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ABSTRACT
The family of structurally unrivalled fungal metabolites, the zaragozic acids (ZAs), have been a
favoured synthetic challenge of organic chemists for over 20 years. ZAs uniquely contain a highly
oxygenated 4,6,7-trihydroxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-tri-carboxylic acid core; a construct
including six contiguous stereocentres, four of which are quaternary sites. Chapters 1 and 2 describe
the discovery and biological significance of the ZAs – extensively covering recent works published
toward their synthesis – concluding with our intended synthetic approach toward development of
the ZA core. Chapter 3 encompasses research and conclusions concerning the synthesis of pinacol
reaction substrates and their transition-metal-mediated coupling – including the elucidation of a
number of novel heterocycles during these processes. Chapter 4 describes the optimisation and
scope of a new, concise protocol deriving 5-disubstituted imidazoldine-2,4-diones from α-ketoacids
and carbodiimides, and applies the new method to the construction of an analogue of the marine
metabolite, Polyandrocarpamide D.
Chapter 5 communicates our synthetic work toward the development of pro-fluorescent derivatives
of fluorescent isomorphic nucleosides. The maximal homology of isomorphic nucleosides ensures
that these non-native nucleosides are well tolerated upon incorporation into DNA or RNA, with only
minimal impact on sequence folding, while still allowing discrete localisation, and expedient
sensitivity and responsiveness to microenvironments. Chapter 5 includes description of our
investigations toward a robust synthetic methodology for the production of “pro-fluorescent”
C-5/C-6-reduced, uridine/thymidine nucleobase analogues. These analogues possess the potential to
report on oxidative microenvironments; whereby exposure to oxidative conditions in vivo or in vitro
results in conversion to their fluorescent counterparts, consequently expressing analysable
photophysical characteristics. Our synthetic approach to the desired C-5/C-6-reduced base motif
utilises a pathway developed by the Perlmutter group, using [3+3]-sigmatropic rearrangement of an
acyl hydroxamic acid, followed by intramolecular trapping of the substrate during a Curtius reaction,
to obtain the profluorescent nucleobase analogue.
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CHAPTER 1:
1.1

Background and Biology

Cholesterol and atherosclerosis

Sterol homeostasis within the human body is controlled by a complex array of pathways modulating
the synthesis, uptake, membrane absorption, storage and transport of cholesterol 5.1 The major
regulatory structure involved in determining serum cholesterol 5 levels is the liver; balancing de
novo synthesis with nutritional uptake, the release into circulation of sterols and lipoproteins as well

Scheme 1.1

Simplified biochemical pathway of sterols and their derivatives.2
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as catabolic conversion of cholesterol to bile acids.1, 3 Notably, endogenous cholesterol 5 synthesized
by the liver only provides around half of the required cholesterol 5 for these processes, with the
remainder of the requisite levels acquired through dietary intake.2b, 4
The mainly sedentary lifestyle and increasing drive toward easily accessible high calorie foods in
many developed countries has seen an increase in the prevalence of patients presenting with high
serum cholesterol levels, in what is now described as epidemic proportions.2b, 5 Unsurprisingly, a high
level of free serum cholesterol 5 has been shown to have a direct correlation with the prevalence of
atherosclerosis. Atherosclerosis is a condition characterised by the formation of plaque deposits
within the lumen of medium and large arteries.5 These plaque deposits consist of a build-up of
circulating cholesterol esters, lipids, and cellular remnants, which congeal and develop into
protrusions blocking the lumen of the vessel. Restriction of blood flow can effect fatal primary
events or severely damaging secondary effects; restricting flow to the heart, brain, kidneys and/or
gut.6 The most common clinical presentations of cardiovascular diseases (CVDs) in Australia,
including coronary heart disease, cardiomyopathy, and stroke, are more often than not attributed to
underlying atherosclerosis.5 Australians spent over AU$1.45 million on lipid-modifying
chemotherapeutics in 2008, demonstrating the importance placed by the medical community on
control of serum cholesterol 5 in the management of CVD.5
As a result of the heavily divergent nature of the sterol biosynthetic pathway (Scheme 1.1) and its
tightly controlled homeostatic regulation, it was hypothesised early-on that targeting any of the key
enzymes at points of divergence in the biosynthetic pathway would ultimately lead to lower serum
cholesterol 5 levels. Intuitive feedback mechanisms would then attempt to divert cholesterol
precursors toward alternate branches in a drive to regain a homeostatic balance.2b

1.1.1

Contemporary chemotherapeutics for hypercholesteremia

Current antihyperlipidemic agents can be divided into three main categories: the bile acid
sequestering resins, the transcription modulating fibrates, and the HMG-CoA reductase inhibitors,
known as statins.2b
Bile acid sequestrates, also known as resins, are basic, amine ion-exchange resins. These resins are
able to complex sterol-containing bile acids by forming insoluble complexes resulting in the
prevention of reabsorption in the intestine. Creating an imbalance in normal levels of bile acids
results in a lowering of free cholesterol levels as a result of feedback mechanisms driving the
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formation of more bile acid to replenish what has been lost. In spite of the effectiveness of this
method of treatment, the clinical effects resulting from this type of intervention are often
unpleasant for the patient. Retention of the insoluble bile acid/sequestrant complex in the intestines
increases the molarity within the lumen of the gut- often leading to osmotic diarrhoea in patients.
Clinically poor patient compliance is a major issue in their application.2b
The antihyperlipidemic agents classed as fibrates belong to a family of small molecule derivatives of
fibric acid.7 Fibrates exhibit a unique mode of action in comparison to other antihyperlipidemic
agents, affecting cholesterol biosynthesis at a transcriptional level, increasing the expression of the
ligand-activated transcription factors belonging to the peroxisome proliferator-activated receptors
(PPARs) super family. PPARs up-regulate the expression of the enzymes involved in conversion of
fatty acids to acyl-Co-enzyme-A esters. Particularly, the enzymes up-regulated by fibrates are
involved in fatty acid entry into the mitochondria as well as up-regulation of the peroxisomal and
mitochondrial enzymes involved in catabolism of fatty acids. The effectiveness of fibrates is currently
their draw-back as treatment for hypercholesteremia; the non-specific nature of their action and the
potential for unpredictable and undesirable side effects severely restricting their clinical use.
Statins are currently the most highly prescribed of the available antihyperlipidemics. This class of
molecules act at an early stage in the cholesterol biosynthetic pathway, inhibiting the HMG-CoA
reductase enzyme involved in the conversion of HMG-CoA 1 to mevalonic acid 2 (Scheme 1.1).
Despite their obvious success-being the highest grossing class of drug in history-concerns over the
disruption of other essential pathways that require metabolites beyond mevalonic acid, for example
prenylation of proteins and formation of hormones, drives the continued investigation of new
antihyperlipidemic agents.

1.2

Targeting squalene synthase

The enzyme squalene synthase (SQS) is involved in the first committed step of cholesterol
biosynthesis (Scheme 1.1), catalysing the synthesis of squalene from two molecules of farnesyl
pyrophosphate (FPP) 3 (Scheme 1.2). Besides acting as a substrate in the formation of cholesterol,
FPP 3 is a precursor to many non-sterol metabolites including: dolichols essential for glycoprotein
synthesis, ubiquinones used in cellular redox reactions, the synthesis of isoprenoids required for
post translational modification, and also in the formation of the blood component heme (Scheme
1.1). Inhibition in the late stages of the sterol biosynthetic pathway would result in the prevention of

4|Page
alterations to the levels of essential non-sterol derived metabolites and subsequently the disruption
of protein regulation that would occur otherwise by blocking earlier in the pathway.8 Importantly
intervention at the earliest point of this committed arm of the pathway is capable of preventing the
accumulation of toxic levels of the lipophilic intermediates produced beyond this point in sterol
synthesis.9 The utility of developing specific therapeutics targeting SQS is greatly increased as
variants of the enzyme have been identified across mammalian, plant, bacteria and many fungal
species.

Figure 1.1

Structure of Human SQS enzyme bound with inhibitor CP-458003 6.10

The mammalian variant of SQS carries an average mass of 47 kDa and is located exclusively bound to
the membrane of the endoplasmic reticulum with the N-terminus toward the cytosolic environment
(Figure 1.1).10-11 Four highly conserved coding sequences have been identified across enzyme
variants, designated I, II, III and IV, with these regions representing the sequences of the enzyme
involved in substrate/co-factor recognition.12 The secondary structure of SQS is entirely helical, with
the roughly aligned helices arranged in three layers; layer one include helices A, B and K, layer two
consists of E, C, J and L, and finally the third layer contains D, F, G, H, I and M (Figure 1.1).10
The protein sequence is folded as a single domain with a large channel, enclosed by helices C, F, G, H
and J, running through the centre of the enzyme.10 Two flexible regions are present in the central
core: residues

51

SRSF54 creating the αAαB flap and residue sequence

315

KIRKGQAVTLMMD327

representing the αJαK loop (Figure 1.1).12 Despite a lack of resemblance to the characteristic
Rossmann-fold nucleotide binding sequence, the high level of sequence conservation across
mammalian SQSs suggests the flexible αJαK loop sequence, along with part of helix K are likely to
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represent the cofactor/NADPH binding site. The flexibility of this loop is thought to regulate access
of the cofactor to this region, stabilizing the loop structure when bound.12 This assumption is
supported by an absence of this region in bacterial and plant variants that do not require NADPH as
cofactor for reduction.12
The central cavity of SQS is polarised to an extent, with one end of the channel predominantly
hydrophobic and the other containing two highly conserved aspartate-rich motifs (80DTLED84 and
219

DYLED223) on opposite sides of the channel rendering it hydrophilic.12 The hydrophobic pocket

expresses three distinct cavities characterized as the S I, S II and C-sites. Importantly, with the
exception of the hydrophobic pocket, the central core of the enzyme is solvent exposed.12

Scheme 1.2

Formation of squalene 4 from FPP 7.12

SQS catalyses the formation of squalene 4 from two molecules of FPP 3 in two steps via the chiral
cyclopropylcarbinyl pyrophosphate intermediate, presqualene pyrophosphate (PSPP) 7 (Scheme
1.2).11 The two-step conversion involves an initial Mg2+-mediated 1’,2,3 prenyl transferase reaction
affecting dimerization of two molecules of FPP 3 in a ‘head-to-head’ fashion forming the PSPP
intermediate 7

while releasing a proton and inorganic pyrophosphate.10,

13

The subsequent

reductive rearrangement of PSPP 7 is NADPH and Mg2+ dependant. After loss of the second
pyrophosphate, stabilisation of the resultant cation forces rearrangement of the 1’-2-3cyclopropylcarbinyl ring of PSPP 7 to give a new 1’-1-2-cyclopropylcarbinyl system, and the more
stable tertiary cation formed at C-3 of the original donor FPP 3 is quenched by NADPH.14
The exact interactions of FPP 3 and PSPP 7 within the active site of human SQS are still unconfirmed;
however conclusions have been drawn from the culmination of the numerous mutagenesis, kinetic
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and inhibitor studies as well as recent enzyme-inhibitor x-ray crystallisation data.10, 12, 15 Initial kinetic
studies conducted in the late 1990s identified FPP 3 as binding sequentially in two discrete FPP 3
binding sites, while reacting at either one discrete or two overlapping reactive centres without
releasing PSPP 7 from the enzyme between each half reaction.15 More detail was achieved by Pandit
and co-workers10 in 2000, with the first x-ray crystal structure of inhibitor-bound human SQS. Pandit
and co-workers10 noted the presence of a large pocket capable of accommodating the
hydrophobicity of squalene 4 located on the side of the channel bearing the

80

DTLED84 aspartate

motif. The locality of this pocket suggests binding of the acceptor FPP occurs at the

80

DTLED84

aspartate motif region of the channel with the donor FPP site located at the equivalent structure
(219DYLED223) on the opposite side. The presence of Mg2+ is believed to play a role in moderating the
binding interactions of FPP 3 to the conserved aspartate sequences within the reactive site, bridging
and assisting in ionisation of the donor FPP 3 by association with the pyrophosphate moiety.12, 16
Importantly, Poulter and co-workers15a have shown NADPH acts not only as a reducing agent during
the reaction, but as an important co-factor affecting regio- and stereo-control during the second
half-reaction. Substantial levels of 1’-3 isoprenoid are formed in the absence of NADPH, while
incubation with the inactive analogue 5,6-dihydro-NADPH resulted in formation of the typical 1’-1
adducts as well as the solvent quenched 1’-1-2 cyclopropylcarbinyl triterpene alcohol, importantly
with no concomitant 1’-3 analogue formation.15a

1.2.1

Small molecule SQS inhibitors

Over the past three decades the isolation, design and development of small molecule SQS inhibitors
has been achieved via rational drug design, natural product screening and high throughput screening
approaches.17 Despite the considerable amount of time, effort and funding applied toward the
synthesis of small molecule SQS inhibitors none have reached market as yet.12 The last review of
known small molecule SQS inhibitors was published by Poulter et al.17 in 1996.
Small molecule SQS inhibitors are currently categorised by mode of action, either acting as charged
transition state analogues or FPP 3 mimics. Transition state analogues are usually amine based with
long lipophilic regions and exist as their charged ammonium species at physiological pH. The two
main families exhibiting the most potential are the 3-substituted quinuclidines and farnesyl amine
analogues. The obvious issue with these types of compounds lies with their bioavailability; many of
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the analogues belonging to these families exhibiting extremely potent inhibition of SQS activity in
vitro with none of the effect carried over to the in vivo trials as a result of poor uptake.17
Most of FPP 3 mimetics are phosphorous or sulfur containing molecules.17 Families of analogues
derived

from

(phosphinylmethyl)phosphonates,

phosphinylformates,

1,1-bisphosphinates,

α-phosphonosulfonates and α-phosphonophosphinic/α-phosphonocarboxylic acids, all show potent
inhibitory action in SQS assays. A comprehensive compilation of pharmacological data relating to
these compounds is covered in the review published by Poulter and co-workers.17 More interestingly
however, are the two naturally derived classes of SQS inhibitors – both families of isolated fungal
metabolites: the noradrides and the zaragozic acids (ZAs) (Figure 1.2).

Figure 1.2

Natural product SQS inhibitors, noradride analogue CP-225,917 8 and zaragozic

acid A 9.17-18

1.3

Biology and chemistry of the zaragozic acids

The ZAs are a series of structurally unrivalled fungal metabolites isolated from several members of
the Ascomycotina genus sampled from a vast range of environments globally.19 The ecological
significance of these compounds is still undefined, as unusually, it seems ecological location plays
little part in defining the levels of each ZA metabolite produced by these fungi.2b Additionally, it was
noted the compounds are not excreted by the fungi, suggesting they are not produced as a chemical
defence. The ZAs are however, picomolar inhibitors of SQS (Table 1.1).
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Table 1.1

Biological activity of selected ZA analogues.2b

Entry

ZA analogue

IC50 (nM)a)

IC50 (nM)b)

MIC (μgmL-1)c)

1

A9

0.5

250

8

2

B

0.2

1000

--

3

C

0.4

150

8-16

4

D

6

100

--

5

D2

2

100

--

6
A1a
Inhibition of rat squalene synthase;
Candida albicans.
a)

b)

5
-125
inhibition of bovine brain farnesyl transferase; c) against

Identification of the ZAs in the early 1990s occurred as a result of a concerted effort to identify
potential squalene synthase inhibitors via natural product isolation processes. As a result of this
effort, members of the ZA family were independently reported in 1991 by research groups at both
Merck and Glaxo - leading to a dual naming system.20
Glaxo research initially identified potent squalene synthase inhibition from compounds in a
fermentation broth of a newly isolated fungal species, Phoma C2932.21 Further investigation
established the activity was due to three related compounds, subsequently called squalestatins I, II
and III.21
Simultaneously, researchers at Merck identified the first member of the ZA family from an
unidentified nonsporulating fungal culture MF5453.22 MF5453 was isolated from a water sample
taken from the Jalon river in a province of Spain known as Zaragoza - hence the metabolites
identified by the Merck group were known as zaragozic acids. Works published by these researchers
indeed identified them as having independently isolated members of the same class of novel fungal
metabolites, whereby squalestatin I was equivalent to ZA-A 9 (Figure 1.3), while squalestatin II and III
where equivalent to ZA-A1a (Table 1.2.1, entry 2) and ZA-A1c (Table 1.2.1, entry 4).22 For the
purpose of clarity these compound will be referred to in accordance with the Merck naming system
herein.

Figure 1.3

Zaragozic acid A/squalestatin I 9.
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Structurally the ZAs are a series of related fungal metabolites exhibiting six contiguous stereocentres,
four of which are quaternary sites, in the form of an uncommon, highly oxygenated
4,6,7-trihydroxy-2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core. Fifty analogues of this
class have so far been isolated with variants differing mainly at the C-1 alkyl and/or C-6 acyl side
chains.20

Structures

highly

conserved

across

all

of

the

ZA

analogues

include

the

2,8-dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core, methylation at C-5’ of the alkyl side chain,
and terminal phenyl substitution of the alkyl side chain.
The ZAs are grouped according to similarities in the C-1 alkyl and C-6 acyl chains with groups
represented by the letters A-F. Subgroups, designated by a number and/or lower case letter, are
indicative of minor substitutions and/or oxidation states within defined positions of the common
side chain. Analogues lacking the acyl appendage at C-6 are specified with an ‘x’ notation prior to the
oxidation variant identifier.
Group A ZAs, the most structurally abundant of the ZAs, are defined by a phenyl-substituted
six-carbon chain at C-1, containing either 3,4-ene (Table 1.2.2) or 3-exo-ene substitution (Table
1.2.1). Eight members of the Group A ZAs are unusually lack oxygenation at C-7 of the core.
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Table 1.2.1

Nomenclature of ZA-A analogues expressing the 3-exo alkene moiety.

R2

R3

R4

ZA

1
2
3
4
5

OH
OH
OH
OH
H

OAc
OH
NHAc
OH
OAc

CH3
CH3
CH3
CH2OH
CH3

A
A 1a
A 1b
A 1c
A 1d

6

OH

OAc

CH3

A2

7

OH

OH

CH3

A 2a

8

OH

OAc

CH3

A3

9

OH

OAc

CH3

A4

10

OH

OAc

CH3

A5

11

OH

OH

CH3

A 5a

12

OH

OAc

CH3

A6

13

OH

OH

CH3

A 6a

14

OH

OAc

CH3

A7

15

OH

OH

CH3

A 7a

16

OH

OAc

CH3

A x1

OH

OH

CH3

A x2

OH

OAc

CH3

A x3

Entry

R1

OH
17
18

H
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Table 1.2.2 Nomenclature of ZA-A analogues possessing 6-phenyl-3-hexenyl C-1 chain substitution.

Entry

R1

1

R2

R3

R4

ZA

OH

CH3

CH3

A 1e

2

OH

OH

CH2OH

CH3

A x4

3

OH

OH

CH3

CH2OH

A x5

4

OH

OH

CH3

CH3

A x6

5

OH

H

CH3

CH3

A x7

6

H

OH

CH3

CH3

A x8

7

H

H

CH3

CH3

A x9

Figure 1.4

Zaragozic Acid A-group acyclic precursor L-731,120 10.20

L-731,120 10 isolated from the fermentation broth alongside many of the ZA-A-type compounds, is
believed to be the acyclic precursor of many of the A-group analogues (Scheme 1.3).20
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Table 1.2.3

Nomenclature of ZA-B group.

R2

R3

ZA

1

OH

OH

B

2

OH

H

B 1a

3

OH

OH

B2

4

OH

OH

B3

5

OH

OH

B4

6

OH

OH

B5

OH

H

B x1

H

H

B x2

H

CH3

B x3

Entry

7
8
9

R1

OH

H

ZA-B groups analogues are grouped according to the presence of a 3,5-dimethyl-8-phenyl-7-octenyl
C-1 side chain. ZA-Bx2 and Bx3 are two of only five ZAs lacking the presence of a free hydroxyl group
at the 7-position of the core structure. Notably, ZA-B5 is the only ZA to express a cis alkene
anywhere in the structure.
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Table 1.2.4

Nomenclature of ZA-C group.

R2

ZA

1

OAc

C

2

OH

C 1a

3

H

C 1b

4

OAc

C 2a

5

OH

C 2b

6

H

C 2c

7

OAc

C 3a

8

OH

C 3b

9

OAc

C4

10

OH

C5

Entry

R1

Characteristics of the ZA-C group analogues include 6-phenhexyl substitution of the C-1 side chain
and 5-methyl-8-phenoctyl substitution of the C-6 acyl side chain. Of the ten -C group variants the
three exceptions to these observations are seen in ZA-C-5 (Table 1.2.4, entry 10) bearing the
10-phendecyl C-1 variant and ZA-C-3a/-3b expressing an unsubstituted 8-phenoctyl C-6 side chain.
Members of the ZA-D group are identified by a 5-methyl-7-phenyl-7-octenyl substitution at the C-1
side chain, the lack of the C-3’-methylation differing the -D from -B-group. The first total synthesis of
a member of the ZA-D group analogues was achieved in 2011 by Metz and co-workers, identifying
the stereochemistry of the ZA-D C-1 side chain as 4’R and 5’R (Table 1.2.5, entry 1).23 D Group ZAs
also exhibit simple, long chain substituents at the C-6 acyl position, with (Table 1.2.5, entries 4 and 5),
or without (Table 1.2.5, entries 1 and 2) a terminal styrene unit.
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Table 1.2.5

Entry

Nomenclature of ZA-D group.

R1

R2

ZA

1

D

2

D2

3

D3

4

D4

Figure 1.5

Zaragozic Acid E 11 and F 12.19a

ZA-E 11 and ZA-F 12 were identified by Dufresne et al.19a as minor metabolites, co-produced with ZAC from a fermentation broth of Leptodontidium elatius. Both of these ZAs exhibit the same
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8-phenyl-3-decenyl acyl side chain as ZA-C. However, these two ZAs were considered unique as
ZA-E 11 is the only ZA to have identical C-1 and C-6 side chains. While ZA-F 12, unlike all other C-1
side chains of the ZAs, lacks any substitution at C-5’ and importantly exhibits no terminal aromatic
substitution of this chain either.
The 2,8-dioxabicyclo[3.2.1]octane core motif has so far been characterised in a very limited number
of natural products, with the ZAs only the second of five natural product families isolated whom
exhibit the structure (Figure 1.6).19b, 24

Figure 1.6

Natural products exhibiting the 2,8-dioxabicyclo[3.2.1]octane core motif.19b, 24a, 24b, 24d

The first natural product known to contain a 2,8-dioxabicyclo[3.2.1]octane motif was published in
1966, with Hirata et al.24c reporting the x-ray crystal structure of the plant metabolite daphniphylline
hydrobromide 14 isolated from Daphniphyllum macropodum Miguel. Subsequent studies on
members from the Daphniphyllum genus have identified a small number of secodaphniphylline and
daphnilactone A-type alkaloid analogues whom also bear the bicyclic appendage.24d Pectenotoxin I
13 to pectenotoxin V, a family of structurally complex polyether diarrhetic shellfish toxins containing
the bicyclic structure, were then identified by Yasumoto et al. in 1985.24e The banana weevil
pheromone sordinin 16, characterised in 199524b, exhibits only short alkyl substituents lacking the
oxygenation around the core characteristic as with other 2,8-dioxabicyclo[3.2.1]octane bearing
systems. The marine sponge metabolite Untenolide A 15, identified by Kobayashi et al.24a in 2010, is
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the most recent natural product to be assigned expressing a 2,8-dioxabicyclo[3.2.1]octane structure.
The biological activity of Untenolide A 15 is yet to be fully assessed.24a

1.3.1

Zaragozic acid biosynthesis

ZAs have however gained copious synthetic attention due to the unprecedented oxygenation of the
core structure (59.8 % by mass) which is conserved across almost all variants of the family.2b Isotopelabelled feeding studies conducted by Merck25 and Glaxo26 have identified the biosynthetic origins of
ZA-A 9. The construction of ZA-A 9 occurs with the connection of two independently constructed
polyketide chains, A and B (Figure 1.7).

Figure 1.7

Biosynthesis of ZA-A 9.25-26

The smaller and less complex of the chains, B, is built up via connection of four consecutive acetate
units, the oxygen of the acyl carbonyl derived from the internal acetate of the linked groups. The
two carbons of the 4’’ and 6’’ methyl substituents originate from L-methionine. Atmospheric oxygen
provides the oxygen component of all ether-type linkages in the compound including those of the
acyl moieties.
Phenylalanine provides the aryl functionality of chain A. Enzymatic conversion of phenylalanine to
cinnamic acid with subsequent loss of acetate producing the necessary benzoic acid moiety. The
benzoic acid unit is then appended by five acetate units, most likely activated as malonyl CoA. A sixth
acetate unit constructs the acetyl moiety of the C-4’ position. Finally the terminal succinate group is
affixed to the acetate back bone. Consistent with that of the B chain, the 3’ and 5’ methyl
substituents originate from L-methionine.
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Scheme 1.3

Biosynthetic pathways toward the 2,8-dioxabicyclo[3.2.1]octane core of ZA

proposed by Merck (route A) and Glaxo (route B) research groups.25-26
A point of conjecture in the proposed biosynthesis between these two groups is the origin of the C-4
hydroxyl functionality. Labelling studies have shown the oxygen of this hydroxyl group, unlike the
others in the core structure, is not derived from atmospheric oxygen. Conclusions reported by
Glaxo26 suggest the free hydroxyl at the C-4 position is likely derived from nucleophilic attack by
water on a bis-epoxide fragment (Scheme 1.3, pathway B) resulting in a cascade ring closing
mechanism. Whereas Merck derive this functionality from initial incorporation of oxaloacetate in
chain fragment A, as alternative oxidation state of the terminal succinate portion of the A chain. This
pathway leads to the formation of the known acyclic ZA analogue L-731,120 19 (Scheme 1.3,
pathway A) which could be cyclised via internal ketalisation. The dissention to this proposition
relates to previous feeding studies having shown poor non-specific incorporation of TCA cycle
intermediates other than succinate, however this result may be attributed to poor uptake.27
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1.3.2

Zaragozic acid structure-activity profile

General structural similarities initially led researchers to believe the ZAs acted as PSPP mimics,
competitively binding SQS. During the mid to late 1990s considerable effort was placed on
identifying structure-activity relationships of the ZAs. Conclusions based on biosynthetic feeding,
biotransformation studies, and testing carried out on isolated natural and total synthesis products,
are summarised in Figure 1.8.28

Figure 1.8

Summary of the structure-activity relationships of the components of ZA-A 9.26-29
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Fortuitously, the first crystal structure of ZA-A 9 bound to human SQS was published by Liu and
co-workers12 in early 2012, clarifying many years of conjecture over the specific binding modes of ZA
to SQS (Figure 1.9).

Figure 1.9

Orientation and binding interactions of ZA-A 9 in the binding pocket of SQS.

1) Superimposition of squalene 4 (yellow) and ZA-A 9 (green) in the SQS active site; 2) Isolated
crystal forms of ZA-A 9 and SQS obtained by Liu et al., the C-site area highlighted by the box is
specific to human SQS; 3 and 4) Specific binding interactions between residues of SQS and ZA-A 9
indicating location of water molecule (green). 12
Contradictory to previous speculation, ZA binds in the corresponding S I and S II sites to that of
squalene (Figure 1.9, image 1), crystallographic data from Liu et al. unexpectedly identified the C-6
acyl side chain as occupying the alternative C-site within the hydrophobic pocket (Figure 1.9,
image 2), with the C-1 side chain associated to the S I site. The highly acidic core is located
extensively hydrogen bonded to the upper region of the hydrophobic cavity (Figure 1.9, image 3 and
4). Liu et al.12 suggest binding interactions of the hydrophobic aryl group of the C-1 chain result in
rotation of the flexible αAαB flap inward. This orientation not only stabilises the loop but also
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orientates the Tyr73 residue toward the surface of the site, furthermore stabilising the fully oxidised
ZA core. In contrast to phosphonate bearing small molecule SQS inhibitors, ZA-A 9 binds without the
need for metal mediated interactions; however, interestingly the acidic functionality of C-4 is bound
to Ser53 through a water molecule (Figure 1.9, image 3 and 4).
`
1.3.3

Alternative therapeutic targets of zaragozic acids

Focus on the applications of ZA has broadened beyond antihyperlipidemia in recent years with
attentions now directed toward their use as antiparasitic and antifungal agents, chemotherapeutics
and in the treatment of prion mediated diseases.2, 30
Early screening results identified the antifungal activity of ZAs against Candida albicans species
(Table 1.1); however until recently, further scope in the application of ZA has been little explored.
Recently promising results have shown ZA not only blocks biofilm synthesis but also displays
bactericidal activity and anti-infective properties.12, 30-31 SQS is known to be expressed in many
protozoa alongside the equivalent dehydrosqualene synthase (CrtM) in bacteria. Like that exhibited
with cholesterol 5 deficiency, the antiparasitic and antifungal activity most likely occurs as a result of
inhibition in the formation of ergosterol. The bacterial equivalent to cholesterol, ergosterol is
essential to the membrane character of these organisms. Inhibition of the enzymes producing the
necessary synthetic precursors to ergosterol compromises the structural integrity of the bacterial
membrane. Interestingly the anti-infective properties of ZA are thought to occur as result of
inhibition of dehydrosqualene production, an essential precursor in the synthesis of the virulence
factor staphyloxanthin.
Control of endogenous cholesterol synthesis has also been highlighted as a possible starting point in
the development of therapeutics to treat transmissible spongiform encephalopathic conditions
including Creutzfeldt-Jakob disease (CJD), Gerstman-Straussler-Scheinker syndrome (GSS), Bovine
Spongiform Encephalopathy (BSE), Scrapie and Kuru.32 These infectious prion diseases are driven
primarily by invasion of neuronal ganglia by the incorrectly folded prion protein isoform, PrP Sc. In the
presence of PrPSc, α-helical and random coil segments of the host-encoded PrPC isoform are induced
to unfold and reform in the PrPSc morphology largely containing the incorrect β-pleated sheet folding
structure - beginning an exponential, self-perpetuating cycle.33 Damagingly, the conformational
changes found in the mutated form prevent the protease digestion processes that would normally
moderate PrPC isoform levels.34 Poor clearance of the damaged PrPSc results in high concentrations
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of the mutated type within the cells and leads to the formation of oligomers and aggregates that
have been shown to accumulate around the central nervous system.33 A definitive conclusion
regarding how these aggregations affect cell damage and death is still under investigation, however
apparent localisation of these PrPSc aggregates to the cholesterol-rich lipid rafts located on the
cellular surface is thought to play a key role.35 Membrane bound structures involved in intracellular
trafficking and signalling processes are known to be associated with these lipid-raft regions and it
has been postulated that accumulation of PrPSc at these regions initiates activation of the PLA2/COX
pathway, producing a range of neurotoxic second messengers including PGE2.32b, 35 With neuronal
cholesterol levels strongly dependant on endogenous synthesis it is thought the neuroprotective
effects of ZA are achieved though the prevention of cholesterol synthesis hence reducing the
presence of these raft regions and preventing downstream activation of degradative pathways.32b, 36
The inhibitory action of ZAs against the farnesyl protein transferase (FTPase) enzyme has also been
evaluated as a potential therapeutic in the treatment of cancers exhibiting ras oncogene mutations,
particularly a number of pancreatic and colon cancers.37 Dufresne et al. showed ZA analogues A, C, D
and D2 all exhibit FTPase activity at nanomolar levels.37a,

38

The Ras protein produced by the

ras oncogene is normally localised to the plasma membrane, requiring extensive post translation
modifications in order to do so. The first modification in this pathway involves FTPase derived
farnesylation at the Cys-Val-Leu-Ser sequence, known as the CAAX box, located around the
C-terminus of the Ras protein. Inhibition of FTPase prevents farnesylation required for activity and
localisation of the Ras protein to the plasma membrane and preventing cancerous cell
transformations.37a
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CHAPTER 2: Synthetic Studies Toward the Zaragozic Acids.

Synthetically, the extensive oxygenation of the ZA core facilitates a number of possible
disconnections (Figure 2.1). Consequentially, the ZAs have become a favourite target of numerous
synthetic chemists since their discovery in 1992. Of the 50 known ZA analogues, 15 total syntheses
have been published. However these syntheses have covered only ZA analogues –A 939, -C39e, 40, -D23
and the 6,7-dideoxy-variant Ax941. The first total synthesis of ZA-A 9 was published by Nicolaou et
al.42 in 1994, succeeded only months later by the first total synthesis of ZA-C, achieved by Evans et
al.40a.
Of the many proposed pathways to the core structure, a vast majority are achieved through a
rearrangement of differential protection motifs or oxidation state analogues of the three main spirotype core structure precursors (Figure 2.1). More recently, there have been a number of examples
that attempt the spiroketalisation/rearrangement as a concerted step initiated from a linear or cyclic
precursor without apparent isolation of the spiro intermediate (Figure 2.1). However the newest and
most intriguing attempts are the non-spiroketalisation based approaches vide infra (Figure 2.1).
For the purposes of clarity, numbering of the proceeding fragments relates to positioning of each
atom in relation to the ZA core systematic IUPAC numbering.
A substantial collection of synthetic work toward the ZAs has been published since the extensive
reviews of ZA chemistry by Nadin et al.2b, Vogel et al.43 and Armstrong et al.44 in 1996, 2002 and
2003, respectively. However, apart from a brief overview of the first total synthesis by Nicolaou et
al.42, due to the constraints of this piece, only works not included in the aforementioned reviews will
be covered herein.
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Figure 2.1

Compilation of retrosynthetic analyses of 2,8-dioxabicyclo[3.2.1]octane core of ZA via selected approaches.
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2.1

Zaragozic acid: previous syntheses

2.1.1

First total synthesis of aaragozic acid A 9 – Nicolaou et al.42

As common to almost all preceding retrosyntheses of ZA, the Nicolaou et al.42b approach begins with
disconnection of the C-6 acyl side chain, exposing the 4,6,7-trihydroxy-2,8-dioxabicyclo[3.2.1]octane3,4,5-tricarboxylic acid core 22 (Scheme 2.1). Acid catalysed rearrangement of lactol 23 provides
access to the core 22, lactol 23 which itself, is derived from dithiane addition to the aldehyde of
lactone 24. Diene fragment 25, constructed via a Stille coupling, is a suitable platform for the
construction of the primary hydroxyl bearing precursor of aldehyde 24 through asymmetric
dihydroxylation followed by acid lactonisation.

Scheme 2.1
Retrosynthetic analysis of 2,8-dioxabicyclo[3.2.1]octane core 22 of ZA-A 9 as
reported by Nicolaou et al.42a
Stille coupling of tert-butyl stannane 26 and allylic iodide 27 was able to construct diene 25 as a
single geometric isomer (Scheme 2.2). Chemoselective Sharpless dihydroxylation was selective for
the more activated alkene of diene 25. Subsequent protection of the newly formed diol constructed
acetonide 28. Fortuitously, spontaneous lactonisation occurred upon deprotection of the two PMB
protecting groups of acetonide 28, providing allylic alcohol 29 in 86 % yield. Allyl alcohol 29 was then
subjected to an unusual oxidation/translactonisation process followed by a series of oxidation state
manipulations to provide key aldehyde fragment 24. Nucleophilic addition of the substituted
dithiane component to aldehyde 24 returned a separable mixture of alcohols, isolating 32-S in 35 %
yield. Differential deprotection of the remaining silylether and dithiane groups, followed by
acid-catalysed lactonisation afforded key lactol 23 in 56 % yield. Finally, a multistep
deprotection/rearrangement/deprotection strategy afforded the desired 4,6,7-trihydroxy-2,8dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core 22.
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Scheme 2.2
Reagents and conditions: a) Pd(MeCN)2Cl2, DMF, r.t., 3 d (70 %); b) enriched
t
AD-mix β, BuOH:H2O (1:1) , 0 °C, 36 h (20 %); c) (OMe)2CMe2, PPTS, CH2Cl2, 0 °C, 12 h (88 %); d) DDQ,
CHCl3:H2O (20:1), r.t., 12 h (86 %); e) OsO4, NMO, THF:tBuOH:H2O (1:1:1), 0 °C, 18 h (83 %);
f) TBDPSCl, imidiazole, DMAP, DMF, r.t., 40 h (89 %); g) DMP, CH2Cl2, r.t., 24 h (89 %); h) NaClO2,
NaH2PO4, 2-methyl-2-butene, tBuOH:H2O (4:1) , r.t., 5 h; i) N,N’-dicyclohexyl-O-benzylisourea,
CH3C6H5, 100 °C, 1 h (96 % over 2 steps); j) TBAF, AcOH, THF, 0 °C, 2 h (96 %); k) DMP, CH2Cl2, 15 °C,
12 h; l) NaClO2, NaH2PO4, 2-methyl-2-butene, tBuOH:H2O (4:1) , r.t., 4 h ; m) N,N’-dicyclohexylO-benzylisourea, toluene, 100 °C, 1 h (68 % over 3 steps); n) TFA, CH2Cl2, 0 °C to r.t., 2 h (88 %);
o) MeN(TMS)COCF3, 90 °C, 1 h; p) PPTS, CH2Cl2:MeOH (10:1), r.t., 5 min; q) DMP, CH2Cl2, r.t., 1 h (88 %
over 3 steps); r) (2R,3S)-2-methyl-4-methylene-1-phenylhexan-3-yl acetate-1,3-dithiane, nBuLi,
THF, -23 °C, 1.5 h to -78 °C, 1 h ((R) 32 28 %; (S) 32 35 %); s) 2 % HCl in MeOH, r.t., 10 min (76 %);
t) Hg(ClO4), CaCO3, THF:H2O (5:1), r.t., 2 h (73 %); u) 2 % HCl in MeOH, 60 °C, 10 h (56 %); v) LiOH.H2O,
THF:H2O (1:1), r.t., 19 h (>90 %); w) H2, Pd/C, MeOH, r.t., 5 h (100 %).42a
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2.1.2

First total synthesis of zaragozic acid D – Metz et al.23

Unsurprisingly, since the 1992 publication of this first total synthesis of ZA A 9 by Nicolaou et al.42a,
42b

new structural disconnections and synthetic attempts have consistently appeared in published

works with the first total synthesis of ZA-D having been published as recently as 2011 by Metz et al.23

Scheme 2.3
Retrosynthetic analysis of ZA D derived from C2 symmetric polyol 37 presented by
23, 45
Metz et al.
Metz et al. utilized a conceptually novel approach to development of the numerous contiguous
stereocenters in their synthesis of ZA D (Scheme 2.0).

23, 45a, 45b

By increasing molecular weight as

they proceeded with their retrosynthesis, Metz et al. were able to take advantage of the local mesoand C2-symmetry present in polyhydroxylated fragment 36, acquiring diketone 37 as their key
cyclisation precursor. Metz et al. saw the capability to build up the complexity of 37 in a succinct,
two-direction fashion and the ability to subsequently remove the superfluous carbon fragment with
relative ease after formation of the core, outweighing the obvious drawback of poor atom economy
in this case.
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Scheme 2.4
Reagents: a) (i) DMSO, (COCl)2, Et3N; (ii) Ph3P=CHCO2iPr; b) 2.5 mol% K2OsO2(OH)4,
K3[Fe(CN)6], 5 mol% (DHQ)2PHAL, K2CO3, NaHCO3, MeSO2NH2, tBuOH, H2O; c) 1,1-dimethoxycyclopentane, TsOH; d) MeONHMe∙HCl, iPrMgCl; e) nBuLi, Bu3SnCH2OBn; f) Li(sBu)3BH; g) Ac2O,
DMAP, Et3N; h) Br2, K2HPO4, i) CrO3, H2SO4; j) OsO4, pyr.; k) LiAlH4, Et3N; l) TBDPSCl, DMAP, Et3N; m)
DMP, pyr; n) TFA; o) TBDPSCl, DMAP, Et3N; p) LiBH4, Et3N; q) NaIO4, pyr.; r) NaOCl2, K2HPO4, isoprene;
s) iPrN=C(OtBu)NHiPr; t) PhCOCl, DMAP; u) HF∙pyr., pyr.; v) DMSO, (COCl)2, Et3N; w) NaOCl2, K2HPO4,
isoprene; x) iPrN=C(OtBu)NHiPr; y) 10 % Pd/C, H2, AcOH; z) DMSO, (COCl)2, Et3N; aa) Cl2CeC≡CTBS; bb)
Cl(PhO)C=S, DMAP; cc) Bu3SnH, AIBN; dd) TBAF, AcOH; ee) K2CO3, MeOH; ff) (Boc)2O, Et3N,
4-pyrrolidinopyridine; gg) C7H15COCl, DMAP; hh) (i) Et2Zn, (-)-N-methylephedrine; (ii) 47; ii)DMP;
jj) 5 mol% 49, iPrOH; kk) 55 bar H2, 2 mol% [Ru[(S)-binap](OAc)2], MeOH; ll) Ac2O, DMAP; mm) TFA.
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Two-directional extension of bis(hydroxymethyl)furan 38 was achieved via a one-pot Swern
oxidation/Wittig olefination series, providing the bis-α,β-unsaturated ester platform for subsequent
construction of stereocenters at C-3, C-6 and C-7 (Scheme 2.4). After successful double Sharpless
dihydroxylation, cyclopentadiene acetals were formed to mask the tetraol product. Metz et al.
attribute the success of the double dihydroxylation to the structural capacity of the furan ring
present to stabilise the conformation of the appendages and hence deter any undesirable cyclisation
after the initial oxidation, as well as ensuring reasonable catalyst control over the second oxidation
step.
A final interconversion of the esters to obtain bis-amide fragment 39 allowed an organolithiatemediated addition of the fragment necessary for later attachment the C-1 side chain. After
protection of the ketones, preparation for the installation of the C-4 and C-5 hydroxyl groups as well
as unmasking of the C-4/C-5 carboxy-functionalities was initiated. Construction of lactol lactone
hydroxyfuran-2(5H)-one 41 was achieved via oxidative elimination using Jones reagent. Treatment
with osmium tetroxide to install the final C-4 and C-5 hydroxyl groups was followed by global
reduction and subsequent protection of the resultant primary alcohols as TBDPS ethers. Through a
final DMP mediated oxidation Metz et al. were able to achieve the fully functionalised key
intermediate

42.

Treatment

of

diketone

42

with

acid

resulted

in

a

single

step

deprotection/cyclisation to give hemiacetal 43 as in a 3:1 ratio. At this stage, reductive opening of
the hemiacetal and removal of the superfluous two-carbon fragment was achieved via a periodate
cleavage. The resultant aldehyde handle at the C-3 carboxylate group of 44 was accessed via Pinnick
oxidation. A final series of protecting group modification and oxidation state changes to obtain the
C-4

and

C-5

esters

afforded

a

fully-protected

variant

of

the

4,6,7-trihydroxy-2,8-

dioxabicyclo[3.2.1]octane-3,4,5-tricarboxylic acid core 45. Metz et al. offer structure 46 as a general
building block for future synthetic investigations into the currently uncharacterised ZAs.
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2.1.3

Self-consistent oligomerisation approach to zaragozic acid A 9 – Johnson et al.40f

Johnson et al.40f employed a unique synthetic concept in their 2008 paper on the formal synthesis of
ZA-A, constructing a majority of the core complexity in a single ‘self-consistent’ oligomerization
process. With this unique approach Johnson et al. were able to control the geminal ‘grafting’ of the
desired nucleophilic and electrophilic reagents onto a protected glycolic acid unit. This process built
up quaternary stereocenters efficiently, allowing formation of two new bonds to the same carbon
sequentially and in a stereocontrolled manner.

Scheme 2.5

‘Self-consistent’ oligomerization reaction developed by Johnson et al. toward

synthesis of the C-3 to C-6 fragment 54 of the ZA core.
Addition of an equivalent of vinyl magnesium bromide 52 to the first silyl glyoxylate 51 initially
introduces the vinyl group to the carbonyl centre (Scheme 2.5). The subsequent Brook
rearrangement sees migration of the silyl group from the carbon centre to the oxygen, in this case
displacing the magnesium and resulting in formation of enolate A. The enolate can then act as a
nucleophile attacking the second equivalent of silyl glyoxylate B, followed by a further Brook
rearrangement accessing a second equivalent enolate C. Termination of the chain occurs through
quenching of the cascade via the introduction of the tert-butyl glyoxylate D 53, affording allyl alcohol
54 in yields up to 50 %, on a multigram scale.
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Scheme 2.6
Reagents: a) EtMgBr, Et2O then BnOCH2COCl ; b) O3, CH2Cl2, MeOH, pyr., then Me2S;
c) LDA, LiBr, 2-MeTHF, TMSCl; d) 57, Et2O; e) TsOH, MeOH; f) TBSOTf, NEt3, CH2Cl2; g) KOtBu, TAA;
h) iPrN=C(OtBu)NH iPr, PhMe; i) NaOMe, MeOH; j) iPrN=C(OtBu)NH iPr, PhMe; k) Pd/C, H2; l) Ac2O,
DMAP.40f
Importantly, allyl triol fragment 54 was constructed in this case in a very high diastereomeric ratio
(d.r. >10:1). Additionally, unlike numerous other ZA syntheses, the C-3, C-4 and C-5 substituents
were installed already in the correct oxidation state. The quaternary C-4 and C-5 centres were
attained with the correct relative stereochemistry however at this stage the relative chirality at C-3
was inverted. Serendipitously, upon the completion of this process the C-3 hydroxyl functionality
remained accessible to the modification required in the subsequent step, with all other nonparticipating functional groups installed in a protected state. The enantiomers of fragment 54 were
separable using a vanadium-mediated kinetic resolution, obtaining (-)-54 with an e.r. of 9:1 and a
yield of 48 %. Acylation of (-)-54 using benzyloxyacetyl chloride allowed for installation of the C-1
centre, followed by subsequent ozonolysis of the terminal alkene, affording aldehyde 55. The
diastereoselectivity of the unusual chelate-controlled intramolecular aldol resulted in construction
of ε-lactone 56 in a d.r. of >20:1. Importantly, C-7 was installed at this stage as the correct
stereoisomer, while unfortunately due to the chelation transition structure during the aldol, the
undesired epimer was created at the C-6 centre. Johnson et al. went on with the installation of the
C-1 side chain through the introduction of a nucleophilic organolithium 57 to the carbonyl of
ε-lactone 56, giving cyclisation precursor lactol 58 in 62 %. The effect of the inversion of the C-3 and
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C-6 stereocentres became apparent at this stage with acid-mediated cyclisation of ε-lactol 58
returning tricyclic lactone 59. Opportunely, opening of the lactone with potassium tert-butoxide in
tert-amyl alcohol also occurred with concomitant inversion of the C-6 stereocentre. These conditions
did however lead to partial saponification of the methyl esters which was easily remedied through
re-esterification, giving an inconsequential mix of esters that could be subjected to epimerization
conditions to rectify the stereochemistry at C-3. Advantageously, exposure of the mixture of esters
to the epimerization conditions resulted in complete saponification again requiring re-esterification
to give bicyclic core 60 in an acceptable yield of 39 % over the 4 steps from tricyclic lactone 59 (d.r.
8:1). Simple hydrogenation of the benzyl ethers and acylation afforded protected core analogue 61
in 90 % yield over 2 steps, completing the formal synthesis by effectively constructing the
corresponding triacetate system to that published by Carreria et al.40b, 46
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2.1.4

An Ireland-Claisen-mediated formal synthesis of zaragozic acid C – Rizzacasa et

al.40e
Another recent formal synthesis of a ZA target was published by Rizzacasa et al. in 2006.40e The
Rizzacasa et al. synthesis targets the key 2,8-dioxabicyclo[3.2.1]octane derivative 61, congruently
constructed during works by Carreira and Du Bois46 as part of their 1994 synthesis of ZA C. Rizzacasa
et al. build up the complexity during their synthesis by employing chiral pool reagents,
stereocontrolled nucleophilic addition and a unique and effective [3,3]-Ireland-Claisen
rearrangement.

Scheme 2.7
Reagents: a) LDA, TMSCl, NEt3; b) CH2N2; c) 48 % aq. HF; d) O3, Me2S; e) Allyl
magnesium bromide, PPTS; f) TFA, Ac2O; g) 0.1 M H2SO4, MeOH; h) PCC, 4 Å MS; i) NaOMe; j) TMSCl,
imidazole; k) 66, tBuLi, -78 oC, Et2O/Hexanes; l) 0.1 M H2SO4, MeOH; m) O3, Me2S; n) NaClO2; o) CH2N2;
p) 0.1 M H2SO4, MeOH; q) LiOH, H2O/dioxane; r) iPrN=C(OtBu)NHiPr; s) H2, Pd/C, HCl, MeOH;
t) Me2C(OMe)2, CSA, DMF; u) Ac2O, pyr.; v) CDCl3; w) DMP; x) NaClO2; y) iPrN=C(OtBu)NH iPr.
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Through Steglich coupling of a known ʟ-arabinose-derived acid and the appropriate allylic alcohol,
Ireland-Claisen precursor 62 was accessed, in 88 % yield, with the often synthetically challenging
anti-oriented diol centers of C-6 and C-7 set. Treatment of ester 62 with LDA, TBSCl and NEt3 in the
presence of HMPA at -100 ˚C induced Claisen rearrangement via the silyl ketene acetal intermediate
shown in Scheme 2.7. Subjection of the crude material to conditions removing the silyl protecting
groups and formation of the desired methyl ester using diazomethane, afforded allyl alcohol 63 in a
60 % combined yield with a d.r. of 3.6:1 (63:∑ 3 minor isomers). The elegant nature of this Claisen
rearrangement allows formation of two adjacent quaternary centres in a single application.
Achievement of the desired chirality at the C-4 and C-5 positions is attributed to the chair-transition
state, with the favoured cis-geometry of the silyl ketene acetal alongside the steric bulk of the
benzyloxy function β to the silyl ketene acetal, controlling facial selectivity and construction of the
new carbon-carbon bond (Scheme 2.7). The lack of appropriate stereocontrol while attempting to
introduce the required chirality of the C-3 centre precluded direct dihydroxylation of the terminal
alkene in 63.
As such, ozonolysis of 63 was performed to obtain an aldehyde to which vinyl Grignard 52 was
added under chelation control. Isolation and analysis of 64 after acid-catalysed lactonisation gave a
pleasing d.r. of 9:1. To obtain the necessary bislactone and avoid the decomposition issues that
arose during attempts at direct acid-mediated deprotection of the methyl ketal, transformation of
the anomeric protecting group prior to removal was necessary. Chemoselective nucleophilic addition
of the C-1 side chain 66 yielded 72 % of the desired ketal 67 with a d.r. of 2.2:1. Subjection of the
resultant mixture to a double oxidation/methylation process accessed the required ester at the C-3
position of 68. Finally, acid-catalysed rearrangement to the 2,8-dioxabicyclo[3.2.1]octane core
structure 69 was achieved in an isolated yield of 44 %. Through a series of protecting group changes
Rizzacassa et al. were able to access and alter the oxidation state of the C-4 alcohol to the required
ester 61 and achieve their formal synthesis of zaragozic acid C.

34 | P a g e

2.1.5

Accessing zaragozic acids using chiral furylcarbinols – Honda et al.47

Also published in 2006, a paper by Honda and Tsubuki et al.47 approaches installation of the
numerous stereocentres of the ZA core in a relatively concise fashion, utilizing a variety of
stereocontrolled techniques beginning with a facile, stereoselective ring expansion of a furylcarbinol.
Honda and Tsubuki et al. developed their synthetic route toward the ZA core based on the group’s
background exploiting chiral furylcarbinols, furylglycerol 70 in this case, in the synthesis of
biologically active natural products.

Scheme 2.8
Reagents: a) NBS, aq. THF; b) TBSCl, AgO2, DMF; c) OsO4, pyr., EtO2; d) p-TsOH,
acetone; e) NaBH4, MeOH; f) NaH, BnBr, DMF; g) TBAF, THF; h) LiAlH4, THF; i) AcO2, DMAP, pyr.,
CH2Cl2; j) TBSOTf, NEt3, CH2Cl2; k) 1M LiOH, MeOH; l) DMP, CH2Cl2; m) Lithium trimethylsilylacetylide,
THF; n) K2CO3, MeOH; o) AcO2, DMAP, pyr., CH2Cl2; p) MOMCl, DIPEA, CH2Cl2; q) FeCl3.SiO2, CHCl3; r)
AcO2, DMAP, pyr., CH2Cl2; s) DMP, CH2Cl2; t) HCl, MeOH then AcO2, DMAP, pyr., CH2Cl2.47
Chelation-controlled

nucleophilic

addition

of

acetonide

protected

(S)-glyceraldehyde

to

3,4-bis((methoxymethoxy)methyl)furan introduced the C-1 and C-2 stereocentres of the resultant
furylglycerol fragment 70. Subsequent ring expansion employing NBS in aqueous THF created the
α,β-unsaturated pyranone platform 71 with a d.r. of 6.1:1, (α:β). Careful protecting group selection
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at the adjacent anomeric position ensured the bulky TBDMS-group selectively directed
dihydroxylation to the opposing face of the alkene, creating the C-4 and C-5 stereocentres
simultaneously, which were subsequently protected to give the trisacetal derivate 72. Development
of the C-6 stereochemistry was attained through reduction of the pyranone carbonyl with NaBH4
affording a d.r. of slightly over 10:1 73. Honda and Tsubuki et al. attribute the selectivity achieved to
axial hydride delivery suffering unfavourable steric interactions from the adjacent dioxolane systems.
As a result of the failure of a substantial range of nucleophiles during attempts to directly open the
lactol with a C-1 side chain synthon, reduction to the open chain diol was necessary. An efficient
sequential, differential protection/deprotection/oxidation sequence afforded access to the desired
aldehyde 74 in 75 % yield overall. Propargylic alcohol 75 was attained as a single diastereomer
in >94 % yield through addition of lithium trimethylsilylacetylide to aldehyde 74 in THF at -78 ˚C. A
final series of protecting group modifications afforded access to the secondary hydroxyl at C-1 which
readily oxidised in the presence of DMP (63 % yield) to attain the final cyclisation precursor 76.
Treatment of 76 with catalytic HCl in methanol followed by peracetylation of the resultant mixture
resulted in formation of the desired ketal 77 in 33 % yield along with the incorrectly functionalised
derivate 78 in 21 % yield.
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2.1.6

A tandem carbonyl ylide/1,3 dipolar cycloaddition approach – Hashimoto et al.40d

& Hodgson et al.48

One of the first total syntheses of ZA not employing ketalisation as the ring construction method was
reported by Hashimoto and Nakamura et al. (Scheme 2.9).49 The key step in their reported synthesis
involved driving formation of the core via an entirely selective tandem carbonyl ylide/1,3 dipolar
cycloaddition.

Scheme 2.9
Reagents and conditions: a) N2CHCO2tBu, NaHMDS, CH2Cl2:THF (20:1), -93 °C (73 %,
d.r. 8:1); b) HMDS (94 %); c) 3-butyn-2-one, 5 mol% Rh2(OAc)4, benzene, 80 °C, 1 h (72 %); d) OsO4
(88 %); e) BnBr, Ag2O (95 %); f) DIBAL-H; g) Pb(OAc)4 (94 % over 2 steps); h) DIBAL-H, ZnCl2, (87 %
dr 46:1); i) (Boc)2 (96 %); j) TBAF; k) DMP; l) NaClO2; m) N,N’-diisopropyl-O-tert-butylisourea (93 %
over 4 steps).40d
Preparation of cyclisation precursor diazo ester 81 was achieved through NaHMDS-mediated
addition of tert-butyl diazoacetate to α-ketoester 80 (derived from tartaric acid 79 in 10 steps) with
reasonable diastereoselectivity and yield (8:1, 65 %). Considerable investigation was required to
identify a suitable dipolarophile that would afford the necessary facial selectivity as well as
sufficiently control the regiochemistry of the cyclisation. Conclusions of this screening identified the
most suitable candidates as monosubstituted, electron-deficient alkynes. As a result, 3-butyn-2-one
was selected as the dipolarophile, and upon treatment with tert-butyl diazoacetate 81 in the
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presence of catalytic Rh2(OAc)4 95, cycloadduct 82 was obtained in high yields (72 %) as a single
isomer. Dihydroxylation of the resultant C-6, C-7 alkene of cycloadduct 82 followed by series of
protection and reduction steps (removing the superfluous acetyl group present at C-7), finally
afforded the desired, fully-protected core structure 85.
Works published in 2010 by Hodgson et al.48 follow on from the success of the Hashimoto and
Nakamura et al.49 synthesis, where Hodgson et al. proposed an alternative cyclisation target toward
the core construction (Scheme 2.10). Hodgson et al. targeted the 6,8-dioxabicyclo[3.2.1]octane core
motif 90 instead via the tandem carbonyl ylide/1,3 dipolar cycloaddition followed by an
acid-catalysed rearrangement to achieve the 2,8-dioxabicyclo[3.2.1]octane core motif (Scheme 2.10).
This target modification precludes the need for the series of protection and reduction steps to
remove the superfluous C-7 acetyl group utilized in the Hashimoto and Nakamura et al. synthesis. At
this stage the utility of this approach could allow for installation of the C-6 and C-7 oxygenation
through a modification to the starting lactone material 86.

Scheme 2.10
Reagents and conditions: a) Methyl vinyl ether, tBuLi, THF, -78 °C (92 %); b) TESOTf,
2,6-lutidine, CH2Cl2, -78 °C (92 %); c) O3, pyridine, CH2Cl2, -78 °C (57 %); d) LDA, N2CHCO2Me,
THF, -78 °C (62 %); e) TBDMSOTf, 2,6-lutidine, CH2Cl2, 0 °C to r.t. (72 %); f) AcOH/THF/H2O, r.t. (76 %);
g) PCC, NaOAc, CH2Cl2, r.t. (90 %), h) PhMe, 110 °C (92 %) then MeCO2COH, cat. Rh2(OAc)4 95 (64 %,
12:2:1); i) TBAF, THF, r.t. (72 %); j) CH2Cl2/TFA/H2O 20:10:1, Δ, 68 h (90:92; 34 %:66 %); k) CSA, MeOH,
Δ 24 h (90:91:92; 83 %:13 %:14 %).48
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2.1.7

A tandem cyclic oxonium ylide /2,3-sigmatropic rearrangement strategy –

Hashimoto et al.50

An interesting alternative disconnection of the 2,8-dioxabicyclo[3.2.1]octane core between C-4 and
C-5, and C-5 and O-8 allows for a tandem cyclic oxonium ylide formation/2,3-sigmatropic
rearrangement strategy to be utilised in the forward direction (Figure 2.1). Early work by Calter et
al.51 examined the synthetic potential of a tandem cyclic oxonium ylide formation/2,3-sigmatropic
rearrangement strategy (Table 2.1, entry 1), successfully constructing a simplified analogue of the ZA
core 94/94-ent via this method.

Scheme 2.11 Persistence of the dirhodium(II) catalyst/ylide species A, resulting in formation of 94
as major product. 50 Equilibration of B and C resulting in formation of both 94 and ent-94.50
However the scope of this work covered only the use of Rh2(OAc)4 95 (Scheme 2.11) in the catalysis
process, resulting in moderate yields with negligible stereocontrol. Hashimoto et al.50 returned to
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this concept in 2009, investigating the use of chiral dirhodium catalysts (Scheme 2.11) with great
success – achieving ee’s of >90 % in some cases (Table 2.1, entries 3-10).
Table 2.1

Enantioselectivity of dirhodium(II) catalysed tandem cyclic oxonium ylide formation
and [2,3]-sigmatropic rearrangement of α-diazo-β-ketoester 93.50

Entry

Catalysta

Solvent

Temperature
(°C)

Time
(min)

Yieldb
(%)

eec
(%)

151

95

C6H5

Δ

15

72

--

51

2
3
4
5

96
97a
97b
97c

C6H5
CH3C6H5
CH3C6H5
CH3C6H5

Δ
0
0
0

15
10
10
60

47
36
72
70

34
7
93
77

6
7
8
9

97b
97b
97b
97b

CF3C6H5
Hexane
Cl2CH2
CH3C6H5

0
23
0
30

10
30
10
5

66
52
40
76

93
58
14
88

CH3C6H5

60

<5

77

80

10
a

97b
b

c

1 mol% catalyst. Isolated yield. Determined by HPLC.

Hashimoto et al. suggest the electron withdrawing capacity of the fluorine-substituted phthalimide
unit of Rh2(S-TFTTL)4 97c creates an electron deficiency across the dirhodium centre. This effect
results in a more persistent interaction between the catalyst and ylide, subsequently preventing
epimerisation and the formation of the ent-94 species. Similarly, Rh2(S-PTTL)4 97a and Rh2(S-TBSP)4
96 (Table 2.1, entry 2-3) lacking substitution that is as strongly electron-withdrawing, both
successfully catalyse ylide formation but exhibit poor enantioselectivity due to rapid equilibration of
the catalyst-free oxonium ylides B and C (Scheme 2.11) via the free carbene species. The increased
enantioselectivity seen with Rh2(S-TFPTTL)4 97c (Table 2.1, entry 4) as compared to Rh2(S-TCPTTL)4
97b (Table 2.1, entry 5) is attributed to the minimised steric demand of fluorine substitution of the
phthalimide unit compared to that when substituted with chlorine.50
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2.1.8

Deriving zaragozic acids from 3(2H)-furanones – Marson & Ostovar52

Letters addressing the development of novel approaches toward the unique ZA motif continue to be
published more than 20 years after the discovery of these unique metabolites.

Scheme 2.12 Catalytic, asymmetric procedure described by Marson et al. synthesising
3(2H)-furanones 100 from substituted enynones 98.53
The

2013

paper

by

Marson

and

Ostovar52

targeting

the

synthesis

of

the

2,8-dioxabicyclo[3.2.1]octane core of ZA utilizes recently developed catalytic, asymmetric protocols
– deriving 3(2H)-furanones from substituted enynones – as the key intermediate in their synthesis
(Scheme 2.12). Initial works published by Marson and co-workers in 2007 described a general
catalytic, asymmetric process synthesising the synthetically challenging 3(2H)-furanones 100 from
substituted enynones 98 (Scheme 2.12).
Necessary enynone precursor 98 was accessed via addition of terminal alkynyllithiate to the
appropriately substituted allylic aldehyde, followed by MnO2 oxidation of the resultant enynol 99
(Scheme 2.12). Subjection of the substrate to modified Sharpless dihydroxylation conditions
accessed the required diol 99 regioselectively, which then efficiently cyclised to give the desired
3(2H)-furanone 100 when subjected to catalytic mercury(II) under aqueous acidic conditions.
Interestingly, in cases where the alkyne moiety of the enynone was activated through the presence
of a terminal alkoxy group (R3 = -OR), cyclization occurred spontaneously upon subjection of the
substrate to the initial oxidative conditions.53
The synthetic approach of Marson and Ostovar52 published in 2013 intended to develop the
3(2H)-furanone structure as a Michael acceptor, deriving the desired bicyclic core in a convergent
fashion (Scheme 2.13). Wittig olefination of α-ketoester 101 delivered the required
acetoxymethylmaleate derivative 102 in a separable 2.7:1 trans:cis ratio (Scheme 2.13). In
preparation for subsequent steps the tert-butyl ester was regioselectively transformed into a
Weinreb amide preceding oxidation of the alkene. Contrary to the results of their previous
developmental work, standard Sharpless oxidation conditions were unsuccessful when applied to
the allylic amide .
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Scheme 2.13 Reagents: a) Ph3P=CHCO2Et; b) TFA; c) SOCl2; d) MeONHMe, pyr.; e) OsO4 cat., NMO,
acetone:water (1:1); f) EtCH(OMe)2, p-TsOH; g) HC≡C(CH2)3OPMB, nBuLi; h) 0.1M HgO in 2.5 % aq.
H2SO4; i) DMP; j) Ph3P=CHCO2Et; k) OsO4 cat., NMO, citric acid, acetone:water (1:1).52
However, fortuitously, subjection to Upjohn oxidation conditions provided a single diastereomer of
the desired diol 103. Lithiation of the required terminal alkyne fragment and addition to the
protected diol produced the key cyclization precursor 104 in a convergent manner, however only in
moderate yields (42 %). With an isolated yield of 72 %, formation of the 3(2H)-furanone 105
proceeded efficiently in the presence of catalytic HgO and 2.5 % aq. sulfuric acid; affecting acetonide
cleavage and initiating cyclization of the system in a single step. Oxidation and Wittig olefination
progressed smoothly establishing platform 107 for construction of the final two chiral centres prior
to cyclisation. At this stage Upjohn conditions were necessary to oxidise the resultant alkene as
Sharpless dihydroxylation conditions were again ineffectual. Unfortunately at this site, Upjohn
conditions yielded a mixture of diastereomers 108a/108b, and yet despite precedence, subjection of
either diastereomer to a range of conditions promoting conjugate addition failed to form the
required bicyclic acetal.
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2.1.9

Bridged 2,8-dioxabicyclo[3.2.1]octane systems via retro-Dieckmann/Nef reaction

cascade – Menéndez et al.54

Amongst the unique 2,8-dioxa-bicyclo[3.2.1]octane core syntheses is the one-pot, retroDieckmann/Nef reaction transformation sequence published by Menéndez et al.54 in 2012.
Menéndez et al. were able to access a simplified yet uniquely functionalised variant of the ZA core
structure via a succinct one-pot conversion of 1-nitrobicyclo[9.3.1]pentadecane-15-ones 109 to a
macrocarbocyclic bridged 2,8-dioxa-bicyclo[3.2.1]octane system 111 (Scheme 2.14).

Scheme 2.14

Menéndez and co-worker’s synthetic pathway to macrocycles containing the

2,8-dioxabicyclo[3.2.1]octane framework.54
The one-pot cascade was initiated with excess sodium borohydride initiating a retro-Dieckmann-type
reductive ring opening between the ketone functionality and the bridgehead nitro group, with
further in situ reduction of the resultant aldehyde forming the primary alcohol of 110. Subsequent
subjection of the reaction to a moderately-acidic work-up was able to complete the Nef reaction,
generating the functionalised macrocyclic ketone series 111 in a one-pot transformation. Menéndez
et al. attributed the comparatively facile nature of the notoriously sluggish Nef reaction in this case
to the ability of the γ-hydroxyl present to hydrogen bond to a molecule of water and assist in
delivery to, and displacement of, the nitronate group (Scheme 2.14). Further to this discovery,
Menéndez et al. were able to promote intramolecular ketalisation of the constructed ketodiol
substrate by simply increasing the acidity of the work up conditions and/or extending the reaction
time to construct the unusual macrocyclic bridged 2,8-dioxabicyclo[3.2.1]octane systems as a onepot reaction.
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2.2

Synthetic approaches toward key fragments of ZA core

2.2.1

Retrosynthetic route toward a basic 2,8-dioxabicyclo[3.2.1]octane core

The objective of this work is to develop a concise route to the highly oxygenated functional
precursor 113, which itself upon subjection to successful cyclisation conditions previously reported
by the Perlmutter group55 will achieve the basic 2,8-dioxabicyclo[3.2.1]octane core analogue 112 of
the ZA family.

Scheme 2.15

Proposed retrosynthesis of the basic ZA core 112.

Our synthetic approach toward the synthesis of the ZA core involves four key transformation steps
(Scheme 2.15). As with all ZA syntheses the first step requires disconnection of the C-6 acyl
functionality. An in situ intramolecular Wacker/ketalisation previously developed in the Perlmutter
group
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ZA

analogues55,

will

form

the

functionalised

2,8-dioxabicyclo[3.2.1]octane core 112. The tetraol cyclisation precursor 113 will be achieved
through Grignard addition to the aldehyde of fragment 114. Intermediate 114 is formed from
oxidation of the desymmetrisation product of C-4/C-5-meso diol 115, whereby desymmerisation will
be achieved via a chiral acid strategy. Protected C-4/C-5-meso diol 115 will be formed from reductive
coupling of two units of benzylidene-protected α-ketoester 116, which itself can be derived from
isoascorbic acid 117.
This approach allows efficient assembly of four contiguous stereocentres with minimal synthetic
complexity while avoiding many of the oxidation state manipulations and protection steps required
in previously described syntheses. Installation of the C-1 alkyl fragment of ZA will occur during the
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later stages of our proposed synthesis, avoiding the potential for interactions with functionality
present in this side chain during construction of the core.
For the purposes of clarity numbering of the proceeding fragments relates to positioning of each
atom in relation to the ZA core systematic numbering.
2.2.2

Proposed synthetic methodology

We envisaged formation of key diol 115 via a four step synthesis beginning with acid-catalysed
benzylidene protection of D-(-)-isoascorbic acid 117 (Scheme 2.16).56

Scheme 2.16
Reagents and conditions: a) PhCH(OMe)2, (-)-CSA, THF, Δ h, o.n.56a; b) i. CaCO3, 30 %
H2O2, H2O, 0 oC to r.t. o.n., ii. MeI, DMF, 40 oC, o.n.56a, 57; c) PCC, 4 Å MS, CH2Cl2, r.t. 3 d.57 d) SmI2,
Zn-Cu, DME, r.t. 12 h58; e) Me2BBr, chiral acid, BH3.THF, THF, -78 oC to -20 oC, 1 h.59 f) DMSO, (COCl)2,
NEt3, CH2Cl2, -78 oC, 4 h; g) 119, THF; h) Bu2BOTf, BH3-THF, CH2Cl2; i) PdCl2, O2, CuCl2, DME, 65 oC 55a
Aqueous oxidative decomposition followed by esterification will give the protected α-hydroxy ester
derivative, which according to literature precedent can be oxidised readily by PCC to α-ketoester
116.60 Reductive homocoupling of α-ketoester 116 will be achieved in the presence of catalytic SmI2,
with the zinc-copper couple as co-reductant.58
Regioselective cleavage of the C-5/C-6 benzylidene acetal to give the secondary benzyl ether will be
achieved using Me2BBr, BH3.THF in the presence of a chiral acid (Scheme 2.16). Swern oxidation of
the free primary hydroxyl will achieve the desired aldehyde fragment 114. The selected vinyl
Grignard 119 will be reacted with aldehyde 114 to give α,β-unsaturated alcohol 120 under chelation
conditions. Regioselective cleavage of the C-2/C-3 benzylidene acetal to give the primary benzyl
ether

and

application

of

a

Wacker oxidation

will

induce

ketalisation

forming

the

45 | P a g e
2,8-oxabicyclo[3.2.1]octane core 121. This formal synthesis may be developed further to install the
desired side chains.

Scheme 2.17
Reagents and conditions: a) TBDMSCl, Imidiazole, DMF, r.t., o.n.; b) 10 mol% Pd/C,
H2, MeOH, r.t., o.n.; c) i. DMSO, (COCl)2, NEt3, CH2Cl2, -78 oC, 4 h. ii. NaClO2, t-BuOH/H2O 61; d) LiOH,
H2O; e) R1CO2H, DMAP, DCC, CH2Cl2; f) TBAF, THF, 0 oC to r.t., 1h.
TBS protection of the C-4 and C-7 hydroxyl groups followed by hydrogenolysis of the benzyl ethers at
C-3 and C-6 will afford diol 123. The formation of acid 125 – with C-6 in the required oxidation
state – will be achieved via a sequential Swern then Pinnick oxidation. Acylation of 124 using
DMAP/DCC coupling will be applied after hydrolysis of the remaining esters. Finally, global
deprotection using TBAF will complete our synthesis of the desired ZA analogue.
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CHAPTER 3: Results and Discussion
3.1

Synthetic studies toward construction of the C-3 to C-7 fragment.
3.1.1

Pinacol coupling: low valent transition-metal catalysed one-electron

reductive coupling of carbonyl substrates.

The key concept in our approach to fragment 115 was the application of a stereoselective pinacol
coupling to create the quaternary C-4 and C-5 centres in a single transformation. The Pinacol
coupling involves a metal-mediated, one-electron reductive coupling of two carbonyl groups,
generating a vicinal diol (Scheme 3.1).

Scheme 3.1

General Pinacol coupling reaction.

The strong reducing capacity of main group metals including sodium, magnesium, zinc and
aluminium is capable of inducing the reductive dimerization of aldehydes and ketones; however the
poor chemo- and/or stereo-selectivity that often ensues reduces the scope of their application in
many cases.62 A number of low-valent early transition metals, including titanium, vanadium,
chromium, zirconium, niobium, manganese, samarium and nickel, exhibit lower redox potentials still
capable of mediating the SET process.62a, 63 The ability and efficiency of transition metals to perform
redox reactions can be controlled by the careful selection of ligands and additives. Electron donating
ligands are capable of altering the efficiency of a redox reaction by influencing interactions between
the orbitals of the metal and substrate facilitating SET, while additives can either further moderate
the ligand/metal interactions or act as Lewis acids activating substrates toward coupling.
Since the first literature report describing the pinacol reaction was published in 185964, refinement
of this procedure progressed from the use of stoichiometric main group elements to the use of
transition metals in catalytic, diastereoselective and even enantioselective formats.62a, 63a, 63b The
development of catalytic pinacol systems was driven by the need to move away from the use of
stoichiometric amounts of expensive and often highly toxic metallic reagents. In 1989 Leonard et
al.65 reported one of the first catalytic pinacol couplings, utilising electrochemical redox of
SmCl3/SmCl2 with Mg or Al as co-reductants. Further refinement saw the development of a more
consistent and widely applicable ternary set of conditions involving use of a catalytic transition metal
reducing agent, stoichiometric metallic co-reductant and a chlorosilane.63b The presence of the
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silane is integral to the catalytic cycle, liberating the metal from the substrate so as it can be reduced
back to the active state by the co-reductant. Depending on the nature of the substrate and coreductant, the metallic co-reductant can also facilitate the reaction cycle by acting as a Lewis acid,
further activating a substrate to coupling.

Figure 3.1
Diastereoselectivity of the homocoupling product is driven by the ability of the
metal centre and/or ligands to induce or prevent chelation of the coupling monomers.
The use of chiral ligands on the reducing agent and/or inherent chirality or sterics of the substrate
can be utilized to tune the diastereoselectivity or enantioselectivity of a pinacol reaction. If steric
and co-ordination properties of the reducing agent allow chelation of the metal centre to two
molecules of substrate, construction of the meso-diol product upon liberation of the metal is the
favoured outcome. Bulky ligands on the metal and/or bulky substituents adjoining the radical centre
(R1, Figure 3.1) tend to drive stereochemical outcomes toward the dl product. Unfavourable steric
interactions will drive spatial orientation of the bulky metal centre in an anti-approach (Figure 3.1).

Figure 3.2

Homocoupling of α-ketoesters via enolate generation.66

One electron reducing agents are able to induce enolate formation in compounds comprising a
heteroatom containing substituent vicinal to a carbonyl group, i.e., α-ketoesters (Figure 3.2). The
initial ketyl radical, formed as a result of the single electron reduction of the ester carbonyl, exhibits
captodative stabilisation as a direct consequence of the presence of the adjoining electron
withdrawing carbonyl (captor) and electron releasing (dative) ester functionality, allowing a number
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of possible electronic forms (Scheme 3.2).67 The persistence of this radical can allow subsequent
time for a second one electron reduction of the adjacent carbonyl, capturing the stabilised radical as
an enolate.

Scheme 3.2

Captodative stabilisation of α-hydroxy-α-carbonyl radicals.68

An extensive catalogue of literature reviews is currently available covering the development of
stoichiometric, catalytic, diastereoselective and even enantioselective processes for the construction
of vicinal diols from diketone starting materials.62a,

63

However upon further investigation, the

number of examples utilising this technique to prepare contiguous quaternary alcohols from
diketones in natural product synthesis is small (Scheme 3.3).

Scheme 3.3

Examples of natural product syntheses utilising reductive coupling of diketones to

form adjacent tertiary alcohols: TiCl4 mediated reductive coupling employed by Mukaiyama et al. 69
during the synthesis of 19-hydroxytaxoid 127; SmI2 mediated reductive coupling employed by
Arseniyadis et al.70 during the synthesis of oxa-bridged taxoid 129.
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Figure 3.3

Potential reductive coupling approaches toward construction of the C-3 to C-7

fragment.
After careful consideration of the literature pertaining to pinacol couplings, we arrived at the
possibility of three potential pathways to derive key fragment 115 (Figure 3.3). Our initial attempts
would be centred on construction of intermolecular homocoupling partners of types A and B which
would potentially require fewer steps to construct than that of type C. With this in mind we opted to
attempt a model system of type A to probe the pinacol coupling conditions, initially bearing a simple
acetonide protecting group as literature precedent for the synthesis of these types of α-ketoesters
was available.

3.2

Externally protected intermolecular pinacol coupling partners

The conversion of ascorbic acid to 2R,3S α-hydroxyester 132a was initially described in literature in
1960 by Perel and Dayton.60b Since this time, this robust three-step procedure has been reported in
an extensive array of syntheses with minimal need for any procedural modifications (Scheme 3.4).56,
71

Scheme 3.4

Formation of acetonide protected α-hydroxyester 132a from ascorbic acid 130.
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In comparison to the precedent surrounding acetal protections of ascorbic acid, only a limited
number of articles - mostly inconsistent in their procedures - have been published relating to acetal
protections of 3R, 4R-iso-ascorbic acid variant 117.55c, 56a, 60a, 71d, 71e
Following literature procedure construction of 2R,3S α-hydroxyester 132a proceeded uneventfully
from ascorbic acid 130 (Scheme 3.4).71f However, protection and oxidative decomposition of the 3R,
4R-diastereomer 117 turned out to be considerably less facile (Table 3.1).
Table 3.1

Acetal protection of iso-ascorbic acid

Entry

Conditions

Yield 133 (%)

1

Acyl chloride, acetone,
r.t., 3 h

--

2

(-)-CSA, acetone,
r.t., 1 h

71

3

(-)-CSA, 2,2-dimethoxypropane
4Å MS, THF, 70 °C, o.n.

>90

Subjection of isoascorbic acid 117 to the conditions successful in the protection of ascorbic acid 130
gave no desired product 133 (Table 3.1, entry 1). Dahlgren et al.60a reported a 98 % yield with a
method involving catalytic (-)-CSA in acetone. Moderate success was achieved using this method
however consecutive yields were highly variable and purification was immensely difficult (Table 3.1,
entry 2). The highly polar character of the product precluded efficient flash chromatography and
attempts at recrystallisation often resulted in product contaminated with an unidentifiable,
moderately organic soluble, purple rheopectic oil.
After considerable effort, screening of reaction conditions and purification techniques identified a
reliable protection procedure involving refluxing isoascorbic acid with 10 mol% (-)-CSA,
2,2-dimethoxypropane in THF, in the presence of 4 Å molecular sieves for 14 h. The most effective
work-up developed involved quenching the reaction mixture hot with dry triethylamine quickly
followed by filtration of the reaction mixture over a short plug of silica with a minimal volume of
ethyl acetate. Importantly, the resultant filtrate had to then be evaporated to complete dryness
under high vacuum. Finally, addition of diethyl ether with trituration to the sticky purple residue

51 | P a g e
resulted in a pure white precipitate that could be collected via careful filtration, consistently
affording 133 in >90 % yield (Table 3.1, entry 3).
Nicely, the collected amorphous solid was able to be recrystallised from a slowly-cooled
supersaturated solution in EtOAc. Retention of the correct stereochemistry at C-4 and C-5 was
confirmed via x-ray crystallography, showing ordered orientation as a result of hydrogen bonding
between the C-2 and C-3 hydroxyls of the lactone and oxygen of the adjacent molecules’ lactone
carbonyl (Figure 3.4).

Figure 3.4
acid 133.

X-ray structure and associated packing pattern of acetonide protected isoascorbic

The structural alignment identified through x-ray gives an interesting indication of the distortion of
the two rings of the system in relation to each other, seemingly forcing the formation of a “C”
twisted off-axis (Figure 3.4). Evidently this interesting curled orientation coupled with the inherent
electron density of the highly oxygenated and unsaturated system lends itself to intramolecular
reactivity under certain conditions, vide infra.
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Scheme 3.5
Two step synthesis of α-hydroxyester 132b from protected isoascorbic acid 133 via
the calcium threonate 138.
With synthesis of the correct protected isoascorbic acid derivative 133 achieved, the standard twostep oxidative decomposition/esterification was attempted (Scheme 3.5). Addition of peroxide
across the π-system of the ascorbate creates the strained epoxide intermediate 136 which opens to
give threonate salt 138 and oxalic acid 137, producing carbon dioxide and water as by-products.
Table 3.2
Attempts at oxidative decomposition and esterification of acetonide protected
isoascorbic acid 133.

Entry

Conditions

Yield 132b (%)

1

K2CO3, MeI, MeCN, 40 °C, 2 d

8

271d

K2CO3, (MeO)2SO2, acetone, 70 °C, 3 h

trace

360a

CsCO3, MeI, DMF, 30 °C, o.n.

24

4

NaHCO3, MeI, DMF, 50 °C, 3 d

> 90
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Application of conditions similar to those successful for the natural ascorbic acid diastereomer 130
unsatisfyingly resulted in 8 % yield of the required α-hydroxyester 132b (Table 3.2, entry 1). NMR
spectroscopic analysis of the calcium threonate 138 in D2O indicated complete conversion, however
use of the esterification conditions reported by Le Merrer et al.71d (Table 3.2, entry 2) and Dahlgren
et al.60a (Table 3.2, entry 3) achieved no better result. Gratifyingly after many attempts and
significant modifications of the Dahlgren et al.60a procedure, warming the calcium threonate 138 in
the presence of sodium bicarbonate and 5 eq. iodomethane in DMF, finally afforded synthetically
useful yields of α-hydroxyester 132b (Table 3.2, entry 4).
After successful construction of the simple acetal-protected α-hydroxyester 132b, which post
oxidation is to be utilized as a model system for assessing suitable reductive coupling conditions
toward our proposed synthesis, we progressed on to synthesise the required benzylidene acetal
protected variant 118. Regioselective deprotection of the benzylidene acetal 118 has to be the basis
for desymmetrisation of key fragment 115 (Scheme 2.16) after reductive homocoupling of its
α-ketoester derivative 116.
Table 3.3

a)

Attempted benzylidene acetal formation.

Entry

Conditions

Product

Yield (%)

156a

10 mol% TFA, PhCHO,
DMF, r.t., 4 d

--

--

272

5 mol% p-TSA, PhCHO,
Dean-Stark, NDMA/Cyclohexane, 90 °C, o.n.

139

trace a)

372

5 mol% p-TSA, PhCHO,
Dean-Stark, DMF/Cyclohexane, 90 °C, o.n.

139

trace b)

4

5 mol% p-TSA, PhCH(OMe)2,
MeCN, 90 °C, 2 d

139

30

5

5 mol% p-TSA, PhCHO,
4Å MS, 90 °C, MeCN

139

71

Determined by NMR. b) By TLC.
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Consistent with our previous work, repeated attempts to utilize reported protection conditions
failed to yield any of the benzylidene protected isoascorbic acid 118 (Table 3.3, entries 1-3).56a, 72
However trace amounts of an unidentifiable aryl-containing product 139 were observed.
Interestingly, systematic modifications to the procedure afforded increased yields of the unknown
by-product 139 (Table 3.3, entry 4, 5).
NMR, IR and MS techniques indicated the structure had significant functionality consistent with the
desired product however, IR spectroscopy revealed an absence of signals in the 1640-1680 cm-1
region indicating a lack of C=C stretch. Fortuitously, an x-ray crystal structure was able to be
obtained with the product crystallizing from chloroform upon standing. X-ray crystallographic data
identified the by-product structure as previously unknown tricyclic hemiacetal 139 (Figure 3.5).

Figure 3.5

X-ray crystal structure of hemiacetal 139.
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Scheme 3.6

Proposed mechanism for the formation of hemiacetal 139.

These results suggest formation of the desired benzylidene acetal occurs initially, however, before
stabilisation of the generated oxonium species 140 can occur via removal of the latent proton,
movement of the internal oxygen lone pair drives resonance of the cation to the stabilised benzylic
position 142 (Scheme 3.6). Free rotation orients the side arm so as the inherent stereochemistry of
the C-5 oxygen allows electrons of the lactone double bond to attack the newly formed carbocation
143 - resulting in formation of a 3,6-dioxabicyclo[3.2.1]octan-8-one structure. Finally, the free
primary hydroxyl lone pair adds to the generated tertiary carbocation 144 and the conjugate base
can quench the oxonium species to give the tricyclic hemiacetal 139.
Application of the conditions developed during the synthesis of the acetonide-protected isoascorbic
acid 117 translated to formation of our desired benzylidene acetal 118, albeit in a lower than
expected yield (Scheme 3.7). The diastereomeric excess determined by crude NMR spectroscopy
was 50 % with selective crystallization affording an enantio-enriched sample of the major
diastereomer (d.e. 89 %).

Scheme 3.7

Attempted formation of isoascorbic acid derived α-hydroxyester 145.
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The next hurdle in our synthesis before reductive homocoupling could be attempted was oxidation
of our newly formed α-hydroxyesters. It was important to note at this stage, previous attempts in
the Perlmutter group to synthesize the acetonide-protected 3S-diastereomer of this α-ketoester
highlighted the potential complexity of this oxidation step. Perlmutter and Selajarern55a reported the
use of Swern and TPAP oxidation conditions to be ineffectual, however moderate success was
achieved via modification of a procedure reported by Wei56b involving stirring α-hydroxyester 132a
at room temperature overnight in the presence of PCC and 4 Å molecular sieves. Importantly,
Perlmutter and Selajarern55a specifically noted the poor stability of the α-keto-product, with
by-product formation after only a few hours, even when stored under an inert atmosphere at low
temperatures. Difficulty in purification of the α-keto-product was also mentioned with flash
chromatography leading to decomposition. Moderate success was achieved using short-path
fractional distillation and immediate use of the collected distillate in subsequent reactions.
With this in mind we proceeded with our attempts to form the α-ketoester 146 from our acetonide
protected 2R,3S α-hydroxyester 132b (Table 3.4).
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Table 3.4

a)

Screening of oxidation conditions

Entry

Conditions

Product

Conversion
(%)

1

DMP,
CH2Cl2, r.t., 1 h

decomp.

--

2

(COCl)2, DMSO, NEt3,
CH2Cl2, -78 °C to r.t., 2 h

39

3

PDC, 4 Å MS,
CH2Cl2, r.t., 1 h

43

455a

PCC, 4 Å MS,
CH2Cl2, r.t., 3 d

146

5

PCC, 4 Å MS, NaOAc,
CH2Cl2, r.t., 2 d

146

6

TPAP, NMO, 4 Å MS
CH2Cl2, r.t., 1 h

146

20 a)

7

TPAP, NMO, 4 Å MS
CH2Cl2, r.t., 5 h

146

22 a)

8

TEMPO, NaOCl, KBr,
CH2Cl2:H20, 0 ˚C, 4 h

9

TEMPO, TCCA,
CH2Cl2, 0 ˚C to r.t., 3 h

Yield calculated by crude NMR.

33a)
35a)

30a)

146

82 a)

58 | P a g e
Screening of oxidation conditions began with the use of DMP as the stoichiometric oxidant,
disappointingly affording no product with complete decomposition of the starting material (Table
3.4, entry 1). Swern oxidation conditions favoured construction of the highly unusual α-ketothioester 147 (Table 3.4, entry 2).
A comparable oxalate-substituted system 151 derived from ozonolysis of the C-2/C-3-dimethoxy
isoascorbic acid derivative 150 has previously been described in literature by Jung and Shaw
(Scheme 3.8).73 Comparison of the NMR data attained from α-keto-thioester 147 was comparable to
shifts defined for the oxygenated variant 151 as described by Jung and Shaw.73

Scheme 3.8
Jung and Shaw.73

Synthesis of oxalate ester 151 from ascorbic acid derivative 150 described by

Concerns around the expected acid sensitivity of α-ketoester 146 guided to our attempts to trial
more neutral oxidation conditions, utilizing chromate derivatives beginning with PDC. However,
despite a near neutral acidity profile, only lactone 148 bearing the migrated acetonide functionality
was isolated. In spite of its similarity to PDC, we trialled the conditions described by Perlmutter and
Selajarern55a utilising PCC as the oxidant (Table 3.4, entry 4). These conditions did result in formation
of the desired α-ketoester 146 (33 % by crude NMR), however two inseparable minor contaminants
were also present (quantified as 20 % and 9 % yield by crude NMR). The use of NaOAc to buffer the
potential acidity of PCC resulted in slightly higher levels of these two unidentified contaminants
(35 % and 12 % yield by crude NMR). Further investigation was necessary to find conditions to
prevent formation of these by-products as, in contrast to the conditions reported by Perlmutter and
Selajarern55a we found purification by distillation to be ineffectual for this substrate. Our oxidation
attempts utilising TPAP with NMO as the stoichiometric oxidant (Table 3.4, entry 6) resulted in 20 %
conversion to the desired ketoester 146, which again was inseparable from the starting material
132b. Disappointingly, extending the reaction time under these conditions from one to five hours did
not significantly alter conversion (Table 3.4, entry 7). The biphasic TEMPO/NaOCl/KBr system
resulted in an inseparable mixture of the desired ketoester 146, starting material 132b and aldehyde
149 in a ratio of 2:1:>0.05, (146:132b:149). After considerable effort we found an oxidation system
involving catalytic TPAP and trichloroisocyanuric acid as the stoichiometric oxidant, afforded 82 %
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conversion to the desired ketoester 146 with only minimal amounts of starting material remaining
(Table 3.4, entry 9).
3.2.1
3.2.1.1

Transition-metal mediated homocoupling
Samarium diiodide-based reductive homocoupling

With this result we chose to move on without further purification of α-ketoester 146 and attempt
the transition-metal mediated reductive homocoupling using samarium diiodide (Scheme 3.9).

Scheme 3.9
and Cp2TiCl2.

Attempted two-step oxidation/homocoupling of α-hydroxyester 132b utilising SmI2

In each case α-hydroxyester 132b was subjected to the previously described TCCA/TEMPO oxidation
conditions and standard work up, after which the resultant crude was dissolved in THF and
transferred via cannula to a dilute solution of the selected transition-metal complex in THF. A range
of temperatures from -78 °C to r.t., as well as a range of reaction times varying from 0.5 h to 18 h
were trialled. Unfortunately however, after acidic workup only a complex mixture of unidentifiable
minor products and varying levels of returned starting material 146 were observable in each case
(Scheme 3.9).
Concerned with the appearance of the samarium diiodide solution, having changed from a clear
deep blue to a cloudy sea foam green after a week of refrigeration under vacuum seal, we
attempted a model homocoupling reaction on simple readily available ethyl pyruvate 152 with this
solution (Scheme 3.10).

Scheme 3.10

Unexpected aldol-type homocoupling of ethyl pyruvate.

Unfortunately degradation of the solution was confirmed as subjection of ethyl pyruvate to 1.1 eq.
of a 0.1 M solution of SmI2 in THF at 0 °C resulted in sole isolation of the aldol-type diester 153
(Scheme 3.10). This result was particularly disappointing due to the importation difficulties we had
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originally encountered obtaining the reagents necessary to generate the SmI2 solution or direct
purchase of the solution itself from an overseas supplier. Further communication with the chemical’s
supplier identified excessive degradation had likely occurred as a result of incorrect materials being
used in the commercially supplied seals of the packaging.

3.2.1.2

Titanium tetrachloride-mediated oxidative homocoupling

Porta et al.68, 74 have produced literature on the concept of titanium mediated radical cross-coupling
of α-hydroxy- or α-ketoesters (Figure 3.6). Early reports75 by the group, describe reductive
homocoupling of α,β-dicarbonyls in the presence of TiCl3 and pyridine (Table 3.5, entry 8), with more
recent results extending to incorporate the concept of oxidative homocoupling of α-hydroxy esters
using TiCl4 and NEt3 (Table 3.5, entries 1-7). Porta et al.68, 74 attribute the reactivity and selectivity of
these reactions to captodative stabilisation of the α-hydroxy-α-carbonyl radicals formed during the
reaction, with selectivity furthermore aided by the co-ordinating capacity of the metal used (Figure
3.6).
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Table 3.5

Homocoupling of α-hydroxyester 154 or α-ketoester 156.68, 74

Entry

Conditions

Yield 155
(%)

dl/meso
(%)

Yield 156
(%)

1

1 eq TiCl4,
CH2Cl2, r.t., 10 min

--

--

--

2

1 eq TiCl4, 1 eq NEt3,
CH2Cl2, r.t., 10 min

9

17:83

--

3

1 eq TiCl4, 2 eq NEt3,
CH2Cl2, r.t., 10 min

62

20:80

--

4

1 eq TiCl4, 3 eq NEt3,
CH2Cl2, r.t., 10 min

>99

17:83

--

5

2 eq TiCl4, 3 eq NEt3,
CH2Cl2, r.t., 10 min

>99

5:95

--

6

1 eq TiCl4, 3 eq DIPEA,
CH2Cl2, r.t., 10 min

60

17:83

--

7

i) 3 eq NEt3 CH2Cl2, r.t., 10 min;
ii) 1 eq TiCl4, 15min

14

0:100

30

8 a)

1.0 eq TiCl3, pyridine,
THF, r.t., 10 min

59

92:8

--

a) Using α-ketoester 156 as starting material.74

Figure 3.6
Ketyl radical generation from α-ketoester 157 and α-hydroxyester 160: A) reductive
radical generation; B) oxidative radical generation.74
Porta et al. 68, 74 describe the reductive coupling of the α-ketoester substrate occurring as a result of
association to the metal centre, initiating one-electron cleavage of the ketone carbonyl and forming

62 | P a g e
a bond between the carbonyl oxygen and metal centre. Subsequent generation of the carbon
centred ketyl radical 158 thus results from this interaction (Figure 3.6, pathway A). However,
oxidative radical generation begins with the metal exhibiting Lewis acidity by co-ordinating to the
ester carbonyl, resulting in formation of an enol-ether type species 159. One-electron cleavage of
the metal-oxygen bond generates a captodatively stabilized radical which can transition to the
carbonyl centre to create the equivalent ketyl radical 158 as produced under reductive conditions
(Figure 3.6, pathway B).
With these results in mind we attempted titanium tetrachloride-mediated oxidative coupling of
α-hydroxyester 132b (Table 3.6).
Table 3.6

a)

Screening of oxidative coupling conditions.

Entry

Conditions

Product

Conversion
(%)a)

1

1.0 eq TiCl4, NEt3,
CH2Cl2, r.t., 10 min

148:162

70:30

2 b)

1.0 eq TiCl4, NEt3,
CH2Cl2, r.t., 10 min

161: 148: 162

23:34:42

3

1.0 eq TiCl4, DIPEA,
CH2Cl2, -40°C, 1h

132b: 161: 148: 162

45:24:19:11

4

1.0 eq TiCl4, NEt3,
CH2Cl2, -78°C, 10 min

132b: 161: 148: 162

46:34:6:14

5

0.5 eq TiCl4, NEt3,
CH2Cl2, r.t., 10 min

132b: 148

86:14

6

0.5 eq TiCl4,
NEt3, CH2Cl2, r.t., 1h

148

>95

7

2.0 eq TiCl4,
3.0 NEt3, CH2Cl2, r.t., 1h

148: 162

30:70

8

1.0 eq Ti(OiPr)4,
2.0 NEt3, CH2Cl2, 0°C, 1h

Ratio calculated by NMR. b) Order of addition reversed.

>95
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NMR spectroscopic analysis of the crude mixture obtained from addition of 1 eq. TiCl4 to a room
temperature solution containing 1 eq. of α-hydroxyester 132b in CH2Cl2, followed immediately by
addition of 3.0 eq. of base and subsequent acidic workup, showed a promising conversion of the
starting ester 132b to what appeared to be the desired coupling product 162 and lactone 148 as an
inseparable mixture. Analysis of the crude mixture using MS identified a signal at m/z 401.1,
consistent with the mass of the molecular ion of the homocoupled product 162 associated with Na+.
Reversing the order of addition resulted in isolation of a mixture of C-2 epimerised starting material
161, acetonide-migrated lactone 148, and possible coupling product 162. Analysis of the crude NMR
spectrum showed a full complement of matching signals to that of the 2R,3S enantiomer
α-hydroxyester 161 (easily identifiable via the appearance of a distinctive dt at 4.40 ppm). The use of
a more hindered base and lower reaction temperatures gave complex mixtures of the starting ester
132b (Table 3.6, entries 3-4), C-2 epimerised starting material 161, acetonide-migrated lactone 148
and possible coupling product 162. In the hopes of promoting chelation-controlled radical
generation, with the intention that this may reduce the level of unwanted side reactions, we
attempted the coupling through exposure of α-hydroxyester 132b to 0.5 eq. of TiCl4 then 3.0 eq.
base for 10 min (Table 3.6, entry 5). Interestingly, this gave only an inseparable 6.1:1 mixture of
α-hydroxyester 132b and acetonide-migrated lactone 148. Unsurprisingly, increasing the reaction
time from 10 min to 60 min resulted in complete conversion of α-hydroxyester 132b to acetonidemigrated lactone 148 (Table 3.6, entry 6). Final attempts to suppress these unwanted side reactions
by altering the reactivity profile of the titanium, through the use of alternate ligands, were also
unsuccessful. Treatment of α-hydroxyester 132b with 1.0 eq. of Ti(OiPr)4 then 2.0 eq. base for 60 min
resulted in clean transesterification to give isopropyl ester 163 (Table 3.6, entry 8). Altering the order
of addition to introduce the base into the reaction solution prior to the TiCl4 (ensuring any HCl
formed would be precipitated as the triethylamine hydrochloride salt), finally increased conversion
of the starting material while suppressing the previously observed side reactions (Table 3.6, entry 7).
With promising indications of homocoupling observed through LRMS and NMR of the crude mixture,
we attempted HPLC purification of the mixture after passing the crude through a short silica plug to
remove any latent titanium residues. Frustratingly purification was not trivial, producing inconsistent
traces between runs from a single crude sample. Isolation of the five components separable by HPLC
and analysis using LRMS resulted in all of the five isolated species returning the desired molecular
weight. A lack of material precluded further analysis by other techniques such as NMR or IR
spectroscopy.

64 | P a g e
Given the facile nature of acetonide migration and epimerisation, it seemed our current
methodology toward externally protected homocoupling partners would not suffice to form the
desired quaternary centres in an efficient manner. Due to the technical difficulties synthesising the
simpler model system and the inability to purify any homocoupled products via either the reductive
or oxidative coupling scenarios it was also decided to abandon any attempt to proceed with this
pathway on the developed benzylidene system.

3.3

Internally protected intermolecular pinacol coupling partners

At this stage we thought it best to continue on to synthesising our alternative – ‘type B’ – internally
protected α-ketolactone reductive coupling partner (Figure 3.7).

Figure 3.7

Potential reductive coupling approaches toward construction of the C-3 to C-7

fragment.
We began construction of the required α-ketolactone via the erythrono-1,4-lactone diol
intermediate 164.

Scheme 3.11

Synthesis of erythrono-1,4-lactone 164.76

Standard literature oxidative decomposition followed by acidic work up produced erythrono-1,4lactone 164 in consistently high yields on a multigram scale (Scheme 3.11).76 With our proposed
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synthetic pathway in mind and our previous experience manipulating these highly oxygenated
substrates, we decided to trial our oxidative coupling conditions on a simple acetal protected
lactone analogue 148.
Table 3.7

Acetal protection of erythrono-1,4-lactone 164.

Entry

Conditions

Yield (%)

1

(-)-CSA, 2,2-dimethoxypropane
4Å MS, THF, 70 °C, o.n.

Inseparable
mixture
148 + 132b

276

p-TSA, 2,2-dimethoxypropane
4Å MS, THF, r.t., o.n.

27

Subjecting erythrono-1,4-lactone 164 to our earlier developed acetal protecting conditions produced
a completely inseparable mixture of the desired protected lactone 148 and α-hydroxyester 132b
(Table 3.7, entry 1). Gratifyingly, a simple change from camphorsulfonic acid to p-toluene sulfonic
acid, as described by Cohen et al.76 yielded the desired acetal, albeit in a considerably reduced yield
compared to the 75 % indicated in the literature (Table 3.7, entry 2).

Scheme 3.12

Attempted oxidative coupling of acetonide protected lactone 148

Applying our previous observations around the relative ease in which this class of compounds
undergoes enolisation, we had hoped treatment of the acetonide protected lactone 148 with TiCl4 in
the presence of base would promote oxidative homocoupling under captodative stabilisation
(Scheme 3.12). Unfortunately treatment to the previously described conditions yielded no reaction
with only returned starting material 148 recovered (Scheme 3.12).
It seemed highly possible the sterically bulky, perpendicular nature of the acetal group with respect
to the ring may have steric implications – impeding the approach of the substrates – contributing to
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the observed failure of the homocoupling in this case. As such it would be necessary to trial an
alternative protecting group strategy. In spite of a comparatively high steric bulk, the TBS-ether was
selected for the task for its stability profile.

Scheme 3.13

Differential TBS-protection of lactone 164.

Treatment of erythrono-1,4-lactone 164 with TBSCl and imidazole in DMF afforded a mixture of
mono-α- and β-OTBS protected lactones, 166 and 167 respectively (Scheme 3.13). Each of the
regioisomers (166/167) were satisfactorily separable via flash chromatography.

Scheme 3.14

Attempted oxidative and reductive coupling of α-hydroxy-β-OTBS lactone

167.
Disappointingly, neither the two-step oxidation/SmI2-mediated reductive coupling, nor the
TiCl4-mediated oxidative coupling gave any signs of the desired homocoupling product (Scheme
3.14). Oxidative coupling conditions merely resulted in extensive decomposition of the starting
material, while the reductive coupling set gave a complex mixture of inseparable products.

Scheme 3.15

Attempted oxidative homocoupling of α-OTBS -β-hydroxy lactone 166.
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Interestingly however, when α-OTBS lactone 166 was subjected to the standard oxidative coupling
conditions, silyl-migrated and C-2 epimerised lactone material 168 along with the homocoupled
bis-lactone product 169 were isolated in 23 % and 30 % yield respectively (Scheme 3.15). Loss of
both hydroxy groups in homocoupled bis-lactone product 169 was confirmed in the IR spectrum by
the absence of any significant signal higher than 2928 cm-1; furthermore, the presence of a strong
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Figure 3.8
Expansion of the 4.5-7.2 ppm region of the 1HNMR spectrum of α/γ homo-coupled
lactone 169 indicating the presence of one major and two minor diastereomers in a ratio of
1:0.13:0.04.
Signals corresponding to three possible diastereomers were apparent in the 1HNMR spectrum in a
ratio of 1:0.13:0.04 (Figure 3.8), consistent with a radical-induced coupling pathway. Despite the
potential for steric repulsion restricting pivot of the two ring systems around the adjoining bond
between C-2 and C3’, rotation of the lactone systems unfortunately precluded positive identification
of the major diastereomer via NOE interactions.
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Figure 3.9
Assignment of the structure of homocoupled lactone 169 using 2D NMR
techniques: diagnostic HMBC correlation confirming α/γ homocoupling (green arrow).
Validation of the α/γ orientation of C-C bond formation in the homocoupling product 169 was
confirmed via correlation between the carbon at C-3’ and the proton of the C-2 in a 2D HMBC
experiment (Figure 3.9, green arrow).

Scheme 3.16 Generation of bislactone 169 via oxidative radical generation with subsequent
homocoupling.
Generation of bislactone 169 seems to be facilitated by an initial dehydration of α-OTBS lactone 166.
Elimination of the unprotected hydroxyl group of lactone 166 forms butenolide 170, which itself
exhibits the ability to form a stabilised furanol system upon Lewis acid co-ordination, in this case via
the titanium species 171. Homolytic cleavage of the Ti-O bond results in oxidation of the titanium
centre and drives generation of a radical species, captodatively stabilised at the α-position of lactone
172. Resonance of the radical centre between the α- and γ-carbons creates two potential radical
species 173 and 173. Despite the equilibrium between the two radical regioisomers likely favouring
the persistence of the α-centred 3˚ radical 172 over formation of the 2˚ γ-radical 173, formation of
173 is likely the rate limiting step; the lower stability of 173 driving reaction with the more persistent
α-radical species 172 and forming the α/γ carbon-carbon bond predominantly.
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Generation of the bis-lactone product 169 is consistent with reports by Baldwin et al.77 describing
homodimerisation of the similar α,β-unsaturated butenolide radical 175 by employing cobaltmediated SET from chlorobutenolide 174 (Scheme 3.17).

Scheme 3.17

Regioselective dimerization of butenolide 174 via stabilised radical intermediates as

reported by Baldwin et al.77
Baldwin et al.77 attributed the observed regiocontrol of α/α and α/γ coupling of 174 to the ability of
radical intermediate to captodatively stabilise the ketyl radical allowing for the less sterically
demanding orientation of the two reaction products 176 and 177.
With these promising results our next progression was to attempt to tune the position of coupling by
modulating the reactivity of the titanium through ligand selection (Scheme 3.15). BINOL was
selected in hopes of utilising its steric bulk to moderate the rate of reaction and control approach of
the substrates during the coupling reaction.
Complexation of one equivalent of BINOL to the titanium centre was carried out prior to addition of
the base and subsequent addition of the substrate. Slightly unsurprisingly due to the bulkiness of the
BINOL ligand, no homocoupling was achieved (Scheme 3.15). The reaction did however return the
bright yellow air-stable BINOL-Ti complex, suggesting the BINOL ligand was either too large or too
deactivating to successfully co-ordinate with the lactone substrate.
At this stage, and despite what seemed the most positive homocoupling results achieved to this
point of the research, considering the distinct lack of regiocontrol and the elimination of
functionality key to the required final oxidation pattern of the target fragment, further work on the
pathway was however perceived as a potentially troublesome and a heavily time-consuming hurdle
to optimise. As we still had an alternative pathway devised that may favour a more desirable
regiocontrolled outcome, it was decided to abandon this route and move on to the final approach
involving intramolecular coupling of bis-α-ketoester-type materials.
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3.4

Intramolecular pinacol coupling substrates

Our final approach toward the synthesis of vicinal diol fragment 115 was directed toward
constructing a suitable substrate to facilitate an intra-molecular pinacol coupling – ‘type C’ (Figure
3.10).

Figure 3.10

Potential reductive coupling approaches toward construction of the C-3 to C-7

fragment.
As with our previous investigations of ‘type A’ and ‘type B’ externally- and internally- protected
homocoupling partners, we decided to construct a suitable model system to allow us to probe the
intramolecular coupling reaction. In order to do so we would need to construct a suitable rigid bis-αketoester (Figure 3.10).
Table 3.8

Attempted esterification of pyruvic acid 179.

Entry

Conditions

Yield 180 (%)

1

Ethylene glycol, DCC, cat. DMAP
CH2Cl2, 0 °C to r.t., o.n.

decomp.

2

Ethylene glycol, EDCI.HCl, cat. DMAP
4 Å MS, CH2Cl2, r.t.,

decomp.

3

Ethylene glycol, TsOH, Dean-Stark trap,
neat, 120 °C, o.n.

complex
mixture

478

Ethylene glycol, TCCA, PPh3, NEt3,
CH2Cl2, 0 °C to r.t., 1 h

---

578

trans-1,2-cyclohexane diol, TCCA, PPh3, NEt3,
CH2Cl2, 0 °C to r.t., 1 h

---
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At the outset we decided to attempt direct esterification of pyruvic acid to a short flexible linker,
such as ethylene glycol, however pyruvic acid proved to be far too reactive as a substrate and
resulted in complex mixtures or decomposition in most cases (Table 3.8). Despite literature
precedence describing the formation of α-ketoamides using mild Mitsunobu-type conditionsinvolving stirring the desired acid and alcohol in the presence of TCCA and triphenylphosphine (Table
3.8, entry 4 and 5)-we were unable to obtain any of the desired α-ketoester.78
As a consequence of the inability to directly esterify the α-ketoacid, we chose to synthesise the bisketoester in a more linear fashion via a protected-α-hydroxy acid derivative, followed by
deprotection and subsequent oxidation to the desired bis-ketoester. In an effort to probe both aryl
and alkyl coupling models both TBS-protected lactic acid and mandelic-acid derived models were
selected (Scheme 3.18). (±)-Trans-cyclohexanediol was chosen as a rigid linker due to its ready
availability, potential ease of cleavage, and ability of the trans orientation to align the carbonyls of
the oxidized product in the correct orientation during coupling to yield the R/S orientation of the
desired quaternary centres.

Scheme 3.18 Synthesis of bis-α-hydroxyesters. Reagents and conditions: i) TsOH, MeOH, 70 ˚C, 3 h;
ii) TBSCl, imidazole, r.t., o.n.; iii) 0.2 M LiOH, THF:H2O, 0 ˚C to r.t., 4 h; iv) trans-cyclohexane-1,2-diol,
DCC, DMAP, CH2Cl2, 0 ˚C to r.t.; v) R1(OTBS)CO2H, DCC, DMAP, CH2Cl2, 0 ˚C to r.t.; vi) TBAF, 4Å MS,
THF, r.t.

Construction of OTBS-mandelic acid 186a and OTBS-lactic acid 186b proceeded in high yields, 79 %
over three steps and 66 % over two steps, respectively (Scheme 3.18). However esterification with
(±)-trans-cyclohexanediol proved slightly more problematic, decreasing total yields to 20 % over 5
steps 188a, and 11 % over 4 steps 188b, respectively. TBAF-mediated desilylation of diester 188a
proceeded smoothly, yielding the cyclohexane dimandelate 189 in 56 %. However, it was apparent
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that this route suffered from poor overall yields (11 % after 6 steps), with a potentially difficult
oxidation step still to occur.

Scheme 3.19 Synthesis of bis-α-hydroxyesters. Reagents and conditions: i) (R)-BINOL, DCC, DMAP,
CH2Cl2, 0 ˚C to r.t, 16 h.79
In an attempt to increase yields of the mono- and diesters we also attempted to utilize the readily
available, electron-rich binaphthol system as our rigid linker. Applying conditions described by Trost
and Van Vranken79, TBS-protected- mandelic acid and lactic acid were each individually reacted with
a slight excess of (R)-BINOL in the presence of DCC and catalytic DMAP (Scheme 3.19). Interestingly,
reaction of the protected mandelic acid 186a under the specified conditions led to the formation of
both mono- and diesters 190a and 191 in 48 % and 8 % yields respectively. Separation and handling
of these compounds was particularly difficult, each forming a solid gummy residue upon evaporation.
Reaction of the protected lactic acid 186b under identical conditions resulted in isolation of only the
monoester 190b. Again, these results were far from ideal and concerns over atom economy led us to
investigate further reaction alternatives.

Scheme 3.20

Transesterification of hindered diesters using titanium alkoxides.80

Another potential precedent for the formation of hindered diesters employed Ti(OEt)4 as the
transesterification reagent (Scheme 3.20).80 This approach required stirring neat acid substrate with
the desired alcohol and Ti(OEt)4 under reduced pressure at elevated temperatures.
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Scheme 3.21

Attempted transesterification utilising neat Ti(OiPr)4 under reduced pressure.80

Our attempts to replicate the success of this method utilising OTBS-mandelic acid and (±)-transcyclohexanediol yielded only isopropyl mandelate 197 and its homocoupled derivative 196 (Scheme
3.21).
Our attention then turned to the possibility of a comparable diamide linker, derived from
1,2-diaminocyclohexane, as an alternative to our synthetically problematic diester.

Scheme 3.22 Cobb and Marson synthesis of bis-α-hydroxyamides.81 Reagents and conditions: i)
(1R,2R)-trans-1,2-diaminocyclohexane, N-hydroxysuccinimide, DCC, THF, r.t., 16 h; ii) (1R,2R)-trans1,2-diaminocyclohexane, 1-hydroxybenzotriazole, CDI, THF, r.t., 16 h; iii) (S)-2-hydroxy-3-methylbutyric acid, 1-hydroxybenzotriazole, CDI, THF, r.t., 16 h.
In a 2005 article, Cobb and Marson described the synthesis of the dimandelamide substituted
cyclohexane 199 in a single step, without the need for protection of the α-hydroxyl functionality
(Scheme 3.22).81 Promisingly, the synthesis of dimandelate 199 was achieved in a moderate yield
(56 %) without affecting chirality, utilizing DCC and N-hydroxysuccinimide as activating reagents.81
Similar to our earlier findings regarding the construction of aryl and alkyl substituted BINOL esters,
Cobb and Marson were only able to synthesise the isopropyl substituted amides in a stepwise
manner-with the mono-amide formation decidedly low yielding (4 %).
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Scheme 3.23

Attempted formation of bis-α-keto-diamide 203 from pyruvic acid 179.81

Proceeding with this idea in mind we attempted subjection of (±)-trans-diaminocyclohexane and
pyruvic acid 179 to the successful set of coupling conditions described by Cobb and Marson81.
Remarkably this method successfully produced a minor amount of the desired bis-α-ketodiamide
system 203 in a single step, along with an unidentified component 204a as the major product
(Scheme 3.23).
Fortunately separation of both components was easily achieved via flash chromatography.
Formation of the desired bis-α-ketodiamide 203 system was confirmed by HRMS, obtaining an
affirmative m/z signal at 277.1162 [M+Na+]. Strong indications of amide and ketone C=O stretching
in the IR spectrum were observed at 1720 and 1656 cm-1 respectively. 13CNMR shifts confirmed the
presence of both α-keto carbonyls and ester carbonyl systems with signals present around 197.0
ppm and 160.0 ppm, respectively.
Identification of the major component of the reaction was, however, considerably more challenging.
Structural assignment was unable to be confirmed via 1D and 2D NMR experiments, with IR only
indicating structural deviation of a hydroxyl entity (3291 cm-1) between the desired and unidentified
products.
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Figure 3.11

X-ray structure of 1,3-dicyclohexyl-5-hydroxy-5-methylimidazolidine-2,4-dione 204a.

A sample of the compound was successfully recrystallised from chloroform, with the resultant x-ray
crystal structure revealing an unexpected reaction of the pyruvic acid and carbodiimide forming an
unusual 5-hydroxy-5-methyl-imidazolidine-2,4-dione system 204a (Figure 3.11).

Scheme 3.24

Reaction and rearrangement of pyruvic acid 179 and DCC to achieve the

imidazolidine-2,4-dione system 204a.
Formation of 5-hydroxy-5-methyl-imidazolidine-2,4-dione 204a likely occurs via reaction of the
pyruvic acid and iminium species 206 forming the normally activated O-acylisourea 207, however a
combination of the weakly deactivating adjacent acyl substitution and steric bulk of the
cyclohexanediamine most likely promotes only sluggish addition to the ester carbonyl (Scheme 3.24).
As such, the competing N,O-acyl transfer process is able to drive formation of the N-acyl urea 208,
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which is subsequently able to close onto the acyl ketone forming the imidazolidine-2,4-dione system
204a.
3.5

Summary of results and future focus

Reviewing the results obtained up to this point in our development of reductive coupling precursors
suitable for an inter- or intramolecular pinacol reaction, we considered our work to have not only
produced, isolated and characterised a number of interesting novel compounds, whose potential is
yet to be fully investigated (Figure 3.12), but delivered a good background and direction for later
investigators wishing to develop this pathway further.

Figure 3.12

A selection of novel and unexpected compounds encountered during our synthesis

of reductive coupling precursors.
Assessing the future progression of our work, in relation to the time constraint we faced,
examination of the literature on current synthetic methods available to construct the unexpected
hydantoin product 204a, we felt a shift in the focus of our work toward a new, concise route to
functional 5-disubstituted imidazolidine-2,4-diones would be a more fruitful use of this time.
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CHAPTER 4: Concise Construction of 5-Disubstituted Hydantoins
At this stage, our focus shifted to investigation of the scope and optimisation of generating
5-disubstituted imidazolidine-2,4-diones from α-ketoacids and carbodiimides – contributing an
innovative route that appeared complementary to work only recently published in this area.82
Considering the flow of this work, the term ‘hydantoin’ is used interchangeably with its chemical
identity ‘imidazolidine-2,4-dione’. An extensive and comprehensive review of hydantoins, their
construction, and application was published in 2004 by Meusel and Gütschow83 and as such,
introduction of these compounds will be restricted to a brief discussion of their use and previous
syntheses directly relevant to our intended pathway.
4.1

Uses and utility of 5-substituted imidazolidine-2,4-diones

5-Monosubstituted imidazolidine-2,4-diones are biologically significant heterocycles not only found
as structural units in, or precursors to a number of natural products84, but these structures also act
as essential enzyme substrates in the synthesis of optically active amino acids85 as well as
functioning as the basis of numerous pharmaceuticals82a, 83 (Figure 4.1).

Figure 4.1

Structures of C-5 quaternary-substituted hydantoin analogues and hydantoin

derivatives: herbicidal (+)-hydantocidin 20984c, antiepileptic Tetrantoin 21186 and prodrug
Fosphenytoin 21087, cytotoxics 3'-deimino-3'-oxoaplysinopsin 21283 and Polyandrocarpamine B
21384d and protien kinase inhibitor Hymenialdisine 21484a.
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The C-5 quaternary-substituted imidazolidine-2,4-diones themselves exhibit activity including
herbicidal84c and neuroprotective traits86-88, but are more commonly utilised to access a number of
4-aminoimidazolone-based natural products with important physiological activity including
cytotoxicity84a,

84d

, anti-inflammatory actions89, antifouling effects90 and antihistamine91 and

antibacterial92 activities amongst numerous others (Figure 4.1).

4.1.1 Synthesis of C-5 quaternary-substituted imidazolidine-2,4-diones via carbodiimidebased strategies

A comprehensive review of the synthesis and reactivity of hydantoins was published by Meusel and
Gütschow83 in 2004, since which time, mostly further metal-catalysed modifications of general
access procedures – such Read’s93, Blitz’s94 or Bücherer-Bergs’95 procedures – have been published
(Scheme 4.1).96

Scheme 4.1

Selected examples utilising metal-catalysed modifications of hydantoin syntheses96

published since the 2004 review by Meusel and Gütschow83.
Works published by Volonterio et al. from 2009-2012 however, focused on a new method for
hydantoin synthesis based upon the migratory nature of acylated carbodiimides (Scheme 4.2).82
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Scheme 4.2

Volonterio et al. synthesis of 1,3,5-substituted hydantoins.82

Volonterio et al. showed the reaction of symmetrical and unsymmetrical carbodiimides 227 with
α,β-unsaturated- 229 or α-halo- acids 228 resulted in smooth formation of 1,3,5-substituted
hydantoins 231 or 1,3,5,5’-substituted hydantoins 230 respectively (Scheme 4.2).82 In their 20112012 literature, Volonterio et al. were able to extend these reaction conditions to a one-pot, threecomponent system, generating the required carbodiimide in situ through a sequential reaction of an
azide 224 and isocyanate 225 or isothiocyanate 226, followed by addition of the α,β-unsaturated
acid 229 or α-halo acid 228. Uniquely Volonterio et al. were able to synthesise 1,3-disubstituted
hydantoins regioselectively – either with mono- or di-substitution at the 5-position – as well as
expanding the scope of N-substitution to glycosidic groups through the use of azide functionalised
sugars.82a, 82c
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4.2

Scope and optimisation of 5-hydroxy-5-substituted hydantoin synthesis

Noting the synthetic potential of 5-disubstituted hydantoins, we attempted to optimise synthetic
conditions to produce these systems utilizing commercially available benzoyl formic acid 204b and
the commonplace carbodiimide, DCC (Table 4.1).
Table 4.1

Optimisation of synthetic conditions producing imidazolidinedione 204b.

Entry

DCC
(eq.)

Solvent

Temp.
(˚ C)

Additive

Time
(h)

Yield
204b
(%)

1

1.0

THF

75

---

18

26

2

1.0

THF

75

4 Å MS

21

24

3

1.0

THF

75

NEt3

18

21

4

1.0

CH2Cl2

r.t.

---

18

38

5

4.0

CH2Cl2

r.t.

---

54

40

6

1.0

DMF

75

---

16

47

The main factors contributing to increased formation of 5-hydroxy-5-phenyl-hydantoin 204b were
identified as solvent polarity and reaction temperature (Table 4.1). Increasing solvent polarity
(THF<CH2Cl2<DMF) and increased reaction temperatures drew a gradual increase in product yield
with the highest yield reaching 47 % (Table 4.1, entry 6). Additional equivalents of carbodiimide or
addition of base showed little influence on reaction equilibrium (Table 4.1, entries 3 and 5), while
the addition of 4 Å MS identified the presence of water as holding little effect on the reaction (Table
4.1, entry 2). These results complement the proposed reaction mechanism driving formation of
hydantoin core (Scheme 3.24); higher polarity solvents are more suited to carry the necessary
iminium and carboxylate species and inputting energy into the system may aid in the N,O-acyl
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transfer and ring closure processes. The moderate yield achieved with benzoyl formic acid is likely
due to the low acidity of the system [pKa 2.15] and the electron donating capacity of the aryl
substitution affecting ring closure by decreasing reactivity of the ketone carbonyl.
Next we probed the synthetic utility of the new reaction. Due to time constraints we were confined
to commercially available α-ketoacids 232a-e and symmetrically substituted carbodiimides 233a-d
(Table 4.2).
Table 4.2

Single-step synthesis of bis-protected 5-disubstituted imidazolidinediones 204a-f.

Entry

R

R1

Compound

Yield
(%)

1

Me 232b

Cy 233a

204a

64

2

Ph 232a

Cy 233a

204b

47

3

t

Bu 232c

i

Pr 233b

204c

95

4

2-furyl 232d

t

Bu 233c

204d

88

5

Me 232b

t

204e

93

6

3-indole 232e

t

Bu 233c

204f

77

7

3-indole 232e

TMS 233d

204g

---

Bu 233c

Each of the α-ketoacids and bis-carbodiimides sets were reacted under the conditions previously
optimised for benzoyl formic acid 232a and DCC 233a, achieving moderate to high yields of
imidazolidinedione in all cases (Table 4.2, entries 1-6), with the exception of 3-indole glyoxylic acid
232e and bis-TMS-carbodiimide 233d (Table 4.2, entry 7). Isolation procedures were optimised in
each successful case to yield crystalline product (Appendix, entries F-J). As found previously,
formation of hydantoins 204a-f each occurred racemically.
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Preliminary attempts to synthesise examples of systems that could be deprotected in situ were
unsuccessful (Table 4.2, entry 7). Despite repeated attempts to react 3-indole glyoxylic acid 232e and
bis-TMS-carbodiimide 233d no TMS-protected or free hydantoin product were isolated in any of the
attempts. A plethora of products in the reaction mixture were apparent via TLC after just 1 h and
single crystal selection from a mixed sample obtained after flash chromatography confirmed the
reactive decomposition of the 3-indole glyoxylic acid 232e in the presence of bis-TMS-carbodiimide
233d to yield the unusual cyanimide 234 (Figure 4.2), within the mix of products.

Figure 4.2

X-ray structure of cyanimine 234 isolated from flash purification of the reaction of 3-

indole glyoxylic acid 233e and bis-TMS-carbodiimide 233d.
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4.3

5-Disubstituted imidazolidine-2,4-dione based marine natural products

Having developed a useful synthetic protocol for the synthesis of the 5-disubstituted hydantoin core,
a search of the literature

identified a novel thermochromic marine metabolite

–

Polyandrocarpamide D 235 – which, utilising our new method of construction, we could attempt to
reach in a favourable number of steps (Scheme 4.3)

Scheme 4.3

Proposed synthesis of Polyandrocarpamide D 235 from 3-indole glyoxylic acid 232e.

4.3.1 Isolation and characterisation of unique 3-indole substituted imidazolidine-2,4dione marine metabolites:- Polyandrocarpamide D and Zyzzin
Isolation of the distinctive α-methoxy-α-indole substituted hydantoin, Polyandrocarpamide D 235,
was first reported by Fenical and Lindquist in 1990.97 Polyandrocarpamide D 235 together with three
p-hydroxyphenethylamine-substituted β-indole-α-ketoamide derivatives (Polyandrocarpamide A-C
236 A-C, Figure 4.3), were the key metabolites isolated from a rust-coloured, compound ascidian
(Polyandrocarpa sp.) sample collected in the Philippines. Polyandrocarpamides A-C 236 A-C were
isolated as 0.01 %, 0.007 % and 0.0021 % of the sample dry weight respectively, while
Polyandrocarpamide D 235 was obtained in a comparatively high level, measuring 0.079 %.

Figure 4.3
Structures of Polyandrocarpamide family identified by Fenical and Lindquist.98
Polyandrocarpamide A 236 A, X = Br; Polyandrocarpamide B 236 B, X = I; Polyandrocarpamide C 236
C, X = H.
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Post-extraction, the sample of Polyandrocarpamide D 235 isolated by Fenical and Lindquist was
reportedly characterised as a yellow amorphous solid, exhibiting no chirality at the C-5 centre
([α]ᴅ 0.00˚).98 Interestingly, the closing statement of Fenical and Lindquist’s article subtly intimates
toward reactivity issues later investigators would experience during further characterisation and
understanding

of

these

structures;

touching

on

the

possibility

that

the

observed

Polyandrocarpamide D 235 structure may be an artifact of isolation procedures.
In 1994 Pietra et al., again isolated Polyandrocarpamide D 235 from another marine sponge Zyzza
massalis, together with a series of unusual C5-thioxolated variants.98 Testing by Pietra et al. showed
Polyandrocarpamide D 235 exhibited moderate antibacterial activity against Staphylococcus aureus
along with mild antifungal activity against Candida albicans.98 Importantly, Pietra et al. characterised
their isolated sample of Polyandrocarpamide D 235 as a colourless solid displaying a disposition
toward autoreactivity in the presence of protic solvents.

Scheme 4.4
Structural relationships influenced by the presence of electrophiles and/or
temperature noted by Pietra et al.98
Slow conversion of the isolated thioxo- metabolites (237/238) to their subsequent
imidazolidinedione/imidazoledione analogues (239/240) was observed during reverse-phase HPLC
purification. Furthermore, it became apparent trace levels of protic solvent were adequate to drive
spontaneously equilibration between the imino- and hydroxylated/methoxylated structural pairs
(238 / 237, 240 / 239 and 240 / 235, Scheme 4.4).
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Classification of the 5-hydroxy-imidazolidinedione 239, 4-hydroxy-5-thioxoimidazolidinone 237, and
the previously characterised Polyandrocarpamide D 235 structures as artifacts derived from
extraction and/or isolation processes was able to be confirmed through specific control of
handling/extraction/isolation

and

characterisation

procedures.

Pietra

et

al.

established

Polyandrocarpamide D 235 was isolated when sample material was subjected to extraction or
purification systems involving methanol, however ground samples of the freeze dried sponge
extracted with acetone and subjected to reverse-phase HPLC utilizing a vehicle of acetonitrile/water,
produced the hydroxylated structural pairs 237/239. These results allowed Pietra et al. to postulate
the interesting 4-indole-5-thioxoimidazolone, Zyzzin 238, as the true natural metabolite produced by
the sea sponge.
A final key observation was reported by Pietra et al. recording the first marine-derived
thermochromic chemical system; whereby application of heat to a solution of the colourless
α-hydroxy-α-indole hydantoin 239 resulted in efficient transformation into its intense yellow,
imidazoledione derivative 240, at temperatures equilibrating up to 80 ˚C. Reversion to a 1:1 (239:240)
ratio was subsequently achieved upon cooling to room temperature.
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4.3.2

Attempted construction of Polyandrocarpamide D

Thus, application of our synthetic protocol, heating a solution of commercially available 3-indole
glyoxylic acid and bis-tert-butyl carbodiimide in DMF readily produced the functional bis-tertbutyl-protected natural product analogue 204f of Polyandrocarpamide D 235 (Scheme 4.3) in good
yields (77 %, table 4.2, entry 6).

Figure 4.4
X-ray structure
imidazolidine-2,4-dione 204f

obtained

from

1,3-di-tert-butyl-5-hydroxy-5-(1H-indol-3-yl)-

HRMS analysis provided an ion of m/z 366.1791 (C19H25N3O3Na+) attributable to the suggested
structure charged by association with sodium [M+Na+]. Simple recrystallisation from boiling
methanol followed by vacuum filtration produced a clean mass of x-ray quality crystals. Structural
analysis via x-ray diffraction was able to confirm the α-hydroxy-α-indole substitution at C-5 of the
newly formed imidazolidine-2,4-dione core (Figure 4.4).
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4.3.2.1

Testing t-butyl deprotection strategies

Bearing in mind results presented by Pietra et al., the next stages toward synthesis of
Polyandrocarpamide D 235 would require removal of the tert-butyl groups in order to achieve the
unprotected imidazoledione 239 system that, upon dissolution and heating in dry methanol, would
likely produce the desired Polyandrocarpamide D 235 product in an overall total of 3 steps.
Table 4.3

Examples of tert-butyl hydantoin deprotection strategies.

R1

Entry

R2

R3

Conditions

R1

Yield
(%)

H

92

1

241a96c

t

Ph

H

MeSO3H,
hexanes, 65 ˚C, 3.5 h

242a

2

241b96c

t

Bu

Ph

H

MeSO3H,
hexanes, r.t., 10 h

242b

t

Bu

96

3

241c82b

Ph

CH(CO2Et)2

H

MeSO3H, sealed tube
CH2Cl2, 60 ˚C, 3 h

242c

Ph

93

4

241d82b

allyl

CH2CO2Et

H

MeSO3H, sealed tube
CH2Cl2, 60 ˚C, 3 h

242d

allyl

89

5

241e82b

C5H9

CH(CF3)2

H

MeSO3H, sealed tube
CH2Cl2, 60 ˚C, 3 h

242e

C5H9

93

6

241f82b

C5H9

Ph

H

MeSO3H, sealed tube
CH2Cl2, 60 ˚C, 3 h

242f

C5H9

91

7

241g99

Ph

Ph

48 % HBr
AcOH, reflux, 2 h

242g

H

89

Bu

t

Bu

With a number of examples in the literature describing efficient acid-catalysed removal of tert-butyl
substitutions protecting amido- and/or imido-groups of relatively similar hydantoin systems82b, 96c, 99
(Table 4.3), it appeared deprotection would be a trivial step.
Frustratingly despite this precedent, subjection of the bis-tert-butyl-protected Polyandrocarpamide
D analogue 204f to a variety of mild to strongly acidic conditions based upon literature, produced no
traces of the desired fully deprotected imidazoldione system 240 (Table 4.4); with each set of
conditions (with the exception of refluxing acetic acid/HBr (Table 4.4, entry 6)), instead reliably
producing the intensely coloured buttercup-yellow mono-deprotected 1-tert-butyl imidazoldione
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243. Stubbornly, even stirring analogue 204f in concentrated sulfuric acid for extended periods only
resulted in isolation of the 1-tert-butyl imidazoldione 243.
Table 4.4

Attempts at acid-mediated tert-butyl deprotection.

Entry

Conditions

Yield 241 (%)

1

10 mol % TFA,
CH2Cl2, r.t., 2 d

---

2

TFA (neat)
r.t., o.n.

---

3100

TFA (neat)
reflux, o.n.

---

482b

MeSO3H,
hexanes, 65 ˚C, 4 h

---

5

H2SO4 conc.
10 d

---

699

HBr
100 °C, AcOH, o.n.

decomp.

7101

Cu(OTf)2, 10 mol % TFA,
CH2Cl2, r.t., o.n.

---

Scheme 4.5

Acid catalysed mono-deprotection of 204f facilitated by concurrent dehydration.
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Relative to the protected imide centre, the seemingly facile deprotection of the amide nitrogen is
likely facilitated by the presence of the adjacent hydroxyl moiety (Scheme 4.5). Initial formation of
the oxonium species 244 drives movement of the amide nitrogen lone pair, stabilising the cation as
the iminium species 245 and triggering the loss of water from the system. Further resonance of the
cation to form a tertiary butyl carbocation leads to loss of the tert-butyl group as isobutylene and
produces the intensely coloured imidazoldione 243. The distinctive stability of the final tert-butyl
likely occurs as a result of the stronger nucleophilicity of the imine nitrogen driving formation of the
iminium over protonation of the imide. Interestingly, in spite of the apparent conjugation of the
system, resonance does not seem to drive the cationic character of the iminium species to the
relatively stable 3˚ position of the tert-butyl group even after extended reaction periods.
Consistent with the findings of Pietra et al.98 analysis of a sample of 3-indole-imidazoldione 243 gave
a stable, single component spectrum via NMR analysis when sampled in analytical grade CD3CN
(Figure 4.6, blue trace). However, when solvated in a commercially produced analytical sample of
(CD3)2SO containing trace levels of H2O, a second component 246 began to appear in the 1HNMR
spectrum at r.t. after 15 min (Figure 4.5).

Figure 4.5
(CD3)2SO.

Structure/temperature relationship of 243 and 246 over time upon solvation in

Comparison of the 1HNMR data to spectral data published by Pietra et al.98 indicated the formation
of imidazolidinedione system 246 was spontaneously occurring at the expense of imidazoldione 243.
Subsequent heating of the sample to 100 ˚C saw a reversal of the addition of the water to the
system, driving equilibrium back toward 0.1:1.0 (246:243) (Figure 4.6, red trace).
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a) (CD3)2SO, 100 ˚C

b) CD3CN, 25 ˚C

1
Figure 4.6
HNMR traces achieved via analysis of a sample of imidazoldione 243 either in
CD3CN at 25 ˚C, or (CD3)2SO at 100 ˚C.

Table 4.5
Comparison of 1HNMRa) of tBu-substituted 243 and 246 to analogues 239
and 240 reported by Pietra et al.98

1 (NH)

11.15 (brs)

11.10 (brs)

11.57 (brs)

10.65 (brs)

2 (CH)

7.31 (d)

7.32 (d)

8.81 (d)

8.83 (d)

5 (CH)

7.54 (brs)

7.52 (d)

8.24 (m)

8.25-8.27 (m)

6 (CH)

6.98 (dd)

6.99 (ddd)

7.34 (m)

7.31-7.39 (m)

7 (CH)

7.08 (dd)

7.09 (ddd)

7.34 (m)

7.31-7.39 (m)

8 (CH)

7.36 (d)

7.38 (d)

7.60 (m)

7.59-7.61 (m)

1’ (CH)

8.79 (brs)

8.87 (s)

---

---

3’ (CH3)3)

---

1.54 (s)

---

1.63 (s)

5’ (OH)

---

6.91 (brs)

---

---

a)

((CD3)2SO, δ ppm, (multiplicity))

1

H- and 13C-NMR spectra for both imidazoldione 243 and imidazolidinedione 246 were consistent

with those published by Pietra et al.98 (Table 4.5). Notably, the C-2 proton of the indole of
imidazoldione 243 sits in a heavily conjugated enimine formation resulting in strong deshielding that
is evident by a large downfield shift of the signal to 8.83 ppm. In the imidazolidinedione 246,
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addition of water to the system disrupts this extended π-orbital overlap and the chemical shift
returns to the expected field shift range at 7.32 ppm.
a) t = 60 min, 25 ˚C
C-8, CH
C-8, CH

1.0:1.9

246

243

b) t = 15 min, 25 ˚C

1.0:1.0

1
Figure 4.7
HNMR spectra of the mixed sample of imidazoldione 243 and imidazolidinedione
246 after 15 min (b) and 60 min (a); highlighting relative intensity of indole C8 proton as f(t) = time
after solvation in (CD3)2SO.

A 1HNMR spectrum run at 25 ˚C, 15 mins after solvation in (CD3)2SO exhibited a ratio of 1.0:1.0
(243:246) (Figure 4.7, blue trace), which moved to 1.9:1.0 (246:243) (Figure 4.7, red trace) when the
same sample was re-analysed after 60 mins

Figure 4.8

Potential intramolecular H-bonding present in imidazoldione 243.

A possible explanation for this phenomenon centres on the inherent H-bonding potential of the
relatively planar indole/imidazoldione system 243 either restricting access and/or altering electronic
character of the imine centre preventing reaction with nucleophiles in organic solvents of lower
polarity (Figure 4.8).
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Figure 4.9

Comparison of the perpendicular character of the indole-imidazolidinedione 246

versus the planar character of indole-imidazoldione 243.
However if a solvent has sufficient polar character to disrupt the internal stabilization imparted by
this H-bonding, reaction with nucleophiles such as H2O provides access to a perpendicular
conformation of the indole/imidazoldione portions of the system with lower steric load, driving
formation of the imidazolidinedione 246 (Figure 4.9).
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4.4

Scheme 4.6

Summary of Conclusions and Future Focus

Generalised synthetic scheme for the generation of 5-disubstituted hydantoins 204

from α-ketoacids 232 and carbodiimides 233.
In summary, we have developed a versatile, and atom economical pathway toward the synthesis of
5-disubstituted imidazolidine-2,4-diones 204, generating these compounds in moderate to excellent
yields (47 % - 95 %, Table 4.2) from α-ketoacids 232 and carbodiimides 233. We have also
successfully applied this procedure to the synthesis of a unique marine metabolite analogue 243.

Scheme 4.7

Modification to the proposed synthesis of Polyandrocarpamide D 235 from 3-indole

glyoxylic acid 232e.
Moving forward it would seem logical to investigate a Lewis acid-catalysed deprotection toward
removal of the troublesome tert-butyl protecting group, either with methanol as a solvent or in
discrete steps as indicated Scheme 4.7. Alternatively, carbodiimides bearing more labile substituents
could also be employed.
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CHAPTER 5: Synthetic Studies toward Profluorescent Nucleobase
Analogues

During the latter stages of my research, I gratefully took the opportunity to undertake synthetic
work targeting a novel use of isomorphic nucleosides – a collaborative project between the
Perlmutter Group at Monash University, Clayton, and the Tor Group at the University of California,
San Diego. During the undertaking of this project, I had the opportunity to work in the laboratories
of both Prof. Patrick Perlmutter and Prof. Yitzhak Tor, gaining invaluable experience in both the
physical and organic aspects of the project. Chapter 5 is dedicated to the work completed so far
toward this profluorescent target.
5.1

Fluorescent nucleosides in diagnostic spectroscopy

In the early 1970s it was experimentally confirmed that native nucleosides are characteristically
nonemissive (demonstrating sub-picosecond excited state lifetimes) - an important conclusion
leading to a new field of diagnostic spectroscopy exploiting the disparity in emissive capacity
between native nucleosides and their luminescent derivatives (Figure 5.1).102

Figure 5.1

Native nucleosides: the relevant nucleobase (A 248, C 249, G 247, T 250 or U

251) is appended to a D-ribose sugar R in RNA and the 2’-deoxy-D-ribose sugar dR in DNA.
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Nucleic acids inherently experience an array of influences resulting from natural progressions
occurring in the cellular microenvironment. Such effects include: base or strand cleavage, local
conformational changes, base flipping, as well as temporal effects arising from ligand binding.103
Refinement of fluorescent nucleoside analogues as chemical probes and developments in the
sensitivity of spectroscopic techniques have delivered a capacity for recognising and reporting on
microenvironmental changes influencing nucleic acid sequences104, inherent nucleic acid dynamics
and conformational changes104c, and delivering important information on ligand binding105 via a
novel and sensitive approach.

The success of a fluorescent nucleoside probe centres on the ability of the compound to exhibit
favourable photophysical traits. Effective fluorescent probes exhibit: a) red-shifted absorption bands
to minimise overlap with the absorption maxima of the native nucleoside, b) bear a sensitivity
relevant to the parameter investigated which induces a change in fluorescence output with an
accompanying operative Stoke shifts (favourably with emission wavelengths toward the visible
range), and c) demonstrate high quantum efficiencies and photostability facilitating biophysical
studies.103, 104c
A review on fluorescent biomolecular building blocks published in 2010 by Sinkeldam, Greco and
Tor104c comprehensively covers the five subclasses of fluorescent nucleobase analogues (Figure 5.2).
Each of the subclasses will now be briefly discussed with a focus on isomorphic nucleobases.
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5.1.1

Fluorescent appendages and modified nucleoside probes

Chemically, fluorescent nucleoside analogues can be classified as derivatives of five subclasses:
chromophoric-, pteridine-, expanded-, extended- and isomorphic-based structures (Figure 5.2).

Figure 5.2

Selected representative examples of chromophoric- (252), pteridine- (253),

expanded- (254), extended- (255) and isomorphic- (256) fluorescent nucleosides.
Chromophoric analogues express conventional fluorophores, such as coumarin or the benzopyrenes,
in place of the native nucleobase (Figure 5.2, 252). With high conjugation and π-π stacking
capabilities, these derivatives often exhibit advantageous photophysical properties: distinct
absorption energies allowing for selective excitation, large Stokes shifts, and high quantum
efficiencies.106 Conversely, they manifest large steric loads thus lacking the Watson-Crick hydrogen
bonding capacity of the corresponding native structures - impacting negatively on inherent folding
and localisation.107
Fluorescent pteridine analogues (Figure 5.2, 253) are derivatives of the purine-type nucleobases
(Figure 5.1, (A) 248dR and (G) 247dR).108 Pteridine-modifed analogues often exhibit ideal
photophysical traits – presenting useful quantum yields, emission in the visible spectrum and
relatively long excited state lifetimes – intensities all of which are often retained after incorporation
into oligonucleotides.108-109 However, consistent to the inherent nature of purines, pteridine-modifed
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analogues can suffer sequence dependant quenching and/or destabilising effects of a similar
magnitude to that of a mismatched base pair.110
Insertion or direct appendage of aromaticity to the pyrimidine or purine bases generates the
expanded nucleoside analogue subclass (Figure 5.2, 254). A majority of the expanded nucleosides
retain the important Watson-Crick base pairing, with the additional conjugation acting favourably on
the photophysical output of these type probes.104c Large Stokes shifts are often apparent with
absorption bands red-shifted and subsequent emission bands near, or at visible ranges.104c Expanded
probes also exhibit moderate to high emission quantum efficiencies.104c Increases in the surface area
as a result of the base expansion can however have detrimental steric implications on incorporation
of the expanded nucleosides into oligomers.104c
Extended fluorescent nucleosides bear known chromophoric appendages attached to a native
nucleoside with either a flexible or rigid linker (Figure 5.2, 255).104c The use of non-conjugated linkers
allows the photophysical properties of the chromophore to be selected for the environment of the
required sensing task.104c Conjugation of the base and chromophore through the linker segment
often induces atypical photophysical characteristics from the chromophore.104c The rotational
flexibility of the chromophore/linker may however, impact on inherent folding of a sequence.104c
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5.1.2

Designing fluorescent isomorphic nucleobases

In comparison to the other chemical subclasses of fluorescent nucleosides, the primary design
principle of isomorphic derivatives centres on selecting alterations or additions to native
nucleobases, so as to minimally perturb inherent steric load and H-bonding patterns while inducing
spectroscopically operational photophysical traits. The maximal homology of isomorphic nucleosides
ensures these alterations are well tolerated with only minimal impact on sequence folding, while still
allowing discrete localisation, and expedient sensitivity and responsiveness to microenvironments.

Figure 5.3
U 251.

Selected examples of isomorphic nucleobases of A 248, C 249, G 247 and T 250/
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Modifications selected in the development of isomorphic nucleosides often centre on construction
of electron rich conjugated or fused appendages (often 5-membered aromatic heterocycles) (Figure
5.3, 257/258/260-265), judicious addition of electron donating groups (Figure 5.3, 267/268),
substitution of the carbon skeleton for additional heteroatoms (Figure 5.3, 269), or variation of the
sugar attachment position (Figure 5.3, 262/264).

5.2
5.2.1

Probing reactive oxygen species using a profluorescent isomorphic motif

Pyrimidine-based isomorphic nucleosides

Among the numerous fluorescent isomorphic nucleosides developed by the Tor Group, isomorphic
U/T base analogues have been extensively explored: including a number of isomorphic pyrimidinebased structures bearing small, mono- or poly-heteroaromatic appendages installed at the
5-position of the base (Figure 5.4).

Figure 5.4

Fluorescent isomorphic U/T bases.104c

While sterically non-perturbing, the added conjugation of the aromatic appendage creates an
extended π-system, aiding emissivity of these structures.111 The attachment of the pendant
heterocycle to the base structure via a C-C bond affords free rotation of the appendage; rotation
which in polar media or upon incorporation in oligomers is impeded, resulting in enhanced
fluorescence.111
Fluorescent 5-heteroaromatic-substituted U/T analogues generally exhibit a useful, low-energy
absorption band (predominantly unaffected by solvent polarity), relatively large Stokes shifts (84009700 cm-1) and good sensitivity to chemical microenvironments. However, these compounds do
suffer from low quantum efficiencies (φ 0.01-0.035).103, 105b, 112
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Figure 5.5

Functional fluorescent 5-(furan-2-yl)-substituted uridine ribosides: 5-(furan-2-yl)U

271a and 5-(furan-2-yl)dU 272a.
5-(Furan-2-yl) functionalised uridine 271a and thymidine 272a ribosides have been successfully
applied in the analysis of major groove polarity113, abasic site detection114 and Tat/TAR binding105a, as
well conformational changes in RNA sequences resulting from aminoglycosidic binding at the Asite105b.
In practice, application of isomorphic probes for single-molecule fluorescence detection is often
impacted by their inherent low emission quantum yields (detrimental to the brightness of the
excitation response), as well as high levels of photobleaching.115
Table 5.1

Selected photophysical properties of isomorphic nucleosides 271a/b and 272a/b.103,

116

Structure

λmax
(nm)

ε
(104M-1cm-1)

λem
(nm)

φ

φσ2 (690 nm)
[GM]

271b103, 116

314

0.9

446

0.01

0.08

271a103, 116

316

1.1

434

0.03

0.06

272b104c

315

0.87

439

0.024

272a104c

254

1.23

440

0.035

Incorporation of multiple isomorphic nucleosides into a required sequence somewhat abates this
detection challenge, however, defining sensitive, sequence specific changes becomes impractical as
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a result. Recent work published by Tor et. al., utilises multiphoton excitation to successfully produce
enhanced emission profiles of a number of previously characterised fluorescent isomorphs, including
5-(furan-2-yl)U 271a and 5-(thiophen-2-yl)U 271b (Table 5.1).116 Tor et. al., also observe an
encouraging lack of destructive photobleaching utilising multiphoton excitation.116

5.2.2

A novel use of isomorphic nucleosides

The current work, in collaboration with the Tor Laboratory at the University of California, San Diego,
extends the apparent utility of these fluorescent 5-substituted U/T analogues, utilising a chemical
route developed in the Perlmutter group, with the intention to construct a “profluorescent”
isomorphic U/T nucleoside probe. Development of profluorescent isomorphic nucleoside probes
affords access to a novel application of isomorphic nucleosides – sensing oxidative capacity of
cellular microenvironments.

Figure 5.6

Intended utility of profluorescent nucleosides.

Our intention is to create a “profluorescent” variant 273 of a previously characterised fluorescent
isomorphic nucleoside probe 274. When ROS are present, exposure of profluorescent isomorphic
nucleobase-containing sequences to the relevant components or assemblies of the cellular
microenvironment will result in conversion of the non-conjugated profluorescent base to its
conjugated fluorescent analogue (Figure 5.6).
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5.2.3

Designing profluorescent isomorphic nucleosides

Our current investigations centre upon development of a robust synthetic methodology for the
production of C-5/C-6 reduced, pyrimidine base analogues bearing 5-membered heterocycles at the
5-position (Scheme 5.1, 276).

Scheme 5.1

Proposed synthesis of profluorescent nucleobase 276 (X = heteroatom).

Our proposed approach centres upon a pathway recently developed in the Perlmutter group
involving two key transformations to obtain the desired base motif; an intramolecularly trapped
Curtius rearrangement, cyclising acid 277 to furnish the complete pyrimidine-2,4-dione base 276,
with acid precursor 277 derived from a [3+3]-sigmatropic rearrangement of acetylated hydroxamic
acid 278 (Scheme 5.1).
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5.3
5.3.1

Construction of profluorescent isomorphic nucleobase analogues

Developing [3+3]-sigmatropic rearrangement precursors

Scheme 5.2

Synthesis of N-tert-butyl acetamide 278a and 278b from corresponding

heterocycle-containing acetic acid 279a and 279b respectively.
Construction of the acetamide precursors required for the subsequent [3+3]-SR proceeded smoothly
for both the oxygen and sulfur analogues (Scheme 5.2). Treatment of the relevant acid (279a or
279b) with N-tert-butyl hydroxylamine hydrochloride 280 in the presence of EDCI and DMAP, cleanly
produced N-(tert-butyl)-N-hydroxy-2-(furan-2-yl)acetamide 281a or N-(tert-butyl)-N-hydroxy-2(thiophen-2-yl)-acetamide 281b, both in 89 % yield after purification. Importantly, there was a
marked difference in the stability of the two hydroxamic acid analogues with complete degradation
of the thiophene-containing hydroxamic acid occurring after only 24 hours under refrigeration, while
the furanyl variant appeared remarkably stable in comparison, exhibiting little to no degradation
after two weeks when stored at r.t.. To avoid the issue of decomposition, N-(tert-butyl)-N-hydroxy-2(thiophen-2-yl)-acetamide 281b was purified and directly subjected to acylation. Acylation of the
hydroxamic acids was achieved using acetyl chloride, triethylamine and catalytic DMAP, giving the
thiophenyl-derivative 278b in a slightly higher yield (93 %) than its furanyl analogue 278a (88 %)
after purification.
The comparatively high commercial cost of N-tert-butyl hydroxylamine as a hydrochloride salt 280
prompted an investigation of the use of the less expensive acetate salt derivative 283 (Scheme 5.3).
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Scheme 5.3

Synthesis of hydroxamic acid 281b from acetate salt 283.

Somewhat disappointingly, employing the acetate salt led to yields of hydroxamic acid 281b only in
the mid-to-high 40 % range. The observed disparity between the two reagents is likely due to
precipitation of the resultant hydrochloride salt preventing interference in the reaction, whereas the
equivalent triethylammonium acetate remains in solution, mostly likely acting as a buffer – altering
the outcome of the reaction.
With thoughts toward the later glycosylation step, lability of the protecting group located on the
imide nitrogen of the pyrimidinedione core would be important. Anticipating difficulty with acidcatalysed deprotection in the presence of a furyl substituent, we opted to attempt synthesis of an
alternative benzyl-protected derivative that would give us access to neutral hydrogenation
conditions.

Scheme 5.4

Unexpected α-acyloxyamide 285 formation during attempted synthesis of N-benzyl-

N-hydroxy-2-(furan-2-yl)-acetamide.
Subjecting 2-furan acetic acid 278a to conditions previously successful in formation of the N-tertbutyl-protected hydroxamic acids 281a and 281b interestingly resulted in isolation of a low yield
(10 %) of α-acyloxyamide 285 as the major product.
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Scheme 5.5

Unexpected 3-aza-4,6-dioxa-[3+3]-sigmatropic rearrangement resulting in formation

of α-acyloxyamide 285.
The 1HNMR spectra of a sample of 285 exhibited a single singlet signal present at 6.28 ppm
(integrating to one proton), with subsequent 2D HMBC spectroscopy confirming the signal equated
to the single proton present at C-2 – definitely identifying a rearrangement had taken place. While
the distinctive HAB quartet corresponding to the C-3’ methylene, centred at 3.74 ppm of 1HNMR
spectrum, along with a HRMS m/z value of 340.1181 [M+H+], confirmed the 3-aza-4,6-dioxa-[3+3]-SR
had occurred over the possible alternative 3-aza-4-oxa-[3+3]-SR.
The unexpected 3-aza-4,6-dioxa-[3+3]-SR is likely promoted by the benzyl substitution contributing
electron density to the system and aiding the formation of α-acyloxyamide 285 in two ways. Initially,
the benzyl-protected hydroxamic acid is a more activated nucleophile than its N-tert-butyl-protected
derivative, as such affecting double acylation in a single step and providing access to difuryl
acetamide 286. Cumulative activation of the methylene protons of C-2 results from the presence of
both the furyl and benzyl substitution, dramatically increasing the acidity of these protons. This
phenomenon facilitates enolisation of the amide carbonyl in the presence of a moderate strength
base: in this case allowing the DMAP present to form enol 287 and instigate a [3+3]-SR without the
need for further thermal activation (Scheme 5.5). Concurrently, the methylene protons at C-3’ of the
O-acyl chain are not sufficiently activated inhibiting DMAP’s ability to affect deprotonation at this
position, hence preventing the double enolisation necessary for an alternative 3-aza-4-oxa-[3+3]-SR
to occur.
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5.3.2

Construction of the 2,4-pyrimidinedione core

Undiscouraged, we next attempted the desired 3-aza-4-oxa-[3+3]-SR, utilising the t-butyl-protected
furyl- and thiophene-substituted systems 278a and 278b.

Scheme 5.6

Proposed [3+3]-SR of N-tert-butyl acetamide 278 in the presence of strong base.

Scheme 5.7

Synthesis of acids 277a and 277b utilising LDA at -78 ˚C.

Utilising freshly prepared LDA (from n-BuLi (1.6 M in THF) and diisopropylamine) to promote
enolisation of the carbonyl systems, the desired 3-aza-4-oxa-[3+3]-SR proceeded smoothly and,
following acidic work up, produced the desired free acids 277a and 277b. Pleasingly, the
rearrangement procedure gave consistently high yields of both the furan- and thiophene-substituted
acids (92 % and 96 % respectively). 2D COSY NMR spectroscopic analysis provided confirmation of
the presence of the desired C-C bond formation via positive H-H coupling between C-2 and C-3 of
the acid product. IR spectroscopy confirmed the presence of a free acid functionality with a
diagnostic broad peak centred at 2503 cm-1 and 2621 cm-1 in the spectrum of the furanyl- and
thiophenyl-substituted derivatives 277a and 277b, respectively.
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The final step to form the pyrimidinedione core system required a Curtius rearrangement, with the
isocyanate product 293 trapped intramolecularly to construct the desired pyrimidinedione motif
(Scheme 5.8).

Scheme 5.8

Application of the Curtius rearrangement with intramolecular trapping to obtain

pyrimidinedione 294.
Treatment of the relevant acid (277a/277b) with diphenylphosphorylazide (DPPA) in the presence of
base transforms the acid functionality to its acyl azide derivative 291 (Scheme 5.8). The desired
isocyanate 293 is achieved via thermal decomposition of the azide driving liberation of nitrogen gas.
The isocyanate group is constructed through the concerted migration of the functionality directly
adjacent to the carbonyl onto the acyl nitrene species generated as a result of the loss of the
nitrogen gas. The tert-butyl-amide is then able to close onto the generated isocyanate appendage
constructing the desired 5-substituted 2,4-pyrimidinedione motif 294.

Scheme 5.9

Synthesis of protected 2,4-pyrimidinediones 294a and 294b.
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Application of reaction conditions previously optimised in the Perlmutter group for the furylderivative 294a were applied to the synthesis of thiophenyl-substituted acid 294b (Scheme 5.9).
Treatment of the relevant acid precursor with triethylamine, followed by addition of DPPA and rapid
heating to 110 ˚C, achieved moderate yields of both the oxygen and sulfur derivatives after flash
chromatography (294a 49 % and 294b 44 %). Due to excessive degradation of product in the
presence of flash silica, previous research in the group had concluded neutral alumina was essential
in purification of the furyl derivative, however, we found little evidence of this upon purification of
either analogue using standard flash chromatography in this instance.
The final step in the construction of the desired profluorescent nucleobases required removal of the
tert-butyl protecting group of the imide nitrogen in the 3-position. Initial trials of deprotection
conditions were attempted utilising the pyrimidinedione system containing the 2’-furyl substituent
294a (Table 5.2, entries 1-3). The trials attempted on this structure employed increasingly dilute and
less acidic reaction conditions, however, subsequent iterations each resulted in complete
destruction of the starting material (Table 5.2, entries 1-3).
Table 5.2

Acid-mediated tert-butyl deprotection.

Entry

Compound

X

Conditions

Compound

Yield (%)

182b

294a

O

MeSO3H,
hexanes, 65 ˚C, 4 h

276a

decomp.

2

294a

O

10 mol % TFA,
CH2Cl2, r.t., 4 h

276a

decomp.

3

294a

O

1 mol % TFA,
CH2Cl2, r.t., 4 h

276a

decomp.

4

294b

S

10 mol % TFA,
CH2Cl2, r.t., o.n.

276b

RSM

5101

294b

S

Cu(OTf)2
CH2Cl2, r.t., o.n.

276b

RSM

S

10 mol % TFA,
Cu(OTf)2
CH2Cl2, r.t., 11 h

276b

65

6

294b
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We decided instead to progress with deprotection attempts on the potentially more stable
thiophene analogue 294b. Promisingly, repetition of conditions that had previously resulted in
destruction of the furyl analogue 294a (Table 5.2, entry 2) returned only unreacted starting material
(Table 5.2, entry 4) when applied to the thiophene analogue 294b. Interestingly, neither dilute TFA
(10 mol% in CH2Cl2) nor stoichiometric Cu(OTf)2101 were able to promote removal of the tert-butyl
group (Table 5.2, entries 4 and 5), solely returning unreacted starting material in each case.
However, in combination, the mild Lewis acid and dilute TFA were successful in cleanly effecting
cation formation and removal of the tert-butyl (Table 5.2, entry 6) generating the desired
profluorescent

nucleobase

3-(tert-butyl)-5-(thiophen-2'-yl)-dihydropyrimidine-2,4(1H,3H)-dione

276b in 65 %. Figures 5.7 and 5.8, show the 1HNMR and 13CNMR spectra respectively, obtained from
a sample of 3-(tert-butyl)-5-(thiophen-2'-yl)-dihydropyrimidine-2,4(1H,3H)-dione 276b in (CD3)2SO.

CH, C-4’ &
CH, C-3’

CH, C-5’
NH, N-3

NH, N-1

CH, C-5

CH2, C-6

1
Figure 5.7
HNMR spectra of profluorescent nucleobase 3-(tert-butyl)-5-(thiophen-2'-yl)dihydropyrimidine-2,4(1H,3H)-dione 276b in (CD3)2SO.

Removal of the tert-butyl group was confirmed by the absence of the singlet signal at 1.51 ppm in
the 1HNMR spectrum, along with the appearance of the signal at 10.61 ppm corresponding to the
NH at the 3-position (Figure 5.7). Additionally, disappearance of the signals corresponding to the
tert-butyl group of structure 276b located at 29.1 ppm (-C(CH3)3) and 59.2 ppm (-C(CH3)3) in the
13

CNMR spectra of 276b, confirms clean conversion to the desired profluorescent nucleobase 3-(tert-

butyl)-5-(thiophen-2'-yl)-dihydropyrimidine-2,4(1H,3H)-dione 276b (Figure 5.8).
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CH, C-4’
C=O, C-4

C=O, C-2

CH, C-5’
Cquat, C-2’

CH, C-3’

CH2, C-6’
CH, C-5

13
Figure 5.8
CNMR spectra of 3-(tert-butyl)-5-(thiophen-2'-yl)-dihydropyrimidine-2,4(1H,3H)dione 276b in (CD3)2SO.
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5.4
Preliminary investigations toward dihydropyrimidine-2,4-dione synthesis
from 5-exo-methylene hydantoins.

Noting the chemical transformation potential of the products achieved while developing the
5-disubstituted hydantoins and the reduced pyrimidinedione core of the profluorescent U/T
nucleobases, retrosynthetically we envisaged a novel synthesis of the reduced U/T nucleobases 276
via the exo-methine baring compounds of type 295, derived from dehydration of the 5-OH
expressing hydantoins 296 (Scheme 5.10).

Scheme 5.10

Potential pathway for the synthesis of C-5/C-6 reduced U/T nucleobases 276 from

5-disubstituted hydantoins 296.
Analysis of the literature revealed works by Sato et al.117 on the expansion of simple exo-α/βunsaturated 5-membered cyclic ketones 297 to yield their 6-membered derivatives 301 (Scheme
5.11).

Scheme 5.11
300.117b

Ring expansion of ethylidene cyclopentanone 297 via cyclopropyl intermediate

Sato et al.117 had previously described the ability of trialkylstannyl substituents to act as double
electron equivalents in various situations; inducing cyclopropane formation if a sufficiently
electropositive carbon centre β to the carbon-tin bond is generated. In the case of exo-positioned βtrialkylstannyl substituted cyclic ketones, such as 298, introduction of a secondary Lewis acid to the
system was able to induce cyclopropanation and subsequent α-fission leading ring expansion in
moderate yields (Scheme 5.11). Initially synthesis of the air stable β-stannyl ketone 298 was
achieved via conjugate addition of a trialkyltin lithiate to the α/β-enone, ethylidene cyclopentanone
297117b. Treatment of the isolated β-stannyl ketone 298 with various Lewis acids was able to induce
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the necessary polarity across the carbonyl to drive heterolysis of the carbon-tin bond and resultant
formation of the strained cyclopropane intermediate 300. Loss of the metal oxygen bond and
subsequent collapse of the cyclopropane system resulted in α-fission giving rise to the more stable
6-membered ring 301 rather than regeneration of the reduced product of the starting enone.

Scheme 5.12

Formation of the mono- and di-protected exo-methylene hydantoins 302 and 303.

From our previous investigations we were able to effectively derive a suitable 5-methylene
hydantoin 302a or 302b via acid-catalysed dehydration of pyruvate-derived hydantoins 204a and
204e (Scheme 5.12).

Scheme 5.13
dione 302a

Attempted ring expansion from cyclohexyl-protected 5-methyleneimidazolidine-2,4-

Trimethyltin lithiate was pre-formed via the treatment of trimethyltin chloride and methyl lithium at
-78 ˚C for 1 h, followed by the addition of the 5-methyleneimidazolidine-2,4-dione 302a dissolved in
CH2Cl2 via cannula (Scheme 5.13). After standard work-up as described by Sato et al.117b analysis of
the crude however showed no formation of the required alkylstannane precursor. Unfortunately,
time constraints prevented further attempts at alkylstannane formation.
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5.5

Future synthetic direction toward profluorescent isomorphic nucleosides

In conclusion, we have investigated a new protocol toward the synthesis of profluorescent
isomorphic nucleosides; successfully completing the synthesis of the profluorescent 5-(thiophen-2yl)-6-dihydro-pyrimidine base 276b, in a total yield of 23 % over 5 steps, and the t-butyl-protected
5-(furan-2-yl)-6-dihydro analogue 294a, in a total yield of 35 % over 4 steps
To avoid the destructive acid sensitivity observed during our attempts at deprotection of t-butyl
protected furan analogue 294a, it would seem prudent to alter the protecting group at the earliest
stage of the synthesis – with the alternative protecting group cleavable under neutral or mildly basic
conditions. Prevention of excessive activation of the N-hydroxyl amine substrate observed
previously with the use of a benzyl protecting group should also be taken into consideration when
selecting the appropriate substituent.
The final step to complete the synthesis of the desired profluorescent nucleoside involves
glycosylation of the 5-substituted-6-dihydro-pyrimidine base structure, followed by global
deprotection (Scheme 5.14).

Scheme 5.14

Intended synthetic conditions for production of 5-(thoiphen-2-yl)-

substituted profluorescent nucleoside R-275b.118
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CHAPTER 6: Experimental
Unless otherwise specified, all commercial reagents were purchased from Sigma-Aldrich Co.
(Milwaukee, Wisconsin, USA), AK Scientific Inc. (Union City, California, USA), Merck KGaA (Darmstadt,
Hesse, Germany), Ajax Finechem Pty. Ltd. (Sydney, New South Wales, Australia), Strem Chemicals Inc.
(Newburyport, Massachusetts, USA) or Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). All gases
were supplied by BOC (North Ryde, NSW, Australia) or Air Liquide (Melbourne, VIC, Australia). Unless
otherwise specified all reactions were performed anhydrous, under inert atmosphere (N2 or Ar).
Flash chromatography was performed using Grace Davison Davisil® silica gel 40–63 μm (W. R. Grace
& Co., Columbia, Maryland, USA) or Silicycle SiliaFlash® P60, 230-400 mesh (Silicycle Inc., Quebec
City, Quebec). Analytical thin layer chromatography was carried out using Merck Silica Gel 60 F254
aluminium-backed plates and were visualised using UV light and/or an appropriate stain
(p-anisaldehyde, vanillin, ninhydrin, I2, KMnO4, 2,4-dinitrophenylhydrazine, ceric ammonium
molybdate or bromocresol green). Anhydrous solvents were prepared by the following standard
procedures: Toluene was distilled from CaH; CH2Cl2 was distilled from P2O5; THF and Et2O were
distilled from Na/benzophenone; EtOAc, hexanes and acetone were of reagent grade. Melting points
were obtained using Reichert hot stage melting point apparatus (Reichert, Austria) and are reported
uncorrected. 1HNMR spectra were recorded at 300 MHz with a Bruker Avance DPX300 spectrometer
or at 400 MHz with a Bruker Avance DRX400 spectrometer (Bruker BioSpin Corp., Billerica,
Massachusetts, USA). CDCl3 used for NMR spectroscopy was stored over Ag. The 1H spectra were
obtained in CDCl3 (internal reference δ 7.26 ppm), CDCl3 with tetramethylsilane (internal reference
δ 0.00 ppm), CD3OD (internal reference δ 3.31 ppm), CD3CN (internal reference δ 1.94 ppm), (CD3)2O
(internal reference δ 2.50 ppm) or D2O (internal reference δ 4.79 ppm). Each resonance was
assigned according to the following convention: chemical shift (ppm), multiplicity, coupling constant
(J Hz), number of protons, assignment. Multiplicities are denoted as s (singlet), d (doublet), t (triplet),
q (quartet), m (multiplet) or br (broad). 13CNMR spectra were recorded at 75 MHz with a Bruker
Avance DPX300 spectrometer or at 100 MHz with a Bruker Avance DRX400 spectrometer
(BrukerBioSpin Corp., Billerica, Massachusetts, USA) and were obtained in CDCl3 with (internal
reference δ 77.16 ppm), CDCl3 with tetramethylsilane (internal reference δ 77.16 ppm), CD3OD
(internal reference δ 49.00 ppm) or CD3CN (internal reference δ 1.32 ppm). Each resonance was
assigned according to the following convention: chemical shift (ppm), structural assignment.
Homonuclear correlation spectra and heteronuclear multiple quantum coherence spectra were
recorded with Bruker Avance DPX300 or DRX400 spectrometers. Absorption infra-red spectra were
obtained using a Bruker Equinox IFS55 FTIR spectrometer (Bruker Optics Inc., Billerica,
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Massachusetts, USA), fitted with a mercury-cadmium-telluride detector and a Specac Golden Gate
single reflection diamond ATR window, using 50 scans at a resolution of 4 cm-1, or on an Agilent Cary
630 FTIR spectrometer, fitted with a deuterated L-alanine-doped triglycine sulfate (DLaTGS) detector
and a single-bounce diamond ATR window, using 50 scans at a resolution of 2 cm -1. Absorption
bands are reported as peak wavenumber (cm-1). Optical Rotations were obtained at r.t. using a
PolAAR 2001 automatic polarimeter (Optical Activity Ltd., Huntingdon, Cambridgeshire, UK) with a 1
dm cell at a wavelength of 589 nm (sodium D line), quoted as: [α]ᴅ, concentration c (g/100 mL),
solvent. Low resolution electrospray ionisation mass spectrometry was performed and recorded on
a Micromass Platform spectrometer (Micromass Ltd., Wythenshawe, Manchester, UK). Accurate
mass determinations were made on an Agilent G1969ALC-TOF system (Agilent Technologies, Santa
Clara, California, USA) with reference and mass correction at 4000 V capillary voltage for
electrospray ionisation. Chiral HPLC was performed using an Agilent 1200 Infinity Series HPLC
(Agilent Technologies, Santa Clara, California, USA) fitted with a photodiode array detector and
quaternary solvent delivery system. Analysis was performed using a Chiralcel OD-H (4.7 × 250 mm)
or a Chiralcel OJ (4.7 × 250 mm) column (Daicel Corporation, Osaka, Japan). Chiral HPLC was
performed using an Agilent 1200 Infinity Series HPLC (Agilent Technologies, Santa Clara, California,
USA) fitted with a photodiode array detector and quaternary solvent delivery system. Analysis was
performed using a Chiralcel OD-H (4.7 × 250 mm) or a Chiralcel OJ (4.7 × 250 mm) column (Daicel
Corporation, Osaka, Japan). X-ray crystallographic measurements were recorded at 123 K using a
Nonius Kappa CCD diffractometer (Bruker AXS B.V., Delft, The Netherlands), fitted with a Mo-Kα
radiation source and graphite monochromator (λ= 0.71073 Å). Structural solutions were obtained
using direct methods (SHELXS 971) and successive refinement of full matrix least squares on F2
(SHELXL 971). All non-hydrogen atoms were refined using anisotropic thermal parameters.
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(R)-5-((S)-2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-3,4-dihydroxyfuran-2(5H)-one 13271f
Acetyl chloride (0.24 mL, 3.41 mmol) was added to a stirred solution of ascorbic acid 130 (1.0 g, 5.68
mmol) in acetone (4.2 mL). The slurry was fitted with a CaCl2 drying tube and stirred at room
temperature for 3h after which the reaction was stoppered and cooled at -4 °C for 4 h. The resultant
solid was filtered, washed with cold acetone and recrystallised from acetone and water to give the
title compound 132 as a white solid (1.38 g, 92 %, MP 208-212 °C (lit. 214-218 °C)73, Rf 0.42 (20 %
EtOAc in hexanes)).
1

HNMR (300 MHz, (CD3)2SO, δ ppm): 1.24 (s, 6 H, -C(CH3)2), 3.89 (dd, 1 H, J 6.2, 8.3, -CHA, C-5’), 4.10

(dd, 1 H, J 7.1, 8.3, -CHB, C-5’), 4.27 (dt, 1 H, J 3.0, 6.3, -CH, C-4’), 4.70 (d, 1 H, J 3.0, -CH, C-5), 8.49
(brs, 1 H, -OH). 13CNMR (75 MHz, (CD3)2SO, δ ppm): 26.2 (-C(CH3)2), 26.6 (-C(CH3)2), 62.9 (-CH2, C-5’),
74.3 (-CH, C-4’), 75.1 (-CH, C-5), 109.9 (-C(CH3)2), 119.0 (Cquat, C-4), 153.2 (Cquat, C-3), 170.0 (C=O).
[α]25D - 23.7 ˚ (c 1.0, H2O), lit. - 25.2 ˚ (c 1.0, H2O)119.
Data is in accordance with literature values.120
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(R)-5-((R)-2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-3,4-dihydroxyfuran-2(5H)-one 133
To a stirred solution of D-isoascorbic acid 117 (4.0 g, 23.44 mmol) in THF (50 mL) was added
(-)-camphorsulfonic acid (0.66 g, 2.84 mol) and 2,2-dimethoxypropane (5.23 mL, 42.58 mmol). The
reaction was heated at 70 °C for 17 h after which time triethylamine (0.4 mL, 2.84 mmol) was added
and the hot solution filtered over a short plug of silica. The solution was concentrated to dryness in
vacuo and Et2O (10 mL) was added to the resultant foam. The mixture was titrated and the resultant
precipitate decanted (x 5). Collected solids were washed with small portions of cold EtOAc to yield
the title compound 133 as a pale tan solid (5.58 g, 93 %, MP 185-192 °C (lit. 187-189 ˚C)71b, Rf 0.4 (1 %
AcOH in EtOAc)) which could be further recrystallised from EtOAc to obtain colourless crystals.
1

HNMR (300 MHz, MeOD, δ ppm): 1.28 (s, 3 H, -C(CH3)2), 1.33 (s, 3 H, -C(CH3)2), 3.56 (dd, 1 H, J 5.4,

8.3, -CHA, C-5’), 3.90 (dd, 1 H, J 7.1, 8.3, -CHB, C-5’), 4.39 (dt, 1 H, J 3.0, 6.3, -CH, C-4’), 4.83 (d, 1 H, J
3.0, -CH, C-5). [α]25D + 25.1 ˚ (c 1.0, H2O), lit. + 26.5 ˚ (c 1.0, H2O)71b.
Data is in accordance with literature values.71b
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(3R,3aR,6R,6aS,7R)-6,6a-dihydroxy-7-phenyltetrahydro-3,6-(epoxymethano)-furo[3,2-b]-furan5(2H)-one 139

To a stirred solution of D-isoascorbic acid 117 (1.0 g, 5.68 mmol) in MeCN (15 mL) was added TsOH
(0.11 g, 0.57 mmol) and benzaldehyde dimethyl acetal (0.94 mL, 6.25 mmol). The reaction was
heated at 90 °C for 14 h. After which time the solution was cooled to r.t., volatiles removed in vacuo
and the resultant foam redissolved in a minimum of EtOAc (5 mL). CH2Cl2 was added and the
solution was sonicated briefly. The resultant precipitate was collected and washed with small
portions of ice-cold EtOAc to give the title compound 139 as a tan solid (5.58 g, 93 %, MP 218-221 °C,
Rf 0.4 (EtOAc 1 % AcOH)) which could be further recrystallised from chloroform to obtain colourless
crystals.
1

HNMR (400 MHz, CDCl3, δ ppm): 4.40 (d, 1 H, J 11.2, -CHA, C-2), 4.52 (dd, 1 H, J 2.4, 11.2, -CHB, C-2),

4.63 (dd, 1 H, J 2.3, 3.5, -CH, C-3a), 4.88 (d, 1 H, J 3.6, -CH, C-3), 5.03 (s, 1 H, -CH, C-7), 7.37-7.41 (m, 5
H, -CHAr); 13CNMR (100 MHz, CDCl3, δ ppm): 71.8 (-CH2, C-2), 74.5 (-CH, C-3a), 78.1 (-Cquat, C-6a), 78.6
(-CHPh, C-7), 79.6 (-CH, C-3), 106.8 (-Cquat, C-6), 127.7 (-CHAr), 128.0 (-CHAr), 129.0 (-CHAr), 133.8 (-Cquat,
Ar) 172.4 (C=O). IR (neat) νmax: 3489 (-OH), 3471 (-OH), 3387 (-OH, H-bonded), 1175 (C=O stretch);
HRMS Calculated (C13H12O6) m/z 264.0634, found [M+NH4+] 282.0965. [α]25D - 22.1 ˚ (c 1.0, H2O).
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(5R)-3,4-dihydroxy-5-((4’R)-2’-phenyl-1’,3’-dioxolan-4’-yl)furan-2(5H)-one 118
To a stirred solution of D-isoascorbic acid 117 (3.0 g, 17.03 mmol) in THF (20 mL) was added
(-)-camphorsulfonic acid (0.2 g, 0.85 mmol) and benzaldehyde dimethyl acetal (2.30 mL, 15.33
mmol). The reaction was heated at 70 °C for 17 h before triethylamine (0.12 mL, 0.85 mmol) was
added. The solution was concentrated in vacuo and the resultant crude was redissolved in EtOAc
(10 mL). Hexanes was added (100 mL) and the solution was left for 5 days when the resultant
precipitate was collected via vacuum filtration and washed with small portions of cold EtOAc to yield
the title compound 118 in a d.r. of 8.3:1, as an off-white amorphous solid (0.67 g, 33 %, MP
177-181 ˚C).
1

HNMR (400 MHz, CDCl3, δ ppm): 3.68 (dd, 1 H, J 8.0, 8.4, -CHA, C-5’major), 3.78 (dd, 1 H, J 4.8,

8.4, -CHA, C-5’minor), 3.97 (d, 1 H, J 8.4, -CHB, C-5’minor), 4.17 (dd, 1 H, J 7.2, 8.3, -CHB, C-5’major),
4.54-4.61 (m, 2 H, -CH, C-4’major; -CH, C-5minor), 5.01 (d, 1 H, J 2.8, -CH, C-4’minor), 5.07 (d, 1 H, J 3.1, -CH,
C-5major), 5.73 (s, 1 H, -CHPhminor), 5.84 (s, 1 H, -CHPhmajor), 7.39-7.51 (m, 10 H, -CHAr), 8.69 (-OH),
11.44 (-OH).

13

CNMR (100 MHz, CDCl3, δ ppm): 63.9 (-CH2, C-5’), 74.7 (-CH, C-5), 74.8 (-CH, C-4’),

103.7 (-CHPh), 118.7 (-Cquat, C-3), 126.6 (-CHAr), 128.3 (-CHAr), 129.4 (-CHAr), 137.3 (-Cquat, Ar), 152.3
(-Cquat, C-4), 169.7 (C=O). IR (neat) νmax: 3659 (OH, H-bonded), 2965 (CH3 stretch), 2931 (CH3 stretch),
1270 (C=O). HRMS: Calculated (C13H12O6) m/z 264.0634, found [M+H+] 264.0697
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(R)-1-((R)-2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-2-methoxy-2’’-oxoethyl

2’’-(methylthio)-2-oxoacetate

147
To a solution of oxalyl chloride (0.18 mL, 2.10 mmol) in CH2Cl2 (10 mL) at -78 °C was added DMSO
(0.26 mL, 3.68 mmol) dropwise. The solution was stirred cold for 10 min followed by dropwise
addition of 2R,3R-α-hydroxyester 132b (0.2 g, 1.05 mmol) in CH2Cl2 (10 mL). The reaction was stirred
for a further 1 h at -78 °C after which time triethylamine (0.88 mL, 6.31 mmol) was added and the
solution warmed slowly to room temperature. The reaction was stirred for a further 2 h, quenched
with H2O (40 mL) and the aqueous phase was extracted with CH2Cl2 (3x). Combined organic extracts
where washed with H2O, brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The
resultant crude was subjected to flash chromatography (25 % EtOAc in hexanes) to give the title
compound 147 as a clear yellow oil (0.077 g, 39 %, Rf 0.36 (25 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm); 1.30 (s, 3H, -C(CH3)2), 1.36 (s, 3 H, -C(CH3)2), 2.34 (s, 3 H, -C(O)SCH3),

3.73 (s, 3 H, -CO2CH3), 4.02 (dd, 2 H, J 2.4, 6.4, -CH2, C-5’), 4.49 (dt, 1 H, J 4.4, 6.1, -CH, C-4’), 5.20 (d,
1 H, J 4.4, -CH, C-1). 13CNMR (100 MHz, CDCl3, δ ppm); 11.9 (-SCH3), 25.2 (-C(CH3)2), 26.1 (-C(CH3)2),
52.8 (-CO2CH3), 65.0 (CH2, C-5’), 73.8 (CH, C-1), 74.2 (CH, C-4’), 110.1 (-C(CH3)2), 157.6 (C=O, C-2’’),
166.7 (-CO2CH3), 184.3 (C=O, C-3’’). IR (neat) νmax: 2988 (w, CH stretch), 2957 (w, CH stretch), 1742
(C=O, ester), 1684 (C=O, thioester), 1209 (C-O), 1052 (C-O), 1018 (C-O). LRMS Calculated (C11H16O7)
m/z 292.31, found [M+Na+] 314.9
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General Procedure A
Part 1) To a stirred solution of acetonide (1.0 eq) in H2O (2.5 mL/mmol) at 0 °C was added CaCO3
(2.0 eq) in small portions. The reaction was stirred until foaming ceased. 30 % aq. hydrogen peroxide
(4.0 eq,) was added dropwise and the solution warmed to room temperature over 1 h. The reaction
was stirred at room temperature o.n., after which time activated carbon (3 mol%) and 10 % Pd/C
(0.3 mol%) was added. The reaction was heated to 40 °C for 30 min then cooled to r.t. and filtered
over a short silica plug with H2O. The filtrates were concentrated under reduced pressure.
Part 2) Method A)
To a solution of the resultant product of General Procedure A, Part 1) in MeCN (1 mL/mmol) was
added K2CO3 (2.0 eq) in one portion. Iodomethane (5 eq.) was then added dropwise to the resultant
suspension and the reaction was stirred for a further 2 h. After which time the reaction was
concentrated in vacuo and the resultant crude oil subjected to flash chromatography to yield the
desired α-hydroxy ester.
Method B)
To a solution of the resultant General Procedure A, Part 1) in DMF (1 mL/mmol) was added NaHCO3
(2.0 eq) was added in one portion. Iodomethane (5 eq.) was added dropwise to the resultant
suspension and the reaction was warmed to 60°C and stirred for a further 3 d. After which time the
reaction was concentrated in vacuo and the resultant crude oil subjected to flash chromatography to
yield the desired α-hydroxy ester.

122 | P a g e

(R)-methyl 2-((S)-2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-2-hydroxyacetate 132a 60a
2R,3S-isopropylidene-L-ascorbic acid 130 (1.0 g), CaCO3 (0.93 g), 30 % aq. H2O2 (2.1 mL), activated
carbon (0.22 g), 10 % Pd/C (0.013 g), K2CO3 (1.28 g), MeI (3.28 mL) were reacted in accordance with
general procedure A; part 1 and part 2 (method A) to yield the title compound 132a as clear oil (59
mg, 67 % over two steps, Rf 0.2 (20 % EtOAc in hexanes)).
1

H NMR (400 MHz, CDCl3, δ ppm); 1.36 (s, 3 H, -C(CH3)2), 1.43 (s, 3 H, -C(CH3)2), 3.23 (d, 1 H, -OH),

3.82 (s, 3 H, -CO2CH3), 4.02 (dd, 1 H, J 6.8, 8.4, -CHA , C-5’), 4.10 (dd, 1 H, J 6.8, 8.4, -CHB , C-5’), 4.16
(dd, 1H, J 3.2, 8.0, -CH, C-2), 4.40 (dt, 1H, J 2.8, 6.8, -CH, C-4’). 13C NMR (100 MHz, CDCl3, δ ppm);
25.1 (-C(CH3)2), 25.9 (-C(CH3)2), 52.5 (-CO2CH3), 65.4 (-CH2, C-5’), 70.2 (-CH, C-2), 76.1 (-CH, C-4’),
109.7 (-C(CH3)2), 172.4 (C=O). [α]25D + 17.9 ˚ (c 1.0, CHCl3), lit. + 16.2 ˚ (c 3.7, CHCl3)121.
Data is in accordance with literature values.120

(R)-methyl 2-((R)-2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-2-hydroxyacetate 132b60a
2R,3R-isopropylidene-D-ascorbic acid 117 (4.0 g), CaCO3 (3.72 g), 30 % aq. H2O2 (8.4 mL), activated
carbon (0.88 g), 10 % Pd/C (0.052 g), NaHCO3 (3.08 g), MeI (13.12 mL) were reacted in accordance
with general procedure A; part 1 and part 2 (method B) to yield the title compound 132b as clear oil
(0.059 g, 92 % over two steps, Rf 0.37 (40 % EtOAc in hexanes)).
1

H NMR (400 MHz, CDCl3, δ ppm); 1.36 (s, 3 H, -C(CH3)2), 1.44 (s, 3 H, -C(CH3)2), 2.85 (d, 1 H, J

6.2, -OH), 3.82 (s, 3 H, -CO2CH3), 4.03 (d, 2 H, J 6.0, -CH2, C-5’), 4.25-4.34 (m, 2 H, -CH, C-2; -CH, C-4’).
13

C NMR (100 MHz, CDCl3, δ ppm); 25.1 (-C(CH3)2), 26.4 (-C(CH3)2), 52.7 (-CO2CH3), 65.1 (-CH2, C-5’),

71.2 (-CH, C-2), 77.0 (-CH, C-4’), 110.1 (-C(CH3)2), 172.5 (C=O).
Data is in accordance with literature values.60a
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(4R,5S)-methyl 5-(hydroxymethyl)-2,2-dimethyl-1,3-dioxolane-4-carboxylate 306 122
To a stirred solution of acetonide protected 2R,3S-α-hydroxyester 132b (0.1 g, 0.53 mmol) in CH2Cl2
(2.6 mL) at 0 °C was added TiCl4 (57.6 μL, 0.53 mmol) dropwise. The solution was stirred for 10 min
followed by dropwise addition of triethylamine (0.22 mL, 1.58 mmol). The reaction was allowed to
warm to room temperature and subsequently stirred for a further 10 min at which time the reaction
was quenched with sat. NH4Cl. The reaction was diluted with CH2Cl2 (5 mL), partitioned and the
aqueous phase was further extracted with CH2Cl2 (x 3). Combined organic extracts where washed
with sat. NH4Cl, brine, dried over anhydrous Na2SO4 and concentrated in vacuo. The resultant crude
was subjected to flash chromatography (40 % EtOAc in hexanes) to give the title compound 306 as a
clear yellow oil (0.034 g, 37 %, Rf 0.21 (40 % EtOAc in hexanes)).
1

H NMR (400 MHz, CDCl3, δ ppm); 1.45 (s, 3 H, -C(CH3)2), 1.49 (s, 3 H, -C(CH3)2), 2.04 (dd, 1 H, J 4.4,

8.2, -OH), 3.73-3.83 (m, 1 H, -CHA, C-6), 3.80 (s, 3 H, -CO2CH3), 3.96 (dt, 1 H, J 3.6, 12.0, -CHB, C-6),
4.23-4.27 (m, 1 H, -CH, C-5), 4.47 (d, 1 H, J 7.7, -CH, C-4). 13C NMR (100 MHz, CDCl3, δ ppm); 25.6
(-C(CH3)2), 26.8 (-C(CH3)2), 52.4 (-CO2CH3), 61.8 (-CH2, C-6), 75.0 (-CH, C-4), 79.1 (-CH, C-5), 111.4
(-C(CH3)2), 171.1 (C=O).
Data is in accordance with literature values.123
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(R)-methyl 2-(2’,2’-dimethyl-1’,3’-dioxolan-4’-yl)-2-oxoacetate 14655a
To a stirred solution of 2R,3R-α-hydroxy ester 132b (0.1 g, 0.53 mmol) in CH2Cl2 (6 mL) at r.t.,
containing powdered 4Å MS (0.6 g), was added PCC (0.53 g, 2.1 mmol). The slurry was stirred for 3 h,
diluted with CH2Cl2 and filtered over a short pad of Florisil®. The collected filtrates were
concentrated in vacuo to yield the title compound 146 (0.032 g, 33 %, Rf 0.34 (40 % EtOAc in
hexanes)) which was used in subsequent reactions without further purification.
1

H NMR (400 MHz, CDCl3, δ ppm); 1.43 (s, 3 H, -C(CH3)2), 1.46 (s, 3 H, -C(CH3)2), 3.90 (s, 3 H, -CO2CH3),

4.18 (dd, 1 H, J 4.9, 9.0, -CHA , C-5’), 4.34 (dd, 1 H, J 5.9, 9.0, -CHB , C-5’), 5.05 (dd, 1 H, J 4.9, 7.7, -CH,
C-4’). 13C NMR (100 MHz, CDCl3, δ ppm); 25.2 (-C(CH3)2), 25.8 (-C(CH3)2), 53.0 (-CO2CH3), 65.8 (-CH2,
C-5’), 78.2 (-CH, C-4’), 111.7 (-C(CH3)2), 161.6 (-CO2CH3), 191.4 (C=O). IR (neat) νmax: 2960 (CH), 2927
(CH), 1745 (C=O, ester), 1738 (C=O, ketone). LRMS Calculated (C8H12O5) m/z 188.07, found [M+H+]
189.11
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(3R,4R)-3,4-dihydroxydihydrofuran-2(3H)-one 164.124
To a solution of isoascorbic acid 117 (2.0 g, 11.36 mmol) dissolved in H2O (20 mL) and cooled to 0 oC,
was added Na2CO3 (2.41 g, 22.71 mmol) in small portions with vigorous stirring (CAUTION!
exothermic). The resultant suspension was stirred for a further 10 min and 30 % aq. H2O2 (2.83 mL,
24.98 mmol) was then added dropwise over 5 min. The reaction was then slowly warmed to room
temperature. After stirring overnight, 5 % Pd/C (0.052 g) and activated carbon (0.44 g) were added
and the reaction stirred until a negative starch test was obtained (approx. 30 min). The suspension
was filtered over a short plug of silica with H2O (100 mL) and the filtrate was treated with 5 M HCl to
a pH ~1. The resultant acidic solution was concentrated in vacuo to give a crude grey precipitate. The
precipitate was triturated with boiling EtOAc and the soluble organic phase decanted (3 x 30 mL).
Combined organic phases were concentrated in vacuo to yield the title compound 164 as white
needles (1.33 g, 99 %, Rf 0.1 (50 % EtOAc in hexanes), MP 102-106 o C (lit. 104-105 o C)125).
1

H NMR (400 MHz, δ ppm, CDCl3): 4.41 (ddd, 1 H, J 1.2, 2.3, 4.8, -CH, C-4), 4.36 (d, 1 H, J 4.9, -CH,

C-3), 4.32 (d, 1 H, J 9.8, -CHA, C-5), 4.29 (dd, 1 H, J 2.4, 10.6, -CHB, C-5). 13C NMR (100 MHz, δ ppm,
CDCl3): 174.3 (C=O), 71.8 (CH, C-4), 69.6 (CH, C-3), 68.3 (CH2, C-5). [α]25D - 76.2 o (c 0.5, H2O),
lit. - 73.2 o (c 0.533, H2O)125.
Data is in accordance with literature values.125
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(3R,4R)-O-Isopropylidene-ᴅ-erythronolactone 148 123
Procedure a)
TiCl4 (28.8 μL, 0.26 mmol) was added dropwise to a stirred solution of acetonide protected
2R,3R-α-hydroxyester 132b (0.1 g, 0.53 mmol) in CH2Cl2 (2.6 mL) at 0 °C. The solution was stirred for
10 min and triethylamine (0.22 mL, 1.58 mmol) was added dropwise. The reaction was allowed to
warm to room temperature and subsequently stirred for a further 1 h at which time the reaction
was quenched with sat. NH4Cl (3 mL). The reaction was diluted with CH2Cl2 and the aqueous phase
was further extracted with CH2Cl2 (x3). Combined organic extracts where washed with sat. NH4Cl,
brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo to give the title compound
148 as white solid (92 mg, 92 %, Rf 0.23, 40 % EtOAc in hexanes, MP 66-71 ˚C (lit. 68-68.5 ˚C126)).
Procedure b)76
To a stirred solution of (3R,4R)-3,4-dihydroxydihydrofuran-2(3H)-one 164 (0.5 g, 4.23 mmol) in THF
(5 mL) containing 4 Å MS was added TsOH (0.160 g, 0.84 mmol) and 2,2-dimethoxypropane (1.04 mL,
8.46 mmol). The reaction was stirred at r.t. overnight followed by addition of triethylamine (0.12 mL,
0.84 mmol). The reaction mixture was filtered through a sintered funnel and the filtrate poured into
ice-cold Et2O (30 mL) before being placed in the refrigerator for 2 h. The filtrate was decanted from
the resultant precipitate and concentrated in vacuo to give a crude solid which was purified via flash
chromatography (40 % EtOAc in hexanes) to give the title compound 148 as a white solid (0.18 g,
27 %, Rf 0.23 (40 % EtOAc in hexanes), MP 66-71 ˚C (lit. 68-68.5 ˚C126)).
1

HNMR (400 MHz, CDCl3, δ ppm); 1.40 (s, 3 H, -C(CH3)2), 1.47 (s, 3 H, -C(CH3)2), 4.42 (dd, 1 H, J 3.5,

11.1, -CHA, C-5), 4.46 (dd, 1 H, J 0.7, 10.8, -CHB, C-5), 4.76 (d, 1 H, J 5.6, -CH, C-3), 4.40 (ddd, 1 H, J 0.9,
3.4, 5.6, -CH, C-4). 13CNMR (100 MHz, CDCl3, δ ppm); 25.5 (-C(CH3)2), 26.7 (-C(CH3)2), 70.2 (-CH2, C-5),
74.6 (-CH, C-3), 75.4 (-CH, C-4), 114.0 (-C(CH3)2), 174.0 (C=O). [α]25D - 102.9
lit. - 103.4 o (c 1.0, H2O)123.
Data is in accordance with literature values.123

o

(c 1.0, H2O),
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(3R,4R)-3-((tert-butyldimethylsilyl)oxy)-4-hydroxydihydrofuran-2(3H)-one 166

In small portions, to a stirred solution of (3R,4R)-3,4-dihydroxydihydrofuran-2(3H)-one 164 (1.0 g,
8.47 mmol) in DMF (10 mL) at 0 ˚C, was added imidazole (1.12 g, 17.78 mmol), followed by TBSCl
(1.28 g, 8.47 mmol). The solution was raised to r.t. and stirred for 16 h, followed by addition of H2O
(15 mL). The solution was then diluted with CH2Cl2 (30 mL) and the phases partitioned. The aqueous
phase was further extracted with CH2Cl2 (3 x 20 mL). Combined organic extracts were washed with
sat. NaCl, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The resultant crude was
subjected to flash chromatography (15 % EtOAc in hexanes) to give 167 and the title compound 164
as white amorphous solid (0.557 g, 28 %, Rf 0.19, 20 % EtOAc in hexanes) which could be further
recrystallised from EtOAc to obtain colourless needles (MP 100-101 ˚C)
1

HNMR (400 MHz, CDCl3, δ ppm); 0.21 (s, 3 H, -OSi(CH3)2), 0.26 (s, 3 H, -OSi(CH3)2), 0.95 (s, 9

H, -OSiC(CH3)3), 2.82 (s, 1 H, -OH) 4.27 (ddd, 1 H, J 1.6, 3.2, 10.6, -CHA, C-5), 4.34-4.37 (m, 2 H, -CHB,
C-5, -CH, C-4), 4.42 (d, 1 H, J 4.9, -CH, C-3). 13CNMR (100 MHz, CDCl3, δ ppm); -5.4 (-OSi(CH3)2), -4.5
(-OSi(CH3)2), 18.0 (-OSiC(CH3)3), 25.6 (-OSiC(CH3)3), 68.5 (-CH, C-4), 70.3 (-CH, C-3), 70.8 (-CH2, C-5),
174.1 (C=O). IR (neat) νmax: 3466 (brs, -OH), 2951 (CH), 2930 (CH), 2894 (CH), 2856 (CH), 1771 (C=O,
lactone), 1160 (Si-O). HRMS: Calculated (C10H20O4Si) m/z 232.1131, found [M+Na+] 255.1052. [α]25D
+ 24.0 o (c 1.0, H2O)
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(3R,4R)-4-((tert-butyldimethylsilyl)oxy)-3-hydroxydihydrofuran-2(3H)-one 167
In small portions, to a stirred solution of (3R,4R)-3,4-dihydroxydihydrofuran-2(3H)-one 164 (1.0 g,
8.47 mmol) in DMF (10 mL) at 0 ˚C, was added imidazole (1.12 g, 17.78 mmol), followed by TBSCl
(1.28 g, 8.47 mmol). The solution was raised to r.t. and stirred for 16 h, followed by addition of H2O
(15 mL). The solution was then diluted with CH2Cl2 (30 mL) and the phases partitioned. The aqueous
phase was further extracted with CH2Cl2 (3 x 20 mL). Combined organic extracts were washed with
sat. NaCl, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The resultant crude was
subjected to flash chromatography (15 % EtOAc in hexanes) to give 166 and the title compound 167
as white amorphous solid (0.557 g, 28 %, Rf 0.13, 20 % EtOAc in hexanes) which could be further
recrystallised from Et2O to obtain colourless plates (MP 84-86 ˚C)
1

HNMR (400 MHz, CDCl3, δ ppm); 0.14 (s, 6 H, -OSi(CH3)2), 0.91 (s, 9 H, -OSiC(CH3)3), 2.62 (d, 1 H, J

9.6, -OH) 4.21 (d, 1 H, J 10.5, -CHA, C-5), 4.30-4.35 (m, 2 H, -CHB, C-5; -CH, C-4), 4.48 (dd, 1 H, J 2.9,
4.8, -CH, -C-3).

13

CNMR (100 MHz, CDCl3, δ ppm); -4.9 (-OSi(CH3)2), -4.8 (-OSi(CH3)2), 18.1

(-OSiC(CH3)3), 25.6 (-OSiC(CH3)3), 69.8 (-CH, C-4), 69.8 (-CH, C-3), 72.2 (-CH2, C-5), 175.2 (C=O,
lactone). IR (neat) νmax: 3379 (brs, -OH), 3013 (CH), 2951 (CH), 2885 (CH), 2856 (CH), 1765 (C=O),
1106 (Si-O). HRMS: Calculated (C10H20O4Si) m/z 232.1131, found [M+Na+] 255.1012. [α]25D - 58.2
(c 1.0, H2O)

o
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3',4-bis((tert-butyldimethylsilyl)oxy)-[2,3'-bifuran]-2',5(2H,3'H)-dione 169
To a stirred solution of (3R,4R)-3-((tert-butyldimethylsilyl)oxy)-4-hydroxydihydrofuran-2(3H)-one 166
(0.1 g, 0.43 mmol) in CH2Cl2 (0.2 mL) at 0 °C was added TiCl4 (94 μL, 0.86 mmol) dropwise. The
solution was stirred for 10 min and triethylamine (0.15 mL, 1.08 mmol) was added dropwise. The
reaction was stirred for a further 1 h at which time the reaction was quenched with sat. NH4Cl (3 mL).
The reaction was diluted with CH2Cl2, partitioned, and the aqueous phase was extracted with CH2Cl2
(x3). Combined organic extracts where washed with sat. NH4Cl, brine, dried over anhydrous Na2SO4,
filtered and concentrated in vacuo. The resultant crude was subjected to flash chromatography (20 %
EtOAc in hexanes) to give the title compound 169 as an opaque white oil (13 mg, 30 %, Rf 0.48, 20 %
EtOAc in hexanes) in a d.r. of 1.0:0.13:0.04.
1

HNMRmajor (400 MHz, δ ppm, CDCl3): 0.07 (s, 3 H, -OSi(CH3)2), 0.11 (s, 3 H, -OSi(CH3)2), 0.24 (s, 6

H, -OSi(CH3)2), 4.99 (d, 1 H, J 2.0, -CH, C-2), 5.60 (d, 1 H, J 3.6, -CH, C-4’), 6.18 (d, 1 H, J 2.0, -CH, C-3),
6.94 (d, 1 H, J 3.6, -CH, C-5’). 13CNMRmajor (100 MHz, δ ppm, CDCl3): 25.6 (-C(CH3)2), 26.7 (-C(CH3)2),
78.1 (-Cquat, C-3’), 79.6 (-CH, C-3), 110.2 (-CH, C-4’), 119.0 (-CH, C-2), 144.5 (-Cquat, C-3’), 146.2 (-CH,
C-5’), 168.2 (C=O, C-5), 172.8 (C=O, C-2’). IR (neat) νmax: 2928 (CH stretch), 2856 (CH stretch), 1803
(C=O lactone), 1769 (C=O lactone), 1125 (Si-O). HRMS: Calculated (C20H34O6Si2) m/z 426.1894, found
[M+Na+] 449.1787
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diethyl 2-hydroxy-2-methyl-4-oxopentanedioate 153
To a stirred solution of ethyl pyruvate 152 (0.05 g, 0.43 mmol) in THF (0.4 mL) at 0 °C was added SmI2
(0.1 M in THF , 4.7 mL, 0.47 mmol) dropwise. The solution was stirred cold for 30 min and queched
with sat NaCl. The reaction warmed to r.t., diluted with EtOAc, partitioned, and the aqueous phase
was extracted with EtOAc (x3). Combined organic extracts where washed with sat. NaCl, dried over
anhydrous Na2SO4, filtered and concentrated in vacuo. The resultant crude was subjected to flash
chromatography (25 % EtOAc in hexanes) to give the title compound 153 as colourless oil (22 mg,
44 %, Rf 0.31, 25 % EtOAc in hexanes)
1

HNMR (400 MHz, CDCl3, δ ppm): 1.28 (t, 3 H, J 6.8, -CO2CH2CH3), 1.36 (t, 3 H, J 7.2, -CO2CH2CH3),

1.45 (s, 3 H, -C(OH)CH3), 3.34 (q, 2 H, J 17.6, 20.8, -CH2, C-3), 4.24 (q, 2 H, J 6.8, 14.0, -CO2CH2CH3),
4.31 (q, 2 H, J 7.2, 14.4, -CO2CH2CH3).

13

CNMR (100 MHz, CDCl3, δ ppm); 13.9 (-CO2CH2CH3), 14.0

(-CO2CH2CH3), 26.7 (-C(OH)CH3), 48.2 (-CH2, C-3), 62.2 (-CO2CH2CH3), 62.7 (-CO2CH2CH3), 72.1 (-Cquat,
C-2), 160.4 (C=O, C-5), 175.3 (C=O, C-1), 191.8 (C=O, C-4).
Data is in accordance with literature values.127
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(R)-2-((tert-butyldimethylsilyl)oxy)propanoic acid 186b128
To a stirred solution of 2-((tert-butyldimethylsilyl)oxy)ethyl lactate 185 (0.92 g, 3.96 mmol) in THF
(37 mL) at 0 ˚C was added LiOH.H2O (0.2 M in H2O, 37 mL) drop-wise over 45 mins. The reaction was
then raised to r.t. and stirred for a further 3 h, after which the solution was concentrated in vacuo to
half the starting volume. The remaining solution was washed with Et2O (2 x 10 mL). Organic
washings were combined and further extracted with sat. NaHCO3 (20 mL). Aqueous phases were
combined, acidified with KHSO4 to pH 3-4 then extracted with Et2O (3 x 30 mL). Organic extracts
were combined, dried with Na2SO4, filtered and concentrated in vacuo to give the title compound
186b as a clear oil (0.663 g, 82 %, Rf 0.56 (40 % EtOAc in Hexanes)). Crude material was used without
further purification.
1

HNMR (400 MHz, CDCl3, δ ppm): 0.15 (s, 6 H, -OSi(CH3)2C(CH3)3), 0.93 (s, 9 H, -OSi(CH3)2C(CH3)3),

1.46 (d, 3 H, J 6.8, -CH3, C-3), 4.36 (q, 1 H, J 6.9, 13.7, -CH, C-2).

13

CNMR (100 MHz, CDCl3,

δ ppm); -5.3 (-OSi(CH3)2C(CH3)3), -4.7 (-OSi(CH3)2C(CH3)3), 18.0 (-OSi(CH3)2C(CH3)3), 21.1 (-CH3, C-3),
25.6 (-OSi(CH3)2C(CH3)3), 68.7 (-CH, C-2), 175.7 (-CO2H). [α]25D + 44.3 o (c 1.0, CHCl3), lit. + 42.5 o
(c 1.04, CHCl3)129.
Data is in accordance with literature values.129
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(R)-methyl 2-hydroxy-2-phenylacetate 182.130
To a stirred solution of (R)(-)-mandelic acid 181 (4.0 g, 26.3 mmol) in dry MeOH (80 mL) was added
p-TSA (0.5 g, 2.63 mmol). The reaction was brought to reflux for 3 h whence the reaction was cooled
and volatiles removed in vacuo. The residue was dissolved in CH2Cl2 (100 mL) and washed with sat.
NaHCO3 (3x 100 mL), sat. NaCl then dried over anhydrous Na2SO4, filtered and concentrated in vacuo
to give the title compound 182 as a clear oil (3.89 g, 89 %) which solidified to a white solid upon
standing (MP 52-54 ˚C (lit. 52.5-54.0 ˚C)131). Crude material was used without further purification.
1

H NMR (400 MHz, CDCl3, δ ppm); 3.46 (td, 1 H, J 1.0, 1.7, 5.7, -OH), 3.76 (s, 3 H, -CO2CH3), 5.18 (d, 1

H, J 5.6, -CH, C-2), 7.31-7.43 (m, 5 H, -CHAr). 13C NMR (100 MHz, CDCl3, δ ppm); 53.0 (-CO2CH3), 72.9
(-CH, C-2), 126.6 (-CHAr), 128.5 (-CHAr), 128.6 (-CHAr), 138.2 (Cquat, Ar), 174.1 (-CO2CH3). [α]25D -121.3 o
(c 1.0, CHCl3), lit. -116.0 o (c 1.0, CHCl3)132.
Data is in accordance with literature values.132

133 | P a g e

(R)-methyl 2-((tert-butyldimethylsilyl)oxy)-2-phenylacetate 184.
To a stirred solution of methyl mandelate 182 (2.0 g, 12.04 mmol and imidazole (0.98 g, 14.44 mmol)
in CH2Cl2 (13 mL) at 0 ˚C was added TBDMSCl (2.0 g, 13.24 mmol). The solution was warmed to room
temperature and stirred for 21 h, where upon the reaction was quenched with H2O (10 mL) the
phases separated and the aqueous further extracted with CH2Cl2 (3 x 15 mL). Combined organic
extracts were washed with sat. NaCl, dried over anhydrous Na2SO4, filtered and concentrated in
vacuo to give the title compound 184 as a clear oil (3.32 g, 99 %) which solidified to a white solid
upon standing (MP 38-41 ˚C (lit. 40-41 ˚C)133. Crude material was used without further purification.
1

H NMR (400 MHz, CDCl3, δ ppm); 0.03 (s, 3 H, -OSi(CH3)2C(CH3)3), 0.11 (s, 3 H, -OSi(CH3)2C(CH3)3),

0.92 (s, 9 H, -OSi(CH3)2C(CH3)3), 3.68 (s, 3 H, -CO2CH3), 5.24 (s, 1 H, -CH, C-2), 7.29-7.48 (m, 5 H, -CHAr).
13

C NMR (100 MHz, CDCl3, δ ppm); -5.2 (-OSi(CH3)2C(CH3)3), -5.1 (-OSi(CH3)2C(CH3)3), 18.3

(-OSi(CH3)2C(CH3)3), 25.7 (-OSi(CH3)2C(CH3)3), 52.2 (-CO2CH3), 74.4 (-CH, C-2), 126.3 (-CHAr), 128.1
(-CHAr), 128.3 (-CHAr), 139.1 (Cquat, Ar), 172.6 (-CO2CH3). [α]25D - 67.0
(c 1.04, CHCl3)
Data is in accordance with literature values.133

o

(c 1.0, CHCl3), lit. - 50.0

o
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(R)-2-((tert-butyldimethylsilyl)oxy)-2-phenylacetic acid 186a128
To a stirred solution of 2-((tert-butyldimethylsilyl)oxy)methyl mandelate 184 in THF (36 mL) at 0˚C
was added LiOH.H2O (0.2 M, 36 mL) drop-wise over 45 mins. The reaction was then raised to r.t. and
stirred for a further 3 h, after which the solution was concentrated in vacuo to half the starting
volume. The remaining solution was washed with Et2O (2 x 10 mL). Organic washings were combined
and further extracted with sat. NaHCO3 (20 mL). Aqueous phases were combined, acidified with
KHSO4 to pH 3-4 then extracted with Et2O (3 x 30 mL). Organic extracts were combined, dried with
Na2SO4, filtered and concentrated in vacuo to give the title compound 186a as a clear oil (0.895 g,
94 %, Rf 0.59, 40 % EtOAc in Hexanes) which solidified to a white semi-solid (MP 130-138 ˚C) upon
standing. Crude material was used without further purification.
1

H NMR (400MHz, CDCl3, δ ppm); -0.01 (s, 3 H, -OSi(CH3)2C(CH3)3), 0.13 (s, 3 H, -OSi(CH3)2C(CH3)3),

0.94 (s, 9 H, -OSi(CH3)2C(CH3)3), 5.20 (s, 1 H, -CH, C-2), 7.33-7.39 (m, 5 H, -CHAr). 13C NMR (100MHz,
CDCl3, δ ppm); -5.3 (-OSi(CH3)2C(CH3)3), -4.8 (-OSi(CH3)2C(CH3)3), 18.1 (-OSi(CH3)2C(CH3)3), 25.6
(-OSi(CH3)2C(CH3)3), 74.6 (-CH, C-2), 126.4 (-CHAr), 128.6 (-CHAr), 128.8 (-CHAr), 137.7 (Cquat, Ar), 172.4
(-CO2H). IR (neat) νmax: 3444 (-OH, H-bonded), 2930 (CH stretch), 2858 (CH stretch), 1735 (C=O
acid), 1190 (Si-O). HRMS: Calculated (C14H22O3Si) m/z 266.1338, found [M+Na+] 289.1283.
[α]25D - 75.4 ˚ (c 1.0, CHCl3), lit. - 78.1 o (c 1.03, CHCl3)129.
Data is in accordance with literature values.129
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(R)-(±)-trans-1-hydroxycyclohexyl 2-((tert-butyldimethylsilyl)oxy)propanoate 187b
To a stirred solution of (R)-2-((tert-butyldimethylsilyl)oxy)propanoic acid 186b (0.50 g, 2.45 mmol) in
CH2Cl2 (10 mL) at 0 ˚C was added DCC (0.757 g, 3.67 mmol), (±)-trans-1,2-cyclohexane diol (0.284 g,
2.45 mmol) then DMAP (0.03 g, 0.25 mmol). The suspension was stirred at 0 ˚C for 10 min then
raised to r.t. and stirred for a further 2 h, after which volatiles were removed in vacuo and the crude
diluted with EtOAc (10 mL) and cooled to 2-4 ˚C for 2 h. The precipitated DCU was removed via
filtration and the filter cake further washed with small portions of ice-cold EtOAc. The filtrate and
washings were combined and further washed with sat. NaHCO3, sat. NaCl, dried over anhydrous
Na2SO4 and concentrated in vacuo. The crude was subjected to gradient elution flash
chromatography (1:5 to 2:5 EtOAc in hexanes) to yield 307 (0.003 g, 4 %) and the title compound
187b (d.r. 1:1) as a clear colourless oil (0.299 g, 40 %, Rf 0.69 (40 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 0.08 (s, 3 H, (-OSi(CH3)2C(CH3)3)), 0.08 (s, 3 H, (-OSi(CH3)2C(CH3)3)),

0.11 (s, 6 H, 2 x (-OSi(CH3)2C(CH3)3)), 0.91 (s, 18 H, (-OSi(CH3)2C(CH3)3), 1.26-1.38 (m, 10 H, -CH2, Cy),
1.41 (d, 3 H, J 6.8, (-CH3, C-3), 1.41 (d, 3 H, J 6.8, (-CH3, C-3), 1.68-1.74 (m, 4 H, -CH2, Cy), 1.98-2.14 (m,
2 H, -CH2, Cy), 3.55-3.62 (m, 2 H, 2 x (-CH, C-1’), 4.33 (q, 1 H, J 6.7, (-CH, C-2), 4.35 (q, 1 H, J 6.8, (-CH,
C-2), 4.58-4.64 (m, 2 H, 2 x -CH, C-2’). 13CNMR (100 MHz, CDCl3, δ ppm): -5.8 (-OSi(CH3)2C(CH3)3), -5.2
(-OSi(CH3)2C(CH3)3), -4.9 , (-OSi(CH3)2C(CH3)3), 18.3 (-OSi(CH3)2C(CH3)3), 21.3 (-CH3, C-3), 21.4 (-CH3,
C-3), 23.7 (-CH2, Cy), 23.8 (-CH2, Cy), 25.7 (-OSi(CH3)2C(CH3)3), 29.8 (-CH2, Cy), 33.0 (-CH2, Cy), 68.6
(-CH, C-2), 72.8 (-CH, C-1’), 78.6 (-CH, C-2’), 174.4 (C=O). IR (neat) νmax: 3442 (-OH, H-bonded), 2931
(CH3 stretch), 2858 (CH3 stretch), 1735 (C=O ester), 1142 (Si-O). HRMS: Calculated (C15H30O4Si) m/z
302.1931, found [M+Na+] 325.1812

136 | P a g e

(R)-2-(((R)-2’-((tert-butyldimethylsilyl)oxy)propanoyl)oxy)propanoic N,N'-dicyclohexyl-carbamimidic
anhydride 307
To a stirred solution of (R)-2-((tert-butyldimethylsilyl)oxy)propanoic acid 186b (0.50 g, 2.45 mmol) in
CH2Cl2 (10 mL) at 0 ˚C was added DCC (0.757 g, 3.67 mmol), (±)-trans-1,2-cyclohexane diol (0.284 g,
2.45 mmol) then DMAP (0.03 g, 0.25 mmol). The suspension was stirred at 0 ˚C for 10 min then
raised to r.t. and stirred for a further 2 h, after which volatiles were removed in vacuo and the crude
diluted with EtOAc (10 mL) and cooled to 2-4 ˚C for 2 h. The precipitated DCU was removed via
filtration and the filter cake further washed with small portions of ice-cold EtOAc. The filtrate and
washings were combined and further washed with sat. NaHCO3, sat. NaCl, dried over anhydrous
Na2SO4 and concentrated in vacuo. The crude was subjected to gradient elution flash
chromatography (1:5 to 2:5 EtOAc in hexanes) to yield 187b (0.299 g, 40 %) and the title compound
307 as a white opaque oil (3 mg, 4 %, Rf 0.21 (10 % EtOAc in hexanes)).
1

HNMR (400MHz, CDCl3, δ ppm); 0.10 (s, 3 H, -OSi(CH3)2), 0.12 (s, 3 H, -OSi(CH3)2), 0.91 (s,

9 H, -OSiC(CH3)3), 1.06-1.97 (m, 26 H, -CH3, C-3; -CH3, C-3’; -CH2, Cy)), 3.66-3.73 (m, 1 H, -NHCH),
4.09-4.15 (m, 1 H, =N-CH), 4.40 (q, 1 H, J 6.8, CH, C-2), 5.12 (q, 1 H, J 6.4, CH, C-2’), 6.63 (brs,
1 H, -NH). 13CNMR (100MHz, CDCl3, δ ppm); -5.2 (-OSi(CH3)2), -5.0 (-OSi(CH3)2), 17.6 (-CH3, C-3’), 18.3
((-OSiC(CH3)3), 25.3 (-CH3, C-3), 24.5 (-CH2, Cy), 25.3 (-CH2, Cy), 25.4 (-CH2, Cy), 25.7 ((-OSiC(CH3)3),
25.8 (-CH2, Cy), 25.8 (-CH2, Cy), 25.9 (-CH2, Cy), 29.5 (-CH2, Cy), 29.7 (-CH2, Cy), 31.4 (-CH2, Cy), 31.8
(-CH2, Cy), 32.7 (-CH2, Cy), 50.1 (CH-NH-C), 54.4 (CH-N=C), 67.9 (-CH, C-2), 70.1 (-CH, C-2’), 153.2
(O-C=N), 169.0 (C=O, C-1’), 175.1 (C=O, C-1). IR (neat) νmax: 3279 (NH), 2928 (CH stretch), 2845 (CH
stretch), 1753 (ester C=O), 1704 (ester C=O), 1664 (C=N), 1140 (Si-O). HRMS: Calculated m/z
(C25H46N2O5Si) 482.3176, found [M+Na+] 505.3080
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(R)-(±)-trans-1-hydroxycyclohexyl 2-((tert-butyldimethylsilyl)oxy)-2’-phenylacetate 187a
To a stirred solution of (R)-2-((tert-butyldimethylsilyl)oxy)phenylacetic acid 186a (0.50 g, 1.88 mmol)
in CH2Cl2 (8 mL) at 0 ˚C, was added DCC (0.581 g, 2.82 mmol), (±)-trans-1,2-cyclohexane diol (0.229 g,
1.97 mmol) then DMAP (0.023 g, 0.19 mmol). The suspension was stirred at 0 ˚C for 10 min then
raised to r.t. and stirred for a further 2 h, after which volatiles were removed in vacuo and the crude
diluted with Et2O (10 mL) and cooled to 2-4 ˚C for 2 h. The precipitated DCU was removed via
filtration and the filter cake further washed with small portions of ice-cold Et2O. The filtrate and
washings were combined and further washed with sat. NaHCO3, brine, dried over anhydrous Na2SO4
and concentrated in vacuo. The crude was subjected to gradient elution flash chromatography (1:9
to 3:10 EtOAc in hexanes) to yield the title compound 187a in a d.r. of 1:1.1 as a clear colourless oil
(0.473 g, 69 %, Rf 0.22 (10 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 0.04 (s, 3 H, (-OSi(CH3)2C(CH3)3)), 0.06 (s, 3 H, (-OSi(CH3)2C(CH3)3)),

0.13 (s, 6 H, (-OSi(CH3)2C(CH3)3)), 0.93 (s, 9 H, (-OSi(CH3)2C(CH3)3), 0.93 (s, 9 H, (-OSi(CH3)2C(CH3)3),
1.17-1.33 (m, 8 H, -CH2, Cy), 1.60-1.69 (m, 4 H, -CH2, Cy), 1.87-2.03 (m, 4 H, -CH2, Cy), 3.44-3.58 (m,
2 H, -CH, C-2’), 4.47-4.59 (m, 2 H, -CH, C-1’), 5.23 (s, 1 H, -CH, C-2), 5.26 (s, 1 H, -CH, C-2), 7.26-7.37
(m, 6 H, CHAr), 7.47-7.48 (m, 4 H, CHAr).

13

CNMR (100 MHz, CDCl3, δ ppm): -5.1

(-OSi(CH3)2C(CH3)3), -5.0 (-OSi(CH3)2C(CH3)3), 18.3 (-OSi(CH3)2C(CH3)3), 23.6 (-CH2-), 23.6 (-CH2-), 23.7
(-CH2-), 23.8 (-CH2-), 25.7 (-OSi(CH3)2C(CH3)3), 29.5 (-CH2-), 29.7 (-CH2-), 32.3 (-CH2-), 32.7 (-CH2-), 72.5
(-CH, C-1’), 72.6 (-CH, C-1’), 74.6 (-CH, C-2), 74.6 (-CH, C-2), 78.9 (-CH, C-1), 79.1 (-CH, C-1), 126.1
(CHAr), 126.3 (CHAr), 128.1 (CHAr), 128.3 (CHAr), 128.3 (CHAr), 128.5 (CHAr), 139.2 (Cquat, Ar), 139.5 (Cquat,
Ar ), 172.1 (C=O), 172.3 (C=O). IR (neat) νmax: 3467 (-OH, H-bonded), 2930 (CH stretch), 2857 (CH
stretch), 1735 (C=O ester), 1124 (Si-O). HRMS: Calculated (C20H32O4Si) m/z 364.2070, found [M+Na+]
387.1965
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(2R)-(R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl 2-((tert-butyldimethylsilyl)oxy)-2-phenylacetate 190a
To a solution of (R)-trans-2-hydroxycyclohexyl 2-((tert-butyldimethylsilyl)oxy)-2-phenylacetate 186a
(0.40 g, 1.5 mmol) in CH2Cl2 (6 mL) at 0 ˚C was added (R)-BINOL (0.451 g, 1.58 mmol), DCC (0.465 g,
2.25 mmol) then DMAP (0.018 g, 0.15 mmol). The suspension was stirred cold for 30 min then raised
to r.t. and stirred for 16 h. Volatiles were removed in vacuo and the residue suspended in a minimal
volume of cold Et2O, triturated and filtered. The filter cake was washed with small portions of icecold EtOAc. Combined filtrates were dried over anhydrous Na2SO4, filtered and concentrated in
vacuo to yield crude material which was subjected to gradient flash chromatography (1:19 to 1:9
EtOAc:hexanes) to yield 191 (0.06 g, 8 %) and title compound 190a as a white foam (0.386 g, 48 %, Rf
0.29 (5 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): -0.19 (s, 3 H, -OSi(CH3)2C(CH3)3), -0.17 (s, 3 H, -OSi(CH3)2C(CH3)3),

0.76 (s, 9 H, (-OSi(CH3)2C(CH3)3), 5.08 (s, 1 H, (-CH(OTBS)Ph-), 5.12 (brs, 1 H, -OH), 6.97-7.06 (m, 5
H, -CHAr), 7.10-7.21 (m, 4 H, -CHAr), 7.27-7.32 (m, 3 H, -CHAr), 7.46-7.50 (m, 1 H, -CHAr), 7.75-7.79 (m,
2 H, -CHAr), 7.94 (d, 1 H, J 8.2, -CHAr), 8.04 (d, 1 H, J 8.8, -CHAr).13CNMR (100 MHz, CDCl3, δ ppm): -5.5
(-OSi(CH3)2C(CH3)3), -5.4 (-OSi(CH3)2C(CH3)3), 18.1 (-OSi(CH3)2C(CH3)3), 74.0 (-CH(Ph)OTBS), 113.6 (CAr),
118.2 (CHAr), 121.2 (CHAr), 123.3 (CAr), 123.4 (CAr), 124.4 (CAr), 125.7 (CAr), 125.9 (CAr), 126.3 (CAr),
126.6 (CAr), 127.4 (CAr), 127.9 (CAr), 128.0 (CAr), 128.1 (CAr), 128.2 (CAr), 129.1 (CAr), 130.4 (CAr), 130.8
(CAr), 132.3 (CAr), 133.4 (CAr), 133.5 (CAr), 137.7 (CAr), 147.8 (Cquat, Ar), 151.7 (Cquat, Ar ), 171.6 (C=O). IR
(neat) νmax: 3536 (-OH, H-bonded), 2981 (CH stretch), 2959 (CH stretch), 2895 (CH stretch), 1738
(C=O ester), 1164 (Si-O). HRMS: Calculated (C34H32O4Si) m/z 534.2226, found [M+Na+] 557.2123
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(2R)-2'-hydroxy-[1,1'-binaphthalen]-2-yl 2-((tert-butyldimethylsilyl)oxy)propanoate 190b
To a solution of (R)-2-((tert-butyldimethylsilyl)oxy)propanoic acid 186b (0.738 g, 3.61 mmol) in
CH2Cl2 (15 mL) at 0 ˚C was added (R)-BINOL (1.55 g, 5.42 mmol), DCC (1.49 g, 7.22 mmol) then DMAP
(0.044 g, 0.36 mmol). The suspension was stirred cold for 30 min then raised to r.t. and stirred for 16
h. Volatiles were removed in vacuo and the residue suspended in a minimal volume of cold Et2O,
triturated and filtered. The filter cake was washed with small portions of ice-cold EtOAc. Combined
filtrates were dried over anhydrous Na2SO4, filtered and concentrated in vacuo to yield crude
material which was subjected to flash chromatography (5 % EtOAc in hexanes) to yield the title
compound 190b as a clear pale yellow foam (0.71 g, 41 %, Rf 0.12 (5 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): -0.13 (s, 3 H, -OSi(CH3)2C(CH3)3, -0.06 (s, 3 H, -OSi(CH3)2C(CH3)3,

0.80 (s, 9 H, (-OSi(CH3)2C(CH3)3), 0.91 (d, 2 H, J 6.8, -CH(CH3)OTBS), 4.10-4.13 (m, 1 H, -CH(CH3)OTBS),
5.12 (brs, 1 H, -OH), 7.02-7.04 (m, 1 H, -CHAr), 7.21-7.38 (m, 6 H, -CHAr), 7.49-7.53 (m, 1 H, -CHAr), 7.83
(d, 1 H, J 8.0, -CHAr), 7.88 (d, 1 H, J 8.8, -CHAr), 7.97 (d, 1 H, J 8.4, -CHAr), 8.07 (d, 1 H, J 8.8, -CHAr).
13

CNMR (100 MHz, CDCl3, δ ppm): -5.6 (-OSi(CH3)2C(CH3)3), -5.1 (-OSi(CH3)2C(CH3)3), 18.1

(-OSi(CH3)2C(CH3)3), 20.6 (-CH(CH3)OTBS), 25.6 (-OSi(CH3)2C(CH3)3), 68.0 (-CH(CH3)OTBS), 118.2 (-CAr),
121.6 (-CAr), 123.0 (-CAr), 123.5 (-CAr), 124.6 (-CAr), 125.7 (-CAr), 126.3 (-CAr), 126.8 (-CAr), 127.5 (-CAr),
127.9 (-CAr), 128.3 (-CAr), 129.0 (-CAr), 130.4 (-CAr), 130.8 (-CAr), 132.3 (-CAr), 133.5 (-CAr), 147.8 (-Cquat,
Ar), 151.7 (-Cquat, Ar ), 173.4 (C=O). IR (neat) νmax: 3442 (-OH, H-bonded), 2981 (CH3 stretch), 2951
(CH3 stretch), 2885 (CH3 stretch), 1769 (C=O ester), 1124 (Si-O). HRMS: Calculated (C29H32O4Si) m/z
472.2070, found [M+NH4+] 490.2408
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(2R,2'R)-(±)-trans-cyclohexane-1,2-diyl bis(2-((tert-butyldimethylsilyl)oxy)propanoate) 188b
To a solution of (R)-(±)-trans-2-hydroxycyclohexyl 2-((tert-butyldimethylsilyl)oxy)propanoate 187b
(0.192 g, 0.94 mmol) in CH2Cl2 (4 mL) at 0 ˚C was added ((R)-2-((tert-butyldimethylsilyl)oxy)propanoic
acid 186b (0.299 g, 0.99 mmol), DCC (0.34 g, 1.65 mmol) then DMAP (0.013 g, 0.11 mmol). The
suspension was stirred cold for 30 min then raised to r.t. and stirred for 3 h. Volatiles were removed
in vacuo and the residue suspended in a minimal volume of cold Et2O, triturated and filtered. The
filter cake was washed with small portions of ice-cold EtOAc. Combined filtrates were dried over
anhydrous Na2SO4, filtered and concentrated in vacuo to yield crude material which was subjected
to gradient elution flash chromatography (1:19 to 1:9 EtOAc:hexanes) to yield the title compound
188b in a d.r. of 1.0:1.6, as a clear colourless oil (0.243 g, 43 %, Rf 0.34 (5 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 0.05-0.11 (m, 24 H, (-OSi(CH3)2C(CH3)3)), 0.89-0.90 (m, 36 H,

(-OSi(CH3)2C(CH3)3), 1.34-1.48 (m, 14 H, 4 x -CH2, Cy; 6 x –CH(OTBS)CH3), 1.70-1.72 (m, 4 H, -CH2, Cy),
2.04-2.04 (m, 4 H, -CH2, Cy), 4.26 (q, 1 H, J 6.7, -CH, C-2), 4.35-4.41 (m, 3 H, 2 x -CH, Cy; -CH, C-2),
4.83-4.88 (m, 2 H, -CH, Cy), 5.00 (q, 1 H, J 7.0, -CH, C-2), 5.04 (q, 1 H, J 7.1, -CH, C-2). 13CNMRmajor
(100 MHz, CDCl3, δ ppm): -5.3 (-OSi(CH3)2C(CH3)3), -4.9 (-OSi(CH3)2C(CH3)3), 16.9 (2 x -CH3, C-3), 16.9
(2 x -CH3, C-3), 18.3 (-OSi(CH3)2C(CH3)3), 21.1 (-CH2, Cy), 21.3 (-CH2, Cy), 23.3 (-CH2, Cy), 23.3 (-CH2, Cy),
25.7 (-OSi(CH3)2C(CH3)3), 30.0 (-CH2, Cy), 30.1 (-CH2, Cy), 68.0 (-CH, C-2), 68.7 (-CH, C-2), 73.6 (-CH, Cy),
74.5 (-CH, Cy), 169.8 (C=O), 169.8 (C=O), 173.2 (C=O), 173.6 (C=O). IR (neat) νmax: 2930 (CH), 2887
(CH), 2857 (CH), 1751 (C=O ester), 1135 (Si-O). HRMS: Calculated (C24H48O6Si2) m/z 488.2989, found
[M+Na+] 511.2883
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(2R,2'R)-(±)-trans-cyclohexane-1,2-diyl bis(2-((tert-butyldimethylsilyl)oxy)-2-phenylacetate) 188a
To a solution of (R)-2-((tert-butyldimethylsilyl)oxy)phenylacetic acid 186a (0.278 g, 1.05 mmol) in
CH2Cl2 (5 mL) at 0 ˚C was added (R)-(±)-trans-2-hydroxycyclohexyl-2-((tert-butyldimethylsilyl)oxy)-2phenylacetate 187a (0.4 g, 1.10 mmol), DCC (0.34 g, 1.65 mmol) then DMAP (0.013 g, 0.11 mmol).
The suspension was stirred cold for 30 min then raised to r.t. and stirred for 3 h. Volatiles were
removed in vacuo and the residue suspended in a minimal volume of cold Et2O, triturated and
filtered. The filter cake was washed with small portions of ice-cold EtOAc. Combined filtrates were
dried over anhydrous Na2SO4, filtered and concentrated in vacuo to yield crude material which was
subjected to gradient elution flash chromatography (1:19 to 1:9 EtOAc:hexanes) to yield the title
compound 188a as an inseparable mixture of diastereomers (d.r. of 3.5:1) as a clear colourless oil
(0.243 g, 36 %, Rf 0.34 (5 % EtOAc in hexanes)).
1

HNMRmajor (400 MHz, CDCl3, δ ppm): 0.03 (s, 6 H, (-OSi(CH3)2C(CH3)3)), 0.13 (s, 6 H,

(-OSi(CH3)2C(CH3)3)), 0.93 (s, 18 H, (-OSi(CH3)2C(CH3)3), 1.08-1.88 (m, 8 H, -CH2, Cy), 4.78-4.72 (m, 2 H,
(-CH, Cy), 5.12 (s, 2 H, -CH, C-2), 7.27-7.42 (m, 10 H, -CHAr).

13

CNMRmajor (100 MHz, CDCl3, δ

ppm): -5.1 (-OSi(CH3)2C(CH3)3), -4.9 (-OSi(CH3)2C(CH3)3), 18.3 (-OSi(CH3)2C(CH3)3), 22.6 (-CH2, Cy), 25.7
(-OSi(CH3)2C(CH3)3), 29.0 (-CH2, Cy), 73.4 (-CH, C-2), 74.2 (-CH, Cy), 126.4 (-CHAr), 128.0 (-CHAr), 128.2
(-CHAr), 139.1 (-Cquat, Ar), 171.4 (C=O). 1HNMRminor (400 MHz, CDCl3, δ ppm): -0.07 (s, 6 H,
(-OSi(CH3)2C(CH3)3)), 0.12 (s, 6 H, (-OSi(CH3)2C(CH3)3)), 0.87 (s, 18 H, (-OSi(CH3)2C(CH3)3), 1.08-1.88 (m,
8 H, -CH2, Cy), 4.80-4.76 (m, 2 H, (-CH, Cy), 5.01 (s, 2 H, -CH, C-2), 7.27-7.42 (m, 10 H, -CHAr).
13

CNMRminor (100 MHz, CDCl3, δ ppm): -5.3 (-OSi(CH3)2C(CH3)3), -5.1 (-OSi(CH3)2C(CH3)3), 18.2

(-OSi(CH3)2C(CH3)3), 22.2 (-CH2, Cy), 25.6 (-OSi(CH3)2C(CH3)3), 28.7 (-CH2, Cy), 72.6 (-CH, C-2), 74.2 (-CH,
Cy), 126.6 (-CHAr), 128.0 (-CHAr), 128.2 (-CHAr), 139.2 (-Cquat, Ar), 171.0 (C=O). IR (neat) νmax: 2950 (CH
stretch), 2929 (CH stretch), 2857 (CH stretch), 1757 (C=O ester), 1127 (O-Si). HRMS: Calculated
(C34H52O6Si2) m/z 612.3302, found [M+Na+] 635.3201
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(2R,2'R)-(R)-[1,1'-binaphthalene]-2,2'-diyl bis(2-((tert-butyldimethylsilyl)oxy)-2-phenylacetate) 191
To a solution of (R)-2-((tert-butyldimethylsilyl)oxy)-2-phenylacetic acid 186a (0.40 g, 1.5 mmol) in
CH2Cl2 (6 mL) at 0 ˚C was added (R)-BINOL (0.451 g, 1.58 mmol), DCC (0.465 g, 2.25 mmol) then
DMAP (0.018 g, 0.15 mmol). The suspension was stirred cold for 30 min then raised to r.t. and stirred
for 16 h. Volatiles were removed in vacuo and the residue suspended in a minimal volume of cold
Et2O, triturated and filtered. The filter cake was washed with small portions of ice-cold EtOAc.
Combined filtrates were dried over anhydrous Na2SO4, filtered and concentrated in vacuo to yield
crude material which was subjected to gradient flash chromatography (1:19 to 1:9 EtOAc:hexanes)
to yield 190a (0.386 g, 48 %) and title compound 191 as a clear colourless oil (0.06 g, 8 %, Rf 0.31 (5 %
EtOAc in hexanes)).
1

HNMR

(400

MHz,

CDCl3,

δ

ppm):

-0.31

(s,

3

H,

-OSi(CH3)2C(CH3)3),

-0.28

(s,

3 H, -OSi(CH3)2C(CH3)3), -0.19 (s, 3 H, -OSi(CH3)2C(CH3)3), 0.02 (s, 3 H, -OSi(CH3)2C(CH3)3), 0.54 (s, 9 H,
(-OSi(CH3)2C(CH3)3), 0.74 (s, 9 H, (-OSi(CH3)2C(CH3)3), 4.97 (s, 1 H, -CH, C-2), 5.07 (s, 1 H, -CH, C-2),
7.04-7.47 (m, 17 H, -CHAr), 7.83-7.95 (m, 5 H, -CHAr).

13

CNMR (100 MHz, CDCl3, δ ppm): -5.8 (-

OSi(CH3)2C(CH3)3), -5.5 (-OSi(CH3)2C(CH3)3), -4.6 (-OSi(CH3)2C(CH3)3), -4.4 (-OSi(CH3)2C(CH3)3), 17.6
(-OSi(CH3)2C(CH3)3), 18.1 (-OSi(CH3)2C(CH3)3), 25.0 (-CH(CH3)OTBS), 25.5 (-OSi(CH3)2C(CH3)3), 73.7 (-CH,
C-2), 115.5 (-CHAr), 117.5 (-CHAr), 118.3 (-CHAr), 121.2 (-CHAr), 121.3 (-CHAr), 123.1 (-CHAr), 123.1 (CHAr), 124.2 (-CHAr), 125.2 (-CHAr), 125.3 (-CHAr), 125.6 (-CHAr), 126.1 (-CHAr), 126.2 (-CHAr), 126.4 (CHAr), 126.7 (-CHAr), 127.0 (-CHAr), 127.8 (-CHAr), 127.8 (-CHAr), 127.9 (-CHAr), 128.1 (-CHAr), 128.1 (CHAr), 128.6 (-CHAr), 129.2 (-CHAr), 129.5 (-CHAr), 123.1 (-CHAr), 129.7 129.7 (-CHAr), 130.5 (-CHAr),
131.6 (-CHAr), 133.3 (-CHAr), 133.8 (-CHAr), 134.2 (-CHAr), 138.4 (-CHAr), 146.5 (-CHAr), 151.4 (-Cquat, Ar),
152.3 (-Cquat, Ar ), 170.1 (C=O). IR (neat) νmax: 2928 (CH stretch), 2855 (CH stretch), 1773 (C=O ester),
1113 (Si-O). HRMS: Calculated (C48H54O6Si2) m/z 738.3459, found [M+Na+] 805.3448
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(R)-ethyl 2-((triethylsilyl)oxy)propanoate 195 134
To a solution of ethyl lactate (0.97 mL, 8.47 mmol) and 2,6-lutidine (1.48 mL, 12.68 mmol) in CH2Cl2
(17 mL) at -78 ˚C was added triethylsilyltriflate (2.11 mL, 9.31 mmol). The solution was stirred cold
for 2 h and quenched with sat. NaHCO3. The reaction was warmed to r.t., diluted with CH2Cl2 and
partitioned. The aqueous phase was further extracted with in CH2Cl2 (x 2). Combined organic phases
were washed with brine, dried over anhydrous Na2SO4 and volatiles removed in vacuo. The resultant
crude material was subjected to flash chromatography (10 % EtOAc in hexanes) to yield the title
compound 195 as a clear colourless oil (1.55 g, 80 %, Rf 0.79 (10 % EtOAc in hexanes).
1

HNMR (400 MHz, CDCl3, δ ppm); 0.62 (q, 6 H, J 7.9, -OSi(CH2CH3)3), 0.96 (t, 9 H, J 8.0, -OSi(CH2CH3)3),

1.28 (t, 3 H, J 7.1, -OCH2CH3), 1.39 (d, 3 H, J 6.7, -CH3, C-3), 4.12-4.24 (m, 2 H, -OCH2CH3), 4.31 (q, 1
H, J 6.7, -CH, C-2). 13CNMR (100 MHz, CDCl3, δ ppm); 4.6 (-OSi(CH2CH3)3), 6.6 (-OSi(CH2CH3)3), 14.2
(-OCH2CH3), 21.5 (-CH3, C-3), 60.7 (-OCH2CH3), 68.1 (-CH, C-2), 174.1 (C=O). HRMS: Calculated m/z
(C11H24O3Si) 232.3920, found [M+Na+] 255.1389. IR (neat) νmax: 2927 (CH stretch), 2867 (CH stretch),
1768 (C=O ester), 1179 (Si-O).
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(R)-(R)-1-ethoxy-1-oxopropan-2-yl 2’-((triethylsilyl)oxy)propanoate 196
Neat (±)-trans-cyclohexane diol (0.40 g, 3.44 mmol) and Ti(OiPr)4 (0.31 mL, 1.03 mmol) were heated
with stirring at 90 ˚C for 4 h followed by addition of (R)-ethyl 2-((triethylsilyl)oxy)propanoate 195
(0.2 g, 0.86 mmol). The reaction was stirred for a further 2 h, cooled to room temperature and
diluted with EtOAc. The suspension was washed with H2O, brine, dried over anhydrous Na2SO4 and
volatiles were removed in vacuo. The crude material was subjected to flash chromatography to yield
the title compound 196 as a clear colourless oil (0.004 g, 2 %, Rf 0.21 (5 % EtOAc in hexanes)
1

H NMR (400MHz, CDCl3, δ ppm); 0.64 (q, 6 H, J 7.8, 15.7, -OSi(CH2CH3)3), 0.97 (t, 9 H,

J 8.0, -OSi(CH2CH3)3), 1.27 (t, 3 H, J 7.1, -OCH2CH3), 1.46 (d, 3 H, J 6.8, -CH3, C-3’), 1.50 (d, 3 H,
J 7.0, -CH3, C-3), 4.19 (q, 2 H, J 7.2, 14.4, -OCH2CH3), 4.40 (q, 1 H, J 6.8, 13.5, -CH, C-2’), 5.11 (q, 1 H, J
7.1, 14.2, -CH, C-2). 13C NMR (100MHz, CDCl3, δ ppm); 4.6 (-OSi(CH2CH3)3), 6.7 (-OSi(CH2CH3)3), 14.1
(-OCH2CH3), 16.9 (-CH3, C-3), 21.4 (-CH3, C-3’), 61.4 (-OCH2CH3), 68.1 (-CH, C-2’), 68.8 (-CH, C-2), 170.5
(-C=O, C-1), 173.4 (-C=O, C-1’). IR (neat) νmax: 2956 (CH stretch), 2913 (CH stretch), 2878 (CH stretch),
1752 (ester C=O), 1734 (ester C=O), 1140 (Si-O). HRMS: Calculated m/z (C14H28O5Si) 304.1706, found
[M+Na+] 327.1592

145 | P a g e

(2R,2'R)-(±)-trans-cyclohexane-1,2-diyl bis(2-hydroxy-2-phenylacetate) 189
To a stirred solution of (2R,2'R)-(±)-trans-cyclohexane-1,2-diyl bis(2-((tert-butyldimethylsilyl)oxy)-2phenylacetate) 188a (0.20 g, 0.32 mmol) in THF (0.4 mL) was added TBAF (1.31 mL, 1.0 M in THF).
The reaction solution was stirred for 4 h and concentrated in vacuo. The resultant crude was directly
subjected to flash chromatography (20 % EtOAc in hexanes) to yield the title compound 189 in a d.r.
of 1.0:2.8, as a clear colourless oil (0.059 g, 47 %, Rf 0.1 (20 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 0.85-2.22 (m, 16 H, -CH2, Cy), 3.12 (brs, 2 H, -OH), 3.55 (brs, 2

H, -OH), 4.26 (s, 1 H, -CH, C-2), 4.68-4.74 (m, 2 H, -CH, Cy), 4.77-4.87 (m, 2 H, -CH, Cy), 4.93 (s, 1
H, -CH, C-2), 5.06 (s, 1 H, -CH, C-2), 5.16 (s, 1 H, -CH, C-2), 7.17-7.46 (m, 20 H, -CHAr).

13

CNMR

(100 MHz, CDCl3, δ ppm): 22.7 (-CH2, Cy), 22.8 (-CH2, Cy), 23.0 (-CH2, Cy), 23.1 (-CH2, Cy), 29.3 (-CH2,
Cy), 29.4 (-CH2, Cy), 29.6 (-CH2, Cy), 30.0 (-CH2, Cy), 72.0 (-CH, C-2), 72.7 (-CH, C-2), 72.9 (-CH, C-2),
73.0 (-CH, C-2), 74.4 (-CH, Cy), 75.0 (-CH, Cy), 75.1 (-CH, Cy), 75.1 (-CH, Cy), 126.2 (-CHAr), 126.3
(-CHAr), 126.3 (-CHAr), 126.4 (-CHAr), 128.2 (-CHAr), 128.3 (-CHAr), 128.3 (-CHAr), 128.4 (-CHAr), 128.5
(-CHAr), 128.5 (-CHAr), 128.5 (-CHAr), 128.6 (-CHAr), 137.9 (-Cquat, Ar), 138.0 (-Cquat, Ar), 138.1 (-Cquat, Ar),
138.3 (-Cquat, Ar), 172.0 (C=O), 127.8 (C=O), 172.8 (C=O), 173.1 (C=O). IR (neat) νmax: 3469 br (-OH,
H-bonded), 2939 (CH2 stretch), 2865 (CH2 stretch), 1727 (C=O ester). HRMS: Calculated (C22H24O6)
m/z 384.1573, found [M+Na+] 407.1462
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N,N'-((±)-trans-cyclohexane-1,2-diyl)bis(2-oxopropanamide) 203
To a vigorously stirred solution of freshly distilled (±)-trans-cyclohexanediamine (0.40 mL, 3.36 mmol)
in THF (14 mL) at 0 ˚C was added pyruvic acid (0.8 mL, 7.38 mmol) followed by DCC (1.52 g, 7.38
mmol) and N-hydroxysuccinimide (0.85 g, 7.38 mmol). The reaction was stirred cold for 1 h, raised to
r.t. and stirred for 48 h. Volatiles were removed in vacuo and the resultant residue diluted with
EtOAc, triturated and filtered. The filter cake was washed with small portions of cold EtOAc. The
collected filtrate was washed with sat. NaHCO3, brine and dried over anhydrous Na2SO4. The
resultant crude was adsorbed onto a small volume of flash silica and applied directly to a flash
chromatography column (1:9 to 1:3, 1:2 EtOAc:hexanes) to yield 1,3-dicyclohexyl-5-hydroxy-5methylimidazolidine-2,4-dione 204a (0.239 g, 13 %, Rf 0.31 (25 % EtOAc in hexanes)) and the title
compound 203 in a d.r. of 2:1, as a white amorphous solid (0.105 g, 6 %, MP 186-190 ˚C, Rf 0.40 (50 %
EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.01-2.00 (m, 16 H, -CH2, Cy), 2.38 (s, 6 H, -CH3, C-3), 2.42 (s, 6

H, -CH3, C-3), 3.37-3.44 (m, 1 H, -CH, Cy), 3.65-3.67 (m, 1 H, -CH, Cy), 4.07-4.09 (m, 2 H, -CH, Cy).
13

CNMR (100 MHz, CDCl3, δ ppm): 24.3 (-CH3, C-3), 24.4 (-CH3, C-3), 31.8 (-CH2, Cy), 33.8 (-CH2, Cy),

48.9 (-CH, Cy), 53.2 (-CH, Cy), 160.1 (C=O, C-1), 160.5 (C=O, C-1), 196.4 (C=O, C-2), 197.0 (C=O, C-2).
IR (neat) νmax: 3270 (NH), 2929 (CH stretch), 2851 (CH stretch), 1720 (amide C=O) 1656 (ketone C=O).
HRMS: Calculated (C12H18N2O4) m/z 254.1267, found [M+Na+] 277.1162, found [M+MeOH+Na+]
309.1430, found [M+2MeOH+Na+] 341.1693
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1,3-dicyclohexyl-5-hydroxy-5-methylimidazolidine-2,4-dione 204a
1

HNMR (600 MHz, CDCl3, δ ppm): 1.16-1.34 (m, 6 H, -CH2, Cy), 1.56 (s, 3 H, -CH3), 1.64-1.84 (m, 10 H,

-CH2, Cy), 2.04-2.14 (m, 4 H, -CH2, Cy), 2.83 (s, 1 H, -OH), 3.29 (tt, 1 H, J 3.8, 12.2, -CH, Cy), 3.85 (tt,
1 H, J 2.6, 8.2, -CH, Cy). 13CNMR (600 MHz, CDCl3, δ ppm): 22.4 (-CH3), 25.0 (-CH2, Cy), 25.2 (-CH2, Cy),
25.8 (-CH2, Cy), 26.2 (-CH2, Cy), 29.4 (-CH2, Cy), 29.5 (-CH2, Cy), 29.7 (-CH2, Cy), 30.9 (-CH2, Cy), 31.2
(-CH2, Cy), 51.3 (-CH, Cy), 52.7 (-CH, Cy), 84.0 (-Cquat, C-5), 153.6 (C=O, C-2), 173.2 (C=O, C-4). IR (neat)
νmax: 3291 (OH, H-bonded), 2921 (CH stretch), 2852 (CH stretch), 1767 (amide C=O) 1681 (ketone
C=O). LRMS: Calculated (C16H26N2O3) m/z 249.39, found [M+Na+] 317.2.

148 | P a g e

1,3-dicyclohexyl-5-hydroxy-5-phenylimidazolidine-2,4-dione 204b
To a stirred solution of benzoylformic acid 232b (0.25 g, 1.67 mmol) in dry THF (7 mL) at 0 ˚C was
added DCC (0.344 g, 1.67 mmol). The suspension was raised to 70 ˚C and refluxed overnight, after
which time the reaction was cooled to room temperature and concentrated in vacuo. The resultant
residue was diluted with toluene (25 mL) and filtered. The filtrate was washed with sat. NaHCO3,
brine and dried over anhydrous Na2SO4. The crude foam was purified by flash chromatography (15 %
EtOAc in hexanes) to yield the title compound 204b (0.278 g, 47 %, Rf 0.25, 15 % EtOAc in hexanes)
as a white amorphous solid which was recrystallised from boiling CH2Cl2 to give the title compound
204b as a crystalline solid (MP 202-210 ˚C).
1

HNMR (400 MHz, CDCl3, δ ppm): 0.95-2.19 (m, 20 H, -CH2, Cy), 3.14 (tt, 1 H, J 3.8, 12.2, -CH, Cy),

3.47 (s, 1 H, -OH), 3.93 (tt, 1 H, J 3.9, 12.3, -CH, Cy), 7.38-7.45 (m, 5 H, -CHAr). 13CNMR (100 MHz,
CDCl3, δ ppm): 25.0 (-CH2, Cy), 25.1 (-CH2, Cy), 25.8 (-CH2, Cy), 26.1 (-CH2, Cy), 29.4 (-CH2, Cy), 29.6
(-CH2, Cy), 30.6 (-CH2, Cy), 31.3 (-CH2, Cy), 51.6 (-CH, Cy), 53.5 (-CH, Cy), 86.8 (Cquat, C-5), 125.8 (2x
CHAr), 128.7 (2x CHAr), 129.4 (CHAr), 136.5 (Cquat, Ar), 154.5 (C=O, C-2), 172.6 (C=O, C-4). IR (neat) νmax:
3397 (OH, H-bonded), 2931 (CH2 stretch), 2856 (CH2 stretch), 1715 (imide), 1702 (imide). HRMS:
Calculated (C21H28N2O3) m/z 356.4586, found [C21H27N2O2]+· 339.2073, [M+H+] 357.2183
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1,3-di-tert-butyl-5-(furan-2’-yl)-5-hydroxyimidazolidine-2,4-dione 204d
To a stirred solution of α-oxo-2-furanacetic acid 232d (0.25 g, 1.78 mmol) in dry DMF (7 mL) at r.t
under inert atmosphere was added N,N′-di-tert-butylcarbodiimide 233c (0.34 mL, 1.78 mmol). The
suspension was raised to 110 ˚C and refluxed overnight, after which time the reaction was cooled to
room temperature and concentrated in vacuo. The crude oil was purified by flash chromatography
(20 % EtOAc in hexanes) to yield the title compound 204d as a pale tan amorphous solid (0.462 g,
88 %, Rf 0.31, 20 % EtOAc in hexanes) which was recrystallised from boiling CH2Cl2 to yield the title
compound 204d as a pale orange-yellow crystalline solid (MP 111-114 ˚C).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.38 (s, 9 H, -C(CH3)), 1.61 (s, 9 H, -C(CH3)), 4.07 (s, 1 H, -OH), 6.41

(dd, 1 H, J 2.0, 3.2, -CH, C-2’), 6.53 (dd, 1 H, J 0.8, 3.2, -CH, C-3’), 7.40 (dd, 1 H, J 0.8, 1.6, -CH, C4’).
13

CNMR (100 MHz, CDCl3, δ ppm): 28.3 (-C(CH3)3), 28.7 (-C(CH3)3), 56.8 (-C(CH3)3), 58.4 (-C(CH3)3),

83.6 (Cquat, C-5), 109.4 (-CH, C-4’), 111.3 (-CH, C-3’), 142.6 (-CH, C5’), 150.5 (Cquat, C-2’), 155.2 (C=O,
C-2), 171.9 (C=O, C-4). IR (neat) νmax: 3353 (OH, H-bonded), 2978 (CH3 stretch), 2941 (CH3 stretch),
1765 (imide), 1700 (imide) HRMS: Calculated (C15H22N2O4) m/z 294.1580, found [M+H]+ 295.1653,
[C11H12N2O3 +H+] 221.0920
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5-(tert-butyl)-5-hydroxy-1,3-diisopropylimidazolidine-2,4-dione 204c
To a stirred solution of trimethylpyruvic acid 232c (0.24 mL, 1.92 mmol) in dry DMF (8 mL) at r.t was
added N,N′-di-iso-propylcarbodiimide 233b (0.30 mL, 1.92 mmol). The solution was raised to 105 ˚C
and refluxed overnight, after which time the reaction was cooled to room temperature and
concentrated in vacuo. The crude oil was purified by flash chromatography (20 % EtOAc in hexanes)
to yield the title compound 204c as a white amorphous solid (0.464 g, 95 %, Rf 0.44, 20 % EtOAc in
hexanes) which was recrystallised from boiling CH2Cl2 to yield the title compound 204c as a
crystalline solid (MP 121-123 ˚C).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.08 (s, 9 H, -C(CH3)), 1.35 (d, 3 H, J 6.6, -CH(CH3)2), 1.37 (d, 3 H, J

2.4, -CH(CH3)2), 1.39 (d, 3 H, J 2.4, -CH(CH3)2), 1.56 (d, 3 H, J 6.7, -CH(CH3)2), 2.83 (brs, 1 H, -OH), 3.69
(m, 1 H, -CH(CH3)2), 4.26 (m, 1 H, -CH(CH3)2). 13CNMR (100 MHz, CDCl3, δ ppm): 19.3 (-CH(CH3)2), 19.8
(-CH(CH3)2), 20.7 (-CH(CH3)2), 21.0 (-CH(CH3)2), 24.5 (-C(CH3)3), 39.6 (-C(CH3)3), 43.5 (-CH(CH3)2), 46.3
(-CH(CH3)2), 89.6 (Cquat, C-5), 155.3 (C=O, C-2), 173.9 (C=O, C-4). IR (neat) νmax: 3373 (OH, H-bonded),
2975 (CH3 stretch), 2878 (CH3 stretch), 1762 (imide), 1688 (imide). HRMS: Calculated (C13H24N2O3)
m/z 256.1787, found [M+H+] 257.1854, [C13H23N2O2·] 239.1749
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1,3-di-tert-butyl-5-hydroxy-5-methylimidazolidine-2,4-dione 204e
To a stirred solution of pyruvic acid (0.25 mL, 2.84 mmol) in dry DMF (12 mL) at r.t was added
N,N′-di-tert-butylcarbodiimide 233c (0.30 mL, 1.56 mmol). The solution was raised to 105 ˚C and
refluxed overnight, after which time the reaction was cooled to room temperature and concentrated
in vacuo. The crude oil was purified by flash chromatography (19:1 to 9:1, Hexanes:EtOAc) to yield
the title compound 204e as a white amorphous solid (0.352 g, 93 %, Rf 0.16, 10 % EtOAc in hexanes)
which was recrystallised from boiling EtOAc to yield the title compound 204e as a crystalline solid
(MP 98-106 ˚C).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.55 (s, 9 H, -C(CH3)3), 1.59 (s, 9 H, -C(CH3)3), 1.68 (s, 3 H, -CH3, C-5),

2.88 (brs, 1 H, -OH).

13

CNMR (100 MHz, CDCl3, δ ppm): 25.5 (-CH3, C-5), 28.7 (-C(CH3)3), 29.0

(-C(CH3)3), 56.5 (-C(CH3)3), 57.9 (-C(CH3)3), 84.8 (Cquat, C-5), 155.0 (C=O, C-2), 174.9 (C=O, C-4). IR (neat)
νmax: 3354 (OH, H-bonded), 2967 (CH3 stretch), 2929 (CH3 stretch), 1766 (imide), 1697 (imide). HRMS:
Calculated (C12H22N2O3) m/z 242.1630, found [M+H+] 243.1760, [C12H21N2O2·] 225.1599
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1,3-di-tert-butyl-5-hydroxy-5-(1H-indol-3-yl)imidazolidine-2,4-dione 204f
To a stirred solution of 3-indole glyoxylic acid 232e (0.25 mL, 1.32 mmol) in dry DMF (6 mL)
containing 4 Å MS at r.t was added N,N′-di-tert-butylcarbodiimide 233c (0.25 mL, 1.32 mmol). The
solution was raised to 110 ˚C and refluxed overnight, after which time the reaction was cooled to
room temperature, filtered and concentrated in vacuo. Chloroform (40 mL) was added to the crude
oil and the subsequent suspension sonicated for 1 min. The resultant precipitate was collected via
vacuum filtration and recrystallised from MeOH to yield the title compound 204f as an amorphous
tan solid (0.267 g, 59 %). The filtrate was concentrated and further purified by flash chromatography
(9:1 to 5:1 to 5:2, hexanes:EtOAc) to yield a second crop of title compound 204f as a white
amorphous solid. Combined product was recrystallised from boiling MeOH to give the title
compound as a crystalline solid (0.347 g, 77 %, MP > 250 ˚C, Rf 0.44 (40 % EtOAc in hexanes)).
1

HNMR (400 MHz, MeOD, δ ppm): 1.36 (s, 9 H, -C(CH3)3), 1.64 (s, 9 H, -C(CH3)3), 7.00 (ddd, 1 H, J 1.0,

7.2, 8.8, -CHAr), 7.11 (ddd, 1 H, J 1.0, 7.1, 9.3, -CHAr), 7.40 (-CH, C-7’), 7.23-7.46 (m, 2 H, -CHAr).
13

CNMR (100 MHz, MeOD, δ ppm): 28.9 (-C(CH3)3), 29.3 (-C(CH3)3), 57.6 (-C(CH3)3), 58.9 (-C(CH3)3),

87.1 (-Cquat, C-5), 112.8 (-CHAr), 115.2 (NHCH), 119.8 (Cquat, Ar), 120.2 (CHAr), 122.6 (CHAr), 125.3 (Cquat,
Ar), 126.0 (Cquat, Ar), 138.6 (CHAr), 157.2 (C=O, C-2), 175.7 (C=O, C-4). IR (neat) νmax: 3350 (NH), 2981
(CH3 stretch), 2942 (CH3 stretch), 1758 (imide), 1691 (imide). HRMS: Calculated (C19H25N3O3Na+) m/z
366.1788, found [M+Na+] 366.1791
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1-(tert-butyl)-4-(1H-indol-3-yl)-1H-imidazole-2,5-dione 243
Trifluoroacetic acid (5 mL) was added dropwise to a stirred solution of 1,3-di-tert-butyl-5-hydroxy-5(1H-indol-3-yl)imidazolidine-2,4-dione 204f (0.1 g, 0.29 mmol) in MeCN:H2O (4 mL, 1:1). The solution
was raised to 50 ˚C and stirred for 2 h. The reaction was cooled to r.t. and concentrated in vacuo.
The resultant crude was diluted with EtOAc (25 mL), washed with sat. NaHCO3 (2x), brine, dried over
Na2SO4 and filtered. A small volume of flash silica was added to the solution and volatiles were
removed in vacuo. The crude material adsorbed onto silica was directly subjected to flash
chromatography (1:0 to 49:1 to 19:1, CH2Cl2:MeCN) to yield the title compound 243 as a yelloworange solid (0.038 g, 78 %, Rf 0.17, (100 % CH2Cl2), sublimation 220-235 ˚C atm.).
1

HNMR (400 MHz, CD3CN, δ ppm): 1.63 (s, 9 H, -C(CH3)3), 7.33-7.39 (m, 2H, CHAr), 7.59-7.62 (m, 1 H,

CHAr), 8.32-8.35 (m, 1 H, CHAr), 8.79 (d, 1 H, J 3.2, CHNH), 10.65 (brs, 1 H, NH). 13CNMR (600 MHz,
CD3CN, δ ppm): 28.7 (-C(CH3)3), 58.0 (-C(CH3)3), 107.3 (Cquat, Ar), 113.8 (CHAr), 123.6 (CHAr), 124.4
(CHAr), 125.6 (CHAr), 127.0 (Cquat, Ar), 138.0 (Cquat, Ar), 139.6 (NHCH), 167.9 (C=N, C-5), 168.2 (C=O,
C-2), 168.4 (C=O, C-5). IR (neat) νmax: 3270 (NH), 2971 (CH3 stretch), 2933 (CH3 stretch), 1704 (imide
C=O), 1553 (C=N, conj. cyclic). HRMS: Calculated (C15H16N3O2+) m/z 270.1237, found [M+H+]
270.1243
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3-(tert-butyl)-5-hydroxy-5-(1H-indol-3-yl)imidazolidine-2,4-dione 246
Wet (CD3)2SO (1 mL) was added to a sample of 1-(tert-butyl)-4-(1H-indol-3-yl)-1H-imidazole-2,5dione 243 (10 mg) and the solution was left to stand at r.t. for 1 h producing an inseparable mixture
(1.01:1) of the title compound 243 and 1-(tert-butyl)-4-(1H-indol-3-yl)-1H-imidazole-2,5-dione 246
by NMR.
1

HNMR (400 MHz, D6MSO, δ ppm): 1.54 (s, 9 H, -C(CH3)), 6.91 (brs, 1 H, -OH), 6.99 (dt, 1 H, J 0.9, 8.0,

CHAr), 7.09 (dt, 1 H, J 1.0, 7.1, CHAr), 7.32 (d, 1 H, J 5.6, CCHNH), 7.38 (d, 1 H, J 8.2, CHAr), 7.52 (d, 1 H,
J 8.0, CHAr), 8.87 (s, 1 H, CONH), 11.10 (brs, 1 H, In-NH). 13CNMR (600 MHz, D6MSO, δ ppm): 28.1
(-C(CH3), 58.0 (-C(CH3), 81.2 (-OH, C-5), 111.2 (CHAr), 113.5 (Cquat, Ar), 118.4 (CHAr), 119.5 (CHAr),
120.8 (CHAr), 123.7 (Cquat, Ar), 124.5 (NHCH), 136.5 (Cquat, Ar), 155.9 (C=O, C-2), 173.6 (C=O, C-4). IR
(neat) νmax: 3270 (NH br), 2971 (CH3 stretch), 2933 (CH3 stretch), 1704 (imide C=O).
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1,3-di-tert-butyl-5-methyleneimidazolidine-2,4-dione 302b

To a stirred solution of TsOH (0.118 g, 0.62 mmol) in THF (4 mL) containing 4 Å MS was added 1,3di-tert-butyl-5-hydroxy-5-methylimidazolidine-2,4-dione 204e (0.1 g, 0.41 mmol) at r.t. The solution
was stirred overnight, after which time the reaction filtered and concentrated in vacuo. The crude
material was diluted with EtOAc (20 mL) and washed with sat. NaHCO3 (2x), brine and dried over
Na2SO4. Volatiles were removed in vacuo and the resultant crude purified by flash chromatography
(10 % EtOAc in hexanes) to yield the title compound 302b as a colourless oil (0.023 g, 25 %, Rf 0.54
(10 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.61 (s, 9 H, -C(CH3)3), 1.61 (s, 9 H, -C(CH3)3), 4.97 (d, 1 H,

J 1.8, -C=CH2), 5.37 (d, 1 H, J 1.8, -C=CH2). 13CNMR (100 MHz, CDCl3, δ ppm): 28.8 (-C(CH3)3), 29.0
(-C(CH3)3), 58.0 (-C(CH3)3), 58.0 (-C(CH3)3), 95.9 (-C=CH2), 135.5 (Cquat, C-5), 154.5 (C=O, C2), 163.5
(C=O, C-4). IR (neat) νmax: 2974 (CH3 stretch), 2936 (CH3 stretch), 1766 (imide), 1706 (imide), 1638
(alkene). HRMS: Calculated (C12H20N2O2) m/z 224.1525, found [M+H+] 225.1598

156 | P a g e

1-(tert-butyl)-5-methyleneimidazolidine-2,4-dione 303
To a stirred solution of trifluoroacetic acid:CH2Cl2 (1:2, 6 mL) at r.t was added 1,3-di-tert-butyl-5hydroxy-5-methylimidazolidine-2,4-dione 204e (0.1 g, 0.41 mmol). The solution was stirred
overnight and successively volatiles were removed in vacuo. The crude material was directly
subjected to flash chromatography using gradient elution (1:5 to 3:10 to 2:5, EtOAc:hexanes) to yield
the title compound 303 as a colourless oil (0.013 g, 24 %, Rf 0.23 (30 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.63 (s, 9 H, -C(CH3)3), 4.97 (d, 1 H, J 1.8, -C=CH2), 5.31 (d, 1 H, J

1.9, -C=CH2), 7.78 (brs, 1 H, NH). 13CNMR (100 MHz, CDCl3, δ ppm): 28.7 (-C(CH3)3), 58.1 (-C(CH3)3),
94.0 (-C=CH2), 133.9 (Cquat, C-5), 155.4 (C=O, C-2), 163.8 (C=O, C-4). IR (neat) νmax: 2974 (CH3 stretch),
2936 (CH3 stretch), 1766 (imide), 1706 (imide), 1638 (amide). HRMS: Calculated (C8H12N2O2)
m/z 168.0899, found [M-H]- 167.0283
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1,3-dicyclohexyl-5-methyleneimidazolidine-2,4-dione 302a
Trifluoroacetic acid (3 mL) was added to a stirred solution of 1,3-dicyclohexyl-5-hydroxy-5phenylimidazolidine-2,4-dione 204a (0.40 g, 1.36 mmol) in CH2Cl2 (1.5 mL) at 0 ˚C. The reaction was
raised to r.t. and stirred for a further 4 h. The reaction was quenched with sat. NaHCO3, diluted with
CH2Cl2 (15 mL) and partitioned. The organic phase was washed with H2O, sat. NaCl, dried over
anhydrous Na2SO4 and concentrated in vacuo. The resultant crude oil was purified by flash
chromatography (10 % EtOAc in hexanes) to yield the title compound 302a as a clear colourless oil
(0.259 g, 69 %, Rf 0.47 (10 % EtOAc in hexanes))
1

HNMR (400 MHz, CDCl3, δ ppm): 1.14-1.37 (m, 6 H, -CH2, Cy), 1.61-2.14 (m, 14 H, -CH2, Cy),

3.79-3.95 (m, 2 H, 2x -CH, Cy), 4.81 (d, 1 H, J 2.0, -CHA , C-6), 5.33 (d, 1 H, J 2.0, CHB, C-6). 13CNMR
(100 MHz, CDCl3, δ ppm): 25.0 (-CH2, Cy), 25.2 (-CH2, Cy), 25.8 (-CH2, Cy), 25.9 (-CH2, Cy), 29.2 (-CH2,
Cy), 29.4 (-CH2, Cy), 51.5 (-CH, Cy), 52.9 (-CH, Cy), 93.9 (Cquat, C-5), 134.9 (CH2, C-6), 153.6 (C=O, C-2),
162.5 (C=O, C-4). IR (neat) νmax: 2928 (CH2 stretch), 2855 (CH2 stretch), 1766 (imide C=O), 1710
(amide C=O). HRMS: Calculated (C16H24N2O2) m/z 276.1838, found [M+Na+] 299.1731
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General Procedure B
To a solution of desired acid (1.0 eq.) in CH2Cl2 (10 mL/mmol) at 0 ˚C was added
N,O-tert-butylhydroxyl amine hydrochloride (1.0 eq.) followed by EDCI.HCl (3.0 eq.) and DMAP
(3.0 eq.). The reaction was stirred cold for 10 min, raised to room temperature and stirred until
deemed complete by TLC. The reaction was quenched with 2 M HCl, partitioned and the aqueous
phase further extracted with CH2Cl2 (x2). Combined organic extracts were washed with brine, dried
over Na2SO4 and concentrated in vacuo. Crude material was purified by gradient elution flash
chromatography to yield the desired compound.

N-(tert-butyl)-2-(furan-2’-yl)-N-hydroxyacetamide 281a
N-tert-butyl hydroxylamine hydrochloride (0.996 g, 7.93 mmol), 2-furan acetic acid 279a (1.0 g, 7.93
mmol), EDCI.HCl (4.56 g, 23.79 mmol) and DMAP (2.91 g, 23.79 mmol) in CH2Cl2 (80 mL) were
subjected to conditions described in general procedure B (gradient elution 1:19 to 1:9 to 1:4
EtOAc:hexanes) to yield the title compound 281a as a pale yellow liquid (1.07 g, 89 %, Rf 0.43, 20 %
EtOAc in hexanes)
1

HNMR (400 MHz, CDCl3, δ ppm): 1.12 (s, 9 H, -C(CH3)3), 3.75 (s, 2 H, -CH2, C-2), 6.25 (dd, 1 H, J 0.8,

3.2, -CH, C-3’), 6.34 (dd, 1 H, J 2.0, 3.2, -CH, C-4’), 7.37 (dd, 1 H, J 0.8, 1.6, -CH, C-5’).

13

CNMR

(100 MHz, CDCl3, δ ppm): 26.3 (-C(CH3)3) , 32.7 (-CH2, C-2), 55.9 (-C(CH3)3), 108.3 (-CH, C-3’), 110.6
(-CH, C-4’), 142.2 (-CH, C-5’), 146.8 (Cquat, C-2’), 169.3 (C=O). IR (neat) νmax: 3151 (OH, H-bonded),
2975 (CH3 stretch), 1734 (amide). HRMS: Calculated (C10H15NO3) m/z 197.2310, found [M+H+]
198.1123
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N-(tert-butyl)-N-hydroxy-2-(thiophen-2’-yl)acetamide 281b
2-Thiopheneacetic acid 279b (0.5 g, 3.52 mmol), N,O-tert-butylhydroxyl amine hydrochloride (0.442
g, 3.52 mmol), EDCI.HCl (2.02 g, 10.50 mmol) and DMAP (1.29 g, 10.50 mmol) in CH 2Cl2 (36 mL) were
subjected to conditions described in general procedure B (gradient elution 1:10 to 1:5
EtOAc:hexanes) to yield the title compound 281b (0.669 g, 89 %, Rf 0.67 (20 % EtOAc in hexanes)) as
a clear bright yellow oil.
1

HNMR (400 MHz, CDCl3, δ ppm): 1.11 (s, 9 H, -C(CH3)3), 3.90 (s, 2 H, -CH2, C-2), 6.95-7.00 (m, 2

H, -CH, C-3’; -CH, C-4’), 7.22 (dd, 1 H, J 1.8, 4.7, -CH, C-5’), 7.27 (brs, 1 H, -OH). 13CNMR (100 MHz,
CDCl3, δ ppm): 26.4 (-C(CH3)3) , 34.0 (-CH2, C-2), 56.0 (-C(CH3)3), 125.2 (-CH, C-3’), 126.9 (-CH, C-4’),
127.1 (-CH, C-5’), 134.2 (Cquat, C-2’), 170.3 (C=O). IR (neat) νmax: 3227 (-OH), 2974 (CH3 stretch), 1732
(amide). HRMS: Calculated (C10H15NO3) m/z 213.0823, found [M+H+] 214.0898
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1-(benzylamino)-2-(furan-2-yl)-1-oxoethyl 2'-(furan-2-yl)acetate 285
To a stirred solution of N-benzyl hydroxylamino trifluoroacetate 284 (0.423 g, 1.78 mmol) in CH2Cl2
(24 mL) cooled to 0 ˚C, was added 2-furan acetic acid 279b (0.225 g, 1.78 mmol) followed by
EDCI.HCl (1.03 g, 5.34 mmol) and DMAP (0.87 g, 7.12 mmol). The reaction was stirred at 0 ˚C for a
further 15 min, warmed to room temperature and stirred overnight. The reaction was then diluted
with CH2Cl2 and washed with 1 M HCl. The phases were partitioned and the aqueous phase further
extracted with CH2Cl2 (x 2). Combined organic phases were dried with brine, anhydrous Na2SO4,
filtered and concentrated in vacuo. The resultant crude oil was purified via flash chromatography
using gradient elution (9:1 to 4:1 to 5:2, hexanes:EtOAc) to yield the title compound 285 as a vivid
yellow oil (0.06 g, 10 %, Rf 0.31, 40 % EtOAc in hexanes)
1

HNMR (400 MHz, CDCl3, δ ppm): 3.70 (HAB, 1 H, J 16.8, -CHA, C-3’), 3.77 (HAB, 1 H, J 16.6, -CHB, C-3’),

4.46 (dq, 2 H, J 5.8, 14.6, 20.1, -CH2Ph), 6.16 (d, 1 H, J 3.2, CH, C-7’), 6.21 (dd, 1 H, J 1.9, 3.4, CH, C-6’),
6.28 (s, 1 H, CH, C-2), 6.36 (dd, 1 H, J 1.9, 3.3, CH, C-5), 6.21 (d, 1 H, J 3.2, CH, C-6), 6.61 (brs, 1 H,
NH), 7.02 (d, 1 H, J 1.8, CH, C-5’), 7.25-7.38 (m, 5 H, C-HAr), 7.40 (d, 1 H, J 1.9, CH, C-4). 13CNMR
(100 MHz, CDCl3, δ ppm): 34.0 (CH2, C-3’), 43.5 (CH2Ph), 68.9 (CH, C-2), 108.5 (CH, C-7’), 110.6 (CH,
C-6’), 110.7 (CH, C-5), 111.7 (CH, C-6), 127.7 (CHAr), 127.8 (CHAr), 128.7 (CHAr), 137.3 (C-Arquat), 142.2
(CH, C-5’), 143.6 (CH, C-4), 146.6 (Cquat, C-4’), 147.6 (Cquat, C-3), 165.7 (C=O, C-1), 167.1 (C=O, C-2’). IR
(neat) νmax: 3297 (NH), 1749 (C=O, amide), 1663 (C=O, ester). HRMS: Calculated (C19H17NO5) m/z
339.1107, found [M+H+] 340.1181.
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General Procedure C
To a stirred solution of tert-butylhydroxamic acid (1.0 eq.) in THF (25 mL/mmol) at 0 ˚C was added
triethylamine (5.0 eq.) and DMAP (15 mol%). Acetyl chloride (5.0 eq.) was then added dropwise and
the reaction raised to r.t. The reaction was stirred at r.t. until deemed complete by TLC, after which
time volatiles were removed in vacuo and the crude material diluted with CH2Cl2. The solution was
washed with 1 M HCl, sat. NaHCO3, brine and dried over Na2SO4. Volatiles were removed in vacuo
and the crude material subjected to gradient flash chromatography (1:19 to 1:9 to 1:5,
EtOAc:hexanes) to yield the desired product.

N-acetoxy-N-(tert-butyl)-2-(furan-2’-yl)acetamide 278a
N-(tert-butyl)-2-(furan-2-yl)-N-hydroxyacetamide (1.07 g, 5.43 mmol), acetyl chloride (1.93 mL, 27.13
mmol), triethylamine (3.78 mL, 27.13 mmol) and DMAP (0.10 g, 0.81 mmol) were reacted for 4 h as
described by general procedure C to yield the title compound 278a as a clear pale yellow oil (1.14 g,
88 %, Rf 0.31 (20 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.38 (s, 9 H, -C(CH3)3), 1.88 (s, 3 H, -NOCOCH3), 3.82 (s, 2 H, CH2,

C-2), 6.29-6.31 (m, 1 H, -CH, C-3’), 6.34-6.37 (m, 1 H, -CH, C-4’), 7.34 (dd, 1 H, J 0.8, 2.0, -CH, C-5’).
13

CNMR (100 MHz, CDCl3, δ ppm): 22.7 (-NOCOCH3), 27.3 (-C(CH3)3) , 31.9 (CH2, C-2), 62.4 (-C(CH3)3),

109.0 (-CH, C-3’), 110.8 (-CH, C-4’), 142.6 (-CH, C-5’), 145.6 (Cquat, C-2’), 167.9 (C=O, C-1), 172.0 (C=O,
Ac). IR (neat) νmax: 2983 (CH3 stretch), 2934 (CH3 stretch), 1787 (imide C=O) 1668 (amide C=O). HRMS:
Calculated (C12H17NO4) m/z 239.1158, found [M+Na+] 262.1056
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N-acetoxy-N-(tert-butyl)-2-(thiophen-2’-yl)acetamide 278b
N-(tert-butyl)-2-(thiophenyl-2-yl)-N-hydroxyacetamide (0.611 g, 2.86 mmol), acetyl chloride (0.61 mL,
8.59 mmol), triethylamine (1.20 mL, 8.59 mmol) and DMAP (0.052 g, 0.43 mmol) in THF (14 mL)
were reacted for 4 h as described by general procedure C to yield the title compound 278b as a clear
colourless oil (0.567 g, 93 %, Rf 0.34 (10 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.39 (s, 9 H, -C(CH3)3), 1.85 (s, 3 H, -NOCOCH3), 3.97 (s, 2 H, -CH2,

C-2), 6.98-7.02 (m, 2 H, -CH, C-3’; -CH, C-4’), 7.26 (dd, 1 H, J 1.2, 5.2, -CH, C-5’). 13CNMR (100 MHz,
CDCl3, δ ppm): 22.7 (-NOCOCH3), 27.3 (-C(CH3)3) , 33.0 (-CH2, C-2), 62.4 (-C(CH3)3), 125.7 (-CH, C-3’),
127.1 (-CH, C-4’), 127.7 (-CH, C-5’), 132.6 (Cquat, C-2’), 169.0 (C=O, C-1), 172.0 (C=O, Ac). IR (neat) νmax:
2983 (CH stretch), 1783 (amide C=O), 1670 (acetyl C=O). HRMS: Calculated (C12H17NO3S) m/z
255.0929, found [M+Na+] 278.0822, [M+H+] 256.1000
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General Procedure D
To a solution of diisopropylamine (2.6 eq.) in THF (5 mL/mmol) under Argon at -78 ˚C was added
n

BuLi (2.5 eq., 1.6 M in THF). The suspension was stirred cold for 1 h, followed by dropwise addition

of the desired acetamide (1.0 eq.) in THF (5 mL/mmol) via cannula. The reaction was stirred
vigorously for 1 h and quenched by addition of NH4Cl. The solution was warmed to r.t., diluted with
brine and basified to pH ~13 through addition of 1 M NaOH. The phases were separated and
aqueous phase acidified to pH ~2 using 1 M HCl. Aqueous phase was extracted with Et2O (x3).
Combined organic extracts were dried with brine followed by anhydrous Na2SO4. The filtered
solution was concentrated in vacuo to yield the desired product.

4-(tert-butylamino)-3-(furan-2’-yl)-4-oxobutanoic acid 277a
To a solution of diisopropylamine (0.152 mL, 1.09 mmol) and nBuLi (0.65 mL, 1.6 M in THF) in THF
(2 mL) as described by general procedure D, was added N-acetoxy-N-(tert-butyl)-2-(furan-2-yl)acetamide 278a (0.10 g, 0.42 mmol) in THF (2 mL) to yield the title compound 277a (0.092 g, 92 %)
as a tan solid which was recrystallised from chloroform to yield a pale yellow crystalline solid (MP
116-117 ˚C).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.28 (s, 9 H, -C(CH3)3), 2.61 (HAB, 1 H, J 8.6, 14.9, -CHA, C-2), 2.85

(HAB, 1 H, J 5.9, 14.9, -CHB, C-2), 3.30 (brs, 1 H, NH), 4.23 (dd, 1 H, J 5.9, 8.7, -CH, C-3), 6.23 (d, 1 H,
J 3.4, -CH, C-3’), 6.32 (dd, 1 H, J 1.9, 3.2, -CH, C-4’), 7.35 (dd, 1 H, J 0.8, 1.8, -CH, C-5’).

13

CNMR

(100 MHz, CDCl3, δ ppm): 28.4 (-C(CH3)3) , 37.9 (-CH2, C-2), 41.7 (-CH, C-3), 51.4 (-C(CH3)3), 107.4 (-CH,
C-3’), 110.5 (-CH, C-4’), 142.0 (-CH, C-5’), 150.8 (-Cquat, C-2’), 170.3 (C=O, C-4), 173.0 (C=O, C-1). IR
(neat) νmax: 3352 (NH), 2970 (CH3 stretch), 2933 (CH3 stretch), 2503 (C=O, acid), 1701 (C=O, amide).
HRMS: Calculated (C12H17NO4) m/z 239.1158, found [M+Na+] 262.1057.
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4-(tert-butylamino)-3-(thiophen-2’-yl)-4-oxobutanoic acid 277b
To a solution of diisopropylamine (0.81 mL, 5.78 mmol) and nBuLi (3.47 mL, 1.6 M in THF) in THF (11
mL) as described by general procedure D, was added N-acetoxy-N-(tert-butyl)-2-(thiophen-2-yl)acetamide 278b (0.567 g, 2.22 mmol) in THF (11 mL) to yield the title compound 277b (0.544 g, 96 %,
MP 127-131 ˚C) as a pale off-white solid.
1

HNMR (400 MHz, CDCl3, δ ppm): 1.29 (s, 9 H, -C(CH3)3), 2.69 (HAB, 1 H, J 4.8, 15.2, -CHA, C-2), 2.89

(HAB, 1 H, J 8.8, 15.2, -CHB , C-2), 4.43 (dd, 1 H, J 4.8, 8.8, -CH, C-3), 5.43 (brs, 1H, NH), 6.94-6.99 (m,
2 H, -CH, C-3’ and -CH, C-4’), 7.22 (dd, 1 H, J 1.2, 5.2, -CH, C-5’). 13CNMR (100 MHz, CDCl3, δ ppm):
28.6 (-C(CH3)3) , 43.1 (-CH2-C2), 41.1 (-CH, C-3), 52.0 (-C(CH3)3), 125.0 (-CH, C-3’), 126.2 (-CH, C-4’),
126.9 (-CH, C-5’), 139.3 (-Cquat, C-2’), 170.3 (C=O, C-4), 174.0 (C=O, C-1). IR (neat) νmax: 3353 (NH),
2971 (CH3 stretch), 2932 (CH3 stretch), 2621 (C=O, acid), 1698 (C=O, amide). HRMS: Calculated
(C12H17NO3S) m/z 255.0929, found [M+Na+] 278.0825
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General Procedure E
To a stirred solution of free acid (1.0 eq.) in toluene (6 mL/mmol) at r.t. was added triethylamine (1.1
eq.) followed by diphenylphosphoryl azide (1.1 eq.). The reaction was raised to 110 ˚C and reacted
until visible evolution of bubbles had ceased and the reaction was complete by TLC. The reaction
was cooled to r.t. and volatiles were removed in vacuo. The resultant crude material was subjected
directly to isocratic flash chromatography utilizing neutral alumina (35 % EtOAc in hexanes) to yield
the desired product.

3-(tert-butyl)-5-(furan-2’-yl)dihydropyrimidine-2,4(1H,3H)-dione 294a
4-(tert-butylamino)-3-(furan-2-yl)-4-oxobutanoic acid 277a (0.20 g, 0.84 mmol), triethylamine (0.13
mL, 0.92 mmol) and diphenylphosphoryl azide (0.20 mL, 0.92 mmol) in toluene (5 mL) were reacted
for 3 h using the method described by general procedure E, to yield the title compound 294a as a
pale yellow solid (0.094 g, 49 %, MP 89-95 ˚C, Rf 0.22 (30 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.55 (s, 9 H, -C(CH3)3), 2.95 (ddq, 2 H, J 0.4, 10.8, 12.0, -CH2, C-6),

4.61-4.65 (m, 1 H, -CH, C-5), 5.68 (brs, 1H, NH), 6.28 (dd, 1 H, J 0.8, 3.6, -CH, C-3’), 6.36 (dd, 1 H, J 2.0,
3.2, -CH, C-4’), 7.40 (dd, 1 H, J 0.8, 2.0, -CH, C-5’). 13CNMR (100 MHz, CDCl3, δ ppm): 29.2 (-C(CH3)3),
39.9 (-CH2, C-6), 44.3 (-CH, C-2’), 59.3 (-C(CH3)3), 107.3 (-CH, C-3’), 110.5 (-CH, C-4’), 142.9 (-CH, C-5’),
151.0 (Cquat, C-2’), 154.3 (C=O, C-2), 169.9 (C=O). IR (neat) νmax: 3218 (NH), 2969 (CH3 stretch), 2919
(CH3 stretch), 1714 (imide C=O), 1675 (amide C=O). HRMS: Calculated (C12H16N2O3) m/z 236.1161,
found [M+H+] 237.1237, [M-H+] 235.1092,
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3-(tert-butyl)-5-(thiophen-2'-yl)dihydropyrimidine-2,4(1H,3H)-dione 294b
4-(tert-butylamino)-3-(thiophen-2-yl)-4-oxobutanoic acid 277b (0.279 g, 1.09 mmol), triethylamine
(0.23 mL, 1.64 mmol) and diphenylphosphoryl azide (0.35 mL, 1.64 mmol) in toluene (6 mL) were
reacted for 6 h employing the method described by general procedure E, (gradient elution (19:1 to
5:1 to 5:2 Hexanes:EtOAc)) to yield the title compound 294b as a bright yellow solid (0.120 g, 44 %,
MP 100-103 ˚C, Rf 0.1 (10 % EtOAc in hexanes)).
1

HNMR (400 MHz, CDCl3, δ ppm): 1.51 (s, 9 H, -C(CH3)3), 2.91 (dq, 1 H, J 8.0, 17.2, CHA, C-6), 2.99 (dq,

1 H, J 4.8, 17.2, CHA, C-6), 4.80-4.84 (m, 1 H, CH, C-5), 6.83 (brd, 1H, J 2.4, NH), 6.97-7.02 (m, 2 H, CH,
C-3’, C-4’), 7.27 (dd, 1 H, J 1.2, 4.8, CH, C-5’). 13CNMR (100 MHz, CDCl3, δ ppm): 29.1 (-C(CH3)3) , 43.1
(CH2, C-6), 46.0 (CH, C-5), 59.2 (-C(CH3)3), 125.1 (CH, C-3’), 125.3 (CH, C-4’), 127.0 (CH, C-5’), 142.1
(Cquat, C-2’), 154.7 (C=O, C-2), 169.8 (C=O, C-4). IR (neat) νmax: 3228 (NH), 2969 (CH3 stretch), 2928
(CH3 stretch), 1713 (imide C=O), 1674 (amide C=O). HRMS: Calculated (C12H16N2O2S) m/z 252.0932,
found [M+Na+] 275.0828. LRMS: Calculated (C12H16N2O3) m/z 252.09, found [M+Na+] 275.09,
[M+Na++MeOH] 307.13
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5-(thiophen-2'-yl)dihydropyrimidine-2,4(1H,3H)-dione 276b
To a stirred solution of 3-(tert-butyl)-5-(thiophen-2’-yl)dihydropyrimidine-2,4(1H,3H)-dione 294b
(0.07 g, 0.28 mmol) in CH2Cl2 (3 mL) at r.t. was added copper(II) triflate (0.20 g, 5.54 mmol). The
reaction was stirred for 1 h followed by addition of trifluoroacetic acid (3 mL). The reaction was
stirred for a further 10 h at r.t., diluted with CH2Cl2 and neutralised with sat. NaHCO3. The phases
were partitioned and the aqueous phase further extracted with CH2Cl2. Combined organic extracts
were washed with H2O, sat. NaCl, dried over anhydrous Na2SO4 and filtered. Volatiles were removed
in vacuo to yield a crude white solid that was triturated with MeOH and filtered. The resultant solid
was washed with small portions of MeOH and dried under vacuum to yield the title compound 276b
as a white solid (0.035 g, 65 %, MP 177-182 ˚C).
1

HNMR (400 MHz, DMSO, δ ppm): 2.66 (dd, 1 H, J 4.6, 16.4, CHA, C-6), 2.98 (dd, 1 H, J 6.0, 16.4, CHB,

C-6), 4.92 (dd, 1 H, J 4.4, 8.4, CH, C-5), 6.98-7.00 (m, 2 H, CH, C-3’, C-4’), 7.44 (dd, 1 H, J 1.9, 4.4, CH,
C-5’), 8.20 (s, 1H, NH), 10.16 (s, 1H, NH). 13CNMR (100 MHz, DMSO, δ ppm): 38.4 (CH2, C-6), 46.4 (CH,
C-5), 124.7 (CH, C-3’), 125.4 (CH, C-4’), 127.2 (CH, C-5’), 145.6 (Cquat, C-2’), 153.3 (C=O, C-2), 169.7
(C=O, C-4). IR (neat) νmax: 3215 (NH), 3072 (NH), 2917 (CH stretch), 2849 (CH stretch), 1671 (br, C=O).
HRMS: Calculated (C8H8N2O2S) m/z 196.0306, [M-H]- 195.0242.
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APPENDIX
A)

Compound 133

Figure 7.1
Molecular diagram of C9H12O6 133 showing the two crystallographically unique
molecules with non-hydrogen atoms represented by 50 % thermal ellipsoids and hydrogen
atoms as spheres of arbitrary size. The two molecules are essentially the same and have chirality
at C(4) R, C(5) R, C(13) R, C(14) R. Successive molecules are linked into a chain through hydrogen
bonding between the OH and C-O functionalities, as indicated by dashed red bonds for two
molecules in the Figure.
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Table 7.1

Crystal data and structure refinement for 133

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

C9 H12 O6
216.19
123(2) K
1.54184 A
Triclinic, P 1
a = 5.4257(8) A
α = 80.669(12) ˚
b = 6.2355(9) A
β = 86.482(11) ˚
c = 16.123(2) A
γ = 68.270(13) ˚
3
500.01(12) A
2, 1.436 Mg/m3
1.056 mm-1
228
0.20 x 0.15 x 0.02 mm
2.78 to 66.72 ˚
-6 < = h < = 6, -7 < = k < = 7, -18 < = l < = 18
6519 / 2965 [R(int) = 0.0941]
= 66.72, 94.8 %
Semi-empirical from equivalents
1.00000 and 0.61784
Full-matrix least-squares on F2
2965 / 7 / 287
1.113
R1 = 0.0681, wR2 = 0.1835
R1 = 0.0798, wR2 = 0.2138
-0.3(4)
0.366 and -0.428 e.A-3
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Compound 139

Figure 7.2
Molecular diagram with non-hydrogen atoms represented as 50 % thermal
ellipsoids and hydrogen atoms as spheres of arbitrary size. Chirality at C(1) R, C(2) R, C(4) R, C(5) S,
C(7) R.

Figure 7.3

Ball and stick representation showing the unique hydrogen bonds.
(Symmetry operators: i 1-x,½+y,-z; ii –x,y-½,-z)
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Table 7.2

Crystal data and structure refinement for 139.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

C13 H12 O6
264.23
123(2) K
1.54178 A
Monoclinic, P 21
a = 6.2901(2) A
α = 90 ˚
b = 7.1736(2) A
β = 90.632(2) ˚
c = 12.9190(4) A
γ = 90 ˚
3
582.90(3) A
2, 1.505 Mg/m3
1.030 mm-1
276
0.25 x 0.15 x 0.10 mm
6.85 to 66.82 ˚
-7 < = h < = 7, -8 < = k < = 8, -15 < = l < = 12
5011 / 2060 [R(int) = 0.0150]
= 66.82, 99.1 %
Semi-empirical from equivalents
1.00000 and 0.93735
Full-matrix least-squares on F2
2060 / 3 / 180
1.166
R1 = 0.0254, wR2 = 0.0672
R1 = 0.0260, wR2 = 0.0681
-0.11(14)
0.171 and -0.185 e.A-3
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Compound 164

Figure 7.4
Molecular diagram with non-hydrogen atoms represented by 50 % thermal
ellipsoids and hydrogen atoms as spheres of arbitrary size. The compound is chiral and the
absolute configuration indicated at C (2) R and C (3) R.

Figure 7.5
of the crystal

Individual molecules form a hydrogen bonded chain running parallel to the b axis
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Table 7.3

Crystal data and structure refinement for 164.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

C4 H6 O4
118.09
123(2) K
1.54184 A
Monoclinic, P 21
a = 6.1423(4) A
α = 90 ˚
b = 5.2711(3) A
β = 90.290(6) ˚
c = 7.3958(4) A
γ = 90 ˚
3
239.45(2) A
2, 1.638 Mg/m3
1.319 mm-1
124
0.25 x 0.10 x 0.05 mm
5.98 to 66.71 ˚
-6 < = h < = 7, -6 < = k < = 6, -8 < = l < = 7
1566 / 836 [R(int) = 0.0178]
= 66.71, 98.9 %
Semi-empirical from equivalents
1.00000 and 0.90143
Full-matrix least-squares on F2
836 / 3 / 81
1.085
R1 = 0.0237, wR2 = 0.0628
R1 = 0.0239, wR2 = 0.0631
-0.05(19)
0.167 and -0.161 e.A-3
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Compound 166

Figure 7.6
Molecular diagram of the three crystallographically unique molecules of C10H20O4Si
with non-hydrogen atoms represented by 50 % thermal ellipsoids and hydrogen atoms as spheres
of arbitrary size. The three molecules are essentially the same, differing only in the orientation of
the SiMe2But group. The molecules have chirality at C(1) and C(2), C(11) and C(12), C(21) and C(22),
all R.
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Table 7.4

Crystal data and structure refinement for 166.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

C10 H20 O4 Si
232.35
123(2) K
1.54184 A
Monoclinic, P 21
a = 14.2598(11) A
α = 90 ˚
b = 7.9567(7) A
β = 111.737(9) ˚
c = 18.3015(15) A
γ = 90 ˚
3
1928.9(3) A
6, 1.200 Mg/m3
1.586 mm-1
756
0.20 x 0.20 x 0.05 mm
2.60 to 66.45 ˚
-16 < = h < = 15, -9 < = k < = 9, -21 < = l < = 21
26467 / 6728 [R(int) = 0.0527]
= 66.45, 99.2 %
Semi-empirical from equivalents
1.00000 and 0.83052
Full-matrix least-squares on F2
6728 / 4 / 415
1.061
R1 = 0.0428, wR2 = 0.1026
R1 = 0.0499, wR2 = 0.1086
-0.03(2)
0.423 and -0.248 e.A-3
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Compound 204a

Figure 7.7
Molecular diagram of 204a with non-hydrogen atoms represented by 50 %
thermal ellipsoids and hydrogen atoms as spheres of arbitrary size.
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Table 7.5

Crystal data and structure refinement for 204a.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

C16 H26 N2 O3
294.39
123(2) K
1.54184 A
Monoclinic, P 21/c
a = 10.6240(3) A
α = 90 ˚
b = 14.9312(4) A
β = 107.496(3) ˚
c = 10.3906(3) A
γ = 90 ˚
3
1572.00(8) A
4, 1.244 Mg/m3
0.690 mm-1
640
0.25 x 0.25 x 0.25 mm
5.28 to 66.52 ˚
-12 < = h < = 12, -17 < = k < = 17, -12 < = l < = 12
18304 / 2769 [R(int) = 0.0259]
= 66.52, 99.7 %
Semi-empirical from equivalents
1.00000 and 0.87079
Full-matrix least-squares on F2
2769 / 0 / 194
1.045
R1 = 0.0332, wR2 = 0.0794
R1 = 0.0361, wR2 = 0.0818
0.227 and -0.179 e.A-3
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Compound 204b

Figure 7.8
Molecular diagram of the two unique molecules of C21 H28 N2 O3 with nonhydrogan atoms represented as 50 % thermal ellipsoids and hydrogen atoms as spheres of
arbitrary size. The molecules have opposite chirality at C(1) S and C(22) R.
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Table 7.6

Crystal data and structure refinement for 204b.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole

C21 H28 N2 O3
356.45
123(2) K
0.71073 A
Monoclinic, P 21
a = 10.2177(5) A
α = 90 ˚
b = 18.1289(9) A
β = 90.290(5) ˚
c = 10.2865(5) A
γ = 90 ˚
3
1905.40(16) A
4, 1.243 Mg/m3
0.083 mm-1
768
0.25 x 0.13 x 0.10 mm
1.98 to 30.67 ˚
-14 < = h < = 14, -25 < = k < = 25, -14 < = l < = 14
20845 / 9812 [R(int) = 0.0295]
= 28.00, 99.9 %
Semi-empirical from equivalents
1.00000 and 0.94731
Full-matrix least-squares on F2
9812 / 1 / 479
1.051
R1 = 0.0400, wR2 = 0.0859
R1 = 0.0490, wR2 = 0.0931
0.00
0.227 and -0.199 e.A-3

Note: The structure was refined as a combined general and racemic twin with final scale factors
0.19 (general) and 0.16 (racemic) respectively.
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Compound 204c

Figure 7.9
Molecular diagram of C13H24N2O3 with non-hydrogen atoms represented by 50 %
thermal ellipsoids and hydrogen atoms as spheres of arbitrary size. One of the iso-propyl groups
was modelled as disordered over two positions, only one component is shown.
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Table 7.7

Crystal data and structure refinement for 204c.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

C13 H24 N2 O3
256.34
123(2) K
0.71073 A
Triclinic, P -1
a = 6.6439(4) A
α = 90.471(5) ˚
b = 6.7787(4) A
β = 99.173(5) ˚
c = 16.0257(11) A
γ = 100.301(5) ˚
3
700.53(8) A
2, 1.215 Mg/m3
0.086 mm-1
280
0.25 x 0.25 x 0.08 mm
2.58 to 26.00 ˚
-8 < = h < = 8, -8 < = k < = 8, -19 < = l < = 19
12021 / 2761 [R(int) = 0.0242]
= 26.00, 100.0 %
Semi-empirical from equivalents
1.00000 and 0.96256
Full-matrix least-squares on F2
2761 / 19 / 240
1.053
R1 = 0.0357, wR2 = 0.0844
R1 = 0.0427, wR2 = 0.0899
0.298 and -0.220 e.A-3
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Compound 204d

Figure 7.10
Molecular diagram of C15H22N2O4 with non-hydrogen atoms represented by 50 %
thermal ellipsoids and hydrogen atoms as spheres of arbitrary size.
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Table 7.8

Crystal data and structure refinement for 204d.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

C15 H22 N2 O4
294.35
123(2) K
0.71073 A
Monoclinic, P 21/c
a = 9.6625(6) A
α = 90 ˚
b = 14.9016(8) A
β = 112.167(7) ˚
c = 11.6651(8) A
γ = 90 ˚
3
1555.48(17) A
4, 1.257 Mg/m3
0.091 mm-1
632
0.30 x 0.30 x 0.25 mm
2.28 to 30.67 ˚
-13 < = h < = 13, -21 < = k < = 21, -15 < = l < = 15
23943 / 4441 [R(int) = 0.0305]
= 27.50, 100.0 %
Semi-empirical from equivalents
1.00000 and 0.91399
Full-matrix least-squares on F2
4441 / 0 / 194
1.031
R1 = 0.0403, wR2 = 0.1040
R1 = 0.0503, wR2 = 0.1123
0.493 and -0.287 e.A-3
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Compound 204e

Figure 7.11
Molecular diagram of C12H22N2O3 with non-hydrogen atoms represented by 50 %
thermal
ellipsoids
and
hydrogen
atoms
as
spheres
of
arbitrary
size.
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Table 7.9

Crystal data and structure refinement for 204e.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

C12 H22 N2 O3
242.32
123(2) K
0.71073 A
Monoclinic, P 21/c
a = 5.7234(4) A
α = 90 ˚
b = 18.0562(11) A
β = 93.070(5) ˚
c = 13.0348(7) A
γ = 90 ˚
1345.12(14) A3
4, 1.197 Mg/m3
0.086 mm-1
528
0.25 x 0.15 x 0.10 mm
1.93 to 26.00 ˚
-7 < = h < = 7, -22 < = k < = 22, -16 < = l < = 16
11723 / 2636 [R(int) = 0.0310]
= 26.00, 100.0 %
Semi-empirical from equivalents
1.00000 and 0.84003
Full-matrix least-squares on F2
2636 / 1 / 159
1.030
R1 = 0.0478, wR2 = 0.1128
R1 = 0.0603, wR2 = 0.1224
0.460 and -0.367 e.A-3
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Compound 204f

Figure 7.12
Molecular diagram of C19H25N3O3 with non-hydrogen atom represented by
50 % thermal ellipsoid and hydrogen atoms as spheres of arbitrary size. One of the tert-butyl
groups was modelled as rotationally disordered over two positions, only the major component
is shown.
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Figure 7.13

Alternative ball and stick diagrams of C19H25N3O3.
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Table 7.10

Crystal data and structure refinement for 204f.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

C19 H25 N3 O3
343.42
123(2) K
0.71073 A
Triclinic, P -1
a = 8.5280(7) A
α = 86.475(6) ˚
b = 9.6178(8) A
β = 88.739(6) ˚
c = 11.7900(9) A
γ = 73.756(7) ˚
926.65(13) A3
2, 1.231 Mg/m3
0.084 mm-1
368
0.30 x 0.12 x 0.12 mm
2.21 to 30.55 ˚
-11 < = h < = 9, -13 < = k < = 13, -16 < = l < = 14
8357 / 4918 [R(int) = 0.0264]
= 27.50, 100.0 %
Semi-empirical from equivalents
1.00000 and 0.89187
Full-matrix least-squares on F2
4918 / 26 / 271
1.043
R1 = 0.0517, wR2 = 0.1182
R1 = 0.0775, wR2 = 0.1391
0.402 and -0.300 e.A-3
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K)

Compound 234

Figure 7.14
Molecular diagram of C10 H7 N3 234 with non-hydrogen atoms represented by 50 %
thermal ellipsoids and hydrogen atoms as spheres of arbitrary size. There are three unique
molecules in the ASU, one is fully labelled with the numbering scheme mirrored for the other two
molecules.

Figure 7.15

Set of two unique, parallel hydrogen-bonded chains of molecules.
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Figure 7.16

Packing diagram as viewed down the ‘b’ axis.
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Table 7.11

Crystal data and structure refinement for 234.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)
Crystal size
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness to θ
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2σ(I)]
R indices (all data)
Largest diff. peak and hole

C10 H7 N3
169.19
123(2) K
1.54178 A
Monoclinic, P 21/n
a = 11.5740(4) A
α = 90 ˚
b = 19.6859(6) A
β = 110.511(4) ˚
c = 12.0457(4) A
γ = 90 ˚
3
2570.56(15) A
12, 1.311 Mg/m3
0.664 mm-1
1056
0.53 x 0.15 x 0.12 mm
4.49 to 66.65 ˚
-12 < = h < = 13, -23 < = k < =23, -14 < = l < = 14
21023 / 4440 [R(int) = 0.0619]
= 66.65, 97.5 %
Semi-empirical from equivalents
1.00000 and 0.62087
Full-matrix least-squares on F2
4440 / 0 / 364
1.033
R1 = 0.0495, wR2 = 0.1296
R1 = 0.0574, wR2 = 0.1383
0.462 and -0.255 e.A-3

