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(J = 6 HZ)].'~ The maea spectrum was identical with the literature 
values." 
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50.3, 47.0, 38.0, 36.8, 36.6, 35.0, 34.8; 31.3, 31.1, 30.3, 27.6, 21.3, 
20.6,19.8,19.1,16.1; mass spectrum (70 eV), m / e  366 (9.20 parent 
- CH3CO2H, base), 351 (2.89), 253 (2.78). Anal. Calcd for 
C27H3804: C, 76.02; H, 8.98. Found: C, 75.86; H, 8.95. 

Methyl (205)-38-Acetoxy-5a-cholanoate (3). A solution 
containing 30 mg of 2 and 5 mg of 5% PtO, in 12 mL of ethyl 
acetate was stirred under an atmomhere of hvdroeen at  ambient 
pressure for 12 h. The reaction mixture was hltered, the solvent 
was removed under reduced pressure, and the solid was recrys- 
tallized twice from methanol to produce white crystals, mp 

Registry No. 1, 29842-93-1; 2, 82660-25-1; 3, 1178-02-5; methyl 
propio'ate3 922-67-8. 

134-135 "C [lit." mp 136.0-137.5 "C]. The 'H NMR spectrum 
showed the (2-21 absorption at 6 0.83 (J = 6 Hz) [lit.'l C-21,6 0.83 (12) The value for '2-21 in the 20R series is 8 0.92 ( J  = 6 Hz). 
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Trimethylsilylation of nucleosides provides derivatives which are thermally volatile and whose electron-ionization 
mass spectra are useful for structural characterization and for determination of chemically or biologically 
incorporated stable isotopes. The major reaction pathways and mechanisms of fragmentation of silylated nucleosides 
have been studied, on the basis of the mass spectra of a structural variety of nucleoside analogues and of uridine 
selectively labeled with deuterium (C-2', C-3', C-5', Si(CD3)3) and oxygen-18 (02, 04, 0-2', 0-3', 0-5'). Formation 
of most of the major base-containing ions, which are even-electron species, involving rearrangement of hydrogen 
from the sugar skeleton to the ionized base. The site selectivity of some of the rearrangement processes indicates 
that base-H-2' interactions are relatively important and that in those cases significant opening qf the ribose ring 
does not occur prior to hydrogen abstraction by the base. The relative abundance of sugar H ions resulting from 
transfer of H-2' to the base was found to be greater in derivatives of 6-ribofuranosides compared with that for 
the corresponding a anomers, reflecting differences in steric accessibility of H-2' to the base and providing a 
means of distinguishing a and 0 anomers. The determination of the site and extent of isotopic substitution in 
the sugar is better measured from fragment ions which contain the base plus portions of the sugar than from 
sugar ions which do not contain the base. This is a consequence of the multiple pathways of formation of most 
sugar-derived ions. 

The structure elucidation of new nucleoeides isolated 
from natural sources is often confounded by the combi- 
nation of structural complexity and severe limitations in 
sample quantity. These problems are particularly preva- 
lent in the case of transfer RNA, where modified nucleo- 
sides often occur a t  a rate of one residue per tRNA mol- 
ecule, and the isolation of more than a few micrograms 
from grams or more of starting material is a demanding 
task.3 Mass spectrometry has thus evolved as an im- 
portant technique for the characterization of nucleo~ides,~ 
largely as a consequence of high sensitivity compared with 
other methods. 

Direct vaporization techniques"13 such as field desorp- 

(1) Taken in part from the Ph.D. thesis of H.P., University of Utah, 
1982. 

(2) A preliminary account of a portion of this work has been presented: 
Hattax, S. E.; Schram, K. H.; McCloskpy, J. A. 23rd Annual Conference 
on Masa Spectrometry and Auied Topics, Houston May 1975, pp 435-436. 

(3) McCloskey, J. A.; Nishimura, S. Acc. Chem. Res. 1977,10,403-410. 
( 4 )  Hignite, C. In "Biochemical Applications of Mass Spectrometry: 

First Supplementary Volume"; Waller, G. R., Dermer, 0. C., Eds; Wiley: 
New York, 1980; Chapter 5. 

(5) Ohashi, M.; Tsujimoto, K.; Yasuda, A. Chem. Lett. 1976 439-440. 
(6) Hunt, D. F.; Shabanowitz, J.; Botz, F. K. Anal. Chem. 1977, 49, 

(7) Posthumus, M. A.; Kistemaker, P. G.; Meuzelaar, H. L. C.; Ten 

(8) Lai, S.-T. F.; Evans, C. A., Jr. Biomed. Mass Spectrom. 1979, 6, 

1160-1163. 

Noever de Brauw, M. C. Anal. Chem. 1978,50,985-991. 

10-14. 

tionI4 or fast atom bombardment16J6 can be useful for 
nucleosides that cannot be volatilized thermally. However, 
the lower abundances of information-bearing fragment ions 
produced make these methods generally less desirable as 
a single approach compared with microscale derivatization 
and electron ionization. Of the various derivatization 
procedures which have been used for mass spectrometry 
of n~cleos ides ,~J~  the most widely used has been tri- 
methylsi1ylation,l8 which has been employed with partic- 

~ 

(9) Cotter, R. J.; Fenselau, C. Biomed. Mass Spectrom. 1979, 6, 

(10) Esmans, E. L.; Freyne, E. J.; Vanbroeckhoven, J. H.; Alderweir- 

(11) Le Beyec, Y.; Della Negra, S.; Deprun, C.; Vigny, P.; Ginot, Y. M. 

(12) Blakley, C. R.; Carmody, J. J.; Vestal, M. L. J.  Am. Chem. SOC. 

(13) McNeal, C. J.; Narang, S. A.; Macfarlane, R. D.; Hsiung, H. M.; 

(14) Schulten, H.-R.; Beckey, H. D. Org. Mass Spectrom. 1973, 7, 

(15) Barber, M.; Bordoli, R. S.; Sedgwick, R. D. Nature (London) 1981, 

(16) Williams, D. H.; Bradley, C.; Bojesen, G.; Santikarn, S.; Taylor, 

(17) Hignite, C. In "Biochemical Applications of Mass Spectrometry"; 

(18) McCloskey, J. A.; Lawson, A. M.; Tsuboyama, K.; Krueger, P. M.; 

287-293. 

eldt, F. C. Biomed. Muss Spectrom. 1980, 7, 377-380. 

Reu. Phys. Appl. 1980, 15, 1631-1637. 

1980,102, 5931-5933. 

Brousseau, R. Proc. Natl. Acad. Sci. U.S.A. 1980, 77,735-739. 

861-867. 

293, 270-275. 

L. C. E. J. Am. Chem. SOC. 1981,103, 57OC-5704. 

Waller, G. R., Ed.; Wiley: New York, 1972; Chapter 5. 

Stillwell, R. N. J .  Am. Chem. SOC. 1968, 90, 4182-4184. 
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ular success for the characterization of naturally occurring 
 nucleoside^.'^ Structure mignments for the principal ions 
from trimethylsilylated nucleosides were established at an 
early date,18 but subsequent reports have been largely 
descriptive in n a t ~ r e ~ ? ~ ~  and little effort has been devoted 
to mechanistic details. Knowledge of nucleoside frag- 
mentation processes is an important aspect of providing 
a firm foundation for structural applications, for estab- 
lishing its utility for location of substituents and isotopic 
labelsz1 in the nucleoside skeleton, and in understanding 
the gaseous ion chemistry of polyfunctional molecules. 
Toward these goals, we have examined the fragmentation 
processes of a number of nucleoside MeBSi derivatives,z2 
with particular attention to uridine-(Me,Si), (1) as a 

OTMS 

Pang et al. 

TMSC OTMS 

1 

general nucleoside model, selectively labeled with l80 and 
deuter i~m.~,  Decomposition pathways have been mea- 
sured by metastable ion techniques, and plausible ion 
structures have been deduced from isotopic labeling data 
and mechanistic considerations. Of particular interest have 
been those ions which may be useful for the structural 
characterization of nucleosides and in applications in- 
volving measurement of chemically or biologically incor- 
porated stable isotopes. 

Results and Discussion 

The electron ionization of nucleosides generally produces 
ion series which may conveniently be considered in three 
categories: those resulting from simple losses from the 
molecular ion, ions containing the intact heterocyclic base 
plus portions of the sugar, and the sugar moiety and its 
fragmentation products. A general rationale was earlier 
proposed in which many of the dissociation processes of 
nucleosides are initiated by abstraction of hydrogen from 
the sugar to the charge-localized base.u In the case of free 
nucleosides these hydrogens are transferred from sugar 
 hydroxyl^,^^ while in blocked derivatives they are rear- 

(19) For examples see: (a) Morton, G. 0.; Lancaster, J. E.; Van Lear, 
G. E.; Fulmor, W.; Meyer, W. E. J. Am. Chem. SOC. 1969,91, 1535-1537. 
(b) Friedman, S.; Li, H. J.; Nakanishi, K.; Van Lear, G. Biochemistry 
1974,13, 2932-2937. (c) Kasai, H.; Ohashi, Z.; Harada, F.; Nishimura, 
S.; Oppenheimer, N. J.; Crain, P. F.; Liehr, J. G.; von Minden, D. L.; 
McCloskey, J. A. Ibid. 1975,14,4198-4208. (d) Kuntzel, B.; Weissenbach, 
J.; Wolff, R. E.; Tumaitis-Kennedy, T. D.; Lane, B. G.; Dirheimer, G. 
Biochimie 1975, 57, 61-70. (e) Crain, P. F.; Choi, Y. C.; Busch, H.; 
McCloskey, J. A. Nucleic Acids Res. 1978, 5,  771-776. (f) Murao, K.; 
Ishikura, H. Ibid. 1978.5, 5333-336. (9)  Yamaizumi, Z.; Nishimura, S.; 
Limbwg, K.; Raba, M.; Gross, H. J.; Crain, P. F.; McCloskey, J. A. J. Am. 
Chem. SOC. 1979,101,2224-2225. (h) Pang, H.; Ihara, M.; Kuchino, Y.; 
Nishimura, S.; Gupta, R.; Woese, C. R.; McCloskey, J. A. J.  Biol. Chem., 
in press. 

(20) McCloskey, J. A. In "Basic Principles in Nucleic Acid Chemistry"; 
Ts'o, P. 0. P., Ed.; Academic Press: New York, 1974; Vol. I; pp 209-309. 

(21) Caprioli, R.; Rittenberg, D. Biochemistry 1969, 8, 3375-3384. 
(22) See supplementary material. 
(23) Me3Si is used as an abbreviation for trimethylsilyl. For conven- 

ience, names such as uridine-(Me3Si), are used instead of 0',2',3',5'-0- 
tetrakis(trimethylsily1)uridine. As a consequence of the reaction condi- 
tions usually employed,ls*m Me3Si groups replace active hydrogens in the 
base and sugar, with the exception of exocyclic amino groups in the base, 
which bear only one Me,Si function. 

(24) Shaw, S. J.; Desiderio, D. M.; Tsuboyama, K.; McCloskey, J. A. 
J. Am. Chem. SOC. 1970,92, 2510-2522. 

(25) Biemann, K.; McCloskey, J. A. J. Am. Chem. SOC. 1962, 84, 
2005-2007. 

Table I. Molecular Ion Series from 
Trimethylsilylated Nucleosides 

ion 

M -  15  
M - 9 0  
M -  103 
M -  105 
M -  118 
M -  131 
M -  180 
M -  195 

composition 

M - C,H,,,OSi 
M - C,H,,OSi 
M - C,H,,OSi 
M - C,H,,,O,Si 
M - C,H,,O,Si 
M - C,H,O,Si, 
M - C,H,,O,Si, 

M -  CH, 
mass 

M - 15.0235 
M - 90.0501 
M - 103.0579 
M - 105.0736 
M - 118.0450 
M - 131.0528 
M - 180.1002 
M - 195.1237 

ranged almost exclusively from the ribose skeleton.z0,26 
The selectivity of these reactions has been examined as 
a means of understanding the mechanistic origins of ions 
in nucleoside mass spectra and to establish their utility 
for location of stable isotopes in the base or sugar. For this 
purpose reliance has been placed on isotopically labeled 
uridine as a representative model, with the assumption 
that results can be qualitatively extended to nucleosides 
in general. The present study is concerned with the basic 
fragmentation processes of nucleosides, without regard to 
the additional influence of side-chain substitution. The 
presence of complex, heteroatom-containing side chains, 
as, for example, in the hypermodified nucleosides from 
tRNA? can lead to lowered abundances of the basic series 
of nucleoside ions. In such cases, identification of the latter 
ions can often be made from their experimentally mea- 
sured exact mass interrelationships. 

The supplementary material contains full mass spectra 
of 23 of the nucleoside derivatives examined in the present 
study and selected ion-abundance data of silylated deriv- 
atives of uridine (2) and 3-11, corrected for presence of 
natural heavy isotopes. 

0 ..;': 
HOCH HOC@ OWN HN$ H o C H , x l h  0 R3 HN3 

1 OAN 

HO OH HO OH HO OH 

6 2, R' = R2 = R3 = H 
3, R1 = D ; R Z  = R3 = H 
4, R2 = D; R1 = R3 = H 
5, R 3  = D; R' = RZ = H 

7, X' = '80; X2 = 0 
8,  XI = 0 ;  Xz = '80 

H A  H N 5  

0 
HX' X ' H  

H t B O C H ~ O A N  / 

HO OH 

9 10, X' = '80;XZ = 0 
11, X' = 0 ;  x2 = '80 

Ions Closely Related to the Molecular Ion. Mass 
spectra of trimethylsilylated nucleosides exhibit up to eight 
peaks representing simple losses from the molecular ion 
(Table I), of which the M - 15 and M - 90 ions are the 
most abundant and thus useful for identification of the 
molecular ion, M. Their origins as established from 
metastable ion measurements are shown in Scheme I. 
Molecular ion abundances were found to vary widely and 
are characteristically high for nucleosides of guanine and 
l-methylpurines.z2 

The ubiquitous loss of a methyl radical occurs from both 
the base and sugar, as determined from the partially sil- 
yl-labeled derivative 12. The observed abundance ratio 
of (M - CH3)/(M - CD3) = 2 is similar to that of cyti- 

(26) von Minden, D. L.; McCloskey, J. A. J. Am. Chem. SOC. 1973,95, 
7480-7490. 
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N5(CD3)3 OSIICD,), 

lCH& SiOC@ N$ ( C D ~ I ~ S I O C H ~  J 
( C H ~ ) ~ S I O  OSilCH,), ICD&SiO OStICDj, 

12 13 

dine-(Me3Si), (2.6) and adenosine-(Me3Si), (3), showing 
loss from the base to be statistically favored or equal to 
that from the sugar. Although results from isotopic la- 
beling (later sections) suggest that opening of the ribose 
ring does not occur in a significant population of the mo- 
lecular ions, the even-electron M - 15 ion derived from the 
sugar silyl groups has several attractive possibilities for 
siliconium ion stabilization (e.g., 14 and 15), a concept 
earlier discussed by W e s t m ~ r e . ~ ~ ~ ~ ~  
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Table 11. Effect of Substituents at C-2 and C-6 of 
Purine Ribonucleosides on M/(M - 15) Abundance Ratios 

TMS$$@ N&) 

TMSO OTMS 

R‘ = H Rz = NHTMS R’ = NHTMS 

M/ MI MI 
(M - 15) ( M -  15) ( M -  15) 

RZ ratio R1 ratio R2 ratio 

14 15 

The ion abundance ratio M/(M - 15) < 1, which is 
widely observed for Me3Si derivatives in general, also holds 
for most nucleosides, with the useful exception of guano- 
sinele and its analogues. The effect is seen in seleno- 
guanosine derivativesa and in members of the Q nucleoside 
family (7-deazaguanosines) in which mass spectrometry 
has played an important role in structural characteriza- 
tion.30 Of 16 guanosine analogues examined (names given 
separatelyzz), only 2’-deoxy-2’-aminoguanosine exhibited 
a M/(M - 15) ratio <l. A comparison of models which 
details these effects is listed in Table 11. The first column 
represents “hubstituted purine nucleosides, the second 
column shows 2-substituted adenosines and column three 
indicates the opposite substitution pattern for each entry 
in column two. These data show that the effect is asso- 
ciated with the presence of an amino function at (2-2, while 
S, 0, or halogen have relatively little influence. Similar 
correlations involving amino substitution at  C-2 do not 
generally hold for pyrimidine nucleosides. Although the 
M, M - 15 abundance correlation is empirically useful in 
suggesting the presence of a guanosine analogue, it cannot 
be rigorously applied. For example, (M - 15) < M is ob- 
served in some adenosine analogues, particularly those 
substituted at  N6. 

The elimination of trimethylsilanol to form ion M - 90 
is common to all trimethylsilyl nucleoside derivatives such 
as uridine (Figure 1). The reaction is unusually slow, as 
indicated by the broad and intense metastable peak as- 
sociated with the transition M - M - 90 and by its 
prominence at  low ionizing energies, where increased 
molecular ion lifetimes pertain.31 Below an 11-eV nominal 
ionizing energy the relative abundance of M - 90 from 

(27) Quilliam, M. A.; Ogilvie, K. K.; Sadana, K. L.; Westmore, J. B. 
Org. Mass Spectrom. 1980,15, 207-219. 

(28) Quilliam, M. A.; Ogilvie, K. K.; Westmore, J. B. Org. Mass 
Spectrom. 1981, 16, 129-138. 

(29) Liehr, J. G.; Weise, C. L.; Crain, P. F.; Milne, G. H.; Wise, D. S.; 
Townsend, L. B.; McCloskey, J. A. J. Am. Chem. SOC. 1979, 16, 

(30) Noguchi, S.; Yamaizumi, 2.; Ohgi, T.; Goto, T.; Nishimura, Y.; 
Hirota, Y.; Nishimura, S. Nucleic Acids Res. 1978, 5, 4215-4223 and 
references therein. 

(31) Yeo, A. N. H.; Cooks, R. G.; Williams, D. H. J. Chem. SOC., Chem. 
Commun. 1968, 1269-1270. 

1263-1272. 

H 0.04 H 0.15 H 1.5 
OSiMe, 0.12 OSiMe, 0.29 OSiMe, 1.8 
c1 0.24 C1 0.17 C1 1.8 

1.6 0.3 SH 0.15 SH SH 
NHTMS 0.15 NHTMS 1.8 NHTMS 1.8 

uridine rises sharply, having a relative intensity of 88% 
and a Z of 10% at 10 eV. The trimethylsilyloxy group lost 
is derived exclusively from 0-2’ (shown by 10) while deu- 
terium labeling (derivatives of 3-6 and 13) show the leaving 
hydrogen to be from either C-1’ or C-4’. A simple 1,2- 
elimination (below) is favored on steric grounds (eq 1) 

TMSOCH, TMSOCH, I ’ dH1‘ --t bB (1) 
TMSO OTMS TMSO 

M (B = base) M -  90 

although two factors favor the additional operation of a 
second and more complex mechanism involving 1’,2’-elim- 
ination. First, the further decomposition of M - 90 to ion 
B + 41 (discussed in a later section) by loss of C-3’, C-4’, 
and C-5’, supported by spectra of all labeled compounds, 
has direct analogy in the formation of ion B + 41 in the 
spectra of free cytidine following loss of H20.32 That 
mechanism involves opening of the ribose ring in order to 
form the B + 41 ion (see later section). Second, further 
decomposition by loss of CO from M - 90 primarily in- 
volves oxygen from 0-4’ (70%; the remainder from 0-3’) 
as shown by 180-labeling patterns, producing ion M - 118. 
The intermediate structure for M - HzO in free pyrimi- 
dines  nucleoside^^^ (16) is better suited to accommodate 
this loss than the closed-ring structure shown for M - 90 
in eq 1. 

+ 

NT 
ANY 

- 4 ’  P I 

\CH’ 2’ I’ 0 
HOCH2CH CH-C, 

I 
OH 

163z 

The selectivity of 0-2’ elimination is reflected in the 
mass spectra of 2’-O-methyluridine-(Me3Si), and 2’-0- 
methyladeno~ine-(Me~Si)~~~ which show exclusive loss of 
CHSOH and no trimethylsilanol. However, in derivatives 
of 3’-O-methyladenosine and I@,I@,3’-0-trimethyl- 
adenosine both are lost, so that the process is ambiguous 
with respect to establishment of the site of sugar 0- 
methylation. 

(32) Liehr, J. G.; von Minden, D. L.; Hattox, S. E.; McCloskey, J. A. 
Biomed. Mass Spectrom. 1974,1, 281-285. 
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Scheme I 
M 

A A 1  1 1 J  
M-195 et58 8*128 B+74 8+58 B+13 B+74 9-15 8-14 

' N o  metastable ion observed. B + 115 cannot be distinguished from B + 116 as the precursor of B + 100. B + 132 
cannot be excluded as a precursor of B + 13. 

100 150 200 250 300 

m/z 

Figure 1. Mass spectrum of uridine-(Me3Si)& 

Expulsion of a second molecule of trimethylsilanol is 
normally a minor process (see Figure l ) ,  except in the case 
of nucleosides which possess a C-C rather than C-N gly- 
cosidic bond.20 A number of such nucleosides occur nat- 
u r a l l ~ , ~ * ~  the best studied of which is pseudouridine (17). 

0 

HOCH, $ HocaJ 
HO OH HO OH 

17 18 

The prominence of M - 180, a useful test for recognition 
of the C-nucleoside linkage in new nucleosides,1gh may be 
due in part to absence of numerous competing pathways 
associated with breakage of the C-C glycosidic bond, which 
is considerably stronger than the C-N form.35,36 In the 
spectra of ten C-nucleosides examined, the M - 180 (or in 

(33) Suhadolnik, R. J. "Nucleoside Antibiotics"; Wiley-Interscience: 

(34) Hall, R. H. "The Modified Nucleosides in Nucleic Acids"; Co- 

(35) Townsend, L. B.; Robins, R. K. J. Heterocycl. Chem. 1969, 6, 

(36) Rice, J. M.; Dudek, G. 0. Biochem. Biophys. Res. Commun. 1969, 

New York, 1970. 

lumbia University Press: New York, 1971. 

459-464. 

35,383-388. 

350 400 450 500 550 

Table 111. Base-Ion Series from 
Trimethylsilylated Nucleosides 

ion composition mass 
B +  204 B + C,H,,O,Si, B + 204.1002 
B + 188 B + C,H,,OSi, B + 188.1053 
B + 132' B + C,H,,O,Si B +  132.0607 
B + 128  B + C,H,,OSi B +  128.0657 
B +  116 B + C,H,,OSi B +  116.0658 
B +  102 B + C,H,,OSi B +  102.0501 
B +  100 B + C,H,OSi B +  100.0344 
B + 74 B + C,H,,Si B + 74.0552 
B + 58 B + C,H,Si B +  58.0239 
B + 4 1  B + C,HO B + 41.0027 
B + 30 B + CH,O B + 30.0106 
B +  13 B + CH B +  13.0078 
B +  2 B + H, B + 2.0157 

B + 1.0078 B +  1 B + H  
B B B 
B -  14  B - CH, B - 14.0157 

a B + 131 in some mass spectra. 

some instances M - 179) ions are typically of 2-10% rel- 
ative intensity,22 but reach 30% in the case of 1-(@-~- 
ribof~ranosyl)naphthalene-(Me~Si)~ (18). 

The loss of trimethylsilanol was also found to be a very 
minor but common process from numerous ions in the 
molecular ion and base series. Brief comments on those 
ions and on the minor M series ions M - 131, M - 105 (M 
- 15 - go), and M - 103 (M - 5'-CH20SiMe3) are given in 
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the supplementary material. 
Ions of the Base Series. Ions containing the base plus 

portions of the sugar constitute the base series (Table 111), 
which are useful in establishing the exact mass and ele- 
mental composition of the base37 and the location of sub- 
stituents in the sugar.18 Fifteen such ions have been 
identified in the spectra of uridine (Figure l), although six 
to ten are typically observed in the spectra of other simple 
nucleosides that do not provide competing pathways from 
side-chain fragmentation. Most ions listed in Table I11 
require hydrogen rearrangement for formation. In some 
cases an analogous ion is also formed by transfer of tri- 
methylsilyl, a common process,38 and appears 72 m a s  units 
higher than the H-transfer species (B + 204, B + 132; B 
+ 188, B + 116; B + 102, B + 30; B + 74, B + 2). Some 
ions in the base series are of low abundance but are readily 
recognized through their exact mass interrelationships and 
permit determination of an accurate exact mass value for 
the base moiety.37 

Ions of the base series are derived in large part from the 
molecular ion rather than the even-electron M - CH3 ion 
(Scheme I). This is in contrast to the behavior of tert- 
butyldimethylsilyl (and related) derivatives of nucleosides, 
studied in detail by Westmore and his  colleague^,^^^^^ in 
which almost all ions are formed from the analogous M 
- C4H9 species. 

In accord with earlier reasoning,24 the low ionization 
potential of the base relative to ribose oxygens suggests 
that transfer of H or Measi to the charge-localized base 
is a major fragmentation-initiating step, although the 
present data do not exclude rearrangement of hydrogen 
within the sugar. This view is supported by multiple 
pathways of formation of B + 74 (base + H + Me3&) and 
B + 2 ions (Scheme I) in which the base bears hydrogen 
transferred from the sugar. 

The B + 132 ion, which contains C-1’, C-2’, 0-2’, 0-4’, 
and H rearranged from the remainder of the sugar, is of 
major importance in structural characterization for rec- 
ognition of methylation sites in the sugar.lge From the 
derivative of 6 it was established that the source of rear- 
ranged H is 82% from C-5’ and (by difference) 18% from 
(2-4’. The latter source requires opening of the ribose ring, 
but in the case of C-5’, space-filling CPK models39 show 
that direct transfer from (2-5’ to the base can easily occur, 
without ring opening (eq 2). The concomitant loss of 

N T s  Nqs 
+ A  5’ 4’ 3’  /o y H b i N  

TMSol’ - H O--CH , t i H - C H = C H  1 ( 2 )  
TMSO OTMS 

CH 
I 

TMSO OTMS OTMS 

M B + 132 

i 
+ B T M S  

I 
0-4,0//C*H 

B i 102 

neutral C-3’, C-4’, C-5’ (217 mass units) has analogy in 
formation of the m/z  217 ion, discussed in the supple- 
mentary materiaLZ2 In some instances (e.g., derivatives 
of 2-mercaptoadenosine, isocytidine) ribose cleavage occurs 
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without hydrogen transfer to produce an ion of mass B + 
131. No clear structural trend (purine vs. pyrimidine, 
aromaticity of the base, etc.) is evident which would allow 
prediction of which form will predominate. Daughter ions 
of B + 132 include B + 102, by elimination of form- 
aldehyde from 0-2’, and B + 74. The structurally related 
ion B + 204 contains the same skeletal atoms as B + 132 
but differs by further decomposition to the minor species 
m/z 131 (1’-CHO - 2’-CHOSiMe3),, and provides a minor 
contribution to m/z  103 (CH20SiMe3; see Figure 1). 

Similar to the structurally related ion B + 30,18,25 the 
B + 102 ion is characteristically abundant in the spectra 
of C-nucleosides as shown in Table IV. By contrast, its 
contribution is minor from normal nucleosides such as 
uridine (Figure 1). 

Sites of sugar modifications can also be established from 
the B + 116 ion, which formally differs from B + 132 by 
absence of 0-4’.18 The spectra derived from selectively 
deuterated derivatives 4-6 and 13 reveal no mass shiftsz2 
due to transferred deuterium, showing the site of ab- 
straction to be C-4’. Two precursors were identified by 
their metastable ions: M and M - 15. In both cases, steric 
accessibility of H-4’ to the base requires opening of the 
sugar ring. The molecular-ion-derived product can be 
readily accounted for by eq 3, supported by the mass 

(37) Crain, P. F.; Yamamoto, H.; McCloskey, J. A.; Yamaizumi, Z.; 
Nishimura, S.; Limburg, K.; Raba, M.; Gross, H. J. Adu. Mass Spectrom. 

(38) For leading references see: Draffan, G. H.; Stillwell, R. N.; 
McCloskey, J. A. Org. Mass Spectrom. 1968, 1, 669-685. 

(39) Koltun, W. L. Biopolymers 1965, 3, 665-679. 

1980,8,1135-1141. 

TMSOCH + 
TMSOCHz I ‘Hrsi BH 

II ( 3 )  
t H - C 3  I - 1  
1 4’\0--CH + I’ CH 

TMSO U ‘CH 2’ 

TMSO OTMS dTMS z’CHOTMS 

M B + 116 
spectra of all labeled uridines examined. Formation of B 
+ 116 from the even-electron M - 15 ion requires initial 
loss of CH, specifically from 0-3’ or 0-5’, for which cyclic 
stabilization analogous to that proposed by Westmore et 
al.27928 (eq 4) provides an attractive intermediate. The 

y 3  

0 - S I - C H T  r H 3  /-- CH :’ 
C H ~ - S I - O  - ,ll - B +  116 (4) 

T M S ~  OTMS T M S O  OTMS 

M -  15 M -  1 5  

rearranged hydrogen from C-4’ is lost with a silyl methyl 
group as CHI in a subsequent step, producing ion B + 100. 
From 12 it was determined that the CH, moiety involved 
is approximately equally derived from the base and 0-2’  
silyl groups: 

+ 
OS,(CH3)3 

0 
I 

+OSI(CH& 

m/z  283 
B +  100 

The compositionally related (H vs. Me3&) ion B + 188 
was observed in 83% of the mass spectra examined and 
is likewise a useful indicator of sugar substitution. Unlike 
the apparently simple analogy between ions B + 132 and 
B + 204, ion B + 188 differs both structurally and mech- 
anistically from B + 116. Its major precursor in uridine 
is the minor ion M - 131 (M - [4’-0-1’-CH-2’-CHO- 
SiMe3]);22 a metastable peak of low intensity showed its 
production from M - 15, apparently the major pathway 
in other (nontrimethylsilyl) alkylsilyl nucleosides.2’ Thirty 
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Table IV. Abundance of B + 30 and B + 102 Ions from Trimethvlsilvlated C-Nucleosides 

parent compd 

B + 30 B +  102 
re1 intens/ re1 intensl 

m/z %r, mlz % z, 
5-( P-D-ribofuranosyl)uracil-( Me&) (pseudouridine-( Me,Si) s) 
5-( O-D-ri bofuranosy1)uracil-( Me,%) 
4-(P-Dribofuranosyl)pyrazole-3-carboxamide-( Me,Si), 
4-(P-~-ribofuranosyl)pyrazole-3-carboxylic acid methyl ester-(Me,Si), 
5( P-D-ribofuranosy1)isocytidine-( Me&), 
5-(0-~-ribofuranosyl)isocytidine-(Me,Si) 
8-(P-~-ribofuranosyl)adenine-( Me&), 
2-( P-D-ribofuranosy1)adenine-(Me,%), 
4-hydroxy-3( 5)-(P-D-ribofuranosyl)pyrazole-5( 3 )-carboxamide-( Me,Si), 

1-( P-D-ribofuranosy1)naphthalene-(Me,Si), 
(pyrazomycin-(Me,Si),) 

percent of the B + 188 population was found to contain 
0-5’  (from 9), with H-2’ (from 3) but without hydrogen 
from C-5’ (5, 6). These data demonstrate the occurrence 
of trimethylsilyloxy migration from C-5’, thus placing a 
limitation on the use of the B + 188 ion for location or 
measurement of lag. 

An ion of mass equal to B + 41 is characteristically 
abundant in the mass spectra of cytidine and many of its 
 derivative^;^^^^^ in cytidine-(Me3Si), its relative intensity 
is 90%. Its presence in the mass spectra of other pyri- 
midines such as uridine-(Me3Si), (Figure 1) is reduced, 
previously interpreted32 as being due to reduced influence 
of the heteroatom at C-4 (0 vs. N) in initiating the reaction 
and stabilizing the final product 19. In the present study, 

19, X =  NH, 0 20, m / z  224 
B +  41 

metastable ion evidence shows a pathway of formation (M - M - 90 - B + 41) analogous to that of free cytidine (M - M - 18 - B + 411, while isotopic labeling (3) indicates 
retention of H-2’. The mechanism of formation is therefore 
directly analogous to that in free  nucleoside^,^^ leading to 
20. 

The B + 30 ion includes C-1’ and 0-4’ from the sugar.18 
t 
B H  

B -i- 30 

Its abundance, which is often high in purine nucleosides, 
makes it useful for identification of members of the base 
series. Probable multiple modes of formation are reflected 
in the complex labeling pattern for the rearranged hy- 
drogen in the case of uridine: C-3’, 20% (from 4), tri- 
methylsilyl20% from 13, none from C-2’ (from 3) or c-5’  
(from 6), and 60% (by difference) from C-4’. It is struc- 
turally, though perhaps not mechanistically, related to ion 
B + 102 (eq 2). The absence of an observed metastable 
ion species (Scheme I) suggests its formation to be un- 
usually rapid in uridine, in spite of the multiple paths of 
formation shown by deuterium labeling. 

Cleavage of the C-N glycosidic bond is often accompa- 
nied by transfer of H or Me3Si in various combinations to 
yield ions B + H, B + 2H and B + H + Me3Si.ls The latter 
even-electron ion (B + 74) is most prevalent in the spectra 

(40) Sochacki, M.; Sochacka, E., Malkiewicz, A. Biomed. Mass Spec- 
trom. 1980, 7, 257-258. 

285 
285 
284 
227 
284 
284 
308 
308 
372 

0.910.2 
0.810.2 
1.810.6 
4.511.2 
2.110.5 
3.410.9 
2817.0 
66/12 
2313.2 

357 
357 
356 
299 
3 56 
3 56 
380 
380 
444 

2114.8 
2114.8 
1.910.6 
6.211.7 
1814.2 
1413.7 
1.810.4 
4.910.7 
3.510.5 

157 1.010.2 229 1613.3 

Table V. Abundance of B + H Ion from 
Trimethylsilylated Adenosine Derivatives 

B + 1 abundance 
compd re1 intens % E m  

23 2.8 0.42 
24 7.5 0.92 
25 25 5.4 
26 40 14 

of purine nucleosides that do not bear side chains which 
offer competing sites for fragmentation. The rearranged 
hydrogen in B + 74 from uridine is from several sources 
(55% C-5’, 23% C-2’, 22% C-1’ + C-4’ by difference) in 
keeping with its multiple paths of formation. The rear- 
ranged H and the Me3Si group are assumed to reside at 
N-1 and O2 (21 or 22), on the basis of their spatial prox- 
imity to the base prior to transfer. Further expulsion of 
CHI (ion B + 58) occurs specifically from the rearranged 
silyl group methyl and hydrogen, as determined from 12 
and the analogous cytidine derivative. These data further 
support either structure 21 or 22, which are well suited 

XTMS XTMS XTMS N 3  3 
H? i?j N ?& 

22 mlz 241 
B +  74 B + 58 

X =  0, NH 

sterically for a loss of CHI not involving the silyloxy group 
at C-4. Some other precursors of B + 58 (Scheme I) are 
even-electron ions in which a silyl methyl has already been 
lost (M - 15, M - 105, and M - CH, - 2 Me3SiOH), im- 
plying a different mechanism involving electrophilic attack 
of the sugar siliconium ion on the base. 

The relative abundances of ions B, B + 1, and B + 2 vary 
widely but tend to fall in the relative intensity range of 
0-15% for pyrimidine and 0-100% for purine nucleosides, 
reflecting greater accommodation of the charge in the 
purine nucleus. As shown in Table V, a strong correlation 
in purines is observed between the ion abundance and the 
electronegativity of substituents at C-8. Stabilization 
through electron-donating ability of substituents at C-8 
(23-26) results in an increase in the B + 1 relative abun- 
dance with a decrease in substituent electronegativity. 

In the mass spectrum of uridine-(Me3Si), the B + 1 ion 
is too low in abundance for an accurate determination of 
the source of rearranged hydrogen. However, some insight 
into its origin can be gained from its principal daughter 
ion base + H - CH3 (B - 14), even though it is also pro- 
duced by other routes (Scheme I). C-2’ is a major source 
of hydrogen in B - 14, so that direct transfer of H to O2 
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Table VI. Sugar Ion Series from 
Trimethylsilylated Nucleosides 

TMSOCH, $R 

TMSO OTMS 

23, R =  Br 
24, R =  H 
25, R =  OH (oxo) 
26, R =  NHCH, 

through a six-membered transition state analogous to the 
McLafferty rearrangement is a likely contributor to the 
formation of B + H (eq 6). Abstraction of H from the 

+ 
OTMS O T M S ~ ?  

mlz 184 m / z  169 
B-14 B t H  

TMSO OTMS 

M 
secondary 2‘-carbon is shown by CPK models to be ste- 
rically feasible and f ~ r t h e r ~ , ~ ’  confirms the importance of 
base-2’ interactions in the mass spectra of nucleosides. 

The deuterium labeling pattern of the two hydrogens 
transferred in the B + 2 ion from uridine was found to be 
largely nonselective (28% C-2’, 42% C-3’, and 48% C-5’ 
of 200% total), reflecting its multiple paths of formation. 

The B + 13 ion, equivalent in composition to base + CH 
(m/z 196.0668, C8H12N202Si), was observed in none of the 
purine spectra but in approximately half of the pyrimi- 
dines, including uridine-(Me,Si), (Figure l ) ,  cytidine- 
(Me,&), (16% relative intensity), 5-methylcytidine- 
(Me,&), (6.7%), 5-aza~ytidine-(Me,Si)~ (9%), 5-methyl- 
uridine-(Me3Si), (27,2.4% ), 6-methy1uridine-(Me3Si), (28, 
5%), and 2-thiouridine-(Me3Si), (4%). The isotopic 
(compounds 7-11 and [2-14C]uridine) and substituent (27, 
28) labeling patterns unexpectedly revealed the absence 
of O2 of the uracil ring, as well as 0-2’ and 0-3’, but showed 
the presence of C-2, C-5 and C-6. Approximately 86% of 
H from C-1’ and 14% from C-2’ is retained but none from 
C-3’, C-5’, or the sugar MesSi methyl groups. Metastable 
ion evidence shows B + 13 to be derived in part from ions 
B + 131 and B + 41. These data are consistent with a 
mechanism (eq 7) involving stabilization by the lone pair 

t 
OTMS? t OTMS OTMS OTMS 

Y 
OTMS 

m/z  314 
B + 131 

29 (ml z  196) 
B +  13 

on the C-4 heteroatom, thus accounting for retention of 
H-1’ and the increased abundance of B + 13 in derivatives 
of cytidine compared with uridine.,l A second pathway 
from ion B + 41 (20) requires expulsion of CO (C-2’ + 02) 
with retention of H-2’. Ion B + 13 is potentially useful 
for selective measurement of leO in the uracil nucleus, but 
caution must be exercised in its use for establishing the 
position of thiation in an unknown pyrimidine nucleoside. 
The ion was observed in the spectrum of 4-thiouridine- 
(Me,Si),, while a different mechanism operates in the case 
of 2-thiouridine-(Me3Si), and 2-thiocytidine-(Me3Si),, as 

mass, m/z 

2’-0- 
ion pentose methylpentose 

S 
S - H  
S - CH,OH 
S - Me,SiOH 
S - H - Me,SiOH 
S - H - CH,OSiMe, 
S - CH, - Me,SiOH 

C,H,O ,Me,Si 

C,H,O,Me,Si 
S - 2 Me,SiOH 
CH,OSiMe, 

C4H402(Me3Si)2 

C3H,02(Me3Si)2 

349.1687 
348.1609 

259.1186 
258.1108 
24 5.103 0 
24 3.08 7 3 
230.1159 

217.1081 

169.0685 
103.0580 

291.1448 
290.1370 
259.1186 

200.0869 
187.0791 
185.0634 
230.1 159 
172.0920 
217,1081 
159.0842 

103.0580 

evidenced by its appearance at mass values (mlz 212,211) 
consistent with inclusion of the intact base, with sulfur at 
(2-2. 

Ions of the Sugar Series. Only three sugars are so far 
known in all nucleic acids: ribose, 2’-O-methylribose, and 
2’-deoxyribose, although a great structural variety of 
modified sugars are found in nucleosides from other nat- 
ural  source^.^^,^^ From the standpoint of characterization 
of RNA-derived nucleosides, identification of the sugar 
moiety can thus be made from the sugar (S)  or S - H 
fragment ions, corroborated by the difference in mass 
between the base and molecular ion mass values. The S 
series of ions, listed in Table VI, were found in the present 
study to generally arise by multiple pathways which pro- 
duce isomeric ion mixtures, as determined by complex 
isotopic labeling patterns. As a result, the present report 
is limited mainly to the S - H ion, which is of low abun- 
dance but of considerable importance for structural ap- 
plications and for understanding the decomposition pro- 
cesses of nucleosides in general. Unlike most other ions 
of the sugar series, the S - H ion from labeled uridines 
gives a relatively clear and consistent picture regarding its 
mechanistic origin and structure-abundance correlations 
in the mass spectra of other silylated nucleosides. A 
summary of isotopic labeling patterns and brief comments 
on some other members of the sugar series are given in the 
supplementary material. 

Ion S - H is formed directly from the molecular and M 
- 15 ions, and the mass spectrum of the trimethylsilyl 
derivative of 3 shows the hydrogen lost exclusively from 
C-2’. Hydrogen H-2’ is therefore transferred directly to 
the base which is lost as a neutral species. A similar 
conclusion was reached in the case of permethylated nu- 
cleosides, on the basis of circumstantial evidence without 
the benefit of deuterium labeling.26 Space-filling models 
show that H-2’ and the base readily come within bonding 
distance during rotation of the glycosidic bond. The se- 
lectivity of transfer from C-2’ as opposed to other sec- 
ondary ribose carbons therefore suggests that significant 
ring-opening in the sugar does not precede hydrogen re- 
arrangement. Base-H-2’ interactions are also shown by 
the greatly diminished abundance of S - H when H-2’ is 
replaced by methyl (30) compared with the 3’-methyl 
isomer 31 (Table VII), in part reflecting the decreased 
likelihood of methyl rearrangement compared with hy- 
drogen. 

The relative abundances of S - H in the spectra of other 
nucleosides further suggest a role in S - H formation 

(41) Several rational structures can be visualized for ion B + 13; 29 is 
speculative and is written for convenience. 

(42) Suhadolnik, R. J. ‘Nucleosides as Biological Probes”; Wiley-In- 
terscience: New York, 1979. 
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ether) group at C-2’. The effect is shown by the arabinose 
derivatives 46 and 47 relative to the ribose analogues 1 and 

OTMS HYTMS HNTMS 

$ 1  

TMSO OTMS 

30, R’ = CH,; RZ = H 
31, R1 = H; RZ = CH, 

33, R’ = H; RZ = R3 = OSiMe, 
34, R’  = R3 = OSiMe,; R2 = H 
35, R’ = R 2  = OSiMe3;R3 = H 

played by 0-2’: (1) S - H is generally more abundant from 
ribonucleosides than 2’-deoxyribonucleosides (e.g., 1 vs. 32 
and 24 vs. 33; see Table VII). (2) The abundance of S - 
H is significantly lower in 2’-deoxyadenosine (33) compared 
with that in the other deoxy isomers 34 and 35, showing 
the influence of 0-2’ in stabilization of the resulting odd- 
electron S - H ion. 

The foregoing data are consistent with the mechanism 
shown in eq 8 in which a sugar-localized charge plays a role 

TMSO OTMS TMSO OTMS 

M m/z 348 
S - H  

in S - H formation. A similar mechanism can be ration- 
alized by utilizing an initial charge on 0-2’. It is noted that 
loss of H-2’ results in stabilization through charge delo- 
calization on 0-2’ (36) or 0-3’ (37), in addition to 0-4’ (eq 

TMSOCHp TMSGCH2 

IC;;> 
T M ~ g  OTMS 

TMSO i(ik YTMS 

t 

37 36 

m/z 348 

8). The generally greater abundance of S - H and of sugar 
ions in the spectra of pyrimidine nucleoside derivatives 
compared with purines is viewed as being due to a rela- 
tively greater degree of charge localization in the sugar than 
the base. Initiation of H-2’ transfer by the charged base 
(eq 6) as opposed to the charged sugar (eq 8) is considered 
likely to result in retention of the charge in the base 
moiety, i.e., the B + H ion. 

The mechanism shown in eq 8 implies that the abun- 
dance of S - H ions will be decreased in nucleosides having 
restricted steric access of H-2’ to the base. This correlation 
is observed in the spectra of a,@-anomeric pairs shown in 
Table VI1 (e.g., 1 vs. 38,39 vs. 40,41 vs. 42, and 32 vs. 43). 
In all cases, the abundance of S - H is lower in the CY 
anomer (44) than the @ anomer (45). If both anomers are 

TMSOCHz 

TMSO OTMS TMSO OTMS 

44 45 

available for examination, this suggests that S - H ion 
abundance may be useful in assignment of anomeric con- 
figuration, which is often a problem encountered in nu- 
cleoside synthesis involving fusion reactions.43 

The facility of transfer of H-2’ to the base (eq 8) is also 
influenced by the steric orientation of the hydroxyl (silyl 

(43) Robins, M. J.; Maccoss, M. In “Chemistry and Biology of Nu- 
cleosides and Nucleotides”; Harmon, R. E., Robins, R. K., Townsend, L. 
B., Eds.; Academic Press: New York, 1978; pp 311-328. 

TMSG R 

46, R =  H 47 
48, R = D 

TMSO 0 
TMSG OTMS 

49 

24 (Table VII). Interestingly, D is lost in the case of 48 
to form mlz 348. CPK models show that H-2’ in 46 has 
steric access to the base without opening of the ribose ring, 
by rotation of the glycosidic bond, albeit less than when 
H-2’ is “up” in 1. 

Also noteworthy from the sugar series is mlz 103 
(Me3SiO+=CH2), which occurs extensively in the mass 
spectra of silylated  carbohydrate^,^^^^^ and nucleotides,46 
and was earlier assigned to the C-5’ silyloxy group.ls Our 
experience has shown that this ion, when formed in 
abundance, is a good indicator of the presence of a 5’-si- 
lyloxy group. However, deuterium labeling at  C-5’ (6) 
reveals that only 80% is derived from C-5’ of uridine, the 
remaining being from 0-2’ and 0-3’ with rearrangement 
of hydrogen. The appearance of mlz 103 in low abundance 
in the spectra of the 5’-deoxynucleoside 35 (2.2% relative 
intensity), 9-(@-D-ribopyranosyl)adenine (49,7.3% relative 
intensity), and the MeaSi derivative of adenosine 5’- 
monophosphate (2.2 % relative i n t e n ~ i t y ) ~ ~  therefore dic- 
tates caution in its use regarding structural assignments 
involving C-5’. 

Experimental Section 
Materials. N,0-Bis([2Hg]trimethylsilyl)acetamide and 

[ *Hg] trimethylchlorosilane was purchased from Merck Isotopes, 
St. Louis, MO. Other reagents for silylation were from Pierce 
Chemical Co., Rockford, IL. 
Sodium borodeuteride (99 atom %) was purchased from Stohler 

Isotope Chemicals, Waltham, MA. H2180 (98 atom %) was from 
Norsk-Hydro Sales, New York, NY. 

Thin-layer chromatography was performed by using silica gel 
GF plates (250 pm), and preparative thin-layer chromatography 
utilized silica gel GF plates (2000 pm, 20 X 20 cm) obtained from 
Analtech, Inc., Newark, DE. 

Other reagents and solvents were purchased from commercial 
sources and were used without further purification. 

Mass Spectrometry. Mass spectra were acquired by using 
an LKB 9000s gas chromatograph-mass spectrometer: 70-eV 
ionizing energy; ion source and carrier gas separator temperatures 
250-270 “C; sample introduction by gas chromatograph [uri- 
dine-(Me3Si), and most other samples], 3-ft 1% OV-17 column. 
Structures of all ions shown are supported by measurements of 
exact mass made by peak matching or magnetic scanning a t  R 
= 15000 by using a Varian MAT 731 instrument. A Varian MAT 
112s mass spectrometer was used to obtain the mass-analyzed 
ion kinetic energy spectra in which the electric sector voltage was 
scanned a t  a fixed magnetic field and accelerating voltage. 
Metastable ion measurements made by scanning the accelerating 
voltage with a fixed magnetic field and electric sector voltage were 
obtained by using a Varian MAT 731 spectrometer. For data 
acquired with the Varian instrument, samples were introduced 
by direct probe: ion source temperatures 220 “C; 70-eV ionizing 
energy. 

~~ ~~ 

(44) DeJongh, D. C.; Radford, T.; Hribar, J. D.; Hanessian, S.; Bieber, 
M.; Dawson, G.; Sweeley, C. C. J. Am. Chem. SOC. 1969,91,1728-1740. 

(45) Radford, T.; DeJongh, D. C. In “Biochemical Applications of Mass 
Spectrometry”; Waller, G. R., Ed.; Wiley: New York, 1972; pp 313-350. 

(46) Lawson, A. M.; Stillwell, R. N.; Tacker, M. M.; Tsuboyama, K.; 
McCloskey, J. A. J. Am. Chem. SOC. 1971, 93, 1014-1023. 
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Table VII. Abundance of S - H Ion from Selected Trimethylsilylated Nucleosides 
S - H abundance 

parent compd m/z of S - H re1 intens 76 2 7 0  

2‘-C-methyladenosine-(Me3Si), ( 30) 
3‘-C-methyladenosine-(Me,Si), (31) . I . 
uridine-(Me,Si), (1) 
2'-deoxy uridine-( Me,&) (3 2) 
adenosine-(Me,Si), (24) 
2‘-deoxyadenosine-(Me,Si), (33) 
3‘-deoxyadenosine-( Me,Si), (34) 
5-deoxyadenosine-(Me3Si), (35) 
1-(a-D-ribofuranosy1)uracil-(Me,Si), (38) 
1-(a-D-ribofuranosy1)cytosine-(Me,Si), (39) 
cytidine-( Me,Si), (40)  
9-( P-D-xylofuranosy1)adenine-( Me,&), (41  ) 
9-( or-D-xylofuranosy1)adenine-( Me,&), (42) 
2’-deoxy-9-(a-~-ribofuranosyl)adenine-(Me,Si)~ (43) 
l-(P-D-arabinofuranosyl)uracil-(Me,Si), (46) 
9-( P-D-arabinofuranosy1)adenine-(Me,Si), (47 )  

362 
362 
348 
260 
348 
260 
260 
260 
348 
348 
34 8 
348 
348 
260 
348 
348 

0.6 
10 
10 
<0.1 

9.5 
1.0 

1 5  
33  

1.0 
1.2 

6.0 
1.0 

<0.1 
2.0 

<0.1 

20 

0.06 
2.1 
1.6 

<0.1 
1.0 
0.18 
3.1 
6.1 
0.24 
0.29 
2.3 
1.2 
0.19 

<0.1 
0.4 

<0.1 

Preparation of Trimethylsilyl Derivatives. Dried nu- 
cleoside (50-100 pg) was heated with N,O-bis(trimethylsily1)- 
trifluoroacetamide, or N,O-bis(trimethylsilyl)acetamide, tri- 
methylchlorosilane, and pyridine (1001:lO) for 1 h at  100 “C. 

[2’-2H]Uridine (3) and l-(j3-~-[2-~H]Arabinofuranosyl)- 
uracil (48). To a solution of 3’,5’-di-0-trityl-2’-oxouridine4’ (340 
mg, 0.47 mM) in ethanol (10 mL) was added sodium borodeuteride 
(NaBD,, 300 mg). After being stirred at  room temperature for 
1 h, the reaction mixture was partitioned between chloroform 
(CHC13) (25 mL) and water (25 mL). The CHC13 layer was 
removed and dried over solid sodium sulfate. The aqueous layer 
was extracted three additional times with CHC13 (10 mL), and 
the extracts were combined and dried over sodium sulfate. Re- 
moval of CHC13 under reduced pressure afforded 310 mg of an 
off-white foam. The foam was redissolved in CHCl, (2 mL) and 
applied, evenly distributed, to ten preparative thin-layer plates. 
After seven consecutive developments of the plates in carbon 
tetrachlorideacetone (51), two closely spaced bands were evident. 
Separation of the faster moving band and elution of the silica gel 
with acetone afforded 28 mg (0.038 mmol, 8% yield) of 3’,5’- 
di-O-trit~l[2’-~H]uridine identical with an authentic sample 
(unlabeled) by thin-layer chromatography (chloroform-ethyl 
acetate (l:l)):’ Detritylation of the 3’,5’-di-0-trityl[2’-2H]uridine 
was effected by treatment with 80% acetic acid (5 mL) at  100 
“C for 4 h. The reaction mixture was extracted with CHC13 (2 
X 5 mL), and the aqueous phase was applied to a preparative 
thin-layer plate. Following development of the plate in ethyl 
acetate-1-propanol-water (4:1:2; upper phase), the single band 
in the region with an Rf of -0.4 was separated and the silica gel 
eluted with methanol until no UV-absorbing fractions were ob- 
served. Removal of the methanol under reduced pressure afforded 
approximately 5 mg (0.023 mmol,60% yield) of 3 which was shown 
by gas chromatograph9 to be free of any of the arabino analogue 
48. Compound 48 was isolated in 40% yield (47 mg) from the 
starting ditrityl compound by isolation of the slower moving band 
from the preparative thin-layer plate (during the carbon tetra- 
chloride-acetone separation step) by using the same procedure 
as used for 3. 

[3’-%]Uridine (4). Preparation of 4 followed exactly the same 
procedure as described above for 3 except that 2’,5’-di-O-trityl- 
3’-oxouridine (340 mg) was used for the starting material. The 
yield of 4 was 22 mg (20% from the ditrityl starting material). 
The purity of 4 was established by thin-layer chromatography 
at  the 2’,5’-di-O-trityluridine and uridine stages and by gas 
chromatography. 

[5’-2H]Uridine (5). Preparation of 5 has been previously 
described.49 

[5’,5’-W2]Adenosine (50). Ethyl adenosine-5’-carboxylat.e (1.54 
g) was suspended in absolute ethanol (30 mL), and the solution 
was cooled to 20 “C. Sodium borodeuteride (0.24 g) was then 

(47) Cook, A. F.; Moffatt, J. G. J. Am. Chem. SOC. 1967,89,2697-2705. 
(48) Hattox, S. E.; McCloskey, J. A. Anal. Chem. 1978,46,1378-1383. 
(49) Puzo, G.; Schram, K. H.; McCloskey, J. A. J. Org. Chem. 1978, 

43, 767-769. 

added in small portions. The solution was stirred at  20 “C for 
an additional 20 h and then evaporated to dryness in vacuo. The 
residue was dissolved in water (50 mL) and cooled to 0 “C, and 
the pH was carefully adjusted to 6.5 with dilute hydrochloric acid. 
The solid was collected by filtration, washed with a small amount 
(5 mL) of cold water and then recrystallized from water to yield 
1.06 g of product, mp 234-236. 
1,2,3,5-Tetra-O-acetyl-j3-~-[5,5-~H~]ribofuranose (51). 

[5’,5’-2H2]Adenosine (50, 1.34 g) was heated in acetic anhydride 
(5 mL) and acetic acid (0.5 mL) at  reflux temperature for 14 h. 
The solution was allowed to stand at  5 “C for 18 h, and the 
precipitated P-acetyladenine was then removed by fdtration. The 
filtrate was evaporated in vacuo to afford a syrup. This syrup 
was poured onto ice and then allowed to stand at  0-5 “C for 12 
h. The solid was collected by filtration and recrystallized twice 
from methanol to afford 1.158 g of the desired product, mp 80-82 
OC. 

[5’,5’-*H2]Uridine (6). A mixture of uracil (1.0 g) in 40 mL 
of hexamethyldisilizane containing a catalytic amount of am- 
monium sulfate (2 mg) was heated to reflux temperature. After 
2 h a clear solution was effected, and heating was continued for 
an additional 2 h. The solvent was removed in vacuo, and the 
remaining residue was dissolved in 30 mL of 1,2-dichloroethane. 
1,2,3,5-Tetra-O-acetyl-P-D- [5,5-2H2]ribofuranose (51, 3.0 g) was 
dissolved in 30 mL of 1,2-dichloroethane, and 2 mL of stannic 
chloride was then added. This mixture was stirred a t  room 
temperature for 30 min and then added to the above solution. 
This reaction mixture was then stirred for 18 h, at  which time 
a single W-absorbing compound was observed by TLC. Pyridine 
(2 mL) was added to the reaction mixture, the mixture was stirred 
for another 30 min, and the solution was then filtered through 
a Celite pad. The filtrate was washed with a saturated sodium 
bicarbonate solution (2 X 50 mL) and then water (2 X 50 mL). 
The solution was then evaporated to afford a syrup which was 
dissolved in 40 mL of methanolic ammonia (saturated solution). 
This solution was allowed to stand at 5 “C for 18 h and evaporated 
to dryness. The residue was dissolved in a small amount of 
methanol which was applied to the top of a silica gel column (50 
9). The product was eluted with a mixture of methanol-chlo- 
roform (2080 v/v) to yield 880 mg of 6. 

[ 02-180]Uridine (7) and [ 02,5’-1802]uridine (9) were syn- 
thesized by ring opening of 02,5’-anhydro-2’,3’-O-iso- 
propylideneuridine as described elsewhere.” 

[ 04-lsO]Uridine (8) was synthesized by exchange using H280 
in 1 N HCl by a previously reported p r ~ c e d u r e . ~ ~  

[2’-180]Uridine (10). A solution of 3’-5’-di-O-trity1-2’-0~0- 
uridine (300 mg, 0.41 mM) in methanol (3 mL) containing 0.01 
N HC1-H280 (150 pL) was agitated at  45 “C for 18 h. Following 
removal of the solvents under reduced pressure, the foam was 
dissolved in ethanol (9 mL), sodium borohydride (265 mg) was 

(50) Solsten, T.; McCloskey, J. A,; Schram, K. H., submitted for 

(51) Puzo, G.; Schram, K. H.; McCloskey, J. A. Nucleic Acids Res. 
publication. 

1977, 4, 2075-2081. 
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added, and the reaction was allowed to proceed a t  room tem- 
perature for 1 h. At this stage, the isolation and deblocking 
procedure described above in the preparation of 3 was followed 
exactly to provide less than 1 mg of 10 (yield not determined). 
The product was shown to be free of arabino isomer by using 
thin-layer and gas chromatography and was used without further 
purification. 

[3’-160]Uridine (1 1). A sample of 2’,5’-di-O-trityl-3’-oxouridine 
(300 mg) was treated as described above in the preparation of 
10 to give approximately 2 mg (yield not determined) of 11 shown 
to be free of any xylo isomer by thin-layer and gas chromatog- 
raphy. 

0 ,-( [ 2Hg]Trimethylsilyl)-2’,3’,5’-tris- 0 -(trimethylsilyl)- 
uridine (12). A mixture of hexamethyldisilazane, trimethyl- 
chlorosilane, and pyridine (50 p L ,  10:5:1) was added to 2 (50 pg), 
heated 1 h at 100 OC, and then dried in vacuo.52 A mixture of 
N,O-bis([%IQ]trimethylsilyl)acetamide, [%19]trimethylchloroilane, 
and pyridine (50 pL, 1oO:l:lO) was added and the solution heated 

Pang e t  al. 

for i.2 h a t  100 OC. 
O4f’,3’,5’-O-Tetrakis([2HQ]trimethylsilyl)uridine (13) was 

prepared from 2 by using deuterated reagents. Resulting solutions 
of 12 and 13 were submitted directly to gas chromatography-mass 
spectrometry. 

1-(Bo-Ribofuranosyl)naphthalene, from which the tri- 
methylsilyl derivative 18 was derived, was prepared by the pro- 
cedure of Ohrui and c o - w o r k e r ~ . ~ ~  

The following were prepared earlier in the authors’ laboratories: 
3’-O-methyladenosine and 5’-deo~yadenosine;~~ 8-(methyl- 
amino)adenosine;” 9-(P-~-ribopyranosyl)adenine.~~ P,N6,03’- 
Trimethyladenosine was previously obtained as a byproduct 
during preparation of related compounds.24 AU other nucleosides 
were obtained from commercial sources, with the exception of 
the following: 8-oxoadenosine, Dr. A. D. Broom, University of 
Utah; 9-(P-D-xylofuranosyl)adenine, 9-(P-D-arabinofuranosyl)- 
adenine, 8-bromoadenosine, and 6-methyluridine, Cancer Che- 
motherapy National Service Center of the National Institutes of 
Health; 2’-amino-2’-deoxyadenosine and 2-thioadenosine, Dr. M. 
Ikehara, Osaka University; 2-thiouridine, Dr. T. Hashizume, Tokyo 
University of Agriculture and Technology; 2’-C-methyladenosine 
and 3’-C-methyladenosine, Dr. F. W. Holly, Merck, Sharp, and 
Dohme; 2-(/3-~-ribofuranosyl)adenine and 8- (P-~-r ibo-  
furanosyl)adenine, Dr. J. Igolen, Institut Pasteur, Paris; 4- 
hydroxy-3(5)-(~-~-ribofuranosyl)pyrazole-5(3)-carboxamide (py- 
razomycin), Dr. K. Genon, Indiana University School of Medicine, 
Indianapolis; 9-( a-D-xy1ofuranosyl)adenine and 9-(a-D-2’-deoxy- 
ribofuranosyl)adenine, Dr. L. Goodman, University of Rhode 
Island; 4-(~-~-ribofuranosyl)pyrazole-3-carboxamide and 4-(@-D- 
ribofuranosyl)pyrazole-3-carboxylic acid methyl ester, 5-(a-D- 
ribofuranosy1)isocytidine and 5-(P-~-ribofuranosyl)isocytidine, Dr. 
J. J. Fox, Sloan Kettering Institute for Cancer Research. 
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