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Assmucr.-Sulfolane was found to be an excellent solvent for solution phase SIMS mass 
measurements of natural products employing group 1A metal iodides for molecular ion complex 
enhancement. Lithium iodide generally afforded maximum molecular ion complex formation. 
Although this very important effect was found to decrease through the series sodium-potas- 
sium-rubidium*cesium iodides, it remained quite useful. The *'Rb and *'Rb isotopes (ratio 
of 72:28) proved espxially effective for detection of molecular ions and recognizing other metal- 
complex ions. A mixture of lithium and sodium iodides was also found helpful for the latter pur- 
pose. Application of, e.g., the sodium iodide-sulfolane technique for increasing the intensity of 
molecular ion complexes proved to be a very simple and reliable method for conducting natural 
product molecular weight determinations. 

Experiments, directed at the discovery of very reliable and rapid techniques for es- 
tablishing molecular weights of naturally occurring substances in the approximate mass 
range 400-2000 by solution phase secondary ion mass spectrometry (SIMS), led us to 
study molecular ion enhancement using proton or metal ion sources in the sample sol- 
vent (2, 3). Sulfolane was selected (2) as the most generally effective solvent because of 
its excellent solvating properties [a notable exception was found to be amino acids ( 3 ) ] ,  
weak attraction for metals, and a low background level. The principle advantages of 
molecular ion recognition by protonation (promoted by trifluoromethanesulfonic acid 
in sulfolane or glycerol) were generally found to be limited to nitrogen bases and be- 
taines, especially amino acids (3) .  When the acid (relatively weak to strong) concentra- 
tion was increased beyond about 0 .1  M, the protonated molecular ion intensity de- 
creased or disappeared due to increased fragmentation. And with certain complex 
biosynthetic products, such as the remarkable marine animal anticancer constituent 
bryostatin 1 (1) (4), the presence of even trace amounts of acid caused complete disap- 
pearance of the protonated molecular ion and formation of [M+ H-nH,O]+ ions, where 
n= 1, 2, or 3. Considerably more versatile techniques were revealed by a concurrent and 
detailed investigation of metal cation sources on the intensity of molecular ion com- 
plexes (2) formed from a wide range of natural products. In a preliminary summary of 
this study, we reported that a sulfolane solution of the specimen containing an alkali 
metal iodide or silver or thallium tetrafluoroborate (or trifluoromethanesulfonate) af- 
forded easily recognized molecular ion complexes (2). The present contribution sum- 
marizes our extended investigation of the Group 1A metal salt 
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folane, the use of; sodium and potassium salt derivatives ofa p-lactam (azthreonarn) inglycerol ( 5 )  or estro- 
gen sulfates in glycerol-H,O or glycerol-DMSO (6); lithium, sodium, or potassium chlorides in glycerol- 
5% HOAc-H,O with a glucose polysaccharide ( 7 )  or in glycerol with an aflatoxin (8); sodium and potas- 
sium molecular ion complexes to confirm the mass of a polyene antibiotic (9); and a negative ion technique 
to eliminate sodium ion from the spectrum of testosterone sodium sulfate (10) were recorded. 

'Interestingly, after completion of this manuscript, a 3: l : l  mixture of sodium, rubidium, and 
cesium iodides was noted as the primary instrument calibration reference in a FAB (solution phase SIMS) 
study of anthocyanins in thioglycerol(11). 
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Generally, the strongest and most consistent enhancements of molecular ion com- 
plex intensities with neutral compounds were observed with Group 1A metal deriva- 
tives. Greater stability of [M+metal)+ ions in the gas phase as compared to the corre- 
sponding {M+H]+ ions probably accounts for the greater utility of the Group 1A ca- 
tions in increasing molecular ion complex intensities. As we reported earlier (2), the 
significantly reduced fragmentation of [M+Na)+ as compared to [M+H)+ in the 
spectra of carminomycin I in sulfolane containing NaI compared to carminomycin HCI 
in sulfolane appears to nicely illustrate this point. Under optimal conditions, the inten- 
sity of the molecular ion complex containing sodium was at least four times that of the 
protonated aminoglycoside molecular ion complex [M+H)+. Comparison of the cor- 
responding IM + HI+ and EM + Na]+ spectra from erythromycin (2) (Figures 1 and 2) 
and from phyllanthoside (3a) (Figures 3 and 4 )  provides another illustration. With NaI 
in sulfolane considerably better (up to fiftyfold higher) enhancement of {M+Na]+ ion 
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FIGURE 1. Erythromycin (2) in Glycerol Containing 0.01M p-Toluenesulfonic Acid. 

intensities over those of [M+H)+ was realized with less polar compounds, such as, 
phyllanthoside peracetate (3b), pleniradin acetate (6), fastigilin C (7, and Pimeleu fac- 
tor P, (10) which do not readily yield protonated molecular ions in positive solution 
phase SIMS spectra. Selection of iodide as the favored anion for Group 1A metals in sul- 
folane was based on very favorable solubility properties and a comparison with other an- 
ions, such as chloride, tetrafluoroborate, and trifluoromethanesulfonate, in promoting 
molecular ion complex formation. The alkali metal fluorides were found insufficiently 
soluble in sulfolane and glycerol to be of any value. Such a comparison using phyllan- 
thoside (3a) and the hexapeptide, Cbz-Thr-Ser-Gly-Pro-Ala-Thr-OCH36 has been 
summarized in Table 1. In glycerol, sodium tetrafluoroborate and trifluoromethanesul- 
fonate gave better (M+Na)+ enhancements, but this advantage was offset by more 
complex backgrounds compared to the corresponding iodides. Also in glycerol, sodium 

'?he C-terminal hexapeptide unit of tobacco mosaic virus protein was synthesized as recorded by 
Pettit, etal. (12). 
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FIGURE 2. Erythromycin (2) in Sulfolane Containing 0.14M NaI. 
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FIGURE 3.  Phyllanthoside (3a) in Sulfolane Containing 0.02MpToluenesulfonic Acid. 
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Sodium Salt 
(0.14M solution) 

Phyllanthoside (9) 
[M+Na)+ in sulfolane . . . . . . . . . . . .  
[M+Na)+ in glycerol . . . . . . . . . . . .  

[M+Na)+ in sulfolane . . . . . . . . . . . .  
[M+Na)+ in glycerol . . . . . . . . . . . .  

CBZ-Thr-Ser-Gly-Pro-Ala-Thr-OCH3 (19) 

Journal of Natural Products 

NaBF4 NaCl NaI CF,W3Na 

13' 14 
17' 4 6 5 

12' 40 
56' 57 57 100 

472 

i 
500 550 MM 6% 7 0 0  750 800 

M/E 

827 [M + Na] + 

FIGURE 4.  Phyllanthoside (9) in Sulfolane Containing 0.14M Nai. 

trifluoromethanesulfonate allowed less [M+ HI+ formation than any of the other 
sodium salts explored. But the increase in background ions compared to those resulting 
from NaI resulted in selection of the latter anion. With NaI, the [M+H]+ ions were 
suppressed and hardly detectable in the spectra of phyllanthoside in glycerol or sul- 
folane and appeared only very weakly in spectra of the hexapeptide (12) in solfolane. In 
general, NaI in sulfolane was found to provide uniformly satisfactory molecular ion 
complexes and optimal results were obtained with concentrations near 0.14 M. Sul- 
folane also proved to be a practical solvent for relatively nonpolar compounds. 

Molecular ion complex abundance was reduced to approximately half of the 
maximum value by decreasing the concentration of Group 1A metal iodide to 0.055 M 
or by increasing the concentration to 0.3 M. The decrease in [M+metal)+ abundance 
at higher metal iodide concentration was considered due to increased ion pair formation 
and increased sputtering (desorption) of background ions. In glycerol, thioglycerol, 
and tetraglyme, the optimal concentrations of Group 1A metal iodides for molecular 
ion complex enhancements were found to be near 0.26, 0.22, and 0.20 M, respec- 
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tively. But, complete suppression of [M+H)+ ions of polar compounds in protic sol- 
vents in some cases (e.g., erythromycin and carminomycin I) required metal iodide 
concentrations of up to 0.5 M. 

Under conditions of optimal molecular ion complex formation, spectra resulting 
from sulfolane solutions showed less interference from background ions due to the lower 
alkali iodide concentration requirement, and this was of considerable advantage in de- 
tection of molecular ions 1 4 5 0 .  In addition, with nonpolar compounds, the molecular 
ion complexes [M+metal)+ obtained (optimal conditions) from sulfolane solution 
were more intense ( 5 3  X )  than those resulting from the same compound in glycerol or 
thioglycerol, and up to ten times that obtained from tetraglyme. Thus glycerol, thiog- 
lycerol, or tetraglyme probably function as weak chelating agents and compete more fa- 
vorably than sulfolane for the metal ions. Evidence for this assumption has been illus- 
trated in Figures 5 and 6 which show the higher mass regions of the phyllanthoside 
peracetate (3b) spectra arising from solutions of NaI in sulfolane and tetraglyme, re- 
spectively. In Figure 5, the strong substrate molecular ion complex and weak sulfolane 
background peaks become apparent. Conversely, in Figure 6 the weaker substrate 
molecular ion complex and strong tetraglyme-sodium cluster ions become obvious. 

Clearly sulfolane offered distinct advantages over other solvents evaluated, and a 
number of reactive electrophiles which did not furnish molecular ion complexes from 
ptotic solvents were detected when dispersed in sulfolane containing an alkali iodide. 
Examples included the 2,4,5-trichlorophenol and other active ester derivatives of 
polypeptides (12) and amino acids (13) as well as diazoketones such as N -  
trifluoroacetylazotomycin dimethyl ester (18) (13). A selection of some of the natural 
products and related compounds which have been investigated using 0.14M NaI in sul- 
folane is given in Table 2. In many cases, protonated molecular ions [M+H)+ were ob- 
served in addition to the [M+Na)+ molecular ion complexes and the ratios of the in- 
tensities of these two ions are recorded where relevant. As noted below, the [M+H)+ 
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FIGURE 5 .  Phyllanthoside Peracetate (3b) in Sulfolane Containing 0.18M NaI (B=background). 
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FIGURE 6. Phyllanthoside Peracetate (3b) in Tetraglyme Containing 0.18M NaI (B=backgromd). 

peak intensities could be decreased by rigorously drying the sulfolane prior to use. But 
in most instances, strong [M+Na)+ ions were observed without special preparation of 
the solvent. A notable exception proved to be the limonoid, prieurianin (11) (14), 
where only a strong EM+Hl+ ion was obtained. 

The molecular ion complex promotion studies were extended to a variety of natural 
products (6, Table 3) in protic and aprotic solvents containing equal amounts (0.05M) 
of lithium, sodium, potassium, rubidium,’ and cesium’ iodides. Generally, lithium 
ion was found to offer superior,’ complex forming properties which underwent a 
gradual decrease from sodium to potassium to rubjdium and cesium (Table 3). The gen- 
eral trend has been illustrated in the spectrum of bryostatin 1 (1, from the marine bryo- 
zoan, Bugula neritina L.) shown in Figure 7. When dry sulfolane was used as solvent, 
EM+ HIf ions were not usually produced, and this allowed the attachment of metal to a 
particular ion to be verified by using a mixture of lithium and sodium iodides. Altetna- 
tively, rubidium iodide proved especially effective for this purpose, and molecular ions 
(as [M+Rbl+) were very easily recognized by their distinctive isotope pattern (85Rb 
and ”Rb in the ratio 72:28). In fact, application of the rubidium isotopes were consid- 
ered an especially important advance with many potential advantages for future studies, 
e.g., with rubidium tetrafluoroborate and trifluoromethanesulfonate. A representative 
summary of results with the alkali metal iodides in sulfolane has been presented in Fig- 
ure 7 employing bryostatin 1 (1) (4) .  Prior to these advances, a molecular ion corres- 
ponding to bryostatin 1 could not be obtained by ei or fdms. 

The relative simplicity of molecular ion complex fragmentation in solution phase 
SIMS spectra obtained from sulfolane-specimen-alkali metal iodide solutions suggests 

’Contamination of the mass spectrometer by lithium proved to be a disadvantage. After using a 
lithium salt [sulfolane),+Li)+ or Zglycerol),+Li)+ peaks were found in the spectra arising from experi- 
ments with other metal salts. However, a “baking out” procedure routinely eliminated the lithium 
residues. 
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TABLE 2. A Selection of Solution Phase SIMS Experiments Using 0.14M NaI in Sulfolane’ 

Terpenes 

10 Pimelea Factor P2 (2 1) 11 
C37H5009 (638) 
No EM+ HI+ 

Steroids 

12 Progesterone 13 Testosterone propionate 14 Resibufogenin (22) 
C21H3002 (3 14) C22H3203 (344) C24H3204 (384) 
0.311 0 . 4 1  21 1 

15 3p,7a-Diacetoxy- 16 3p-Tetrahydropyranyl- 
5a-pregn-20-one 5a-card-20(22)-enolide 

Peptides 

C02CH3 
I 

17 R02C(CH2)2CHCONHCH(CH2XCH,), CO2R; R=CH3 (12) 

I 
NHCOCF, 19 Cbz-Thr-Ser-Gly-Pro-Ala-Thr-OCH3 ( 12) 

I 
NHCO(CH,),CHCO,CH, 

C21H3$3N3011 (557) C 3 0 H d 6 0 1 2  (680) 
No [M+H]+ No [M+H]+ 

20 N-Boc-(gly)Thz-(gln)Thz-Val-Leu-Pro-OCH3 ( 13) 
C35H52N809S2 (792) 
31 1 

Antibiotics 

~ ~~ 

‘Structure number, Compound (Reference) Molecular Formula (Molecular Weight), and Ratio 
(M+Na)+l[M+H]+. A selection of the structures have been illustrated. 
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T ~ L E  3. Comparison of the Group 1A Metal Iodides (0.05M Solutions) in Promoting Molecular Ion 
Complex Formation in Sulfolane 

Molecular Ion 
ComplexP 

Erythromycin (2, 
M+=733) . . . . . . . . .  

Cbz-Thr-Ser-Gly-Pro- Ala- 
Thr-OCH, (19, M+=680) 

Phyllanthoside (3a, 
M+=804) . . . . . . . . .  

Bryostatin l(1, 
M+=904) . . .  

[M + Li]+ 

23 

100 

43 

35 

(M+Na]+ 

17 

31 

23 

21 

[M+K]+ 

16 

26 

30 

18 

'Molecular ion complex intensities are expressed relative to [M+Lil+ equal to 100 for the Table 3 
hexapeptide in sulfolane containing 0.1M lithium iodide. 

bTwo peaks due to the isotopes "Rb and *'Rb. 

that eventual interpretation of these cleavage pathways by high resolution mass niea- 
surements and isotope labeling experiments will prove to be very productive. And 
further simplification of background peaks by collisionally activated dissociation ( 15) 
methods with a tandem mass spectrometer should also be helpful. 

EXPERIMENTAL. 
The alkali metal salts were employed as received from Aldrich Chemical Co., (lithium and cesium 

iodides and NaCI), Fixher Scientific Co., (sodium and potassium iodides) and Alfa Products (rubidium 
iodide). The specimens of sodium tetduoroborate and sodium trifluoromethanesulfonate were prepared 
by reaction of NaOH with the corresponding acid. 

Other general experimental and instrument (MAT 3 12 mass spectrometer and capillaritron source) 
details have been summarized previously (2, 3). All specimen concentrations for mass determinations were 
1 mg/O. 1 ml of solvent containing 0.14-0.15M amounts of the Group 1A metal salt. 
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FIGURE 7. Bryostatin 1 (1) in Sulfolane Containing O.OSM Lithium, Sodium, Potassium, Rubidium, 
and Cesium Iodides. 
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The original positive ion mass spectra have been corrected by subtraction of peaks due to the solvent 
and solvent-metal complexes. The sulfolane(S)-Group 1A metal iodide (e.g., NaI) background peaks were 
of the type; fS,+Na]+, fS,+Na+NaI]+, and weaker [Sn+Na+2NaI}+ and Wa+(NaI),]+ where 
n= 1,2,3, etc. The corresponding peaks appeared in matrixes based on glycerol (G) with additional weak 
peaks corresponding to [Gn+2Na-H}+, {G,+2Na-H+NaIlC and [Gn+2Na-H+2NaI)+ where 
n= 1,2,3, etc. 

ACKNOWLEDGMENTS 

The important financial assistance for this investigation was contributed by Ma .  Mary Dell PritzlaK, 
the Olin Foundation (Spencer T. and Ann W.), the Fannie E. Rippel Foundation, Mrs. Eleanor W.  Libby, 
the Donald Ware Waddell Foundation, Robert B. Dalton Endowment Fund, Virginia L. Bayless, Elias M. 
Romley, and Mn.  Pearl Spearl. We are also pleased to acknowledge other assistance provided by Dn.  C.L. 
Herald, D.P. Gieschen, Y. Kamano, P. Williams and Mr. D.M. Adams. 

LITERATURE CITED 

1. G.R. Pettit, Y. Kamano, R. Aoyagi, C.L. Herald, D.L. Doubek, J.M. Schmidt, and J. J. Rudloe, 
Tctrrrhcdta, 41,985 (1985). 



522 Journal of Natural Products Wol. 48, No. 4 

2. 

3. 
4. 

5. 
6. 
7. 
8. 

9. 
10. 
11. 
12. 
13. 
14. 

15. 

16. 

17. 
18. 

19. 

20. 
2 1. 
22. 
23. 

24. 

G.R. Pettit, C.W. Holzalpfel, G.M. Cragg, C.L. Herald, and P. Williams,]. Nut. Prod., 46,917 
(1983). 
C.R. Pettit, G.M. Cragg, C. W.  Holzapfel, and D.P. Gieschen, A w l .  B i o c h . ,  (in press). 
G.R. Pettit, C.L. Herald, D.L. Doubek, D.L. Herald, E. Arnold, and J. Clardy,]. Am. C h .  Sor., 
104, 6846 (1982). 
A.I. Cohen, P.T. Funke, and B.N. Green,]. Phum. Scr., 71, 1065 (1982). 
J.G. Liehr, C.F. Beckner, A.M. Ballatore, and R.M. Caprioli, Stmidr, 39, 599 (1982). 
A. Dell and C.E. Ballou, B i d .  M u s s  S p r . ,  10, 50 (1983). 
H.J. Walther, C.E. Parker, D.J. Harvan, R.D. Voyksner, 0. Hernandez, W.M. Hagler, P.B. 
Hamilton, and J.R. Hass,]. A@. Food C h . ,  31, 168 (1983). 
K.L. Rinehart, Science, 218, 247 (1982). 
S. J. Gaskell, B.G. Brownsey, P. W. Brooks, and B.N. Green, B i d .  M a s S p r . ,  10,2 15 (1983). 
N. Saito, C.F. Timberlake, O.G. Tucknottand I.A.S. Lewis, Phytochistry, 22, 1007 (1983). 
G.R. Pettit, S.K. Gupta, and R.H. Ode,]. C h .  Sor., Pwkin I ,  950 (1973). 
G.R. Pettit and P.S. Nelson,]. Am. C h .  Soc., (in press). 
G.R. Pettit, D.H.R. Barton, C.L. Herald, J. Polonsky, J.M. Schmidt, and J.D. Connolly,]. Nat. 
Prod., 46, 379 (1983). 
I.J. Amster, M.A. Baldwin, M.T. Cheng, C.J. Proctor and F.W. McLafferty,]. Am. C h .  Sor., 
105, 1654 (1983). 
G.R. Pettit, J.C. Budzinski, G.M. Cragg, P. Brown and L.D. Johnston,]. Med. Chmr., 17, 1013 
(1974). 
R.B. Von Dreele, G.R. Pettit, G.M. Cragg and R.H. Ode,]. A n .  C h .  Sor., 97, 5256 (1975). 
G.R. Pettit, C.L. Herald, G.F. Judd, G. Bolliger and P.S. Thayer, ]. Pham. Sci., 64, 2023 
(1975). 
G.R. Pettit, C.L. Herald, G.F. Judd, G. Bolliger, L.D. Vanell, E. Lehto and C.P. Pare, Lloydir, 
41, 29 (1978). 
S. Huneck and K.H. Overton, Phytochistry, 10, 3279 (1971). 
G.R. Pettit, J. Zou, A. Goswami, G.M. Cragg and J.M. Schmidt,]. Nut. Proc., 46, 563 (1983). 
G.R. Pettit, Y. Kamano, F. Bruschweiler and P. Brown,]. Org. C h . ,  36, 3736 (197 1). 
H. Hoeksema, R. Bannistes, R.D. Birkenmeyer, F. Kagan, B. J. Magerlein, F.A. MacKellar, W. 
Schroeder, G. Slomp and R.R. Herr,]. Am. Chmr. Soc., 86,4223 (1964). 
G.R. Pettit, J. J .  Einck, C.L. Herald, R.H. Ode, R.B. Von Dreele, P. Brown, M.G. Brazhnikova 
and G.F. Gause,]. Am. C h .  Soc., 97, 7387 (1975). 

R d  I7  February 1984 


