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ABSTRACT
THE CYANOHYDRIN (KILIANI) REACTION: MECHANISM STUDIES BY

13c NMR SPECTROSCOPY AND APPLICATION TO THE SYNTHESIS OF
ISOTOPICALLY-ENRICHED CARBOHYDRATES

By
Anthony Stephen Serianni

The classical Kiliani (cyanohydrin) reaction was studied by l3C
NMR and GLC. l3C NMR studies were facilitated by the use of [13C]cya—
nide and/or [13C]—enriched aldoses. The effects of aldose configura-
tion, carbon-chain length and derivatization on the rate and extent
of cyanide consumption, and on the overall rate of aldononitrile disap-
pearance, were investigated. Hydrolytic intermediates in the reaction
of K13CN with D-erythrose were identified and characterized by 13C NMR
and GLC with the use of standard compounds and/or NMR parameters.
Reaction sequences, at several pH values, were determined from time-
resolved reaction profiles produced from 13C NMR spectral data. At
high pH (10.5, 12.7), the reaction sequence appears to be cyanide +
D-erythrose + aldononitriles + imido-1,4-lactounes -+ carbinolamines +
aldonamides. Aldonamides hydrolyze (via carbinolamines and aldono-
lactones) to aldonates. At lower pH (7, 8.5), the direct conversion
of imido-1,4-lactone to aldono-1l,4~lactone becomes appreciable. Am-
monia, which is released in this reaction, can react with imido-1,4~
lactones to yield amidines. A by-product reaction between imido-

1
lactones and aldononitriles is proposed. 3C NMR parameters (8 and J)



Anthony Stephen Serianni
and GLC retention times for the reactants, intermediates and products
are tabulated.

From observations made during the study of the Kiliani svnthesis,
a new method for the preparation of isotopicallyv-enriched carbohydrates
was developed. Cyanohydrins can be formed rapidly and essentially
quantitatively at pH 8.0 # 0.5 with minimal hydrolvsis, and they are
stable at pH 4.0. The nitriles can be hvdrogenolvzed to aldoses with
palladium-barium sulfate (5%) at 1 atm to 60 1b in-z and pH 1.7 to 4.2
depending on the structure of the nitrile. The wmixed aldononitrile
epimers are reduced without purification and the product aldoses puri-
fied by chromatographv. Aldononitrile phosphate epimers are separated,
prior to reduction, by chromatography at pH 3.9. Using the above pro-

cedure and KlBCN, C,-C, aldoses and C2-C5 aldose phosphates were pre-

2 76
pared with [lBC]-enrichment at various carbon atoms.

In addition to the introduction of carbon isotopes, catalytic hy-
drogenolysis of cyanohydrins provided a route to carbohydrates enriched
with hydrogen and oxygen isotopes. The technique permitted the simul-
taneous incorporation of carbon and hydrogen isotopes at C-1 and H-1,
respectively, and oxygen isotopes at 0-2 for each cycle of cyanide ad-
dition and catalytic reduction, as shown in the following scheme.

b b.c
CHO H,% Ccr% KPeN ex Pd, “H, C"Ho
R =—— R —— (a)(l:(aom -_— (H)(IZ(aOH)
R R
13 1 ; 13 2 .
C NMR and “H NMR parameters for several [""C]~ and ["H]-enriched

carbohvdrates and their derivatives are tabulated and discussed in

terms of configuration and solution conformation.
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I. INTRODUCTION

The development of Fourier-transform 13C NMR spectroscopy in the
late 1960's provided a powerful and practical new tool to aid in the
elucidation of chemical structure and in the quantitation of the dyna-
mics of chemical and biochemical reactions and interactions. The prob-
lem of low 1 C resonance sensitivity, caused by the low natural abun-
dance of 1.1% (1) and a magnetic moment one-quarter that of lH, prompted
the use of Fourier-transform methods of detection and broad-band lH
decoupling. The latter technique not only resulted in the elimination
of 13C- H spin multiplets but also produced a threefold enhancement of

C resonances derived from a change in the Boltzmann distribution of
H energy level populations during lH excitation. This enhancement is
known as nuclear Overhauser enhancement (NOE). For studies that re-
quire the determination of l3C-1H coupling constants, gated lH-de—
coupling techniques are employed which permit lH-coupled spectra with
NOE.

Other alternatives to improve sensitivity include increasing the
field strength of the spectrométer, lowering the temperature of the
sample, increasing sample size and/or increasing the isotopic abundance
of the 130 isotope. The last alternative, [13C]—enrichment, is gener-
ally time-consuming and expensive, and high-yield chemical and/or bio-
chemical synthetic routes must be available. In addition, selective
[ 3C]-entichment is preferred, since 13C NMR spectra of uniformly en-
riched compounds (>70 atom % isotopic enrichment) are complicated by
extensive homonuclear 13C coupling with a concomitant loss in sensi~

tivity. However, [13C]-enrichment provides the only means of

1






. 13, 13
evaluating spin-spin coupling between carbon, Jl3 130 since c-"7C

c,”°C
coupling cannot be measured at natural abundance lévels. Selective
enrichment also allows easier evaluation of the fate of the enriched
nucleus in chemical and biochemical conversions.

Carbohydrates occupy a unique role in the study of organic chemis-
try and a central role in the chemistry of biological systems. In the
first sense, they are a class of poly-hydroxylic compounds especially
suited for systematic study of configuration-conformation and structure-
reactivity relationships since complete groups are available composed
of compounds with similar empirical formula and carbon skeletons but
different carbon stercochemistry. In the second sense, these compounds
are involved in energy-producing catabolic reactions in biological svs-
tems, in cell-cell interactions in the form of oligosaccharides on gly-
coproteins and glycolipids, in the immune response as components oL
glycosylated antibodies, in biological structures in the form of poly-
saccharides like cellulose, and in energy storage in polysaccharides
like starch and glycogen.

l3C NMR is particularly suited for the study of carbohydrates.
lH-Decoupled 13C NMR spectra are not complicated by multiplets and are
characteristically measured over 200 ppm of the applied field, which
significantly decreases resonance overlap and facilitates the observa-
tion of the various tautomeric forms. By comparison, lH NMR spectra
are measured over 10 ppm of the field, and are further complicated by

H—lﬁ coupling and non-first-order behavior. lH NMR spectra of carbo-
hydrates can be interpreted, however, with the aid of selective lH—
decoupling, selective deuteration, computer simulation and/or high-

field spectrometers. In cases where both 13C MR and lH NMR spectra



are interpretable for [13C]—enriched compounds, chemical shifts of the

protons and carbons, and homonuclear (lH—lH, ]'3C--13

1, 13

C) and heteronuclear
( C) coupling corstants can be compared and evaluated in terms of
structure and conformation.

13 . . - .
{""C]-Enrichment lowers the concentration of sample required for
convenient detection into the range of most biological applications

(uM) by significantly decreasing the acquisition time to obtain l3C NMR

spectra of the enriched carbon.

A. Statement of the Problem

13 - -
C NMR spectroscopy offers several advantages over traditional

methods in the study of reaction mechanisms and intermediates.

Spectra are frequently less complex than lH spectra, while the tedium
often associated with radioactive tracer work is eliminated in many
instances. Specific [13C]—enrichment permits easy observation of a
single nucleus during the course of a reaction by 13C NMR, and the
simultaneous use of [13C]— and [ZH]-enriched reactants in tracer studies
has been well established. Rates of chemical exchange (101—106 sec—l)
can be calculated from the line-widths of the participating nuclei (2).
Several studies of reaction mechanisms and reactive intermediates have
been reviewed by Stothers (3).

During this study, 13C NMR was emploved to elucidate the mechanism
of the classical Kiliani reaction. [lBC]-Enriched reactants were em-
ployed to facilitate the detection of intermediates. The Kiliani reac-
tion, which involves the addition of cyanide to an aldose, with subse-

quent alkaline hydrolysis of the intermediates, was examined using

3 s .
{77 Clcyanide and several aldoses. * Identification and characterization






of all intermediates and elucidation of the overall mechanism was ac-
complished for the reaction as applied to D-erythrose.

A new method for the incorporation of carbon, hydrogen and oxygen
isotopes into carbohydrates was developed from observations made during
the study of the Kiliani reaction. Aldoses, aldose phosphates and

their derivatives were enriched with 13

13 .
C and "H NMR parameters were measured and related to chemical struc-

14 2
c, C and/or "H, and several

ture, configuration and conformation. Several [13C]~enriched carbo-
hydrates were converted enzymatically to biologically-important com-
pounds to demonstrate their chemical integrity as enzyme substrates and
the versatility of combining chemical and biochemical methods in the

preparation of [13C]-enriched carbohydrate derivatives.

B. Survey of the Literature

1. Cyanide in chemistry and biochemistry

The chemistry of the cyano group is extensive and has been
thoroughly examined by several authors (4). It is the intent of this
brief review to discuss the salient features of chemical and biochemi-
cal reactions involving cyanide in particular.

Hydrogen cyanide, or hydrocyanic acid (HCN), is a weak acid (pKa =
9.21) (5). Cyanide ioun is an ambident nucleophile, that is, it can
react with electrophilic centers from the more electronegative nitrogen
or from the more nucleophilic carbon. Silver cyanide, AgCN, generally
reacts at the nitrogen to produce isocyanides. Boullanger, Marmet and
Descotes (6) have recently reported the preparation of glycosyl iso-
cyanides from the glycosyl halides by Walden-inversion at C-1. Gly-

cosyl isocyanides, as well as other isocyanides, thermally rearrange






to cyanides at elevated temperatures (>140°C),

Alkali salts of hydrogen cyanide (KCN, NaCN) generally react as
N = ¢~ with carbonyls in 1,2-addition to form cvanohydrins, or with
conjugated carbonyl compounds in 1l,4-addition to produce 3-cyanoketones
or 3-cyanocaldehydes. The latter reaction, known as nvdrocyvanation, has
been recently reviewed by Nagata and Yoshioka (3).

Cyanide adds readily to aldehydes in 1,2-addition, and racemic mix-
tures result. Prelog and Wilhelm (7) have shown that stereoselectivity
(v10% optical purity) can be achieved in the reaction of HCN with benz-
aldehyde in chloroform by adding an optically-active alkaloid to the
reaction mixture. Ketones are generally less reactive than aldehydes
toward 1,2-addition. However, silyl derivatives of c&anide [trimethyl-
silylcyanide (TMSCN) (8) and t-butyldimethylsilylcvanide (9)] react
rapidly and completely with ketones to yield 2-O-trimethylsilyl cyano-
hydrins.

Other reactions include Strecker synthesis of a-amino acids (10, 11),
and the asymmetric synthesis of amino acids by addition of cyanide to

Schiff bases (12). The former reaction, shown in Scheme I, is ter-

molecular
~ 7 . + COOH
C ¢ H,0 |
Il + NaCN + ¥H,(1l = —C— — — —C—
0 4 i 1+
NHz NH3
Scheme I

and involves reaction between a carbonyl compound, NHACI and NaCN. Am-
monia addition occurs either by displacement of OH-2 of the initially-
formed cyanohydrin with inversion, or by formation of a Schiff base

with the carbonyl prior to cyanide addition. The resulting a-amino






nitrile is hydrolyzed in acid to the a-amino acid. The asymmetric prep-
aration of a-amino acids involves the formation of a Schiff base with an
aliphatic aldehyde and an optically-active benzylamine. After addi-
tion of cyanide and hydrolysis of the a-aminonitrile to the carboxylic
acid, the 2°-benzylamine is reduced catalytically with Pd/C to the
primary amine.

Cyanide ion will displace halides in SNZ reactions. For example,
Bayly and Turner (13) prepared 2—deoxy-3,S—O—ethylidene—D-[l-laC]
ribononitrile from l-deoxy-~2,4-0-ethylidene-l-iodo-D-erythritol and
KlACN in dimethylformamide at 45°C in 68 percent yield.

Cyanide ion acts catalytically in benzoin condensation (14, 153)
and in chemical decarboxylation of a-keto acids (16), as shown in
Figure 1. This catalysis is dependent on the reversibility of cyanide
addition and the ability of the -C = N moiety to stabilize a negative
charge on the a-carbon through resonance.

In biological systems, the thiazolium ring of thiamine acts as a
=C = N equivalent (17-19), catalyzing biological benzoin condensation

and decarboxylation reactions (Figure 2). The cyanogenic plant glyco-

side, amygdalin (1), is composed of cellobiose

CH,OH
o 0 CH, cN
!
Q. c—¢
|
H
1

8lycosidically-linked to OH-2 of mandelonitrile. Two B8-glucosidases
(20) have been identified that cleave I to two molecules of glucose and

mandelonitrile. A nitrilase or hydroxynitrile lyase (21) catalyzes the
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Figure 2.
lation of pyruvic acid (18).



conversion of mandelonitrile to HCN and benzaldehyde as shown in

Scheme ITI.
? nitrilase ﬁ
C—CN —— C-4 + HCN
|
OH
Scheme II

The biological functions and formation of the cvano group have been re-
viewed by Ferris (22).

Hydrogen cyanide assumes a central role in primitive or pre-biotic
chemistry, as discussed by Calvin (23). It has been detected as a
first-transformation product in Miller electric-discharge experiments
using methane-ammonia-water-hydrogen mixtures. HCN, its oligomers and
polymers have been implicated in the pre-biotic formation of a-amino
acids (Strecker synthesis), purines like adenine [(HCN)S], pyrimidines
and porphyrins.

2. The Kiliani (cyanohydrin) reaction

The preparation of 2-hydroxyacids from carbonyl compounds through
cyanohydrins was an early discovery in organic chemistry. Simpson and
Gautier (24) prepared DL-lactic acid from acetaldehyde and HCN in 1867.
Staedeler (25) prepared a-hydroxyisobutyric acid by condensing HCN with
acetone and hydrolyzing acetone cyanohydrin with HCIL.

In a series of papers, Kiliani (26) first applied the cyanohydrin

reaction to the reducing sugars (Scheme III). C-2 Fpimeric aldonic

acids are formed from

CN + COOH
CHO ! H !

| + HCN g=—= (#)—C —(0H) —> (H)— C—(0H)
: ! !

R = (CHOH) CH,OH
n 2

Scheme III
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the addition of cyanide to both faces of the planar carbonyl carbon.
Kiliani (27-35) prepared epimeric aldonic acids from the following
monosaccharides: L-arabinose, D-glucose, D-galactose and D-fructose.
He also demonstrated that aldonic acids could be lactonized.

Rupp (36) and Hudson (37) later modified the Kiliani reaction by
using aqueous solutions of alkali cyanide and aldose in the presence
of CaCl2 or BaCl2 instead of slightly basic liquid HCN. The cyano-
hydrins (aldononitriles) were hydrolyzed 7 situ in the alkaline solu-
tion.

The Kiliani reaction has been applied analytically by Militzer
(38) as a direct measure of reducing groups. In addition, Mednieks and
Winzler (39) reacted the following carbohydrate derivatives and complex
carbohydrates with KlACN during [laC]-labeling studies on mucopolysac-
charides and related substances: N-acetylglucosamine, fucose, glucuro-
nate, hyaluronate hexasaccharide, chondroitin sulfate and hyaluronate.

Militzer (40) completed the first systematic study of the effects
of aldose structure, temperature and pH on the rate of cyanide consump-
tion. Arabinose, galactose, glucose and 2-ketogluconate reacted quan-
titatively at 50 mM with a twofold excess of cyanide at pH 9.1, but at
different rates. Reaction times for complete addition at 25°C varied
from 3 h for arabinose to 72 h for 2-ketogluconate. Glucose reacted
with cyanide completely after 18 h at 25°C. Militzer (40) noted that
reducing disaccharides gave rates similar to glucose, but that di-
saccharides with B-linkages (cellobiose, lactose) gave noticeably
slower rates than those with ag-linkages (maltose, melibiose). Dif-
ferences in the rates of reaction were explained in terms of the

amount of aldehydo form in solution.
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Militzer (40) observed that increasing temperature from 25°C to
40°C caused a significant increase in the rate of cyanide consumption
while lowering the pH of the reaction from pH 9.2 to pH 6.5 caused a
significant decrease in the rate. At acid pH (<pH 6.5). rates of cya-
nide addition to common sugars were almost zero.

During their studies on the preparation of [IQC]-labeled carbohv-
drates with [la C ]Jcyanide (41-45), Isbell and his colleagues observed
that the ratio of epimeric aldonates formed in the cyanohydrin reaction
was dependent on reaction conditions. For example, the addition of
NaCN to D-arabinose in basic solution produced 73% D-gluconate, while
the same reaction, carried out in moderately acidic solution, produced
70% D-mannonate (41).

Varma and French (46) have conducted the only investigation on the
mechanism of the Kiliani reaction, as applied to a-D-arabinose. Using
paper and gas-liquid chromatography (GLC) to examine reaction mixtures,
they concluded that the initially-formed cyanohydrins cyclize to pyra-
noid imidolactones (imido-1,5-lactones), which subsequently hydrolyze
and/or aminolyze (via carbinolamines) to aldonamides and/or lactonmes,
respectively. Aldonamides hydrolyze, via carbinolamines and aldonolac-
tones, to aldonates. Ring-form of the lactones was not established.

The mechanism is shown in Figure 3. The Varma-French study, however,
did not clearly (a) demomstrate that the manipulations of paper and gas-
liquid chromatography do not alter components and/or ratio of components
in the original reacéion mixture, (b) identify the imidolactone inter-
mediate by either preparation of a standard or determination of a re-
liable physical constant, (c) determine the ring-forms (furanoid or

pyranoid) of the imidolactones and aldonolactones, (d) establish the
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order of appearance and disappearance of the proposed intermediates and
the effect of pH on these events, (e) explain the observed effect of pH
on the ratio of epimeric products (41), and (f) provide evidence for
the existence of tetrahedral (carbinolamine) intermediates.

The present study of the Kiliani reaction resulted from the desire
to prepare [13C]-enriched aldoses and their derivatives in high vield
based on [13C Jcyanide. The reaction of several carbohydrates
and their derivatives with cyanide was examined under a variety of con-
ditions of pH, temperature and concentration of reactants using l3C NMR
and gas-liquid chromatography (GLC). The effects of aldose configura-
tion, carbon-chain length and derivatization on the rate and extent of
cyanide condensation, and on the rate of aldononitrile disappearance were
investigated.

To study the intermediates in the hydrolysis reaction, the conden-
sation of Kl3CN with D-erythrose at 18°C and 0.3 M was examined. The
appearance of hydrolytic intermediates was recorded as a function of
time by 13C NMR analysis of reaction mixtures. Reaction intermediates,
when feasible, were prepared by standard routes with [13C]-enrichment
at specific sites to provide standard 13C chemical shifts and l3C-HC

coupling constants, to provide standard GLC retention times, and to per-

13

mit examination of their hydrolysis individually. D-[1-7"C], [2-13C]and

13 . .
{3- C]Erythrose were used as parent aldoses to assist in the charac-
terization of the intermediates. Data are interpreted in terms of for-

mation and stability of intermediates, and their routes of hydrolysis

under various reaction conditions.
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3. Synthesis of monosaccharides
a. Aldoses and amino-aldoses

Classical routes for the preparation of monosaccharides include
Wohl degradation (47), Ruff degradation (48), controlled oxidation of
polyols with lead tetraacetate [Pb(OAc)4] and sodium periodate (NaIOa),
Kiliani-Fischer synthesis (49, 50), nitromethane svnthesis (51, 32), dia-
zomethane synthesis (53), enzymatic syntheses, and epimerizations.

The Kiliani-Fischer synthesis of aldoses is perhaps the most widely
recognized method. The Kiliani reaction, discussed in the previous sec-
tion, was extended by Fischer (49), who discovered that aldonolactones
could be reduced with sodium amalgam (Na/Hg) to aldoses. The Kiliani-
Fischer reaction has been used extensively for the preparation of [14C]-
labeled aldoses from [la'C]cyanide by Isbell and his colleagues (41-45).
This application and others that employ isotopically-enriched cyanide
have been reviewed by Pichat (54). The method has been applied to the
preparation of the higher-carbon aldoses, that is, aldoses having more
than a six-carboan linear skeleton. The utility of the method is demon-
strated by the work of Philippe (55), who lengthened D-glucose up to D-
glucodecose (Clo) by serial application of the synthesis. The prepara-
tion of higher carbon aldoses and alditols has been reviewed by Hudson
(50).

In recent years, aldonolactones, or their acylated derivatives,
have been reduced with a variety of reagents, including diborane in THF
(56) and disiamylborane in THF (57). In this regard, Guidici and
Fluharty (58) reduced D-erythrono-l,4-lactone with disiamylborane in
THF to produce D-erythrose in 607% vield. Although acylated aldoses are

obtained in high yield (>90%) by reduction of protected aldonolactones
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with disiamylborane, removal of the acyl groups is often accompanied by
degradation of the product aldose.
It is apparent that [13C]-enriched pentoses and hexoses can be pre-

13

pared in good yield by the Kiliani-Fischer synthesis, and D-[1 CJglu-

113

cose, D-[l-l3(2]mannose and D-{ C)galactose have been prepared in

this fashion (59). However, only [l—l3C]- and [Z-lBC]-enriched hexoses

13

are accessible, since the C -C4 [1 CJaldoses cannot be prepared by

2
the Kiliani-Fischer reaction.

. The amino-sugar, glucosamine, was originally prepared (60) by the
addition of HCN to D-arabinosylamine, hydrolysis of the 2-aminonitrile
with concentrated HCl to the corresponding acid, dehydration to the 2-
aninolactone. and reduction to the 2-amino-2-deoxyaldose with Na/Hg.
The reaction scheme is shown in Figure 4. The overall yield is about
1 percent. The reaction was modified by preparing the 2-aminonitriles
from the starting aldose with HCN in the presence of ammonia or other
amines (Strecker addition). Kuhn and his associates (61-64) later de-
monstrated that 2-aminonitriles, which are isolable, could be reduced
with palladium directly to 2-amino-2-deoxyaldoses, as shown in Figure
4, in yields based on the aldose of more than 70 percent.

Kuhn and Klesse (65) demonstrated that D-glucono- and D-mannono-
nitriles could be prepared in pyridine and reduced catalytically in di-
lute acid with palladium-barium sulfate (Pd/BaSOa) to D-glucose and D-
mannose, respectively. Bayly and Turner (13) have used platinum oxide
to prepare 2—deoxy-D~-erythro-[l-14 Clpentose from the corresponding
nitrile.

During the investigation of the mechanism of the Kiliani reaction,

we observed that aldononitriles form rapidly and essentially
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quantitatively at pH 8.0 # 0.5 with minimal hydrolysis, and that they
are stable at pH 4.0. Aldononitriles were hvdrogenolyzed to aldoses in
70 to 80 percent yield with palladium-barium sulfate at pH 1.7 to 4.2
and 1 atm to 60 1lb. in—z HZ' depending on the structure of the cyvanony-
drin. The reaction was used to prepare [13C]—enriched C2 to C6 aldoses.
The reaction scheme is shown in Figure 5 and is compared with the tradi-
tional Kiliani-Fischer reaction.

b. Aldose phosphates

The formation of phosphoric esters of carbohydrates is an essential
stage in biological synthesis, interconversion and degradation of pen-
toses and hexoses. For example, D-glucose is phosphorylated by hexo-
kinase and Mg2+-ATP to form D-glucose 6-P during glycolysis. D-Glucose
6-P is isomerized by phosphoglucoisomerase to D-fructose 6-P or is con-
verted to D-glucose 1-P by phosphoglucomutase. D-Glucose 1-P is a pre-
cursor in the enzymatic synthesis of the polysaccharides amylase, amylo-
pectin and glycogen. Studies on these and other metabolic events re-
quire the appropriate phosphate esters to measure enzyme activity and
inhibition, to investigate enzyme-substrate interactions, and to exa-
mine the solution structures of the phosphate esters.

Chemical syntheses of aldose phosphates commonly involve the phos-
phorylation of protected carbohydrate derivatives. For example, 1,2-
epoxides have been used in the preparation of glucose 3-P (66) and glu-
cose 6-P (67). 1,2-0-Isopropylidene-D-xylose has been treated with di-
phenyl phosphochloridate to yield the 5-phenyl phosphate, which is
hydrolyzed in alkali and acid to produce a mixture of D-xylose 3-P and
D-xylose 5-P (68). Stverteczky et al. (69) prepared D-arabinose 3-P

from 5,6-anhydro-3-0-benzyl-1,2-0-isopropylidene-D-glucofuranose (2) by
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phosphorylation of the latter compound with KZHPO4 to produce the 6-
phosphate. Acid hydrolysis, periodate cleavage and hydrogenolysis
vields D-arabinose 5-P. Michelson and Todd (70) prepared D-ribose
5-P by phosphorylating 2,3-O-isopropylidene-D-methyl ribofuranoside.
1,3,4-Tri-0-acetyl-N-acetyl-B-D-glucosamine yields, after treatment
with diphenyl phosphochloridate, hydrogenolysis with PtO2 and acid hy-
drolysis, D-glucosamine 6-P (71).

Maehr and Smallheer (72) have recently prepared D-arabincse 5-P
and D-xylose 5-P from methyl a-D-arabinofuranoside and 1,2-0O-isopro-
pylidene~D-xylofuranose, respectively, by treatment with dibenzvl or
diphenylphosphochloridate. The resulting S5-esters were hydrogenolyzed
and hydrolyzed in acid to afford the product aldose phosphates.

Ballou and Fischer (73) and Ballou et al. (74) prepared D-glycer-
aldehyde 3-P from mannitol in nine steps and D-erythrose 4-P from D-
erythrose in eight steps, respectively. These syntheses yield the C3
and CA aldose phosphate as the dimethyl acetal derivative which, unlike
the free aldose phosphate, can be stored without decomposition. Treat-
ment with Dowex 50 X8 (H+) affords the free aldose phosphate. Klybas
et al. (75) prepared D-erythrose 4-P directly by lead tetraacetate oxi-
dation of D-glucose 6-P.

Aldose phosphates can be prepared enzymatically in many instances

through the use of isomerases and kinases, as discussed by Leloir and
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Cardini (76).

The preparation of [13C]-enriched aldose phosphates, therefore,
could be accomplished by these methods, but often from [13C]-enriched
precursors frequently more complex than the aldose phosphate. However,
addition of [13 CJcyanide to Cyo C3 and C, aldose phosphates at pH 8.0
yields C3, C4 and C5 aldononitrile phosphates almost quantitatively.
Hydrogenolysis of the aldononitrile phosphates with Pd/BaSO4 at pH

13

1.7 £ 0.1 and atmospheric pressure afford [1-"~ Claldoses with terminal

phosphate esters in 75-85% yvield. The method was applied serially to
produce aldose phosphates enriched with 13C at positions other than C-1.
For millimolar preparations of aldose phosphates, procedures are des-
cribed to prepare glycolaldehyde-P and D-glyceraldehyde 3-P in 80-907%
vield from economical starting materials for use as parent aldose phos-
phates in cyanide condensation.
c. Deuterated carbohydrates
The preparation of deuterated carbohydrates is frequently accom-
plished by reduction of carbonyl derivatives with NaBzHA. Lemieux and
Stevens (77) prepared 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose-6,
6'-d2 by reduction of 1,2-0-isopropylidene-a-D-glucofuranurono-6,3-lac-
tone with LiAlea. Gray and Barker (78) prepared D-glyceraldehyde-3,
3'-d2 3-phosphate by reduction of 2-O-benzyl-D-arabinono-1,4-lactone
with NaBZH4 to produce the intermediate 2-O-benzyl-D-arabinitol-l.l'—d2.
a—D-Galactose-é,G'-d2 was prepared by reduction of methyl D-galacturo-
nisides with NaBZH4 (79). Other methods of deuteration include base-
catalyzed lH-ZH exchange in ZHZO using 2-0-benzyl derivatives (77), re-
2

duction of aldonolactones with sodium amalgam in HZO (80), and enzyme-

catalyzed solvent exchange (81-84). These methods have been
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discussed by Barnett and Corina (85).

Koch and Stuart (86) and Balza et al. (87) have recently prepared
deuterated carbohydrates (methvlglvcopvranosides, oligosacchnarides,
nucleosides) by lH-ZH exchange in ZHZO in the presence of Raney nickel.
Nucleosides are fully deuterated in the base portion, with no incorpora-
tion of "H detected in the glycosyl moiety. Position(s) of deuteration
in the carbohydrate derivatives were determined by 13C or lH NMR since
incorporation was not always predictable or specific.

The traditional methods of deuteration, therefore, are limited by
the availability of the appropriate carbonyl compound or bv the non-
specificity of incorporation. In addition, reduction of ke*to deriva-
tives is complicated by the formation of two diastereomeric products,
which must be separated.

Hydrogenolysis of aldononitriles provides a convenient and simple
method for the incorporation of 2H into the simple aldoses and aldose
phosphates in 70 to 80 percent yield. An aldose is condensed with cya-
nide at pH 8.0 = 0.5 to produce the 2-epimeric cyanohydrins, which are
stabilized by lowering the pH to 4.0. The cyanohydrins are hydrogeno-
lyzed in HZO solution with 2H2 over palladium to yield the [l-ZH]-
enriched 2-epimeric aldoses having one more carbon than the parent com-
pound. The aldoses can be separated as described previously (88, 89).
[2H]—Enriched aldose phosphates can be prepared from aldononitrile phos-
phates in a similar fashion.

Isotopes of oxygen (170, 18O) are commonly introduced into carbo-
hydrates by oxygen exchange between a carbonyl derivative and isotopi-
cally-labeled water (90) and are trapped by reduction of the carbonyl

with NaBHa. A complementary method involves oxygen-exchange between
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0-1 of an aldose and isotopically-labeled water followed by trapping

with cyanide. Hydrogenolysis of the [2-170,180] cvanohvdrins affords

the corresponding aldoses enriched with the oxyvgen isotope at OH-2.
The method of preparing aldononitriles and reducing them with

palladium-barium sulfate provides a means for the independent or si-

multaneous incorporation of carbon, hydrogen and oxygen (91) isotopes

into the carbohvdrate molecule, as shown in Scheme IV.

cro #,% ci% kPen b?N pd, H, b<|:°Ho
R T R (H) C(30H) '(H)(IZ(aOH)
|
R R
Scheme IV

Starting materials are readily available and the reaction can be applied
serially, permitting the preparation of a wide variety of isotopically-
enriched carbohydrates and their derivatives.

4. NMR spectroscopy of carbohydrates

a. lH NMR spectroscopy

A major interest in the study of carbohydrates lies in the deter-
mination of the various forms present in solution and in the solid
state. The advent of lH NMR spectroscopy was of utmost importance for
the determination of anomeric configuration and conformation of carbo-
hydrates and their derivatives in solution. lH NMR provides a means to

distinguish a- and B8-forms of the pyranosyl ring based primarily on H-1

chemical shifts and H-1 — H-2 coupling constants. The predominant con-
/
formers (chair) of the pyranose ring (lC4 and *Cl) are separated by

large energy barriers, and, therefore, can usually be distinguished

from the magnitudes of the coupling constants between H-1 and H-2
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(Scheme V).

Conformational analysis of the furanose ring is complicated by a
dynamic equilibrium between the various forms (pseudorotation) with
small energy barriers between individual conformers (~12-20 KJ mole —l).
The two major forms are the envelope (E) and twist (T) forms, where one
or two atoms are outside the plane of the ring, respectivelv. If the
rate of interconversion between conformers is sufficiently rapid, the
observed chemical shifts and couplings represent weighted averages of
chemical shifts and couplings of the individual confcrmers.

Studies on the configuration and conformation of carbohydrates in
solution using lH NMR are based on the dihedral-angle dependence of
vicinal (three-bond) proton coupling constants discovered by Karplus
(92). This relationship states that dihedral angles of 0° and 180°
produce maximal lH-lH coupling (8-10 Hz) while a dihedral angle of 90°
produces a minimum value (0-1 Hz). The equation had the following form,

3

J = A + Bcos O + Ccos 20

H,H'
where O = dihedral angle, A = 4.42 Hz, B = -0.5 Hz and C = 4.5 Hz. The
equation was calculated based on a carbon-carbon bond length of 1.543 Z
with both carbons sp3-hybridized. Karplus (93) has emphasized, however,
that the relationship between coupling constant and dihedral angle is
subject to parameters other than dihedral angle, namely, the electro-
negativity of substituents and carbon-carbon and carbon-hydrogen bond
lengths. Estimations of dihedral angles to an accuracy of ome or two
degrees is tenuous at best.

The use of lH NMR to determine anomeric configuration and
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conformation of carbohydrates and other cyclic compounds has been dis-

cussed by several investigators (94-98). The composition and conforma-

tion of carbohydrates in solution has been reviewed by Angyal (99).
Conformations of deoxyribose and ribose moieties in nucleosides, nu-
cleotides, and oligonucleotides were recently discussed by Davies(100).
In brief review, Hall (101) examined the conformations of several
benzoylated ribofuranosides by lH NMR using a modified Karplus equa-

tion for application to the carbohydrate molecule,

where Jo = 9.26 Hz for 0 < 6 < 90° and Jo = 10.36 Hz for 90° < 68 < 180°.

Results from this study showed that 1,3,5-tri-O-benzoyl-a-D-ribofuranose

has the El conformation, that is, C-2, C-3, C-4 and 0-4 are essentially

co-planar with C-1 above the plane defined by these nuclei.

In 1966, Lemieux and Stevens (77) examined the 100 MHz lH NMR

spectra of D-xylose, D-lyxose, D-arabinose, D-ribose, D-glucose, D-

mannose and D-galactose. Anomeric protons were observed at 4.6-5.3 ppm

relative to tetramethylsilane (MeASiL and the remaining protons were ob-

served upfield (3.3-4.2 ppm). Generally, axial protons on the pyrano-

syl ring were found to produce signals at higher field than equatorial

protons when the compounds considered were epimeric and both in the

same chair conformation. This correlation facilitated the determina-

tion of the proportions of anomeric forms in solution. Vicinal coup~

ling between H-1 and H-2 was used to establish preferred conformatious,

since this parameter is often sensitive to conformational change, as

shown in Scheme V. Conformational preferences based on 1H NMR data
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are in close agreement with those determined from free energy calcula-

tions (99).

Hy
O O
H ———————————
—_—
2 Ho
aCl = aa Hy lC4 = ee
dihedral angle = 180° dihedral angle = 60°
. 3 - . 3, - _
predicted JHl,H2 = 8.6-11.5 Hz predicted Ju1 w2 0.6-3.5 Hz
Scheme V

In 1967, Stevens and Fletcher (102) examined the 60 MHz lH MR

spectra of several furanoid derivatives of D-arabinose, D-lyxose, D-

ribose and D-xylose. As discussed above, conformational analysis of the

furanoid ring is complicated by pseudorotation, resulting in uncertain-
ties in the dihedral angles between vicinal hydrogen nuclei. Despite
these difficulties. preferred conformations were assigned to the various
pentofuranosides, although conclusions were highly speculative. The
study was also complicated by near magnetic-equivalence of coupled nu-
clei causing second or greater order behavior in the spectra. Equations
were required to determine intrinsic lH—lH coupling constants from the

experimental (apparent) values. In addition, compounds were studied in

deuterated chloroform and extrapolation to conformation in aqueous media.
where water may play a role in ring stabilization through hydrogen bond-
ing, cannot easily be made. Stevens and Fletcher (102) also observed
that, generally, furanoid rings with OH-1 and OH-2 trans have H-1 at
higher fields than those with OH-1 and OH-2 cis.

In 1971, Alfoldi et al. (103) studied the conformationsof several

methyl O-methyl-D-xylofuranosides in pyridine by lH NMR and concluded
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that the a-anomers prefer 2Tl' ZE and 2T3 conformations, while the 8-
anomers prefer 2T3, 3E and 3TA conformations. Angyal and Pickles
studied the equilibria between the pyranoses and furanoses for the
aldoses (104) and deoxyaldoses (103) by lH NMR, and, recently, De Bruvn
and Anteunis (106) established the conformation of 2-L-arabinopvranose
(acl) in aqueous solution by lH MR at 300 MHz . Horton and his
colleagues (107) have used lH NMR to determine the conformation of
linear carbohydrates and their derivatives in solution.

In general, lH NMR spectra of the free aldoses are complicated by
the presence of two or more forms in solution. Line-multiplicity and
resonance overlap hinder full interpretation, especially for the pen-
toses and hexoses, which have six and seven non-exchangeable protons
for each form, respectively. Selective lH-deCOupling, selective deutera-
tion and analysis at high magnetic fields have been utilized to facili-
tate the analysis of complex lH NMR spectra. It is noted that anomeric

. . ; . : 1
configuration and conformation cannot be easily determined by "H NMR of

the cyclic ketoses, since these compounds do not possess an anomeric

proton.
13
b. C NMR spectroscopy

\
13C NMMR spectroscopy offers an alternative to "H WMR spectroscopy

for configurational and conformational analysis of carbohydrates, but

more often complements lH NMR. In contrast to protons which typically

resonate over 10 ppm of the applied magnetic field, carbons typically

resonate over 200 ppm, which minimizes apparent magnetic-equivalence

13
between dissimilar carbons. C NMR spectra are normally obtained with

broad-band lH-decoupling (108) which effectively removes line-

multiplicity due to 13C-lH coupling. Although information from l3C-1H
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coupling is lost, lH—decoupled 13C NMR spectra are simple and usually
more easily interpreted than lH NMR spectra. lH—Coupled spectra can be
obtained, however, when 13C-lH coupling constants need to be evaluated.
Moreover, 13C NMR spectra of un-enriched compounds are not complicated
by 13C—13C coupling, since 13C has a low natural abundance (1.l percent).
Carbon spectra can also be obtained in water, a convenient and common
solvent for carbohydrates. without solvent-line interference.
13C NMR has been used to determine the various forms of carbohy-
drates present in solution. For example, D-erythrose can potentially
exist as five or more forms in solution, as shown in Figure 6: a-
furanose, 8-furanose, aldehydo, hydrate and dimers and/or oligomers.
The 15.08 MHz 13C 2R and 180.04 MHz lH NMR spectra of D-erythrose
are shown.in Figure 7. The carbon spectrum is noticeably simpler. The
anomeric regions for C-1 (89-105 ppm) and H-1 (5.00-5.30 ppm) are easily
identified as do;;field from the remaining nuclei. Three major tauto-
meric forms are observed in both spectra: a-furanose, 8-furanose and
hydrate (h). Resonance assignments were made as described in later
sections. The 1H-decoupled 13C NMR spectrum shows one resonance for
each carbon, whereas the lH spectrum shows multiplets for each proton
that arise from lH-lH coupling. The proton spectrum of D-erythrose is
relatively simple compared with those of other aldoses.

13C NMR offers a means to determine the tautomeric equilibria of
_ the ketoses, since anomeric carbons are observed in the spectra. Que
and Gray (109), Angyal et al. (110) and Angyal and Bethell (111) have
studied equilibrated mixtures of the ketohexoses, l-deoxyhexuloses, and

13

3-hexuloses, respectively, by ~ C NMR. Furanose, pyranose and keto

forms were detected. but keto hydrate forms were not observed in the
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OH OH OH OH
B - furanose & - furanose
; g

C-H HC-OH
HCOH HCOH
HCOH HCOH

CHZOH CHZOH

aldehydo hydrate
?H
HC-OH Cl)H
HC—0 —CH
HCOH HCOH
CHZOH HCOH
CHZOH

dimers and oligomers

Figure 6. Possible forms of D-erythrose in solutionm.
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compounds studied.
Assignments of 13C chemical shifts are established by several

methods: (a) the effect of substitution (derivatization) on chemical

shift, (b) the magnitudes of scalar or one-bond C-lH coupling con-
stants, (c) deuterium isotope shifts, and (d) selective [13C]-enrich-
ment. Rules derived from the effects of substitution on 13C chemical
shifts are not always reliable, as discussed by Walker et al. (59), and
incorrect assignments have been made based on these rules (112. 113).
Ritchie et al. (114) examined the carbon spectra of the methyl glyco-
furanosides and cyclopentanols and assigned 13C chemical shifts based

on substituent effects and shielding factors. For the furanoid ring,
however, changes in shielding cannot be totally attributed to configura-
tional factors since conformational components, presently unknown, pro-
bably make a major contribution to shielding.

Bock et al. (115), Bock and Pedersen (116) and Bock and Pedersen
(117) have measured direct 13C—lH coupling constants (lJc H) in the
hexopyranoses, pentopyranoses and their derivatives and have specifi-
cally related lJCl,Hl to anomeric configuration and conformation.
lJCl,Hl is approximately 10 Hz smaller (160 Hz) when H-1 is axial than

when H-1 is equatorial. One-bond l3C-1H coupling constants for other

1

methine carbons of carbohydrates(e.g., JCZ HZ) are approximately 20-25

1
Hz
smaller than JCl.Hl'

Gorin (79) and Gorin and Mazurek (118, 119) have exploited the ef-
fects of deuterium substitution on 13C and lH NMR spectra to assign 13C
chemical shifts. A signal from a 13C nucleus directly bound to a

deuteron either disappears or is converted to a triplet at 0.1-0.5 ppm

higher field. Progressively smaller upfield shifts are observed for
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signals of the B-ca?bon(s) (0.1 ppm) and y-carbon(s) (~0.0l ppm).
From isotope shifts, carbon nuclei that are one-, two—and three-bonds
from the deuteron can be assizned.

Carbon-13 chemical shifts are easily assigned by specific [1 Ccl-
enrichment. The [13C]-enriched nucleus is assigned based on its en-
hanced detection. An a-carbon will be coupled to the [13C}-enriched
nucleus, causing splitting of its resonance into a doublet. The en-
riched nucleus and carbon(s) a to it are, thereby, unequivocally as-

signed. Walker et al. (59) prepared [l--l3 C Jhexoses and hexopyrano-

sides and assigned the 13C chemical shifts of C-1 and C-2 based on

these effects.

l3C—1H coupling constants

Two-bond (2J ) and three-bond (3JC H)

C,H
have been measured and related to configuration and conformation.
Schwarcz and Perlin (120), Schwarcz et al. (121) and Cyr et al. (122)
demonstrated with several carbohydrates and their derivatives that the
magnitude and sign of two-bond coupling between 13C and lH depends on
the orientation and electronegativity of the substituents appended to
the 13C nucleus relative to the proton. Generally, —JCl 2 is large
(v5 Hz) when H-2 1is gauche to both oxygen atoms on C-l. Perlin and his
colleagues (121, 122) have observed that the sign of 2JC,H depends on
configuration, with an oxygen anti to the coupled proton making a posi-
tive contribution to coupling and a gauche oxygen making a negative
contribution. Walker et al. (59) measured ZJCl,HZ coupling constants
in [1-13(3]hexoses and hexopyranosides and in [l-13 CJ]2-amino-2-
deoxyaldoses (123) and found them to be consistent with these rules.

2
Bock and Pedersen (124) have recently related 'Jc ¥ to configura-

tion and conformation bv considering all the oxygen substituents on
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both carbons. For example, consider the Newman projection of methyl
B-D-mannopyranoside (Figure 84) viewed from C-2 to C-1. If the projec-
tion of the C-2—O0H-2 bond on an axis trans to the C-1—H-1 bond is
given the value +1.0 (cos 0°), then the projections of C-1—0H-1 and
C-1—0-5 will each be +0.5 (cos 60°) and the projection-sum will equal
+2.0. Similar projections obtained from the Newman projection of
methyl a-D-galactopyranoside (Figure 8B) give a sum of +0.5 (+0.5 from
C-1—0-5 and C-1—0Me and -0.5 from C-2—0H-2). Projection-sums were
related to coupling constants as follows: +0.5 = +0 Hz; +1.0 = 0-1 Hz;
+1.5 = +5.5 Hz; +2.0 = +9.0 Hz. The projection-sum rule (124) was
determined from the study of several pyranosyl carbohydrate deriva-
tives and the furanose rings of 3-O-acetyl-1,2:5,6-di-0O-isopropylidene-
a-D-allofuranose and 3-0O-acetyl-1,2:5,6-di-O-isopropylidene-x-D-gluco-
furanose.

Schwarcz and Perlin (120) have established a Karplus relationship

~

between 3Jc H and dihedral angles for the carbohydrates: 60° = 2 Hz,
’

100° = 0 Hz, 180° = 6 Hz.
Walk t al. (59) asured ZJ and ZJ in the [l-l3C]-
er et al. measu c1,c3 c1.cS
hexoses and hexopyranosides and discussed these parameters in terms of
a dihedral angle dependence, where the angle is defined by the rela-
tive. orientations of C-3 and C-5 and the electronegative oxygen sub-

stituents. coupling between C-1 and C-6 was also observed.

Jeoce
Marshall and Muller (125) and Barfield et al. (126) have discussed

3 .
the angular dependence and substituent dependence of JC c for ali-

phatic carboxylic acids and alcohols, and alicyclic alcohols, respec-

tively. Dihedral angles of 0°, 80° and 180° produce 3JC ¢ values of

2 Hz, 0 Hz and 4 Hz, respectively. 3JC c in the carbohydrates has not
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been systematically examined.
,
In summary, the analysis of carbohydrates by “H and ~5C WMR has

2

;
been limited to a large extent by the availability of [‘BC}- and ["H]-

, 13 , L :
enriched derivatives. C Chemical shifts can be unequivocally esta-

blished with [l3C]-enriched compounds. Tautomeric forms in solution

. . . , 13 . .
can be determined with carbohvdrates enriched with C at the anomeric

carbon. Orientational and substituent dependencies of JC " and JC ce

which are useful probes of configuration and conformation in solutionm,
can be ascertained only with model compounds enriched at specific sites

13 2
with C and/or H. The full interpretation of complex lH NMR spectra

2 . . ;
of carbohydrates is greatly facilitated by ["H]-enriched derivatives.
With this need in mind, a method was developed to incorporate isotopes

of carbon, hydrogen and/or oxygen at almost any site into carbohydrates

and their derivatives. A vast array of isotopically-enriched compounds

can be prepared for chemical, biochemical, physical and biomedical uses.



II. EXPERIMENTAL

A. Carbon-13 (13C) NMR Spectroscopy
13

C NMR spectra were obtained using a Bruker WP-60 Fourier-
transform spectrometer equipped with quadrature detection and operating
at 15.08 MHz for carbon. Spectra were obtained with 4 K real spectral
points and spectral widths of 2400 Hz or 3000 Hz. Filter widths of
2400 Hz or 6000 Hz were employed. The spectrometer was locked exter-
nally to the resonance of 2H20 in a capillary. Chemical shifts are re-
ported relative to external tetramethylsilane(MeQSi)andareaccuraCe to

$0.1 ppm.

B. Proton (lH) NMR Spectroscopy

Ly NMR spectra were obtained at 30°C in 2H20 using a Bruker WH-180
Fourier-transform spectrometer operating at 180.04 MHz for lH. Spectra
were obtained with 8 K real spectral points and a spectral width of 400 Hz.
Chemical shifts are reported in ppm downfield from internal sodium 3-
(trimethylsilyl)-l-propanesulfonate and are accurate to *0.01 ppm.

ZH O Solutions were treated with 2H O-washed Chelex resin to remove

2 2

1
paramagnetic species (127) prior to "H NMR analysis.

C. Computer Simulation of Complex 13C and lH YMR Spectra
13

C and lH chemical shifts and coupling constants in complex 13C
and 1H NMR spectra were obtained by comparison of the experimental data
with the theoretical spectra generated by the ITRCAL program available
from the Nicolet Computer Company, Madison, WI. This program permits

the calculation of 13C and lH NMR spectra by first entering reasonable

35
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estimates of the chemical shifts and coupling constants for the nuclei
in question and entering the actual frequency of the lines in the ex-
perimental spectrum. By changing the chemical shifts, coupling con-
stants, or both, iteration to a best fit of the theoretical with the
real spectrum is obtained. The rms error between a simulated and ex-

perimental spectrum was tvypically 0.15 Hz.

D. Gas-Liquid Chromatography (GLC)

Gas-chromatographic analysis was performed on a Varian Aerograph
1200 equipped with flame-ionization detection. A 1.8 m x 2 mm column
of WV-17 (3%) on High Performance Chromosorb W-AW (100-200) from
dApplied Science was used with a temperature program of 100-230°C at
%°/min. For derivatization, aqueous samples (6 :L) were added rapidly
to a mixture of 150 pL of N,0-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) containing 1% of chlorotrimethylsilane (TMCS) and 150 uL of dry
pvridine, and the mixtures were analyzed after 25 min at 60°C. Reten-
tion data are reported relative to the pertrimethylsilylated (Me3Si)
derivative of D-gluconate, and GLC peak-areas were calculated from the

product of peak~height and peak-width at one-half height.

E. Phosphate and Radioactivitv Assavs

Quantitative inorganic and organic phosphate assays were performed
according to the procedure described by Leloir and Cardini (128).
Radiocactivity was assayed on a Beckman LS-100 scintillation counter
by using a Triton X-100 (1000 mL)-PP0(8 g)~POPOP(G.2 g)-toluene(2000
L) cocktail. Aqueous sample (0.2 mL) was dissclved in 2.3 mL of the

cocktail for analysis.
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F. pH Measurements

pH Measurements were performed with a Corning Digital 110 pH meter
equipped with a Corning semi-micro combination electrode. pH Adjust-
ments on solutions of aldose phosphates were made at 25°C prior to NMR
analysis at the reported temperatures. pH Measurements in 2H 0 solu-

2
tions were corrected using the equation, pH = pD - 0.4 (129).

G. Assays for Reducing Sugars, Aldonic Acids, Glvcollic Acid,
Formaldehyde and Cyanide

Tetrose solutions were standardized as follows: aliquots (l-4 mL
containing 0.1-1.0 mmol of aldose) taken from a stock tetrose solution
were added at 4°C to 5 mL solutions containing 1 mmole KCN. Reaction
mixtures were adjusted to 10 mL volumes with HZO. After 1 h at 4°C,
the reaction mixtures were incubated at 25°C for 50 h, and excess cya-
nide was determined in each reaction mixture by the Liebig-Déniges
method (40, 130,131). Stock solutions of the tetroses standardized in
this fashion were subsequently used to prepare standard curves for the
Nelson reducing sugar assay (132). All other quantitative reducing
sugar assays were conducted with standard, crystalline compounds using
Nelson's assay (132) or Park and Johnson's reducing sugar determination
(133).

Formaldehyde was assayved according to the method of Walker (134).
Aldonic acids were assayed essentially according to the method of
Frisell and MacKensie (135). Neutral samples (1 mL) were treated with
0.1 mL of 0.1 M sodium periodate and incubated at room temperature for
10 minutes at which time 0.1 mL of a 10% solution of NaHSO4 was added

followed by 5.0 mL of chromotropic acid (0.2% in 10 M HZSOQ). The
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samples were placed in a boiling water bath for 20 minutes, cooled. and
treated with 1.0 mL of 5% thiourea. Samples were read against a reagent
blank at 570 om.

Glycollic acid was assayed by the method of Lewis and Weinhouse

(136). Glycosides were assayed with phenol-sulfuric acid (137).

H. Catalytic Hydrogenolysis

Catalytic hydrogenolysis at >1 atm was carried out with a Parr
pressure-apparatus and 250-mL reduction flasks.

Reductions at atmospheric pressure were conducted in an apparatus
described by Vogel (138). The reaction vessel consisted of a side-arm
flask equipped with an addition funnel tightly secured with a rubber
stopper, and stirring was provided magnetically.

All catalytic hydrogenolysis reactions were performed at room

temperature.

I. Chemicals

Glycolaldehyde, DL-glyceraldehyde, D-arabinose, D-lyxose, D-ribose,
D-xylose, D-glucose, D-mannose, D-galactose, D-ribose 5-P, D-arabinose
5-P, D- and DL-glyceraldehyde 3-P dimethyl acetal, l,3-dihydroxy-2-
propanone-P dimethyl ketal, D-fructose l,6-P2, DL-glycerol 1-P, di-
sodium adenosine 5'-triphosphate, DL-calcium glycerate, D-ribono-1,4-
lactone, DL-sodium 2-hydroxybutyrate, D-gulono-1,4-lactone, palladium-
barium sulfate (5%), and deuterium oxide (2H20) (99.8 atom percent)
were obtained from Sigma Chemical Company and used without further
purification. Formaldehyde (37 percent aqueous solution) was purchased

from Mallinckrodt. L-Threonine (allo—free) was obtained from the United
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States Biochemical Corporation. D-Calcium galactonate and D-calcium glu-
conate were purchased from Pfanstiehl Laboratories, Inc.

Potassium [13C] cyanide (K13CN) was supplied by the Los Alamos
Scientific Laboratory, University of California, Los Alamos, New
Mexico with 99.64 percent purity and 90.7 atom percent [IBC]-enrich-
ment. Potassium [lAC] cyanide (KlACN) was obtained from New England
Nuclear and had a specific activity of 43-55 wCi/mmol. Lead tetra-
acetate,deuterium chloride (zHcl) (20%, 99 atom percent) and sodium
deuteroxide (NaOZH) (30%, 99 atom percent) were obtained from Aldrich
Chemical Company. Acetic acid-2H4 (99.5 atom percent) and deuterium
gas (ZHZ) (99.5 atom percent) were obtained from Merck Sharpe and
Dohme Canada Limited.

Ion-exchange resins were purchased from Sigma Chemical Company
and converted to the appropriate forms. N,0-Bis(trimethylsilyl)
trifluoroacetamide (BSTFA) containing 1% chlorotrimethylsilane (TMCS)
was obtained from Pierce Chemical Company. Pyridine for gas chromato-
graphic analyses was distilled from barium oxide and stored over & A
molecular sieves.

Glycerol kinase (EC 2.7.1.30) from &. coli, D-fruccose—l,6—P2
aldolase (EC 4.1.2.13) from rabbit muscle, alkaline phosphatase
(EC 3.1.3.1), acid phosphatase (EC 3.1.3.2) from potato, triose-
phosphate isomerase (EC 5.3.1.1) from veast, D-ribose 5~P isomerase
(EC 5.3.1.6) from yeast, D-ribulose 5-P kinase (EC 2.7.1.19) from
spinach, hexokinase (EC 2.7.1.1) from yeast, phosphoglucose isomerase
(EC 5.3.1.9) from yeast, phosphofructokinase (EC 2.7.1.11) from
rabbit muscle and myokinase (EC 2.7.4.3) from rabbit muscle were pur-

chased from Sigma Chemical Company.
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J. General Syntheses and Purifications

D-Glyceraldehyde was prepared from D-fructose by oxidation with
lead tetraacetate (139). D-Lactaldehyde was prepared from L-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>