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isomers and some other indigoids of special interest we 
hope to report in due time. 

Ancient crushed shells, excavated from a former 
Phoenician dye industry near Sidon at  the Lebanese 
coast, were identified as belonging to Murex Trunculus, 
a mollusk quite common at  the rocky shores of Lebanon. 
Natural Tyrian Purple was extracted from freshly 
caught animals, following instructions given by Aris- 
totle4 and P l i n ~ . ~  The e.s.r. spectrum obtained is 
typical for indigo and was found to be identical to the 
one of 6,6‘-dibromoindigo, kindly synthesized for us by 
Dr. Floyd Tyson of Philadelphia. Earlier it was shown 
by Friedlaender‘j that juices extracted from Murex 
Brandaris, a species found mainly in the northern 
Mediterranean, contain 6,6’-dibromoindigo as the 
principal pigment. Our analysis gives final proof that 
also the old Phoenician dye consisted mainly of 6,6’-di- 
bromoindigo and that it is justified to call the latter com- 
pound “Tyrian Purple.” 

Conclusions 

The e.s.r. spectra of the basic indigoid dyes could all 
be fully explained by assuming that there are four suc- 
cessive triplet splittings, with splitting constants rang- 
ing from about 2 gauss to about 0.5 gauss, due to the 
four pairs of aromatic ring protons, and additional quin- 
tets if the heteroatoms are nitrogens. In  the earlier 
communication on thioindigo3 it was shown how each 
of these triplets should be assigned to a particular pro- 
ton pair. The similarity of the spectra justifies the 
adoption of the same assignment for the cases that the 
hetero-atoms are selenium, oxygen, or nitrogen. The 
effect of the heteroatom substitution is mainly one of 
over-all increase of odd electron density in the outer 
rings of the molecule, about proportional to the electro- 
negativity’ of the Z-atoms. As a result the splitting 
constants in the molecule with 2-atoms of large electron 
affinity will be larger and produce wider e.s.r. spectra. 
The splitting constants in gauss for the various aro- 
matic ring proton pairs, as resulting from our analysis, 
are collected in Table I. The error in these data is 
about 5%. Note that the splitting constants for 
selenium, sulfur, and nitrogen are obtained with ace- 
tone solutions, whereas for oxygen glacial acetic acid 
had to be used. 

In  the series Z = Se, S, 0, K the increase in the observ- 
able over-all odd-electron density must be at  the ex- 
pense of the density in part (namely the chain O=C- 
C-C- C-0-) of the central H-shaped chromophore.* 
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Whether the glycosidic link in disaccharides is a 
or 0 can be determined from Hudson’s ruIes2s3 or en- 
zymatic hydrolysis ~ t u d i e s . ~  In  this paper we will 
show how proton n.m.r. spectroscopy may be used to  
determine link configurations in glycosides of glucose 
and galactose. 

Fig. 1 shows the n.m.r. spectra of glucose (I), 
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Fig. 1.-N.m.r. spectra of glucose derivatives at 60 Mc./sec. 
( r e f .  DSS). 

cellobiose (11), and maltose (111) at  60 Mc. in deuterium 
oxide solution. The abscissa is in T values5 with 
the reierence being the (CHI)3Si- line of sodium 2,2- 
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dirnethyl-2-silapentane-5-sulfonate (hereinafter DSS), 
a water-soluble internal reference compound whose main 
resonance is a t  the same frequency as the commonly 
used n.m.r. reference tetramethyl~ilane.~,' The posi- 
tion of the anomeric proton on C-1 is unique and 
appears a t  low applied magnetic fields (4.58 to 5.58 T )  

because the carbon to which it is attached bears two 
electron-withdrawing oxygen atoms. All other protons 
are attached either to oxygen or to a carbon bearing a t  
most one oxygen atom. Thus the resonance of the 
protons attached to C-2, C-3, C-4, C-5, and C-6 
fall in the region 5.67 to 6.67 T and, although the spec- 
trum in this region is characteristic for the particular 
sugar moiety, this part of the spectrum will not be 
analyzed in the present paper. The protons attached 
to  oxygen form an exchanging pool with the residual 
water in the deuterium oxide solution and have a single 
sharp resonance near 5.25 T .  

The spectrum of D-glucose (I) illustrates the effect 
O F  mutarotation on the resonance of the anomeric 
proton in a mono- or a reducing oligosaccharide. The 
ratio of p to a is roughly 2:19; thus the doublet a t  

1 (p-D-glUCOSe) I (oc-D-ghCOSe)  

5.35 T must be due to HB while the doublet a t  4.78 T 
is due to H a  (Ha and H a  are the anomeric protons in 
p- and a-D-glucose, respectively). The assignment of 
line positions is in accord with other considerations 
since an axially oriented hydrogen (Ha) is more shielded 
than an equatorially oriented hydrogen ( H a )  and should 
resonate a t  a higher applied magnetic field.10 Further- 
more, t'he spin-spin coupling constant between the 
protons on C-1 and C-2 is 3.0 C.P.S. in the case of 
a-D-glucose (typical of axial-equatorial couplingslO), 
and 7.4 C.P.S. for p-D-glucose (typical of axial-axial 
coupling10). 

In  4-0-P- D - glucopyranosyl- D - glucose (cellobiose) 
(11) the anomeric proton a t  the glycosidic link ( H G ~ )  
resonates a t  5.50 T with a Jlz coupling constant of 7.4 
C.P.S. In  the spectrum there appear the two doublets 
already observed in the glucose spectrum for H@, 5.35 
T (Jlz = 7.4 c.P.s.), and for H a ,  4.78 T (J12  = 3.4 c.P.s.). 
Maltose (111) 4-O-a-~-glucopyranosyl-~-glucose~ illus- 
trates an a glycosidic link in which the anomeric proton 
a t  the glycosidic link ( H G ~ )  resonates a t  4.62 T ( J I 2 =  
3.4 c.P.s.) which is near that observed for H a  (4.80 
T ,  JIZ = 3.4 c.P.s.) in the same spectrum. The two 
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I1 (Cellobiose) 

cannot be confused since H G ~  is a more intense doublet 
than Ha.  Every molecule ot maltose has an H G ~  
proton while only part of the molecules have an H a  
proton. In  addition, maltose has a doublet due t o  
Ha (5.37 T, J H  = 7.4 c.P.s.). In  both maltose and 

111 (Maltose) 

cellobiose the position, intensity, and coupling constants 
for Ha and Ha are quite near those observed for D- 
glucose. A possible conformation for maltose with the 
glycosidic link inverted seems unlikely, as it would 
place four groups in the nonreducing portion of the 
disaccharide in a sterically hindered axial position as 
opposed to only one axial group in conformation 111. 
Furthermore, the observed chemical shift of 4.62 T 

is far removed from that observed for axial anomeric 
hydrogen in glucose and cellobiose. Similar arguments 
can be applied to show cellobiose really has the con- 
formation I1 and not one with an equatorial anomeric 
hydrogen since the latter would require an equatorial- 
equatorial coupling constant of 3 C.P.S. instead of the 
observed 7 c.p.s.'O Although I1 and I11 undoubtedly 
show the true conformation of the glycosidic link in 
maltose and rellohiose the possibility of doubt with 
some othcr monosaccharides leads us to restrict the 
present study to glycosides and oligosaccharide of 
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TABLE I 
N.M.R. SPECTRA OF MOKO-  AND OLIGOSACCHARIDESo I N  DzO 

D-Glucose 
~O-a-~-G~ucopyranosyl-D-g~ucose (maltose) 
~O-~-D-G~ucopyranosy~-D-g~ucose (cellobiose) 
6-O-~-D-Glucopyranosyl-D-glucose (gentiobiose) 
cu-D-Glucopyranosyl-8-D-fructofuranoside (sucrose) 
1-0-a-D-Glucopyranosyl-a-D-glucose (a, a-trehalose) 
3-0-a-~-Glucopyranosyl-~-fructose ( turanose) 
3-O-Methyl-~-glucose 
1-0-a-Methy 1-D-glucoside 
1 -0-8-Methyl+-glue wide 
D-Galactose 
~O-~-D-Ga~actopyranosyl-D-glucose (lactose) 
6-0-a-D-Galactopyranosyl-D-glucose (melibiose) 
O-cu-D-Glucoppanosyl-( 1 + 3)-O-~-~-fructofuranosyl- 

(2 * l)-a-~-glucopyranoside (melezitose) 
O-cr-D-Galactopyranosyl-( 1 ---j 6)-&~-~-glucopyranosyl- 

(1 --f 2)-8-~-fructofuranoside (raffinose) 
Sodium D-glucuronate 
D-Glucuronic acid 
D-Galacturonic acid 
D-Glucosamine hydrochloride 
N-Acety 1-D-glucosamine 
D-Galactosamine hydrochloride 

HGB HB 
5 .  3ib (7.4)" 
5.37 (7.4) 

5.50 (7.0)  5.35 (7.4)  
5.50 (7.7) 5.34 (7.6) 

5.37 (6.2)  

5.62 (7.4) 
5 .43 (6.7) 

5.58(7.1) 5.36 (7.3)  
5.33 (7.7) 

5.37 (8.1) 
5.28 (8.8) 
5.38 (7.8) 
5.04 (8.5) 

5.12 ( 8 . 3 )  
Line positions in T values. * Chemical shifts to center of doublet (accurate to f O . O 1  p.p.m.). 

coupling constant in C.P.S. (accurate to f 0 . 3  c.P.s.). 

glucose and galactose where a change in conformation 
about the glycosidic link would lead to a large unfavor- 
able axial to equatorial ratio. With this restriction we 
find an amazing correlation between line positions, 
coupling constants, and whether a proton is classified 
as H", Ha, HG", or H G ~ .  

The upper part of Table I summarizes our data for 
the n.m.r. spectra OF a number of mono-, di-, and tri- 
saccharides between 5.67 and 4.58 r .  In  reducing 
sugars HS (the hydroxyl a t  the anomeric carbon is p )  
resonates at 5.37 f 0.05 with J l z  = 7.0 f 0.7 C.P.S. 
This coupling constant is quite close to that observed 
for axial-axial coupling in acetylated monosaccharides 
and in cyclohexane systems.'O H a  (the hydroxyl at 
the anomeric carbon is a) resonates a t  4.78 i 0.01 r 
with a coupling constant J12 = 3.2 f 0.5 c.P.s., which is 
quite close to  the coupling constants observed for 
axial-equatorial or equatorial-equatorial coupling. 
The glycosidic anomeric proton absorption HGB occurs 
a t  5.56 f 0.06 (JI2  = 7.2 f 0.2 c.P.s.) while that  for 
H G ~  is much more variable, namely, 4.88 f 0.33 r 
( J ~ z  = 3.2 f 0.6 c.P.s.). This variation may be due to 
varying 1-3 steric interaction of the -OR group dis- 
torting the six-membered ring so as to force H G ~  some- 
what out of its normal equatorial environment. It 
might be thought that absorption as high as 5.22 r 

H 
H. CHzOH\ 

HO 
H H  

(as observed for a-methyl-D-glucoside) could be con- 
fused with Hp or H G ~ ;  however, the coupling constant 
of 3 C.P.S. for an a link as opposed to 7 C.P.S. for a 
link will prevent misinterpretation of the spectrum. 

In  the lower part of Table I are listed some com- 

Ha 
4.78 (3.0) 
4.80 (3.4) 
4.78 (3.3) 
4.78 (3.5) 

4 .81(2.3)  

4.77 (2.7) 
4.78 (3.7) 
4.79 (2.9) 

4 .77(3.4)  
4.73 (2.8) 
4.66(3.2) 
4.54 (3.8)  
4.81 (2.7)  
4.53 (3.8) 
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H Q ~  

4.62(3.4) 

4.59 (3.2)  
4.81 (3.2) 
4.70 (3.2) 

5.21(3.0) 

5.04 (2.9)  
4.54 (3.1) 
4.81 (3.2) 
5.02 (2.7) 
4.59 (2.9) 

Kumber in parentheses is the J1z 

pounds related to glucose and galactose showing values 
of Ha, HB, and J,z coupling constants very near those 
observed for the glycosides. It is not surprising that 
the chemical shifts of the last three compounds are 
different from the others since replacing an hydroxide 
on C-2 with either an amine hydrochloride or an 
N-acetylamino group should have a marked effect on 
the chemical shilt of the adjacent anomeric proton. 
The Jlz coupling constants are about what one would 
expect for the a and p isomers, however. In  most cases 
where mutarotation is possible the H@ resonance is 
more intense than H" absorption with the interesting 
exception of N-acetylglucosamine. Perhaps hydrogen 
bonding contributes to the stability of what would 
normally be regarded as the more unstable axial hy- 
droxyl form. In  any case, there is no indication for the 
presence of the p form in solution. 

Experimental 

The samples which were 10% sugar and 2% DSS were pre- 
pared by dissolving the sugar plus reference in 5 ml. of deuterium 
oxide, pumping away the deuterium oxide, dissolving the residue 
in 0.5 ml. of deuterium oxide, and eealing the resulting solution 
in 5 mm. n.m.r. tubes. In some cases enough HDO resonance 
line remained to obscure the fine structure of the doublet near 
5.33 T .  In these cases the sugar was exchanged twice with 5-ml. 
portions of deuterium oxide so that the remaining HDO line did 
not interfere with the resolution of nearby doublets. The sugars 
were the highest purity available from Cal-Biochem and were 
used without further purification. 

Spectra were taken on a Varian HR60 nuclear magnetic reso- 
nance spectrometer and were calibrated by audio side bands from 
a variable frequency oscillator whose frequency was checked by 
a cycle counter. Sufficient spectra were taken in each case 
(usually 8) so that the mean square error of the mean line posi- 
tion" was less than 0.01 p.p.m.8 Coupling constants had a mean 
square error of the mean of less than 0.3 c.p.6. 

Sodium 2,2-dimethyl-2-silapentane-5-sulfonate monohydrate 
(DSS) was prepared by the method of Tiers.6 

(11)  J. B. Scarborough, "Numerical Mathematical Analysis," The Johns 
Hopkins Press, 1958, p. 430. 


