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ABSTRACT 

‘H-N.m.r. spectra for solutions in dlmethyl sulphoxide-d, of disaccharides related 

to hyaluronate and chondroltin sulphate are compared with those of their methylated 
derivatives. All resonances, including those of HO and HN groups, have been 
assigned. The temperature and concentration dependences suggest that HO-4 of the 

hexosamine residue in hyalobiouronate (but not that m chondrosinate) is hydrogen- 
bonded to O-5 of the uranic acid residue. The resonance of HO-2 of the uronate 
residue of chondrosinate also shows anomahes that may arise from mtra-residue 
hydrogen-bonding. These findings confirm the existence of some features previously 
suggested to be present m glycosaminoglycuronan polymers. The resonance of HO-4 
of the uronate residue in the disaccharides and in sodium (methyl a-D-glucopyrano- 
sld)uronate behaves as though there was a hydrogen bond between the carboxylate 
group and HO-4. 

INTRODUCTION 

The acetamido group, like the peptide bond, can be simultaneousty a donor 

and acceptor in a hydrogen-bonded system. In hyaluronate and chondroitin sulphate, 
carboxylate and hydroxyl groups are available to interact with the acetamido group’. 
Glycosaminoglycuronans thus occupy a position between the polypeptides, in which 
-- 
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extended, hydrogen-bonded sequences are possible, and the homoglycans, such as 
cellulose, in which intramolecular hydrogen-bonds occur, but only between singly 
bonded groups. 

The role of the acetamldo group in promoting long-range order in some glycos- 
aminoglycuronans was first proposed to account for anomalously low rates of 
periodate oxidation’. Molecular model building with Courtauld space-filling units, 
constructed according to available X-ray data, supported the hypothesis’. Recently, 
computer calculations have reinforced the possibility’. Varratrons of the lI-I-n.m.r. 

chemical shift of the acetamido methyl group of glycosammoglycuronans dissolved in 
D1O were interpreted on the basis that the proposed hydrogen-bonded array was 

present m some polymers, but not in a113. 
There are important physiological implications. Polymers which possess 

acetamido-centred, hydrogen-bonded arrays should be stiffened, and the relevant 

glycosaminoglycuronans, hyaluronate and chondroitin 4- and 6-sulphates, do indeed 
behave in solution as very stiff chains’. Non-stiffened glycosaminogIycans should 
have a greater capacity for intermolecular Interactions, smce more of their hydrogen- 
bonding groups are free, and they can take up a greater range of polymer conforma- 
tions. Molecular models suggest that dermatan sulphate and heparan sulphate are 
non-stiffened glycosaminoglycuronans, and they are seen to Interact specifically 
wrth collagen fibres4 and cell membranes. 

Although very suggestive, the evidence for the hydrogen-bonded structures is 
not direct. In principle, the n.m.r. spectrum should contam the necessary information, 
but only if the polymer is dissolved in a solvent in which the relevant protons do not 
exchange rapidly, thus rendering them unobservable. Because dimethyl sulphoxide 
was used successfully for this purpose m investigations of saccharidess, we have 
applied it in the glycosaminoglycan field. The spectra of the constituent monomers 
(hesuronates, N-acetylhexosamines) have been interpreted6, and we now present 
data at the next level of complex&y, the disaccharides, in which inter-residue inter- 
actions may become visrble. 

Glycosammoglycan repeatmg-units are drsaccharides of considerable chemical 
complexity, hitherto accessible only by enzymic or acid hydrolysis of the natural 
polymer. Appropriate enzymes are frequently not available, and products of acid 
hydrolysis require careful purification and mod&cation (e.g., by re-acetylation) 
before their relevance can be established_ The best products from either procedure 
still pose difficulties m n.m.r. spectroscopy, since, in their reducing form, two different 
sets of signals, corresponding to the a and /? anomers, are observed. Instead of -30 
protons, close to 60 require assignment. In this paper, we make use of crystalline 
disaccharide glycosides, obtained either by synthesis (2, 4) or by methanolysis of 
hyaluronic acid (4) or methylated hyaluronic acid (5) The n.m.r. spectra of these 
compounds were greatly simplified, and the chemical structures are not in doubt. 

All of the protons have been assigned for disaccharides from the hyaluronate 
series, and for sodium N-acetylchondrosinate (6) prepared from chondroitin suIphate. 
Clear evidence for Inter-residue hydrogen-bonding has been obtained, providmg 
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OH 

1 R’ = Allyl,R2= R3 = R” = A& = Me 6 

2 R’ = Al,yl,R2 = R3 = R4 = ,$ = H 

3 d= R== Me,R2=R3= R4=Ac 

z, R’ = Me, R’ = R’ = R4 = R= = ” 

5 R’= R*= R3= Me R”= R5= H 

direct support for some of the features in the previously proposed, secondary struc- 
tures of the glycosaminoglycuronans 

The crystalline ally1 glycoside 2 was obtained by alkalme hydrolysis of ally1 2- 
acetamido-4,6-di-0-ace@-2-deoxy-3-0-(methyl 2&t-tri-O-acety&/?-D-glucopyrano- 
syluronate)-a-D-glucopyranosrde7 (I), the crystalline methyl glycosrde 4 had been 
obtained by methanolysis of hyaluronic acid’ or was obtained by alkaline hydrolysis 
of methyl 2-acetamido-4,6-di-O-acetyl-2-deoxy-3-O-(methyl 2,3,4-tri-O-acetyl-j?-o- 
gIucopyranosyluronate)-a-D-glucopyranoside’ (3), and crystalline methyl 2-acet- 
amido-2-deoxy-3-O-(2,3-di-O-methyl-~-~-glucopyranosyluronic acid)-4,6-di - 0 -me- 
thyl-a-D-glucopyranocide (5) had been obtained by methanolysis of methylated 
hy aluronic acid”. 

EXPERIMJ3TAL 

Methods. - lH-N.m.r. spectra were recorded at 300 MHz with a Varran 
SC-300 instrument. Chemical shifts were measured using the residual proton signal 
of the solvent as reference, assuming its chemical shift to be 6 2.5. 

Materials. - 2-Acetamido-2-deoxy-D-glucose was a commercial sample. 
N-Acetylchondrosinale (6) was a gift from Dr. A. Olavesen. Methyl (methyl a-D- 

glucopyranosid)uronate (9) was prepared by Dr. B. Samuelsson (Stockholm Uni- 
versity) and we are grateful to Professor B. Lmdberg for a gift of this material. It was 
converted into the sodium salt by hydrolysis with aqueous Na,CO, (50% excess) 
overnight at room temperature. The solution was neutralised with HCl, and freeze- 
dried. The disaccharides were titrated to pH 6.5, with 1Om~ sodium hydroxide. The 
crystalline compounds required - 90 % of the theoretical amount of sodium hydroxide, 
whereas N-acetylchondrosmate (6) required -40 % of the theoretical amount of 
sodium hydroxide. The freeze-dried compounds dissolved easily in Me,SO-d,. 

AUyl 2-acetamido-2-deo~y-3-0-(B-D-gZucopyranosyl~fronic acid)-a-D-giucopyra- 

noside (2). - To a solution of ally1 2-acetamido-4,6-di-O-acetyl-2-deoxy-3-O-(methyl 
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2,3,4-tri-~-acetyl-~-D-glucopyranosyluronate)-a-D-glucopyranoside7 (1, 75 mg) in 

anhydrous methanol (1 mL) was added 0.24~ barium methoxide (4 mL) at 0”. The 

solution was kept at O-4” overnight, and t.1.c. (65 -25 :4, chloroform-methanol- 

water) then showed total conversion of the startmg material mto a product having 

R, 0.05. Water (5 mL) was added at O“, and the sol&Ion, at room temperature, was 
passed through a column of Amberhte IR-120 (H+) resin, which was eluted with 
1 - 1 methanol-water (15 mL) and then water (5 mL). The combined eluate and 
washings were evaporated, and the residue was recrystalhsed from methanol-acetone, 
to give clusters of needles (40 mg, 81x), m.p. 195-198” (dec.), [a]2p f54” (c 0.14, 
methanol); t l.c. (7.3 I-propanol-water): RF 0.45; v”,t; 3510, 3450, 3400 (OH), 
3315 (NH), 1735 (CO,H), 1665 (Amide I), and 1540 cm-’ (Amide II). 

Anal. Calc. for C,,H,,NO,, * 0.5 H,O: C, 45.74; H, 6.32; N, 3.14; 0, 44.80. 
Found: C, 45.51; H, 6.65; N, 3.15; 0, 44.77. 

Metlq 1 Z-acetamido-2-deo_~y-3-0-(8-D-gI~lcopyranos~~l~~ronrc acid)-a-D-gluco- 

pyranoside (4). - A solution of methyl 2-acetamido-4,6-di-0-acetyl-2-deoxy-3-0- 
(methyl 2,3,4-tn-0-acetyl-~-D-glucopyranosyluronate)-~-D-glucopyranosideg (3, 20 

mg) was treated with 0.24~ barmm methoxide (1 mL) at 0”, as described for 2, to 
give, after crystalhsatlon from methanol-acetone-ether, rosettes of needles (11 mg, 
83 %), m-p. 202-205 o (dec.); lit.’ m.p 207-210” (dec.); on admixture with the original 
sample’, the melting pomt was not depressed, and both samples showed identical 
melting patterns; [a]? +33 o (c 0.06, methanol); lit.8 [a]h4 f32” (methanol); 
t.1.c. (7 :3, 1-propanol-water): RF 0.35; vmnx KBr 3510, 3450, 3400 (OH), 3315 (NH), 
1735 (CO,H), 1650 (Amide I), and 1545 cm -’ (Amide II). This spectrum was similar 

to that of the original sample’, except that the Amide-I band of the original sample, 
which crystallised with one molecule of water, appeared at 1630 cm- ‘, an expected 

downward-shift of the C=O stretching, absorption frequency due to hydrogen 

bonding. 

RESULTS 

The crystalline disaccharides gave well-resolved, largely first-order spectra. 
The chemical shifts listed m Tables I and II were established by spin-decoupling, 
based on the unequivocal assigument of the lowest-field resonance at 6 7.82 to HN-2. 
The small differences between the chemical shifts of particular nng protons m the 
glycosides 2, 4, and 5 are understandable in terms of the difference in chemical 
structure. The coupling constants for the ally1 glycoside 2 (Table I) were obtained 

from a first-order analysis. Values for JXS4 and J4,s for the amino sugar residue are 
approximaLe, because these protons resonate at similar frequencies, and the spectrum 

shcws significant second-order coupling effects. The coupling constants of the methyl 
glycosides 4 and 5 are essentially identical to those of 2, and are therefore not reported 
separately. The values of t2 Hz assigned to JH-4,,HO-4, is based on the observation 

that the HO-4’ resonance in 2 is a singlet with a line-width of 3 Hz. 
A spectrum of sodium Wacetylchondrosinate (6) has been brlefly described6. 
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TABLE I 

5 

CHEMICAL SH1Fl-S AND COUPLING CONSTANTS FOR A SOLUTION= OF THE SODIUhI SALT OF ALLYL 2- 
ACETAhlIDO-2-DEOXY-3-O-(IY.D-GLUCOPYRANOSYLURONIC ACID)-OI-D-GLUCOPYRANOSIDE (2) IN Me&O- 
ds AT 22” 

Chemical shifts (6) Coaplwg constants (Ffz) 

Amino sagar restdae 
H-l 4 78 
H-2 3.76 
H-3 3.65 
H-4 3.26 
H-5 3.41 
H-6 c 3.65, 

3.52 
CH&O 1.85 

HN-2 7.82 

HO4 5.57 

HO-6 4 63 

Uromc actd restdae 
H-l’ 4.35 
H-2’ 3.00 
H-3’ 3.12 
H-4 3.09 
H-5’ 3 25 

HO-2’ 4.70 
HO-3’ 4.95 
HO-4 7.01 

AhyI group 
Allylic protons 
OIefinic protons 

3 93, 4.12 
5.17, 5.34, 5.90 

3.2 
10 5 JH--2,HS--3 7.3 

-9 
-9 JH-4 ~0-4 1.7 

JH--6 HO--G 5.6 

7.9 
8 
85 
9 

JH--e ,HO--~ 4.0 
JK--~..Ho-3’ 45 
JET-~ ,RO-4’ <2b 

a- 1% w/w_ b&e text. 

TABLE IL 

CHEMICAL SHIFI-S FOR SOLUTIONS= OF THE SODIUhl SALTS OF h&THYL 2-ACETAhlIDO-2-DEOXY-3-0-@-D- 

GLUCOPYRANOSYLURONIC ACID)-a-D-GLUCOPYRANOSIDE (4) AND hlmL 2-ACETAMIDO-2-DEOXY-cu-3-0- 

(2,x-DI-O-hfETHYL-fi-D-GLUCOPYRANOSYLURONIC ACID)-4,6-DI-o-METHYL-CL-D-GLUCOPYRANOSIDE (5) 

IN Me&O-d6 AT 12 o 

Compound 4 Compotmd 5 

Amino strgar residae 
H-l 464 
H-2 3.75 
H-3 364 
H-4 3.3 
H-S 34 
H-6 c 3.64, 

3 51 
CH3CO 1.84 
CH30 3.26 

Uromc acid resrdae 

$;I 4.34 3.02 
H-3’ 3.12 

H-4 3.12 
H-5’ -35 

H-l 4.46 
HN-2 7.82 H-2 3.94 HN-2 8.01 

H-3 3.94 
HO-4 5.58 H-4 3.08 

H-5 3.64 

HO-6 4 64 H-6 3 51 
CH3CO 1.82 
CH30 3.27, 3 30, 3.46 

H-l’ 4.64 
HO-2 4.70 H-2 2 69 
HO-3’ 4.96 H-3’ 2.90 
NO-4 6 98 H-4 ~324 HO-4 7.18 

H-5 ~3 24 
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TABLE III 

CHEMICAL SHETS AND SELECED COUPLING CONSTANTS FOR A SOLt.JIION” OF SODIUM ~-ACEIYLCHON- 

DROSMATE (6) IN Me&O-& AT 22” 

Chemical shifts (6) CoupIing constatzts (Hz) 

I CC-D dnomer 

d mum sugar residue 
H-l 5.05 
H-2 4.04 
S-j -3.5 
H-4 3.86? 
H-5 3.95? 
H-6 -3.5 
CHsCO 1.82 

HO-l 6.45 J1.Z -2.5 JH-I.Ho--~ 3.8 
I-IN-2 7 69 JH--2.~~--2 7.5 

HO-4 4.68? JH--4.~0-4 4.5 

HO-6 4 68 J~-6.Ho-fi - 5.5 

Uranic acrd resrdue 
H-i’ 4.39 
H-2 3.02 
H-3’ - 3.1 
H-4 -3-l 
H-5 - 3.5 

J1.,e* 7.5 
HO-2 4.57 JH-Z*,EIO--0s 2.6 
HO-3’ 4.91 JH--~‘.Ho--3 -2.5 
HO-4 6 95 

II B-D- dnomer 

Amino sugar residue 
H-l 4.45 
H-2 3.71 
H-3 -3.5 

ii: 
3.82? 

- 3.5 
H-6 -35 
CH3CO 1.82 

Uranic acrd residue 
H-l’ 4.29 
H-2 3.02 
H-3’ -3.1 
H-4’ - 3.1 
H-5 -35 

HO-l 6 56 Jl.2 7.5 JH--1.~0~-I 6.2 
HN-2 7.79 JH-z.HN--8 7.8 

HO-4 4.61? JH--4. tie-4 -4.5 

HO-6 4 68 

Jl*.e, 7.5 
HO-2 4.42 JH-‘T.Ho--2, 2.3 
HO-3’ 491 JH-S’.HO--3’ - 2.5 
HO-4 695 

We subsequently found that the sample contained the equivalent of 40% of un- 
neutralised acid, which led (see below) to the removal (by rapid exchange) of the 
HO4 signal from the spectrum and to shifts in several other peaks. On full neutralisa- 
tion, proton exchange was suppressed and the HO-4’ resonance appeared at 6 - 6.95. 
A full assignment of the spectrum was not possible previously, but both LY and /3 
anomers were present in appreciable amounts. The same was true of the fully neutralis- 
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ed sample, the a:/? ratio being - 3 : 2. Further spin-decoupling experiments have 
established the almost complete assignments in Table III. 

The spectra of methyl (methyl cr-D-glucopyranosid)uronate (9) and the sodium 
salt 7 were compared, and details are given in Table IV. The line-width of the HO-4 
resonance in the sodium salt was -25 Hz, due to exchange broadening, and the 
H-4’,HO-4’ couplmg was not resolvable. If JH-4n,HO-3B were large enough to produce 
resolvable splittings (3 3 Hz), comparable exchange-broadening effects would be 
expected in the H-4’ resonance. However, no such effects were observed, implying 
that JH-4..HO-4. is t2 Ht. 

CH200it 

0 

It-i- 

OH OH 

HO 

OH NHAc 

7 R’ = H.R’= No+ 10 
8 R’ = Me,R’ = NQ+ 

9 R’ = R’= Me 

All individual HO and NH resonances were observed, indicating relatively slow 
proton-exchange with other sugar molecules or with the small amount of unavoidable 
water impurity. With three exceptions, the exchange was so slow that spin-spin 
coupling was clearly resolved. The exceptions were the HO-4 signals for the sodium 
salt of the methyl glycoside 4, sodium N-acetylchondrosmate (6), and sodium 

TABLE IV 

CHEMICAL SHIFTS AND COUPLING CONSTANTS FOR SOLUiIONSa OF &LETHYL. (CINY,_ or-D-G,_,,COPYRA- 

NOSID)URONATE AND SODIUM (M!ElHYL CC-D-OLUCOPYRAN0SID)LJRONAl-E 

Chemical shifts (6) Coupling constatlts /Hz) 

Methyl ester 
H-l 4.61 
H-2 3.24 
H-3 3.40 
H-4 3.36 
H-5 3.85 

MeO-1 3 29 51.2 3.5 

HO-2 4.88 32.3 b JH-Z.HO-a 6 
HO-3 496 J3.4 c JH-3,HO-3 4 
HO4 5 28 J4.5 9.5 JE-4.~0-4 55 
MeO-6 3.67 

Sodium salt 

H-l 4.63 
H-2 3.20 
H-3 3.35 
H-4 3 09 
H-S 3.45 

MeO-1 3 27 J1.Z 3.5 
HO-2 4.79 52.3 b Jx-Z.HO-2 6 
HO-3 4.81 53 4 9 JH-3.~0-3 5 
HO-4 6.74 J1.5 10 JH--~.Ho--4 <2= 

am 1% w/w. %mBiciently resolved. cSee text. 
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TABLE V 

TEUPERATURECOEFRCIENTS(HZ/DEGREE)OF NH AND OH CHEMICAL-SHIFTS FORSOLUTIONS=OFMONO- 

AND DI-SACCHARIDESIN MeSO-ds AT 300 MHz 

Proton Conpound 

Ii- 5 6 7 8 9 10 

__- 

HO-l’ 2.9 2.0 2.0 
HO-2’ 20 08 23 
HO-3’ 23 1.3 24 2.0 1.9 
HO-4’ 0 11 0.5 0.24 0.45 0 55 1.63 
HO-1 0.9 13 
HN 1.3 12 0.9b 2.1 
HO-3 16 
HO-4 0.9 I.0 1.6 
HO-6 18 10 1.8 
- 

(I- 1:; w/w. bO.4 for D-D anomer 

TABLE VI 

CONCENTRATION DEPENDENCE“ OF NH AND OH CHEMICAL-SHIFTS FOR SOLUTIONS OF hlOBO- AND DI- 

SACCHARIDES IN Me&O-& AT 300 MHz 

Proton Compound 
- 

2 5 6 7 8 9 10 

HO-1 -5 0 
HN 0 i9 +1 0 
HO-3 0 
HO4 -22 -14 0 
HO-S -95 -14 0 
HO-I’ -99 
HO-Z -7 -14 -54 -21 -2 
HO-3’ -15 -9 -48 -26 -2 
HO-4 +50 t37 i38 +99 c52 -2 

- - 

=Shift III Hz for a four-fold dtlution of a solutton origmally - 1% (w/w)_ Posttive shifts are to higher 
frequency (louer field). 

(methyl E-D-glucosid)uronate (S), which showed significantly enhanced broadening, 
resulting in lme-widths at half-height of -25 Hz. In comparison, the HO-4’ stgnals 
In the ally1 glycoside 2 and the methyl tetra-O-methylglycoside 5 showed line-widths of 
only 3 Hz. In view of the similar structures and solution conditions of the four samples, 
it is difficult to attribute the variation in lme-width to anything other than the presence 
of small amounts of adventitious acidic or basic impurities. 

To investigate association effects, Including hydrogen bonding, the temperature 
and concentration dependences of the chemical shifts were studred. The results for 
the disaccharide HO and HN signals are given in Tables V and VI together with 
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results for the corresponding monomeric sugars. The ‘H-n m.r. spectrum of 2-acet- 

amido-2-deoxy-D-glucose (10) in dimethyl sulphoxide-ds has been published”, but 
not the temperature and concentration dependences. The chemical shifts of CH 

protons were essentially independent of changes in temperature and concentration. 

DISCUSSION 

The chemical shifts and couplmg constants in Tables I-III are consistent with 

those reported elsewhere for similar compounds. In particular, the couphng constants 
Indicate “C,(D) conformations of the rings in all the compounds. 

The principal interest in this work is the behaviour of the OH and NH chemical 
shifts, which reflect the extent of hydrogen bonding. It is well known that increased 
strength of hydrogen bonding leads to a downfield shift of the proton involved, and 
hen-e, in general, the temperature and concentration dependences of the chemical 
shifts given in Tables V and Vi indicate the existence of hydrogen bonding involving 
all OH and NH protons. This is not surprising in view of the undoubted occurrence 
of hydrogen bonding to the highly polar dimethyl sulphoxide solvent. However, 

there are several sigmficant differences between the behaviours of certain protons, 

which point to specific hydrogen-bonded structures other than general sugar-solvent 

interactrons. 
The temperature coefficient of the chemical shift for the HO-4 proton m the 

disaccharides 2, 5, and 6 and in sodium D-glucuronate (7) IS much less than that for 
other hydroxyl-group protons, and this peak moves downfield with decrease m 
concentration, whereas all others move upfield. For sodium D-glucuronate, the HO-4 

shift is conststent with an equthbrium of rapidly exchanging monomers and drmers6. 
Since drlution decrease dimerisation, the upfield shift of HO proton signals other 
than that for uranic HO-4 mdicates that, for the dimer, these protons are involved 
to some extent in hydrogen bonds that are stronger than those for the monomer. 
The contrasting downfield-shift of the uranic HO-4 signal indicates that the hydrogen 

bonding in the monomer 1s stronger than in the dimer. Since no dilution shifts were 
observed for 2-acetamido-2-deoxy-D-glucose or the methyl ester 9, it is clear that the 

carboxylate group plays a central role in the association phenomenon. It is suggested 
that the sugar aggregation occurs chiefly via strong hydrogen bonds between hydroxyl- 
group protons and the carboxylate group, possibly supported by weaker bonds 
between pairs of hydroxyl groups that are not sufficient in themselves to produce 

aggregation, but which may be formed once the principal bond has drawn the mole- 
cules together. The upfield shift of proton signals other than that of uranic HO-4 
on dilution can therefore be understood in terms of the replacement of the strong, 
carboxylate hydrogen bond by weaker solvent-interactions. The downfield shift of 
uranic HO-4 on ddution must then arise from the development of an intramolecular 

hydrogen-bond to the carboxylate group in the monomer. This intramolecular bond 
IS similar in structure to the well-known example in salicylic acid. However, because 

of the aliphatic ring structure, the geometry is not entirely favourable, and the intra- 
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molecular carboxylate bond will form only when the intermolecular bonds are dis- 
rupted The low value (t2 Hz) of JH-4S,HO-4. in the sodium salts of compounds 2 

and 8 IS consistent’2 with the dihedral angle of -90” needed to form this intra- 
molecular bond. In comparison, the value of 5.5 Hz for JH_4,HO_4 in the methyl ester 
is consistenP2 with an essentially freely rotating hydroxyl group. The occurrence of 
the HO-4 signal at much lower field for the sodium salt (6 6.74) than for the methyl 
ester (S 5.28) is also indicative of the formation of a hydrogen bond with the carboxy- 
late group. 

The observation that all OH and NH signals show a dilution shift suggests that 
any hydroxyl-group proton may be mvolved m hydrogen bondmg to the carboxylate 
group, though the magnitude of the dilution shaft does not necessarily reflect the 
degree of such participation, since the extent of hydrogen bonding with other hydroxyl 
protons and with the solvent may also vary from site to site. 

The relative temperature coefficients of the OH chemical-shifts support the 
above proposals. An increase in temperature decreases the extent of intermolecular 
hydrogen-bonding, but leaves mtramolecular bonding essentially unaffected. Hydroxyl 
signals other than that of uranic HO-4 therefore move upfield with increase in 
temperature, since their interactions in both monomer or dimer are largely inier- 
molecular. The uromc HO-4 signal is relatively unaffected by warming, because the 
anticipated, upfield, temperature shift is balanced by the downfield shift consequent 
on disrupting the dimer, and forming an intramolecular hydrogen-bond. 

A further aspect of this work concerns the possible formation of intramolecular 
hydrogen-bonds between sugar residues. Concerning HO-4 of the hexosamine 
residue, two findings are relevant: (a) the low value of the temperature coefficient of 
the chemical shift in the ally1 glycoside compared to those for HN and HO-6, and 
(6) the low value (1.7 Hz) of HH_4,HO_S, which indicatesI a dihedral angle of 90-120”. 
These data are consistent with the formation of a hydrogen bond between the HO-4 
and the ring O-S of the uranic acid residue, as previously suggested’. It is signmcant 
that, in sodium N-acetylchondrosinate (6), the temperature coefficient of the HO-4 
proton signal is the same as those of other hydroxyl group protons, and the value 
(4.5 Hz) of JH-4,HO_4 1s much closer to that expected for free rotatton of the hydroxyl 
group. In sodium Ar-acetylchondrosinate (6), HO-4 is axial, as opposed to equatorial 
in the ally1 glycoside, and the proposed Inter-residue hydrogen-bond is therefore not 
possible. 

With regard to HO-2’, it is relevant that the coupling constant (JH_2,,HO_2P) 
in sodium N-acetylchondrosinate is 2.3 Hz, compared with 4 Hz in the ally1 glycoside 
of sodium hyalobiouronate. The lower value shows a preference for conformations 
with a dihedral angle of 60-120”, whereas the higher value indicates relatively 
unrestricted rotation_ It is posstble that the difference arises from the formation in 
N-acetylchondrosinate (6) of a weak hydrogen-bond between HO-2’ and the acet- 
amido C = 0 group. MolecuIar models show that this bond requires a dihedral angle 
of -9O”, but it cannot be formed simultaneously and efficiently along with the HO4 
bond mentioned above. 
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The evidence for the existence of these hydrogen bonds provides support for 
the proposed secondary structures in certain glycosaminoglycuronans’. 
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