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1. Introduction 

 
Sugars are ubiquitous chiral natural compounds that have raised plenty of scientific interest 
due to their multiple roles and functionalities concerning life and biochemistry, but also due 
to their rich stereochemistry. On top of their most obvious function as a source and a storage 
of energy, sugars are also present in several more complex compounds essential to life such as 
glycoproteins, glycolipids, DNA, and RNA. Sugars are also used as abundant starting materials 
in chiral pool based syntheses. Thus, the synthesis of sugars and their analogs has gained a lot 
of attention.  

Based on the diversity of sugar related chemistry, it seems only natural that scientific interest 
in replacing the ring oxygen in monosaccharides by other heteroatoms arose in the 1960’s. The 
earliest attempts were made in 1961 independently by Schwarz1, Owen2, and Whistler3, who 
succeeded in replacing the ring oxygen of D-xylopyranose with sulfur (1, Figure 1). A year later 
Paulsen failed in the synthesis of unprotected ring nitrogen containing pyranoses, since the 
initially formed iminosugars readily lost three molecules of water in acidic conditions forming 
the corresponding aromatic pyridines.4 However, the formation of N-acetyl-iminopyranose (2) 
was successfully demonstrated by independent work of Paulsen5, Jones6, and Hanessian7, also 
in 1962. 

 

 

Figure 1. Early heteroatom analogs of monosaccharides. 

This scientific curiosity towards nitrogen equivalents of monosaccharides was expanded in 
1966, when Inouye et al. isolated nojirimycin (3, Figure 2) from several species of Streptomy-
ces-bacteria.8 Nojirimycin was characterized as the imino-equivalent of glucose, and it was also 
found to have antibiotic properties. Supporting Paulsen’s results from the failed synthesis of 
free iminopyranoses, nojirimycin was described as an unstable compound due to its anomeric 
hydroxyl group. The same year, Paulsen et al. also synthesized the first 1-deoxyanalog of noji-
rimycin, namely 1-deoxynojimycin (DNJ, 4).9 Nojirimycin itself was first synthesized by In-
ouye in 1968 along with 1-deoxynojirimycin.10 
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Figure 2. Nojirimycin and 1-deoxynojirimycin 

The assignment widely used for nojirimycin analogs’ carbon atoms is based on the priority 
rules applicable to nojirimycin itself: the anomeric carbon is given number one and the rest 
follow from two to six according to connectivity. Even though the priorities assigned to indi-
vidual carbons are changed when the anomeric hydroxyl is omitted, the same numbering is 
used for all nojirimycin analogs for the sake of clarity. 

After this original interest in iminosugars, the compounds were somewhat forgotten for sev-
eral years. However, in 1976 new curiosity arose, when chemists at Bayer isolated 1-deoxynoji-
rimycin from fermentation broths of bacteria and discovered its activity as an α-glucosidase 
inhibitor.11 The same year, DNJ was also isolated from mulberry tree.12 Bayer’s research inter-
est in 1-deoxynojirimycin analogs finally lead to the commercialization of Miglitol (5, Figure 
3) as a treatment for non-insulin-dependent diabetes in Europe and the US.11 

 

 

Figure 3. Iminosugars used as pharmaceuticals: Miglitol and Zavesca. 

Glycosidases are a vast group of enzymes that catalyze the cleavage of glycosidic bonds in oli-
gosaccharides and other carbohydrate-containing biopolymers. They take part in the digestion 
of carbohydrates, but they also play various more specialized and sophisticated roles in living 
organisms. These include the lysosomal catabolism of glycoconjugates within cells. Glyco-
sidases are also involved in the biosynthesis and catabolism of glycoproteins and glycolipids 
making them essential for all life. These glycoconjugates are part of various cell structures and 
membranes, and they are also responsible for example for recognition of hormones as well as 
cell-cell and cell-virus recognition.13 

The glycosidase inhibitory properties of 1-deoxynojirimycin analogs have also been har-
nessed for another therapeutic application. Platt and Butters demonstrated that N-butyl-DNJ 
(6, Figure 3) could be used for the inhibition of glycosyltransferase involved in the biosynthesis 
of glycosylceramides.14 They also showed that this compound could be used in vitro to prevent 
glucosylceramide accumulation in a Gaucher’s disease cell model. Gaucher’s disease is a lyso-
somal storage disorder, where glucosylceramide is accumulated inside cells due to a malfunc-
tioning lysosomal enzyme. The effectiveness of N-butyl-DNJ in treating Gaucher’s disease is 
based on its ability to slow down the formation of the accumulating glucosylceramide, thus 
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giving the malfunctioning enzyme enough time to catabolize the compound and prevent the 
detrimental accumulation. Eventually, successful clinical trials led to the approval of N-butyl-
DNJ under the trademark of Zavesca for the treatment of Gaucher’s disease.15 

As discussed above, glycosidases are involved in a plethora of biological and biochemical 
phenomena. Thus, more therapeutic indications have been suggested for nojirimycin analogs. 
Activity against human immunodeficiency and hepatitis viruses has been reported by Mehta et 
al.16 In addition, anti-tumor activity was found by Tsuruoka et al.17 However, no new commer-
cial applications apart from Miglitol and Zavesca have been so far approved. 

The fact that iminosugars are potent glycosidase inhibitors is not surprising considering their 
structure. Their ring substituent configuration and stereochemical diversity is identical with 
those of monosaccharides (Figure 4). The only difference is the identity of the ring heteroatom. 
Thus, biochemically they mimic sugars and bind to enzymes related to sugar metabolism. On 
top of this, herbal extracts containing iminosugars were used already in traditional Chinese 
phytomedicine. Moreover, the first industrially produced medicine, Haarlem oil, contained an 
extract from the leaves of the white mulberry tree, known to be an excellent source of imino-
sugars. Haarlem oil was recommended for the treatment of diabetes and for whitening one’s 
skin in the 17th century.18 

 

 

Figure 4. D-DNJ and its diastereomers.  

After the isolation of D-nojirimycin and 1-deoxy-D-nojirimycin from natural sources, two ste-
reoisomers of nojirimycin, D-mannojirimycin19 and D-galactonojirimycin20, were isolated in 
1984 and 1988, respectively. In addition, three more 1-deoxy-D-nojirimycins have been iso-
lated: 1-deoxy-D-mannojirimycin in 1979, 1-deoxy-D-altronojirimycin21 in 2001, and 1-deoxy-
D-gulonojirimycin21 also in 2001. The rest of the 1-deoxynojirimycin stereoisomers and many 
derivatives thereof have been synthesized and tested for various biochemical indications.22,23 

Besides their intriguing bioactivity, 1-deoxynojirimycins are considered stereochemically 
challenging synthetic targets. The four adjacent stereocenters give rise to a group of eight dia-
stereomers and their enantiomers. The stereoselective formation of all these hydroxyl centers 
presents an interesting challenge. The 1-deoxyderivatives of nojirimycin lack the anomeric hy-
droxyl group present in the parent compound and are thus stable, unlike nojirimycin itself. 
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This makes them both easier to handle and also better suited for potential pharmacological 
and biochemical applications. 

Many syntheses for 1-deoxynojirimycins and their derivatives have been published.22–27 A 
significant number of these is based on converting suitable sugars to the desired iminosugars. 
The downside of this strategy is that usually only one stereoisomeric product is formed from a 
given starting material. To counter this shortcoming, synthetic strategies based on common 
intermediates that can be converted to multiple DNJ-isomers and derivatives have been stud-
ied. However, many of the syntheses still rely on forming separable mixtures of diastereomers 
or converting one stereoisomer to another by inverting one stereocenter at a time. The former 
approach lowers the total yield of the synthesis for a given product and potentially increases 
waste product formation, if only one diastereomer is desired. The latter strategy considerably 
lengthens the synthesis of the diastereomers that are formed by inverting individual stereo-
centers of other diastereomers. To the best of our knowledge, the synthesis of all eight possible 
DNJ-diastereomers using the same synthetic strategy has not yet been published.  

Due to the analogy with naturally occurring sugar stereochemistry, the collective synthetic 
effort has mostly been focusing on the formation of the D-enantiomers of DNJs. Significantly 
less attention has been given to L-DNJs and their bioactivity, even though they too are known 
to selectively inhibit certain glycosidases.28    

The aim of this doctoral thesis was to synthesize all eight L-DNJ-diastereomers diastereose-
lectively from two diastereomeric intermediates (14 and 19, Figure 5). This included the ste-
reoselective conversion of the previously published anti-intermediate 1429 to four L-DNJ-dia-
stereomers (15-18) and the synthesis of the syn-intermediate 19 along with its conversion to 
the remaining four L-DNJ-diastereomers (20-23). Intermediates 14 and 19 are synthesized 
from L-serine, which enables the synthesis of enantiopure products via diastereoselective re-
actions. It also enables the synthesis of the D-enantiomers of DNJs based on the same strategy 
discussed in this thesis. 
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Figure 5. Synthetic strategy of this doctoral thesis. 
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2. Prior syntheses of 1-deoxynojirimycins 

During the active research on nojirimycin analogs over half a century, hundreds of different 
syntheses for them have been published.22–27 Hence, the aim of this chapter is not to be a com-
prehensive review on all of these syntheses, but rather to give the reader a general idea of the 
different strategies employed. These strategies may be divided to four main classes. The first 
three of these are based on chiral pool approaches, where the chosen starting material is either 
a sugar, an amino acid, or tartaric acid. The fourth group includes the use of other starting 
materials, which mostly means utilizing different enantioselective reactions for forming the 
first stereocenter present in the final product.  

Another way of categorizing the vast number of nojirimycin analog syntheses is to divide 
them into syntheses aiming at selectively forming one stereoisomer and library-type syntheses 
incorporating common intermediates for the formation of multiple iminosugar stereoisomers. 

Since our own approach included common intermediates and the utilization of an amino 
acid, namely serine, as the starting material, this chapter will concentrate on similar ap-
proaches, but examples of all types of the above-mentioned strategies will be given. The em-
phasis of this chapter will mostly be on syntheses published after mid-1990s.  

2.1 Chiral pool strategies – sugars as starting materials 

The common idea behind most of the sugar-based synthetic strategies for nojirimycin analogs 
is to take a sugar with all or most of the hydroxyl groups with the correct stereochemistry and 
convert the molecule to the corresponding iminosugar. This requires extensive use of protect-
ing groups and the conversion of one hydroxyl group to an amine. The amination is usually 
done via reductive amination of a carbonyl or a lactol, or via conversion of a hydroxyl to a 
leaving group, such as tosylate or mesylate, and the subsequent substitution with a suitable 
nitrogen nucleophile.22–27 In some cases the stereochemistry of one hydroxyl group may be 
inverted to reach more than one product diastereomers from the same starting material.30,31 

The advantage of these strategies is that many sugars are inexpensive and readily available, 
and since the required stereochemistry is already present in the starting material, no stereose-
lective reactions are needed. The downside is that the syntheses are usually quite lengthy con-
sidering the structural changes needed for the conversion of the starting material to the prod-
uct. In addition, they usually only target one or a few product diastereomers and are not suit-
able for library synthesis. There are some examples of advanced nojirimycin intermediate syn-
theses starting from sugars32–34, but this approach seems wasteful: approximately half of the 
stereochemical information and atoms in the sugar are removed during the synthesis, the syn-
theses are quite long, and in the end, stereoselective reactions are needed for the formation of 
the missing stereocenters. 
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The first synthesis for 1-deoxy-D-nojirimycin was published in 1966 by Paulsen et al.9,35 In 
this synthesis, L-sorbose (24) was converted to tosylate 27 following extensive protecting 
group modification (Scheme 1). The tosylate was then substituted with azide (29), which was 
reduced to amine 30. After cleavage of the cyclic acetal in 30, hydrochloric salt 31 was carefully 
subjected to basic conditions, under which it preferred the piperidinose configuration 32. This 
piperidinose was stable enough to be reduced to 1-deoxy-D-nojirimycin (4), which was formed 
in eight synthetic steps from fully protected L-sorbose 25 with a 33% total yield. Later, many 
and more similar approaches to various nojirimycin derivatives have been published and re-
viewed22–27, but the idea behind most of these is similar to the original work by Paulsen et al. 

 

 

Scheme 1. First synthesis of 1-deoxy-d-nojirimycin 4 by Paulsen and Snagster.9,35 

In a more recent and very different approach, Ruiz et al. used erythrose and threose derived 
acetonides and chiral glycine and valine derived bislactim ethers in diastereoselective aldol 
reactions for the formation of D-allo-, L-altro-, D-gulo-, D-galacto-, L-ido-, and D- and L-talo-
DNJs.36,37 Thus, these syntheses can be seen as a combination of sugar and amino acid based 
synthetic strategies for 1-deoxynojirimycins. The synthesis of D-talo-DNJ is depicted in 
Scheme 2. Both enantiomers of the erythrose derivative, one enantiomer of the threose deriv-
ative, and both enantiomers of the bislactim ether were used for the formation of the six DNJ-
stereoisomers. Each synthesis was linear and no common intermediates were used. Deproto-
nation of the bislactim was performed with n-BuLi, but Lewis acid additives, such as SnCl2, 
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ZnCl2, Et2AlCl, Ti(OiPr)4, and MgBr2∙OEt2, were used to improve diastereoselectivity. D-
Galacto- and D-talo-DNJ were formed as major diastereomers, but L-ido- and L-altro-, and D-
allo-, D-gulo-, and L-talo-DNJ were formed as mixtures, from which the different diastere-
omers were separated. This could be explained with matched and mismatched stereochemical 
preferences of the two chiral substrates used.  

In the synthesis of D-talo-DNJ (Scheme 2), the aldol reaction between acetonide 33 and 
bislactim ether 34, which was deprotonated with n-BuLi followed by transmetallation, gave 
the desired product with excellent diastereoselectivity and yield. The thus formed linear DNJ-
precursor 35 was oxidized to lactol 36 (84%), which was then transformed to the protected 
iminosugar 37 by reductive amination after the cleavage of the chiral auxiliary with a 67% 
yield. Finally, intermediate 37 was reduced and deprotected to give D-talo-DNJ 13 in a 95% 
yield. The synthesis consisted of four synthetic steps and the total yield was 50%. 

 

 

Scheme 2. D-Talo-DNJ (13) synthesis by Ruiz et al.36 

Kalamkar and Dhavale have published a synthesis of a widely used DNJ intermediate (43), 
also used in the research described in this doctoral thesis, starting from D-glucose (Scheme 
3).34 In this synthesis the glucose derived azide 38 was first reduced to the corresponding 
amine, which was subsequently protected as a benzyl carbamate and allylated to give com-
pound 40 in a combined 86% yield. Acetal protection of the side chain was then cleaved and 
the resulting free alcohols were eliminated to give alkene 42 (79% over 2 steps). Next, the re-
maining acetal was cleaved and oxidized to the corresponding hydroxy aldehyde, which was 
directly reduced to a mixture of products. This mixture was subjected to ring-closing metathe-
sis using Grubbs 1st generation catalyst to give a mixture of cyclic carbamate 43 and Cbz-tetra-
hydropyridine 44, which could be converted to the desired product using NaH. Intermediate 
43 was formed starting from D-glucose in 12 steps and a 25% total yield. 



Prior syntheses of 1-deoxynojirimycins 

9 

 

Scheme 3. Synthesis of a DNJ-intermediate form D-glucose by Kalamkar and Dhavale.34 

As discussed above, most of the original stereoinformation in glucose is lost during this syn-
thesis, namely three stereocenters carrying three hydroxyl groups and one carbon. On top of 
this, intermediate 43 still lacks two stereogenic centers, whose formation was not described by 
Kalamkar and Dhavale. 
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2.2 Chiral pool strategies – tartaric acid as starting material 

Drawing a line between tartaric acid and sugar-based strategies for DNJ-analog syntheses is 
sometimes difficult. The syntheses by Ruiz et al. described in the previous section were cate-
gorized under sugar starting materials, since the syntheses were described as starting from 
erythrose and threose derivatives. However, even though some of the erythrose derivatives 
were synthesized from various different sugars, the threose derivatives were synthesized from 
L-tartaric acid. All the other tartaric acid based syntheses also converge to threose or erythrose 
derivatives as intermediates. 

Kazmaier et al. based their synthesis of L-altro-DNJ (17) on a diastereoselective aldol reac-
tion between tosyl protected benzyl ester of glycine (45) and L-tartaric acid derived aldehyde 
46 (Scheme 4).38 The reaction gave excellent diastereoselectivity at C2 (>95% de), but the C1 
center was formed as a 1:1 mixture of epimers. However, after protecting group modifications 
the cyclization to form piperidine 49 under Mitsunobu conditions gave one distereomeric 
product with an excellent yield (92%). The observed selectivity was explained by combination 
of C1 epimerization under the reaction conditions and steric repulsion between the tosyl group 
and the benzyl ester. L-altro-DNJ (17) was formed after reduction and deprotection in 44% 
yield over two reaction steps. The synthesis consisted of five steps and the total yield was 21%. 

 

 

Scheme 4. Synthesis of L-altro-DNJ 17 by Kazmaier et al.38 

In a more recent synthesis, Chavan et al. used L-tartaric acid as a starting material for the syn-
thesis of D-allo- (Scheme 5) and L-talo-DNJs.39 First, the L-tartaric acid derived diol 50 was 
monobenzylated and oxidized to set the stage for the formation of 52 by a Wittig reaction. The 
thus formed cis-alkene cyclized to lactone 53 upon deprotection. Subsequent syn-dihydrox-
ylation, acetal protection, mesylation, and substitution with NaN3 afforded lactone 56, which 
cyclized to piperidine 57 upon reduction of the azide to the corresponding amine. Finally, re-
duction of the carbonyl, Boc-protection, and deprotection yielded D-allo-DNJ (9) as a hydro-
chloride salt. D-allo-DNJ was formed in 11 steps with a 14% total yield. 
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L-talo-DNJ could be reach by inversion of the C1 stereogenic center in 55 via substitution of 
the mesylate with iodine and subsequent substitution of the iodide with azide. Otherwise, the 
synthesis was carried out as for D-allo-DNJ (9). 

 

 

Scheme 5. Synthesis of D-allo-DNJ 9 by Chavan et al.39 

2.3 Chiral pool strategies – amino acids as starting material 

Numerous DNJ syntheses using amino acids as starting materials have been reported.22–27 Ser-
ine is by far the most used starting material among these strategies, due to its convenient 
CH2OH-group next to the amine. The most commonly used serine derivative is Garner’s alde-
hyde40,41, whose remarkable resistance to racemization makes it a useful building block. Other 
derivatives of serine have also been used. Linear strategies based on amino acids for the for-
mation of single DNJ-diastereomers, such as those studied in our laboratory42,43, have been 
used, but in this subchapter we will concentrate on strategies based on common cyclic inter-
mediates. 

One of the earliest DNJ syntheses based on a common intermediate was published by Asano 
et al. in 1999 (Scheme 6).44 They utilized D-serine derived amino ester 59 for the formation of 
tetrahydropyridine intermediate 66. The synthesis began by treating ester 59 with lithiated 
TBS-propargyl alcohol to give ynone 60 in 82% yield. Next, the ynone was reduced to anti-
amino alcohol 61 by a complex of DIBAL-H and 2,6-di-tert-butyl-4-methylphenoxide (BHT) 
in 92% yield. Subsequent Lindlar hydrogenation yielded cis-alkene 62 (90%), which was, after 
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protecting group modifications, mesylated and cyclized to intermediate 66 in 53% yield over 
five steps. The total yield for the formation of 66 was 36% over eight reaction steps. 

 

 

Scheme 6. Synthesis of cyclic intermediate 66 by Asano et al.44 

The thus formed intermediate was next used in the synthesis of D-DMJ and D-altro- and D-
galacto-DNJ (Scheme 7). Upjohn dihydroxylation of 66 gave the Kishi-product (67) as a single 
diastereomer (79% over two steps), which gave D-DMJ (7) after removal of protecting groups 
in 71% yield over two steps. In preparation for directed epoxidation reaction, the TBS-group in 
66 was cleaved (98%), after which epoxidation with mCPBA gave the syn-epoxide 68 as a sin-
gle diastereomer (78%). Epoxide 68 was treated with BF3∙OEt2 in acetone to give the di-axial 
epoxide opening product again as a single diastereomer and in 70% yield. This product gave D-
altro-DNJ 8 after deprotection reactions (85% over two steps). 

The last DNJ-product was reached by first inverting the alcohol group in desilylated 66. The 
alcohol was oxidized to the corresponding ketone, which gave the inverted alcohol product with 
better than 20:1 diastereoselectivity after reduction with L-Selectride (55% over three steps). 
Directed epoxidation was slower than with the other substrate, but again gave the syn-epoxide 
69 as a single diastereomer in 65% yield. Finally, the formation of the di-equatorial epoxide 
opening product was achieved in 52 % yield, which gave D-galacto-DNJ 11 after protecting 
group cleavage (67% over two steps). D-DMJ, D-altro-, and D-galacto-DNJ were formed in 20% 
(12 steps), 16% (13 steps), and 4% (15 steps) total yields, respectively. 

Takahata et al. have used a strategy based on Garner’s aldehyde (70) and ring closing me-
tathesis for the formation of diastereomeric intermediates 74 and 78 (Scheme 8 and 9).45–47 
Synthesis of syn-intermediate 74 is described in Scheme 8.45 It starts with the chelation con-
trolled addition of vinyl zinc bromide to D-Garner’s aldehyde (70). Amino alcohol 71 was 
formed with a 5:1 diastereoratio and 91% yield. The hemiaminal in 71 was converted to acetal 
72 under acidic conditions (69%), after which the amine was allylated (73, 76%) to set the stage 
for the formation of cyclic intermediate 74 by ring-closing metathesis, which proceeded in 95% 
yield. Syn-intermediate 74 was formed in four steps in 45% total yield from Garner’s aldehyde. 
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Scheme 7. Elaboration of intermediate 66 to D-DNJ products.44 

 

 

Scheme 8. Synthesis of syn-intermediate 74 by Takahata et al.45 

The same synthesis was successfully used for the formation of the anti-intermediate 78 
(Scheme 9).47 The only difference between these two syntheses was the conditions used in the 
carbonyl addition reaction. anti-Amino alcohol 75 was reached by the addition of vinyl lithium 
to D-Garner’s aldehyde in the presence of HMPA. The reaction gave a 5:1 diastereoratio and a 
91% yield. The rest of the synthesis proceeded in the same way as the synthesis of the syn-
intermediate in a total yield of 39% from Garner’s aldehyde. 
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Scheme 9. Synthesis of anti-intermediate 78 by Takahata et al.47 

These two diastereomeric intermediates were used for the formation of seven D-DNJ diastere-
omers, namely D-gulo-, D-galacto-, D-ido-, D-allo-, D-altronojirimycin, D-DNJ, and D-DMJ 
(Schemes 10 and 11). The L-enantiomers of these DNJs were also synthesized using the same 
methods.46 The Upjohn dihydroxylation of syn-intermediate 74 gave the Kishi-product (79) as 
the only diastereomer in 85% yield. D-Gulo-DNJ (10) was formed after deprotection in 90% 
yield. Anti and syn-epoxides 80 and 81 were obtained diastereoselectively either via epoxida-
tion of 74 with oxone, or via directed epoxidation of the free allylic alcohol corresponding to 
74. The diaxial epoxide opening product 12 was exclusively formed from anti-epoxide 80 un-
der basic conditions in 87% yield. Acidic epoxide opening conditions lead to a bicyclic product 
produced by intramolecular attack of the C6 alcohol to the epoxide. On the other hand, opening 
of syn-epoxide 81 under acidic conditions gave D-galacto-DNJ (11) as the only product in 83% 
yield. 

The reactions of anti-intermediate 78 were not as selective as those of the syn-intermediate 
(Scheme 11). The Upjohn dihydroxylation of 78 gave an inseparable mixture of product dia-
stereomers (dr 1:4 syn/anti) that could not be separated even after deprotection. The Sharpless 
asymmetric dihydroxylation using AD-mix-β enhanced the diastereoratio to 1:8 (syn/anti), but 
did not help with the separation. Hence, the acetal protection in 78 was first cleaved and the 
resulting unprotected diol was subjected to the Upjohn conditions. This gave the two syn-diol 
products in 1:1 diastereomeric ratio and 87% yield. These products (82 and 83) could be sep-
arated by silica chromatography after peracetylation.  

Epoxidation of the anti-intermediate 78 also yielded a 1:1 mixture of diastereomers (84 and 
85), that could be separated by silica chromatography. Acidic hydrolysis of anti-epoxide 84 
gave a 1:1 mixture of D-altro-DNJ and D-DNJ (8 and 4). Basic epoxide opening conditions 
could be used to enhance the diastereoselectivity to 3:2. On the other hand, hydrolysis of syn-
epoxide 85 gave D-altro-DNJ 8 as the only product under both acidic and basic conditions. 

D-gulo-, D-ido-, D-galacto-, D-allo-, and D-altro-DNJ and D-DMJ were formed in six to eight 
steps with total yields ranging between 39% and 11% starting from D-Garner’s aldehyde. 
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Scheme 10. Hydroxylations of syn-intermediate 74 by Takahata et al.45 

 

Scheme 11. Hydroxylations of anti-intermediate 78 by Takahata et al.47 

Guaragna et al. have developed a synthesis for two diastereomeric DNJ-intermediates based 
on 5,6-dihydro-1,4-dithiin (86) and L-Garner’s aldehyde (87) (Schemes 12 and 13).48,49 The 
synthesis began with addition of lithiated 5,6-dihydro-1,4-dithiin 86 to L-Garner’s aldehyde 
87. Good anti-selectivity (d.r. 91:9) was achieved in ether without additives (88, 72%, Scheme 
12), but since adequate syn-selectivity was not reached with any tested reaction conditions, 
syn-amino alcohol 93 was formed via oxidation-reduction sequence of the 10:1 anti/syn mix-
ture of diastereomers (Scheme 13). This way syn-amino alcohol 93 was formed as a single di-
astereomer in 52% yield over three steps. 
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Scheme 12. Synthesis of anti-intermediate 92 by Guaragna et al.48 

 

Scheme 13. Synthesis of syn-intermediate 97 by Guaragna et al.49 

After the formation of amino alcohols 88 and 93, the syntheses of anti- and syn-intermediates 
92 and 97 continued in exactly the same manner (Schemes 12 and 13). The hemiaminals in 88 
and 93 were cleaved, and the two free alcohols were acetylated (89 and 94). The MPM-pro-
tection on the primary allylic alcohols was then cleaved, after which the alcohols were tosyl-
ated, which triggered cyclization to bicyclic compounds 91 and 96. Finally, removal of the di-
thioethylenes with Raney nickel afforded tetrahydropyridine intermediates 92 and 97, which 
were formed in 33% (6 steps) and 20% (8 steps) total yields, respectively. 

Next, the utility of these intermediates was demonstrated by converting the anti-intermedi-
ate 92 to L-DMJ, L-allo-, and L-altro-DNJ (Scheme 14)48 and the syn-intermediate 97 to L-
gulo- and L-talo-DNJ (Scheme 15).49 Upjohn dihydroxylation of anti-intermediate 92 gave a 
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6:4 mixture of Kishi- and anti-Kishi-products 100 and 101 that were separable after acetyla-
tion (83%). Thus, L-allo-DNJ 16, formed as a minor product, could be isolated after deprotec-
tion. The protected L-DMJ 99 was formed with a 97:3 diastereoratio and 77% yield after chang-
ing the acetyl groups to the bulkier tert-butyldiphenylsilylethers (TBDPS). 

Epoxidation of intermediate 92 with in situ formed dimethyldioxirane yielded anti-epoxide 
103 as the only product in 90% yield. Treating 103 with perchloric acid both cleaved the pro-
tecting group and mediated a diaxial epoxide opening to give L-altro-DNJ 17 in 94% yield.  

 

 

Scheme 14. Synthesis of L-DMJ (15), L-allo- (16), and L-altro-DNJ (17) by Guaragna et al.48 

Syn-intermediate 97 was converted to the two diastereomeric dihydroxylated products 20 and 
21 (Scheme 16).49 Upjohn dihydroxylation of 97 gave protected L-gulo-DNJ 104 as a single 
diastereomer in 83% yield. The directed dihydroxylation conditions developed by Donohoe50 
were tested for the formation of L-talo-DNJ. However, the reaction of 97 still gave the Kishi-
product 105 as the major diastereomer (d.r. 6:4). Osmate esters 105 and 106 were separated 
by flash chromatography, and L-talo-DNJ 21 was formed after hydrolysis of the osmate ester 
and cleavage of the Boc-group in 38% combined yield. 

L-DMJ, L-allo-, L-altro, L-gulo- and L-talo-DNJ were formed in 21% (10 steps), 10% (9 steps), 
28% (8 steps), 15% (11 steps), and 8% (11 steps) total yields, respectively. 
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Scheme 15. Synthesis of L-gulo- (20) and L-talo-DNJ (21) by Guaragna et al.49 

Yet another strategy for the formation of a cyclic DNJ-intermediate from serine was demon-
strated by Mariano et al. (Scheme 16).51 Their synthesis was based on an oxidative Mannich 
cyclization. D-Serine (107) was first converted to TBS- and Bz-protected α-silylamido ester 
108 in 27% combined yield. Subsequent NaBH4-reduction and Swern oxidation gave aldehyde 
109 in 69% combined yield. The enantiomeric excess of 109 was determined to be 70%, which 
showed that some racemization had occurred during the synthesis of the aldehyde. Aldehyde 
109 was then reacted with lithiated TMS-vinyl compound 110 to give amino alcohol 111 with 
a 4:1 diastereomeric ratio and 47% yield. After protecting group modifications, compound 112 
was oxidized with CAN to afford tetrahydropyridine intermediate 113 in 46% yield. This anti-
intermediate was formed in nine steps and 3% total yield. 

The utility of intermediate 113 was demonstrated by converting it to D-DMJ and D-allo-DNJ. 
Upjohn dihydroxylation of 113 proceeded with low diastereoselectivity, yielding the products 
with only 3:2 diastereomeric ratio (87% over 2 steps). The diastereomeric ratio could not be 
improved even with Sharpless asymmetric dihydroxylation of the free diol corresponding to 
intermediate 113. However, the peracetylated products 114 and 115 could be separated and 
converted to final products 7 and 8 in quantitative yields. The enantiomeric purity of the prod-
ucts was evaluated and the measured optical rotations corresponded to 70% ee, which indi-
cated that no further racemization had occurred during the rest of the synthesis. D-DMJ and 
D-allo-DNJ were formed in 12 synthetic steps and 1% total yields. 
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Scheme 16. D-serine based synthesis of D-DMJ (7) and D-allo-DNJ (9) by Mariano et al.51 

Knight et al. have reported a synthesis of D-DMJ via lactam 118, which was formed through a 
palladium-catalyzed decarboxylative carbonylation of vinyloxazolidinone 117 (Scheme 17).52 
The synthesis started with the formation of amino aldehyde 116 from D-serine.53 Reaction of 
this aldehyde with vinyl magnesium bromide gave oxazolidinone 117 with a 2:1 anti/syn dia-
stereomeric ratio and 75% yield. Subjecting the oxazolidinone to the palladium-catalyzed car-
bonylation conditions, lactam 118 was formed in 81% yield. Epoxidation of 118 gave a 4:1 mix-
ture of anti- and syn-epoxides 119 and 120 in 95% yield. Base mediated epoxide opening of 
these epoxides gave anti- and syn-intermediates 122 and 121 in 95% yields. The anti-interme-
diate 122 was formed in 43% overall yield from D-serine. 
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Scheme 17. Formation of δ-lactam intermediates 121 and 122 according to Knight et al.52 

The usefulness of the anti-intermediate 122 was demonstrated through its conversion to D-
DMJ (Scheme 18). After benzylation of the allylic alcohol, intermediate 123 was subjected to 
Upjohn dihydroxylation. The reaction gave the corresponding Kishi product 124 in 89% yield 
with only traces of the anti-Kishi diastereomer. Finally, the dihydroxylated lactam 124 was 
reduced and deprotected to give D-DMJ in 61% yield over three reaction steps. The total yield 
for the formation of D-DMJ from D-serine was 15% over 14 steps. 

 

 

Scheme 18. Synthesis of D-DMJ 7 by Knight et al.52 
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2.4 Enantioselective approaches to DNJs 

Many enantioselective strategies have been used for the synthesis of various nojirimycin ana-
logs.22–27 These approaches often involve the use of enantioselective oxidation reactions, such 
as Sharpless asymmetric epoxidation (SAE), aminohydroxylation (SAA), and dihydroxylation 
(SAD) reactions. These strategies usually enable shorter syntheses than chiral pool starting 
materials, but often the enantioselectivities achieved are lower than those of naturally occur-
ring chiral compounds. A number of chiral resolution based strategies has also been pub-
lished.54–56 

Riera et al. have developed a concise enantioselective synthesis for DNJ intermediate 131 
based on Sharpless asymmetric epoxidation and ring-closing metathesis (Scheme 19).57,58 The 
synthesis started with enantioselective epoxidation of diene 126 (ee >91%), after which crude 
epoxide 127 was exposed to allyl isocyanate (128) under basic conditions to afford the linear 
carbamate 129 in 59% yield over two steps. The epoxide in 129 was then opened by intramo-
lecular nucleophilic attack of the carbamate nitrogen to afford the cyclic carbamate 130 in 88% 
yield. Finally, ring-closing metathesis using Grubbs catalyst gave tetrahydropyridine 131 in a 
nearly quantitative yield. The DNJ intermediate was formed in four steps in total yield of 51%. 

 

 

Scheme 19. Riera’s SAE based synthesis of tetrahydropyridine 131.58 

Intermediate 131 was converted to D-DMJ as depicted in Scheme 20.57 Protection of the allylic 
alcohol as benzyl (132) and benzhydryl ethers (133) proceeded smoothly with 98% and 88% 
yields, respectively. Upjohn dihydroxylation of the bulkier benzhydryl ether 133 proceeded 
with slightly better diastereoselectivity (12:1) and better yield (98%) than that of benzyl ether 
132 (74%, dr 8:1). To enable diastereomer separation by chromatography, diol 135 was pro-
tected as acetonide (136, 88%). Subsequent carbamate cleavage proceeded in 90% yield and 
the remaining alcohol protecting groups were removed simultaneously in 91% yield. Thus, D-
DMJ 7 was formed in nine steps in 31% total yield. Riera et al. have also utilized this strategy 
in the synthesis of triply 13C-labeled D-DMJ.59 
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Scheme 20. Synthesis of D-DMJ 7 by Riera et al.57 

Singh and Han developed a DNJ intermediate synthesis based on a regioselective SAA and 
ring-closing metathesis and demonstrated the effectiveness of the strategy by converting the 
intermediate to D-gulo-, D-ido-, and D-altro-DNJ and D-DMJ.60 The synthesis began with ole-
fin 138, which was designed to enhance regioselectivity in the SAA reaction based on electronic 
and aryl-aryl stacking interactions between the substrate and the catalyst (Scheme 21). Its ami-
nohydroxylation reaction yielded amino alcohol 139 with a better than 20:1 regioselectivity 
and 70% yield (ee >99%). After PMB-protecting the free alcohol, compound 139 was reduced 
and TBDPS-protected to give triol 140 in 70% yield over three steps. Next, the amine in 140 
was allylated to give 141 in 95% yield. The following TBS-cleavage and oxidation gave the cor-
responding aldehyde, which was olefinated using modified Horner-Wadsworth-Emmons con-
ditions to give compound 142 in 85% combined yield. Finally, ring-closing metathesis gave 
tetrahydropyridine 143 in 80% yield. The synthesis of intermediate 143 consisted of nine re-
actions and the total yield was 32%. 

 

 

Scheme 21. SAA based synthesis of DNJ intermediate 143 by Singh and Han.60 
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The conversion of intermediate 143 to four D-DNJ diastereomers is described in Schemes 22 
and 23. Upjohn dihydroxylation of 143 gave protected D-gulo-DNJ 144 as a single diastere-
omer in 96% yield (Scheme 22). The final product 10 was reached after deprotection in 85% 
yield over three steps. The syn-diol 144 was also converted almost exclusively (dr >20:1) to 
anti-diol 12 via cyclic sulfate 145 in six steps with a combined 65% yield. 

 

Scheme 22. Synthesis of D-gulo- (10) and D-ido-DNJ (12) by Singh and Han.60 

The allylic alcohol in 143 could be inverted to give anti-intermediate 148 after deprotection, 
Mitsunobu reaction, and subsequent protecting group modifications in total yield of 63% 
(Scheme 23). Upjohn dihydroxylation of 148 gave diol 149 with a 10:1 diastereomeric ratio 
and 94% yield. The product isomers needed to be acetylated to afford separation with chroma-
tography. D-DMJ (7) was formed in 74% yield over three reaction steps. As with syn-interme-
diate 143, syn-diol 149 was converted to anti-diol 151 via cyclic sulfate ester 150 with a better 
than 20:1 regioselectivity and 53% yield over four steps. Compound 151 was partially desi-
lylated during the sulfate cleavage reaction. Finally, deprotection gave D-altro-DNJ (8) in two 
steps and combined 88% yield. Four D-DNJ diastereomers, D-gulo- and D-ido-DNJ, D-DMJ, 
and D-altro-DNJ, were prepared starting from alkene 138 in total yields of 26% (13 steps), 20% 
(16 steps), 14% (17 steps), and 9% (20 steps), respectively. 

Haukaas and O’Doherty have used a strategy based on Sharpless asymmetric aminohydrox-
ylation61 (SAA) and aza-Achmatowicz reaction for the synthesis of D-gulo-DNJ and D-DMJ 
(Scheme 24).62 The same aza-Achmatowicz strategy has also been used by Zhou et al., first in 
combination with a chiral resolution55,56 and later with SAA63. Haukaas’ and O’Doherty’s syn-
thesis started with the formation of vinylfuran 153 from furfural 152. The in situ prepared 
solution of vinylfuran 153 was treated with the sodium salt of N-Cbz-benzylcarbamate under 
the usual SAA conditions. The reaction gave regioisomeric aminoalcohol products 154 and 155 
with a 1:2 isomeric ratio and 84% yield. The required amino alcohol 154 was separated from 
its regioisomer with selective TBS-protection of the primary alcohol. Compound 156 was iso-
lated in 21% yield from furfural (ee >86%). Its enantiomer could be prepared according to the 
same procedure using (DHQD)2PHAL as ligand. 
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Scheme 23. Synthesis of D-DMJ (7) and D-altro-DNJ (8) by Singh and Han.60 

Aza-Achmatowicz reaction of furan 156 with mCPBA gave hemiaminal 157 in 81% yield. The 
reaction was sensitive to the amount of peracid and water. Conversion of hemiaminal 157 to 
the corresponding ethylaminal proceeded smoothly, after which reduction of the enone under 
Luche64 conditions gave allylic alcohol 158 with complete stereocontrol and 80% yield over 
two reaction steps. This DNJ intermediate was synthesized in five steps and a total yield of 14% 
from furfural. 

 

Scheme 24. Aza-Achmatowicz based synthesis of intermediate 158 by Haukaas and O’Doherty.62 

The usefulness of intermediate 158 was demonstrated by converting it to D-gulo-DNJ 10 and 
D-DMJ 7 (Scheme 25). Upjohn dihydroxylation of 158 gave the Kishi-product 159 in 96% yield 



Prior syntheses of 1-deoxynojirimycins 

25 

as a single diastereomer. Deprotection to form D-gulo-DNJ 10 proceeded in 99% yield. The 
allylic alcohol in 158 could be inverted using Mitsunobu conditions. The reaction sequence 
gave anti-alcohol 160 in 79% yield over two steps. Upjohn dihydroxylation of anti-intermedi-
ate 160 gave again the Kishi-product (161) with complete stereocontrol. Deprotection to form 
D-DMJ (7) proceeded in 91% yield over two steps. D-Gulo-DNJ and D-DMJ were formed in 
total yields of 13% (7 steps) and 10% (9 steps), respectively. 

 

 

Scheme 25. Synthesis of D-gulo-DNJ (10) and D-DMJ (7) from intermediate 158.62 

Xu and Zhou also converted protected D-DMJ 162 to D-altro-DNJ 8 via sulfate ester 163 
(Scheme 26).56 

 

Scheme 26. Conversion of protected D-DMJ (162) to D-altro-DNJ (8) by Xu and Zhou.56 

Some enzymatic reactions have also been used for the asymmetric synthesis of DNJs.65–67 One 
example of these is the chiral cyanohydrin based strategy employed by Overkleeft et al.65 Chiral 
cyanohydrin 167, used for the synthesis, was synthesized from butenal 165 with an enzymatic 
reaction utilizing almond derived hydroxynitrile lyase (paHNL, Scheme 27). No yields were 
reported for the short synthesis of TBDPS-protected cyanohydrin 167, but an enatiomeric ex-
cess of 99% was given. 
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Scheme 27. Enzymatic synthesis of cyano hydrin 167.65 

The synthesis of intermediates 170 and 173 started with the coupling of cyanohydrin 167 and 
chiral amine 168 or 171 (Scheme 28). The amines were either derived from Garner’s aldehyde 
or chiral tert-butanesulfinyl aldimines.68 The latter strategy was preferred, since the Wittig 
conditions used for the conversion of the aldehyde in Garner’s aldehyde to the corresponding 
terminal alkene resulted in some racemization. Cyanohydrin 167 was converted to acyclic 
amino alcohols 169 and 172 in a one-pot process combining DIBAL-reduction, transimina-
tion, and NaBH4-reduction in 80% overall yield. Ring-closing metathesis finished the synthesis 
of anti- and syn-intermediates 170 and 173 with 95% yields. Intermediates 170 and 173 were 
formed in five synthetic steps from cyanohydrin 167 in a total yield of 76%. 

 

 

Scheme 28. Synthesis of DNJ-intermediates 170 and 173 by Overkleeft et al.65 

Next these intermediates were converted to both enantiomers of four DNJ diastereomers 
(Schemes 29 and 30).65 Upjohn dihydroxylation of anti-intermediate 170 gave a 1:1 mixture of 
product diastereomers in 89% combined yield (174 and 175). These were separated by column 
chromatography and deprotected to give D-allo- 9 and D-galacto-DNJ 11 in 80% and 79% yield, 
respectively. Protected D-galacto-DNJ 175 was also converted to D-talo-DNJ by first protecting 
the newly formed diol as an acetonide, after which the TBDPS-protected alcohol was depro-
tected, oxidized, and reduced to give protected D-talo-DNJ 180 in four steps and a combined 
46% yield. Deprotection of D-talo-DNJ proceeded with nearly quantitative yield. One more D-
DNJ diastereomer was prepared from anti-intermediate 170 by first inverting the allylic alco-
hol by Mitsunobu reaction (3 steps, 87% yield). The alcohol 177 was then subjected to Upjohn 
dihydroxylation to give D-altro-DNJ 8 as a single diastereomer in 82% combined yield after 
deprotection. 
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Scheme 29. Synthesis of D-altro- (8), D-allo- (9), D-galacto- (11), and D-talo-DNJ (13) by Overkleeft et al.65 

Next, syn-intermediate 173 was converted to L-altro-, L-allo-, L-galacto-, and L-talo-DNJ in a 
similar manner (Scheme 30). Upjohn dihydroxylation of 173 gave L-altro-DNJ 17 as a single 
diastereomer in combined 75% yield after deprotection. The allylic alcohol in 173 was con-
verted to anti-intermediate 181 by Mitsunobu reaction and protecting group modifications in 
three steps in combined 68% yield. The Upjohn dihydroxylation of free alcohol 181 gave an 
inseparable mixture of diols (182 and 183), so the alcohol was TBDPS-protected to enable the 
formation of a separable 1:1 mixture of diols 185 and 186 in a combined 85% yield. These were 
converted to L-allo- and L-galacto-DNJ (16 and 22) in over 90% yields. Protected L-galacto-
DNJ 186 was converted to L-talo-DNJ 21 with a similar oxidation-reduction based inversion 
of the C2-alcohol as with the other enantiomer. The sequence included five reactions and the 
combined yield was 52%.  

Both enantiomers of altro-, allo-, galacto-, and talo-DNJ were synthesized in total yields 
ranging from 57% to 11% with 8 to 15 synthetic steps. 
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Scheme 30. Synthesis of L-altro- (17), L-allo- (16), L-galacto- (22), and L-talo-DNJ (21) by Overkleeft et al.65 
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3. Diastereoselectivity in carbonyl additions69–71 

Carbonyl groups with α-stereocenters are known to demonstrate diastereoselectivity in addi-
tion reactions. A few models have been developed for explaining and predicting this selectivity. 
Among these, the Felkin-Anh model is the most sophisticated and most used. It is commonly 
used to analyze diastereoselectivity under non-chelating reaction conditions. On the other 
hand, under chelating reaction conditions Cram’s chelation-controlled model is used to predict 
the stereoselective outcome of a reaction. 

When using the Felkin-Anh model, a Newman projection of the carbonyl compound is the 
starting point for the analysis. The conformation used for the prediction is the one in which the 
largest α-center substituent or, as in the case of L-Garner’s aldehyde 87, the substituent with a 
heteroatom is placed perpendicular to the C=O double bond (Scheme 31). 

 

 

Scheme 31. Diastereoselectivity in alkynylation of Garner’s aldehyde (87). 
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There are two conformations abiding by this rule. For both of these conformations, nucleo-
philic attack from anti-periplanar arrangement relative to the largest α-substituent is consid-
ered. The conformation selected for the Felkin-Anh model is the one in which the most unhin-
dered Bürgi-Dunitz trajectory is present (189). In other words, the smallest substituent on the 
α-center is placed syn-periplanar to the aldehyde hydrogen. After the right conformation for 
the carbonyl compound and the correct trajectory for the nucleophilic attack is found, the ma-
jor diastereomer of the product is easily interpreted (190). 

The diastereoselectivity demonstrated by non-chelating carbonyl additions can be inverted 
by chelation-controlled reaction conditions. The requirement for chelation is an adjacent het-
eroatom containing a substituent with a free electron pair. This heteroatom and the carbonyl 
oxygen can be locked into a cyclic chelate with a coordinating metal that prefers to chelate to 
more than one heteroatoms at a time. Zinc is a common metal used for these purposes. 

A Newman projection is again used to predict the diastereoselectivity of a chelation-con-
trolled carbonyl addition. This time the conformation considered is the one where the heteroa-
tom-containing substituent is placed syn-periplanar to the carbonyl oxygen (191, Scheme 31). 
Then, the most unhindered trajectory for the nucleophilic attack is considered and the result-
ing diastereomer is readily predicted (192).  

Another advantage of the chelation controlled carbonyl addition is that it usually gives better 
diastereoselectivities than the non-chelating reactions. This enhanced selectivity can be at-
tributed to the incorporation of a cyclic transition state, which is more rigid than the acyclic 
transition state based on Felkin-Anh model. The Lewis-acidity of the chelating metal is also 
known to enhance the reactivity of the carbonyl group and hence speeding up the reaction. 

Relative to this research, the addition of lithiated propargyl alcohol 188 to L-Garner’s alde-
hyde 87 is analyzed in Scheme 31. Based on the Felkin-Anh model, the reaction should give 
anti-amino alcohol 190. This rationale is in accordance with the results from the synthesis of 
the anti-tetrahydropyridine intermediate 14 discussed in section 5.1. Based on the chelation 
controlled model, zinc was considered a viable option for making the syn-amino alcohol 192 
required for the synthesis of the syn-tetrahydropyridine intermediate 19. 
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4. Synthetic strategy 

The aim of this doctoral thesis was to stereoselectively synthesize all eight diastereomers of 1-
deoxy-L-nojirimycin (15-18, 20-23, Figure 6) using two diasteromeric intermediates (14  and 
19, Schemes 33 and 34). We envisioned that the utilization of common intermediates would 
make the synthesis of 1-deoxy-L-nojirimycin diastereomers more practical and less time con-
suming, since multiple products could be synthesized in a few reaction steps from the same 
advanced intermediates. This approach would also ease the synthesis of derivatives of the par-
ent compounds, because also these could be made from the same intermediates. 

 

 

Figure 6. L-DNJ diastereomers 

The retrosynthetic analysis of the anti-tetrahydropyridine intermediate 14, aiming for the syn-
thesis of four 1-deoxy-L-nojirimycin diastereomers (193), is shown in Scheme 32. Our plan was 
to form the C2 and C3 stereocenters of 1-deoxy-L-nojirimycin 193 by stereoselective oxidations 
of cyclic alkene 14. The cyclization to form this intermediate, was achieved through an intra-
molecular nucleophilic substitution of chloride at C1 by C5 amino group. The chloride on acy-
clic cis-alkene 194 was prepared from alcohol 195. The syn-alkene was stereoselectively 
formed from the corresponding alkyne 190 by Lindlar hydrogenation. Finally, based on the 
Felkin-Anh model, amino alcohol 190 was formed by non-chelating alkyne addition of si-
lylated propargyl alcohol 196 to L-Garner’s aldehyde 87. The synthesis of anti-tetrahydro-
pyridine 14, corresponding to this retrosynthetic analysis, has previously been published by 
Karjalainen and Koskinen.29 
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Scheme 32. Retrosynthetic analysis of anti-tetrahydropyridine intermediate. 

After the successful synthesis of anti-intermediate 14, we envisioned that the remaining four 
diastereomers of 1-deoxy-L-nojirimycin (197) could be synthesized from the syn- tetrahydro-
pyridine 19 (Scheme 33). The synthesis would be identical to the previous one except for the 
stereoselectivity of the alkyne addition. Based on well-established theory, the addition of si-
lylated propargyl alcohol 196 to L-Garner’s aldehyde under chelating reaction conditions 
should give the syn-amino alcohol 192 as the main product. 

 

 

Scheme 33. Retrosynthetic analysis of syn-tetrahydropyridine intermediate. 
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5. Synthesis of 4,5-anti-1-deoxy-L-nojirimycins 

5.1 Formation of the anti-tetrahydropyridine intermediate 

L-Serine derived Garner’s aldehyde (87)40,41 was used as the key starting material in the syn-
thesis of anti-tetrahydropyridine 14 developed by Karjalainen and Koskinen29 (Scheme 34). 
The stereocenter on C5 in anti-tetrahydropyridine 14 originates straight from L-serine, but the 
second stereocenter on C4 is likewise direct result of the stereoinformation in Garner’s alde-
hyde, since the first reaction in this synthesis is a diastereoselective alkyne addition of silylated 
propargyl alcohol 196 to L-Garner’s aldehyde 87. The alkynylation proceeded with ca. 15:1 
anti/syn-selectivity based on 1H-NMR measurements and typically better than 95% yields.  

After alkynylation, the newly formed amino alcohol was protected as a benzyl ether and the 
terminal TBS-protected alcohol was cleaved using ammonium bifluoride in methanol, thus 
forming alkyne 200 in 91% crude yield over three reaction steps. After this, the alkyne in 200 
was selectively reduced to the corresponding cis-alkene 195 using Lindlar hydrogenation. The 
reaction gave a 98% crude yield, with ca. 5% of trans-alkene as a side-product. At this point, 
the terminal alcohol was substituted with chloride using POCl3 in dimethylformamide (DMF). 
Chloride 194 was obtained in 81% crude yield.  

Finally, the protecting groups on the amine were removed in methanolic HCl to set the stage 
for the ring-closing substitution reaction. After full consumption of 194, the reaction mixture 
was neutralized with basic ion exchange resin and heated to enable the final ring formation. 
The product was recrystallized from a mixture of i-propanol and ethanol to give a 69% yield 
over two reaction steps. All isomeric impurities were removed during crystallization. 

The synthesis was carried out on a 100 mmol-scale and it gave the final product in a 50% 
total yield over seven reaction steps. Large-scale chromatography was avoided by carefully 
planned work-up procedures including three silica filtrations. 
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Scheme 34. Synthesis of anti-tetrahydropyridine.29 

5.2 Modification of protecting groups 

For effective utilization of tetrahydropyridine 14 in the syntheses of 1-deoxy-L-nojirimycins, 
facile modification of the protecting groups was of paramount importance. In this respect, 
deprotecting the allylic alcohol without destroying the alkene double bond was the main issue 
and to tackle this problem the amine and primary alcohol functionalities also needed to be 
protected. We decided to protect these as a cyclic carbamate, which would also ease the design 
of diastereoselective oxidation of the double bond by making the whole molecule more rigid. 
We also wanted to minimize reaction steps needed for protecting and deprotecting, for which 
the carbamate group also seemed ideal. The carbamate formation was easily achieved with CDI 
in refluxing THF (Scheme 35). 

 

 

Scheme 35. Cyclic carbamate formation. 

Sodium in liquid ammonia and DDQ had previously been unsuccessfully tried in our laboratory 
for debenzylation of the allylic alcohol in 201, so we next decided to try FeCl372 (Scheme 36). 
At first, reaction with one equivalent of FeCl3 showed promise, but did not proceed to full con-
version. When another equivalent of FeCl3 was added, full conversion was reached, but a side 
product with the OH-group substituted with chloride (202) started forming and the yield was 
poor. If the reaction was run for too long, all product was converted to the corresponding chlo-
ride. Thioanisole (1 eq) was added to the reaction in hopes of suppressing the side product 
formation. This almost completely stopped the formation of the chlorinated product, but the 
isolated yields were still low. Due to the high polarity of the product, the aqueous phases from 
reaction work-up were analyzed and the product was found to be quite water-soluble. It could 
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be fully extracted from the aqueous phase by multiple extractions with 20% i-PrOH/CH2Cl2; 
with the extractions a 97% yield was achieved. 

 

 

Scheme 36. Debenzylation of intermediate 16. 

However, these multiple extractions made the work-up tedious and significantly increased sol-
vent consumption, so an alternative work-up procedure was desirable. Fe(II) and Fe(III) can 
be precipitated out of an aqueous solution with NaOH, which forms insoluble white Fe(OH)2 

or reddish brown Fe2O3·xH2O.73 Thus, after the reaction was quenched with H2O, 2M NaOH 
was added. A dark brown precipitate formed, which was then filtered off. The filtrate was neu-
tralized with HCl (aq) and concentrated, after which purification by flash chromatography was 
carried out. With this work-up procedure, slightly lower yield of 80% was obtained, but solvent 
consumption was drastically decreased.  Removal of residual iron in this manner also enabled 
NMR measurements from the crude product. 

After the removal of the benzyl group, the allylic alcohol in 43 could be protected with any 
suitable protecting group (Scheme 37). TBS-group was thus added in 93% yield using TBSOTf 
under standard conditions (203c). Acetylation with acetic anhydride proceeded in 98% yield 
(203d) and pivalic acid ester 203e was obtained in 93% yield. The reaction with trityl chloride 
suffered from low yield (203f), and triflate 203g was obtained in excellent crude yield, but the 
product could not be purified, since it decomposed on silica gel. 
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Scheme 37. Protecting reactions for allylic alcohol 43. 

5.3 Dihydroxylations 

syn-Dihydroxylation is an oxidation reactions, which installs hydroxyl groups to both carbons 
of an alkene in syn-relationship to each other. Osmium tetroxide is commonly used as a cata-
lyst and another oxidant is added as the stoichiometric reagent. If there is a stereocenter next 
to the alkene, syn-dihydroxylation under normal conditions forms the two new alcohols in 
anti-relationship to the existing stereocenter. This is called Kishi-selectivity and it is mainly 
controlled by steric hindrance.74 

On the other hand, anti-Kishi-selective syn-dihydroxylations give the two new alcohols syn 
to the existing stereocenter. Donohoe has developed a directed osmium tetroxide based dihy-
droxylation,50,75 where osmium tetroxide coordinates to an unprotected allylic alcohol thus 
forming the anti-Kishi-product. The reaction is diastereoselective, so no chiral ligands are 
needed. A downside is that the reaction requires a stoichiometric amount of osmium tetroxide. 
The reaction is carried out in CH2Cl2, thus a non-commercial stock solution of OsO4 in CH2Cl2 
is usually needed.   

Another anti-Kishi-selective syn-dihydroxylation reaction is the Woodward reaction,76,77 
which is a modification of the Prévost reaction78. In this reaction, the alkene double bond is 
initially converted to an acetylated anti-iodohydrin with iodine and silver acetate. The iodide 
is then substituted with neighboring acetate assisted SN2-reaction forming the syn-diol.   
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Yet another possible way for forcing the syn-dihydroxylation to proceed in anti-Kishi-selec-
tive manner is to use an enantioselective reaction. The most famous and most useful of these 
is the Sharpless asymmetric dihydroxylation (SAD),79,80 which utilizes osmium tetroxide as a 
catalyst and dihydroquinine- or dihydroquinidine-based chiral ligands. The downside of this 
approach is that when intrinsic Kishi-selectivity is forcefully converted to anti-Kishi-selectiv-
ity, the observed selectivity is the remainder of the subtraction of the intrinsic selectivity from 
the selectivity of the SAD reaction. The observed selectivity is thus predicted to be lower than 
the selectivity of a usual SAD reaction. SAD may also be used to enhance low Kishi-selectivity. 

We studied dihydroxylation with standard Upjohn conditions as a way of forming the requi-
site stereocenters of 1-deoxy-L-mannonojirimycin in protected analog 204 (Table 1). A selec-
tion of protected allylic alcohol substrates (43, 201, 203cd) was tested. Among these, benzyl- 
and TBS-protected substrates gave the best diastereoselectivities, 86:14 and 85:15 re-
spectevely. The results of the benzylated 201 were in agreement with those reported by Riera 
et al.57, but our results with the TBS-protected 203c contradicted those of Asano et al.44 
(Scheme 7 in section 2.3). 

The experiment with unprotected allylic alcohol 43 showed that the steric hindrance caused 
by the protecting groups is crucial for the diastereoselectivity, since now the diastereoratio was 
only 59:41. Acetyl (203d) as the alcohol protecting group gave the lowest selectivity (75:25) of 
the protecting groups studied.  

Table 1. Upjohn dihydroxylation results. Only the major anti-isomers are shown. 

 

Entry R dr (anti:syn) Yield Temp. 

1 Bn  86 : 14 85% 0 °C 
2 H  59 : 41 n.d. 0 °C 
3 TBS  85 : 15 82% 0 °C 
4 Ac   75 : 25  51%  r.t. 

 

Next, we turned our focus to the anti-Kishi-selective dihydroxylation in hopes of forming 1-
deoxy-L-allonojirimycin. Based on previous experience in our laboratory,77 the Woodward di-
hydroxylation of allylic alcohol 205 should proceed with formation of the cyclic anti-iodonium 
ion 206, followed by SN2-type opening of the ion with acetate (Scheme 38). The acetate then 
kicks out the iodine in another nucleophilic substitution, giving a cyclic acetoxonium ion 208. 
Water then attacks the partially positive carbonyl of the acetoxonium, forming cyclic orthoace-
tate 209, which finally cleaves to monoacetylated diol 210. This reaction was studied further 
in hopes of forming 1-deoxy-L-allonojirimycin in anti-Kishi-selective manner from 43, 201 or 
203d-g (Table 2). 
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Scheme 38. Mechanism of Woodward dihydroxylation with anti-Kishi selectivity. 

The acetylated 203d gave diols 211 and 212 in excellent yield, but only in 1:1 diastereomeric 
ratio. However, the benzyl protected allyl alcohol 201 strongly favored the Kishi-product, giv-
ing it in 10:1 diastereomeric ratio, which made the Woodward reaction more selective for this 
product than the Upjohn-dihydroxylation.  

We tried to make the reaction more selective towards the anti-Kishi product by increasing 
the bulkiness of the alcohol protecting group, but both pivalic ester 203e and trityl ether 203f 
favored the Kishi-selective product. Interestingly, using the electron withdrawing trifluoroace-
tyl (203g) group also strongly favored Kishi-selectivity in spite of being only moderately steri-
cally larger than acetyl group.  However, while interpreting the results, it needs to be noted 
that the trityl- and TFA-groups were cleaved during the reaction. To better quantify the effect 
that the protecting groups were having, the reaction was also run with the unprotected alcohol 
43, revealing moderate Kishi-selectivity. Based on these results, it seems that the ester groups 
that remain attached to the alcohol throughout the reaction do make the reaction more anti-
Kishi selective, but the effect is not even nearly enough to make this reaction a viable option 
towards the synthesis of 1-deoxy-L-allonojirimycin. 

We then studied the effects of the halide source used in the Woodward reaction (Table 3). 
The reaction worked with N-bromosuccinimide (NBS), although in lower yields (entries 1-2). 
However, with bromine as the halide, the Kishi-products were strongly favored with both acet-
ylated (203d) and benzylated tetrahydropyridine (201). When N-iodosuccinimide (NIS) was 
used as the halide source (entry 3), the reaction was slightly selective towards the anti-Kishi 
product, but again the effect was not great enough to be useful. 
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Table 2. Results of Woodward dihydroxylation. 

 

Entry R dr (syn : anti) Yield 

1 Ac  50 : 50 93% 
2 Bn    9 : 91 95% 
3 Piv  40 : 60 n.d. 
4a CPh3  17 : 83 n.d. 
5a TFA  11 : 89 n.d. 
6b H  25 : 75 n.d. 

a R-group is cleaved during reaction, product with 3 acetyl groups 
b OH is acetylated in second reaction, product with 3 acetyl groups 
 

Table 3. Effects of the halide source on the Woodward reaction. 

 

Entry R NXS dr (syn : anti) Yield 

1 Ac NBS  9 : 91 65% 
2 Bn NBS  9 : 91 35% 
3 Ac NIS  57 : 43 88% 

 
At this point, we concluded that the Woodward reaction is not a viable option for synthesizing 
1-deoxy-L-allonojirimycin, but it was considered the preferred method for making 1-deoxy-L-
mannojirimycin.  

To ease the isolation and interpretation of the diastereoselectivities, an acetylation step was 
carried out after the actual dihydroxylation reaction. However, considering the atom economy 
of the process, adding a protecting group only to be removed straight after the protecting reac-
tion is somewhat dubious. With this in mind, the Woodward reaction was also performed with 
deacetylation instead of acetylation (Scheme 39). The deacetylation was, for obvious reasons, 
more sensitive to traces of acetic acid than the acetylation reaction. However, this hindrance 
was successfully circumvented by careful evaporation of acetic acid and by using slightly ele-
vated amounts of K2CO3 in the deprotection step. 
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Scheme 39. Woodward reaction with deacetylation. 

To rationalize the high Kishi-selectivity of the reaction with benzyl protected tetrahydro-
pyridine 201, the following considerations were made. With two equatorial substituents, an 
alkene, and a bicyclic structure, it is safe to assume that tetrahydropyridine 201 is a quite flat 
molecule (Figure 7). Due to this, steric bulk of the protecting group does not seem a strong 
candidate for stereoselective discrimination. With this in mind, it seems more likely that the 
stereoselectivity stems from stereoelectronics. To form the Kishi product, the reaction must 
first form the syn-iodonium ion 213 (Scheme 40). Considering that even the free alcohol 43 
preferably forms the Kishi product, it seems plausible that the free electron pair on oxygen 
helps to stabilize the syn-iodonium ion 213. Acetyl and pivaloyl groups make the allylic alcohol 
less electron rich, which weakens the strength of the coordination between the alcohol oxygen 
and the iodine. On the other hand, the benzene ring in benzyl ether 201 can also help to stabi-
lize the iodonium by aryl-cation interaction (218) resulting in increased selectivity compared 
to the free alcohol. The results from the reactions of trityl- and TFA-protected compounds can 
be rationalized as adventitious combination of the effects of the free alcohol and those of ben-
zylated and acetylated starting materials.  

 

 

Figure 7. Tetrahydropyridine 201 is a quite flat molecule. 

The constant Kishi selectivity of the reactions with N-bromosuccinimide may be explained with 
the smaller size of bromine compared to iodine. This would make it easier for bromine to fit 
even on the more hindered side of the tetrahydropyridine compound. Another explanation 
could be the more ionic and less polarizable nature of bromine compared to iodine. The bro-
monium ion is perhaps more desperate for stabilizing coordination and hence even coordina-
tion with an acetyl group is preferable to being completely uncoordinated. The selectivity dif-
ference of reactions using molecular iodine compared to those with N-iodosuccinimide is not 
great, but the little difference there is might be due to interactions with succinimide being 
stronger that those with iodide. 
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Scheme 40. Mechanism of the Woodward reaction with Kishi-selectivity. 

5.4 Epoxidations 

The most common way for making anti-diols is to first form an epoxide followed by ring open-
ing with an oxygen nucleophile. Epoxidations are usually carried out with peroxy acids, perox-
ides, or dimethyldioxirane. Synthesis of 1-deoxy-L-nojirimycins with glucose and altrose stere-
ochemistry in mind, epoxidations of tetrahydropyridines 43, 201, and 203c were studied. 
Since epoxides may also be opened with a variety of other nucleophiles, they could also be 
useful in synthesis of potential 1-deoxynojirimycin derivatives. 

Epoxidation of benzyl (201) and TBS-protected (203c) tetrahydropyridines was tested with 
both oxone and m-CPBA (Table 4). However, stereoselectivity remained unsatisfactory in all 
cases. The reaction of m-CPBA with benzyl alcohol 201 gave the best results, albeit with only 
5:2 diastereoratio. Moreover, none of the diastereomeric pairs were separable by flash chro-
matography. These results were not in agreement with those of Ha et al.81, who reported the 
formation of anti-epoxide 219c from the corresponding TBS-protected alkene in 68% yield. 
Pleasingly, directed epoxidation of the free allylic alcohol 43 gave the syn-epoxide 220b with 
excellent yield and good diastereoselectivity. 
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Table 4. Results of epoxidation reactions. For assignment of anti:syn-diastereomers, see experimental. 

 

Entry R Reagent dr (anti:syn) Yield Temperature Reaction time Additive 

1 Bn oxonea  59 : 41 81% r.t. 2.5 h NaHCO3 
2 TBS oxonea  59 : 41 89% r.t. 2.5 h NaHCO3 
3 Bn m-CPBAb  71 : 29 68% 0 °C –> r.t. overnight NaH2PO4 
4 H m-CPBAb    7 : 93 92% 0 °C –> r.t. overnight NaH2PO4 
5 TBS m-CPBAb  59 : 41 n.d. 0 °C –> r.t. overnight NaH2PO4 

a acetone/H2O (2:1) as solvent 
b CHCl3 as solvent 
 
To gain access to the anti-epoxide 219, bromohydrin mediated epoxidations were also studied 
(Table 5). In this approach, a bromohydrin is first formed using a bromination reagent in the 
presence of water. Instead of the bromide anion acting as the nucleophile to open the initially 
formed bromonium ion, water attacks the ion instead, thus producing the bromohydrin (221). 
The bromohydrins are usually stable enough to be isolated, but when subjected to basic condi-
tions, the alcohol group kicks out the bromide in an intramolecular SN2-reaction. 

Formation of the bromohydrins 221 proceeded with excellent stereoselectivities and quanti-
tative yields regardless of whether the allylic alcohol was unprotected or benzylated. On top of 
this, the bromohydrin diastereomers could be separated with flash chromatography enabling 
the formation of diastereomerically pure anti-epoxides 219. The intramolecular substitution 
reactions of the bromohydrins proceeded well in 0.1 M methanolic NaOH without any signifi-
cant cleavage of the cyclic carbamate. 

Table 5. Results of epoxidations via bromohydrins. 

 

Entry R Solvent Yield 1 dr (anti:syn) Reaction times Yield 2 Total yield 
1 Bn MeCN/H2O (1:1) 98% 96 : 4 8 h, 22 h 76% 74% 
2 H H2O 99% 97 : 3 3 h, 3 h 87% 86% 
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5.5 Epoxide openings 

To study the stereoselectivities of epoxide opening reactions, syn-epoxide 220b was ben-
zylated (Scheme 41). Then both the syn- and anti-epoxides 219a and 220a were subjected to 
acidic epoxide opening condition shown in Table 6. As expected, the syn-epoxide gave almost 
exclusively the product with altrose-stereochemistry (225). Contrary to what was reported by 
Ha et al. 81 anti-epoxide 219a also gave the diaxial 225 as the major product. Only 20% of the 
epoxide opening products was of the diequatorial glucose-stereochemistry (226). This is in full 
agreement with the Fürst-Plattner rule82; epoxides in 6-membered rings are known to predom-
inantly give diaxial epoxide opening products. The nucleophilic attack which results in the for-
mation of diaxial product 225, leads directly to a chair conformation (223, Scheme 42), 
whereas attack on the other end of the epoxide lead to a twist boat conformation (224). Both 
reactions gave the products as free diols, even though acetone was used as a co-solvent.   

 

 

Scheme 41. Benzylation of syn-epoxyalcohol 40b. 

 

Scheme 42. Conformations in epoxide opening reactions. 

When a 5:2 mixture of epoxide diastereomers, formed via m-CPBA epoxidation of benzyl pro-
tected tetrahydropyridine 201, was subjected to these reaction conditions, the diaxial product 
225 was formed in good 10:1 diastereomeric ratio. In the end, pure diastereomeric epoxide 
was not needed for the selective formation of the altrose-product. 

According to Park83, the diastereoselectivity of epoxide opening in 6-membered rings may be 
reversed by changing from acidic to basic reaction conditions. To study this, epoxides 219a-b 
and 220b were opened with NaOH (Scheme 43). Both syn- (220b) and anti-epoxides (219a) 
gave the diaxial 1-altro-L-deoxynojirimycin products (17, 227). NaOH also cleaved the carba-
mate protection, but fortunately this did not hinder analyzing the diastereoselectivity. A com-
plex mixture of products was observed in the reaction of unprotected anti-epoxide 219b. This 
was thought to arise partially from intramolecular epoxide opening. This intramolecular path-
way is suppressed by the benzyl group in 219a. The products were not purified, and thus no 
yieds were determined. 
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Table 6. Results of epoxide opening reaction in acid conditions. 

 

Entry SM dr (syn:anti) dr (225:226) Yield 
1  100 : 0  97 : 3  79% 
2  0 : 100  80 : 20  66% 
3  71 : 29  91 : 9 78% 

 

 

Scheme 43. Epoxide opening reactions under basic conditions. 

To form the diaxial altrose-product (228), the nucleophile must attack the anti-epoxide 219 
at C3, which is next to the protected alcohol group (Table 7). Hence, we thought that the regi-
oselectivity of the epoxide opening could potentially be inverted by making the alcohol protect-
ing group larger and thus increasing steric hindrance. Therefore, epoxides with bulky silyl pro-
tecting groups were subjected to the same BF3∙OEt2 catalyzed reaction conditions as described 
above for benzyl protected epoxides (Table 7). Preference for the diaxial product was signifi-
cantly lower than with benzylated epoxides, but the best diastereoratio achieved was 1:1. 
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Table 7. Epoxide opening reaction of sillylated anti-epoxides. 

 

Entry R dr (229:230) Yield Reaction time 
1a TBS  50 : 50 32% 5 h 
2 TBDPS  23 : 77 63% overnight 

a Product was isolated as the cyclic acetal formed in the reaction with acetone 
 
We attempted to overcome the intrinsic tendency of 6-membered ring epoxides to predomi-
nantly form diaxial opening products by using different directing reaction conditions,84 but the 
overwhelming preference for the diaxial products still prevailed (Table 8). We tested titanium 
isopropoxide (Ti(Oi-Pr)4) and tin chloride (SnCl4) as Lewis acids that could coordinate to both 
the epoxide and the alcohol oxygens, hence hindering the approach of the nucleophile on C3, 
but we still only detected diaxial products. It may be that the two oxygens are spatially too far 
apart for the metals to effectively coordinate to both of them. To give the alcohol a better reach, 
acetylated anti-epoxide 219e was tested, but still the only observed product was the diaxial 
one. TBS-protected epoxide 219c was also tested, since it had thus far demonstrated best re-
gioselectivity. All the reactions were rather messy and many unidentified sideproducts were 
formed. When ammonium acetate was used as an acetate source, the ammonium also seemed 
to act as a competing nucleophile. The isopropoxide from Ti(Oi-Pr)4 was also acting as a nucle-
ophile.  

Table 8. Lewis acid directed epoxide opening reactions. 

 

Entry R Lewis acid Nucleophile Solvent Temperature dr  (230/231) Time 

1a H Ti(iPrO)4 NH4OAc THF r.t.  0 : 100 1 h 
2 H Ti(iPrO)4 iPrOH iPrOH reflux  0 : 100 3 d 
3b TBS Ti(iPrO)4 iPrOH iPrOH reflux n.r. 3 d 
4c H SnCl4 NH4OAc THF r.t. n.r. 3 d 
5d Ac Ti(iPrO)4 NH4OAc THF r.t.  0 : 100 5 d 
6 Bn Ti(iPrO)4 NH4OAc THF r.t. n.r. 5 d 

a iPrO also acting as nucleophile 
b Mixture of unidentified products 
c Product with 2 X OAc, NH3 probably acting as nucleophile 
d Main product was unidentified 
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One more powerful candidate for reversing the innate stereochemical tendency of 6-membered 
ring epoxides would be opening reaction by neighboring group participation85–87, e.g. an ace-
tate (Scheme 44). However, in our substrate, acetylated anti-epoxide 219e, the acetate group 
attacking at C3 would still lead to the diaxial product (233).  

 

 

Scheme 44. Neighbouring acetate mediated epoxide opening reaction. 

5.6 Anti-Kishi syn-diol 

Although the Woodward reaction did not give the desired anti-Kishi diol, its reaction mecha-
nism and our previous experience with epoxide openings got us thinking about using syn-
epoxides 220 as a way of forming the correct iodohydrin required for the formation of the syn-
product 236 (Scheme 45). Although the epoxide opening would probably still strongly favor 
the diaxial product, the reaction sequence would give the desired anti-Kishi diol as the sole 
product even if a mixture of regioisomers (237a-b) was formed, since the iodide is eventually 
substituted with an acetate, leaving two identical substituents on C2 and C3. 

Epoxide openings of both the benzylated and free alcohols 220a-b with iodine were studied 
(Scheme 46). First a combination of PPh3, iodine, and DIPEA88 was tested for the free alcohol, 
but although these conditions gave some product, the yield was low and selectivity poor. Next, 
Ti(Oi-Pr)489 was used as a coordinating Lewis acid for free epoxy alcohol 220b, and the com-
bination of PPh3 and DIPEA was used for the benzylated epoxy alcohol 220a. An immediate 
acetylation was carried out after the first reaction to alleviate the risk of re-epoxidation. The 
acetylated iodohydrins 240 and 242 were thus obtained in 71% yield. As expected, both sub-
strates mainly or exclusively gave the iodohydrin as a single regioisomer. The acetylated prod-
ucts were then purified and subjected to the same substitution reaction conditions as in the 
Woodward reaction. The reaction gave protected 1-deoxy-L-allonojirimycins 241 and 243 as 
single diastereomers in 79% and 78% yield, respectively. The total yield over four steps was 
56% for the free epoxy alcohol 220b and 55% for the benzylated epoxy alcohol 220a. 

Following the substitution of iodide, the products were only partially (25%) acetylated. A sec-
ond acetylation reaction was then added to ease the isolation, purification, and analysis of the 
products. This reaction could potentially be omitted, and the final product obtained directly by 
carrying out a global deprotection step. However, this way the purification of the final product 
might become difficult. 

Both substrates studied gave very similar results in regard to selectivity and yield. Evaluating 
the efficiency and economy of the total synthesis of 1-deoxy-L-allonojirimycin, using free epoxy 
alcohol 220b is considered more favorable, since using the benzylated syn-epoxide 220a re-
quires two additional steps, benzylation and debenzylation. 
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Scheme 45. Plan for the synthesis of anti-Kishi product. 

 

 

Scheme 46. Synthesis of anti-Kishi product via epoxide opening. 

To the best of our knowledge, this is the second time 1-deoxy-L-allonojirimycin 16 has been 
synthesized as a single diastereomer without chiral catalysis or using sugars as the source of 
stereoinformation. Altenbach and Himmeldirk90 synthesized 16 from an L-serine-derived in-
termediate 224 somewhat similar to ours (Scheme 47). 
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Scheme 47. Altenbach and Himmeldirk’s synthesis of 1-deoxyallonojirimycin (16).90 

5.7 All-equatorial 1-deoxy-L-nojirimycin 

Based on the original reports by Prévost78 and later reports by Cambie and Rutledge,91 the Pré-
vost reaction should give an anti-diol as the product when run under anhydrous conditions 
(Scheme 48). We therefore wanted to study this reaction for the formation of the all-equatorial 
1-deoxy-L-nojirimycin. However, regardless of our best efforts, the reaction gave syn-diols 
even if it was run under argon, in anhydrous acetic acid, with or without molecular sieves, or 
in anhydrous toluene. In the original studies, silver benzoate was used instead of silver acetate, 
but changing the nucleophile had no effect on the selectivity of the reaction. We even attempted 
speeding the reaction up in a microwave reactor, but still obtained syn-diol as the only product. 
What was even more puzzling was that the product always contained a fair amount of free 
alcohol groups. Therefore, it seems that there must have always been some water present in 
the reaction. In the original reports, the reaction was run on a significantly larger scale than 
used in this study. The small scale of the reaction probably made rigorous exclusion of water 
more difficult. It might also be that the silver reagents used were not dry enough. 

 

 

Scheme 48. Mechanism of Prévost reaction. 

Sharpless has complemented his dihydroxylation chemistry with using sulfate esters to convert 
syn-diols to anti-diols.92,93 Following the failure of epoxide opening and Prévost reaction to 
give the thermodynamically most stable all-equatorial product, this approach was studied. 

Syn-diol 204a was readily converted to the corresponding sulfate ester 247 as shown in 
Scheme 49. In the original procedures described by Sharpless, CCl4 was used as solvent. How-
ever, according to present health and environmental standards, the use of such toxic solvents 
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is not preferred and along with the changing norms, the prices of such solvents have gone up 
and the availability has gone down. Hence, chloroform was first studied. The formation of the 
sulfite ester proceeded well in chloroform, but the subsequent oxidation did not proceed to full 
conversion. The ruthenium-catalyzed oxidation is known to be sensitive to HCl. Therefore, to 
get rid of the HCl formed from thionyl chloride, the reaction mixture was refluxed after the 
first reaction according to Sharpless’s procedure. This was not sufficient to make the oxidation 
perform well, therefore in our next attempt all the solvent was evaporated after the sulfite for-
mation, and the residue was dissolved in toluene and concentrated three more times. Even 
after this procedure, the oxidation did not proceed in chloroform. The reason for this was thus 
most likely residual HCl in the solvent itself. Full conversion was finally obtained after chang-
ing the oxidation solvent to CH2Cl2. In the end, chloroform was replaced with CH2Cl2 in the 
first reaction as well. This way the formation of the cyclic sulfate 247 proceeded in 79% total 
yield. 

 

Scheme 49. Formation of the all-equatorial 1-deoxynojirimycin. 

In the original papers by Sharpless,92,93 cyclic sulfate esters of syn-diols were opened with a 
variety of nucleophiles including ammonium benzoate as an oxygen nucleophile. To ensure 
easy deprotection of the product, ammonium benzoate was also chosen as the first nucleophile 
candidate for our study. However, the reaction seemed inconsistent: on first attempt, it gave 
the desired product 248 in 30% yield; on the next it gave a mixture of products except 248. 
Hence, silver benzoate was tested, but the reaction did not proceed at all, probably due to the 
low solubility of the silver salt. 

To increase the solubility of the benzoate source, sodium benzoate was tested as the nucleo-
phile. The reaction proceed sluggishly, but after the addition of a little water, and four days 
reaction time, full conversion was achieved. Surprisingly, the observed diastereomeric ratio 
was only 3:1, which was similar to the initial results from the reaction with ammonium benzo-
ate.  

Originally, we had anticipated a lot better diastereoselectivity based on the following consid-
erations. SN2-substitution on 6-membered rings is known to prefer axial leaving groups, since 
this is the best alignment for the orbitals involved. In the more stable conformation of cyclic 
sulfate 249 three substituents, the alkoxide side of the carbamate on C5, the benzylated alcohol 
on C4, and the C3 part of the cyclic sulfate are all equatorial (Scheme 50). In this conformation, 
the nucleophilic attack occurs at C2 and gives rise to the all-equatorial glucose-product 248. 
In the less stable conformation 250, the three substituents that were all equatorial in the pre-
vious conformation are now all axial, and only one substituent, the C2 part of the cyclic sulfate 
is equatorial. In this conformation, the nucleophile would attack the C3 part of the sulfate. On 
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top of this conformation being clearly the less favorable one, the nucleophile must now ap-
proach the leaving group adjacent to an axial benzyl ether on C4, making this approach a lot 
more crowded than in conformation 249. 

 

 

Scheme 50. Conformations in the sulfate ester opening reaction. 

The diastereoselectivity of the reaction can potentially be enhanced by lowering the reaction 
temperature, but given the already extremely long reaction times, this was not considered a 
viable option. At the very least, the desired product was for the first time prepared as the major 
isomer. 

On top of the disappointing diastereoselectivity, the isolated yields of 248 were not satisfac-
tory, and the reaction seemed too unreliable. Isolated yields varied between 30-60%, and there 
was also some variation in the diastereomeric ratio. At times, the isolation of the product failed 
completely. The product seemed to be sensitive to pH, and it decomposed during flash chro-
matography with MeOH/CH2Cl2. Partial cleavage of the carbamate group was also observed, 
most likely due to the long reaction time and the somewhat basic reaction conditions.  

In hopes of better solubility and performance, tetrabutylammonium benzoate was tested as 
an alternated benzoate source. The reaction time was now reduced to 16 h, but the selectivity 
of the reaction decreased to 1:1. At this point, we ran out of starting material and time, and thus 
had to settle for the sodium benzoate protocol. At the very least, it serves as a proof of concept. 
For future consideration, benzyl alcohol should be tested as an alternative, more reactive nu-
cleophile, and the product isolation should be optimized. Singh et al.60 also utilized a similar 
sulfate ester approach for their differently protected substrates and gained good results while 
running the reaction with NaOBz in DMF (Schmes 23 and 24 in section 2.4). These conditions 
might also be tested with our substrate.  
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5.8 Deprotecting the final products 

The carbamate and ester protecting groups were removed from the final products with lithium 
hydroxide in refluxing 30% ethanol (Scheme 51). The mono-benzylated products 252-254 
were purified with silica filtration using 20% MeOH/CHCl3 + 1% NH3 as eluent, but in most 
cases the yield was above 100%, indicating the presence of salts or solvents in the product. The 
solution of crude 1-deoxy-L-allonojirimycin 16 was acidified with HCl after the reaction and 
concentrated. However, recrystallization of the product failed, probably due to a combination 
of too much LiCl in the mixture, the scale of the crystallization, and the nature of the product. 
Most of the LiCl could be removed by slurrying the crude 16 in ethanol, but a significant 
amount of LiCl still remained. An alternative procedure for the deprotection was studied re-
lated to the all-equatorial 1-deoxy-L-talonojirimycin and is described in chapter 6.7. 

 

 

Scheme 51. Cleavage of the cyclic carbames and esters. 

The benzyl ethers were cleaved under standard hydrogenation conditions to give hydrochloric 
salts of 1-deoxy-L-mannojirimycin 15, 1-deoxy-L-altronojirimycin 17, and 1-deoxy-L-nojirimy-
cin 18 (Scheme 52). We encountered further crystallization issues with these products: only 1-
deoxy-L-mannojirimycin 15 crystallized from EtOH/H2O giving a 60% yield over two reaction 
steps. 1-deoxy-L-altro- 17 and 1-deoxy-L-nojirimycins 18 were slurried in ethanol to give the 
product with 33% and 42% yields, respectively. 
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Scheme 52. Debenzylation reactions. 

All four diastereomers with C4 and C5 substituents in an anti-arrangement were thus synthe-
sized diastereoselectively either as single or major diastereomers. There is room for improve-
ment in the synthesis of all-equatorial 1-deoxy-L-nojirimycin 18, as well as in the purification 
of the final products following deprotection. The purification of the final products may poten-
tially be improved on by using ion exchange resins or reverse phase chromatography. Alterna-
tively, larger scale and seeding may improve the recrystallization.
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6. Synthesis of 4,5-syn-1-deoxy-L-nojirimycins 

6.1 Syn-tetrahydropyridine intermediate 

To form the syn-tetrahydropyridine intermediate required for the synthesis of the four remain-
ing diastereomers of 1-deoxy-L-nojirimycin, Carreira’s enantioselective zinc mediated reac-
tion94–99 for alkyne addition to aldehydes was studied (Scheme 53). The catalytic version of the 
reaction did not work with our substrates, but the product could be obtained with a stoichio-
metric version of the reaction. Determining the diastereomeric ratio from crude 1H NMR was 
not accurate due to rotamerism caused by the Boc-group, but ca. 4% of the anti-intermediate 
was detected from crude syn-tetrahydropyridine intermediate 261. The alkyne addition was 
achieved in 73% yield. 

 

 

Scheme 53. Formation of the syn-amino alcohol 12 using Carreira’s method. 

Due to the need for stoichiometric amounts of zinc triflate and (-)-methylephedrine, the cost 
and applicability of Carreira’s reaction in our synthesis was dubious. For this reason, an alter-
native way for forming the syn-aminoalcohol 192 was pursued. We envisioned that the corre-
sponding ynone 257 could be selectively reduced to both aminoalcohol diastereomers (190, 
192). Thus, the ynone formation was studied next.  

Fully protected L-serine 255 was converted to the corresponding Weinreb amide100 256 in 
83% yield (Scheme 54). The coupling of Weinreb amide 256 with lithiated TBS-propargyl al-
cohol 196 yielded ynone 256 (Scheme 55). The reaction needed to be quenched at room tem-
perature or else only starting materials were recovered. The reaction was carried out on 40 
mmol scale and it gave a 61% yield. 

 

 

Scheme 54. Formation of Weinreb amide 87. 
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Scheme 55. Ynone formation. 

Next, reduction of the ynone was studied (Table 9). The best syn-selectivity (3:1) was achieved 
with a complex of BHT and DIBAL-H, whereas the best anti-selectivity (1:19) was reached with 
zinc borohydride. Thus, the selective formation of the anti-amino alcohol 190 was significantly 
easier than the formation of the syn-product (192).  

Table 9. Ynone reduction results. 

 

Entry Hydride Conditions dr (syn/anti) 
1 L-Selectride −78 °C, 16 h, toluene  68 : 38 
2 BHT-DIBAL-H −78 °C, 16 h, toluene n.r. 
3 DIBAL-H −78 °C, 1 h, toluene  25 : 75 
4 LiAlH4 −78 °C, 16 h, toluene n.r. 
5 L-Selectride r.t., 16 h, toluene n.r. 
6 BHT-DIBAL-H r.t., 16 h, toluene  75 : 25 
7 DIBAL-H 30°C, 3 h, toluene  25 : 75 
8 LiAlH4 r.t., 16 h, toluene n.r. 
9 NaBH4 r.t., 21 h, MeOH  35 : 65 

10 Li(Ot-Bu)3AlH r.t., 22 h, EtOH  17 : 83 
11 Li(Ot-Bu)3AlH r.t., 5 h, THF    9 : 91 
12 Zn(BH4)2 r.t., 1 h, Et2O    5 : 95 

 
The results of the ynone reductions can be rationalized with Felkin-Anh and chelation-con-
trolled Cram models (Scheme 56). Compared with the alkyne addition reactions, the results of 
non-chelating and chelating reactions are reversed in ynone reductions. This is easily explained 
by the change of nucleophile: in alkyne addition the alkyne moiety is the nucleophile, whereas 
in ynone reduction the hydrogen acts as the nucleophile. Because the roles of the alkyne moiety 
and the hydrogen are reversed, so are the diastereoselectivities. Now the non-chelating reac-
tion conditions should give the syn-product and the chelating conditions should give the anti-
product. 
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Scheme 56. Stereoselectivity in ynone reduction. 

It turns out that inducing chelation controlled reactions are easy with both alkyne addition 
reactions and ynone reductions, since a zinc-mediated version exists for both reactions. How-
ever, unlike for alkyne additions where chelation-breaking reagents, such as HMPA (or in our 
case THF alone), can be easily utilized, there seems to be a lack of corresponding procedures 
for hydride reductions. 

Taking into account the fact that the ynone reduction approach includes one more reaction 
step than Carreira’s alkyne addition, and comparing the selectivities of the two approaches, the 
ynone reduction strategy was abandoned. However, since zinc had demonstrated high selec-
tivity in all of the chelation controlled reactions studied thus far, Krause’s transmetallation 
based alkyne addition101 was utilized (Scheme 57). This reaction yielded syn-product 192 in 
82% crude yield. No anti-diastereomer was detected in 1H NMR or HPLC analysis. However, 
the sensitivity of these methods is questionable, since the compound lacks a proper chromo-
phore, and rotamerism caused by the Boc-group blurs the 1H NMR spectra. After carrying out 
the synthesis all the way to the carbamate-protected syn-intermediate 261, ca. 7% of the anti-
product was observed in crude 1H NMR. 
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Scheme 57. ZnBr2 as coordination metal in the alkyne addition to Garner’s aldehyde (87). 

Syn-amino alcohol 192 was converted to the corresponding tetrahydropyridine 261 according 
to the same strategy used for the anti-tetrahydropyridine (Scheme 58). First, the protecting 
groups of 192 were modified: the secondary alcohol was protected as a benzyl ether in 89% 
crude yield and the primary TBS-protected alcohol was deprotected in 88% crude yield. The 
resulting alkyne 260 was then subjected to Lindlar hydrogenation to form the cis-alkene 199 
in 99% crude yield. The primary alcohol was then chlorinated with POCl3 to give substrate 198 
required for the final cyclization in 79% crude yield. The cyclization was finally carried out in 
quantitative crude yield. Syn-tetrahydropyridine 19 could not be purified of its diastereomer 
by recrystallization, since anti-tetrahydropyridine 14 crystallized before or simultaneously 
with the syn-isomer. Thus, purification of the hydrochloric salt was omitted, and the carba-
mate formation was carried out with the crude product from the previous reaction, followed by 
purification by flash chromatography. The yield over these two steps was 78%. Thus, 26.4 g of 
syn-intermediate 261 was synthesized in a total yield of 34%. The synthesis was carried out 
without column chromatographic purifications due to the large scale used; the alkyne addition 
was performed with 200 mmol of L-Garner’s aldehyde, and the benzyl protection was carried 
out with ca. 300 mmol of starting material. The crude purifications along the synthesis were 
done in the form of silica filtrations. 

 

 

Scheme 58. Synthesis of syn-tetrahydropyridine intermediate 92. 

Syn-intermediate 261 could be debenzylated and acetylated with same reaction conditions as 
anti-intermediate 201. 
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6.2  Dihydroxylations 

To form the 1-deoxy-L-gulonojirimycin, Upjohn-dihydroxylation of syn-tetrahydropyridine 92 
was studied (Scheme 59). The reaction gave the Kishi-product with higher than 20:1 selectivity 
and in 94% yield. The selectivity difference between syn- and anti-tetrahydropyridine is sig-
nificant, and can most likely be justified by the axial position of the allylic alcohol. As a result, 
the syn-intermediate 261 is not flat like its anti-counterpart, and the allylic benzylated alcohol 
now gives rise to increased steric hindrance. 

 

 

Scheme 59. Upjohn dihydroxylation of syn-intermediate 261. 

The Woodward dihydroxylation also worked differently with the syn-intermediate (Scheme 
60). The initial iodohydrin formation from 261 worked as well as with the syn-intermediate, 
but the reaction did not proceed any further. Acetylated intermediate 264 was also tested, but 
it did not work any better than the benzylated one, even when it was heated to 100 °C or 120 
°C. 

 

Scheme 60. Woodward reaction with syn-intermediates 261 and 264. 

We speculated that the axial allylic alcohol disfavors the formation of the syn-iodonium ion, 
even with beneficial coordination enabled by the benzyl group. Therefore, we reasoned that the 
anti-iodonium ion 267 is formed instead (Scheme 61). Since the reaction did not proceed fur-
ther after the iodohydrin formation, we concluded that the molecule is too crowded for the 
substitution of the iodide to take place (268). These initial disappointing results were re-eval-
uated after further experiments, see section 6.6. 
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Scheme 61. Mechanism of the Woodward reaction. 

6.3 Sulfate ester approach 

The sulfate ester approach was studied in hopes of obtaining 1-deoxy-L-galactonojirimycin.  
Formation of the cyclic sulfate ester 269 proceeded without difficulties in 98% yield (Scheme 
62). However, the opening of the sulfate ester gave the protected 1-deoxy-L-idonojirimycin 270 
as a minor product in 25% yield. The benzoyl group was hydrolyzed, and the product then 
compared with epoxide opening product 276 to confirm the stereochemical analysis. The ma-
jor product, formed in 45% yield, was more polar than the undesired 270. Its mass spectrum 
and 1H and 13C NMR spectra corresponded to correct chemical formula for the L-galacto-DNJ 
product 271, but unambiguous stereochemical analysis was not achieved. The coupling con-
stants in the 1H NMR spectrum corresponded to an equatorial proton at C2, which would then 
imply an axial OH-group at C2 instead of equatorial as expected for L-galacto-DNJ 271. The 
benzoyl group was also cleaved from this product, but the 1H NMR spectrum had a poor reso-
lution and hence was difficult to interpret. No reference spectrum was available for benzylated 
L-galacto-DNJ, but the 1H NMR spectrum did not seem to match L-ido-DNJ or syn-dihydrox-
ylated L-gulo- or L-talo-DNJ either.  

 

 

Scheme 62. Sulfate ester formation and cleavage. 

6.4 Epoxidations 

Epoxidation of syn-intermediate 261 were then studied with the anti-dihydroxylated L-ido- 
and L-galacto-products in mind. As with the dihydroxylations, the epoxidation of syn-tetrahy-
dropyridine 261 differed greatly from those of the anti-tetrahydropyride 201. Epoxidation of 
the benzyl protected tetrahydropyridine 261 gave the anti-epoxide 272 with approximately 
10:1 selectivity and in 71% yield (Scheme 63). 
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Scheme 63. Epoxidation of benzylated syn-intermediate 92. 

Contrary to the report by Asano et al.44 (Scheme 7 in section 2.3), the directed epoxidation of 
the free alcohol 273 with m-CPBA gave the desired syn-epoxide (274) as the minor product 
with 2:7 selectivity in 90% total yield (Scheme 64). Also unlike with the anti-intermediate, it 
was possible to separate these epoxides by flash chromatography.  

 

 

Scheme 64. Directed epoxidation of unprotected syn-intermediate 273. 

6.5 Epoxide openings  

Various epoxide opening reactions were studied in hopes of forming the anti-dihydroxylated 
L-ido- and L-galacto-products, as well as the all-syn L-talo-product. As expected, opening of 
anti-epoxide 272 under acidic conditions gave the diaxial product 276 as a single diastereomer 
in 79% yield (Scheme 65). 

 

 

Scheme 65. Epoxide opening under acidic conditions. 

The stereochemistry of these substrates was suited for neighboring acetate mediated epoxide 
opening; to this end, the benzyl protection was removed and the free alcohol was acetylated 
(Scheme 66). The modification of the protecting groups proceeded in quantitative yield over 
two steps. 
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Scheme 66. Formation of acetylated anti-epoxide 277. 

Next, the acetate mediated epoxide opening was tested (Scheme 67). We were delighted to find 
out that the diequatorial 279 was formed as the major product with higher than 20:1 diastere-
oselectivity. The isolated yield was only 21% after acetylation, but this was probably due to the 
water solubility of the unprotected intermediate 278. The epoxide opening reaction was 
quenched with brine and extracted with CH2Cl2, with some of the product likely being lost in 
the aqueous phase. The acetylation step was added to the reaction sequence, since purification 
of the unprotected intermediate 278 with flash chromatography was not successful. 

 

 

Scheme 67. Neighbouring acetate mediated epoxide opening. 

To form the all-syn L-talo-DNJ product 282, epoxide opening of syn-epoxide 274 with iodine 
was studied (Scheme 68). Same reaction conditions were used as with the 4,5-anti-substrate 
220b described above in section 5.6. In this case, the epoxide opening gave two regioisomeric 
products (280 and 281) with 3:1 selectivity and in 38% combined yield. The diaxial product 
was the major isomer. The regioisomers were chromatographically separated and subjected to 
the following substitution reaction separately. As expected, both of the regioisomers gave the 
same L-talo-DNJ product (282), so they were combined before purification to yield compound 
282 in 69% yield. 

 

 

Scheme 68. Formation of the all-syn 1-taloDNJ. 
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6.6 Second look into Woodward dihydroxylation 

Encouraged by the results from epoxide opening with iodine, we took a second look into the 
Woodward dihydroxylation results. We realized that the reaction with acetylated allylic alcohol 
264, actually gave a 2:1 mixture of product and iodide-intermediate 265. When this crude 
mixture was subjected to the reaction conditions for a second time, the protected all-syn 1-
deoxy-L-talonojirimycin 282 was obtained in 56% isolated yield (Scheme 69). The diastereo-
meric ratio of the reaction was better than 20:1. To the best of our knowledge, this is the first 
time L- or D-taloDNJ has been synthesized selectively without using sugars as starting material. 

 

 

Scheme 69. Woodward dihydroxylation of acetylated syn-intermediate 264. 

We decided to carry out the Woodward reaction for the benzylated allylic alcohol 261 one more 
time (Scheme 70). By raising the reaction temperature to 120 °C, the reaction could be forced 
to proceed onwards from the acetylated iodohydrin, but even after 24 h at 120 °C, two different 
iodohydrin diastereomers were isolated after acetylation. Their combined amount corre-
sponded to a 31% yield. Additionally, two different diacetylated diastereomers were also iso-
lated. These were characterized as 1-deoxy-L-talonojirimycin 283 and 1-deoxy-L-idonojirimy-
cin 284 derivatives, and their isolated yield were 19% and 16%, respectively. 

 

 

Scheme 70. Woodward dihydroxylation of benzylated syn-intermediate 261. 

There seemed to be a clear difference in the behavior of acetylated and benzylated syn-tetra-
hydropyridines. Whereas the acetylated substrate cleanly gave the expected all-syn product 
with excellent diastereoselectivity, the benzylated substrate gave a roughly 1:1 mixture of dia-
stereomers. However, these diastereomers were not both products from syn-dihydroxylation, 
but one of them was evidently the product expected from Prévost reaction. The benzyl group 
is potentially large enough compared to the acetyl group, that its steric hindrance is severe 
enough to suppress even the addition of water to the cyclic acetoxonium ion (Scheme 71), thus 
leveling the ground for SN2-substitution by acetate to become a competing reaction. An alter-
native reasoning is that the benzyl group is sterically large enough compared to the acetyl group 
to alter the equilibrium between the two conformations of the acetoxonium ion (286 and 287), 
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thus converting the substituent at C3 to an axial one and making it favorable for SN2-substitu-
tion.   

 

Scheme 71. Alternative nucleophilic attacks on the acetoxonium ion. 

6.7 Deprotection 

Basic conditions were used for carbamate and acetate deprotection as with the 4,5-anti-dia-
stereomers described above in section 5.8 (Scheme 72). L-Gulo- (262) and L-ido-DNJ (276) 
products were purified with flash chromatography with 20% MeOH/CHCl3 + 1% NH3 as the 
eluent system to give 100% and 79% yields, respectively. The tri-acetylated products (279 and 
282) were again challenging to purify. Following failed recrystallization attempts, the crude 
products were slurried with ethanol, which resulted in low yields (40% and 5% respectively). 
The crude yields and crude NMR-data of compounds 22 and 21 indicated yields corresponding 
to the results from the reactions of the other diastereomers, but significant amounts of product 
were lost during slurrying, which can be seen in the isolated yields. 

The deprotection of the L-talo-DNJ 282 with ammonia (aq) was also tested, but this only 
resulted in the cleavage of the acetate groups, forming copious amounts of NH4OAc. However, 
this partially protected product could have still been purified from the salt by flash chromatog-
raphy, so carbamate cleavage with catalytic sodium methoxide in refluxing methanol and hy-
drochloric acid in methanol were tested. Unfortunately, only partial product formation was 
observed with NaOMe and no product at all formed with hydrochloric acid. In the end, the 
deprotection of the tri-acetylated products remained an unsolved challenge. The salts could 
probably be removed with the combination of ion exchange resins and recrystallization, but we 
lacked the materials and time to test this hypothesis. Another option could be to try to find 
some other deprotecting reaction conditions, where all the side products would be volatile. 

Another possible solution to the problems related to product separation from salts could be 
to replace LiOH with Ba(OH)2. Barium can be precipitated from basic aqueous solutions with 
carbon dioxide to form insoluble BaCO373, which could be just filtered out of the reaction solu-
tion. The down-side of this approach might be the low solubility of Ba(OH)2, which might result 
in issues with reactivity. However, this would be an interesting reaction to study. 

The final L-gulo- (288) and L-iodo-DNJ (289) intermediates were debenzylated by hydro-
genation in acidic conditions giving L-gulo- and L-ido-DNJ 20 and 23 in quantitative yield, 
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but recrystallization of both products unfortunately failed (Scheme 73). Yellow color was re-
moved from 20 by slurrying in chloroform. Both products were too soluble in ethanol for ef-
fective slurrying or for recrystallization from it. Based on the 105% yield, 23 retained some 
residual solvents or salts. 

 

 

Scheme 72. Deprotection of cyclic carbamates and acetates. 

 

 

Scheme 73. Debenzylation of L-gulo- and L-iodo-DNJ. 
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All the 4,5-syn-1-deoxy-L-nojirimycins were synthesized with excellent diastereoselectivities. 
There remains room for improvement in the yields of the Woodward dihydroxylation of the 
acetylated allylic alcohol 264 and in the acetate mediated epoxide opening of the acetylated 
anti-epoxide 277. However, the moderate yields in both cases were most likely due to issues 
related to workup procedures, which should be easy enough to solve. The greatest unresolved 
challenge is the purification of the final products. The best purification method is likely recrys-
tallization, which would potentially be easier in larger scale, with more careful solvent selec-
tion, and with seed crystals. Ion exchange resins are a potential solution to help with salt re-
moval. In addition, different reaction condition with volative side products or water insoluble 
side products, such as BaCO3, should be tested.
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7. Conclusions and discussion  

We set out to develop stereoselective synthesis of all the diastereomers of 1-deoxy-L-nojirimy-
cin from two common diastereomeric intermediates. This dissertation describes how we have 
reached that goal. To the best of our knowledge, this is the first time all eight diastereomers of 
either enantiomeric series of DNJs have been selectively synthesized from common interme-
diates. In earlier syntheses utilizing DNJ intermediates, some diastereomers were formed as 
mixtures and separated by chromatography and not all diastereomers were reached. All the 
diastereomers have been previously prepared via dedicated linear syntheses, often utilizing 
sugars or tartaric acid as starting materials. Our approach serves as a more practical method 
for making several 1-deoxy-L-nojirimycins faster, thus easing further research on their biolog-
ical activity. Moreover, our accumulated experience with the stereoselectivity patterns demon-
strated by the intermediates gives a solid starting point for 1-deoxy-L-nojirimycin derivative 
synthesis. Our strategy is also easily adapted to making all diastereomers of 1-deoxy-D-nojiri-
mycin, since using D-serine as starting material in the exactly same synthesis will result in the 
formation of these product isomers. 

Another valuable insight gained during this research is the information on the stereoselec-
tivity behavior of the two diastereomeric 6-membered cyclic intermediates in various hydrox-
ylation methods. In most cases, the same approaches worked with both intermediates, but the 
level of observed selectivity varied based on the individual substrate. Unless a coordinating 
reagent or an intramolecular reaction is used, most diastereoselective reactions rely on stere-
oselective discrimination induced by steric hindrance. This is the mechanism in action for ex-
ample in Upjohn dihydroxylation and non-directed epoxidations. Another possibility is that 
the course of a stereospecific reaction, like the SN2-substitution, is determined by the relative 
stability of alternative conformations. An example of this is the selectivity demonstrated by a 
substitution reaction in a 6-membered ring with an axial and an equatorial leaving group: if 
one conformation is strongly favored with respect to the other, the leaving group that is axial 
in the preferred conformation is substituted. This method was thought to influence the out-
come of the substitution of the cyclic sulfate esters formed from syn-dihydroxylation products. 

The easiest reaction to evaluate stereochemistry-wise was the Upjohn dihydroxylation 
(Scheme 74). With both intermediates the expected Kishi-product was formed. What differed, 
however, was the level of diastereoselectivity. As discussed in section 5.3, the anti-intermediate 
is a quite flat molecule with two equatorial substituents. In agreement with this conformational 
reasoning, the observed diastereoselectivities were good, but not excellent. The equatorial al-
lylic alcohol did clearly not induce enough steric hindrance to match the level of selectivity 
observed with the syn-intermediate with its axial allylic alcohol. 
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Scheme 74. Summary of Upjohn dihydroxylations. 

In the Woodward dihydroxylation the observed stereoselectivities were opposite with the anti- 
and syn-intermediates: the anti-intermediate gave the Kishi-product with good selectivity, 
whereas the syn-intermediate gave the anti-Kishi product with excellent selectivity (Scheme 
75). With this reaction, it seemed that different selectivity mechanisms were operating with 
different intermediates. As discussed in section 5.3, sterics were likely not the dominant factor 
at play with the anti-intermediate, but rather the stereoelectronics and coordination of the io-
donium ion to the allylic alcohol were. On the other hand, the syn-intermediate was so crowded 
that the reaction needed more energy to proceed, and was thus clearly operating under steric 
control. 

 

Scheme 75. Summary of Woodward dihydroxylations. 

The results of the epoxidations were also opposite with different intermediates (Scheme 76). 
With the anti-intermediate the sterically controlled non-coordinating epoxidations demon-
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strated next to no selectivity, whereas excellent selectivity was witnessed with the syn-inter-
mediate. However, directed epoxidation gave excellent results with the anti-intermediate, but 
with the syn-intermediate the syn-epoxide was formed as the minor product. This is another 
piece of information in accordance with the hypothesis that the stereoselectivity demonstrated 
by the anti-intermediate is mostly governed by coordination and not sterics, whereas the op-
posite seems likely for the syn-intermediate. The axial alcohol in the syn-intermediate seems 
to induce so much steric hindrance that even strongly coordinating reaction conditions, such 
as directed epoxidation, are not enough to change the preferred diastereomeric outcome. 

 

 

Scheme 76. Summary of epoxidations. 

The epoxide opening reactions were a textbook example of the unique properties of 6-mem-
bered rings (Scheme 77). No matter what conditions the anti-intermediate was subjected to, 
the strong preference for the diaxial product prevailed, or whether an oxygen nucleophile or 
iodine was used. The same was partly true for the syn-intermediate. The epoxide opening with 
water under acidic conditions strongly favored the diaxial product, but with the much larger 
iodine as the nucleophile, the strong preference for the diaxial product was lost. This was likely 
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due to mixed selectivity drivers: the diaxial product forms via nucleophilic attack at the more 
hindered C3 next to the alcohol-group, but the coordination of the alcohol and epoxide to 
Ti(Oi-Pr)4 directs the nucleophile’s attack at C2, both based on sterics and stereoelectronics, 
leading to the diequatorial product. The only mechanism strong enough to completely over-
come the innate preference for the diaxial epoxide opening seemed to be the intramolecular 
neighboring acetate mediated epoxide opening. As discussed in sections 5.5 and 6.5, this ap-
proach was only possible for the syn-intermediate, where the preferred products of diaxial and 
neighboring acetate mediated epoxide openings were opposite. 

 

 

Scheme 77. Summary of epoxide opening reactions. 
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The only reaction that left behind some unexplained results was the cyclic sulfate ester cleavage 
(Scheme 78). With the anti-intermediate 247 this reaction gave the anticipated diastereomer 
as the major product, but the observed level of selectivity was much lower than expected. With 
the syn-intermediate 269 the observed tri-axial product was not what was originally hypoth-
esized based on the assumption that the cyclic carbamate substituent at C5 would be equato-
rial. However, basic conformational calculations predict the conformation where the C2 end of 
the sulfate ester is axial instead of the C3 end, thus justifying the observed results based on the 
SN2-reaction calling for axial leaving groups (Figure 8). On top of this, the stereochemistry of 
the more polar product from the reaction of the syn-intermediate was not unambiguously 
solved. 

 

 

Scheme 78. Summary of sulfate ester cleavage reactions. 

 

Figure 8. Outcome of sulfate ester cleavage reactions. 

Overall, it was enlightening to witness the extent of the effect that such a small difference as 
changing one substituent from equatorial to axial can have. Thus, a comprehensive ensemble 
of examples of the diastereoselectivity displayed by 6-membered rings in hydroxylation reac-
tions is presented in this thesis. 
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8. Experimental section 

8.1 General experimental considerations 

Moisture sensitive reactions were performed under argon atmosphere in either flame- or oven-
dried glassware. Anhydrous solvents (THF, CH2Cl2, Et2O, and toluene) were obtained with 
MBraun SPS-800 solvent drying system using neutral alumina drying columns. DMF was used 
as is from freshly opened bottle (HPLC quality) and stored over activated molecular sieves and 
under argon immediately after opening. Other solvents used in reactions and flash chromatog-
raphy were obtained from commercial sources as p.a. quality. Commercial reagents were used 
as such. SiO2 was used for reaction monitoring on TLC-plates (silica gel 60, F254, 230-400 
mesh, precoated aluminum sheets, Merck) and for product purification with flash chromatog-
raphy (silica gel 60, 230-400 mesh, Merck). TLC-plates were visualized with UV light (λ= 254 
nm) and by staining with KMnO4, vanillin, or ninhydrin solutions.  

1H and 13C NMR spetra were recorded with Bruker Avance DPX-400 (1H 400.13 MHz, 13C 
100.62 MHz), Bruker Avance NEO 400 (1H 400.13 MHz, 13C 100.62 MHz), Bruker Avance III 
400 (1H 400.13 MHz, 13C 100.62 MHz) or Bruker Avance NEO 600 (1H 600.13 MHz, 13C 150.90 
MHz) spectrometers. The chemical shifts are reported in ppm relative to TMS (δ = 0.00) or 
residual solvent signals (1H NMR: CDCl3 δ = 7.26, MeOD δ = 3.31, D2O δ = 4.79; 13C NMR: 
CDCl3 δ = 77.16, MeOD δ = 49.00, toluene-d8 δ = 20.43, for D2O MeOH was used as internal 
standard δ = 49.50). The spectra were recorded at 25 °C unless otherwise stated. HRMS data 
was recorded with Waters MicroMass LCT Premier (ESI/TOF) and Agilent 6350 Accurate 
Mass QTOF (ESI) spectrometers. Optical rotations were measured with Perkin-Elmer 343 
(Na-lamp, λ = 589 nm) or Rudolf Research Analytical Autopol VI (Tungsten-halogen, λ = 589 
nm) polarimeters using 1 dm cuvettes. FTIR spectra were recorded with Bruker Alpha FTIR 
Eco-ATR spectrometer. Uncorrected melting points were obtained with Stuart SMP30 appa-
ratus in open capillars. Elemental analyses were measured with Perkin Elmer 2400 Series II 
CHNS/O Analyser. 

8.2 Determining the diastereomeric and regioisomeric ratios 

The stereochemistry of each product has been mainly determined based on coupling constants 
in 1H-NMR spectra. Overlaping signals were not a problem with the protected products. Some-
times the resolution of a single peak was not good enough for determining coupling constants, 
but this problem could be countered, if a given coupling constant could be determined with 
certainty from the other proton of the given coupling pair. Another way to circumvent prob-
lems with determining a given coupling constant was the fact that no coupling constant of a 
given multiplet can be larger than the width of the peak. Therefore, if the width of a peak was 



Experimental section 

71 

small, for example 4 Hz, it could not have large enough coupling constants for an axial-axial 
interaction. 

The identities of different proton signals were first identified based on 2D COSY- and HSQC-
NMR spectra. The absolute stereochemistry of C5 was always know, since it originates from L-
serine. The C6-containing substituent on C5 was assumed to reside in equatorial position in 
the most stable conformation of the products based on well-established theory on 6-membered 
ring conformations. This assumption was also supported by coupling constants between pro-
tons on C5 and C6. 

 

 

Figure 9. Assigning numbers to carbons on protected L-DNJs. 

Next, the coupling constant between C2-proton and the two protons on C1 were analysed. Since 
C1 has two protons, one of them is in axial position and the other in equatorial position. Cou-
pling constants in 6-membered rings between two axial protons are known to be larger than 
5Hz. Hence, one large coupling constant between the C2 proton and one of the C1 protons 
meant that the proton on C2 was in axial position and the C2-substituent in equatorial position. 
Likewise, if both coupling constants between the proton on C2 and the protons on C1 were 
small, the proton on C2 was known to reside in equatorial position. 

Finally, the coupling constants between protons on C2 and C3, C3 and C4, and C4 and C5 
were analysed to determine the stereochemistry of the remaining protons. The proton on C5 
was always known to be axial and the proton on C4 was axial in all the 4,5-trans-products, so 
there was always at least one axial proton next to the proton on C3. Hence, if the proton on C3 
had a large coupling constant with this proton, it was also known to be axial. In the 4,5-syn-
series the C4-proton was equatorial, so its coupling constant with the C3-proton was not help-
ful in stereochemical analysis. If the proton on C2 was axial, its coupling constant with the C3-
proton could be used to analyse the orientation of the C3-proton. In the remaining cases, the 
stereochemistry of the C3-proton was detected based on known relative stereochemical out-
comes of the reaction used: syn-dihydroxylation results in protons on C2 and C3 being syn and 
epoxide opening results in them being trans. 

2D NOESY-spectra were also ran from each product. These could in many cases be used to 
support the analysis based on coupling constants, but NOESY on its own was not considered a 
reliable method for stereochemical analysis of these products based on the following reason-
ing. Vicinal protons always give NOESY-correlations with each other no matter what their ori-
entation. So only NOESY-correlations between protons on C2 and C5, C2 and C4, and C3 and 
C5 might have any meaning. In 6-membered rings, equatorial protons always give NOESY-
correlations with each other, if it is possible considering their distance from each other. Equa-
torial protons usually also give correlation with axial protons. Therefore, in these molecules, 
NOESY-correlations are only any use, if two axial protons, that are not next to each other, are 
analysed. In addition, the lack of NOESY-correlation on its own is not strong enough evidence 
of the two protons in question being on opposite sides of the 6-membered ring. 
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In addition to these methods, reference spectra from previous reactions were used to support 
stereochemical analysis. For example, anti-Kishi products were formed as minor products in 
Kishi-selective dihydroxylations, so their spectra could be used as reference when analysing 
products from anti-Kishi selective reactions. The 1H- and 13C-NMR spectra of the final depro-
tected L-DNJ-products were also compared with previously published data of the same com-
pounds. 

Regiochemical analysis of halohydrins was based on chemical shifts in 1H- and 13C-NMR 
spectra. The identities of each proton and carbon were again determined based on 2D COSY- 
and HSQC-spectra. In addition, known stereochemistry of the starting material and knowledge 
of the mechanisms of the reactions used were utilized to support the reasoning, as well as the 
outcome of the following substitution reactions. 

8.3 Synthesis of 4,5-anti-1-deoxy-L-nojirimycins 

(8R,8aS)-8-(benzyloxy)-8,8a-dihydro-1H-oxazolo[3,4-a]pyridin-3(5H)-one (201) 
 

 

CDI (2.94 g, 17.5 mmol, 175 mol-%) was added to the mixture of 14 (2.56 g, 10 mmol, 100 mol-
%) and anhydrous THF (60 mL) in a flame-dried flask under argon. The mixture was heated 
to reflux and left to stir overnight after which the reaction was cooled to r.t. and quenched with 
1M HCl (aq, 20 mL). EtOAc (10 ml) was added and the phases were separated and the aqueous 
phase was extracted with EtOAc (2 x 10 mL). The combined organic phase was washed with 1 
M HCl (aq, 50 mL) and brine (50 mL), and dried over Na2SO4. The solvent was evaporated to 
give 2.37 g of light yellow oil, which crystalized upon scratching. Purification with flash chro-
matography (1:1 EtOAc/hex) gave 2.28 g (93%) of white solid. 

 
Rf = 0.45 in 1:1 EtOAc/Hex 
1H-NMR (400 MHz, CDCl3) δ  7.40-7.30 (m, 5H, Ph), 5.97 (dd, 1H, J=10.5 Hz, 3.6 Hz, 2.0 
Hz, HC = CH), 5.82 (dd, 1H, J=10.5 Hz, 5.4 Hz, 2.3 Hz, HC = CH), 4.73 (d, 1H, J=11.7 Hz, 
CH2Ph), 4.52 (d, 1H, J=11.7 Hz, CH2Ph), 4.47 (dd, 1H, J=8.8 Hz, 8.2 Hz), 4.13-4.06 (m, 2H), 
3.96-3.91 (m, 1H), 3.69-3.56 (m, 2H) 
13C-NMR (100 MHz, CDCl3) δ 157.30, 137.44, 128.79, 128.40, 128.11, 126.56, 126.03, 74.17, 
71.35, 67.56, 54.67, 41.12 
m.p. 66.3-67.1 °C 
IR (film) ν = 3033, 2907, 2860, 1747, 1453, 1420, 1388, 1073, 1030, 989, 741, 697 cm-1 

  -84.09 (CH2Cl2, c = 1.005; lit. -1.5 (MeOH, c=0.37)102)  
HRMS calculated 246.1130 (C14H16NO3, M+H) found 246.1132 
Elemental analysis calculated C, 68.56; H, 6.16; N, 5.71 (C14H15NO3) found C, 68.48; H, 
6.49; N, 5.71  
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(8R,8aS)-8-hydroxy-8,8a-dihydro-1H-oxazolo[3,4-a]pyridin-3(5H)-onen (43) 
 

 

201 (0.694 g, 2.8 mmol, 100 mol-%) was dissolved in anhydrous CH2Cl2 (20 mL) in a flame-
dried flask under argon. Thioanisole (0.33 mL, 2.8 mmol, 100 mol-%) was added followed by 
FeCl3 (1.62 g, 10 mmol, 350 mol-%). After 1 h of stirring at r.t. the reaction was quenched with 
H2O (20 mL). The phases were separated and the aqueous phase was saturated with NaCl after 
which it was extracted with 20% i-PrOH/CH2Cl2 until no product was seen on a TLC from the 
aqueous phase (7 x 20 mL). The combined organic phase was dried over Na2SO4 and evapo-
rated to give 0.909 g of brownish orange solid. The product was purified by flash chromatog-
raphy (3:2 EtOAc/hex) to yield 0.425 g (97%) of white powder. Alternatively, iron can be pre-
cipitated out of the solution by adding NaOH (2M, aq) after quenching. The dark brown solids 
formed are removed by filtering through celite (elueted with MeOH). After this the solution is 
neutralized with HCl (1 M, aq), concentrated, and purified as previously. This type of workup 
results in a somewhat lowered yield (around 80%), but on the other hand crude NMR is pos-
sible and solvent consumption is dramatically lowered.   

 
Rf = 0.10 in 1:1 EtOAc/Hex 
1H-NMR (400 MHz, MeOD) δ 5.82-5.76 (m, 2H), 4.58 (dd, 1H, J=9.0 Hz, 7.9 Hz), 4.35 (dd, 
1H, J=9.0 Hz, 4.6 Hz), 4.10-4.06 (m, 1H), 4.02-3.96 (m, 1H), 3.69-3.63 (m, 1H), 3.52 (dt, 1H, 
J=12.4 Hz, 4.6 Hz) 
13C-NMR (100 MHz, CDCl3) δ 157.90, 130.13, 124.58, 67.64, 67.59, 56.54, 40.97, 29.82 
m.p. 110.6-111.1 °C; lit. 99 °C81 
IR (film) ν = 3349, 2915, 2858, 1718, 1648, 1434, 1068, 1009 cm-1 

 +18.81 (MeOH, c = 1.025; lit. +26.02 (MeOH, c= 0.365)81) 
HRMS calculated 156.0661 (C7H10NO3, M+H) found 156.0667 
Elemental analysis calculated C, 54.19; H, 5.85; N, 9.03 (C7H9NO3) found C, 53.83; H, 5.48; 
N, 9.00  
 

(8S,8aS)-8-chloro-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-3-one (202a) 
 

 

201 (48.9 mg, 0.2 mmol, 100 mol-%) was dissolved in anhydrous CH2Cl2 (2 mL) in a flame-
dried flask under argon and cooled to 0 °C. FeCl3 (37.3 mg, 0.23 mmol, 115 mol-%) was added, 
the cooling was removed and the reaction was stirred for 2 h, after which more FeCl3 (48.2 mg, 
0.29 mmol, 150 mol-%). After additional 15 h of stirring the reaction was diluted with CH2Cl2 
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(2 mL) and quenched with H2O (3 mL). The phases were separated and the aqueous phase was 
extracted with CH2Cl2 (2x1 mL). The combined organic phase was dried over Na2SO4 and con-
centrated to give 41.3 mg of crude. Flash chromatographic purification (3:2 EtOAc/Hex) gave 
18.4 mg (53%) of product as a 4:1 mixture of diastereomers. 

 
major diastereomer: 
1H-NMR (400 MHz, CDCl3) δ 6.14-6.07 (m, 1H), 5.97 (ddd, 1H, J=10.0 Hz, 3.2 Hz, 2.5 Hz), 
4.58 (dd, 1H, J = 9.0 Hz, 4.3 Hz), 4.53-4.45 (m, 1H), 4.49 (t, 1H, J=8.9 Hz), 4.30 (td, 1H, J=18.9 
Hz, 3.0 Hz), 4.15 (ddd, 1H, J=8.5 Hz, 4.1 Hz, 3.0 Hz), 3.80 (ddd, 1H, J=19.07 Hz, 3.98 Hz, 1.98 
Hz) 
13C-NMR (100 MHz, CDCl3) δ 157.2, 128.2, 125.1, 65.6, 54.1, 53.4, 41.0 
HRMS calculated 174.0322 (C7H9ClNO2, M+H) found 174.0328 
IR (film) ν = 2959, 2920, 2851, 1738, 1430, 1241, 1206, 1098, 1063, 988, 756, 741 cm-1 
 

(8R,8aS)-8-((tert-butyldimethylsilyl)oxy)-8,8a-dihydro-1H-oxazolo[3,4-a]pyri-
din-3(5H)-one (203c) 

 

 

43 (0.304 g, 2.0 mmol, 100 mol-%) was dissolved in anhydrous CH2Cl2 (20 mL) in a flame-
dried flask under argon. TBSOTf (0.529 g, 2.0 mmol, 100 mol-%) was added followed by 2,6-
lutidine (0.47 mL, 4.0 mmol, 200 mol-%). After 40 min of stirring in r.t. the reaction was 
quenched with H2O (20 mL). The phases were separated and the aqueous phase was extracted 
with CH2Cl2 (20 mL). The combined organic phase was washed with 5 w-% citric acid (40 mL), 
dried over Na2SO4, and evaporated to give 0.525 g of slightly yellow solid. Purification with 
flash chromatography (1:4 EtOAc/hex) gave 0.490 g (93%) of white solid. 

 
Rf = 0.75 in 1:1 EtOAc/Hex 
1H-NMR (400 MHz, CDCl3) δ 5.76-5.69 (m, 2H, HC = CH), 4.51 (dd, 1H, J=9.0 Hz, 7.8 Hz), 
4.22 (dd, 1H, J=9.0 Hz, 4.2 Hz), 4.17-4.13 (m, 1H), 4.12-4.05 (m, 1H), 3.68-3.61 (m, 1H), 3.51 
(m, 1H), 0.90 (s, 9H, t-Bu), 0.12 (s, 3H, Me), 0.11 (s, 3H, Me) 
13C-NMR (100 MHz, CDCl3) δ 157.35, 130.61, 123.95, 68.51, 67.34, 56.55, 40.96, 29.78, 
25.73, 17.98, -4.08, -4.55 
m.p. 90.7-91.9 °C; lit. 93 °C81 
IR (film) ν = 3047, 2954, 2930, 2894, 2858, 1424, 1387, 1202, 1096, 1078, 892, 832, 776, 734, 
668 cm-1 

 -26.1 (CH2Cl2, c = 1.005; lit. -25.58 (CHCl3, c=0.514)81) 
HRMS calculated 270.1525 (C13H24NO3Si, M+H) found 270.1525 

Elemental analysis calculated C, 57.96; H, 8.61; N, 5.20 (C13H23NO3Si) found C, 57.12; H, 
8.70; N, 5.20 
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(8R,8aS)-3-oxo-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-8-yl acetate 
(203d) 

 

 

43 (0.314 g, 2 mmol, 100 mol-%) was dissolved in CH2Cl2 (20 mL). DMAP (36.7 mg, 0.3 mmol, 
15 mol-%) was added followed by Et3N (0.56 mL, 4 mmol, 200 mol-%). Then acetic anhydride 
(0.47 mL, 5 mmol, 250 mol-%) was added dropwise. After 35 min of stirring, the reaction was 
quenched with 1M HCl (aq, 20 mL). The phases were separated and the aqueous phase was 
extracted with CH2Cl2 (3 x 20 mL). The combined organic phase was dried over Na2SO4 and 
concentrated to give 0.4495 g of yellow tinted solid crude. Purification with flash chromatog-
raphy (1:1 EtOAc/Hex) gave 0.391 g (98%) of product as a white solid. 

 
Rf = 0.26 in 1:1 EtOAc/hex 
1H-NMR (400 MHz, CDCl3) δ 5.92 (ddt, 1H, J=10.6 Hz, 3.6 Hz, 2.2 Hz), 5.73 (ddd, 1H, 
J=10.5 Hz, 4.2 Hz, 2.5 Hz), 5.26-5.22 (m, 1H), 4.51 (dd, 1H, J=9.3 Hz, 8.1 Hz), 4.35 (dd, 1H, 
J=9.1 Hz, 5.6 Hz), 4.13 (ddd, 1H, J=18.4 Hz, 5.9 Hz, 2.9 Hz), 3.75-3.65 (m, 2H), 2.11 (s, 3H) 
13C-NMR (100 MHz, CDCl3) δ 170.5, 157.0, 126.3, 125.5, 69.3, 67.7, 54.4, 40.7, 21.0 
m.p. 74.0-77.9 °C 
IR (film) ν = 1753, 1422, 1233, 1041 cm-1 

 +15.21 (CH2Cl2, c = 1.045) 
HRMS calculated 198.0766 (C9H12NO4, M+H) found 198.0763 
 
(8R,8aS)-3-oxo-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-8-yl pivalate  
(203e) 

 

 

43 (78.3 mg, 0.5 mmol, 100 mol-%) was dissolved in pyridine (2 mL). DMAP (9.2 mg, 0.075 
mmol, 15 mol-%) was added followed by pivaloyl chloride (0.06 mL, 0.5 mmol, 100 mol-%). 
After 19.5 h of stirring, the reaction mixture was concentrated under vacuum to give 0.146 g of 
solid crude. Purification with flash chromatography (1:2 EtOAc/Hex) gave 0.111 g (93%) of 
product as a white solid. 

 
Rf = 0.55 in 1:1 EtOAc/low b.p. petroleum ether 
1H-NMR (400 MHz, CDCl3) δ 5.92-5.87 (m, 1H), 5.71-5.66 (m, 1H), 5.21-5.17 (m, 1H), 4.47 
(dd, 1H, J=9.1 Hz, 8.1 Hz), 4.31 (dd, 1H, J=9.3 Hz, 5.5 Hz), 4.16-4.09 (m, 1H), 3.71-3.63 (m, 
2H), 1.19 (s, 9H) 
13C-NMR (100 MHz, CDCl3) δ 178.2, 157.1, 126.2, 125.6, 69.1, 67.7, 54.5, 40.7, 38.9, 27.1 
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HRMS calculated 240.1236 (C12H18NO4, M+H) found 240.1234 
 

(8R,8aS)-8-(trityloxy)-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-3-one 
(203f) 

 

43 (44.4 mg, 0.286 mmol, 100 mol-%) was dissolved in CH2Cl2 (2 mL). DMAP (1.9 mg, 0.014 
mmol, 5 mol-%) was added followed by Et3N (0.06 mL, 0.43 mmol, 150 mol-%). Then, trityl 
chloride (83.9 mg, 0.3 mmol, 105 mol-%) was added and the reaction was stirred for 20 h, after 
which it was heated to reflux. After 24 h of refluxing, more DMAP (4.2 mg, 0.034 mmol, 12 
mol-%) and Et3N (0.02 mL, 0.14 mmo0l, 50 mol-%) was added and the reaction was continued 
for further 21 h, after which it was quenched with saturated NH4Cl (aq, 2 mL). The phases were 
separated and the aqueous phase was extracted with CH2Cl2 (3 x 2 mL). The combined organic 
phase was dried over Na2SO4, and concentrated to give 0.123 g of crude. Flash chromato-
graphic purification (1:4 EtOAc/hex) yielded 12.5 mg (11%) of product. 

 
1H-NMR (400 MHz, CDCl3) δ 7.47-7.23 (m, 15H), 5.54-5.49 (m, 1H), 5.29-5.24 (m, 1H), 
4.42 (dd, 1H, J=8.9 Hz, 7.6 Hz), 3.97-3.86 (m, 3H), 3.73 (dd, 1H, J=8.9 Hz, 5.0 Hz), 3.59 (ddd, 
1H, J=18.0 Hz, 4.9 Hz, 2.5 Hz) 
13C-NMR (100 MHz, CDCl3) δ 157.7, 157.2, 144.4, 129.1, 128.8, 128.1, 127.7, 123.8, 87.3, 70.7, 
68.1, 55.3, 40.8 
 
(8R,8aS)-3-oxo-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-8-yl 2,2,2-tri 
fluoroacetate (203g) 

 
 
43 (39.7 mg, 0.25 mmol, 100 mol-%), was dissolved in anhydrous CH2Cl2 (2 mL) in a flame-
dried flask under argon and cooled to 0 ⁰C. Pyridine (0.02 mL, 0.26 mmol, 105 mol-%) was 
added followed by trifluoroacetic anhydride (0.04 mL, 0.25 mmol, 100 mol-%). The reaction 
was stirred for 1 h, after which it was quenched with H2O (2 mL). The phases were separated 
and the aqueous phase was extracted with CH2Cl2 (3 x 2 mL). The combined organic phase was 
dried over Na2SO4 and concentrated to give 62.3 mg (99%) of crude product. The crude was 
used as such in following reactions, because the product decomposes on silica. 
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1H-NMR (400 MHz, CDCl3) δ 6.09-6.04 (m, 1H), 5.79 (qd, 1H, J=10.4 Hz, 2.2 Hz), 5.46-
5.40 (m, 1H), 4.58 (dd, 1H, J=9.3 Hz, 7.9 Hz), 4.37 (dd, 1H, J=9.6 Hz, 4.9 Hz), 4.20 (qd, 1H, 
J=19.0 Hz, 3.0 Hz), 3.87 (dt, 1H, J=22.9 Hz, 4.8 Hz), 3.74 (qd, 1H, J=18.9 Hz, 2.6 Hz) 
13C-NMR (100 MHz, CDCl3) δ 157.4, 157.0, 156.7, 128.5, 123.1, 73.0, 67.2, 53.7, 40.7 
 
 
(6S,7S,8S,8aS)-8-(benzyloxy)-6,7-dihydroxytetrahydro-1H-oxazolo[3,4-a]pyri-
din-3(5H)-one (204a) 

 

 

201 (49.9 mg, 0.2 mmol, 100 mol-%) was dissolved in 9:1 CH3CN/H2O (2 mL) and cooled to 
0 ⁰C. NMO (46.9 mg, 0.4 mmol, 200 mol-%) was added followed by OsO4 (0.06 mL, 0.01 
mmol, 5 mol-%). The reaction was let to warm to r.t. and stirred for 24 h, after which it was 
quenched by adding solid Na2S2O3 (55 mg). At this point a separate brown was formed. The 
phases were separated and the aqueous phase extracted with CH2Cl2. The combined organic 
phase was dried over Na2SO4, and evaporated to give 58.1 mg of solid crude, which was purified 
by flash chromatography (4:1 EtOAc/Hex) to give 36.2 mg (65%) of white powder. (Also 13.4 
mg of a mixed fraction, where main product/minor product ratio was 1:0.12 judging by 1H 
NMR. And 4 mg (7%) of minor diastereomer.) 
 
OR 
 
201 (1.47 g, 6 mmol, 100 mol-%) was dissolved in AcOH (60 mL). I2 (1.83 g, 7.2 mmol, 120 
mol-%) was added followed by AgOAc (2.26g, 13.5 mmol, 225 mol-%). The reaction flask was 
wrapped in aluminum foil. The reaction was stirred at r.t. for 3.3 h after which no starting 
material was seen on TLC. H2O (0.11 mL, 6 mmol, 100 mol-%) was added and the reaction 
heated to 80 ⁰C for 20 h, after which more AgOAc (0.505g, 3 mmol, 50 mol-%) was added, 
because the intermediate iodide could still be seen on TLC. The reaction was stirred for addi-
tional 30 h, after which solvents were evaporated. The concentrated reaction mixture was dis-
solved in 10% MeOH/CH2Cl2, filtered through a pad of silica gel (elueted with 10% 
MeOH/CH2Cl2), and concentrated to give 2.12 g of crude product. The crude product was then 
dissolved in MeOH (60 mL). K2CO3 (200 mg) was added, and the reaction was stirred for 6.5 
h, after with it was concentrated to give 1.99 g of crude. Purification with flash chromatography 
(2.5%  5% MeOH/ CH2Cl2) yielded 1.36 (81%) of white solid with dr being 20:1. 

 
Rf = 0.58 in 10% MeOH/CH2Cl2 
1H-NMR (400 MHz, MeOD) δ 7.39-7.27 (m, 5H, Ph), 4.95, (d, 1H, J=11.5 Hz, PhCH2), 4.66 
(d, 1H, J=11.5 Hz, PhCH2), 4.32 (dd, 1H, J=9.0 Hz, 8.0 Hz, O-CH2-CH), 3.95-3.93 (m, 1H, CH2-
CHOH-CHOH), 3.89 (dd, 1H, J= 9.0 Hz, 4.8 Hz, O-CH2-CH), 3.75 (dd, 1H, J=14.1 Hz, 2.4 Hz, 
N-CH2-CHOH), 3.69-3.63 (m, 2H, CHOH-CHOH-CHOBn), 3.61-3.55 (m, 1H, O-CH2-CH), 
3.07 (dd, 12H, J=14.0 Hz, 2.0 Hz, N-CH2-CHOH) 
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13C-NMR (100 MHz, MeOD) δ 160.17, 139.98, 129.43, 129.40, 128.91, 78.97, 76.05, 75.63, 
70.46, 67.61, 58.45, 46.72 
m.p. 167.2-169.0 °C, but decomposed before that: 141.1 °C turned slightly grey, 154.6 °C turned 
shiny/see-through, 156.7 °C turned to light brown, 159.5 °C compressed, 163.5 °C compressed 
even more 
IR (film) ν = 3352, 2935, 2920, 1721, 1434, 1246, 1109, 1091, 989, 761, 751, 701 cm-1 

 -81.22 (MeOH, c = 1.020) 
HRMS calculated 280.1185 (C14H18NO5, M+H) found 280.1180 
 

(6S,7S,8S,8aS)-8-((tert-butyldimethylsilyl)oxy)-6,7-dihydroxytetrahydro-1H-ox-
azolo[3,4-a]pyridin-3(5H)-one (204c) 

 

 

203c (54.5 mg, 0.2 mmol, 100 mol-%) was dissolved in 9:1 CH3CN/H2O (2 mL) and cooled to 
0 ⁰C. NMO (46.9 mg, 0.4 mmol, 200 mol-%) was added followed by OsO4 (0.06 mL, 0.01 
mmol, 5 mol-%, 4 w% in H2O). The reaction was let to warm to r.t. and stirred for 24 h, after 
which it was quenched by adding solid Na2S2O3 (55 mg). The phases were separated and the 
aqueous phase extracted with CH2Cl2 (3 x 3 mL). The combined organic phase was dried over 
Na2SO4, and evaporated to give 69.2 mg of solid crude. Purification with flash chromatography 
(2:1 4:1 EtOAc/Hex) gave 48.2 mg (79%) of white powder. (Also 3.5 mg of a mixed fraction, 
where main product/minor product ratio was 2.8:1 judging by 1H NMR. And 9.3 mg (15%) of 
minor diastereomer.) 

 
Rf = 0.4 in 4:1 EtOAc/Hex (0.55 for minor isomer in 4:1 EtOAc/Hex) 
1H-NMR (400 MHz, CDCl3) δ 4.40 (dd, 1H, J= 8.7 Hz, 8.3 Hz, O-CH2-CH), 4.17 (dd, 1H, 
J=8.9 Hz, 4.4 Hz, O-CH2-CH), 4.08-4.06 (m, 1H, CH2-CHOH-CHOH), 3.94 (dd, 1H, J=14.3 
Hz, 2.2 Hz, N-CH2-CHOH), 3.75 (dd, 1H, J=9.2 Hz, 8.9 Hz, CHOTBS), 3.49 (ddd, 1H, J=8.9 
Hz, 8.3 Hz, 4.5 Hz, O-CH2-CH), 3.41 (dd, 1H, J=9.0 Hz, 2.9 Hz, CHOH-CHOHCHOTBS), 3.03 
(dd and bs, 3H, J= 14.3 Hz, 1.7 Hz, N-CH2-CHOH and OH), 0.86 (2, 9H, TBS), 0.15 (s, 3H, 
TBS), 0.10 (s, 3H, TBS) 
13C-NMR (100 MHz, CDCl3) δ 158.48, 74.82, 72.54, 68.76, 66.32, 58.74, 45.68, 25.91, 18.29, 
-3.75,-4.65 
HRMS calculated 304.1580 (C13H26NO5Si, M+H) found 304.1556  
 
The date is in acreement with literature.81  
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(6S,7S,8S,8aS)-6,7,8-trihydroxytetrahydro-1H-oxazolo[3,4-a]pyridin-3(5H)-one 
(204b) 

 

43 (31.3 mg, 0.2 mmol, 100 mol-%) was dissolved in 9:1 CH3CN/H2O (2 mL) and cooled to 0 
°C. NMO (46.9 mg, 0.4 mmol, 200 mol-%) was added followed by OsO4 (0.06 mL, 0.01 mmol, 
5 mol-%, 4 w% in H2O). The reaction was let to warm to r.t. and stirred for 29.5 h, after which 
it was quenched by adding solid Na2S2O3 (55 mg). The mixture was filtered through a pad of 
celite and eluted with MeOH, after which it was evaporated. Only product ratio was determined 
from the crude 1H NMR. 

 
1H-NMR (400 MHz, MeOD) δ 4.50-4.45 (m, 1.7H), 4.34 (dd, 1H, J=9.0 Hz, 4.2 Hz), 4.28 
(dd, 0.7 H, J=8.8 Hz, 4.4 Hz), 4.11 (t, 0.7H, J=2.3 Hz), 4.06 (dd, 1H, J=4.6 Hz, 2.2 Hz), 3.89 
(ddd, 0.7 H, J=9.9 Hz, 8.0 Hz, 4.4 Hz), 3.83 (dd, 1H, J=14.2 Hz, 2.3 Hz), 3.74 (t, 1H, J=8.5 
Hz), 3.68-3.56 (m, 3.4 H), 3.49 (dd, 0.7 H, J=9.9 Hz, 2.4 Hz), 3.16 (dd, 1H, J=14.1 Hz, 1.8 Hz), 
3.10 (dd, 0.7H, J=12.4 Hz, 1.5 Hz) 
13C-NMR (100 MHz, MeOD) δ 159.07, 158.25, 73.66, 72.01, 70.62, 69.67, 68.61, 66.48, 
66.14, 65.05, 61.28, 59.12, 58.13, 53.06, 45.40, 40.23 
 

(6S,7S,8S,8aS)-3-oxohexahydro-3H-oxazolo[3,4-a]pyridine-6,7,8-triyl triacetate 
(204d) 

 

 

203d (14.3 mg, 0.07 mmol, 100 mol-%) was dissolved in 9:1 CH3CN/H2O (1 mL). NMO (17.2 
mg, 0.15 mmol, 200 mol-%) was added followed by OsO4 (0.02 mL, 0.0035 mmol, 5 mol-%). 
The reaction was stirred for 48 h, after which it was quenched by adding solid Na2S2O3 (46 
mg). The solution was filtered through celite, dried over Na2SO4, and evaporated to give 0.225 
g of crude. The crude was then dissolved in CH2Cl2 and H2O. The phases were separated and 
the aqueous phase was extracted with CH2Cl2 (3 x 2 mL). The combined organic phase was 
dried over Na2SO4, and concentrated to give nothing. The aqueous phase was then concen-
trated. The solid residue was the dissolved in CH2Cl2 (2 mL). DMAP (1.3 mg, 0.01 mmol, 15 
mol-%), Et3N (0.02 mL, 0.14 mmol, 200 mol-%), and acetic anhydride (0.02 mL, 0.18 mmol, 
250 mol-%) were added. The reaction was stirred for 1 h, after which it was quenched with 1M 
HCl (1 mL). The phases were separated and the aqueous phase was extracted with CH2Cl2 (3 x 
2 mL). The combined organic phase was dried over Na2SO4, and concentrated under vacuum 
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to yield 11.2 mg (51%) of product  with a 3:1 diastereomeric ratio. The diastereomers could be 
separated by flash chromatography (1:1 EtOAc/hex). 

 
Rf = 0.16 in 1:1 EtOAc/low b.p. petroleum ether 
1H-NMR (400 MHz, CDCl3) δ 5.34-5.29 (m, 2H), 5.04 (dd, 1H, J=10.1 Hz, 2.8 Hz), 4.38 
(dd, 1H, J=9.4 Hz, 7.6 Hz), 4.30 (dd, 1H, J=9.1 Hz, 3.7 Hz), 4.08 (dd, 1H, J=14.8 Hz, 2.6 Hz), 
3.75 (ddd, 1H, J=9.4 Hz, 7.7 Hz, 3.6 Hz), 3.17 (dd, 1H, J=14.9 Hz, 1.9 Hz), 2.12 (s, 3H), 2.08 (s, 
3H), 2.04 (s, 3H) 
13C-NMR (100 MHz, CDCl3) δ 170.3, 170.2, 170.1, 71.4, 68.5, 68.1, 65.3, 56.8, 43.4, 21.0, 
20.8, 20.8 
HRMS calculated 316.1032 (C13H18NO8, M+H) found 316.1028 
 

(1aS,6aS,7S,7aS)-7-(benzyloxy)tetrahydro-1aH-oxazolo[3,4-a]oxireno[2,3-d]pyr-
idin-4(2H)-one (219a and 220a) 

 

 

Oxone (2·KHSO5·KHSO4·K2SO4, 0.615 g, 1mmol, 500 mol-%) was added portion-wise to the 
mixture of 201 (49.6 mg, 0.2 mmol, 100 mol-%), NaHCO3 (0.258 g, 3 mmol, 1500 mol-%), and 
2:1 acetone/H2O (9 mL). Mixture was stirred for 2.5 h, after which it was diluted with EtOAc 
(10 mL), and washed with H2O (2x10 mL) and brine, dried over Na2SO4, and evaporated to 
give 45.9 mg of colorless oil. Purification with flash chromatography (1:1 EtOAc/Hex) yielded 
42.2 mg (81%) of colorless oil with 1:0.7 ratio of inseparable diastereomers. 
 
201 (0.151 g, 0.62 mmol, 100 mol-%) was dissolved in CHCl3 (6.5 mL). NaH2PO4 (0.517 g, 4.3 
mmol, 700 mol-%) was added followed by m-CPBA (0.304 g, 1.2 mmol, 200 mol-%). The re-
action was stirred for 23 h, after which more m-CPBA (76.2 mg, 0.31 mmol, 50 mol-%)was 
added. The reaction was stirred for additional 25 h, after which yet more m-CPBA (0.154 g, 
0.63 mmol, 100 mol-%) was added. After 24h of stirring, still more m-CPBA (89.4 mg, 0.36, 
58 mol-%) was added. After 19 h, the reaction was quenched with solid Na2S2O3∙H2O (0.897 g) 
and stirred for 1h. Then, the mixture was filtered through celite (elueted with CH2Cl2) and con-
centrated. Flash chromatographic purification (1:8  1:1 EtOAc/hex) gave 0.110 g (68%) of 
white solid product as a 5:2 mixture of syn/anti-diastereomers. 
 
1H-NMR (400 MHz, CDCl3) δ 7.41-7.31 (m, 7H), 4.81 (d, 0.4H, J=11.6 Hz), 4.80 (d, 1H, 
J=11.8 Hz) 4.63 (d, 1H, J=11.8 Hz), 4.57 (d, 0.4H, J=11.6 Hz) 4.35 (dd, 0.4H, J=9.0 Hz, 7.8 
Hz), 4.31 (dd, 1H, J=8.7 Hz, 8.1 Hz), 4.16 (d, 0.4 H, J=15.2 Hz), 4.03 (dd, 1H, J=9.2 Hz, 4.0 
Hz), 3.94 (dd, 1H, J=14.9 Hz, 3.5 Hz), 3.84 (dd, 0.4H, J=9.1 Hz, 3.8 Hz), 3.80 (ddd, 1H, J=9.0 
Hz, 8.0 Hz, 4.0 Hz), 3.72 (dd, 1H, J=9.2 Hz, 0.8 Hz), 3.56 (d, 0.4H, J=8.7 Hz) 3.54-3.48 (m, 
3H), 3.44 (ddd, 0.4 H, J=8.6 Hz, 7.8 Hz, 3.8 Hz), 3.38 (dd, 0.4H, J=15.0 Hz, 1.4 Hz), 3.32-3.30 
(m, 0.4H), 3.29-3.27 (m, 0.4H) 
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13C-NMR (100 MHz, CDCl3) δ 157.13, 137.14, 136.78, 128.85, 128.83, 128.63, 128.52, 128.25, 
128.14, 75.48, 73.12, 72.19, 71.60, 67.42, 66.00, 54.04, 52.87, 52.67, 52.62, 51.71, 49.75, 39.60, 
38.88 
HRMS calculated 262.1079 (C14H16NO4, M+H) found 262.1070 
 

(1aS,6aS,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)tetrahydro-1aH-oxazolo[3,4-
a]oxireno[2,3-d]pyridin-4(2H)-one (219c and 220c) 

 

 

Oxone (2·KHSO5·KHSO4·K2SO4, 0.615 g, 1 mmol, 500 mol-%) was added portion-wise to the 
mixture of 203c (54.1 mg, 0.2 mmol, 100 mol-%), NaHCO3 (0.252 g, 3 mmol, 1500 mol-%), 
and 2:1 acetone/H2O (9 mL). Mixture was stirred for 2.5 h, after which it was diluted with 
EtOAc (10 mL), and washed with H2O (2x10 mL) and brine, dried over Na2SO4, and evaporated 
55.3 mg of white solid crude. Purification with flash chromatography (1:4 EtOAc/Hex) yielded 
50.8 mg (89%) of white solid with 1:0.7 ratio of inseparable diastereomers. 
 
1H-NMR (400 MHz, CDCl3) δ 4.43 (dd, 0.7 H, J=9.0 Hz, 7.9 Hz), 4.33 (dd, 1H, J=9.1 Hz, 
8.2 Hz), 4.16-4.11 (m, 1.7 H), 4.02 (dd, 0.7H J=9.0 Hz, 4.0 Hz), 3.95-3.89 (m, 2H), 3.76 (d, 0.7 
H, J=8.4 Hz), 3.71 (ddd, 1H, J=8.8 Hz, 8.1 Hz, 4.2 Hz), 3.49 (dd, 1H, J=15.0 Hz, 0.9 Hz), 3.45 
(dd, 1H, J=4.2 Hz, 3.5 Hz), 3.40-3.35 (m, 1.4 H), 3.31 (d, 1H, J=4.2 Hz), 3.27-3.26 (m, 0.7H), 
3.10 (d, 0.7 H, J=3.6 Hz), 0.89 (s, 15 H), 0.16 (s, 2H), 0.15 (s, 3H), 0.12 (s, 3H), 0.11 (2, 2H) 
13C-NMR (100 MHz, CDCl3) δ 157.20, 70.47, 68.00, 67.38, 65.85, 56.14, 55.89, 55.66, 53.42, 
52.93, 50.10, 39.62, 38.83, 25.68, 18.00, 17.93, -3.88, -4.26, -4.51 
HRMS calculated 286.1475 (C13H24NO4Si, M+H) found 286.1472 
 
(1aR,6aS,7S,7aS)-7-hydroxytetrahydro-1aH-oxazolo[3,4-a]oxireno[2,3-d]pyri-
din-4(2H)-one (220b) 

 

 

m-CPBA (0.986 g, 4 mmol, 200 mol-%, 70-75%) was added to the mixture of 43 (0.312 g, 2 
mmol, 100 mol-%), NaH2PO4 (1.68 g, 14 mmol, 700 mol-%), and CHCl3 (20 mL). After stirring 
at r.t. for 24 h, solid Na2S2O3·H2O (0.412 g) was added to quench excess m-CPBA. The mixture 
was stirred for 15 min.  After this the solution was filtered through celite (eluent MeOH), and 
concentrated to give 1.29 g of crude. Purification with flash chromatography (1:8 2:1 
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EtOAc/Hex) yielded 0.317 g (92%) of white solid as a 13:1 mixture of inseparable diastere-
omers. 
  
Rf = 0.11 in 2:1 EtOAc/Hex 
1H-NMR (400 MHz, MeOD) δ 4.43 (dd, 1H, J=8.8 Hz, 8.6 Hz, O-CH2-CH), 4.27 (dd, 1H, 
J=8.9 Hz, 4.7 Hz, O-CH2-CH), 3.90-3.84 (m, 2H, N-CH2-CHO and CH-CHOH-CO), 3.71 (ddd, 
1H, J=9.2 Hz, 8.3 Hz, 4.8 Hz, O-CH2-CH-CHOH), 3.51 (dd, 1H, J=4.0 Hz, 3.5 Hz, CH2-CHO-
CHO-CHOH), 3.45 (dd, 1H, J=15.0 Hz, 0.9 Hz, N-CH2-CHO), 3.41-3.39 (m, 1H, CH2-CHO-
CHO-CHOH) 
13C-NMR (100 MHz, MeOD) δ 159.47, 70.33, 67.68, 57.01, 54.55, 53.70, 39.89 
m.p. 144.0-148.6 °C; lit. 122 °C81 
IR (film) ν = 3388, 1728, 1435, 1254, 1086, 838, 757 cm-1  

 -51.47 (MeOH, c = 1.015; -47.99 (MeOH, c=0.012)81) 
HRMS calculated 194.0429 (C7H9NO4Na, M+Na) found 194.0420  
 
(6R,7S,8S,8aS)-8-(benzyloxy)-7-bromo-6-hydroxyhexahydro-3H-oxazolo[3,4-
a]pyridin-3-one (221a) 

 

201 (1.231 g, 5 mmol, 100 mol-%) was dissolved in 15 mL of asetonitrile, after which 15 mL of 
H2O was added. The solution was cooled to 0 ⁰C and NBS (1.07 g, 6 mmol, 120 mol-%) was 
added. The mixture was allowed to warm while the ice bath melted. It was stirred for 7.5 h, 
after which solvents were evaporated. Purification with flash chromatography (1:2  1:1 
EtOAc/Hex) yielded the product (0.33 g, 19%, of pure product and 1.35 g, 79%, of the product 
with its diastereomer in ratio 20:1, total yield 98%, yield of the desired diastereomer 94%) as 
a white powder.  

 
Rf = 0.46 in 2:1 EtOAc/Hex 
1H-NMR (400 MHz, MeOD) δ 7.39-7.28 (m, 5H, Ph), 4.73 (t, 1H, J=3.2 Hz, CHBr), 4.69 
(d, 1H, J=11.3 Hz, PhCH2), 4.44 (d, 1H, J=11.4 Hz, PhCH2), 4.43 (t, 1H, J=8.6 Hz, O-CH2), 
4.19-4.16 (m, 1H, CH2-CHOH), 4.14 (dd, 1H, J=9.0 Hz, 4.4 Hz, O-CH2), 3.96 (ddd, 1H, J=9.4 
Hz, 8.3 Hz, 4.6 Hz, N-CH), 3.80 (dd, 1H, J=9.4 Hz, 3.2 Hz, CHOBn), 3.70 (ddd, 1H, J=14.3 
Hz, 1.8 Hz, 1.1 Hz, N-CH2), 3.61 (dd, 1H, J=14.1 Hz, 2.0 Hz, N-CH2) 
13C-NMR (100 MHz, MeOD) δ 160.12, 138.72, 129.51, 129.41, 129.15, 73.81, 71.31, 70.51, 
67.04, 54.79, 53.51, 43.27 
m.p. 102.1-110.1 °C, 88.5 °C turns light grey, 94.2 °C turns see-through, 96.0 °C compresses 
IR (film) ν = 3376, 3031, 2917, 1731, 1431, 1242, 1108, 1068, 1035, 988, 700, 676 cm-1 

 -68.99 (CH2Cl2, c = 1.010) 
HRMS calculated 364.0160 (C14H16NO4BrNa, M+Na) found 364.0143 
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(6S,7R,8S,8aS)-7-bromo-6,8-dihydroxyhexahydro-3H-oxazolo[3,4-a]pyridin-3-
one (221b)  

 

43 (0.778 g, 5 mmol, 100 mol-%) was dissolved in 30 mL of H2O and cooled to 0 ⁰C. NBS (1.07 
g, 6 mmol, 120 mol-%) was added and the solution was allowed to warm while the ice bath 
melted. The reaction was stirred for 3.25 h, after which the solvents were evaporated. Purifica-
tion with flash chromatography (2:1  4:1 EtOAc/Hex) gave the product (1.15 g of pure product 
and 93 mg of 2:1 mixture of diastereomer, total yield 99%, yield of desired diastereomer 96%) 
as a white powder. 

 
Rf = 0.23 in 2:1 EtOAc/Hex 
1H-NMR (400 MHz, MeOD) δ 4.50-4.45 (m, 1H, O-CH2), 4.42-4.40 (m, 1H, CHBr), 4.29 
(dd, 1H, J=8.9 Hz, 4.0 Hz, O-CH2), 4.16-4.14 (m, 1H, CH2-CHOH), 3.95-3.86 (m, 2H, N-CH 
and N-CH-CHOH), 3.72-3.67 (m, 1H, N-CH2), 3.61 (dd, 1H, J=14.3 Hz, 2.0 Hz, N-CH2) 
13C-NMR (100 MHz, MeOD) δ 160.20, 70.79, 66.89, 66.87, 58.58, 56.14, 43.04 
m.p. 188.7-189.9 °C changes colour to different stages of brown at 167.4 °C and 179.2 °C 
IR (film) ν = 3357, 2918, 1719, 1708, 1430, 1241, 1190, 1099, 1067, 1031, 759 cm-1 
HRMS calculated 273.9691 (C7H10BrNO4Na, M+Na) found 273.9695  
 

(1aR,6aS,7S,7aR)-7-(benzyloxy)hexahydro-4H-oxazolo[3,4-a]oxireno[2,3-d]pyr-
idin-4-one (219a) 

 

 

221a (1.35 g, 3.95 mmol, 100 mol-%) was dissolved in 0.1 M NaOH in MeOH and stirred for 
22 h. The reaction was neutralized with HCl in MeOH and solvents were evaporated. Purifica-
tion with flash chromatography (1:1 EtOAc/Hex) gave the product (0.786 g, 76%) as white 
powder. 

 
Rf = 0.47 in 2:1 EtOAc/Hex 
1H-NMR (400 MHz, CDCl3) δ 7.35-7.25 (m, 5H, Ph), 4.75 (d, 1H, J=11.7 Hz, PhCH2), 4.50 
(d, 1H, J=11.7 Hz, PhCH2), 4.29 (dd, 1H, J=9.0 Hz, 7.9 Hz, O-CH2), 4.10 (d, 1H, J=15.0 Hz, N-
CH2), 3.77 (dd, 1H, J=9.0 Hz, 3.8 Hz, O-CH2), 3.49 (d, 1H, J=8.6 Hz, CHOBn), 3.37 (ddd, 1H, 
J=8.6 Hz, 7.8 Hz, 3.8 Hz, N-CH), 3.31 (dd, 1H, J=15.0 Hz, 1.4 Hz, N-CH2), 3.23 (d, 1H, J=3.7 
Hz, CHOBn-CHO), 3.23-3.21 (m, 1H, N-CH2-CHO)  
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13C-NMR (100 MHz, CDCl3) δ 157.18, 136.78, 128.88, 128.67, 128.28, 73.14, 72.22, 67.44, 
54.07, 52.69, 49.77, 39.63 
m.p. 164.9-165.1 °C 
IR (film) ν = 3005, 2916, 2871, 1754, 1477, 1423, 1089, 758, 746, 701 cm-1 

 -97.0 (CH2Cl2, c = 0.99) 
HRMS calculated 284.0899 (C14H15NO4Na, M+Na) found 284.0900  

 
(1aS,6aS,7S,7aR)-7-hydroxyhexahydro-4H-oxazolo[3,4-a]oxireno[2,3-d]pyridin-
4-one (219b) 

 

 

221b (1.15 g, 4.56 mmol, 100 mol-%) was dissolved in 45 mL of 0.1 M NaOH in MeOH. The 
reaction was stirred for 2.5 h, after which it was neutralized with HCl in MeOH. The solvents 
were evaporated to give the crude product. Purification with flash chromatography gave the 
product (0.671 g, 86%) as a white solid. 

 
Rf = 0.30 in 5% MeOH/DCM 
1H-NMR (400 MHz, MeOD) δ 4.49 (dd, 1H, J=8.8 Hz, 7.9 Hz, O-CH2), 4.18 (dd, 1H, J=9.0 
Hz, 3.5 Hz, O-CH2), 4.00 (d, 1H, J=15.0 Hz, N-CH2), 3.68 (d, 1H, J=8.8 Hz, CHOH), 3.44 (dd, 
1H, J=15.0 Hz, 1.4 Hz, N-CH2), 3.43 (ddd, 1H, J=8.7 Hz, 7.8 Hz, 3.7 Hz, N-CH), 3.32-3.30 (m, 
1H, CH2-CHO), 3.16 (d, 1H, J=3.8 Hz, CHOBn-CHO) 
13C-NMR (100 MHz, MeOD) δ 159.80, 69.17, 67.45, 57.06, 56.57, 51.02, 40.56 
m.p. 103.4-105.2 °C 
IR (film) ν = 3384, 3002, 2918, 1716, 1480, 1435, 1237, 1208, 1081, 1043, 978, 871, 812, 761 
cm-1 

 -9.33 (MeOH, c = 1.100) 
HRMS calculated 194.0429 (C7H9NO4Na, M+Na) found 194.0420 
 

(1aR,6aS,7S,7aR)-7-(benzyloxy)hexahydro-4H-oxazolo[3,4-a]oxireno[2,3-d]pyr-
idin-4-one (220a) 

 

 

220b (0.120 g, 0.7 mmol, 100 mol-%) was dissolved in anhydrous DMF (10 mL) in a flame-
dried flask under argon and cooled to 0 ⁰. Benzyl bromide (0.11 mL, 1.04 mmol, 130 mol-%) 
was added followed by KI (9.4 mg, 0.035 mmol, 5 mol-%) and NaH (35.7 mg, 0.84 mmol, 120 
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mol-%, 60% in mineral oil). The reaction was stirred for 22.5 h, after more benzyl bromide 
(0.05 mL, 0.42 mmol, 58 mol-%) was added along with 5 mL of anhydrous THF. After addi-
tional 2.5 h of stirring, another 5 mL of THF was added. The reaction was still stirred for addi-
tional 18 h, after which it was slowly quenched with saturated NaHCO3 (aq, 20 mL) and diluted 
with H2O (100 mL). The phases were separated and the aqueous extracted with CH2Cl2 (2 x 20 
mL) and EtOAc (3 x 20 mL). The combined organic phase was washed with brine, dried over 
Na2SO4, and concentrated to give 0.185 g of crude. Purification with flash chromatography 
(1:2 1:1 EtOAc/hex) yielded 0.147 g (80%) of product as white solid. 
 
Rf = 0.81 in 10% MeOH/ CH2Cl2 
1H-NMR (400 MHz, CDCl3) δ 7.40-7.31 (m, 5H), 4.81 (d, 1H, J=11.7 Hz), 4.63 (d, 1H, J=11.9 
Hz), 4.31 (dd, 1H, J=9.0 Hz, 8.2 Hz), 4.03 (dd, 1H, J=9.0 Hz, 4.0 Hz), 3.94 (dd, 1H, J=15.1 Hz, 
3.6 Hz), 3.80 (ddd, 1H, J=9.1 Hz, 7.9 Hz, 4.0 Hz), 3.72 (dd, 1H, J=9.1 Hz, 0.9 Hz), 3.54-3.48 
(m, 3H) 
13C-NMR (100 MHz, CDCl3) δ 157.1, 137.1, 128.9, 128.5, 128.2, 75.5, 71.6, 66.0, 52.9, 52.6, 
51.7, 38.9 
m.p. 104.4-109.2 °C, turned brown during melting, compressed at 102.5 °C 
IR (film) ν = 2917, 2870, 1752, 1454, 1093 cm-1 

 -112.53 (CH2Cl2, c = 0.995) 
HRMS calculated 262.1079 (C14H16NO4, M+H) found 262.1072 

 
(6S,7R,8S,8aS)-8-(benzyloxy)-6,7-dihydroxyhexahydro-3H-oxazolo[3,4-a]pyri-
din-3-one (225) 

 
2219a-220a (0.110 g, 0.42 mmol, 100 mol-%) was dissolved in acetone (5 mL) and CH2Cl2 
(10 mL), and the solution was cooled to 0 °C. BF3•OEt (0.05 mL, 0.42 mmol, 100 mol-%) was 
added dropwise. The reaction was stirred for 1.5 h h, after which it was diluted with EtOAc (20 
mL). The phases were separated and the organic phase was washed with water (10 mL) and 
brine (10 mL). Then the organic phase was dried over Na2SO4 and concentrated to give 0.108 
g of crude product. Purification with flash chromatography (5% MeOH/ CH2Cl2) gave 91.2 mg 
(78%) of product as white solid. 

 
Rf = 0.55 in 10% MeOH/CH2Cl2 
1H-NMR (400 MHz, CDCl3) δ 7.40-7.28 (m, 5H), 4.72 (d, 1H, J=11.6 Hz), 4.47 (d, 1H, J=11.7 
Hz), 4.39 (t, 1H, J=8.4 Hz), 4.21 (dd, 1H, J=4.0 Hz, 2.6 Hz), 4.00 (dd, 1H, J=8.6 Hz, 4.8 Hz), 
3.97-3.89 (m, 2H), 3.68 (dd, 1H, J=9.8 Hz, 2.5 Hz), 3.57 (dd, 1H, J=13.7 Hz, 1.6 Hz), 3.35-3.30 
(m, 1H) 
13C-NMR (100 MHz, CDCl3) δ 160.4, 139.3, 129.5, 129.4, 129.0, 76.7, 76.7, 71.6, 70.0, 67.7, 
53.9, 43.4 
m.p. 175.4-178.1 °C. Chances color at 165 °C to light grey/brown, at 170 °C color change deep-
ens, at 175.4 °C turns brown, at 177.3 °C turns dark brown 
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IR (film) ν = 3395, 3031, 2916, 1724, 1480, 1433, 1242, 1101, 1062, 997, 755, 659 cm-1 
 -123.68 (MeOH, c = 1.040) 

HRMS calculated 280.1185 (C14H18NO5, M+H) found 280.1180 
 

(1aS,6aS,7S,7aS)-7-((tert-butyldimethylsilyl)oxy)hexahydro-4H-oxazolo[3,4-
a]oxireno[2,3-d]pyridin-4-one (219c) 

 

 

219b (0.171 g, 1 mmol, 100 mol-%) was dissolved in dry DCM (10 mL) in a flame-dried flask 
under argon. TBSOTf (0.23 mL, 1 mmol, 100 mol-%) was added with a syringe followed by 2,6-
lutidine (0.23 mL, 2 mmol, 200 mol-%). The reaction was stirred for 19 h, after which it was 
quenched with H2O (10 mL). The phases were separated and the aqueous phase was extracted 
with DCM (3x10 mL). The combined organic phase was washed with 5 m-% citric acid (aq) and 
brine. The solution was dried over Na2SO4. Solvents were evaporated to give 0.280 g of crude 
product as a light yellow oil. Purification with flash chromatography (1:4 EtOAc/Hex) gave 
0.185 g of product as a white solid. 

 
Rf = 0.64 in 2:1 EtOAc/ low b.p. petroleum ether 
1H-NMR (400 MHz, CDCl3) δ 4.42 (dd, 1H, J=9.0 Hz, 7.8 Hz, O-CH2), 4.13 (d, 1H, J=15.0 
Hz, N-CH2), 4.02 (dd, 1H, J=9.0 Hz, 4.0 Hz, O-CH2), 3.76 (d, 1H, J=8.4 Hz, CHOTBS), 3.39-
3.34 (m, 1H, N-CH), 3.37 (dd, 1H, J=15.0 Hz, 1.4 Hz, N-CH2), 3.27-3.25 (m, 1H, CH2-CHO), 
3.10 (d, 1H, J=3.6 Hz, CHOTBS-CHO), 0.89 (s, 9H, TBS), 0.16 (s, 3H, TBS), 0.11 (s, 3H, TBS) 
13C-NMR (100 MHz, CDCl3) δ 157.20, 67.98, 67.37, 56.11, 55.65, 50.08, 39.59, 25.66, 17.91, 
-4.21 
HRMS calculated 286.1475 (C13H24NO4Si, M+H) 286.1472 
 

(6S,7S,8S,8aS)-6-iodo-3-oxohexahydro-3H-oxazolo[3,4-a]pyridine-7,8-diyl diac-
etate (240) 

 

I2 (0.983 g, 3.85 mmol, 110 mol-%) was dissolved in anhydrous CH2Cl2 (15 mL) in a flame-
dried flask under argon and cooled to 0 °C. Titanium i-propoxide (1.24 mL, 4.2 mmol, 120 mol-
%) was added. In a separate flask under argon, 220b (0.601 g, 3.5 mmol, 100 mol-%) was 
mixed with CH2Cl2 (15 mL) and cooled to 0 °C. The first made solution was added to solution 
of 220b. 5 mL of CH2Cl2 was used for rinsing. The reaction solution was then let to warm to 
r.t. and stirred for 42 h, after which it was quenched with 15% tartaric acid (aq, 56 mL) and 
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solid Na2S2O5∙NaHSO3 (2.23 g). The mixture was filtered through celite (elueded with MeOH) 
and concentrated under vacuum. The crude product was then dissolved in CH2Cl2 (150 mL). 
DMAP (1.78 g, 14.6 mmol, 416 mol-%) and Et3N (40 mL, 284 mmol, 8114 mol-%) were added, 
followed by dropwise addition of acetic anhydride (23 mL, 242 mmol, 6914 mol-%) over 20 
min. After 50 min of stirring, the reaction was quenched carefully with 1M HCl (150 mL). The 
phases were separated and the aqueous phase extracted with CH2Cl2 (3 x 50 mL). The com-
bined organic phase was dried over Na2SO4 and concentrated under vacuum to 14.1 g of crude 
product. Flash chromatographic purification (1:1 EtOAc/Hex) yielded 0.957 g (71%) of product 
as a white solid. 
 
Rf = 0.34 in 2:1 EtOAc/hex 
1H-NMR (400 MHz, CDCl3) δ 5.61 (dd, 1H, J=10.1 Hz, 2.7 Hz), 5.49 (t, 1H, J=3.1 Hz), 4.47 
(dd, 1H, J=9.0 Hz, 8.4 Hz), 4.28-4.25 (m, 1H), 4.22 (dd, 1H, J=9.1 Hz, 5.5 Hz), 4.05-3.99 (m, 
2H), 3.59 (dd, 1H, J=15.3 Hz, 3.0 Hz), 2.15 (2, 3H), 2.05 (s, 3H) 
13C-NMR (100 MHz, CDCl3) δ 169.6, 168.9, 156.7, 70.7, 68.5, 65.9, 52.3, 44.3, 20.7, 20.6, 
18.8 
m.p. 145.2-148.4 °C, turned yellow at 135.0 °C, compressed at 143.1 °C 
IR (film) ν = 1746, 1479, 1423, 1211, 1066, 1026 cm-1 

 +36.46 (CH2Cl2, c = 1.020) 
HRMS calculated 383.9944 (C11H14INO6, M+H) found 383.9941  
 

(6S,7S,8S,8aS)-8-(benzyloxy)-6-iodo-3-oxohexahydro-3H-oxazolo[3,4-a]pyri-
din-7-yl acetate (242) 

 

PPh3 (56.5 mg, 0.21 mmol, 105 mol-%) and I2 (56.1 mg, 0.21 mmol, 105 mol-%) were dissolved 
in CH2Cl2 (1 mL). 220a (53.0 mg, 0.2 mmol, 100 mol-%) was dissolved in CH2Cl2 (0.5 mL) in 
a separate flask, DIPEA (0.04 mL, 0.22 mmol, 110 mol-%) was added to this solution, and it 
was cooled to -10 °C. The first solution was added to this solution. 0.5 mL of CH2Cl2 was used 
for rinsing. The reaction was stirred for 26 h, after which it was quenched with saturated 
Na2SO3 solution (2 mL). The phases were separated, and the aqueous phase was extracted with 
CH2Cl2 (4 x 4 mL). The combined organic phase was dried over Na2SO4 and concentrated under 
vacuum to give 0.197 g of crude product. The crude was then dissolved in CH2Cl2 (2 mL). DMAP 
(7.8 mg, 0.03 mmol, 15 mol-%) and Et3N (0.06 mL, 0.4 mmol, 200 mol-%) were added, fol-
lowed by acetic anhydride (0.05 mL, 0.5 mmol, 250 mol-%). After 1h of stirring, the reaction 
was quenched with 1M HCl (aq, 2 mL). The phases were separated and the organic phase was 
extracted with CH2Cl2 (3 x 2 mL). The combined organic phase was dried over Na2SO4. The 
solvent was evaporated to give 0.178 of crude product. Purification with flash chromatography 
(1:2 EtOAc/hex) gave 61 mg (71%) of product a colourless oil.  
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1H-NMR (400 MHz, CDCl3) δ 7.41- 7.28 (m, 5H), 5.63 (t, 1H, J=5.6 Hz), 4.66 (d, 1H, J=11.5 
Hz), 4.41 (t, 1H, J=8.6 Hz), 4.40 (d, 1H, J=11.7 Hz), 4.29 (dt, 1H, J=5.0 Hz, 1.3 Hz), 4.23 (dd, 
1H, J=9.8 Hz, 2.5 Hz), 3.98 (d, 1H, J=15.0 Hz), 3.95 (dd, 1H, J=9.0 Hz, 5.3 Hz), 3.86 (ddd, 1H, 
J=9.7 Hz, 8.3 Hz, 5.3 Hz), 3.55 (dd, 1H, J=15.2 Hz, 3.1 Hz), 2.15 (s, 3H) 
13C-NMR (100 MHz, CDCl3) δ 169.3, 157.0, 136.6, 128.9, 128.7, 73.2, 71.4, 69.2, 66.3, 52.9, 
44.4, 20.9, 20.2 
HRMS calculated 432.0308 (C16H19INO5, M+H) found 432.0301  
 

(6R,7R,8S,8aS)-3-oxohexahydro-3H-oxazolo[3,4-a]pyridine-6,7,8-triyl tri-
acetate (241) 

 

 

240 (0.836 g, 2.2 mmol, 100 mol-%) was dissolved in acetic acid (22 mL). AgOAc (0.822 g, 
4.9 mmol, 225 mol-%) was added. The solution was heated to 80 °C and stirred for 23 h. The 
reaction had not gone to completion based on TLC, so more AgOAc (0.413 g, 2.5 mmol, 114 
mol-%) was added the stirring continued for 18 h, after which it was cooled to r.t., filtered 
through celite (elueded with CH2Cl2), and concentrated under vacuum. The crude product was 
then dissolved in CH2Cl2 (22 mL). DMAP (41.5 mg, 0.33 mmol, 15 mol-%) and Et3N (0.61 mL, 
4.4 mmol, 200 mol-%) were added, followed by acetic anhydride (0.52 mL, 5.5 mmol, 250 mol-
%). After 1h of stirring the reaction was quenched with 1M HCl (aq, 20 mL). The phases were 
separated and the aqueous phase was extracted with CH2Cl2 (3 x 15 mL). The combined organic 
phase was dried over Na2SO4 and concentrated under vacuum to give 0.788 g of crude as an 
oil. Flash chromatographic purification (5% MeOH/ CH2Cl2) yielded 0.547 g (79%) as a white 
solid. 

 
Rf = 0.21 in 1:1 EtOAc/hex 
1H-NMR (400 MHz, CDCl3) δ 5.67 (t, 1H, J=2.4 Hz), 4.93 (ddd, 1H, J=11.1 Hz, 6.0 Hz, 2.5 
Hz), 4.84 (dd, J=10.1 Hz, 2.3 Hz), 4.41 (dd, 1H, J=9.2 Hz, 8.0 Hz), 4.13 (dd, 1H, J=9.2 Hz, 4.6 
Hz), 4.01 (ddd, 1H, J=10.1 Hz, 8.0 Hz, 4.6 Hz), 3.98 (dd, 1H, J=12.8 Hz, 6.1 Hz), 3.17 (dd, 1H, 
J=12.7 Hz, 11.0 Hz), 2.18 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H) 
13C-NMR (100 MHz, CDCl3) δ 169.8, 169.6, 169.3, 156.6, 69.7, 68.5, 66.0, 65.3, 51.9, 38.9, 
20.8, 20.7 
m.p. 121.5-124.0 °C, turned less shiny at 90 °C, compressed at 99.4 °C, compressed more at 
108 °C  
IR (film) ν = 1745, 1427, 1369, 1221, 1039 cm-1 

 -15.43 (CH2Cl2, c = 0.985) 
HRMS calculated 316.1032 (C13H18NO8, M+H) found 316.1029 
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(6R,7R,8S,8aS)-8-(benzyloxy)-3-oxohexahydro-3H-oxazolo[3,4-a]pyridine-6,7-
diyl diacetate (243) 

 

 

242 (37.2 mg, 0.09 mmol, 100 mol-%) was dissolved in acetic acid (1 mL). AgOAc (33.3 mg, 
0.2 mmol, 225 mol-%) was added. The solution was heated to 80 °C and stirred for 17 h, after 
which the solution was filtered through celite (elueded with CH2Cl2), and concentrated under 
vacuum. The crude product was then dissolved in CH2Cl2 (1 mL). DMAP (1.9 mg, 0,016 mmol, 
15 mol-%) and Et3N (0.03 mL, 0.18 mmol, 200 mol-%) were added, followed by acetic anhy-
dride (0.02 mL, 0.23 mmol, 250 mol-%). After 1h of stirring the reaction was quenched with 
1M HCl (aq, 1 mL). The phases were separated and the aqueous phase was extracted with 
CH2Cl2 (3 x 1 mL). The combined organic phase was dried over Na2SO4 and concentrated under 
vacuum to give 32.1 mg of crude as an oil. Flash chromatographic purification (1:2 EtOAc/hex) 
yielded 25.4 mg (78%) as a white solid. 
 
1H-NMR (400 MHz, CDCl3) δ 7.42-7.28 (m, 5H), 5.91 (t, 1H, J=2.2 Hz), 4.84 (ddd, 1H, 
J=11.1 Hz, 6.0 Hz, 2.5 Hz), 4.72 (d, 1H, J= 11.2 Hz), 4.43-4.37 (m, 2H), 4.01 (dd, 1H, J=9.0 Hz, 
4.2 Hz), 3.93 (dd, 1H, J=13.1 Hz, 5.8 Hz), 3.89 (ddd, 1H, J=8.0 Hz, 9.8 Hz, 4.2 Hz), 3.43 (dd, 
1H, J=9.8 Hz, 2.5 Hz), 3.20 (dd, 1H, J=12.8 Hz, 11.2 Hz), 2.20 (s, 3H), 2.07 (s, 3H) 
13C-NMR (100 MHz, CDCl3) δ 170.1, 169.6, 156.9, 136.5, 128.9, 128.7, 128.5, 75.5, 71.2, 66.5, 
65.8, 52.6, 38.9, 20.9, 20.8 
HRMS calculated 364.1396 (C18H22NO7, M+H) found 364.1390 
 

(3aS,8aS,9S,9aR)-9-(benzyloxy)hexahydro-6H-[1,3,2]dioxathiolo[4,5-d]oxa-
zolo[3,4-a]pyridin-6-one 2,2-dioxide (247) 

 

 

204a (0.279 g, 1 mmol, 100 mol-%) was dissolved in CH2Cl2 (10 mL). SOCl2 (0.09 mL, 1.2 
mmol, 120 mol-%) was added and the reaction stirred for 22.5 h, after which more SOCl2 (0.04 
mL, 0.55 mmol, 55 mol-%) was added. Still more SOCl2 was added after 26 h (0.02 mL, 0.28 
mmol, 28 mol-%) and after further 24 h (0.04 mmol, 0.55 mmol, 55 mol-%). At this point, 
solvent was evaporated and the crude was dissolved in toluene and concentrated under vac-
uum. This was repeated 3 times. Then the crude was again dissolved in CH2Cl2 (10 mL) and 
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acetonitrile (10 mL) and the mixture was cooled to 0 °C. RuCl3•H2O (4.5 mg, 0.022 mmol, 2 
mol-%) was added, followed by NaIO4 (0.321 g, 1.5 mmol, 150 mol-%) and H2O (10 mL). The 
reaction was stirred at 0 °C for 1.5 h, after which it was diluted with EtOAc (50 mL). The phases 
were separated and the organic phase was washed with water (2 x 20 mL) and NaHCO3 (sat, 
aq., 2x20 mL), dryed over Na2SO4, and concentrated under vacuum to give 0.320 g of crude 
product. Purification with flash chromatography (1:1  2:1 EtOAc/Hex) gave 0.271 g (79%) of 
white foamy solids. 
 
Rf = 0.28 in 2:1 EtOAc/Hex 
1H-NMR (400 MHz, CDCl3) δ 7.46-7.35 (m, 5H), 5.21 (ddd, 1H, J=4.5 Hz, 2.9 Hz, 1.4 Hz), 
4.97 (dd, 1H, J=7.9 Hz, 5.0 Hz), 4.93 (d, 1H, J=11.6 Hz), 4.68 (d, 1H, J=11.8 Hz), 4.49 (d, 1H, 
J=16.3 Hz), 4.38 (dd, 1H, J=9.2 Hz, 7.9 Hz), 4.01 (dd, 1H, J=10.0 Hz, 7.9 Hz), 3.86 (dd, 1H, 
J=9.4 Hz, 4.7 Hz), 3.57 (ddd, 1H, J=9.8 Hz, 8.0 Hz, 4.5 Hz), 3.38 (dd, 1H, J=16.2 Hz, 3.0 Hz) 
13C-NMR (100 MHz, CDCl3) δ 156.3, 136.3, 129.0, 128.9, 128.7, 86.9, 79.5, 75.3, 74.5, 65.6, 
54.4, 40.0 
m.p. 143.6-144.3 °C 
IR (film) ν = 2918, 1761, 1436, 1391, 1214, 1203, 960, 811 cm-1 

 -41.05 (CH2Cl2, c = 1.015) 
HRMS calculated 342.0647 (C14H16NO7S, M+H) found 342.0642 

 
(6R,7S,8S,8aS)-8-(benzyloxy)-7-hydroxy-3-oxohexahydro-3H-oxazolo[3,4-
a]pyridin-6-yl benzoate (248) 

 

 

247 (0.145 g, 0.43 mmol, 100 mol-%) was dissolved in acetone (5 mL). Sodium benzoate (0.125 
g, 0.85 mmol, 200 mol-%) was added followed by enough water (0.6 mL) to make the solution 
homogenous. The reaction was stirred for 4 d, after which it was evaporated to dryness. The 
residue was dissolved in Et2O (20 mL) and 20 w-% H2SO4 (15 mL). The phases were separated 
and the aqueous phase was extracted with CH2Cl2 (3 x 15 mL). The combined organic phase 
was dried over Na2SO4 and concentrated under vacuum to give 0.386 g of crude. The crude 
was purified with flash chromatography (1:2 EtOAc/low b.p. petrol ether) to give 49.9 mg 
(30%) of product as white solid. 
 
Rf = 0.13 in 1% MeOH/CH2Cl2 
1H-NMR (400 MHz, CDCl3) δ 8.07-8.03 (m, 2H), 7.64-7.58 (m, 1H), 7.50-7.44 (m, 2H), 
7.41-7.32 (m, 5H), 5.03 (ddd, 1H, J=10.6 Hz, 9.8 Hz, 6.0 Hz), 4.97 (d, 1H, J= 11.5 Hz), 4.74 (d, 
1H, J=11.5 Hz), 4.35 (dd, 1H, J=9.0 Hz, 8.0 Hz), 4.25 (dd, 1H, J=13.1 Hz, 6.1 Hz), 3.94 (t, 1H, 
J=9.2 Hz), 3.89 (dd, 1H, J=9.1 Hz, 4.9 Hz), 3.62 (ddd, 1H, J=9.4 Hz, 8.1 Hz, 5.1 Hz), 3.42 (t, 
1H, J=9.2 Hz), 2.93 (dd, 1H, J=13.0 Hz, 10.4 Hz) 



Experimental section 

91 

13C-NMR (100 MHz, CDCl3) δ 166.2, 156.6, 137.8, 133.8, 130.3, 130.0, 128.9, 128.7, 128.6, 
128.5, 80.3, 77.1, 75.1, 71.2, 66.0, 56.4, 42.2 
m.p. decomposes at 134.8 °C 
IR (film) ν = 3348, 3064, 3031, 2922, 1729, 1718, 1268, 1069, 713, 699 cm-1 

 -92.69 (MeOH, c = 0.695) 
HRMS calculated 384.1447 (C21H22NO6, M+H), found 384.1447 
 

(3S,4S,5S,6S)-5-(benzyloxy)-6-(hydroxymethyl)piperidine-3,4-diol (252) 
 

 

204a (0.330 g, 1.2 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (12 mL), after which 
LiOH·H2O (0.100 g, 2.4 mmol, 500 mol-%) was added. The reaction was refluxed for 26 h, 
after which more LiOH·H2O (26.0 mg, 0.62 mmol, 53 mol-%) was added. After additional 18 
h of refluxing, still more LiOH·H2O (64 mg, 1.5 mmol, 130 mol-%) was added and the reaction 
continued for further 6 h, after which the reaction was cooled to r.t. Excess LiOH was neutral-
ized with 1M HCl until pH was 8. Then the solution was concentrated under vacuum to give 
0.537 g of white solid crude. Flash chromatographic purification (20% MeOH/CHCl3 + 1% NH3 

(25% in H2O)) gave 0.436 g (146%) of white solids that either still contained H2O or LiCl. 
 
Rf = 0.17 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, MeOD) δ 7.39-7.27 (m, 5H), 4.95 (d, 1H, J=11.2 Hz), 4.65 (d, 1H, J=11.1 
Hz), 4.09-4.07 (m, 1H), 3.87 (dd, 1H, J=11.9 Hz, 3.5 Hz), 3.81 (dd, 1H, J=9.8 Hz, 9.0 Hz), 3.76 
(dd, 1H, J=9.2 Hz 3.2 Hz), 3.69 (dd, 1H, J=11.4 Hz, 6.9 Hz), 3.25 (dd, 1H, J=13.2 Hz, 3.5 Hz), 
3.12 (dd, 1H, J=13.1 Hz, 1.7 Hz), 3.06 (ddd, 1H, J=9.7 Hz, 6.9 Hz, 3.2 Hz) 
13C-NMR (150 MHz, MeOD) δ 139.5, 129.4, 129.3, 128.9, 76.1, 75.7, 74.9, 68.2, 61.4, 59.7, 
48.1 
HRMS calculated 254.1392 (C13H20NO4, M+H) found 254.1386 
 

(3S,4R,5S,6S)-5-(benzyloxy)-6-(hydroxymethyl)piperidine-3,4-diol (253) 
 

 

225 (0.510 g, 1.8 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (18 mL), after which 
LiOH·H2O (0.154 g, 3.7 mmol, 500 mol-%) was added. The reaction was refluxed for 26 h, after 
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which more LiOH·H2O (36.0 mg, 0.86 mmol, 47 mol-%) was added. After additional 18 h of 
refluxing, still more LiOH·H2O (85 mg, 2.0 mmol, 111 mol-%) was added and the reaction con-
tinued for further 6 h, after which the reaction was cooled to r.t. Excess LiOH was neutralized 
with 1M HCl until pH was 8. Then the solution was concentrated under vacuum to give 0.796 
g of white solid crude. Flash chromatographic purification (20% MeOH/CHCl3 + 1% NH3 (25% 
in H2O)) gave 0.576 g (124%) of white solids that either still contained H2O or LiCl. 
 
Rf = 0.14 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, MeOD) δ 7.10-7.28 (m, 5H), 4.73 (d, 1H, J=11.6 Hz), 4.52 (d, 1H, J=11.6 
Hz), 4.18 (dd, 1H, J=4.1 Hz, 2.8 Hz), 4.03-4.01 (m, 1H), 3.92 (dd, 1H, J=11.6 Hz, 3.2 Hz), 3.87 
(dd, 1H, J=10.7 Hz, 2.5 Hz), 3.66 (dd, 1H, J=11.7 Hz, 7.2 Hz), 3.37 (ddd, 1H, J=10.8 Hz, 7.3 Hz, 
3.4 Hz), 3.29 (dd, 1H, half of the peak is under MeOD peak, so only one coupling constant could 
be determined J=1.9 Hz), 3.08 (dd, 1H, J=13.1 Hz, 2.6 Hz) 
13C-NMR (150 MHz, MeOD) δ 137.6, 128.1, 127.9, 127.6, 71.5, 70.8, 66.4, 65.1, 58.4, 55.2, 
44.3 
HRMS calculated 254.1392 (C13H20NO4, M+H) found 254.1386 

 
The data is in acreement with literature.42 
 

(3R,4S,5S,6S)-5-(benzyloxy)-6-(hydroxymethyl)piperidine-3,4-diol (254) 
 

 

248 (58.6 mg, 0.15 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (3 mL), after which 
LiOH·H2O (65.0 mg, 1.52 mmol, 1000 mol-%) was added. The reaction was refluxed for 14 h, 
after which silica was added and the solvents were evaporated. The crude absorbed on silica 
was purified with flash chromatographiy (20% MeOH/CHCl3 + 1% NH3 (25% in H2O)) to give 
24.8 mg (65%) of white solid. 
 
Rf =  0.19 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (400 MHz, MeOD) δ 7.42-7.27 (m, 5H), 4.97 (d, 1H, J=11.0 Hz), 4.65 (d, 1H, 
J=11.0 Hz), 3.81 (dd, 1H, J=10.9 Hz, 2.6 Hz), 3.61 (dd, 1H, J=10.9 Hz, 5.8 Hz), 3.51-3.40 (m, 
2H), 3.26 (dd, 1H, J=9.6 Hz, 8.7 Hz), 3.13 (dd, 1H, J=12.4 Hz, 5.1 Hz), 2.58 (ddd, 1H, J=9.8 
Hz, 5.7 Hz, 2.5 Hz), 2.47 (dd, 1H, J=11.9 Hz, 10.4 Hz) 
13C-NMR (100 MHz, MeOD) δ 138.69, 127.9, 127.8, 127.3, 79.5, 74.5, 71.4, 71.1, 61.0, 60.8, 
49.3 
HRMS calculated 276.1212 (C13H19NO4Na, M+Na) found 276.1207 
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(2S,3S,4R,5R)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (16) 
 

 

241 (0.477 g, 1.5 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (15 mL), after which 
LiOH·H2O (0.638 g, 15 mmol, 1000 mol-%) was added. The reaction was refluxed for 14 h, 
after which the solution was made acidic (pH 1) with concentrated HCl (1.5 mL) and concen-
trated under vacuum to give 1.15 g of crude. The solids were washed with EtOH and CHCl3 to 
give 0.346 g (115%) of product that still contained some solvents and probably some LiCl. 
 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, D2O) δ 4.16 (t, 1H, J=2.4 Hz), 4.00 (ddd, 1H, J=11.6 Hz, 5.0 Hz, 2.5 
Hz), 3.93 (dd, 1H, J=12.6 Hz, 3.1 Hz), 3.86 (dd, 1H, J=12.8 Hz, 5.5 Hz), 3.82 (dd, 1H, J=10.7 
Hz, 2.8 Hz), 3.33 (ddd, 1H, J=10.8 Hz, 5.4 Hz, 3.1 Hz), 3.26 (dd, 1H, J=12.0 Hz, 5.0 Hz), 3.12 
(t, 1H, J=11.8 Hz) 
13C-NMR (150 MHz, D2O) δ 71.3, 66.8, 66.0, 59.0, 56.1, 43.0 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0920 

 
The data is in agreement with literature.46 The differences are likely caused by presence of salts 
or differing concentrations or both. In addition a different reference for axis calibration was 
used. 
 

(2S,3S,4S,5S)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (15) 
 

 

Crude 252 (0.436 g, 1.2 mmol, 100 mol-%) from previous reaction was dissolved in MeOH (12 
mL). Concentrated HCl (0.284 g, 2.4 mmol, 200 mol-%) was added followed by Pd/C (0.126 
g, 0.12 mmol, 10 mol-%, Pd 10 w-%). The mixture was degassed three times and put under 
argon, after which it was degassed three times while changing the atmosphere to H2. The reac-
tion was vigorously stirred for 2.3 h, after which H2 was removed and the reaction mixture was 
filtered through celite and concentrated to give 0.392 g of crude. The product was recrystallized 
from EtOH/H2O to give 0.14 g (60%) of product as white crystals. 

 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
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1H-NMR (600 MHz, D2O) δ 4.28-4.26 (bs, 1H), 4.01 (dd, 1H, J=12.6 Hz, 3.2 Hz), 3.91-3.85 
(m, 2H), 3.71 (dd, 1H, J=9.5 Hz, 2.9 Hz), 3.43 (dd, 1H, J=13.6 Hz, 2.9 Hz), 3.27 (d, 1H, J=13.6 
Hz), 3.17 (ddd, 1H, J=10.9 Hz, 6.7 Hz, 3.3 Hz) 
13C-NMR (150 MHz, D2O) δ 73.9, 67.4, 67.2, 61.8, 59.6, 49.0 
m.p. 173.7-174.8 °C 
IR (film) ν = 3314, 2950, 2844, 1590, 1445, 1079, 1048 cm-1 

 +15.82 (H2O, c = 0.970). Based on literature46: +40.2 (H2O, c = 0.65) 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0917 

 
The data is in agreement with literature.46 The differences are likely caused by presence of salts 
or differing concentrations or both. In addition a different reference for axis calibration was 
used. 
 

(2S,3S,4R,5S)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (17) 
 

 

Crude 253 (0.576 g, 1.8 mmol, 100 mol-%) from previous reaction was dissolved in MeOH (18 
mL). Concentrated HCl (0.431 g, 3.7 mmol, 200 mol-%) was added followed by Pd/C (0.196 g, 
0.18 mmol, 10 mol-%, Pd 10 w-%). The mixture was degassed three times and put under argon, 
after which it was degassed three times while changing the atmosphere to H2. The reaction was 
vigorously stirred for 2.3 h, after which H2 was removed and the reaction mixture was filtered 
through celite and concentrated to give 0.493 g of crude. The solids were washed with EtOH 
to give 0.121 g (33%) of product as white solid. 

 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, D2O) δ 4.12-4.09 (m, 1H), 4.01-3.96 (m, 2H), 3.95-3.90 (m, 1H), 3.82-
3.77 (m, 1H) 3.36-3.29 (m, 2H), 3.21-3.16 (m, 1H) 
13C-NMR (150 MHz, D2O) δ 69.9, 67.6, 65.0, 59.6, 57.3, 45.3 
IR (film) ν = 3346, 2950, 2865, 2843, 1645, 1454, 1413, 1054, 1032 cm-1 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0918 

 
The data is in agreement with literature.42 
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(2S,3S,4S,5R)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (18) 
 

 

254 (24.4 mg, 0.1 mmol, 100 mol-%) was dissolved in MeOH (1 mL). Concentrated HCl (25.9 
mg, 0.2 mmol, 200 mol-%) was added followed by Pd/C (10.5 mg, 0.01 mmol, 10 mol-%, Pd 
10 w-%). The mixture was degassed three times and put under argon, after which it was de-
gassed three times while changing the atmosphere to H2. The reaction was vigorously stirred 
for 3 h, after which H2 was removed and the reaction mixture was filtered through celite and 
concentrated to give 21.3 mg of crude. The solids were washed with EtOH to give 12.2 mg (61%) 
of product as white solid. 

 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, D2O) δ 3.96 (dd, 1H, J=12.5 Hz, 3.2 Hz), 3.89 (dd, 1H, J=13.00 Hz, 5.0 
Hz), 3.80 (ddd, 1H , J=11.6 Hz, 9.5 Hz, 5.2 Hz), 3.61 (dd, 1H, J=10.5 Hz, 9.3 Hz), 3.53 (t, 1H, 
J=9.5 Hz), 3.52 (dd, 1H, J=12.5 Hz, 5.1 Hz), 3.23 (ddd, 1H, J=10.7 Hz, 5.2 Hz, 3.2 Hz), 2.99 (t, 
1H, J=12.0 Hz) 
13C-NMR (150 MHz, D2O) δ 77.6, 69.1, 68.3, 61.3, 59.0, 47.2 

 -34.50 (H2O, c = 1.220), Based on literature46: -40.1 (H2O, c = 1.42) 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0918 

 
The data is in agreement with literature.46 The differences are likely caused by presence of salts 
or differing concentrations or both. In addition a different reference for axis calibration was 
used. 

8.4 Synthesis of 4,5-syn-1-deoxy-L-nojirimycins 

tert-butyl (S)-4-(methoxy(methyl)carbamoyl)-2,2-dimethyloxazolidine-3-car 
boxylate (256) 

 

 

255 (7.63 g, 29 mmol, 100 mol-%) was dissolved in anhydrous THF (60 mL) in a flame-dried 
flask under argon. Me(OMe)NH∙Cl (4.39 g, 45 mmol, 155 mol-%) was added and the solution 
was cooled to -20 °C. i-PrMgCl (2M in THF, 45 mL, 310 mol-%) was added dropwise over 15 
min. Internal temperature was maintained under 10 °C during the addition and after it. The 
reaction was stirred for 20 min, after which it was quenched with sat. NH4Cl (aq, 80 mL). The 
mixture was diluted with water (30 mL) and the phases were separated. The aqueous phase 
was extracted with EtOAc (3 x 110 mL). The combined organic phase was dried over Na2SO4 
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and concentrated under vacuum to give 7.63 g of crude. Flash chromatographic purification 
(1:2 EtOAc/Hex) yielded 6.92 g (83%) of product as a white solid. 

 
Rf = 0.45 in 1:1 EtOAc/low b.p. petroleum ether 
1H-NMR (400 MHz, CDCl3) δ 4.81 (dd, 0.5H, J=7.2 Hz, 2.8 Hz), 4.73 (dd, 0.5H, J=7.4 Hz, 
3.6 Hz), 4.19 (ddd, 1H, J=9.1 Hz, 7.1 Hz, 6.4 Hz), 3.97 (dd, 0.5H, J=9.1 Hz, 2.8 Hz), 3.93 (dd, 
0.5 H, J=9.1 Hz, 3.6 Hz), 3.75 (s, 1.5H), 3.70 (s, 1.5H), 3.22 (s, 3H), 1.71 (s, 1.5H), 1.68 (s, 1.5H), 
1.57 (s, 1.5H), 1.52 (s, 1.5H), 1.50 (s, 4.5H), 1.42 (s, 4.5 H) 
13C-NMR (100 MHz, CDCl3) δ 170.9, 95.2, 94.6, 80.7, 80.1, 66.3, 66.0, 61.3, 58.0, 57.9, 32.7, 
32.6, 28.6, 28.5, 25.8, 25.6, 24.8, 24.8, 24.7 
IR (film) ν = 2977, 2939, 2880, 2822, 1704, 1684, 1377, 1366, 1209, 1171, 849 cm-1 
mp 58.6-63.6 °C; lit 66.5-67.5 °C for enantiomer103 

 -31.52 (CH2Cl2, c = 1.050; lit. +35.8 for enantiomer (CHCl3, c=2.36 )103) 
HRMS calculated 311.1583 (C13H24N2O5Na, M+Na) found 311.1592 
 

tert-butyl (S)-4-(4-((tert-butyldimethylsilyl)oxy)but-2-ynoyl)-2,2-dimethyloxa-
zolidine-3-carboxylate (257) 

 

 

Sillylated propargylic alcohol 196 (9.83 g, 58 mmol, 150 mol%) was dissolved in THF (100 mL) 
in a flame-dried flask under argon and cooled to −78 °C. n-BuLi (46 mmol, 130 mol%, in hex-
ane, various bottles with various concentrations) was added dropwise and the solution was 
stirred for 1 h. In a separate flask, Weinreb’s amide 256 (9.39 g, 38 mmol, 100 mol%) was dis-
solved in THF (100 mL). This solution was then added to the first solution, while temperature 
was maintained at −78 °C. The reaction was stirred for further 1 h, after which it was allowed 
to warm to r.t. and stirred for additional 3 h. After this, the reaction was quenched with meth-
anol (20 mL) and water (100 mL). The aqueous phase was extracted with CH2Cl2 (3 x 80 mL). 
The combined organic phase was dried over Na2SO4 and concentrated under vacuum. The 
crude was purified by flash chromatography (1:10 EtOAc/Hex) to give 9.4 g (61%) of product 
as yellow oil. 

 
Rf = 0.8 (1:2 EtOAc/hex) 
1H-NMR (400 MHz, CDCl3) δ 4.57 (dd, 0.4H, J=5.6 Hz, 4.1 Hz), 4.49 (d, 2H, J=4.6 Hz), 
4.42 (dd, 0.6 H, J=7.2 Hz, 3.4 Hz), 4.22–4.09 (m, 2H), 1.73–1.66 (m, 3H), 1.59–1.43 (m, 12H), 
0.92 (s, 9H), 0.14 (s, 6H) 
13C-NMR (100 MHz, CDCl3) δ 185.4, 184.7, 152.3, 151.2, 95.5, 94.9, 93.9, 93.7, 82.0, 81.8, 
81.2, 81.0, 66.7, 65.6, 65.2, 51.6, 28.4, 28.3, 26.3, 25.8, 25.4, 25.1, 24.3, 18.3 
IR (film) ν = 3451, 2978, 2933, 2886, 2859, 2214, 1689, 1377, 1366, 1169, 1092, 837 cm-1 

  -10.12 (CH2Cl2, c = 1.110) 
HRMS calculated 420.2182 (C20H35NO5SiNa, M+Na) found 420.2190 
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tert-butyl(S)-4-((S)-4-((tert-butyldimethylsilyl)oxy)-1-hydroxybut-2-yn-1-yl)-2,2-
dimethyloxazolidine-3-carboxylate (192) 
 

 
 
Zn(OTf)2 (5.47 g, 15 mmol, 110 mol-%) was added to a flame-dried flask. Vacuum was applied 
and the flask heated to 125 °C overnight. The flask was cooled to r.t., after which (-)-meth-
ylephedrine (2.95 g, 16 mmol, 120 mol-%) was added and vacuum applied again for a few 
minutes, after which argon atmosphere was introduced and dry toluene (41 mL) added fol-
lowed by Et3N (1.2 mL, 16 mmol, 120 mol-%). The mixture was stirred for 1.5 h, after which 
196 (2.80 g, 16 mmol, 120 mol-%) was added. The solution was stirred for 15 min and 87 (3.14 
g, 14 mmol, 100 mol-%) was added. The reaction was stirred for 3 h and quenched with satu-
rated NH4Cl (aq, 84 mL) and poured in to a separation funnel containing Et2O (80 mL). The 
phases were separated and the aqueous phase extracted with Et2O (3x100 mL). The combined 
organic phase was washed with brine and dried over Na2SO4. The solvents were evaporated to 
give the crude product. Purification with flash chromatography (1:8 EtOAc/Hex) gave the 
product (3.10 g of pure product and 0.877 g of a mixture of diastereomers) as a light yellow oil. 
  
OR 
 
196 (34.2 g, 200 mmol, 200 mol-%) was dissolved in anhydrous Et2O (400 mL) in a flame-
dried three-neck flask under argon and cooled to -78 °C. n-BuLi (95.3 mL, 200 mmol, 200 
mol-%, 2.1M in hexanes) was added dropwise over 40 min and the solution was stirred for 15 
min. After this, ZnBr2 solution (1M in Et2O, 300 mL, 300 mmol, 300 mol-%, the stock solution 
was prepared according to Krause et al.101) was cannulated to the reaction mixture over 45 min 
and the reaction was again stirred for 15 min. Garner’s aldehyde 87 (23.0 g, 100 mmol, 100 
mol-%) was dissolved in anhydrous Et2O (180 mL) in a flame-dried flask under argon and 
cooled to -78 °C, after which this solution was cannulated to the reaction mixture over 20 min 
(20 mL of Et2O used for rinsing). The reaction was let to warm to r.t. and stirred for 4 h, after 
which it was quenched with saturated NH4Cl (aq, 600 mL). The phases were separated and the 
aqueous phase was diluted with enough H2O to make it clear, and extracted with EtOAc (3 x 
200 mL). The combined organic phase was washed with brine, dried over Na2SO4, and con-
centrated under vacuum to give 44.0 g of crude as a yellow oil. Silica filtration (1:8  1:3 
EtOAc/hex) yielded 32.6 g (82%) of yellow oil that was used as such in the following reaction. 
An analytical sample could be prepared with flash chromatography (1:8 EtOAc/hex). 
 
Rf = 0.41 in 1:4 EtOAc/Hex 
1H-NMR (400 MHz, toluene-d8, 80 °C) δ 4.79-4.74 (m, 1H, CHOH), 4.28 (d, 2H, J=1.6 
Hz, CH2OTBS), 4.12 (dd, 1H, J=9.1 Hz, 2.4 Hz, O-CH2), 4.11-4.06 (m, 1H, N-CH), 3.87 (dd, 
1H, J=9.2 Hz, 6.1 Hz, O-CH2), 3.45 (bs, 1H, OH), 1.68 (s, 3H, C-(CH3)2), 1.48 (s, 3H, C-(CH3)2), 
1.44 (s, 9 H, Boc), 0.98 (s, 9H, TBS: t-Bu), 0.15 (s, 6H, TBS: 2xMe) 
13C-NMR (100 MHz, toluene-d8, 100 °C) δ 153.84, 95.24, 85.20, 84.92, 80.89, 65.69, 
62.82, 52.14, 28.65, 27.46, 26.22, 24.73, 18.62  
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IR (film) ν = 3441, 2955, 2931, 2885, 2858, 1691, 1473, 1462, 1390, 1365, 1253, 1167, 1089, 
1069, 835, 776 cm-1 

 -41.24 (CH2Cl2, c = 1.025; lit. -35.8 (CHCl3, c=1.1)104) 
HRMS calculated 422.2339 (C20H37NO5SiNa, M+Na) found 422.2341  
 
tert-butyl(S)-4-((S)-1-(benzyloxy)-4-((tert-butyldimethylsilyl)oxy)but-2-yn-1-yl)-
2,2-dimethyloxazolidine-3-carboxylate (290) 
 

 

192 (4.76 g, 12 mmol, 100 mol-%) was dissolved in DMF (15 mL) under argon, moved to a 
flame-dried flask under argon, and cooled to 0 °C. Benzyl bromide (1.8 mL, 15 mmol, 130 mol-
%) was added followed by KI (0.103 g, 0.6 mmol, 5 mol-%). After this NaH (0.576 g, 14 mmol, 
120 mol-%) was added. The solution turned brownish orange. 5 mL of THF was added. After 
10 minutes, a slurry so thick was formed that no stirring was possible. 10 mL THF was added 
to enable stirring. After 45 minutes the reactions was quenched by slowly adding saturated 
NaHCO3 (aq, 30 mL). The mixture was diluted with H2O (70 mL) and extracted with EtOAc 
(3x30 mL). The combined organic phase was washed with H2O and brine, dried over Na2SO4, 
and evaporated to give 6.42 g of crude, which was purified with flash chromatography (5% 
EtOAc/Hex) to give 5.54 g (95%) of yellow oil. 
 
192 (110.6 g, 277 mmol, 100 mol-%) was dissolved in DMF (280 mL) under argon, moved to a 
flame-dried flask under argon, and cooled to 0 °C. Benzyl bromide (43 mL, 360 mmol, 130 
mol-%) was added followed by KI (2.31 g, 14 mmol, 5 mol-%). After this, NaH (13.32 g, 330 
mmol, 120 mol-%) was added portion wise. After most of the gas evolution was done, 310 mL 
of anhydrouw THF was added to ease stirring. After 2 h of stirring, the reactions was quenched 
by slowly adding saturated NaHCO3 (aq, 180 mL). The mixture was diluted with H2O (450 mL) 
and extracted with EtOAc (3x300 mL). The combined organic phase was washed with H2O and 
brine, dried over Na2SO4, and evaporated to give 138.1 g of crude, which was filtered through 
silica (5% EtOAc/Hex) to give 120.1 g (89%) of yellow oil that was used as such in the following 
reaction. An analytical sample was prepared with flash chromatography (5% EtOAc/hex). 

 
Rf = 0.79 in 1:4 EtOAc/Hex 
1H-NMR (400 MHz, toluene-d8, 90 °C) δ 7.26-7.23 (m, 2H, Ph), 7.14 (m, 2H, Ph), 7.06-
7.04 (m, 1H, Ph), 4.83-4.75 (m, 1H, CHOBn), 4.73 (d, 1H, J=11.9 Hz, CH2Ph), 4.45 (d, 1H, 
J=11.9 Hz, CH2Ph), 4.26 (dd, 1H, J=9.2 Hz, 3.2 Hz, O-CH2), 4.23 (d, 2H, J=1.7 Hz, CH2OTBS), 
4.09-4.03 (m, 1H, N-CH), 3.85 (dd, 1H, J=9.2 Hz, 6.7 Hz, O-CH2), 1.71 (s, 3H, C(CH3)2), 1.47 
(s, 3H, C(CH3)2), 1.33 (s, 9H, Boc), 0.91 (s, 9H, TBS: t-Bu), 0.07 (s, 6 H, TBS: 2xMe) 
13C-NMR (100 MHz, toluene-d8, 90 °C) δ 128.70, 127.98, 87.05, 82.16, 80.00, 71.67, 
70.37, 65.39, 60.53, 52.17, 28.65, 27.02, 26.19, 18.63  
IR (film) ν = 3449, 2954, 2929, 2885, 2858, 1703, 1498, 1455, 1390, 1365, 1253, 1166, 1090, 
1071, 835, 777, 697 cm-1 

 -9.86 (CH2Cl2, c = 1.030) 
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HRMS calculated 512.2808 (C27H43NO5SiNa, M+Na) found 512.2809 
 

tert-butyl (S)-4-((S)-1-(benzyloxy)-4-hydroxybut-2-yn-1-yl)-2,2-dimethyloxazoli-
dine-3-carboxylate (260) 

 

 

290 (5.26 g, 11 mmol, 100 mol-%) was dissolved in MeOH (11 mL). NH4·HF2 (1.24 g, 22 mmol, 
200 mol-%) was added and the resulting mixture was stirred for 66 h. The reaction was 
quenched by adding silica gel (4.4 g) to the reaction mixture, which was then stirred for 3 h, 
after which it was diluted with DCM (50 mL) and passed through a pad of silica (elueted with 
10% MeOH/DCM). The filtrate was concentrated to give 4.38 g of crude, which was purified 
with flash chromatography (1:3 EtOAc/Hex) to give 3.68 g (91%) of light yellow oil. 
290 (119.9 g, 245 mmol, 100 mol-%) was dissolved in MeOH (210 mL). NH4·HF2 (28.3 g, 490 
mmol, 200 mol-%) was added and the resulting mixture was stirred for 43.5 h. The reaction 
was quenched by adding silica gel (85 g) to the reaction mixture, which was then stirred for 40 
min, after which it was diluted with DCM (900 mL) and passed through a pad of silica (elueted 
with 10% MeOH/DCM). The filtrate was concentrated to give 99.7 g of crude, which was fil-
tered through a pad of silica (hexane  5%  20% EtOAc/Hex  EtOAc) to give 80.6 g (88%) 
of light yellow oil. An analytical sample was prepared with flash chromatography (20% 
EtOAc/hex). 

 
Rf = 0.45 in 1:2 EtOAc/Hex 
1H-NMR (400 MHz, toluene-d8, 100 °C) δ 7.24-7.21 (m, 2H, Ph), 7.14-7.09 (m, 2H, Ph), 
7.06-7.04 (m, 1H, Ph), 4.77-4.73 (m, 1H, CHOBn), 4.68 (d, 1H, J=11.9 Hz, CH2Ph), 4.43 (d, 
1H, J=12.1 Hz, CH2Ph), 4.23 (dd, 1H, J=9.3 Hz, 2.9 Hz, O-CH2), 4.08-4.03 (m, 1H, N-CH), 
3.96 (s, 2H, CH2OH), 3.83 (dd, 1H, J=9.1 Hz, 6.6 Hz, O-CH2), 1.68 (s, 3H, C(CH3)2), 1.45 (s, 
3H, C(CH3)2), 1.33 (s, 9H, Boc), 1.23 (bs, 1H, OH) 
13C-NMR (100 MHz, toluene-d8, 100 °C) δ 138.89, 128.73, 128.03, 95.19, 87.03, 83.06, 
80.14, 71.81, 70.46, 65.42, 60.70, 51.19, 28.69, 27.00, 24.68  
IR (film) ν = 3449, 2978, 2934, 2873, 1688, 1387, 1362, 1257, 1162, 1091, 1070, 849, 736, 698 
cm-1 

 -14.83 (CH2Cl2, c = 0.990) 
HRMS calculated 398.1943 (C21H29NO5Na, M+Na) found 398.1948  
 

tert-butyl (S)-4-((S,Z)-1-(benzyloxy)-4-hydroxybut-2-en-1-yl)-2,2-dimethyloxa-
zolidine-3-carboxylate (199) 
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A mixture of Lindlar catalyst (0.639 g, 0.3 mmol, 1.5 mmol-%), quinoline (0.82 mL, 7 mmol, 
35 mol-%), and benzene (12 mL) was degassed 3 times and left under argon. A solution of 260 
(7.54 g, 20 mmol, 100 mol-%) in benzene (50 mL) was added to the reaction flask, which was 
again degassed 3 times, after which a H2 atmosphere was introduced. The reaction was vigor-
ously stirred for 21 h (monitored with 1H NMR), after which H2 was removed and the solution 
filtered through a pad of celite (eluent EtOAc). The filtrate was evaporated to dryness and dis-
solved again in EtOAc (40 mL), washed with 1M HCl (aq, 25 mL) and brine, dried over Na2SO4, 
and concentrated under vacuum to give 7.25 g of crude, which was purified with flash chroma-
tography (1:5  1:4  1:3 EtOAc/pentane) to give 6.81 g (90%) of light yellow oil. 
 
On a larger scale, impurities left in the starting material due to challenges on large-scale chro-
matography seemed to poison the catalyst, but this could be compensated for by adding more 
catalyst after the reaction ceased proceeding: 
 
A mixture of Lindlar catalyst (5.11 g, 2.4 mmol, 1.5 mmol-%), quinoline (6.6 mL, 56 mmol, 35 
mol-%), and benzene (100 mL) was degassed 3 times and left under argon. A solution of 260 
(59.4 g, 158 mmol, 100 mol-%) in benzene (400 mL) was added to the reaction flask, which 
was again degassed 3 times, after which a H2 atmosphere was introduced. The reaction was 
vigorously stirred for 22 h (monitored with 1H NMR), after which more Lindlar catalyst (1.03 
g, 0.5 mmol, 0.3 mol-%) was added and the reaction continued for 24 h. Then more Lindlar 
catalyst (3.08 1.4 mmol, 0.9 mol-%) was added and the reaction continued for further 3 day. 
Yet more Lindlar catalyst (4.86 g, 2.3 mmol, 1.5 mol-%) was added. After another 24 h Lindlar 
catalyst (1.04 g, 0.5 mmol, 0.3 mol-%) was added. The reaction was continued for 2 h, after 
which more Lindlar catalyst (1.09 g, 0.5 mmol, 0.3 mol-%) was added. After another 2 h, Lind-
lar catalyst (1.05 g, 0.5 mmol, 0.3 mol-%) was one more time added. After 2h of stirring full 
conversion was reached, and the reaction mixture was filtered through celite (eluent EtOAc) 
and evaporated to dryness. The residue was dissolved in EtOAc (300 mL), washed with 1M HCl 
(200 mL) and brine, dried over Na2SO4, and concentrated to give 59.4 g (99%) of that was used 
as such in the following reaction. 
 
Rf = 0.38 in 1:2 EtOAc/Hex 
1H-NMR (400 MHz, toluene-d8, 100 °C) δ 7.22-7.18 (m, 2H, Ph), 7.14-7.09 (m, 2H, Ph), 
7.06-7.04 (m, 1H, Ph), 5.78-5.70 (m, 1H, CH2CH=CH), 5.52-5.46 (m, 1H, CHOBnCH=CH), 
4.77-4.68 (bs, 1H, CHOBn), 4.48 (d, 1H, J=12.1 Hz, PhCH2), 4.30 (d, 1H, J=12.1 Hz, PhCH2), 
4.12 (dd, 1H, J=9.5 Hz, 1.8 Hz, O-CH2-CH), 4.09-3.92 (m, 3H, HO-CH2, N-CH), 3.71 (dd, 1H, 
J=9.5 Hz, 6.6 Hz, O-CH2-CH), 1.54 (s, 3H, C-(CH3)2), 1.38 (s, 3H, C-(CH3)2), 1.34 (s, 9H, Boc) 
13C-NMR (100 MHz, toluene-d8, 100 °C) δ 189.44, 139.67, 135.85, 128.69, 127.86, 80.13, 
73.75, 71.26, 64.06, 60.74, 59.21, 28.73, 26.79, 24.15 
IR (film) ν = 3453, 2977, 2935, 2876, 1685, 1387, 1365, 1085, 1068, 731 cm-1 

 -10.18 (CH2Cl2, c = 1.020; lit. +3.2 (CH2Cl2, c=1.05)105) 
HRMS calculated 400.2100 (C21H31NO5Na, M+Na) found 400.2098 
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tert-butyl (S)-4-((S,Z)-1-(benzyloxy)-4-chlorobut-2-en-1-yl)-2,2-dimethyloxazoli-
dine-3-carboxylate (198) 

 

 

199 (3.32 g, 8.8. mmol, 100 mol-%) was dissolved in DMF (25 mL), moved to a flame-dried 
flask under argon, and cooled to 0 °C. POCl3 (1.8 mL, 19 mmol, 220 mol-%) was added. After 
the additions, the cooling bath was removed. The reaction was stirred for 17 h. The now bright 
orange solution was cooled to 0 °C and quenched by slowly adding 2 M NaOH (aq) until pH 
was >7. The basic solution was extracted with EtOAc (4x50 mL). The combined organic phase 
was washed with brine, dried over Na2SO4, and concentrated to give 4.92 g of crude, which was 
purified by flash chromatography (1:6 EtOAc/Hex) to give 2.91 g (84%) of light yellow oil. 
 
199 (66.0 g, 175 mmol, 100 mol-%) was dissolved in DMF (480 mL) under argon and cooled 
to 0 °C. POCl3 (36 mL, 385 mmol, 220 mol-%) was added. After the additions, the cooling bath 
was removed. The reaction was stirred for 16.5 h. Then the solution was cooled to 0 °C and 
quenched by slowly adding 2 M NaOH (aq, 650 mL) until pH was ~8. The basic solution was 
extracted with EtOAc (3 x 450 mL). The combined organic phase was dried over Na2SO4 and 
concentrated. Due to substantial leftover DMF, the residue was dissolved in CH2Cl2 (400 mL) 
and washed with H2O (2 x 200 mL) and brine, dried over Na2SO4 and concentrated under vac-
uum to give 77.8 g of crude, which was refined by silica filtration (5%  10% EtOAc/pentane) 
to yield 55.0 g (79%) of yellow oil, which could be used as such in the following reaction. 
 
Rf = 0.68 in 1:4 EtOAC/Hex 
1H-NMR (400 MHz, toluene-d8, 100 °C) δ 7.21-7.18 (m, 2H, Ph), 7.14-7.09 (m, 2H, Ph), 
7.05-7.01 (m, 1H, Ph), 5.73-5.66 (m, 1H, Cl-CH2CH=CH), 5.54-5.48 (m, 1H, CHOBn-CH=CH), 
4.69 (bs, 1H, CHOBn), 4.47 (d, 1H, J=12.1 Hz, CH2Ph), 4.28 (d, 1H, J=12.1 Hz, CH2Ph), 4.07 
(dd, 1H, J=9.3 Hz, 1.8 Hz, O-CH2-CH), 4.06-4.01 (m, 1H, N-CH), 3.99 (ddd, 1H, J=11.9 Hz, 
8.4 Hz, 1.1 Hz, Cl-CH2), 3.82 (ddd, 1H, J=12.1 Hz, 6.8 Hz, 0.9 Hz, Cl-CH2), 3.71-3.66 (m, 1H, 
O-CH2-CH), 1.51 (s, 3H, C-(CH3)2), 1.36 (s, 3H, C-(CH3)2), 1.33 (s, 9H, Boc) 
13C-NMR (100 MHz, toluene-d8, 100 °C) δ 189.62, 139.36, 131.80, 131.47, 128.76, 128.22, 
80.44, 73.31, 71.52, 63.92, 60.76, 39.49, 28.71, 26.77, 24.18 
IR (film) ν = 3030, 2976, 2933, 2878, 1701, 1455, 1385, 1366, 1258, 1172, 1159, 1089, 1071, 
849, 768, 699 cm-1 

 +7.24 (CH2Cl2, c = 1.050) 
HRMS calculated 418.1761 (C21H30ClNO4Na) found 418.1756 
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((2S,3S)-3-(benzyloxy)-1,2,3,6-tetrahydropyridin-2-yl)methanol hydrochloride 
(19)  

 

 

Acetyl chloride (68 mL, 787 mmol, 566 mol-%) was added dropwise to ice-cooled MeOH (204 
mL) under argon. Cooling was removed and the solution was poured over neat 198 (55.1 g, 139 
mmol, 100 mol-%), The solution was stirred for 40 min, after which the solution was evapo-
rated to dryness, and dissolved again in MeOH. Basic ion exchange resin (Merck io-
nenaustausher II; weakly basic tertiary amine resin, 45 g, 5 meq/g, moist) was added and the 
mixture stirred for 1 h until it became neutral. The mixture was filtered and the solvent was 
evaporated. The residue was dissolved in 1:1 i-PrOH/EtOH (90 mL), heated to 75 °C, and 
stirred for 20 h. Then the solution was filtered, and the solvent was evaporated. The crude was 
dissolved again in MeOH, 45 g of IER was added, and the mixture was refluxed for 2 h. After 
cooling the mixture was filtered, and the solvent was evaporated to give light beige solid (35.8 
g, 100%). An analytical sample was prepared by recrystalization from i-PrOH/EtOH. The crude 
was used as such in the following reaction. 
 
Rf = 0.16 in 10% MeOH/CH2Cl2  
1H-NMR (400 MHz, MeOD) δ 7.38-7.27 (m, 5H, Ph), 6.28-6.23 (m, 1H, HC = CHCHOBn), 
6.05-6.00 (m, 1H, CH2CH=CH), 4.70 (d, 1H, J=11.5 Hz, CH2Ph), 4.58 (d, 1H, J=11.7 Hz, 
CH2Ph), 4.12-4.09 (m, 1H, CHOBn), 3.90-3.81 (m, 2H, CH2OH), 3.70-3.67 (m, 2H, N-CH2), 
3.36 (ddd, 1H, J=8.4 Hz, 5.4 Hz, 3.1 Hz, N-CH) 
13C-NMR (100 MHz, MeOD) δ 139.21, 129.49, 129.16, 129.03, 126.69, 126.19, 72.33, 68.04, 
60.45, 59.85, 43.92 
m.p. 134.0-146.2 °C 
IR (film) ν = 3312, 3029, 2939, 2868, 1584, 1453, 1089, 1053, 739, 698 cm-1 

 +191.24 (MeOH, c = 1.020) 
HRMS calculated 220.1338 (C13H18NO2, M-Cl) found 220.1342 
Elemental analysis calculated C, 61.05; H, 7.09; N, 5.48 (C13H18NO2Cl) found C, 60.15; H, 
7.10; N, 5.52 

 
(8S,8aS)-8-(benzyloxy)-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-3-one 
(261) 

 

 

Crude 19 (35.8 g, ~139 mmol, 100 mol-%), CDI (39.5 g, 243 mmol, 175 mol-%), and andydrous 
THF (750 mL) were mixed in a flask under argon. The mixture was refluxed for 16 h. After 
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cooling to r.t., the reaction was quenched with 1 M HCl (aq, 350 mL). The solution was ex-
tracted with EtOAc (3 x 350 mL). The combined organic phase was washed with 1 M HCl (aq, 
200 mL) and brine, dried over Na2SO4, and concentrated to give 30.2 g of crude, which was 
purified with flash chromatography (1:1  2:1 EtOAc/low b.p. petroleum ether) to give 26.4 g 
(78%) of white solid. 
 
Rf = 0.15 in 1:1 EtOAc/hex 
1H-NMR (400 MHz, CDCl3) δ 7.38-7.25 (m, 5H, Ph), 6.15-6.05 (m, 2H, CH=CH), 4.69 (d, 
1H, J=12.1 Hz, CH2Ph), 4.60 (dd, 1H, J=8.3 Hz, 4.7 Hz, O-CH2), 4.50 (d, 1H, J = 12.1 Hz, 
CH2Ph), 4.40-4.35 (m, 1H, O-CH2), 4.27 (dt, 1H, J= 8.9 Hz, 2.47 Hz, N-CH2), 3.88-3.84 (m, 
2H, CHOBn, N-CH), 3.77-3.70 (m, 1H, N-CH2) 
13C-NMR (100 MHz, CDCl3) δ 138.04, 129.86, 128.64, 127.94, 127.66, 123.84, 70.20, 67.64, 
64.23, 54.64, 41.37 
m.p. 57.9-73.3 °C 
IR (film) ν = 3032, 2865, 1744, 1451, 1431, 1208, 1111, 1084, 1007, 759, 737, 699 cm-1 

 +223.50 (CH2Cl2, c = 0.985) 
HRMS calculated 268.0950 (C14H15NO3Na, M+Na) found 268.0958  
Elemental analysis calculated C, 68.56; H, 6.16; N, 5.71 (C14H15NO3) found C, 67.71; H, 6.09; 
N, 5.71  

 
(8S,8aS)-8-hydroxy-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-3-one (273) 

 

 

261 (4.9 g, 20 mmol, 100 mol-%) was dissolved in anhydrous CH2Cl2 (200 mL) in a flame-
dried flask under argon. Thioanisole (2.4 mL, 20 mmol, 100 mol-%) was added followed by 
FeCl3 (11.4 g, 70 mmol, 350 mol-%). The solution was stirred for 22.5 h, after which it was 
quenched with 200 mL of H2O. When the phases had become clear 2 M NaOH (aq, 100 mL) 
was added to precipitate the iron out the solution. The mixture was filtered through celite with 
MeOH and neutralized with 1 M HCl (aq). Solvents were evaporated to give 18.1 g of crude, 
which was purified by flash chromatography (2.5%  5% MeOH/CH2Cl2) to give 2.98 g (96%) 
of white solid. 

 
Rf = 0.47 in 10% MeOH/CH2Cl2  
1H-NMR (400 MHz, CDCl3) δ 6.17-6.11 (m, 1H, HC=CH-CHOH), 5.98 (ddd, 1H, J=10.2 Hz, 
3.6 Hz,  2.4 Hz, HC=CH-CHOH), 4.65 (dd, 1H, J=8.5 Hz, 5.6 Hz, O-CH2), 4.42 (t, 1H, J=8.8 
Hz, O-CH2), 4.19 (dd, 1H, J=18.7 Hz, 3.0 Hz, N-CH2), 4.00 (bs, 1H, CHOH), 3.86 (ddd, 1H, 
J=8.9 Hz, 5.6 Hz, 2.7 Hz, N-CH-), 2.69 (bs, 1H, OH) 
13C-NMR (100 MHz, CDCl3) δ 158.06, 128.08, 126.39, 64.31, 62.45, 55.34, 41.12 
m.p. 106.0-109.9 °C; lit. 105 °C81 
IR (film) ν = 3356, 1719, 1438, 1088, 747 cm-1  

 +282.75 (MeOH, c = 1.030; lit. +296.14 (MeOH, c=0.315) 81) 
HRMS calculated 333.1063 (C14H18N2O6Na, 2M+Na) found 333.1067 
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(8S,8aS)-3-oxo-1,5,8,8a-tetrahydro-3H-oxazolo[3,4-a]pyridin-8-yl acetate (264) 
 

 
 
273 (0.314 g, 2 mmol, 100 mol-%) was dissolved in CH2Cl2 (20 mL). DMAP (36.5 mg, 0.3 
mmol, 15 mol-%) was added followed by Et3N (0.56 mL, 4 mmol, 200 mol-%). Then acetic 
anhydride (0.47 mL, 5 mmol, 250 mol-%) was added dropwise. After 15 min of stirring, the 
reaction was quenched with 1M HCl (aq, 20 mL). The phases were separated and the aqueous 
phase was extracted with CH2Cl2 (3 x 20 mL). The combined organic phase was dried over 
Na2SO4 and concentrated to give 0.491 g of solid crude. Purification with flash chromatography 
(2:1 EtOAc/low b.p. petroleum ether) gave 0.394 g (100%) of product as a white solid. 
 
Rf =  0.16 in 1:1 EtOAc/hex 
1H-NMR (400 MHz, CDCl3) δ 6.10-6-07 (m, 2H), 5.20-5.17 (m, 1H), 4.43 (t, 1H, J=8.9 Hz), 
4.29 (d, 1H, J=19.4 Hz), 4.26 (dd, 1H, J=9.0 Hz, 4.5 Hz), 4.01 (ddd, 1H, J=8.8 Hz, 4.5 Hz, 2.9 
Hz), 3.77 (dd, 1H, J=19.0 Hz), 2.10 (s, 3H) 
13C-NMR (100 MHz, MeOD) δ 170.9, 157.5, 130.5, 122.5, 64.6, 64.2, 53.4, 41.1, 21.0 
m.p.  90.3-91.2 °C 
IR (film) ν = 1731, 1430, 1230, 1073, 1005 cm-1 

 +359.60 (CH2Cl2, c = 0.985) 
HRMS calculated 198.0766 (C9H12NO4, M+H) found 198.0762 

 
(6R,7R,8R,8aS)-8-(benzyloxy)-6,7-dihydroxyhexahydro-3H-oxazolo[3,4-a]pyri-
din-3-one (262) 

 

261 (1.22 g, 5 mmol, 100 mol-%) was dissolved in 9:1 CH3CN/H2O (50 mL) and cooled to 0 ⁰C. 
NMO (1.18 g, 10 mmol, 200 mol-%) was added followed by OsO4 (1.6 mL, 0.25 mmol, 5 mol-
%, 4 w-% in H2O). The reaction was let to warm to r.t. as the ice-bath melted and stirred for 16 
h, after which it was quenched by adding solid Na2S2O3 (2.57 g). The mixture was filtered 
through celite with CH2Cl2. The phases were separated and organic phase was washed with 
brine, dried over Na2SO4, and concentrated to give 1.36 g of solid crude, which was purified by 
flash chromatography (5% MeOH/ CH2Cl2) to give 1.31 g (94%) of white solid.  

 
Rf = 0.49 in 10% MeOH/ CH2Cl2 
1H-NMR (600 MHz, MeOD) δ 7.36-7.32 (m, 4H), 7.31-7.27 (m, 1H), 4.72 (d, 1H, J=11.7 Hz), 
4.61 (d, 1H, J=11.8 Hz), 4.31 (t, 1H, J=8.7 Hz), 4.23 (dd, 1H, J=8.4 Hz, 4.0 Hz), 4.18 (ddd, 1H, 
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J=8.9 Hz, 3.9 Hz, 2.5 Hz), 4.13 (dd, 1H, J=3.6 Hz, 3.2 Hz), 3.88 (ddd, 1H, J=11.0 Hz, 6.0 Hz, 
2.7 Hz), 3.66 (dd, 1H, J=12.5 Hz, 5.9 Hz), 3.61 (dd, 1H, J=4.2 Hz, 2.4 Hz), 3.10 (dd, 1H, J=12.5 
Hz, 11.2 Hz) 
13C-NMR (150 MHz, MeOD) δ 160.2, 139.3, 129.5, 128.9, 128.9, 78.1, 73.6, 68.8, 64.8, 64.7, 
53.8, 42.1 
m.p. 132.4-133.9 °C 
IR (film) ν = 3392, 3064, 3031, 2917, 1720, 1474, 1076, 699 cm-1 

  +22.71 (MeOH, c = 1.010) 
HRMS calculated 280.1185 (C14H18NO5, M+H) found 280.1179 
 
(3aR,8aS,9R,9aS)-9-(benzyloxy)hexahydro-6H-[1,3,2]dioxathiolo[4,5-d]oxa-
zolo[3,4-a]pyridin-6-one 2,2-dioxide (269) 

 

 
262 (0.559 g, 2 mmol, 100 mol-%) was dissolved in CH2Cl2 (20 mL). SOCl2 (0.18 mL, 2.4 
mmol, 120 mol-%) was added and the reaction stirred for 1.5 h, after which more SOCl2 (0.09 
mL, 1 mmol, 100 mol-%) was added. Still more SOCl2 (0.09 mL, 1 mmol, 100 mol-%) was added 
after 3.5 h  and after further 15 h, the solvent was evaporated and the crude was dissolved in 
toluene (20 mL) and concentrated under vacuum. This was repeated 3 times. Then the crude 
was again dissolved in CH2Cl2 (20 mL) and acetonitrile (20 mL) and the mixture was cooled to 
0 ⁰C. RuCl3•H2O (4.2 mg, 0.02 mmol, 1 mol-%) was added, followed by NaIO4 (0.649 g, 3 
mmol, 150 mol-%) and H2O (20 mL). The reaction was stirred at 0 °C for 5 h, after which it 
was diluted with EtOAc (100 mL). The phases were separated and the organic phase was 
washed with water (40 mL) and NaHCO3 (sat, aq., 40 mL), dryed over Na2SO4, and concen-
trated under vacuum to give 0.709 g of crude product. Purification with flash chromatography 
(1:1 EtOAc/petroleum ether, low b.p.) gave 0.666 g (98%) of white solids. 
 
Rf =  0.69 in EtOAc 
1H-NMR (400 MHz, MeOD) δ 7.38-7.29 (m, 5H), 5.40 (dd, 1H, J=10.8 Hz, 5.1 Hz), 5.33 
(dd, 1H, J=5.9 Hz, 2.4 Hz), 4.83 (d, 1H, J=11.6 Hz), 4.65 (d, 1H, J=11.6 Hz), 4.45-4.39 (m, 1H), 
4.20-4.14 (m, 2H), 3.98-3.96 (m, 1H), 3.90 (dd, 1H, J=14.5 Hz, 4.9 Hz), 3.70 (dd, 1H, J=14.5 
Hz, 5.5) 
13C-NMR (100 MHz, MeOD) δ 160.7, 138.2, 129.7, 129.4, 129.2, 77.81, 77.4, 73.9, 73.5, 65.6, 
52.5, 40.8 
m.p. 56.9-58.7 °C 
IR (film) ν = 3033, 2976, 2930, 2879, 1753, 1391, 1213, 980 cm-1 

 +30.77 (CH2Cl2, c = 1.025) 
HRMS calculated 342.0647 (C14H16NO7S, M+H) found 342.0645 
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(6S,7R,8R,8aS)-8-(benzyloxy)-7-hydroxy-3-oxohexahydro-3H-oxazolo[3,4-
a]pyridin-6-yl benzoate (270) 

 

 
269 (0.620 g, 1.8 mmol, 100 mol-%) was dissolved in acetone (18 mL). Ammonium benzoate 
(0.529 g, 3.6 mmol, 200 mol-%) was added followed by enough water (3 mL) to make the so-
lution homogenous. The reaction was stirred for 24 h, after which more ammonium benzoate 
(0.527 g, 3.6 mmol, 200 mol-%) was added. After another 20 h yet more ammonium benzoate 
(0.524 g, 3.6 mmol, 200 mol-%) was added. After 23 h, the reaction was heated to reflux for 2 
h and cooled back to r.t. and stirred for additional 24 h, after which it was evaporated to dry-
ness. The residue was dissolved in Et2O (20 mL) and 20 w-% H2SO4 (20 mL) and stirred for 
3.5 h.  Then the phases were separated and the aqueous phase was extracted with CH2Cl2 (3 x 
20 mL). The combined organic phase was dried over Na2SO4 and concentrated under vacuum. 
Purification with flash chromatography (2.5% MeOH/ CH2Cl2) gave 0.176 (25%) of product. 
 
Rf =  0.11 in 1:1 EtOAc/low b.p. petroleum ether 
1H-NMR (400 MHz, MeOD) δ 7.60-7.55 (m, 1H), 7.49-7.43 (m, 4H), 7.22-7.17 (m, 5H), 
5.03-5.00 (m, 1H, under H2O peak), 4.62 (d, 1H, J=11.7 Hz), 4.50 (d, 1H, J=11.6 Hz), 4.48 (dd, 
1H, J=8.2 Hz, 3.2 Hz), 4.40 (dd, 1H, J=5.9 Hz, 2.7 Hz), 4.38 (d, 1H, J=8.2 Hz), 4.33 (dt, 1H, 
J=8.7 Hz, 3.0 Hz), 3.93 (d, 1H, J=14.7 Hz), 3.63 (dd, 1H, J=14.8 Hz, 2.6 Hz), 3.57 (t, 1H, J=2.8 
Hz) 
13C-NMR (100 MHz, MeOD) δ 167.2, 160.3, 139.1, 134.1, 134.0, 130.9, 130.7, 129.4, 129.3, 
128.5, 76.7, 73.3, 71.0, 65.0, 64.0, 54.5, 41.4 
HRMS calculated 384.1447 (C21H22NO6, M+H) found 384.1440  
 
(1aR,6aS,7R,7aR)-7-(benzyloxy)hexahydro-4H-oxazolo[3,4-a]oxireno[2,3-d]pyr-
idin-4-one (272) 

 

261 (1.23 g, 5 mmol, 100 mol-%) was dissolved in CHCl3 (50 mL). NaH2PO4 (4.20 g, 35 mmol, 
700 mol-%) was added followed by m-CPBA (2.47 g, 10 mmol, 200 mol-%, ≤ 77%). The reac-
tion was stirred for 22 h, after which more m-CPBA (2.464 g, 10 mmol, 200 mol-%, ≤ 77%) was 
added. The reaction was stirred for additional 25 h, after which it was quenched with solid 
Na2S2O3∙H2O (2.63 g) and stirred for 1,5 h. Then, the mixture was filtered through celite (elu-
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eted with MeOH) and concentrated under vacuum to give 6.20 g of crude. Flash chromato-
graphic purification (1:8  1:1  3:1 EtOAc/low b.p. petroleum ether) gave 0.898 g (71%) of 
white solid product. 
 
Rf = 0.65 in 10% MeOH/ CH2Cl2 
1H-NMR (600 MHz, MeOD) δ 7.39-7.34 (m, 4H), 7.32-7.28 (m, 1H), 4.80 (d, 1H, J=11.8 
Hz), 4.73 (d, 1H, J=11.8 Hz), 4.30 (t, 1H, J=8.7 Hz), 4.26 (dd, 1H, J=8.6 Hz, 4.5 Hz), 4.03 (t, 
1H, J=2.7 Hz), 4 01 (ddd, 1H, J=8.8 Hz, 4.5 Hz, 2.5 Hz), 3.96 (dd, 1H, J=15.0 Hz, 3.2 Hz), 3.55 
(d, 1H, J=15.5 Hz), 3.45 (t, 1H, J=3.4 Hz), 3.35 (t, 1H, J=3.6 Hz) 
13C-NMR (150 MHz, MeOD) δ 160.3, 139.3, 129.6, 129.1, 129.0, 74.3, 73.6, 65.1, 53.5, 52.7, 
50.7, 40.1 
m.p. 103.1-105.1 °C 
IR (film) ν = 2918, 2871, 1741, 1424, 1073, 760 cm-1 

 +70.14 (MeOH, c = 1.015) 
HRMS calculated 262.1079 (C14H16NO4, M+H) found 262.1075 
 
(1aS,6aS,7R,7aR)-7-hydroxyhexahydro-4H-oxazolo[3,4-a]oxireno[2,3-d]pyri-
din-4-one (274 and 275) 

 

 

273 (0.778 g, 5 mmol, 100 mol-%) was mixed with CHCl3 (50 mL) and NaH2PO4 (4.20 g, 35 
mmol, 700 mol-%). m-CPBA (2.47 g, 10 mmol, 200 mol-%, ≤ 77%) was added and the reaction 
was stirred for 27 h, after which it was quenched with solid Na2S2O3∙H2O (2.54 g) and stirred 
for 1,5 h. Then, the mixture was filtered through celite (elueted with MeOH) and concentrated 
under vacuum to give 3.56 g of crude. Flash chromatographic purification (1%  2.5% 
MeOH/CH2Cl2) gave 0.173 g (20%) of the desired diastereomer as a white solid. 0.596 (70%) 
of anti-product was also isolated as a white solid 
 
syn-product 274 
Rf = 0.30 in 5% MeOH/ CH2Cl2 
1H-NMR (400 MHz, MeOD) δ 4.55 (dd, 1H, J=8.6 Hz, 5.5 Hz), 4.33 (t, 1H, J=8.7 Hz), 4.04 
(d, 1H, J=14.8 Hz), 3.98 (t, 1H, J=4.6 Hz), 3.83 (ddd, 1H, J=9.0 Hz, 5.4 Hz, 4.3 Hz), 3.49 (dd, 
1H, J=5.3 Hz, 3.7 Hz), 3.44 (td, 1H, J=3.8 Hz, 1.2 Hz), 3.39 (dd, 1H, J=14.7 Hz, 1.4 Hz) 
13C-NMR (100 MHz, MeOD) δ 160.1, 64.2, 62.0, 56.1, 53.0, 52.6, 40.4 
m.p. decomp. at 115.5 °C; lit. 97 °C81 
IR (film) ν = 3406, 1736, 1441, 1011 cm-1 

 +99.74 (MeOH, c = 0.985; +52.86 (MeOH, c=0.087)81) 
HRMS calculated 172.0610 (C7H10NO4, M+H) found 172.0604 
 
anti-product 275 
Rf =  0.38 in 10% MeOH/ CH2Cl2 
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1H-NMR (600 MHz, MeOD) δ 4.36-4.34 (m, 2H), 4.08-4.07 (m, 1H), 3.96 (dd, 1H, J=15.0 
Hz, 3.12 Hz), 3.95-3.93 (m, 1H), 3.54 (d, 1H, J=14.9 Hz), 3.38-3.34 (m, 2H) 
13C-NMR (150 MHz, MeOD) δ 160.3, 65.7, 65 0, 54.4, 53.8, 50.5, 40.2 
m.p. 110.1-112.9 °C 
IR (film) ν = 3365, 1716, 1431, 1093, 761 cm-1 

 +110.37 (MeOH, c = 1.050) 
HRMS calculated 172.0610 (C7H10NO4, M+H) found 172.0605 
 
(6S,7R,8R,8aS)-8-(benzyloxy)-6,7-dihydroxyhexahydro-3H-oxazolo[3,4-a]pyri-
din-3-one (276) 

 
272 (0.527 g, 2 mmol, 100 mol-%) was dissolved in acetone (20 mL) and CH2Cl2 (40 mL). 
BF3•OEt2 (0.26 mL, 2 mmol, 100 mol-%) was added dropwise. The reaction was stirred for 7.5 
h, after which it was washed with brine (10 mL), dried over Na2SO4, and concentrated to give 
0.897 g of crude product. Purification with flash chromatography (5% MeOH/CH2Cl2) gave 
0.439 g (79%) of product as white solid. 
 
Rf =  0.43 in 10% MeOH/ CH2Cl2 
1H-NMR (400 MHz, MeOD) δ 7.43-7.32 (m, 5H), 4.81 (d, 1H, J=11.4 Hz), 4.65 (d, 1H, J=11.5 
Hz), 4.37 (dd, 1H, J=9.1 Hz, 8.3 Hz), 4.30 (dd, 1H, J=8.3 Hz, 5.1 Hz), 4.25 (ddd, 1H, J=9.1 Hz, 
5.0 Hz, 2.5 Hz), 4.13 (t, 1H, J=3.4 Hz), 3.74-3.68 (m, 2H), 3.63-3.61 (m, 1H), 3.43 (dd, 1H, 
J=14.2 Hz, 3.0 Hz) 
13C-NMR (100 MHz, MeOD) δ 160.4, 138.6, 129.7, 129.5, 129.3, 77.0, 74.1, 70.0, 66.0, 64.8, 
54.1, 44.4 
m.p. 177.5-181.0 °C, decomposition at the same time 
IR (film) ν = 3477, 3403, 3062, 3027, 2929, 1721, 1451, 1068, 1058, 752 cm-1 

 -6.95 (MeOH, c = 1.065) 
HRMS calculated 280.1185 (C14H18NO5, M+H) found 280.1183 

 
(1aR,6aS,7R,7aR)-4-oxohexahydro-4H-oxazolo[3,4-a]oxireno[2,3-d]pyridin-7-yl 
acetate (277) 
 

 
272 (0.318 g, 1.2 mmol, 100 mol-%) was dissolved in MeOH (15 mL). Pd/C (66.7 mg, 0.06 
mmol, 5 mol-%, 10% Pd) was added. The reaction mixture was degassed 3 times and put under 
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argon. Then, it was degassed 3 more times and put under H2. The reaction was stirred vigor-
ously for 21 h, after which it was filtered through celite and evaporated to dryness. The residue 
was dissolved in CH2Cl2 (12 mL). DMAP (23.0 mg, 0.18 mmol, 15 mol-%) was added followed 
by Et3N (0.33 mL, 2.4 mmol, 200 mol-%) and Ac2O (0.26 mL, 2.75 mmol, 250 mol-%). The 
reaction was stirred for 10 min, after which it a spoonful of silica was added and the mixture 
evaporated to dryness. Flash chromatographic purification (2.5% MeOH/CH2Cl2) yielded 
0.261 g (100%) of white solid product. 
 
Rf = 0.15 in 1:1 EtOAc/low b.p. petroleum ether 
1H-NMR (400 MHz, MeOD) δ 5.39-5.37 (m, 1H), 4.37 (t, 1H, J=10.2 Hz), 4.18 (ddd, 1H, 
J=10.3 Hz, 4.1 Hz, 2.1 Hz), 4.17 (dd, 1H, J=10.3 Hz, 4.3 Hz), 4.05 (dd, 1H, J=15.1 Hz, 3.2 Hz), 
3.63 (d, 1H, J=14.9 Hz), 3.50-3.47 (m, 1H), 3.46-3.44 (m, 1H), 2.14 (s, 3H) 
 13C-NMR (100 MHz, MeOD) δ 169.9, 157.9, 66.8, 62.9, 50.5, 49.9, 48.5, 38.1, 18.6 
m.p. 92.3-95.8 °C (decomp.) 
IR (film) ν = 1741, 1426, 1230, 1077 cm-1 

 +76.60 (CH2Cl2, c = 1.015) 
HRMS calculated 214.0715 (C9H12NO5, M+H) found 214.0708 
 
(6R,7S,8R,8aS)-6,7-dihydroxy-3-oxohexahydro-3H-oxazolo[3,4-a]pyridin-8-yl 
acetate (279) 

 
277 (0.232 g, 1.1 mmol, 100 mol-%) was dissolved in acetone (10 mL) and CH2Cl2 (20 mL). 
BF3•OEt (0.14 mL, 1.1 mmol, 100 mol-%) was added dropwise. The reaction was stirred for 19 
h, after which it was washed with brine (5 mL), dried over Na2SO4, and concentrated to give 
0.132 g of crude product. Purification with flash chromatography (1%  2.5% MeOH/CH2Cl2) 
did not yield pure product, so the crude product was dissolved in CH2Cl2 (3 mL). DMAP (11.0 
mg, 0.09 mmol, 15 mol-%) was added followed by Et3N (0.2 mL, 1.4 mmol, 200 mol-%) and 
Ac2O (0.2 mL, 2.1 mmol, 250 mol-%). The reaction was stirred for 35 min, after which it was 
quenched with 1M HCl (aq, 3 mL). The phases were separated and the aqueous phase was ex-
tracted with CH2Cl2 (3 x 3 mL). The combined organic phase was dryed over Na2SO4 and con-
centrated to give 0.101 g of crude product. Flash chromatographic purification (1:1 EtOAc/low 
b.p. petroleum ether) yielded 71 mg (21%) of white solid product. 
 
Rf =  0.36 in 3:1 EtOAc/low b.p. petroleum ether 
1H-NMR (600 MHz, CDCl3) δ 5.38 (t, 1H, J=2.5 Hz), 5.11 (dt, 1H J=10.3 Hz, 6.3 Hz), 4.98 
(dd, 1H, J=9.8 Hz, 3.2 Hz), 4.34 (t, 1H, J=9.0 Hz), 4.23 (dd, 1H, J=13.4 Hz, 6.4 Hz), 4.09 (ddd, 
1H, J=8.8 Hz, 4.0 Hz, 1.9 Hz), 3.95 (dd, 1H, J=9.3 Hz, 4.0 Hz), 2.85 (dd, 1H, J=13.3 Hz, 10.4 
Hz), 2.11 (s, 3H), 2.00 (s, 3H), 1.94 (s, 3H) 
13C-NMR (150 MHz, CDCl3) δ 170.1, 169.8, 169.3, 156.3, 71.4, 68.3, 64.6, 62.5, 54.3, 41.9, 
20.5, 20.4, 20.3 
m.p. 150.9-154.4 °C 
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IR (film) ν = 1743, 1430, 1371, 1220, 1075, 1056 cm-1 
 -63.56 (CH2Cl2, c = 1.015) 

HRMS calculated 316.1032 (C13H18NO8, M+H) found 316.1027 
 

(6S,7R,8R,8aS)-7-iodo-3-oxohexahydro-3H-oxazolo[3,4-a]pyridine-6,8-diyl di-
acetate (280 and 281) 

 
I2 (0.271 g, 1.1 mmol, 110 mol-%) was dissolved in anhydrous CH2Cl2 (5 mL) in a flame-dried 
flask under argon. Titanium i-propoxide (0.34 mL, 1.2 mmol, 120 mol-%) was added. In a sep-
arate flask under argon, 274 (0.164 g, 1.0 mmol, 100 mol-%) was mixed with CH2Cl2 (2 mL). 
The first made solution was added to solution of 274. 3 mL of CH2Cl2 was used for rinsing. The 
reaction solution was stirred for 5.5 h, after which DMAP (0.146 g, 1.2 mmol, 120 mol-%) and 
Et3N (2.2 mL, 15 mmol, 1600 mol-%) were added, followed by dropwise addition of acetic an-
hydride (1.8 mL, 19 mmol, 2000 mol-%). After 45 min of stirring, the reaction was quenched 
carefully with 1M HCl (30 mL). The phases were separated and the aqueous phase extracted 
with CH2Cl2 (3 x 20 mL). The combined organic phase was washed with sat. Na2S2O3 (aq, 25 
mL), and the aqueous phase was extracted with CH2Cl2 (3 x 10 mL). The combined organic 
phase was dried over Na2SO4 and concentrated under vacuum to 0.292 g of crude product. 
Flash chromatographic purification yielded products that were not fully acetylated, so the acet-
ylation was repeated. The crude was dissolved in CH2Cl2 (10 mL). DMAP (18.3 mg, 0.15 mmol, 
15 mol-%) and Et3N (0.28 mL, 2 mmol, 200 mol-%) were added, followed by acetic anhydride 
(0.24 mL, 2.5 mmol, 250 mol-%). The reaction was stirred for 40 min, after which it was 
quenched by 1M HCl (aq, 10 mL). The phases were separated and the aqueous phase was ex-
tracted with CH2Cl2 (3 x 10 mL). The combined organic phase was dried over Na2SO4 and con-
centrated under vacuum. Flash chromatographic purification (1:1 EtOAc/low b.p. petroleum 
ether) yielded 33.8 mg (9%) of 2-iodo product and 105.6 mg (29%) of the 3-iodo product. 
 
major product 281:  
1H-NMR (600 MHz, CDCl3) δ 5.06 (dd, 1H, J=4.7 Hz, 2.0 Hz), 5.00 (t, 1H, J=2.5 Hz), 4.69 
(ddd, 1H, J=9.0 Hz, 3.6 Hz, 2.7 Hz), 4.59 (dd, 1H, J=4.2 Hz, 2.4 Hz), 4.41 (t, 1H, J=8.8 Hz), 
4.14 (dd, 1H, J=9.0 Hz, 4.1 Hz), 4.10 (d, 1H, J=15.1 Hz), 3.84 (dd, 1H, J=15.1 Hz, 2.3 Hz), 2.13 
(s, 3H), 2.06 (s, 3H) 
13C-NMR (150 MHz, CDCl3) δ 170.1, 169.6, 157.3, 69.6, 69.1, 63.6, 51.3, 40.2, 20.9, 20.9, 
19.6  
HRMS calculated 383.9944 (C11H15NO6I, M+H) found 383.9940 
 
minor product 280: 
1H-NMR (600 MHz, CDCl3) δ 5.36 (t, 1H, J=2.2 Hz), 5.02 (dd, 1H, J=11.5 Hz, 2.5 Hz), 4.44 
(dd, 1H, J=13.9 Hz, 5.5 Hz), 4.36 (t, 1H, J=8.9 Hz), 4.20 (dt, 1H, J=11.7 Hz, 5.5 Hz), 4.13 (ddd, 
1H, J=8.5 Hz, 3.0 Hz, 2.2 Hz), 4.01 (dd, 1H, J=9.2 Hz, 3.2 Hz), 3.45 (dd, 1H, J=14.0 Hz, 12.0 
Hz), 2.17 (s, 3H), 2.08 (s, 3H) 
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13C-NMR (150 MHz, CDCl3) δ 170.2, 169.7, 156.3, 74.4, 69.4, 63.0, 55.2, 48.3, 20.7, 20.7, 
18.5 
HRMS calculated 383.9944 (C11H15NO6I, M+H) found 383.9939 
 
(6S,7S,8R,8aS)-3-oxohexahydro-3H-oxazolo[3,4-a]pyridine-6,7,8-triyl triacetate 
(282) 

 

 
280 (32 mg, 0.08 mmol, 100 mol) was dissolved in AcOH (2 mL). AgOAc (46.4 mg, 0.19 mmol, 
225 mol-%) was added and the reaction was heated to 120 °C. After 15 h, the solution was 
filtered through celite (elueted with CH2Cl2) and concentrated under vacuum. The residue was 
dissolved in CH2Cl2 (2 mL). DMAP (1.5 mg, 0.01 mmol, 15 mol-%) was added followed by Et3N 
(0.02 mL, 0.17 mmol, 200 mol-%) and Ac2O (0.02 mL, 0.21 mmol, 250 mol-%). The reaction 
was stirred for 25 min, after which it was quenched with 1M HCl (aq, 2 mL). The phases were 
separated and the aqueous phase was extracted with CH2Cl2 (3 x 3 mL). The combined organic 
phase was dryed over Na2SO4 and concentrated to give 53 mg of crude product. The crude was 
analyzed by NMR and judged to be same product as from the reaction of the other iodide dia-
stereomer, so both crudes were combined and purified as one crude. 
 

 
 
281 (0.103 g, 0.27 mmol, 100 mol) was dissolved in AcOH (3 mL). AgOAc (0.108 g, 0.6 mmol, 
225 mol-%) was added and the reaction was heated to 120 °C. After 15 h, the solution was 
filtered through celite (elueted with CH2Cl2) and concentrated under vacuum. The residue was 
dissolved in CH2Cl2 (3 mL). DMAP (12.0 mg, 0.04 mmol, 15 mol-%) was added followed by 
Et3N (0.07 mL, 0.54 mmol, 200 mol-%) and Ac2O (0.06 mL, 0.67 mmol, 250 mol-%). The 
reaction was stirred for 30 min, after which it was quenched with 1M HCl (aq, 3 mL). The 
phases were separated and the aqueous phase was extracted with CH2Cl2 (3 x 3 mL). The com-
bined organic phase was dryed over Na2SO4 and concentrated to give 97.2 mg of crude product. 
The crude was analyzed by NMR and judged to be same product as from the reaction of the 
other iodide diastereomer, so both crudes were combined and purified as one crude. Flash 
chromatography (2:1 EtOAc/low b.p. petroleum ether) yielded 76 mg (69%) of white solid 
product. 
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264 (0.363 g, 1.8 mmol, 100 mol-%) was dissolved in AcOH (19 mL). I2 (0.578 g, 2.2 mmol, 
120 mol-%) was added followed by AgOAc (0.701 g, 4.1 mmol, 225 mol-%). The reaction flask 
was cover with aluminum foil and stirred for 6.3 h, after which water (0.04 mmol, 1.84 mmol, 
100 mol-%) was added and the reaction heated to 80 °C for 4 days. Then the temperature was 
raised to 100 °C for 3 h and to 120 °C for 21 h. After cooling, the reaction was filtered through 
celite (elueted with MeOH and CH2Cl2) and concentrated under vacuum. The crude was dis-
solved in CH2Cl2 (19 mL). DMAP (35.5 mg, 0.28 mmol, 15 mol-%), Et3N (0.51 mL, 3.6 mmol, 
200 mol-%), and Ac2O (0.44 mL, 4.6 mmol, 250 mol-%) were added and the reaction stirred 
for 25 min. Then, it was quenched with 1M HCl (aq, 19 mL). The phases were separated and 
the aqueous phase was extracted with CH2Cl2 (3 x 15 mL). The combined organic phase was 
dried over Na2SO4 and concentrated to give 0.631 g of crude that contained ca. 2:1 ratio of 
product/iodide intermediate. The crude was again dissolve in AcOH (20 mL), AgOAc (0.755 g, 
4.2 mmol, 225 mol-%) was added and the reaction heated to 120 °C for 17 h. Then it was filtered 
through celite (elueted with CH2Cl2) and concentrated under vacuum. The crude was dissolved 
in CH2Cl2 (19 mL). DMAP (51.5 mg, 0.28 mmol, 15 mol-%), Et3N (1.0 mL, 3.6 mmol, 200 mol-
%), and Ac2O (0.44 mL, 4.6 mmol, 250 mol-%) were added and the reaction stirred for 1.25 h. 
Then, it was quenched with 1M HCl (aq, 19 mL). The phases were separated and the aqueous 
phase was extracted with CH2Cl2 (3 x 15 mL). The combined organic phase was dried over 
Na2SO4 and concentrated to give 0.652 g of crude. Flash chromatographic purification (2:1  
3:1 EtOAc/low b.p. petroleum ether) yielded 0.322 g (56%) of product as white solid.  
 
Rf = 0.23 in 3:1 EtOAc/low b.p. petroleum ether 
1H-NMR (600 MHz, CDCl3) δ 5.36 (t, 1H, J=2.7 Hz), 5.20-5.19 (m, 1H), 5.12 (t, 1H, J=3.4 
Hz), 4.42 (t, 1H, J=9.0 Hz), 4.21 (dd, 1H, J=8.6 Hz, 3.1 Hz), 4.14 (dd, 1H, J=15.5 Hz, 2.3 Hz), 
4.10 (dd, 1H, J=9.2 Hz, 3.6 Hz), 3.33 (dd, 1H, J=15.0 Hz, 2.2 Hz), 2.17 (s, 3H), 2.11 (s, 3H), 
2.02 (s, 3H) 
13C-NMR (150 MHz, CDCl3) δ 170.5, 170.3, 169.7, 157.3, 68.3, 66.9, 66.1, 62.7, 55.1, 43.5, 
20.9, 20.7, 20.6 
m.p. 138.6-139.1 °C 
IR (film) ν = 1737, 1429, 1371, 1226, 1013 cm-1 

 13.80 (CH2Cl2, c = 1.075) 
HRMS calculated 316.1032 (C13H18NO8, M+H) found 316.1042 
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(3R,4R,5R,6S)-5-(benzyloxy)-6-(hydroxymethyl)piperidine-3,4-diol (288) 
 

 

262 (0.716 g, 2.6 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (26 mL), after which 
LiOH·H2O (1.08 g, 26 mmol, 1000 mol-%) was added. The reaction was refluxed for 15 h, after 
which silica was added and the solution concentrated under vacuum. Flash chromatographic 
purification (20% MeOH/CHCl3 + 1% NH3 (25% in H2O)) gave 0.649 g (100%) of white solids 
that could still contained H2O or LiCl. 
 
Rf = 0.25 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (400 MHz, MeOD) δ 7.41-7.28 (m, 5H), 4.68 (d, 1H, J=11.5 Hz), 4.60 (d, 1H, 
J=11.5 Hz), 4.08 (t, 1H, J=3.5 Hz), 3.88 (ddd, 1H, J=8.9 Hz, 7.2 Hz, 3.1 Hz), 3.70 (dd, 1H, J=4.0 
Hz, 2.0 Hz), 3.64-3.54 (m, 1H), 3.59 (dd, 1H, J=8.7 Hz, 7.0 Hz), 3.06 (dt, 1H, J=7.0 Hz, 2.0 
Hz), 2.83-2.79 (m, 2H) 
13C-NMR (100 MHz, MeOD) δ 139.8, 129.4, 129.1, 128.8, 78.5, 73.8, 68.9, 67.7, 62.6, 55.8, 
46.5 
HRMS calculated 276.1212 (C13H19NO4Na, M+Na) found 276.1205 

 
(3S,4R,5R,6S)-5-(benzyloxy)-6-(hydroxymethyl)piperidine-3,4-diol (289) 

 

 

276 (0.581 g, 2.1 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (21 mL), after which 
LiOH·H2O (0.888 g, 21 mmol, 1000 mol-%) was added. The reaction was refluxed for 15 h, 
after which silica was added and the solution concentrated under vacuum. Flash chromato-
graphic purification (20% MeOH/CHCl3 + 1% NH3 (25% in H2O)) gave 0.416 g (79%) of white 
solids that could still contained H2O or LiCl. 
 
Rf = 0.26 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (400 MHz, MeOD) δ 7.44-7.27 (m, 5H), 4.73 (d, 1H, J=11.4 Hz), 4.63 (d, 1H, 
J=11.4 Hz), 3.81 (t, 1H, J=6.1 Hz), 3.73 (dd, 1H, J=11.1 Hz, 8.6 Hz), 3.66 (dd, 1H, J=11.1 Hz, 5.5 
Hz), 3.60-3.54 (m, 2H), 3.22 (ddd, 1H, J=8.3 Hz, 5.5 Hz, 3.8 Hz), 3.01 (dd, 1H, J=13.0 Hz, 3.6 
Hz), 2.82 (dd, 1H, J=13.0 Hz, 6.0 Hz) 
13C-NMR (100 MHz, MeOD) δ 139.5, 129.4, 129.2, 128.8, 78.8, 73.7, 71.2, 70.6, 60.2, 56.2, 
46.6 
HRMS calculated 276.1212 (C13H19NO4Na, M+Na) found 276.1204 
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(2S,3R,4S,5R)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (22) 
 

 

279 (69.0 mg, 0.22 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (3 mL), after which 
LiOH·H2O (92.5 mg, 2.2 mmol, 1000 mol-%) was added. The reaction was refluxed for 16 h, 
after which the solution was made acidic (pH 1) with 2 M HCl and concentrated under vacuum 
to give 0.167 g of crude. The solids were washed with EtOH to give 17.5 mg (40%) of product. 
 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, D2O) δ 3.85-3.83 (m, 1H), 3.73 (ddd, 1H, J=11.3 Hz, 9.5 Hz, 5.5 Hz), 
3.54 (dd, 1H, J=12.0 Hz, 5.1 Hz), 3.48 (dd, 1H, J=12.2 Hz, 8.7 Hz), 3.31 (dd, 1H, J=9.7 Hz, 2.9 
Hz), 3.15 (dd, 1H, J=12.6 Hz, 5.4 Hz), 3.02 (dd, 1H, J=8.7 Hz, 5.0 Hz), 2.50 (t, 1H, J=12.0 Hz) 
13C-NMR (150 MHz, D2O) δ 74.7, 68.7, 66.6, 61.4, 60.9, 48.0 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0919 

 
The data is in agreement with literature.43 
 
(2S,3R,4S,5S)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (21) 

 

 

282 (72.3 mg, 0.23 mmol, 100 mol-%) was dissolved in 30% EtOH/H2O (3 mL), after which 
LiOH·H2O (0.105 g, 2.3 mmol, 1000 mol-%) was added. The reaction was refluxed for 16 h, 
after which the solution was made acidic (pH 1) with 2 M HCl and concentrated under vacuum 
to give 0.159 g of crude. The solids were washed with EtOH to give 2.4 mg (5%) of product. 
 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, D2O) δ 4.23 (bs, 1H), 4.15 (t, 1H, J=1.5 Hz), 3.89 (bs, 1H), 3.87 (bs, 
1H), 3.84 (t, 1H, J=3.6 Hz), 3.51 (dd, 1H, J=13.8 Hz, 2.8 Hz), 3.39 (t, 1H, J=6.8 Hz), 3.26 (dd, 
1H, J=14.2 Hz, 1.3 Hz) 
13C-NMR (150 MHz, D2O) δ 69.2, 68.7, 68.2, 61.9, 60.7, 49.8 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0918 

 
The data is in agreement with literature.49 
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(2S,3R,4R,5R)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (20) 
 

 

Crude 288 (0.621 g, 2.5 mmol, 100 mol-%) from previous reaction was dissolved in MeOH (25 
mL). Concentrated HCl (0.569 g, 4.9 mmol, 200 mol-%) was added followed by Pd/C (0.263 
g, 0.25 mmol, 10 mol-%, Pd 10 w-%). The mixture was degassed three times and put under 
argon, after which it was degassed three more times while changing the atmosphere to H2. The 
reaction was vigorously stirred for 3 h, after which H2 was removed and the reaction mixture 
was filtered through celite and concentrated to give 0.495 g of crude. The solids were washed 
with CHCl3 to give 0.489 g (100%) of product as white solid. 

 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
1H-NMR (600 MHz, D2O) δ 4.23 (ddd, 1H, J=11.5 Hz, 4.8 Hz, 2.8 Hz), 4.09(dd, 1H, J=4.5 
Hz, 1.5 Hz), 4.03 (t, 1H, J=3.8 Hz), 3.87 (dd, 1H, J=12.4 Hz, 4.9 Hz), 3.79 (dd, 1H, J=12.1 Hz, 
8.9 Hz), 3.51 (ddd, 1H, J=8.8 Hz, 4.7 Hz, 1.4 Hz), 3.28 (dd, 1H, J=12.2 Hz, 4.9 Hz), 3.10 (t, 1H, 
J=11.9 Hz) 
13C-NMR (150 MHz, D2O) δ 69.8, 68.4, 63.8, 60.2, 56.7, 43.6 
IR (film) ν = 3310, 2966, 2822, 1590, 1413, 1126, 1075, 1050, 978 cm-1 
HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0918 

 
The data is in agreement with literature.46 The differences are likely caused by presence of salts 
or differing concentrations or both. In addition a different reference for axis calibration was 
used. 

 
(2S,3R,4R,5S)-2-(hydroxymethyl)piperidine-3,4,5-triol hydrochloride (23) 

 

 

Crude 289 (0.416 g, 1.6 mmol, 100 mol-%) from previous reaction was dissolved in MeOH (17 
mL). Concentrated HCl (0.392 g, 3.3 mmol, 200 mol-%) was added followed by Pd/C (0.180 
g, 0.16 mmol, 10 mol-%, Pd 10 w-%). The mixture was degassed three times and put under 
argon, after which it was degassed three times while changing the atmosphere to H2. The reac-
tion was vigorously stirred for 3 h, after which H2 was removed and the reaction mixture was 
filtered through celite and concentrated to give 0.345 g (105%) of crude.  

 
Rf = 0 in 20% MeOH/CHCl3 + 1% NH3 (25% in H2O) 
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1H-NMR (600 MHz, D2O) δ 4.05-4.03 (m, 1H), 4.01-3.99 (m, 2H), 3.92-3.84 (m, 2H), 3.60-
3.56 (m, 1H), 3.42 (dd, 1H, J=13.4 Hz, 2.0 Hz), 3.36-3.32 (m, 1H) 
13C-NMR (150 MHz, D2O) δ 68.6, 68.5, 67.6, 60.1, 57.9, 46.4 
IR (film) ν = 3301, 2967, 2825, 1589, 1432, 1056 cm-1 

HRMS calculated 164.0923 (C6H14NO4, M+H) found 164.0918 
 
The data is in agreement with literature.46 The differences are likely caused by presence of salts 
or differing concentrations or both. In addition a different reference for axis calibration was 
used. 
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