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Erythrose and Threose: Carbonyl Migrations,
Epimerizations, Aldol, and Oxidative Fragmentation
Reactions under Plausible Prebiotic Conditions

Ruigin Yi,*™< Ryan Kern,” Pamela Pollet,” Huacan Lin," Ramanarayanan Krishnamurthy,

and Charles L. Liotta*™

*[b]

Abstract: The prebiotic generation of sugars in the context of
origins of life studies is of considerable interest. Among the
important intramolecular processes of sugars are carbonyl
migrations and accompanying epimerizations. Herein we
describe the carbonyl migration-epimerization process occur-
ring down the entire carbon chain of chirally pure p-tetroses
sugars under mild conditions. Employing chirally pure 1-°C-
erythrose, 4-">C-erythrose and 1-"*C-threose, we (1) identify all
the species formed as the carbonyl migrates down the four-

carbon chain and (2) assess the rates associated with the
production of each of these species. Competing aldol
reactions and oxidative fragmentation processes were also
observed. Further observations of self-condensation of glyco-
laldehyde mainly yielding 2-keto-hexoses (sorbose and
tagatose) and tetrulose also provides a basis for under-
standing the effect of carbonyl migrations on the product
distribution in plausible prebiotic scenarios.

J

Introduction

Carbohydrates perform several important roles in life, including
energy production and storage, structural components of
membranes and cell walls, and integral parts of RNA/DNA and
glycoproteins. Carbohydrates are complex chiral molecules
which can undergo a plethora of acid-, base- and metal-
catalyzed intra- and inter-molecular reactions. Among the
important intramolecular processes are carbonyl migration and
accompanying epimerization also known as the Lobry de
Bruyn-Alberda van Ekenstein (LdB-AVE) transformation.™
Carbonyl migration is also an important mechanism for how
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biology manages sugar metabolism. For example, enzyme-
catalyzed carbonyl migration occurs in core metabolic
pathways™ such as isomerization of glyceraldehyde 3-
phosphate to dihydroxyacetone phosphate, fructose 6-
phosphate to glucose 6-phosphate in gluconeogenesis, and
ribulose 5-phosphate to ribose 5-phosphate in the pentose
phosphate pathway. When it comes to prebiotic carbohydrate
synthesis, the postulated autocatalysis step in the formose
reaction requires carbonyl migration to isomerize ketotetroses
to aldotetroses which subsequently undergo a retroaldol
fragmentation to yield two molecules of glycolaldehyde.” It is
apparent that carbonyl migration plays an important role in
biochemistry and it is possible that this fundamental biochem-
ical transformation may trace its origins back to an era that
preceded enzymatic catalysis, however, a systematic exploration
of carbonyl migration relevant to prebiotic sugar chemistry
would be significant.

Scheme 1 illustrates a series of reversible carbonyl migra-
tions and epimerizations of a generalized chiral aldose- a 2,3-
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Scheme 1. Carbonyl migration and epimerization along sugar carbon chain.
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dihydroxy aldehyde, both of which are usually reversible
processes. The initial carbonyl migration results in a 1,2-aldo-
keto transformation. The reverse 2,1-keto-aldo migration is
accompanied by an epimerization at the original C2-position.
Carbonyl migration from the C2-postion to the C3-position
represents a keto-keto transformation which also results in
epimerization at the C2-position. The reverse keto-keto migra-
tion from the C3 position to C2 position leads to epimerization
at the original C3-postion. The migration-epimerization process
can, in principle, continue down the chain of longer linear sugar
molecules ultimately leading to an aldehyde functionality at the
opposite end of the original aldose. Adding another dimension
to these processes is the intervention of cyclic hemiacetal
species which can interrupt or potentially shut down the
migration-epimerization process.®

Carbonyl migration/epimerization of monosaccharides usu-
ally take place in basic media.”'” For example, mannose and
four keto-hexoses (fructose, psicose, sorbose, tagatose) were
observed in the reaction of glucose in aqueous KOH.'" The
epimerization of glucose affords mannose and carbonyl migra-
tion of glucose resulted in the formation of these keto-hexoses.
Moreover, three (D-manno-, b-gluco-, and p-altro-) 2-heptuloses
were investigated from carbonyl migration and epimerization
of D-manno-3-heptuloses by the action of calcium hydroxide.”
These reactions depend on the reaction conditions, proceeded
via a proton transfer mechanism involving cis- and trans-
enediol intermediates and/or a 1,2-hydride shift mechanism
(Scheme 2).27"213 Hexoses and pentoses labeled with *C at the
C1-position have been shown to exhibit carbonyl migration/
epimerization processes down the entire carbon chain qualita-
tively indicating that both aldo-keto as well as keto-keto and
keto-aldo migrations are taking place. However, due to the
limitations of the analytical tools employed, none of these
reports identify all the intermediates as the carbonyl function-
ality migrates down the chain. It is also important to emphasize
that many of these reported studies were conducted under
highly basic conditions (pH>11) where fragmentations (retro-
aldol reactions) followed by recombinations (aldol reactions)
were also observed along with the formation of unidentified
colored side products- processes which complicate the inter-
pretation of the carbonyl migration/epimerization results.

In contrast, under relatively mild basic conditions, Nagorski
and Richard"™ have shown that the carbonyl rearrangement of
glyceraldehyde to dihydroxyacetone takes place by either a
proton transfer process and/or by a hydride shift pathway
depending on the specific reaction conditions. At pD 8.4 in the
presence of a pyrophosphate buffer the dominant mechanistic

OH"~
OH CH,0H M.
HO__~ HO. :
\H\CHZOH W)\OH | CHZ0H

H H H M2+ = Zn2+, Ca2*

a) cis- and trans- enediol intermediates b) 1,2-hydride shift transition state

Scheme 2. a) Carbonyl migration via cis- and trans- enediol intermediates,
and b) carbonyl migration via a 1,2-hydride shift.
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pathway was shown to be the proton transfer process
proceeding presumably through enediol intermediates (Sche-
me 2a). In contrast, when employing 0.01 M deuteroxide
approximately 60% takes place via proton transfer and 40% by
1,2-hydride transfer. It was also shown that, in the presence of
Zn®* carbonyl migration proceeded via a hydride transfer
process (Scheme 2b, Zn**). Breslow and co-workers*'" have
shown that at pH 12 in the presence of Ca?* (formose reaction
conditions) carbonyl migration of glyceraldehyde to dihydrox-
yacetone proceeded via a 1,2-hydride transfer mechanism with
“a significant tunneling component” (Scheme 2b, Ca’%). It
would be useful to employ simple linear chirally pure sugars
with C labels at specific locations thus expanding our knowl-
edge and understanding of carbonyl migration and epimeriza-
tion.

In order to quantitatively explore both carbonyl migration
along the carbon chain of a simple linear sugar and the
accompanying epimerization, a series of experiments were
conducted employing simple chirally pure C-4 (tetrose) sugars.
We focused on the tetroses since they are postulated to be a
central intermediate in many prebiotic scenarios® for the
higher order sugar synthesis and provide a C-4 skeleton
wherein the carbonyl migration can be studied coupled with its
effect on sugar chirality. Herein is presented (1) the effects of
temperature, pH and buffer on the rate of reaction of carbonyl
migration of D-erythrose, a simple chirally pure four-carbon
sugar, labeled with "*C in the C1-position; (2) the accompanying
rates of formation of D-erythrulose, rac-erythrulose, D-threose
and rac-tetroses; (3) companion rate experiments involving
carbonyl migration and epimerization of erythrose labeled with
3C in the C-4 position and threose labeled with *C in the C-1
position; (4) the incorporation of deuterium into the C-4 species
with respect to time when the carbonyl migration was
conducted in D,0O, (5) the observation of oxidative fragmenta-
tion of erythrose, threose and also when starting with
glycolaldehyde during the carbonyl migration and epimeriza-
tion process.

Results and Discussion

Erythrose is a C-4 carbon sugar which, in an aqueous environ-
ment, exists as a rapidly converting equilibrium mixture of four
species-the open chain aldehyde (1), the corresponding hydrate
(2), and a- and B-furanoses (3) and (4), respectively."’'¥ The "*C
NMR spectrum of erythrose shows only the aldehyde hydrate
and the two cyclic hemiacetals. Although the free aldehyde is
the species which initiates carbonyl migration-epimerization, it
is present in only miniscule amounts. Indeed, even using "*C-
labeled erythrose the free carbonyl carbon is not observed in
the *C NMR spectrum. That carbonyl migrations-epimerization
takes place is only due to the rapid interconversion of the
various species through the free aldehyde.

Assuming that the rearrangement of the carbonyl group is
capable of taking place along the entire four-carbon chain of b-
erythrose, the carbonyl-migrations and epimerizations would
lead to a complex mixture of the following structural isomers:
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D-erythrulose from 1,2-(aldo-keto) carbonyl migration, D-threose
from 2,1-(keto-aldo) carbonyl migration, rac-erythrulose from
2,3-(keto-keto) carbonyl migration, and rac-tetroses from 3,4-
(keto-aldo) carbonyl migration. It is assumed that the various
interconversions proceed via enediol intermediates. This com-
plex set of equilibria are summarized in Scheme 3. In order to
facilitate the detection and quantitation of the products formed
during carbonyl migration and epimerization of erythrose by
BC NMR, a series of experiments were conducted making use of
erythrose labeled with "C at the C-1 position. Labeling at only
one carbon of erythrose greatly simplifies the analyses since
only singlets would be associated with each of the products
formed as the carbonyl functionality proceeded down the
chain. Thus, following the change in chemical shift of this
labeled carbon with respect to time allowed identification of all
the new species being formed.

Carbonyl migration of p-[1-Cl-erythrose

A solution containing 80 mM b-[1-"*C]-erythrose buffered with
160 mM sodium bicarbonate at pH 8.5 was prepared and
monitored over time at 25°C by C NMR spectroscopy. As
shown in Figure 1a-Bottom, the recorded C NMR spectrum at
t=0h reveals four major signals assigned to 1-"*C-p-p-
erythrofuranose (4, 100.2 ppm, ~58%), 1-'°C-o-D-erythrofura-
nose (3, 94.6 ppm, ~23%), 1-C-p-erythrose hydrate (2,
88.5 ppm, ~10%). A small amount of 1-"C-p-erythrulose (5,
65.0 ppm, ~4%) was also observed indicating that under these
experimental conditions, carbonyl migration had already begun.
In addition to bD-erythrulose, the intensity of new peaks
assigned to 1-"*C-a-p-threofuranose (10, 101.2 ppm), 1-"*C-B-D-
threofuranose (9, 95.7 ppm), 1-"*C-D-threose hydrate (8,
88.9 ppm), 4-"*C-rac-erythrulose (6, 62.0 ppm), 4-">C-rac-tetrofur-
anose (12, 72.0, 70.1 and 69.5 ppm) and 4-">C-rac-tetrose
hydrate (11, 61.6, 62.4 ppm) were followed over a period of
109 h (Figure 1a-Top). These resonances were assigned by
comparing with the signals of authentic standards under
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Scheme 3. Carbonyl migration of p-erythrose and p-threose along the
carbon chain.
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identical conditions The chemical shifts associated with each of
the four-carbon species are listed in Figure 1b-Bottom. The
stacked *C NMR spectra over this period of time are shown in
Figure 2. Figure 1a shows that each of the structures proposed
to arise from carbonyl migration and epimerization proceeding
down the chain of erythrose in Scheme 3 has been identified.
The generation of threose 8-10, the epimer of erythrose, is an
indication of a keto-aldo carbonyl migration from p-erythrulose
5.

Not unexpectedly, diastereomeric octuloses (14, doublets in
the 69.5-70.0 and 72.5-73.5 ppm and 15, singlets in the 74.4-
75.1 ppm regions) were also observed, and attributed to aldol
reactions between the various aldose and ketose stereoisomers
present in the reaction solution.”” The aldol reactions leading
to a variety of "C-labeled diastereomeric octuloses, are
summarized in Scheme S1. In addition, three new peaks
assigned to formate (170.1 ppm), glycerate (63.2 ppm) and
glycolate (60.4 ppm) suggested that some oxidative fragmenta-
tion, promoted by oxygen in the air, has accompanied the
carbonyl migrations-epimerizations and aldol reactions. This
oxidation process will be discussed further in a later section.

To quantify the species produced during the carbonyl
migration and epimerization of 1-*C-b-erythrose, the intensity
of each PC NMR peak obtained from the spectra displayed in
Figure 2 is listed in Supporting Information Table S1. It is
important to note that the sum total intensity for all the peaks
in the ®C NMR spectra at each of the time intervals remain
relatively constant suggesting a good mass balance. The rates
of formation and disappearance of the species in Scheme 3 and
Scheme S1 over a period of 109 h is graphically displayed in
Figure 3. For convenience, in describing the progression of the
migration of the carbonyl group along the four-carbon chain,
the "C-labeled carbon is designated as C1. Over a period of
18 h the intensity of the peak of erythrose decreases by
approximately 60% (red curve). In this analysis erythrose is the
sum of the peak intensities of the aldehydic form (1), the
hydrate (2), and the a- and - furanose forms (3 and 4). This
decrease is accompanied by an increase in the peaks attributed
to D-erythrulose (5) resulting from an aldo-keto carbonyl
migration (black curve). It should be noted that this reaction is
reversible; the formation of D-threose (the epimer of b-
erythrose) via keto-aldo carbonyl migration is observed (pink
curve). As in the case of erythrose, the amount of threose is the
sum of the peak attributed to the aldehydic form (7), the
hydrate (8), and a- and - furanose forms (9 and 10). Keto-keto
migration of the carbonyl group from C2 to C3 produces rac-
erythrulose (green curve). Keto-aldo carbonyl migration from C3
to C4 completes the full migration over the entire four carbon
system producing rac-tetroses (grey curve) which is a mixture of
the linear hydrate and the cyclic hemiacetals of rac-erythrose
and rac-threose. After reaction for 109 h, the carbonyl migra-
tions-epimerizations lead to a mixture of ~10% D-erythrose
together with ~329% D-erythrulose, ~18% rac-erythrulose, ~4%
rac-tetroses and ~ 10% D-threose.

Scheme S1a indicates that with the initial formation of bp-
erythrulose, a base promoted bimolecular aldol reaction with b-
erythrose takes place leading to the formation of diastereomeric

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. a) *C NMR spectrum for [1-'*C]-erythrose carbonyl migration at 0 and 109 h at 25°C, pH 8.5. G1: glycolate, G2: glycerate; b) *C chemical shifts (ppm)

of the labeled carbons associated with each of the species.

octuloses. Any D-threose produced from the keto-aldo carbonyl
migration from D-erythrulose can also undergo aldol reactions
with D-erythrulose to form diastereomeric octuloses. In both
cases one would expect to observe doublets in the *C NMR
spectra with peaks in the 69 to 76 ppm range. Indeed,
significant doublets are observed at 69.5 to 70.0 ppm and
725 ppm to 735ppm (14, Figure1) along with smaller
doublets. It should be emphasized that at t=0 h, there are no
peaks within this range. As the carbonyl migration proceeds
down the chain to produce rac-erythrulose, subsequently rac-
tetroses, similar aldol reactions produce additional diastereo-
meric octuloses where the labeled carbons appear as singlets in
the *C NMR spectra within the 74 to 76 ppm (internal -CHOH-)
and 60 to 62 ppm (terminal -CH,OH) ranges (Scheme S1b, Sic,
S1d). The sum total of these aldol reactions results in
approximately 14% octuloses after 109 h. It is expected,

Chem. Eur. J. 2023, 29, €202202816 (4 of 12)

however, that the octuloses will continually increase at reaction
times greater than 109 h.

The carbonyl migration experiments reported thus far were
conducted at pH 8.5. In order to investigate the effect of pH on
carbonyl migration and epimerization, a solution of b-[1-"*C]-
erythrose was subjected to reaction in buffered aqueous media
at pH5, 7, 85 and 10 at 40°C where the various buffers
employed were all at the same concentration (160 mM). The
comparative rates of disappearance of D-[1-">Cl-erythrose
(carbonyl migration and aldol reaction) under these different
pH conditions were followed employing *C NMR analyses. The
rate profiles for the disappearance of erythrose is shown in
Figure 4a and the corresponding rate profiles for the formation
of D-erythrulose and the diastereomeric octuloses are shown in
Figure 4b. For further information the stacked C NMR spectra
along with the experimental details are summarized in Support-
ing Information: Figures S1-S4, S19-S22 and the listing of the

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. °C NMR spectra of 80 mM p-[1-"*Cl-erythrose 1 with 160 mM NaHCO, buffer at pH 8.5 under 25 °C over time. b-Erythrose (hydrate 2 and cyclic ring
3, 4), p-erythrulose 5, rac-erythrulose 6, D-threose (hydrate 8 and cyclic ring 9, 10), rac-tetroses (hydrate 11 and cyclic ring 12 and diastereomeric C8 species
(14 and 15) were observed in these spectra over time and their peak intensity detected in each spectrum are recorded in Table S1.
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Figure 3. Reaction progress of the p-erythrose and the formation of b-
erythrulose, rac-erythrulose, rac-tetroses, p-threose, diastereomeric octuloses
and organic acids (formate, glycolate and glycerate) as determined by NMR
data shown in Figure 2. This observation is consistent with DFT calculations.
The difference in the free energies of reaction for erythrulose undergoing a
keto-aldo migration to form either threose or erythrose is only 0.71 kcal/mol.

Chem. Eur. J. 2023, 29, €202202816 (5 of 12)

peak intensities are summarized in Supporting Information:
Tables S2-S5.

It is clear that there is a dramatic difference in the rate of
disappearance of erythrose over the pH range investigated. As
shown in Figure 4a, the fastest rates of reaction occur in basic
media (pH 10 and pH 8.5-bicarbonate buffers). Within a period
of 12 h most of the erythrose has reacted. In contrast, in slightly
acidic media (pH 5-acetate buffer) negligible reaction takes
place over the same period of time. At neutral pH (pH 7-
phosphate buffer), the reaction is relatively slow compared to
the reactions at both pH 8.5 and 10. At pH 7, approximately
10% of the erythrose has reacted after 12 h. Figure 4b indicates
that at pH8.5 and 10 the formation of the diastereomeric
octuloses is extremely fast. This is consistent with rapid carbonyl
migration of erythrose to erythrulose followed by a rapid aldol
process. At pH 7, the formation of the octuloses is relatively
slow while at pH 5 these aldol products are not detected within
the 12-hour time period.

Changing the buffer and the buffer concentration at a
constant pH provided greater insight to the carbonyl migration
and epimerization process. The rates of disappearance of
erythrose and the rates of formation of pD-erythrulose at pH 7 as
a function of buffer and buffer concentration was explored.
Phosphate buffers at concentrations of 160 and 480 mM
(Supporting Information: Figure S2 and S5) and a cacodylate
buffer at a concentration of 160 mM (Supporting Information:

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. (a) Reaction progress of the p-erythrose at pH 5, 7, 8.5 and 10 over
a 12-hour period; (b) The rates of the formation of p-erythrulose 5, and
diastereomeric octuloses (C8) at pH 5, 7, 8.5 and 10 over a 12-hour period.
The compositions were measured per hour.

Figure S6) were employed. The results are graphically summar-
ized in Figure 5. Increasing the concentration of phosphate
buffer results in a modest increase in the rate of disappearance
of D-erythrose and the rate of formation of D-erythrulose.
Changing the nature of the buffer by employing cacodylate, a
weaker base, at the same buffer concentration as phosphate
(160 mM) results in a modest decrease in the rate of disappear-
ance of erythrose. These results suggest general base catalysis
and are consistent with reports dealing with the isomerization
of aldo-pentoses into keto-pentoses®” and the interconversion
of glucose to fructose® at neutral pH.

Carbonyl migration of p-[4-Cl-erythrose

In order to provide additional evidence for the interpretation of
the experimental results shown in Figure 1, carbonyl migration
experiments employing erythrose labeled with *C in the C4-
position was investigated at pH 8.5 at 40°C and compared with

Chem. Eur. J. 2023, 29, €202202816 (6 of 12)
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Figure 5. Reaction progress of the p-erythrose (SM) and the formation of b-
erythrulose 5 at pH 7 in 160 mM, 480 mM Pi and 160 mM cacodylate (DMAA)
buffer.

the results of the experiments conducted with erythrose labeled
in the C1-position. As shown in Figure 6, three major resonan-
ces were recorded at 0 h, assigned to be 4-"*C-a,p-p-erythrose
furanose 3’ and 4’ (70.1 ppm), 4-">C-p-erythrose hydrate 2’
(61.6 ppm) as well as 4-">C-p-erythrulose 5’ (62.0 ppm), respec-
tively. New resonances correspond to 1-*C-rac-tetrose furanose
12’ (94.5-101.8 ppm), 1-°C-rac-tetrose hydrate 11’ (88.4-
89.2 ppm), 4-"*C-a-D-threose furanose 10’ (72.0 ppm), 4-"*C-B-D-
threose furanose 9’ (69.5 ppm), 1-"*C-rac-erythrulose 6’
(65.0 ppm), 4-'°C-p-threose hydrate 8’ (62.4 ppm), were also
observed to grow over time. The peak intensities for each of
the species as a function of time are summarized in Supporting
Information Table S8. These observations indicate that all of the
carbonyl migration species determined in D-[1-">Cl-erythrose
solution were consistent with those observed in the b-[4-"*C]-
erythrose. In comparison to the use of D-[1-"*Cl-erythrose, the
rac-tetroses in the spectra of D-[4-">Cl-erythrose were more
easily observed within the 88-102 ppm region. Further analysis
of the *C NMR spectra shown in Figure S25 reveals that the
migration rates of carbonyl group from C1 to C4 achieved in D-
[4-"*Cl-erythrose are essentially the same as those in D-[1-"C]-
erythrose under similar conditions (Figure S21).

It should be noted that, if erythrose itself would undergo
retro-aldol under these reaction conditions, then the aldol
reactions of resulting glycolaldehyde could lead to other
recombination products, thus affecting the product distribution
and interfere with the carbonyl-migration analysis. To test
whether such retro-aldol reactions are occurring and are
reflected in the products formed, a control experiment employ-
ing a 1:1 mixture of p-[1-">Cl-erythrose and D-[4-"*C]-erythrose
was carried out at pH 8 and 40°C. Analysis by *C NMR and MS-
spectra (Figure S8 and $18), however, showed product distribu-
tion that was similar to those obtained from p-[1-*CJ-erythrose
alone or from D-[4-"CJ-erythrose alone under identical con-
ditions. No doubly "C-labeled erythrose (or erythrulose) was
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detected in the mixed reaction of D-[1-C]-erythrose and D-
[4-"*C]-erythrose (Figure S18d), which suggests that a retro-aldol
of the individual erythrose were not occurring at the detectable
limits of these analytical techniques. The only doubly C-
labeled products observed were peaks corresponding to
octuloses consistent with aldol reaction between erythrose/
erythrulose combinations. These observations, under the con-
ditions where carbonyl migrations are taking place, suggests
that the retro-aldol reaction of erythrose/erythrulose are not
interfering with the product distribution.

Carbonyl migration of b-[1-*C]-threose

Threose, like its diastereomer erythrose, exists as a rapidly
converting equilibrium mixture of four species in an aqueous
medium: the linear aldehyde, the corresponding hydrate, and
the a- and B- cyclic hemiacetals (Scheme 3). 1-"*C Labeled
threose was subjected to the identical reaction conditions at
pH 8.5 as applied to 1-"*C-erythrose. It was observed, however,
that carbonyl migration of threose at 25°C was significantly
slower than the 1-"*C-erythrose. As a consequence, in order to

Chem. Eur. J. 2023, 29, €202202816 (7 of 12)

make a direct comparison between 1-*C-threose and 1-"*C-
erythrose the reaction of each aldose was each conducted at
40°C. The comparative results are shown in Figure 7b and the
stacked "C NMR spectra for the reaction of 1-"*C-threose is
shown in Figure 7a and the chemical shifts and peak intensities
for each of the species in the equilibria are tabulated in
Supporting Information Table S9.

The C NMR spectrum at 0 h reveals three major signals
assigned to 1-"*C-a-p-threofuranose (10, 101.2 ppm, ~50%),
1-C-B-p-threofuranose (9, 95.7 ppm, ~37%), and 1-°C-p-
threose hydrate (8, 88.9 ppm, ~9%), as well as a small signal of
1-"*C-p-erythrulose (5, 65.0 ppm, ~1%). Immediately after
heating to 40 °C the signal for p-erythrulose (5) was observed to
increase in intensity while the signals for threose decreased
proportionally. In addition to the b-erythrose, the new
resonances assigned to  1-"*C-B-p-erythrofuranose (4,
100.2 ppm), 1-"*C-p-erythrose hydrate (2, 88.5 ppm), 4-"*C-rac-
erythrulose (6, 62.1 ppm), 4-"C-rac-tetrofuranose (12,
72.0 ppm), and diastereomeric C8 species (14, doublets in the
66.5-67.5 and 68.5-69.5 ppm, and 15, singlets in the 74.4-
76.0 ppm regions) also appeared over a period of 13 h. The
corresponding information for 1-"*C-erythrose at 40°C is shown
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in Supporting Information Figure S3 and Table S4. The compa-
rative results in Figure 7b show that erythrose (2 h, pH 8.5,
40°C) has an obvious shorter half-life than threose (more than
12 h) under identical reaction conditions. The reaction products
for 1-"*C-erythrose are essentially the same as those found at
25°C; only difference is that the rate of reaction is faster at
40°C.

Proposed mechanistic pathways for carbonyl migration

As previously discussed, two major mechanisms have been
reported to explain the migration of a carbonyl functional
group along the chain of a linear sugar molecules: (1) proton

abstraction with the formation of an enediol (enediolate)

Chem. Eur. J. 2023, 29, €202202816 (8 of 12)

intermediate (Scheme 2a) and (2) an intramolecular (concerted)
1,2- hydride shift (Scheme 2b). There is evidence that the
carbonyl migration described in this report proceed via the
former pathway. In the carbonyl migration of erythrose and
threose at pH 8.5, it was observed that almost immediately after
the formation of erythrulose (carbonyl migration from C1 to C2)
the diastereomeric octuloses were produced (Figure 8a). This
observation strongly suggests the formation of an erythrulose
enolate intermediate via proton abstraction leading to a
classical aldol process.

In order to determine if enolate (enediol) intermediates
were involved in the carbonyl migration process, a series of
experiments with unlabeled threose was conducted in D,O and
followed by mass spectrometry. These experiments provided a
means of following the incorporation of deuterium into the
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four-carbon sugar as the carbonyl migration proceeded. Note
that deuterium incorporation into the sugar chain should only
be observed if carbonyl migration proceeds by enediol
(enediolate) intermediates while no deuterium incorporation
should be observed if carbonyl migration takes place via and
intramolecular 1,2-hydride shift (Scheme S2a). The results, over
a period of 12 h, are shown in Figure 8b. It is clear that as the
carbonyl migration progressed, deuterium incorporation in-
creased. After 12 h, 5 deuterium atoms were incorporated into
the four-carbon sugar. The results are consistent with the
deprotonation pathway involving enediol intermediates (Fig-
ure 8a). The detail of deuterium incorporation into threose
carbon chain is shown in Scheme S2b. It is concluded that a
major pathway for the carbonyl migration process involves a
base promoted deprotonation-protonation process with an
enediol intermediate. It must be emphasized that these experi-
ments do not negate the possibility that the intramolecular 1,2-
hydride shift can take place. This pathway may still be a minor
component in the carbonyl migration process.

Chem. Eur. J. 2023, 29, €202202816 (9 of 12)

Oxidative fragmentation of erythrose and threose

It has been demonstrated that subjecting 1-">C-erythrose and
1-"*C-threose to mildly basic conditions in an aqueous environ-
ment resulted in both carbonyl migration along the 4-carbon
chain and aldol reactions producing a variety of diastereomeric
octuloses. Since these experiments were conducted in an air
environment, it was not surprising that a variety of oxidative
fragmentation products® were also observed in neutral and
basic media. The specific oxidation products identified included
formate, glycerate and glycolate (see Supporting Information
Figures 1, S1-S6 and S8; Tables S1-S7 and S9). When threose
solutions were enriched with air, the pathways leading to the
formation of formate, glycerate and glycolate took place over a
much shorter period of time (Supporting Information Fig-
ure S11, S12 and S26b). Similar experiments, performed with
degassed solutions (sparged with N,), produced much reduced
amounts of these oxidation products (Supporting Information
Figure S10 and S26a). The proposed mechanistic pathways for
the formation of formate, glycerate and glycolate are shown in
Scheme 4. The enolate derived from a tetrose or tetrulose reacts
with oxygen to form a peroxyanion intermediate followed by
formation of a dioxetane which subsequently fragments into
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either formate and glycerate or two molecules of glycolate. This
suggested pathway is consistent with the mechanistic pathway
suggested by Dubourg and Naffa.***’

It was initially postulated that the source of formate was
from the oxidation of formaldehyde derived from a retro-aldol
reaction of tetrulose. In control experiments it was observed
that formate was not detected when "C labeled formaldehyde
was submitted to the identical reaction conditions applied to
erythrose or threose at pH 8.5 thus eliminating formaldehyde as
the formate precursor (Supporting Information Figure S13). It is
interesting to note that the oxidation of hexoses in alkaline
solution leads to the almost quantitative production of formate
under high oxygen pressure.”®

Aldol condensation of glycolaldehyde and accompanying
oxidative fragmentation

Based on the observations in the erythrose and threose
carbonyl migration studies, the question naturally arose as to
the products that would be observed accompanying the
formation of C4 sugars derived from the aldol reaction of
glycolaldehyde, as this is an important step in the formose-type
reaction scenarios. In order to probe this question, the reaction
of an aqueous solution of unlabeled glycolaldehyde at room
temperature and pH 8.5 (HCO;™ buffer) was investigated, first, in
a reaction flask open to air environment. The experimental
protocol and observations along with the corresponding 'H and
3C NMR spectra for the reactions conducted in 0.5 M and 1.0 M

HCO;™ are shown in Supporting Information Figures S14 and
S15. The reactions were observed to proceed at a faster rate at
the higher buffer concentration. As expected, tetrulose was
produced, presumably via the initially formed tetroses from the
condensation of two glycolaldehyde units. The signals corre-
sponding to tetroses were not observed in the NMR spectrum
suggesting a fast aldose to ketose conversion. In addition, many
of the oxidation products observed in the carbonyl migration
studies of erythrose and threose (Scheme 4) were also present.
These include formate, glycerate, glycolate and glyoxal hydrate;
the retro-aldol product formaldehyde hydrate derived from
tetrose/tetrulose was also observed. The proposed mechanisms
for the formation of glyoxal hydrate and formaldehyde hydrate
are shown in Scheme 5a and 5b, respectively. The enolate
derived from a glycolaldehyde reacts with oxygen to afford a
peroxyanion intermediate followed by generation of a hydro-
peroxide which subsequently fragments into H,0, and glyoxal.
The C2 peroxyanion intermediate can also lead to a dioxetane
which can fragment into two molecules of formate.

When the presence of oxygen was minimized by employing
degassed solvents and running the reaction under N, atmos-
phere, tetrulose was formed as the main product. The formation
of the oxidation products glycerate, formate, glycolate and
glyoxyal hydrate proceeded much more slowly (over a period of
days). The retro-aldol product formaldehyde hydrate was also
detected. The comparative >C NMR spectra of the aldol reaction
of glycolaldehyde under a nitrogen atmosphere followed by
the continuation of the reaction in an air environment are
displayed in Supporting Information S16. At 40°C and pH 7.0
(phosphate buffer), in addition to tetrose/tetrulose formation,
formate, glycerate, glyoxal hydrate were also observed (Sup-
porting Information S17).

The studies of carbonyl migration and aldol reactions under
relatively mild basic conditions herein may provide insight into
how carbonyl migration guides the product distribution under
various prebiotic conditions for sugars synthesis.?’? For
example, In addition to formaldehyde addition, glycolaldehyde
addition reaction is also an alternative chain-growth mechanism

HO_ OH

H,0 H
)J\l HJ\l HJH/O Path a J\( 3 )l\ﬂ/H 2
HO OH
BRI
a
—2 -
i N
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Scheme 5. Proposed reaction pathways for a) the formation of glyoxal hydrate (Path a) and an additional pathway for the formation of formate (Path b). b)
Retro-aldol processes describing the formation of formaldehyde hydrate, glycolaldehyde and dihydroxyacetone. c) aldol reaction of glycolaldehyde yielding
erythrulose and 2-keto-hexoses (tagatose and sorbose) via carbonyl migration.
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in the formose reaction. Self-condensation of glycolaldehyde
yields tetroses (erythrose, threose). A further aldol reaction with
another glycolaldehyde would be expected to afford aldohexo-
ses, however, the *C NMR spectra in $16 revealed no obvious
aldohexoses. Instead, 2-keto-hexoses (sorbose and tagatose)
were observed as the major C6 sugars together with eryth-
rulose. This result suggests that most of the newly formed
tetroses were converted to tetruloses via carbonyl migration,
consistent with the observation in Figure 3, followed by aldol
reaction with glycolaldehyde to yield linear 3-keto hexoses and
further carbonyl migration of 3-keto hexoses to afford 2-keto-
hexoses (Scheme 5c). It should be noted that, only miniscule
amounts of formaldehyde, glycolaldehyde, and dihydroxyace-
tone were present in the above "C-labeled tetrose studies,
indicating that retrol-aldol reaction of tetroses to smaller sugars
rarely occurs if at all - at least under the above conditions in the
absence of Ca’". This result is also consistent with the lack of
pentoses observed in the aldol reaction of glycolaldehyde
under similar conditions.

Moreover, the carbonyl migration mechanism of the
formose reaction is still under some debate as to whether the
primary mechanism involves formation of enediol intermediates
or 1,2-hydride transfers. Our results have shown that, in absence
of Ca’*, and with high concentration of buffer anion, carbonyl
migration of tetroses proceeds predominantly through enediol
intermediates, consistent with the evidence reported by
Benner.”® When carbonyl migration takes place in the presence
of Ca’" with hydroxide, the dominant mechanistic pathway was
shown to proceed through a 1,2-hydride transfer."¥ Indeed, the
concentration of Ca?* has been found to influence the product
distribution in the formose reaction,®" and appears to be an
important factor in the carbonyl migration mechanism.

Conclusion

Labeled chirally pure sugars 1-'>C-p-erythrose, 4-'*C-p-erythrose
and 1-"*C-p-threose undergo carbonyl migration with epimeri-
zation along the entire four-carbon chain under mild condi-
tions. The rates of disappearance of the starting sugar and the
rates of appearance of each of the species in the carbonyl
migration (Dp-erythrulose, rac-erythrulose, D-threose and rac-
tetroses) was found to be dependent on temperature, the pH of
the aqueous media and the buffer nature and the buffer
concentration. When the carbonyl migration experiments were
conducted in an air environment, oxidative fragmentations take
place producing formate, glycerate and glycolate. Similar
oxidation products were observed in the aldol reaction of
glycolaldehyde under conditions comparable to those em-
ployed in the carbonyl migration studies. Mass spectral analysis
of the reaction of unlabeled threose at pH 8.5 in D,0O resulted in
incorporation of deuterium atoms along the four-carbon chain
as carbonyl migration progressed. This fact indicates that in
high concentration of buffer anion without Ca’*, the major
pathway of carbonyl migration is via a proton transfer
mechanism, consistent with previously reported result®™ in the
formose reaction. The observation of sorbose and tagatose

Chem. Eur. J. 2023, 29, €202202816 (11 of 12)

together with erythrulose, as the major product, in a base
promoted aldol reaction of glycolaldehyde supports the notion
that carbonyl migration also has a significant effect on the
nature of the product distribution under plausible prebiotic
scenarios (such as formose reaction).

Experimental Section

Please see supporting Information for general procedures for
carbonyl migration experiments of D-[1-"*Cl-erythrose, D-[4-"*C]-
erythrose and D-[1-"°C]-threose as well as aldol reaction of
glycolaldehyde. Relevant NMR spectra for carbonyl migration
experiments of D-[1-"Cl-erythrose, b-[4-"*C]-erythrose and p-[1-"*C]-
threose as well as aldol reaction of glycolaldehyde, and MS spectra
are also provided in supporting Information.
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