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ABSTRACT

w
t

Heparin of types A and B were subjected to deaminative
.degradatlon an; fragments containing their minor cqpstituent sugars
were 1solated.l Structures are proposed for these~fragm?nts based
primarily on n.m.r. spectréscopy. The results obtained contribute to

a knowledge of the detailed structure of the biopolymer, and have a

bearing on questions related to the biosynthetic pathways.of heparin.

:

Support 1s provided for the view that the a-L-idopyranosyluronic acid moiety

in heparin exists preponderantly in the IC(L) conformation.
A novel synthesis of L-idopyranose has been developed starting

with readily available L-sorbose. The sequence of reactions involves

the reduction, of 1,3,4,5-tetra-0-benzyl-L-sorbopyranose, and subsequent
oxidation of the tetra-gfbenzylig—idltol formed, to give 2,3,4,6-tetra-

<
O-benzyl-L-idopyranose. The latter constitutes a derivatized form

«

suitable for the synthesis of higher saccharides related to heparin.-
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RESUME

-

La dégradation déaminante d'héparlnes de types A et B a permis

d'isoler des fragments contenant les sucres mineurs pour lesquels une

structure est proposée, en se basant surtout sur les spectres r.m.n.

Les résultats obtenus contribuent d& la connaissance de la structure dé-

tai1llée du biopolymére et ont des implications sur les questiodns relatives
d la biosynth&se de 1'héparine. Nous apportons des preuves & 1'effet que

la partie de 1'héparine contenant 1l'acide a-L-1dopyranosyluronique existe-

rait d'une maniére prépondérante dans sa conformation 1C(L).

Nous avons développé une nouvelle synthése de 1'L-1dopyranose 2

_partir de 1'L-sorbose. La séquence de réactions
- 4

de la 1,3,4,5-tétra-0-benzyle-L-sorbopyranose et

du tétra-0-benzyle-L-1ditol formé, pour produire

benzyle-L-idopyranpse. Ce dernier dérivé pourra

saccharides plus complexes, reliés & l'héparine.

e, 6 o S

comprJnd la réduction
1'oxidation subséquente
la 2,3,4,6-tétra-0-

servir 4 la synthése de
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1.1 Heparin

\,

The term "heparin" has been, and still 1s, used with four -
different meanings, depending on the author (1): 1. any heat-stable,
naturally-occurring substance that exhibits anticoagulant activity

{neutralized by protamine,%&ﬁc.); Z& a sulfated mucopolysaccharide’

5 s
-present 1in tissues, highly metachromatic, with a high critical elec-

trolyte concentratién;,§: a commercial drug of varying composition
and activity; 4. a sulfated mucopolysaccharide with distinctive chem:
ical and biological properties. :

This glycogmninoglycan (mucopolysaccharldej, first diScovered

in 1916, and usually isolated from lung and mucosa, is probably the
only polymer of the;préteoglycan class which 1s no{ commonly present

in connective tissues, Morecver, it possesses a wide variety of bio-
logical activities, of which the anticoagulant and antilipaemic effects
are beft known. In %ts ;nticoagulant role, this highly anionic poly-
saccharide specifically inhibits prot;in molecules involved in blood |
clotting. .
The relationship between the chemical structure of heparin

and its biological activity has been actively investigated for many

years (1,2). Presumably, there is a precise relgtion between functlon

and the shape of tﬁe heparin macromolecule, and the location and nature

of active sites within the heparin chain is becoming a subject of in-
creasing interest. Also, thepbiosynthesis of heparin is receiving R
particular attention (3). From a chemical viewpoint there is a need
to fully characterize hepari? and to differentiate it from heparin-

like biopolymers such as heparan sulfate and dermatan sulfate, whereas

until now antjcoagulant activity has been the main criterion to dis-
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tinguish them. )

It was the goal of the present study to more fully character-
ize the composition and chemical structure of heparin and, particﬁlarly,
to investigate the nature of minor components known to be present.

Since strgctural studies on biopolymers are greatly facilitated by the

availability of reference compounds, another objective of this study

was to investigate the synthesis of molecules that are constituents

a of heparin. Furthermore, such compounds could be useful in biological
studies for the synthesis of oligosaccharides related to heparin.

1.2 The chemistry of heparin

A number of excellent reviews are available 'on the chemistry
of heparin; for example see ref 1,3,4,5 & 6. Therdfore, thisssubject
will be dealt with pnly briefly here.

v

Heparin 1s a linear, highly sulfated glycosaminoglycan made ,
up largely of disaccharide repeating units, one sugar of which is a
hqxosamine, Phe other a uronic acid. Much work has been done over the
yéars to elucidate tﬁe nFture ;f its constituent residues and their -
mode of linkage, and to locate the sulfate ester groups along the chain.

Some of the basic properties of the polymer have been well-
est;bllshed for a number of years. Other chemical features have been
discovered only recently. Perhaps the main reason for the relatively
slow progress in arriving at the détailed structure of heparin has been
tLe extreme re51stanée of this polysaccharide to depolymerization by

acid? The glucosamine residues areN-sulfated and in the course of acid
hydrolysis the labile JLlfamino group is hydrolysed, producing a;;gze,
{: i protonated amino group at C-2. As a result, most of the glycosaminyl }

bonds are rendered stable towards attack by protons of the acid and,

<

1
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therefore, the scvere conditions needed to effect cleavage of the polymeric

units result in undue destruction of individual residues, especially the
uronic acids. The validity of determinations of the composition of
acid hydrolyzates was for years one of the outstandiﬁg/problems in

the study of heparin. ,

/

Nevertheless, Wolfrom et al (7) isolated a reducing disac-
charide, 'heparosinsulfuric acid" (i.e., 4—Q;a—g:glucosam;nyl-hex-
uronate) in 20% yield from a hydrolyzate of heﬁarin. The a-D con-
figuration of the glucosaminyl residue was inferred from the optical
rotation of the compound. ~Also, evidence for.the presence of D-gluc-
uronic acid was put forward by Wolfrom and Rice (8) when B;glucaric
acid, formed (in low yield) b; a combined oxidation-acid hydrolysis
procedure, was isolated. The identity of the 2—amino—2—deoxy-2—glucose,
component was cstablished either by direct isolation (9), .degradation
of the heparin polymer with ninhydrin (10), or oxidation of the re-
sidue to 2—amino—2—d&oxy—§;gluconic acid (8).

Though substantial progress had been made in elucidating
the structure by direct acid hydrolysis and oxidation procedures, mod;;
fied methods for easier depolymerization had to be found. Thus Wolfrom
et al (11) subjected heparin successively to de-ﬁ;;ulfation, bartial
de-0-sulfation, N-acelylation and reduction of carboxyl)groups. The N-
-acetylation step thus a#forded 2—acc%amido-2-deoxy—g;g1ucopyraTosy1
residues, which have been shown (12,13) fo hydrolyse about*100 times
as rapidly as Z—amino-2—deoxy-g;gluc0pyranosy1 residues. Furthermore,
the ncutral type of glycosyl residue formed in the carboxyl-reduction

step, was more prone to hydrolytic cleavage than the uronosyl structure.

On graded acid hydrolysis of this modified heparin, two crystalline

MY IR >Rt ¥ P o A T T T i T et
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o
amino sugar-containing disaccharides were obtained (in 20% yield);
namely, 4-2;(a-Q;glucopyranosyl)—2—aceta&ido-2—deoxy—a-2;g1uco—
pyranose and 4-9;(2—acetamido—2ndebxy—a-g;glucopyranosyl]-a—g:gluco-
pyranose., It was thoughi that these structures represented the alter-
nating sequence of units in hcparin; and that the polymer possesses
an a—g;(l+4) linked backbone,

Further evidence for the a-configuration of ﬁﬁ¥ﬁglyaosidic
linkages of the glucosamine units was reglorted again by Wolfrom et al
(14) when 2—9;(2—acetamido~3,4,6-tri—Q;acetyl—2~deoxy—a—2:g1uco—
pyranosyl)—l,3—di—9;acety1g1ycérol was isolated from modified heparin.

Methylation (15) and periodate oxidation studies (1?5 17)
provided more evidence for a regular [1+4) sequence of linkages in
heparin and for the presence of D-glucuronic acid residues., Further
identification of D-glucuronic acid was obtained by other procedures

o -
(18). Studies on the location of the 0-sulfate ester group of heparin
(17, 19) showed that these subs;ituents are attached to C-6 of the 2-
deoxy-2-sulfamino~D-glucopyranose residues, and to half of the gluc-
uronic acid residues at C-2.

Until the late 1960's, therefore, it was logical to bﬁesume
that heparin is represented basically by the following partial strué—

ture. ’ .

CH,505
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However, our view of the structure of heparin has undergone

a major change over the past ten years. A degree of uncertainty over

the proposed structure (above) developed, basically because the yield

of D-glucuronic acid or products derived from it could only account

for é‘very minor portion of the total uronic acid content of heparin.

In addition, the observed optical rotation of heparin was significantly -

lower than would be expected for an entirely a~D-linked polymer.

Therefore the nature of the uronic acid component of heparin was re-
N -, ’

;;{t f\)
investigated.

o

As far back as 1962, Cifonelli and Dorfman (20) claimed that~

L-iduronic acid was present in a hydrolyzate of heparin., It appears
= 0

that this rcport was met with skepticism by many workers in the field.
However, a nuiiber of years later its validity was confirmed by the
isolation of L;idose (after carboxyl reduction) and, with supporting
data‘from p.m.r. spectroscopy, it was shown that the E;igg_{somer is
the major uronic acid in heparin, whereas the D-glucuronic acid ik a

minor component. These, and other studies (below), utilized a de-
i

polymerization technique which involves deaminative cleavage of the gly~ -
o

cosaminyl bond with nitrous acid. 1In this reaction glucosamine residues

of heparin are converted, in an dégradation process, primarily into

2,5-anhydro-D-mannose units, with cleavage of the glycosamindic linkages*
- — /

/ r
{(21). The uronic acids remain intact. Thus, after deaminative degradation

* Although the major degradation product is expected to be a uronosyl- |
anhydromannose, a second product may be formed by deamination of the
D-glucosamine residue without bond cleavage. Shively et al (22) identi-
fied such a product, whﬂch containedi a hydroxymethylpentose sulfate re-

sidue.

S
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of heparin, oligosaccharides were isolated (23) from which b(th D-
glucuronic and:g~iduronic acids were recleased bxr§cid hydrolysis.
Ogher supporting evidence for the presence of iduréﬁ?c acid residue
in heparin has been obtained by methanolysis of the’polymer (24) and
by deaminative degradatio; studies on carboxyl-reduced (25) and N-
acetylated heparin Q26). Gas-liquid chromatographic analysis ofﬂs#cﬁ
degradatioﬁ-products {26) has shown that é:iduronic acid accoudks
for approx. 70% of the total uronic acid content in'somé heparins,
whereas highfield p.m.r. spectral studies of beef lung heparih 27
require that iduronic acid constitute\280% of the uronide portion.
13C.m.'r. spectra of heparin and its major deaminative degradation

product (28) have likewise shown that ;;iduronic acid is the major

acid moiety in heparin, ‘
\
A

~

) ‘ Tﬂe L-iduronic acid residues were shown to bekq-linked‘and
0 to have the a-configuration, by the isolation of an elim%ha#ign pro-
duct, i.e., 4—9;(4—deoxy—a—£;threé-hex—4—eno—pyranosy1—uronic acid 2-
sulfate)-2-deoxy~2-su1famino—g-glucopyranose 6-sulfate (29, 30) formed
by enzymatic degradation of heparin. From these studies and from per-
iodate oxidation of heparin (19, 23) it ﬁés been shown that the 2- .
position of L-iduronic acid is sulfated, .
Thus, the major structural alternating unit of heparin con-
sists of }+4 linked residues of a—g;idopyranosylurdnic acid 2-sulfate

‘ ) ° 2 *
§ and 2—deoxy;233uléamino-a~Q;g1ycopyranosyl 6-sulfate as 1llustrated

below:

PSP o~ - - . - e~ e e
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However, other details of structure have not been fully
cstablished. Heparin composed entirely of N- and O-sulfated di-

sacchafide units (1) ha's not been encountered. Tistead, the pre-
sence Bfisignlficant proportions of N-acetyl glﬁcosamine gnd”non—g;:
sulfated residues (19, 31, 32) must be accomodated, as well as the
glucuronic acid residues known to exis£ in heparin and reported to
have the R-configuration (33). -

The presence of a-L-iduronic acid 2-sulfate as a major
component of heparin has stimulated interest in the conformation
of this rcsidue: because a—idopyranoig itself has for long been re-
garded as a species having a relatively high conformational free
energy. Although the functional significance of the g;iduronic acid
residues is largely unknown, conformational aspects of this type of
residue are important in determining the overall macromolcelar shape
and properties of heparin (é.g., the ability to bind certain cations).
This question is considered further belo%.

There appears to be at least two types of heparin marketed
currently for medicinal purposes, This has been suggested by n.m.rx.

studies (4 ), the major différence being the presence {type-A) or
’\ -

virtual absence (type-B) of N-acetyl-hexosamine residues. The present-

~
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study has cxamined both types of hecparin and has used n.m,r. spec-
troscopy extensively to deduce structure, with an cmphasis being
/

placed on the minor components.

1.3 Synthetic studies on heparin saccharides

Much of the information available on the constituent mono-
saccharides of heparin has been obtained by characterizing the sac-
charides released by chemical and-enzymatic degradation of heparin,
or modified heparins. It would be beneficial to the overall study
of this po}ymer to synthesize structurally-related saccharides, be-
cause model compounds would be useful as reference substances in

chemical and spectroscopic investigations, as well as biological

studies. t
In recent decades, many attempts have been made to develop
inexpensive synthetic products possessing heparin-like activity.
For this purpose, a number of sulfuric acid csters of var;ousigegraded
polysacchari@es (cellulose, amylose, chitin, dextran, etc.) haéb Peen
prepared (35 3%, Kﬁ. However, most of these heparinoids showed low
anticoagulant activity and/or were found to be toxic for clinical use.
A substantial amount of work has been done on the synthesis
of low molecular weight compounds structurally related to heparin.

But, beccause the importance of L—iduronic acid had not been recognized

unt11 recently, starting materlays for the synthc51s of reference

compounds have involved mainly D- glucuronlzgaifr*’Flg illustrates

most of these saccharides that have been synthesized. As a con-
scquence, in the current studies some attention has been paid to
synthesis in the L-ido series.

L-Idose does not occur naturally, and L-iduronic acid is °
f o

'
i
Y
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Fig.1. Synthetic saccharides related to heparin
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Fig.1.  Synthetic saccharides related to heparin s
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CHAPTER 2

STRUCTURAL STUDIES ON HEPARIN
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2.1 Heparin (B-type)

2.1-1 Deaminative degradation of heparin (B-type)

This section of the thesis deals with the products formed
by deaminative degradation of heparin w1tq nitrous acid. Although
such products had been examined in earlief studies (23, Z8), it was of
interest to achieve a fuller characterization thaﬁ previously avail-
able of fragments that contain minor constituents of hepatin. In
this way, it was proposed to provide details about the structural
significance of these constituents in the polymer. As will be shown,
n.m.r. spectroscopy proved to be especially useful in pursuing this
objective.

Beef lung heparin (B-type) was analysed first because of
1ts relative purity (containing only a small proportion of acetamido-
deoxyhexose, residues). An exhaustive deaminative degradation of this
polymer should produce disaccharide 1, i.e., 4-0-(a-L-idopyranosyl-
uronic acid 2-sulfate)-2,5-anhydro-D-mannose 6-sulfate as the major
product (28). Minor degradation products (which have not been charact-
erized) would likely conthi?rresidues of E;glucﬁronic acid, 2,5-anhydro-
E;mannose and acetamidodeoxyhexose and might include saccharides in
which a low degree of O-sulfation in the original heparin, or partial
de-O-sulfation during the deamination reaction could be represented.

An examination of the minor constituents of heparin should

be more feasible with the more plentiful products to be obtained from

-

A- tpr heg//;n However, a detailed n.m.r. ana1y51s of disaccharide
1 and any other products isolated from type B should provide useful

data for conformational studies, and furnish an additional array of

chemical shift information for comparative purposes. Furthermore,
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a pure preparation of disaccharide 1 was required for use in biochemical
assays, as noted below.

When treated with nitrous acid (NaNO,-HC1), heparin B was

2
degraded extensively into compound 1. The proton-decoupled spectrum

) of the total reaction product was similar to that of the spectrum pub-
lished by %erlin‘g&_g&_(ZB) for coﬁpound 1; signals o&her than those
of 1 were minor (Fig. 2). Fractionation by gel perméation chromato-
graphy on Seﬁhadex produced a product in 60% yield, the 13C.m.r.
spectrum of which was practically identical to that of 1. It has been
shown (28) that the observed chemical shifts of 1 are generally con-

sistent with the major biose repeating sequence 2 of heparin, (see

Introduction) although a full analysis of its spectrum was not reported.

. 0SO3
{
05 .
({503
- e
0=C
f
o. 2 ,
: ) SOy~~~
Disaccharide 1 unequivocally produces the twelve resonance
lines required by the #o&pound itself and sequence 2 (Fig. 2). Several
important ingredients of structure 2 are derivable directly from this
spectrum, Thus, the three~carbon signal at 70.9 p.p.m. is coincident
(" with I-2 and I-5 of the heparin spectrum (I is dscribdd to the a-L-ido-

syluronic acid residue). I-4 of 1 should now account for the remaining

O -2
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Fig.2. Partial 13C—n.m.r. spectrum of the deaminative

products of B-type heparin.

« /
Fig.3. PartM-n.m.r. proton — coupled spectrum of the
_—

//deaminative products of B-type heparin
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\ .
signal in this upfield region because C-4 is no longer engaged in the

polymeric linkage. Other signals common to both spectra are those at

101.1, 76.4 and 177.4 p.p.m. ascribable in each instance to I-1, I-2

(O-sulfated) and I-6, the carboxyl 13C, respectively. A more thorough *

discussion of these 13C assignments can be found in the follqying section.

The coupling constant 1£C—H for I-1 of 1 was found, by means
?f a proton-coupled spectrum, to be 1%2 Hz, Ihis 1££_H value 1is
characteristig, of‘a—anoméric carbons (axial C-1-0-1) including those
involved in glyCOSiLiC 1iﬁk;;:% (51, 52). That is, coupling between
an anomeric carbonoand its appended proton is either around 160 Hz
or 170 Hz, these values being associated with an equatorial or axial
anomeric configuration, reSpe&tively.

Reference to the 13C spectrum of sodium methyl o-D-ido-
pyranosiduronate (53 as a possible model for the uronic acid moiety
of heparin, shows that I-3, I-4 and I-5 are closely grouped within
the range 70.6-72.6 p.p.m. This coinciaeS»with the broad four-carbon
signal at 71.5 p.p.m. of heparin (which includes I-3, I-5).

Signals (éesignated M) of the 2,5-anhydro-2:mannose residue
of 1, with the exception of that of the primary sulfated carbon (M-6)
at ' 69.4 p.p.m., are seen to be markedly downfield (région of 77.8 to

90.0 p.p.m.) relative to 1h07e signals of the uronic acid moiety and

~

to those of the hexosamine residue in heparin from which it was de-

rived. This downfield shift effect is consistent with most 13C signals

of furanose derivatives(34,54), M-1, the hydrated aldehydic carbon, re- {

sonates at 91.0 p.p.m.
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P.m.r. spectroscopy afforded additional stpporting cvidence
of the structure of 1 and its relevance to the heparin biose repeating
sequence 2. The 100 MHz p.m.r. spectrum of the isolated disaccharide
was almost indistinguishable from that of the deamination product pre-

sented in ref. 50, Fig, 10. At 220 MHz and 270 MHz, the spectra more

clcarly show IH-1 and IH-5 of the L-idosyluronic acid residue to re-
sonate at 5.34 and 4.67 p.p.m., respectively (Fig. 4). 1IH-5 is
strongly influenced by pH and will shift within a 0.3 p.p.m. range.

These signals coincide in shift with the corresponding resonance of

~

heparin (27 ). The 270 MHz spectrum*(Fig. 5) better resolves these )
two signals and affords a coupling constant of 2.5 Hz for IH-1 and
2.0 Hz for IH-5. These results are consistent with the-aig—ido con-
figuration and IC(LQ assignments proposed earlier for the uronic acid
residues (30,53 ). The hydrated aldchydic proton (MH-1) recsonates at
5.25 p.p.m., giving a doublet with a coupjing constant of 5.5 Hz (mea-
sured at 220 MHz). . .

All other proton signals, except MH-2 which;at 3.87 p.p.m.,
appears as a triplet (3£H~H of 5.5 Hz a%éz2OWMHz), resonate downfield

of 4.0 p.p.m. For IH-2, this observation is in accord with the ex-

; pected strong deshielding effect of the O-sulfate on carbon-2, without

which IH-2 would resonate at approx. 3.6 plp.m. (53). Noteworthy also
is the fact that all three signals upfield of 4:0 p.p-m. in the heparin .
spectrum are attributable to the 2~amino-2—deoxys2:g1ucose residues (27).
These latter signals are absent from the p.m.r, spectrum of 1, being

now replaced by those of the 2,5-anhydromannose residue which appear

downfield of 4.0 p.p.m.; the inclusion of MH-6 and 6' in this region

means that carbon-6 is gjsulfated.

* This.spectrum was kindly recorded by Dr. G. Gatti.
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Fig.4. 220 MHz p.m.r. spectrum of disaccharide 1
?

£
Fig.5. 270 MHz p.m.r. spectrum(using convolution difference

®

technique) of disaccharide 1
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In conclusion, the findings of this study and those of others re-
|

‘ - . . .
ferred to, point to structure 2 as being the major repeating biose unit of

L ]

type B heLarln; that 1t is present in at least two-thirds of the heparin
macromolecular structure, and, according to the relative intensities of the

major signals (those of 1) and the minor signals in Fig.2, possibly 85%. of

the polymeric material remaining, a few possible structures will be put for-

ward.

2.1-2. g-D-Glucuronic acid residues in type B heparin

Evidence that B-glucopyranosiduronic acid is a minor residue
of the type B heparin and occurs as a non-reducing residue among the minor
deamination product 1s abstracted from spectrum Fig.2. The 13C chemical

shifts for B-Q-glucuronic acid (54), and calculated shifts to allow for a

" 4

glycoside structure are given in Table 1, and these are compared %ith data
for shaded peaks in spectrum Fig.2. This shows that there is a fair agree-
ment between the calculéted and the observed values. One also was able to
abstract the coupling constant for the minor (U-1) peak at 103.8 %.p.m.
(F1g.3).The IQC-H valve was approi. 160 Hz, which is consistent with a B-D-
glucopyranosyluronic acid structure; the B-anomer 'of the free acid shows a
1£G~1-H-1 of 161.6 Hz(54). The 2,5tanﬁydro—2—mann65e moiety to which the
B-glucopyranosyluronic acid is atgached is possibly non-sulfated; i.e., the
minor peak at 84.0 p.p.m./éorresponds exactly to M-5 of a non-sulfated 2,5-
anhydro-mannose re51due’Esee segtion 2.1-4 for chemical shifts of such a re-
sidue)}. It will bq;shown later that all other M-signals (except M-6 signal
non-0-sulfated) remain the same, unaltered by a de-9-sulfation of C-6. Un-

v

fortunately it was hard to sée the M-6 signal in Fig.2.

AN
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: ' _ TABLE 1 o ~ o

Obse;;ed and Calculated 13C Chemical Shifts of Miner Signals in Type-B Heparin

- Carbon B-D Correction “Calc. Obs. ¢
0 glucuronic acid increment(b?
' Obs.(a)
’
u-1 97.0 +7 104.7 / 103.8
’ . U
— u-2 75.1 -1 - 74.1 \ 74.6 ) S
) . - *
u-3 76.7 - - 76.7 75.9
u-4 72.9 ) - 72.9 73.4
.U-5 77.1 ; - 77.1 77.0
d “
: (a) values altered by -0.4 p.p.m. from those of ref.(54) to correspond to difference in .

. reference (CH3OH) value.

f

(b) Approx. change in chemical shift expected relative to the correspondinngC of the model

— compound; on formation of glyéosidic bond é§ anomeric (+7 p.p.m.); qu\to bond 1ntroduced

at adjacent position ( -1 p.p.m.) ( 63-65 )X\ \\\\\\

/
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This evidence of the existence of residues of both B—glucbpyran—
osyluronic acid and non-sulfated 2,5-anhydro-mannose in minor amount in no
way rules out the possibility that an a-g—idopyranosyluronic'acid is linked
to the latter moiety. In fact, paper chromatography oforadioactively-
labelled 1 and fhe minor constituents shows the presence of mono-0-sulfated
disaccharides, as well as disulfated disaccharides (i.g. structure 1). Iﬁiﬁ;

1s referred to in the next section.
. -

2.1-3. +  Reduction of_disaceharidé”lf@fihwégaiﬁm borohydride-t

- |

e Disaccharide 1 was modified for use in collaborative studies

Fd

(with Dr. E. Delvin) &n its biological properties (55). That is, the alde-

: . 13
hyde was r$duccd with highly radioactive sodium boro[3H]hydride-t. The "~ ~C.m.r.

spectrum of its reduced form (3) was well resolved, twelve carbons bBeing

N 2

clearly acgcounted for. M-1, originally at 91.0 p.p.m., now reapﬁeared at
~62.5pTpifi. as a primary carbon. Other shift differences relativeé to the ¢
spectrum of 1 werc minor, the signals for the remaining 2,5-anhydro-D-mannitol

carbons being displaced downfield by approx. 1 p.p.m. ﬁf

>
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When the labelled substrate (3) was analyzed by paper chroma-

tography and radioactive counting, it was found t¢ contain minor radioactive

2

impurities. One of these appears to be mono-0-sulfated disaccharide. This

result could mean that during the deaminative and/or reduction reactions and

workup, de-0-sulfation had taken place. Alternatively, the minor compgpgpt““\\\\\_///

of unmodified type B heparin can Be characterized as being less sulfated.,

{
Since an 0O-sulfate is an ester of a strong acid, and the de-0O-sulfation re-

action 1s an equilibrium reaction, hydrolysis can occur under both alkaline
and acid conditions; deamination uses the latter condition, reduction, the
former. The primary M-6 sulfate group is the most susceptible to de-0-
sulfa;;on. A

The preparation appeared, nevertheless,to be generally suitable for
the proposed assays of sulfatase and iduronidase enzyme activity (55), al-
though results on its biological activity have not as yet been reported by
Dr. E. Delvin.

2.1-4. Additional n.m.r. spectral characteristics

Attempts had been made to estimate the composition of various
heparins by p.m.r. spectroscopy at 100 MHz (34 but it was impossible to assign
most of the protong &f to determine their'coupling constants. Atja higher
frequency (i.e., 220 MHz) theospectra were analysed more thoroughly (27).
Aside from assignments for the protons of the hexosamine residue and IH-1 and
I%—S, tentative assignments were proposed for IH-4 and IH-2 of the L-idosyl-
uronic acid residue. Since position-4 of the uronic acid is involved in

glycosidic bonding and position-2 is 0O-sulfated, deshielding of the protons

by 0.3 - 0.4 p.p.m. is, expected relative to idopyranosylurohic acid. Therefore,

° 4

the peaks at about 4.2 and 4.1 p.p.m. of the heparin p.m.r. spectrum probably

l

\

,
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e 2. - TRRITER, 52 10, 808 ™ B St BB Mar s v EL ATt s 3 € e 3 T2 S e e et s
3



L s A S

W T RN

Ty

WHR T

- T YT A e

g

R

‘ -23-
- :
a account for IH-2 and IH-4. The chemical shift of IH-3 is, tentatively,
» - ‘
around 4.0 p.p.m.*
+ To determine the chemical shifts and coupling constants of di-

" saccharide 1, proton shift data for related model compounds and for glyco-

1

‘" sidation and 0O-sulfation %pfluences on individual protons and adjacent protons
$ . -

must be considered.'yB? mea7uriﬁg the magnitude of proton coupling constants
4

of the uronic acid moiety of 1, one should be able to delscribe its conformation
. A - )

/ and to say something about the conformation of the a-L-idopyranosyluronic acid

residue in the polymer itself. Also, chemical shift data for both residues of

1 will help in elucidating the pi.m.r. of higher molecular weight species of

[

(type A) heparin.

: y P.m.r. data for 2,5-anhydro-D-mannose (4) are given in Table 2, and -
for methyl a-D-i1dopyranosiduronic acid in Table 3. .

s

Since the spectrum of 4 was not first order, a cohmplete analysis

of the coupling constants was not attempted. However thé proton assignments

- -
<

proposed are close to those for me%hyl a—g-arbinofuranoside (5) based on 1its

220 MHz spectrum. This comparison $hould be reasonably valid because both

1

|
compounds have an analogous fuﬂanose ring (compare 4 and '5).

~

«
1

/

o OCH5 -
HO HOKOH HO g

N \ . |

T \ : él \ . ’ éii

€ o R \ o

* A very Tecent study at 270 MHz hds now provided a highly detailed analysis of
, beef lung (type B)\heparin (56) / o

/
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( TABLE .2 ’
Expected Chemical shifts of 2,5-anhydro-D-Mannose Moiety of 1 .
) |
@
, Proton Obs. § values Correction 5galc Obs.
2 5. - T
Z 2,5-anhydro Increment(c) °TL cou ling(b)
mannose (4) ﬂ
H-1 5.28 0 . 5.28 5.5 (d)
. H-2 3.96 \ 0 . 3296 5.5 (t)
(ﬂ\\\\\ H-3 . 4.37 "0 4,37 (Q)
"~ H-4 4.1 " 0.3-0.4 4.4-4.5 (t)
» ' H-5 4.23 0.2 4.43 @)
. K
H-6 3.595 0.5 4.45 (b(f?

(a) Recorded in on at 100 M Hz CSGbC);1nterna1 reference, sodium acetate, (at 5
2.1 p.p.m.) ’ ‘

(b) Multiplicity of signals; (b s) -broad signal due to virtual coupling
(d) -doublet, (t) -triplet, (q) - quartet.
////{Z; Approx. change in chemical shift expected due to 0-sulfation or glycosidic
bohding. (27,57). ‘

TABLE 3

Expected Proton Chemical Shifts for a-L-idopyranosiduronic Acid Moiety of )

. ”’ Methyl o«-D-
< Proton  .idopyranosiduronic. Correction + & Cal Obs.
5 ° acid sodium salt (53) increment for 1 coupling
¢ value ;
IH-1 4.73 . 0.27 5.0 doublet
IH-2 3.65 - 0.58-0.71 °  4.23-4.37 triplet
IH-3 3.85 0.27 4.12 triplet
IH-4 ) . 4.0 0 4.0 quartet
IH-5  4.43 - can vary by ¥.3 p.p.m.(pH dependent) doublet ‘
+ )
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| Also listed in Tables 2 and 3 are approximate changes expected in
obsefved proton chemical shifts relative to the corresponding protons of| the
T~ related model compounds. These '"correction increments' are based on the
followihg (57); on introduction of an 0O-sulfate group geminal to an axial
proton (0.6 p.p.m.), geminal to an equatorial proton (0.58-0.71 p.p.m.),
vitinal to an equatorial proton (0.27 p.p.m.), vicinal to an axial pro-

ton (0.18 p.p.m.), on CH2OH group (0:50 p.p.m.), vicinal to a CHZOH

group (0.2 p.p.m.). Introduction of a glycosidic bond deshields the

geminal proton by perhaps 0.3-0.4 p.p.m. 6?7].

Turning to disaccharide lg position-4 of the 2,5-anhydro-D-mannose
moiety 1s involved ;n glycoside bonding ( 28,30); pOS}tion—6, 1s sulfatea, and
K position-2 of the a-L-idopyranosyluronic acid 1s suafated. Finally, the

proton chemical 'shifts calculated for the residues of 1 are listed in Tables 2
and 3. These data have been employed as an aid in the analysis of spectra of
L Fig). Lo |
JFlg. 4 shows the 220 MHz p.m.r. spectrum of 1 in DZO at 26°C.
The peak assignments are tentative. IH-4 and IH-3 are expected to resonate
;g the 4.15 to 4.25 p.p.m. range (Table 3). Besides these, and the MH-1,
1 IH-1, IH-5 ?2§ MH-2 signals ??at have already geen assigned above, all other
signals are found between 4.3 - 4.55 p.p.m. Either MH-5 and one MH-6 or both
MH-6's may account for the two proton signals downfield at 4.43 - 4.55 p.p.m.
(Table 2).
At 270 MHz and 90°C, and by using the convolution difference tech-

nique to sharpen the signals (Fig.5) , the resulting superior resolution more

clearly shows doublets for IH-1 (2.3 Hz) and IH-5 (2.3-.Hz). Other spaci;gs

.~ e e s T ) SRR b NMAAE o cCoN ot st (TR Mt FEnnt 1 VSRR G Buiet it Mot iy
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measured from the IH-3 and IH-4 signals are J = 2.3, J = 3.5 Hz and
4,5 =3,4

23’2 = 5 Hz.

The convolutioJ difference tebhnique may have distorted the spectrum

somewhat. That is, the vicinal J vdlues for MH-1 and MH-2 are {1’2 = 22’3 =
4.5 Hz, whereas at 220 MHz these constants were found to be 5.5 Hz. Perhaps,
however, the higher temperature at which the 270 MHz specqrum was run (90°C)
accounts for this dafference. The hydrated aldehyde is favored in HZO’ but
at elevated temperature shifting of this equilibrum towards the dehydrated
species might become significant. *

Vicinal coupling constanés fol methyl a-D-idopyranosiduronic acid
have been shown to increase with higher temp. (53). At 85°C, the vicinal J's

- r

L2=4.5 Hz, 14 g = 5.0 Hz, lz 5 = gé 4" 60 Hz. This is an increase of
> s bd

1.5, 2.0 and 0.5 p.p.m., respectively, from values at 15°C. It was postulated

were J

(53 that the a-D anomer interconverts bctween the two chair conformations
Cl{D) and 1C(D) with C1(D) becoming less preponderant at elevated temperatures.
The spectrum would therefore represent a time aJeraging. Another possible

contributor to the conformation of methyl a-D-i1dopyranosiduronic acid 1s a skew

- form.

It is not known how the sulfate substituent at position-2 affects
the conformation of the uronic acid, nor is known how the moiety tp which it is
attached (in 1, 2,5,-anhydromannose 6-sulfate) may contribute. AlsoL hydro-
gen-bonding and attractive or repulsive ( anionic)  forces may come into play.
Hence, structure 1 ﬁay by no means be a true conformational model for biose
repeating unit 2 of hep;rin. But if the smaller J values for the a-L iduronic
acid moiety of 1 in Fig.5 are an indication that the uronic acid is Tepresented
more by the 1C(L) conformation than its non-0-sulfated methyijglycoside; then
it can be suggested that with residues of 2-deoxy-2- sulfamino-a-D-glucopyranose

/
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6-sulfate jon either side, the a-L-iduronic acid residue in 2 1s more truly
"locked" 1n the 1C(L) conformation.

13C".m.r.

In the previous section, the assigmments of the chemical shafts of
the uronic acid moiety ¢f 1 were based on the spectr% of model compounds and
heparin. 1I-3, I-4 and I-5, producing the 3-carbon 13C signal at\70.9 p.p.m.,
are unéégivécarly‘3551gned whereas 1-2 (0-sulfated) 1s not.

In the following .section (2.1-5) a tﬂorough discussion of I-2 and
the anhydromannose cérbons can be found. I-2 1s shown to resonate at 76.4 p.p.
and the signal slightly déwnf1e1$ of it a1s attributed t: M-2.

The fact that the anomeric carbon of "iduronic acid in lﬁis more
shielded, and, indeed, that most of 1ts other 13C nuclei (with the exception
of sulfated I-2) also resonate upéleld relative to those of, e.g., methyl-B-D-
glucopyranosiduronic acid (54), is consistent with the conﬁormation 1C(L) of
1, which envisages axial C-0 bonds at C-1, C-2, C-3 and C-4. DMost of the 13C
nuglel of a sugar are more strongly shielded when C-0 1s axial than wﬁen
equatorial (58,59 ). Also, Perlin et al (59) correlated satisfactorily‘ the
shielding of 13C nuclei with the increase in destabilizing interactions at
13C. Shielding effects are caused, therefore, by a vicinal cis arrangement
of 0-groups, é neighbouring axial\substltuent and a 1,3-syn-diaxial arrange-
ant of C-H and C-0 bonds. The conformation of the uronicacid of ] as 1C(£)
can be seen to have many of these destabilizing interactions.

It has been found that the magnitudes of the two and three bond
lsc-lH coqpling constants in sugars depend very distinctly on the geometrical
arrangement of the 13C—O and C—1H bonds (60-62). Accordingly, from established
data, carbon 1-2 of the a-|-idopyranosiduronic acid should couple with H-3
and H-4 to produce a doublet of triplets (1£C-H being 151 Hz). If the uronic

acid were in the alternative thair form, I-2 would show long range coupling

only with H-3 produqiﬁg a doublet of doublets. If the urdnic acid were inter-

M
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converting between one ‘chair and the otﬁer, one would observe broading of the
coupled 13C-lH spectrum. In the 1H-coupled spectrum of 1, each half of the
I-2 signal 1s suggestive of a triplet. The 2Q_and 3_q_couplmg constants of
1-3, 4, and 5 cannot be measured becaﬁ\e of their coincident shifts.” The
lines of the%e carbons are remarkably ;hgfp considering the number of protons
that are’ near enough‘to be engaged in co&ﬁ%ing (Fig.3).

These.lsc data, while not clear cut evidence that the a-L-idopyran-
osiduronic acid moiety 1n 1l 1s in a 1C(£) conformation, are consistent with

this likelihood.

2.1-5. Isolation of a non-0O-sulfated disaccharide methyl ester (6),

and 13C assignments of 1ts 2,5-anhydro-D-mannose moiety.

Treatment of heparin with methanolic-HC1 yieldg a methyl ester of
the polymer from which the N-sulfate and most O-sulfate groups have been
removed (25). DeLminatlve degradation of this material with HNOZ, produced
a neutral disacch#ride methyl ester (6), a modification of 1, which was

isolated aftet passing the reaction mixture through an anonic exchange column.
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Comparing this neutral- compound's 13C.m.r. spectrun (Fig.6) with
/ .
the spectrum of disacchari?etz;\affor%s evidence generally confirming structure
- ,_\’-’ -
6, and useful 13C information about bo¢h~gpmpounds. There is an apparent

3 .
deshielding of I-1 of 6, as compared with“that of 1, by 1.7 p.p.m. This 1s
\
; 13
attributable to the fact that an 0-sulfate gerp adjacent to a ~C changes the
chemical shift by about A1 p.p.m. (63-65 ).y The O-sulfate in question here

+

is at position-2 of the uronic acid moiety of i: Originally at 76.4 p.p.m.
(compound 2), I-2 has shifted upfield by 4.7 p.p.m. to 71.7 p.p.m. I-3, now ’
adjacent to a non-0-sulfated I-2, should ;150 be deshieldéHAby about 1.
p.p.m. Accordingly, the 13C peak of 6 at 72.6 can be assigned to this nucleus,
I-3, since for. 2, I-3 appears at 70.9 p.p.m. I-4 and I-5 can be attributed
to either of the two remaining uronic acid signals at 71.8 and 72.1 p.p.m.

The chemical shift values of the a~£-idopyranosy1urbgate moiety
'of‘g are closely similar to shift values of methyl o-D-idopyranosiduronic

acid (Na salt) (Table 3) (53). : ‘

In comparison to other data, non-sulfated I1-2 of 6 is not upfield
quite as much as would be expected (-4.7 p.p.m. vs. -70 p.p.m. (28,64))and
I-1 and I-3 have been influenced to a slightly greater extent by de-0-sulfation.
Orie can regard these results as evidence that the a-L-idopyranosiduronic acid
moiety of 6 does not have exactly the same conformation as the a-L-idopyrano-
siduronic acid-2-sulfate moiety of 1. - Hence, an int%bduction of an“g-sulfate
group at I-2 may influence the conformation of the uronic acid.

The assignment of 13C chemical shifts for the 2,5-anhydro-D-mannose
moiety of 6 is more tentative. M-6 (originally sulfated in 1 and resonating
at 69.4 p.p.m.) is non-sulfated and appears 6.6 p.p.m. upfield, resonating at
62.8 p.p.m. One assigns M-5 (now adjacent to a non-sulfated M-6) by observ-
ing which 13C signal has moved downfield. On this‘'basis, the 1

C peak at
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Fig.6. Partial 13C-n.m.r: spectrum of non-0-sulfated disaccharide
methyl ester(6)
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84.0 p.p.m. (F1g.6) can be assigned to M-5, since M-5 resonates at
81.7 p.p.m. All other 13C shift values of the é,S—anhydro~2-mannose
moiety remain unchanged as compared to 1. )
The remaining 13C shift assignments of the 2,5—anhydro-g—
mannose residue of é_werelﬁade by comparing their observed values
(Fig.6) with those of 2,5-anhydro—2—mannose (4) and 23£~anhyd;o-2-
mannitol (#6). (The chemical shifts of Q-Z and M-SN;f 4 are down-

field of those of M-3 and M-4 by about 7 p.p.m.). Due to glycosidic

bondlng the chemical shift of M-4 in 6 would increase by 7 p.p.m. There-

ol
: |

fore, M-4 can be assigned to one of the signals at 86.4 p.p.m. and
86.8 p.p.m. (Fig.6). M-2 would then be the assignment for the second
of this pair. M-3, upfield from the other sigﬁal, should not be

largely affected by glycoside bond formation, and its chemical shift

value 1s therefore at 78.0 p.p.m. for 6.

2.2 A-type Heparin -

2.2-1 !'Deaminative degradation of heparin (A-type)

Present chemical methods of analysis do not appear to provide an
adequate quantitative basis for comparing heparins (i.e. A-type vs. B-type).
4
The current study is part of a series undertaken to see if n.m.r. spectroscopy

? 1
might be useful for this purpose. (

The 100 MHz p.m.r. spectra of A-type and B-type heparins (34) in-
: ~
dicate that each spectrum 1s derived from the same kinds of protons, but re-

lativT intensities of the signals vary noticeably for the two group of heparins.

The most striking feature distinguishing between the two polymers is the presence

3
it mere
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or virtual absence of the signal attributed to’proténs of the acetamido
N-acetyl group. (at 2.1 p.p.m.). Also,noticeable are diffegences in proton
intensities in the regions of 4.3 p-p.m. and 3.7 p.p.m.; for type B heparin,
the former region 1s stronger in intensity, for type A, the latter region

1s more 1intense. This spectrallfeature indicates that there is more 0-sulfa-
tion present in type B heparin and therefore a stronger buildup of proton
signals at lower field.

The 130 spectra of A-and B typeslalso differ noticeabf; in the re-
lative intensities of their minor signals. However, it 1s difficult to ex-
tract more detailed information by using the heparins in their polymeric state.
To elucidate fine structure the heparins have been subjec{ed to deaminative
degradation as described above for heparin of the B-type. The n.m.r. data
accumulated from fragmentgtion products of this heparin were now found to be

|
of help in solving the structural differences and similarities in type A \

hepaﬁin. ' .

As expected,. on deaminative degradation ttype A heparin produced
disaccharide:l in major proportion, but aside from the twelve 13C signals
associated with structure 1, the spectrum of the mixture showed numerous other
signals, of minor intensity. (Fig.7). There are 14 or more distinct peaks,
varying in intensity, including the methyl and carbonyl 13C of the N-acetyl -
group at 24.6 p.p.m. and at 176.8?p.p:m., respectively.

The minor peaks at 103.8 p.p.m. and at 99.1 p.p.m. are attributable
to G-1 of g-D-glucosiduronic acid residues, and A-1 of the 2—deoky-2-acetﬁmido-
a-D-glucopyranose resjdue, resp?ctively. The magnitude of these signals‘in—
dicates that lhere is more of the former residue thap the latter in A-type

heparin.

Molecular weight fractionation of the mixture on Sephadex G-25 was then

—
~
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.
Fig.7. 13C-n.m.r. spectrum of the deaminative products of
" A-type heparin “
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performed. Fig.8 shows the spectrum of the lowest molecular weight material
collected. The minor signals due go the 2-acetamido-2-deoxyhexose, as well

as a few other signals, have gone. What remains are the twelvgﬂdistinguishable
3C resonances of 1, and seven minor signals. The latter compare closely in,
chemical shift with the minor signals of B-type heparin (Fig.2). Focusing
specifically on Fig.8, one can clearly account in substantial detail for

disaccharide structure 7: G-3, G-5, G-2 and M-6 (non-sulfated) are\now clearly

\ R
distinguishable at 76.6 p.p.m., 77.2 p.p.m., 74.6 p.p.m. and 69.4 p.p.m.,

. respectively. These values are in very good agreement with those calculated
for residues of B-D-glucopyranosiduronic acid (Table 1) and 2,5-anhydro-

mannose {section 2.1-5)

W

g.m.r. spectra of the above samples were not very informative.

Although there were minor signals. throughout, their assignments were not straight-
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Fig.8. Partial 13C—n.m.r'. spectrumn of the disaccharides(l and 7)

frem the deaminative produéts of A-type heparin
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1 -
forward. This 1llustrates the sometimes superior capability of H-decdupled

13C.m.r. spectra in distinguishing minor components in samples, and in fur-

nishing an additional criterion of purity. @
The larger molecular weight components of the deaminative degra-

dation products are discussed in ‘the next section.

J

o

2.2-2 Examination of higher M.W. components: Proposed structures for

minor tetrasaccharide sequences in A-type heparin..

13C.m.r. spectroscqpfxls an illuminataing adjunct to 1H.m.r. for
\

studieg_ln oligosaccharide structure elucidation. Its value derives ain large
measure from the wide range of ch;mical shifts involved (20 fold that of‘
pfotohs) which favours a much better separation of nuclear signals than-usually
found 1in 1H.m.r. spectra. Thus, with the use of the proton-decoupled‘F.T.
13C.m.“r. spectrum of oligoséccharideé}”bngi;hould be abie to count the number
of different carbons present and deduce the size of the molecules. With ex-
tensive reference data available for both 13C and 1H chemical shift Vg@hes of
the possible sacchariﬂeg present, structural assignments for larger deaminative
fragments that have,been isolated, are proposed below.

The isolated yield of ollgosacchaAides in the deaminative degradation
product of A-type heparin ‘was approx. 15% of the total material collected.
These fracgions were rich in acetamido grohps, as observed by 1H.m.r. spectros-
Eopy. In A-type heparins, the acetamidodeoxyhexose (measured from the proton
integral of the acetyl group (34) is from 15 to 25% of the total hexosamine
content. Thus, the oligosaccharihesfsgllected (above) are highly representative

1

of the N-acetyl containing protons of these polymers.
- 4 |

Two fractions of molecular weight higher than disaccharide were

obtained; the first, fraction I, accounting for about one-third of the §—acety1
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. ° rich material. The 2nd fraction (i.e., fraction II), the major component,

4 1

w%ll be discussed initially.

Fraction II ~ tetrasaccharide 8

The partial 13C'spectrum of compound 8 (Fig.9) shows about twenty-

.three carbon:signals, seven of which overlap in Qarying degrees. Signals for
the carbonyl 13C are not Seen because of the low sample concentration, but

aliowing one carbonyl for the N-acetyl group and two catrbonyls fér two uronic

acid residues gives a total of twenty-six carbons: i.e., 8, a tetrasaccharide

composed of two uronic acids, one acetamidodeoxyhexose and one . anhydromannose

<
1

residue.
The 2,5—anhydro—2—mqnndse_6-su1fate sigﬁals can bé e;;ily accounted
- ‘for b# referénce to data above and are markéd as M-# in Fig 9. (It appears
that\M-Z 1s overlapped by two other carbon signals at 77.6 p.p.m.).

\ There are three Lnomeric carbon signals downfield, at 103.6, 101.1

%
A

and' 98.5 p.p.m. That at 101.1 coincides with I-1 of the a-L-idopyranosiduronic
S acid -moiety of\ 1. Because one may account for three of the four c;rbon signals
at 70.7 p.p.m. as being associated with this uronic acid I-3, I-4, and I-5 are
at 70.6 p.;.m., whereas sulfated I-2 resonates downfield at 76.3 p.p.m.
Thereforé, this corresponds to a residue situated at the non-reducing end of
the tetrasaccharide. . ‘
-

The anomer#c carbon signal at 103.6 is very close to the G-1 signal

of the B-glucopyranosiduronic acid moiety of 6 (Table 1). If this type of

2
< uronic acid residue is present in 8, and linked through G-4, there should be
! predlctagle effects,og the chemical shift of this and other carb;ns. By re-
fererice to Table 1 for B-glucuronic acid shifts,(gnd using a downfield displace-
(: , v‘ mentxcorrection of ap?rox, +9 F.p.m., one finds a calculated chemical shift

for G-4 of.81.9 p.p.m. The sSignals closest to this value are ones at 78.9 and

1
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‘r, . 77.6 p.p.m. Nevertheless, it has been reported (54 that G-4 of the 4-%- )
linked B-D-glucuronic acid moiety in chondroitin A resonates at 77.7 p.p.m.*
Because of this similari;y in Obse?ved shifts for G-4 and because chondroitin
. A also 1s made up of B-giucuronic acid and acetamidodeoxyhexose residues, it

should be very appropriate to compare the other G-signals of chendroitin A

° -
IS

ye

7

[

wath various signals observed in Fig.9. o
For chondroitin A*: G-1 =, 104.6 p.p.m.

) G-2 = 73.4 "
G-3 = 74.7 "
\ G-5 = 77.7 "

For sggnals in Fig.9 : G-1 = 103.6 p.p.m. :

. \ | . G-2 = 73.0 " ‘ . *

’ ‘ G-3 = 74.8 "
. G-5 = 77.6 "

These latter signals are now designated accordingly in the spectrum of

@

Fig.S.

What are left to be resolved are the six cargons of the 2-acetamido-

- 2-deoxy-a-D-glucopranose unit. Table 4 gives the calculated and observed 13C

- chemical shift values for this residue (4-0-linked).

r 1

i , The values correspond’ very wéll. This 'strongly indicates that
the hexosamine residue is non-sulfated, and is attached to the B-D- '
glucopyranosyluronic acid residue through an a-linkage at A-1, and to the

a-L-idopyranosyluronic acid 2-su1§ate residue through A-4 as in Formula
8 ~ .8

S Y

- * Values abstracted from this paper ($4) are adjusiéd by -0.4 p.p.m. to
(L ‘ correct for differenc% in reference (CHSOH) value.
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. : TABLE 4 s
{Lalculated and Observed 13(3 chemical'shiét values for the acetamidodeoxyglucose moiety in .o
- : Tetrasaccharide 8. ' - . )
- Carbon 2-Acetamido-2- Calc. o for 8
deoxy-a-D Increment (b) Calc. ~ Gbs. )
1 s (a) .
glucopyranose & .
A-1 91.7 + 7 98.7 98.5
. A-2 54.9 R ' 53:9 55.0 <
. . . . i . . . - i
3 A-3 71.6 . ) Co- 1 . L7076 . 70.6 — 2
' :
- A-4 \ 71.0 + & 79.0 -78.9
A-5 72.4 -1 71.4 71.9 *
A-6 - 61.5 - - 0 61.5 62.4
—CH3 23.3 0 23.3 24.6 -
- co 175.7 0 175.6 - T
(a) values of-ref. 58 - adjusted by-0.4 p.p.m. ‘due to difference 1n reference (CHSOH) value. i
g ‘ (b) expected chemical shift changes due to glycosidic bonding ( 63-65 ). z
= !
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The p.m.r. spectrum of fraction II Fig. 11(A) produces some
complementary evidence for structure Eﬁ\ Valués for the proton signal (AH)

for the 2-acetamido-2-deoxy-a-D-glucose unit compare  well with those ex-

y

hibited (27)in a 220 MHz ;chtrum of B-type heparin for the N-sulfated
6-0-sulfate residue, allowance being made for small shielding differences.
AH-6 (non-sulfated) and AH-5 of'§_would resonate in the 3.8544.0 p.p.m.
Tegion; AH-3 around 3.85 p.p.m., AH-4 at 3.7 and AH-2 at 3.5 p.p.m. as will
b; seen below. These calculated values are, in fact, close to those in-
dicated in Fig.11(B) for the aéetamidodeoxyhexose residue of tetrasaccharide
9. There is a broad &eak attributable to AH-1 at 5.55 p.p.m., this signal
also being present in the 220 MHz spectruw of A-type heparin.

Other signal assignments in Fig.11(A) are suggested by reference
to the spectra of 1 ( i.e. its residues of u—g~idopyranosiduronic acid;z-

sulfate and 2,S-énhydromannose 6-sulfate), and to methyl B-D-glucopyrano-

csiduronic acid. The GH-1 chemical shift of the latter model compound is
|

o i
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consistent with the observed value of about 4.85 p.p.m. for the corres-
ponding proton of 8. To accommodate the integral of 3 protons for the
group of peaks at 4.24 p.p.m. (probably including IH-4 and IH-3) GH-5 is
tentatively assigned to this region.

The integral ratio for AH=1 and IH-1 is approximately 0.8 to 1.0
which suggests that.another type of urohic acid, namely B-Q—glucuronic acid,

must be present.

Fraction I - tetrasaccharide 9

The 220 MHz spectrum of fraction I was poorly resolved in the ano-
meric region of &.O - 5.5 p.p.m. To confirm tﬁaf the doublet at 5.25 p.p.m.l
in the p.m.r. spectrum of fraction I is due to MH-1 and also, hopefully, to
clarify this part of the spec¢trum, fraction I was reduced with sodium\
borohydride. The resulting spectrum is shown in Fig. 11(B)

Since removal of the MH-1 signal from the region of tLe anomeric \

protons was effected, the anomeric proton, IH-;, can be clearly seen.
The inserf) Fig.11(C), is a partial 90 MHz F.T. spectrum of fraction
I-reduced. It shows AH-1 and IH-1 with an integral ratio of close to 1%3.

;7his suggests there are two iduronic acid residues present per hexosamine.

|

IH-5 ir Fig.1]1(B) also has gn integral of about 2 protons. Since, there is.
{

observed to be one 2,5-anhydro-D-mannitol residue per hexosamine residue,
it appears that another type of tetrasacchgyidg is present in the heparin

deaminated material. But in cont;gst”fo the fraction 11 tetrasaccharide,

-

this molecule contains only small amounts of B-glucuronic acid regidues.
- oy

In agreement with this, signals attributable to glucuronic acid in

both the 13C and 1H n.m.r. spectra are small, There is little evidence of

GH-1 around 4.85, and in th¢ region of 4.0 p.p.m. there is ho evidence of

'GH-3 and GH-4. MLH-2 of the 2,5-anhydro-D-mannitol is less deshielded than

. -




with Fig.9 (tetrasaccharide 8) “
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the corresponding proton of the aldehyde and resonates further upfield
at 3.9 p.p.m. All 51éna1 assignments proposed in Fig.11(B) correspond well
to ghe integrals measured. ’

Two distinct features in the partial 13C spectrum of this.reduced

material (Fig.10) that add to the p.m.r. evidence are, first: the signal

for I-1 at 101.1 p.p.m. of the iduronic acid is twice as intense as that

.of the 13C of the N-acetyl hexosamine. (though signal A-1 at 98.5 p.p.m:”/\

is rather indistinct, the signal of A-2 at 53.5 p.p.m. of this latter residue
is clearly due to one carbon); secondly, the signal intensities at 76.3 and
77:6 p.p.m. are reversed as compaLed with those of fraction Il (Fig.9).That ?
1s,there is evidence of a buildup of iduronic .acid signals:\ZxI-Z (sdlfated),
1-4 (1linkage) and ML-2, at 77.6 p.p.m. There is evidence in Fig.10 that

a low proportion of residues of B—Q-glhcuronic acid is present in this

fraction. The minor signalT attributed to such residues are designated by

the use of brackets. Slénal could coincide with I-1 of a non-sulfated
iduronic acid unit, as shown in section 2.1-5, but the other minor signals

also are con51stent with the B—glggg_structure

The assignments of 13C signals (ML) for the 2,5- anhydroLD mannitol

residues were based on the C spectrum of the reduced disaccharide (3).

N
. 1

C-6 of this unit is sulfated and resonates at 69.7 p.p.ml It can be seen that |

the N-acetyl-glucosamine residue is not 6-0-sulfated by comparing Fig.10

!

|

C . . . . 13 . .
It is interesting to note variations in the ~ C chemical shifts

il
>

@

L3

of the acetamido methyl group and A-2, the carbon to which this group is

{ < -
attached. The methyl signal of 9 (not shown in Fig.10) is at 21.2 p.p.m.,
and A-2 resonates at 53.5 p.p.m. By”contrast the corresponding values for

8 (Fig.9) are 24.6 and 55.0 p.p.m., i.e., much closer to the values for
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Fig.11. A. 220 MHz p.m.r. spectrum of fraction I: tetrasaccharide 10

B. 220 MHz p.m.r. spectrum of fractionl(after reduction):
tetrasaccharide 9

3

C. Partial F.T. 90 MHz p.m.T. spectrun of fraction L (after
reduction) :tetrasaccharide S
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2-acetamido-2-deoxy -a-D-glucose: 23.3 and 55.3 p.p.m. ({58). Tpese large
différences in shift between 8 and 9 are most directly attributable to the
presence of different uronic acid units %Ftached at either side of the
N-acetyl hexosamine. Perhaps, for example, the carboxyl group of the
interior iduronic acid of 9 is in)closer proximity to the N-acetyl group
than is the carboxyl of the glucuronic acid residue in 8. Repulsive forces
between the O-sulfate groups might help to ensufe a confermation in which
the C00™ and COCH, of 9 are brougﬂt close together.

Hence these 13C nuclei may serve as an analytical probe to
determine the spatial surroundings of the N-acetyl group and indirectlyw\
to deduce the type of uronic acid att§ched to the hexosamine. This could

be generally useful in the field of mucopolysaccharides where N-acetyl /

groups are sometimes present in large proportions.

|

It is noteworthy that tetrasaccharide 9 emér%bd from the Sephadex
column before 8. Although 9 contains an extra‘g—sﬁlfate group, this re-

latively small difference in molecular weight would not alone be expected

to account for such a good separation. Since, however, the gel support is
2 % :

slightly anionic, the additional effect of higher electrostatic repulsion

might make for this overall difference in the chromatographic behavior of

B gdoKta v r -

A
-

O g,
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2.3 Suhma:y of data on the structure of heparins

The results of the present investigation canfirm that the bioge
repeating unit represented by 2 constitutes as much as 85% of'B-type heparin,
and éuggest that it makes up for approximately 60 - 70% of A-type hepar}v.

While the igterpretation of the spectra of the minor degradation
fragments from heparin are to some degree tentative, certain general con-
clusions about’these fragments Cﬂn be reached. It is espécially helpful to
survey the literature in evaluating the evidence for structure;_z, 8 and 9.

Evidence has been obtfined that B-glucdronic acid is present in
both types of heparin from the fact that disaccharide Z:was isolated fromu
each by gei permeation chromatography, along with the major disaccharide (1).
That this uronic acid need not be linked to residues of N-acetyl hexosamine,

t

1s shown by the fact that in disaccharide 7, the B-glucuronic acid is~

f attached to a Z,S—anhydro—Q-ménnose residue. Both 1:()C chemical shifts and
IQC—H of G-1 are characteristic of a R-linked glucopyranosyluronic acid

residue. The distribution of the biose\units from which 7 is derived, i.e.,
4-2—(B-Q—glucopyranosyluronic ac1d)—2-deoxy-2-sulfam1no-2 glhcopyranose
-6-sulfate (10) 1s not known. They might be randomly arranged, or could '

be confined to limited regions of the molecular chain. ,

'

: O H, 0503

e
/
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There are, presumably, small amounts of non-0-sulfated hexosamine

residues in addition to the hexosamine of biose repeating units 2. This

1
is borne out by the identification of non-sulfated 2,5-anhydro-D-mannose

residues in the 13C.m.r. spectra of the disaccharide material (1.e., Fig.2

and Fig.$8).

Work done by &.A. Cifonelli et al(96¥) showed the formation of
two mono-0-sulfated disaccharides along with the major disulfated disacc-\
haride (1) oft deaminative degradation of beef or hog mucosal heﬁarin.

Paper chromatography of the acid hydrolyzate of these mono-0-sulfates showed
that glucuronic acid was present and also a smaller amount of iduronic acid.
A later paper by M. Hook et. al (26) confirms these findings. These results
are evidence for some of structPrL lg_;nlheparin, and also for one in which
a-L-1duronic acid 1s attached to a non-0-sulfated deoxy-sulfaminohexose
residue (11); the former disaccharide sequence being sulfated at M-6 of

the Z,Q—anhydro—mannose moiety, the latter being sulfated at I-2 of the
uronic acid moiety. Confirmatory reports (19,2Qshow that g—iduronic acid
residues in heparin are sulfated, in contrast to the Q—glucuronlc acid, which
is not. Thus, the repeating disaccharide residues containing g—iduronic
acid (2) are trisulfated, and those coqtaiqing D-glucuronic acid (10) are
mostly disulfated (0 and N),although there is presumably a sﬂpll content

ey
corresponding to 2 but non-0-sulfated at M-6, i.e., 11.

It has been reported (19) that there is an average of 2.5 sulfate

groups for each disaccharide unit of A-type heparin.. Since repeating unit 2
contains three sulfate groups, this average is lowered by the contributions

l
‘from such structures as represented by 10 and 11, and by non-0-sulfated

acetamidodeoxyhexose residues. : \
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The heparin-protein linkage region (21) contains tyo non-sulfated

glucuronic acid residues and one non-sulfated N-acetylglucosamine, as well

B o

. .as a neutral trisaccharide which is linked to serine. This region is common

@

Fo each heparin chain but it would account for only a small contribution to

, ,
the lowering of the sulfat?”content from the value of 3.0 per disaccharide
; ¢
in 2. The present study,&as not able to account for the linkage region, °
/ .
either because the analysis was 1nsensitive to such a small component, or

because of the way this commerc§;>heparin was prepared. . i
. 1
Cifonelli‘g&_gl (67) studied the distribution of 2-acetamido—2~\

deoxy-D-glucose residues in mammalian heparin. Their results showed that |

2
- o

the E;gcetylglucosamine residues are distributed approximately equdlly

! between the linkage region andﬁthe interior of the polymer.

<
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chromatography of the cleavage products formed after deaminative degradation

of both beef and hog éucosal heéafib indicated that most of the E:écetyl-
glucosamine residues occur singly inItetrasaccharide“fragments that ofiginate. /
from random arrangements in tﬂe\interior of the polymeric chain. However, °
smali amounts of deg;adation fragments containing two, or possibly three,’
N-acetyl hexosamine residues were also found. T. Helting andi U. Lindall (33)

isolated a tetrasaccharide in similar fashion and prop$sed its structure to

B

be 12. -

o —_— ‘ . -
. — .

< ad +

- uronosyl —N- acet/lglucosamme—ur‘onosyl -

o

|

* 25-anhydro mannose

\ ' g

L

n

Th1s structure is‘basically of the same kind as tetrasaccharides 8 and 9 -

o

* isolated in the curreni\study. No sulfate groups are indicated for 12

\ .
because the material was subject to de O-sulfation before 1solat10n.

G

—~

3

. The-sulfate contents of these N-acetyl-containing tetrasacckerldes

described in the literatufe vary. leonelll et al (67) found only 0. 5}
N | ! //
- groups per uronic acid present, and the location of this substituent lh the

4

v

‘sulfate

"structure was ngt‘determined. ‘Hook et al (26) found approximately one sulfate !
o } \
group per uronic acid, and in other oligosaccharide fragments:(i.e., hexa-to octa-),

the sulfate content per uronic acid was marginally’higher. Again, they did
P} ~

not obtain evidence as to which residues the sulfate groups were attached. The
j ) -

A

.
,
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molar ratio of their di-, tetrd-, hexa-, and octa- saccharides was

1.0:0.3:+0.1:0.08, At such a low molar concentration, thé:ﬁighervmelecular

b
weight fragmeénts would have been difficult to examine by n.m.r. spectrogéopy

_1n the present study, unless much larger quantities of heparin had been used.

)

As just -andicated, there is evidence in-the literature of tetra-

o~

saecharide structures akin to 8 and 9. These contain from perhaps ome, to

‘y
- N

What about the natﬁre
Ay

and location of the uronic acids present in these fragments?

as high as three sulfate groups per tetrasaccharide.

en Helting et al (33) treated their tetrasaccharide (12} with a -
- .
B-glucuronidase enzyme, only 28% of the uronic acids (which would havé been

' 4
located at the terminal, non-reducing %ositiqn of the molecule) was released.

©

No further glucuronic acid was released when an enzyme preparation shown to

contain a-glucuronidase activity was introduced. It seemed’ possible, therefore,

that 12 wad' a mixture of tetrasaccharides and that L-iduronic acid residues
‘ ¢
were located at the non'reducing ends of at least two-thirds of the molecules

in the mixture, and B-glucuronic Qsid, 1n the remainder. The isolation of
11 <
tetra- and hexasaccharide fractions with molar ratios of 1iduronic acid/total

uronic acid exceeding 1:2 and 1:3, respectively (26), shows that the iduronic

°

acid may occupy more than one position in those fragments; i.e., iduronic acid
residues can be linked to both C-1 and C-4 of N-acetylglucosamine in some of

the oligosaccharide structures.

In the light of the foregoing results on tetrasaccharide structures,

tetrasaccharides §.and 9 are very good candidates to account for the minor

ﬂ;acetyl—containihg components existing in heparin.

[y

The occurence, as in 9, of iduronic acid residues on.either side of

v

of an N-acetylglucosamine residue suggests é%at in biosynthesis (26), C-5

&
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{* epimerization of a uronic acid (i.g., glucop ido) does not require N-sulfation
;}ﬂ"

! of the adjacent amino sugar. Conversely, ﬁ—sulfagion of two alternate
glucosamine residues does not necessarily result in epimerization of the
intervening uﬁonlc acid, as §hown"by the isolation of klucuronic acid-containing

“ disaccharide 7. These conclusions conform to recent results obta?ned with

14C—labelled microsomal heparin (68). The importance of 0O-sulfation of %hain

v
o v . - 4
units in the biosynthesis of iduronic\acid eﬁie., o C-5 epimerization of
- Al

éhucuronlc acid)is not known. v

2 It seems’ from the earlier and current data on deaminative degrad-
)
ation that N-acetylhexosamime units are an integral part of the heparin

biopolymer and not d%e to contamination by other mucopolysaccharides (i.e.,

heparan sulfate).

<

2
Similarities in the detailed molecular structure of heparin and

’ S heparan sulfate (69) are of particular interest in relation to the biosynthesis
N "
" of these glycosaminoglycans from a 2-acetam1do—2-deoxy—2-g1ucose containing

1 \
| "precursor substance'" (70). The results from the chemical studies are in

accord with the suggestion of a biosynthetic mechanism (70,71) whereby N-

acetyl groups are replaced by N-sulfate groups. However it appears, from the

v

- evidence presented, that the formation of L-iduronic acid in heparin requires
{ T on

an initial O-sulfation of the glucuronic acid residues in the polymer. '
- 1
Structural differences between heparin and heparan sulfate are un-

[

doubtedly fundamental in determining their differences in biological roles as’
y '

anticoagulant agents and in other roles, Further studies in this area, as well

as in the biosynthetic area, should lead to dﬁvances in understanding biochemical

-~ |, deficiencies and in elucidating the functioning of these biopolymers.

o '
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3.1 Introductory remarks

o

An important component of studies on heparin is the examin-
ation of low molecular weight model compounds. 2-Amino-2_deo¥y-g-
glucose and g;gluéuronic acid have 1ohg been known as constituents
of heparin.' Thus much work has been done in s?nthe51zing heparin
saccharides related to heparin as well as other biopolymers that
contain the above sugar uni%s. A few of these saccharideg are il-
lustrated in Fig. 1 (Introduction). The presence ?f éfiduronic
acid residues in hepa;in has been recognized only in the last decade;
hence, there have been f%w syntheses involving this acid although
recent work by Kiss and Wyss(42) has produced derivatives of the ano-
meric benzyl—g;idopyranosiduronates.

\ The purpose of this study was to devise a simple synthetic
roLte to g;idopyranose; to produce the sugar in reasonable amounts \

\

so as to permit the synthesis of higher saccharides, and in the form

*

of a derivative convenient for synthetic manipulation.

Methods for synthesis &f g;idose and its uronic acid are
discuss;d in the Introduction; some give reasonable yields of product
but most are lengthy and-involve cumbersome separation of anomeric
and configurational mixtures §f derivatives.

Since D-gluaurono -6,3-lactone (13) is an'abundant compound ,
attempts were made during this study to invert the configuration
at C-5 and thus produce an L-idurono-6,3-lactone derivative (Fig.12
and Fig. 13). Although this was~not achieved, a successful, novel
route has been devised for the synthesis of 2,3,4,6-tetra-0-benzyl-

L-idopyranose (37). This compound is stable and is suifgble for gly-

coside and other (i.e., uronic acid) synthesis. Fig. 14 iliPstrates

@

Wonrh et adorn € 4 n
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o

the scheme for the synthesis of compound 37; tritium and deuterium

can be incorporated at C-5 by the use of NaBT and NﬁBDi during

4

the reduction. The former labelled compound could be used for bio-

assays, the latter for conformational studies. [
3.2 Attempted synthé%is of L-idofuranurono-6,3-lactone derivativeb

LN

Scheme A \
Fig. 12 describes the attempted ]ynthesis of 1,219;150—
1

propylidene-L-idofuranurono-6,3-lactone (16) via configurational

|
inversion at C-5 by base-catalysed enolikation,

The 1,2-0-isopropylidene derivative of 13, i.e., 14,
synthesized by the acetone-sulfuric acid method (72), was treated
with dilute sodium deuteroxide, thus permitting incorporation of
deuterium at C-5 via an enol (15)-keto (14 a;d 16) equilibrium. N.m.r.
spectroscopy could readily detect such an equilibrium.

* As the pH of the solution of 14 was slowly raised to a value
of 8.0 it became clear‘that enolization of‘the lactone structure was
not sufficiently rapid to compete successfully with ring opening, and
at p@ 9.0 the Tugar existed entirely in the open.chain form (17} and
decomposition started. Since carboxylate ions are not enolizable, the
experiment was terminated. | |

Alternatively; sinée it 1s possible to enolize an ester of a
carboxylic acid, the methyl ester of 14, methyl 1,2-O-isopropylidene-
a-D-glucofuranuronate (18) was prepared from the lactone (14) by adding
sodium methoxidé dissolved in deuterated metbanol (CH,0D). (The methyl
ester formed readily, but no enolization was detected even at pD of =10.

Scheme B ) H "

It appeared that a convenient approach to iduronic acid was to

T P SR



-54- N % [} i

Ll

’

Fig.12. Scheme A: Attempted synthesis of g-iLuronic acid via
enolization \

Fig.13.

: - \
Scheme B: Attempted synthesis of L-iduronic acid via

inversion at C-5
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invert C-5 of glucuronolactqne/b§/Walden inversion of a sulfonic ester

-

at] C-5 with a sStrong nucleophile. Several syntheses based on thks )
//

principie have been published (45,46,47) all of them involving the
displacement-inversion of a '5_p-sulfonyl éroup of a 1,2i9:isopro-
pylidene—aTQ;glucofuranose derivative by means of a strong'nucleophile:
potaJsium acetate in acetic anhydride (44), sodium benzoate in N,N-
dimethyl formamide (73), or acetate Fon—exchaﬂge resin in acetic an-
hydride (47).

Fig. 13 illustrates the synthetic route that' was attempted.
It in;olved the tosylation of 14 to produce 5-0-tosyl-1,2-0-isopro-
pylidene- —g;glucofuranurono—é,3—1actone (lgj. Unfortunately no dis-
placement of this tosyl group occurred without decomposition, using
either potassium acetate in acetic aﬁhydride, or acetic anionic-
exchange resin in acetic anhydridelas nucleophile.

‘

It seems likely that displacement with inversion of the endo

group in the 5-membered ring of 19 can not be effect#d,due to-sLeric Te-

strictions, although d?-g;tqsylation might be accomplished with an exo-

cyclic Tpimer. In this context, it seems possible that an ester of 19

would be suitable for such a met%od of synthesis, but this was not tested.

3.3 Synthesis of 2,3,4,6-tetra-0-benzyl-L-idopyranose
3.3-1  Introduction 7

Synthesis of aldohexoses are usually performed by either
lengthening an aldopentose sugar chain b& one carbon to produce the
higher, Fix carbon sugar, or by manipulatlgg a hexose through inversion
of the configuration at a designated carboa to produce its epimer.

o Another feasible method of syntherizing an aldohexose 1is by

starring from its corresponding ketohexose. The opposite routc was

» |
|
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studied by Rabinsohn and Fletcher 874). They described a scﬁeme by
which an aldose was converted into a ketose in a sequence of reactions
which involved the reduction of C-1 i1n a partially benzylated aldose,
and sﬁbsequent oxidation of C-4 or C-5. in the hexopyranose series, they
transformed 2,3,4,6-tetra-0-benzyl-D-glucose into 1,3,4,5-tetra-O-benzyl-
g;sorbop;ranose- L V

An inverted sequence of reaction steps has been utilized here
to produce 2,3,4,6-tetra-9—benzy1-g;idopyranose (37), as depicted in
Fig. 14." This has involved the($§duction of 1,3,4,5-tetra—9;benzy1-é;

sorbopyranose (z) to give an alditol mixture of partially benzylated

epimers (i.e., 24, gluco and ido). The secondary hydroxyl group, at

C-2 of these alditols, was then masked by a protecting group and the

remaining, primary, hydroxyl (iJe., as in 31) oxidized to an aldehyde.
Subsequent removal of the masking group would give compounds 37 and 38
(both together if separation of diastereomers-could not be effected
en route).

There were two additional requirements. First, the primary
alcohol group had to be selectively blocked with a labile protecting
g}oup, and the secondary one with another type of blocking group. It 4
wﬂs necessary thet the latter be stable under %onditions that would
subsequently be used to remove the substituent on the primary alcohol,

»

and then be easily removed after the oxidation step, without affécting
the O-benzyl groups or th% aldehyde. Secondly, a procedure was needed
to separate the mixture of diastereomers, i.e.,.to recover the L-ido
isomer. ‘- As illustrated f; Fig. 14, both diasfereomers were carried
together throughout the scheme, because'it was only at the last step

that one was able to separate them wirh ease. ‘

1
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Synthesis of 2,3,4,6-tetra-g;benzyl-é-idopyranose(37)

|
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Several protecting groups were tested during the synthesis;
for simplicity, these groups are referred to by letter in Fig. 14.
Both ether and ester groups were tried at C-2; tﬁe former type of
group was fqund to be more satisfactory.| The terms aldoses and al-
ditols are Jsed in the Discussion and refer to the mixture of ido-
a;d gluco-aldose derivatives and iditol and glucitol derivatives,
respectively. ,

The overall yield of 2,3,4,6-tetra-0O-benzyl-L-idopyranose_
(from compounds 2] through to 37 (via 6-O-methoxy trityl derivative))
was 18% (in 90% purity). B

3.3-2 Discussion

(A) Synthesis of 6-O-trityl-1,3,4,5-tetra-O-benzyl alditols (25)

When g;sofbopyranose (20) was treated by conventional methods
(75,76) for glycosidation of aldoses (1.e., methanol-containing HC1 or
a cationic resin, under reflux), decodp051tion of the starting material
occurred and only a small amount of methyl-L-sorbopyranoside was formed.
Instead, conditions described by Arragon and Bertrand (77 ) were tested,
1.e., the use ofllow reaction temperatures, a low concentration of écid
catalyst, and a large excess o& gry metﬁéﬁol:: Actone proved to be a
highly satisfactory crystallizing solvent for pur@fication of the methyl-
é;sorboside (21). Most of the lgtter was present‘as its a-anomer, be-
cause the lange benzoxy methyl group prefers an équatorial orientation
an& the anomeric effect favours the axial methoxyl group.

Benzylation bf 21 was ca;riéd out according to the procedure
of Glaudemans and Fletcher (8 ) using beﬁ&fi Ehloride and powdered

potassium hydroxide. " Methyl 1,3,4,S-tetra-g;benzyl-d—k;sbrboside (22)

was produced as a yellow oil in over 90% yield. The yellow colour de-

ot ot w4
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veloped during the initial minutes of the reaction, when the starting 4
*

material (21) was in contact with the hot suspension of potassium
hydroxide.

| An attempt'to hydrolyse compound 22 with hot acetic acid-
2 N sulfuric acid (78 was unsuccessful; under these c;ndiiions,.gg
decomposed within twenty min. It was found also that exposure of 22
to light caused decomposition. However, under reflux in the darkain
0.1 N HCi—dioxane (1:3), hydrdey%is?of 22 proceeded in under 3.5 h.

The product, 1,3,4,S~tetra—0—benzy1—L~sorbose (23), isolated by column
el = £2. ]

chromatography, remained as an oil although partial crystallization
occurred at low temperature. fhe a-anomer of 23 was preponderant in
solution as indicated by its optical rotation. Also the 13C.m.r.
spectrum of 23 showed ornly’10 carbon signals (4 methylcne 13C of the
benzyl groups and 6 ring carbons) along with the numerous phenyl ring

carbons signals.

o

The partially benzylated ketose (23) was reduced either with
lithium aluminum hydride in tetrahydrofuran or with NaBH4 in methanol.

Yields by both procedures were the same, but the latter method of re-

o

duction was used most often because workup of the products was simpler.=*
13 ~
The ""C.m.r. spectrum of the product showed that both diasterecomeric al-

.

ditols were formed in substantial proportion, but it was unclear as to
whether the reduction was partially selective in producing more of one
. 13 . . '

isomer than the other; the "“C.m.r.-spectrum of their O-trityl deriva-

tives' (below) was more helQ&ul. .

8
o

* A by-product (5% yield)-having an r.f. value on t.l.c. greater than
that of the alditol derjvatives was isolated during purification of
the products by column chromatography, although not identified. Per-
haps under| basic conditions of the reductign, the free ketone*is sub-
ject to decomposition and/or condensation. .
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. /Mixture 24 did not separate satisfactorily on a column, and
< | i
neither they nor, their di-O-acetyl derivatives crystallized. <Thus there - |/,

was no success at this point of the synthesis in separating the dia-

<

stereomers.,

Y

~ Since the primaTy alcohol had to be selectively protectéd by
’ D [

#
i o\ ’

. a group which could be readily’removed later on, the Q;triphenylﬁethyl l

\ ° .

(trityl) ether derivatives of gl_wére synthesized, using close to an

equimolaf amount of trityl chloride. The 6-0-trityl-1,3,4,5-tetra-0-

benzyl alditols formed failed to crystalllze ¢ Although O- tr1ty1 deri- - °
vatlves are known to crystalllze~83511y, Q.benzyl ether derivatives }

' ‘frequeﬁfly do not. The C m.r. 5pectrum of the O—tr1£&1 derivatives /

!
- 1 Y

" “now»indicated that the reduction step had produced approx. a 2:1 mixture - -

il

3 . o N \
- “of the alditols; it will become evident from the isolation of-the idose A
£ N \ -3
s Lk -

. 4 . . » N
‘derlvat}ve thaégthls epimer was the more abundant one. .~ ‘

.(B) Usé of TBDMS as the secondary hydroxyl protecting group ¢

Initially, sil 1'e her substituents were used essentially for
Y, silyl ey X

.

« producing volatile derivatives of sugars for Fas—chromatoghrphic ahalysis

[

* (79). Trimethyl silyl.ethers are too susceptible to solvolysis it protic

. media (either acid or base) to be broadly useful in organic synthesis.

. ’ But the t-butyldimethylsilyl®xy group (TBDMS), which is about 104 times

more stable than trimethylsilyloxy (80), seemed promising as.a hydroxyl\

)
o /
N » - . o
3 A
.

. protecting group. 'The advantages of using TBDMS as a protecting group
- |

have been cited by Corey (si), andt subsequent papers have appeared (82-
[ 4 N 5

° : ‘84 ) which involve the use of *TBIMS in carbohydréte'chemistry. Further- . *
°’1 , g more Oléivie et al (84) had noted a large diffe;ence in the rate of ;cfa
. ;;i- \ : hydr01951s between a prlmary 0 trltﬂl group and a TBDMS group on a sec- %
f‘ T ' ) ondary hydroxyl of rlbonucleosides the trityl group being removed selec-  — ;
ts - 3
, - . > . - ?i ’ ' ;
o . ) o ’ 2
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(excessiegtaly t andvreagent)i nevertheiess, about 10% of starting

material remagined. The products, é;O-trityl-l 3, 4 ,5>-tetra-O-benzyl -
2- 0 TBDMS - aldltols (27), kter column chromatography were amorphous
although they gave satlsfactory p .m.T. spectra. )

>

Selective hydrolysis of the trityl group of g%_proved to be
difficult, end the TBDMS group more labile than expected. The use of

cold 30% HBr in acetic acid resulted' in very little selective hydrolysi

\

- and, moreover, t.l.c. showed that a substantial amount of O-debenzylation

had occurred. -Thus, milder hydrolysis conditions were needed.

“ .

Accordingly, compounds 24 Were\dissélved in glacial acetic,

acid and,while heated on a steam bath with stirring, the solution was
e
diluted with 5 volumes of preheated 70% aqueous acetic acid. Caution

<

was taken not to allow the compound to oil out. The addition required

" no longer than 19 — 15°min, at which time most of the frityl ether’h@ﬁ

t

been hydrolysed, (t.l.c. evidence), although if the reaction was pro-

longed substantial hydrolysis of the TBDMS etgLr<occurred. Even with
such precautions, about*lO-fS% of” the product was de~O-silylated. \

Other treatments, using acidic silica gel or gentle MeOH-HC1

hydrolysis, were'non-selective. It appears that the difference in rates

"of hydrolysis of the O-trityl and O-TBDMS group is not’ as great in an

open ehain structure,\such4as 27, as on a furaeose ring; where the'TBDMS
group 1s on a more sterlcaIIY hindered secondar hydroxyl ‘group.

" Difficulty was experlenced in separ zing the 1,3,4,5-tetre-
0- benﬁyl 2-0-TBDMS-alditols (31) on.a column from the relérlvely large_ N

amount of trltyl alcohol,_but the 1atter was removed, together w1th \

/ \\/ ’ t t * ‘ - s

-

K - e
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some unhydrolysed starting material (27) by high vacuum distillation.

i

Fd#thér purlficzklon was effected by column chromatography. -~

[
Oxidation of the primary alcohol to am aldehyde was firsg

“ . -

attempted with chromium trioxide-pyridine complex (8§/é6 ). The use

of a 12:1 molar ratio of oxidant to substrate sdcggééed in oxidizing
N A

only 50% Jf alditols, JB1, to the 2,3,4,6-tetra-Osbenzyl-5-0-TBDMS-

aldoses (34) (measured by the 1ntensiﬁy of the aldehydic protons in

the p.m.r. spectrum). - ) 3
However, the pyridinium chlorochromate refgent (87) proved. to

be a more effective and convenient method of 6x1dation. Using only 1.5

m&lar equiv lentgeof the oxidiziné reagent produced the required al&e-

hydes (34) in a.yield of 74%.4‘{ _
These Products\were isolated by columg,chroﬁatoéraphy (sipce

Ehey were faster moving,comppgqnts than the unreacted alcohol (31), the

latter, was readily collected and re-oxidized). Their I.R. spectrum
showed a strong adsorption band for aliphatic aldehydes, .at 1730 cm-lﬁ
and there was no hydroxyl adsorption band. According to the p.m.r. &

spectrum, a small proporiion of benzaldehyde was present (weak signal

a€'9.86 p-p-m.). The p.m.r. spectrum of the purified materia{ showed

A

nthét fhe,acycllc aldoses (34) were not present in equay”prOportlon

S Oln —~
- " That is, e of the ald‘ﬁ}dlc proton signals (at 6=9.7) was twice as

intense as thaW of its diastereomer (6= .9.62). As shown below, the ido

s ) .
compound accounts for khe major signal. K ‘ 1
De-0-silylation of 34 was tried w1th tetrabutyl ammonium \

fluoride in T H F but this appeared to cause extensive decomposgtlon It

’ -

‘

proved more satisfactofy to ‘use the same conditions 4s for de-0O-tritylation

except that the hydrolysis=yequired approx. 3 hr. as compared to 10-15 mins.

o I

e i o Lo b 1,
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Ib " for the O-trityl proté&ting group. On cooling the reaction mixture, a

et N \ |

substantial amount of 2,3,4,6-tetra—9;benzy1-u-g-glucose (38) cr&stallized

W

' out. By increasing the water content of the aqueous acetic acid solwent to

20%, larger amounts of crystalline 38 were obtdined. Finally, the solution

-

was concentratéd and the residual sirup dissolQéﬁ in méthanol, producing
" more tetra—g;bqp;;l—Q—glucose. - 2 '
The material rcmainin; consisted of about 90% of 2,3,4,6-tetra-
Qfﬁfnzyl—g:idose (37) and 10% of 2,3,4,6—tetra{27bénzy1—E;glucose (38).
Thﬁs composition was indi aﬁed by the p.m.r. specgygﬁ”(Fig. 15): the

two L-ido anomers are seen to be present in nearly equal proportion, - \

|

R p.p.m.). A minor, partially abscured signal at 5.2 pP-p.m. is attributaﬁle

from the relative %ntensities of their H-1 signals (at 4.92 and 5.15

e

z . to N-1 of tetfa-

benzylag—g-glucose (by comparison with authentic material)

showing that the jgluco isomer can account for very little of the product?

Column chromatography of this mixture was not successful in removing the !

Q—gluco§e derivative. The p.m.r. spectrum showed that both anomers of i

\Etra—g;benzyl—g-idopyranose (18) were present in equal amdunts\(gigfgéb. o

-

-

From the aﬂgpnt of crystallin? tetra—Q;benzyl-Q—glucose recovered ?nd’from

- \ what was left of this compound in solution, the yieia ofrtetra-O—b%nzyl- !
E L-idose (34) produced in the synthetic route Qaézesvimated to be twice that —
— e — //
. of its\D- glucp counterpart (38)- -
3
¥ L /// \‘
\ ¢ Ty . a8 /////
. p “ /////
) o !
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Partial 100 MHz p.m.r. spectrum of 2,3,4,6-tetra-0-

5
. -64-
|
Fig.15,
-benzyl-L-idopyranose (37)
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A

The g-idose configuﬁ?tion of 37 was confirmed in the fd}low_
ing way. The compound was reduged with borohydride in methanol, the
O-benzyl groups were then hydrogenolyzed catalytically witﬁ palladium
ﬁlack, and the product was pe?acetyldted. This gave é;lditol hexa-

*
acetate, which was identified by a mixed melting point and optical

rotation. ) &

. A\
(C) N.m.r. characteristics of 2,3,4,6-tetra-0-benzyl-L-idopyranose

v

(37) and\its derivatives

A partial p.m.r. spectrum of product 37 1s shown in Fig.15.

Aside fer the small H-1 signal of 2,3,4,6—tetra—9;bén2y1—a-Q—glucopyranose,
7 =

there are two anomeric H-1l signals of 2,3,4,5-tetra-9;benzyl—a—¥ and B-L-

i1dopyranose resonating at 4.92 p.p.m. (14'2 = 2.0Hz) and at 5.15 p.p.m.
4 >

: - . i
{J = 4,0 Hz) and of approx. equal intensity. The assignment of bach

=1,2
anomeric signal is tentatively made on the following basis.

|

|
To help with these assignmentsy é}wzl—gfacetyl derivatives of

i
t

both 2,3,4,6-tetra—prenzyl-g-glucopyranose and of sirupy 37 were made.
Sane the H-1 signal of 1-0-acetyl-2,3,4,6-tetra-0-benzyl-a-D-glucose

was now clearly resolved (at 6.36 p.p.m. ) its low intensity

confirmed that only a small amount of the gluco isomif was present in

N

the mixtyre. The two anomeric protons of l-g;acetﬁ$—2,3,4,6—tetra{}ﬁ@ .\

b

benzyl—a}B—g;idopyranose, resonated at 6.2 p.p.m. (gi 2=4.0 Hz) and
B o - . »
at 6.1 p.p.m. (24 2=2.5 Hz), the relative intensities of\;helr signals

being 4:1. Becauép the o anomer is expected to predominate over the 8

due to the anomeric effect, the major H-1 signal (J1 2=4.0 Hz) is as-
’ 1

sociated with the a configuragiom. 4 comparison of the 94 2 values

s

for 2,3,4,6-tetra-0-bengyl-L-idose (Fig. 15) with those of the 1-0- Y
W ‘

e\ |
acetyl derivatives suggests, therefore, that one can assign the down-

| ———

b )
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field anomeric proton, at 5.15 p.p.m., to the «anomer and the up-

field one to. the Janomer. .

The conformation of L-idopyrangse and its derivatives in
solution are of much interest in conformational analysis and stereo-
chemistry. Angyal and Aickles (88) have stated that D-idose at equi-

librium in D20 exists in both furanose and pyranose forms. \The g~

|
pyranose (J

1
pyranose (its H-1 proton resonating upfield from that of the B-anomeA,

ii 2=5.6 Hz) exists as interconverting 1C(g)(243) and C1(D)(1/3) cqn-’
k] — 7 —

formations (39). BotL the higher field chemical shift and the larger

£1'2 values of the a-anomer are e%plained by this equilibrium. Methyl-
’ 3

et ™ . . ’
a-D-idopyranosidd, ~ with a Q& 2 value of 4.0 Hz (88) is likely, to be

represented by a higher proportion of C1(D) owing tp the larger anomeri%

effect of the methoxy} group.d;

1 2=l.5 Hz) 1s in the C1(D) conformation, whereas the a- f”’

]

B T T Y
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)

The anomers of tetra~0—benzy1-L—id$se (38) show a marke

 difference in their H-1 chemlcal shift and J values over g;ido—

=1 2

pyranose. Hence,the H-1 signal of the a anomer is-to the low field

of that of the B anomer, and Qa 5 T4.0 Hz) is moderately lower. It

' ' 1 L
may be said, then, that tetra—gfbenzy}—a—g;idopyranose is preponder-

antly in the 1C(L) conformation. This suggestion can be supported by

the fact that the conformation of a-D-idopyranose pentaacetate exists

P

wholly in the C1(D) chair conformation (89). -

1"

(D) Unsuccessful use of ester substituents as secondary hydroxyl

|

protecting -groups -

1

\ A logical step in improving the yields of tetra-O-benzyl
aldoses is to optimize the yield at the de-O-tritylation step by use
af a more acid-stable protecting group on the\s;con:Lry\position (R!
in Fig. 14). Since esters are relatively stable in the\aqueo;s acetic
acid employed for the trityl ether hydrolysi:/s, the 6-0-trityl-2-0-
benzoyl-1,3,4,5-tetra-0-benzyl alditols (29) and  6-O-trityl-2-0-
acetyl-1,3,4,5-tetra-0-benzyl alditols (30) weré‘synthesized. De-0-

tr1ty1at1on\was then performed as before, and was accomﬁrnled by very

¥little hydrolysis of the ester group. Yields were 15-20% higher than

' those involving the use of TBDMS as the protecting group.

In the subsequent oxidation step, yields were the same as

before, although, in contrast to the greater abundance of ido‘aldéhyde

in the oxidation products, the proportions of ido and gluco derivatives

in these experiments were, unaccountably, about equal. Again, benzalde-

45;»

hyde showed up as an impurit§ of the oxidation step.

& Catalytic deacylation,with sodium methoxide, of the ester

group of the aldehydes (S-QTbenzoyl—2,3,4;6—t€tra-9;benzx1 aldoseé Ggﬁ

+

/’

S
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P

and 5-0-acetyl-2,3,4,6-tetra-Q-benzyl aldoses (36)) failed to produce

the desired tetra-0-benzyl aldoses (37 and 38). Cﬁrplete de-esterifica- *

¢

tion required "longer reaction times and greater amounts of sodium

methoxide than normally required for catalytic transesterification, and
L

the end products could not be fully identified. Their r.f. values were
approximately the same as those for the.tétra—g;benzyl aldoses, but
their p.m.r. spectra were substantially different. Two signals at 9.15

p.p.m. were likely due to aldehydic protons, and “this was, supported by

\H.R. and 13C.m.r. spectra. However, there wds a broad doublet at =6

%.p.m,, suggestive of a proton from an alkene group. I.R. bands for an

alkene group such as C=CH- also ‘“were obscrved. From these features

and additional one from the n.m.r. spectra it is suggested that @#limin-
: £

ation prod%cts such as those illustﬂated below are formed from 35 and 36 by“)

the alkaline conditions. '

- szan [ fHZOBn >
e o %
\&_ ©Bn BnO—T
H——0Rn H——0Bn
BNO——H BNO—}—H )
\ <C\\ J:\\ ’
H" 0 H O \

“ ]

Acid hydrolysis of| the Q-acetyl derivatives (36) using a

AN a

cationic exchange resin in methanol did nq} afford methyp tetra-O—benz§1
\ 7 -

. | Y/ ‘
aldopyranoside,  and HCl-mgthanol producgd only small amounts of glyco-

sides, and other products that have not been identified.

| \ ‘\

{
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(E) Proposed methods for improving yields of tetra-O-benzyl-

L-idopyranose

(1) As noted above, moderate and variable yields of 1,3,4,5-

-tetra—gfbenzyl—Z—Q;TBDMS alditols (31) resultgd because of partial

hydrolysis of the TBDMS group during de-O-tritylation. A preliminary

investigation was undertaken of the use of a methoxytrityl (p-anisyl

diphenyl methyl) ether 45 a replacement for the conventional O-trityl

group on the primary alcohol %e.g. 14, 26, 28, 31). The overall in- - H&

crease in yield of 31 was about 10%. :
(11) Another possibility is to uselthe TBDMS substituent

for masking both the primary and secondary hydroxyl groups. Selective ,

hydroly51§ of the TBDMS at the praimary hydroxyl might occur to Troduce

' 31 1n a similar fashion. Hence, Oglivie'gg_gl_(go) have demonstrated

that the stabiilty of secondary TBDMS ether is twice that of a primary

TBDMS ether in ribose nucleosides.

(iii) Hydrolysis of methyl 1,3,4,5ftetra—9;benzy1-dﬁgf
sorboside (22) to-'give the keto;e (23) was moderately difficult, its
yields variable, andgsome decomposition occurﬁed. To avoid such -
difficulties a benzylafed allyl glycoside might be used (91). Alk#-
line rearrangement would then afford the benzylated l-propenyl gly-
coside,‘which is nothly labile to acid.

(iv) A recent communication H& Hanessian anchavallee 92)
illustrates the E;butyldiphenylsilyl ether as being a very useful
seﬁondary hydroxyl protecting group in that this et&er has much greater
stability to acid and to conditioné of hydrogenolysis, than related

silyl and trityl ethers. Therefore preferential removal of a trityl

or other silyl group (in this synthesis at the primary alcohol) might /

kM

S

’
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\ Al
be effeLted in the presence of a TBDPSi ether, and treatment with

I3

fluoride ion, or stronger acid conditions should cause cleavage of the
A * s

¥ e,

latter. .

(F) Initial‘investigatién of glycoside synthesis of 37

To investigate glycoside synthesis with 2,3,4,6-tetra-0O-
benzyl-L-idopyranose (#7), a recent route (93,94), which’employs ‘
the conversion of some tetra-0-benzyl aldopyranoses into glycosyl
thro;gh the successive intermediacy of a l-triflate and a glycosyl
bromide, was examined.( However, preliminary results of this reaction \
were incpnclusive. Only small amountséyf methyl glycos%de;bf 37 were
pﬁoducedhand the rest of the re%ction products could not be identified.
Chromatographic and n.m.r. evidence 'on the debenzylated material sug- ‘
gest that other types of glycosides (i.e., disaccharides) had been
produced during the glycoside synthesis. Nevertheless, when the reaction
products were treateJ with methanolic-HC1, the resulting material
(after debenzylatioﬁ) was a mixture of methyl glycosides consisting

1
of about 80% of methyl-a-L-idopyranoside.

T
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‘ 4.1 _ Analytical methods ' S ‘ ,
1 )

General methods -

s
Evaporations were carried out under reduced pressure at

a bath temperature bele 60°, All samples were stored in a freeze}.

-

Melting points (m.p.) were determined on a Fisher-Johns
(hot plate) apparatus and were uncorrected.
Infrared spectra were measured as a film on silver chloride
discs using a Unicam SP 200 model spectrophotometer. \
Optical rotation measurements were made with a Perkin-Elmer
l%l model polarimeter using the indicated solvent, at room temperature.
| Proton magnetic resonance spectra were recorded with a

!

Varian HA 100 spectrometer, using tetramethylsilane (TMS) as an

internal standard and lock signal. An external(tetramethyltin (TMT)
capillary was used to provide a lock signal for samples dissolved

in deuterium oxide.

\ Fourier tr?nsform,lH.m.r. spectra, were recorded usihg a

S

—

——

Bruker W-90 spéctrometer. F.T. spectra were measured using a pulse

|
width of 2.5 psec (70°) and a sweep width of 900 Hz.

Carbon-13 magnetic resonance spectra were recorded at

~

22.63 MHz using a Bruker WH-90 spectrometer.h Proton-decoupled F.T.

; ‘ &
spectra were measured using a repetition time of 0.6 sec, pulse

width of 18 usec (70°). and usually a sweep width of 4000 Hz. For

]

1 ‘s . .
H-coupled gpectra the repetition time was 1.2 sec, decouple time
!

0.5-sec and| pulse width 24 ﬁsec (90°). Chemical shifts (p.p.m.)

are given with respect to internal tetramethylsilane, using methanol
as an internal reference; at 35°C, the chemical shift of methanol

‘:l %B deuterjum oxide relative to that of internal tetramethylsilane
- R A IS v

1

©

w
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was 50.35 % O,l‘p.p.m. The heparin samples were examined as solutions
in D,0. All other samples were examined in CDC13.
The 220 MHz p.m,r. spectra were recorded at the Canadian -
220 MHz n.m.r. Ceﬁtre, Sheridan Park, Ontario. > s
The 270 MHz p.m.r. spectrum was recorded by Dr. G. Gatti
(Milan, Italy). ‘ \ .

v

¥ Chromatographic methods

!
Thin layer chromatography (tlc) was carried out with MN

-

silica gel (GXU.V.) as adsorbent. Visualization was effected,
unless otherwise indicated, by spraying with sulfuric acid (50%,v/v),
and heating the sprayed, plate at 120°C in an oven. Preparative

t.l.c. plates were visualized by U.V. irradiation using g Miner L

‘

shortwave lamp.

Column chromatographic separations were carried out on

. Y& ~columns packed with MN silica gel (grain size 0.8mm) or with fine

‘MN silica gel (grain size 0.063 - 0.200 mm). The folldwing solvent \

systems were used: \ B

'

A. \ chloroform:ether ’ 9:1v/v
B. benzene:ether 313 v/v e v
C. chdoroform:ether 9.5:0.5 &/v

R D. benzene:ether 9-619-4 w/v -

w
o

E. méthylene chloride ¢
Molecular weight"gel filtration was carried out with a

4 Y

Sephadex G-15 column (2.8cm x 103cm). Thelcolumn was washed with b, T

\

distilled HZO, with the ejuant being collected in 10 ml fractions © -
1 ' rat a rate of 30-35 ml/h. Fractions were examined by %eightland by

E - ? Y .
( i: n.m.r. (presence of 'aetyl ‘groups), and pooled where appropriate. o

&
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, .o :
<
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1 4.2 Structural analysis of the heparins

A.Deaminative degradation\of B~type heparin

' To a cooled solution of 0.63 g of*B-type heparin (sodium
salt, Upjohn, beef lung, lot #093CE, assay-{;O units/mg) in 6 m}
of H20, éédiqm\nitrite(O.S g) and M HC1 (2.4 m1) were added, produc-
ing a vigorous effervescence (95). The solution was stored at 20°C
'for 24 h, its pH maintained at 3.0-3.5, then the pH was adjusted to
Q.b, and the reaction mixture was concentrated to a Syrupy residue.
A 13C.m.r. sbectrum was recorded (see Discussion).

The sample was dissoived in 3 ml of HZO and applied to a’

Sephadex‘G—IS column. Most of the product was recovered by concen-
trating those fractions of the eluate comprising 380-450 ml;lyield,

.35 g. Very little material was contained in fractions emerging

ahead of the major fraction.
13

\ )

C.m.r. and 220 MHZ p.m.T, spegtra were recorded for the
materials collected. Discussion of these spectra can be found in
section 2.1. .

Radioactive-labelled substrate 3 was prepared by dissolving
the material (containing mostly disaccharide, 1) collected above
(0.15 g) in 2 ml‘Bf HZO’ and adding a fresﬁly prepared solution of
sodiumaborotritide (0.1 ml1) (100 mCi/ml) efter 2 h. An additional
,amount of sodium borohydride (0.015 g in 1 ml of H,0) was added
to the reaction to ensure complete reduction of the aldehyde. After
18 h at 20°C Amberlite IR-120 resin was introduced to remove sodium

ions, the filtrate ‘was concentrated and methanollwas used to remove
4

borate. (Care was taken to thoroughly wash and safely dispose of all

radioactive residues.) The syrupy product (0.11g) obtained was foumdw~— , 7o
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{ by paper chromatography (descending, Whatman 3 mm Iiainer, using a
| ’developing solvent of g4:1 (v/v)) 95% aqueous ethanol: M ammonium
acetate) and by radioactive\moﬂitoring for tritium on the paper,
to contain at least two components, By radioactive counting and
sulfate analysis*, it was found.that major amounts of di-O-sulfated
disaccAaride (1) end a smaller ahount of mono-0-sulfated %aterial

= ' (also radioactively labelled) were present,

B.Deaminative degradatipn of A-type heparin

To a cooled solution of 1 g of A-type heparin (sodium salt,
Upjohn, hog mucosal, lot #1415B, assay-152 un&ts/mg) in 10 ml of

H20 was added sodium nitrite (0.5 g) and M HC1 (4 ml). The reaction

conditions a;d work up were identical to those above for the B-type .
heparin. A 13C.m.r. spectrum of the pure product was recorded, and
is discussed in section 2.1. |

The product was dissolved inl3 ml of H,0 and applied to a
sephadex G-15 column. A major fraction was recovered by concentrat}ng
those eluates (devoid of N—acéfxl protons, acc;rding to F.T. p.m.r.

- spectroscop;) comprising 380-440 ml; yield, 0.55 g. 13C.m.r. spec-
troscopy showed this material to conmsist of disaccharides. Two minor
products tha£ were formed in the deamination reaction emerged frqm
the S.ephadex column ahead of the disaccharides: fraction I was ré-

» * covered from eluate volume 270-320 ml (43 mg), fraction II from eluate

~

volume 320-380 (70 mg). ‘These fractions gave spectra which indicated

* The sulfate analysis was performed by Dr. E. Delvin, Montreal.

B -
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" reaction conditions a

they were N-acetyl containing tetrasaccharides. .

/ -

Fraction I was subjected "to rediction by édding sodium
borohydride (15 mg) in water (0.5 ml) to.d cooled solution of this
material. After 18 h, the reaction mixture was worked up b)L treat-
ment with Amberlite IR-120 resin, and with methanol to remove borate
(yield, 30 mg). A detailed n.m,r. ﬁspef:tral study of thesi: fragments

is found in section 2. 2.
!

C.Non-O-sulfated disaccharide methyl ester 6

A sample*, which was obtained after treatment of hepax:in .
with methanolic-HC1 (25) (which yields a totally de-N-sulfated,
partially de-O-sulfated methyl ester of the polymer), was deamin-
atively degraded to smaller units im which 6 was present. Th%

degradation was effected by dissolving the polymer (0.8 g) in HZO

(8 m1) and adqing sodium nitrite {0.4 g) and M HC1 (3.2 ml). The

nd work-up were the same as before.
T~ B
The deamination product was dissolved in 3 nl of H20 and

applied to Sephadex A-25 (HCO " form) column (2 cm x 15 cm) and the

3

column was washed thoroughly with distilled water. The only material

to emerge from the anionic exchange matrix was a neutral disaccharide

methyl ester that was characterikzed‘j (sect}:ior} 2.1-5) as 6 ' No other
material was eluted from the column. , Yield, 0.15 g.

A 1Z’C.m.r. spectrum was obtained. (After a few weeks, the
compound deco;nposed probably due to instability of the 2,5-anhydro-D-

* Donated by Dr. G.R. Sanderson.

O,
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mannose residue).

4.3 Synthetic experiments

. L
1. ;Jgig;Isopropyl1dene—a—gfglucofuranprono-6,3-Iactone(l§)

Anhydrous Q;glucuréno-G,S—lactone(Lég (20g) was stirred
= , .
with dry acetone (1 1.) containing sulfuric acid (conc., 8 ml).
After 4 h, when all of the sugar had dissolved, ah excess of anhydrous

sodium carbonate was added, the suspension was filtered, and the

-

filtrate was evaporated to a light yellow sirup. 1,2*Q;Isopr0py1i:
dene-a-g;glucofuranuroﬁb-6,3—lactone(li) (16 g) crystallized from
ether-pet*oleun ether as colourless needles, m.p. 119-120°, Ia]D +68°
(¢ 2.0, water). (Lit. (g5g9), m.p. 120°,[a]D+70° (¢ 1.0, water).

2. Attempted enolization of the lactone (14)

Compound 14 (0.25 g) was dissolved in 1 ml of DZO in a

3

13C.m.r._sample tube. The spectrum was recorded, and then the pH

of the solution was raised at intervals of 0.5 by the addition of
o |

0.1"N NaOD, a spectrum being taken after eagt\;ﬂ rise. There was
no evidence of an appreciable enol-keto equilibrium (14 + 15 16)
i.e., there was no decrease in the intensity of the C-5 signal (o

carbon), which would be expected if deuterium exchange had occured.

‘JkDeuterated carboms (e.g., C-5 of 14 and 16) give much less intense

signals than protonated carbons,) As the pH of the solution was
raised to 8.0, an equilibrium between the lactone (14) and its acyclic

form lej was established, and at a pH of 9.0, the compound was

¢
3

totally in its open ring form (17). /

C.m.r. data for 14: 23.5 b.p.m., 24.0, (isopropyl); 67.5 (C-5);

75.6 +(C-3); 78.8 (C-4); 80,0 (C~2); 103.5 (C-1); 110.D (iso-
' |

propyL); 172.0 (C=0).

T T e st s Ak, 4403 100 Paele DR R < T
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C.m.r. data for 17: 23.7 p.p.m., 24.2 (isopropyl); 68.0 (C-5);
,i% \ 172.0 (C-3); 80.0 (C-4); 82.5 (C-2); 102.8 (C-1); 17%.3 (C=0).
( 3. Attempted enolization of methyl 1,2,-O-isopropylidene-D-gluco-

g \ \

- furanuronate (18)

Compouﬁd 14 (0.25 g) was gissolved in 1 ml of CHZOD in a

3¢ m.r. sémple tube. The pH of the solution was raised to 8.5 by
addition of sodium methoxide at which tige the methyl ester (18)

was in equilibrium with tEé lactone (14) (i.e., 18 7 lgj. At higher
pH there ;as‘no indicat{an.of ionization néi of deuterium exchange.

[

Partial c.m.r. data for 18: 54.0 p.p.m. (cogﬁs); 67.8 (C-53; ’
71.0 {C-3); 80.1 (C-4); 82.0 (C-2); 102.6 (C-1); 173.1 (CO).

4. 5-0-Tosyl-1,2-0-isopropylidene-a-D-glucofuranureno-6,3-lactone (19)

A solution of p-toluenesulfonyl chloride (10 g) in chloroform
(20 ml) was added dropwise with stirring to a cqlﬁ (0°) solution of 14
(10.7 g) in pyridine (50 ml). Cooling was gontinued for 1 h after the
! addition was complete, then the reaction mixture was allowed to stand
at room temperature for 6 h, after Qﬁich it was poured with stirring
into 100 ml of ice water. Chloroform (50 ml) was added, and the

organic 1ayef was washed with ice water (2x), cold 10% sulfuric acid

(2x), cold sodium bicarbonate {2x) and then i1ce water. The chloro-

form solution was dried, and concentrated, giving crystals of 19 (9.2 g);

7

m.p. 185-187°, [«].= 50.8 [c 2.5, chloroform]. 1'C.m.r. showed the

D

presence of a tosyl group at 'C-5; I.R. showed no -OH absorption band.
P.m.r. data: (solvent CDSCOCDz) 64.8-5.0, m(H-2,3,4); 5.6,
d(H-5); 6.0, d(H-1); isopropylidene: 1.3, 1.45(s,6H); tosyl:

2.5, s(ﬁHS-); 7.%, d, 7.9, d, (4H).

)

]
’
A A . et i . AT, bl e




[T e S

‘ -78- ;

5. Attempted confipgurational inversion at C-5 of 19 with sodium benzoate

Compound 19 (2 g) was dissolved in dry N,N-dimethylformamide

(75 m1), sodium benzoate (6.5 g) was added, and the suspension was

heated under ﬁeflux for ¢ h (the reaction mixture turned dark).
Water (150 ml) was then added to dissolve the sodium benzoate, and
the solution was extractéd with 60 ml (2x) of chloroform. . The
organic layer was washed 6 times with water, dried, and evaporated
to dryness. A brown residue was recovered which appéared‘Fo be

&omposed mainly of p-toluenesulfonic acid. .

6. Attempted configurational inversion at C-5 of %ﬁ_with acetate ion

resin and acetic ‘anhydride .

Acetic anhydride (30 ml) was added to a mixture of 19 (1 g)

and Dowex 1-X8(0Ac™) (15 g). With stirring, the reaction was heated

under reflux for 4 h (the mixture became dark), then methanol (10 ml)

was introduced to destroy excess acetic anhydride... The reaction

mixture was cooled, the resin filtered off, the filtrate was extracted -

o
:

with chloroform, and the extract was concentrated. No product was
=l

identified from the dark oily residue ‘obtained.

7. Methyl a-L-sorbopyranoside (21)

The procedure was similar to that of Arragon et al. (77)
Dry L-sorbose (g;) (80 g) was added .to a 5% HC1-methanol ;olution
(2.7 %, 5°) (23.6 ml of acetyl chloride in 3 1 of dry methanol) with
stirring. After 3 day% silver carbonate was added to neutrality,
the solution was filtered, treated with Norité, and then concentrated.
The sirupy residue was exhaustively extracted with hot acetone
(approx. 2!5 1) (on a steam bath). -On cooling, 21 crystallézed out.

Yield, 60 g (70%). M.p, 119-120°, [a]D=-86.s (c 1.0, water). Lit.(77):

N

s
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m.p. 118,5°%; IaJD=—90.2°(c 0, water)

i

8. Methyl 1,3,4,5-tetrajg <EEﬁy1—a-g;sorbqpyranoside (22)

't Tﬁe ﬁrocedure was similar to that of Qlaude%ans and Fletcher
(78). Methyl a—é;sorboside (21) (17.5 g) was suspended in dry dioxane
(100 ml) together with powdered potassium hydroxide (100 g), the

mixture being constantly stirred and gently boiled under reflux
oy

" (caution was taken to stir vigorously to ﬁ%ewgnt charring). Benzyl

chloride (125 ml) was added dropwise over a period of 20 min, and 1 h
later the dioxane was allowed to distil{ off. The residue was cooled,
iuff101ent water was added to dissolvéfthe crystalline material, this
being followed by an extraction with,ether. The organic layer was
washed with water, treated with.Norite, and concentrated. Benzyl
alcohol, geniyl chloride aﬂd d%benéyl ether were removed by distillation
in a high vacuum (0.02 mm, 140%, leaving 22 as a light yellow oil.
Yield, 46 g (92%). [a]p=-14.2% (c 3.1, chloroforn).

C.m.r. data: 48.3 p.p.m. (methoxy); 60.9 (C-6); 68.9; 73.0;

73.3, 75.4(2x); 78.3; %6.2; 82.4; 100.4 (C-2); 127-129(20x);
! 137.5; 138.4; 138.6; 138.9. '

P.m.r. Aata: 63.2 (methoxyl); 3.3-4.1 (7 ring protons); 4.4-4.95

(8 methylene); 7.157.4 {20 phenyl).

9. 1,3,4,5-Tetra-0-benzyl-a-|-sorbopyranose (23) /
h /

Hydrolysis of 22 following the procedure by Glaudemans and

Fletcher (78) (for the hydrolysis of 2,3,4,6-tetra-0-benzyl gluco-

o}

pyranose) did not produce a satisfactory product, as extensive de-
N /
composition occﬁred.
' Therefore, the following milder method was used: 18.5 g

of 22 in dioxane (125 ml) was heated under reflux with stirring and

ar ‘(1»0 L TSP U
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1, wélle both the reaction flask and cond¢nser were covered with alu-
o , o . . . T
minum foil to exclude 1light, 0.5N HC1 {pre-heated to 90°) was added

heé compound just began to oil put of

dropwise to the solution until

solution (approx. 32 ml of 0.5N HC1). e reaction was continued

the hydrolysis of 22 had occured

A ]

* until t.l.c. (solvent A) showed th

l(approx. 3-4 hj, 100 ml of ice water was then added, whereupon much

product oiled out. A chloroform extract (200 ml) of the reaction
mixture was washed-with water, .saturated sodium bicarbonate, 5% HC1,

and water, then dried over MgSO4, filtered, and concentrated. A

yellow o1l (23) remained; yield, 15.3 g (83%). When stored in the
47-50°, [a] =-11.3°

cold, the product partially crystallized, m.pX

(cwl.s, chloroform). Lit. (74): m.p. 48-51°, [a]D=—12.9° (c 3.3,

chloroform). Attempt$ at recrystallization from a variety of solvents

were unsuccessful.
C.m.r. data: 60.1 p.p.m. (C-6); 71.2; 72.2; 72.9; 74.5; 74.8;
77.7; 78.0; 81.9; 96.6 (C-1); 126.6-127.6(20x); 136.7; 137.1; /

¥
137.5; 137.9. )

P.m.r. data: 63.3-4.1(7x); 4.4-4.9\(methy1ene 8x3; 7.0—;.4(20x).

' 10. 1,3,4,5-Tetra-0-benzyl alditols(24)

(a) Product 23-(14 g) was dissolved in dry methanol (100 ml) -
and the solution was cooled to 5°. Sodium borohydride (3 g) was
added slowly to the stirred solution over a period of 0.5 h, the
temperature being maintained ?t <10°, then the reaction mixture was,
‘ " "kept at r.t. for 3 h at which time excess Amberlite IR;120 Tesin
kH+, approx. 50 g§ was added. The resin was filtered off and rinsed
‘z twice with methanol, the washings and stution were combined, con-

centrated, and the residue was treated with successive amounts of
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methanol to remove borate. The yellow sirup remaining-was chroma-
tographed on siﬁica gel (750 g) using solvent A. Small amounts .of
22 and 23 and of an unidentified product were isolated before pro-
duct 24 was collected; yield, 12.8 g (51%); the amorphous, homogeneous
material could not be induced té crystallize; [a]D=+lq.3° (c 2,
chloroform). (A smgll amount of product was used to prepare the
diacetate derivative using soéium acetate-acetic anhydride but this
did not afford crystalline material). ’
C.m.r. data: 61.0 p.p.m., 61.1 (C-1's); 68.6; 69.8; 70.4-73.8(12x);
76.7-78.8, (6x, methylene); 127.0-127.6 (40x); 137.3 (8x).~
P.m.r. data: 62,68 (2x, hydroxyls); 3.3-4.1 (8x); 4.35-4.7 (8x,
methylene); ?.18-7.3 (20x). ,/ '

) {b) To a cooled suspension of lithium aluminum hydride (1.0 g)
15 dgy tetrahydrofuran (200 ml) a solution of 22 (9 g) in dry.tetra-
hydrofuran (100 ml) was added dropwise. After the mixture had been
stirred at 10° fqr 1.5 h, ethyl acetate was added to decompose excess

¥

lithium aluminum hydride, followed by ice and dilute hydrochloric acid,

N

Methylene chloride was used to extract the crude product and the ex-

trdct, after being washed with water, was dried over,MgSO4 and con-

centrated. The residual material was chromatographed on a column of

' silica gel (solvent A) to give-8.1 g (89%) of 24 as sirup. An un-

identified product was also isolated from the reactioh mixture, as well
as small amounts of unreduced 23. [a]D=+10.Q° {c 2.0; chloroform).
11. 6-0-Trityl 1,3,4,6-tetra-O-benzyl alditols(25) o .

.
Compound 24 (10 g, 18 mmoles) and chlorotriphenylmethane

(5.5 g) were dissolved in dry pyridine (60 ml), the" solution was stored

at %.t. for 2 days, then'poupéd into icé-cold water with stirring.

| (—W
t -
.
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The clear supernatant solution was decanted off, a white sirup which
had deposited was dissolved in methylene chloride and washed success-
1vely with cold 5% hydrochioric acid, saturated bicarbonate solution, |
and water. Removal of the methylene chloride yielded a sticky sirup,

which was chromatographed on silicalgel (700 g) using solvent C.

. Product 25 was obtained in a yield of 89% (12.9 g). It was found that

partial de-O-tritylation of 25 can occur on silica gel support so that
the chromatographic @tep might, advisedly, be omitted. [a]D=+9.12°
{c 1.5, chloroform).
C.m.r. data: 62.3 p.p.m., 62.5(2x~C-1's); 69.2; 70.0; 70.6(2x);
72.1-72.5 (4x); 73.5; 73.9 (3x); 126.2-128.0 (35x); 137.5 (4x);
143.2 (3x).
From evidence of I?C signal intengities it seems that one ﬂiastereomer
1s present in larger amount. \
P.m.r. data: 62.55, 2.84, (hydroxy); 3.1-4,1 (8x); 4.1-4.7 (8x);
. ?-7.5 (35X). ‘

& //

12.- 6-0-Methoxy-trityl ~15,4,5-tetra—9;benzy1 alditols (26)

The 1-O-methoxy-trityl derivative (26) was produéed i; the ‘same
fashion as compound 25 by using p—anisylchlorod%phenylmethane. Yields
of 26 were the same as those of 25. [a]D=+9.04° (c 1.0, chloroform).
Its c.m.r. and p.m.r. spectra were closely analogous to those of. com- |

pound 25. H ,

13. 60-Trityl- L3,4,Srtetralgabénzyl-A;Q;TBDMS alditbls (27)
- - 2 2L

A solution of compound 2§_(10 g, 12.7 mmoles); dimethyl-tert-
butylsiiyl chloride (2.3 g, 15.2 mmoles), and imidazole (2.2 g, %}.7
mmoles) vin dry dimethylformamide (40 ml), was heated at 35° for 24 h,

poured into ice water, and the mixture was stirred for 2 h and left

PR S
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{ overnight in the cold.l The supernatant solution was decanted off,
and the sirupy product was dissolved in methylene chloride. After °
/ being washed successively with cold 5% hydrochloric acid, saturated
bicarbonate solutlov and water, the solution Qés aried and concen-
' trated. The yellow residue was chromatographed on silica gel {700 g)
using solvent C, afquding sirupy 27 in a yield of 9.8 g (86%).
[a]D=+? 7° (¢ 2.5, chloroform). ‘
P.m.r. data: 80.05 (6x, TBDMS), 0.82 (9x, TBDMS); 3.1-4.1 (8x):
4.1-4.8 (8x); 7.0-7.4 (15x). )

14- 6-0-Methoxy-trityl-1,3,4,5-tetra-O-benzyl-2-0-TBDMS alditols, (28) ’i

Compound ‘28 was synthesized in the same fashion as compound 27;1
the yield was marginally higher, [e.]D=+4.2° (s 1.5, chloroform). "

15. Q—_Q—Trityl—2—9—benzoyl-1,3,4,Srtetra—Q_—benzyl alditols (29)
N

To a cooled pyridine (20-ml) solution of 25 (5 g, 6.4 mmoles)
was added dropwise 1 ml of benzoyl chloride (8.3 mmoles). The solution ’
was left overnight at r.t., 5 ml of ice-water was added to destroy
excess benzoyl chloride, and 200 ml of methylene chlorid:a was intro-

duced. The organic layer was washed successively with H,0, cold 5%

"
hydrochloric acid, saturated bicarbonate, and water, dried over MgSO4
/ i

and concentrated to a sirup. The material was chromatographed on

o

silica gel (250 g) using solvent C. Compound 25 was obtained as a
-~

sirup (yield, 5.1 g‘ (88%)), [qJD=+4.1° (¢ 2.1, chloroform),

N

P.m.r, data: §3.5-4.1 (7x); 4.25-4.65 (8x, methylene); 5.5, m‘(H-S);

7.0-7,4 (38x); 7.8-8.0 (2x, benzoyl). \ | ©

|

B SIS T RNy e, i
o

16, 6-0-Trityl-2 -O-acetyl-1,3,4,5-tetra-0-benzyl 'alditols (30)
/

( /\ Compound 25 (5 g, 6.4 mmoles) was dissolved in acetic .an-

hydride (16 ml) and dry pyridine (40 ml), the solution was kept at

&
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sr.t. for 18 h, and poured into jce water with stirring. An oily
residue that deposited out was worked u? in the same fashion as for

compound 29. Yield, 4.2 g (82%). -laJ =+4.0° (e 2.7, chloroform).

D
s(acetyl); 3.4-4.1 (7x); 4.2-4.8 (8x); ’f\\\\_’_\\\_//\—l/

>

P.m.r. data: 61,93,

\ 5.3§ (m, H-5); 7.0-7.4 (35x),

»

17 . Attempted selective hydfoly51s of trityl group of 27

(a) Using MeOH-HC1: -
Compound 27 (0.6 g) was dissolved in methanol (10 ml),
0.1 N methanolic-HC1l (2 ml) was added, and the reaction followed by
t.1.c.. After 20 mins, it was evident thai both 0-silyl and the O- -

trltyl groups were being hydroxyled, and the reaction was termlnated

-~
Y

(b} Using 511ica gel:
To a column _of silica gel (25 g of a mixture of 60-200 mesh
(Fischer grade) and 28-60 mesh (Fischer grade)) a solution of 27

(0.5 g) in benzene (5 ml) was applied, and 50 ml of benzene was ufed
> #

to deYElgp/. e chromatogram. After 12 h the compounds were eluted
,from the column with solvent D: the products were found to represent
|

a mixture of de-0O-tritylation and, to a lesser extent, de—Q;tfitylation

and de-0- 51lylat10n of 27.

i

18. 1,3,4,5, Tet%a O-benzyl-2-0-TBDMS alditol (31) (via trityl derivative)

Compound 27 (4.7 g) was quickly dissolved in twice its
weight of glacial acetit acid (i.e,, 9.5 ml), While the solution

o ¢ ' .
was heated and stirred vigorously, preheated (90°) 70% agqueous acetic

acid -(38 ml) was added batchwise slowly enough not to 0il out the e

material. The total time of hydrolysis did not exceed/I2 mins, at
which taime the reaction mixture was poured into ice water (300 ml)
with stirring. A precipitate which formed was collected by decantation

2

—— "
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and centrifugation!and dissolved in methylene chloride (250 ml). ,

This solution was washed successively with saturated sodium bicarbonate

and water, and-concentrated. Wb;t/of\ﬁﬁe trityl alcohol and small

amounts of unhydrolysed 24 were removed from the product by vacuum

distillation (140°/0.02 mm). (Yield of the trityl alcohol, 1.25 g).
. \ ,

The remaining material was chromatographed on silica géi (300 g)

using solvent D, to yield 2.4 g of 31 (6§k%); Ia]D=~6.90 (c 1.5,

chloroform). . \

P.m.r, data: 60.05, 0,13 (6x, TBDMS); 0.87 (9x, TBDMS)} 2:35

(hydroxyl); 3.4-4.2 (8x); 4,3-4.9 (8x, methylene); 7.1-7.4

{20x, phenyl). )

<f x .
19, 1,3,4 . 5Tetra-O-benzyl 2 -0-TBDMS alditols (31) (via metﬂbxx;

trityl derivative)

\
To a solution of 28 (2 g) glacial acetic acid (6 ml),
stirred and heated at 50°, was added batchwise 70% aqueous acetic
acid (preheated to 70°)(18 ml) at such a rate as to avoid precipita-

§
i
tion of the compound. After 45 min the solution was poured over ice
1

[+

water, and the product recovered as in procedure 1;. Yield of 31,
4

1.1 g(74%), [aJD=r6.5° {c 1.1, chloroform), The p:@.r. spectrum was

indistinguishable from that of 28, broduced by précedure 17. .~

20. 2-O-Benzoyl-1,3,4,5tetra-Q-benzyl alditols (§g)“

-

Hydrolysis of the O-trityl group of compound 29 was per-
formed as for 27 (procedure 17), except that %%e reaction was allowed

to proceed for 0.5 h instead.of 12 min. High vacuum distillation

removed most of the trityl a}cohol, and the residue was chromato-
graphed on silica gel (solven D); yield, 77%, laly=+4.1° (c 1.6,

chloroform).

b
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P.m.r. data; 62,25 (m, hydroxyl); 3.5-4.1 (7x); 4.2-4.6 (8x,

nethylene);'S.S (m, ﬁLS); 7.0-7.4 (23x); 7.8-8.0 (2x, benzoyl).

£d

2. 2-0-Acetyl-1,3,4,5tetra-O-benzyl alditols (33)
- b

Hydrolysis of the O-trityl grouﬁ of compound 30 was per-
- - N

formed as with the O-benzoyl derivative (procedure 19). Yield, 75%,
~ —

rd

[a]D=+5.O°(c 1.3, chloroform),

7 <&
P.m.r. data: §81.95, s(acetyl); 3.4-4.1 (7x); 4.2-4.8(8x);’

-

5.40, m(H-5)% 7.0-7.4 [Z?X)i

o

22 2,3,4,6-Tetra-O-benzyl-5-0~-TBDMS aldosey (34). \Dxidation with

chromium trioxide-pyridine

) .
The oxidation procedure was similar to that }gscribed by

o

Arrick, Baker and Horton (86), The -reaction was carried out in a
dry box. Chromium trioxide (1.08g, 12 M equiv./M equiv of alcohol)

was added tb a solution of dry pyxdffine (1.7 ml, 2 M equiv./M equiv.

of chromium trioxide) in dry methylene chPoride (20 ml1). nThe oxidant °

was stirred for 20 min, at which time compound 31 (0.6 g, 0.9 mmole)
dissolved in 3 ml of methylene,chloride, was added. A tarry deposit

¢ - . . .
formed at once; the suspension was stirred for 20 min at r.t., the
”
supernatant solution was decanted, and the tar was extracted twice
with ether. The Fombined washings and supernatant were concentrated,

and thgrresidue was chromatographed on silica gel (50 g) using solvent

E. The aldehyde (34) was coliected (first compound to emerge from

the column) in a yield of 0.3 g (50%). lal =-2.7° (c 0.8, chloroform).
" Y { g D

P.m.r, data: 60,08,°0.15 (6x, TBDMS); 0,85 (9x, TBDMS); 3.3-4.25
(6x); 4.3-4.9 (9x, methylene); 7.1-7.4 (20x, phenyl); 9.6, 9.68

(s, aldehygic protons).
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“ 23, 2L3L4,6-Tetra—9;be§zy1-S-Q—TBDMS aldoses (34). Use of the /

pyridinium chlorochromate oxidation method

O The oxidation ﬁrocedure was:similar to that of Corey and
Suggs (87). Pyridinium chlorochromate (prefared as in ref g7 and
stored dry and in the dark) (1.03 g, 4.76 mmoles) and anhydrous sodium
acetate (0.08 g) were suspended in dry methylene chloride (5 ml).
Compound 31 (2.1 g, 3.15 mmoles), in dry methylene chloride (10 ml)
was added in one portion to the stirred suspension of oxidant,
followed afte% 3 h‘by 50 m1 of dry ether. The suspension was decanted
a?d the t;rry deposit washed twice with ethér, and the combined
solutions were coﬁcentrated, giving a black residue that wa§ chromato-
graphed on silica gel (100 g) using solvent E. Aldehyde 34 was ki
obtained an 74% yield (1.54 g). lalj=-2.5° @ 2.0, chloroform).
Preparative t.l.c. (solvent D) of the aldehyde mixture (34) succeeded
in sepdrating a fraction which contained 80% of the gluco 1isomer,
the aldehydic proton of which resonates at 9.6 p.p.m. Column chromato-
graphy was less successful. P.m.r. spéctrum was.indistinguishable

from tha¥ of product given by procedure 21.

C.m.r. data: -5.8 p.p.m., -5.6, -5,2, -5.1 (2x, methyls of TBDMS};
25.1 (3x, tert-butyil gﬁs); 70.6; 71.0; 71.6;71%.9; 72.% (3x); 72.4;
72.5; 72.6; 73.3; 73.4; 77.2; 77.7; 79.3; 79.6; 79.7, 79.9 (6x,
methylene to secondary carbon); 126.7-128,3 (40x); 136.4-137.6 (8x);

198.6 (aldehyde, 2x).

4

' 24, 5-0-Benzoyl-2,3,4,6-tetra-0-benzyl aldoses (35)
The oxidation of combound 32 was similar in procedure to

the previous oxidation method (i.e., 22); the yield of compound 35

was 72%. [a]D=+0.4° (¢ 1.0, chlorofomm). ( “
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P.m.r. data: 63,3-4.0 (5x); 4.1-4,8 (9x); 5.5, m(H-5); 7.0-
7.5 (23x); 7.8-8.0 (2x, benzoyl); 9.6, 9.65 (s, aldehydes, ¢
equal intensity). ;

25. 5-0-Acetyl-2,3,4,6-tetra-0-benzyl aldoses (36)

Oxidation of compound 33 by the procedure described in

22, gave 36 in 73% yield. [a]D=+l.6° (c 1.2, chloroform). -

~

P.m.r. data: §81.86, s{acetyl); 3,35-4.0 (5x); 4.05-4.8 (9x);

font

5.35, m(H-5); 7.0-7.4 (20x); 9.55, 9.6 (s, aldehydic proton).

26. 2,3,4,6-Tetra-O-benzyl alaoses: L-1do (37), D-gluco (38)

"The use of tetrabutyl ammonium fluoride in THF (procedure
of Ogilivie et al (84) to de-O-silylate compound éﬁ_produéed side ¢
products. An alternat}ve? more satisfactory, procedure used acidic
conditions. Compound éi\(3.3 g)‘was dissolved in 30 ml of acetic
acid, water (8 ml) was added slowly to the heated and stirred solution,
the apparatus was covered with aluminum foil, and the reaction allowed
to proceed for 4 h. On cooling, 2,3,4,6-tetra-0O-benzyl-a-D-glucose (38)
crystallized out (yield, 0.80 g). Water was added, the solution was
concentrated, methanol (6 ml) was used to dissolve the residue sirup,
and on cooling more of 38 (0.1 g) crystallized out. The total yield |
of 38 was 33%. M.p. |150-152°, [ajD=+2o.8°(c 2.4, chloroform). Lit (78):
m.p. 151-152°; [a]D=+21.2° (¢ 2.19, chloroform).
It was estimated that 90% of the residual sirup (1.7 g, 63% yield)
was 2,3,4,6-tetra—9;benzy1ig:idose 3. Ia]D:—1.0° (c 2.4, chloroform).
Additional p.m.r, data(crude‘§2): 83.3-4.1 (6x); 4.2-4.8 (8x);
4.92, d(B, H-1); 5.15, d{(a, H-1); 7,0-7,3 (20x).
c.m.rit data (crude 37): .67.6 p.p.m.; 68.0; 68.5 (2x); 71.7-

72.9 (10x); 74.6 (2x); 75.5; 77.1; 91.8 (a, C-1); 93.3 (8,C-1);"
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|

'126.6-127.6 (40x); 136.6-138 (8x). . -

[

27. Catalytic methanolysis of the ester groups of compounds 35 and 36

To a solution of each combouqd (0.5 g) 1n dry methanol
(10 ml1) was added 1.5 ml of freshly ﬁrepared 0.5% sodium methoxide.
The reaction mixture was stored at 12°‘for 18 h, then it was neu-
trallze£ with cationic resin, the solvent was removed and the dark
residue (.0.32 g) was chromatographed on tll.c. plates. The product
showed evidence of extensive decombosition, as described in section
3.3-2 (D). [a]D(from benzogte)=+2.6°; Ia]D(frém acetate)=+1,8°,

28. Acid hydrolysas of‘sgfz-acety1-2,3,4,6—tetra-9;benzy1 aldose (36)

Compound :36 (0.5 g) was dissolved in 5 ml of dry methanol
containing Dowex-50 resin (H+) (1.0 g), the suspension was stirred
for 2 days (t.l.c. showed no significant amount of'smethyl glycoside),

£in was rembved, and 1 N HCl-methanol (2.5 q%) was added. After

the ré
2 days at r.t. only 30% of the material was converted into methyl

glycosides, as indicated by p.m.r. spe¢troscopy, the rest of the
material being unreacted 36 and decomposition products.

29, 1-0-Acetyl-2,3,4,6-tetra-0O-benzyl-D-glucopyranose

To a cooled mixture of dry pyridine (3.5 ml) and acetic
anhydride (0.3 ml) was added compound 38 (0.5 g), and after 14 h
at r.t. the solution was poured dropwise over 15 g of 1ce. The
mixture was extractea with chloroform, and the organic layer washed
with watér, dfied, and concentrated, giving a clear o1l (0,45 g, 84%).
The p.m,r. spectrum showed the oil to be a‘mixture of ¢:B anomers in

the rati% of 5:1. The observed chemical shifts were in close agreement

with those reported by Leroux (97)-

7~
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: 30, 1-O-Acetyl derivative of crude 37

To a cooled mixture of dry byridine (2.5 ml) and acetic
anhydride (0.2 ml) was added siruby crude 37 (0.3 g). After 14 h
at r.t., workup was performed as described in the previous section;

yield, 0.25 g (83%), [u]D=+1.8° (¢ 2.4, chloroform).
. 4

P.m.r. data: 61.9(acetyl, o anomer); 1.95(acetyl, 8 anomer);
3.45-4.9 (5x); 5.1-5.7 (9x); 6.1 d(g_1 2=2.5 Hz, B-anomer);

H
6.2 d(i1 2=4.O Hz, o-anomer); 7,0-7.4 (20x).

31. L-Iditol hexaacetate

To a cooled methanolic solution (5 ml) of the crude preparation

of 37 (0.25 g) sodium borohydride (0.05 g) was added slowly. After
' . L
14 h, an excess of Dowex-50 resip'(H+) was introduced, the solution

was evaporate% to dryness, and methanol was added (2x) and then

}

removed to remove the borate,

The reduced material was dissolved in 90% aqueous dioxane
(12.5 ml1), palladium black (0.04g) was added, and hydrogen was intro-
duced by means of a ball gon reservoir. The stirrled suspension was
left at r.t. for 18 h, filtered through Celite pad, the filtrate
was evaporated, and the residue dried thoroughly under vacuum. To
the residue was added acetic aqhydride (2 m1) and anhydrous sodium

acetate (0.2 g), the mixture was heated at 95° for 1.5 h and evaporated

to dryness. The product was extracted into chloroform, the solvent

|

was- removed and crystallization occurred when the residue was dissﬁngd

in ethanol; yield, 0,06 g (66%), m.b. and mixed m.p. 122-124°, [a]D=+20.1°

(¢ 0.3, chloroform)
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32, Methyl 2,3,4,6-tetra-0-benzyl-o,B-L-idopyranoside

Methyl glycoside synthesis was attempted by the procedure
of Leroux ( g4) by using triflic anhydride, tétrabutylammonium bromide
and collidine, follpwed by the addition of methanol. The main product )
recovered after chromatographic purification was nmot identified, only
a small proportion of mg?%yl glycoside being present. (p.m.r. evi-
dence). A part of the material was de-g;benzylated\by hydrogenation
(aqueous dioxane—pélladlum black), the product of which appeared-to
be composed of 4 or 5-pompouﬁds: 2 showed r.f. values (t.l.c., ethyl
écetate:methanol=8.5:1.5)'characterlstic of disaccharides, whereas '

another 2 corresponded to methyl glycosides. The p.m.r. spectrum

was complex, and appeared to contain 4 small anomeric signals.

.
—

Another portion of the product (above) was treated with 3%
methanolic-HC1 under réflux for 6 h. The material recovered had [a]D=+1.O°

(c 1.0, chloroform). Its p.m.r. spectrum indicated that it was com-

posed of approx. 70% methyl 2,3,4.6-tetra-O-benzyl-a-D-idopyranoside,
20% of: the B-anomer, and 10% of methyl 2,3,4,6-tetra-0-benzyl-a-D-

i glycopyranosade. \

’ , 1Y
P.m.r. data: 63.3(methoxy,a-anomer, glucose); 3.38(methoxy, a-anomer

ido); 3.42(methoxyl B-anomer, ido); 3.3-4.3(9 protons); 4.3-5.0 \'
\ (9 protons); 7.0-7.4 (20x).
' The mixture of methyl glycosides was de-O-benzylated by

hydrogenolysis in aqueous dioxane containing palladium black (procedure
") .

o

30). The methyl glycosides that resulted were present in the same pro-

portion as §F£§£¢ de-0-benzylation; [a]y=-30.5° (c 1.5, chloroform),
. /

{ The p.m.Tr. signals ascribed to the methyl-g-L-idopyranoside present

SRR o

(70%) corresponded closely to the spectrum of authenticpmethyl-a-p;
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idopyranoside.
Partial p.m.r. data: 83.45(methyl, a-anomer, ido }; 3.55(methy1(‘,\
B-anomer, ido), 4.7 d(i1,2=4'0 Hz, a—ano;ner, ido); 4.9, d(g—l,2=1‘4’
p-anomer, ido).
C.m.r. data fér methyl—u-g:idopyranoside: 56.4 p.p.m. (CHS—);
60.7" (C-6); 70.7 (C-4); 71.2 (C-5); 71.5 (C-5); 72.0 (C-3);
102.0 (C-1). For methyi—B-éﬁidopyranoside: 57.4 (CHS—); 62.0

(C-6); 69.2 (C-5); 70.1 (C-4); 70.4 (C-2); 76.0 (C-3); 100.9 (C-1).

ten
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CLAIMS TO ORIGINAL RESEARCH ; ® .
’ -
-
q
1. N.m.r. ‘spectroscopy has been usei to obtain detailed structural

information about minor components of type A and type B heparins

2. A comprehensive n.m.r. spectral study has been carried out on the

major product formed by deaminative degradation of heparin, i.e.,

4-0-(a-L-1dopyranosyluronic acid 2-sulfate}-2,5-anhydro-D-mannose. 6-

}
sulfate. (1) Also, characterization of a de-0-sulfated, methyl estger

analog of 1 has been éﬁigcted. v ( .
{ N
3. A new synthetic route to g—idopyranoge has been developed; it .

.
3
l

involves the synthesis of 2,3,4,6-tetra-0-benzyl-L-idopyranose, :

“starting from L-gorbose. /
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