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Abstract: The possible oxidative degradation mechanism occurring during the per-O-methylation of
carbohydrates in dimethyl sulfoxide with methyl iodide in the presence of base is described. Evidence is
presented that this process occurs only under anhydrous conditions when there is a long reaction time
between the carbohydrate dissolved in dimethyl sulfoxide and methyl iodide, followed by reaction with the
base. Under these specific conditions, the oxidative degradation of alditols, and cyclic carbohydrates, with
and without a free hemiacetal group, is observed. The reaction between carbohydrate and methyl iodide
in dimethyl sulfoxide can result in a complete oxidative degradation depending on the type of carbohydrate
and the time of reaction. The oxidative degradation can be accelerated by replacing methyl iodide with
dimethyl sulfate. Mass spectrometric identification of the degradation products of p-glucitol indicates
simultaneous oxidation processes at all the hydroxyl groups, with site dependent rates of their reactivity.
This oxidative process is not a characteristic of the methylation of carbohydrates in dimethyl sulfoxide with
methyl iodide in the presence of solid sodium hydroxide and can be totally avoided by treating the
carbohydrate with powdered sodium hydroxide before introduction of methyl iodide under nonanhydrous
conditions, or by adding a trace of water in dimethyl sulfoxide before methyl iodide, or by using N,N-
dimethylacetamide as the solvent. The degradation of the per-O-methylated carbohydrates in the liquid—
liquid extraction process is also taken into account, and it is found that the degradation process can be
avoid by neutralization of the base before extraction, by using benzene or tetrachloromethane as extraction
solvent, and by drying the final organic extract.

Introduction several remethylations of the material recovered by extraction.

. . . Until the 1960s, these two methylation methods, with some
The structural analysis of polysaccharides is performed by modifications, were used for preparative and analytical

sophisticated instrumentation such as mass spectrometry (MS)

. methylation of carbohydrates. In 1964, Hakomqéerformed
and nuclear magnetic resonance (NMR) spectrometry. Amongthe erO-methylation of polysaccharides in one step, by addin
the instrumental methods, MS has become an indispensable tool P y poly P, by 9

and although it can be performed on many underivatized asolutio.n o.f sodium methylsulfinyl carba.mion (Na Qimgyl) and
oligosaccharides and glycoconjugates, the analysis of methylated; ?:Qilil delo(d|\l/|des g; Epris ﬁ;?ﬁggdvzgt: irglsrso?/lésg elsn e(ilir:”ethyl
derivatives is still preferred, because the @emethylation of by usin otastiurﬁ dimsvl and lithium diIrJns | b’ut tt?e re yara-
polysaccharides confers to the structural analysis several y gp y Y prep

. S tion of the dimsyl reagent is still laborious and hazardous
advantages in the determination of the molecular mass, of the X ) o .
. o because moisture, air, and carbon dioxide must be rigorously
monosaccharide composition, of the sequence of monosaccha- ~". L . T :
. . g . .. _avoided during its preparation and storage, to minimize side-
ride residues, of the position of branches, of the interglycosidic reactions and to enhance the purity of the final analvtical
linkages, and of the presence of configurational and conforma- . - purity of y
tional isomers product. These considerations are most important when small
It has b '100 . the fisnethviated amounts of polysaccharides are to be analyzed. To obtain
asd eben P dyears Zmlce'hele; ; ef yiate bsuhga;r V\f[as unequivocal results, fulD-methylation is a prerequisite condi-
grepa}re di y tr# |el ar']th rv;h Iy drga ':Aglca rﬂ? yarates - ion. However, a single treatment of complex carbohydrates with
:CSS.(I) ve |Qdmel Tgolng me ﬂ);(;?j |de( T)t'm ipr?ence Na dimsyl often results in incomplete methylatibrl. These
gy;c\)/;(rjg)z;\lz(.)lz) and éimi\{\;g/rl sulfat?a (;ﬁ;’ t(ljoznoa;l?ecl)lljg undermethylated materials are extracted and remethylated, but
solution of carbohydrates. Both methods gave parti&hy (3) Hakomori, S.-1. JBiochem. (Tokyo]964 55, 205-208.

methylated carbohydrate. p@-Methylation was obtained by (4) Sandford, P. A.; Conrad, H. Biochemistryl966 5, 1508-1517.
(5) Phillips, L. R.; Fraser, B. ACarbohydr. Res1981, 90, 149-152.
(6) Blakeney, A. B.; Stone, B. ACarbohydr. Res1985 140, 319-324.

Boston University. o o ) (7) Needs, P. W.; Selvendran, R. Rhytochem. Anall993 4, 210-216.

* Department of Chemistry, West University of Timisoara, Romania. (8) Harris, P. J.; Henry, R. J.; Blakeny, A. B.; Stone, B.@arbohydr. Res.
(1) Purdie, T.; Irvine, J. CJ. Chem. Sacl903 83, 1021-1037. 1984 127, 59-73.
(2) Haworth, W. N.J. Chem. Sacl915 107, 8—16. (9) Zaeringer, U.; Rietschel, E. Tarbohydr. Res1986 152, 81-87.
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small amounts of undermethylated complex carbohydrates can This paper investigates the mechanism of the oxidation

still exist even after very considerable effoft.

process and ways to avoid the oxidation of the carbohydrate,

Some of these disadvantages could be overcome by avoidingwith an accent on the alditols, during p&rmethylation with

the presence of Na dimsyl in the reaction mixture by directly
adding powdered sodium hydride (NaH) and methyl iotfide
into the carbohydrate solution in dimethyl sulfoxide. It was
found that pei©-methylation of carbohydrates can also be
performed in N,N-dimethylacetamid® and N,N-dimethyl-
formamidé? solution where the Na dimsyl does not exist. The
per-O-methylation yields were higher and the products were
cleaner. However, this methylation method was not widely used
because of the dangers of working with alkali metal hydrides

that are flammable and moisture-sensitive, and thus must be

handled only in small quantities and with extreme care. Another
attempt was the adding of solid sodium hydride in small
portions, with gentle stirring during 1 h, into the carbohydrate
dimethyl sulfoxide solution, followed by dropwise adding of
methyl iodide over 2A2*3but the formation of Na dimsyl could
not be avoided.

Methylation of carbohydrates in dimethyl sulfoxide by
treating with powdered sodium hydroxide and methyl iodide
was introduced by Ciucanu et al. for p@rmethylation of
carbohydrate1415polyols 6 fatty acids, and hydroxyl fatty
acids!” and has had its most widespread application in the
permethylation of complex polysaccharides, glycolipids and
glycoproteins, becaus®- and N-methylation are both possibfe.
This methylation method avoids all the above disadvantages.
The methylation can be performed without special care for the
prevention of the contact with moisture or air, the yield is high,
the final product is cleaner and the reaction time is up to 20
times shorter. However, York et #found, without giving exact
details of the experimental procedure used, that Ciucanu metho
of per-O-methylation can give certain artifacts in the glycosyl-
linkage analysis of oligoglycosyl alditols obtained from complex

methyl iodide, and powdered sodium hydroxide in dimethyl
sulfoxide.

Experimental Section

Reagents. Raffinose, trehalose, cellobiitol, cellobiose, maltose,
maltitol, p-glucitol, p-glucose,p-fructose, naphthalene, anthracene,
sodium hydroxide (pellets), sodium hydride (dry, 95%), methyl iodide
(stabilized by copper), anhydrous methyl alcohol (99.9%), dimethyl
sulfoxide (99.9%), andN,N-dimethylacetamide (99.9%) were from
Sigma-Aldrich (Milwaukee, WI) and were of the highest grade
available.

Instrumentation. A TRACE GC Series 2000 gas chromatograph
coupled to a quadrupole ion trap G€&®mass spectrometer (Thermo-
Quest, Austin, TX) was used. High purity helium was used as carrier
gas at a constant flow rate of 1 mL/min. All gas chromatographic (GC)
separations were performed on a DB-5MS fused silica capillary column
(30 m x 0.25 mm i.d.) with 0.25m poly(dimethylsiloxane) cross-
bonded film (J&W Scientific). The GC oven temperature was maintained
at 70°C for 5 min after sample injection, increased to 1@ at 30
°C/min, then increased to 24 at 6°C/min, and maintained at 240
°C. The mass spectra were recorded in the positive-ion electron
ionization (El) mode over the scan ranggz 50 to 600. The filament
emission current was 20A at 200°C; it was turned off for the first
3 min. The transfer line temperature was 2@0 The electron multiplier
voltage and automatic gain control target were set automatically.
Positive-ion chemical ionization (Cl) was performed with methane as
reagent gas at 0.3 mL/min. Other parameters were the same as were
used to the EI mode. Identification of the peaks was performed by
interpretation of the fragmentation patterns for EI mass spectra as well
as by the comparison of the spectra with mass spectra of standards, of

Gihe MS library, and from the literature. Quantitation of permethylated

carbohydrates was carried out by integration of the peak area and using
naphthalene and anthracene as internal standards.
The methylation reactions were performed at°22using 2 mL-

carbohydrates with reducing end residues. This oxidation was g|ass-vials havig a V shape and with silicone septa lined screw-caps
not detected during Hakomori methylation. The autors and a magnetic stirrer (VWR Scientific, Marlboro, MA).

suggested that the results were consistent with oxidation of the )

alditol hydroxyl groups by the reagent, and proposed a mech-Analytical Methods

anism for this. Later, Needs and SelvendPamoted a confusion Micro-Solid-Phase Extraction with Helical Sorbent?! The di-

of some authors over the conditions used in Ciucanu method. methyl sulfide and other volatile organic compounds were extracted at
They observed this oxidative degradation for the alditol residue room temperature from the headspace of the vial with a poly
when the pe@_methy|ation was performed under argon and (dimethylsiloxane) helical sorbent. The volatile organic Compounds

anhydrous conditions, as in the Hakomori method, but adding
the methyl iodide first and finely powdered sodium hydroxide

after a while. They suggested that this oxidation can be reduced
under anhydrous conditions by adding the base before the

methylating agent. Oxidative degradation was also observed
even with Hakomori method when the base was added first.
However, no definite conclusions about the effect of varying

the duration of the treatment with either base or methylating
agent could be drawn.

(10) Ciucanu, I.; Kerek, FCarbohydr. Res1984 131, 209-217.

(11) Anderson, D. M. W.; Cree, G. MCarbohydr. Res1966 2, 162—166.

(12) Brimacombe, J. S.; Jones, B. D.; Stacev, M.; Willard, Jarbohydr.
Res.1966 2, 167—-169.

(13) Anderson, D. M. W.; Stefani, AAnal. Chim. Actal979 105 147-152.

(14) Ciucanu, I.; Luca, CCarbohydr. Res199Q 206, 731-734.

(15) Ciucanu, I.; Konig, WJ. Chromatogr. A1994 685 166—-171.

(16) Ciucanu, I.; Gabris, RChromatographial987, 23, 574-578.

(17) Ciucanu, I.; Kerek FJ. Chromatogr.1984 286, 179-185.

(18) Gunnarson, A. L. FGlycoconjugate J1987, 4, 239-245.

(19) York, W. S.; Kiefer, L. L.; Albersheim, P.; Darvill, A. GCarbohydr. Res.
199Q 208 175-182.

(20) Needs, P. W.; Selvendran, R. ®arbohydr. Res1993 245 1-10.
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generated after 30 min of reaction betweeglucitol and methyl iodide

in dimethyl sulfoxide, followed by 10 min reaction in the presence of
sodium hydroxide under anhydrous conditions were extracted for 30 s
with the helical sorbent and were analyzed by-@¢€S.

Hakomori Methylation Method with Sodium Dimsyl and Methyl
lodide in Dimethyl Sulfoxide.?? Sodium dimsyl was prepared in a
dry 500-mL three-necked round-bottom flask by adding dry sodium
hydride (8 g) to anhydrous dimethyl sulfoxide (100 mL) under a dry
nitrogen atmosphere. The magnetically stirred reaction mixture was
heated slowly to 50°C and maintained at this temperature until
hydrogen evolution had ceased. The mixture was centrifuged to produce
a clear, gray-green solution. The solution was then aliquoted in 1-mL
portions under nitrogen into Teflon-lined screw-capped vials and frozen
at —20 °C. For permethylation, the carbohydrates-{5mg) were
introduced into a conical vial, which was dried overnight under vacuum,
and then with dry nitrogen, and was sealed. Dimethyl sulfoxide (1 mL)
was added by dry syringe, followed by Na dimsyl (3 equiv per mol of
replaceable H) (0.3 mL Na dimsyl solution), and the reaction mixture

(21) Ciucanu, 1 Anal. Chem2002 74, 5501-5506.
(22) Levery, S. B.; Hakomori, S.-Methods Enzymoll987, 138 13—25.
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was stirred at room temperature for 1 h. Methyl iodide (3 equiv per 1004 I
mol of replaceable H)90 uL) was added after cooling the reaction 9.5
mixture in an ice bath. After flushing with dry nitrogen, stirring was a0
continued at room temperature for 2 h. 85

8.0

Ciucanu Methylation Method with Sodium Hydroxide and
Methyl lodide in Dimethyl Sulfoxide.'® To a carbohydrate sample N
(5—7 mg) introduced into a conical-glass vial, dimethyl sulfoxide (1 65_; 10
mL) was added without using special drying conditions or inert gas E
atmosphere. The sodium hydroxide pellets were ground in a dry mortar
and a pestle to obtain a fine powder. A weighed amount of powdered
sodium hydroxide (3 equiv per mol of replaceable HBQ mg) was
added to the sample solution and was stirred at room temperature for

759

6. D;
553
503 1
453

Relative Abundance

409

a while to get a suspension. Methyl iodide (3 equiv per mol of 353
replaceable H)60 uL) was added with a syringe, and the mixture 303
was stirred vigorously for 10 min. 253

2.0

Methylation with Methyl lodide and Sodium Hydroxide in
Dimethyl Sulfoxide under Anhydrous Conditions. The carbohydrate
sample (57 mg) was dried overnight under vacuum in a conical-glass
vial at 50 °C. The vial was flushed with dry nitrogen at the room
temperature. Dimethyl sulfoxide (1 mL) and then methyl iodide (3 equiv R A P AT T P
per mol of replaceable H)604L) were introduced with dry syringes, Time o
and the solution was stirred for 30 min under anhydrous nitrogen Figure 1. GC—MS total ion chromatogram of the oxidative degradation
atmosphere. The sodium hydroxide pellets, were ground using a mortargil%‘;[;%z L?:dn:rrgfr?y dbr)éutgiorrﬁ:mﬂg)l)?g%zir?;?;grtﬂéolnghtylr?oﬁiﬁiﬁ and
and a pestle, ahd then dried overnight af@Qunder vacuu.m; the fine after 90 min, the sodium hydroxide (3 equiv of methyl iodide per mol '
powder (3 equiv per mol of replaceable H)30 mg) was introduced  repjaceable H; 3 equiv of NaOH per mol of replaceable H). The numbered

into the sample vial under the anhydrous conditions of a drybox. The peaks are identified in Table 1. The G®IS conditions can be found in
manipulation of sodium hydroxide was done as quickly as possible to the Experimental Section.

minimi h rption of the tr moisture from th mosphere.
inimize the absorption of the trace moisture from the atmosphere were separated by GC, and analyzed by MS. The compounds
The mixture was stirred for 10 min at room temperature.

Methylation with Sodium Hydroxide and Methyl lodide in present in the peaks—]l? in t.h.e GC—_MS _totaI ion chromato-
Dimethy! Sulfoxide with the Presence of Water.To a carbohydrate ~ 9ram (Figure 1) were identified primarily from the EI mass
sample (57 mg) introduced into a conical-glass vial, dimethyl SPectra that are summarized in the Table 1. No molecular ion
sulfoxide (1 mL) and a small amount of water or alcohol 100 peak was identified in any of the EI mass spectra. Cl mass
ul) was added with a syringe, under stirring, to dissolve the sample. spectra had very low abundanie— 1 ions for GC peaks-19
Finely powdered sodium hydroxide (4 equiv per mol of replaceable and 1112, and low abundanckel + 1 ion for GC peak 10.

H) (~40 mg) was added to the solution. The contents of the vial were The interpretation of mass spectra was based on the known
stirred vigorously at room temperature to get a suspension and thenfragmentation of methylated neutral monosachart@e®. The
methyl iodide (4 equiv per mol of replaceable H)d0uL) was added.  components in peaks 1, 7, and 8 gave very similar mass spectra.
Zﬁg&)ﬁg:g \(')Vraz;ti'r:;egoi[ dﬁ‘;g?;fangierg;@?r 10 min. No inert gas tpa st abundant fragment ions are usually those/af3,

. ' . 75, 88, and 101. Peaks abovwd/z 101 have rather low

Isolation of Permethylated Products.In each case, the methylation . -

abundance. The comparison of these mass spectra with literature

reaction was quenched with water and carefully neutralized with 1 M ) - .
hydrochloric acid solution. The permethylated products were extracted data and GC retention time of the standards indicated the

many times by the addition of the organic solvent (benzene, dichloro- Presence off and a. anomers of the pe®-methylateds-
methane, trichloromethane, or tertrachloromethane) (1.0 mL), shaking glucopyranose and p&-methylateds-glucofuranose, respec-
the mixture, and separating the layers by centrifugation. The combined tively. The components in peaks 2, 4, 6, and 12 gave similar
organic layers were washed at least three times with water and driedfragment ions with an abundant fragment iom#z 205. These
with dry nitrogen and under vacuum at 40. The residue containing  mass spectra corroborate with the GC retention time of the
the perO-methylated sample was redissolved in benzene, Qichloro- standards indicate the components tofband o. anomers of
methane, pentane, or a mixture of these solvents, and an aliquot washe perO-methylateds-fructofuranose and ped-methylated-
used for GE-MS analyses. p-fructopyranose, respectively. The mass spectrum of the
Results and Discussion component in peak 3 with an abundant fragment iom/at71

and characteristic ions at'z 161 and 129 is compatible with
the structure methyl (2,3,6-t@-methyl-a(5)-p-gluco-hexos-5-
ulo-1,4-furanose). The component in peak 5 has in its mass
spectrum an abundant fragment iomét 101, and characteristic
ions atm/z 205, 173, and 141, which indicate that it is methyl
(2,3,6-tri-O-methyl-a(5)-p-gluco-hexos-2-ulo-2,5-furanose). The
mass spectrum of the component in peak 9 had an abundant

159

The oxidation reactidi?involving the alditol moiety present
at the reducing end of the oligosaccharides in the Qer-
methylation process has been studied using low-molecular-
weight carbohydrates such as glucitol, maltitol, and cellobitol
using the Ciucanu meth#tland the Hakomori methotiBoth
methods gave approximately the same amount of oxidation
products when the reaction was performed under anhydrous
conditions by adding first the methyl iodide and then the base (23
(sodium hydroxide and Na dimsyl, respectively). An under- (24
standing of the mechanism of carbohydrate oxidation requires (25
a complete inven_tory of the rea_ction products._The oxidation (26 ZL%n%%_rgr?,' J.; Svensson, &dv. Carbohydr. Chem. Biochem 979 29,
products ofb-glucitol generated in th®©-methylation process 41-105

Kochetkov, N. K.; Wulfson, N. S.; Chizhov, O. S.; Zolotarev, B. M.
Tetrahedron1963 19, 2209-2224.

Kochetkov, N. K.; Chizhov, O. STetrahedron1965 23, 2029-2047.
Kochetkov, N. K.; Chizhov, O. $\dv. Carbohydr. Chem. Biocherh966

= T =
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Table 2. ldentification of the Oxidation Products Generated in the
per-O-Methylation of p-Glucitol under Anhydrous Conditions in
Dimethyl Sulfoxide by Adding First the Methyl lodide and, after 90
min, the Sodium Hydroxide. Peak Number Corresponds to the

Table 1. Partial EI Mass Spectral Data for the Numbered Peaks
from Figures 1 and Figure 3

peak  normalized

no. area, % m/z (relative abundance, %) Numbered Peaks in Figures 1 and Figure 3

R T e
131(3.1), 145(2.3), 146(1.9), 155(0.9), 187(0.9), compound Mw. 1 2 § 4 5 6 7 8 9 10U R
205(0.08) D-glucose 250 + + +

2 0.25  73(7.9), 75(24.4), 85(9.3), 101(100), 119(21.0), p-fructose 250  + + + +
131(4.1), 141(72.8), 145(9.3), 173(30.8), p-gluco-hexos-5-ulose 234 +
187(6.4), 205(82.4), 206(8.0), 218(1.7), 219(0.4) p-gluco-hexos-2-ulose 234 +

3 0.28  71(100), 72(29.7), 75(55.0), 85(24.6), p-glucohexodialdose 234 + +
101(34.9), 103(9.0), 115(2.6), 129(22.1), p-glucitol 266 +
131(2.5), 149(1.3), 161(56.1), 162(3.5), 187(0.9)

4 267  73(5.1), 75(14.7), 85(6.3), 101(100), 113(7.6), ) I
119(14.2), 131(1.8), 141(65.6), 145(6.1), Scheme 1. Suggested Mechanism for the Oxidation of the
155(1.1), 173(29.9), 187(3.5), 205(66.6). IC:é(léohyddratﬁ in tri]ie Methylatign Pror(]:eg‘s Adc(i:ingdl?i_rst the Methyl
206(5.7), 218(0.4), 219(0.3) odide and then the Base, under Anhydrous Conditions

5 0.39  73(10.6), 75(34.9), 85(19.5), 88(11.2), 89(1.3), Me,SO + Mel <> [Me;S"-0-Me] I @®
12152295)5,110425((54_67))',111793((1151'2)’,123015((21.c1)?§) [Me,S*-O-Me] T + R-CH,-OH < [Me,S*-O-CH,-R] I + MeOH ¥))

6 0.35  73(32.9), 75(26.7), 85(12.8), 88(66.0), 89(3.5), [MexS™-O-CHyR]T + B = R-CHO +MesS + BH+T 3)
101(48.0), 102(1.4), 113(8.5), 119(52.9),
ﬁ‘l‘gg; ig%g%i )232(51(36??’2107&33((150(;12)’ unsaturated aldehydo or keto sugar, which is readily subject to
218(0.7), 219(0.5) further degradatiof’

7 127 73(35.8), 75(93.7), 85(4.8), 88(100), 89(7.2), By adding the base first and later the methyl iodide, the
101(71.6), 102(3.7), 111(11.4), 127(3.7), oxidation products were significantly reduced in both methods,

8 197 731(2_11()2,%&3%1"3%’@%%22‘5_132;’75(325(552_’02),19(0‘1) but they could not be avoided. '_I'he_se experiments emphasized,
101(100), 102(5.1), 117(5.6), 127(2.6), 131(1.2), as was suggesté@Othat the oxidation occurs as the result of
145(1.0), 155(3.1), 187(0.6), 205(0.2) the interaction between dimethyl sulfoxide and methyl iodide,

9 0.33  73(28.5), 75(34.2), 85(14.7), 88(100), 89(7.5), which can produce methoxydimethylsulfonium iodfdé°The
122%99;1,)'1%2(25(.13;)7, )'1;?1('115)"32)6;?311(.251)"92)66( 43) stgpwise reactions of a possible mechan_ism involved in the

10 86.48  73(20.7), 75(26.5), 85(12.8), 88(100), 89(7.5), oxidation of carbohydrates are presented in Scheme 1.
101(91.1), 102(5.1), 113(7.0), 131(6.8), !33(4.6), The generation of the sulfonium ion in reaction 1, as the result
145(100), 146(7.3), 157(13.1), 177(8.8), of the electron-acceptor character of dimethyl sulfoxide, is an

1 270 731(22(?56)7’52(22.%)-9235(6.8) 83(100), 89(7.1) equilibrium process .at room temperatﬁ?é?”Once formed,
101(38’.2), 102(5.4), 111&2.9), 127'(1.3)| 13'1(1_3), the sulfonium ion will suffer a nucleophilic attack on sulfur
145(1.5), 155(0.4), 187(1.3) upon introduction of an appropriate reagent such as carbohydrate

12 0.07  73(35.7), 75(25.3), 85(12.8), 88(71.4), 89(3.2), hydroxyl (R-CH,—OH), and the methoxy group will be

101(58.3), 113(6.1), 115(8.6), 119(53.1), 120(3.8),

141(72.7), 145(8.0), 155(2.1), 173(47.6),
187(6.9), 205(100), 206(7.5), 218(2.7)

fragment ion atn/z 88, characteristic ions at/z 205, 173, and
141 and lacked a fragment ion @tz 101. These data indicate

the component to be methyl (2,3,5-@Hmethyl-a(3)-p-gluco- g . . >
hexoaldo-1,4-furanose). The mass spectrum of the Componenl(B*), the alkoxy-sulfonium salt will be irreversibly converted

in peak 10 has intense fragment ionsvaz 101 and 145 and
characteristic ions atvz113, 177, 189, and 221, which matches

the mass spectrum of 1,2,3,4,5,6-@xmethyb-glucitol. The

mass spectrum of the component in peak 11 with the most
abundant fragment ions atvz 73, 75, 88, and 101, and
characteristic ions atvz 111, and 127 is compatible with the
structure methyl (2,3,4-t®-methyl-o(3)-p-gluco-hexoaldo-1,5-
pyranose). The parent monosaccharides corresponding to th
methylated derivatives in peaks-12 are presented in Table
2. The presence of the cyclic forms in the GC chromatogram is

replaced with a deprotonated carbohydrate hydroxyl (carbohy-
drate alkoxide), in reaction 2. The addition of anhydrous
methanol (1Q:L) to the carbohydrate solution after 30 min of
reaction with methyl iodide reduced the oxidation process by
65%. This suggested that the alkoxide exchange reaction is also
an equilibrium process. In the absence of alkoxides or other
catalysts, the exchange is quite sl&fin the presence of a base

in reaction 3 to dimethyl sulfide and an aldehyde. Dimethyl
sulfide was identified by GE(EI)MS after extraction from the
headspace of the reaction vial by micro-solid-phase extraction
with helical sorbent. It would seem that direct nucleophilic attack
of the carbohydrate hydroxyl on the sulfur atom is not possible,
despite the locating of a partial positive charge and vacant d
orbital of the sulfur atom, because no oxidation occurs by mixing
dimethyl sulfoxide with alditols. It is not surprising that in

@Imost all of the reactions in dimethyl sulfoxide that proceed

with a nucleophilic attack on sulfur, sulfonium salt formation
seems to be the initial critical st@pand this process can be

the result of the high tendency in aldehydo and keto carbohy- giged by an electrophilic attack of the methylating agent on the

drate to cyclize into pyranoside and furanoside forms, a process
that can reduce the degradation Byeliminative cleavage.
However, this cyclization can only delay the immediate elimina-

tion of a methoxy or hydroxyl residue in theposition of the
aldehydo or keto group that leads to the formation of an (30) Johnson A. P.; Pelter, A. Chem. Socl1964 520-522.

16216 J. AM. CHEM. SOC. = VOL. 125, NO. 52, 2003

(27) Svensson, Vethods Enzymoll978 50, 33—38.

(28) Szmant, H. H. Chemistry in DMSO. Dimethyl Sulfoxidelacob, S. W.,
Rosenbaum, E. E., Wood, D. C., Eds.; Marcel Dekker Inc.: New York,
1971; pp +97.

(29) Johnson, C. R.; Phillips, W. G. @rg. Chem 1967, 32, 1926-1931.
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30 - probably eluted in the peak of the solvent. However, by micro-
solid-phase extraction with helical sorb&rftom the headspace

of the reaction vial, formaldehyde, dimethyl ether, methyl
glyoxal, 2-propenal, and 3-methoxy-2-propenal were identified
by GC—(EI)MS. Cyclic carbohydrates with free hemiacetal
groups such as-glucose, maltose, and cellobiose had a similar
behavior, but in their case, the degradation process was faster.
The derivatives detected by the oxidation of the maltose and
cellobiose with methyl iodide in dimethyl sulfoxide for 60 min
were glucose and a very tiny amount of other derivatives. The
30 60 %0 120 150 180 presence of hemiacetal group in these molecules accelerated
the decomposition to small derivatives, which were not detected
. > b o -alucitol oxidation in dimethvl sulfoxid J in chromatogram. It is interesting, but not surprising, that even
e e el e, iy Noreducing oligosaccharides sch as trehalose and raffnose
by 10-min reaction in the presence of sodium hydroxide (3 equiv of methyl Were decomposed by oxidation to corresponding monosaccha-
iodide per mol replaceable H; 4 equiv of NaOH per mol of replaceable H). rides and small amounts of other oxidation compounds.

The only solution to eliminate this undesired oxidation process
is to avoid the formation of sulfonium salts. As any methylating
agents can generate the sulfonium salt with dimethyl sulfoxide,
the easiest solution would be the use of a different dipolar aprotic
solvent. Reactions carried out MyN-dimethylformamide and
N,N-dimethylacetamide gave no oxidation of the alditols, when
the base was added after 30 min from the interaction of the
aprotic solvent with methyl iodide and alditol, but the yield in
the perO-methylated alditol was low. However, with an excess
of 5—6 equiv powdered sodium hydroxide per mol of replace-
able H of the alditol, the yield of peB-methylation inN,N-

N
o
I

y = 0.1444x - 0.0989
R? = 0.9999

d-glucitol oxidation (%)
3 a 8

&)
L

o

o

Time (min)

oxygen atom. Replacing methyl iodide with dimethyl sulfate
significantly increased the degradation process. After a 30-min
reaction with dimethyl sulfate followed by 10-min reaction with
powdered sodium hydroxide, the peak of @methylated
D-glucitol disappeared from the chromatogram. This result was
an indication that the dimethyl sulfate pushed the equilibrium
to sulfonium salt faster than methyl iodide.

As can be seen in Table 1, more than 10% of the alditol was
converted to derivatives with one or two aldehyde functional
groups, and only a little more than 3.5% to derivatives with
keto group in position C-2 and C-5. No derivative oxidized at . . e .
C-3 and C-4 was found, probably due to steric hindrance or to dimethylacetamide was the_ same as in dimethyl sulfoxide,
their low stability in the presence of base. Lesser oxidation of although a Io.nger reactlon.tlme was reqw_red_.
the other hydroxyl groups of alditol suggested that the primary Because dimethyl sulfoxide and methyl_lodlde gave the_ best
hydroxyl groups in alditols have the highest reactivity for a Yields of perO-methylated carbohydrates in a very short time,
nucleophilic attack. This indicates that the initial oxidation We have tried to find ways that can avoid the oxidation with
occurred at the primary hydroxyl groups (C-1 and C-6) of the this system. Upon sequential addition to the carbohydrate
alditol. This is in accordance with the reactivity of the hydroxyl dissolved in dimethyl sulfoxide of sodium hydroxide and later
groups in alcohols following their acidity in the sequence the methyl iodide, under anhydrous conditions, the methoxy-
primary > secondary> tertiary. However, the reactivity of the dimethylsulfonium salt is rapidly transformed by the base to
hydroxyl groups in oligosaccharides can be modified by specific formaldehyde and dimethyl sulfid€ and the oxidation process
interaction with the solvent, by intramolecular hydrogen bonding ©f alditols was significantly reduced. The oxidation process
and steric hindrance that can complicate the understanding ofunder anhydrous conditions could not be totally avoided in either
the process. the Ciucanu or Hakomori method, even if the base was added

Figure 2 shows the degree ofglucitol oxidation at different first, especially when the reaction time with methyl iodide was
reaction times with methyl iodide under anhydrous conditions onger than 10 min. However, a long reaction time between
at room temperature, followed by 10-min reaction in the alditol and sodium hydroxide in dimethyl sulfoxide, before the
presence of sodium hydroxide. The reproducibility of the results addition of methyl iodide, did not generate oxidative degrada-
depended on the reproducibility of the anhydrous conditions. tion. A reaction time up to 10 min between carbohydrate and
A Sma” trace Of water Significantly reduced the Oxidation SO“d SOdIum hydrOXIde before the add|t|0n Of the methyl |Od|de
process_ It can be seen that after 1 min of m|Xmg|uc|t0| can be eSpeCIa”y useful to a.V0|d the Undermethylat]on Of the
and methyl iodide in dimethyl sulfoxide, the degradation of Ccomplex carbohydrate with low reactivity hydroxyl groups. At
D-glucitol was very low The increase of the mixing time @ longer reaction time, the viscosity of the reaction mass
increased the degradation reactions associated with yellow colorincreased significantly. Moreover, a prolonged contact of some
formation and, after 12 h, no peak for permethylateglucitol nonneutral carbohydrates with base can generate degradation
or oxidative degradation products appeared in the chromatogramby A-elimination reactiort!

This result could be explained by a simultaneous interaction of It is very well-known that the pe®-methylation of alditols
more hydroxyl groups from carbohydrate with the methoxy- in dimethyl sulfoxide by adding first the sodium hydroxide and
dimethylsulfonium iodide, generating in the presence of the base,then the methyl iodide, under non anhydrous conditiSrtsn
derivatives with two functional groups such as dialdoses, and give a very good yield in the ped-methylated carbohydrate.
ketoaldoses, and even with more functional groups. In a basic Also, the mechanism of oxidation from Scheme 1 suggests that
and anhydrous medium, these carbohydrate derivatives sufferthe oxidation could be reduced by a competing nucleophilic
p-eliminations and cleavages into smaller saturated and unsatu-attack on the sulfur atom of the sulfonium ion, using a reagent
rated molecules. These molecules have a high volatility, and with a higher reactivity than the primary hydroxyl group in
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Figure 3. GC—MS total ion chromatogram of p&d-methylated-glucitol
generated in dimethyl sulfoxide with 1% water by adding first methyl iodide
and after 1 min sodium hydroxide (3 equiv of methyl iodide per mol of
replaceable H of the alditol; 6 equiv of sodium hydroxide per mol of
replaceable H; 3 mol of NaOH/L of M80O). GC-MS conditions as in
Figure 1.
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Figure 4. Yield of per-O-methylatedp-glucitol as a function of the
additional excess sodium hydroxide/water ratio (mol/L) (3 mol of NaOH/L
of Me,SO; 3 equiv of methyl iodide per mol replaceable H; 3 equiv of
NaOH per mol of replaceable H).

hydroxide is only sparingly soluble in dimethyl sulfoxide, but

it is very hygroscopic. It acts as a desiccant, removing the water
from the system and pushing the equilibrium decisively over
to the alkoxide side. For this reason, the solid sodium hydroxide
must be used in at least one excess of 3 mol of sodium hydroxide
per mol of replaceable H. The amount of water that can be
accepted by the methylation system in order to avoid the
oxidation without affecting in the ped-methylation yield is
strong correlated with an additional amount of solid sodium
hydroxide, which should be added to the reaction vial for

alditol. Such reagents could be methanol or water, as suggestedgcavenging this water. The effect of the ratio between the
by our experiments. Their acidity in dimethyl sulfoxide follows additional excess of sodium hydroxide, and the water added
the sequence water methanol > primary carbohydrate  into the system on the p&-methylation yield ofb-glucitol is

hydroxyl. Adding anhydrous methanol before methyl iodide shown in Figure 4. When the amount of water was high, the
reduced the oxidation process by 75%, but very small amountssolid sodium hydroxide became a paste on the wall of the vial,

of water (10uL) in dimethyl sulfoxide totally eliminated the
oxidation products of alditols. Figure 3 shows the chromatogram
of p-glucitol perO-methylated by first adding methyl iodide
and then sodium hydroxide in dimethyl sulfoxide containing
trace of water. Similar results were obtained for cellobitol and
maltitol. The per©-methylation was performed by mixing, at
room temperature for 1 min, a solution of alditol in dimethyl
sulfoxide with 1% water, 3 equiv of methyl iodide per mol of
replaceable H of the alditol, followed by 10 min reaction with
6 equiv of sodium hydroxide per mol of replaceable H (3 mol
of NaOH/L of M&SO0). An explanation of the total elimination
of the oxidation products could be the reaction of the water
with methoxydimethylsulfonium salt, resulting in the formation
of methanol and dimethyl sulfoxide. Methanol generated in this
way could also push the equilibrium from sulfonium salt to
alditol in reaction 2. However, after the consumption of the small
trace of water in the reaction with the sulfonium salt, the
oxidative degradation of carbohydrate was started again.

and the yield in pe@-methylated-glucitol was low. Increasing
the additional excess of solid sodium hydroxide, the @er-
methylation yield was increased and complete@enethylation
was achieved with an additional excess of sodium hydroxide/
water ratio higher than 100 mol NaOH/1 L,@.

The presence of a small amount of water in the system can
have other advantages. For example, the water improves the
solubility of some carbohydrates with low solubility in dipolar
aprotic solvent such as dimethyl sulfoxide axdN-dimethyl-
acetamide, because the low solubility of the carbohydrate in
the reaction solvent was the main cause of the undermethylation.
However, the presence of too much water can be the source of
undesirable reaction for chemically labile carbohydrates. This
will be the subject of the following study.

Degradation of the carbohydrates was also observed in the
liquid—liquid extraction step, as a function of the extraction
conditions. The choice of the organic solvent was also important
for avoidance of degradation in the extraction process. Quench-

Consequently, the oxidative degradation could not be avoideding the methylation reaction by adding water followed by
for a long reaction time between dimethyl sulfoxide, methyl extraction with chloroform generated up to 3% of degradation
iodide and carbohydrate. products. Extraction of the pé&-methylated sample with
The introduction of the water into the system has an opposite dichloromethane reduced the degradation below 0.5%, but
effect on the methylation yield because, in accordance with the tetrachloromethane and benzene eliminated these byproducts.
mechanism of the methylation of carbohydrateshe first step It is worth noting that the degradation products generated in
of the methylation involves the deprotonation of carbohydrate the extraction step with chloroform and dichloromethane were
hydroxyl groups in an equilibrium reaction with the formation significantly reduced by the neutralization of the base by
of the alkoxides and water. Before addition of methyl iodide, addition d 1 N hydrochloric acid before the extraction. The
this equilibrium process is depending on the strength and solubility of the per©-methylated carbohydrates in benzene and
concentration of the base, the reactivity of the carbohydrate tetrachloromethane is lower than in dichloromethane and
hydroxyl groups, the solvent reaction medium, the temperature, chloroform. Consequently, for 99.5% recovery, 10 extractions
and the elimination of water from the system. Solid sodium with benzene or three extractions with dichloromethane were
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done. Keeping the sample in chloroform with trace of dimethyl sulfoxide first the sodium hydroxide and then the methyl iodide.
sulfoxide, water, and unreacted methyl iodide can increase theThis method can be considered successfully even in the presence
amount of degradation products in time. For this reason, the of a small trace of water, if a small additional excess of sodium
extracted sample must be washed at least three times with watehydroxide is added. The addition first of the methyl iodide
and dried with a current of dry nitrogen or under vacuum. For followed after a short time by powdered sodium hydroxide in
injection into GC-MS system, the sample should be redissolved the presence of dimethyl sulfoxide with small trace of water
in hexane, benzene, or dichloromethane. made possible the realization of the g@methylation process
without oxidative degradation of neutral carbohydrate. The
extraction of the pe®-methylated sample can also be a source
The data presented show that the oxidation of alditols in the of degradation, but was eliminated by the neutralization of the
powdered sodium hydroxide/methyl iodide/dimethyl sulfoxide base before extraction, using benzene or tetrachloromethane as
methylation process represents an artifact produced by treatingextraction solvent and removing the remaining methyl iodide,
under anhydrous conditions, the alditol solution in dimethyl dimethyl sulfoxide, and water in the final p&-methylated
sulfoxide first with methyl iodide and after a long time (20 sample. Because the extraction with dichloromethane was very

90 min) with solid sodium hydroxide or sodium dimsyl. A efficient, dichloromethane can be used if the reaction mass is
similar behavior was also observed for reducing and nonreducingneutralized before extraction.

carbohydrates. These results described above indicate that

oxidative side reaction can significantly alter the structural . . I
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oxidative degradation during p&-methylation of carbohy-
drates, a new simple protocol has been designed. This oxidativecent(':'Ir for Research Resources Grant No. P41 RR 10888 to the

process is not a characteristic of the original Ciucanu methyl- Boston University Medical Center, Mass Spectrometry Resource

ation method? which was performed in nonanhydrous condi- is gratefully acknowledged.
tions, upon addition to the carbohydrate dissolved in dimethyl JA035660T
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