
Carbohydrate Research, 104 (1982) 169-181 

Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

GAS-LIQUID CHROMATOGRAPHY AND MASS-SPECTRAL ANALYSIS 
OF PER-O-TRIMETHYLSILYL ACYCLIC KETOXIME DERIVATWES OF 
NEURAMINIC ACID 

THOMAS P. htA’.VHINb EY, MICEZ,XEL A. MADSCJN, ROY H. &CE, MILTON s. FEATHER, AND GIULIO 
J. BARBERO 

Departments of Biochemistry, and Child Health, Universitv of Missouri, Columbia, MO 65211 (U.S.A.) 

(Received April 13th, 1981; accepted for publication in revised form, September IOth, 1981) 

ABSI-RACT 

The per-O-trimethylsilyl derivatives of the acyclic O-methyl- and O-(trimethyl- 
silyi)ketoximes of both the methyl and ethyl esters of N-acetylneuraminic acid and 

N-glycolylneuraminic acid, and also the acyclic U-benzylketoximes of the methyl 
esters of these N-acylneuraminic acids were synthesized. In addition, the per-O-t+ 
methylsilyl derivatives of the acyclic O-trimethylsilylketcximes and the O-trimsthyl- 

silyl(“N)ketoximes of the trideuteriomethyl esters of N-acetyl- and IV-glycolyl- 
neuraminic acid were prepared_ For comparison, the per-O-trimethylsilyl derivatives 
of the cyclic ethyl esters of the two N-acylneuraminic acids were synthesized and all 
compounds were studied by gas-liquid chromatography and combined gas-liquid 

chromatography-mass spectrometry. 

INTRODUCTION 

IV-Acylneuraminic (sialic) acids are a commonly occurring class of Samino- 
3,5-dideoxy-D-glycero-D-g&c&I-nonulosonic acids found in glycoproteins and glyco- 
lipids’*‘. In Nature, the amino group has always been found substituted by an acetyl 
or glycolyl group. In addition, certain glycoproteins have mono- and di-acetyl 

esters3 - A at O-4, -7, -8 and/or -9, and a lactyl ester at O-9 has been identified’- ‘. 
The identification of the parent compounds, IV-acetylneuraminic acid (NeuAc) and 

iv-glycolylneuraminic acid (NeuGl), by g.l.c_-m-s. has been accomplished by direct 

trimethylsilylationlo or by trimethylsilylation of the methyl ester’l or methyl ester 

methyl glycosides . la Furthermore, the permethylated methyl ester methyl glycosides 
of NeuAc and NeuGlf3, the per-O-acetylated methyl ester methyl glycoside of 
NeuAc?, the partially U-methylated methyl ester methyl glycosides of NeuAc15*16, 
and the acyclic, per-O-acetylated methyl ester of borohydride-reduced NeuAcl ’ have 
been analyzed by mass spectrometry. 

Recently, this laboratory has reported on the development of a stable, volatile, 

acyclic derivative of the 2-acetamido-2- deoxyaldohexoses that permits their individual 
quantication by g.l.c.‘8*1g. The acyclic form of the hexosarnines was produced by 
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treatment with 0-methylhydroxylamine to produce the corresponding O-methyl- 
aldoxime. These compounds were prepared for g.1.c. analysis by peracetylation or 
pertrimethylsilylation. In this report, we describe the derivatization and separation of 
NeuAc and NeuGl as their per-0-trimethylsilylated esterified acyclic ketoximes and 
their identification by g.1.c. and g.l.c_-m.s. 

RESULTS AND DISCUSSION 

The formation of the methyl esters of NeuAc and NeuGl in anhydrous methanol 
by using-exchange resin in the Ht form, as described in the Experimental section, 
was ~98% complete after 2 h at room temperature, and there was no evidence of 
glycoside formation. Increasing the temperature to 40” reduced the reaction time 
to one h with no detectable starting material or methyl glycoside observed. The quanti- 
tative formation of the ethyl esters in anhydrous ethanol at room temperature and 
40” required 3 h and 90 min, respectively. Synthesis of the hydroxy-, O-methyl-, and 
0-benzyl-ketoximes of the methyl and ethyl esters of NeuAc and NeuGl was normally 
complete in t2 min at room temperature with the oximation reagents described. In 
contrast, attempts to make the acyciic ketoximes of ‘rhe free acids, or of their ammo- 

TABLE I 

FUXENTION TIMES FOR THJZ ACYCLIC AND CYCLIC DERIVATIVES OF N-ACElTL- ANI I%X_YC@LYL-NEURA- 

hUiGC ACID SEPAFtATED BY GAS-LIQUID CHROMATOGR4PHY= 

Per-O-trimethyisilrlniedylated derivative 1 _5”/0 SE-52b 3% SP-2550~ 

N-Acetylnewaminic acid 

1 Me$i ester (cyclic) 
2 Methyl ester (cyclic) 
3 Methyl ester 0-methylketoxime 
4 Methyl ester 0-Me&ketoxime 
5 Methyl ester 0-benzylketoxime 
6 Ethyl ester (cyclic) 
7 Ethyl ester O-methylketoxime 
8 Ethyl ester 0-Me&ketoxime 

N-Giycolylneuraminic acid 
9 Me&i ester (cyclic) 

10 Methy ester (cyclic) 
111 MethyI ester 0-methylketoxime 
12 MethyI ester 0-MesSiketoxime 
13 Methyl ester 0-henzylketoxime 
14 Ethyl ester (cyclic) 
15 Ethyl ester 0-methylketoxime 
16 Ethyl ester 0-MesSiketoxime 

6.12 7.06 
5.41 7.00 
8.06 9.50 
S-48(8.36) 9.50 

Il.40 13.52 
5.55 7.05 
8.12 10.00 
8.54 10.15 

8.18 9.56 
7.47 9.50 

10.30 12.06 
II.15 12.16 
14.22 16.44 
7.46 9.56 

10-27 12.58 
11.05 13.18 

aRetention times given in min. b1.5yb SE-52 on Chromosorb W-HP, 100-120 mesh, 1.83-m nickel 
column, 2.0 min hold at 2CO”, programmed to 260” at 6”/min, 24 mL/min nitrogen flow-rate_ Injector/ 
detector temperature = 240”. ‘3% SP-2250 (McReynold’s constants approximating OV-17) on 
Suplecoport 100-120 mesh, 1.83-m nickel column, programmed as described in *_ 
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nium salts, failed. This might be attributed to the negative charge on the C-l carboxy- 

late anion, which could interfere with the attack of a nucleophile such as hydroxyl- 

amine on the C-2 carbonyl group by preventing protonation of the carbonyl oxygen 

atom. The esterified analogs, however, readily form ketoximes. Upon trimethyl- 

silylation, all acyclic derivatives were readily separated on the g.1.c. liquid phases 

tested. In Table I, the retention times of all per-0-trimethylsilylated cyclic deriv- 

atives and acyclic ketoxime derivatives are given for a representative non-polar 

(SE-52) and an intermediate-polarity (SP-2250) g.1.c. phase. The silylated acyclic 
ketoxime derivatives of both NeuAc and NeuGl displayed longer retention-times 
than their non-oximated, cyclic per-0-trimethylsilylated methyl, ethyl, or trimethyl- 
silyl (Me,Si) esters of both sugars. With the exception of the per-0-trimethylsilylated 

methyl ester 0-Me,Si ketoxime of NeuAc, when separated on g.1.c. phase SE-52 

all of the ketoxime derivatives studied produced single, symmetrical peaks when 

subjected to g_l_c. analysis. The noted exception displayed two poorly separated 
chromatographic peaks which evidently reflect presence of the s~‘n and arzti forms of 

this ketoxime. It is assumed that the SJYZ and anti forms of the ketoxime structure 

are also present in the other volatile ketoxime derivatives of NeuAc and NeuGl 

studied, but, like the s_rn and anti forms of the 0-methylaldoxime derivatives of the 

hexosamines’ s, they were not resolved_ As expected, because of the presence of an 
additional trimethylsilylatable group, all NeuGl derivatives demonstrated longer 
g.1.c. retention-times than their N-acetyl analogs. In general, each ketoxime derivative, 

as already noted, produced a single g.1.c. peak which did not exhibit the peak tailing 

that is shown by the cyclic (z and j? forms) Me,Si derivatives of NeuAc when separ- 

ated on SE-52 and SP-2250 g.1.c. phases. Relative to the per-0-trimethylsilylatcd, 

cyclic Me&i ester Me,Si glycoside derivatives, which gradually decompose after 3 h 

under nitrogen at room temperature, all of the ketoxime derivatives, under the 

same conditions, were stable for >2 weeks, with no evidence of decomposition. 

Furthermore, as compared with the nonoximated cyclic derivatives, the ketoxime 

derivatives of an equivalent amount of esterified NeuAc and NeuGl showed an in- 

creased g.1.c. detector response_ The 0-benzylketoximes showed the greatest increase 

in response (38 %) followed by the 0-Me,Si ketoximes (30x), and the O-methyl- 

ketoximes (15 %)_ 
Tables II and III show the major fragment-ions produced by the acyclic per-O- 

trimethylsilyl derivatives of the methyl and ethyl ester 0-methylketoximes, the 
methyl and ethyl ester 0-Me,Si ketoximes, and the methyl ester 0-benzylketoximes 

of NeuAc and NeuGl, respectively. Fig. 1 presents the apparent fragmentation 

scheme of these esterified ketoxime derivative. Each parent fragment is given a symbol 

letter in the scheme. These letters correspond to the symbol letters used in Tables 11 

and III for fragment ions, thereby relating each fragment ion to the overall molecular- 
fragmentation scheme in Fig. 1. Further fragmentation of a parent ion by the loss(es) 

of HOSiMe,, CHI = C=O, COCH,OSiMe,, and so on, is indicated in Tables II and 

III by the subtraction of the eliminated mass from the scheme symbol, as well as 

molecularly by the fragment-ion presented. 
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R’= CH3; CH2CH3 or CD3 

I?‘= -SiMe3 ; -CH3 or CH2Ph 

F”‘= -COCH3 or -COCH20SiMe3 

,. MADSON, R. H. RICE, M. S. FEATHER, G. J. BARBER0 

0 
%-OR ’ 

f 
L 

-------+, OR” 

I 
t -_-_ 

GHi 

Fig. 1. General mass-spectral fragmentation scheme prodilced by the per-U-trimethylsilylated, acyclic 
I-ester-Zketoxime derivatives of N-acetyl- and N-glycolylneuraminic acid. Scheme letters are used 
as symbols for identification of fragment ions in TabIes II, III and IV. 

All of the acyclic ketoxime derivatives, regardless of the type ofester (at C-l), 
type of ketoxime (at C-2), or the N-acyl group (at C-5) produced the same general 
fragmentation patterns, as depicted in Fig. 1. Those fragment-ions bearing the fore- 
going chemical modifications (namely, fragments A-F), however, varied in molecular 
weight from one derivative to the next. Fragment ions not bearing any of the fore- 
going chemical differences (that is, fragments H-K) were, as expected, identical_ 
As :he fragmentation pattern is the same for all derivatives, as deduced by comparison 
of their individual mass spectra, the pattern is, for ease of presentation, discussed by 
examining the fragment ions of the first acyclic derivatives in Table II and III; that is, 
the per-U-trimethylsilyl derivatives of the methyl ester 0-methylketoxime of NeuAc 
(Table II) and NeuGl (Table HI). By comparing the fragmentation scheme in Fig. 1 
with the “scheme symbol” and “fragment” columns of Tables II and III, it is apparent 
that all parent fragment-ions (fragments A-K) are present, with the exception of 
fragment H. This last fragment constitutes the C-6-C-9 segment of the acyclic 
derivatives, which is observed in the mass spectrum after the loss of HOSiMe, 
(H - 90). Fragment L in Fig. 1 is discussed later. 

The methyl ester U-methylketoxime derivative of NeuAc (NeuGl) shows a 
weak molecular ion (Mt) at m/z 712 (800) and an intense M - 15 ion at m/z 697 

(785). Fragment B (M - CH,OSiMe,) is noted as a weak ion at m/z 609 (697). 

This parent fragment-ion appears to be further fragmented by losing HOSiMe, to 
produce ion B - 90 at m/z 519 (607), or, alternatively, by eliminating CH, =C=O 
(or COCH,OSiMe, for NeuGI) and trimethylsiIoxide (OSiMe,) to form the intense 
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ion B - 131 at m/z 478 (566). Not shown in these Tables, because of its low relative 

intensity (to. loA), is fragment ion B - 221, representing the concomitant loss of 

HOSiMe,, CH, =C=O, and SiMe, from the parent B fragment. Fragment C of the 

acyclic derivative is observed as an intense ion at m/z 507 (595) and serves as the 

parent ion from which is eliminated HOSiMe, (C-90), CH2=C=0, and SiMe, 

(or COCH,OSiMe, for NeuGl) (C - 131), or both (C - 221), to produce ions of 

moderate intensity at m/z 417 (505), 376 (464), and 286 (374), respectively_ It should 

be noted that, in this case only, the fragment ions for the methyl ester O-methyl- 

ketoxime of NeuAc (NeuGl) at both m/z 417 (505) and m/z 286 (374) could each 

arise from two different fragments of the same mass, that is, L - 205 and C - 90 
for m/z 417 (505) znd, L - 336 and C - 221 for m/z 286 (374). Fragment ions of 

high intensity at m/z 405 (493), 303 (391), and notably at 232 (232), represent frag- 

ments D, E, and F, respectively. 

Ion F is the same for both NeuAc and NeuGI as the derivative segment C-l-C-4 

is the same for both compounds_ In addition to fragment F (C-l-C-4), cleavag: 

between C-4 and C-5 of the acyclic derivative produces the corresponding fragment G 

(C-5-C-9) at m/z 480 (568). Sequential eliminations of HOSiMe, from this latter 

fragment (G) produces fragments C - 90 and G - 180 at m/z 390 (478) and 300 

(388), respectively_ By a different elimination scheme, fragment G - 234 at m/z 

246 (334), which serves as the base ion in Tables II and III, arises from the parent 

fragment G via the loss of CH2 = C=O, SiMe,, and CH,OSiMe, from NeuAc 

derivatives, and of COCH,OSiMe, and CH20SiMe, from NeuGl derivatives_ As 

previously noted, fragment H (C-6-C-9) is an ion of low intensity_ Upon elimination 

of HOSiMe, from fragment H, the resulting fragment H - 90, m/z 319 (319), 

forms one of the most intense ions in the spectrum_ Fragment I, representing C-7-C-9 

(Fig. 1) of the derivatives, is seen as a moderately intense ion at m/z 307 (307). The 

prominent fra_ment-ion at m/z 217 (217) is apparently formed from fragment I 

via the elimination of HOSiMe,. Fragment ions at m/z 205 (205) and 103 (103) 

constitute fragment J (C-8-C-9) and fragment K (C-9), respectiveiy. It should be 

noted that fragmentations at m/z 319, 307, 217, 205, and 103 are also generally ob- 

served in the mass spectrum of the Me,Si derivatives of carbohydrates and their 

corresponding alditols20~2’. 
As previously indicated, all acyclic, esterified ketoxime derivatives of NeuAc 

and NeuGl present essentially the same fragmentation pattern. From derivative to 

derivative, however, those fragment-ions possessing the varied ester and ketoxime 

groups show the expected mass-unit (m.u.) shift. In Table II, the fragment ions 
containing both of these variables for the ethyl ester 0-methylketoxime, methyl ester 

O-Me$i ketoxime, ethyl ester 0-Me,Si ketoxime, and methyl ester O-benzylketoxime 

of NeuAc show a shift of + 14, + 58, +78, and +76 m.u., respectively, when com- 

pared with the related fragment-ions from the methyl ester U-methylketoxime deriv- 
ative already discussed in detail. These same shifts are observed for the parallel 

NeuGl analogs in Table lH when compared with the methyl ester O-methylketoxime 

of NeuGl. Lastly, fragment ions in Table III of each NeuGl derivative in which the 
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N-acyl function is present show a shift of + 88 m-u. when compared with the analogous 

fragment-&s of NeuAc in TabIe II. 

As shown in Fig. I, fragment L is formed by the concomitant elimination, from 

the acyclic derivatives, of the C-l ester (C02R’) and the O-methyl, 0-SiMe,, or O- 

benzyl groups (OR”) of the ketoximes. This cleavage produces, in effect, a nitrile 

from the original carbonyl group (C-2). Fragment ions displaying this type of 

fragmentation are consistently noted in the mass spectra of the NeuAc and NeuGI 

derivatives of the acyclic trideuteriomethyl ester 0-Me,Si ketoxime and the tri- 

deuteriomethyl ester 0-MesSi (“N)ketoximeofbothNeuAcand NeuGI were prepared 

ketoxime and ester groups are not present. By comparing the masses of the type L 

fragment-ions of Table Ii (NeuAc) with Table III (NeuGl), it is readily apparent 

that the difference in the type of N-acyl function on C-5 is still manifested_ To provide 

further evidence that the type L fragmentation occurs, the per-0-trimethylsiiylated 

derivatives of the acyclic trideuteriomethyl ester 0-MesSi ketoxime and the trideu- 

teriomethyl ester 0-Me,Si (“N)ketoxime of both NeuAc and NeuGl were prepared 

and subjected to g.I.c.-m-s. Compared with the mass spectra of the methyl ester O- 

Me,Si ketoximes of NeuAc and NeuGl (Tables II and III), the trideuteriomethyl 

ester 0-MesSi ketoximes of both sugars in Table TV showed no shift in fragment-ion 

mass, indicating the absence of the ester (C02CDs). Similarly, fragments G, H, I, 

J, K, and reIated modified ions, which do not possess the C-l ester, did not demon- 
strate a shift in the mass of their recorded fragment-ions (Tables II and XII). Fragment 
ions possessing the trideuteriomethy1 ester at C-l show a shift of i-3 m.*J_ As it is 

postulated that the nitrogen atom of the ketoximes is not eliminated from the original 

C-2 carbonyl carbon ztom (Fig. I), the mass spectra of the trideuteriomethyl ester 
0-MesSi (“N)ketoxime derivatives of NeuAc and NeuGl were recorded (Table IV)_ 

Compared with their respective derivatives in Tables II and HI, which do not possess 

the Faregoing stabIe isotopes, al1 fragment ions in TabIe IV that have both the C-I 

ester (C02CD,) and C-2 ketoxime (“N-OSiMe,) show a shift of +4 m.u. All 

fra_gmenr ions of the L type show only a shift of + 1 m-u., indicating the presence of 
lsN. As in Tables II and III, all L fragments failed to demonstrate a shift in ion mass 

because of either the type of substitution on the ketoximes (OR”) or on the type of 

ester at C-l (CO?R’), and that from TabIe IV, it is apparent that the ketoxime nitrogen 
atom is still present, it may be deduced that the type L fragments reflect the loss of 
the C-l ester and OR” from the ketoximes. Measurement of metastabIe transitions 

might provide further evidence as to the origin of the various fragments. 

All fragments of type L are of relatively low intensity, suggesting that the 

concomitant elimination of C02R’ and OR” to produce the L fragment-ion is not 

primary. This conclusion is supported by the comparison of fragment ions in 

Tables II, III, and IV. It wouId appear that the major fra_went-ions A - 15, C, 

I3 - 13 I, D, and C - I3 I, which possess an intact C-l and C-2 segment, can frag- 
ment further and eliminate C02R’ and OR” to produce L - 15, L - 205, L - 234, 
L - 307, and L - 336, respectively. Fragment L itseIf, without modification, is not 

observed. 
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In conclusion, the methyl and ethyl esters of NeuAc and NeuGl readily form 
acyclic ketoximes which, when trimethylsilylated, are amenable to g.1.c. When 
subjected to mass-spectral analysis, these per-U-trimethylsilylated derivatives fragment 
in a pattern indicative of their acyclic structure (Fig. 1). 

EXPERIMENTAL 

Compounds. - N-Acetylneuraminic acid and IV-glycolylneuraminic acid were 
purchased from Sigma Chemicai Company. Rr-Glycolylneuraminic acid often con- 
tained a small amount of N-Acetylneuraminic acid as a contaminant. This was 
removed prior to use by a preparative method described by Kamerling et al.’ ‘. 
Hydroxylamine(’ 5N) hydrochloride was obtained from Prochem, Summit, New 
Jersey. 

Derivatization. - The methyl esters of N-acetyl- and N-glycolyl-neuraminic 
acid were prepared by a modification of the method of Kuhn et QZ_**. To 5-100 pg 
of the respective N-acylneuraminic acid in a l.O-mL, tapered vial equipped with 
a small Teflon stirring bar was added 0.2 mL of abs. methanol-treated and dried 
Dowex 50 x 8 (h” form) 100-120 mesh resint3. nzyo-Inositol was added as an inter- 
nal standard_ The mixture was stirred for 2 h at room temperature, or, alternatively, 
for 1 h at 40”. For the formation of the ethyl esters, abs. ethanol was used in lieu of 
methanol and the mixture was stirred for 3 h at room temperature or for 90 min 
at 40”_ At the completion of each reaction, the resin and alcohol mixture was trans- 
ferred to a small glass column, fitted with a small glass-wool plug, which emptied 
into a 3.0-mL Reactivial% (Pierce Chemical Company). The alcoholic eflluent was 
collected, and the resin and original vial were each washed three times with 0.2 mL 
of the respective alcohol. The resultant washings were pooled and added to the 3.0- 
mL Reactivial%. Alcohol was then removed by placing the vial under a stream of 
dry air. 

For the formation of the acyclic ketoximes of the esterified N-acylneuraminic 
acids, the following oximation mixtures were made by dissolving 3.6mM of either 
O-methylhydroxylamine hydrochloride18V’g, hydroxylamine hydrochIoride, or U- 
benzylhydroxylamine hydrochIoride in anhydrous methanol (1 .O mL) and pyridine 
(1 .S mL), and then adding I-dimethylamino-2-propanol (1 .Sm%%) (Aldrich Chemical 
Company). The prepared reagents are stable for >6 months in glass tubes with 
Teflon-lined screw caps at room temperature_ The desired ketoxime was generated 
by adding 50 PL of the respective oximation reagent to the Reactivial* containing 
the esterified sugar. The vial was then capped and heated for 10 min at 50” and then 
the contents were evaporated to a syrup under a stream of dry air (N 5 min). To the 
vial were then added sequentially pyridine (0.1 mL), trimethylsilylimidazole (0.1 mL), 
and N,O-bis(trimethylsilyl)trifuoroacetamide (0.1 mL) to form the trimethylsilyl 
ethers. It should be noted that, after trimethylsilylation, esterified sialic acids possessing 
unsubstituted hydroxylamine ketoximes form the substituted 0-trimethylsilyketoxime. 
Per-U-trimethylsilylation of N-ace@- and N-glycolylneuraainic acid as the cyclic 
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free acids or esters was performed as described, without treatment with the oximation 
reagent. 

AnaZy.ses. - G.1.c. was performed with a Perkin-Elmer Sigma 3 gas chromato- 
graph equipped with dual flame-ionization detectors and the following nicke1 columns 
(0.32 mm x 1.83 m): (a) 1.5% GC-SE-52 silicone rubber (Ovarian Aerograph) on 
100-120 mesh Chromosorb W-HP, and, (b) 3% SP-2250 on lo&120 mesh Supel- 
coport (Supelco, Inc). The same program was used for both columns: 2-min hold 
at 200 a and then the oven temperature was raised to 260 o at the rate of 6 “/min with a 
nitrogen flow-rate of 23 mL/min_ 

For mass-spectral studies, g.1.c. columns were placed in an H and F gas 
chromatograph interfaced with a CEC model 21-11OC mass spectrometer. Mass 
spectra were recorded at 70 eV with an ionization current of 50 PA, a source tempera- 
ture of 250 O, and a transfer temperature of 218 O. 
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