h) Caprioli, R. M. Anal. Chem. 1983, 55, 2387. 

(10) For lead references on the use of FABMS in inorganic/organometallic 
chemistry, see: (a) Davis, R.; Groves, I. F.; Durrant, J. L. A. J. Organomet. 
Chem. 1983, 241, C27. (b) Miller, J. M. J. Organomet. Chem. 1983, 249, 
299. (c) Cerny, R. L.; Sullivan, B. P.; Bursey, M. M.; Meyer, T. J. Anal. 
Chem. 1983, 55, 1954. 

(11) (a) Fisher Scientific Co. (b) Mossoba, M. M.; O'Connor, C. J.; Pope, 
M. T.; Sinn, E.; Herve, G.; Teze, A. J. Am. Chem. Soc. 1980, 102, 6864. 

(12) All FABMS spectra were obtained on a VG Analytical ZAB-HF 
ultrahigh-resolution 8-kV mass spectrometer with 11250 data system. Mil
ligram samples were dissolved in CH3CN and a few microliters added to 100 
liL of thioglycerol or other low-volatility matrix. Other matrices that have 
worked well with these polyoxoanions include triethylenetetraamine and 5:1 
dithiothreitol/dithioerythritol. In some cases, sample preparation leads to the 
formation of so-called "polyoxoanion blues",3" which does not, however, appear 
to significantly affect the FABMS. 

(13) Pierce, J.; Busch, K. L.; Walton, R. A.; Cooks, R. G. / . Am. Chem. 
Soc. 1981, 103, 2583; Inorg. Chem. 1982, 21, 2597. 

(14) (a) For example, H4SiWi2O40 is a very strong acid in solution.3c'14b 

(b) Tsigdinos, G. A. lnd. Eng. Chem. Prod. Res. Dev. 1974, 13, 267. 

FABMS spectra, both positive and negative ion, which we have 
examined, whereas the latter has not been observed with Bu 4N+ 

salts (i.e., Figure ID) . The observation of positive-ion FABMS 
is remarkable due to the high acidity of some of these ions, and 
the recent report that FABMS ion currents can reflect solution 
concentrations.9*1 It appears from the data in Figure 1 and from 
FABMS spectral data on other related complexes that optimal 
spectra are obtained for positive ions from Bu 4 N + salts. 

In summary, fast atom bombardment mass spectroscopy has 
provided the first mass spectra of high molecular weight, non
volatile salts of polyoxoanion complexes. The results obtained 
suggest that FABMS constitutes a significant development in the 
ability to characterize polyoxoanions and similar inorganic ma
terials. 
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The model that we have developed1 for analyzing substituent 
effects on thermal pericyclic reactions suggests that the transition 
state for the [l,5]-sigmatropic shift in cyclopentadienes should 
be ir-isoconjugate2 with bicyclo[3.1.0]hexatriene, which, being a 
lower homologue of azulene, should have a dipole moment with 
the negative end directed toward the five-membered ring (see 
structure at the top of Figure 2). In this communication we present 
data that support this idea. In addition we show that the same 
model provides a convenient way to rationalize and predict the 
regiochemistry of [1,5] migrations in substituted cyclopentadienes. 

The parent3 1 and five-substituted4 spiro[4.4]nona-l,3-dienes 
2 -6 were synthesized and subjected to thermal rearrangement. 
The products underwent facile [l,5]-hydrogen shifts, as antici-

(1) (a) Carpenter, B. K. Tetrahedron 1978, 34, 1877-1884. (b) Wilcox, 
C. F„ Jr.; Carpenter, B. K.; Dolbier, W. R., Jr. Ibid. 1979, 35, 707-711. (c) 
Wilcox, C. F., Jr.; Carpenter, B. K. J. Am. Chem. Soc. 1979, 101, 3897-3905. 
(d) Burrows, C. J.; Carpenter, B. K. Ibid. 1981, /OJ, 6984-6986. 

(2) Dewar, M. J. S.; Dougherty, R. C. "The PMO Theory of Organic 
Chemistry"; Plenum: New York, 1975; pp 338-389. 

(3) (a) Wilcox, C. F., Jr.; Craig, R. R. J. Am. Chem. Soc. 1961, 83, 
3866-3871. For previous studies on the thermal rearrangement of 1, see: (b) 
Dane, L. M.; DeHaan, J. W.; Kloosterzeil, H. Tetrahedron Lett. 1970, 
2755-2757. (c) Semmelhack, M. F.; Weller, H. N.; Foos, J. S. J. Am. Chem. 
Soc. 1977, 99, 292-294. 

(4) Replogle, K. S. Ph.D. Dissertation, Cornell University, Ithaca, NY, 
1984. The following spectroscopic information was obtained for the new 
compounds 2-6. 2: 1H NMR (CDCl3) cS 7.1-7.3 (m, 5 H), 5.9-6.5 (m, 4 H), 
3.4 ( t , / = 6 Hz, 1 H), 1.5-3.0 (m, 6 H); 13C NMR (CDCl3) S 142.6, 141.1, 
139.8, 129.3, 129.1, 125.7, 67.8, 51.5, 32.3, 31.6, 23.8; HRMS, m/z 196.1253 
(calcd for C15H16 196.1252). 3: 1H NMR 5 7.0-7.6 (m, 5 H), 6.5-6.7 (m, 
2 H), 6.2 (dd, J = 5, 2 Hz, 1 H), 1.5-2.3 (m, 8 H); 13C NMR S 151.5, 147.4, 
135.5, 128.2, 127.6, 126.5, 126.3, 126.2, 63.3, 32.7, 36.9. 4: 1H NMR 5 
7.0-7.6 (m, 5 H), 6.3-3.8 (m, 3 H), 1.5-2.4 (m, 8 H); 13C NMR 6 144.9, 
137.1, 128.4, 128.3, 127.8, 127.0, 126.4, 125.9, 64.8, 33.2, 26.0. 5: 1H NMR 
S 7.0 (dd, / = 2 , 1 . 5 Hz, 1 H), 6.6 (dd, / = 5 , 1 . 5 Hz, 1 H), 6.2 (dd, / = 5, 
2 Hz, 1 H), 1.4-2.3 (m, 8 H); 13C NMR d 149.8 (d), 142.7 (d), 126.4 (d), 
124.4 (s), 116.7 (s), 66.0 (s), 31.5 (t), 25.5 (t); IR 2200 cm"1; HRMS, m/z 
145.0883 (calcd for C10H11N 145.0891). 6: 1H NMR S 6.3 (dd, J = 5, 3 Hz, 
1 H), 6.0 (dd, J = 5, 2 Hz, 1 H), 5.3 (m, 1 H), 3.6 (s, 3 H), 1.5-2.1 (m, 8 
H); 13C NMR 6 159.1 (s), 144.6 (d), 125.6 (d), 106.1 (d), 60.7 (s), 56.3 (q), 
33.8 (t), 25.4 (t); HRMS, m/z 150.1028 (calcd for C10H14O 150.1045). 
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