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Chapter 5: 

From the synthesis of N-acetyl-L-

talosaminuronic acid to the synthesis of 

N-acetyl-L-gulosamine via double 

epimerization 
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Introduction 

The initial aim of this project was to synthesize N-acetyl-L-talosaminuronic acid 1 (Figure 

1), a compound present in the cell wall of certain methanogenic archaea, which belong to 

the family of gram-positive methanobacteriaceae.[1] These particular archaea are able to 

convert carbon dioxide and hydrogen to methane. In the cell wall of these archaea, the N-

acetyl-L-talosaminuronic acid together with N-acetyl-D-glucosamine are linked via a β 

(1→3) glycosidic bond. This particular peptidoglycan is characteristic for pseudomureins; 

whereas mureins are linked via a β (1→4) glycosidic bond and are cleavable by 

lysozymes, pseudomureins are not cleavable by lysozymes.  

Figure 1. Structure of N-acetyl-L-talosaminuronic acid 1 and its conceptual retrosynthetic analysis 
 

The most challenging part of the synthesis of 1 is its unusual stereochemistry. To 

synthesize L-configured monosaccharides (hexoses in particular), the most common route 

is functional group transformation in L-monosaccharides, such as L-rhamnose and L-

fucose, which are abundant in nature, commercially available, and reasonably priced.[2] 

However, there are no obvious candidates for L-talosamine or L-talosaminuronic acid. 

The best approach so far has been a bottom-up synthesis from protected L-glyceraldehyde 

4 (derived from L-ascorbic acid) and enantiopure hydroxyl aminosulfone 5 (derived from 

L-serine, commercially available) by the group of Potier,[3] in which the correct 

stereochemistry at C2 and C5 is already set (Figure 2).[4] Subsequent Julia olefination to 

6 and dihydroxylation of the C=C double bond results eventually in L-taloside 7. This 

approach is very versatile for L-aminoglycosides in general due to the possibility for 

functionalization of the C=C π-bond, but the drawback is that the number of synthetic 

steps going from 6 to 7 depends on the desired stereochemistry on C3 and C4. Syn-diols 

(threo-diols) can be installed in one step stereoselectively via asymmetric dihydroxylation. 

For L-talosides, this strategy requires additional steps due to the erythro stereochemistry 

of C3 and C4. To this end, an asymmetric epoxidation is carried out on the C=C double 

bond. Subsequent regioselective opening of the epoxide furnishes the 1,2-vicinal diol 

with the desired stereochemistry. These two steps thus become a hurdle when the desired 
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stereochemistry is erythro, further diminishing the utility of the synthesis towards an N-

acetyl-L-talosamine derivative. 

Figure 2. Bottom-up synthesis of L-amino sugars.  

 

In an alternative approach, we scrutinized the structure of 1 and considered it the C3 and 

C5 epimer of N-acetyl glucosaminuronic acid 2, which is one oxidation step away from 

low-cost N-acetyl-D-glucosamine 3 (Figure 1). This is important, because both 

epimerization reactions are possible with synthetic methodology developed in our group. 

The epimerization at C3 can be realized via site-selective palladium catalyzed oxidation 

and subsequent reduction, which is highly adaptive to different monosaccharides and 

oligosaccharides.[5-7] In particular the C3 inversion of N-acetyl glucosaminosides has been 

reported by our group with excellent yield and selectivity.[8] The epimerization at C5 has 

been discussed in chapter 4 and shown to be useful in synthesizing L-configured 

monosaccharides.[9] As both strategies require minimal protecting group manipulations, 

target 1 may be reached within a limited number of synthetic steps. We aimed therefore 

to prepare 1 by first inverting the stereochemistry at C3 in 3, leading to the corresponding 

N-acetyl allosaminoside 10. According to the aforementioned report, 10 is synthesized 

from 8 via palladium-catalyzed oxidation and subsequent reduction by sodium 

borohydride (Figure 3), while 8 is prepared in a straightforward Fischer glycosylation 

from 3 with isopropanol. To invert the stereochemistry at C5 in 10, the substrate has to 

be locked in the 4C1 conformation to ensure proper stereoselectivity. In chapter 4, BDA 

(butane diacetal) is used for conformational locking due to the presence of a 1,2-trans 

vicinal diol. However, in 10 the hydroxy groups at C3 and C4 are cis to each other and 

therefore BDA is not suitable. Instead, we aimed to install an isopropylidene ketal by 

acid-catalyzed condensation of 2,2-dimethoxypropane (DMP) with the cis diol in 10 to 

form 11. The primary hydroxy group in 11 will then be oxidized to the acid, coupled with 

N-hydroxyphthalimide, activated with photoredox chemistry to form a carbon centered 

radical at C5 after CO2 extrusion, and subsequent addition to a β-bromo-α,β-unsaturated 

ester to provide 12. (See detailed discussion in chapter 4) After the removal of the 

isopropylidene ketal and ozonolysis with oxidative work-up, 13 will be obtained, which 

is the non-reducing acetal of 1 and can be hydrolyzed to 1 if desired. 
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Figure 3. Synthesis plan of 13, the immediate precursor of N-acetyl-L-talosaminuronic acid 

 

Results and discussion 

The start of the synthesis and the discovery of the unexpected product 

The Fischer glycosylation of 3 with isopropanol to prepare 8 and the subsequent oxidation 

to form 9 proceeded smoothly without unanticipated events. The subsequent reported 

reduction step, however, turned out to be more eventful than anticipated. During the 

reduction of 9 to 10, an unknown monosaccharide, 14, was generated, in a ~ 4:1 ratio of 

10:14 (Figure 3). By comparing 1H-NMR and 13C-NMR spectra, we ruled out the 

possibility that 14 was due to incomplete stereochemical control (1,3-diaxial control) of 

the reduction, regenerating 8 (Figure 4). Apparently, 14 had either been overlooked or 

had not been formed in the previously reported synthesis of 10. 

Figure 4. Stereochemical outcome of the sodium borohydride reduction of 9. Note that the 

approach from the bottom face (red) is disfavored due to the steric clash between the borohydride 

ion and the isopropoxy group on the same face. 

 

To characterize 14, which was formed as a minor product, we attempted different 

preparative chromatographic methods that are commonly employed. TLC (silica) showed 

that 14 and 10 have the same Rf either with DCM/methanol or toluene/acetone as eluent. 

Per-acetylation of the 10/14 mixture also did not result in a separable mixture on TLC 
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with ether/pentane or ethyl acetate/pentane. At last, with diol-coated silica as the 

stationary phase and the use of automated column chromatography (Grace), 10 and 14 

could be separated to some degree with DCM/methanol as the eluent. Pure 14 was 

characterized by 1H-NMR, 13C-NMR, me-HSQC, COSY and HRMS. HRMS revealed 

that 10 and side product 14 had the same exact mass, and thus the same molecular formula. 

This suggested that the compounds are stereoisomers. To identify the signals in the 1H-

NMR spectrum, we first identified C1 in the 13C-NMR spectrum (isolated signal at ~100 

ppm), then used me-HSQC to correlate C1 in 13C-NMR to H1 in the 1H-NMR spectrum. 

The same approach was applied for C6, since C6 in 13C-NMR correlates with two cross 

peaks in the me-HSQC, both with the phase opposite from the other signals, which 

correlate to two proton signals with different chemical shift. This is due to the fact that 

C6 is the only CH2 in the molecule, and bears two diastereotopic protons, H6a and H6b. 

The remaining signals in the 1H-NMR spectrum could be assigned via COSY, starting 

either from H1 or H6’s. From the fully assigned 1H-NMR spectrum (Figure 5), it became 

apparent that the H1 signal of 14 is a doublet of doublets with coupling constants J = 3.3 

and 1.7 Hz. This is relevant, since the multiplicity combined with the small coupling 

constants implies that H1 is cis to H2 (as in 8 and 10), and that H1 has a W-coupling with 

H3. The latter suggests that C3 has an equatorial hydrogen (and thus an axial hydroxy 

group, as in 10, but not in 8). The signal for H4 at 3.99 ppm is also observed as a doublet 

of doublets. Notably, the coupling constants of H4 are remarkably small (J = 4.6, 1.7 Hz) 

and correspond to a Jax-eq and a Jeq-eq respectively.[10] This points at an axial hydroxy group 

at C4, but unfortunately this could not be established unambiguously due to overlapping 

H2 and H3 signals. We per-benzoylated 14 to form 15 in order to resolve the signals of 

H2 and H3. With all H1-H6 signals distinct from each other, the coupling constants 

between all neighboring hydrogen could be determined (Figure 6). The JH3-H4 (2.3 Hz) is 

significantly smaller than all the other J’s in the table, indicating that this is a Jeq-eq, while 

all other couplings (JH1-H2, JH2-H3, JH4-H5) correspond to Jax-eq. We thus conclude that C4 

of 15 (and therefore 14) must have an equatorial hydrogen. 14 is therefore the C4 epimer 

of 10, with the D-guloside configuration!  

Apart from being unexplained at that point in the research, this observation provides a 

nice entry point to prepare gulosamine derivatives from low-cost N-acetyl glucosamine 

3. Currently, gulosamine, a rare monosaccharide, is prepared either from galactosamine 

by hydroxy group inversion at C3 or from glucosamine by sequential inversion of the 

hydroxyl groups at C3 and C4.[11] Both approaches use multistep protecting group 

strategies. We therefore switched our goal from preparing N-acetyl-L-talosaminuronic 

acid 1 to an investigation of the seemingly straightforward sodium borohydride reduction 

of 9 leading to 14. 
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Figure 5. 1H-NMR of isolated 14. All the signals with numbers correspond to the protons in the 

ring, starting from the anomeric position. e.g. the signal at 5.15 ppm corresponds to H1. Note that 

the signal at 5.15 ppm has coupling constants J = 3.3 and 1.7 Hz, and the origin of these coupling 

constants is illustrated in the upper left corner. 

 

 

Proton pairs H1-H2 H2-H3 H3-H4 H4-H5 

J (Hz) 4.2 6.4 2.3 4.5 

Stereochemical 

assignment 
ax-eq ax-eq eq-eq ax-eq 

Figure 6.  Results of the borohydride reduction of 9 and the per-benzoylation of 14 to form 15. The 

table shows the coupling constants J between neighboring protons on the ring. The JH2-H3 is slightly 

larger than expected probably due to deformation of the ring caused by the steric bulk of the benzoyl 

groups. 

 

To account for the generation of gulosaminoside 14, our first hypothesis was that 9 

enolizes to form enediol 16, which is protonated at either C3 or C4 to form ketoside 
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mixture 17a+17b or 9+18, respectively (Figure 7). This process can lead to epimerization 

of the hydroxy group at C4. Reduction of ketoside mixture 9+18 then leads to the mixture 

of 10 and 14. The stereoselectivity of the reduction of 18 can be explained in an analogous 

fashion to 9 (Figure 4). Alternatively, 14 can also be formed by the reduction of 17b. 

Note that neither the reduction of 17a nor that of 17b is expected to be as stereoselective 

as in the case of the reduction of 9/18, since the anomeric isopropoxy group exerts no 1,3-

diaxial interaction with the incoming borohydride at C4. However, products with an axial 

–OH at C4 will still be slightly favored due to the eclipsing interaction in the transition 

state between the carbonyl group undergoing reduction and the equatorial substituent at 

C5.[12] 

Figure 7. Hypothesized mechanism of C4 epimerization via enolization and subsequent reduction. 

 

We attempted to reversibly enolize 9 with acid (TsOH/MeOH) or base (1 M NaOH) to 

produce a mixture of 17 and 18. Neither condition led to epimerization, however. We 

then investigated the reaction conditions used during the sodium borohydride reduction. 

We defined “standard condition” as the reaction conditions in which 14 had initially been 

observed in the product mixture. Under these conditions, 9 is reduced with sodium 

borohydride in methanol at 0 oC and slowly warmed to room temperature over one hour. 

The excess borohydride is then quenched by adding Amberlite IR 120 H (abbreviated in 

the text as Amberlite-H+) at the same temperature as the reaction temperature. After 

filtration to remove the Amberlite-H+ and evaporation of solvent in vacuo, a 1H-NMR 

spectrum is subsequently obtained in methanol-d4 to determine the ratio of 10:14 (Figure 

8). 
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Figure 8. Standard conditions for sodium borohydride reduction. 

 

Different aspects of the reaction were considered and screened, namely 1) the reaction 

temperature, 2) the amount of reducing agent, 3) the influence of moisture, 4) the use of 

a chelating acid and other additives, 5) the nature of the reducing agent, 6) the nature of 

the substrate and 7) the work-up procedure. We aimed to optimize the reaction in such a 

way that the production of 14 is maximized. 

 

Optimization study for the production of guloside 

1) Reaction temperature and Amount of reducing agent 

We hypothesized that the reaction, exothermic by nature, causes local hotspots and 

induces side reactions, generating 14. We therefore attempted both heating and cooling 

the reaction mixture in order to see if there is a correlation between the reaction 

temperature and the observed selectivity. At either +40°C or -60°C (Table 1, entries 1 and 

6), the amount of 14 is minimal. Over the range from room temperature to -40°C, the 

formation of 14 is constant (~15%) within the margin of experimental error. We did 

observe increased formation of 14 at -40°C. (entry 5) The amount of reducing agent did 

not affect the product ratio. (entry 3)  

Table 1. The reduction of 9 to 10/14 depending on temperature and amount of NaBH4. Standard 

condition are used unless otherwise stated. 

Entry Reducing 

agent (eq) 

Solvent Temp (°C) Conversion 10 (%) 14 (%) 

1 NaBH4 

(1.5) 

MeOH 40 Full 98 2 

2 NaBH4 

(1.5) 

MeOH 0 to RT Full 83 17 

3 NaBH4 (3) MeOH RT Full 88 12 

4 NaBH4 

(1.1) 

MeOH -30 Full 84 16 

5 NaBH4 

(1.1) 

MeOH -40 Full 70 30 

6 NaBH4 (3) MeOH -60 Full 96 4 
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2) Influence of moisture 

To exclude the possibility of water interfering with the reaction, we also carried out the 

benchmark reaction under strictly anhydrous conditions (Table 2). The effect of water 

however was minimal, if any. 

 

Table 2. The reduction of 9 to 10/14 depending on the presence of moisture. Standard conditions 

are used unless otherwise stated. 

Entry 
Reducing 

agent (eq) 
Solvent 

Temp 

(°C) 
Conversion 10 (%) 14 (%) 

1 NaBH4 (1.5) MeOH 0 to RT Full 83 17 

2 NaBH4 (1.5) 
Dry MeOH, 

dry atmosphere 
0 to RT Full 90 10 

 

3) The use of a chelating acid and other additives 

We subsequently drafted other mechanisms for enolization based on the formation of 

enediol 16. Since a small amount of borane/methoxyborane species is produced when 

sodium borohydride is dissolved in methanol, we suspected that the 

borane/methoxyborane species could chelate to the carbonyl group at C3, leading to a 

Lewis acid catalyzed enolization. Therefore, 1-1.2 eq of phenylboronic acid was added 

as an additive to the benchmark reaction (Table 3, entry 1). To our surprise, the side 

reaction leading to 14 was suppressed instead of enhanced. Neither changes in reaction 

solvent nor reaction temperature resulted in observable amounts of 14 in the presence of 

phenylboronic acid. During our screening studies, we performed a literature search on 

studies done on sodium borohydride reductions and found a report by Singaram and 

coworkers describing an 11B-NMR study in relation to the reduction power of sodium 

borohydride at different temperatures in methanol.[13] They concluded that sodium 

borohydride is in equilibrium with different methoxyhydroborate species at different 

temperatures, all of which have different reduction power. They showed that the addition 

of 5 mol% sodium methoxide greatly enhances the reduction power due to a shift in the 

equilibrium between the borate species. We therefore added also 5% sodium methoxide 

to the reaction mixture as additive. No effect on the product ratio was observed, however. 

(entry 4) A full equivalent of sodium methoxide did slightly inhibit the formation of 14. 

(entry 5) Our third candidate additive was (para)formaldehyde, which is the 

decomposition product of methanol. To exclude the possibility that minute amounts of 

formaldehyde present in methanol were causing the formation of 14, 1 eq of 

paraformaldehyde was added to the reaction mixture to determine the effect. To ensure 

that the reaction went to completion, 3 eq of sodium borohydride was used. However, the 

effect on the 10:14 ratio was minimal. (entries 6 and 7) Inspired by the work of Singaram 

mentioned earlier where different reduction power was exhibited by different ligands on 

the boron, we also added both NaOMe and paraformaldehyde together, which can create 

a dynamic equilibrium of methoxyhydroborate and methoxyborane species. (entry 8) The 

effect on the 10:14 ratio was again negligible.  
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Table 3. The reduction of 9 to 10/14 depending on the additives in reaction. Standard condition are 

used unless otherwise stated. All additives are added before the addition of reducing agent. Entry 9 

is a duplicate entry from Table 1, entry 1 as a reference to standard reaction condition results. 

Entry 
Reducing 

agent (eq) 

Additives 

(equivalents) 
Solvent 

Temp 

(°C) 
Conversion 

10 

(%) 

14 

(%) 

1 NaBH4 (1.1) 
PhB(OH)2 

(1.2) 
MeOH 

0 to 

RT 
Full >99 <1 

2 NaBH4 (1.5) PhB(OH)2 (1) EtOH RT Full >99 <1 

3 NaBH4 (1.5) PhB(OH)2 (1) MeOH RT Full >99 <1 

4 NaBH4 (3) NaOMe (0.05) MeOH 0 Full 86 14 

5 NaBH4 (3) NaOMe (1) MeOH 0 Full 94 6 

6 NaBH4 (3) (CH2O)n (1) MeOH RT Full 84 16 

7 NaBH4 (3) (CH2O)n (1) MeOH 0 Full 83 17 

8 NaBH4 (3) 
(CH2O)n (1) + 

NaOMe (0.05) 
MeOH 0 Full 82 18 

9 NaBH4 (1.5) - MeOH 
0 to 

RT 
Full 83 17 

 

4) The nature of the reducing agent 

We also screened different boron-based reducing agents with different reducing strength. 

Lithium borohydride, sodium triacetoxyborohydride (STAB) and sodium 

cyanoborohydride were chosen due to their different strength in the reduction of carbonyl 

derivatives. Lithium borohydride is more reactive than sodium borohydride due to the 

better chelating ability of Li+ with carbonyl groups, activating the carbonyl for hydride 

reduction. Both STAB and sodium cyanoborohydride are weaker reducing agents than 

sodium borohydride, since the boron in both STAB and cyanoborohydride is less electron 

rich due to the electron withdrawing groups attached, resulting in a stronger B-H bond 

and thus a less available hydride (Table 4). The use of lithium borohydride instead of 

sodium borohydride produced a negligible amount of 14, also upon varying temperature 

and solvent. (entries 1-3, compared to entry 7) STAB and cyanoborohydride were too 

weak reducing agents to provide a reaction at all. (entries 4-5) Within this scope of 

reducing agents, sodium borohydride is the only one which produces a significant amount 

of 14. To probe if the sodium ion is involved in enolization, we also added 15-crown-5 

to scavenge free sodium ions in the reaction. (entry 6) The product ratio 10:14 is hardly 
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distinguishable from the experiment without 15-crown-5 (Table 3, entry 5, compared to 

entry 8). Therefore, we conclude that the presence or absence of sodium ions has no effect 

on the product ratio 10:14, and the presence of lithium ions inhibits the formation of 14. 

Table 4. The reduction of 9 to 10/14 depending on the influence of reducing agent in reaction. 

Standard condition are used unless otherwise stated. Entry 7 is a duplicated reference from Table 

1, entry 1. Entry 8 is a duplicated reference from Table 1, entry 5. 

Entry 
Reducing 

agent (eq) 
Solvent Temp (°C) Conversion 10 (%) 14 (%) 

1 LiBH4 (1.5) MeOH 0 to RT 95% >99 <1 

2 LiBH4 (1.5) THF 0 to RT Full >99 <1 

3 LiBH4 (1.5) THF 40 Full >99 <1 

4 STAB (1.7) MeOH 0 to RT 0% - - 

5 
NaBH3CN 

(1.5) 
MeOH 0 to RT 0% - - 

6 

NaBH4 (1.2) 

+ 15-crown-5 

(61) 

MeOH -40 Full 72 28 

7 NaBH4 (1.5) MeOH 0 to RT Full 83 17 

8 NaBH4 (1.1) MeOH -40 Full 70 30 

 

5) The nature of the substrate 

Next, the influence of the acetyl group in 9 was investigated by varying the acyl groups 

on the amine. We suspected anchimeric assistance of the carbonyl group in the reduction. 

Therefore the tert-butyloxycarbonyl (Boc), trifluoroacetyl (TFA), and carboxybenzyl 

(Cbz) groups, all common protecting groups for amines, were studied (Table 5, entries 1-

3). While spanning a wide range of electronic difference, with TFA being more electron 

deficient than Ac, and Boc and Cbz in turn being more electron rich than Ac, 

epimerization at C4 did not occur in any of the substrates (20-22) in the sodium 

borohydride reduction. As a control for substrates without any carbonyl protecting group 

on C2, we also subjected ketoglucoside 23 to sodium borohydride reduction. Once again, 

C4 epimerization did not occur. Within the scope of the attempted protecting groups, an 

acetyl is necessary for epimerization at C4 to occur. 
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Table 5. The reduction of 9 to 10/14 depending on the influence of substrate in reaction. Standard 

condition are used unless otherwise stated. 

 

Entry Substrate 
Reducing 

agent (eq) 

Temp 

(°C) 
Conversion 

C4 

retention 

(%) 

C4 

inversion 

(%) 

1 20 NaBH4 (1.1) -40 86% >99 <1 

2 21 NaBH4 (1.1) -40 91% >99 <1 

3 22 NaBH4 (1.4) -40 Full >99 <1 

4 23 NaBH4 (1.2) -40 Full >99 <1 

 

6) The work up procedure 

Close to being desperate, we realized that in principle also the work up procedure could 

influence the reaction outcome. Till then we had assumed that the work up had no effect, 

since we were convinced the key process involved in epimerization was enolization to 

enediol 16, which was only possible if the carbonyl in 9 is present. To our great surprise, 

work up with CSA, AcOH or Dowex 50WX8 (200–400 mesh) resin in H+ form 

(abbreviated as Dowex-H+) resulted in total inhibition of the formation of 14 (Table 6, 

entries 4-6). Only upon acidification with Amberlite-H+, 14 was formed. The formation 

of 14 depended on the nature of the Amberlite-H+. Amberlite-H+ from the manufacturers 

(known as “unwashed Amberlite-H+”) contains red pigments as contaminant and are 

washed with MeOH before use in most applications. Used Amberlite-H+ can be recycled 

after use by soaking in concentrated sulfuric acid and subsequently washed with first 

deionized water and MeOH. Recycled and unwashed Amberlite-H+ work up gave a ratio 

of 10:14 of 78:22 and 85:15 respectively, which is comparable to the results presented in 

Table 1 (entries 2-5). On the other hand, a work up with Amberlite-H+ that had been 

freshly washed with MeOH diminished the amount of 14 with respect to 10. Interestingly, 

longer stirring time (up to 1 h) does not lead to further conversion. The reason behind this 

observation warranted further investigation (vide infra). 

 

 

 

 



135 

 

Table 6. The reduction of 9 to 10/14 depending on the influence of work up procedure in reaction. 

Standard conditions are used unless otherwise stated. 

Entry 
Reducing 

agent (eq) 

Solvent & 

Temp 
10 (%) 14 (%) work up 

1 0.3 
EtOH 

-40°C 
78 22 recycled Amberlite-H+ 

2 1.1 
EtOH 

-40 °C 
94 6 Freshly washed Amberlite-H+ 

3 1.1 
EtOH 

-40 °C 
85 15 Unwashed Amberlite-H+ 

4 1.1 
EtOH 

-40 °C 
>99 <1 CSA 

5 1.1 
EtOH 

-40 °C 
>99 <1 AcOH 

6 1.1 
EtOH 

-40 °C 
>99 <1 Dowex-H+ 

 

To summarize the results so far, we identified several factors which influenced 

epimerization at C4 leading to 14: 1) An acetyl group on the C2 amine is required for 

epimerization. 2) The most favorable temperature for epimerization at C4 is -40 oC. 3) 

The nature of the acid used to quench the reaction is very important, only Amberlite is 

productive with a preference (highly unfortunate from a scientific point of view) for 

recycled Amberlite resin. 4) The presence of lithium ions suppresses C4 epimerization as 

does phenylboronic acid. These two additives must have blocked the active unknown 

reagent present in the recycled Amberlite-H+, leading to no conversion to 14. 

 

Intermezzo; deuterium labelling 

In Figure 7, we proposed two routes for the formation of 14, either via the reduction of 

epimer mixture 18, or the reduction of epimer mixture 17. In order to discriminate 

between these two routes, we conducted two deuterium-labelling experiments. Firstly, 

the reduction was carried out with sodium borohydride in methanol-d4 (Figure 8). If 

enediol 16 forms, subsequent deuteration can occur in 4 ways. If deuteration of 16 

happens at C3, then 17a-D3 (17a, deuterated at C3, see Figure 7) and 17b-D3 will form; 

if deuteration happens at C4, 9-D4 and 18-D4 will form. Subsequent reduction of 17a-

D3/17b-D3 with sodium borohydride results in a mixture of 8-D3, 9-D3, 10-D3 and 14-

D3. Subsequent reduction of 9-D4/18-D4 leads to a mixture of 10-D4 and 14-D4. In order 

to ensure that no intramolecular proton (H+) transfer would happen within enediol 16, i.e. 

the enediol being protonated by the amide proton or a hydroxyl proton, the solution of 9 

was stirred overnight in methanol-d4 and complete deuteration was confirmed by 1H-

NMR in which no OH or NH signals were observed. The reduction was subsequently 

carried out with sodium borohydride at -40°C, and the products were isolated. No 

deuterium incorporation was observed. Therefore, the formation of enediol 16 was ruled 

out. 
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Secondly, we carried out a reduction with sodium borodeuteride (Figure 9). If a 17a/17b 

mixture would form (although formation of this mixture via enediol 16 was ruled out), 

reduction should give a mixture of 8-D4, 9-D4, 10-D4 and 14-D4. On the other hand, if 

the 9/18 mixture had formed initially, reduction should result in a mixture of 10-D3 and 

14-D3. This reaction was carried out twice. One reaction was quenched with sulfuric acid-

d2, the other reaction was quenched with Amberlite-H+ as in the standard conditions. The 

reaction quenched with sulfuric acid-d2 gave no detectable 14/14-D3, i.e. no 

epimerization at C4, while the reaction quenched with Amberlite-H+ gave a mixture of 

10-D3 and 14-D3.  

Therefore, either 17a/17b are not formed in the reaction, or 17a/17b are not reduced and 

in equilibrium with 18 but not via enediol 16, which is highly unlikely. We therefore 

concluded (again) that 16 is not the intermediate for epimerization at C4 prior to reduction. 

Figure 8. The expected reaction pathway and result when the reaction is carried out in methanol-

d4 

Figure 9. The expected reaction pathway and result when the reduction of 9 is carried out with 

sodium borodeuteride.  
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A re-investigation on the work up procedure 

The results in the previous sections demonstrated that the work up procedure of the 

reaction determines the outcome of the reaction, next to other variables of the reaction 

itself. Quenching the reaction with acetic acid, camphorsulfonic acid or Dowex-H+ 

yielded exclusively the allo-configured 10. Since we did not have a hypothesis on how 

the work-up procedure could induce epimerization, we decided to study if gulo-

configured 14 could be generated directly from 10. Therefore, we prepared pure allo-

configured 10—using AcOH for work up, since it is removed rather easily by co-

evaporation with toluene. The 1H-NMR in methanol-d4 of the crude reaction mixture 

showed that no gulo-configured 14 formed under these conditions. The reaction mixture 

was then re-dissolved in EtOH at -40°C and stirred with unwashed Amberlite-H+ (i.e. the 

resin used straight from the supplier). The 1H-NMR was checked again to see if 

epimerization at C4 occurred (Table 7). After stirring with Amberlite-H+ for 5 min, C4 

epimer 14 appeared in the reaction mixture (Table 7, entry 1)! The same was observed 

for α-benzyloxy and α-methoxy analogs 24 and 25 (Table 7, entries 2-4). Unlike the N- 

substituent at C2, the anomeric substituent apparently does not play a significant role in 

the generation of guloside 14. The outcome of this experiment convincingly shows that 

epimerization at C4 does not require a carbonyl group in the substrate and proceeds from 

the saturated allo-configured compound (e.g. 10) directly.  

Table 7. The reduction of 9 to 10/14 depending on the work up procedure. The procedure is shown 

in the scheme. a The baseline was noisy and the ratio is therefore inaccurate. b Not determined, since 

the reaction was directly worked up with Amberlite-H+ after reduction. 

 After AcOH work up After Amberlite-H+ work up 

Entry Starting 

material 

Reducing 

agent 

(eq) 

C4 retention 

(%) 

C4 inversion 

(%) 

C4 retention 

(%) 

C4 inversion 

(%) 

1 9 1.2 >99 <1 71 29 

2 24 1.3 >99 <1 90 10 

3 25 1.1 >99 <1 68a 32a 

4 25 1.1 -b -b 75 25 

 

An investigation on trace metal catalyzed reaction: ICP-MS analysis 

From the work of our group in palladium-catalyzed oxidation (see chapter 6), we know 

that palladium can catalyze the oxidation of C3 of 8 via β-hydride elimination.[36] 

However, due to microscopic reversibility, we can imagine that the opposite process can 

happen, i.e. hydride insertion into a carbonyl (Figure 10, top). Depending on the 

conformation of the metal-hydride complex, the hydride can insert into the C3 carbonyl 

on either face, forming 8 or 10, a pair of C3 epimers. Furthermore, this metal does not 



138 

 

even have to be palladium-catalyzed. It is known that various metals can catalyze the 

oxidation of alcohols. We can imagine that the same elimination-insertion sequence can 

happen to C4, forming a pair of C4 epimers. If 10 is first formed after reduction, the 

elimination-insertion sequence will lead to the formation of 10/14 mixture. We 

hypothesize that the Amberlite-H+ was contaminated with traces amount of transition 

metals which catalyzed the epimerization of 10 to form 14 during the manufacturing 

process. To verify our hypothesis, we submitted three different samples of Amberlite-H+ 

(recycled, unwashed and freshly washed with MeOH) for inductively coupled plasma 

mass spectrometry (ICP-MS) for analysis. ICP-MS quantifies the amount of trace metals 

in the samples submitted. The transition metals included are (in symbols): Ag, Co, Cr, 

Cu, Fe, Ni, Zn, Ti, V, Ir, Zr, Ta, Nb, Rh, Ru, Pd, Au, Mo, Re, Pt, La, Au, Ag. Furthermore, 

boron and aluminum are added to the list, since both of them are suspects of mediators in 

reactions like Oppenauer oxidation and Meerwein-Ponndorf-Verley reductions and can 

cause epimerization of alcohols during the oxidation-reduction sequence. The results of 

ICP-MS analysis is shown in Table 8. We can see that the recycled Amberlite-H+ contains 

the largest amount and variety of transition metals. However, the unwashed Amberlite-

H+ contains only iron, zinc and vanadium in a significant amount (> 1 ppm). Focusing on 

these three metals, zinc and vanadium are not present in the recycled samples to a 

significant amount and are therefore not responsible for the epimerizations observed. Iron 

is present in all three samples in various amounts. However, the Amberlite-H+ washed 

with MeOH contains more iron than the unwashed Amberlite-H+. None of the results of 

ICP-MS are in line with the fact that the workup using both the recycled and unwashed 

Amberlite-H+ led to a significant amount of C4 epimerization product 14, while 14 is 

nearly absent with the workup using Amberlite-H+ which is freshly washed. Therefore, 

no metals tested was concluded to be responsible for C4 epimerization. 

Table 8. ICP-MS results for the three different samples of Amberlite-H+ (recycled, unwashed, 

freshly washed with MeOH). The transition metals missing from the list has < 1 ppm in all samples 

and are therefore omitted for clarity. All ICP-MS were performed in duplicates, and the average 

amounts of each element are shown in ppm. 

Element 

Types of Amberlite-H+ 

recycled unwashed 
Washed with 

MeOH 

Al 3 < 1 2 

B 3 < 1 < 1 

Fe 1234 4 10 

Zn < 1 1 < 1 

V < 1 1 1 

Ru 12 < 1 < 1 

Pd 3 < 1 < 1 

Pt 4 < 1 < 1 
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Figure 10. Possible mechanism for transition metal mediated epimerization. Top: C3 epimerization 

of 8. Bottom: C4 epimerization of 10. 

Conclusion 

During a study to prepare N-acetyl-L-talosaminuronic acid, we serendipitously 

discovered that a straightforward sodium borohydride reduction of 3-keto-α-isopropoxy-

N-acetyl-D-glucosaminoside 9 generates an unexpected product, which after thorough 

characterization turned out to be 14, the C4 hydroxy epimer of the expected allo-

configured product. A subsequent investigation on the mechanism of this reaction 

demonstrated that keto-enol tautomerization, the seemingly obvious process causing 

epimerization at C4, was not taking place. Furthermore, it was shown that 1) 

epimerization at C4 is at its maximum (30%) at -40 oC, 2) lithium ions and other Lewis 

acids inhibit either partially or entirely epimerization, and 3) an N-acetyl substituent is 

essential for epimerization at C4 to occur. 4) The key factor for epimerization is the acidic 

resin Amberlite IR120 H (Amberlite-H+) used in the work up. Furthermore, washing 

Amberlite-H+ with methanol suppresses epimerization. We have proposed that trace 

amounts of transition metals could be catalyzing the epimerization at C4, and we 

subsequently quantified the amount of transition metals in different types of Amberlite-

H+ with ICP-MS. However, all transition metals except for iron were present in very low 

amounts and probably not responsible for C4 epimerization. While the mechanism of 



140 

 

epimerization thus far remains unclear, this result is extremely valuable not only in terms 

of synthesis, i.e. a one-pot reduction-epimerization protocol towards gulosaminosides, 

but also in terms of its value as a potentially undiscovered reaction mechanism in action.  

 

Work ad futurum 

Given the tentative conclusion above, there remain important questions that could not be 

answered in the allotted research time. 

1) What is the difference between the washed and unwashed Amberlite-H+? 

2) If epimerization at C4 happens during work up, would cooling during work up then 

suffice? 

3) What is the role of lithium ions and phenylboronic acid, given that these suppress 

epimerization? 

Note that question 1 is especially important, since the presence of impurities in the 

Amberlite-H+ resin causes the epimerization. We can obtain the impurities by washing a 

large amount of commercially available, fresh Amberlite-H+ with methanol and 

concentrate the filtrate. The filtrate can be characterized by NMR, elemental analysis and 

other techniques (e.g. ICP-MS analysis for trace amount of elements which are NMR 

silent). The filtrate should also be used as an additive during an acidic work up that is 

known to not cause epimerization. If epimerization occurs upon the addition of the filtrate, 

the filtrate can then be used directly as a catalyst/reagent for epimerization at C4. Also, it 

should be noted that purified alloside 10 has not yet been subjected to epimerization 

conditions. To rule out the possibility that the Amberlite-H+ is working in tandem with 

compounds introduced/generated during the reduction, epimerization (i.e. stirring in 

Amberlite-H+) should be performed separately on purified alloside 10. 

Question 2 deals with the fact that all previous studies have been carried out with the 

condition that the work up was done at the same temperature as the reaction itself. It will 

be important as a control, to determine whether the epimerization step itself is 

temperature-sensitive, independent of the temperature at which the reduction is done. In 

particular the temperature screening as in Table 1 should be carried out varying only the 

temperature during the work up. 

Question 3 deals with epimerization suppressors. The experiments with lithium 

borohydride as the reducing agent and phenylboronic acid as an additive placed us clearly 

on the wrong track for a considerable time. We will have to understand now how lithium 

and phenylboronic acid hamper the a posteriori epimerization, instead of epimerization 

during the reduction reaction itself.  

Finally, it remains to be seen whether this epimerization reaction of N-acetyl allosamine 

10 to N-acetyl gulosamine 14 can be optimized in such a way that useful yields of the 

latter are accessible. A less elegant but straightforward approach could be separation of 
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14 and 10, which we showed is possible, and resubmission of 10 to the epimerization 

reaction.  

Experimental section 

Standard conditions 

To a stirred solution of 9 (0.1 M) in 1.2 ml MeOH at 0 oC, sodium borohydride (1.5 eq) 

was added in one portion after which the reaction mixture was slowly warmed to rt. The 

reaction was stirred for 1 h in total after which TLC showed complete consumption of the 

starting material. The reaction was acidified at the same temperature to ~pH 5 using the 

acidic resin Amberlite IR120 H, after which the resin is filtered off and the filtrate 

concentrated, yielding the crude product mixture. Subsequently, the crude reaction 

mixture was dissolved in methanol-d4 for determination of the product ratio by 1H-NMR.  

Note on modifications: 

1. For temperatures below 0 oC, a cryostat was used. For reactions at -40 oC, a bath 

with melting acetonitrile (cooled with liquid nitrogen) was used. 

2. Additives, were added before the addition of the reducing agent. 

3. When the amount of sodium borohydride was minute, a known amount of 

sodium borohydride was dissolved in ethanol (sonicated until homogeneous) as 

a stock solution, and the stock solution was added to the reaction. The total 

reaction volume was adjusted accordingly, accounting the volume of the added 

stock solution. 

 

 

Synthesis and characterization of 10 and 14. 

 

Isopropyl 2-acetamido-2-deoxy- α-D-glucopyran-3-uloside 9 (0.924 g, 3.54 mmol, 1 eq) 

was dissolved in 23 mL MeOH and cooled to 0 ⁰C. Sodium borohydride (0.20 g, 5.3 

mmol, 1.5 eq) was added portionwise. The reaction was monitored by TLC (Rf of 10/14 

= 0.2, 9:1 EtOAc/pentane). After completion of the reaction, the mixture was acidified to 

~ pH 5 using Amberlite-H+. The Amberlite-H+ was removed by filtration and the filtrate 

was concentrated in vacuo. The ratio between the 10 and 14 was 76:24. Automated 

column chromatography with Grace© on a 40 g diol-coated silica cartridge eluded with a 

gradient from 3% to 7% MeOH/DCM yielded fractions containing pure 10 and pure 14 



142 

 

and a series of mixed fractions. Pure 10 (171 mg, 19%) and pure 14 (169 mg, 18%) were 

isolated as white powders after concentration in vacuo.   

10: 1H NMR (400 MHz, methanol-d4) δ 4.94 (d, J = 3.9 Hz, 1H, H1), 4.02 (t, J = 3.9 Hz, 

1H, H2), 3.98 – 3.88 (m, 2H, H3 and isopropyl H), 3.87 – 3.81 (m, 2H, H4+H6a), 3.74 

(dd, J = 12.5, 5.8 Hz 1H, H6b), 3.53 (dd, J = 10.0, 3.2 Hz, 1H, H5), 2.02 (s, 3H), 1.26 (d, 

J = 6.3 Hz, 3H), 1.15 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 173.0, 

96.9(C1), 71.9(C3), 71.8(C5), 69.2(C4), 68.3, 62.8(C6), 51.5(C2), 23.7, 22.5, 21.5. 

HRMS (ESI+) m/z calculated for C11H21NO6Na [M+Na]+ 286.1261, found 286.1256. 

14: 1H NMR (400 MHz, methanol-d4) δ 5.18 – 5.14 (m, 1H, H1), 4.23 – 4.17 (m, 2H, 

H3+H2), 3.99 (dd, J = 4.6, 1.8 Hz, 1H, H4), 3.89 (p, J = 6.2 Hz, 1H), 3.71 – 3.62 (m, 2H, 

H5+H6a), 3.56 (dd, J = 12.4, 7.8 Hz, 1H, H6b), 2.03 (s, 3H), 1.22 (d, J = 6.2 Hz, 3H), 

1.14 (d, J = 6.1 Hz, 3H). **The signal at δ 5.18 – 5.14 can sometimes be resolved as (dd, 

J = 3.3, 1.7 Hz, 1H) 13C NMR (101 MHz, methanol-d4) δ 173.2, 101.3 (C1), 87.2 (C4), 

73.4 (C5), 71.7, 70.1 (C3), 64.3 (C6), 55.4 (C2), 23.9, 22.6, 22.1. HRMS (ESI+) m/z 

calculated for C11H21NO6Na [M+Na]+ 286.1261, found 286.1257.  

 

**analytical information for the deuterated compounds 10-D3 and 14-D3 is given below: 

10-D3 : 1H NMR (400 MHz, methanol-d4) δ 4.94 (d, J = 3.9 Hz, 1H, H1), 4.02 (d, J = 4.0 

Hz, 1H, H2), 3.93 (p, J = 6.1 Hz, 1H), 3.88 – 3.80 (m, 2H, H4 + H6b), 3.73 (dd, J = 12.1, 

5.8 Hz, 1H, H6a), 3.53 (dd, J = 10.0, 3.2 Hz, 1H, H5), 2.02 (s, 3H), 1.26 (d, J = 6.3 Hz, 

3H), 1.15 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 172.9, 96.9 (C1), 71.9 

(C3), 71.8 (C5), 69.1 (C4), 68.1, 62.7 (C6), 51.3 (C2), 23.7, 22.5, 21.5. HRMS (ES+) m/z 

calculated for C11H20DNO6Na [M+Na]+ 287.1324, found 287.1316. 

 

14-D3 : 1H NMR (400 MHz, methanol-d4) δ 5.15 (d, J = 4.8 Hz, 1H, H1), 4.18 (d, J = 4.8 

Hz, 1H, H2), 3.98 (d, J = 4.5 Hz, 1H, H4), 3.89 (p, J = 6.2 Hz, 1H), 3.71 – 3.61 (m, 2H, 

H5 + H6a), 3.55 (dd, J = 12.4, 7.8 Hz, 1H, H6b), 2.02 (s, 3H), 1.22 (d, J = 6.3 Hz, 3H), 

1.13 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 173.2, 101.4 (C1), 87.1 

(C4), 73.4 (C5), 71.7, 70.1 (C3), 64.3 (C6), 55.3 (C2), 23.9, 22.6, 22.1. HRMS (ES+) m/z 

calculated for C11H20DNO6Na [M+Na]+ 287.1324, found 287.1318.       

 

Per-benzoylation of 14 

 

 
Isopropyl 2-acetamido-α-D-gulopyranoside 14 (23.2 mg, 0.09 mmol, 1 eq) was dissolved 

in dry pyridine (0.7 mL), cooled to 0 oC, and benzoyl chloride (0.06 mL, 0.51 mmol, 5.8 

eq) was added. The reaction mixture was warmed to RT and stirred overnight, after which 
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the reaction was complete as indicated by TLC analysis, Rf of product = 0.5 (20% EtOAc 

in pentane). The mixture was concentrated in vacuo. The crude product, a brown oil, was 

purified by flash column chromatography (20% EtOAc in pentane) to yield 15 (30 mg, 

59%) as a white solid. 1H NMR (400 MHz, methanol-d4) δ 8.11 – 8.05 (m, 2H), 8.04 – 

8.00 (m, 1H), 8.00 – 7.95  (m,  4H), 7.94 – 7.89 (m, 2H), 7.65 – 7.56 (m, 3H), 7.56 – 7.49 

(m, 1H), 7.49 – 7.42 (m, 5H), 7.42 – 7.34 (m, 5H), 6.35 (dd, J = 6.4, 2.3 Hz, 1H, H3), 

5.78 (dt, J = 6.7, 4.6 Hz, 1H, H5), 5.56 (d, J = 4.2 Hz, 1H, H1), 4.79 (dd, J = 12.0, 4.6 

Hz, 1H, H6a), 4.75 (dd, J = 12.0, 6.7 Hz, 1H, H6b), 4.60 (dd, J = 4.5, 2.3 Hz, 1H, H4), 

4.53 (dd, J = 6.4, 4.2 Hz, 1H, H2), 3.76 (hept, J = 6.2 Hz, 1H), 1.76 (s, 3H), 1.06 (d, J = 

6.2 Hz, 3H), 0.75 (d, J = 6.2 Hz, 3H). **Integrations of signals in the aromatic region are 

slightly off due to accumulation of relaxation time errors. 13C NMR (101 MHz, methanol-

d4) δ 175.6, 172.2, 167.5, 167.0, 166.8, 136.8, 135.4, 134.6, 134.5, 134.3, 134.0, 131.8, 

131.0, 130.9, 130.8, 130.7, 130.6, 130.0, 129.7, 129.5, 129.4, 101.6(C1), 83.8(C4), 

73.4(C3), 73.0(C5), 71.7, 64.5(C6), 62.1(C2), 24.9, 23.9, 21.2. **Missing peaks in the 

aromatic region due to overlapping peaks. HRMS (ESI+) m/z calculated for 

C39H37NO10NH4 [M+NH4]+ 697.2756, found 697.2754.  
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