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PREFACE

Steric effects in the course of chemical reactions have
received much attention in the past two decades., These con-
si derations deal with the exact shapes (conformations) of
molecules and have resulted in the development of a field in
organic chemistry known as conformational analysis. This
development has greatly deepened our understanding of the
properties of organic molecules,

The acetylated sugars and related acetylated glycosyl
halides play an important r8le in synthetic carbohydrate
chemistry. The numerous studies based on these compounds have
shown them to possess a number of puzzling properties. The
present investigation was particularly intended to determine
why, for many of these compounds, the anomer with the l=-sub-
stituent in axial orientation appeared to be thermodynamically
more stable than its equatorial equivalent. The study of this
anomalous property was approached through an investigation of
the anomerization of the acetylated aldopyranoses. A variety
of non-bonded interaction energies in the ground states werse
obtained from the equilibrium data and a satisfactory rationa-

lizaetion of the relative stebilities of the anomers was made.

lloreover, a mechanism of the anomerization reaction was deduced

through a conformational analysis of the possible transition

states.
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During the course of this research, it became apparent
that the interaction energies derived from the anomerization
data may be useful to determine the absolute configuration
of new sugars. Application of this idea to a hexosamine de-
rived from the new antibiotic kanamycin led to conclusion that
the substance wés, in all probability, 6-D-glucosamine or &=
D-galactosamine. It was found that the substance was in fact
the 6=D-glucosamine, However, the method was not applicable
to 2- or 3-hexosamines. Another hexosamine derived from kana-

mycin was shown to be 3-D-glucosamihe by synthetic methods.

I wish to express my sincers gratitude to Prof. R.U.,lLemieux

for his constant assistance and inspiring suggestions through
the course of this study and his support through the National

Research Council of Canada for grant in aid of research.
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ABSTRACT

A quantitative conformational analysis was made of the
anomerization equilibria of the acetylated aldopyranoses. The
following non-bonded interaction energies were obtained, based
on the assumption that the difference in free energy between
the anomeric palrs can be taken as equal to the difference in
non=-bonded interactions,

(L) The anomeric effect, 1290 cals,/mols,

(2) An acetoxymethyl group on carbon 5 enhances the

anomeric effect by 220 cals./mole.

(3) The skew interaction between two acetoxy g1 ups,

0/0-H/H, is 540 cals./molo.

(4) The diaxial interaction between an acetoxy group and

a hydrogsn atom, H:0-HsH, is 180 cals,/mole,

(5) The diaxial interaction between two acetoxy groups,

~ 0:0-H:H, is 2020 cals./mole.

These interaction energies are all related to the inter-
action term H/0-H/H, that is the skew interaction between an
acetoxy group and a hydrogen atom relative to the sgme inter-
ection between two hydrogen atoms. The above values for the

interaction energies are based on the assumption that the value

of H/O-H/H is negligibly small. This type of assumption has
been made by all previous workers in the field of conformationsl

analysis and is required for a comparison of the values presently
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obtained with those values of similar interactions reported
; in the literature. i
: The acetylated amono-sugars wi th an acetamido group on
carbon. 2 or 3 were found to undergo anomalous anomerization

reactions, These results could be due to the formation of

T

Stable oxazolinium or oxazinium ions in the anomerization media.
B The relative stabilities of the transition statesin the
anomerization of the acetylated aldopyranoses were examined in
a number of different ways, It was concluded that the results
would best be rationalized on the basis of a bimolecular meche-
anism. Conformational analyses of the transition states indi-

! cated that the activated complexes of the aldopentopyranose

tetraacetates may assume a half-chair form. However, a deformed
chair seemed more plausible for the transition states of the
gl dohexopyranose pentaacetates. The reason for this difference

between the pentoses and hexoses is discussed.

The reaction of the base-catalyzed anomerization of the

D-glucopyranose pentascetates was invesitigated,

The amino=-sugar moieties from the hydrolysis of the new
antiblotic kanamycin were identified as 3-D-glucosamine and
6~D-~glucosamine., The configuration of 1,2;5,6~diisopropylidene~

S-deoxy-3-amino-a-D-allofuranose was established., This proves

e O S e s W 1B

that inversion occurs in the replacement of a tosyloxy group on
secondary carbon atoms with ammonia or hydrazine and provided

unequivocal identification of b-D-glucosamine,
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CONFORMATIONAL ANALYSIS
OF THE EQUILIBRIA AND RATES
FOR THE ANOMERIZATION OF ACETYLATED AIDOPYRANOSES

(PART ONE)
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I. INTRODUCTION

A. Conformational Analysis

The purpose of this research was mainly to obtain infor-
mation pertalning to the conformational effects on the proper-
ties of sugars and their derivatives. For this reason, it is
appropriate to begin this thesis with a survey of the pertinent

aspects of conformational analysis,

l. Introductory Survey

The development of the electronic theory, mainly in the
1930!'s, provided a greatly deepened understanding of the proper-
tles and reactions of organic compounds (1-4). However, it was
clearly appareht that other factors were involved, and which
appeared more difficult to assess, The effect of size and re-
lative positions of groups in molecules irrespective of their
electrical properties, known as the steric effect, has received
much attention in the past two decades. This approach has proven
especially fruitful in the past ten years and was mainly respon-
Ssible for the establishment of a field in organic cheﬁistry known
as conformational analysis,

Conformational analysis is concerned with the determination
of the relatlive stabilities of the various conformations (shapes)

for an organic molecule, Only intramoclecular effects usually




are considered which arise from interactions betwsen non-bonded

atoms. Originally, only steric (5) and resonance (6) effects

were considered but more recently electrostatic interactions
(7) have been found to be Important too. Conformational ange
lysis of transition states as well as molecules in the ground

state have proven of great value in the understanding of rates

S N R e T T e T U R T Ty s
o N IO (= £ S R L) =

% of reaction,

Until very recently, most of the work in the field of con=-

S T T i
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formational analysis consisted of qualitative applications of

& number of general rules to the chemical problems, and therse

? were few results which could be used to give quantitative data,

Hence it was considered worthwhile to review the recent work

ML AR B wieid S

which deals with quantitative aspects of conformational analysis,
and to emphasize some of the more fundamental aspects of this
sub ject,

The term "conformation", first proposed by Haworth (8),
was used to designate a parﬁicular shape or arrangement in space
of the atoms in a molecule in which more than one arrangement
can be brought about by simple rotations about single bonds,
German researchers use the word "constellation" as sSynonymous

to "conformation". In the literature of chemical physics the

term "rotational isomer" is used in a similar sense,

3
7]
i
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2. Restricted Rotation of Acyclic Hydrocarbons

According to the theory of covalent bonding (9), a
single bond has full circular symmetry about its internuclear
axis. It follows that rotation about single bonds should be
completely free. Although optical isomers of symmetrical
ortho-substituted diphenyl derivatives had been known since
the early 1920's (10), and correct explanation was given al=~
most simultaneously by Turner and Le Févre (11), by Bell and
Kenyon (12), and by Mills (13) as a result of steric repulsion
between the ortho-groups which inhibits planar forms and Pree-
vents the free rotation about the interannular bond, However,
the existence of such restricted rotation about the single bonds
was not realized universally until the statistical mechanical
treatment falled to give agreement between calculated and ex-
perimental thermodynamic data of simple hydrocarbons,

In 1936, Kemp and Pitzer (14) showed that the deviation
of the calculated from the experimental values was due to the
assumption of free rotation about a single bond. These authors
postulated a sinusoidal potential barrier restriction to such
internal rotation. For example, in ethane two distinct confore
mations are possible, One is the staggered form (I) in which
all the hydrogen atoms are equidistant from each other, The
other one 1s the eclipsed form (II) in which all the hjdrogen

atoms are opposite one another. Owing to the repulsive inter~
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action at the close disténce, the eclipsed form possesses

higher energy than the staggered form,

H
H\\\’,/H
|
H :. H
H

In going from one staggered form to another by rotating
one methyl group about the carbon-carbon bond, ethane must
pass through the eclipsed higher-energy species. Thus a po=
tential=-snergy barrier to free rotation exists,.

Although no quantitative theory has yet been advanced to
account for these barriers to internal rotation, it is assumed
that they arise from the repulsion of the electron pairs fore
ming the carbon=hydrogen bonds. The basic cause is pPresumably
the same as that responsible for the repulsive van der Waals

forces between separate molecules,

3. Non=-bonded Interaction in Alicyclic Compounds

Sachse and Mohr (15,16) pointed out that cyclohexane, a
six-membered ring compound, could exist in two non-planér,

Strainless forms, namely the boat (III) and the chair (Iv).
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In the chair form, all the carbon~hydrogen bonds are
equivalent to the staggered form of ethane; whereas in the
boat form, there is total eclipsing of the b§nds on carbon
atoms 2 and 3, 5 and 6, In addition, there is a strong re-
pulsive interaction due to proximity of the two hydrogen atoms
QA and HB in the sccalled "flagpole positions". It follows
that the chair form should be more stable than the boat form,
and 1t has been estimated that the energy difference between
these two forms is about 7.2 ~ 10.6 kcal./mole (17), Experimen=-
tal evidence supporting the chair form for cyclohexane was obe
tained from Raman (18,19) and infrared (20) spectra and electron
diffraction data (21).

Owing to the abundance of six~membered ring compounds in
nature, the growing interest in regard to the conformational
analysis of these alicyclic compounds is evident from a number
of reviews in the literature (22-25), Attention 1s focused on
steric interactions, that is those caused by interpenetration
of electron shells when the interatomic distance between two

non~bonded atoms is less than the sum of their atomic radii,
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As seen in the formuld in Table I, the cyclchexane mole=
cule in the chair form has two distinctly differ ent orienta- |
tions for the twelve substituents on the ring atoms. Six (a)
are perpendicular to the mean plane of the ring and are referred
to as the axial substituents (26), and the other six (e) which
lie approximately in the plane of the ring, are known as the
equatorial substituents.

Table I shows the interatomic distances in the cyclohexane
ring as calculated by Angyal and Mills (27), and Corey and Sneen
(28). The values given by Pauling (29) for the van der Waals

redii of atoms are listed in Table II,

Table II

van der Waals Radii of Atoms

H 1.2 X
N 1.5 & 0 1,40 F 1435 &
P 1.9 S 185 C1 1,80
CH, 2.0

3
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Table T

Interatomic Distances in the Chair Form of Cyclohexane Ring

Interatomic Distances

Position
H~-H 0 -0 C =C H - C
\. le -v2e 2,498 2,838 2,068
la = 22 3,06 5466 3488

la - 3a 2,54 2,54 2,54 2,57 %
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The data in Tables I.and ITI show clearly that any axial
substituent other than a hydrogen atom om the cyclohexane ring
would cause steric interactions. Therefore, an equatorial sub-
stituent should be more stable than an axial substituent. This
is one of the fundamental principles of conformational anglysis.
Quantitative.évaluation of such interactlon anergies has re-

ceived much attention since the early 1940's,

4, GQuantitatlve Aspects of Conformational Analysis

Conformation and Spectrum: The energy barriers between the

conformations of organic compounds are usually too low to allow
the separation of conformationally pure liquid or gaseous com-
pounds. Nevertheless, any rapid physical method of analysis
can, in principle, yield a measure of the concentration cf a
given conformation. The methods which have been used most ex~
tensively are based on Raman and the infrared spectroscopye.

It was shown (30) that, for many 1l,2-disubstituted ethanés,
the spectrum of‘the liguid contained bands for two conformations
while in the solid the bands of only one conformation remained,
Thus the bands associated with each conformation may be selscted
unequivocally. Although it is difficulﬁ to obtain the absolute
intensities of Raman bands, the relative intensity of a trans
band and a skew band ylelds a measure of the ralative concentra-

tion of the two conformations., Thus for the eguilibrium

JEE o A
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trans CH2X - CH2Y (V) = skew CHoX - CHyY (VI)

I
K =(constant) ~$/It (1)

where K is the usual equilibrium constant and I is the appropriate
measure of intensity of the given Raman band,
If these measurements are made as functions of temperature

(31), the heat of reaction may be obtained from the following

equation K 5 I (2)
din dln 2
AH = R[d(17T51 = R[ d(L/p) ] )

Conformational energies obtained by methods equivalent to
the one just described, together with the potential~energy bar-
rier of some simple compounds calculated from thermodynamic data
have been reviewed by Dauben and Pitzer (32).

Recently, Pickering and Price (33) obtained the Eonformational
energy between an axial and an equatorial hydroxyl group in cycloe
heianol from infrared spectrum. The axial hydroxyl group in the

conformationally homogeneous cis~4=t-butylcyclohexanol (cf.page 13 )

=1
has an absorption peak at 955 cm , and that of the equatorial
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hydroxyl group in the trans isomer at 1070 cm . From the re=
lative intensity of these two peaks in the spectrum of cycloe
hexanol, it was calculated that an equatorial hydroxyl is

favored by 0.3 = 0,4 keal./mole over an axial hydroxyl.

Conformation and Reactivity: In ordser to appreciate the ree=

lationship between conformation and reactivity, one must recog=
nize that both ground and transition states may exist in more
than one conformation. The energy barrier for conformational’
chenges usually being small as compared to those for reaction,
the rate-determining steps in typical reactions are usually
much slower than the rates of equilibration among conformational
isomers and, consequently, the relative concentrations of the
various conformations is assumed to remain constant,

It is possible for certain types of compounds in certain
reactions to form the same transition state, However, usually
different conformations in the ground state must be expected to
yield different transition states, In view of the short life
of the transition states, equilibration of transition states is
assumed to never occur, Hence, the rate of a reaction of a come-
pound which can r;act in either of two conformations, such as
E (when the substituent is equatorial) and A (when the substi=-

tuent is axial) can be expressed as follows where the transition

state A¥ anda EF may or may not be identical,




 FARRITR V)

A -‘__K_———‘ E
t |
Ka l g

A¥ gt
RT RT
Nh Nh

v L 4

Products

K is the equilibrium constant for the ground=-state confore
mations and K: and K; are related to the free energies of ac~
tivation from the axial and equatorial conformations, respectively,.
For a unimolecular reaction, the rate of formation of products,
dP/&t’ is given by the expression,

si.li:liT_.K: (Al + R_'I'.K*EE] (3)
it = W ¥n "B ’
where (Al and [E] are the concentrations of the ground-ctate

conformations. Dividing by [A+E]}, the total concentration of

reacting specles, gives

% %
dP/at _ RT . (a1 k' _ RT _ (E]
1 I~ A+E] 27T 8§ "GAFE] 5 (¢)
or, k =Nk + N (5),

where k is the first order rate constant and gA’kE are rate cone

stants corresponding to pure A or E type reactions. NA and NE




are the mole fractions of ‘A and E, respectively., Thus the
observed rate constant k is a welghted average of the rate
constants characteristic of the conformational isomer A and
E.

Winstein and Holness (34) derived this equation, and
applied 1t to reactions of 4-t~butylcyclohexyl derivatives,
Using the parameters of interaction energy obtained from
acyclic compounds (35,36), they estimated that an axial t=-
butyl group was less stable than the equatorial isomer by at
least 5.8 kecal./mole. Thus the tertiary butyl group serves as
a compelling but remote handle, effective in controlling the
conformational position of a lesubstituent. That is, a cis=-
4=t~butyleyclohexyl derivative (VII) must have the l-subw

stituent in the axial positlon,

(CH3)3C (CHz)3C

VIiI VIII

vunless the difference in energy between the axial and equa~-
torial positions of the l-substituent (R) is greater than

5.8 kcal.,/mole, which, in general, will be unlikely. Thus,

a cis-4~t=butylcyclohexyl derivative (VII) would have N, equal
to unity. Similarly, the trans~4-t=butylcyclohexyl derivative

ij' ST
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(VIII) will have Np equal.to unity. The measured rate con-
stants for the dlastereomeric 4-t-butylcyclohexyl derivatives
would therefore be kk in one case and kE in the other, It is
assumed that the tertiary butyl group is sufficiently distant
from the reaction center that polar and steric effects due to
the t-butyl group tend to be small or negligible.

Winstein and Holness (34) studied the rates of chromic
acid oxidation of the 4=-t-butylcyclohexanols, the rates of saw=
ponification of the acid phthalate esters, and the rates of
solvolysis of the tosyl derivatives under a variety of condi-
tions. The same reactions were studied with the cyclohexyl
compounds. The cyclohexyl compounds gave rates of oxidation
and solvolyslis intermediate between those of the equatorial
and axial 4-t-butylcyclohexyl derivatives, and hence the values
of NA and N for cyclohexanocl and cyclohexyl toluenesulfonate

E
could be calculated from equation (5).

In Table III are listed the conformational energies ob=-

tained from reaction rates based on this method.




Table ITII

AF (Axial-Equatorial) for the given Substituent on

& Cyclohexane Ring (37)

(Data for the given solvent at 25-5000)

Group Solvent AF (a=~s)
kecal./mole
t-C4H9 - Sed
:I.-CSH7 H20 B ed
n-C4H9 H20 2.1
02H5 H20 2.1
i CHs - 1 08
0Ts EtOH 1.7
00006H4COO H20 1.2
OH 75% HOAc 0.8

Although this is a clever method to determine the con-
formational energies from kinetic data, the accuracy of the
results obtained must be accepted with reservation. The dif-
ference in reactivity between equatorially and axially orien-~
ted functional groups in diastereomeric 4~t=butylecyclohexyl
derivatives is not sufficiently large (34) to be measured with

accuracy. For example, the rate of acetylation of an equatorial




hydroxyl group is less than four times that of an axial
hydroxyl group (38). Thus, a small error in measuring the
reaction rates would introduce a relatively large error in
the conformational energies derived therefrom. Eliel (38)
has pointed out that the conformational energies determined
by the kinetic method was correct only in the order of

magnitude,

Conformation and Equilibriums: A more direct method for de-

termining the difference in the interaction energies for the
two chair forms of cyclohexanol is by the equilibration of the
cis=- and trans-4-t-butylcyclohexanols by means of aluminum
isopropoxide, Since the t-butylcyclohexanols are confor-
mationally homogeneous, the equilibrium between the configu-
rational isomers must, then, correspond to the conformational

equilibrium between axial and equatorial hydroxyl.

(CH3)sC (CH3)sC
AL(OiPr)s

OH
IX X
The equilibrium concentration of the two isomers as well as
some alkylecyclohexanols has been determined by Eliel and Ro (39),
They found a free energy difference of =-0.96 kcal./mole for

reaction (IX) to (X).
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An ingenious method of conformational analysis was deve-
loped by Angyal and licHugh (40) who found that cyclitols which
Possess cis hydroxyl groups in the 1,3 and 5 positions give
complexes with sodium borate in agueous solution wi th the come-
ponents in 1l:1l ratio. Since complex formation reduces the pH
of a borate solution, the complexes must be anions of acids
stronger than boric acid, From the changes of pH caused by
the addition of varying amounts of cyclitols, the equilibrium
constant

(complex]
(boratesifcyclitol] (6)

was determined. A tridentate structure (XIII) was assigned to
the complex of scylloquercitol (XI) which must react by way of

the conformation XII.

[

Ho H

XI XII XIIT

Table IV shows the eguilibrium constants obtained by thess

authors,
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Table IV

Reaction of Borate Ion with Cyclitols at 22°

Compound K F kcal,/mole
Scylloquercitol 5.0 =0495
Epiquercitol 310 =5 ¢ 36
cis-Quercitol 7.9 x 10° ~5.26
Myoinositol 25 =-1.,90
Epiinositol 7.0 x 10° 5,20
cis-Inositol - 1.1 x 10° 8,15

From these equilibrium constants, the free energy changes
in the reactions were determined. The authors assumed that the
free energy differences between two cyclitols were due to the
different non-bonded interactions in the complexes and in the
parent cyclitols. The following terms were considered: the
energy of interactlion between two axial oxXygen atoms, (O:O)*;
between an axial oxygen and an axial hydrogen atom, (O:H); and

between two oxygen atoms on adjacent carbon atoms, both being

# In this thesis, the notations "X:X" and "X/X" are used to
denote the diaxial and skew interactions, respectively, between

the two rslevant atoms when the ring is‘in the chair form,
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equatorial or one axial aﬁd one equatorial, (0/0). Other non-
bonded interactions were neglected,

In each case, on formation of the complex, the more stable
chair (XI) is converted into the (XII) conformation and then
esterified with borate ion., The free-snergy change for the es-
terification ﬁas called AF'B° Thus for secylloquercitol, the re=-

lovant energy terms are:
in the cyeclitol, 4(0/0),
in the complex, AFp +2(0:H) + (020) ,

The difference between these values is the free=-energy change
of complex formation and can be equated with the experimentally

determined value; that is, for scylloquercitol,
-0.95 =aF_+ 2(0:H) + (0:0) - 4(0/0) , (7).

Each of the cyclitols gave a similar equation, with the result
that six equations in four unknowns were obtained. The best
values to satisfy these equations were found by the method of

least squares and shown in Table V.




Table V

Interaction Energies of Cveclitols

on Borate Ester Formation

AEB.‘ -2.5 % 0.2 kecal,/mole
(0/0) 0.35 &£ 0,07
(0:H) 0.45 & 0,05
(0:0) 1,9 & 0,1

B. Principles of the Effect of Structure on Rates

1. Application of the Transition State Theory in Rate Problems

The great power of the transition state theory of reaction
rates results from the fact that the rate Processes can be
treated as a special type of chemical equilibrium. Since che=-
mical equilibrium is a thermodynamic function, it depends only
upon the initlal and final states of the process under conside-
ration. In no way is an equilibrium dependent upon the manner
in which the change from the fixed initial to the fixed final
state 1s carried out (41)., Thus the transition state theory

maekes rate problems independent of the variable time factor,

e eV
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According to the trénsition state theory, the rate of a
reaction is governed by the concentration of activated come
plexes, Xf which give . rise to the products with a universal
rate constant RT/ﬁh' The concentration of activated complexes
1s determined by an "equilibrium" with the reactant molecules.
The "equilibrium constant" of this process is represented by the
symbol K*. The activated complexes are molecules sufficiently
energized and properly oriented to possess free energy in excess
of a critical amount which specifies the tfansition state for

a given reaction (42,43).

k = Rate at unit concentration of reactants

%
k¥ = RT g =AF /pp
K' = & (8).

513

Other than temperature, the important variable which
determines reaction rate is the free energy of activation, AF*.
This free energy term, as a true thermodynamic quantity, de=-
pends only upon the nature of two fixed states. In this case
the fixed states are the reactant and transition states. The
manner in which the reaction proceeds from a given reactant to
a given transition state in no way affects the rate (44).

Organic chemists have frequently been interested in the re=-
lative reactivities of a series of structurally similar compounds,

This can be conveniently expressed in terms of structural effect

e a—d -
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on the free energy of activation. Thus, from equation (8),
the difference in free energy of activation for two different
reactions is’

k

aaF¥ = -RTIn (9)
) (s

L 1]

where k and k, are the rate constants.

According to the basic relation of statistical thermo=~
dynamics, the relative free~snergy of activation, AAF*, come
prises of a potentiale-energy term, NAE; » and a kineticwenergy

term -RTIn(WQ%) (45,46). Thus,

+ +
A8 F = AAEP ~RT1n( Q¥) (10),

where (ITQ*) involves temperature-dependent kinetic energles

of motion.

2. Polar, Resonance and Steric Effects

The qualitative theories of reactivity that have been de-
veloped through the years, indicate that thrse basic factors

may contribute to the potential-energy term, AAE* : (a) polar,

p
(b) resonance, and (c) steric (47,48). A change in polar,

resonance and sterlc interactions from reactant to transition

state leads to polar, resonance and steric effects, respectively.

% _ * % %
AAEp = 40E + AAE‘I.’ + aa ER (11)
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and asF = AAE:+ AAE; + AAE; -RT1n( 1 Q¥) (12)

#
where 4AE, , AAE; and AAE; are factors contributed from polar,

resonance and steric effects, respectively,

S« Entropy Effect

The kinetic=energy term, -RTln(TrQ*), was assumed to be small,
However, in certain reaction series (49-51), this term becomes
& dominant factor in rate process, |

Since there is no way to evaluate the rartition function

(TTQ*), one must resort to the measurable termAMSf
aas’ = Rin(met) + RT dain(rQt) (13).
dt

If the term RT dlngTer2 is small as compared with Rln(TrQ*)
dt

and, as a first approximation, can be taken as negligible (this :
is justified from the fact that the enthalpy of activation, AH*, 5

is usually constant within the experimental intervals of tempe =

rature), ‘then,

ass* = Rin( Q") (14),
+ 3
and, AAF = AAEE ~RTIn( TQ")

= aaE®  _paas®
P
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= 44 H (15),

»

or AAE; = aagt (16),

Therefore, the entropy effect can be estimated from the measured

xrrt X enthalpy of activation,

C. Scope of the Work
1l,  Genseral Introduction

The acetylated sugars, along with the acetylated glycosyl

halides and acetylated glycosides, play a central rSle in synthetic

carbohydrate chemistry. There is a growing interest in their re-
actions for both theoretical and practical reasons., The success=-
ful synthesis of sucrose (52) is an example of an application

of theoretical development in this field. In this section, a re-
view is made of the theoretical studies which appear to have pro=
vided a better understanding of the properties and reactions of
these compounds,

Hassel and Ottar (5), in 1947, attempted to rationalize the
fact that the thermodynamically stable forms for the Q~acetylated
halides of the hexoses and heptoses could be expected in several
cases to have the 1,5~trans configurations, A theory was advan-
ced, based on the effect of steric interactions in the transition
state (XV) on the relative rates for its decomposition to the
1,5=cis (XIV) and 1,5-trans forms{XVl),

REN—
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It was suggested that the transition state should decompose
more rapldly to the 1,5-~trans isomer because of the steric in-
teraction between the axial substituents at 1l- and 5-positions;
It was felt that the conformation of the initial form of the
product should have the halogen in axial orientation in order
to leave space for the departing group. In the pentose series,
there is no large S-substituent, therefore, according to these
authors, the 3~-acetoxy group plays the dominant rdle.

Obviously, steric interactions in the transition states
cennot influence the relative stabilities in the ground states.
Therefore, although intelligent, this rationalization is without
any theoretical background,

Reeves (53,54) made an extensive study on the shape of
pyranoside rings through the investigation of the complexing of
cuprammonium ion with the free glycol groups in these compounds.
His studies led to the conclusion that the glycosides, in most
cases, have the pyranose ring in the chair form in preference
to any boat form whenever both are structurally possible. This

would be expected on the basis of conformational theory.
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Reeves derived the following so-called "conformational insta=-
bility factors": (a) any axial substituent (other than hydrogen)
introduces an élement of instability into the conformation -
especially important 1s an axial oxygen atom on carbon 2 when its
carbon-oxygen valence blsects the two carbone~oxygen valences of

carbon 1, which was termed the A2-effect.

o
12
H/’/ \\\03
H
XVII

Reeves! conclusion together with the principle of confor-
mational analysis as applied by Hassel and Ottar, clearly sug~
gested that, at least in may cases, the stable anomer for acetyl-
glycosyl halides 1s the anomer that possesses the halogen atom
in axial orientation.

Edward (55) suggested that this situation may arise from a
dipole=dipole interaction between the ring-~oxygen atom and an
eguatorial substituent on carbon 1, No theoretical reason has
yet been proposed to account for the dipole-dipole interaction
other than the suggestion thet a skew interaction of the polar
equatorial bond with both p-orbitals of the ring-oxygen atom may
lead to the instability. Clearly the preference for an axial

orientation by a large halogen atom could not arise from steric

W Eciteidont]
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XVIII

It is to be noted, however, that until recently there was
no definite information on the actual conformations of the ace-
tylated sugars, glycosyl halides and glycosides. Lemieux and
coworkers (56) had, in fact, obtained data through a study of
the rates for the dissociation of the lwacetoxy group of certain %
Sugar acetates which could be rationalized in two ways depending ‘
on the conformation of the sugar acetate in the ground state.

In this respsct, it must be noted that the principles of confor=-
mational analysis are mainly derived from studies of hydrocarbons. |
An extrapolated application of these principles to the case of
acetylated sugars may be made, but certainly not without some rew~ 4
servation and further justification. An unambiguous decision on
these matters could therefore not be made until direct evidence

for the conformation of the sugar derivatives became available,

For example, Lemieux and Brice (56) have studied the re-
lative rates of exchange of the l-acetoxy group in sugar acetates
with carbon-l4 labelled SnClSOAc*. The high reactivity found
for g-D=-glucopyranose pentaacetate (XIX) as compared with «~D=-

mannopyranose pentaacetate (XXII) could be attributed to the more
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favorable orientations of the 1- and 2-acetoxy groups in the
gluco-configuration if these compounds are existing in the

conformations XX and XXIII,.

OAC
Aco e Q

Ac

XIX

XXIT XXIII

The above studies and notlons were interesting, not
because they shed light on the reasons for the rather puzzling
properties of these sugar derivatives, but because they clearly
indicated that the compounds possess abnormal properties which
could not be accounted for on the basis of the established

parameters for conformational analysis,

2« Purpose of thiis Work

One of the most effective approaches to the problem of
gaining quantitative information on conformational effects is
a study of the equilibria between isomeric compounds (cf, pe. 16).

Consequently, it was felt desirable to undertaks a study of the

AT
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anomerization equilibria for acetylated sugars and glycosyl
halides. Initial experiments with the acetylated glycosyl halides
proved unrewarding, and attention was therefore directed entire-
1y towards the sugar acetates. The acetylated aldopyranoses were
chosen as the experimental means because of their accessibility,
i.e., they can be prepared in pure state.

These compounds undergo a reversible reaction between the
alpha and beta anomers under general acid-catalyzed conditions.
The equilibrium nature of this reaction has been reported by se=~
veral authors (57-61), and it has been shown that the reaction
is speciflec to the anomeric center and no change other than ano-
merization takes place (59), Evidence showed that, with sulfuric
or perchloric acid as catalyst, a true equilibrium was established
between the alpha and beta anomers (59-6l1)., Therefore, a quan=-
titative conformational analysis can be made from the equilibrium
data.

The mechanism of the anomerizstion of acetylated aldopyra-
noses has been subject to extensive studies, Different inter=-
pretations of kinetlic data resulted in proposal of different
mechanisms, There seems to be no unequivocal evidence for the
mechanlism of the reaction. Actually, to date, only studies of
the anomerization of the Egglucopyranose pentaacetate have besn
reported and there is no basis for assuming that all acetylated

aldopyranoses will anomerize with the same mechanism,

As will be seen later on, the conformations of acetylated
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aldopyrenoses in the ground states are now known and conse-
quently, conformational analyses of the rates of anomerization
may allow conclusions as to the structure of the transition

states and thus shed light on the mechanisms of reaction,

D. Configuration of the Sugars

A positive establishment of the configurations of fhe
compounds used in this study 1s a requirement for any quantl=-
tative analysis of the experimental data, The configurations
of the isomeric sugars have been established beyond doubt (62),
However, the ring structure of the sugars and their derivatives
had, for a time, been subject to great confusion. Also, direct
evidence regarding to the absolute configuration of the anomeric

carbon etom came only in recent years,

le Ring Structure of the Sugars

Fischer (63) adopbed the ring structure formula to explain
the formation of isomeric methyl D-glucosides from D-glucose,
He placed the ring closure on the fourth carbon, by analogy
with the ¥-lactones, This wes an arbitrary assumption which
later proved to be incorrect.

Hirst (84), in 1926, established the pyranose ring struc-
ture of the methyl D-glucosides by the classical methylation

technique., An seasier and more direct method to establish the

e e e BT
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ring size involves the oxidation of the glycosides with the
glycol=-splitting reagent sodium periodate (65,66).

Armstrong (67) had related the ring structure of K=Daglu=-
cose to methyl L-D-glucoside. Hudson (68), from the enzymatic
hydrolysis of sucrose, showed that the glucose unit 1iﬂ%ated
18 ®-D=glucopyranose. Bertrand and Roth (69) noted that low
temperature acetylation of D-glucose with acetic anhydride in
pyridine does not involve structural change of the parent su-
gar, i.e., d=D-glucose gave the alpha pentaacetate and B=D=
glucose gave the beta pentaacetate. However; it is to be noted
that the structure of the sugar acetate produced depends on the
condition of acetylation., For example, high temperature ace-
tylation of galactose yields appreciable amount of the furanose
isomers. Therefore, it was felt necessary to establish the
ring size of the sugar acetates, Unfortunately, for most of the
Sugar acetates, a pyranose ring structure was assigned on the
basis that a pyranose ring is more stable than a furanose ring
of the sugars, Only in few cases (70,71), has the ring size
;égnestablished through the transformation of the acetate (XXIV)
to halide (XXV) and then to glycoside (XXVI).

_O\C/H X —O\C/x RoE O\ C/H
'—-C// \\OA -—-C// \\H ~——C// \\OR

XIV XXV XXVI

c
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It has been shown that thesse reactions do not involve the
change of ring structure (71).

Lemieux et.al. (72), who introduced proton magnetic re-
sonance spectroscopy into the field of carbohydrate chemistry,
obtained the conclusive evidencs that the acetylated sugars are,
in fact, the derivatives of pyranoses. The compounds used in
this study with the physical constants and references of pre=-

paration are tabulated in Experimental (Table VI , page 46 ),

2. Configuration of the Anomeric Carbon Atom

Cyclization of a sugar molecule into the hemiacetal ring
structure creates a new asymmetric carbon atom, Consequently,
two stereoisomers, designated as alpha and beta anomers, are for-

med with the difference in configuration on carbon 1,(XXVII) and

XXVIII).
—0 H -0 OH
N/ \./
//Cl //Cl
N\
—Cy OH —Cq \H
XXVII XXVIII

Classification of the alpha and beta anomers was first
attempted by Hudson (68), His "Rule of Isorotation" was based
on van't Hoff's principle of optical superposition, Hudson ar-

bitrarily assigned the anomers with higher specific rotation as
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the alpha. The validity of Hudson's classification was cone
firmed by periodate oxidation followed by hypobromite oxidation
of glycopyranosides (65), which removes carbon 3 as formic acid
and destroys the asymmetry of carbon atoms 2 and 4, and yields
& dibagic acid, Thus, when an aldopentopyranoside (XXIX) is

sub ject to a periodate and hypobromite oxidation, the only a=-
symmetric center left in the product (XXXI) is that of carbon 1,

HC~OCH HC =0CH » HC~0CH,
| ® | ° |
CHOH HCO COOH
I - -
CHOH 0 10, 0 OBr 0
[ _—
GEOE G0 oo
CH;——— CH;—— OB
XXIX XXX XXXT

Therefore, all the alpha anomers give the same final oxi=
dation product; wher'as the beta anomers give the enantiomorph.,

The method of alphaw-, beta~designation, initiated by
Hudson, is empirical and bears no necessary relation to the ab=-
solute configuration of the anomeric carbon atom,

BGeseken (73,74) made'an attempt to show the relative con=-
figuration of the anomeric carbon atom of D=glucose., This was
based on his observation of the conductivity of the sugar fresh-
ly dissolved in a boric acid solution. The cls~-glycols form a

complex with boric acid, which, being a stronger acid than boric
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acid itself, increases the. conductivity of the solution. The
conductivity of «=De=glucose in the presence of boric acid de-
creases during mutarotation as it is converted in part into
g=D=glucose; the reverse is true for g-D-glucose. The velocity
of this change parallels that of the mutarotation. On this basis,
the hydroxyl groups on carbon atoms 1 and £ of a-D=-glucose were
assigned the cls relationship. This view has been confirmed by
x~-ray diffraction (75).

Recently, a convincing proof for the configuration of the-
anomeric carbon atom came from the following reaction sequences

(76-86).
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Direct displacement of a hélogen atom involves inversion of
configuration. In the presence of a 2-acetoxy group, the dif-
ference in reaction route between the 1,2-cis and 1,2-trans
anomers is due to the participation of the neighboring acetoxy
group (56, 87) in the casse of 1,2-trans anomers to form the
intermediate acetoxonium ion (XXXIII) which reacts with the
environment to give a product (XXXIV) with a net result of

retention of configuration.

—_O X
QAc
— —
T
QO R
N

CH3

XXXIT XXXIV

Lemieux and coworkers (72) fougd, from proton magnetic
resonance spectra, that the.spin:ggégling constant for 1,2~
diexial hydrogen atoms on a six-membered ring is 2+3 times
larger than when the hydrogen atoms are skewed. This conclu-
sion was mainly derived from the results of the conformatione-
ally pure cis- and trans-4-t-butylecyclohexanols and their acetate,
Aprlied to the acetylated pyranoses, the generally accepted
configuration of the anomeric carbon atom conforms wiﬁh the

eabove rule, This is another convincing proof to show the

absolute configuration of carbon 1 from the physical method.
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From all the evidence cited above, the configuration of
the anomeric carbon atom shown below can be safely considered

as absolute and definite.

—0 —0, OR
OR
XXXV  ( & -D-anomer or XXXVI ( p-D-anomer or
g -L-anomer) & =Leanomer)

E, Conformation of a Pyranose Ring

Much of the chemistry of the pyranose sugars was placed
on a rational basis by the work of Reeves (53,54). It has been
mentloned iﬁ??ievious section (cf., page 25 ) that Reeves in-
vestigated the conformations of sugar molecules by examining
their capacity of complex formation with cuprammonium ion, He
concluded that pyranose rings assume a chair form in prefersence
to any boat form. However, it should be noted that Reeves!
work was entirely based on an empirical approach, Even the
structures of the complexes are unknown and, consequently, his
conclusions are merely rationalizations and not proofs. X=ray

diffraction revealed that a chair form for a pyranose ring is

preferred in the crystal lattice (88=92), Proton magnetic




resonance spectra of acetyiated aldopyranoses substantiated
the chair form for the pyranose rings. Since there is no evie
dence ever observed to the contrary, it seems reasonably safe
to conclude that the chair form of a pyranose ring is energe=~

tically favored over a boat form.

F. Proposed Mechanisms for the Acid-Catalyzed Anomerization
of the Acetylated Aldopyranosses

The anomerization process, an interconversion between the
alpha and beta anomers, is a general acid-catalyzed reaction.
The anomerizing action of Lewls acids on acetylated sugar is
well known and has found frequent application in the preparation
of the more stable anomers, The catalysts usually used are an=-
hydrous zinc chloride (57,93-96), stannic chloride (97), sul-
furic acid (58,59,98) and perchloric acid (60).

The rate of anomerization is of first order with respect
to the concentration of sugar acetate, The reversible reaction

ky
de-anomer == g=-anomer
kg
is analogous to the mutarotation of the free sugars, Solution

of the rate equation is obtained in the following manner:

—dl) | dlf) | k,[«] = kp[p] (20).

at dt




Expressing the concentration factors in terms of rotation, and

integration yields the equation,

2.303

- do- dw
kd + kp t logm (21)’

which was first applied by Hudson (99).

A mechanistic study of the anomerization of the D=-gluco=-
pyranose pentaacetates was first made by Bonner (59), who used
a mixture of acetlic aclid and acetlc anhydride as solvent and
sulfuric acid as catalyst. He found that the rate of anomerie
zation was increased by increasing the concentration of acetic
anhydride. The reaction was free from salt effect, i.e., the
addition of lithium bisulfate had no effect on the rate., On the
other hand, the addition of inert basic solvent, such as ethers,
retarded the reaction. On the basis of these experimental facts,

Bonner proposed the following mechanisms

(3
=D=glucose H (- K =D=glucose
pentaacetate — i —— Dpentaacetate
+ fkdz\\ {fb +
Ac,0H" CH—0 Ac_oH'
2 I l 2
XXXVIXI

The sulfuric acid is considered essentially completely ionized

as follows,
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The rate-determining stage in the reaction was considered
to involve the attack of the conjugate acid on the anomeric
acetoxy group of the sugar acetate to give the transition state
(XXXVII) which then decomposes either to the reactants or,
through inversion, to the products.

Bonner'!s reasoning was based on the ease of formation of ‘
a six-membered ring in nature (the transition state

involves a six-membered ring). There was no decisive kinetic

evidence to substantiate this mechanism, Moreover, the mechanism -

3katy® as Bonner suggested is against the principle of micro=
scopic reversibility (99a),

Much of the credlt in the kinetic study on the anomerization
of D=glucopyranose pentaacetates was due to Painter (100), who
used dry acetic acid as solvent and perchloric acid as catalyst,.
This author found that the first order rate constant was 1lne-
creased with increasing concentration of sugar acetate or by re=-
placing part of the acetic acid with non~basic inert solvent,.
Since these‘experimental facts were not predicted from Bonner's
mechanism, Painter suggested the conjugated acid of sugar ace=
tate, SOAcH+, instead of the conjugated acid of solvent, as the
reacting species, The first order rate depends on the concen-

tration of the conjugated acid of sugar acetate.

[
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r = k[SOAcH'] (22).

Moreover, there is a competition of the proton between the

solvent and the acetylated sugar molecules.

o] .
AcOH + H' =— AcOH, (23).
+ B2 .
SOAc + H == S0AcH (24).

An equilibrium is established between the conjugated acids.
+ +
AcOH, + SOAc == BSOAcH + AcOH (25).

K5 [S0Ac] tAcOH; ]

(SOAcH'] = TS (26),
Since, r = k([SOAcH"]
= (kgtkp) [som:])
kK, (S0Ac) ( AcOH,]
therefore,  (ky+ ky) (SOAc] = (7).

[ AcOH)

Perchloric acid, being a strong acid, can be assumed to be
completely dissociated and acetic acid is a much stronger
base than the sugar acetate. Thus the concentration of the

conjugated acld of acetic acid, AcOHg , can be taken as gQual




to the concentration of perchloric acid. Therefors,

ng(HClO4][SOAc]
(AcOH]

(28).

(kg + kp) [S0Ae] =

From this equation, the rate should be first order with re=
spect to the concentration of perchloric acid, and any change
of the ratio between the sugar acetate and acetic acid will
affect the first order rate constant. Theggiagie all verified
experimentally,

Furthermore, the reaction rate increased faster when the
non~basic solvent added had a low dielectric constant. From
these experimental facts, Painter suggested an ion-pair mecha=-
nism based on an acetal model, and postulated the formation of

the carbonium ion (XXXVIII) or the carboxonium ion (XXXIX) as

the rate-determining step.

-0 H —0 H —0
\/ HC104 \ / . \ .,
//C — //C\\ —_— //CH «
—C \OAc -—C BRCH+ -_C Ciog
ClOg4
XXXVIII

—0, ~ —0 0Ac
B Cl0.  +HoAc

HCIO,
// * -—-C// \\H

—C

XXXIX

B s
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Lemieux and coworkers (56) studied the rate of isotopic
exchange of D=glucopyranose pentaacetates labelled in the
l-acetoxy group with carbon-l4, under anomerizing conditions.
They found that the rate of exchange for the g=-anomer is about
seventeen times faster than the rate of anomerization. This
result demonstrated clearly the participation of a trans 2=
acetoxy group (87) to form the resonance stabilized acetoxonium
ion (XXI) which is expected to glve back the geanomer (XLI) on

reaction with the solvent acetic acid,

For the W=-anomer, the rate of exchange is, within experimental
error, equal to the rate of anomerization. This result meets
the stereochemical requirement for a bimolecular reaction, How=
ever, 1t does not exclude a carbonium ion mechanism because the
acetoxonium ion (XXI) would be expected to be more stable than
the carbonium ion (XLIII) formed from the dissociation of 1=~
acetoxy group. It 1s conceivable that the carbonium ion (XLIII)
would be rearranged instantaneously to the acetoxonium ion (XXI)

which reacts with the solvent to give rise the p-anomer.
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Hurd and Holysz (101l) discovered that the 1,2=-cyclic ketal
is formed on the reaction of tetra-Ce=acetyl=d=D=glucopyrano~
syl bromide with dialkyl cadmium; which, in fact, shows the
formation of the 1l,2=f-cyclic carbonium lon from other car-
bonium ions. The reverse must be expected, In view of the
fact that the acetoxonium ion is undoubtedly present in the
anomerization system, these authors polnted out that anomeri-
zation may take place through the transformation of carbonium
ions,.

Recently, Winstein et.al. (102) found that, in acidie
medium, the acetolysis of trans l-tosyloxy=2-acetoxy=cyclo=-
hexane (XLIV) yielded a substantial amount of cis 1l,2-diace=~

toxy=cyclohexane (XLVI).,

HOAc .
' q +
acidic

XLIV XLV XLvI

They postulated the following mechanism to account for the

TR it
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formation of the cis isomer from the intermediate acetoxonium

ion (XLVII).

r N

OAc O\E/O \C/o

_ : 4

dns L 47 oRc

XLIV XLVIT XKLVIII ” H
r [ ¥ f *®

—— ity

A(O OAC ~\\+ %“ \C} H

. Hﬂ{'\BAc J . rgd’ SoAc
XLVI L XLIX

This result indicated that an ionic mechanism for the anow=

merization of sugar acetates as concelved by Lemieux is highly

probable.
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IT EXPERIMENTAL

Melting points were determined with the Leitz hot stage
apparatus, and are uncorrected, Infrared spectra were ob-
tained with a ferkin-Elmer single beam double pass instrument,
Proton magnetic resonance spectra were measured in the National
Research Council of Canada with a Varian V-4300 spectrometer at.
a fixed frequency of 40 Mc,./sec. |

The chemicals used are listed below:

Perchloric acid: "Baker Analyzed" Reagent; assay (HClO4)
70.8%.

Acetic acid: Reagent grade, assay (HOAc) minimum 99.7%.
Acetic anhydride: Fischer Certified Reagent; assay (Aczo)
97+8%0

Most of the compounds used in this study were prepared by
published method, The physical constants and references of pre-

paration are listed in Table VI,
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Table VI

Physical Constants of the Sugar Derivatives

I (it

Compound M.P. ] Reference
D

d-D-Xylopyranosse
Tetraacetate 56 =~ 57 89.3 (93)
p=D-Xylopyrenose
Tetraacetate 127 =127,5 -24,7 (93)
d=L-Arabopyranose
Tetraacetate 95 =~ 96.5 42,5 (103)
B-L=Arabopyranose
Tetraacetate 85 =~ 85,5 147 .2 (103)
A=D=-Lyxopyranose
Tetraacetate 95 = 26 25 (104)
A=D=Ribopyranose (105, this
Tetraacetate 75 - 78 54,0 thesis, p.63)
p-D=Ribopyranose
Tetraacetate 110 =111 -52,0 (106)
A=D=Glucopyranose
Pentaacetate 113.,5-114 101.6 (107)
p=D~Glucopyranose
Pentaacetatse 132,3-133 3.8 (68)
L=D=Mannopyranose
Pentaacetate "5 - 74 55,0 (94)
f-D=~Mannopyranose
Pentaacetate 115 =116.2 ~25.2 (108)
a=-D=Galactopyranose
Pentaacetate 95 - 98 106.7 (95)
B-D=Galactopyranose

Pentaacetate 144 ,5-147 25 (109)




Table VI. (continued)

..

Compound M. P. [a]D Reference
B=D-Allopyranose (56, this
Pentaacetate 97 =100 ~1l.6 thesis, p.6L)
a-D—Altropyrandse
Pentaacetate 119.5-121 63 {(70)
a~D~Talopyranose
Pentascetate 106 =107 70,2 (110)
a~D=-Gulopyranose
Pentaacetate 113 . 86,2 (111)
6~Deoxy-a-D-Glucopyranose
Tetraacetate 119.5 123.8 (112)
6-Deoxy-f~-D=Glucopyranose
Tetraacetate L7 18.9 (112a)
6=-Deoxy=6=Chloro-a=D-

Glucopyranose Tetraacetatc 162 =164 111.6 (113)

6~Dex0oy=6-Chloro=-D=

Glucopyranose Tetraacetate 11 -115 17.6 (11l)

6-Deoxy-6=-I10do~a=Dwm ]

Glucopyranose Tetraacetate 162 102.0 (115)

6=Deoxy-6-Iodo-p~D-

Glucopyranose Tetraacetate 152 9.1 (115)

6=Tosyl=a-D-Glucopyranose

Tetraacetate 18l =185 97.0 (116)

6~Tosyl=-p=-D-Glucopyranose

Tetraacetate 203 =205 23,9 (116)

3=Tosyl=a-D=-Glucopyranose

Tetraacetate 72 =75 8l.l (This the-
sis p.bL)

3=Togy 1-pB=D=Glucopyranose

Tetraacetate 170 =171 13.7
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Table VI (continued)

Compound MoPo [x] Reference
D

2-Deoxy=-2~-Acetamido~x=D=~

Glucopyranose Tetraacetate 139-140 93,5 (118)
2-Deoxy—2-Acetémido-p-D-

Glucopyranose Tetraacetate 188~189 1.2 (118)
3=Deoxy=3~Acetamido=pg-D= (This the-
Glucopyranose Tetraacetate 206-209 8.1 sis, p.66)
6~Deoxy=6-Acetamido=«=D=- (This the=
Glucopyranose Tetraacetate 141-142 110 sis, pP.68)
6=-Deoxy=6=Acetamido=p=D=- (This the-
Glucopyranose Tetraacetate 115-120 9.9 sis, p.67)
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Preparation of the Catalyst Solution:

An approximately 1l:l mixture of acetic acid - acetic an-
hydride, 0.lM in perchloric acid, was made as follows.

A 1:1 mixture by volume of acetic acid - acetic anhydride,
ca, 95 ml,, was added to 1.420 g. of 70.8% perchloric acid con=
tained in a 100 ml. volumetric flask cooled in ice-water,as the
reaction of the acetic anhydride with the water in the perchloric
acid librates large amounts of heat. The flask was then placed
in a constant temperature bath and after the solution reached
the bath temperature, the volume was finally adjusted with the
solvent at the same temperature.

A previous investigator (60) has shown that the rate of
anomerization varies with the concentration of acetic anhydride,
Since the results were used for comparative purposes, the exact
concentration of acetic anhydride was not calculated. However,
in order for the kinetic data to be valid for comparison, the
perchloric acld used was from the same reagent bottle and the
same grade of acetlic acid and acetic anhydride was used through

all the experiments.

Anomerization of the Acetvlated Aldopyranoses:

Unless otherwise mentioned, all the experiments of ano=-

merization of the acetylated aldopyranoses were carried out in

SRR St




the following manner.

Ten ml, of the thermostatted catalyst solution were added
to a solutlion of two millimoles of the sugar acetate in 10 ml,
of the l:l acetic acid ~ acetic anhydride contained in a 50 ml,
Erlenmeyer flask kept at the desired temperature. The contents
were quickly mixed by swirling, poured into a jacketed polari-
meter tube through which fluid was pumped from the thermostat
to maintain the reaction temperature., The temperature was con-
trolled within * 0.1°C using Lo-Temp bath manufactured by Wilken
Anderson Co., with ethylene glycol-water as c¢irculating medium.
The reaction was followed in a Schmidt-Haensch polarimeter which
could be read to 0,02 degrees of arc, It was necessary to wipe
the condensation away from the outside of the cover glasses
before a reading could be taken at the low temperatures.

The initial readings were obtained by extrapolation to zero
time of the plot of log (&%e=ow) against time. In all cases,
these rotations were, within experimental error, the same as
those obtained from a solution of the sugar acetate in the sol~
vent without catalyst.

The concentration of perchloric acid was slightly different
for different batches of catalyst solution due to slight differen~
ces in the weight of perchloric acid used. Painter (60,100) has
shown that the rate of anomerization is first order with respect
to the concentration of perchloric acid. This experimental fact

was used to reduce all the kinetic data to exactly 0.05 M
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perchloric acld in order to establish relative rates of reaction.
The observed first order rate constants are listed in

Table VII (page78 ) and experimental plots are shown in Figs, 1

and 2,
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5. B-D-Ribo, |. 6-Deoxy-D-Gluco.,
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S. p-D=-Allo, 6, p-D-Manno, 7. PB-D-Gluco.




Infrared Spectra of the Acetylated Aldopyranoses.

The potassium bromide pressed disc technique, invented
independently by Schiedt and Reinwein (119) and by Stimson and
0'Donnell (120) in 1952, and which has been demonstrated suitable
for quantitative determinations (121-125), was used in a com-
parison of thé spectra of the equilibrium and synthetic mixtures
of the acetylated aldopyranoses.

The equilibrium mixture was recovered from the reaction
solution by pouring the solution into ice-wéter (ca, 100 ml.),.
The perchloric acid was neutralized with sodium bicarbonate and
the solution was extensively extracted with chloroform, The
extract was washed once with water, then with sodium bicarbonatse
solution until no more carbon dioxide was evolved, and finally
washed once again with water. After drying over anhydrous sodium
sulfate, the chloroform solution was evaporated under reduced
pressure to a small volume, then transferred into a weghing
bottle. The remaining solvent was evaporated under an infrared
lamp with a slow current of compressed air, Finally, the syrup
was dried in a vacuum'desiccator for a daye.

A 10 ml. solution of the equilibrium mixture in purified
dioxane was prspared with a concentration approximately of one
mg. of sample per ml, A solution of a synthetic mixture com~
posed of the alpha and beta anomers as calculated from the equi-

librium rotation, was also prepared with the same concentration
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2s the solution of equilibrium mixture. One ml. aliquots of
sach solution were added separately into three ml, volumes of
a 10% agueous solution of potassium bromide (reagent grade).
The solution was mixed with a microspatura, and then freeze~
dried, §

The dried, fine powder was pressed into a disc in a rec-
tangular Bairddis by applying & hydraulic pressure of 10,000
lbs, per sq. in.

It was found that the transparency of the potassium bromide

disc, thus prepared, in infrared was highly dependent upon the
manner that the hydraulic pressure was applied, In order to
get a satisfactory result, the pressure was gradually increased
to 10,000 pounds over a perlod of two minutes and the disc of
the two samples (equilibrium and synthetic mixtures) was prepared
under the same conditions as much as possible.
The characteristic absorption peaks of the acetylated aldo-
pyranoses are in the region 1200-800 cm_l. :
The spectra of the equilitrium and synthetic mixtures to- l
gether with the spectra of the alpha and beta anomers of the g

acetylated aldopyranoses are shown in Figs. 3-8.
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A-D=Ribopyranose Tetraacetate:

B~-D-Ribopyranocse tetraacetate, eight grams, was anomerized
in 1:1 acetic acid - acetic anhydride with perchloric acid as
catalyst. After equilibrium had been reached, the solution was
poured Iinto ice-water and the equilibrium mixture was isolated
in the usual ﬁay as described before. The pg-anomer which crys-
tallized from a thick ethanol solution, was removed by centri-
fugation. The ethanol solution was concentrated in order to re-
move further amount of crystallizable p-anoﬁer. After this pro-
cedure was repeated a few times, the remaining syrup hed a spe-
cific rotation 48°, The syrup was dissolved in a small amount
of ethanol, and seeded with «=D-ribopyranocse tetraacstate which
had been obtained by chromatographic separation of a portion of
the syrup on a Magnesol-Celite (5:1,acetone washed) column. The
elution was with benzene containing 0.2% ethanol. The crude
product was repeatedly recrystallized from ethanol until constant

rotation,

Yield, 0.8 g. (10%); m.p. 75-78°C;
{2}y 54.0 (¢, 2 in chloroform).
Anal, cale'd for C. H_ O 3 G, 49,0 3 H, 5.70.

1318 9
Found: C, 49.1 ; H, 5,76,

This compound was found convertible to the pf-anomer by

anomerizatione.




B=D=Allopyranose Pentaacetate:

Lemieux and Brice (56) acetylated D-allose with acetic
anhydride and sodium acetate at lOOO to obtain p-P-allopyranose
pentaacetate in 28% yield, The following method was found to
give a better yield,

D-Allosé, one gram, was reacted with a 1l:1 mixture of
acetic anhydride and pyridine. The mixture was left overnight
at 4°c, A 1.8 g« yield of crystalline product was isolated in
the usual way after seeding an aleoholic sélution.

Iwo recrystallizations from ethanol gave a 1.5 g., 62%
yield, m.p. 97.5-99,5°C, (®], -14.8 (c, 2 in chloroform), Lit.,
mep. 97-100°C, (®l; ~14.6 (c, 1.5 in chloroform),

S=Tosyl=-X-D=Glucopyranose Tetraacetate:

This compound was prepared in 56% yield from the p-anomer
by anomerization, The g-anomer which crystallized from the
equilibrium mixture was removed by centrifugation. The «=-anomer

began to crystallize from the remaining syrup after standing at

room temperature for several days, The product was recrystallized

from ethanol to constant rotatione [dk) 84,4 (¢, 2 in chloro=-

form); m.p. 72-75°C,

Anal, Cale'd for C, H,.0..S : C, 50.2 ; H, 5.22

Found: C, 50.2 ; H, 5.,19.
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léDeutero-acetoxygp-L-Arabopyranose Triacetate:

a-L-Arabopyranose tetraacetate, two grams, was refluxed
on steam bath with 1.5 g. of titanium tetrachloride in 30 ml,
of dry chloroform for two hours, The solution, after cooldng
under tap water, was shaken with ca, 60 ml, of ice-water in s
separatory funnel, The separated chloroform layer was washed
with water, dried over anhydrous potassium carbonate, and eva~
porated to dryness. The residue, triacetyl g-Learabopyranosyl

chloride, was recrystallized from chloroform-ether.,
o
Yield, 1.25 g. (67%); m.p. 150~151 C,

One gram of the triacetyl p-L-arabopyranosyl chloride was
heated on steam bath with 0.6 g. of deuterated silver acetate*
in 10 ml, of acetonitrile for three hours. After the removal
of silver chloride, the «-L-arsbopyranose tetraacetate was iso-

lated and purified in the usual way,

(o}
Yield, 0475 g. (70%); m.p. 92«94 C,

%
The deuterated acetic acid of high purity was kindly supplied

by the National Research Council of Canada, The acetic acid was

converted to silver acetate by reacting with a solution of silver

nitrate neutralized with sodium hydroxide. The precipitated silver

acetate was filtered, washed with water, alcohol and ether, and

dried under vacuum,
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The l-deutero-acetox& w-L-arabopyranose triacetate, 0,75 g,
was anomerized to the pg-anomer with pﬁrchloric aclid as catalyst
in four ml, of deuterated acetic acid* which was previously dis=-
tilled over phosphorus pentoxide, After equilibrium had been
reached, the perchloric acid was neutralized with anhydrbus
sodium carbonate and the solvent was recovered by evaporation
under reduced pressure. The residue was worked up in the usual
way to yield a syrup which was chromatographed on a Magnesol=-
Celite column (53 x 170 mm). by eluting with one liter of benzene
containing 0.2% of t-butyl alcohol. The c&lumn was extruded and
developed with 1% alkaline potassium permanganate solution (126).
A crystalline p=~-L-arabopyranose tetraacetate, 100 mg., was ob-
tained from the zone between 54 to 97 mm from the top of the

Magnesol=Celite column. The crude product was recrystallized

o
from isopropyl alcohol. m.p. 84-85 C,

S=pPeoxy=3-Acetamido=~g=D=Glucopyranose Tetraacetate:

S=-Deoxy=d~acetamido~tri-C-acetyl methyl «=D~glucopyranoside,
200 mg, prepared by the method of Peat and Wiggins (127), was
heated on steam bath in five ml, of 4N hydrochloric acid for two
hours, The solution was evaporated under reduced pressure to
a dry syrup with frequent addition of benzene to remove the
hydrogen chloride. The syrup was acetylated with acetic anhy=-

dride and sodium acetate catalyst and the product was isolated
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in the usual way. The resulting syrup was treated overnight
with five ml, of glacial acetic acid previously saturated with
hydrogen bromide at 0°. The solution was poured into ice-water
(cas 20 ml,) and extracted immediately with three times of ten
ml,., portions of chloroform. The chloroform extract was washed
with sodium bicarbonate solution, water, dried over anhydrous
sodium sulfate, then evaporated to a syrup which was taken up
in five ml. acetic acid - acetic anhydride. Silver acetate,
0.1 g., was added and the mixture was shaken for three hours.
The product was worked up in the usual way and recrystallized
from methyl isobutyl ketone.

Yield, 70 mg. (34%), m. p. 206-209°;

Wlp 8e4 (c, 0.8 in chloroform).

This compound was found to be identical wi th kanosamine
pentaacetate, an acetylated derivative of a component of the
new antibiotic kanamycin (128). The identity was established

by mixture melting point and infrared spectrum.

6-Deoxy-6-Acetamido~-g-D-Glucopyranose Tetraacetate:

To a solution of five grams of 1l,2-isopropylidene-«-D-
glucofuranose in 30 ml. of dry pyridine was added with cooling
4.3 go. of p-toluenesulfonyl chloride (129). The solution
was left overnight at room temperature. Evaporation of the

solvent under reduced pressure left a syrup which was extracted
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wi th
with five times xx 30 ml. portions of ether. The ether extract

was washed with ice-cold dilute hydrochloric acid, water and
sodium bicarbonate solution, dried over anhydrous sodium sulfate,
evaporated to dryness, The dry syrup was dissolved in 30 ml, of
anhydrous methanol previously saturated with ammonia at Oo. The
solution was left overnight at room temperature. After the
removal of solvent by evaporation, the remaining syrup was heated
in 30 ml. of N hydrochloric acid on the steam bath for three
hours. The solution was evaporated to drynéss under reduced
pressure. Acetylation of the syrup in acetic anhydride with
sodium acetate catalyst and isolation of the product in the
usual way gave 6-deoxy-6~acetamido-p-D-glucopyranose tetra-
acetate which was recrystallized from methyl isobutyl ketone.
Yield, 0.l g. (1% overall); m.p. 115-120°;

(xdp 9,9 (c, 0.8 in chloroform).

The spectrum (infrared) of this compound was identical
with that of an acetylated derivative of one of the amino-sugar
moieties fram the antibiotic kanamycin (130), and the mixture

melting voint was not depressed.

6=-Deoxy=8=-Acetamido=-A~D-Glucopyranose Tetraacetats:

The alpha anomer was isolated in 469 vield from the equi-

LY

librium mixture of the beta anomer and recrystallized from

methyl isobutyl ketone.
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[“]D 110° (c, 1 in chloroform); m.p. 141-14206.

Anal, calc'd for 016H25010N ¢ C, 49,4 ; H, 5,95; N, 3.60.

Found: C, 49.2 ; H, 5,98 ; N, 3,70.

Anomerization of 3=Deoxy~3-Acetamido-p-D=Glucopyranose Tetraacetate:

The anomerization of 3-deoxy=-3-acetamido=p=-D=glucopyranose
tetraacetate was, at first, carried out by dissolving 39.0 mg.
of the sample in two ml. of 1l:1 acetic acid - acetic anhydride'
rertRinirng 0,05 M in perchloric acid., No change in rotation was
"observed, Then, a 1,0 M perchloric acid solution in the same sol=-
vent was tested, A plot of polarimetric reading against time is
shown in Fig. 9. No crystalline product could be isolated from the

equilibrium mixture,

Anomerization of 2-~-Deoxy=-2-Acetamido-D=Glucopyranose Tetraacetate:

2~Deoxy=-2~acetamido-«=~D=glucopyranose tetraacetate, 778 mg.,
was dissolved in 20 ml, of 1l:1 acetic acid ~ acetic anhydride
zoxtainixng 1,0 M in perchloric acid. The first order rate con-
stant is shown in Fig, 10.

2-Deoxy=-2~acetamido=-pg-D=glucopyranose tetraacetate, 77.8 mg.,
was dissolved in two ml., of the same catalyst solution as above,
The polarimetric reading was plotted against time as shown in

Fig. ll ®
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Fig. 10. Pirst-order Rates in the Anomerization of the Acetylated
Amino-sugars.

1. 6-Deoxy-6-Acetamido~f-D-Glucopyranose Tetraacetate.
2. 2-Deoxy-2-Acetamido-B-D-Glucopyranose Tetraacetate.
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Q;D-Glucopyranose-l-d Pentaacetate:

3
D-Gluconolactone’, three grams, was gently heated in 1.5 ml,
of deuterium oxide*w until the solution was complete., The deu=-

terium oxide was reclaimed by freeze-drying technique. This

procedure was repeated three times in order %o replace the hydro=-
gen atoms of the hydroxyl groups by deuterium. Lactonization

of any free carboxylic acid was accomplished by heating the solid
residue to melt under reduced pressure. The resulting syrup, ih
20 ml. of deuterium oxide in a 50 ml. beaker with a magnetic stir- |
rer, was reduced with a total amount of 30 g. of 5% sodium amal-
gém added in small portions during a period of two hours. The

temperature was controlled below 10°C., and the pH was meaintained

between 3.0 to 3.5 by the addition of deuterated sulfuric acid,.

At the end of reduction, the solution was neutralized with an-

hydrous sodium carbonate to pH 6,5. After the recovery of deu-

terlum oxide, the residue was extracted with 15 ml. of 50% aqueous
methanol. The insoluble salt was removed by filtration and the
filtrate was evaporated to dryness, Acetylation of the syrup in
acetic anhydride with sodium acetate catalyst yielded 21 g. (29%

o
overall) of p-D-glucopyranose-l-d pentaacetate, m.p. 132-133.5 C.

30,

o

The D-gluconolactone was kindly supplied by Mr., A.,J. Liston.

YY)
W

The deuterium oxide was purchased from the Atomic Energy Ltd,
of Canada with a purity of 99.57%.




Anomerization of pg-D=-Glucopyranose-l-d Pentaacetate with Base-

Catalyst:

g-D-Glucopyranose-l-d pentaacetate, 0.5 g., was anomerized
by the method of Wolfrom (131) with crushed solid sodium hy-
droxide as catalyst, This yielded 0.2 g. (40%) of the X-anomer
after recrystallized from ethanol. m.p. lO9-llO°C°

léDeutero-acetoxy‘p-D—Glucopyranose Tetraacetate:

Tetraacetyl p~D-glucopyranosyl chloride, one gram, was re-
fluxed with 0,45 g. of deuterated silver acetate in 10 ml. of
acetonitrile for three hours. The product was isolated and pu=-

rified in the usual waye.

Yield, 0.8 ge (75%); mep. 132-134°C,

Anomerization of 1-Deutero-acetoxyAﬁ-D-Glucopyranose Tetraacetate

wlth Base Catalyst:

Anomerization of the beta pentaacetate, 0.8 g., by the

method of Wolfrom yielded 0.3 g. (38%) of the alpha pentaacetate.

m.p. 110-111°C,




III. DISCUSSION OF RESULTS
A. Configurational Effect on Chemical Equilibria

The literature reports the anomerization of sugar acetates
under a variety of conditions. It has long been known that the
behavior of the anomerization of the D-glucopyranose pentaace-
tates in acetic anhydride containing a mineral acid is that ex-
pected for an equilibrium reaction. In 1951, Bonner (59) obtain-
ed evidence in support of this expectation by an infrared analysis
~of the equilibrium mixture, Lemieux, Huber and Brice (61) con-
firmed Bonner'!s conclusion by an isotopic dilution analysis,
Thus, the D-glucopyranose pentaacetates undergo, beyond doubt,
reverslible anomerization in an equilibrium proeess under the
conditions used by Bonner (59), Painter (60, 100) and Lemieux
et. al. (61). However, no investigation in this regard has been
made of the anomerization of other aldopyranose acetates. In
view of the fact that only a few of the free sugars show simple
mutarotation phenomena, it seemed desirable to establish whether
or not all of the sugar acetates studied in the present research
like the D-glucopyranose pentaacetates enter into an equilibrium
process with their anomer under conditions used which employ 1l:l
acetic acid-acetic anhydride containing 0,05M perchloric acid,
For this reason, whenever both the alpha and beta anomers were
available in crystalline forms, the infrared spectra of the

equilibrium mixbture and a synthetic mixture of the composition
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as indicated from the equilibrium rotation were compared guan~
titatively using the potassium bromide pressed disc technique.
In no case was any difference found except for a slight vertical

displacement whilch can bhe attributed to a slight difference in

transparency of the potassium bromide disc in infrared (see Figs.

3~8, pp. 57-62). Since Kuhn (132) has shown the marked depene
dence of the infrared spectra of carbohydrates on structure, it
seems reasonably certain that there cannot be any appreciable
quantity of other carbohydrate substances in the anomerized
product and , consequently, it is apparent that true equilibrium
was established between the alpha and beta anomers in each of
the anomerization reactions. This is the experimental basis for
the validity of conformational analysis made in this thesis.

As has bsen pointed out on page 37, there can be little
doubt about the conformations of the rings of the aldopyranose
acetates, Moreover, as will be sesn later on, the results of
the present work can only be rationalized on the basis of these

chair forms and, consequently, provide corroborative evidence.

1., The Acetylated Aldopyranoses

a. The Aldopentopyranose Tetraacetates

The anomerization reaction is specified by the following

general formulation,




OAc (E)

LI LII

The equilibrium and kinetic data obtained for the anome-
rization of aldopentopyranose tetraacetates are listed in ‘
Table VII, The non-bonded interactions which are present in
each anomer are listed in Table VIII., The differences in the
non-bonded interactions between the anomeric pairs are given
in Table IX.

All previous investigations concerned with the confofmational
analysis of chemical equilibria are based on the assumption that
the difference in free energy between two isomers in equilibrium
is: equal to the difference in non-bonded interactions. This
assumption can only be justified if the entropy change and solvent

anomerization
effect accompanying the mgmiiikrimm reaction are small or ne-
gligible, In the anomerization of sugar acetates, the equili-
brium constant does not change appreciably in a variety of sole
vents (57-61). Therefore, solvent effects can be neglected,
No reliable information exists regarding the entropy change in

the anomerization of the sugar acetates available., Attempts to

TN TITAT PATMEA T T ST AT T




*AV JO sonTeA poj1eINOoTEO oYl J0J g6 °d uo 3xeq oyy eeg °¢

°(®96 *d ‘TTAX €Tuel

995) JeuoUe 9Yq JO UOTILBLOI 9YL PUB Y2 JI0J onyea STU3 dursm Umpdaﬂoﬂmo sSBM

UoT3Bl0dL STYJ °UMOUD od® SJISWOUR YJ0( SJI0YUM S$91BIL0® JeIns au3l I0J 029°¢l€ eq o3
pPunoJ s®M UOT4BZTJIOWOUB J0J SUOTFTPUOD oY] Jopun (ECT) Ve J0J onTea oFevaeae oyl °*2

*(L, *d ‘uorgernuwaol TeJoUed oyg 998) UOT}BRUSTIO TBTI04BNDe UT dnoad Lxoqeoe-T
°U3 UM Jouwoue oyj wodJ Jurpeeoodd £B USR] ST ©SBO YOBO UT UOTQBZTISUOUB OUJ, °T

! : TI°5¢ oww 5 ferg to*¢€ S6°6 0°¢
| 91T c°030°S 09°9 Ql'z 0L°6 2°41
20€ 09 29€ 0£6- 096~ 2°0%0°S 0G°g . zl'Z 29°6 0°G2  esourqeday-J
0°€T T0°z92°0 2€°2- co°h €6¢C- 91
€15 10°$92°0 etz Lé°¢ gg° ¢~ 2*ST
e€T 9¢ 99T o0€L 08L TO° ;Nm 0 0c°c- €6°¢ €geog= 0°42 9809 TY~{
g2 96°0  09°T 9°1
1 86 c0°T 29°T 2°ST
@ e Sgz 60€  olfiT- oght- 0°2T 00°T  gS°T 596°5= 0°4e os0X£T~0
1
T*TE °039° g ebéh  le°g g€ 1~ 0°¢
et c*0ze°a 96 0e°9 9tre 1~ 2°ST
8L 8LE 95 of6- ofe= z2c0igeh 26N _G2°9 ,05° T~ 0°se o50TAY~Q
dx ux dx+ux °OTB) PUNOJ _qUBLSUO) O (zourgue=n ) (xemoye=d) (,T*0z) esouealdopTy
°088 QTX  eTouw/°syeo T umtaq D D +
1883 suopTeqey A ~TTTnbE uoTyBloy Teo13dp peAdesqp ‘*duwey, peqwTLgeoy

§948100BBIL9], ©SOUBAAA0JUOGODTY OU] JO UOTJEZ

~TJIOWOUY 6U3 J40J Ble( OT4oUly DUE WNTIqITTODE

IIA oTa%.y

womaas) . . . . . . . e b e me = ey e e e L L e . . . TR




| soaneniol SN

-79-

*UOTGBIUSTIO TeTdoqBnbe UT dnoald £xo0q0908-T 8Yq SBY UOTUM 918190BBILS]
osourdafdogeaB~T=g J0J UOTLBUWLIOJUOD JITRYD Y3 03 QUeTBATNDS LTTBor108J8Ue S UL B,

o . °9Tqel, STUL

UT POAUNOD 40U oJd8 ‘aswour Yosd UT quesead o448 UYOoIUM §H ¢ H pue d euyg SUTATOAUT
SUOTQ0BJI94UT MONS 9L °USJFAX0 JUTJI 89Ul U0 SU0JIL09Te JTed=0UOT 92 JO STB1TqIo~d
squesoadea ,d, °QT o8ed U0 se OSUSS 9UY4 UT Pesn oa® ,¥X/X, PUB Y'Y, SUOTIBIOU OY]
+) /) o3ed uo uUoTqBTNWMIOT TeBIOUSS oU] UT

usAT3 oar sdnoald Ax0q99e oyl JO SuUoTaTsod 9UYq 91BOTPUT 07 POST SUOT]BIOU O

T

red 9 1 T 2 T T - 9 T zfofa‘m monma<-m;a d
€ 5§ H® =z 1T 1 T - ¢ T v oqeay~-m-g
: a‘zx
¢ 9 ¢ T 2 T T - T ¢ f  0QBIY=T~-D
¢ q U P T - 2 T 2 T s 0qTY=I=D
: 70X
¢ 9 ¢ T 2 - 2 - 2 2 T oqTy~-a=-¢
2 L € 2 T T T - ¢ T Xij oxL7-q-1
7¢%‘g
¢ 9 ¢ T 2 T T - T ¢ T oX A1~ ~¢
£ ) 2 Z T - 2 - 2 2 ij oTLy~q~D
AN
¢ 8 1 1 2 - 2 - - H o} oT&y~-a-¢

ag

®9

°L
*9
]
*f
°¢
*c

‘T

o/0 o/H H/H d/m d/o dipo d'H 0:0 O'H -H'H -

sdnoan AX0900Y 99E]0088BIL 9],

(2) SUOT9OBISAIUT POPUOQ-UON Jo suoTatsod osousdfdopIy

§0783908I99], 9SO0URIAAOIUBAOPTY oYl J0J SUOTAOBRISQUT DPOPUOQ-UON

ITIA °eT9®rL




e Dt

~80-

*UOTFBANTTJUOO-OTAX OUq J0J S€ OUeq e

*TIIIA °Td®L UT ©s0U3 04 puodsaddoo spunodulod JoJ sJequmnN e

[(u/H-0/HY - (d/H-d/0)] = [(#/H-0/H)2 = (¥/H-0/0)]

(H/1-0/") = (H/H-0/0) + (d/H-d/0) - oqedae (&3 =ag)
Nﬁm\m-o\mv - (d/H~d/0) = (H:H~0:H)Z . oqeae (eg = L)

[(H/B-0/H) = (d/H=-d/0)] = [(H/H-0/H)Z = (H:H=0:0)] =
(n/m-0/8) - (d/B-d/0) - (H:H-0:0) oqtua (9 = 9)

[(H/H~0/H)2 - (H/H=0/0)] -

[(a/B-0/H) - (d/H-d/0)] - [(H/H~0/H) = (H:H~0:H)]Z =
(H/H-0/H) + (H/H~0/0) = (d/H~-d/0) =~ (H:g=-0:H)C oxXAT (th = €)

[(u/B=0/H) - (d/H-d/0)] - [(H/u-0/H) = (H:H-0%H)]Z =
(H/H=0/H) - (d/H=d/0) = (H:H-0:H)Z oTAx (2 - 1)
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Table X

Calculation of Non-bonded Interaction Energies

in the Aldopentopyranose Tetraacetatss

(a) Definition of non-bonded interacticn terms

M = (H:0 - H:H) - (/0 = H/H)
N = (0:0 - H:H) =-2(H/0 - H/H)
Q = (0/0 - BH/H) -2(H/0 - H/H)
P = (0/p - H/p) - (8/0 - H/H)

(b) Equations for non-bonded interaction energies from the

equilibrium data of the pentose acetates (Table VII)

i. xylo 2M -~ P = =940 cals/mole
ii, lyxo 2M~P-Q = ~1480
iii. ribo N «P = 780
iv. arabo 2M - P = =960
Ve pg-arabo Q-P = =750

(¢) Calculatad values for non-bonded interaction energies

in the aldopentopyranose tstraacetates

175 cals./itole

M

2070

540
1290

g
1
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measure the heat of anomerization reaction in microcalorimeter
were not éccept&ble because of the difficulties in reproducing
the experimental data. This result. was probably due to the
fact that the solvent system yields a highly exothermic reaction
with molsture, It was also not possible to obtain an accurate
measure of the entropy change from the temperature coefficient
of the equilibrium constant since the change in equilibrium con-
stant was too small (relative to the error involved in its measure-
ment) in the temperature range allowable for the experiments,.
These studies did, however, indicate that the TAS term in the
anomerization reactions is probably in no case greater than
about 20% of the enthalpy change. It is concluded, on this ba-
sls, that a consideration of the changes in free energy from the
polnt of view of non~bonded interactions should be a useful pro=
cedure as a first approximation.

Defining non-bonded interactions as given in Table X, sec~
tion a, it follows that the anomerization data allow the setting
up of the first four equations in Table X, section b. It is
seen that equations (i) and (iv) are the same within experimen-
tal error as was anticipated from the conformational analysis,
Thus, the anomerization data could yield only three equations
involving four unknowns, A fourth equation could be obtained
by measuring the dlfference in free energy between the two chair
forms (LIII and LIV) for p~L-arabopyranose tetraacetate, Ior

this compound, two acetoxy groups are in equatorial orientation




|t
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and two are in axial orientation regardless of which chair

conformation the compound possesses.

OAc

AcO 0

OAc e OAc
AcO AcO

LIIT LIV

Lemieux, Kullnig, Bernstein and Schneider (72) have shown
that the proton magnetic resonance spectrum for p-L-arabopyra~
nose tetraacetate has the signals of the hydrogen atoms in the
acetoxy groups split into two peaks of equal intensity. More-
over, evidence was presented that the signal from the axial
acetoxy groups occurs at lower field than those for equatorial
acetoxy groups. This has now been confirmed from the obser-
vation that the spectrum of l-~deuteroacetoxy-d=D-glucopyranose
tetraacetate lacks the low field signal for the axial l-acetoxy
group which is present in the undeuterated compound.

A l-deuteroacetoxy p-L-arabopyranose triacetate was pree-
pared by the reaction of triacetyl P-L-arabopyranosyl chloride
(LV) with deuterated silver acetate, Since direct replacement
of a halogen atom involves inversion of configuration, this
reaction gave the alpha anomer which was anomerized with per-

chloric acid in deuterated acetic acid to yield the beta anomer.




C1l
0 DECOQAg 0 Helo 3
OAc Ac Ac Ofe
Ac Ac
v VI LVIT

A proton magnetic resonance spectrum was taken for (LVII)
in chloroform solution at room temperature. Should this com-
pound exist essentially in one conformation; either (LIII) or
(LIV), the intensity of one of the two signals from the ace-
toxy groups would be reduced to one-half as compared with the
other upon the introduction of a deuterocacetoxy group. The
relative intensity onAce/'OAca measured from the spectrum was
found to be 1l.46. This can only be expected as a result of
an equilibrium between the chair forms (LIII) and (LIV).

The completeness of deuteration of the l-acetoxy group
was indicated from the relative intensity of the three secon-

dary hydrogen atoms on the ring (signal I, Fig. 12) to the

hydrogen atoms of the acetoxy groups (signal II, Fig. 12). The

ratio for the undeuterated compound is one to four, whereas
in the deuterated compound, it is one to thres.
Thus the relative concentration of the two chair forms

can be calculated as follows.
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Fig. 12, Proton Magnetic Resonance Spectra of the
Acetoxy Groups in B-L-Arabopyranose Tetrasces~t-

(II), and l—Deutaroacetoxy B—L—Arabopyraawue

Triecetate (II')
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OAcg/OAc, = (2[LIV] 4 (LIII])/((ZIV] + 2[LIII]1) = 1.46.

Since (LIII] = 1-(LIV],
therefore, [LIV] = 0,78, [LIII] = 0.22,
and, K = [LIv]/[LIII] = 3,54
where K is the equilibrium constant between the two chair forms,
The difference in free energy is
o8F°= - RTInK = =750 cals./mole,

Equation (v) in Table X, section b, is the result of the -
conformational analysis for the chair-chair transformation of
the p-L-arabopyranose tetraacetate, which is equated with the
difference in free energy between the two chair forms, Thus,
from the four equations, the four non-bonded interactions were
obtained. The values derived from these equations are given

in Table X, section c.

b. The Aldohexopyranose Pentaacetates

A general formulation for tha anomerization of the aldo-

hexopyranose pentaacetates is as follows.

LVIII LIX




ST -

The equilibrium and kinetic data are given in Table XI.

Table XII listed the non-bonded interactions which ars present
in the lsomeric sugar acetates. The differences in non-bonded
interactlons between the anomeric pairs are given in Table XIII,
They are expressed in terms of M, N, Q and P' (cf. Table X,

page 8l) in Table XIV, section a.

The anomeric effect, P!, is believed different to that,

P, obtained from the aldopentopyranose tetraacetates for the
following reason.

A comparison of the free energy change in the anomerization
process between a hexose and a pentose which involves the same
interaction terms reveals, as seen in Table XIV, section b, that
there 1s a consistent difference between these two series.

Since P' is the interacticn term in common in each anomeric
pair, the variation of free energy change from a pentose to a
hexose is, therefore, likely due to a change in magnitude of
P! from P. From the mean value of the variation, the value of
P! is taken as 1510 (P+220) cals./mole for the hexose series.
From the value of P!, the average values of the other inter-
action energies were calculated using the equations in Table
XIV, section a, and are reported in section ¢ of the same Table.
The averaged non-bonded interaction energies for the pentose
and hexose acetates are given in the first part of Table XV,
These values all involve the interaction term H/O-H/A. The

present work does not allow an estimation of the magnitude of
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Table XIV

Calculation of the Non-bonded Interaction

Energies in the Aldohexopyranose Pentaacetates

(a). Eguations for the non-bonded interaction energies from
the equilibrium data of the hexose acetates (Table XI).

Gluco 2M - P! = -1100 cals./mole
Manno 2M-P'-Q = -=1690
Allo N -P'= |50
Galacto 2M - P! = 1150
Altro N-P'-Q = =310
Talo 2M~P'=Q = =1620
Gulo N « P! = L50

(b). Average increase in the anomeric effect (P) for thf
hexose acetates over that for the pentose acetates~.

AF. _=AF = =160 cals./mole

1,2 9,10 *

© O = -
AT, | ~AF: = -210

3,4 11,12

i - £ = -~
A}:'B,LL AF19,2O 1.0

o o "
25,6783, = 7330

(3] _‘D - -
Abs’é-APZl’az = =330

Average -220

(c). Average values £or the non-bonded interaction energles
in the aldohexopyranose pentaacetates(2).

P' = P+ 220 = 1510 cals./mole
M = 190
N = 1960
@ = 530

1. The subscripts refer to the numbers for the compounds in
Table XII.

2. Equation for the altrose derivatives was not used.
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Table XV

Averaged Non-bonded Interaction Enerszies for the Pentose

and Hexose aAcetates and the Effect of the Magnitude of the

H/0-H/H Interaction on the Magnitude of the other Interactions

M

180 cals./mole

2020

= 540

= 1290 (pentoses)
Pt = 1510 (hexoses)

H/O - B/H H:0 - H:H 0:0 - H:tH 0/0 - H/H 0/p - H/p

-100 80 1820 340 1190

0] 180 2020 510 1290
100 280 2220 740 1390
200 380 2420 9L0 1490

300 480 2620 1140 1590
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this interaction. The effect of varying the value for this
interaction between =100 and 300 cals,/mole is given in the
same Table. It is felt that this procedure most clearly
points out the fact that the absolute values for the variesty
interaction energies were not obtained in this or any other
study of these molecular properties.

Previous investigators have simply assumed that the H/0-
H/H interaction is negligibly small., Thus, the interaction
energies reported in Table XV should be compared to those of'
previous workers when H/O-H/H has a value of zerc. It is to
be noted at this point that, under this condition, the values
presently obtained for the H:0-H:H, 0:0-H:H and 0/0-H/H inter-
actions are in remarkably good agreement with the results of
previoﬁs workers,

As seen in Table XVI, the reported values of a diaxial
interaction between an oxygen and a hydrogen atom range from
150 to 450 cals./mole. The higher values were obtained from
experiments in aqueous media, The high interaction energy
thus obtained may result in part from the difference in sol-
vation of equatorial and axial hydroxyl groups. An squatorial
hydroxyl group, being sterically less hindered,can be expected
to be solvated with the water molecules through hydrogen bon-
ding more readily than an axial hydroxyl. Consequently, the

difference in free energy betwseen an equatorial and an axial
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Table XVI

A Comparison cof the Interaction Lknergies

Obtained from Different Methods

Interaction o Ref
Method Energy t Solvent eLer-
cals./mole ence
(a)e O:H - H:H
Anomerization BEquilibrium 180 25 1:1 HOAc-A020 This
. thesis
Infrared Analysis 150~-200 20 082 (33)
Acetylation of
Cyclohexanol 260 25 Pyridine (38)
Acetylation of l,l-
dimethyl Cyclohexanol 280 25 Pyridine (38)
Chromic Acid Oxidation
of Cyclohexanol L.0o 110 75% HOAc (34)
Calc'n of Interaction
from Cyclitols L.50 22 Water (LO)
Epimerization of l=t-
butyl Cyclohexanol L8o 89 Isopropancl (39)
(b). 030 -~ H:H
Anomerization BEguilibrium 2020 25 1:1 HOAc—AcZO This
thesis
Cale!'n of Interaction
from Cyclitols 1900 22 Water (L.0)
(¢). 0/0 - E/H
Anomerization Equilibrium 5L0 25 1:1 HOAc~£4c .0 This
thesis
Calec'n of Interaction
from Cyclitols 350 22 Water (1.0)

T e e




hydroxyl as determined in aqueous solution probebly is not
equal to the difference in the intramolecular non-bonded ine
teractions. This is clearly shown in the mutarotation of free
sugars, €.g., the equilibrium mixture of D-glucose contains
62% of beta anomer and 38% of alpha anomer (135) in aqueous
solution. If the interaction terms have the same values as
those in the acetylated sugars, then, this represents a sol=
vent effect of 1.4 kcal,/mole which must be related to the
hydrogen bondings, A detailed discussion in regarding the
hydrogen bondings of the sugar molecules was given in a paper
by Patterson and Kabayama (136)., The value of 180 cals,/mole
for H:0-H:H from the present work is in excellent agreement
with Price's value of 150-200 cals./mole, both in non-aqueous
solutions.

The diaxial and skew interactions between two oxygen
atoms are in good agreement with the values reported by Angyal
and McHugh.

The existence of such agreement in interaction energiles
not only indicates that a pyranose ring is geometrically simi-
lar to & cyclohexane ring but also justifies the application
of the proton magnetic resonance spectroscopy to determine the
free energy difference in the chair-chalr transformation of
p-L-arabopyranose tetraacetate.

From these agreements, one can draw the following rather

remarkable conclusion that the relative stabilities of the




sugar acetates are solely determined by the non-bonded inter-
actions involving those oxygen atoms ' -° - bonded to the ring
carbon atoms inspite of the fact that the acetylated sugars
are highly complex molecules containing numerous polar carbone
oxygen single and double bonds,

The calculated values of the free energy difference be-
tween anomeric sugars given in Tables VII and XI are based on
the average non-bonded interaction energies in Table XV. It
is seen that with a fair degree of accuracy, the difference in
free energy is a statistical difference in the non-bonded in-
teractions in the anomeric compounds,

Since the beta anomers for the D-lyxo~, D-gulo- and
D-talopyranose acetates and the alphs anomer of D-allopyranocse
pentaacetate could not be crystallized, it was not possible to
measure their specific rotations. Resort had therefore to be
made calculation of the specific rotations using Hudson's

"Rule of Isorotation" (133). The procedure was to take the

average value of the contributions, A:([MJo( = [M]‘@) , t0 ro=-
tation by the anomeric center for the known crystalline aldo=-
pyranose acetates and to apply this mean value to each of the
known crystalline anomers of the above sugars using Hudson's
rule to calculate the contribution to rotation by the basal
or B=portion of the molecule (133). The resultant B-values

and the mean A-value could then be used to estimate the molar

rotations of the unknown anomers. The results of these

N T
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Table XVII

Molar Rotation of the Acetylated Aldopyranoses

in l:1 Acetic Acid~Acetic Anhydride

A1§g§;Zi;§:§s [M}a [M]B 2

D-Glucose 13,800 2,450 20,675

D-Mannose 21,250 -10,250 15,750

D-Galactose Ly, 950 10,600 17,175

D-Altrose 28,300 -1l,750 - 22,025

D-Xylose 31,250 -7, 500 19,375

D-Ribose 19,650 -19,150 19,1400

L-Arabinose 13,600 . 148,100 17,250
Average 18,810

D-Lyxose 7,800 [—29,820]*

D-Allose [32,7701F  -4,850

D-Gulose 30,550 [-7,0701"

D-Talose 26,550 [-10,7001%

s+ Figures shown in brackets were calculated by

Hudson's "Rule of Isorotation".




calculations are shown in Table XVII.

2. The Anomeric Effect

The interaction term 0/p-H/p, referred to as the anomeric
effect in this thesis, comprises a force which destabilizes
the equatorial orientation for a l-acetoxy group relative to
the axial orientation.

According to the principles of conformational analysis
(137), an equatorial substituent on a cyclohexane ring is ener-
getically favored over an axial substituent (cf. page 9). The
main difference between a pyranose ring and a cyclohexane ring
is the presence of an oxygen atom in the ring in replacis of
one of the carbon atoms. One would, therefore, conclude that
the abnormal behavior exhibited 1s probably due to the effect
of the ring-oxygen atom. Edward (55) has suggested that the
effect arises from dipole~dipole interaction between the ring-
oxygen atom and the equatorial substituent on carbon 1 (cf,.
vage 26). According to Edward!'s suggestion, the origin of the
dipole at the ring oxygen may be the p-orbitals. There 1is,
however, no clear-cut theoretical basls for this assumption
and, as will be seen later on, it is most likely that the ano-
meric effect arises from electrostatic interactions between
carbon 1 to acetoxy group and carbon 5 to ring-oxygen bonds.

Nevertheless, it is useful as an aid in conformational analysis
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to ldentify the anomeric effect in terms of the orientation
of the l-substituent relative to the assumed p-orbitals of
the ring=-oxygen as was done in Tables VIII and XII.

A non-bonded interaction due to a dipole~dipole inter=-
action has been suggested in the case of a ~-bromocyclohexa-
none. Corey (7), from infrared spectroscopy, showed that the
bromine atom of Gbromocyclohexanone is in the axial orien-
tation, and calculated the energy difference betwsen the two
chair forms, (LX) and (IXI), through a consideration of the
dipole-dipole interaction between C-Br and C=0 bonds., On
this basis, he concluded that the conformation with the bromine
in axial orientation (IXI) should be more stable by about 2,7
kcal./mole. |

0

A ° 7

I

Br

IX o e S

However, more recently, Allinger and Allinger (138) have shown
through a study of the equilibration of diastereomeric 2«~bromo-
4=-t-butylcyclohexanones that the bromine atom favors the axial
orientation by only 0.32 to 0.75 kcal./mole.

A situation similar to the anomeric effect is present in

the molecule of methylal. Since an anomeric effect has an
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interaction energy of about 1,3 kcal./mole, one would predict
that the two methyl groups in methylal would tend to orient
themselves in such a way as to avoid skew interactions of the
carbon~oxygen bonds with the p-orbitals of the other oxygen
atoms. The four conformations which are possible for methylal
with neighboring atoms in skewed orientation, are shown in
Fig. 13, Among these four possible conformations, only two,
(I) and (III), are free of the anomeric effect as identified
above., However, the two methyl groups in (III) are in a similar
situation as two axial methyl groups on a six-membered ring.,
Thus, conformation (I) would be expected to be the most stable
one. In this respect, it 1s of decided interest that (I) 1s
in fact the conformation for methylal as established by dipole
measurements (139) and confirmed by electron diffraction (140),
Nash (141) pointed out that the lone~pair electrons in a
conjugated system, such as in the esters of carboxylic acids,

tend to assume a trans configuration. It has been shown from

R/O\C/R' R/O\C/O
| |

R!?
IXIT IXIIT

0

dipole moments that esters exist in the form (IXII), This

conformation would also be expected to be the stable one from
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the foregoing reasonings, .

A calculation of the dipole-dipole interactions for the
anomeric effect was based on bond dipole.moments which were
treated as point charges located at the center of each atom
in view of the fact that the derived formulas ars not appli-
cable to intramolecular interactions of close distance.

The interatomic distances between 0, and Cy (see Fig. 14)
and between 0, and 0,, remain the same whether 0, is in equa-
torlal or in axial orientation. Therefore, when O1 changes
orientation from equatorial to axial, the only variable is the

electrostatic interaction between 05 and Cg as shown in Fig. 14,

Figo 1l4. Geometry of an Equatorial and an Axial

1;Substituent in relation to Carbon 5.




From x-ray diffraction analyses of D-glucose and sucrose
(142), the valence angle for the ring-oxygen atom was calcu-
lated to be 111.5o and 104050, respectively. Consequently, the
valence angle for the ring-oxygen atom was taken as that for
the regular tetrahedral, 109,5°, The average value of the car-
bon to ring-oxygen bond distance of 1.46 A (142) and a dipole
moment of l.6 Debye units (143) were used. The difference in
interaction energy between an equatorially and axially oriented

C,-0, bond calculated on this basis, was 1.55 kecal./mole,

1
Thus, the anomeric effect can be accounted for on the basis of
these electrostatic interactions, In hls speculations on the
assumed anomeric effect, Edward stressed the ildea that the origin
of the dipoles at the ring-oxygen were the lone-palir electron
orbitals, However, since the lengths of these atomic dipoles

are much shorter than the lengths of bond dipoles, the polari-
zation of the carbon 5§ to ring=-cxygen bond is probably the main
contributing factor to the anomeric effect. This conclusion is
supported by the data presented in the next section which is
related to the effect of the electronegativity of the S«sub-

stituent on the anomsric seffect.

3. Bffect of 5-Substituent on Anomerization Equillbria

The variation of free energy change from a pentose to a

hexose was assumed (see page 87 ) to be due to a change in
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magnitude of the anomeric effect., Since the difference be-
tween a pentose and a hexose is in the substituent on carbon 5,
and the anomeric effect is polar in origin, it is likely that
the effect brought on by the substituent is related to the
difference in the polarities of the groups., In order to test
this postulation, a series of compounds with different sub-
stituents on carbon 6 of D-glucose were prepared and their
anomerization properties were determined, The results are
summarized in Table XVIII,

A methyl group is sterically comparablé to an acetoxy-
methyl- group. On the other hand, the polarity of a methyl
group is similar to that of a hydrogen atom. The difference
in free energy between the 6~deoxy~D-glucopyranose tetraace-
tates (R=CH5, R2=0Ac) is practically the same as the D-xylo=-
pyranose tetraacetates (R=H, RL=OAc). This result clearly
suggests that, as would be expected, the difference betwesn
the anomeric effects P and P' (see Table XV) does not arise
for steric reasons,

As seen from the equilibrium data shown in Table XVII,
the equilibrium shifts to favor the alpha anomer with increa-
sing electronegativity of the 6-substituent. On the other
hand, Lemieux and Huber have shown that a change in the pola-
rity of the Z2-substituent has little effect on the anomeri-
zation equilibrium (61).

There is a fundamental difference in conformation of the
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6-substituent in relation to the configuration on carbon 4.
These are shown in IXIV to ILXVI and IXVII to LXIX with the

relative interaction energies shown in the brackets.

Ac
Ac
Q Q 0
Ac A(,QAc AcO

IXIV (0) IXV (1g0) LYVI (1280)
AcO,
AcO o o
Ac
Ac Ac Ac
WWIT (C) IXVIII (360) IXIX (2180)

For the gluco-configuration, the electrostatic interactions
between l- and 6-acetoxy groups were calculated in LXIV and
IXV, The average valus is 320 cals,/mole lower feor an alpha
anomer than for a beta anomer,

From the fact that the effect of the €-acetoXxy group is
about the same in either gluco- or galacto-configuration, the
actual orientation of the 6-substituent does not make any

significant difference to the magnitude of this effect. There-
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fore, it can be simply looked at as an increase in strength
of the positive charge on carbon 5 because of the inductilve

effect of the electronegative 6-substituent.

4, Anomaly of the Acetylated Amino-Sugars

The results from the acetylated aldopyranoses were self-
consistent. However, when this work was extended to the ace~
tylated amino-sugars, certain anomalies were observed. Thus,
when d-D=glucosamine pentaacetate was treated under the ano-
merization conditlons, the specific rotation changed from 107°
to 31,2°. The same equilibrium rotation was reachsd starting
with beta anomer. Thus, had a true equilibrium been established
between the alpha and beta anomers, the equilibrium rotation
would regquire that the equilibrium mixture contains 87% of the
beta anomer. However, the alpha anomer can be 1solated from
the equilibrium mixture in 35% yield, Morecover, the anomeri-
zation of the pB-D-glucosamine pentaacetate 1s not first order
in kinetics., As seen in Fig. 11, the rotation rapidly decreased
to a minimum, then rose slowly to the equilibrium rotation,
Evidently, the reaction was not a simple equilibration of the
alpha and beta anomers, It is of interest to ndte that the
specific rotation of the beta anomer is 1.20 in chloroform so-

lution, 10o in 1:1 acetic acid =~ acetic anhydride mixture and

truerses

¥
¢
)




ro2s pmiaeam

-107-

near 20° in the same mixture of solvents but containing an
excess of perchloric sacid. Apparently, protonation of the
acetamido group can markedly change the specific rotation of

the compound.,

White (144), in 1940, reported that when tetraacetyl g-D-

' (LXX)
glucosaminyl bromide.was treated with sodium acetate in aqueous

solution, the specific rotation changed from an initial value
115° to & constant final value 23°, From the solution, a
crystalline product with ananalysis corresponding to (ILXXI)

and a specific rotation of 54.0o was obtained,.

Acoct, AcocH,
i 2 (<
AcO
Ae0 NaOAc
. ) —————
AcO AcO o
HNAc N —0
Br |
CH
3
LXX ILXXT

This observation together with the evidence that B-~D-gluco-
pyranose pentaacetate rapidly forms the 1,2-acetoxonium ion
under anomerization conditions, clearly suggested that the
oxazolinium ion (LXXIV) is perhaps the most stable product
formed in the attempted anomerization of the D-glucosamine
pentaacetates. The rapid initial reaction of the beta anomer

supports this contentione
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ILXXIT - IXXIITI LXXIV

Not only the D-glucosamine pentaacetates which have an
acetamido group on carbon 2, exhibited the abnormal behavior
under anomerization conditions., Treatment éf S=deoxy=3-ace=
tamido=-p-D-glucopyrancse tetraacetate in the anomerization
medium resulted in a rise in rotation to a maximum as shown
in Fig. 9, which was followed by a slow decrease to the speci-
fic equilibrium rotation of 35,1°. This result could be due to

the formation of an oxazine ring.

N

~
A e AcOCHg 0
AcO 0 0 AcO 0 0 /
. — F~~0
Ac
Ao AcHN ohe Ac

OAc Ac Ac

LXXv ILXXVI LXXVII

Indeed, Winstein and coworkers (145) recently published
their results on the study of solvolytic behavior of the iso-
meric 2,3-dibromo-l-benzamidocyclohexanes (LXXVIII) and (IXXXI)

in glacial acetic acid in the presence of silver acetate.
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CgHs Cols
. |
HN -~ ~§b ===C\\\
G- M = —
CgHg=C-N Br Br
Br d
LXXVIII LXXIX XXX l
Cglls (6"
|
HN-—’CQ§ N==£‘\\
0
CSH5-C-N r
T
B
g IXXXT LXYXXIT IXXXIIT
Under these conditions, (LXXVIII) appears to reesct sub-
tantially more rapidfythan did (IXXXI). Hydrogenation of
(IXXX) over a palledium catalyst to remove the bromine atom

gave rise to a bromine-free compound whose melting point was

ldentical with the oxazine (IXXXIII) reported by Burford,
Hewglll and Jefferies (146), This result indicated that an

oxezine ring was formed in preference to an oxazoline ring.
With an acetamido group on carbon 6, no complication was
observed. Thus, 6~deoxy-6-acetamido~g-D-glucopyranose tetra-
acetate followed the first-order kinetics in anomerization as
shown in Fig., 10, and the alpha enomer can be isolated in fair

yield from the equilibrium mixture,
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B, Configurational Effect on Chemical Reactivities

According to the transition state theory, reaction rates
depend only upon the nature of the reactant and the activated
complex (transition state) (ecf. Po 21).,

In the anomerization of a sugar acetate, the geometry of
carbon 1 will be changed in going from the reactant to the tran-
Sition state regardless of the reaction mechanism. 4 solvoly=-
tic mechanism would lead to a trigonal carbonium or carboxoniuﬁ
ion, whereas a bimolecular mechanism would lead to & pentavalont
carbon atom in the transition state. Thus, either mechanism
must cause distortions of the chair conformation of the pyranose
ring. Since such changes must bring about changes in some of
the non-bonded interactions.in the ground state, the free energy
of activation is, therefore, expected to vary with the configu-
ration of the sugar acetates,

Since the diastereoisomeric acetylated sugars are struc-
turally the same, polar effects due to inductions through sigma
bonds can be neglected. Also, there is no reason to expect any
appreciable differences in resonance energy. Consequently, it
was anticipated that a conformational analysis of the non=~bonded
interactions in the ground and transition states for the anomeri-
zation reaction would allow a rationalization of the relative

rates of reactione.
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On this basis, since AAE: and 4aEy, in equation (11) (see
p. 22) are taken as zero, then
¥ +
AAEp 4aBp (29),
*
44Ep - RT1n( Q) (30).

and AAFs

As a first approximation, RTd(ln?TQ*)/at in equation (13)
(see p. 23) cah be taken as negligible, consequently,
aaf = * U
F = @aaERp « T448 (31),
and AAE; = asH (32).

For reactions in solution, the difference between the
enthalpy of activation and the experimental heat of activation
is RT.

*

Eexp.= AH + RT (33).

However, the RT term cancels out for the relative enthalpy of

activation, AAH*. Thus, a measure of aag?t

can be expected to
provide a measure of the changes in non-bonded interactions
(strain energy) which take place in the change from the reactant
to transition state.

The heat of activation for the anomerization reactions
were determined from the temperature coefficients of the reac-
tion rates. The values are given in Tables XIX and XX,

Since the anomerization is a reversible process, the mea-
sured rate constant is the sum of ki, the rate constant from

®-anomer to ge-anomer, end kp, the rate constant from g-anomer

to «-snomer. A plot of In(ku+ kp) against 1/T gives Exup ,
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which 1s the weighted average value of Ex and Eg, the individual
heat of activation for the anomerization reaction from «-anomer
to p-anomer and from ge-anomer to «-anomer, respectively. The
measured rate constant can be separated Into kg and kp using
the equilibrium constant, and the individual heats of activation,
By and Ep, can.be calculated from the values of the individual
rate constants, ke« and kg, at different temperatures. However,
this procedure introduces the experimental error of the equili-
brium constant which, in many cases, 1s rather large. Therefore,
it was decided to obtain Ex and Ep from E“+P'based on the equilil-
brium constant at 25° and calculated as follows.

As discussed in previous section (see p.82), the entropy
change in the anomerization reaction is small. Therefore, the
heat of reaction, AH, can bs taken as equal to the free energy

change, AF. Since,

Ky = T — (5t Xp) (34),

where X is the equilibrium constant, and
- Rln (kut kp)o/(kg+ kp)y
Eqep (35).
( l/T2 - l/Tl )
From equations (34) and (35),
Rln (1+XKy)/(1+X;)

By = Eoep t (1/1, = 1/11 ) (861,

and Bp = By* aH = B+ AF (37).




The equilibrium constant at another temperature can be
calculated from the following equation based on the equilibrium
constant at 25°.

- Rin(¥2/Kgc0)

AB = = _'F«"o (38)°
( 1/T2- 1/298) :

The relative free energies of activation, AAF*, and the
relative enthalpy of activation, AAH*, in Tables XIX and XX were
based on p-D-xylopyranose tetraacetate as the reference compound
in the case of the pentoses and pg-D-glucopyranose pentaacetatse .
for the hexoses. These values were caleulated using the following

gxpressions,

3, o k
8AF" = aF_ - 4F, = -RTIn(¥s/k,) (39),
4 + %
a = - = -
and asH aH, - aHg Eexp.(r) EGXP-(S) (40),

wherein the subscript *r'refers to the reference compound and
subscript ‘s’ refers to the other sugar acetate. Thus, from the
well Ymown expression,

aaFt = aaf - paagt (41),
the walues of TAAS# were obtained.

The experimental error in obtaining these results is
estimated to be approximately 500 cals./mole. Therefore, the
degree of uncertainty is of the same magnitude as the measured
values of TAAS* except for the DP-~altropyranose pentaacetates,
This indicates that phe entropy effect is not the important fac-

tor in determining the relative rates of the sugar acetates in
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the anomerizetion reaction,
The relative stabilities of the sugar acetates in the

ground state can be estimated from the non-bonded interaction

energies as determined in the previous section. The values

are listed in the column (Hr - Hs) in Tables XIX and XX. ‘The

term R in these values is related to the skew interaction between

an axial acetoxy group on carbon atom. 2 or 4 with the ring=-

oxygen atom. It was not possible to estimate the magnitude of

this interaction. Howe&er, it seems reasonable to assume that

1t will be no greater than the skew interaction between two

neighboring acetoxy groups. Although this interaction will be

somewhat altered by any distortion of the pyranose ring, it

mast &l so be present in the transition state. Consequently,

the term R can be expected to have no significant effect on the

relative rates of reaction and will be neglected in the subs-

quent conformational analysis for the transition states. Since,
g’ = aHL - aH. = (B, - ®) - (H} - =)

= (H, - Hy) - (H, - Hg). (42),

the values of (H; - H;) can be calculated, which is related to

the relative stabilities or the differences in non-bonded inter-

actions of the isomeric sugars in the transition state.

A consideration of the (H; - H:)

values in Table XIX shows
that the non-bonded interactions in the transition state for
the ribo-configuration is about 2160 cals./mole more than that

for the xylo~configuration. It is inconceivable that such a
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large difference in stabilities for the ions (IXXXIV) and (IXXXV).
In fact, an axial 3-acetoxy group as in (LXXXIV) could be expected

to stabilize the ion relative to an equatorial 3-acetoxy group as

AcQ

LXXXIV

in (LXXXIV), since the negative end of the Cz=-0Ac bond will be
closer to the positivé ion center in (IXXXV) than in (IXXXIV).
Therefore, the solvolytic process is, in all probability, not

the mechanism for the anomerization of sugar acetates. Likewise,
the large difference (1380 cals./mole) in stabilities between
lyxo~ and ribo-configuration in the transition states makes the
mechanism similar to Winstein's (see p. 45) improbable, since
conformational analysis of the acetoxonium ions (IXXXVI) and
(IXXXVII) derived from these compounds would require the lons

to have about the same stabilities. Although these acetoxonium

ions are the intermediatesand not the transitlion states, it can

IXXXVI LXXXVII
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be expected that the actual.transition states would be geome-
trically similar to these acetoxonium ions,

On the other hand, the large difference in stabilities
between the two transition states of xylo- and ribo-configuration
can be satisfactorily explained on the basis of a bimolecular

mechanism, &s shown in (LXXXVIII) and (IXXXIX), since a strong

A= H or Ac
IXXXVIIT IXXXIX

interaction between the axial 3-acetoxy group and the acetoxy
group at the reaction center can be expected for (ILXXXIX), which
is not the case for the transition state (IXXXVIII). The same
argument applies to the difference in stabilities of the transi-
tion states for the gluco- and allo-compounds.

It is therefore concluded that the anomerization process
is an Sy2 type reaction.

The high reectivity of the l-acetoxy group as compared with
the other acetoxy groups in these compounds must be related to
the presence of the ring oxygen. The activation of the l-substi-
tuent of sugar derivatives by the ring oxygen in solvolytic

processes is undoubtpdly due to resonance stabilization in the
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transition stgte (147). As pointed out by Streitwieser (148),
similar resonanceé stabilization can be present for a bimole-
cular process, Certainly, the high reactivity of the anomeric
center cannot be due to the electronegativity of the ring oxygen
which, in fact, can be expected to deactivate this position
regardless of whether the mechanism is Syl (149) or Sy2 (150),
although the effect should not be so great in the case of Sy2
reactions.

Thus, the ancmerization reaction may possess Syl character
to certain extent, i.e., the Cy-0OAc bond could be stretched
considerably due to the resonance effect of the ring oxygen
before a covalent bond is formed between the reaction center
and the solvent moleculs to achieve a bimolscular transition
state., In other words, bond breaking may lead bond formation.

In this respect, it seems worthwhile to cite experimental
data reported in the literature, which were interpreted as Syl
reactions but for which the stereochemical results meet the
requirements of the Sy2 mechanism,

Lindberg (151), in 1947, treated tetraacetyl «-D-gluco-
pyranosyl bromide (IXX) in acetone in the presence of water
and mercuric bromide and isolated the 2,3,4,6~-tetraacetyl
pg~D-glucopyranose (XC) as the product. From the rotation of
the reasction solution, it was concluded that (XC) was produced
in high purity. If a free carbonium ion has ever beeﬁ achieved

- from an Syl mechanism, it would be expected to rearrange to
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CHoORC R
-——————¢
Acetone
Hgﬂf‘a
XX
: <
ACOCH
CHR0RC 2
AcQ & 0 HOAc D@
A2,CO
Ac i 355
A<

9/’
CH3
XCT l
Ac A(OCHz
P
H3¢/, \\DH
XCIII XCII

the l,2-acetoxonium ion (X¥XI) which is undoubtedly more stable
than a free carbonium ion due to the resonance stabilization.
Then, the alpha anomer (XCIII) instead of the beta anomer (XC)
would be the product as in the cass of the tetraacetyl g-D-

glucopyranosyl chloride (XCI) (152).

A similar situation was the rseaction of IXX in methanol,
which led to a quantitative yleld of methyl tetraacetyl §-D-
glucopyranoside (153), whereas the reaction of XCI in methanol

yielded orthoester (154).

i3kt

B-£ e
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Lemievux and Huber (155) studied the solvolysis of the
Sy4,6-triacetyl D-glucopyranosyl chlorides in acetic acid. In
both cases, inversion ' : occurred at the anomeric carbon atom.,

loreover, from isotopic exchange studies under the anomeri-
zation conditions, it was found that the rate of exchange for
the 1,2-cis sugar acetates is, within experimental error, egual
to the rate of anocmerization (56, 157).

As seen In Table XXI, the rate of - anomerization of the
glucopyranose pentaacetates decreaseswith increasing concentra;
tion of acetic acid at constant concentration of the perchloric
acid except when the concentration of the acetic acid is of the
Same order of magnitude or less than that of the sugar acetates H
that is 0,1-0.,007 M. At the low concentration of acetic acid,
the rate of reaction becomes substantially independent of the
concentration of acetic acid. Painter (100) has siggested that,
in the anomerization media, the sugar acetate and acetic acid
behave as bases and compete for the protons from the perchloric
acid as shown in equation (25) (see pe 41l). On this basis,
since the anomerization must be initiated from a protonated
sugar acetate, the rate of the anomerization should decrease,
as was observed, with increasing concentration of acetic acid
regardless of whether the mechanism is SNl or SN2 if the con-
centration of acetic acid is high as compared to that of the
sugar acetate, However, when the concentration of acetic acid

is near that of the sugar acetate, a decrease in concentration
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Table XXI

acetate in Acetic Acid and Methylene Dichloride (100)

7

'(AcOH), HC10, K+ kg, min."t
M M Found ©Calc'd to 0,1M HCJ.O4

846 0,045 0.0032 0.0070
7405 0,045 0,0035 0.0078
6el4 0,053 0,0059 0.0111
4,38 0,053 040092 00174
2463 0,053 0.0194 0,037
1.41 0.0106 0,0095 04090
0,895 00,0106 0.0153 0,144
0,361 0,0106 0.0423 04400
0,103 0,0036 0.0321 0890
0,093 0.00088 0.0086 0,971
0.0585 0.00088 0.0093 1.06
0.0516 0.0021 0.023 1.10
0.,0069 0.00088 0,0085 0,97
0.0231 0.00088 0.0101 1.15
0.0034 0,00044 0.0019 0043




Ef_}j{u-ﬂ.u, RS n e AT AT
i
i
|

-123=~

should tend to decrease the rate of reaction if the mechanism
is bimolecular while tending to increase the rate because of

the increasing concentration of protonated sugar acetate.

That is, at low concentration of acetic acid, the two effects
would tend to cancel each other if the mechanism is Sye and
results auch as those presented in Table XXI would be antici-
pated. Therefore, Painter's kinetic data support our contention
that the mechanism of the anomerization is a bimolecular mechan~-
ism and involves a molecule of acetic acid in the transition
state.

In view of the fact that the anomerizations in all proba-
bility proceed by way of an Sye mechanism, it was felt of in-
terest to attempt a detailed conformational analysis of the
kinetic data.

The configuration of a carbon center in the transition
state of a bimolecular nuclsophilic substitution 1s that of

a doubly complexed carbonium ion as shown in XCIV.

—

o
Aco———go'—"C -=—==—0RC
120°

-

XCIV

In the case of an SN2 reaction at the anomeric center of a

sugar acetate, the ring oxygen must be expected to participate
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in the stabilization of the transition state. Otherwise, as
seen on page 1ll8, the uniquely high reactivity of the l-acetoxy
group of a sugar acetate could not be rationalized. Thus, the
carbon 1 te ring-oxygen bond must be expected to possess double
bond character in the transition state. Therefore, the geometry
of the pyranose ring in the transition state can be expected to
be similar to that of cyclohexsne which is known to exist in

the so=-called half-chair conformation (156).

Consequently, the method of vector analysis described by
Corey and Sneen (238) was used to calculate the interatomic dis-
tances in the transition state with the pyranose ring in the
half-chair conformation. The results of these calculations
are given in Teble XXII.

Conformational analyses of the transition states based on
the half-chair are complicated by the fact that this conforma-
tion possesses four different orientations; namely, axial (C
and D), equatorial (X and Y), quasi-axial (B and Hg), and quasi-
equatorial (W and Hy) (see Table XXII). For this reason, inter-
actions in the chair form are not strictly identical to any of
the interactions iﬁrhalf-chair form. This is especially the
case for steric interactions which are an exponential function
of interatomic distances., However, electrostatic interactions
are not nearly so sensitive to interatomic distances since these
interactions vary inversely with distance,

As a first approximation, 1t seems reasonable to assume
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Table XXII

The Interatomic Distances in a Half-chair

Conformation of a Bimolecular Transition State

for the Anomerization of Acetylated Aldopyranoses

Positlions Atoms (0-0) Positions Atoms (0-0)

E/B 2.06 A B/X = W/C

Afw 2,33 = D/H,

E/W 3.21 = X/y 2480 &
A/B 3450 W/X Y/H, 2,94
A/C 2.48 B/D C/H, 2,70
A/H 2,89 c/Y X/D 2.71
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that all interactions between an acetoxy grecup and a hydrogen
atom, and between two hydrogen atoms are negligible, except
when the interaction involves an acetoxy group at the anomeric
center (A and E) with a quasi-axial or quasi -~equatorial hydro-
gen at the 2-position. The remaining interactions in the tran-
sition states for the aldopentopyrancse tetraacetates are listed
in Table XXIII. Table XXIV shows the differences in these non-
bonded interactions together with the differences in stabilities
of the transition states with the transition state for the
Xylose tetraacetates as the reference compouhd.

First of all, the difference in the stabilities of the
transition states for the xylo and arabo configurations is
reasonable since, as seen from Table XXII, the D substituent
is 0,09 A closer to the X substituent than is the Y substituent,
If it 1s assumed that the skew interaction XO/YO has the same
value, 540 cals./mole,as found for a skew interaction between
two acetoxy groups in the ground state, then the interaction
XO/DO would have a value of 540 +380 = 920 cals./mole. The
interaction Cn/Y, is identical to Xo/Dy 8nd would have the same
value,

Secondly, in the expression (Table XXIV) for the relative
stabilities of the transition states for @he Xylo and ribo con-
figurations, the difference in the interactions (Xo/¥y) = (Co/Yp)
can be taken as -380 cals./mole. The skew interaction Wo/X,

should be smaller than the WO/CO skew interaction in view of
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Table XXIII

The Non-bonded Interactions in the Transition

State of the Aldopentopyrancse Tetraacetates

Configuration Position of

Acetoxy Groups

Non=-bonded Interactions1

Xylo W,X,Y Ay/M,

Lyxo B,X,Y Ao/WH
Ribo w,C,Y Ao/,
Arabo W,X,D AO/WO

4+

Eq/Bg + Wo/Xo+ Xo/Yg
* AO/CH

+

EO/BO * Bo/xo+ xo/‘ro
AO/CH

+

+ EO/BH + ""o/co* co/sr0
AO/CO

+

+ Bo/By + Wo/Xo+ Xo/Dg
+ AO/CH

1.

The subscripts "0O" and "H" denote

& hydrogen atom, respectively.

an acetoxy group and
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Table XXIV
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Differences in Non-bonded Interactions between

the Isomeric Aldopentopyranose

Tetraacetates in the Transition States

Transition States Differences in Relative
Compared Non=-bonded Interactions St%piligies
Hy - Hg
- AN Wo/Xg = Bg/%, ~780
2 Xylo = ribo  Wy/Xy = Wo/Cq + Xo/¥,
- Co/Yo + Ag/Cy = Ag/Cq -2160
3¢ Xylo - arabo X5/Yg - Xo/Dg ~Z80
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the interatomic distances -shown in Table XXII. This difference
should not be great, however, since these skew interactions
between acetoxy groups ars largely electrostatic repulsions,
Consequently, 1t can be concluded that the main reason for the
difference in the stabilities of these transition states is the
Ap/Co= Ap/Cy interaction which probably has a value greater
than 1500 cals./mole.‘ This, of course, is precisely the con-
clusion which had to be expected on the basis of an SNZ meche
enism for the anomerization,

Thirdly, a consideration of the interactions for the tran-
sltion states of the xylo and lyxo configurations would lead %o
the expectation that the interaction EO/BO- EO/BH should bs
considerably greater than AO/WO- AO/WI. This follows from the
fact that the substituents E and B are considerably closer to=-
gether than the substituents A and W (see Table XXIT). The
experimentally determined difference in stabillties reported in
Table XXIV is in agreement with this expectation since
Bo/Xo= Wo/Xy is undoubtedly much less than 780 cals,/mole.

Therefore, it is concluded that,in all probability, the
aldopentopyranose tetraacetates undergo anomerization by way
of & bimolecular nucleophilic substitution reaction with the
pyrenose ring in the half-chair conformation as required by
the resonance theory.

It was not possible, however, to rationalize satisfactorily

the kinetic data for the aldohexopyranose pentaacetates with
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the pyranose ring in the half-chair conformation. Instead, a
slightly deformed chair form seems best to fit the experimental
results., As will be seen later on, this situation may arise
from the introduction of an acetoxymethyl group on carbon 5,
which can be expected to resist the pyranose ring assuming the
half=-chair donformation.

First of all, as seen from the kinetic data presented in
Table XI, for epimeric compounds with the difference in confi-
guration on carbon 4, the compound with the acetoxy group in

axial orientation reacts more rapidly. Thus,'

* o

4Fy = aF;. = 590 cals./mole,
+ +

aF 4 = A4F g = 490,
3 ¥

6F)5 = AF, = 430,

w1 ere the subscripts refer to the numbers of the compounds given
in Table XX,

From a Fisher, Hirshfelder and Taylor molecular model, the
internal motions of the substituents in an acetylated sugar
molecule are highly restricted. This is especially true for
the hexoses, wherein an additional steric strain exists between
the substituents on carbon atoms 4 and 5. This strain, although
remote from the reaction center, may cause steric effects in the
rate process, and the effect of the orientation of the 4-acetoxy

group may be related to the strain.
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Moreover, the kinetic data suggested that the axial orien-
tation for the 3-acetoxy group is the more favorable for

reaction. Thus,

# %
AF;y - 4F;, = 1240 cals./mole,
*

These results cannot be anticipated on the basis of a half-

chalr model for the transition state.

Furthermore, the rate of anomerization of p—D-talopyranose'

pentaacetate is nsarly the same as that of g=D-galactopyranose
pentaacetate (see Table XI). According to the data given in
Table XXII, the interatomic distance between the positions B
and D is increased from 2,54 £ in a chair form to 2,70 £ in a
half-chalr form. This would greatly reduce the steric strain
between the acetoxy groups at these positions in talo-configu-
ration. Therefore, had the anomerization reaction taken place
by way of a half-chalr conformation in the transition state,
one would expect that pg-D-talopyranose pentaacetate should
react much faster than did p-D-galactopyranose pentaacetate.
The replacement of the equatorial hydrogen atom on carbon
5 by an acetoxymethyl group to transform D-xylopyranose tetra-
acetate to D-glucopyranose pentaacetate increases the enthalpy
of activation by 3.5 kcal./mole (see Tables XIX and XX). This
large difference in energy of activation cannot be accounted

for on the basis of the difference in non-bonded intoractions.
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It is, therefore, more likely atbributed to the difference

in resonance stabillization by the ring oxygen of the transition
states. From the fact that the 6-deoxy-D-glucopyranose tetra-
acetates anomerize eleven times faster than the D-glucopyranose
pentaacetates, it clearly suggested that the polar 6-acetoxy
group reduces the resonance stabilization of the transition
state through participation of the ring oxygen. Resonance sta-
bilization can bes expected to be at maximum with the pyranose
ring in the half-chair conformation.

Moreover, in changing from a chair to a half-chair form,
the major shift in orientations are the substituents on carbon
atoms 2 and 5, which change from axial to quasi-axial and from
equatorial to quasi=-eqratorial, Therefore, it is conceivabls
that it should be less favored for the pyranose ring of an
hexose acetate to assume a half-chair cenformation in the tran-
sition state as compared with a pentose acetate since the large
equatorial acetoxymethyl group is undoubtedly solvated in the
anomerization media. Thus, the acetoxymethyl group may have
an anchoring effect which tends to prevent the pyranose ring
of an hexose acetate from assuming a half-chair conformation
in the transition state. Consequently, other alternative con-
formations may require less ensrgy. The foregoing conformation
analysis suggests that a deformed chair (XCV) is a plausible

model,




The model contemplated.is one which would have the ring
oxygen and carbon atoms 1,2,3 and 5 in one plane. Examination
of such a model shavs that the distance between the ring-oxygen
and carbon 2 is increased over that for the chair form and that
the substituents on carbon atom: 4 are more strongly eclipsed with
trans-axbstituénts and less eclipsed with cis-substituents on

carbon atoms 3 and 5.

XCv

Thus, on the basis of this model, a cis-relationship between
the acetoxy group on carbon 4 and the acetoxy group on carbon 3
and between the acetoxy gfoup on carbon 4 and the acetcxymethyl
gooup on carbon 5 would be more favorable then when the relation-
ship is trans. Obviously, then, this would rationalize the above
mentioned experimental facts regarding the effects on reactivity
brought on changes in configuration at carbon atoms 3 and 4.
It must be kept in mind that the acetoxymethyl group inﬂ&ikeli-
hood remains in & near equatorial orientation.

Another consequence of this model is that axial substituents
on carbon atoms 3 and 5 are further removed from the substituents
complexed to the anomeric center than is the case in the half-

chair conformation. Therefore, an axial 3-acetoxy group should
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not destabilize the transi tion state for an hexose acetate as
greatly as for a pentose acetate,

The non-bonded interactions in the itransition states of
the aldohexopyranose pentaacetates are listed in Table XXv,
based on the same assumptions as made for the pentoses; i.0.,
the interactions between the hydrogen atoms and the skew inter-
actions between an acetoxy group and a hydrogen atom are negli-
gible. Table XXVI shows the differences in these non-bonded
interactions together with the relative stabilities of the tran-
sition states with the transition state of the D-glucopyranose
rentaacetates as the reference compound.

It is necessary to make two simplifying assumptions in
order to deal with these expressions as shown in Table XXVI,
First of all, it seems reasonable to assume that the following
differences in skew interactions between two acetoxy groups can
be taken as zero:

Ao/ = Eg/B oy

wo/x0 - Bo/Xgs

Wo/Xy = Wo/Cos

Xo/¥o = Co/¥ps

Xo/Yg = Xo/Do3
also,the En/By - Ap/My is assumed to be zero. Secondly, it is
assumed that there is no substantial change in the magnitude of
the diaxial interactions B,/Dy and Dy/By on going from the

ground to the transition states. That is, these interactions
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Table XXV

The Non-bonded Interactions in the

Transition States of the Aldohexopyranose Pontaacetates

Configuration

Position of
Acetoxy Groups

Non-bonded Interactions

Gluco

Manno

Allo

Galacto

Altro

Gulo

W,X,Y

W,C,Y

W,X,D

W,C,D

AO/WO

AO/WH

Aoy

Ao

Ap iy

AL

+ Bo/By + Wo/Xy + Xo/¥

+ Yo /2

+ EO/BO

+Bo/xo

+ Yo/2 + Bo/Dy

+ Yo/2

. EO/BH

+ Do/Z

+ EO/BO
4 AO/CO

+ EO/BH
+ AO/CO

+ AO/CO

+

Wo/Xo

+ CO/YO
Bo/Dy

+

+ Wo/bo
+ BH/DO

+ XO/Yb

+ CO/YO

¥ Xo/bo

+ YO/Z

*DO/Z
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Table XXVI

Differences in Non-bonded Interactions

between the Isomeric Aldohexopyranose

Pontaacetates in the Trahsition States

Transition States Differences in Relative
Compared Non~bonded Interactions Stabilities
Hyf -Hg
4. Gluco - manno  AgMy= AgMy+ Eq/By-Eq/B,
+ Wo/Xg= Bo/Xo= Bo/Dy -380
5. Gluco = allo Wo/Xg= Wo/Co+ Xo/¥o= Co/Yg
- Ao/c0 ~1060
6+ Gluco - galacto X,/¥,- Xo/Dot Yy/2 - Dy/2Z
- By/Dy 420
+ Wo/Xo+ Xo/¥o= Co/Yg
- 45/Co= Bo/Dy 2200
8. Gluco - gulo Wo/Xo= Wo/Co+ Xo/ Yo+ Yo/Z
0

= Do/Z =~ A4/Cy= Br/Dy
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have values of 180 cals./mole in the transition states, This
assumption is supported by the facts that g=-D-talopyrancse
pentaacetate anomerizes at about the same rate as p-D-galacto-
pyranose pentaacetate and g-~D-glucopyranose pentaacetate at
about the same rate as g-D-mennopyranose pentaacetate. Thus,

it is apparent that the 2,4~diaxial interaction betwesn acetoxy
groups in the talose derivative plays no réle in determining

i1ts reactivity., This suggests that the interatomic distance
between these two substituents remains unchanged on the compound
rassing from the ground state to the transitidn state.

Application of these assumptions and the differences in
the stabiiities of the transition states given in Table XXVI,
to the expressions for.the dlfferences in non-bonded interactions
ylelds the following results.

In the case of the transition states for the glucose and
mannose derivatives, a difference in stability of -180 cals,
per mole would be expected as compared with a difference of
-380 cals,/mole determined experimentally,

From the difference in the stabilities of the transition
states for the glucose and allese derivatives, Ay/C, is expected
to have a value of 1060 cals./mole. This interaction for 1,3~
diaxi al acetoxy groups is considerably less than that for the
corresponding interaction in the ground state. On the basis of
the model for the transition state, this result is not unexpected

since the distance between these groups is increased substan-
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tially on going from the ground state to the transition state.

Proceeding to the galactose data, Yo/Z - Do/Z is expected
to be about 600 cals,/mole. If these values forp Ay/Cy and
YO/Z - DO/Z are now applied for an estimation of the difference
in stability between the transition states of the glucose and
gulose derivatives, a value of 640 cals,/mole is calculated for
the skew unteraction Xp/Yy which is in good agreement with the
value, 540 cals./mole, found for the interaction between skewed
acetoxy groups in the ground state.

Now, if the skew interaction Wy/X, is assumed to have a
value equal to that XO/YO==640 cals,/mole, a difference in sta-
bility between the transition states for the glucose and altrose
compounds of ~600 cals,/mole would be expected, As a matter of
fact, the transition state for the altrose derivative was found
to be 2200 cals./mole more stable than that for the glucose penta-
acetate. This clearly either discredits this attempt to rationa-
lize the reiative rates of reaction or the altrose derivatives
undergo anomerization by way of:adifferent mechanism. A change
in mechanism is, in fact, not unlikely in view of the unique con-
figuration for this compound which has both the acetoxy groups
at positions 2 and 3 in axial orientation. In view of this
configuration and the established facts that 1,2~trans sugar
acetates are known to undergo rapid dissociation of the l-acetoxy
group with the participation of thae 2-acetoxy group and that an

axial 3-acetoxy group can be expected to behave similarly, it
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is probable that the anomerization of the altrose derivatives
proceeds by way of the intermediats 1,2~ and 1,3-bridge ions,

(XCVII)and(XCVIII), respectively.

Ch,0QAC
AcO ¢ 0
Ac —
o AN
\C /
AcO 0 I
Ac cHs
XCVI XCVII ][
CHzOAC
CH,OAC o)
AcO 2" 0 Ac Ac -
Ac = Vs
Ac
(@] \~~ @’ - Q
AcO \\\f"/
CH3
XCIX XCVIII

In this respect, it is noteworthy that the formation of
oxazoline and oxazine rings from 2-acylamido and 3-acylamido
compounds, respectively, 1s well estatlished (145)., Also, as

shown earlier, evidence was presented on page 108 that 3=pg-D=

glucosamine pentaacetate undergoes dissociation of the l-acetoxy

group with the participation of the 3-acetamido group. Thus,
there can be little doubt that the participation of an axial

3~acetoxy group is fsasible.
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C. The Reaction .of Base~-catalyzed Anomeri-

zation of the D«Glucopyranose Pentaacetates

Although Lewis acids are generally used as the catalyst
in the anomerization of the acetylated sugars, Wolfrom (158)
has noted a variant of this reaction wherein the beta anomer
of the mannose, galactose and lactose acetates were anomerized
by the action of dry sodium hydroxide in dioxane. Lindberg
(159) used ascarite in pyridine to canvert the Bg-D-zluco~
pyranose pentaacetate into the alpha anomer.'

Our interest in studying this reaction was to explore the
possibility, although unlikely, that the base might have abst-
racted the proton from the anomeric center. If this were the
case, then the disaccharides could be anomerized with base
catalyst, In order to test this possibility, p-D-glucopyranose-
1-d pentaacetate was prepared and anomerized by the action of
crushed sodium hydroxide. Had the deuterium atom been abst-
racted by the base from carbon 1, then there would be an ex-
change of the deuterium from the sugar molecule and the proton
from the base catalyst. The proton on the carbon 1 has s unigue
signal in the proton magnetic resonance spectrum, which is
completely absent in the spectrum for the B~D=glucopyranose~l=-d
pentaacetate. Therefore, any deuterium~proton eXxchange can be
recognized easlly from the spsctrum of the product., However,

the experimental result demonstrated that there was no deuteriume




datetrycyhti S O
EA{.’{.«;\»\"’N e

R v Ry el i SO e e s Y LT T AT ; % T

=141~

proton exchange. Consequeﬁtly, the Dbase did not abstract
the proton from carbon 1 in the anomerization process,

A l-deuteroacetoxy—p-D-glucopyranose tetraacetate was
prepared and, likewise, anoﬁerized by the action of the base,
From the proton magnetic resonance spectrum as shown in Fige
15, it was estimated that about one-third to one-half of the
deuteroacetoxy group had been exchanged during the course of
anomerization. This result, although interesting, does not
allow any conclusion regarding to the mechanism of the reaction,
Attempts to anomerize the p=D-glucopyranose ﬁentaacetate with
base catalyst in the presencs of 2,3,4,6-tetraacetyl «~D-
glucopyranose which was labelled with carbon-1l4 in the glucose
unit in order to test the possibility of trans-esterification
were unsuccessful due to the difficulties encountered in the
isolation of & pure product. This reaction was not further

investigeted.
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Fig.

15. Proton Magnetic Resonance Spectra of the
Acetoxy GOroups in &-D-Glucopyranose Pentaacstate
(I), and the a -anomer Obtained from the Base-~
catalyzed Anomerization of 1-Deuteroacetoxy

B ~-D~Glucopyranose Tetraacetats (11).
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THE CHARACTERIZATION OF
1,2:5,6~DIISOPROPYLIDENE~3=DEOXY-3=AMINO -&=D~ALLOFURANOSE
(PART TWO)
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I. INTRODUCTION

The discovery of 3~D=-glucosamine (3-deoxy~3-amino-D-
glucose) as a component of the new antiﬁiotic kanamycin (128)
renewed xk& interest In this compound. Several preparations
of the amino-sugar had been reported but its configuration has
not been rigorously established.

Freudenberg et. al. (160), in 1926, found that ammonolysis
of 1,2:5,6~diisopropylidene-3-tosyl=K-D=glucofuranose (CIV)

replaced the tosyloxy group by the amino group.

% %

LRV T
o+ —= anee O

I CIV cv
Hydrolysis of the isopropylidene groups gave a Syrupy 3=De
hexosamine sulfate. These authors were unable to ascertain
whether or not inversion of configuration on carbon 3 occurred
during the replacement reaction.

Peat and Wiggins (127), in 1938, treated methyl 2,3~
anhydre -4,6~benzylidene ~A~D=allopyranoside (CVI) with ammonia
to obtain two amino-sugar derivatives, one (CVII) with the
altro-configuration in 90% yield and the other (CVIII) with
the gluco-configuration, These authors reported that the

physical constants of some derivatives of the latter dompound

were identical with those reported by Freudenberg et. al. for
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OCH;
H™0
¢ 0
NHa
CVII
¢ OCH;
' 0]
(0]
cVI o
$ H
NHz
CVIII

their syrupy hexosamine. Thus, the ammonolysis product of
Freudenberg was characterized as 1,2:5,6~diisopropylidene~3-
®-D-glucosamine and reported as such in all handbooks of carbo-

hydrate chemistry. With proper modification of Freudenberg!'s
method, this amino-sugar can be prepared in fair yield and it
seems to provided an attractive route to synthesize the 3-D-
glucosamine,

However, Cope and Shen (161) pointsd out that Walden in-
version should occur in the direct replacement of a tosyloxy
group by ammonia and, consequently, the product obtained by
Freudenberg should have D-allose configuration,

The object of this work was to establish the configuration

of the 3-hexosamine prepared by Freudenberg.
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II. EXPERIMENTAL

l,2;§16?Diisopropylidene-3-Deoxy-z-Hydrazino-d—D-

Allofuranose (CIX):

The 1,2¢5,6-dlisopropylidene-3-deoxy-3~hydrazino=«-D-
&llofuranose was prepared in 60% yield using Freudenberg's
procedure (162) which involves refluxing 1,2:5,6~diisopropyli=-

dene~3-tosyl-e-D-glucofuranose with anhydrous hydrazine.

1,2:5,6-Dilsopropylidene-3-deoxy-3-Amino-«-D-Allofurancse (CX) s

A solution of 3.0 g. of (CIX) in 60 mle of 95% ethanol
was hydrogenated overnight with Raney nickel catalyst at a
temperature of 80° and a pressure of 40 lbs. per sg. in. After
the removal of catalyst, the solution was evaporated to dryness
under reduced pressure. This left a crystalline crude product
which was recrystallized from chloroform-ether.

Yield, 2.36 g. (83%); m. p. 92-930;

[¢182 37«1 (c, 245 in chloroform),

Reported m, p, 92-93°; («l18 40.5 (in CgH4Cl4) (160).

1,2:5,6-Diisopropylidene~3=Deoxy-3-Acetamido=Xe=D=

Allofuranose (CXI):

One gram of (CX) was acetylated with acetic anhydride in

pyridine. The product was isolated in the usual way and re-
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crystallized from ether.
Yield, 1.0 g. (86%); m. p. 127-1289;
[“]D 71e3 (c, 2 in chloroform),

Anal, Calct!'d for Ci4Hoz0gN: C, 55,80; H, 7693 N, 4,65,
Found: C, 55.,87; H, 7.73; N, 4,85,

1L2-Isopropylidane-3-Deoxy—S-Acetamido-x-D-Allofuranose (CXII):

Two hundred mg. of (CXI) was heated in two ml. of 02 N
hydrochloric acid on the steam bath for two hours. The solu~-
tion was cooled and neutralized with dilute sodium hydroxide.
N-acetylation was accomplished by addition of 0.5 ml, of acetic
anhydride., The solution was left at room temperature for four
hours and, then, deionized by passing through a column contain-
ing mixed ionic exchange resin (15 x 160 mm., Dowex 4 and Am=-
berite IR-120H). The column was eluted with one liter of water,
Evaporation of the solvent under reduced pressure left a color-
less syrup which crystallized after storage in the refrigerator,
ca. 4°, for three days.

Yield, 50 mg. (29%); me p. 145-150°,

Iwo - recrystallizations from ethanol raised the m, p. to
154-156°,

Anal, Calct!d for CllﬁlgosN: C, 50456; H, 7.33; N, 5,36,

Found: ©, 50.25; H, 7.44; N, 5.29,

Periodate Oxidation of 1,2-Tsopropylidene~-3-Deoxy-3-Acetamido-

X=D-Allofuranose:
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Preliminary periodate oxidation study of (CXII) was carried
out using Beckman DK-2 recording spectrophotometer to determine
the concentration of the periodate lon which has an absorption
peak at 222 mu (163) and a molar extinction coefficient €,
13,500.

Two mge of (CXII) was dissolved in 5.0 ml. of 0.01 N
sodium metaperiodate solution. After certain period of time,

& 1,0 ml, aliquot of the solution was diluted to 100 ml, with _
water and the concentration of the periodate ion was determined
with the UV spectrophotometer. |

It was found, in this way, that compound (CXII) consumed
one mole equivalent of sodium metaperiodate and the reaction

was complete within few minutes.

;,2-Isopropylidene-E-Deoxy-S-Acetamido-M-D-Ribofuranose

Acetate (CXV):

To a solution of twelve mge of (CXII) in two ml. of water
was added eleven mg, (one mole equivalent) of sodium meta-
periodate. After ten minutes, an excess of sodium borohydride
(ca. 10 mg.) was added and the solution was left overnight at
4°, The excess sodium borohydride was destroyed with a drop
of glacial acetic acid. The residue from the evaporation of
the solution under reduced pressure was acetylated with acetic
anhydride in pyridine. The product was isolated in the usual

way and recrystallized from ethanol.
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Yield, 5 mg. (40%);. m. p. 158-160°.

3-D-Ribosamine Hydrochlori de (CXVI):

The crystalline product (CXV), five mg., was hydrolyzed
by heating with N hydbochloric acid at 80° for three hours.,
The solution was, then, evaporated to a dry syrup to which two
drops of concentrated hydrochloric ascid was adaed. The resulting
solution was seeded with 3-D-ribosamine hydrochloride%. Two
mg. (60% yield) of = crystalline product was obtained. The
infrared spéctrum (KBr disc) and x-ray diffraction pattern were
identical with that of an authentic sample.

This compound has no melting point. Under polarized light,
the crystals lost their birefringence at around 160°, However,
i1t did not melt up to 270°, The same behavior was observed with

the authentic sampple.

3%

The authentic sample was obtained from the Bristol Research

Laboratories Inc., Syracuse, N. Y.
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III. DISCUSSION OF RESULTS

Direct ammonolysis of 1,2:5,6-diisopropylidene~3=-tosyl-«
-D-glucofuranose (CIV) resulted in extensive degradation of the
compound and, consequently, gave a low yield (16%) of the amino-
sugar. On the other hand, hydrazinolysis of (CIV) in boiling
anhydrous hydfazine took place smoothly with 60% yield. The
conversion of the hydrazino-sugar to the corresponding amino-

sugar was accomplished by hydrogenation with Raney nickel catas

lyst to give an 83% yield of a pure product.with the same melting

point and rotation reported for the compound obtained by the
direct ammonolysis,

The configuration of the amino=-sugar thus prepared, was
established by degradation to the lmown 3-D-ribosamine hydro-
chloride (CXVI)., This was accomplished by taking advantage of
the fact that the 5,6-isopropylidene group is more susceptible
to hydrolysis in dilute acid than the 1,2-isopropylidene group.
Periodate oxidation of the partially hydrolyzed product (CXII)
cleaved the 5,6-glycol and yielded an aldehydo-compound (CXIII)
which was reduced to the pentose derivative (CXIV) with sodium
borohydride. The reduced product was acetylated in order to
get a crystalline intermediate (CXV) which was hydrolyzed with
hydrochloric acid to the known 3-D-ribosamine hydrochloride.
3-D-ribosamine is a constituent of the antibiotic puromycin

and has been synthesized by Baker (164). Their identity was

characterized by infrared spectrum and x-ray diffraction pattern.
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This established unequivacally that compound (CX) ha;rb-allose
configuration and direct replacement of a tosyloxy group on a
secondary carbon atom by hydrazine or ammonia involves Walden
inversion.

Kol 7° Xo

TS ) NaH4,

e

0 e
NHAC O—'—

CXIIT
NaBHa

HOCH» ~©

—,
NHAC o:i-

CXIV

HC
— H,oH

NH3Cl OH
CXVI

These results eé&lish beyond doubt not only the identity
of 3-D-allosamine but also that of the epimeric 3-D-glucosamine.
The 6-deoxy-6~amino-D-glucose and 3-deoxy-3-emino-D-glucose
samples prepared 1§?§ﬁ3§ ﬁg;k were the reference samples for

the identification of these compounds as the products of the

hydrolysis of the new antibiotic kanamycin,




APPENDIX

The anomeric effect has been interpreted on the basis
of dipole~dipole interactions (cf. pe 101). Such interactions
would result in reduced dipole moment for the steble anomer.,
The dipole moment of a few anomeric pairs have been determined.
In all cases, the thermodynamically stable anomer has a higher
dipole moment than its anomer (see Table XXV). Since the poly-
acetates contain so many polar groups within. the moleculs, it .
1s not surprising that the molecular dipole moment has no corre-
lation with the anomeric effect. Owing to the partial free ro-
tation of each acetoxy group, a theoretical calculation of the
molecular dipole moment is rather difficult, An estimation can
be made. However, such a treatment does not afford any useful
conclusion to the experimenta} results,.

For the purpose of keegfggpermanent record, the dipole

noments measured are listed in Table XXVII,
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Table XXVl

Dipole Moment of Acetylated Aldopyranoses

Aldopyranoée Total Electronic Dipole Moment

Pentaacetate Polarization Polarigzation Debye units

B=D-Gluco 233.8 83.3 . 2.6Y
a-D-CGluce 392.9 83.3 : 3.86
B=D=Manno 230.5 83.3 2.66
a~-D~Manno 299.3 83.3 3.22
B~D=Galacto 303.7 83.3 3.25
a-D-Galacto 316.3 833 3.34

Note: The dielectric constants of the samples were

measured in benzene solution.
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CLAINMS OF ORIGINAL RESEARCH

A quantitative conformational analysis of the acetylated

aldopyranoses was made and the following interaction

energies were obtained.

(a) The anomsric effecte.

(b) The skew interaction between two acetoxy groups.

(c) The diaxial interaction between an acetoxy group
and a hydrogen atom. ‘

(d) The diaxial interaction between two acetoxy groups.

The anomeric effect was interpreted on the basis of dipole-

dipole interaction between the carbon 1 to l-substituent

bond and the carbon 5 %o ring-oxygen bond,

The polar effect of the 5-substituent on anomerization

equilibrium was investigated,

Evidence was obtained that the 2-deoxy=-L-acetamido- amd

3-deoxy=3-acetamido-D~-glucopyranose tetraacetates form

oxazolinium and oxazinium ions, respectively, under the

anomerization conditions.

Proton magnetic'resonance spectroscopy was found to be

applicable in the determination of equilibrium between

conformational isomers.

It was concluded from the relative stabilities of the

transition states that anomerization of the acetylated
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aldopyranoses 1s a bimolecular reaction.

A half-chair conformation was suggested for the transi-

tion states of the aldopentopyranose tetraacetates and

a deformed chair ccnformation was proposed for the tran-

sition states of the aldochexopyranose pentaacetates,

Evidence was obtained from the rates of D-altropyranose

pentaacetates that an axial 3-acetoxy group participates

in the anomerization areaction.

A roaction mechanism was proposed for the acid-catalyzed

anomerization of the acetylated aldopyfanoses.

The amino=-sugar moietises from the hydrolysis of the new

antibiotic kanamycin were identified.

The configuration of 1,2;5,6-~diisopropylidene~3-deoxy=-5~-

amino-a&~D-allofuranose was established,

The following sugar derivatives have bsen prepared for

the first time.

(a) o=D-ribopyranose tetraacetate,

(b) 3-tosyl-«-D-glucopyranose tetraacetate,

(¢) l-deuterocacetoxy-o~ and pg-L-a2rabopyranose triacetate,

(d) l-dsuterocacetoxy-«- and p-D-glucopyranose
tetraacetates,

(e) «- and B-D-glucopyrancse-l-d pentaacetates,

(f) 3-deoxy-3-acetamido-g-D-glucopyranose tetraacetate,

(g) 6-deoxy-6-acetamido-«- and p-D-glucopyranose

tetraacetates.
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