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CHAPTER I 

INTRODUCTION 

The development of the chemistry of carbohydrates, 

including the sugars, starches, and closely related 

compounds has been a very active one and is still the 

object of a large amount of research. Until the 1880's, 

the knowledge of the properties and molecular structures 

of sugars was meager, but in the latter years of the nine

teenth century the work of several chemists, notably that 

of Emil Fisher, led to the determination of the structural 

formulas of many of the sugars and to an understanding of 

their properties. In recent times, interest in industrial 

and medical fields has given added impetus to the search 

for information on the conformation of simple sugars, the 

study of the mechanisms of reactions, and the stability of 

derivatives of such compounds. 

Aldose Oxidation 

The oxidation of aldoses to their corresponding acids 

is a major feature of carbohydrate chemistry. There are 

numerous ways to oxidize the sugars at various carbon 

positions. Oxidation of aldohexoses at the number one 

carbon gives aldonic acids (Fig. 1), number two carbon— 

aldosonic acids, number six carbon—alduronic acids, 

numbers one and six carbons—aldaric or saccharic acids. 
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Fig. 1.—Oxidation of B-D-glucose. (a),(d). Fisher 
projections of 3-D-glucose and D-gluconic acid. (b), 
(c),(e). Haworth projections of 3-D-glucose, 1,5-glucono-
lactone, and 1,4-gluconolactone. Hydrogen atoms bonded 
to carbon are represented by single lines. 



and numbers one and two or one and five carbons--

aldulosonic acids. Most of the reactions involving the 

oxidation of the ex- and 3-forms of the cyclic hemiacetals 

(Fig. 1) have been investigated and are known to be 

stereospecific. These reactions usually proceed through 

the cyclic hemiacetal rather than the acyclic form. 

In the field of biochemistry, the oxidation of 

aldoses by enzymes is generally a dehydrogenation process 

There are many dehydrogenases which are highly specific. 

It has been shown that the 3-D-anomers of glucose and 

galactose are selectively oxidized to their corresponding 

D-aldonic acids by glucose dehydrogenase and galactose 

dehydrogenase respectively. In general, these specific 

enzymes have little or no effect on the anomers of other 

sugars. These reactions are thought to proceed in solu

tion by the attack of the enzyme on the more stable 

3-anomer at the hydroxyl group on the no. 1-C atom to 

2 

give the 1,5-lactone directly without ring opening. 

The use of halogens for the oxidation of carbohy

drates has been known for over 100 years and has been 

extremely useful in elucidating the structure of the 
3 

sugars. Halsiwetz treated lactose with bromine water 

and obtained the corresponding aldonic acid product. 

The neutral sugar solution rapidly became acidic due to 

the formation of hydrobromic acid. This accumulation of 



acid retarded the oxidation. Bunzel and Mathews (and 

later Perlmutter-Hayman and Persky ) showed that the 

retarding effect was not due solely to the increased 

acidity, but that hydrobromic and hydrochloric acids had 

stronger inhibiting effects than other acids. They pro

posed the inhibition was caused by loss of free halogen 

in the solution due to the formation of Br^X ion 

(X = Br or CI) which did not react with the hemiacetal. 

Clowes and Tollens were the first to control the acidity 

during oxidation. They oxidized D-galactose in water with 

bromine and used calcium carbonate to remove the acidity. 

Utilization of bromine water oxidation measurements 

for study of the ring structure of aldoses was begun with 

7 

the work of Isbell and Hudson. -They observed that in an 

aqueous mixture of aldose, calcium carbonate, and bromine 

saturated with carbon dioxide (pH 6), pyranoses were 

oxidized nearly quantitatively to 1,5-lactones without 

cleavage of the ring. The oxidation was rapid at this pH, 

but mutarotation was comparatively slow. In other studies, 
8 9-11 

Isbell and Isbell and Pigman showed that the beta 

anomers of the aldoses were oxidized more rapidly than 

the alpha anomers. This difference in reactivity between 

the a- and 3-forms was used as additional evidence to 

suggest that the sugars did not exist as planar rings. 
5 

Later work by Perlmutter-Hayman and Persky confirmed the 



12 13 conclusions of Isbell. Barker, Overend, and Rees ' 

contended that the a-anomer does not undergo oxidation; 

but the measured rate of oxidation of the a-anomer is 

the rate at which the anomerization occurs. 

Numerous mechanisms for the oxidation of aldoses by 

bromine in water have been proposed. A partial summary 

14 can be found in a paper by Isbell in which the current 

2 15 information on the reaction is reappraised. Bently ' 

came to the conclusion that the rate determining step 

is attack by free bromine on an equatorial ( 3-anomer) 

hydroxyl group. One of the more recent and plausible 

oxidation mechanisms has been reported by Barker, Overend, 

12 
and Rees which incorporates an explanation of the stereo
selectivity and strong pH dependence of the reaction. 

Due to the commercial interest in the salts of 

D-gluconic acid, a variation of the bromine water oxida-

tion of aldoses was developed by Isbell and Frush ' 

The process involved electrolytic oxidation of bromide 

to bromine, which leads to oxidation of the aldose to 

give bromide and lactone. The reaction proceeded with 

nearly 100% current efficiency. 

Lactone Stabilities 

Mutarotation, the change in optical rotation of the 

solution, is known for most sugars. "Simple" mutarota

tion, where the change in rotation occurs in a single. 



first-order process, occurs for sugars which have only 

a- and 3-pyranose forms in equilibrated solutions. 

The process, therefore, involves pyranose-pyranose inter-

conversion. Glucose, mannose, and lyxose show this 

behavior. "Complex" mutarotation, where the change occurs 

in a fast, first-order process and a slow, first-order 

process, is demonstrated by galactose and arabinose. The 

fast process is believed to be a pyranose-furanose inter-

conversion, and the slow process a pyranose-pyranose 

interconversion. This behavior is observed for sugars 

showing appreciable amounts of furanose in equilibrated 

solutions; however for all sugars, the pyranose is more 

stable than the furanose (i.e. present to a larger extent 

at equilibrium.) For aldoses the prevailing stabilities 

are: 

pyranose y furanose ^ acyclic aldehyde. 

An equilibrium similar to that between pyranoses and 

furanoses exists between the aldono-1,5- and aldono-1,4-

lactones of aldonic acids. However, in the case of 

lactones (intramolecular esters), the five-membered ring 

(the 1,4-lactone) in general is more stable than the six-

membered ring (the 1,5-lactone) with the overall sta

bilities as : 

acyclic acid ^ 1,4-lactone ^ 1,5-lactone. 



In spite of the fact that oxidation of aldoses gives 

1,5-lactones, the only lactones prepared before 1914 were 

18 the 1,4-lactones. In 1914 Nef reported the isolation 

of the " 3-gluconolactone" and " 3-mannonolactone" which 

19 were later recognized as 1,5-lactones . Nef argued that 

his results gave evidence of possible structural rather 

than configurational differences between the lactones. 

19-22 The studies of Haworth and associates on the 

methylated lactones gave chemical proof of the ring 

structure of the lactones as well as the aldoses. These 

works indicated that in general the aldono-l,4-lactones 

were more resistant toward hydrolysis to the aldonic acid 

than were the 1,5-lactones. At the same time, Levine and 

23 

Simms observed the lactonization of D-gluconic acid, 

D-mannonic acid, and D-galactonic acid polarimetrically, 

and concluded that each aldonic acid formed a 1,4- and 

1,5-lactone. They stated that in general the 1,5-lactone 

reached equilibrium in a few hours while the 1,4-lactone 

required several hundred hours for equilibrium. Isbell 
24 and associates used a polarographic method to follow the 

reaction; they substantiated the conclusion that the 1,5-

lactone hydrolyzes completely in a few hours, whereas the 

1,4-lactone equilibrates more slowly. 
7 8 

Isbell and workers ' determined that 1,5-lactone 

was the initial product of bromine oxidation of aldoses. 
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From polarimetric measurements, Isbell determined the 

optical rotation of the various lactones and acids. From 

these initial values and the changes in optical rotation 

with time as the 1,5-lactone hydrolyzed, he determined 

that the 1,5-lactone was more reactive than 1,4, The 

1,5-lactone was found to hydrolyze, at a rate dependent 

on pH, to the aldonic acid in a few minutes while the 

appearance of the 1,4-lactone required several hours. 

This was in general agreement with Haworth's and Levene 

and Simm's observations. Later work by Mitchell and 

25 26 
Duke and Parrott and Mitchell followed the optical 

rotation of lactone solutions from an initial single 

component to the final equilibrium. The specific rotation 

(at 25 C and the 5461 A line of mercury) of glucono-1,5-

lactone was observed from an initial rotation value of 

+85,0 (only 1,5-lactone present) to +8,2 after 28 

minutes to +19,8 after two to three days. The +8,2 

value indicated that in 28 minutes the 1,5-lactone had 

been 80% hydrolyzed to the corresponding aldonic acid. 

The slower reaction was the equilibration of the 1,4-

lactone to give the final values of 67% acid, 16% 1,5-

and 17% 1,4-lactone, 

TMS Derivatization 

An ever present problem in sugar studies is the 

difficulty of isolation and identifying reaction products. 



Traditionally, the method of observing sugar solutions 

is polarimetry. However, in recent years the techniques 

of nuclear magnetic resonance spectroscopy, and infrared 

spectrometry are being applied with increasing frequency 

in carbohydrate research. Since the development of tech

niques for substitution silylation by a trimethylsilyl 

group [or silyl group, -Si(CH^)^] for active hydrogen, 

many non-volatile compounds can be made volatile enough 

for identification and analysis by gas-liquid chroma

tography. Silyl ethers can be prepared from any compound 

which has functional groups with acidic hydrogen atoms, 

such as amines, amino acids, carbohydrates, steroids, 

alcohols, and carboxylic acids. This silylation derivati

zation may possibly be the most valuable tool for studying 

the equilibrium mi'xtures of carbohydrates developed to date, 

because of the great resolving power of GLC, The decrease 

in inter-molecular hydrogen bonding in the silyl derivative 

usually produces increased volatility. In addition, 

silylation blocks reactions which involve the active 

hydrogen and will not allow interconversions as long as 

anhydrous conditions are maintained. Later, if desired, 

the silyl group can be removed by simple hydrolysis. 

Two of the more common silylating agents (derivatives 

of trimethylsilane) are trimethylchlorosilane (TMCS) and 

hexamethlydisilizane (HMDS), The first silylation work 
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27 
was done in 1944 by Sauer in which TMCS was used to 

28 silylate alcohols in pyridine solutions. In 1952 Speier 

29 
reported the use of HMDS as a silylating agent and later 

developed a process which used a mixture of TMCS and HMDS 

for silylating procedures. 

The silylation of carbohydrates is a relatively 

simple process since they are polyhydroxyl compounds, 

and hydroxyl groups are the easiest functional groups to 

silylate. Due to the ease of derivatization and the fact 

that silylation has a vast potential for analyzing many 

component systems, a wealth of silylation work has appeared 

in the last five to eight years. Mass spectrometry in 

conjunction with gas chromatography has been used to 

identify the components of silylated lactone-acid sys-

30 tems . In addition, much work has been done on the 

separation and transformation of aldonolactone-acid 

31 32 systems by silylation and gas-liquid chromatography ' 

33 
Morrison and Perry used gas-liquid chromatography to 

analyze neutral aldoses in biological systems. Verhaar 

34 and de Wilt reported both qualitative and quantitative 

methods for the analyses of reaction products from the 

35 36 
oxidation of hexoses. Acree and workers ' have followed 

the mutarotation of several aldopyranoses and found their 

results to be in excellent agreement with those obtained 

by polarimetric methods. 
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A study reported by Sweeley, Bently, Makita, and 

37 
Wells in 1963 is a classic in its field and is largely 

the basis for all ensuing silylation techniques. In the 

paper, a simple quantitative technique for derivatization 

of crystalline sugars by HMDS and TMCS (2:1 ratio) in 

pyridine and subsequent analysis by gas chromatography 

was developed and applied to over a hundred compounds. 

The above procedure could be applied to crystalline 

sugars or to their solutions in aprotic solvents. In 1967 

38 Bently and Botlock described a modification of the 

Sweeley procedure that was specifically suited for aqueous 

solutions of carbohydrates. The modified procedure 

involved injection of microliter amounts of aqueous 

carbohydrate solution into milliliter quantities of 

dimethylformamide and immediate freezing of the solution, 

Silylation was performed slowly by allowing the solid to 

melt. With this procedure, aqueous carbohydrate mixtures 

39 40 
could be analyzed by silylation. Acree ' showed that 

the composition of the solution after silylation was the 

same as that determined by polarimetric methods, i.e. 

silylation did not distort the equilibrium. In addition, 

he established the increased amount of furanose forms of 

D-galactose present at equilibrium in pyridine solution 

over that observed in aqueous solution. In this procedure, 

as with others, a major problem still exists when 
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equilibrium mixtures are studied: that of identification 

of compounds eluted from the gas chromatograph. 

Molecular shape or conformation, as introduced into 

41 chemistry by liaworth to describe the various orientations 

that sugar molecules may assume, is of great practical 

importance in sugar chemistry where it was first applied, 

and to all other fields of chemistry. The idea of confor

mation was in the early stages of acceptance when Isbell 

used the concept in many studies to explain the difference 

between the reactivities of the a- and 3-anomers. 

42 
Subsequently in work carried out by Hassel and Ottar 

43 

and by Reeves , the stable form of the pyranoid sugars 

was found to be the chair conformation. In the chair form 

of cyclohexane, the two possible chair conformations are 

identical in energy. In the analogous pyranose chair 

conformations, the energies of the two forms are 

sufficiently different that in general only the form 

is prevalent. 

The relation of five and six-membered rings with 

double bonds were summarized and rationalized by Brown, 
44 Brewster and Shechter . Stability factors of various 

hydrocarbon ring compounds were discussed and these 

arguments were applied to lactone systems. The generali-

45 zation, which was later clarified , stated that "reactions 

will proceed in such a manner as to favor the formation or 
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retention of an exo double bond in the five-ring and to 

avoid the formation or retention of the exo double bond in 

the six-ring systems." This generalization was supported 

by the greater stability of pyranoid over furanoid ring 

systems (six ring more stable than the five ring) and 

of 1,4-lactones'-over 1,5-lactones (five ring more stable 

than six ring due to the presence of exo double bonds in 

the lactone group), 

Despite the importance of conformational analysis in 

carbohydrate chemistry, little quantitative data on 

conformational energy differences has been done in the 

field. Therefore, most discussions have been restricted 

to qualitative aspects. 

Purpose of Study 

The purpose of this research was to experimentally 

determine quantitative data on energy differences in 

aqueous solutions between aldonic acids and lactones 

derived from various aldopyranoses. It was desirable to 

determine the relative importance of entropy and enthalpy 

in determining the stabilities of lactones and acids. 

This determination requires the measurement of two of the 

three thermodynamic properties, i.e. entropy, enthalpy, 

and Gibb's free energy. 

The traditional calorimetric method yields accurate 

enthalpy values, but this technique was not used since 
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it requires the difficult task of preparing pure samples 

of the various substances. In addition, a separate 

measurement of the solution components would be required. 

The method of studying the equilibrium constant at 

various temperatures was used to obtain both the free 

energy and enthalpy changes in the various reactions, 

Trimethylsilylation of the equilibrium mixtures and gas-

chroraatographic analysis gave the equilibrium composition 

at each temperature and thus free energy differences. 

The differences were then determined graphically by the 

change in equilibrium constant as a function of tempera

ture. 



CHAPTER II 

EXPERIMENTAL 

Sugars 

The sugars employed in this study were obtained 

commercially and used without further purification. 

Hexoses 

Dextrose, monohydrate—"Baker Analyzed" 
reagent, J. T. Baker 
Chemical Company 

D-Galactose—Matheson, Coleman, and Bell 

D-Mannose—Matheson, Coleman, and Bell 

Pentoses 

Calcium D-Arabonate—95-99% purity, K and K 
Laboratories 

D-Lyxose—95-99% purity, K and K Laboratories 

The remaining chemicals and instrumentation used in 

the research are described in the appropriate sections. 

Oxidation Procedure 

The oxidation procedure used on the above sugars 

(with the exception of calcium D-arabonate) is essen-

16 
tially that reported by Isbell and Frush with slight 

modifications. The oxidation mixture consisted of 1 g of 

sugar, 0.2 g of calcium bromide, and 0.6 g of calcium 

carbonate in a quantity of doubly distilled water 

(approximately 30 ml) to ensure immersion of the cell 

15 
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electrodes. In a few oxidations, varying amounts of 

sugars and reactants were used, but the ratios of sugar 

to other components were always the same. 

The electrolytic cell consisted of a large diameter 

Pyrex glass tube closed at one end with a total volume of 

approximately 50 ml. Initially graphite electrodes were 

used, but due to deterioration of these electrodes, 

46 platinum electrodes were prepared as replacements. 

Twenty-three centimeters of 22 guage platinum wire was 

coiled to a length of 4 cm. One end of the coil was fused 

into 4mm Pyrex tubing to make a water tight seal. Mercury 

and piano wire were used to make electrical contact. 

The solution to be oxidized was placed in the reac- |̂ 
Hi! 

tion vessel and stirred continuously with a magnetic jj 

stirring bar. The cell was operated at 80 ma (current 
•I 

_2 
density of 1.6X10 amp/sq, cm.) for 3.8 hrs per gram of ij 
aldohexose present. The current source was a full wave f 

rectified DC source utilizing a 12 volt filament, capaci- ĵ  

i 
tor filter, and zener diode reference. The unit was * 

capable of a nine volt output with currents up to 500 ma. 

During electrolysis carbon dioxide, hydrogen gas 

(at the cathode), and free bromine (at the anode) were 

evolved. The reaction mixture remained slightly acidic 

(pH of 6.2-6,3) and was white in color due to the presence 

of undissolved calcium carbonate. The cathode became 
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coated with white calcium salt deposits, but they posed 

no problem, since occasional reversal of current quickly 

removed the deposits. A small amount of foaming occurred 

during the reaction, but posed no problem as long as the 

reaction cell was not too full. 

The oxidation of one mole of aldose requires 2 

Faradays, and the actual time required to oxidize 1 g of 

sugar at 80 ma was very near the calculated theoretical 

amount of current necessary for oxidation. The cathode 

was not isolated since oxidation anomalies were not 

observed. The completion of the oxidation was apparent 

when a slight yellow color of excess bromine appeared. 

The solution at completion of the oxidation contained 

excess calcium carbonate, a small amount of free bromine, 

calcium bromide, and the calcium salt of the corresponding 

aldonic acid. The excess CaCO_ was then removed by vacuum 

filtration through a M glass sintered filter. This process 

also removed the excess bromine. The reaction solution 

was then mixed with a 20% excess of Dowex 50W-X8 (50-100 

mesh) in the H form. The solution was removed from the 

2+ 

resin by filtration. This procedure replaced all Ca in 

the solution by H , The solution at this point, consisting 

entirely of the aldonic acid and hydrogen bromide, had a 

pH 1-2. This acid concentration was necessary to insure 

a rapid equilibration of the lactones and the acid. 
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The solution volume was then reduced to 6-8 ml in a 

rotary evaporator at 40 C to give a final carbohydrate 

concentration of about 0.7 to 0.9 M. At this time a 

10 yl aliquot of the solution was silylated in order to 

identify the acid and 1,5-lactone peaks of the respective 

sugar. The remaining solution was divided into 3 or 4 

portions and each was placed in a 7 mm (o.d.) test tube 

with serum cap and allowed to equilibrate at selected 

temperatures. 

Due to the small temperature coefficient of the 

equilibrium constant, it was decided to use a wide range 

of equilibrium temperatures. For D-glucose, equilibration 

temperatures of 0 , 25 , and 50 C were chosen. The 

other sugars were equilibrated at temperatures from -13 

to 45° C. All solutions were equilibrated for a minimum 

of one week before silylation and analysis, 

Silylation Procedure 

The N,N-dimethylformamide (Matheson, Coleman, and 

Bell, spectroquality) used as the solvent for per-0-

trimethylsilylation was used without further purifica

tion. The silylation agents HMDS and TMCS were purchased 

from Pierce Chemical Company (specially purified grade). 

The silylation vessels were 5 ml glass "Reacti-Vials" with 
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Teflon-coated septa and screw caps (Pierce Chemical 

Company). 

The silylation procedure used was a modification of 

37 38 
the Sweeley and Bentley-Botlock procedures. To each 

reaction vial, 0.1 ml of dimethyl formamide (DMF) and then 

10 ul of the equilibrated solution were added. The vial 

containing the DMF solution (10% aqueous) was immediately 

placed in liquid nitrogen for ih min. to insure complete 

freezing of the solution. This procedure was shown by 

8 22 
Acree ' to have no effect on the equilibrium of 

galactose. This work on gluconic acid is in agreement 

23 

with the polarimetric study of Parrott . A volume of 

1.0 cc of the silylating mixture HMDS and TMCS (2:1) was 

then introduced by syringe into the capped reaction 

vessel. The reaction vessel was allowed to warm to room 

temperature with occasional shaking to ensure mixing of 

the silylating agents and the melting lactone-acid 

solution. The freezing eliminated the problem of heat 

evolution normally encountered, when aqueous solutions 
are silylated directly. Upon complete melting and sily-

38 
lation a white precipitate (ammonium chloride ) formed, 

but was not removed. The precipitate settled to the bottom 

of the reaction vessel and did not interfere with gas-

liquid chromatographic analysis. The minimum amount of 

silylating agent used was a ten-fold excess (considering 
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the amount of water and carbohydrate present) to assure 

complete silylation and to preserve the silyl derivatives 

in the reaction vessel. The per-0-trimethylsilyl deriva

tives were stable under these conditions, because no 

noticeable changes in chromatograms were found to occur 

for periods up to two weeks. Also, the excess silylating 

agent assured the consumption of any additional water 

that might have been acquired during the procedure, since 

strict anhydrous conditions (as using an inert atmosphere 

in the closed reaction vials) were not followed. The 

silyl solutions were ready for g,l.c, analysis within 15 

min. after silylation. However, a period of 12 hrs. was 

allowed to elapse before a series of solutions was analyzed 

to ensure complete silylation. 

G.L.C. Analysis 

All per-0-trimethylsilylated samples were analyzed 

both qualitatively and quantitatively on an Aerograph 

Model 600-C gas chromatograph (Wilkens Instrument and 

Research, Incorporated) equipped with a hydrogen flame 

ionization detector. The vaporization chamber was main

tained at approximately 200°C. The isothermal oven and 

detector were maintained at temperatures of 170 C for 

the silylated hexanolactone systems and 155 C for the 

silylated pentanolactone systems. An Aerograph Model 650 

hydrogen generator (Wilkens Instrument and Research, 
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Incorporated) suppliea a hydrogen-air flow rate of 22 

ml/min. Helium was used as the carrier gas at a flow 

rate of 22 ml/min. for an overall detector flow rate of 

43-44 ml/min. 

The glass column used in the gas chromatograph was 

6 ft long with an outside diameter of 1/8 in. The 

column packing was prepared according to the filtration 

47 

technique described by Horning, Moscatelli, and Sweeley 

The diatomaceous earth solid support Chromsorb G, 60/80 

mesh (Varian Aerograph, acid washed and dichlorodimethyl-

silane, DMCS, treated to remove active sites) was mixed 

in acetone with enough stationary phase, SE 30, (Wilkens 

Instrument and Research, Incorporated) to give a coating 

of 1.5% SE 30 on Chromsorb G (w/w). This loading is 

equivalent to 3.6% SE 30 on the more common Chromsorb W, 

since Chromsorb G is 2.4 times more dense. The mixture 

was evaporated to dryness by stripping off the acetone 

under partial vacuum with a rotary evaporator. The column 

was then packed and placed in the gas chromatograph oven 

with the detector end not attached. Helium was allowed 

to flow through the column for 24 hrs. at an oven tempera

ture of 200°C to condition the column. This procedure 

was followed by several injections of a column conditioner, 

Silyl-8 (Pierce Chemical Company), to ensure that all 

active sites on the column had been silylated and to attain 
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a stable base line. The column was then attached at the 

detector and the operating temperature established. 

The gas chromatographic responses were recorded on 

a Speedomax W strip chart recorder (Leeds and Northrup 

Company) with a full scale response time, of 1 sec, and a 

chart speed of 30 in/hr. The recorder also contained a 

Disc Integrator Model 224, 

The excess silylating agents and products formed 

from their reaction with water (as hexamethydisiloxane) 

2Me2SiCl(TMCS) + HO—>Me2SiOSiMe- + 2HCL, 

Me2SiNHSiMe2(HMDS) + H O ̂  Me SiOSiMe. + NH , 

were eluted early with the solvent peak and did not 

interfere on most chromatograms. N,N~dimethylformamide 

was used as the solvent rather than pyridine, because of 

pyridine's tendency to overlap and distort peaks and to 

cause excessive tailing of the solvent peak. 

All sample injections were performed using a 10-yl 

Hamilton syringe (#701), The injection volumes of per-0-

trimethysilyl samples ranged from 1-2 yl. Each sample 

was injected a minimum of three times, and in analyzing 

the chromatograms, the best values for each component from 

three injections were averaged together. 

In analysis of the component peaks, the area under 

each peak was assumed to be proportional to the amount of 

material present (see pages 29 to 33). The peaks recorded 
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were unusually symmetrical indicating relatively little 

tailing. 

Several techniques to determine peak areas were 

investigated and applied where conditions warranted. An 

Ott Type 76 planimeter used to calculate peak areas was 
I. 

found to be the easiest and most accurate of the methods 

employed. Each peak was traversed three times, and an 

average value was taken for the final area. A second 

method using triangulation, (with the formula; peak height 

X width of peak at half peak height) gave results in close 

agreement with those obtained by planimetry. However, this 

method was extremely tedious and therefore used sparingly. 

A third method employed electronically analyzing peak areas 

by use of the Du Pont Model 310 Curve Resolver, This 

instrument could be used to analyze deviations from 

Gaussian curves, but since most chromatograms were not 

skewed this method was abandoned. 



CHAPTER III 

RESULTS AND DISCUSSION 

Column Selection 

Column selection for use in the gas chromatograph 

posed quite a problem. The literature cites any number 

of columns that have been used in the past with good 

results for the separation of silylated sugars and their 

derivatives. Many investigators have obtained good 

results from different stationary phases for the same 

silylated sugars. Therefore, the choice of phase to be 

used for TMS derivatives is usually a result of trial and 

error (Table 1). The main prerequisites for an acceptable 

column are: (l) reasonably short retention times (R.T.) 

for all components, (2) complete separation of components, 

and (3) little or no distortion of peaks due to tailing. 

The gluconolactone-acid system was used in determin

ing the most acceptable stationary phase, since crystal

line samples of both lactones were available; thus simpli

fying peak identification. In retrospect, the selection 

of the glucono-system was fortunate, since the 1,4- and 

1,5-lactones, of glucose proved to be the most difficult 

of the sugars investigated to separate chromatographically. 

The final selection of the nonpolar SE-30 phase gave the 

best separation of the gluconolactones. Due to the 

24 
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TABLE 1 

STATIONARY PPiASE SELECTION ON 
SOLID SUPPORT CHROMSORB W 

Stationary Phase Remarks 

5% of QF-1 Fair separation at 150-170°C^, extreme 
tailing of peaks 

5% Dow-11 Fair separation at 190°C, slight peak 
distortion 

1% Degs Extreme tailing of peaks 

2% Diethylene Low temperatures for separation at 110°C, 
Sebacte- but extreme peak broadening, loss 
Sebacic acid of sensitivity 

10% SE-30 Good separation, but extremely long 
R.T.'s^ of 40-70 min, at 180°C 

1.5% SE-30^ Short R,T,'s, good separation and 
little or no tailing of peaks 

Temperatures listed are for chromatograph oven. 

All retention times relative to solven peak appearance. 

Solid support was chromsorb G. 

relatively high molecular weights of the silylated sugar 

derivatives, a low column loading of the stationary phase 

(1.5% w/w) was required. 

Peak Assignments 

The development of a technique for the identification 

of peaks eluted from the gas chromatograph was imperative, 

since pure crystalline products of lactones and acids of 

all of the sugars investigated were not available. 
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Therefore, a method based on the well known kinetic dif

ference between formation times of the 1,4- and 1,5-

lactones was utilized. The detailed kinetic study by 

26 

Parrott was particularly useful. From this work, time 

intervals for the appearance of significant amounts of 

lactones and acids in the glucono-system, starting from 

single products to equilibrium solutions, were well known. 

For example, starting with pure glucono-1,5-lactone, 

rapid hydrolysis at pH 1 gave large amounts of gluconic 

acid in ^ hr., followed by the appearance of 1,4-lactone 

in several hrs. Therefore, the assumption was made from 
22 

these data and others that all sugar lactone-acid 

systems would behave in a similar manner. 

In the electrolytic oxidation the respective calcium 

salts of the sugars were produced, and then cation exchanged 

to the corresponding aldonic acids. Immediate silylation 

of an aliquot of such a solution and g.l.c. analysis 

established the retention time (R.T.) of the aldonic acid 

(Table 2). Concentration of the solution, taking approxi

mately 1 hr., and silylation of another aliquot and g,l,c. 

analysis established the R.T. of the aldono-1,5-lactone in 

respect to the still prevalent aldonic acid. After final 

equilibration for 1 week at various temperatures, the 

silylated samples showed the appearance of a third peak, 

the aldono-1,4-lactone. In this manner, the identification 
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TABLE 2 

RETENTION TIMES^ OF PER-0-TRIMETHYLSILYL 
DERIVATIVES OF OXIDIZED ALDOSES 

Glucose(l70^C)^ 

Galactose(l70°C) 

Mannose(l70°C) 

Arabinose(l70°C) 

Lyxose(170°C) 

Arabinose(l55°C) 

LYxose(l55°C) 

1,4-
lactone 

5,6 

5,1 

7.4 

1,7 

3,0 

2.7 

4.5 

1,5-
lactone 

5,1 

7.0 

4,8 

2,1 

2,4 

3.2 

3.1 

aldonic 
acid 

9.0 

9.1 

8,4 

4,0 

3.2 

6,5 

6.5 

^Retention times (in minutes) relative to solvent peak. 

Column and detector temperature. 

of the lactones and acid for each oxidized sugar solution 

was a straightforward process. 

The validity of this identification can be shown by 

comparison with the work done by Peterson, Riedl and 

32 

Samuelson . Their paper gave a list of retention times 

(Table 3) for the lactones and acids of glucose, mannose, 

arabinose, and xylose relative to silylated 1,5-glucono-

lactone. A comparison of their data, and these data 

reported here (Table 4) shows very good agreement in 

R.T. ratios especially for the acid-lactone systems of 

glucose and mannose. In addition, in this research the 
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TABLE 3 

RETENTION TIMES OF TMS DERIVATIVES ON SE-30 RELATIVE TO 
2,3,5,6-TETRA-O-TRIMETHLYLSILYLGLUCONO-1,4-LACTONE 

(18.9 min. at 140°C and 6.4 min. at 170°C)^ 

1,4-lactones 1,5-lactones TMS-ester 

Arabinoic Acid(140°C) 

Xylonic Acid(140°C) 

Gluconic Acid(170°C) 

Mannonic Acid(l70°C) 

0 . 2 5 

0 .26 

1.00 

1.37 • 

0 .29 

0 . 3 1 

0 . 9 3 

^ • ^ ^ 

0 . 6 3 

0 . 5 7 

1.72 

1.53 

^Ref. 32. 

TABLE 4 

RETENTION TIMES OF TMS DERIVATIVES ON SE-30 RELATIVE TO 
2,3,5,6-TETRA-O-TRIMETHYLISILYLGLUCONO-l,4-LACTONE 

(5.6 min. at 170^ C^) 

1,4-lactone 1,5-lactone Aldonic Acid 

Glucose(170°C) 1,00 0,91 1.61 

Galactose(l70°C) 0,91 1.25 1,62 

Mannose(170°C) 1,32 1.86 1.50 

Arabinose(170°C) 0.30 0.38 0,71 

Lyxose(l70^C) 0,54 0,43 0.57 

^This Research. 

1,5-mannonolactone was detected, and its relative R.T, 

determined. The arabinose system values show slight 

differences in relative R,T,'s, but there is general 
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agreement on all three systems as to elution order of the 

system's components. From this uniformity in results, 

the assignments of peak identities for the two remaining 

systems, galactose and lyxose, are thought to be very 

reliable. 

Detector Response 

Flame ionization gas chromatography is applicable 

to a wide variety of organic compounds and has been demon

strated to be highly sensitive, comparatively stable, and 

linear over a wide range of concentrations. The areas of 

chromatographic peaks are affected not only by the sample 

size, but also by factors which influence the sensitivity 

or response of the detector. These factors are fluctua

tions in detector current, carrier gas flow rate, or 

column and detector temperatures. It is well known that 

the area under a chromatographic peak (A ) is proportional 

to the amount of substance present (C.) in the carrier gas, 

A. • k. = C, (1) 

1 1 1 

In order to be able to use g.l.c, for quantitative analy

sis, the area of the chromatographic peak has to be 

measured precisely, and the appropriate proportionality 

factor applied to convert the peak to concentration. 

In this study, the quantitative interpretation of 

chromatographic peaks required only the determination 

of the relative concentration of the solution components. 
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Therefore, methods for determining absolute concentrations 

were unnecessary. The ratios of concentrations were not 

sensitive to the presence of minor components and impuri

ties as long as all component peaks were resolved. In 

the stabilized g.l.c. system the ratios of concentrations 

were not sensitive to changes in operating characteristics 

of the detector due to short analysis times per injection. 

In certain cases, it can be assumed that the propor

tionality factor in equation (l), ki, is identical for 

each component. In such a case the relative peak area 

gives directly the concentration of a component in the 

sample. This is generally true for most flame ionization 

detectors if closely related compounds with similar 

molecular weights are analyzed, or if all the sample 

components have high molecular weights. 

Since the silylated sugar components have molecular 

weights in the 300 to 700 a.m.u. range, the internal 

normalization method was adopted. The accuracy of this 

method with free fatty acids and esters, similar in 

molecular weight to the silylated sugars, was shown by 

Ettre and workers ~ . They found discrepancies of only 

1-2% between samples of known concentrations and concen

trations calculated using a flame ionization detector and 

the internal normalization method. Therefore, due to the 

necessity of evaluating whole chromatograms in this 
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research, and since only a few calculations of relative 

areas were going to be made over a short time period, the 

internal normalization method was used exclusively. 

The gluconolactone-acid system was used to test the 

technique, since reliable data on this equilibrated 

26 
system had been obtained by Parrott . Table 5 compares 

the ratios of 1,4-gluconolactone to gluconic acid and 

1,5-gluconolactone to gluconic acid obtained by Parrott 

from optical rotation measurements to values from the 

study. The data reveals extremely close agreement between 

his results and those obtained by using the internal 

normalization technique on the chromatographed silylated 

equilibrium components, 

TABLE 5 

CONCENTRATION RATIOS OF GLUCONOLACTONES 
TO GLUCONIC ACID 

Parrott 

TMS, G.L.C.^ 

r5 

This research. 

Acid/1,4 

3.92 

3.9 

Acid/1,5 

4.22 

4,2 

1,5/1,4 

0,93 

0.93 

During the course of the study, a similar check was 

done on a mutarotated solution of D-galactose at 23°C, 

The solution consisted of the a- and 3-pyranose and a-

40 and 3-furanose forms of the sugar. Previously Acree 
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had reported the final concentrations of an equilibrated 

aqueous D-galactose solution at 25°C by TMS and g.l.c. 

(Table 6). The values obtained in this study (Table 6) 

agree favorably with those of Acree. Since no ot-furanose 

peak was detected, and the 3-pyranose peak was higher 

than expected, it seems likely that these peaks were not 

resolved. Acree experienced the same difficulty in his 

35 original D-galactose studies in pyridine . The peak 

area percentages in Table 6 are consistent with this 

interpretation. 

TABLE 6 

EQUILIBRATION CONCENTRATIONS OF MUTAROTATED 
D-GALACTOSE COMPONENTS 

% 3 - % a - % 3 - % a -
pyranose pyranose furanose furanose 

Acree"^^ 63.9 32,0 3,1 1.0 

This research 64,5 32,0 3,4 -.-

These checks with the data of Parrott and Acree 

indicated that under the operating conditions the porpor-

tionality constant for this particular flame ionization 

detector to the TMS derivatives of the sugars was constant 

whether comparing lactones to aldonic acids or pyranoses 

to furanoses. Therefore, the areas under the TMS deriva

tive peaks were assumed to be proportional to the molar 
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concentration of material present. 

Sugar Observations 

The electrolytic oxidation of aldoses in a buffered 

calcium bromide solution was not only convenient and 

efficient, but no undesirable side products were formed 

during the oxidation. The reactions occurring in the 

electrolytic cell were: 

2(a-D-aldose)^=^2(3-D-aldose) , (2) 

2(3-D-aldose) + 2Br2 — > 2(1,5-D-aldonolactone)+ 4HEr,(3) 

2(l,5-D-aldonolactone) + 2H2O — > 2(D-aldonic acid), (4) 

2(D-aldonic acid) + CaCO — > Ca(D-aldonate)^ 

+ CO^I^ + H^O, (5) 

The bromine was regenerated by electrolytic oxidation of 

bromide, 

4Br- anode^ ^^^^ ^ ^^-^ ^̂ ^ 

4H+ + 4e- ^^^^^^^ 2H2t (7) 

The overall reaction can be depicted as, 

2(3-D-aldose) + H^O + CaCO^ > 

Ca(D-aldonate)2 + CO^ + 2H2I- (8) 

When the solution was depleted in aldose, free bromine 

appeared in the solution and the current was stopped. 

In addition to acting as a catalyst, the calcium bromide 

increased the conductivity of the solution, thus 
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diminishing the electrical heating of the mixture. 

The oxidation of D-giucose, D-mannose, and D-lyxose 

proceeded as originally described by Isbell and Frush"^^. 

Under the slightly acidic conditions of oxidation (pH 

6.2-6,3) the starting a-D-anomer was able to mutarotate 

to the reactive ' 3-D-anomer at a rate faster than the 

reaction with bromine. With the passage of the theoreti

cal number of Faradays, the solution showed the color 

characteristic of free bromine. Previous chromatograms 

of the equilibrium mixtures of the a- and 3-pyranose 

forms before oxidation, compared to the equilibrated 

oxidation mixtures indicated that the solutions were 

approximately 100% oxidized. 

The oxidation of D-galactose was unique and not 

16 

Straightforward as described by Isbell . Starting with 

a-D-galactose in the oxidation mixture, the solution 

appeared yellow in color due to excess bromine in a few 

minutes. The mutarotation at the oxidation pH was 

extremely slow, and therefore oxidation quickly used up 

the available reactive 3-anomer, To overcome this 

problem, the crystalline a-D-galactose was dissolved in 

an aqueous HBr pH = 1 solution (to speed up mutarotation 

to the 3-anomer) for 15 min, to allow the solution to 

reach the equilibrium mixture of 32,0% a-anomer and 63.9% 
40 3-anomer . The solution was then buffered by addition 
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of CaCO^, and the oxidation started. The oxidation 

proceeded to approximately 64% of theoretical at which 

time the solution turned yellow due to excess bromine. 

The solution was filtered and excess ion exchange resin 

in the H form added. This step again made the solution 

acidic. The resin was removed by filtration and the 

filtrate allowed to stand for 15 min, to assure mutarota

tion of the remaining a-pyranose to the equilibrium 

a-3 mixture. The solution was again buffered and 

oxidized. This procedure was completed a total of three 

times to ensure as complete an oxidation of the a-pyranose 

as possible, since the g,l.c, retention time of the 

a-anomer was identical with that of the 1,4-galactono-

lactone (Fig. 2). The final oxidized solution showed 

approximately 2% 3-pyranose left in the solution; there

fore, approximately 1% or less of the 1,4-galactonolactone 

was actually the a-anomer of galactose. 

No oxidation of the D-arabinose was necessary, since 

the calcium salt of the aldonic acid was purchased. The 

sample was merely ion exchanged and allowed to equilibrate 

at a pH = 1. The sample 60 min, after ion exchange 

exhibited the predominate arabonic acid peak and smaller 

1,5- and 1,4- lactone peaks. The lactone peak which 

decreased after the first hour was assigned to the 1,5-

lactone, and the lactone peak which increased was assigned 
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(a) 

(c) 

Fig. 2.—GLC analysis of equilibrated furanose-
pyranose and lactone-acid systems of D-galactose. Dashed 
line represents the 3-furanose(l), a-pyranose(2), and 
3-pyranose(3) at pH 5. Solid line represents 1,4-galac-
tonolactone(a), 1,5-galactonolactone(b), and galactonic 
acid(c). 
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to the 1,4-lactone. 

Thermodynamic Values 

The equilibrium constants were calculated at each 

temperature for the following reactions: 

aldonic acid (soln) = 1,4-aldonolactone (soln) + H O (9) 

K^ = [1,4-lactone]/[aldonic acid] 

aldonic acid (soln) = 1,5-aldonolactone (soln) + H O (10) 

K = [1, 5-lactone] / [aldonic acid] 

1,5-aldonolactone (soln) = 1,4-aldonolactone (soln) (11) 

K^ = K^/K^ = [1,5-lactone /[1,4-lactone] 

The g.l.c. peak areas were assumed, to be proportional to 

concentration. The activity coefficients of all species 

were assumed to be identical, so that the ratios of 

concentrations were equal to the ratios of activities. 

The K's were then used to calculate the change in 

the Gibb's free energy (AF ) for each reaction from the 

equation: 

AF° = -RT In K (12) 

A plot of the natural logarithm of K (in K) versus the 

reciprocal of absolute temperature (l/T) was used to 

obtain AH , It was assumed that 

AH° = -slope X 1,987. (13) 

Finally, the change in entropy (AS ) for each reaction 

was calculated according to 
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AS° = '-^-=A^ (14) 

The In K versus 1/T plots were of two basic forms. 

The first type represented by D-glucose, D-galactose, and 

D-arabinose have plots with negative slopes or positive 

enthalpy values for all three reactions, (9), (10), and 

(11) (see Fig. 3), The other type of plot represented 

by D-mannose and D-lyxose gave positive enthalpy changes 

for (9) and (10), but negative enthalpy changes for 

reaction (11) (Fig. 3). 

The In K versus 1/T plots were quite linear indicat

ing AH was not extremely temperature dependent. However, 

noticeable deviations were encountered for the pentose 

systems, D-arabinose and D-lyxose. The points for the low 

temperatures were not on the best line connecting the 

three higher temperature values. This deviation could be 

explained by the solutions not having attained chemical 

equilibrium at the lower temperature. In each case the 

K values at -13°C indicated that the 1,4-lactone concentra

tions were lower than would be expected by comparison with 

the other data points. This discrepancy could be due to 

the solutions freezing during the one week of equilibration 

or possibly some other factor is responsible. 

The equilibrium constants for reactions (9), (10), 

and (11) at all temperatures investigated are listed in 

Table 7. The AH°, AF°, and AS^ values calculated from 
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4.20 

3.14 
3.35 3 

1/T x l O 

1/T for equiliT^rated 
o Plo ts of m K v s . 1/-^ (.o-0-)galactono-

|J;°l (A-^)mannono-. 
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TABLE 7 

LOGg VALUES FOR THE EQUILIBRIUM CONSTANTS OF 
SEVERAL ALDONIC ACID SYSTEMS 

Gluconic, 

Galactonic, 

Mannonic, 

Arabinoic, 

Lyxonic, 

In 

In 

In 

In 

In 

In 

In 

In 

In 

In 

In 

In 

In 

In 

In 

1̂ 

^2 

S 
^1 

^2 

^3 

^1 

^2 

^3 

1̂ 

^2 

^3 

^1 

^2 

^3 

45 

-1.02^ 

-1.35^ 

0.35^ 

1.69 

-2.52 

4.22 

1.54 

-0.67 

2.21 

0.24 

-3.95 

4,28 

1.41 

-1.99 

3.40 

Temperatures ( C) 
25 

-1,43 

-1.55 

0.14 

1,40 

-2,60 

4.01 

1.42 

-0.86 

2.30 

-0.072 

-4.36 

4.27 

1.24 

-2.24 

3.47 

0 

-1,89 

-1.82 

-0,077 

1.00 

-2.78 

3.72 

1.30 

-1,13 

2.44 

-1.23 

-4.49 

3.26 

0,94 

-2.58 

3.52 

-13 

^ • ̂  ^ 

" " • " " • " 

_ ̂  _ —. 

0.80^ 

-2.75^ 

3.56^ 

1.23 

-1.31 

2.54 

-2.06 

-4.61 

2.55 

-0.060 

-2.89 

2.83 

a O 

Values for equilibrium solutions at 50 C. 
Values for equilibrium solutions at -8 C. 

these data are summarized in Table 8. These data indicate 

that lactone formation occurs in most cases with a 

favorable entropy and an unfavorable enthalpy. The free 

energy values are more favorable for the 1,4-lactone 

formation, i.e. the 1,4-lactone more stable than the 

1,5-lactone. 
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TABLE 8 

THERMODYNAMIC VALUES FOR LACTONIZATION 
OF ALDONIC ACIDS AT 25°C,^ 

Reaction (9) 

AH' AF o A S 

Reaction (10) 

AH^ AF AS^ 

Gluconic 3.2 

Galactonic 2.7 

Mannonic 0,8 

Arabinoic 5.3 

Lyxonic 1.8 

0 . 8 4 

0 . 8 3 

0 , 8 4 

0 , 0 4 

0 , 7 3 

8 

12 

6 

17 

8 

1,7 

0.8 

1.8 

1,8 

2.4 

0,92 

1,54 

0,51 

2,59 

1.32 

2 

-2 

4 

-3 

4 

^AH° and AF° values in kcal/mole, AS° values in cal/ 
mole-deg. 

A comparison of the free energy differences at 25 C 

for reactions (9) and (10) can be made with the methylated 

20 lactone studies of Haworth (Table 9), From Haworth's 

data Stoddart^"*" tabulated AF° for reactions (9') and (10') 

analogous to (9) and (10) except that completely methylated 

lactones were formed, Haworth used methylated lactones 

to prevent formation of more than one type of lactone. 

This permitted polarimetric investigation of the equilibra

tion of lactone and aldonic acid. Thus for reaction (9') 

only the methylated 1,4-lactone could equilibrate with 

the methylated acid since the 5-position was blocked by a 

methoxy group. The corresponding situation then existed 

for reaction (10'), the methylated 1,4-lactone to 
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TABLE 9 

FREE ENERGY DIFFERENCES OF LACTONIZATION 
(KCAL/MOLE) FOR SOME 

Lactone 

Glucono-

Galactono-

Mannono-

Arabinono-

Lyxono-

AL DONOLACTONES 

AF"" 
(9) 

0,84 

-0,83 

-0,84 

0,042 

-0,73 

AT 25"C 

AF° 
(9')^ 

0,65 

-0,55 

-1,21 

0.02 

• " • " " " ' 

AF° 
(10) 

0.92 

1,54 

0.51 

2.59 

1.32 

AF° 
(10')^ 

0.74 

1,23 

0.44 

3.41 

" " • " " ' • " ' 

a 51 
Values from Stoddart for methylated lactones 

methylated acid equilibrium. Standard free energy values 

for the analogous equilibria are in close agreement for 

four of the sugars investigated (Haworth did not study 

the lyxono-system), The obvious advantage of the silyla

tion and GLC method is that both K and K were obtained 

in one run without the need of separate lactone-acid 

systems, 

Analysis of Thermodynamic Data 

45 
In a classic paper. Brown, Brewster, and Shechter 

postulated that an exo double bond stabilized a five-

membered ring and destablized a six-membered ring. They 

extended this generalization to cyclic esters, lactones, 



43 

hemiacetals, and imides, In respect to the sugars, the 

generalization seems to rationalize the anomaly of the 

five-membered ring (1,4-lactone) being the more stable 

lactone and the six-membered ring pyranoses being the 

more stable cyclic hemiacetal. The lactones have an exo 

double bond, therefore the 1,4-lactone is preferred. In 

the pyranoses and furanoses with the cyclic hemiacetal 

structure and no exo double bond, the six-membered 

pyranoses are favored over the five-membered furanoses. 

Therefore, the inherent stability of six-membered over 

five-membered rings is reversed by the presence of an exo 

double bond. 

45 Brown, et al. rationalized the effects of an exo 

double bond in terms of steric factors, and found thermo

dynamic support for this type of reasoning in the enthalpy 

differences for various gaseous substances. However, it 

is often found that enthalpy effects for gas phase systems 

become entropy effects when the same species are studied 

in solution (especially in aqueous solution). For example, 

the steric, inductive and resonance factors affecting the 

thermodynamics of proton ionization from carboxylic acids 

in water at 25 produce a much wider range in the AS than 

in the AH . But, these factors are generally considered 

to produce changes in AH°. The data from this study also 

show that As is more important than A H ° in the lactoniza

tion reactions. 
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Analysis of the enthalpy and entropy values obtained 

in this research (Table 8) for the aldonolactone-aldonic 

acid systems seem to indicate that entropy is a major 

contributor to lactone predominance or stability. The 

more stable 1,4-lactone in general is formed with a more 

positive enthalpy, (i.e. a more unfavorable enthalpy) 

than the 1,5 lactone. However, the entropy values for 

1,4-lactone formation are more favorable than for the 

1,5-lactone. Therefore, entropy appears to be the con

trolling factor in producing a more favorable free energy 

of formation for the 1,4-lactone than for the 1,5-lactone. 

A rationalization of the data can be made by studying 

the possible conformations available for the lactones. 

43\ 

Assigning instability factors (similar to that of Reeves ) 

to the functional group arrangements, relative orders of 

stability for the lactones can be predicted. 

There are two major conformations possible for the 

1,5-lactones. The "normal" conformation is the one with 

the C-6 carbon attached equatorially. The "alternate" 

conformation is merely the normal conformation inverted 

so that the C-6 carbon becomes an axial substituent. The 

preferred conformation of the 1,5-lactone will be deter

mined by factors analogous to the ones noted in the study 

of the pyranose. For the aldono-1,5-lactones studied in 

this work, the normal conformation was the preferred 
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structure except for the arabinose configuration. 

D-arabinono-1,5-lactone exists in the "alternate" con

formation which has hydroxy groups equatorial at C-2 

and C-3 and axial at C-4. D-galactono-1,5-lactone exists 

in the "normal" conformation and is analogous to L-

arabinono-1,5-lactone in the "normal" conformation. The 

enantiomer of L-arabinono-1,5-lactone in the "normal" 

conformation is D-arabinono-1,5-lactone in the "alternate" 

conformation. Thus it can be seen that the nomenclature 

problem arises because of the designation of the most 

stable conformer of L-arabinose as "normal," but for 

D-arabinose the most stable is the "alternate" conformer. 

The method of conformational analysis of the aldono-

53 1,5-lactones is similar to that used by Angyal to 

analyze aldopyranoses. This method allows the assignment 

of strains within the ring systems and comparisons of 

relative stabilities. 

The strains or instability factors considered for 

the 1,5-lactones are of three types. First, the inter

actions between hydrogen atoms and hydroxyl groups attached 

to the ring are assumed to be of the same magnitude (justi

fied by Angyal) as those found for the cyclitols. In 

addition, the ring oxygen with its two electron pairs is 

assumed to be similar to a methylene group being present 

in the ring. The 1,2 substituent interactions (adjacent 
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carbons) would be 0,35 kcal/mole for an equatorial hydroxyl 

and an equatorial hydroxyl or an equatorial hydroxyl and 

an equatorial -CH^OH, The carbonyl oxygen on C-1 is 

similar to an equatorial hydroxyl group. However, the 

carbonyl possesses a smaller dihedral angle to the equa

torial hydroxyl group on C-2 than a C-1 hydroxyl and 

therefore this 1,2 substituent interaction between an 

equatorial hydroxyl and a carboxyl oxygen is assigned a 

value of 2.00 kcal/mole. The 1,3 substituent interactions 

would be 0.45 kcal/mole for a hydrogen and an axial 

hydroxyl or an axial hydroxyl and lone pairs on the ring 

oxygen. 

A second interaction, analogous to the anomeric 

effect (which Angyal assigned the value of 0,55 kcal/mole) 

is defined as the A-1 effect. This effect arises from 

the C-1 carbonyl oxygen interacting with the dipole of 

the ring oxygen. This interaction is present in all 

1,5-lactones and is assigned a value of 0.55 kcal/mole. 

43 
A final interaction, analogous to Reeve's "A2" 

effect and assigned by Angyal as 0.45 kcal/mole, is 

defined here as the L-2 effect. This effect results from 

an axial hydroxyl group on C-2 bisecting the angle made 

by the ring oxygen and the carbonyl oxygen attached to 

C-1. This interaction was also assigned a value of 0.45 

kcal/mole. 
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Values of AF^ can be calculated from equation (15) 

AF° = AF° - AF^ - AF° (15) 

6 2 5 4 

where AF^ represents the strain or instability in the 

lactone ring, AF represents the free energy of ester 

formation ( + 1.66 kcal/mole for ethylacetate^"*) and AF2 

represents the experimental value. The AF^ value can be 

considered the sum of several terms. First, intramolecu

lar ester formation (i.e, lactone formation) is favored 

over intermolecular ester formation when translation and 

rotational modes are considered. This factor might amount 

to a few kcal/mole; it would be negative and similar for 

the hexoses and the pentoses. Second, inductive effects 

changing the AF for ester formation will operate on the 

hydroxyl and carboxyl groups of the aldonic acid. These 

effects cannot be estimated, but would be expected to be 

different for hexoses and pentoses, since the former 

involves reaction at a secondary alcohol groups while the 

latter involves a primary alcohol group. Third, strains 

present in the aldonic acids would affect AF^. These 

strains cannot be evaluated completely, but molecular 

models indicate that either torsional strains or syn 

intereactions (1,3) are likely in the aldonic acids. 

They would seem to be similar (but not identical) for all 

hexoses, and for all pentoses, with some difference 

between hexoses and pentoses to be expected. Fourth, 
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the hexoses form 1,5-lactones with one internal rotational 

mode remaining in the C-5 to C-6 bond, while the pentoses 

do not. 

The AF° values for the 1,5-lactones of glucose, 

galactose and mannose are -4.34, -4.62 and -4,45 kcal/ 

mole respectively. Values for the arabinose and lyxose 

configurations are -3,22 and -3,29 kcal/mole. These 

values show the similarity of the values for the hexoses 

and for the pentoses, but the difference between the two. 

Considering the contribution of enthalpy and entropy 

to the free energy of formation of the 1,5-lactones 

(Table 8) and the instability factors mentioned previously, 

three observations can be made. The factors previously 

mentioned are the types of interactions usually associated 

with enthalpy changes. The comparison between intra

molecular esters and intermolecular esters is the only 

one where entropy is expected to be more important than 

enthalpy. However, the factors considered here are seen 

to correlate better with the entropy values (i,e. the 

enthalpy values are more unfavorable than the entropy 

values). This would seem to indicate that the instability 

factors for carbohydrates in aqueous solution are entropy 

factors and not enthalpy. Therefore, entropy is the con

trolling factor in determining aldono-1,5-lactone 

stabilities. 
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Conformational analysis of the flexible aldono-

lj4-lactones is more complicated than the case of the 

rigid 1,5-lactones. There are ten envelope conformations 

possible, since each atom in the ring can be in the 

envelope position above or below the plane of the four 

remaining atoms. There are also ten half-chair conforma

tions which are possible. Perhaps all conformations 

55 would be of similar energy but de Mayo suggests that 

one of the envelope conformations would be of lowest 

energy. The envelope with the C-1 carbonyl oxygen showing 

the smallest dihedral angle with the hydroxyl group on 

C-2 would be the least stable and probably the "alternate 

envelope" conformation giving the largest dihedral angle 

would be the most stable. 

Due to the flexibility of the 1,4-lactone ring, a 

quantitative analysis of the factors contributing to the 

free-energy of formation is extremely difficult and there

fore only qualitative aspects will be discussed. All of 

the 1,4-lactones studied showed unfavorable enthalpys of 

formation (Table 8) and favorable entropies of formation. 

In general, the entropy was the controlling factor in the 

overall free energy of formation. This is not surprising 

when the flexibility of the ring is considered. An extra 

vibrational mode possible for the 1,4-lactone (pseudo-

rotation) would be expected to produce more favorable 
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entropies, Cyclopentane gives credence to the previous 

statement, since experimentally it possesses higher 

56 
entropy than expected , The 1,4-lactones also possess 

more internal rotation modes than the 1,5-lactones since 

hexoses possess a -CHOH-CH OH group in the former but 

only a -CH^OH group in the latter type of lactone. 

The relative stabilities of the 1,5- to 1,4-aldono-

lactones can be considered from the data for reaction (11). 

The thermodynamic values for the equilibrium reaction are 

reported in Table 10. In general, the enthalpy values 

are endothermic indicating that the 1,5-lactone possess 

more favorable energy than the 1,4-lactone. However, it 

is generally stated that the 1,4-lactones are the most 

stable. Inspection of the TAS terms show that all the 

lactone systems investigated have positive entropy terms 

that more than counteract the positive enthalpy values to 

give negative Gibbs free energies of formation for the 

1,5- to 1,4-reaction. 

A final point of interest is the fact that due to 

configurational structures, D-glucose is unique among 

the other sugars investigated and its lactones show the 

anomaly of being approximately equal in concentration at 

equilibrium, i.e. the AF_ for 1,5- to 1,4-lactone is 

nearly zero. The remaining four sugars can be divided 

into two pairs on configurational grounds. One pair. 



TABLE 10 

THERMODYNAMIC VALUES FOR CONVERSION 
OF 1,5-ALDONOLACTONES TO 

1,4-ALDONOLACTONES 
AT 25*^0.^ 
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AH' 

Reaction (11) 

AF' AS^ 

Glucono-

Galactono-

Mannono-

Arabinono-

Lyxono-

1.6 

2.1 

-0,9 

4.2 

-0.6 

-0.08 

-2,38 

-1.36 

-2.53 

-1.46 

15 

1 

22 

^AH*^ and AF° values in kcal/mole. AS values in cal/ 
mole-deg. 

D-mannose, and D-lyxose, have structures that differ 

only by the groups attached to the C-5 and their AF^ 

for 1,4- to 1,5-lactone formation are nearly identical at 

-1,4 and -1.5 kcal/mole. The other pair, D-galactose and 

D-arabinose, also differ only in the groups attached to 

C-4 and their AF°'s for 1,5- to 1,4-lactone formation have 

values of -2,4 and -2.5 kcal/mole respectively. 



CHAPTER IV 

SUMMARY 

The thermodynamics of equilibrated systems of 1,4-

and 1,5-aldonolactones and aldonic acids were investigated 

using silylation and gas-liquid chromatographic analysis. 

This research disclosed additional knowledge related to 

aqueous Br^ oxidation, the identification of silylated 

species, and the thermodynamics of aqueous equilibrated 

aldonolactone-aldonic acid systems. 

All aldohexoses and aldopentoses, with the exception 

of D-galactose, had a - to 3-pyranose anomerizations 

rates that were faster than th ̂  rate of aqueous Br^ 

oxidation at pH 6,3. D-galactose required several a to 3 

anomerization equilibrations during oxidation to achieve 

96% oxidation. 

A simple method for identification of silylated 

oxidized sugar species was developed and proven to give 

quantitative results by comparison with precise studies 

utilizing polarimetric measurements. In addition, the 

silylated D-mannono-1,5-lactone was identified and its 

retention time relative to silylated D-glucono-1,4-

lactone established. 

In the formation of the aldonolactones from aldonic 

acids in aqueous solution, entropy rather than enthalpy 

52 
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appears to be the determining factor for the Gibbs free 

energy of formation. All aldono-1,5-lactones were found 

to have unfavorable AF°'s of formation from the aldonic 

acid, whereas the aldono-1,4-lactones in general had 

favorable AF 's. 

The thermodynamics of aldono-1,5-lactone to aldono-

1,4-lactone formation exhibited unfavorable enthalpy 

changes, but favorable entropy changes. The AF 's of 

formation for the aldonolactones investigated suggested a 

strong dependence between the configurational arrangements 

of the aldonolactones and their relative stabilities, 

Hexanolactones and pentanolactones with similar configu

rations exhibited nearly identical AF° values for 1,5-

to 1,4-lactone formation. 
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