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The ’ 3C-n m r spectra of methyl 4-O-r-D-galactopyranosyl-r-D-galacto- 

pjranoslde (1) and methyl 4-U-[4_O-(r-~-galactopyranosyl)-/3-~-~alactopyranosyl]- 
/?-D-&copyranoslde (2) m D,O were recorded Comparison of these spectra wth the 

spectra of methyl %-D-galactopyranoslde (4) and methyl /3-lactoslde (5) provided 
substantial confirmation of the structures of 1 and 2 

INTRODUCTION 

The use of ’ 3C-nuclear-magnetlc resonance spectl oscopjl for structural 
elucldatlon m carboh,drate chcmlstry becomes mcredsmgly valuable as the data base 

broadens In our program’ ’ to synthesize the ceran-ude tnsaccharlde related to 
Fabry ‘s disease, tie prepared methyl 4-O-r-D-galactopyranosyl-r-D_ealactopyrano- 
side* (1) and methyl 4-0-[4-O-(x-o-,oalactopyranosyl)-~-~-,oaIactopyranosyl]-/3-~- 
glucop>ranosIde’ (2) by h&de Ion-catalyzed condensation of 2,3,4,6-tetra O-benzyl- 

D-galactopyranosyl brom.de3 u lth methyl 2 3.6-tn-O-benzoyl-z D-galactopyrano- 

slde3 5 and \\~th methyl 2,3,6,2’,3’ 6’-heua-O-benzoyl+Iactosrde’, respectively In 

each case It \\as necessary to estabhsh the structural IdentIty of the major product 

Hahde Ion-catalyzed condmons wele expected to Induce cl+glycosylatlon at the free 
hydrouyl group ’ ’ Ho\\ever It WPS possible for benzoyl rmgratlon eo occur prior to 

condensation and for &cosylatIon to proceed subsequently at a polrtlon other than 
at the desired 4-hydrotyi group Acyl rmgratlon prior to glycosylatlon was observed 

by Hall it al * \i hen 1 2 $6-tetra-O-acetyl--r-D-glucopyranose (3) was condensed wth 

hepta-O-acetyI-z-celloblosyl bronude The product, 1,2,3,4-tctra-O-acetyl-6-0-(hepta- 
O-acetyl-fi-cellobIosyl\-D-~~ucopyranose resulted from O-6 to O-4 acetyl n-ugratlon 
In 3, foIIo\\ed by glycosylatIon at the nenly freed 6-hydroxyl group Naturai- 
abundance 13C-n m r spectroscopy \\as used to prove the structures of the unkno\\ n 

products of our glycosyIatIon reactIons The spectra offered convmcmg ebrldence that 

benzoyl mlgratlon did not occur, and that glycosylatlon Indeed proceeded m the CIJ 

manner, at the desired 4-hydroxyl group 

*Present address CaibIochem, La Jolla, CA 91037, LJ S A 
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OH 

6 

Proton-decoupled ’ 3C-n m r spectra \kere recorded \\tth J Varum XLLOO-15 
Fourier-transform spectrometer modified for multmuclear operatrong and eqmpped 
\\rth a Varran 620L computer for data handlmg The probe temperature \\as mam- 
tamed at 34’ For each carbon-13 spectrum (25 2 hIHz). 15-20 mg of sample \\‘rs 
drssolved m 0 25 ml of DzO contained m a j-mm tube A drop of 1,3-dloxane \\\as 
added as the mternal reference The spectra are reported with chen-ucal shafts down- 
field from tetrameth~ls&me assunung the l+dro\ane peab to be located at ii 67 45 
m each spectrum 

Meth} I 4-O-rr-D-ga/actop~ra,losvI-1- D-ga/actopJ ranosrde (I) was prepared as 
descrrbed m ref 1 Methv! 4’-0-z-D-galacrop) ranosj I-/I-lacrowle (2) was prepared as 
described m ref 2 Metlz) I r-D-galoctop~ ranosrde (4) M as purchased as the hydrate 
from PfanstrehI Laboratorres, Inc _ Waukegan, ilhnois Mtrh~ I /IS-lactosrde (55, \vas 
prepared according to Snuth and Van Cleve”‘, except that mercurrc cyarude was used 
m heu of silver carbonate 

RESULTS A’iD DISCUSSION 
w 

The hahde ion-catalyzed condensatrons of tetra- O-benzyl-D-galactopyranosgl 
brormde3 with methyl 2 3,6-trt-U-benzoyl-r-D-galactopyranosrde” ’ and methyl 
2,3,6,2’,3’,6’-hexa-0-benzoyl+lactos~de~, followed by chromatograpmc purlfkatlon 
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and dewotectlon of the maJor condensation product, gave, m the first easel, the pure 
dsaccharide methyi glycoslde 1 and, m the second cases’, the pure tnsacchande 
methyl gIycoslde 2 

Table 1 11% the ’ 3C-n m r chermcal shifts of methyl r-D-galactopyranoade (4), 
methyl 4-0~Z-D-galactopyranosyl-r-D-galactopyranoslde (l), methyl 4-O-[4-0-fcr-D- 
ga~actopYranosy~)-~-D-galactopyranosyl]-~-D-glucopyranoside (2), and methyl p- 
lactoslde (5) The spectral hnes have been assIgned, although few assignments are 
absolute An exceptIon IS the entry for methyl a-D-galactopyranoslde (4), the com- 
plete spectrum of whch was unambiguously asslgned with the ald of deutermm 
label@ by Germ and Mazurekl ’ Walker and coworkers” have recently demon- 
strated the advantages of lsotoplc labelhng for assqunent of the ’ 3C-n m r spectra 
of even the simplest sugars As our spectra were of unlabelled compounds, the 
assignments were based largely on a comparison of the four sets of spectral data 
hsted m Table I This assignment method revealed large &fferences and strong 
slmllaritles between the spectra of related compounds Comparison of the spectrum 
of a compound of unproven structure \\lth the spectra of known compounds provided 
substanhal proof of the structure of the unknown* 

The proton-decoupled, 13C-n m r spectrum of the unkno\\n dlsacchande 
methyl glycoslde (FIN 1 , 1 m TabIe I) shorked eIeven of the thn-teen hnes theoretlcally 
possible TWO of these peaks (b 61 48 and 71 89) were of nearly double mtenslty and 
thus constrtuted comcldent resonances The two anomerlc carbon resonances 
(6 100 35 and IO1 35) were otn~ous, as u ere the TV o C 6 atoms (S 61 48) and the 
glycosldx meth\ 1 group szgnal (~5 56 07) The presence of the two overlappmg peaks 
at S 61 48 ruled out 0-galactosylatlon at C-6, as the chenucal shift was charactenstrc 
of a C-6 atom bearmg a free hydrol.41 groupI Instead only the lme at 6 79 7s 
(C-3. C-3, or C-4) reflected the strong downfield shift expected from O-gaiactosyf- 
atlon One of the tit o colncldent resonances at 6 71 S9 \\ as unambrguously asslgned 
to C-5’ by comparison \\Ith C-5 m 4 The SIX resonances (8 69 33, 69 50, 69 91, 70 03, 
70 I I, and 71 S9) remammg unassqned spanned a range of only 2 6 p p m As the 
chemical shifts of C--l and C-5 In methyl /I-D-galactopyranoside differ bq more than 
6ppm I’_ our drsaccharlde thus contamed of two 1 2-cls(r)-D-galactopyranosyl 
groups 

The condensation had not resulted In 0-glycosylatron at C-3 Substitution at 
O-3 \kouId have Induced 3 3-4-p p m upfield shift m the C-3 resonance, relative to 

that of C--l In 4 Lenueux and Dnguez ’ S reported such shifts for C-4 In 3-o-x-D- 

galactopyranosyl-x-o-galactopyranose (3 7 p p m upfield) and m 3-O-r-D-galacto- 
pyranosyl-b-D-galactopyranose (3 9 p p m upfield), relative to C-3 m r-D-@acto- 

pyranose and m /i-D-galactopyranose, respectltcly That methylatlon of a helo- 

*The spectral hneb of z-D-galactose dewatlres \rcre &slgned b) Voelter PI al * 3 and by Lemleuv and 
Dnguez” bv compartson x\lth Incorrect assignments of the spectra of I-D-galactose and of 4 Our 
discussion refers to shift assignments from refs 13 and 14 that ue have corrected by compartson wtth 
the absolute awgnments of the spectral hnes of a-D-galactose and of -I, pubkhed by Germ and 
Mazurehl ’ 
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FIN 1 The 13C-n m r ~pcctrum of 1 In D20 

pyranose hydroy 1 group caubes cl slgmficant ( - 4 5 p p m ) upfield shift on P-carbon 

atoms bearmg anal hydroyl groups has been stated as a general tule by Voelter 

et al 13. based on their \Lorh on the methylatlon of galactopqlanose and on the 
studies of meth>Iated mowlo reported by Dorman et al I ’ This upfield shift has 
also been reported’ 6 ’ ’ for the C-2 resonances of mannose derlvatwes U-substituted 
at C-3 As none of the 511 unzbigncd hnes m the dlsaccharlde spectrum re\ealed an 
upfield shift of more than 0 S p p m from the C-4 lme of 4 (5 70 IA), the posslblhty 
of 0-galactoqktlon at C-3 u as ehmmated 

It \\ds expected that 0-substltutlon at C-2 would ha\e caused an upfield shift 
at the C- 1 resonance Voelter ef ul * 3 reported an upfield stift of 2 7 p p m for C-l 
of methyl 3,6-dl-0-methyl-r-D-galactopyranoslde, relative to the shift of C-l m 4 
Lenueul er al ” found that the C-l resonances of S-(methoxycarbonyl)octyl ~-O-X-D- 
glucopyranosyl-/I-D-galactopyranoslde and S-(methouycarbonyl)octyl 2-0-j3-D-gluco- 
pyranosyl-fi-D-galactopyranoslde *iere skufted upfield 0 5 p p m and 1 S p p m , 

respectively, relative to the C-l Ime of S-(methoxycarbonyl)octyI /i&D-g&CtO- 

pyranoslde A small upfield skft for C-l was also reported by Lermeux and Drlguez 
m the case of a 2- 0-substituted cx-D-galactopyranoseLa the C-l resonance of 2 O-z- 
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L-fucopyranosyl-rr-D-galactopyranose was 0 4 p p m upfield relattve to the C-l lme 
Of a-D-gahXtopyranose Usur ef al I9 reported an upheld shaft of 2 5 p p m for C-l 
of c+koJtbrose and for C-I of 2-O-methyl-r-D-ghrcopyranose, relative to C-l m 

a-D-glucopyranose In the case of our drsacchartde methyl glycosrde, the chemical 

shtft of one anomeric carbon atom (6 100 35) was ldentlcal w th that of C-l m 4 
(6 100 32), the other anomenc peak (5 101 35) was shtfted dozunfield relatrve to C-l m 

4 The former resonance was asslgned to C-l of our dtsacchartde and the latter to 
C- 1’ Thus, 0-substrtution at C-2 was ruled out, and the unkno\\n disaccharide 
methyl glycowde was identtfied as methyl 4-O-+D-galactopyranosyl-z-D-galacto- 
pyranoslde (1) 

We subsequently prepared by a separate procedure’ a nurture contammg both 
methyl 4-O-~-D-ga~actopyranosyL~-D-galactopyranosrde (6) and 1 We were able to 
verify the C-l and C-l’ assrgnments for 1, as the /?-anomeric C-I ’ resonance of 6 
appeared doL\nfield at S IO5 30 but the C-l resonance of 6 comcided with the C-l 
resonance of 1 at 5 100 35 The structure of 1 was aiso estabhshed by a chemrcal 

structure proof’ HoLiever, as Just described,, the structure of 1 could be deduced 
from the ’ 3C-n m r data Jane, even though SIY of the spectral assumments \\ere 
ambtguous (C-3, C-3, C-5, C-2 , C-3’, and C-4 ) 

The * 3C-n m r spectrum of methyl P-lactostde (5) has been pubhshed by 
Dorman and Roberts” and by Brcrtmaier et a/ ‘I The chemical shifts determrned by 

ub, hsted m Table I, agreed closely \\ith those from the spectra reported Wrthout the 
ard of rsotoprc labelhng the complete spectrum of 5 could not be assrgned ~11th 

certainty by the earher authors” ” or by us* In fact, only C-2’ (5 71 SS) C-4’ 
(ii 69 44), CA (6 79 .t7), and the I-OCH, (6 56 03) lutes were assrgned unambiguously- 

Although ambiguous, the remammg tentattve assrgnments were useful for the corn 
parrson of the spectrum of 5 \iith the spectrum of 2 m Table I 

The problems of identification of our unhno\\n tnsacchande methyl giycos,de 

\\cte srrmlar to those found for the disaccharrde denvatwe 1 As \\e consrdered the 

synthesis of 1 to be a rehable synthettc model for the trisacchatide synthesis’ ‘, me 
confidentIy expected the trtsaccharrde to be methyl -LO-[4-0-(;c-D-galactopyranosyI)- 
/3-D-gaiactopyranosyl]~a-D-ghrcopyranoslde (2) Comp,ulson of tile ’ 3C-n m r 
spectrum of the tnsacchar:de methyl glycosrde wth the spectra of 1 and 5 allo\\ed the 
choice of2 to the exclusion of the other possrble, isomeric structures 

At the t\\o extremes of the tnsacchar?de spectrum (Fig 3 2 m Table I) the 
resonances for the three anomerlc carbon atoms (5 101 35, 103 91, and 10-L ! 7), for 

the three hydroxy!-bearmg C-6 atoms (6 61 47,61 23, and 6 I 00), and for the I-OCH; 
carbon atom (6 58 03) were obvxous The presence of SIX hnes (S 101 25, 7 1 56, 70 05 
69 90, 69 49, and 61 47) that were nearly identrcal m shift to the MY hnes assrgned to 
C-l’ through C-6’ of 1 virtually assured that the tnsaccharrde contamed a termmal 

*We have assIgned the chemrca1 shifts of 5 by comparison wth the absolute assignments of thL 

spectral Irnes of methyl P-D-galactopyranoslde and of methyl B-D-glucop>ranosld._ publw ed bk 

Gortn and Mazurek” Both the C-3 and the C-5 lines of 5 are dcfimtely upficlci of the C-3 and C-S 
lines of metill /?-D-glucopyranostde u hlch comcrde” at 76 9 
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TABLE I 

13c-N M R CHEMICAL SHIFTS (P P M ) IN D20 

Compd b 4 1 2 5 

C-l 100 32 C-l 
c-2 69 12 c-2 
c-3 70 40 C-3d 
c-4 70 14 c-4 
c-s 71 60 C-Y 
C-6 62 Ii C-6 

C-l’ 
C-2’ 
C-3 
C4 
C-S 
C-6 

I -OCH3 55 93 I-0CH3 

100 35 
69 32’ 
71 89 
79 78 
70 11= 
61 45 

101 35 

69 50c 
70 03’ 
69 91’ 
71 89 
61 JS 

56 07 

C-l” 

C-2” 
C-3” 
C-4” 
C-5” 
C-6” 
C-l’ 

C-7 
c-3 L 
C-4’ 
c-5 k 
C-6 
C-l 
c-2 
c-3 
C-4 
C-5 
C-6 
I-OCHr( 

101 35 

69 49 
70 051 
69 901 
71 869 
61 47h 

103 9-v 
71 77’ 
76 29’ 
75 31 
73 76’ 
61 23” 

10-I 17’ 
73 14’ 
75 3s 
79 71 
75 68’ 
61 00” 
58 03 

C-l 103 87" 
C-2 71 s5 
C-3’ 73 69” 
c-4 69 @I 
C-5’ 76 33O 
C-6 61 89” 
C-l 103 99” 
C-2 73 4s” 

c-3 75 33” 
c-4 79 42 
c-5 75 65O 
C-6 61 OOp 
I-0CH3 5S 0; 

“Do\\nheId from tetrameth~iskme I,+Dloxane (6 67 45) \\s used .ts the Internal standard m the 
cA3Aatton of chemtcal shltts b-l Meth) I z-u-g&.tctop> ranostde, 1 hleth) 14-O-z-D-g&tctop} rdnosl I- 
z-D-gahCtOp\ r.mobldc, 2 mrth>I -! -0-I-u-SalactopSranosyl-8-lactosrdr and 5 kleth\l &lactostJe 
L--pCroups of several peaks the awgnmcnts for v.htch ma) be mterchang~able 

60 ppm 

Rg 2 The ‘T-n m r spectrum of 2 tn D,O (off-scale peak at 6 67 45 IS for 1,4-dtoxane) 
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1,2-crs(~)-D-,oaiactopyranosyl group These SIX lmes were assgned to C-l” through 

C-6” The remammg thn-teen lmes m the spectrum were paired wth resonances of 5 
%WficantlY, each of hveike of the mneteen Imes m the trlsaccharlde spectrum 
matched Its pair m the spectra of 1 or 5 wlthm 0 I p p m 

The C-4’ hne of 5 at S 69 44 was palred wth the hne at 6 75 31, which reflected 
the strong, downfield shift charactellstlc of 0-substltutlon The posslblhty of O- 
substltutlon at C-6’ or C-6 was elmunated by the presence of three peaks between 

6 61 0 and 61 5, which arose from three primary hydroxyl carbons atomsI As was 
argued in the structure proof of 1, 0-~alactosylatlon at C-3’ would have been 
expected to effect a slgmficcmt upfield shift of C-4’, relcitwe to C-4’ of 5 (refs, 13-17) 

NO lme betneen S 61 5 and 69 4 appeared m the spectrum of the trlsaccharlde and 
SO 0-gaIactoq Iation at C-3’ \i ds ruled out 

The C-l and C-l’ lmes m the trlsacchar,de spectrum \\eere shlfted only shghtly, 
relatwe to the C-l .md C-i’ peaks of 5 The ma-w-num possible upfield shift for each 

was 0 05 p p m (6 103 99 to 103 94) and the mawmum doI\ nfield shift for each was 

0 30 p p m (b 103 S7 to I01 17) Ho\\e\er, the posslbrhty of 0-substltutlon at C-3 or 
at C-3’ R& not e~JJllJnatcd bq these dat,r For example, USUJ et al I9 reported that the 
C- 1 peak of methvl 2-0-z-D-glucop~ ranosyl-P-D-glucopyranoslde (methyl /3-koj1- 
side) =as shlfted 0 5 p p 111 do\\nnfield from the C-l peak of methyl /?-D-gluco- 
p>ranoslde The etlect of 2- or 2’-0-substltutron on C-l or C-l ’ might have been 
equally small The porstbrlrt> of ?-0-g,tldctosylatron \r,ts not rmmedlately ewluded, 

as C-l nught ha\e been slufted upfield (8 79 42 to 75 31) and C-3 shlfted do\\nfield 

(& 75 33 to 79 71) rcl,Ltl\e to C--t .tnd C-3 111 5 Holiever, none of the possible t11- 

saccharlde Isomers other than the one 0-galactosylated at C-4’ would have been 
expected to reheal only three rather than four lmes betlteen 5 69 4 and 70 1 (cor- 

responding to C-3 , C-3’, and C--i’ of 1 and C--C’ of 5) Regardless of the pomt of 
0-substltutlon anv sgruficant do\\ niield slutt (at leaht I 75 p p m ) of the C-Z”, C-3”, 

,md C--i resonances \\ould h‘t\e been unexpected Like llse, such a doMnlirld sluft 
at C--t’ 1~ ould not ha\ e been predIcted unlebs substwtlon had occurred dt 0 3’ Thus 

the IdentIty of out tnsacch,n-lde 21) coslde ~‘1s estabhshed ds methyl 4 0-[-%-0-(r-u- 

galactopyr~nosyl)-/k-g&ctopqranos! I]-/l-u-glucopyranoside (2) 

The effect of glycoqlatlon at O-1 of a galactopyranoslde on the C-3 and C-5 
peaks cannot be st&ed \\~tli certamty The spectrum of 1 has ueen asslgnea ‘is rf the 
C-3 lme \\et-e slufred 1 5 p p m dou nfield and the C-5 peak 1 5 p p m upheld 

relative to the C-3 and C-5 peahs of 4 if the assignments \\ere reversed, the C-3 and 
C-5 Ilnes of 1 \\ould be a were 0 3 p p m remoled from their corresponding lmes In 4 

C-3 would be shlfted shghtly upfield and C-5 shshtly do\\nfield S~mllt,rlq, the 

chenucal shifts of 2 have been asslgned as if 0-galactosylatlon at O-4 of 5 hdd caused 
a downfield shift of C-3’ (2 6 p p m ) and an upfield shift of C-5’ (2 1 p p m ) AgaIn 

an alternate\ e assqnment (C-Z’, C-5’ reversed) \\ould lea\e rhe C-3’ and C-5’ hnes 

vn-tually unaffected by the conversIon of 5 mto 2 
Methylatlon’“, glucosylatlon”, or falactosylatlon at O-4 of either c(- or 

P-D-glucose causes d sgmficant upfield shift (N 1 2 p p m ) of the C-5 lme Inter- 
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estmgly, the C-3 hne IS shlfted upfield upon 0-methylatron, 0-/3glucosylatron, or 
0-P-galactosylatlon at C-4, but it IS shtfted dow&eld upon 0-cr-glucosylatJon at C-4 
of x- or /3-D-glucose I9 The studies of Voelter et al 1 3 on 0-methylated methyl 
galactopyranosrdes suggest mdrrectly that methqlatron at O-4 causes the C-3 line to 
be shrfted downheld and the C-5 lme to be shtfted upfield The C-3 peak IS shtfted 
upfield, and the C-5 peak 1s slufted downfield m methyl 2,6-dt-O-methyl-r-D-galacto- 
pyranoslde, relative to the C-3 and C-5 lines of 4 In contrast, the C-3 line 1s shifted 
downfield, and the C-5 lme IS slufted upfield in methyl I&3,4,6-tetra-O-methyl+D- 
galactopyranosrde, relatJve to the C-3 and C-5 peaks of methyl 3-O-methyl-&D- 
galactopyranostde’ 3 Thus rt IS not unhkely that O-cc-galactosylatron at C-4 of 1 and 
C-4’ of 2 caused upfield shafts of the C-5 lme of 1 and the C-5’ lute of 2, and downfield 
slnfts of the C-3 peak of 1 and the C-3’ peak of 2 

13C-N m I spectroscopy has thus proved extremely useful m deterrnmatton of 
the structures of the synthetrc drsaccharrde 1 and of the syntbetrc trrsaccharJde 2 The 
spectra obtained for these pure methyl glycosldes Lveere simpler than those expected 
for the correspondmg reducm g sugars as only one anomer of each was present m 
solution Absolute assignment of the spectra was rmpossrble, but the comparrson of 
spectra of structurally related compounds > rclded leguuuate structure-proofs for 1 and 
2 1 3C-N m r spectroscoprc analysrs 1s simple, qulch. and nondestructive, yet It 
provrdes a ~1 ealth of structural mformatron 
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