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ABSTRACT 

The complete assrgnment of the 13C- and IH-n m r spectra of the per- 
methylated cc- and /?-D-galactopyranoses was performed with the ard of specific 
trrdeutenomethylatron, heteronuclear spin-decouplmg, and spectrum srmulation. 
The n m.r data are drscussed and compared with those of the permethylated gluco- 
pyranoses Identlficatron of partiahy methylated galactoses, e g , as obtamed m the 
methylatron anallsrs of carbohydrates, can be carned out by conversron of the free 
hydroxyl functrons mto 2H- or 1 3C-!abelled methoxyl groups, and comparison of the 
n m r spectra of the resultmg permethyl ethers wrth those of reference compounds 

INTRODUCTION 

In the course of studres of the n m r. spectroscopy of carbohydrate derrvatrves, 
we descrrbed1*2 the complete mterpretatron of the 1 3C- and ‘H-n m r spectra of 
solutrons of permethylated c(- and j?-D-ghrcose m acetonltrrle-c?3 It was found that 
the OMe resonances are well resolved m the ’ 3C- (25 2 MHz) and the ‘H- (100 MHz) 
11 m r spectra The posrtions of one or more labelled (13C or ‘H) OMe groups could 
be determmed unequivocally These observatrons made possible the apphcatron of 
n m r spectroscopy m permethylatron analysrs The structure of partraily methylated 
glucoses, which are obtained m permethylatron analysrs, can be deduced by II m r 
spectroscopy If the free hydroxyl functions are converted mto labelled OMe groups 
The prmcrpal advantage of thrs method rs that the number of reference compounds 
is restncted to a m-urn of four for each monosaccharide, namely, the pyranose 
and furanose permethyl ethers, because the Isotope effects on the shrfts are neghgrble 
For the general apphcatton of thrs method m the analysrs of ohgo- and poly- 
saccharides, rt IS essential that the assrgnment of the OMe resonances m the per- 
methylated derrvatrves of the constrtuent monosaccharides IS known 

We now report on the n m r spectra of the permethylated galactopyranoses 
The OMe resonances m the 13C- and ‘H-n m r spectra of these compounds were 
assigned by spec& labelhng The carbon resonances of the sugar skeleton were 
rdentrfied by heteronuclear, off-resonance spin-decouplmg The values of the skeleton 
proton resonances were estabhshed from 300-MHz spectra of the perdeuteno- 
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methylated compounds Accurate ‘H-n m r. parameters were obtained by computer 
simulatron of the spectra. 

‘H-N m r spectral data of the OMe groups and the anomenc protons of the 
permethylated galactopyranoses drssolved m benzene-d, have been reported by 
Rathbone3-’ The chemical shrfts of the OMe groups, when benzene-d, 1s used as 
solvent, are concentratron-dependent; thrs dependence IS neglrgrble m acetonitnle-ds 
Therefore, the spectra recorded m acetomtnle-d, are more smtable for rdentmcatron 
purposes 

RESULTS AND DISCUSSION 

1 3 C-N m r spectra of permethylated c(- and /I-D-galactopyranoses 
Chemical shifts of the OMe groups The OMe resonances were rdentrfied by 

comparison of the spectra of permethylated galactopyranoses that were selectively 
labelled wrth OCD, groups (Table I) 

Changmg the posrtron of MeO-1 from equatona1 to axial produces a srgmkant, 
upfield shrft of the MeO-1 srgnal (1 5 p p m ) and of the MeO-2 srgnal (2 1 p p m ), 
whereas the resonance posrtrons of MeO-3, Me04 and MeO-6 remam almost 
unaltered (Frg 1) The relatrve drfferences m chemrcal shafts between the anomers are 
similar to those found for the per- O-methyl cc- and /I-D-glucopyranoses’ * 

34 6 2 1 

!! ! I I ..’ cc- D -Glcp 
/L;- 

, 
I 

I i I fi-o-Glcp 

4 6 23 1 

! I II I 
. cc-o -Gal/a 

2 fl-~-Galp 

62 60 56 56 w 

Fig 1 Correlation of the OMe carbon resonances of perrnethjlated a- and -j-D-glucopyranoses and 
-gaIactopyranoses 

Comparison of the spectra of the per-O-methyl denvatrves of the galacto- 
pyranoses and the correspondmg glucopyranoses show that the axral Me0-4 sub- 
stituent (galactose) resonates -0 8 p p m downfield from the equatonal Me0-4 
group (glucose) (Fig 1) A much stronger effect IS observed on the nerghbourmg 
MeO-3 group, for whrch the srgnal IS shtfted upfield -2 5 p p m upon moving the 
Me0-4 group from an equatonal to an axral posrtron The chemrcal shrfts of MeO-1, 
MeO-2, and MeO-6 are almost identicaI in the corresponding derivatives of both 
monomers 
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Chemical shifts of the skeleton carbon atoms The carbon atoms of the sugar 
skeleton resonate downfield from the OMe groups They were assigned by off- 
resonance ’ "C-1 IH} spin-decoupling ‘* (Table II). However, H-2 and H-3 m the 
Q-D anomer could not be decoupled indlvldually The correspondmg carbon 
resonances were ldentlfied by comparison with the spectra of the per-O-methyl 
derivatives of B-D-galactopyranose and of CL- and /3-D-glucopyranose 

TABLE II 

13C-N M R DATA (25 2 MHZ, ACETONITRILE-d3) CH?ZhlICAL SHIFI-S (8) OF THE SKELETON CARRONS IN 

PERMETHYIATED Z- AND fi-D-GALAcTOPYRAN0.W 

Anomer c-1 c-2 c-3 C-4 c-5 C-6 

98 80 78 78 80 97 77 25 69 88 72 34 
105 26 81 50 84 65 76 10 73 86 7201 

Change from equatonal to axial poslt~on of MeO-1 produces a sign&ant, 
upfiefd shift of the resonances of C-l, C-2, C-3, and C-5 (Fig 2). The chemical shifts 
of C4 and C-6, whch are more remote from the anomerlc centre, are only slightly 
mfluenced. The relatively great, upfield slnfts of C-3 and C-5 m the cr-D anomer result 
from 1,3-dlaxlal mteractlons of C-l and Its axial OMe group with C-3 and C-5 and 
their axlal protons These mteractlons give rise to H,-13C bond polarzatlons6*’ 
It 1s concluded that slrmlar dflerences exist between the anomers of the permethylated 
galactopyranoses as between the permethylated glucopyranoses’. 

1 324 65 

I I I ! I I 
/’ i 

,’ , i i’ 
(Y-D -Glcp 

r i i I 
I I I I I 13 -D-Glcp 

1 3 24 6 6 

I I II ! I / m-0 - Galp 
c , 

f 
* / ,f 

I (I R -0 - Galp 

t ‘* * * 1 “. * 1 - ‘. * 1” 
PP 100 99 60 70 

Fig 2 Correlation of the skeleton carbon resonances of permethylated a- and -8_D-ghCOp~anOSeS 

and -galactopyranoses 

Comparrson of the spectra of the correspondmg anomers of permethylated 
galactose and glucose show (Fig 2) that the resonances of C-2-5 m the galactoses are 
sh&ed upfield by 1 14 4 p p m The shifts of C-3 and C-4 are produced by the 
eplmenzation of C-4; the slnft of C-2 results from the &axial mteraction between 
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C-2-H-2 and C-hOMe (ax) The positlons of the C-l and’C-6 resonances are almost 

identical for the glucose and galactose derivatives For C-l, tlus is to be expected 
because thrs carbon atom 1s relatrvely remote from C-4, but C-6 could be skfted 
upfield as a result of stenc mteractlon between MeO-4 (ax) and the substltuent at C-5 
However, this effect is very smali 

‘H-N m r spec tra of permethylated CL- and /3-D-galactopyranoses 

Chemzcal shafts of the OMe groups From the speckally tndeutenomethylated 
galactoses mentroned m Table I, 100-M& ‘H-n m r spectra were recorded 
solutions in acetomtnle-d,. By comparison of the OMe singlets m these spectra, 
signals were ldenttied (Table III) 

for 
the 

TABLE III 

'H-NMR DATA (~OOMHZ, ACETONITRILE-da) CHEMICALSHIFT~(~ OFTHEOM~ GROUPSIN 

mim~nzw_4~~ ~-AND -&D-GAI.A~T~PYRANOSE 

AlIO??ZW MeO-I Mf?O-2 MeO-3 MeO-4 MeO-6 

; 

3 28 3 35 3 39 3 43 3 30 
3 39 3 43 3 40 3 42 3 30 

The chenucal shifts of MeO-3, MeO-4, and MeO-6 are hardly affected by 
anomerlc change3 (Fig 3) The substantial, upfield shfts of MeO-1 and MeO-2 for 
the CC-D anomer m both the ‘H- and 13C-n m r spectra point to anisotropic and 
salvation effects 

4 3 2 61 

! ! I ! I 
x,-'/q z 

C%-D-Galp 

x/f ,A 

I If- I R - D -G&p 

1 I I 
3.5 3.4 33 - 

Fig 3 Correlation of the OMe proton resonances of permethylated a- and -&D-glucopyranoses and 
-galactopyranoses 

The chermcal sWts of the OMe groups at poslhons 1, 2, 4, and 6 are almost 
slmllar to those m the correspondmg permethylated glucopyranose anomers’. 
However, the chenucal sh& of MeO-3 IS strongly mfluenced* by the epimermtion on 
C-4, as was also observed in the 13C-n m P spectra of these compounds 
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Chemrcal shafts and couphng constants of the skeleton protons To determme 
the chermcal sh&s and couphng constants of the sugar-skeleton protons, 300-MHz 
spectra were recorded for solutions of the perdeuterlomethylated galactopyranoses m 
acetoniti!e-d3 These spectra are rather complex, due to small AS/J values In the 
spectrum of the a-D anomer, the couphng constants JI,;?, Jz,3, and J3,4 could not be 
determmed accurately because H-2 and H-3 apparentIy have the same chemlca1 smts. 
The complexity of the spectrum ansmg from this collapse was such that a complete 
analysis of the H-l-H-4 part of the spectrum could not be accomphshed. In the 
spectrum of the j?-D anomer, H-5, H-6, and H-6’ form an ABC sub-system wbch 
could not be anaIyzed The 220-MHz spectra of soIutlons of the compounds m 
benzene-d, were then exammed AddItional mformafion was thereby obtamed about 
the couphng constants, although the values are not Identical urlth those for 
acetomtnle-d3 , as a consequence of dflerent effects of solvatlon on the conformation 
of the compounds The experimenta p m r data for each solvent were refined by 
computer simulation The values of couplmg constants and chenucal stifts obtained 
are given m Table IV 

TABLE IV 

‘H-N M R PARAMETERS” (6 &I &I Ill , J HZ) OF THE SKELETON PROTONS IN 

PERhmmYuTm a- AND -&D-OALACT~PYRA~‘~SE 

Anomer Solvent H-I H-2 H-3 H-4 H-5 H-6 H-6 

a Acetomtnle-d, 4 78 342 344 364 3 76 3 48 3 42 
Benzene-d6 4 81 3 88 3 65 3 55 3 95 3 57 3 66 
Acetomtnle-d, 409 3 05 3 15 3 59 -b -_b -_a 

Benzene-d, 4 15 3 67 298 344 3 33 349 364 

Acetomtnle-ds 
Benzene-d6 
Acetomtnle-d3 

Benzene-ds 

-22 -110 -16 15 60 67 -97 
37 100 31 15 57 69 -92 
75 97 30 OS _b _b _b 

75 95 31 10 55 75 -92 

“Determmed at 300 MHz for solutlons m acetomtnle-d3, and at 220 MHz for solutions m benzene-d6 
*Complex muhplet between 3 45 and 3 53 p p m 

Some regulantles m the chemical shifts of the skeleton atoms are observed The 
increased shielding of H-l, H-2, H-3, and H-5 on changing from the a- to the /I-D 

anomer IS accompamed by a decrease m the sleldmg of the carbon atoms to wbch 
they are directly attached This points to changes m bond poiaruatlons over the 
pyranold rings9 

Comparison with the spectral data of the corresponding glucose denvatlves’ 
shows that the epimenzatlon at C-4 results m a strong, downfield shift of the sIgna 
for H-4 (whch IS moved from an axial to an equatorla1 position) and less-pronounced 
downfield sWts of the signals for H-2, H-3, and H-5 Consequently, the chemical 



SPECTROSCOPY OF PER.??YLAl-FD GALACIOPYRANOSES 325 

shifts of H and C in positions 2-5 are affected inversely by change m posrtron of the 
4-OMe substrtuent The resonance posrtrons of H-l and H-6,6’ are almost ldentlcal to 
those m the glucose derlvatlves 

The OMe resonances of permethylated a- and /3-D-galactopyranose m the ‘H- as 
well as m the 13C-n m r spectra could be derrved strarghtforwardly from the spectra 
of a senes of per-methyl denvahves bearmg OCD3 groups at drffercnt posrhons. In 
both types of spectra, the signals of the OCD3 groups are mrssmg, the absence of an 
0CD3 carbon resonance 1s due to 13C-D spin-spin sphttmgs and to the absence of 
contnbutlons for nuclear Overhauser effects 13C-Labellmg’ 2 can also be used, 
whrch mtensdies the carbon resonances of the labelled OMe groups 

The 13C- and ‘H-n m r patterns of the five OMe resonances and also those of 
the rmg atoms are typical for the permethylated galactopyranoses, as they drffer 
srgmficantly from those of other permethylated aldohexoses2 

When acetomtrrle-da was used, the chemical slnfts of the OMe-protons are 
almost Independent of the concentrahon Thus IS an advantage over using benzene-d, 
as solvent3-5, although the 6 range m which the signals for the OMe groups occur IS 
somewhat smaller than for benzene-d, The relatrve posrtrons of the chemrcal shafts 
of MeO-1 and MeO-6 m permethylated a-D-galactopyranose are reversed on 
changing from acetomtrrle-d3 to benzene-d, Thus, for rdentrficatron purposes, e g , 
m permethylation analysis of carbohydrates, only data for a smgle solvent should be 
compared 

EXPERIMENTAL 

The monosaccharrde denvatlves were permethylated accordmg to the method 
of Kuhn”, usmg Me1 or CD,1 (99% D, Merck) as approprrate The separatron of a 
and /II anomers was effected by t 1 c on Srhca Gel G (Merck), using hexane-acetone 
(6 4) and detectlon with u v light after spraying with 1% Monn m methanol, followed 
by extrachon from the slhca gel with chloroform 

Trmdeutenomethyl 6-O-methyl-2,3,4-trl-O-trrdeuterromethyl-a- and /I-D-galacto- 
pyranoszde - 6-O-Methyl-a-D-galactopyranose yrelds mamly the furanord forms on 
permethyIatron lo To obtam the pyranord forms, the compound (160 mg) was 
treated @So, 24 h) wrth CD,OH contaming 4% of HCl, and the product was 
methylated wrth CD,1 T 1 c of the product yrelded the /3-furanosrde (RF 0 61, 
41 mg), the /3-pyranosrde (RF 0 54, 56 mg) contammated wrth a small amount of the 
a-furanoslde, and the a-pyranoslde (RF 0 46, 98 mg) 

Trrdeuterromet~~yl2,6-d~-O-~net~~yl-3,4-d~-O-tr~de~terio~net~~yI-a- and&D-galacto- 
pyranosrde - Methyl @-D-galactopyranosrde was converted mto the 3,4-@rsopro- 
pyhdene denvatrve l1 (for p m r data, see Ref 12) Tlus compound was methylated” 
m the presence of Dnente, and the product was purrfied by drstlllatlon (0 2 mmHg, 
125-130”) (For p m r data, see Ref 13) 

Methyl 3,4- O-rsopropyhdene-2,6-dr- O-methyl-p-D-galactopyranosrde was 
hydrolysed’ 4 wrth 90% tnfluoroacetrc acrd to grve methyl 2,6-dr-O-methyl-/?-D- 
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galactopyranosrde (b p 140-150”/0 005 mmHg, [pi], -24O (c 6 8, chloroform), for 
p m r data, see Ref 13). The product was sublected m sequence to methylatlon with 
CDJ, acid hydrolysis (95”, 20 h) with Amberhte IR-120(H) resm, and methylatron 
wrth CDs1 T 1 c then yielded the title compounds m the ratro 4 6 

Methyl 2,3-dz-O-methyl-4,6-dz-O-trzdeuterzomethykx- and /I-D-galactopyranoszde. 
- Methyl cr-D-galactopyranowde was converted into the 4,6-0-benzyhdene den- 
vatrve’ ’ (for p m r. data, see Ref 13) and then methylated” m the presence of 
Dnerlte to Bve methyl 4,6-O-benzyl~dene-2,3-d~-O-methyl-a-D-galactopyranoside, 
whrch was crystalhsed from ether P m r data (CDCI, , 60 MHz) 6 5 2 (J1,2 
-2 5 Hz, H-l), 3 56 (MeO-1), 3 62 (MeO-2,3), 5 70 (PhCH), 7 3-7 9 (Ph), 3 5-4.6 
(remarmng protons) Hydrolyses ’ 4 of the compound m 90% trrfluoroacetrc acid, 
followed by treatment with 4% methanohc HCI and then methylatron with CD31, 
gave the title anomers, winch were separated by t 1 c 

Perdeuterzonzethylated cc- and /?-D-galactopyranoses - These anomers were 
prepared by methylatron of methyl a-D-galactopyranosrde urlth CD,& followed by 
hydroIysls, remethyIatron wnh CD& and separatron of the anomers by t 1 c 

N 7n r spectroscopy_ - ‘H-N m r spectra were recorded on a Varlan HA-100 
spectrometer (Organic Chemical Institute TNO, Utrecht), a Vanan HR-2i0 spectro- 
meter (TN0 Central Laboratones, Delft), or a Vanan HA-300 spectrometer 
(Laboratory of N m r spectroscopy, Umversrty of Ghent, Belgmm) The instruments 
were operated m the field-sweep mode at a probe temperature of -25“ Solutions 
(5-20%) of the galactose derivatives m acetomtnle-d, or m benzene-d, were used 
Chemrcal shrfts are grven relatrve to that of Me,Sl on the 6 scale, with an accuracy of 
0 01 p p m The accuracy of the couplmg constants 1s -0.1 Hz. 

The theoretrcal spectra were calculated from the initial, expenmental parameters 
m an mterachve, iterative procedure wrth the spin-sunulation program SIMEQ16, 
usmg a 16 k Vanan 620 1 computer coupled urlth a Varian XL-100 spectrometer The 
proton systems were treated as seven-spin (ABCDEFG) systems consrstmg of 
H-1,2,3,4,5,6,6’. All vlcmal couplmg constants were taken as posrtrve, but the gemmal 
couphng constant .is 6 was taken as negatrve” 

Proton-noise-decoupled ’ 3C-n m r. spectra of deutenum-labelled galactose 
denvatrves m acetomtrrle-d, were recorded at 25 2 MHz on a Vanan XL-loo-15 
FT spectrometer operatmg m the deuteno-lock mode at -30” Chemical shrfts are 
grven relative to that of internal Me,& (6 scale), with an accuracy of 0 04 p p m 

Assignment of the resonances of the rmg carbons 1s based on a special, off- 
iesonance 13C-(1H} spin-decouphng techmque I8 Various smgle frequencies were 
rrradrated at mtervals of 10 Hz m the range of the resonance frequencies of the 
protons H-l up to and mcludmg H-6’ From the plot of the resonance frequencies m 
the partrally decoupled, Fourier Transform 13C-n m r spectra against the rrradrated 
frequencies, and with the ard of the ‘H-n m r. frcquencres of the rmg protons, the 
assignment of the carbon resonances was made 
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