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Abstract
This thesis is divided into two main sections.

The first section describes the work towards the total synthesis of leustroducsin B.
Leustroducsin B (LSN-B) is a colony-stimulating factor inducer and has the potential to be a post-cancer chemotherapy treatment. Its interesting structural features inspired the development of new protocols based on group methodologies, which allow efficient construction of key motifs in the natural product.
In the left hand fragment of LSN-B, core structure C5-13 is obtained in 22 steps from L-ascorbic acid. The highlight of this synthesis is the use of the Ley group’s butanediacetal moiety in two different reaction manifolds. First, it acts as a chiral building block to set up two stereocentres via a known diastereoselective allylation and an unprecedented aldol reaction. Secondly, in a new application of butanediacetal chemistry, it is used as a means of alcohol differentiation to selectively protect the densely oxygenated central carbon chain.
In the synthesis towards the right hand fragment, a two-step protocol to obtain the carbon framework of the functionalised cyclohexane is applied: organocatalytic cyclopropanation first gives a fused cyclopropane-cyclohexanone system, which is then opened via a radical pathway.

The second section describes work that established perovskites as viable catalysts in palladium-mediated cross-couplings. 
Perovskite-based materials are currently being marketed as a new class of catalysts for automotive emission control. Because of their ability to self-regenerate the precious metal (often palladium or ruthenium) under the oxidative and reductive atmosphere in catalytic converters they show high performance, while utilising only a tiny amount of precious metal. 
It is found that LaFe0.57Co0.38Pd0.05O3, a palladium-containing perovskite, is an efficient catalyst in cross-coupling reactions. In Suzuki couplings, a variety of boronic acids and boronic acid esters can be coupled to aryl iodides and bromides in high yields. Turnover numbers up to 243,000 are observed. Using microwave irradiation, Suzuki couplings to aryl chlorides are feasible, resulting in modest to good yields. LaFe0.57Co0.38Pd0.05O3 performs equally well in Stille couplings to aryl iodides and aryl bromides. In Heck couplings, only the reaction to activated substrates such as aryl iodides and electron-deficient aryl bromides, is possible. 
		Abstract
Investigations into the mechanism of this catalytic system, including a three-phase and Maitlis’ filtration test as well as kinetic experiments, strongly support the hypothesis that the catalysis occurs via a homogeneous pathway. A proposal that LaFe0.57Co0.38Pd0.05O3 acts as a ‘reservoir and scavenger’ is advanced to account for low levels of palladium (2 ppm) after removal of the catalyst by filtration.
		Contents
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	NMR chemical shift
Å	angstrom
Ac	acetyl
AD 	asymmetric dihydroxylation
Alloc	allyloxycarbonyl
AOM	p-anisyloxymethyl
AQN	anthraquinone
Ar	aryl
BDA	butane-2,3-diacetal
BDMS 	biphenyldimethylsilyl
BINAL-H	2,2’-dihydroxy-1,1’-binaphthyl lithium aluminium hydride
BINAP	2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
BINOL	1,1’-bi-2,2’-naphthol
Bn	benzyl
Boc	t-butoxycarbonyl
br	broad	
Bu 	butyl
CAN 	ceric ammonium nitrate
CDI	carbonyl diimidazole
COSY	correlated spectroscopy
Cp	cyclopentadienyl
CSA 	(±)-10-camphorsulfonic acid
CSF	colony-stimulating factor
d	day(s)
d 	doublet
DABCO 	1,4-diazabicyclo[2.2.2]octane
DBU	1,8-diazabicyclo[5.4.0]undec-7-ene
DCC	1,3-dicyclohexylcarbodiimide
DEAD 	diethyl azodicarboxylate
DEPT	distortionless enhancement through polarisation transfer
DHQ	dihydroquinine
(DHQ)2PHAL 	bis(dihydroquinino)phthalazine
DHQD	dihydroquinidine
(DHQD)2PHAL	bis(dihydroquinidino)phthalazine
DIAD	diisopropyl azodicarboxylate
DIC	diisopropyl carbodiimide
DIPEA	diisopropylethylamine
DIPT	diisopropyl tartrate
DMP	Dess-Martin periodinane
DDQ	2,3-dichloro-5,6-dicyano-1,4-benzoquinone
C	degrees Celsius
DIBAL	diisobutylaluminium hydride
DMA 	N,N-dimethylacetamide
DMAP 	4-N,N-dimethylaminopyridine
DMF	N,N-dimethylformamide
DMSO	dimethylsulfoxide
E	electrophile
E	entgegen
ee	enantiomeric excess
ED50	50% effective dose
EI	electron impact
eq	equivalent
ESI	electrospray ionisation
Et	ethyl
EWG	electron withdrawing group
g	gram(s)
G	granulocyte
GM	granulocyte macrophage
h	hour(s)
HMBC	heteronuclear multiple bond connectivity
HMQC	heteronuclear multiple quantum coherence
HRMS	high resolution mass spectrometry
Hz	Hertz
i	iso
IC50	50% inhibition concentration
ICP	inductively coupled plasma
IL 	interleucin
IPA	isopropyl alcohol
Ipc	isopinocamphenyl
IR	infrared
J	NMR coupling constant
KHMDS 	potassium hexamethyldisilazane
LaPd* 	LaFe0.57Co0.38Pd0.05O3
LDA	lithium diisopropylamide
LCMS 	Liquid Chromatography/Mass Spectrometry
LHF	left hand fragment 
LHMDS 	lithium hexamethyldisilazane
LSN	leustroducsin
M	molar
m	meta
m	multiplet
mg	milligram
n	normal
n	nano
Me	methyl
MHz	megahertz
	micro
min	minute(s)
MM	molecular mechanics
mol	mole(s)
mp	melting point
MS	molecular sieves
MTPA	2-methoxy-2-phenyl-2(trifluoromethyl)acetic acid
MIC	minimum inhibitory concentration
MW	microwave
NMO	N-methylmorpholine N-oxide
NMR	nuclear magnetic resonance
nOe	nuclear Overhauser effect
Nu	nucleophile
o	ortho
p	para
Ph	phenyl
PHAL	phthalazine
PLM	phoslactomycin
PMB	para-methoxybenzyl
PMP	para-methoxyphenyl
ppm	parts per million
PPTS	pyridinium p-toluenesulfonate
Pr	propyl
q	quartet
R	undefined alkyl or aryl group
Rf	retention factor
RHF	right hand fragment
rt	room temperature
S	solvent 
s	singlet
sec	secondary
t	tertiary	
t	triplet
TBAB	tetrabutylammonium bromide
TBAF	tetrabutylammonium fluoride
TBAI	tetrabutylammonium iodide
TBDPS	tert-butyldiphenylsilyl
TBHP	tert-butyl hydroperoxide
TFA	trifluoroacetic acid
TFAA	trifluoroacetic anhydride
TBS	tert-butyldimethylsilyl
TES	triethylsilyl
Tf	trifluoromethanesulfonyl
TIPS	triisopropylsilyl
TLC 	thin layer chromatography
THF	tetrahydrofuran
TMS 	trimethylsilyl
TPAP	tetrapropylammonium perruthenate
Tr	trityl
UV 	ultraviolet
Z	zusammen
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Throughout this thesis, the graphical representation used is in accord with the convention proposed by Maehr.[footnoteRef:2] Thus, solid and broken wedges are used to signify absolute configuration, whilst the use of solid and broken lines refers to racemic material.  [2:  Maehr, H. J. Chem. Ed. 1985, 62, 114. ] 
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Throughout this thesis, the compound numbering used is that of the relevant natural product leustroducsin B. All synthetic fragments are numbered in this way to facilitate identification and to clarify the reading of the spectroscopic data. The only exceptions to this system are: 

a) Numbering follows IUPAC guidelines for compounds that are incidental to the synthesis. 
b) All compounds are named in the experimental section using IUPAC guidelines, therefore numbers contained in the name are based on IUPAC guidelines, while numbers contained in the spectroscopic data follow the natural product numbering.
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Section 1:
Towards the Total Synthesis of Leustroducsin B
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Leustroducsins (LSNs) A, B and C were isolated from the culture broth of Streptomyces platensis SANK 60191 by the Sankyo company in 1993.1-3 These compounds are novel microbial metabolites belonging to the phoslactomycin (PLM) family4,5 (see Chapter 1.3) and only differ in the substituent bound to the cyclohexane ring (Figure 1). 
Figure 1
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The LSNs were originally purified in a search for novel inducers of colony-stimulating factors (CSFs). CSF inducers are of great pharmaceutical interest as they affect the regulation of CSF production by bone marrow stromal cells, one of the key elements responsible for the control of hematopoiesis in vivo.6 Recently, CSF inducers have been used to recover the peripheral blood leukocytes in leukopenia patients caused by cancer-chemotherapy, radiotherapy and bone marrow transplantation.7 When CSFs were administered to patients, restorations of leukocyte counts occurred. The discovery of new substances that regulate CSF production by stromal cells is therefore of great interest. 
A study by Sankyo demonstrated that all LSNs significantly stimulate the production of both G (granulocyte)- and GM (granulocyte macrophage)-CSFs by stromal cell line KM-102 at ED50 concentrations from 40 to 200 ng/mL, with LSN-B and LSN-C being most active.1 These values are comparable to those induced by interleukin-1 (IL-1), a strong CSF inducer. It is speculated however, that LSN-B induces cytokine production via a regulatory pathway distinct from that of IL-1 or other known CSF inducers and that this signalling might lead to the production of a variety of cytokines in the primary human bone marrow stromal cells.8 
In addition to these cytokine inducing activities, all LSNs exhibit antifungal activity against Trichophyton mentagrophtes (MIC = 0.8 g/mL).1 Moreover, LSN-B shows cytotoxic activities against a variety of cell lines. The IC50 values against primary cell cultures are higher than those against HeLa or oncogene transformed variant cells. LSN-B also possesses cytotoxic activity against KM-102 cells with the IC50 value being only two fold higher than the ED50 value. 
Further investigation of the biological activity of LSN-B has been hindered by the scarce supply of the product from the natural source: In the original isolation only 3.83 mg of LSN-B was attained from 60 L of culture broth. Additionally, no microbial agent has yet been found to produce LSN-B selectively.2 Chemical synthesis could therefore be the only way to provide significant amounts of LSN-B. 
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In 1993 Kohama determined the structures of the LSNs A, B and C by comparison of their high resolution mass spectrometry and 1H and 13C NMR data with that of the previously reported PLM antibiotics, which only differ in the ester substituent bound to the cyclohexane ring.2 Two years later, Shibata established the absolute configuration of the LSNs.9 This study was conducted with LSN-H (R = OH, Chapter 1.1, Figure 1), a LSN derivative which was not isolated, but could be obtained in large quantities from a mixture of LSNs by enzymatic chemoselective hydrolysis of the C18 esters with porcine liver esterase. As all LSNs have the same absolute configuration except for the stereochemistry on the fatty acid ester sidechain at the cyclohexane ring, LSN-H was used as it represents the core structure of the LSNs. 
Selective derivatisation of LSN-H led to four MTPA derivatives, which established the absolute configuration at C5, C9, C11 and C18. To determine the relative stereochemistry on the cyclohexane ring, coupling constants were studied, which indicated the cyclohexane ring to be in a chair conformation with the H16 fixed in the axial position. nOe experiments on LSN-H derivative 1-5 led to the assignment of the remaining relative stereochemistries (Figure 2).


Figure 2
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The LSNs A, B and C are congeners of the phoslactomycins,4,5 a family of compounds, which only differ at the acyl group bound to the cyclohexane ring (Table 1). Most of them have been reported as antifungal and/or antitumor antibiotics as well as being cytokine inducers. 
In addition to this family of antibiotics, many other compounds have been found, which resemble the phoslactomycins to a certain extent and exhibit antitumor and antifungal properties. According to their structural features they can be assigned to three groups, the fostriecins, sultriecins and leptomycins (Table 1).1 Kohoma demonstrated that leptomycin B does not exhibit any cytokine activity. This shows that structures containing an ,-unsaturated -lactone and a conjugated diene are insufficient for induction of CSF production and other structural elements are needed for this activity. The fostriecins and sultriecins still need to be investigated regarding their CSF inducing activity.

Table 1
	Group
	Compound
	Structural Features
	Activity

	phoslactomycin
	leustroducsin A-C
phoslactomycin A-F
2-pyranone
phospholin
MA-5000 I-IV
	,-unsaturated -lactone
phosphate ester
amine
conjugated diene
cyclohexane ring
	CSF inducing
antifungal
antitumor


	fostriecin
	fostriecin
PD 113270-1
	,-unsaturated -lactone
phosphate ester
conjugated triene
	antifungal
antitumor

	sultriecin
	sultriecin
	,-unsaturated -lactone
sulfate ester
conjugated triene
	antifungal
antitumor

	leptomycin
	leptomycin A, B
kazusamycin A, B
anguinomycin A, B
	,-unsaturated -lactone
conjugated diene
	antifungal
antitumor
cell cycle arrest
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In 2003, Fukuyama completed the only current total synthesis of LSN-B.10 However, a short semi-synthetic route from LSN-H to LSN-B was established by Matsuhashi in 2002.11
Moreover, Kobayashi reported the synthesis of one of LSN-B’s family members, phoslactomycin B in 2006.12 In addition to that, total syntheses of fostriecin, a congener of the phoslactomycin family, has been achieved by Boger (2001),13 Jacobsen (2001),14 Reddy (2002),15 Imanishi (2002),16 Kobayashi (2002),17 Hatakeyama (2002),18 Trost (2005),19 Shibasaki (2005)20,21 and Yadav (2006).22  
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Fukuyma’s retrosynthesis is based on a late-stage substrate-controlled addition of alkynylzinc bromide 1-16 to aldehyde 1-17 to install the stereocentre at C11 (Scheme 1).10 The chirality at C4 and C5 of the unsaturated -lactone were introduced via an asymmetric Evans aldol reaction. Chelation-control determined the outcome of a Grignard addition to setup the C9 stereocentre. The stereochemistry of the challenging C8 quaternary centre was controlled by desymmetrisation of meso-diol 1-18 using lipase. The centres at C16 and C18 were obtained in enantiomeric purity, again, via a lipase-mediated enzymatic kinetic resolution of a racemic mixture of 1-19.
Scheme 1
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 	The synthesis of the alkynylzinc bromide coupling partner 1-16 started from a racemic mixture of cyclohex-3-ene-carboxylic acid 1-20 (Scheme 2). Iodination of the double bond and regioselective base induced opening of the iodonium intermediate gave the desired 1,3-substitution pattern on the cyclohexane ring. Nucleophilic substitution of the iodide and benzyl protection of the carboxylic acid furnished benzyl carboxylate 1-21. Enzymatic kinetic resolution of 1-21 with Lipase AK and vinyl acetate led to acylation of the undesired isomer, so that the desired enantiomer 1-22 could be obtained in 83% ee. Protection of the secondary alcohol in 1-22 was then followed by hydrogenation, which both removed the cyclohexene double bond and the benzyl protecting group on the carboxylate. The carboxylic acid was subsequently reduced to its corresponding aldehyde 1-23 in a two-step sequence via its thioester. Wittig reaction on aldehyde 1-23 furnished a Z-vinyl-iodide, which smoothly underwent Sonogashira coupling with TMS-protected acetylene to give enyne 1-24. Both silicon protecting groups were then removed and the secondary alcohol protected with an anisyloxymethyl (AOM) group. The final alkynylzinc bromide coupling partner 1-25 was formed in situ prior to the coupling with fragment C1-11 (1-17). 
Scheme 2
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Fukuyama’s strategy towards aldehyde coupling partner 1-17 started with the synthesis of meso-diol 1-18, which could be obtained in six steps from ethyl 4-chloroacetoacetate 1-26 (Scheme 3). Thus, treatment of 1-26 with thiophenol gave the corresponding -phenylsulfanylketone derivative, which was converted into 1,3-dioxolane 1-28 via a two-step-reduction and protection protocol. Oxidation of the sulfide in 1-28 and Pummerer rearrangement afforded aldehyde 1-29, which underwent a one-pot aldol and Cannizzaro reaction to afford meso-diol 1-18. Desymmetrisation using Lipase AK in n-hexane-vinyl acetate furnished optically active acetate 1-31 in 92% ee.23,24 
Scheme 3
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After establishing the stereochemistry at C8, Fukuyama started building up the molecule around this quaternary centre. First, the carbon chain from C7 was elaborated. To achieve this a protecting group manipulation was necessary: TBS-protection of the primary alcohol at C9 followed by acetyl removal furnished 1-32 (Scheme 4). The primary alcohol was then oxidized with TPAP25,26 to the corresponding aldehyde, which was then converted to ,-unsaturated ester 1-33 in a trans-selective Wittig reaction. Reduction of the ester in 1-33 to the corresponding alcohol and TBS-protecting group removal gave a diol, whose less-hindered allyl alcohol was selectively TIPS-protected. Oxidation of the remaining primary alcohol at C9 gave aldehyde 1-34. Addition of allylmagnesium bromide to 1-34 under chelation control introduced the C9 secondary alcohol as a single diastereomer to give 1-35. 



Scheme 4
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It was now necessary to differentiate the primary C25 alcohol from the C8/9 diol. In order to achieve this the acetonide protecting group was removed to give triol 1-36, whose primary C25 alcohol was selectively trityl-protected (Scheme 5). The remaining diol was then protected as the p-TBSO-benzylidene acetal to furnish 1-37. 
Scheme 5
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This new benzylidene-type protecting group was devised by Fukuyama during his synthetic studies towards LSN-B, as it could be cleaved off smoothly by a two-step sequence without affecting any sensitive functionality.27 The procedure for its deprotection involved removal of the TBS-group on the anisol-type oxygen using (HF)3NEt3 to give a p-hydroxybenzylidene acetal, which could be deprotected under very weakly acidic conditions such as AcOH-THF-H2O (8:1:1), owing to the electon donating nature of the hydroxyl group. In contrast, other acetal protecting groups on the C8 and C9 diol required harsh conditions and caused significant isomerisation of the conjugated Z,Z-diene moiety in the advanced molecule.
The p-TBSO-benzylidene dimethylacetal required for the protection was readily available from 4-hydroxybenzaldehyde 1-39 via TBS protection and acetal formation to give 1-38 (Scheme 6).
Scheme 6
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After successful protecting group manipulation, fragment 1-37 could be elaborated to aldehyde coupling partner 1-17. First, the ,-unsaturated -lactone had to be installed. Thus, global removal of the silicon protecting groups and selective allylic oxidation led to ,-unsaturated aldehyde 1-41 (Scheme 7). TBS-protection of the phenolic hydroxyl gave back the original p-TBSO-benzylidene acetal. A boron-mediated aldol reaction between the aldehyde and the Z-enolate of the butyrimide derived from Evans’ auxiliary (1-44) cleanly afforded the syn-product 1-42 as predicted by a dipolar alignment of the auxiliary in a closed Zimmerman-Traxler transition state.28 TES-protection of the secondary alcohol and removal of the chiral auxiliary via a two-step procedure29 furnished the corresponding aldehyde, which was converted to the ,-unsaturated ester 1-43 using Ando’s modification of the Horner-Wadsworth-Emmons reaction.30 Selective removal of the TES protecting group under Brønsted acidic conditions and Lewis-acid catalysed ring closure led to formation of the ,-unsaturated -lactone. Finally, the terminal double bond was transformed into the corresponding aldehyde via Sharpless asymmetric dihydroxylation31 and oxidative cleavage to give coupling partner 1-17.

Scheme 7 
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The key chelation-controlled addition of alkynylzinc bromide 1-16 to aldehyde 1-17 gave enyne 1-45 with the desired C11 stereocentre as a single epimer (Scheme 8).32 The triple bond was then reduced to a cis-alkene according to the method of Brandsma.33 This mild method uses a mixture of Zn/LiCuBr2 and did not lead to over-reduced products as was observed in the case of the Lindlar catalyst or diimide reductions. The secondary alcohol was then protected as the phenoxyacetate to give 1-46. 

Scheme 8
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Intermediate 1-46 contained LSN-B’s main carbon skeleton, with all its stereocentres and main functionalities in place. At this stage of the synthesis only several functional group manipulations were necessary to obtain the target molecule. The free amine at C25 of the final product was introduced in its protected allyl carbamate form via a five-step protocol. First, deprotection of the trityl group using ZnBr2 and Et3SiH led to partial formation of the TES ether at C25, which was then subjected to methanolysis to give the desired primary alcohol. Transformation into the corresponding azide via a Mitsunobu protocol,34 reduction to the corresponding primary amine via a Staudinger reaction35 and Alloc-protection11 gave carbamate 1-47. The benzylidene-type protecting group was then cleaved with the previously discussed mild two-step procedure.27 Thus, the TBS group of 1-47 was first removed using (HF)3NEt3, and then the more acid labile p-hydroxybenzylidene acetal was subjected to weakly acidic conditions to give the C8/9 diol. Selective TMS-protection of the tertiary C8 alcohol was achieved using a protection-deprotection sequence. The remaining secondary alcohol at C9 was phosphorylated using a base-assisted condensation with (AllylO)2PN(iso-Pr)2/diallyl diisopropylphosphoramidite followed by oxidation with tert-butyl hydroperoxide to yield phosphate triester 1-48.36 The p-anisyloxymethyl group on the cyclohexane moiety was then removed and the free secondary alcohol acylated with the commercially available 6-(S)-methyloctanoic acid. The phenoxyacetate group was subsequently removed under mild Lewis acidic conditions to give a free alcohol and then, finally, global allyl and TMS deprotection using Pd(Ph3)4, HCO2H and NEt3 furnished leustroducsin B. 
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Leustroducsin H, the core structure of all LSNs, is available in large quantities from the mixture of all LSNs by enzymatic chemoselective hydrolysis of the acyl group at the C18 alcohol with porcine liver esterase. Matsuhashi therefore pursued the synthesis of LSN-B from LSN-H, as this semi-synthetic approach constitutes an attractive route for the preparation of LSN-B.11
The transformation of LSN-H to LSN-B seems to be a simple acylation of the alcohol at C18. However, to able to carry out this functionalisation Matsuhashi had to make the following modifications to LSN-H. First, the amino group had to be protected to avoid regioselectivity problems during the acylation; Alloc proved to be the most preferable group, as attempts to deprotect acid labile groups such as Boc caused decomposition of the carbon framework. Secondly, the phosphate monoester had to be removed as its protection was not feasible and led to formation of a five-membered cyclic phosphate with the quaternary alcohol at C8. 
Thus, from LSN-H standard Alloc-protection and hydrolysis of the phosphorus-oxygen bond under enzymatic conditions gave a tetraol (Scheme 9). Protection of its 1,3-diol at C9 and C11 as the isopropylidine acetal was followed by regioselective acylation of the secondary alcohol at C18 by the Yamaguchi method37 to give 1-49. To re-introduce the phosphate monoester at C9 further conventional protecting group manipulations had to be undertaken to furnish intermediate 1-50, in which only the C9 alcohol was unprotected. Standard two-step phoshorylation of C9, oxidation of the phosphorus(III) to the phosphorus(V) species by the previously described procedure36  furnished 1-51. Finally, a global stepwise deprotection gave LSN-B.
Scheme 9 
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Like Fukuyama’s synthesis to LSN-B, Kobayashi’s synthesis12 to the congener phoslactomycin B also relies on a late stage installation of the ,-unsaturated -lactone, which is based on a syn-selective Evans’ aldol reaction to introduce the stereocentres at C4 and C5 (Scheme 10). In contrast to Fukuyama, Kobayashi chooses his other two main disconnections to be across the C13-14 and C7-8 bonds. A Sonogashira coupling will merge central fragment 1-52 with Z-2-iodovinyl cyclohexane and chelation-controlled addition of vinylmagnesium bromide to 1-53 will install the quaternary C8 centre. 
Scheme 10
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Koboyashi’s synthesis of key intermediate 1-53 started from a racemic mixture of -hydroxy ethyl ester 1-54, which was transformed into its single C9 epimer 1-55 via a kinetic resolution by the Sharpless asymmetric epoxidation (Scheme 11).38 A conventional sequence of steps transformed 1-55 into a primary allylic alcohol, which was then subjected to another Sharpless asymmetric epoxidation39 to give epoxide 1-56 as a single epimer at C11. The two-step Yadav conversion40 was then applied to 1-56 to give the corresponding ynol, which was TBS-protected to furnish 1-57. Ozonolysis of the double bond in 1-57 gave an aldehyde, which was transformed into a 1,3-diol by an aldol reaction and reduction of the newly introduced ester group. Finally, TBDPS-protection of the primary alcohol at C25 and oxidation of the C8 secondary alcohol gave key compound 1-53.

Scheme 11
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To install the quaternary C8 stereocentre chelation controlled addition of vinyl magnesium bromide to ketone 1-53 was carried out to furnish a tertiary alcohol, which was subsequently protected as the corresponding TES-ether (Scheme 12). Ozonolysis of the terminal double bond and a Horner-Wadsworth-Emmons reaction with the corresponding aldehyde gave key ,-unsaturated ester 1-54. This intermediate was now set for the coupling with the two ends of phoslactomycin B. First, a Sonogashira reaction41 with Z-2-iodovinyl cyclohexane furnished an enyne across C12-15 and then lactone formation on the unsaturated ester according to the sequence previously used by Fukuyama10 gave -lactone 1-55. As the TES group on the tertiary alcohol proved difficult to remove at a later stage in the synthesis, an adjustment of protecting groups was necessary at this point; global removal of all silicon protecting groups of intermediate 1-55 furnished the corresponding triol and reduction of the triple bond under Brandsma’s zinc-mediated reduction conditions33 (see Fukuyama’s synthesis)10 installed the Z,Z-diene moiety. Standard protecting group manipulation then selectively formed the TES-ether on the secondary alcohol C11 and the TMS-ether on the tertiary alcohol C8. Installation of the amine was carried out with HN(CO2-allyl)2 under Mitsunobu conditions34,42 and the phosphate group was installed by a protocol similar to that of Fukuyama10,36 (Scheme 8) after removal of the PMB group to give 1-56. Finally, global removal of the allyl groups on the nitrogen and phosphorous using PdCl2(PPh3)2 and tri-butyltinhydride43 furnished the target molecule phoslactomycin B. 
Scheme 12 
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Fostriecin 
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Boger’s synthesis13,44 of fostriecin uses D-glutamic acid 1-57 as the source of chirality to give the correct C9 stereochemistry after intramolecular lactone formation to generate 1-58 with C9 inversion (Scheme 13, (1)).45 Sharpless asymmetric dihydroxylation31 on dihydrofuran 1-59 gave a >10:1 mixture at the anomeric centre, but cleanly installed the correct stereochemistry at C11 (Scheme 13, (2)). Another Sharpless asymmetric dihydroxylation on PMB-protected hexenoic acid ester 1-61 also introduced the chiral centre at C5 to give diol 1-62. This diol was developed into a lactone precursor, which was coupled to the central fragment in a Horner-Wadsworth-Emmons reaction to give intermediate 1-63. Methyl addition to the carbonyl functionality in 1-63 under polar Felkin-Anh control then established quaternary centre C8 (Scheme 13, (3)). 
Scheme 13
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Jacobsen (2001)
In Jacobsen’s synthesis14 of fostriecin the entire framework of the ,-unsaturated -lactone as well as its chirality at C5 was installed by Jacobsen’s Cr-catalysed asymmetric hetero-Diels-Alder reaction46,47 of butadiene 1-71 with TIPS-protected ynal 1-70 (Scheme 14, (1)). Hydrozirconation of alkyne 1-65 and zinc-transmetallation then formed an E-vinyl-zinc species, which was, by a modified Wipf procedure,48,49 added to epoxyketone 1-66 under chelation control (Scheme 14, (2)). 1-66 had been obtained as its pure C9 epimer via Jacobsen’s [(salen)Co]-catalysed hydrolytic kinetic resolution.50 Towards the end of this synthesis, the C11 chirality was introduced by applying Noyori’s transfer hydrogenation protocol51 to 1-68 (Scheme 14, (3)). 
Scheme 14
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Falck (2002)
Reddy’s approach15 to fostriecin relied on a late-stage installation of the -lactone and the triene subunit. First, Brown asymmetric allylation52 to TMS-protected ynal 1-76 set up the secondary alcohol at C11 (Scheme 15, (1)). The chirality of the C8 and C9 alcohols was then introduced in one step by a regioselective Sharpless asymmetric dihydroxylation31 of the trisubstituted olefin in 1-78 to give diol 1-79 with a moderate 3:1 selectivity (Scheme 15, (2)). These diastereomers were separable by simple column chromatography when protected as the corresponding 1,2-acetonide. Finally, the C5 secondary alcohol was introduced via Brown allylation52 of 1-74 (Scheme 15, (3)) to give the -lactone after acetylation and ring closing metathesis using Grubbs’ catalyst.53 
Scheme 15
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Imanishi (2002)
Imanishi’s synthesis16 of fostriecin obtained the C11 stereocentre from the chiral pool by using (R)-malic acid 1-80 as the starting material for the synthesis (Scheme 16, (1)). The stereocentres at C8 and C9 were then later introduced by applying a Sharpless asymmetric dihydroxylation31 to alkene 1-83 (Scheme 16, (2)). After successful coupling of the -lactone precursor to the central fragment the C5 stereocentre was then attained by an asymmetric reduction of ketone 1-81 with (R)-BINAL-H (Scheme 16, (3)).54 
Scheme 16
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Hatakeyama (2002)
Hatakeyama’s synthesis18 of fostriecin relied on an early installation of the -lactone using a Brown asymmetric allylation52 of aldehyde 1-85 to set the stereochemistry at C5. At a more advanced stage of the synthesis the introduction of the 1,2-diol at C8 and C9 was then accomplished in one-step by a regioselective Sharpless asymmetric dihydroxylation31 of diene 1-89 (Scheme 17, (2)). Using a substrate-controlled anti-selective Evans’ reduction55 on ketone 1-87 the chirality of the secondary alcohol at C11 was introduced towards the end of the synthesis (Scheme 17, (3)).
Scheme 17 
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Trost (2005)
Trost’s synthesis19 commenced with the installation of the C9 stereocentre by an asymmetric direct aldol reaction of BDMS-protected ynone 1-92 to aldehyde 1-91 using the group’s dinuclear zinc-based catalyst (Scheme 18, (1)).56 The C11 stereochemistry was then obtained in the next step by reduction of the carbonyl functionality in 1-94 under Noyori’s Ru-catalysed transfer hydrogenation condition (Scheme 18, (2));51 substrate-controlled methods failed to deliver the desired anti-diol with good selectivity. At a further advanced stage of the synthesis chelation-controlled addition of the magnesiate species57,58 of 1-97 to methyl ketone 1-98 furnished 1-99 as a single epimer at the quaternary C8 centre (Scheme 18, (3)). The C5 stereocentre of metallation precursor 1-97 had been obtained previously by a Brown allylation52 to aldehyde 1-96. Ring-closing metathesis, as in Fukuyama’s synthesis,10 closed the -lactone.
Scheme 18 
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Shibasaki’s synthesis21 of fostriecin is characterised by the fact that all the stereocentres were installed using catalytic asymmetric reactions, two of which were protocols established in his own group. 
First, the tetrasubstituted C8 stereocentre was constructed through a catalytic asymmetric cyanosilylation of ,-unsaturated ketone 1-107 using Shibasaki’s Lewis acid-Lewis base two centre catalyst (Scheme 19, (1)).59 This reaction gave the required (R)-ketone cyanohydrin 1-108 in 85% ee. Next, the C5 stereocentre was constructed by an asymmetric allylation of aldehyde 1-105 using the silver-based catalyst AgF-(R)-p-tol-BINAP (Scheme 19, (2)).60 This protocol was developed by Yamamoto and was employed as the soft silver metal minimized the coordination with the oxygens present in the molecule. This coordination led to adverse effects in the case of the Keck allylation using a titanium-based (R)-BINOL complex.
Scheme 19
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Addition of TMS-protected ynone 1-101 to aldehyde 1-100 in a catalytic asymmetric direct aldol reaction61 then installed the chiral secondary alcohol at C9 (Scheme 19, (3)). This reaction was promoted by Shibasaki’s Lewis acid-Brønsted base two-centre asymmetric catalyst62,63 and gave the -hydroxy ynone with only 3.6:1 selectivity. This low selectivity can be explained by an uncatalysed background reaction due to the high acidity of the -proton of 1-101. Finally, the C11 stereocentre could be introduced using Noyori’s asymmetric transfer hydrogenation protocol54 to reduce the carbonyl group of the ynone in 1-103 (Scheme 19, (4)).51
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Yadav’s first approach to fostriecin22 used D-glucose 1-111 as a starting material to deliver the correct stereochemistry at centre C11 (Scheme 20, (1)). By means of their inherent chirality, the derivatives of D-glucose were then used to substrate-direct three diastereoselective reactions. First, hydrogenation of the enolether in 1-109 introduced the correct C9 stereochemistry (Scheme 20, (2)). Chelation-controlled addition64 of acetylide 1-115 to ketone 1-114 then installed the quaternary centre C8 (Scheme 20, (3)). A [2,3]-Wittig reaction65 on 1-112 finally delivered the correct C5 chirality, albeit in a poor 2:1 selectivity (Scheme 20, (4)).
Scheme 20
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Yadav’s alternative approach to fostriecin relied on two asymmetric reactions to introduce the C5 and C8 chirality. Sharpless asymmetric epoxidation66 of allyl alcohol 1-119 furnished epoxide 1-120, which was opened using the Yadav protocol40 to furnish ynol 1-121 (Scheme 21, (3)). Unsaturated aldehyde 1-117 was then used as a platform for an asymmetric Brown allylation52 to give secondary alcohol 1-118 and introduce the desired C5 stereochemistry (Scheme 21, (4)). 
Scheme 21
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Summary of Previous Syntheses of Leustroducsin B and Related Natural Products
The Boger, Reddy, Imanishi and Hatakeyama syntheses of fostriecien are very efficient in constructing the four stereocentres at C5, C8, C9 and C11 via well-established asymmetric protocols. The strategies of Jacobsen, Trost and Shibasaki elegantly apply their groups’ asymmetric methodologies to build-up key parts of the molecule. Yadav choses an alternative theme in one of his approaches by using the chirality of his reaction intermediates to introduce the remaining chiral centres.
Fukuyama derives three stereocentres in leustroducsin B from enzymatic desymmetrization reactions and then uses the inherent chirality of the advanced intermediates to pursue two substrate-controlled reactions. One of those reactions is the coupling between the two key fragments, which furnishes the main carbon sceleton as a single diastereomer in a highly convergent manner. Fukuyama’s synthesis exhibits a common difficulty in the synthesis of polyoxygenated frameworks, which is the development of an efficient protecting group strategy that allows selective manipulation of specific alcohols. As such, a lengthy global deprotection-reprotection sequence was required to selectively release the C25 alcohol. 
In our synthesis of leustroducsin B, we intend to show an elegant and efficient way to circumvent such lengthy protecting group manipulations by using the Ley group’s butanediacetal moiety as an intramolecular protecting group for alcohol differentiation. Additionally, we intend to showcase how the same butanediacetal group is used as a building block to construct the challenging quaternary C8 stereocentre and the stereocentre at C9.  

Leustroducsin B		Left Hand Fragment C1-13
Introduction		Leustroducsin B
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The inspiration for this proposed total synthesis came from the intriguing structure of leustroducsin B (LSN-B), which provides an ideal platform for the development and application of Ley group methodologies (Scheme 22). A butanediacetal (BDA)-based diastereoselective aldol reaction,67 an unprecedented transformation of the BDA moiety into an acetonide-type protecting group and an organocatalytic cyclopropanation68 followed by a radical-mediated cyclopropane ring opening were all incorporated. 
Scheme 22
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Our convergent synthesis towards LSN-B relies on a late-stage palladium-mediated cross-coupling of vinyl triflate RHF (right hand fragment, C14-21) with alkyne LHF (left hand fragment, C1-13). 
In the route to the left hand fragment our BDA building block 1-12169-72 is used in two different reaction manifolds. First, it functions as a chiral building block to set up two stereocentres: the quaternary centre at C8 via a known allylation protocol71 and the secondary alcohol at C9 by a diastereoselective aldol reaction,67 which was developed during these synthetic studies. In a new application of BDA methodology, the BDA moiety is then used as a means for alcohol differentiation by transforming it into an acetonide-type protecting group to selectively protect the diol at C8 and C9. 
	The right hand fragment is derived from the optically pure [4.1.0]-bicycloalkanone 1-122. An organocatalytic approach to this core structure has been recently published by Gaunt.68 This cyclopropanation introduces the stereochemistry at C16 and sets the stage for the exploration of a radical ring opening to establish the required cyclohexane substitution pattern.  
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The strategy towards the left hand fragment is based on a late-stage construction of the ,-unsaturated -lactone sidearm (Scheme 23). The synthesis of this structural motif is well-precedented, and we envisioned using a literature protocol to achieve its installation on 1-123.10,12 Intermediate 1-123 contains a densely packed masked triol, which led to the development of a new efficient method to selectively protect these three hydroxyls. Thus, aldehyde 1-123 was obtained from BDA derivative 1-124 by transforming the diacetal moiety into an unprecedented acetonide-type group that selectively protects the vicinal diol at C8 and C9. Cyclic diacetal 1-124 is formed by selectively protecting the more sterically encumbered C9 over the propargylic C11 alcohol in diol 1-125 to form a new acetal on Cy. 
	A diastereoselective aldol reaction with aldehyde 1-126 introduces the desired stereochemistry at C9,67 and the fully-substituted centre at C8 is established via alkylation of ester 1-121.72 BDA building block 1-121 is available from L-ascorbic acid using well-established group chemistry.
Scheme 23
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Prior to the onset of this project, our group had established BDA ester 1-121 and its enantiomer as useful chiral building blocks,69-72 and large-scale routes to both structures had been described.72 Accordingly, 1-121 was prepared from L-ascorbic acid using the previously established synthesis (Scheme 24).72 Protection of the diol at C7/8 using butanedione in the presence of trimethyl orthoformate and boron trifluoride etherate73 in methanol gave BDA-protected L-ascorbic acid 1-127. This intermediate was readily converted to the -hydroxy ester 1-128 by oxidative cleavage with hydrogen peroxide74 followed by methylation. Reduction of 1-128 with lithium aluminium hydride followed by an oxidative cleavage of the resulting diol with sodium periodate and bromine oxidation75 furnished 1-121 in 30% yield over five steps. Through this route, multigram quantities of methyl ester 1-121 could be prepared expediently, with the only purification step being a single distillation at the final stage.
Scheme 24
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There has been much work done in the Ley group to establish BDA-protected methyl glycerate 1-121 and its corresponding epimeric axial aldehyde 1-130 as useful three-carbon building blocks (Scheme 25).71,72
	The main application of ester 1-121 lies in the synthesis of fully substituted stereogenic centres via diastereoselective -alkylation to give 2-substituted glycerate derivatives 1-131.71 A variety of activated electrophiles E, such as allyl bromides or alkyl iodides, can be used in this process. All products, independent of the size of electrophile E, contained the methyl ester in 1-131 solely in the ‘inverted’ axial position. 
Based on the same inversion protocol a three-step synthesis of allied building block 1-130 from ester 1-121 was possible. This aldehyde 1-130 has been mainly used as a chiral auxiliary for the stereofacial addition of Grignard reagents to give secondary alcohols 1-129 with diastereoselectivities ranging from 15:1 to 25:1.72 
Scheme 25
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	The preferred Si-side attack of the Grignard reagents onto aldehyde 1-130 can be explained by a -chelation control model in which the aldehyde and the oxygens of the BDA moiety coordinate to the magnesium in a cage-like fashion thereby shielding the Re-face of the aldehyde from attack (Figure 3). 
Figure 3
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	Other acetal-based building blocks, such as the BDA-protected glycolic acid 1-13276 and its ‘dispoke’ analogue 1-13377 have been previously reported by our group (Figure 4). Although these have been used extensively as chiral building blocks and protecting groups in the synthesis of natural products,78 there has been no record for the incorporation of ester 1-121 and aldehyde 1-130 into the construction of such a complex target.
Figure 4
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The reasoning behind the development of a BDA-based diastereoselective aldol strategy towards leustroducsin B was as follows. Structural analysis of the formal left hand fragment 1-134 showed that the densely functionalised carbon chain C7-11 (plus the C24-25 sidearm) was ideal to be constructed using the chiral building block 1-121 by embedding it into carbons C7 and C8, which gives intermediate 1-125 after a retrosynthetic degradation (Scheme 26). A diastereoselective aldol reaction to BDA aldehyde 1-12667 could introduce the 1,3-oxygen pattern at C9 and C11 in 1-125. Building block 1-126 would then be available through a previously established diastereoselective allylation of 1-121,71 which would install the C24-25 sidearm and the correct stereochemistry of the fully substituted centre at C8.
As aldol reactions onto BDA aldehydes such as 1-126 or 1-130 were not known at the onset of this project, investigations into the feasibility of this potential protocol were initiated. 

Scheme 26
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[bookmark: OLE_LINK1]We began our studies by reacting BDA aldehyde 1-130[footnoteRef:3]* with the enolate of acetophenone (Scheme 27). Reaction conditions that were previously developed for the alkylation of BDA derivatives71 were used as a starting point for these investigations. Thus, acetophenone was dissolved in THF and deprotonated at –78 C using lithium diisopropylamide. A solution of BDA aldehyde 1-130 was then added and the reaction mixture was maintained at –78 C. It was found that -hydroxyketone 1-135 was formed in 58% yield and as a 6:1 diastereomeric mixture at C9. Both epimers were separable by standard column chromatography and 1-135 could be obtained in 50% yield as a crystalline solid. Single crystal X-ray diffraction of this major derivative showed the relative stereochemistry at C9 to be , which would result from the enolate preferentially adding to the Si-face of aldehyde 1-130.  [3: * 1-130 was available in the laboratory. Its synthesis [Michel, P.; Ley, S. V. Angew. Chem. 2002, 41, 3898.] is therefore not discussed.] 

Scheme 27
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X-Ray Structure of 1-13579
(C9 stereocentre highlighted in yellow)



Following the same protocol, the addition of the enolate of methyl acetate to -allylated BDA aldehyde 1-126 (see Chapter 3.4 for synthesis) was explored, as this combination of substrates was sought for the construction of the central C7-11 carbon chain. The major -hydroxy ester 1-136 was formed in 60% yield albeit in a diminished diastereoselectivity of 3:1 and could be separated from the corresponding minor C9 epimer using extensive column chromatography (Scheme 28). The p-nitrobenzoyl derivative 1-137 of the major epimer was synthesised and from this compound crystals suitable for X-ray analysis were grown. It was found that the relative stereochemistry at C9 was now , which meant that the attack of the enolate onto the BDA-aldehyde had now taken place from the Si-face.
Scheme 28
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X-Ray Structure of 1-13780
(C9 stereocentre highlighted in yellow)



The stereochemical outcome of these two aldol reactions can be explained by the polar Felkin-Anh model.81-84 In the case of 1-130, the lithium enolate approaches the aldehyde functionality in the Bürgi-Dunitz angle preferentially over the sterically small proton to give Si-side attack (Figure 5). However, -allylated BDA-aldehyde 1-126 is mainly attacked from its Re-face with the nucleophile coming in over the methylene group in the dioxolane ring. The lower level of stereoinduction in this case comes down to only a slight steric difference between the allyl and methylene groups. 
Figure 5
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As this diastereoselective aldol reaction allows easy access to contiguous polyol arrangements, which are ubiquitous in natural products, its scope was explored beyond the application to leustroducsin B by a coworker.67 The generality of this process was demonstrated by adding different lithium enolates to aldehyde 1-130 and derivatives thereof in selectivities ranging from 2:1 to >20:1. An investigation into the reaction parameters of this protocol showed that the conditions established for the addition of methyl acetate to -allylated BDA aldehyde 1-126 were optimal. 
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As discussed, the current strategy towards the left hand fragment embeds the BDA building block into the C7 and C8 carbons and uses a diastereoselective allylation followed by an aldol reaction to install the required stereocentres at C8 and C9. At the outset of the project, an additional, ultimately unsuccessful strategy was investigated that was intended to use the BDA moiety to rapidly construct the C7-10 carbon framework. 
This potential BDA-based tandem Michael addition-electrophilic trapping approach was based on the retrosynthetic degradation of the formal left hand fragment 1-134 to BDA-protected C8/9 diol 1-138, which in turn could be obtained from ,-difunctionalised BDA-methyl ester 1-139 using straightforward group manipulations (Scheme 29). An unprecedented tandem process consisting of (A) a Michael addition with a nucleophile such as butynone to ,-unsaturated BDA methyl ester 1-140 and (B) an electrophilic trapping of the generated enolate with e.g. allyl bromide would have established the required substitution of the BDA framework in 1-139. Tandem reactions such as this are a well-established tool to rapidly generate molecular complexity, but as yet, they have not been applied to any BDA-derived building block.85,86 


Scheme 29
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The reasoning behind the predicted stereochemical outcome of the tandem reaction depicted in Scheme 29 is the following: It is known that BDA desymmetrized glycolic acid 1-132, another BDA building block developed in our group, undergoes alkylation76,87-90 with the electrophile being attacked from the bottom face to generate ketone products 1-142 (Scheme 30). This is consistent with an approach of the electrophile from the least sterically hindered face of the BDA system, avoiding the alternative 1,3-diaxial interaction with the methoxy group. Analogously, the nucleophile in the proposed tandem Michael-electrophilic trapping reaction is anticipated to also attack the -face of the ,-unsaturated ester in 1-140 (Scheme 29), as this double bond is part of the same same chiral 2,3-dihydro-[1,4]dioxine environment as the one in 1-132. 
After the 1,4-addition to 1-140 the electrophilic trapping of the generated BDA enolate should then take place from the top face of the methyl ester in 1-140, as observed in the diastereoselective alkylation reactions (Chapter 3.3.2). 
Scheme 30
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To investigate this new strategy, we first required the synthesis of ,-unsaturated ester 1-140’.[footnoteRef:4]* With ester 1-121 in hand from the previously described route (Chapter 3.2), the corresponding -selenide 1-143 was obtained by first deprotonating ester 1-121 at –78 C with lithium diisopropylamide and subsequently trapping the resulting enolate with phenylselenyl bromide (Scheme 31). Oxidation of the selenide to the selenoxide using aqueous hydrogen peroxide in a standard procedure91 induced syn elimination of phenylselanol to provide the desired ,-unsaturated ester 1-140’ in quantitative yield. [4: * To test this strategy the enantiomer of 1-140  (1-140’) was synthesised as 1-121 was available in the laboratory through the investigation of the butanediacetal-based aldol strategy (Chapter 3.3.2).  ] 

Scheme 31
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The crucial 1,4-addition to ester 1-140’ was then investigated using carbon nucleophiles. It was found that the addition of the anion of dimethyl malonate, generated by deprotonation with lithium diisopropylamide, did not result in addition across the double bond. Only starting material 1-140’ was recovered, even after warming the reaction mixture from –78 C to ambient temperature (Table 2). The sterically less demanding enolate of N,N-dimethylacetamide did not lead to 1,4-addition either, instead giving a small amount of another product which was believed to be the 1,2-addition adduct. However, this material could not be isolated from the remaining starting material and was therefore not characterized. 
Table 2
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	Entry
	Nucleophile
	Conditions
	Result

	1
	dimethyl malonate
	LDA, THF,  –78 C to rt
	recovered starting materials

	2
	N,N-dimethyl acetamide
	LDA, THF, –78 C
	possible trace of 1,2-adduct 



In order to suppress any possible 1,2-addition methyl ester 1-140’ was transformed into the corresponding bulkier tert-butyl ester 1-145 by reaction of the former with lithium tert-butoxide (Scheme 32).92
Scheme 32
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However, treatment of 1-145 under conditions similar to those described above (Table 2) gave only returned starting material.
The inert nature of ,-unsaturated esters 1-140’ and 1-145 towards 1,4-addition is thought to be due to the presence of the -oxygen atom as interaction of its lone pair with the -system would hinder nucleophilic attack at C9 due to an increase of the double bond’s LUMO energy.93
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In order to apply the newly developed BDA-based diastereoselective aldol reaction (Chapter 3.3.2) to the synthesis of the left hand fragment, it was first necessary to synthesise -allylated BDA aldehyde 1-126. This was achieved using known chemistry from our group (Scheme 33).71,72 
Scheme 33 
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Hence, deprotonation of BDA methyl ester 1-121 using lithium diisopropylamide and trapping of the formed enolate with allyl bromide gave -allylated BDA methyl ester 1-146 as a single diastereomer.71 It was found that the yield for this reaction dropped from the expected 60% to only 40% when working a scale larger than 0.04 mol. It is thought that the required temperature of strictly –78 C was exceeded on a large scale due to irregular mixing, which might have induced -elimination as shown in Figure 6. This undesirable process had been observed before71 and led to the formation of a range of unidentifiable side-products.
Figure 6
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From ester 1-146 the corresponding aldehyde was then obtained via a two-step protocol (Scheme 33): Reduction with lithium aluminium hydride in tetrahydrofuran gave the primary alcohol, which was oxidised to aldehyde 1-126 using a standard Swern procedure.94,95  
With BDA aldehyde 1-126 in hand the diastereoselective aldol reaction67 could be incorporated into the synthesis (Scheme 34). As described in Chapter 3.3.2, deprotonation of methyl acetate using lithium diisopropylamide in tetrahydrofuran and addition of the formed enolate to 1-126 at –78 C gave the desired C9 epimer in a modest 3:1 selectivity and 80% yield. Extensive column chromatography allowed separation of the diastereomers at this stage of the synthesis. Separation of the C9 epimers after the following transformation was also investigated but was not advantageous. Hence, isomerically pure material was taken forward in the synthesis to transform methyl ester 1-136 into its corresponding Weinreb amide. This reaction was carried out by adding N,O-dimethylhydroxylamine and isopropylmagnesium chloride to a solution of 1-136 in tetrahydrofuran.96 In order to achieve complete conversion of the starting material, this experiment required a large excess of both reagents, which were both removed from the reaction mixture by a simple aqueous work-up.
Scheme 34
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To the Weinreb amide the lithiated TIPS-protected acetylide was then added to form ynone 1-148.97 The required lithiated acetylide was generated by deprotonation of the corresponding TIPS-acetylene in THF with n-butyllithium and, to achieve full deprotonation, it was important to let this reaction mixture warm up to from –78 C to 0 C. Chelation controlled reduction of the ketone in 1-148 with the mild reducing agent tetramethylammonium triacetoxyborohydride in a 2:1 mixture of acetonitrile and acetic acid according to Evans55 furnished a 5:1 mixture of 1,3-anti diol 1-149 and its epimer at C11. Finally, removal of the TIPS-protecting group on the alkyne of the crude diol using TBAF in THF gave 1-125. The C11 epimers of diol 1-125 could not be separated at this stage of the synthesis and were therefore taken through as a diastereomeric mixture.
Mechanistically, the stereochemical outcome of this anti-reduction can be explained as follows (Scheme 35):55 Acid-promoted ligand exchange of an acetate group from the triacetoxyborohydride with a substrate alcohol gives a hydride intermediate 1-150, which then delivers a hydride intramolecularly to the proximal ketone via a six-membered transition state. The diastereoselectivity arises from a competition between the two transition states TSmajor and TSminor in the rate-determining reduction step. The 1,3-diaxial interaction between OAc and CCTIPS destabilises TSminor to a greater extent than the corresponding 1,3-diaxial interaction between OAc and +OH, which leads to preferential formation of 1-149major.
Scheme 35
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The stereochemical outcome of the anti-reduction of ynone 1-148 was confirmed by single X-ray diffraction of the bis-p-nitrobenzoyl derivative 1-151, which was obtained in a Schotten-Baumann reaction of 1-125 with four equivalents of p-nitrobenzoyl chloride in pyridine (Scheme 36).98 A diastereomeric mixture of diols 1-125 was used for this acylation reaction and the major C11 epimer of the bis-p-nitrobenzoyl derivative 1-151 was separable from its minor isomer by standard column chromatography. 
Basic hydrolysis of the p-nitrobenzoyl ester groups in 1-151 provided 1-125 as a single epimer at C11 and therefore this two-step procedure represents one option to obtain epimerically pure 1-125.[footnoteRef:5] It was originally hoped that separation of the C11 epimers would be possible at a later stage of the synthesis. Unfortunately, this did not prove to be the case and as a result all the subsequent steps were carried out on an epimeric mixture at C11.  [5:  This reaction was carried out by a coworker. [Bridgwood, K.; Ley, S. V. unpublished results.]] 

 Scheme 36
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X-Ray Structure of 1-15199
(C11 stereocentre highlighted in yellow)
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Diol 1-125 was a key intermediate in the synthesis: If 1-125 is redrawn in a way similar to the left hand fragment depiction (1-125’ in Scheme 37), it is evident that it has all the stereogenic centres of the main carbon chain (C7-13 plus C24-25) of the formal left hand fragment 1-134 in place. 

Scheme 37 
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	In order to proceed with the synthesis towards 1-134, a strategy had to be devised that meets the following two criteria: (1) the two secondary alcohols at C9 and C11 needed to be differentially protected as the alcohol at C9 has to be selectively transformed into a phosphate monoester at a late stage of the synthesis; (2) the alcohol at C7 had to be revealed in order to attach the sidearm bearing the ,-unsaturated -lactone. 
Initially, an approach was envisaged in which alcohol 1-152 (Scheme 38) was the target intermediate as it fulfilled the above two criteria. It was thought that 1-152 could be obtained from diol 1-125 by a series of conventional protecting group manipulations. The TBDPS and PMB groups were chosen as it was hoped that they would withstand the moderate acidic conditions generally required to remove the butanediacetal. In addition, selective removal of the PMB group should be possible allowing formation the phosphate monoester at C9. The TMS-group was selected for the tertiary alcohol at C8 on the basis of its successful use in Fukuyama’s total synthesis.10
Scheme 38
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To pursue the above strategy, the two secondary alcohols at C9 and C11 in 1-125 were first converted into the corresponding PMP acetal 1-155 (Table 3). It was found that the highest yield of 1-155 was obtained with the inclusion of 5 Å molecular sieves in a reaction using standard Brønsted acidic conditions for acetal protection (Table 3, entry 2).
Table 3*
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	Entry
	Conditions
	Yield of 1-155 (%)

	1
	CH2Cl2, PPTS
	71

	2
	CH2Cl2, PPTS, 5 Å MS
	83


*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

PMP acetal 1-155 existed as a single isomer at the benzylic position Cb with the aromatic group being in the equatorial position of the dioxane ring as confirmed by nOe measurements (Figure 7). 
Figure 7
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Regioselective cleavage of the acetal in 1-155 using DIBAL in toluene resulted mainly in formation of alcohol 1-156, in which the more hindered secondary alcohol at C9 was protected as the PMB ether (Scheme 39).100,101 1-156 was formed as the major component in a 5:1 mixture with the regioisomeric PMB ether at alcohol C11; these two compounds were not separable using column chromatography and were therefore taken through as an isomeric mixture. Protection of the free alcohol in 1-156 (and its regioisomer 1-157) then afforded TBDPS ether 1-153 (plus regioisomer 1-158). 
Scheme 39*
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*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

The above three-step route to 1-153 via formation of a PMP acetal on 1-125 was chosen as it was not possible to selectively protect the less sterically hindered C11 alcohol in diol 1-125 (Scheme 40). Standard silyl protection conditions led to the formation of a variety of unidentifiable products with no evidence of 1-159 observed. 
Scheme 40*

[image: ]
*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

Compound 1-153 was now ready to be screened for conditions with which to cleave the BDA protecting group. A variety of protocols, all of them based on either Brønsted or Lewis acids, have been developed for the removal of this particular diacetal group and applied in total syntheses. 
The investigations into the removal of the butanediacetal functionality from 1-153 began with conditions employing trifluoroacetic acid,102,103 and its concentration in water as well as the organic co-solvent were varied (Table 4, entries 1-5). It was found that it was not possible to tune the acidity of the reaction medium in order to selectively remove the butanediacetal over the PMB or silyl ethers. The conditions were either too weakly acidic and/or the reaction times too short to affect removal of any protecting group, or the conditions were too harsh for the PMB or silyl ethers to withstand. In the latter case, a range of compounds were formed, two of which (1-161 and 1-162) could be identified (Table 4, entry 5). Similar results were obtained when running the reactions without an organic solvent (Table 4, entries 6-8). 
Reacting 1-153 with p-toluenesulfonic acid in methanol at reflux,71 a method that had recently been established as a milder alternative to the methods based on trifluoroacetic acid, also led to the formation of a range of undesired compounds (Table 4, entry 9).
Next, Lewis acidic conditions using BF3OEt2 in conjunction with ethanedithiol were investigated (Table 4, entries 10-13). This protocol was previously applied in the total synthesis of (+)-aspicilin104 during which the butanediacetal moiety was removed at a late stage of the synthesis. Subjecting 1-153 to these conditions showed that, again, the butanediacetal could not be removed in preference to the PMB and silyl ether. 
The use of the mild Lewis acid copper sulfate had been found to cleanly remove the butanediacetal from a related natural product,105 but its application here did not furnish the desired product 1-160 either (Table 4, entries 14 and 15).
Left Hand Fragment		Leustroducsin B 

Table 4*
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	Entry
	Conditions
	Result

	1
	TFA/H2O/Et2O (1:9:10), 1 min
	only starting material

	2
	TFA/H2O/CH2Cl2 (1:9:10), 1 min
	only starting material

	3
	TFA/H2O/Et2O (7:3:10), 1 min
	only starting material

	4
	TFA/H2O/Et2O (7:3:10), 5 min
	unidentifiable products

	5
	TFA/H2O/CH2Cl2 (7:3:10), 5 min
	1-161 (10%), 1-162 (30%) and unidentifiable products

	6
	TFA/H2O (1:9), 5 min
	only starting material

	7
	TFA/H2O (1:9), 10 min
	1-161 (36%), 1-162 (25%) and unidentifiable products

	8
	TFA/H2O (1:1), 5 min
	1-161 (29%), 1-162 (30%) and unidentifiable products

	9
	PTSA, MeOH, reflux
	1-161 (24%) and unidentifiable products

	10
	ethanedithiol (6 eq), BF3·OEt2 (5 eq), CH2Cl2, –50 oC, 5 min
	only starting material

	11
	ethanedithiol (6 eq), BF3·OEt2 (5 eq), CH2Cl2, –50 oC, 15 min
	unidentifiable products 

	12
	ethanedithiol (6 eq), BF3·OEt2 (5 eq), Et2O, –50 oC, 15 min
	unidentifiable products

	13
	ethanedithiol (6 eq), BF3·OEt2 (5 eq), CH2Cl2, 10 min
	unidentifiable products

	14
	CuSO4·5H2O, MeOH/H2O (7:1)
	only starting material

	15
	CuSO4·5H2O, MeOH/H2O (7:1), MW @ 40 °C
	unidentifiable products


*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn


It is thought that the failure to remove the butanediacetal is due to its proximity to the PMB-protected C9 alcohol, which allows formation of the bicyclic species 1-161 and 1-162 upon cleavage of the benzyl ether moiety. These structures seems to be so inflexible that the dioxolane ring cannot open for a sufficient length of time to allow the oxonium ion 1-163 to be trapped by either the solvent or ethanedithiol to furnish 1-164, which would induce cleavage of the butanediacetal moiety (Scheme 41). Formation of an analogous highly rigid structure was observed in the reaction of glycerol with 1,2-diketones such as butanedione106 or phenanthrene-9,10-quinone.73 
Scheme 41

[image: ]

It is also speculated that the fully-substituted centre at C8 promotes this ring-forming process. A conformational search (MM2 forcefield)107,108 on two simplified BDA derivatives showed that system 1-165 lacking a fully-substituted C8 centre mainly exists in a ring-flipped conformation 1-165MM2, in which the C8 substituent is in a equatorial position to avoid any unfavorable 1,3-diaxial interaction with the methoxy group at Cy (Figure 8). However, system 1-166 bearing a C8-allyl group does not adopt such a conformation and the C9/10 carbon chain is held in its axial position in proximity to the formed oxonium ion (1-166MM2). This closeness should highly accelerate formation of the new ketal at Cy. 

Figure 8
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1-165MM2
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   1-166MM2
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Although the attempt described in Chapter 3.5.1 to remove the butanediacetal from 1-153 proved to be unsuccessful, we were intrigued by the formation of the fused bicycle 1-162 under the Brønsted acidic conditions (Table 4). It seemed that the formation of this system could provide a means of differentiating the two secondary alcohols at C9/11 and cleaving the acetal at C7 to reveal a primary alcohol according to our original plan (Chapter 3.5.1). 
As 1-162 had only been formed in insignificant amounts from fully protected intermediate 1-153 (Table 4, entries 5, 7-9), our efforts turned to obtaining 1-162 from unprotected diol 1-125. Pleasingly, subjecting 1-125 to the previously used aqueous trifluoroacetic acid deprotection conditions furnished bicyle 1-162 in quantitative yield (Scheme 42). 

Scheme 42*
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*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

This transformation was a key observation for the following reasons:
· By exchanging the BDA-methoxy group at Cy with the secondary alcohol at C9 the butanediacetal was used as an intramolecular protecting group to selectively form a ketal with the sterically more encumbered secondary alcohol at C9 over the secondary alcohol at C11 (1) (Scheme 42). Moreover, formation of the hemiketal at Cx meant that the C7-OH had been released, as the primary alcohol could now be accessed through its ring-opened form 1-162open (2). Only 1-162closed was observable by NMR spectroscopy, which meant that 1-162open was only a minor component in this equilibrium. Its existence could be confirmed by chemical means later on in the synthesis (Chapter 3.6).
· The lengthy conventional protecting group manipulations that were originally anticipated in order to proceed with the synthesis could be circumvented, as our two criteria for a successful protecting group strategy towards the left hand fragment have been fulfilled (Chapter 3.5.1). 
· It was a new application of BDA-based chemistry as the butanediacetal group, originally designed as a building block for diastereoselective reactions, was used as a means for alcohol differentiation by transforming it cleanly into a new acetonide-type protecting group. 

Our strategy towards leustroducsin B required protection of the propargylic alcohol at C11 prior to further manipulation of the primary C7 alcohol. Thus, in order to apply the formation of bicycle 1-162 from BDA-protected intermediate 1-125 to the synthesis, it had to be modified such that the ketalisation (1) could be affected in a separate reaction prior to the formation of the hemiketal (2) (Scheme 42). 
The independent formation of the new ketal could be easily affected from 1-125 using Brønsted acidic conditions in methanol to give 1-161 (Scheme 43). The use of methanol as a solvent was crucial as it allowed the BDA methoxy group at Cx to be maintained without acid promoted hydrolysis to give a hemiketal moiety. The hemiketal 1-162 could then be obtained from alcohol 1-161 in a separate step by applying the aqueous trifluoroacetic acid deprotection conditions.
Scheme 43* 

[image: ]
*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

These two simple experiments showed that the ketal (1) and hemiketal (2) formation could be cleanly affected in separate operations.

It is noteworthy that the closed form of bicycle 1-162 (1-162closed, Scheme 42) existed as a 2.6:1 epimeric mixture at Cx with the major epimer having an axial hydroxyl group as confirmed by nOe analysis (Figure 9).  For clarity only the major epimer 1-162closed(major) will be drawn and referred to as 1-162closed, as the stereochemical information at Cx will be removed later on in the synthesis.
Figure 9
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[bookmark: _Toc13829546][bookmark: _Toc13841204][bookmark: _Toc13847990][bookmark: _Toc13857509][bookmark: _Toc13858331][bookmark: _Toc13862028][bookmark: _Toc13935985][bookmark: _Toc13938577][bookmark: _Toc14000498][bookmark: _Toc14000786][bookmark: _Toc14019298][bookmark: _Toc14019895][bookmark: _Toc14020006][bookmark: _Toc14856424][bookmark: _Toc14973135][bookmark: _Toc15037080][bookmark: _Toc15719387][bookmark: _Toc15869032][bookmark: _Toc15869147][bookmark: _Toc15869299][bookmark: _Toc15869681][bookmark: _Toc16248551][bookmark: _Toc16250065][bookmark: _Toc16761427][bookmark: _Toc16761819][bookmark: _Toc16762425][bookmark: _Toc16762686][bookmark: _Toc16763331][bookmark: _Toc16777217][bookmark: _Toc16777305][bookmark: _Toc16777395][bookmark: _Toc16777467][bookmark: _Toc16777532][bookmark: _Toc16778222][bookmark: _Toc16798448][bookmark: _Toc16798645][bookmark: _Toc16802862]Synthesis of Intermediate 1-170 Incorporating BDA-based Alcohol Differentiation 
We were now ready to apply this two-step protocol in the synthesis of the left hand fragment. After ketalisation (vide supra), benzylation of the propargylic alcohol in 1-161 gave intermediate 1-167 in 89% yield (Scheme 44). Hydrolysis of the Cx acetal gave 1-168 and although its open chain form 1-168open could not be observed by NMR, its existence was confirmed by oxidation to furnish aldehyde 1-169 (for an optimisation of this reaction, vide infra). Aldehyde 1-169 was observed to exist mainly as its hydrate as judged by the integration of the aldehydic proton in the NMR being less than a half. This is presumably due to the heightened electrophilicity resulting from the inductively withdrawing -oxygen. Azeotropic distillation of 1-169 with toluene partially removed the water from the hydrate, as seen by an increase in intensity of the aldehyde signal, and a subsequent Wittig reaction109 gave ,-unsaturated ethyl ester 1-170. 
Scheme 44* 
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*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn
Analysis of the coupling constants showed that the configuration of the C6/7 double bond in 1-170 was trans as expected from the use of a stabilised ylide in the Wittig reaction (Figure 10). Moreover, nOe experiments on 1-170 showed that the acetyl group at Cy and the hydrogen at C9 were on the same side of the dioxolane ring. This confirmed the configuration of the quaternary centre of the acetonide group to be R, which meant that the stereochemistry of the butanediacetal at Cy had been retained during the acid-mediated opening of the BDA group. 
Figure 10
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The bottleneck in the route from diol 1-125 to ester 1-170 (Scheme 44) was the oxidative trapping of hemiketal 1-168. To prevent formation of ester 1-171 (Table 5, entry 1) it was found that nine equivalents of pyridine relative to Dess-Martin periodinane were necessary.110 These conditions furnished the desired aldehyde 1-169 in 50% yield together with 40% recovered starting material 1-168 (Table 5, entry 2). The use of an excess of both reagents did not lead to an increased formation of the desired aldehyde 1-169 (Table 5, entry 3).

Table 5*
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	Entry
	Equivalents of 
Dess-Martin Periodinane
	Equivalents of Pyridine
	Yield of 1-169 (%)
	Yield of 1-171 (%)

	1
	1.5
	0
	0
	83

	2
	1.5
	14
	50
	0

	3
	3.0
	28
	50
	0


*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

Other oxidants are currently under investigation by a coworker, but as yet they have not led to an improved procedure.111 
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From ester 1-170 we anticipated that well-precedented functional group manipulations should furnish the desired left hand fragment (Scheme 45). First, transformation of the C25-i double bond in 1-170 into an Alloc-protected primary amine was envisaged to give intermediate 1-172. From 1-172, attachment of the ,-unsaturated -lactone onto carbon C5 should then give the desired coupling partner LHF.
Scheme 45
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We considered two main strategies to introduce the protected amine at C25 (Scheme 46). One of them was based on converting the terminal alkene 1-173 into an aldehyde 1-174 via a two-step dihydroxylation-oxidative cleavage protocol (Scheme 46, pathway A). It was then thought to introduce the amine through an aza-Wittig reaction112 between aldehyde 1-174 and iminophosphorane 1-175 to give a protected imine 1-176. This imine could then be chemoselectively reduced down to the corresponding amine 1-177.
Alternatively, reduction of aldehyde 1-174 would provide alcohol 1-178, which could then undergo Mitsunobu reaction34 with 1-179 to give a fully protected primary amine 1-180 (Scheme 46, pathway B). The Mitsunobu reagent 1-179 for this step required an electron-withdrawing group on the amine to lower its pKa (a pKa of 11 or less is generally required to achieve good results in Mitsunobu reactions) and the oxamate group was chosen as it can be easily cleaved with weak bases like lithium hydroxide to give compounds like 1-177. 
The Alloc-group was chosen to protect the primary amine, as this group has also been employed in Fukuyama’s synthesis of leustroducsin B10 and Matsuhashi’s chemical transformations from leustroducin H to leustroducsin B,11 and was therefore known to be removable at a late stage of the synthesis. 
Scheme 46 
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Reagents 1-175 and 1-179 were synthesised to test the feasibility of amine formation via these aza-Wittig and Mitsunobu reactions. 
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(Triphenylphosphoranylidene)carbamic acid allyl ester 1-175 could be synthesised in three steps starting from commercially available starting materials. Triphenylphosphine 1-181 and hydroxylamine-O-sulfonic acid underwent a Staudinger reaction35 in methanol to furnish triphenylphosphine imide sulfate 1-182 (Scheme 47). Treatment of this salt with n-butyllithium and reaction with carbonyldiimidazole gave known N-(triphenylphosphoranylidene)-1H-imidazole-1-carboxamide 1-183.113 Although other bases such as triethylamine have been reported113 for this transformation it was found that only n-butyllithium gave satisfactory results in our hands. Treatment of 1-183 with allyl alcohol and sodium hydride in refluxing tetrahydrofuran then furnished the aza-Wittig reagent 1-175 in good overall yield.
Scheme 47
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The N-alloc ethyl oxamate 1-179 was prepared in two steps from ethyl oxamate 1-184 (Scheme 48).114 Reaction of 1-184 with oxalyl chloride gave known ethyloxalyl isocyanate 1-185,114 which was highly prone to nucleophilic attack and therefore had to be handled under strictly anhydrous conditions. When treated with allyl alcohol, 1-185 was transformed into Mitsunobu reagent 1-179 in moderate yield. 
Scheme 48
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In order to apply these strategies for amine formation at C25, the C25-i double bond first had to be transformed into its C25 aldehyde (to pursue an aza-Wittig reaction) or the corresponding primary alcohol (to pursue a Mitsunobu reaction). As both targets required a two-step dihydroxylation-oxidative cleavage protocol, the transformation of the double bond in 1-170 into a diol was attempted.
Unfortunately, only a complex mixture of unidentifiable products was obtained, when standard catalytic dihydroxylation conditions115 were applied to 1-170 (Scheme 49). Based on the disappearance of the H6 and H7 1H NMR signals it was thought that the reason for this unsuccessful transformation was the ability of the alcohols at C25 and Ci to add onto carbon C7 in a Michael fashion to form a mixture of tetrahydrofuran and tetrahydropyran rings.
Scheme 49*
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*all intermediates shown were 5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn
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To avoid side-products resulting from the introduction of nucleophilic alcohols at C25 and Ci, which could intramolecularly add to the C7 position, the sequence of reactions had to be changed so that the dihydroxylation was carried out on a system lacking electrophilic functionality.
Alkene 1-167, an intermediate in the synthesis towards ,-unsaturated ester 1-170 (Chapter 3.6), appeared to be the ideal candidate for such a dihydroxylation protocol, as it does not contain any electrophilic elements (Scheme 50). Thus, it should be successfully transformed into fully protected amine 1-124 via the above strategies. Applying the previously developed protocol to transform the butanediacetal moiety into an acetonide-type group (Chapter 3.5.2) to 1-124 should then furnish 1-123. It was hoped that the amine in 1-123 would not interfere with the electrophilic ,-unsaturated ester, as the nitrogen would be fully protected, and therefore non-nucleophilic. From 1-123, the unsaturated lactone could then be installed onto carbon C5 as originally envisaged. 
Scheme 50
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As expected, dihydroxylation of the double bond in 1-167 using catalytic osmium tetroxide together with NMO as a co-oxidant gave a diol, which was directly transformed into the corresponding aldehyde 1-187 through an oxidative cleavage with lead(IV) acetate (Scheme 51). The corresponding alcohol 1-188 was obtained after reduction of aldehyde 1-187 with sodium borohydride. During the transformation of alkene 1-167 into aldehyde 1-187 it was observed that the epimeric mixture at C11 changes from 5:1 to 3.5:1. It is thought that this is due to purification by silica gel chromatography. As a two-step protocol to obtain epimerically pure material at C11 has recently been developed (see Chapter 3.4), this problem can be circumvented in future. 
Scheme 51
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A brief investigation into the aza-Wittig reaction between aldehyde 1-187 and  (triphenylphosphoranylidene)carbamic acid allyl ester 1-175 gave no encouraging results. As seen from Table 6, variation of solvent and temperature did not lead to any formation of the desired imine 1-189 and in all cases only starting material was recovered.
Table 6*
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	Entry
	Conditions 
	Result

	1
	toluene, 24 h
	recovered starting materials

	2
	toluene, reflux, 24 h
	recovered starting materials

	3
	toluene, MW @ 100 ºC
	recovered starting materials


*all intermediates shown were 3.5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

Aza-Wittig reactions are known to work best with highly electrophilic aldehydes, e.g. aromatic aldehydes, and iminophosphoranes which have electron-donating groups, such as alkyl groups, on the nitrogen (reactivity trend: alkylN=PPh3 >> ArN=PPh3 >> RCON=PPh3).116 This might explain why the attempted aza-Wittig reaction between 1-187 and 1-175 was unsuccessful.

Prior to the investigation of N-alloc ethyl oxamate 1-179 in a Mitsunobu reaction on the real system, it was first tested on commercially available cyclohexanemethanol 1-190. A quick screen of reaction conditions showed that the use of polymer-supported triphenylphosphine did not adversely affect the isolated yield of the formed product (Table 7, entry 2) and was therefore chosen as a reagent to avoid the extensive removal of triphenylphosphine and triphenylphosphine oxide from the product mixture. 

Table 7
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	Entry
	Conditions
	Yield of 1-191 (%)

	1
	DEAD, PPh3, THF
	90

	2
	DEAD, PS-PPh3, THF
	97



Very pleasingly, application of these conditions to alcohol 1-188 gave the fully protected primary amine 1-191 in excellent conversion (Scheme 52). Unfortunately, the excess amount of Mitsunobu reagent 1-179 could only be removed in the subsequent step.
Scheme 52*
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*all intermediates shown were 3.5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn
** conversion based on 1H NMR
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After successful introduction of the amine functionality, we turned now to complete the transformation of the butanediacetal moiety into the new acetonide-type protecting group (Chapter 3.5.2). It was expected that the conditions originally established to perform these transformations on alkene 1-167 (Chapter 3.6), should not lead to any complications when applied to further elaborated intermediate 1-124.
Accordingly, treatment of 1-124 with a mixture of trifluoroacetic acid and water cleanly furnished hemiketal 1-192 (Scheme 53), again, only its closed form 1-192closed could be observed by NMR. Subsequent oxidation of 1-192 furnished aldehyde 1-123. As observed before (Chapter 3.6), this aldehyde was highly electrophilic due to the electron-withdrawing -oxygen and therefore existed mostly as its hydrate as judged by 1H NMR spectroscopy. Azeotropic distillation of 1-123 with toluene again partially removed the water from the hydrate, and a Wittig reaction on 1-123 gave ,-unsaturated ethyl ester 1-193 without incident. 
Scheme 53*
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*all intermediates shown were 3.5:1 mixtures at the C11-OH; for clarity only the major epimer at C11 is drawn

The synthesis of the advanced ester intermediate 1-193 demonstrated that the Ley group’s butanediacetal moiety can be applied in two different reaction manifolds. Firstly, it was used in its conventional role as a building block to perform two diastereoselective reactions, which established the C8/9 stereocentres. It then functioned to selectively protect the alcohols of the highly oxygenated central carbon chain. This approach avoided a lengthy protection-deprotection sequence, which is often required in syntheses of such densely oxygenated systems.  Chapter 5 will outline the envisioned completion of the left hand fragment.

[bookmark: _Toc13862038][bookmark: _Toc13935995][bookmark: _Toc13938587][bookmark: _Toc14000509][bookmark: _Toc14000797][bookmark: _Toc14019308][bookmark: _Toc14019905][bookmark: _Toc14020016][bookmark: _Toc14856434][bookmark: _Toc14973145][bookmark: _Toc15037089][bookmark: _Toc15719396][bookmark: _Toc15869039][bookmark: _Toc15869154][bookmark: _Toc15869306][bookmark: _Toc15869688][bookmark: _Toc16248151][bookmark: _Toc16248456][bookmark: _Toc16248559][bookmark: _Toc16250073][bookmark: _Toc16761434][bookmark: _Toc16761826][bookmark: _Toc16762432][bookmark: _Toc16762693][bookmark: _Toc16763338][bookmark: _Toc16777224][bookmark: _Toc16777312][bookmark: _Toc16777402][bookmark: _Toc16777470][bookmark: _Toc16777535][bookmark: _Toc16778225][bookmark: _Toc16798451][bookmark: _Toc16798648][bookmark: _Toc16802865]Towards the Synthesis of Right Hand Fragment C14-21
[bookmark: _Toc13862039][bookmark: _Toc13935996][bookmark: _Toc13938588][bookmark: _Toc14000510][bookmark: _Toc14000798][bookmark: _Toc14019309][bookmark: _Toc14019906][bookmark: _Toc14020017][bookmark: _Toc14856435][bookmark: _Toc14973146][bookmark: _Toc15037090][bookmark: _Toc15719397][bookmark: _Toc15869040][bookmark: _Toc15869155][bookmark: _Toc15869307][bookmark: _Toc15869689][bookmark: _Toc16248560][bookmark: _Toc16250074][bookmark: _Toc16761435][bookmark: _Toc16761827][bookmark: _Toc16762433][bookmark: _Toc16762694][bookmark: _Toc16763339][bookmark: _Toc16777225][bookmark: _Toc16777313][bookmark: _Toc16777403][bookmark: _Toc16778226][bookmark: _Toc16798452][bookmark: _Toc16798649][bookmark: _Toc16802866]Retrosynthesis
Our strategy towards the right hand fragment (RHF) is based on a late-stage introduction of the chiral fatty acid ester sidechain via acylation of the secondary alcohol at C18 with commercially available 6-(S)-methyloctanoic acid (Scheme 54). The Z-vinyl triflate would then be formed from the corresponding terminal alkyne in 1-194. The C18 stereocentre in 1-194 could be introduced through a diastereoselective substrate-controlled reduction of the corresponding C18 ketone in cyclohexanone 1-195. The tert-butyl acetate substitution at C16 is thought to come from a radical-mediated regioselective cyclopropane opening of fused ring-system 1-122, which in turn could be constructed by applying an organocatalytic intramolecular cyclopropanation protocol to 1-196.68 Using well-established chemistry -chloroketone 1-196 can be obtained from 5-hexenoic acid 1-197 in three steps.68 
The two-step protocol for the construction of the C16 stereogenic centre, consisting of organocatalytic cyclopropanation followed by a radical-ring opening, plays the central role in the synthesis towards the right hand fragment, as straightforward functional group manipulation leads to the formal asymmetric addition product 1-194 of acetylene to cyclohexenone - an elusive synthetic challenge.117
Scheme 54
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The Gaunt group in conjunction with our group has recently developed inter- and intramolecular organocatalytic cyclopropanation protocols,118,119 the latter one giving rise to fused bicyclic ringsystems. The proposed catalytic cycle is depicted in Scheme 55.
Scheme 55
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The reaction proceeds via displacement of the -halogen in 1-198 by the tertiary amine base to form an ammonium salt 1-199. This salt is more readily deprotonated than the -halo-carbonyl 1-198 it is derived from and therefore forms an ammonium ylide 1-200. This ylid then attacks the Michael acceptor present in the molecule in an intramolecular fashion to form zwitterion 1-201. The enolate present in 1-201 closes back to displace the ammonium salt, which forms the fused bicylic ring system 1-202 and regenerates the amine catalyst.
This intramolecular cyclopropanation protocol can be conducted in diastereoselective or enantioselective fashion, depending on the tertiary amine base used (Figure 11). The diastereoselective version68 is carried out using DABCO 1-203 and displays a broader substrate scope than its enantioselective counterpart: The range of intramolecular Michael acceptors able to undergo this protocol goes from very activated systems, like ,-unsaturated aldehydes or ketones, to weakly activated systems, such as ,-unsaturated esters. The enantioselective version is restricted to the use of very activated Michael acceptors and cinchona-based catalysts such as 1-204 and 1-205 are used as the source of chirality. 
Figure 11
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As previously mentioned, the organocatalytic cyclopropanation to 1-122 followed by a radical ring-opening of the cyclopropane is central to our synthesis of the right hand fragment, as this two-step sequence establishes a carbon framework that can rapidly be elaborated into the carbon skeleton of the right hand fragment coupling partner RHF.
At the onset of this project, only the diastereoselective version of the intramolecular cyclopropanation was fully established and its enantioselective version was under investigation. We therefore chose to establish the above-described two-step protocol and the chemistry beyond that point using racemic substrates derived from the diastereoselective cyclopropantation. We envisaged tert-butyl ester 1-122 (Scheme 54) as an intermediate in the synthesis of the right hand fragment, as radical ring openings of similar substrates have been reported in the literature.120 
The synthesis of this ester 1-122 began from commercially available 5-hexenoic acid 1-197, which was transformed into -chloroketone 1-196 using chemistry that was well-established in our group (Scheme 56).68 Thus, Weinreb amide formation from 1-197 using standard condensation conditions furnished 1-206. Addition of lithiochloromethane, generated in situ by addition of methyllithium to a solution chloroiodomethane, to amide 1-206 then formed alkenyl -chloroketone 1-207 according to a procedure based on the work by Barluenga.121 Alkene cross-metathesis with Grubbs 2nd generation catalyst122 between 1-207 and tert-butyl acrylate then generated the E-,-unsaturated ester 1-196. Cyclopropanation using a catalytic amount of DABCO as the organocatalyst in the presence of sodium carbonate as the base in refluxing acetonitrile was then carried out to furnish the desired [4.1.0]-bicycloheptanone 1-122 in 48% yield with the relative stereochemistry as shown. 
Scheme 56
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The anticipated radical ring opening, the second reaction of our two-step sequence for the introduction of the C16 stereocentre, could now be applied to this key substrate 1-122 (Scheme 57). Samarium diiodide in a mixture of tetrahydrofuran and methanol proved to be the best conditions and gave the -substituted cyclohexanone 1-195 in good yield. Zinc metal in acetic acid, another well-precedented system for one electron transfer reaction, was also surveyed for this transformation, but these conditions furnished the desired product 1-195 in only 12% yield.
Scheme 57
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The regioselectivity of this process can be rationalised as follows:123 One electron-transfer onto the more electrophilic ketone carbonyl in 1-122 furnishes ketyl radical anion 1-208 (Scheme 58). Carbon-carbon bond ‘a’ is then homolytically cleaved in preference to ‘b’ as its C-C * orbitals overlap more effectively with the adjacent singly occupied orbital (Scheme 58, 1-208’). This ring-opening bond cleavage leads to the formation of radical anion 1-209, in which the ester functionality stabilises the single electron (1-209  1-209’). Transfer of another electron from SmI2 then leads to 1-210, which upon workup gives the desired -substituted cyclohexanone 1-195.
Scheme 58
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With the desired keto ester 1-195 in hand, the synthesis towards the right hand fragment could be pursued further. Next, a diastereoselective reduction of the C18 ketone functionality in 1-195 had to be carried out to set-up the 1,3-syn substitution pattern on the cyclohexane ring. A variety of small reducing agents were investigated for their ability to perform the desired axial hydride delivery to the ketone in 1-195 (Table 8). It was found that the highest diastereoselectivity was obtained using lithium aluminium hydride, which gave 1-211 as the major diastereomer in a 9:1 ratio and 82% yield.  

Table 8
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	Conditions
	Diastereoselectivity
C18-OH :
	Yield of 1-211* (%)


	NaBH4, MeOH, 0 ºC
	3.5:1
	82

	LiBH4, MeOH/THF (4.5:1), 0 ºC
	5.3:1
	84

	LiHAl(OtBu)3, THF,  –78 ºC
	7.5:1
	81

	NaBH4/CeCl3, MeOH
	8.2:1
	80

	LiAlH4, THF, –78 ºC
	9.0:1
	82 


*as an inseparable mixture of epimers at C18

The 1,3-syn relation of the substituents on the cyclohexane ring in the major product was confirmed using nOe analysis (Figure 12). 
Figure 12
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The secondary alcohol in 1-211 was next protected as its corresponding TBS ether to give 1-212. Ester 1-212 was then reduced to the aldehyde oxidation stage in two steps: First lithium aluminiuim hydride transformed the ester into the primary alcohol, which was subsequently oxidised back to aldehyde 1-214 using Dess-Martin periodinane. A coworker has recently shown the last step to be higher yielding (83%) using a TPAP protocol instead of a Dess-Martin procedure.124

Scheme 59 
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The synthesis of aldehyde 1-214 has shown that a two-step sequence consisting of a cyclopropanation and a radical-mediated ring-opening can establish the required substitution of the cyclohexane ring. A possible completion of this fragment as well as our current strategy to obtain it in an enantiopure form is outlined in Chapter 5.  

Right Hand Fragment		    Leustroducsin B 
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Our synthetic strategy towards leustroducsin B was inspired by its intriguing structural features, which led us to develop strategies based on group methodologies. 
Towards the left hand fragment, we have established a synthesis from L-ascorbic acid to intermediate 1-193, which has the requisite stereocentres and functionalities of the central core C5-11 (including the C24-25 amine sidearm) in place (Scheme 60). The highlight of this approach is the use of the BDA group in a multifunctional way. First, it acts as a chiral building block to set up two stereocentres via a known diastereoselective allylation71 and an unprecedented aldol reaction.67 Secondly, in a new application of butanediacetal chemistry, it is used as a means of alcohol differentiation to selectively protect the densely oxygenated central core C8-11. 
Scheme 60 
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Fragment 1-193 is an advanced intermediate in our envisaged strategy towards the left hand fragment coupling partner LHF. To complete the synthesis of this fragment, construction of the ,-unsaturated -lactone at C5 is required. The synthesis of this structural motif is well-precedented and has been carried out on substrates closely related to intermediate 1-193 in the published total syntheses of leustroducsin B10 and phoslactomycin B (see Chapter 1).11 We therefore envision its installation onto 1-193 to occur without incident. 
Based on these published strategies, a proposed sequence of steps from current intermediate 1-193 to a possible left hand fragment 1-217 is depicted in Scheme 61. First, methenylation of the carbonyl group at Cy would be necessary to mask the reactivity of this functionality in the upcoming steps and transform it into another acetonide-type protecting group, that can be easily cleaved at a late-stage of the synthesis.[footnoteRef:6]* Next, basic cleavage of the ethyl oxamate moiety on the amine should also furnish the carboxylic acid at C5, which could be transformed into the corresponding aldehyde 1-215 in two steps. Intermediate 1-215 would then be a platform for a reagent controlled syn-aldol reaction, possibly using a butyrimide derived from Evans’ auxiliary.28 Protection of the resulting secondary alcohol and removal of the Evans’ auxiliary29 would give protected -hydroxyaldehyde 1-216. Subsequent formation of the cis ,-unsaturated ethyl ester in a Still-Gennari-type olefination,30 deprotection of the secondary alcohol at C5 and ring-closing lactone formation should then furnish the desired left hand fragment 1-217. [6: *A coworker has recently shown that the unprecedented acetonide-type protecting group can be removed under mild conditions (H2O/TFA 4:1), after the carbonyl functionality at Cy had been transformed into the corresponding terminal olefin. [Bridgwood, K.; Ley, S. V. unpublished results.]] 

Scheme 61
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Towards the right hand fragment, racemic aldehyde 1-214 has been synthesised in nine steps from 5-hexenoic acid (Scheme 62). From this aldehyde, another three steps were envisaged to complete the synthesis of target coupling partner RHF: Z-Vinyl triflate formation125 on 1-214, followed by silicon group removal and acylation of the resulting free alcohol at C18 with commercially available 6-(S)-methyloctanoic acid should give the desired right hand fragment RHF.
A cyclopropanation-radical mediated ring opening approach was explored to obtain the required 1,3-substitution pattern on the cyclohexane ring in 1-195. These studies used an organocatalytic cyclopropantion,68 a diastereoselective version of which was applied to 1-196. The enantioselective counterpart of this protocol was still being surveyed at the same time by a coworker although to date an asymmetric cyclopropanation of ester 1-196 has not been successful.119 
Scheme 62
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In order to join the route depicted in Scheme 62, a coworker has developed an alternative approach to obtain ester 1-195 in its enantiopure form. This route is based on an asymmetric organocatalytic 1,4-addition126 to cyclohexenone 1-218 using the tetrazole catalyst 1-219 to give -substituted cyclohexanone 1-220 with excellent enantioselectivity. This intermediate could then be transformed into the required enantiopure ester 1-195’ in three steps. 

Scheme 63
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The final steps in the synthesis of leustroducsin B will involve a palladium-catalysed Sonogashira cross-coupling41 to unify the left and right hand fragments to give 1-221 (Scheme 64). Partial reduction of the triple bond using the method of Brandsma33 should then give the desired conjugated Z,Z-diene. This particular method was the preferred reaction in the published syntheses of leustroducsin B10 and phoslactomycin B,12 as other hydrogenation catalysts led to the formation of over-reduced products. Removal of the acetonide-type protecting group under the established mild conditions (see footnote p. 71) should then give intermediate 1-223 with a vicinal diol at C8/9. It is noteworthy that these acidic conditions were successfully used by Matsuhashi on a closely related leustroducsin intermediate.11 We therefore envision the removal of the acetonide-group to occur without affecting the other sensitive functionalities in the molecule, such as the Z,Z-diene. Scrambling of this moiety had been observed by Fukuyama under the fairly harsh acidic conditions required to remove a conventional acetonide or PMB protecting group from the C8/9 diol.27 With diol 1-223 in hand, protection of the tertiary alcohol at C8 would then be necessary to allow selective phosphorylation of the C9-OH to give 1-224. Finally, palladium catalysed transfer hydrogenation with triethyl ammonium formate should not only allow the removal of the Alloc and benzyl protecting groups, but also affect silyl deprotection of the tertiary C8 alcohol as observed by Matsuhashi11 to give the target compound, leustroducsin B.


Scheme 64
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Section 2:
Palladium-Containing Perovskites as 
New Catalysts for Cross-Coupling Reactions
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Introduction
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Transition metal catalysis is an extremely powerful tool for organic synthesis, and ‘homogeneous’ and ‘heterogeneous’ metal catalysts possess specific advantages and disadvantages.[footnoteRef:7]* In ‘homogeneous’ transition metal catalysis, a metal centre is often surrounded by a ligand. By changing this ligand, the steric and electronic properties of a catalyst can be tuned to accommodate a wide variety of substrates. In this fashion, remarkable progress has been achieved in the palladium-catalysed coupling reactions of aryl chlorides.  Prior to 1998, there were no reports of palladium-catalysed Suzuki reactions employing electron-neutral or electron-rich aryl chlorides. In 1998, Buchwald reported that aminophosphane 2-4 is an effective ligand for the palladium-catalysed Suzuki couplings of a broad spectrum of electron-rich aryl chlorides (Scheme 1).127 [7: * The classical, solubility-based definition equates “heterogeneous” to “insoluble” and ”homogeneous” to “soluble”. When referring to this definition, single quotation marks will be used (‘homogeneous’, ‘heterogeneous’). A newer definition deals with the active site of the catalytic system. [Schwartz, J. Acc. Chem. Res. 1985, 18, 302.] If the active site is uniform, the system is called homogeneous; if the active site consists of different active sites, then the catalyst is called heterogeneous. When referring to this definition no quotation marks will be used.

] 

Scheme 1
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Aside from their wide scope, ‘homogeneous’ catalysts can also give exceptionally high turnover numbers, reaching values up to 500 million.128 There are also drawbacks to ‘homogeneous’ catalysis; the ligands may be toxic and difficult to handle, the product may become contaminated with the transition metal or ligand and the catalyst cannot easily be recycled. However, as precious metal catalysis has evolved to become vital in the synthesis of pharmaceutical compounds, there is a need for the practical, clean and cost effective translation of laboratory methods to larger scale operations. On an industrial scale the ideal catalyst should meet the following requirements: 
		low cost 
		efficient recovery and reuse
		safe handling  
		low contamination of products 
Metal contamination of products has to be avoided due to the metal limits set for active pharmaceutical ingredients and the accompanying increase in waste disposal costs. There are two main ways to achieve low levels of metal contamination: (1) Removal of the metal after the reaction (2) Avoiding metal contamination in the first place. 
		The first approach involves the use of specific metal scavengers, but has not been widely applied due to the high cost of the scavengers and lack of efficient translation to large-scale operations. Alternatively, immobilised homogenous, so-called ‘heterogeneous’ catalysts can be employed. This is an area of catalyst design that has emerged over recent years. The following chapter will give a brief overview of possibilities for transition metal immobilisation. 
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Transition metal immobilization has been mainly achieved by:
 	Coordination of the metal to a ligand which is itself covalently bound to a polymer backbone
	Adsorption of the metal onto an inert surface such as silica or carbon
 	Microencapsulation, where the catalyst is enclosed in a polymeric coating
Examples of these three approaches will be given in the following sub-sections, using palladium as an example. The question of whether these ‘heterogeneous’ catalysts function solely with ‘immobilised’ metal or if they serve as ‘heterogeneous’ sources for ‘homogenously’ active material will also be addressed. 
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One of the first examples involving the attachment of a metal to a polymeric support via a ligand was reported by Trost.129 Tetrakis(triphenylphosphine)palladium(0) was supported onto a polystyrene resin to give catalyst 2-5 (Figure 1), which was used successfully in a range of allylic substitutions and Suzuki coupling reactions.129,130
Figure 1
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A multitude of other polymer-supported palladium-ligand complexes have since emerged, which are mostly based on polystyrene that is functionalised with phosphine-based groups.131 The synthesis of such systems can often be lengthy and expensive,132 and leaching and lowered reactivity relative to the free metal species can be encountered. 

[bookmark: _Toc477503916][bookmark: _Toc16761443][bookmark: _Toc16761835][bookmark: _Toc16762441][bookmark: _Toc16762702][bookmark: _Toc16763347][bookmark: _Toc16777233][bookmark: _Toc16777321][bookmark: _Toc16777411]Adsorption of the Catalyst onto an Inert Surface
When the metallic catalyst is adsorbed onto an inert surface, the solid surface can be considered as a macroligand. Nowadays, a variety of these macroligands exist, with palladium on carbon  (Pd/C) being the most traditional of these ‘heterogeneous’ catalysts.
Pd/C is commonly utilized as a catalyst for hydrogenations, but has recently found application in cross-coupling reactions. In 1994, the Roche group reported the palladium on carbon-catalysed Suzuki reaction of aryl bromides and phenylboronic acids without any further additives.133 The coupling of arylboronic acids with iodo- and bromophenols134 as well as with heteroaromatic halides has been shown to be feasible with Pd/C.135 Pd/C has also been shown to activate aryl chlorides, as manifested in the cleavage of the C-Cl bond of chlorobenzene over a metallic surface at room temperature136 and in hydrodechlorination.137 Building on this, the first high-yielding use of ligandless Pd/C as a catalyst for Suzuki cross-couplings using aryl chlorides has been developed (Scheme 2).138
Scheme 2
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The authors attribute the remarkable activity of this catalyst to ‘heterogeneous’ palladium. This species supposedly activates the carbon-chlorine bond via synergistic anchimeric and electronic effects between the palladium surface and the aryl chloride. In the light of recent findings it seems doubtful that this catalytic transformation can be classified as being truly surface-catalysed. In fact, mechanistic studies have coherently shown that Pd/C - as well as other traditional ‘heterogeneous’ catalysts - are only precatalysts to an active soluble catalyst.131 Thus, these ‘heterogeneous’ systems function as a reservoir for the catalytically active species rather then being the actual active material for the catalytic process. 
Numerous other catalysts that disperse palladium on inorganic supports have been reported such as Pd/MgO, Pd/SiO2, Pd/Al2O3 and Pd(OH)2/C (Pearlman’s catalyst). Many of these have advantages over palladium on carbon - being safe to handle and non-pyrophoric. Others, such as hydroxyapatite-supported palladium139 contain macroligands with precise steric and electronic properties. Such macroligands offer the possibility to tune the properties of the catalyst on an atomic and molecular level and could therefore be the future for rational ‘heterogenous’ catalyst design.
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Microencapsulation involves trapping molecules in a molecular coating. It is widely used in medicine and agriculture, for example in drug delivery systems and the controlled release of pesticides.140,141 The Kobayashi group were the first to report microencapsulated reagents. They were able to encapsulate palladium,142 osmium,143 ruthenium,144 Sc(OTf)3145 and vanadyl acetylacetonate146 in polystyrene and cross-linked polymers147 and use them as recoverable catalysts. 
Ley has developed a system based on polyurea microcapsules, in which the backbone of the urea functionality ligates to the metal species and so retains it.148
To obtain these polyurea microcapsules an organic solution of the catalyst and a polyisocyanate is dispersed into an aqueous solution containing emulsifiers and colloid stabilizers. The wall forming reaction is initiated when some of the peripheral isocyanate groups are hydrolysed at the oil-water interface to form amines, which in turn react with other unhydrolysed isocyanates to form a urea-linked polymeric coating (Scheme 3).
Scheme 3
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Using this methodology, Ley has encapsulated palladium acetate (Pd-EnCatTM),149,148 palladium nanoparticles (Pd0-EnCatTM)148 and osmium tetroxide (Os-EnCatTM).150 Pd-EnCatTM has been used successfully in cross-couplings such as the Suzuki, Heck and Stille reactions149 and has recently also been applied to continuous flow processes.151 Pd0-EnCatTM has been shown to catalyse hydrogenation reactions152 as well as the  reduction of benzylic ketones and epoxides (Scheme 4).150 
Scheme 4
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[bookmark: _Toc477503923]A key factor of polyurea encapsulation is the ligating functionality of the polymer, which leads to low residual palladium levels in crude materials. Although it was originally assumed that the reaction took place within the resin bead (due to the ligating functionality of the polymer), recent mechanistic investigations have conclusively shown that these encapsulated catalysts act as ‘heterogeneous’ sources of soluble, catalytically active palladium.153  
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Numerous supports have been designed to achieve immobilisation of palladium and other transition metals. Nevertheless, due to an increasing demand for environmentally friendly chemical processes, rising regulatory imperatives and an increasing complexity of pharmaceutical drugs, the search for improved ‘heterogeneous’ catalysts is vital and ongoing. 
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While ‘homogeneous’ palladium catalysts are used in many cases, ‘heterogeneous’ palladium catalysts are essential for effective translation of laboratory methods to larger scale operations and application in industry. However, only a few examples of successful ‘heterogeneous’ catalysis have been reported so far.154 The search for an efficient, cheap and practical ‘heterogeneous’ catalytic system is still one of the major challenges in organic chemistry. 
The aim of this project is to investigate the utility of LaFe0.57Co0.38Pd0.05O3 (LaPd*), a perovskite originally used for automotive emission control, as a new type of ‘heterogeneous’ catalyst. Because of the importance of palladium catalysed cross- couplings in organic synthesis, LaPd* was tested in these reactions in an attempt to gain insight into the scope and mechanism of this new system. 
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Conventional catalysts for automotive emission control disperse fine particles of a precious metal, e.g. palladium, platinum or rhodium, onto a supporting material such as alumina. Heat exposure of 800 C or higher (the temperature of exhaust gases in automobiles) causes a phenomenon known as “particle growth”, in which the precious metal forms clusters. Thus the overall surface area of the catalyst is reduced which results in a decrease in activity. To achieve long-term catalytic durability for vehicle use over 50,000 miles the conventional catalyst employs an excess of the precious metal, which is expensive.155 Perovskites containing precious metals like palladium, platinum or rhodium, are currently being commercialized as next-generation, high-performance and low-cost automotive emission catalysts. Their application in catalytic converters has been investigated since the early 1970s and they give high performance while dramatically reducing the amount of precious metals present. This is due to a natural fluctuation of the precious metal in the perovskite structure (Figure 2). 
At the atomic level the palladium ions are uniformly distributed in the perovskite crystal. In the high-temperature oxidative atmosphere (that is during an excessive oxygen state in the air-to-fuel ratio) the palladium moves into the perovskite crystal structure as metallic ions. In the reductive atmosphere, that is during an insufficient oxygen state, the palladium segregates out to form fine metallic particles. During an oxidative cycle the palladium moves back into the crystal and the cycle repeats itself. 
Figure 2[footnoteRef:8] [8:  picture taken from Daihatsu news, 11th July 2002 (http://www.daihatsu.com)] 
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This constant fluctuation of palladium in the perovskite lattice inhibits the undesired particle growth, which leads to depletion of the catalytic activity in the case of conventional catalysts. Thus, perovskites have been dubbed “self-regenerating, intelligent” catalysts. Figure 3 underlines their remarkable durability as catalysts in the exhaust emission control compared to conventional palladium on alumina.155
Figure 3[footnoteRef:9] [9:  diagram taken from Nature 2002, 418, 164.] 
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Aside from their high performance and low cost, perovskites are easy to make by methods such as the alkoxide procedure, which involves dissolving metal ethoxyethylates, their precipitation and calcination at 700 C.156
In chemical synthesis, the active metals of catalysts are often found to form metallic aggregates, which lead to a rapid decrease in catalytic activity.  This drawback seems to resemble the failure of conventional catalytic converters to attain long-term performance. As perovskites provided a solution to this problem, it seemed - maybe naively – that surveying these perovskite materials could offer a solution to similar problems in synthetic chemistry. It was hoped that perovskites could demonstrate a similar durability as catalysts for synthetic reactions as they do as catalysts for automotive emission control, and that they would therefore solve a long-standing problem.

[bookmark: _Toc16762446][bookmark: _Toc16762707][bookmark: _Toc16763352][bookmark: _Toc16777238][bookmark: _Toc16777326][bookmark: _Toc16777416][bookmark: _Toc16777478][bookmark: _Toc16777543][bookmark: _Toc16778236][bookmark: _Toc16798462][bookmark: _Toc16798659][bookmark: _Toc16802876]Application to Suzuki Cross-Couplings
Without doubt, palladium catalysis is an extraordinarily powerful tool for the construction of carbon-carbon bonds, as it can form bonds that may be difficult to make using more traditional methods. Nevertheless, most cross-couplings described in the literature use ‘homogeneous’ palladium, either with or without ligands.157 

[bookmark: _Toc477503927][bookmark: _Toc16761449][bookmark: _Toc16761841][bookmark: _Toc16762447][bookmark: _Toc16762708][bookmark: _Toc16763353][bookmark: _Toc16777239][bookmark: _Toc16777327][bookmark: _Toc16777417]Suzuki Cross-Couplings in the Literature
The Suzuki coupling of a boronic acid with an aryl or vinyl halide or triflate was first reported in 1979 and has emerged as one of the most important cross-coupling reactions – about a quarter of all current palladium-catalysed cross-coupling reactions are Suzuki couplings.158 A general mechanism for palladium-catalysed cross couplings such as the Suzuki or Stille reaction is depicted in Scheme 5. The first step of the catalytic cycle is the oxidative addition of a palladium(0) species, A, to a halide to give an organo-palladium species B. Transmetallation then furnishes another organo-palladium species C, which forms the cross-coupled product RR’ via reductive elimination  and returns the palladium(0) A, ready to further participate in the catalytic cycle. 
The oxidative addition is usually rate-determining159 and the ease with which aryl halides undergo this step correlates with their carbon-halide bond dissociation energy (bond dissociation energies for Ph-X: Cl 96 kcal mol-1; Br 81 kcal mol-1; I 65 kcal mol-1).160 Chlorides, having the highest bond dissociation energy, are the least reactive substrates in this transformation and as yet their use is not widespread. However, application of aryl chlorides in large-scale industrial processes is highly desirable due to their low cost and the wide range of compounds available.160
Scheme 5

                                       [image: ]

A variety of reaction conditions for the Suzuki coupling can be found in the literature.161,162,163 Organic, biphasic or aqueous solvent systems164 have been used with bases ranging from sodium hydroxide165 to potassium fluoride.166 

[bookmark: _Toc477503928][bookmark: _Toc16761450][bookmark: _Toc16761842][bookmark: _Toc16762448][bookmark: _Toc16762709][bookmark: _Toc16763354][bookmark: _Toc16777240][bookmark: _Toc16777328][bookmark: _Toc16777418]Use of LaFe0.57Co0.38Pd0.05O3 in Suzuki Cross-Couplings
[bookmark: _Toc477503929][bookmark: _Toc16761451][bookmark: _Toc16761843][bookmark: _Toc16762449][bookmark: _Toc16762710][bookmark: _Toc16763355][bookmark: _Toc16777241][bookmark: _Toc16777329][bookmark: _Toc16777419]Coupling with Aryl Bromides
To establish the best reaction conditions for Suzuki couplings mediated by LaPd*, the reaction of 4-bromoanisole 2-16 with phenylboronic acid 2-1 was studied. A solvent and base screen was conducted on a 1 mmol scale, while the amount of catalyst (1 mol% LaPd*, equivalent to 0.05 mol% Pd) and the temperature (80 C) were kept constant. Table 1 reveals that the use of potassium carbonate together with a water/isopropanol solvent mixture (1:1, v/v) results in the best conversion after three hours. 
Table 1*
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	H2O/IPA (1:1)
	H2O
	IPA
	Toluene

	K2CO3
Cs2CO3
K3PO4
	98
70
97
	-
-
30
	-
-
2
	-
-
10


*conversions based on LCMS analysis
Based on these optimized conditions a variety of aryl bromides were coupled with different boronic acids. Table 2 shows that the reactions proceeded smoothly to give the required biaryl products in good yields. In some examples, tetrabutylammonium bromide was required to maximize the efficiency of the reaction  (Table 2, entries 1 and 6). The role of this phase transfer catalyst is thought to be three-fold. (1) It facilitates solvation of the organic substrates in the solvent medium. (2) It could possibly enhance the rate of the Suzuki cross-coupling by stabilizing the boronate anion as the ammonium salt [ArB(OH)3]-[R4N]+ and thus activating the boronic acid to reaction.146,167 (3) It is found to stabilize metal nanoclusters in solution and could therefore contribute to a longer catalyst activity.168
Table 2
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	Entry
	Boronic Acid
	Aryl Bromide
	Additive
	Time (h)
	Yield (%)

	1
	[image: ]
	[image: ]
	TBAB
none
	10
10
	95
92

	2
	[image: ]
	[image: ]
	none
	3
	91

	3
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	none
	2
	92

	4
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	none
	18
	85

	5
	[image: ]
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	none
	18
	95

	6
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	[image: ]
	TBAB
none
	18
18
	93
60

	7
	[image: ]
	[image: ]
	none
	0.5
	95



In order to test the durability of LaPd* in Suzuki cross-couplings, a simple recycling experiment was performed using phenylboronic acid 2-1 and 4-bromoanisole 2-16 as coupling partners.  It was demonstrated that LaPd* could be recovered and reused without any significant loss of activity (Table 3).
Table 3
[image: ]

	Run
	1
	2
	3
	4
	5

	Isolated Yield (%)
	95
	93
	93
	95
	93

	Time (h)
	1
	0.6
	2
	1
	1



The crude products 2-17 were also analysed for metal contamination to determine the extent of leaching. Inductively coupled plasma (ICP) analysis detected a palladium content (wt/wt) of 0.5-2.0ppm, which is below the 5ppm level recommended for drug substances by the European Agency for the Evaluation of Medicinal Products.169

To further challenge the performance of LaPd*, a large-scale Suzuki coupling between phenylboronic acid 2-1 and 4-bromoanisole 2-16 (vide supra) was attempted on a 5.5 mmol scale. Only 0.076 mol% LaPd* was used to mediate this reaction, which correlates to only 0.0038 mol% Pd. Biphenyl 2-17 was obtained in 91% yield, which corresponds to a turnover number of 27000. A more in-depth investigation by a coworker demonstrated that LaPd* can reach turnover numbers of up to 243 000.170 

Scheme 6 shows substrates that did not lead to good conversion under the standard conditions (phenylboronic acid 2-1 or 1-bromo-4-iodobenzene as coupling partner, 1 mol% LaPd*, 3 eq K2CO3, isopropanol/water (1:1, v/v), 80 C). In these cases the reaction mixture often had distinct colours, probably due to iron or cobalt leaching into solution. 
Scheme 6

[image: ]
[bookmark: _Toc477503930][bookmark: _Toc16761452][bookmark: _Toc16761844][bookmark: _Toc16762450][bookmark: _Toc16762711][bookmark: _Toc16763356][bookmark: _Toc16777242][bookmark: _Toc16777330][bookmark: _Toc16777420]Coupling with Aryl Iodides
The reaction conditions established for the Suzuki coupling with aryl bromides could also be successfully applied to the corresponding coupling with aryl iodides. It was demonstrated that vinyl- and indolene boronic acids were viable substrates in this transformation (Table 4, entries 2 and 3).  This contrasts their reactivity in the corresponding coupling to aryl bromides. It is assumed that this correlates to the higher reactivity of aryl iodides over aryl bromides in cross-coupling reactions.
Table 4
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	Entry
	Boronic Acid
	Aryl Iodide
	Additive
	Time (h)
	Yield (%)

	1
	[image: ]
	[image: ]
	none
	5
	90

	2
	[image: ]
	[image: ]
	none
	2
	92

	3
	[image: ]
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	none
	1
	89

	4
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	TBAB
none
	18
18
	89
61

	5
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	none
	18
	92

	6
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	TBAB
none
	18
18
	70
70



[bookmark: _Toc477503931][bookmark: _Toc16761453][bookmark: _Toc16761845][bookmark: _Toc16762451][bookmark: _Toc16762712][bookmark: _Toc16763357][bookmark: _Toc16777243][bookmark: _Toc16777331][bookmark: _Toc16777421]Coupling with Aryl Chlorides 
Suzuki couplings are generally difficult with aryl chlorides owing to the strength of the carbon-chlorine bond. Thus, when the above-established conditions for the coupling of aryl bromides and iodides to boronic acids were applied to the coupling of aryl chlorides, only low conversions to the desired cross-coupled products were obtained. Therefore microwave heating was investigated in the reaction between phenylboronic acid 2-1 and 4-chloronitrobenzene 2-22 (Table 5). The use of sodium carbonate171 and microwave irradiation at a temperature between 135 and 140 C was found to be optimal  (Table 5).
Table 5
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	120 C
	130 C
	135 C
	140 C
	145 C
	150 C

	Li2CO3
	-
	5
	-
	-
	-
	-

	Na2CO3
	40
	66
	86
	86
	75
	66

	K2CO3
	-
	66
	50
	33
	-
	-

	Cs2CO3
	50
	33
	-
	-
	-
	-

	KF
	-
	5
	-
	-
	-
	-

	Bu4N+OAc-
	-
	5
	-
	-
	-
	-

	Li2CO3/TBAB
	-
	20
	-
	-
	-
	-



These optimised conditions were applied to a range of aryl chlorides as seen in Table 6. With 4-chloroanisole as the aryl halide coupling partner, the cross-coupled product was isolated in only 26% yield (Table 6, entry 3). This result was still encouraging though, as most ‘heterogeneous’, ligandless systems fail to work for such electron-rich aryl chlorides.138,172 
Table 6
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	Entry
	Aryl Chloride
	Yield (%)

	1
	[image: ]
	71

	2
	[image: ]
	51

	3
	[image: ]
	26



Exploration of Scope		Pd-Perovskites

[bookmark: _Toc477503932][bookmark: _Toc16761454][bookmark: _Toc16761846][bookmark: _Toc16762452][bookmark: _Toc16762713][bookmark: _Toc16763358][bookmark: _Toc16777244][bookmark: _Toc16777332][bookmark: _Toc16777422]Coupling with Phenylboronic Acid Esters
LaPd* was also investigated as a catalyst in the Suzuki coupling of phenyl boronic esters 2-24 (Table 7). A brief investigation into the optimal solvent mixture for this transformation was carried out with aryl iodide 2-25 as the test substrate. Again, a 1:1 mixture of water and isopropanol proved to be optimal as was observed in the case of phenyl boronic acid 2-1 (Table 1). 
Table 7
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	Solvent
	H2O/IPA (1:1)
	H2O
	IPA
	THF
	PhMe

	Conversion (%)
	98
	34
	86
	5
	5



Applying these conditions to activated and de-activated aryl bromides showed that the desired cross-coupled products could be formed in good yield (Table 8).

Table 8
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	Entry
	Aryl Halide
	Yield (%)

	1
	[image: ]
	94

	2
	[image: ]
	94

	3
	[image: ]
	87



[bookmark: _Toc16762453][bookmark: _Toc16762714][bookmark: _Toc16763359][bookmark: _Toc16777245][bookmark: _Toc16777333][bookmark: _Toc16777423][bookmark: _Toc16777479][bookmark: _Toc16777544][bookmark: _Toc16778237][bookmark: _Toc16798463][bookmark: _Toc16798660][bookmark: _Toc16802877]Application to Stille Cross-Couplings
[bookmark: _Toc477503933][bookmark: _Toc16761455][bookmark: _Toc16761847][bookmark: _Toc16762454][bookmark: _Toc16762715][bookmark: _Toc16763360][bookmark: _Toc16777246][bookmark: _Toc16777334][bookmark: _Toc16777424]Stille Cross-Couplings in the Literature
Since its first reported use in the late 1970s, the Stille reaction has proved to be a popular tool in complex natural product synthesis. Like the Suzuki reaction, it performs a transformation that is difficult to achieve using more conventional methods. However, the higher cost and toxicity of organostannanes makes the Suzuki coupling the preferred method, especially when it comes to large-scale operations in the pharmaceutical industry. 
The catalytic cycle is closely related to that of the Suzuki coupling (Scheme 5), so reactivity issues of aryl or vinyl halides also apply in this case.173 Reaction conditions for Stille couplings are similar to those of Suzuki couplings.174,175 Bases ranging from diisopropylamine176 to caesium fluoride173 have been used and the reaction has been carried out in a variety of solvents, such as dioxane177 and DMSO.178

[bookmark: _Toc477503934][bookmark: _Toc16761456][bookmark: _Toc16761848][bookmark: _Toc16762455][bookmark: _Toc16762716][bookmark: _Toc16763361][bookmark: _Toc16777247][bookmark: _Toc16777335][bookmark: _Toc16777425]Use of LaFe0.57Co0.38Pd0.05O3 in Stille Cross-Couplings
To establish the best reaction conditions for this catalytic transformation, the reaction of 4-bromoanisole 2-16 with trimethyl(phenyl)tin 2-27 was studied. A solvent and base screen was conducted on a 1 mmol scale, while the amount of catalyst (1 mol% LaPd*, 0.05 mol% Pd) and the temperature (100 C) were kept constant (Table 9). Sodium or potassium carbonate in neat water proved to be the best conditions.
Table 9
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	H2O/IPA (1:1)
	H2O/IPA (4:1)
	H2O/IPA (1:4)
	H2O

	nBu4NOAc
Na2CO3
K2CO3
Cs2CO3
	1
15
20
-
	-
50
50
40
	-
-
1
-
	-
99
99
60


Based on these optimized conditions a variety of aryl bromides and iodides were coupled with different stannanes (Table 10). The reaction proceeded smoothly in all cases. When tributyl(vinyl)stannane was used as a coupling partner, the reaction was only successful using microwave heating at 100 C for 1 h. Unfortunately, in these cases the product could not be separated from the starting material. 
Table 10
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	Entry
	Stannane
	Aryl Halide
	Yield (%)

	1
	[image: ]
	[image: ]
	96

	2
	[image: ]
	[image: ]
	94

	3
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	[image: ]
	93

	4
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	91

	5
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	50

	6
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	>90% conversion 
1h @ MW 100 C

	7
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	>90% conversion 
1h @ MW 100 C 



[bookmark: _Toc16762456][bookmark: _Toc16762717][bookmark: _Toc16763362][bookmark: _Toc16777248][bookmark: _Toc16777336][bookmark: _Toc16777426][bookmark: _Toc16777480][bookmark: _Toc16777545][bookmark: _Toc16778238][bookmark: _Toc16798464][bookmark: _Toc16798661][bookmark: _Toc16802878]Application to Heck Cross-Couplings
[bookmark: _Toc477503935][bookmark: _Toc16761457][bookmark: _Toc16761849][bookmark: _Toc16762457][bookmark: _Toc16762718][bookmark: _Toc16763363][bookmark: _Toc16777249][bookmark: _Toc16777337][bookmark: _Toc16777427]Heck Cross-Couplings in the Literature
The palladium-catalysed coupling of aryl/vinyl halides and triflates with olefins is one of the most synthetically useful palladium-catalysed reactions, as it performs a transformation that is difficult using more traditional techniques.158
A simple catalytic cycle of the Heck coupling is seen in Scheme 7. The first step, as in the case of Suzuki or Stille cross-couplings, involves an oxidative addition in which a palladium(0) species, A’, inserts itself into an aryl halide bond to give B’. Insertion of an alkene into the palladium-carbon bond then gives intermediate C’, which undergoes a -hydride elimination to furnish the cross-coupled product D’ and a palladium-hydride species E’. Finally, a base then regenerates palladium(0) species A’. 
Scheme 7

[image: ]

Reaction conditions for Heck couplings are generally similar to those for Suzuki and Stille reactions.179,180,181 The solvents used are usually aprotic and the bases range from triethylamine to silver nitrate.182

[bookmark: _Toc477503936][bookmark: _Toc16761458][bookmark: _Toc16761850][bookmark: _Toc16762458][bookmark: _Toc16762719][bookmark: _Toc16763364][bookmark: _Toc16777250][bookmark: _Toc16777338][bookmark: _Toc16777428]Use of LaFe0.57Co0.38Pd0.05O3 in Heck Cross-Couplings 
LaPd* was tested in Heck-type transformations involving the coupling of tert-butylacrylate 2-28 with aryl bromides and iodides. Reactions were carried out on a 1 mmol scale with isopropanol as a solvent, tetrabutylammonium acetate as the base and 5 mol% of the catalyst (0.25 mol% Pd). As Table 11 shows the substrate scope for this transformation is limited to aryl iodides and activated aryl bromides (Table 11, entries 1-5). Coupling of electronically more deactivated substrates such as 4-bromoanisole or 4-chloronitrobenzene failed (Table 11, entries 6 and 7). The reason for the inferior performance of LaPd* in Heck couplings compared to Suzuki couplings remains unclear and needs mechanistic investigation. 

Table 11
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	Entry
	Aryl Halide
	Yield (%)

	1
	[image: ]
	95

	2
	[image: ]
	99

	3
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	70

	4
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	90

	5
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	51

	6
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	0

	7
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	0


[bookmark: _Toc477503937]
Exploration of Scope		Pd-Perovskites
In conclusion, our investigations have shown that LaPd* can be used in a variety of cross-coupling reactions and in most cases high yields of the desired products could be isolated. It was also demonstrated that these catalysts could be efficiently recovered and reused without significant loss of activity. Moreover the products were contaminated with only low levels of palladium, within the limits set for active pharmaceutical ingredients. 
[bookmark: _Toc16761459][bookmark: _Toc16761851][bookmark: _Toc16762459][bookmark: _Toc16762720][bookmark: _Toc16763365][bookmark: _Toc16777251][bookmark: _Toc16777339][bookmark: _Toc16777429][bookmark: _Toc16777481][bookmark: _Toc16777546][bookmark: _Toc16778239][bookmark: _Toc16798465][bookmark: _Toc16798662][bookmark: _Toc16802879]Exploration of Mechanism
In homogeneous catalysis the metal is often surrounded by a ligand and thus the catalytic site is generally well defined. On the contrary, in heterogeneous catalysis many factors influence the catalytic properties and it is difficult to fully characterize the active species. Therefore ‘heterogeneous’ systems are often chosen empirically157 and the rationale behind such systems may be complex. In order to gain information about the functioning of a heterogeneous catalyst, several indirect approaches are possible. Nevertheless, none of these experiments can convincingly determine the true nature of the catalyst. The following section deals with those different experiments.

[bookmark: _Toc477503939][bookmark: _Toc16761461][bookmark: _Toc16761853][bookmark: _Toc16762461][bookmark: _Toc16762722][bookmark: _Toc16763367][bookmark: _Toc16777253][bookmark: _Toc16777341][bookmark: _Toc16777431][bookmark: _Toc16777483][bookmark: _Toc16777547][bookmark: _Toc16778240][bookmark: _Toc16798466][bookmark: _Toc16798663][bookmark: _Toc16802880]Three-Phase Test
The distinction between ‘homogeneous’ and ‘heterogeneous’ catalysis seems to be well-defined. However, desorption of the transition metal from the ‘heterogeneous’ support can occur resulting in its entry into a conventional solution phase catalytic cycle, thereby generating a soluble catalyst. The “three-phase test” is an experiment, which determines the presence of such a ‘homogeneous’ catalyst.183,184,185,186,187
One variant of the three-phase test consists of two parts. In the first part, one of the reaction partners is completely substituted by an analogous solid-supported reagent. If, under the usual reaction conditions, no conversion has taken place on the solid-support, the generation of a ‘homogeneous’ catalytic species can be excluded. In the second part, the reaction is conducted having the same solid-supported reagent additionally in the reaction mixture. Conversion on the solid-support indicates the presence of a ‘homogeneous’ catalytic species under the standard reaction conditions and is thereby clarifying the phase of the catalytically active species.

Results 
The first experiment of the three-phase test was conducted on a 1 mmol scale using a supported aryl iodide (attached onto a NovaSyn TGR Resin Rink Amide Linker) and phenylboronic acid 2-1 as coupling partners (Scheme 8). The standard conditions for LaPd*-mediated Suzuki cross-couplings were applied (1 mol% LaPd*, 3 eq K2CO3, isopropanol/water (1:1, v/v), 80 C) and after overnight reaction the aryl iodide was cleaved from the resin using trifluoroacetic acid and water. It was found that the aryl iodide had not been converted to the biphenyl product at all, indicating that no homogeneous catalysis had taken place. However, these conditions do not completely replicate the standard conditions where a ‘solution phase’ aryl halide is employed. Thus, in the second part of the three-phase test, the coupling using the same supported aryl iodide, the phenylboronic acid 2-1 and also 4-bromoanisole 2-16 was studied (Scheme 8). 4-Bromoanisole 2-16 was chosen because of its lower reactivity in Suzuki couplings than the supported aryl iodide. After overnight reaction under standard conditions, cleavage of the aryl iodide from the resin (trifluoroacetic acid/water) showed that reaction to the coupled product had taken place on the support. 
Scheme 8

[image: ]

This means that the solution phase aryl halide was necessary to generate a ‘homogeneous’ catalyst. Furthermore this proves that LaPd* operates at least partially by ‘homogeneous’ catalysis in coupling reactions. 
[bookmark: _Toc477503940][bookmark: _Toc16761462][bookmark: _Toc16761854][bookmark: _Toc16762462][bookmark: _Toc16762723][bookmark: _Toc16763368][bookmark: _Toc16777254][bookmark: _Toc16777342][bookmark: _Toc16777432][bookmark: _Toc16777484][bookmark: _Toc16777548][bookmark: _Toc16778241][bookmark: _Toc16798467][bookmark: _Toc16798664][bookmark: _Toc16802881]CS2 Catalyst Poisoning
CS2 as well as other ligands like PPh3 or thiophene bind strongly to metal centres, thereby blocking access of the substrate to the active site.188 This poisoning can be carried out quantitatively like a filtration and can so determine the number of active metal atoms. If the catalyst can be poisoned with less than 1.0 eq of the added ligand (per metal atom), that means not all metal atoms are participating in catalysis. This is highly suggestive evidence for a heterogeneous catalyst, which generally only has a fraction of the metal atoms on the surface and therefore available for catalysis. On the contrary, more than 1.0 eq is usually required to completely poison a homogeneous, monometallic catalyst. 
A drawback of these poisoning experiments is, that they must be performed at temperatures below 50 C, because the ligands will begin to reversibly dissociate from the catalyst above this temperature.

Results
The poisoning experiment was conducted on a 1 mmol scale using phenylboronic acid 2-1 and 1-fluoro-4-iodobenzene 2-25 as coupling partners under the usual conditions (1 mol% LaPd*, 3 eq K2CO3, isopropanol/water (1:1, v/v). The temperature was chosen to be only 40 C instead of 80 C to prevent dissociation of CS2 from the metal. After the reaction had proceeded 10-30% (as adjudged by LCMS), CS2 was added to the reaction mixture (Scheme 9). 
Scheme 9
[image: ]


It was found that only 0.01 eq of CS2 (vs. palladium) was necessary to poison LaPd* (average over 39 experiments). Based on the assumption that only palladium is active in the catalysis[footnoteRef:10] this corresponds to an effective turnover number of 2,700,000.[footnoteRef:11] [10:  A similar perovskite without palladium, LaFeO3, did not prove to be active in catalysis. [Andrews, S. P.; Stepan, A. F.; Tanaka, H.; Ley, S. V.; Smith, M. D. S. Adv. Syn. Catal. 2005, 347, 647] ]  [11:  Combining these results with further investigations undertaken by a co-worker gives an effective turnover number of 20,700,000. Ibid.  ] 


[bookmark: _Toc477503943][bookmark: _Toc16761463][bookmark: _Toc16761855][bookmark: _Toc16762463][bookmark: _Toc16762724][bookmark: _Toc16763369][bookmark: _Toc16777255][bookmark: _Toc16777343][bookmark: _Toc16777433][bookmark: _Toc16777485][bookmark: _Toc16777549][bookmark: _Toc16778242][bookmark: _Toc16798468][bookmark: _Toc16798665][bookmark: _Toc16802882]Maitlis’ Test 
This filtration test compares the catalytic activity before and after filtering the active catalyst solution.189,190,188 In one version of the test the reaction mixture is filtered through a small-pore membrane filter.191 If this filtration does not change the observed catalytic activity, it can be assumed that the catalyst is homogeneous. A major drawback of this test is that membrane filters with pores small enough to exclude nanoclusters are slow and difficult to use.192 Therefore this test is best for determining if bulk metal is responsible for the catalysis.

Results 
The Maitlis’ test was conducted on a 1 mmol scale for the Suzuki coupling between phenylboronic acid 2-1 and 1-fluoro-4-iodobenzene 2-25 under the standard conditions at 40 C (Table 12). After varying degrees of conversion the reaction mixture was filtered through a 0.45 m syringe filter. The results are shown in Table 12.

Table 12
[image: ]

	Conversion before Filtration (%)*
	Maximum Conversion after Filtration (%)*

	4
	83

	30
	96

	73
	99

	78
	96


* conversion based on LCMS

This suggests that the soluble active catalytic species must be formed at an early stage in the reaction.

[bookmark: _Toc477503944][bookmark: _Toc16761464][bookmark: _Toc16761856][bookmark: _Toc16762464][bookmark: _Toc16762725][bookmark: _Toc16763370][bookmark: _Toc16777256][bookmark: _Toc16777344][bookmark: _Toc16777434][bookmark: _Toc16777486][bookmark: _Toc16777550][bookmark: _Toc16778243][bookmark: _Toc16798469][bookmark: _Toc16798666][bookmark: _Toc16802883]Kinetic Studies[footnoteRef:12]* [12: * This work has been conducted by a coworker. ] 

Catalysis is an entirely kinetic phenomenon,193 and so kinetic studies are an important tool to gain insight into the true nature of an active catalyst.193 Analysis of the reaction kinetics was a key experiment to identify bulk ruthenium as the true catalyst in benzene hydrogenations using homogenous Ru(II)(C6Me6)(OAc)2.194 As this active bulk metal was formed in two steps - nano-cluster formation followed by a surface growth step - the kinetic curve for this reaction displayed a sigmoidal shape as expected. This was powerful prima facie evidence for the in situ formation of the catalytically active species from its precatalyst.

Results
Based on the results of the three-phase and Maitlis’ tests we reasoned that the kinetics of our system might also show such an induction period arising from the generation of a soluble species from its ‘heterogeneous’ precatalyst. The Suzuki coupling between 4-bromoanisole 2-16 and phenylboronic acid 2-1 was studied on a 1 mmol scale and its conversion analysed by HPLC. The red graph in Figure 4 shows that our system displays sigmoidal kinetics with an extremely short induction period. This is consistent with the results of the Maitlis’ test, which showed that the active soluble species is formed at an early stage of the reaction.
Figure 4
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Analogous kinetic experiments were carried out on the reduced form of the catalyst, which can be obtained by treating LaPd* with hydrogen at 800 C (Figure 4, blue graph). It was found that this system is a less active Suzuki catalyst and shows a significantly longer induction period than the oxidized form, LaPd*, which contains a high-valent Pd(III) species. This is almost counterintuitive as it is assumed that the palladium in LaPd* must be reduced from Pd(III) to Pd(0) prior to an oxidative addition event. This clearly means that the Pd(0) species produced during a reaction using LaPd* must be distinct from the one being obtained by reduction of LaPd* in a hydrogen atmosphere at 800 C. This is consistent with X-ray diffraction measurements on the perovskite LaPd* that demonstrate that the palladium in the reduced form exists as metallic Pd(0) clusters rather than dispersed Pd(III) within a perovskite lattice. 
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The simplified cartoon in Scheme 10 summarizes the results described previously. 
Scheme 10
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The first step is expected to be a reduction step, in which the palladium species of LaPd*, Pd(III), is reduced to a Pd(0) species (Scheme 10, (1)), which can then undergo oxidative addition with an aryl halide (Ar1X) (Scheme 10, (2)).  The previously described three-phase test suggests, that this oxidative addition is the step at which the soluble active catalyst is produced, although the actual mechanism by which the palladium enters the solution is unknown. In addition, kinetic studies and Maitlis’ test suggest that the formation of this soluble active species must have taken place at an early stage of the reaction. In solution the conventional catalytic cycle leads to the formation of the cross-coupled product 2-32 (Scheme 10, (3)) and a “naked” palladium species, which could possibly agglomerate to generate palladium black. The Pd(0) can then carry on the catalytic cycle (Scheme 10, (4)),  or be recaptured by the perovskite surface (Scheme 10, (5)), which explains the low levels of palladium in solution after filtration of the catalyst at the end of the reaction. 




Exploration of Mechanism		Pd-Perovskites
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LaFe0.57Co0.38Pd0.05O3 (LaPd*) was shown to be a viable catalyst for palladium-catalysed carbon-carbon bond forming reactions. Suzuki couplings were feasible with a range of different coupling partners, including highly deactivated aryl chlorides. Heck and Stille reactions were found to generally require more activated substrates. With turnover numbers reaching values up to 243,000 in Suzuki couplings,[footnoteRef:13] LaPd* is one of the most highly active ‘heterogeneous’ systems reported.139 [13:  This result has been obtained in collaboration with a coworker.] 

Studies into an in depth understanding of the mechanism of this catalytic system have given strong evidence that the catalysis in our system proceeds via a homogeneous pathway, whereby LaPd* acts as a “reservoir and scavenger”. Low levels of palladium (2 ppm) after removal of the catalyst by filtration strongly support this picture. 
The perovskite structure allows facile variation of their metal composition and therefore these systems have the potential to be a new class of reagents with tunable catalytic properties. Recent research in our group has revealed that Cu-containing perovskites can be used as catalysts in Sonogashira,195 Ullman-type,195 and C-H activation reactions.196 The main emphasis of future investigations will lie in the further extension of this catalytic system to different reaction manifolds. This could establish perovskites as general, new ‘heterogeneous’ systems for catalysis. 







Section 3:
Experimental
1. [bookmark: _Toc16761467][bookmark: _Toc16761859][bookmark: _Toc16762467][bookmark: _Toc16762728][bookmark: _Toc16763373][bookmark: _Toc16777259][bookmark: _Toc16777347][bookmark: _Toc16777437][bookmark: _Toc16777489][bookmark: _Toc16777553][bookmark: _Toc16778246][bookmark: _Toc16798472][bookmark: _Toc16798669][bookmark: _Toc16802886]
General Information and Spectroscopic Methods
All non-aqueous reactions were carried out in oven-dried glassware under an argon atmosphere (for Section One) or under air (for Section Two).
All solvents were of reagent grade. Diethyl ether and tetrahydrofuran were freshly distilled from calcium hydride and lithium aluminium hydride. Acetonitrile, dichloromethane, methanol, toluene were freshly distilled from calcium hydride. All other solvents were anhydrous grade and used as received.
All chemicals were purchased from The Aldrich Chemical Company, Fluka, Lancaster or Avocado and distilled or re-crystallised before use, where possible. Sodium carbonate was dried by grinding the pellets and heating the resulting powder to 120 °C under vacuum for 48 h. 1,4-diazabicyclo[2.2.2]octane was azeotroped with benzene or sublimed. Molecular sieves were oven-dried before use. 
Analytical thin layer chromatography was carried out on Merck 60 F254 silica gel plates and visualized by UV irradiation (254 nm) or by staining with aqueous acidic ammonium hexamolybdate or aqueous acidic potassium permanganate solutions followed by heating as appropriate. Additionally, LCMS was used to determine the extent of reactions by measurement of the UV absorption (220 and 254 nm) as appropriate. 
Flash column chromatography was carried out using Merck 60 Kieselgel (230-400 mesh) under pressure. 
1H NMR spectra were recorded on Bruker DPX 400, 500 and DPX 600 spectrometers in deuteriochloroform operating at 400, 500 and 600 MHz respectively. All signals are reported in ppm with residual protic solvent CHCl3 as the internal reference (c = 7.26 ppm). Abbreviations are defined as follows; s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet or unresolved, br = broad.
13C NMR spectra were recorded on a Bruker DPX 600, 500 and DPX 400 spectrometer operating at 150, 125 and 100 MHz respectively. All signals are reported in ppm with the central peak of CHCl3 as internal reference (c = 77.0 ppm, t). 
COSY, DEPT 135, HMQC and HMBC were used to support assignments where appropriate.

High resolution mass spectra (HRMS) analyses were measured on a Micromass Q-TOF spectrometer using EI (electron impact) or ESI (electrospray ionisation) techniques at the Department of Chemistry, University of Cambridge. Compounds with Br or Cl isotopes were quoted as M 78.9183 and M 34.9689 respectively. 
Optical rotations were recorded on a Perkin-Elmer 343 digital polarimeter using a sodium lamp (589 nm) as the light source. 
Melting points are uncorrected and were measured on a Reichert hot-stage apparatus using BDH microscopic slides.
ICP analysis was carried out by Pfizer Global Research.






	

General Information		Experimental
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Note: All compounds are named in the experimental section using IUPAC guidelines, therefore numbers contained in the name are based on IUPAC guidelines, while numbers contained in the spectroscopic data follow the natural product numbering (see ‘Nomenclature and Numbering’ p. xiii).

(2S, 5S, 6S)-5,6-Dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid methyl ester (1-121)71,72

[image: ]

Boron trifluoride-tetrahydrofuran (5.00 mL, 45.3 mmol) was added to a solution of L-ascorbic acid (124 g, 703 mmol), anhydrous trimethyl orthoformate (160 mL, 1.46 mol) and butanedione (60.0 mL, 684 mmol) in methanol (300 mL). After 5 h, the reaction mixture was neutralized by addition of triethylamine (6.50 mL, 46.6 mmol) and the solvent was removed in vacuo. The residue was dissolved in dichloromethane (1.20 L) and washed with water  (400 mL) and brine (200 mL). The organic phase was dried with sodium sulfate, filtered and concentrated in vacuo to give a white solid, which was used without further purification.
To a solution of the crude residue and potassium carbonate (149 g, 1.08 mol) in water (550 mL) was added slowly a 35% aqueous solution of hydrogen peroxide (100 mL, 1.17 mol) at 0 C. The mixture was warmed to room temperature and stirred for 12 h. Palladium (10 wt. %, support activated carbon, 500 mg, 0.47 mmol) was added and the mixture was heated to 45 C for 1 h. The reaction mixture was filtered through celite and the solvent was removed in vacuo to give a white powder, which was used without further purification. 
Dimethyl sulfate (70.0 mL, 740 mmol) was added to a suspension of the crude residue in acetone (500 mL). This mixture was heated at reflux for 2 h and diluted with diethyl ether (1.20 L). The organic phase was washed with water (400 mL), a saturated aqueous solution of sodium bicarbonate (400 mL), dried over magnesium sulfate, filtered and concentrated in vacuo to give a white solid, which was used without further purification. 
Lithium aluminium hydride (1.00 M in tetrahydrofuran, 640 mL, 640 mmol) was added slowly to a solution of the crude residue in tetrahydrofuran (400 mL) at –78 C. The reaction mixture was then warmed to room temperature and stirred at that temperature for 12 h. Water (250 mL) and a saturated aqueous solution of sodium potassium tartrate (250 mL) were added and this mixture was stirred for 12 h. The aqueous layer was separated and extracted with ethyl acetate (3 x 500 mL). The combined organic extracts were washed with water (100 mL) and brine (200 mL), dried with sodium sulfate, filtered and concentrated in vacuo to give a colourless oil. The crude residue was used without further purification.
Sodium metaperiodate (97.1 g, 426 mmol) was added slowly to a solution of the crude residue in methanol (300 mL) and water (600 mL). The resulting mixture was stirred for 2 h. Sodium hydrogenocarbonate (112 g, 1.33 mol) was added, followed by dropwise addition of bromine (32.0 mL, 625 mmol) until a permanent yellow colour remained. The slurry was filtered and the filtrate was extracted with dichloromethane (2 X 800 mL). The combined organic extracts were washed with water (400 mL) and brine (400 mL), dried with sodium sulfate, filtered and concentrated in vacuo. The crude product was purified by fractional distillation using a Vigreux column (bp 92 C/ 0.11 mmHg) to afford a colourless oil (49.4 g, 30% over 5 steps).
 Rf (Et2O/PE (40-60) 1:1) 0.35;
1H NMR (400 MHz, CDCl3)  4.55 (1H, dd, J = 11.2, J = 3.7, H8), 3.83 (1H, t, J = 11.2, H7), 3.75 (4H, m, H7’ and CO2CH3), 3.31 (3H, s, BDA-OCH3), 3.25 (3H, s, BDA-OCH3), 1.37 (3H, s, BDA-CCH3), 1.29 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  169.2 (C9), 99.7 (Cx/y), 98.0 (Cx/y), 67.1 (C8), 59.9 (C7), 52.2 (CO2CH3), 48.4 (BDA-OCH3), 48.0 (BDA-OCH3), 17.6 (BDA-CCH3), 17.4 (BDA-CCH3); spectra consistent with known data.71,72



(3S,2’S,5’S,6’S)-3-(5’,6’-Dimethoxy-5’,6’-dimethyl-[1’,4’]dioxan-2’-yl)-3-hydroxy-1-phenyl-propan-1-one (1-135)

[image: ]

To a solution of diisopropylamine (0.26 mL, 0.48 mmol) in tetrahydrofuran (1 mL) was added n-butyllithium (1.60 M in hexane, 0.92 mL, 1.47 mmol). The solution was stirred for another 30 min at this temperature and then transferred via cannula to a solution of acetophenone (0.18 mL, 1.51 mmol) in tetrahydrofuran (1 mL) at –78 C. After 20 min, BDA aldehyde 1-130[footnoteRef:14]* (98.5 mg, 0.48 mmol) in tetrahydrofuran (1 mL) was added at –78 C. After 2 h the reaction mixture was quenched by adding a saturated aqueous solution of ammonium chloride (3 mL) at –78 C and allowing the mixture to warm to room temperature. This mixture was diluted with diethyl ether (3 mL), the aqueous layer was separated and extracted with diethyl ether (3 x 3 mL). The combined organic extracts were washed with brine (2 x 5 mL), dried over magnesium sulfate, filtered and concentrated in vacuo to give the crude material as a 6.5:1 mixture of epimers at C9. The residue was purified by flash column chromatography (PE (40-60)/Et2O 2:1  1:1) to give 1-135 as a white crystalline solid (245 mg, 50%).  [14: * A coworker had synthesized aldehyde 1-130 by a published route. [Michel, P.; Ley, S.V. Angew. Chem. 2002, 41, 3898.] ] 

mp 112-114 C;
Rf (Et2O/PE (40-60) 1:1) 0.11;
1H NMR (400 MHz, CDCl3)  8.00-7.98 (2H, m, Ar-ortho-H), 7.59 (1H, t, J = 7.4, Ar-para-H), 7.52-7.46 (2H, m, Ar-meta-H), 4.35-4.29 (1H, m, H9), 4.03-3.89 (3H, m, H7, H7’ and H8), 3.53 (1H, d, J = 3.2, OH), 3.43 (1H, dd, J = 17.6, J = 3.1, H10), 3.33 (3H, s, BDA-OCH3), 3.30 (3H, s, BDA-OCH3), 3.14 (1H, dd, J = 17.6, J = 8.6, H10’), 1.36 (3H, s, BDA-CCH3), 1.35 (3H, s, BDA-CCH3); 
13C NMR (125 MHz, CDCl3)  200.4 (C11), 136.7 (Ar-ipso-C), 133.6 (Ar-para-C), 128.7 (Ar-ortho-C), 128.1 (Ar-meta-C), 99.8 (Cx/y), 99.3 (Cx/y), 72.1 (C8), 69.2 (C9), 61.0 (C7), 48.9 (BDA-OCH3), 48.3 (BDA-OCH3), 41.9 (C10), 17.7 (BDA-CCH3), 15.3 (BDA-CCH3);
Found (+ESI): [M + Na]+ 347.1484, C17H24O6Na requires 347.1471;
max (film)/cm-1 3488w (OH), 1683s (C=O), 1371m (C-H deformation);
[]D25 = +54.0 (c 0.20, CHCl3).



(3R,2’R,5’S,6’S)-3-(2’-Allyl-5’,6’-dimethoxy-5’,6’-dimethyl-[1’,4’]dioxan-2’-yl)-3-hydroxy-propionic acid methyl ester (1-136)
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In an analogous procedure to that described for 3-hydroxyphenylpropanone 1-135, n-butyllithium (2.50 M in tetrahydrofuran, 31.7 mL, 79.3 mmol) was added dropwise to a solution of diisopropylamine (17.8 mL, 127 mmol) in tetrahydrofuran (90 mL) at –20 C. The solution was stirred for another 30 min at this temperature and then transferred via cannula to a solution of methyl acetate (7.80 mL, 113 mmol) in tetrahydrofuran (180 mL) at –78 C. After 20 min, BDA aldehyde 1-126 (6.37 g, 26.1 mmol) in tetrahydrofuran (180 mL) was added at –78 C. The reaction mixture was stirred at that temperature for 1.5 h, then quenched at –78 C with a saturated aqueous solution of ammonium chloride (100 mL) and diluted with diethyl ether (100 mL). The mixture was warmed to room temperature, the aqueous layer was separated and extracted with diethyl ether (3 x 100 mL). The combined organics were washed with a saturated aqueous solution of ammonium chloride (3 x 50 mL) and brine (2 x 50 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Three successive flash column chromatographies (PE (40-60)/Et2O 3:1) could largely separate 1-136 from the minor C9 epimer and gave title compound 1-136 (4.96 g, 60%) as a light yellow oil. 
Rf (Et2O/PE (40-60) 1:1) 0.23;
1H NMR (400 MHz, CDCl3)  5.88-5.77 (1H, m, H25), 5.11-5.03 (2H, m, Hi), 4.40 (1H, d, J = 9.3, OH), 4.07 (1H, td, J = 9.2, J = 3.5, H9), 3.76 (1H, d, J = 11.7, H7), 3.71 (3H, s, CO2CH3), 3.62 (1H, d, J = 11.7, H7’), 3.42 (3H, s, BDA-OCH3), 3.22 (3H, s, BDA-OCH3), 2.63 (1H, dd, J = 15.0, J = 3.6, H10), 2.52 (1H, dd, J = 15.1, J = 9.6, H10’), 2.31 (1H, ddt, J = 14.6, J = 5.8, J = 1.7, H24), 1.99 (1H, dd, J = 14.5, J = 8.4, H24’), 1.35 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  172.7 (C11), 132.7 (C25), 118.0 (Ci), 98.6 (Cx/y), 97.7 (Cx/y), 74.1 (C8), 73.2 (C9), 62.5 (C7), 51.7 (CO2CH3), 50.5 (BDA-OCH3), 48.0 (BDA-OCH3), 40.7 (C24), 37.4 (C10), 18.3 (BDA-CCH3), 17.7 (BDA-CCH3);
Found (+ESI): [M + Na]+ 341.1586, C15H26O7Na requires 341.1576;
max/cm-1 3427br m (OH), 2950m (C-H stretch), 2835w (C-H stretch), 1738s (C=O), 1639w (C=C), 1435m (C-H deformation), 1374m (C-H deformation);
[]D25 = +76.0 (c 0.40, CHCl3).



(1R,2’R,5’S,6’S)-4-Nitro-benzoic acid-1-(2’-allyl-5’,6’-dimethoxy-5’,6’-dimethyl-[1’,4’]dioxan-2’-yl)-2-methoxycarbonyl-ethyl ester (1-137)
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p-Nitrobenzoyl chloride (27.0 mg, 0.15 mmol) was added to a solution of alcohol 1-136 (37.0 mg, 0.12 mmol) in pyridine (0.80 mL, 9.89 mmol) and this mixture was stirred for 12 h. Water (2 mL) and diethyl ether (2 mL) were then added, the layers separated and the aqueous phase extracted with diethyl ether (3 x 3 mL). The organic phase was washed with a saturated aqueous solution of copper sulfate (3 x 3 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 2:1  1:1) to give title compound 1-137 (51.5 mg, 95%) as a white solid. 
mp 106-108 C;
Rf (Et2O/PE (40-60) 1:1) 0.47;
1H NMR (400 MHz, CDCl3)  8.28 (4H, s, ArH), 5.99-5.89 (1H, m, H25), 5.83 (1H, dd, J = 8.4, J = 3.4, H9), 5.13 (1H, dd, J = 17.2, J = 1.4, Z-Hi), 5.07 (1H, d, J = 10.4, E-Hi), 3.77 (1H, d, J = 12.2, H7), 3.65 (3H, s, CO2CH3), 3.61 (1H, d, J = 12.2, H7’), 3.25 (3H, s, BDA-OCH3), 3.21 (3H, s, BDA-OCH3), 3.08 (1H, dd, J = 15.7, J = 3.5, H10), 2.73 (1H, dd, J = 15.7, J = 8.4, H10’), 2.51 (1H, dd, J = 14.7, J = 5.8, H24), 2.17 (1H, dd, J = 14.7, J = 8.1, H24’) 1.30 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3); 
13C NMR (100 MHz, CDCl3)  171.2 (C11), 164.4 (ArCO2), 150.6 (Ar-ipso-C), 135.8 (Ar-para-C), 132.8 (C25), 131.0 (Ar-meta-C), 123.5 (Ar-ortho-C), 118.1 (Ci), 99.2 (Cx/y), 98.6 (Cx/y), 75.5 (C9), 73.6 (C8), 60.8 (C7), 52.0 (CO2CH3), 49.3 (BDA-OCH3), 47.9 (BDA-OCH3), 39.6 (C24), 35.9 (C10), 19.0 (BDA-CCH3), 17.8 (BDA-CCH3);
Found (+ESI): [M + Na]+ 490.1673, C22H29NO10Na requires 490.1689;
max (film)/cm-1 2950w (C-H stretch), 2927w (C-H stretch), 1727s (C=O) 1641w (C=C), 1523s (Ar C=C), 1436m (C-H deformation);
[]D25 = +45.5 (c 0.06, CHCl3).



(2S,5S,6S)-5,6-Dimethoxy-5,6-dimethyl-2-phenylselanyl-[1,4]dioxane-2-carboxylic acid methyl ester (1-143)

[image: ]

n-Butyllithium (1.60 M in hexane, 0.80 mL, 1.28 mmol) was added dropwise to a solution of diisopropylamine (0.20 mL, 1.41 mmol) in tetrahydrofuran (4 mL) at –20 C. The solution was stirred for another 30 min at this temperature and then transferred via cannula to a solution of ester 1-121 (200 mg, 0.85 mmol) in tetrahydrofuran (4 mL) at –78 C. After 10 min, phenylselenyl bromide (220 mg, 0.93 mmol) was added at –78 C. The reaction mixture was stirred at that temperature for 1 h, then quenched at –78 C with a saturated aqueous solution of ammonium chloride (5 mL) and diluted with diethyl ether (5 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 5 mL). The combined organics were washed with a saturated aqueous solution of ammonium chloride (2 x 5 mL) and brine (5 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 1:1) to give 1-143 (241.8 mg, 73%) as a brown oil.
Rf (Et2O/PE (40-60) 1:1) 0.48;
1H NMR (500 MHz, CDCl3)  7.66 (2H, d, J = 7.1, Ar-ortho-H), 7.39-7.36 (1H, m, Ar-meta-H), 7.31-7.28 (2H, m, Ar-para-H), 4.24 (1H, d, J = 11.8, H7), 3.80 (1H, d, J = 11.8, H7’), 3.60 (3H, s, CO2CH3), 3.26 (3H, s, BDA-OCH3), 3.03 (3H, s, BDA-OCH3), 1.37 (3H, s, BDA-CCH3), 1.19 (3H, s, BDA-CCH3); 
13C NMR (125 MHz, CDCl3)  170.0 (C9), 137.4 (Ar-ortho-C), 129.1 (Ar-para-C), 128.7 (Ar-meta-C), 126.0 (Ar-ipso-C), 102.5 (Cx/y), 98.0 (Cx/y), 79.5 (C8), 62.2 (C7), 52.3 (CO2CH3), 50.7 (BDA-OCH3), 47.8 (BDA-OCH3), 17.7 (2 x BDA-CCH3);
Found (+ESI): [M + Na]+ 413.0490, C16H22O6SeNa requires 413.0479;
max (film)/cm-1 2950w (C-H stretch), 2837w (C-H stretch), 1730s (C=O), 1437m (C-H deformation);
[]D25 = +95.4 (c 0.13, CHCl3). 
  


(5S,6S)-5,6-Dimethoxy-5,6-dimethyl-5,6-dihydro-[1,4]dioxine-2-carboxylic acid methyl ester (1-140’)
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Pyridine (0.60 mL, 7.42 mmol) was added to a solution of selenide 1-143 (1.20 g, 3.08 mmol) in dichloromethane (60 mL). This mixture was cooled to 0 C and then a 30% aqueous solution of hydrogen peroxide (1.30 mL, 27.8 mmol) was added dropwise. After 15 min the reaction mixture was warmed to room temperature and stirred for 6 h. The mixture was then diluted with diethyl ether (50 mL) and poured into a saturated aqueous solution of sodium thiosulfate (50 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 20 mL). The combined organics were washed with brine (2 x 30 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 8:2  7:3) to give 1-140’ (707 mg, 99%) as colourless oil.
Rf (PE (40-60)/Et2O 3:2) 0.21;
1H NMR (400 MHz, CDCl3)  7.07 (1H, s, H7), 3.77 (3H, s, CO2CH3), 3.31 (3H, s, BDA-OCH3), 3.30 (3H, s, BDA-OCH3), 1.55 (3H, s, BDA-CCH3), 1.50 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  163.3 (C9), 134.4 (C7), 126.0 (C8), 99.3 (Cx/y), 98.2 (Cx/y), 51.6 (BDA-OCH3), 49.3 (CO2CH3), 49.2 (BDA-OCH3), 17.1 (BDA-CCH3), 17.0 (BDA-CCH3);
Found (+ESI): [M + Na]+ 255.0856, C10H16O6Na requires 255.0845;
max (film)/cm-1 2998w (C-H stretch), 2839w (C-H stretch), 1723s (C=O), 1652s (C=C), 1439m (C-H deformation);
[]D25 = +247.7 (c 0.30, CHCl3).


(5S,6S)-5,6-Dimethoxy-5,6-dimethyl-5,6-dihydro-[1,4]dioxine-2-carboxylic acid tert-butyl ester (1-145)

[image: ]

To a solution of freshly distilled tert-butanol (0.15 mL, 1.55 mmol) in tetrahydrofuran (2 mL) was added unsaturated ester 1-140’ (300 mg, 1.29 mmol) followed by n-butyllithium  (1.60 M in hexane, 1.00 mL, 1.60 mmol) at 0 C. This mixture is stirred at 0 C for 8 h and then another portion of tert-butanol (0.15 mL, 1.55 mmol) and n-butyllithium (1.60 M in hexane, 1.00 mL, 1.60 mmol) were added. The mixture was warmed to room temperature and stirred at that temperature for 24 h. The reaction was quenched with a saturated aqueous solution of ammonium chloride (5 mL) and diluted with diethyl ether (5 mL). The phases were separated and the organic phase was washed with brine (2 x 5 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 8:2) to give title compound 1-145 (308 mg, 87%) as a white solid.
Rf (Et2O/PE (40-60) 1:1) 0.45;
1H NMR (400 MHz, CDCl3)  6.96 (1H, s, H7), 3.31 (3H, s, BDA-OCH3), 3.30 (3H, s, BDA-OCH3), 1.53 (3H, s, BDA-CCH3), 1.49 (12H, m, BDA-CCH3 and C(CH3)3); 
 13C NMR (100 MHz, CDCl3)  161.9 (C9), 133.6 (C7), 126.7 (C8), 99.0 (Cx/y), 98.0 (Cx/y), 80.9 (C(CH3)3), 49.2 (BDA-OCH3), 49.1 (BDA-OCH3), 18.2 (C(CH3)3), 17.1 (BDA-CCH3), 17.0 (BDA-CCH3);
Found (+ESI): [M + Na]+ 297.1327, C13H22O6Na requires 297.1314;
max (film)/cm-1 2995w (C-H stretch), 2950w (C-H stretch), 2939w (C-H stretch), 1717s (C=O), 1655s (C=C), 1456w (C-H deformation), 1373m (C-H deformation);
 []D25 = +212.7 (c 0.11, CHCl3). 


(2R,5S,6S)-2-Allyl-5,6-dimethoxy-5,6-dimethyl-[1’,4’]dioxane-2-carboxylic acid methyl ester (1-146)
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n-Butyllithium (2.50 M in tetrahydrofuran, 26.0 mL, 65.0 mmol) was added dropwise to a solution of diisopropylamine (10.2 mL, 72.7 mmol) in tetrahydrofuran (35 mL) at –20 C. The solution was stirred for another 30 min before being transferred via cannula to a solution of ester 1-121 (10 g, 42.7 mmol) in tetrahydrofuran (300 mL) at –78 C. After 10 min, allyl bromide (18.5 mL, 213 mmol) was added at –78 C. The reaction mixture was stirred at that temperature for 1 h, then quenched at –78 C with a saturated aqueous solution of ammonium chloride (50 mL) and diluted with diethyl ether (50 mL). The mixture was warmed to room temperature, the aqueous layer was separated and extracted with diethyl ether (3 x 30 mL). The combined organics were washed with a saturated aqueous solution of ammonium chloride (2 x 30 mL) and brine (2 x 30 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 3:1) to give title compound 1-146 (4.70 g, 40%) as a white solid. 
mp  68-79 C; 
Rf (PE (40-60)/Et2O 3:1) 0.12;
1H NMR (400 MHz, CDCl3)  5.65-5.55 (1H, m, H25), 5.09-5.08 (1H, m, Z-Hi), 5.06-5.04 (1H, m, E-Hi), 4.12 (1H, d, J = 11.7, H7), 3.75 (3H, s, CO2CH3), 3.63 (1H, d, J = 11.7, H7’), 3.25 (3H, s, BDA-OCH3), 3.22 (3H, s, BDA-OCH3), 2.45 (1H, ddt, J = 13.7, J = 7.6, J = 1.2, H24), 2.38 (1H, ddt, J = 13.7, J = 7.1, J = 1.2, H24’), 1.31 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  172.9 (C9), 130.5 (C25), 119.1 (Ci), 99.7 (Cx/y), 98.1 (Cx/y), 73.4 (C8), 61.8 (C7), 51.8 (CO2CH3), 50.3 (BDA-OCH3), 48.0 (BDA-OCH3), 42.2 (C24), 17.8 (BDA-CCH3), 17.7 (BDA-CCH3);
Found (+ESI): [M + Na]+ 297.1325, C13H22O6Na requires 297.1314;
max (film)/cm-1 2952w (C-H stretch), 1742s (C=O), 1447w (C-H deformation), 1374 (C-H deformation);
[]D25 = +76.9 (c 0.12, CHCl3). 


 

(2R,5S,6S)-2-Allyl-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carbaldehyde (1-126)
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Lithium aluminium hydride (1.00 M in tetrahydrofuran, 160 mL, 160 mmol) was added slowly to a solution of ester 1-146 (16.2 g, 59.1 mmol) in tetrahydrofuran (1 L) at 0 C. This mixture was warmed to room temperature and stirred for 12 h. The excess hydride was quenched by successive addition of water (100 mL), a saturated aqueous solution of sodium potassium tartrate (300 mL) and water (100 mL). The resulting suspension was stirred for 2 h and then filtered through Celite. The aqueous layer was separated and extracted with diethyl ether (3 x 300 mL). The combined organics were washed with water (150 mL) and brine (2 x 150 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The crude residue was used without further purification.
Dimethyl sulfoxide (8.56 mL, 121 mmol) was added dropwise to a solution of oxalyl chloride (5.04 mL, 57.8 mmol) in dichloromethane (180 mL) at –60 C. After 2 min, the crude alcohol in dichloromethane (180 mL) was added. The reaction was stirred at the same temperature for 25 min before addition of triethylamine (23.2 mL, 166 mmol). After 5 min the solution was allowed to slowly warm to room temperature. Water (200 mL) was then added, the phases were separated and the aqueous layer was extracted with dichloromethane (3 x 200 mL).  The organic layers were combined, washed with brine (200 mL), aqueous hydrochloric acid (1 M, 400 mL), water (200 mL) and a saturated aqueous solution of sodium bicarbonate (400 mL), dried over magnesium sulfate and concentrated in vacuo. The residue was purified by flash column chromatography (hexane/EtOAc 9:1) to give title compound 1-126 (11.5 g, 80% over 2 steps) as a viscous oil.
Rf (Et2O/PE (40-60) 1:1) 0.42; 
1H NMR (400 MHz, CDCl3)  9.46 (1H, d, J = 2.1, H9), 5.74-5.64 (1H, m, H25), 5.12-5.04 (2H, m, Hi), 3.99 (1H, d, J = 11.5, H7), 3.56 (1H, dd, J = 11.5, J = 2.0, H7’), 3.36 (3H, s, BDA-OCH3), 3.26 (3H, s, BDA-OCH3), 2.25-2.22 (2H, m, H24 and H24’), 1.37 (3H, s, BDA-CCH3), 1.25 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  202.0 (C9), 129.8 (C25), 119.5 (Ci), 99.8 (Cx/y), 98.0 (Cx/y), 76.7 (C8), 59.9 (C7), 50.2 (BDA-OCH3), 48.1 (BDA-OCH3), 37.8 (C24), 17.7 (BDA-CCH3), 17.6 (BDA-CCH3); 
Found (+ESI): [M + Na]+ 267.1200, C12H20O5Na requires 267.1208;
max (film)/cm-1 2928w (C-H stretch), 2834 (C-H stretch), 1722s (C=O), 1641w (C=C), 1442w (C-H deformation), 1371 (C-H deformation);
[]D25 = +113.3 (c 0.18, CHCl3).
 


(5R,2’R,5’S,6’S)-5-(2’-Allyl-5’,6’-dimethoxy-5’,6’-dimethyl-[1’,4’]dioxan-2’-yl)-1-(tert-butyl-dimethyl-silanyl)-5-hydroxy-pent-1-yn-3-one (1-148)
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N,O-Dimethylhydroxylamine hydrochloride (0.78 g, 8.00 mmol) was added to a solution of ester 1-136 (1.69 g, 5.31 mmol) in tetrahydrofuran (450 mL). This mixture was stirred for 5 min and isopropylmagnesium chloride (2.00 M in tetrahydrofuran, 7.80 mL, 15.6 mmol) was slowly added. After stirring for 12 h, another batch of N,O-dimethylhydroxylamine hydrochloride (1.20 g, 12.3 mmol) and isopropylmagnesium chloride (2.00 M in tetrahydrofuran, 11.7 mL, 23.4 mmol) was added. After 1 h a saturated aqueous solution of ammonium chloride (300 mL) was added and the mixture diluted with diethyl ether (300 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 100 mL). The combined organics were washed washed with water (100 mL) and brine (2 x 100 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The crude residue was used without further purification.
n-Butyllithium (1.23 M in tetrahydrofuran, 10.6 mL, 13.0 mmol) was added dropwise to a solution of (triisopropylsilyl)acetylene (3.30 mL, 14.7 mmol) in tetrahydrofuran (130 mL) at –78 C. The mixture was warmed to 0 C and stirred at this temperature for 1 h. This mixture is then added to a solution of the crude residue in tetrahydrofuran (130 mL) at  –78 °C. After 4 h, a saturated aqueous solution of ammonium chloride (80 mL) was added and the mixture diluted with diethyl ether (80 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 50 mL). The combined organics were washed with brine (2 x 50 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified twice by flash column chromatography (PE (40-60)/Et2O 10:1  5:1) to give title compound 1-148 (2.04 g, 82% over 2 steps) as a light yellow oil. 
Rf (Et2O/PE (40-60) 1:1) 0.50;
1H NMR (400 MHz, CDCl3)  5.87-5.76 (1H, m, H25), 5.10-5.04 (2H, m, Hi), 4.35 (1H, d, J = 9.2, OH), 4.28 (1H, td, J = 8.9, J = 3.8, H9), 3.76 (1H, d, J = 11.8, H7), 3.62 (1H, d, J = 11.7, H7’), 3.41 (3H, s, BDA-OCH3), 3.21 (3H, s, BDA-OCH3), 2.84 (1H, dd, J = 15.4, J = 3.7, H10), 2.79 (1H, dd, J = 15.4, J = 8.7, H10’), 2.30 (1H, ddt, J = 14.6, J = 5.7, J = 5.7, H24), 1.99 (1H, dd, J = 14.6, J = 8.4, H24’), 1.35 (3H, s, BDA-CCH3), 1.26 (3H, s, BDA-CCH3), 1.12-1.09 (21H, m, Si(CH(CH3)2)3);
13C NMR (100 MHz, CDCl3)  185.9 (C11), 132.5 (C25), 118.1 (Ci), 104.3 (C12), 98.6 (Cx/y), 97.8 (Cx/y), 95.7 (C13), 74.3 (C8), 72.7 (C9), 62.7 (C7), 50.5 (BDA-OCH3), 48.4 (C10), 48.0 (BDA-OCH3), 40.9 (C24), 18.5 (Si(CH(CH3)2)3), 18.3 (BDA-CCH3), 17.6 (BDA-CCH3), 11.0 (Si(CH(CH3)2)3); 
Found (+ESI): [M + Na]+  491.2827, C25H44O6SiNa requires 491.2805;
max (film)/cm-1 3424br w (OH), 2945s (C-H stretch), 2867m (C-H stretch), 2148w (CC), 1676s (C=O), 1640w (C=C), 1462m (C-H deformation), 1374m (C-H deformation);
[]D25 = +65.0 (c 0.10, CHCl3).


Note: Compounds 1-125major, 1-151, 1-155, 1-153, 1-162closed(major), 1-162closed(minor), 1-161, 1-167, 1-168, 1-170, 1-171, 1-187, 1-188, 1-124, 1-193 have been analysed as a mixture of epimers at C11-OH with only the assignment of the major diastereomer reported due to the low concentration of the minor isomer. 


(1R,3R,2’R,5’S,6’S)-1-(2’-Allyl-5’,6’-dimethoxy-5’,6’-dimethyl-[1’,4’]dioxan-2’-yl)-pent-4-yne-1,3-diol (1-125major)

[image: ]
[bookmark: OLE_LINK3]
Anhydrous acetic acid[footnoteRef:15]* (19.0 mL, 3312 mmol) was added to a suspension of tetramethylammonium triacetoxyborohydride (7.80 g, 29.6 mmol) in acetonitrile (19 mL). This solution was stirred for 1 h and then cooled to –25 C. A solution of ynone 1-148 (1.08 g, 2.31 mmol) in acetonitrile (19 mL) was then added dropwise. The reaction mixture was stirred at  –25 C for 1 h and then at –20 C for 30 h. The reaction was quenched by addition of a saturated aqueous solution of sodium potassium tartrate (50 mL) with vigorous stirring for 3 h. The aqueous layer was separated and extracted with dichloromethane (3 x 50 mL). The combined organics washed with a saturated aqueous solution of sodium bicarbonate (2 x 30 mL) and brine (1 x 30 mL), dried over magnesium sulfate and concentrated in vacuo. The crude residue was used without further purification. [15: * Anhydrous acetic acid was obtained by azeotropic distillation with benzene followed by fractional distillation from chromium trioxide. ] 

Tetrabutylammonium fluoride (1.00 M in tetrahydrofuran, 8.00 mL, 8.00 mmol) was added to a solution of the crude diol in tetrahydofuran (8 mL). The resulting solution was then stirred for 4 h. A saturated aqueous solution of ammonium chloride (5 mL) and diethyl ether (10 mL) were added. The aqueous layer was separated and extracted with diethyl ether (3 x 10 mL). The combined organics were washed with water (1 x 10 mL) and brine (2 x 10 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 2:1) to give title compound 1-125major (553 mg, 72% over 2 steps) as a colourless oil.
Rf (Et2O/PE (40-60) 2:1) 0.15;
1H NMR (400 MHz, CDCl3)  5.83-5.73 (1H, m, H25), 5.09-5.03 (2H, m, Hi), 4.76 (1H, d, J = 9.2, H11), 4.72 (1H, br, OH), 4.25 (1H, br, OH), 4.13-4.08 (1H, m, H9), 3.77 (1H, d, J = 11.7, H7), 3.65 (1H, d, J = 11.6, H7’), 3.41 (3H, s, BDA-OCH3), 3.22 (3H, s, BDA-OCH3), 2.47 (1H, d, J = 2.1, H13), 2.31 (1H, ddt, J = 14.6, J = 6.0, J = 1.6, H24), 2.08-2.01 (2H, m, H24’ and H10), 1.80 (1H, ddd, J = 14.5, J = 5.5, J = 2.3, H10’), 1.35 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  132.4 (C25), 118.2 (Ci), 98.6 (Cx/y), 97.7 (Cx/y), 84.8 (C12), 74.8 (C8), 74.4 (C9), 72.8 (C13), 63.2 (C7), 61.1 (C11), 50.8 (BDA-OCH3), 48.1 (BDA-OCH3), 41.2 (C24), 36.1 (C10), 18.2 (BDA-CCH3), 17.7 (BDA-CCH3);
Found (+ESI): [M + Na]+ 337.1638, C16H26O6Na requires 337.1627;
max/cm-1 3397br w (OH), 2950m (C-H stretch), 2836w (C-H stretch), 1639w (C=C), 1456 (C-H deformation), 1375 (C-H deformation);
[]D25 = +78.3(c 0.20, CHCl3).



(1’R,2’’R,2’’’R,5’’’S,6’’’S)-4-Nitro-benzoic acid -1’-[2’’-(2’’’-allyl-5’’’,6’’’-dimethoxy-5’’’,6’’’-dimethyl-[1’’’,4’’’]dioxan-2’’’-yl)-2’’-(4’’’’-nitro-benzoyloxy)-ethyl ]-prop-2-ynyl ester (1-151)
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In an analogous procedure described to that for methyl ester 1-136, p-nitrobenzoyl chloride (71.0 mg, 0.38 mmol) was added to a solution of diol 1-125 (30.0 mg, 0.10 mmol) in pyridine (0.9 mL, 11.1 mmol) and this mixture was stirred for 12 h. Water (2 mL) and diethyl ether (2 mL) were added. The layers were separated and the aqueous phase extracted with diethyl ether (3 x 2 mL). The combined organics were washed with a saturated aqueous solution of copper sulfate (3 x 2 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 3:1) to give title compound 1-151 (45.9 mg, 75%) as white crystals.
mp 123-125 C;
Rf (Et2O/PE (40-60) 1:1) 0.32; 
1H NMR (400 MHz, CDCl3)  8.29-8.25 (8H, m, ArH), 6.00-5.93 (1H, m, H25), 5.85 (1H, dd, J = 8.7, J = 1.5, H9), 5.76 (1H, dt, J = 10.4, J = 2.5, H11), 5.19-5.14 (2H, m, Hi), 3.84 (1H, d, J = 12.3, H7), 3.66 (1H, d, J = 12.3, H7’), 3.20 (3H, s, BDA-OCH3), 3.13 (3H, s, BDA-OCH3), 2.65-2.57 (2H, m, H10 and H24), 2.52 (1H, d, J = 1.9, H13), 2.35 (1H, ddd, J = 15.6, J = 8.9, J = 3.3, H10’), 2.27-2.22 (1H, m, H24’), 1.28 (3H, s, BDA-CCH3), 1.21 (3H, s, BDA-CCH3);
13C NMR (150 MHz, CDCl3)  165.0 (C=O), 163.8 (C=O), 150.6 (Ar-ipso-C), 150.6 (Ar-ipso-C), 135.6 (Ar-para-C), 135.2 (Ar-para-C), 132.8 (C25), 131.1 (Ar-meta-C), 131.0 (Ar-meta-C), 123.5 (Ar-ortho-C), 123.4 (Ar-ortho-C), 118.1 (Ci), 99.5 (Cx/y), 98.6 (Cx/y), 80.3 (C12), 74.6 (C9), 74.5 (C8), 73.8 (C13), 62.7 (C11), 60.7 (C7), 49.7 (BDA-OCH3), 48.0 (BDA-OCH3), 38.9 (C24), 36.8 (C10), 19.0 (BDA-CCH3), 17.8 (BDA-CCH3);
Found (+ESI): [M + H]+ 635.1817, C30H33N2O12 requires 635.1847;
max/cm-1 1726s (C=O), 1604w (Ar C=C), 1528s (Ar C=C), 1344m (C-H deformation);
[]D25 = +91.0 (c 0.10, CHCl3). 



(4R,6R,2’R,5’S,6’S)-4-(2’-Allyl-5’,6’-dimethoxy-5’,6’-dimethyl-[1’,4’]dioxan-2’-yl)-6-ethynyl-2-(4’’-methoxy-phenyl)-[1,3]dioxane (1-155)  
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To a solution of diol 1-125 (652 mg, 2.08 mmol) in dichloromethane (18 mL) were added p-anisaldehyde dimethyl acetal (0.53 mL, 3.11 mmol), pyridinium p-toluenesulfonate (30.0 mg, 0.12 mmol) and 5 Å molecular sieves (8-12 mesh beads, 200 mg). After stirring for 8 h, the molecular sieves were removed by vacuum filtration, eluting with dichloromethane (20 mL). The reaction mixture was quenched by addition of water (10 mL) and a saturated aqueous solution of sodium bicarbonate (20 mL) and was diluted with dichloromethane (20 mL). The aqueous layer was separated and extracted with dichloromethane (3 x 10 mL). The combined organic extracts were washed with brine (2 x 10 mL), dried over magnesium sulfate and concentrated in vacuo. Sodium borohydride[footnoteRef:16]* (780 mg, 20.8 mmol) was added to a solution of the crude reaction mixture in tetrahydrofuran (10 mL) and this solution was stirred for 8 h.  The reaction was quenched with water (10 mL) and diluted with diethyl ether (10 mL). The organic extracts were washed with brine (5 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. Fractional distillation removed the 4-methoxybenzyl alcohol (bp 35 C/0.33 mmHg) to give title compound 1-155 (746 mg, 83%) as a colourless oil. [16: * Sodium borohydride was used to reduce the excess p-anisaldehyde to 4-methoxybenzyl alcohol. ] 

Rf (Et2O/PE (40-60) 1:1) 0.45;
1H NMR (600 MHz, CDCl3)  7.43 (2H, d, J = 8.6, Ar-meta-H), 6.88 (2H, d, J = 8.6, Ar-ortho-H), 6.02 (1H, s, Hb), 6.01-5.95 (1H, m, H25), 5.08-5.01 (4H, m, H9, H11 and Hi), 3.80 (3H, s, ArOCH3), 3.76 (1H, d, J = 12.3, H7), 3.44 (1H, d, J = 12.2, H7’), 3.29 (3H, s, BDA-OCH3), 3.21 (3H, s, BDA-OCH3), 2.70 (1H, dd, J = 14.8, J = 5.1, H24), 2.66 (1H, d, J = 2.2, H13), 2.12-2.02 (2H, m, H10 and H24’), 1.82 (1H, d, J = 12.8, H10’), 1.29 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3);
13C NMR (150 MHz, CDCl3)  159.9 (Ar-ipso-C), 134.3 (C25), 131.0 (Ar-para-C), 127.6 (Ar-meta-C), 117.0 (Ci), 113.5 (Ar-ortho-C), 99.2 (Cx/y), 98.6 (Cx/y), 96.0 (Cb), 80.9 (C12), 76.4 (C13), 74.6 (C9), 74.5 (C8), 64.3 (C11), 59.6 (C7), 55.3 (ArOCH3), 48.9 (BDA-OCH3), 47.8 (BDA-OCH3), 36.8 (C24), 30.9 (C10), 19.1 (BDA-CCH3), 17.7 (BDA-CCH3);
Found (+ESI): [M + Na]+  455.2046, C24H32O7Na requires 455.2046;
max/cm-1 2949w (C-H stretch), 2835w (C-H stretch), 1614m (Ar C=C), 1514 (Ar C=C), 1464 (C-H deformation), 1372 (C-H deformation);
[]D25 = +43.9 (c 0.18, CHCl3).



(1’R,2’’R,2’’’R,5’’’S,6’’’S)-1’-[2’’-(2’’’-Allyl-5’’’,6’’’-dimethoxy-5’’’,6’’’-dimethyl-[1’’’,4’’’]dioxan-2’’’-yl)-2’’-(4-methoxy-benzyloxy)-ethyl]-prop-2’-ynyloxy}-tert-butyl-diphenyl-silane (1-153)
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Diisobutylaluminium hydride (1.00 M in toluene, 0.70 mL, 0.70 mmol) was added to a solution of acetal 1-155 (30 mg, 0.07 mmol) in toluene (1.3 mL) at –10 C.  This mixture was then warmed to 0 C and stirred for 12 h. The reaction was then quenched by addition of a saturated aqueous solution of sodium potassium tartrate (3 mL) with vigorous stirring for 1 h and then diluted with diethyl ether (2 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 1 mL). The combined organic extracts were washed with brine (1 mL), dried over magnesium sulfate, filtered and concentrated in vacuo to give a colourless oil, which was used in the next step without further purification.
Sodium hydride (5.00 mg, 0.21 mmol) was added to the crude residue (30 mg, 0.07 mmol) in tetrahydrofuran (0.3 mL) and this suspension was stirred vigorously for 30 min. After 30 min tert-butyldiphenylsilyl chloride (0.05 mL, 0.18 mmol) was added and the resulting mixture stirred for 3 h.  The reaction mixture was then diluted with diethyl ether  (1 mL) and a saturated aqueous solution of ammonium chloride (2 mL) was added. The aqueous layer was separated and extracted with diethyl ether (2 x 3 mL). The combined organic layers were washed with water (1 mL) and brine (1mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (0.5% NEt3 in PE (40-60)/Et2O 13:1) to give title compound 1-153 (40.0 mg, 70% over 2 steps) as a colourless oil. 
Rf (Et2O/PE (40-60) 1:1) 0.51;
1H NMR (400 MHz, CDCl3)  7.76-7.72 (4H, m, SiAr-ortho-H), 7.44-7.39 (2H, m, SiAr-para-H), 7.37-7.32 (4H, m, SiAr-meta-H), 7.08 (2H, d, J = 6.6, CAr-meta-H), 6.81 (2H, d, J = 6.6, CAr-ortho-H), 5.96-5.87 (1H, m, H25), 5.05-5.00 (2H, m, Hi), 4.54 (1H, ddd, J = 8.7, J = 4.8, J = 2.1, H11), 4.49 (1H, d, J = 10.8, OCHH’Ar), 4.39 (1H, d, J = 10.8, OCHH’Ar), 4.24 (1H, dd, J = 7.8, J = 3.5, H9), 3.80 (3H, s, ArOCH3), 3.58 (1H, d, J = 11.7, H7), 3.50 (1H, d, J = 11.7, H7’), 3.26 (3H, s, BDA-OCH3), 3.23 (3H, s, BDA-OCH3), 2.62 (1H, ddt, J = 14.6, J = 6.6, J = 1.5, H24), 2.36 (1H, d, J = 2.1 Hz, H13), 2.27 (1H, dd, J = 14.7, J = 7.7, H24’), 2.11 (1H, ddd, J = 14.5, J = 8.7, J = 3.6, H10), 1.93 (1H, ddd, J = 14.5, J = 7.8, J = 4.8, H10’), 1.29 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3), 1.10 (9H, s, SiC(CH3)3);
13C NMR (100 MHz, CDCl3)  158.8 (Ar-ipso-C), 136.2 (Ar), 136.1 (Ar), 133.4 (C25), 129.5 (Ar), 128.7 (Ar), 127.6 (Ar), 127.2 (Ar), 117.0 (Ci), 113.4 (Ar), 113.5 (Ar-para-C), 99.9 (Cx/y), 99.1 (Cx/y), 85. 1 (C12), 79.6 (C8), 77.4 (C9), 73.7 (C13), 72.6 (OCH2Ar), 61.5 (C11), 61.2 (C7), 55.2 (ArOCH3), 49.0 (BDA-OCH3), 47.7 (BDA-OCH3), 40.5 (C10), 37.9 (C24), 27.0 (SiC(CH3)3), 19.3 (BDA-CCH3), 18.3 (BDA-CCH3);
Found (+ESI): [M + Na]+  695.2590, C40H52O7SiNa requires 695.3380;
 max/cm-1 2932w (C-H stretch), 2858w (C-H stretch), 1613w (C=C), 1514s (Ar C=C), 1463 (C-H deformation), 1427 (C-H deformation);
[]D25 = +103.0 (c 0.02, CHCl3).



(1R,4S,5S,7R,2’R)-1-Allyl-7-(2’-hydroxy-but-3’-ynyl)-4,5-dimethyl-3,6,8-trioxa-bicyclo[3.2.1]octan-4-ol (1-162closed(major)) and 
(1R,4R,5S,7R,2’R)-1-Allyl-7-(2’-hydroxy-but-3’-ynyl)-4,5-dimethyl-3,6,8-trioxa-bicyclo[3.2.1]octan-4-ol (1-162closed(minor)) 

[image: ]

Method 1:
A mixture of trifluoroacetic acid and water (2:1 v/v, 0.90 mL) was added to diol 1-125 (10.0 mg, 0.03 mmol), the mixture stirred vigorously for 25 min and then concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give title compounds 1-162closed(major) and 1-162closed(minor) (8.40 mg, 99%) as a colourless oil in a 2.6:1 inseparable mixture of epimers at Cx. 
Method 2:
In an analogous procedure to that described for diol 1-125 (Method 1), alcohol 1-161 (5.00 mg, 0.02 mmol) was treated with a mixture of trifluoroacetic acid and water (2:1 v/v, 0.90 mL). This reaction was stirred vigourously for 25 min and then concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give title compounds 1-161closed(major) and 1-162closed(minor) (4.70 mg, 99%) as a colorless oil in a 2.6:1 inseparable mixture of epimers at Cx.
Rf (Et2O/PE (40-60) 1:1) 0.08;
1H NMR (500 MHz, CDCl3)  5.75-5.67 (1H, m, H25maj and H25min), 5.16-5.12 (2H, m, Himaj and Himin), 4.71-4.66 (2H, m, H9maj, H9min, H11maj and H11min), 3.94 (0.72H, d, J = 11.9 Hz, H7maj), 3.81 (0.28H, d, J = 11.8 Hz, H7min), 3.67 (0.28H, d, J = 11.8 Hz, H7min’), 3.51 (0.72H, d, J = 11.8 Hz, H7maj’), 2.52-2.51 (1H, m, H13maj and H13min), 2.44-2.39 (1H, m, H24maj and H24min), 2.28-2.23 (1H, m, H24maj’ and H24min’), 1.89-1.82 (1H, m, H10maj and H10min), 1.80-1.75 (1H, m, H10maj’ and H10min’), 1.44 (2.16H, s, CCH3maj), 1.42 (0.85H, s, CCH3min), 1.40 (0.85H, s, CCH3min), 1.44 (1.32H, s, CCH3maj);
13C NMR (125 MHz, CDCl3)  130.9 (C25min), 130.7 (C25maj), 119.7 (Cimaj), 119.5 (Cimin), 108.1 (Cxmin), 108.1 (Cxmaj), 96.1 (Cymin), 95.3 (Cymaj), 84.3 (C12min), 84.2 (C12maj), 82.3 (C8maj), 81.8 (C8min), 78.5 (C9min), 77.6 (C9maj), 73.4 (C13maj), 73.4 (C13min), 70.8 (C7min), 67.6 (C7maj), 59.9 (C11maj), 59.6 (C11min), 38.5 (C10min), 38.2 (C10maj), 35.1 (C24maj), 34.7 (C24min), 21.8 (CCH3maj), 19.6 (CCH3maj), 19.1 (CCH3min), 18.0 (CCH3min);
Found (+ESI): [M + Na]+ 291.1200, C14H20O3Na requires 291.1203;
max/cm-1 3425w (OH), 2921s (C-H deformation), 2852m (C-H deformation); 
[]D25 = +244.8 (c 0.24, CHCl3).
 


(2R,1’R,4’S,5’S,7’R)-1-(1’-Allyl-4’-methoxy-4’,5’-dimethyl-3’,6’,8’-trioxa-bicyclo[3.2.1]oct-7’-yl)-but-3-yn-2-ol (1-161)

`[image: ]

p-Toluenesulfonic acid monohydrate (383 mg, 2.01 mmol) was added to a solution of diol 1-125 (319 mg, 1.02 mmol) in methanol (20 mL) and this mixture was refluxed for 2 h. The reaction mixture was allowed to cool to room temperature, diluted with diethyl ether (20 mL) and a saturated aqueous solution of sodium bicarbonate (20 mL) was added. The layers were separated and the aqueous layer was extracted with diethyl ether (3 x 30 mL). The combined organic layers were washed with water (20 mL) and brine (2 x 20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give title compound 1-161 (284 mg, 99%) as a colourless oil. 
Rf (PE (40-60)/Et2O 3:1) 0.04;
1H NMR (400 MHz, CDCl3)  5.78-5.68 (1H, m, H25), 5.14-5.10 (2H, m, Hi), 4.72-4.67 (2H, m, H9 and H11), 3.84 (1H, d, J = 11.2, H7), 3.44 (1H, d, J = 11.2, H7’), 3.28 (3H, s, BDA-OCH3), 3.19 (1H, d, J = 7.7, OH), 2.52 (1H, d, J = 2.1, H13), 2.45 (1H, dd, J = 14.9, J = 6.9, H24), 2.28 (1H, dd, J = 14.8, J = 7.5, H24’), 1.93-1.76 (2H, m, H10 and H10’), 1.41 (1H, s, BDA-CCH3), 1.27 (1H, s, BDA-CCH3);
13C NMR (150 MHz, CDCl3)  131.1 (C25), 119.4 (Ci), 107.0 (Cy), 97.9 (Cx), 84.3 (C12), 81.6 (C8), 76.9 (C9), 73.4 (C13), 67.7 (C7), 60.2 (C11), 48.5 (BDA-OCH3), 38.1 (C10), 35.3 (C24), 19.4 (BDA-CCH3), 18.1 (BDA-CCH3);
Found (+ESI): [M + Na]+ 305.1371, C15H22O5Na requires 305.1365; 
max/cm-1 3450br w (OH), 2946w (C-H stretch), 1642w (C=C), 1434w (C-H deformation), 1374s (C-H deformation);
[]D25 = +143.8 (c 0.13, CHCl3).

(1R,4S,5S,7R,2’R)-1-Allyl-7-(2’-benzyloxy-but-3’-ynyl)-4-methoxy-4,5-dimethyl-3,6,8-trioxa-bicyclo[3.2.1]octane (1-167) 
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Sodium hydride (21.0 mg, 0.86 mmol) was added slowly to a solution of alcohol 1-161 (232 mg, 0.83 mmol) in tetrahydrofuran (4 mL). This suspension was stirred vigorously for 30 min. Tetrabutylammonium iodide (3.00 mg, 0.008 mmol) followed by benzyl bromide (0.13 mL, 1.09 mmol) were added. After 1 h, the reaction mixture was diluted with diethyl ether and a saturated aqueous solution of ammonium chloride (5 mL) was added. The aqueous layer was then separated and extracted with diethyl ether (3 x 5 mL). The combined organics were washed with water  (5 mL) and brine (5 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 3:1) to give title compound 1-167 (272 mg, 89%) as a colourless oil. 
Rf (Et2O/PE (40-60) 1:1) 0.34;
1H NMR (400 MHz, CDCl3)  7.33-7.18 (5H, m, ArH), 5.71-5.61 (1H, m, H25), 5.05-5.00 (2H, m, Hi), 4.76 (1H, d, J = 11.8, OCHH’Ar), 4.70 (1H, d, J = 11.8, OCHH’Ar), 4.42-4.30 (2H, m, H9 and H11), 3.73 (1H, d, J = 11.2, H7), 3.30 (1H, d, J = 11.2, H7’), 3.20 (3H, s, BDA-OCH3), 2.40 (1H, d, J = 2.1, H13), 2.35 (1H, dd, J = 14.8, J = 7.0, H24), 2.19 (1H, dd, J = 14.8, J = 7.5, H24’), 1.92-1.85 (1H, m, H10), 1.70-1.63 (1H, m, H10’), 1.26 (1H, s, BDA-CCH3), 1.18 (1H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  137.9 (Ar-ipso-C), 131.5 (C25), 128.3 (Ar-ortho-C), 127.9 (Ar-meta-C), 127.6 (Ar-para-C), 119.0 (Ci), 106.6 (Cy), 98.1 (Cx), 83.3 (C12), 81.3 (C8), 75.0 (C9), 73.5 (C13), 70.9 (OCH2Ar), 67.8 (C7), 64.8 (C11), 48.4 (BDA-OCH3), 39.1 (C10), 35.4 (C24), 19.5 (BDA-CCH3), 18.1 (BDA-CCH3);
Found (+ESI): [M + Na]+ 395.1818, C22H28O5Na requires 395.1828; 
max (film)/cm-1 2929m (C-H stretch), 1642w (C=C), 1497w (Ar C=C), 1454 (C-H deformation), 1373 (C-H deformation);
[]D25 = +135.6 (c 0.18, CHCl3).



(1R,4S,5S,7R,2’R)-1-Allyl-7-(2’-benzyloxy-but-3’-ynyl)-4,5-dimethyl-3,6,8-trioxa-bicyclo[3.2.1]octan-4-ol (1-168)
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In an analogous procedure described to that for alcohol 1-161, a mixture of trifluoroacetic acid and water (2:1 v/v, 0.6 mL) was added to acetal 1-167 (9.00 mg, 0.02 mmol). This reaction was stirred vigorously for 25 min and then concentrated in vacuo. This residue was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give title compound 1-168 (8.60 mg, 96%) as a colourless oil. 
Rf (Et2O/PE (40-60) 1:1) 0.16;
1H NMR (600 MHz, CDCl3)  7.40-7.28 (5H, m, ArH), 5.76-5.67 (1H, m, H25), 5.14-5.10 (2H, m, Hi), 4.86-4.82 (1H, m, OCHH’Ar), 4.56 (1H, d, J = 11.7, OCHH’Ar), 4.48-4.38 (2H, m, H9 and H11), 3.91 (1H, d, J = 11.8, H7), 3.47 (1H, d, J = 12.0, H7’), 3.26 (1H, br, OH), 2.49 (1H, d, J = 2.0, H13), 2.42-2.36 (1H, m, H24), 2.27-2.21 (1H, m, H24’), 1.97-1.90 (1H, m, H10), 1.75-1.68 (1H, m, H10’), 1.38 (3H, s, CCH3), 1.33 (3H, s, CCH3);
13C NMR (150 MHz, CDCl3)  137.7 (Ar-ipso-C), 131.1 (C25), 128.3 (Ar-ortho-C), 128.0 (Ar-meta-C), 127.7 (Ar-para-C), 119.4 (Ci), 107.0 (Cy), 95.4 (Cx), 83.1 (C12), 82.0 (C8), 75.4 (C9), 73.7 (C13), 70.9 (OCH2Ar), 67.6 (C7), 64.6 (C11), 39.0 (C10), 35.2 (C24), 21.8 (CCH3), 19.7 (CCH3);    
Found (+ESI): [M + Na]+ 381.1665, C21H26O5Na requires 381.1678;
max/cm-1 3453br w (OH), 2942w (C-H stretch), 2870w (C-H stretch), 1642w (C=C), 1496w (Ar C=C), 1455m (C-H deformation), 1385m (C-H deformation);
[]D25 = +102.6 (c 0.43, CHCl3).
 

[bookmark: OLE_LINK2]
(2’S,4’R,5’R,2’’R)-(E)-3-[2’-Acetyl-4’-allyl-5’-(2’’-benzyloxy-but-3’’-ynyl)-2’-methyl-[1’,3’]dioxolan-4’-yl]-acrylic acid ethyl ester (1-170)

[image: ]

To a suspension of Dess-Martin periodinane (18.0 mg, 0.042 mmol) in dichloromethane (0.4 mL) was added pyridine (0.03 mL, 0.37 mmol), followed by a solution of hemiketal 1-168 (10.0 mg, 0.028 mmol) in dichloromethane (0.15 mL). After stirring for 6 h, a saturated aqueous solution of sodium thiosulfate (0.5 mL) and ethyl acetate (0.5 mL) were added and this mixture was stirred for 30 min. The aqueous layer was separated and extracted with dichloromethane (3 x 2 mL). The combined organic extracts were washed with a saturated aqueous solution of sodium bicarbonate (2 x 1 mL), brine (2 x 1 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 4:1) to give the intermediate aldehyde,[footnoteRef:17]* which was azeotroped 5 times with toluene. [17: * This aldehyde existed mostly in its hydrated form (see Chapter 3.6), which resulted in a complex mixture of NMR signals. It was therefore used without further characterisation.] 

(Carbethoxymethylene)triphenylphosphorane (12.0 mg, 0.03 mmol) was added to a solution of this aldehyde in toluene and this reaction was refluxed for 2 h. The solvent was then removed in vacuo. The residue was purified by flash column chromatography (hexane/Et2O 4:3) to give title compound 1-170 (5.52 mg, 42%) as a colourless oil. 
Rf (Et2O/PE (40-60) 1:1) 0.50;
1H NMR (400 MHz, CDCl3)  7.36-7.28 (5H, m, ArH), 6.74 (1H, d, J = 15.7, H7), 6.13 (1H, d, J = 15.7, H6), 5.80-5.70 (1H, m, H25), 5.13-5.05 (2H, m, Hi), 4.80 (1H, d, J = 11.5, OCHH’Ar), 4.54 (1H, d, J = 11.5, OCHH’Ar), 4.36-4.32 (1H, m, H11), 4.18 (2H, dq, J = 7.1, J = 2.2, CH2CH3), 3.93-3.90 (1H, m, H9), 2.51 (1H, d, J = 2.1, H13), 2.47-2.42 (1H, m, H24), 2.28-2.23 (1H, m, H24’), 2.13 (3H, s, CH3CO), 2.08-2.04 (2H, m, H10 and H10’), 1.48 (3H, s, CH3C), 1.25 (3H, t, J = 7.1, CH2CH3);
13C NMR (150 MHz, CDCl3)  205.9 (Cx), 166.0 (C5), 145.4 (C7), 137.1 (Ar-ipso-C), 131.8 (C25), 128.4 (Ar-ortho-C), 128.3 (Ar-meta-C), 127.9 (Ar-para-C), 122.4 (C6), 119.0 (Ci), 107.4 (Cy), 84.3 (C8), 82.0 (C12), 79.7 (C9), 74.4 (C13), 71.0 (OCH2Ar), 65.0 (C11), 60.6 (CH2CH3), 38.7 (C10), 35.1 (C24), 24.6 (CH3CO), 22.5 (CH3C), 14.1 (CH2CH3);
Found (+ESI): [M + Na]+ 449.1915, C25H30O6Na requires 449.1935;
max/cm-1 2931w (C-H stretch), 1717br s (C=O), 1661w (C=C), 1455m (C-H deformation), 1368m (C-H deformation);
[]D25 = +30.0 (c 0.10, CHCl3).



(1R,4R,5S,7R,2’R)-Acetic acid-1-allyl-7-(2’-benzyloxy-but-3-ynyl)-4,5-dimethyl-3,6,8-trioxa-bicyclo[3.2.1]oct-4-yl ester (1-171)

[image: ]
To a solution of hemiketal 1-168 (28.0 mg, 0.08 mmol) in dichloromethane (0.5 mL) was added Dess-Martin periodinane (50.0 mg, 0.12 mmol). After stirring for 12 h, a saturated solution of sodium thiosulfate (0.5 mL) was added and this mixture was stirred for 20 min. Diethyl ether (2 mL) was added, the phases separated and the aqueous layer extracted with dichloromethane (3 x 1 mL). The combined organic extracts were washed with a saturated aqueous solution of sodium bicarbonate (1 mL) and brine (1 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. This residue was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give title compound 1-171 (26.0 mg, 83%) as a colourless oil.
Rf (Et2O/PE (40-60) 1:1) 0.32;
1H NMR (500 MHz, CDCl3)  7.37-7.25 (5H, m, ArH), 5.73-5.65 (1H, m, H25), 5.11 (1H, m, Z-Hi), 5.09-5.08 (1H, m, E-Hi), 4.81 (1H, d, J = 11.8, OCHH’Ar), 4.54 (1H, d, J = 11.8, OCHH’Ar), 4.44 (1H, dd, J = 11.5, 1.9, H9), 4.36 (1H, dt, J = 10.8, J = 2.1, H11), 3.78 (1H, d, J = 11.4, H7), 3.49 (1H, d, J = 11.4, H7’), 2.47 (1H, d, J = 2.1, H13), 2.39 (1H, ddt, J = 14.8, J = 6.8, J = 1.9, H24), 2.24 (1H, dd, J = 14.8, J = 7.6, H24’), 2.06 (3H, s, CH3CO2), 1.96-1.90 (1H, m, H10), 1.75-1.67 (1H, m, H10’), 1.63 (3H, s, BDA-CCH3), 1.35 (3H, s, BDA-CCH3);
13C NMR (125 MHz, CDCl3)  169.1 (C=O), 137.6 (Ar-ipso-C), 131.6 (C25), 128.3 (Ar-ortho-C), 128.0 (Ar-meta-C), 127.8 (Ar-para-C), 119.5 (Ci), 105.6 (Cy), 100.5 (Cx), 83.1 (C12), 81.0 (C8), 75.3 (C9), 73.6 (C13), 70.9 (OCH2Ar), 68.6 (C7), 64.5 (C11), 38.9 (C10), 35.3 (C24), 22.2 (CH3CO2), 20.3 (BDA-CCH3), 19.4 (BDA-CCH3);
Found (+ESI): [M + Na]+ 423.1765, C23H28O6Na requires 423.1778; 
max/cm-1 2932w (C-H stretch), 2871w (C-H stretch), 1747s (C=O), 1642w (C=C), 1496w (Ar C=C), 1455m (C-H deformation), 1375 (C-H deformation);
[]D25 = +113.5 (c 0.25, CHCl3).



(Triphenylphosphoranylidene)carbamic acid allyl ester (1-175)
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A solution of hydroxylamine-O-sulfonic acid (0.40 g, 3.50 mmol) in methanol (2.6 mL) was added to a refluxing solution of triphenylphosphine (1.00 g, 3.80 mmol) in methanol (7 mL). This solution was refluxed for 10 min, then cooled to room temperature and poured into diethyl ether (45 mL). The organic phase was decanted and the resulting white solid dried in vacuo, which was used in the next step without further purification. 
To a suspension of the crude residue in tetrahydrofuran (23 mL) was added n-butyllithium (1.60 M in hexane, 6.70 mL, 10.7 mmol) followed by 1,1’-carbonyldiimidazole (567 mg, 3.50 mmol) at –10 C. The reaction mixture was stirred at room temperature for 30 min and then heated at reflux for 19 h. The solution was then cooled to room temperature and quenched with a saturated aqueous solution of ammonium chloride (20 mL) and water (20 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 30 mL). The combined organic extracts were washed with brine (2 x 20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo to give a white solid which was used in the following transformation without purification.
To a slurry of sodium hydride (126 mg, 5.25 mmol) in tetrahydrofuran (20 mL) was added allyl alcohol (0.31 mL, 4.55 mmol) and this reaction was stirred for 1 h. A solution of the crude residue from the previous step in tetrahydrofuran (10 mL) was then added. The reaction mixture was heated at reflux for 12 h. The solution was then cooled to room temperature and quenched with a saturated aqueous solution of ammonium chloride (10 mL) and water (10 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 10 mL). The combined organic extracts were washed with brine (2 x 5 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/hexane 20:3) to give 1-175 (367 mg, 29% over 3 steps) as a light yellow oil.
1H NMR (500 MHz, CDCl3)  7.74-7.70 (6H, m, ArH), 7.54-7.51 (3H, m, ArH), 7.45-7.41 (6H, m, ArH), 5.95-5.87 (1H, m, CH2CH=CH2), 5.19 (1H, ddt, J = 17.2, J = 1.6, J = 1.6, Z-CH2CH=CHH), 5.08 (1H, dd, J = 10.4, J = 1.5, E-CH2CH=CHH), 4.48 (2H, dt, J = 5.7, J = 1.4, CH2CH=CH2);
13C NMR (150 MHz, CDCl3)  134.1 (CH2CH=CH2), 133.0 (Ar-ortho-C, JCP = 9.8), 132.3 (Ar-para-C, JCP = 3.1), 128.6 (Ar-meta-C, JCP = 12.4), 127.8 (Ar-ipso-C, JCP = 105.3), 116.7 (CH2CH=CH2), 66.4 (CH2CH=CH2);
Found (+ESI): [M + H]+ 362.1310 C22H21NO2P requires 362.1310; 
max/cm-1 2917w (C-H stretch), 1628 (C=O), 1587m (Ar C=C), 1439 (C-H deformation), 1359 (C-H deformation).



Allyloxycarbonylamino-oxo-acetic acid ethyl ester (1-179)
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Oxalyl chloride (4.50 mL, 0.05 mol) was added to a suspension of ethyl oxamate (4.60 g, 0.04 mol) in 1,2-dichloroethane (50 mL) and this mixture was heated at reflux for 14 h. Fractional distillation under an argon atmosphere first removed 1,2-dichloroethane (bp 83 C/ 760 mmHg) and then furnished the intermediate isocyanate (bp 40 C/ 1 mmHg) as a colourless liquid, which was handled under argon and immediately used in the subsequent transformation.
Diethyl ether (30 mL) and allyl alcohol (10.0 mL, 0.14 mol) were added to the residue at 0 C and the resulting solution was stirred at this temperature for 30 min and then at room temperature for 5 h. The reaction mixture was then concentrated in vacuo to give the title compound 1-179 as a white solid (3.20 g, 40% over 2 steps).
mp 31-33 C;
Rf (Et2O/PE (40-60) 3:1) 0.26; 
1H NMR (500 MHz, CDCl3)  8.96 (1H, br, NH), 5.99-5.89 (1H, m, CH2CH=CH2), 5.41 (1H, d, J = 17.2, J = 1.1, Z-CH2CH=CHH’), 5.31 (1H, d, J = 10.4, E-CH2CH=CHH’), 4.73 (2H, d, J = 5.8, CH2CH=CH2), 4.40 (2H, q, J = 7.1, CH2CH3), 1.40 (3H, t, J = 7.1, CH2CH3);
13C NMR (125 MHz, CDCl3)  159.3 (C=O), 154.2 (C=O), 149.7 (C=O), 130.8, (CH2CH=CH2), 119.7 (CH2CH=CH2), 67.3 (CH2CH=CH2), 64.1 (CH2CH3), 13.9 (CH2CH3);
Found (+ESI): [M + Na]+ 224.0533, C8H11NO5Na requires 224.0535;
max/cm-1 3002w (C-H stretch), 3333m (NH), 1791s (C=O), 1716br s (C=O), 1651w (C=C), 1450s (C-H deformation).



(1’R,4’S,5’S,7’S,2’’R)-[7’-(2’’-Benzyloxy-but-3’’-ynyl)-4’-methoxy-4’,5’-dimethyl-3’,6’,8’-trioxa-bicyclo[3.2.1]oct-1’-yl]-acetaldehyde (1-187)
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To a solution of olefin 1-167 (22.0 mg, 0.06 mmol) in tetrahydrofuran (0.9 mL) and water (0.09 mL) was added NMO (14.7 mg, 0.13 mmol) followed by osmium tetroxide (2.5 wt. % in isopropanol, 0.12 mL, 0.01 mmol). The reaction mixture was stirred for 24 h. A saturated aqueous solution of sodium thiosulfate (2 mL) was then added and this mixture was stirred for 20 min. The aqueous layer was separated and extracted with ethyl acetate (2 x 2 mL). The combined organic extracts were washed with water (2 mL) and brine (2 x 2 mL), dried with sodium sulfate, filtered and concentrated in vacuo. The crude material was used without further purification.
To a solution of the crude residue in benzene (1.4 mL) was added lead tetraacetate (36.0 mg, 0.08 mmol) at 10 C and the resulting solution was stirred for 40 min at room temperature. The reaction mixture was then filtered through Celite, eluting with ethyl acetate (5 mL). The organic phase was then washed with sodium bicarbonate (5 mL) followed by pH 7 buffer (5 mL) and the aqueous layers extracted with ethyl acetate (2 x 5 mL). The combined organic layers were dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified using flash column chromatography (Et2O/PE (40-60) 2:1) to give title compound 1-187 (10.4 mg, 45% over 2 steps) as a colourless oil. 
Rf (Et2O/PE (40-60) 1:1) 0.16;
1H NMR (400 MHz, CDCl3)  9.77 (1H, t, J = 1.4, H25), 7.41-7.27 (5H, m, ArH), 4.82 (1H, d, J = 11.9, OCHH’Ar), 4.62 (1H, dd, J = 11.2, J = 2.3, H9), 4.57 (1H, d, J = 11.9, OCHH’Ar), 4.42-4.38 (1H, m, H11), 3.78 (1H, d, J = 11.0, H7), 3.59 (1H, d, J = 11.0, H7’), 3.28 (3H, s, BDA-OCH3), 2.79 (1H, dd, J = 17.6, J = 1.3, H24), 2.62 (1H, dd, J = 17.6, J = 1.9, H24’), 2.47 (1H, d, J = 2.2, H13), 1.76 (1H, dd, J = 10.6, J = 2.5, H10), 1.69 (1H, dd, J = 11.1, J = 2.6, H10’), 1.35 (3H, s, BDA-CCH3), 1.27 (3H, s, BDA-CCH3);
13C NMR (100 MHz, CDCl3)  198.1 (C25), 137.7 (Ar-ipso-C), 128.4 (Ar-ortho-C), 128.3 (Ar-meta-C), 127.6 (Ar-para-C), 106.8 (Cy), 98.2 (Cx), 83.0 (C12), 80.2 (C8), 74.8 (C9), 73.7 (C13), 70.6 (OCH2Ar), 67.4 (C7), 64.5 (C11), 48.5 (BDA-OCH3), 45.0 (C24), 38.7 (C10), 19.4 (BDA-CCH3), 17.9 (BDA-CCH3);
Found (+ESI): [M + Na]+ 397.1623, C21H26O6Na requires 397.1627;
max/cm-1 2927m (C-H stretch), 1723s (C=O), 1254m (C-H deformation), 1374m (C-H deformation);
[]D25 = +27.0 (c 0.08, CHCl3).



(1’R,4’S,5’S,7’S,2’’R)-2-[7’-(2’’-Benzyloxy-but-3’’-ynyl)-4’-methoxy-4’,5’-dimethyl-3’,6’,8’-trioxa-bicyclo[3.2.1]oct-1’-yl]-ethanol (1-188)
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To a solution of aldehyde 1-187 (8.00 mg, 0.02 mmol) in methanol (0.2 mL) was added sodium borohydride (3.80 mg, 0.10 mmol) in one portion and the resulting mixture was stirred for 4 h.  This mixture was quenched with a saturated aqueous solution of ammonium chloride solution (1 mL) and water (1 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 1 mL). The combined organic extracts were washed with brine (2 x 1 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 10:1) to give title compound 1-188 (7.50 mg, 95%) as a colourless oil. 
Rf (Et2O/PE (40-60) 10:1) 0.27;
1H NMR (600 MHz, CDCl3)  7.38-7.25 (5H, m, ArH), 4.81 (1H, d, J = 11.8, OCHH’Ar), 4.55 (1H, d, J = 11.8, OCHH’Ar), 4.45 (1H, dd, J = 11.4, J = 1.9, H9), 4.40-4.35 (1H, m, H11), 3.94 (1H, d, J = 11.2, H7), 3.79-3.69 (2H, m, H25), 3.35 (1H, d, J = 11.2, H7’), 3.25 (3H, s, BDA-OCH3), 2.45 (1H, d, J = 2.0, H13), 1.92-1.84 (2H, m, H10 and H24), 1.71-1.63 (2H, m, H10’ and H24’), 1.30 (3H, s, BDA-CCH3), 1.23 (3H, s, BDA-CCH3); 
13C NMR (150 MHz, CDCl3)  137.7 (Ar-ipso-C), 128.3 (Ar-ortho-C), 128.0 (Ar-meta-C), 127.7 (Ar-para-C), 106.7 (Cy), 98.0 (Cx), 83.1 (C12), 81.8 (C8), 75.5 (C9), 73.6 (C13), 70.9 (OCH2Ar), 67.3 (C7), 64.8 (C11), 58.4 (C25), 48.4 (BDA-OCH3), 39.3 (C10), 32.8 (C24), 19.5 (BDA-CCH3), 18.1 (BDA-CCH3);
Found (+ESI): [M + Na]+ 399.1801, C21H28O6Na requires 399.1784;
max/cm-1 3389br w (OH), 2926s (C-H stretch), 2855 (C-H stretch), 1729br m (Ar C=C), 1544m (C-H deformation), 1374m (C-H deformation);
[]D25 = +32.0 (c 0.10, CHCl3).

(Allyloxycarbonyl-cyclohexylmethyl-amino)-oxo-acetic acid ethyl ester (1-191)
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To a solution of cyclohexanemethanol 1-190 (8.00 mg, 0.07 mmol) in tetrahydrofuran (1 mL) was added allyloxycarbonylamino-oxo-acetic acid ethyl ester 1-179 (20.0 mg, 0.09 mL) followed by polymer-bound triphenylphosphine (matrix: polystyrene, loading: 1.2 mmol/g, 160 mg, 0.21 mmol) and diethyl azodicarboxylate (0.01 mL, 0.07 mmol). After stirring for 6 h, the polymer-bound triphenylphosphine was removed by vacuum filtration eluting with dichloromethane (4 mL) and isopropanol (4 mL). The organic phases were combined and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 5:1) to give title compound 1-191 (20.2 mg, 97%) as a colourless oil. 
Rf (Et2O/PE (40-60) 5:1) 0.63;
1H NMR (500 MHz, CDCl3)  6.00-5.87 (1H, m, CH2CH=CH2), 5.36 (1H, dd, J = 17.2, J = 1.3, Z-CH2CH=CHH), 5.31 (1H, dd, J = 10.4, J = 1.1, E-CH2CH=CHH), 4.71-4.70 (2H, m, CH2CH=CH2), 4.33 (2H, q, J = 7.2, CH2CH3), 3.57 (2H, d, J = 7.1, NCH2), 1.72-1.63 (6H, m), 1.35 (3H, t, J = 7.2, CH2CH3), 1.28-1.12 (3H, m), 0.98-0.91 (2H, m);
13C NMR (150 MHz, CDCl3)  163.6 (C=O), 161.8 (C=O), 153.5 (C=O), 130.6 (CH2CH=CH2), 119.8 (CH2CH=CH2), 68.1 (CH2CH=CH2), 62.3 (CH2CH3), 48.9 (NCH2), 36.8, 30.4, 25.8, 25.7, 13.8 (CH2CH3);
Found (+ESI): [M + Na]+ 320.1475, C15H23NO5Na requires 320.1474;
max/cm-1 2927m (C-H stretch), 2852w (C-H stretch), 1745s (C=O), 1704br s (C=O), 1649w (C=C), 1450w (C-H deformation), 1388w (C-H deformation).


(1’’’R,4’’’S,5’’’S,7’’’R,2’’’’R)-{Allyloxycarbonyl-[2’’-(7’’’-(2’’’’-benzyloxy-but-3-ynyl)-4’’’-hydroxy-4’’’,5’’’-dimethyl-3’’’,6’’’,8’’’-trioxa-bicyclo[3.2.1]oct-1’’’-yl)-ethyl]-amino}-oxo-acetic acid ethyl ester (1-124)
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In an analogous procedure to that described for alcohol 1-190, allyloxycarbonylamino-oxo-acetic acid ethyl ester 1-179 (10.1 mg, 0.05 mmol) followed by polymer-bound triphenylphosphine (matrix: polystyrene, loading: 1.20 mmol/g, 99.0 mg, 0.12 mmol) and diethyl azodicarboxylate (0.006 mL, 0.04 mmol) were added to a solution of alcohol 1-188 (15.0 mg, 0.04 mmol) in tetrahydrofuran (0.3 mL). After stirring for 6 h, the polymer-bound triphenylphosphine was removed by filtration eluting with dichloromethane (4 mL) and isopropanol (4 mL). The organic phases were combined and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give the intermediate fully protected primary amine.[footnoteRef:18]*  [18: * This amine was inseparable from the excess Mitsunobu reagent 1-179 and was therefore not characterized. ] 

In an analogous procedure to that described for alcohol 1-161, this amine was treated with a mixture of trifluoroacetic acid and water (2:1 v/v, 0.3 mL). This reaction was vigorously stirred for 25 min and the solvents were then removed in vacuo. The crude material was purified by flash column chromatography (Et2O/PE (40-60) 2:1) to give title compound 1-124 (19.2 mg, 92% over 2 steps) as a colourless oil. 
Rf (Et2O/PE (40-60) 2:1) 0.10;
1H NMR (600 MHz, CDCl3)  7.40-7.28 (5H, m, ArH), 5.95-5.91 (1H, m, CH2CH=CH2), 5.41 (1H, dd, J = 17.2, J = 1.2, Z-CH2CH=CHH’), 5.34 (1H, dd, J = 10.4, J = 0.9, E-CH2CH=CHH’), 4.83 (1H, d, J = 11.7, OCHH’Ar), 4.76-4.73 (2H, m, CH2CH=CH2), 4.57 (1H, d, J = 11.7, OCHH’Ar), 4.47 (1H, dd, J = 11.6, J = 2.0, H9), 4.40-4.38 (1H, m, H11), 4.33 (2H, q, J =7.2, CH2CH3), 4.19 (1H, d, J = 11.5, H7), 4.06-4.01 (1H, m, H25), 3.76-3.71 (1H, m, H25), 3.41 (1H, d, J = 11.5, H7’), 2.49 (1H, d, J = 2.1, H13), 1.99-1.95 (1H, m, H24), 1.91-1.87 (1H, m, H10), 1.68-1.62 (2H, m, H10’ and H24’), 1.36-1.35 (3H, m, CH2CH3), 1.34 (3H, s, CCH3), 1.31 (3H, s, CCH3); 
13C NMR (150 MHz, CDCl3)  163.2 (C=O), 161.4 (C=O), 152.7 (C=O), 137.6 (Ar-ipso-C), 130.3 (CH2CH=CH2), 128.4 (Ar-ortho-H), 128.0 (Ar-meta-H), 127.7 (Ar-para-H), 120.6 (CH2CH=CH2), 107.5 (Cy), 95.5 (Cx), 83.0 (C8), 81.5 (C12), 76.3 (C9), 73.7 (C13), 70.9 (OCH2Ar), 68.5 (CH2CH=CH2), 66.4 (C7), 64.6 (C11), 62.5 (CH2CH3), 39.0 (C10), 31.5 (C25), 28.3 (C24), 19.5 (CCH3), 17.8 (CCH3), 13.8 (CH2CH3);
Found (+ESI): [M + Na]+ 568.2164, C28H35NO10Na requires 568.2159;
max/cm-1 2924s (C-H stretch), 2853m (C-H stretch), 1747s (C=O), 1699m (C=O), 1651w (C=C), 1456m (C-H deformation), 1380s (C-H deformation);
[]D25 = +87.0 (c 0.01, CHCl3).



(2’S,4’R,5’R,2’’R)-(E)-3-{2’-Acetyl-4’-[2’’-(allyloxycarbonyl-ethoxyoxalyl-amino)-ethyl]-5’-[2’’-benzyloxy-but-3’’-ynyl]-2’-methyl-[1’,3’]dioxolan-4’-yl}-acrylic acid ethyl ester (1-193)
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In an analogous procedure described to that for hemiketal 1-168, pyridine (0.005 mL, 0.062 mmol) followed by a solution of hemiketal 1-124 (2.50 mg, 0.005 mmol) in dichloromethane (0.1 mL) was added to a suspension of Dess-Martin periodinane (3.00 mg, 0.007 mmol) in dichloromethane (0.1 mL). After stirring for 6 h, a saturated aqueous solution of sodium thiosulfate (0.5 mL) and ethyl acetate (0.5 mL) were then added and this mixture was stirred for 30 min. The aqueous layer was separated and extracted with dichloromethane (3 x 2 mL). The combined organic extracts were washed with a saturated aqueous solution of sodium bicarbonate (2 x 1 mL), brine (2 x 1 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (Et2O/PE (40-60) 4:1) to give the intermediate aldehyde,[footnoteRef:19]* which was azeotroped 5 times with toluene. [19: * This aldehyde existed mostly in its hydrated form (see Section 1/Chapter 3.8), which resulted in a complex mixture of NMR signals. It was therefore used without further characterisation. ] 

In an analogous procedure described to that for the synthesis of ester 1-170, (carbethoxymethylene)triphenylphosphorane (2.00 mg, 0.005 mmol) was added to a solution of this aldehyde in toluene and this reaction was heated at reflux for 2 h. The solvent was then removed in vacuo and the residue purified by flash column chromatography (hexane/Et2O 4:3) to give title compound 1-193 (1.03 mg, 41% over 2 steps) as a colourless oil.
Rf (Et2O/PE (40-60) 4:1) 0.20;
1H NMR (500 MHz, CDCl3)  7.41-7.28 (5H, m, ArH), 6.74 (1H, d, J = 15.7, H7), 6.21 (1H, d, J = 15.7, H6), 5.96-5.89 (1H, m, CH2CH=CH2), 5.39 (1H, dd, J = 17.1, J = 1.2, Z-CH2CH=CHH’), 5.33 (1H, dd, J = 10.3, J = 0.9, E-CH2CH=CHH’), 4.79 (1H, d, J = 11.5, OCHH’Ar), 4.73 (1H, dt, J = 6.1, J = 1.1, CH2CH=CH2), 4.71 (1H, dt, J = 6.1, J = 1.1, CH2CH=CH2), 4.52 (1H, d, J = 11.5, OCHH’Ar), 4.37-4.31 (3H, m, CH2CH3 and H11), 4.24-4.17 (2H, m, CH2CH3), 3.98 (1H, ddd, J = 13.8, J = 10.9, J = 5.3, H25), 3.84 (1H, dd, J = 9.5, J = 3.2, H9), 3.67-3.63 (1H, m, H25), 2.51 (1H, d, J = 2.0, H13), 2.12 (3H, s, CH3CO), 2.00-1.94 (4H, m, H10, H10’, H24 and H24’), 1.55 (3H, s, CCH3), 1.35 (3H, t, J = 7.1, CH2CH3), 1.59 (3H, t, J = 3.0, CH2CH3);
13C NMR (125 MHz, CDCl3)  205.9 (Cy), 166.0 (C=O), 163.2 (C=O), 161.4 (C=O), 152.7 (C=O), 144.4 (C7), 137.1 (Ar-ipso-C), 130.4 (CH2CH=CH2), 128.4 (Ar-ortho-C), 128.3 (Ar-meta-C), 127.9 (Ar-para-C), 123.1 (C6), 120.6 (CH2CH=CH2), 107.8 (Cx), 83.5 (C8), 79.7 (C12), 76.1 (C9), 74.4 (C13), 71.0 (OCH2Ar), 68.5 (CH2CH=CH2), 65.8 (C11), 62.4 (CH2CH3), 60.7 (CH2CH3), 38.7 (C25), 34.7 (C10), 31.9 (C24), 24.5 (CH3CO), 22.6 (CH3C), 14.2 (CH2CH3), 14.1 (CH2CH3);
Found (+ESI): [M + Na]+ 636.2386, C32H39O11NNa requires 636.2415;
max/cm-1 2916m (C-H stretch), 1733s (C=O), 1456w (C-H deformation), 1370w (C-H deformation);
[]D25 = –2.35 (c 0.09, CDCl3).



Hex-5-enoic acid methoxy-methyl amide (1-206)68
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To a solution of N,O-dimethylhydroxylamine hydrochloride (10.3 g, 105 mmol) and 4-dimethylaminopyridine (1.07 g, 8.70 mmol) in dichloromethane (200 mL) was added 5-hexenoic acid (10.4 mL, 87.6 mmol) followed by diisopropylethylamine (15.9 mL, 114 mmol). This solution was cooled to 0 C and 1,3-diisopropylcarbodiimide (17.8 mL, 113 mmol) was added slowly. The reaction mixture was stirred for 4 h, then quenched by addition of a saturated aqueous solution of ammonium chloride (20 mL) and diluted with diethyl ether (20 mL). The phases were separated and the organic phase was washed with water (20 mL) and brine (20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 2:1) to give title compound 1-206 (11.6 g, 85%) as a colourless oil.
Rf (Et2O/PE (40-60) 2:1) 0.35;
1H NMR (400 MHz, CDCl3)  5.85-5.76 (1H, ddt, J = 7.2, J = 10.2, J = 6.6, H16), 5.07-5.01 (1H, ddt, J = 17.2, J = 1.7, J = 1.7, Z-H15), 5.00-4.97 (1H, m, E-H15), 3.68 (3H, s, NOCH3), 3.18 (3H, s, NCH3), 2.44 (2H, t, J = 7.6, H19), 2.15-2.09 (2H, m, H21), 1.78-1.72 (2H, m, H20);
13C NMR (100 MHz, CDCl3)  174.5 (C18), 138.1 (C16), 115.0 (C15), 61.2 (NOCH3), 33.2 (C21), 32.1 (NCH3), 31.1 (C19) 23.6 (C20); spectra consistent with known data.68



1-Chloro-hept-6-en-2-one (1-207)68
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Chloroiodomethane (3.57 mL, 49.1 mmol) was added to a solution of Weinreb amide 1-206 (3.00 g, 19.1 mmol) in diethyl ether (100 mL). This solution was cooled to –78 C and methyllithium (1.60 M in diethyl ether, 24.6 mL, 39.4 mmol) was added dropwise under vigorous stirring over a period of 50 min. The reaction mixture was stirred for another 10 min, then quenched at –78 C with a saturated aqueous solution of ammonium chloride (50 mL) and diluted with diethyl ether (50 mL). The aqueous layer was separated and extracted with diethyl ether (3 x 10 mL). The combined organic extracts were washed with a saturated aqueous solution of ammonium chloride (20 mL) and brine (20 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (40-60)/Et2O 9:1) to give title compound 1-207 (2.54 g, 91%) as a colourless oil. 
Rf (Et2O/PE (40-60) 2:1) 0.72;
1H NMR (400 MHz, CDCl3)  5.95-5.70 (1H, m, H16), 5.04-4.98 (2H, m, H15) 4.06 (2H, s, H17), 2.61-2.57, (2H, t, J = 7.2, H19), 2.12-2.06 (2H, m, H21), 1.77-1.70 (2H, m, H20); 
13C NMR (100 MHz, CDCl3)  202.5 (C18), 137.5 (C16), 115.6 (C15), 48.2 (C17), 38.7 (C19), 32.8 (C21), 22.5 (C20); spectra consistent with known data.68



(E)-8-Chloro-7-oxo-oct-2-enoic acid tert-butyl ester (1-196)68
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To a solution of -chloroketone 1-207 (1.30 g, 8.90 mmol) in dichloromethane (30 mL) was added tert-butyl acrylate (2.60 mL, 17.7 mmol) followed by Grubbs 2nd generation catalyst (500 mg, 0.59 mmol) at 40 C and the resulting solution was heated at reflux for 12 h. The mixture was concentrated in vacuo and the crude product was purified by flash column chromatography (Et2O/PE (40-60) 1:1) to give title compound 1-196 (1.71 g, 78%) as a colourless oil. 
Rf (Et2O/PE (40-60) 3:1) 0.76;
1H NMR (400 MHz, CDCl3)  6.83-6.76 (1H, dt, J  = 15.6, J = 6.9, H16), 5.76 (1H, d, J = 15.6, H15), 4.05 (2H, s, H17), 2.62 (2H, t, J = 7.3, H19), 2.24-2.18 (2H, dt, J = 7.3, J = 6.9, H21), 1.83-1.76 (2H, tt, J = 7.3, J = 7.3, H20) 1.48 (9H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3)  202.5 (C18), 166.2 (C14), 146.6 (C16), 124.4 (C15), 80.7 (C(CH3)3), 48.5 (C17), 39.1 (C19), 31.4 (C21), 28.5 (C(CH3)3), 22.2 (C20); spectra consistent with known data.68



2-Oxo-bicyclo[4.1.0]heptane-7-carboxylic acid tert-butyl-ester (1-122)68
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To a solution of ester 1-196 (400 mg, 1.62 mmol) in acetonitrile (8.5 mL) was added a solution of 1,4-diazabicyclo[2.2.2]octane (35.9 mg, 0.32 mmol) in acetonitrile (8.5 mL) followed by anhydrous sodium carbonate (224 mg, 2.11 mmol).  The reaction mixture was heated at reflux for 11 h, then cooled to 0 C and quenched with a saturated aqueous solution of ammonium chloride (5 mL) and diluted with diethyl ether (5 mL). The aqueous phase was separated and extracted with ethyl acetate (3 x 5 mL). The combined organic phases were washed with a saturated aqueous solution of ammonium chloride (10 mL) and brine (10 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (30-40)/Et2O 2:1) to give title compound 1-122 (136 mg, 48%) as a colourless oil.
Rf (Et2O/PE (40-60) 1:1) 0.32; 
1H NMR (400 MHz, CDCl3)  2.28 (1H, adt, J = 18.1, J = 4.7, H19), 2.21-2.16 (2H, m), 2.11-1.99 (3H, m), 1.96-1.87 (1H, m), 1.78-1.68 (1H, m), 1.63-1.51 (1H, m), 1.42 (9H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3) 205.7 (C18), 170.2 (C14), 81.4 (C(CH3)3), 37.0, 33.5, 28.0 (C(CH3)3), 24.8, 24.5, 20.5, 18.3; spectra consistent with known data.68



(3’-Oxo-cyclohexyl)-acetic acid tert-butyl ester (1-195)
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Samarium diiodide (0.10 M in tetrahydrofuran, 14.3 mL, 1.43 mmol) was added to a degassed solution of cyclopropane 1-122 (100 mg, 0.48 mmol) in tetrahydrofuran (1.34 mL) and methanol (0.26 mL). The mixture was stirred for 15 min, then quenched by addition of a saturated aqueous solution of sodium bicarbonate (1 mL) and diluted with diethyl ether (2 mL). The aqueous phase was separated and extracted with diethyl ether (3 x 2 mL). The combined organic phases were washed with a saturated aqueous solution of sodium bicarbonate (2 mL) and water (2 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (30-40)/Et2O 2:1) to give title compound 1-195 (79 mg, 78%) as a colourless oil.
Rf (PE (40-60)/Et2O 2:1) 0.18;
1H NMR (100 MHz, CDCl3)  2.45-2.41(1H, m, H17), 2.38-2.35 (1H, m, H19), 2.27-2.18 (4H, m, 2 x H15, H16 and H19), 2.09-2.01 (2H, m, H17 and H20), 1.94-1.91 (1H, m, H21), 1.73-1.62 (1H, m, H20), 1.43 (9H, m, C(CH3)3), 1.41-1.38 (1H, m, H21);  
13C NMR (125 MHz, CDCl3)  210.7 (C18), 171.1 (C14), 80.7 (C(CH3)), 47.5 (C17), 42.3 (C19), 41.1 (C15), 35.7 (C16), 30.8 (C21), 28.1 (C(CH3)), 28.0 (C(CH3)), 24.9 (C20);
Found (+ESI): [M + Na]+ 235.1311, C12H30O5Na requires 235.1310;
max/cm-1 2928m (C-H stretch), 1716s (C=O), 1367w (C-H deformation).



(3’-Hydroxy-cyclohexyl)-acetic acid tert-butyl ester (1-211)
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Lithium aluminium hydride (1.00 M in tetrahydrofuran, 0.56 mL, 0.56 mmol) was added to a solution of ketone 1-195 (40 mg, 0.19 mmol) in tetrahydrofuran (0.8 mL) at –78 C. The reaction mixture was stirred at  –78 C for 3 h and then quenched by addition of water (8 mL) and a saturated aqueous solution of sodium potassium tartrate (8 mL). This mixture was stirred for 3 h and then diluted with diethyl ether (5 mL). The aqueous phase was separated and extracted with diethyl ether (3 x 2 mL). The combined organic phases were washed with water (10 mL) and brine (10 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (30-40)/Et2O 3.5:1  2:1) to give title compound 1-211 (37.0 mg, 82%) as a colourless oil. 
Rf (Et2O/PE (40-60) 1:1) 0.13;
1H NMR (400 MHz, CDCl3)  3.61 (1H, tt, J = 10.9, J = 4.2, H18), 2.15 (2H, dd, J = 7.1, J = 2.4, H15), 2.04-1.96 (2H, m), 1.88-1.66 (3H, m), 1.45 (9H, s, C(CH3)3), 1.35-1.25 (2H, m), 1.16-1.06 (1H, m), 0.91-0.81 (2H, m);
13C NMR (100 MHz, CDCl3)  172.1 (C=O), 80.2 (C(CH3)3), 70.4 (C18), 42.8, 42.1, 35.9, 33.6 (C16), 30.3, 28.1 (C(CH3)3), 23.7;
Found (+ESI): [M + Na]+ 237.1462, C12H22O5Na requires 237.2910;
max/cm-1 3393br m (OH), 2929s (C-H stretch), 2856w (C-H stretch), 1729s (C=O), 1451m (C-H deformation), 1368s (C-H deformation). 
 
 

[3’-(tert-Butyl-dimethyl-silanyloxy)-cyclohexyl]-acetic acid tert-butyl ester (1-213)

[image: ]

To a solution of alcohol 1-211 (173 mg, 0.81 mmol) in tetrahydrofuran (10 mL) was added imidazole (296 mg, 37.0 mmol) followed by tert-butyldimethylsilyl chloride (123 mg, 0.81 mmol). The reaction mixture was stirred for 15 h, then quenched by addition of a saturated aqueous solution of sodium bicarbonate (10 mL) and water (10 mL) and diluted with diethyl ether (10 mL). The aqueous phase was separated and extracted with diethyl ether (3 x 5 mL). The combined organic phases were washed with water (10 mL) and brine (10 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was used without further purification.  
Lithium aluminium hydride (1.00 M in tetrahydrofuran, 2.5 mL, 2.5 mmol) was added to a solution of the crude ester in tetrahydrofuran (10 mL) at  –78 C. This mixture was warmed to room temperature and stirred for 12 h. The reaction mixture was then quenched by addition of water (10 mL) and a saturated aqueous solution of sodium potassium tartrate (10 mL), stirred for 12 h and then diluted with diethyl ether (10 mL). The aqueous phase was separated and extracted with diethyl ether (3 x 5 mL). The combined organic phases were washed with water (10 mL) and brine (10 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (PE (30-40)/Et2O 2:1) to give title compound 1-213 (178 mg, 85% over 2 steps) as a colourless oil.
Rf (Et2O/PE (40-60) 1:1) 0.32;
1H NMR (400 MHz, CDCl3)  3.69 (2H, t, J = 6.3, H14), 3.58-3.50 (1H, m, H18), 1.89-1.83 (2H, m), 1.76-1.71 (1H, m), 1.66-1.62 (1H, m), 1.52-1.48 (3H, m), 1.29-1.16 (4H, m), 0.98 (1H, q, J = 11.6), 0.88 (9H, s, SiC(CH3)3), 0.87-0.72 (1H, m), 0.05 (6H, s, Si(CH3)2);
13C NMR (100 MHz, CDCl3)  71.4 (C18), 60.7 (C14), 43.0, 39.9, 36.1, 33.1 (C16), 32.0, 25.9 (SiC(CH3)3), 24.1, 18.2 (SiC(CH3)3), –4.5 (Si(CH3)2);
Found (+ESI): [M + Na]+ 281.1894, C14H30O2SiNa requires 281.1913;
max/cm-1 3330w (OH), 2926s (C-H stretch), 2856m (C-H stretch), 1449w (C-H deformation), 1360w (C-H deformation). 


 

[3’-(tert-Butyl-dimethyl-silanyloxy)-cyclohexyl]-acetaldehyde (1-214)
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Dess-Martin periodinane (483 mg, 1.14 mmol) was added to a solution of alcohol 1-213 (50 mg, 0.19 mmol) in pyridine (0.51 mL, 6.31 mmol) and dichloromethane (5 mL) at 0 C. The reaction mixture was warmed to room temperature and then stirred for 2 h. A saturated aqueous solution of sodium thiosulfate (2 mL) and ethyl acetate (1 mL) were then added and this mixture was stirred for 30 min. The aqueous phase was separated and extracted with diethyl ether (3 x 5 mL). The combined organic phases were washed with a saturated aqueous solution of sodium bicarbonate (2 x 2 mL) and brine (2 x 2 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The residue was purified by flash column chromatography (neat PE (30-40)  PE (30-40)/Et2O 9:1) to give title compound 1-214 (28.2 mg, 50%) as a colourless oil.
Rf (Et2O/PE (40-60) 1:1) 0.70;
1H NMR (400 MHz, CDCl3)  9.76 (1H, t, J = 2.1, H14), 3.62-3.55 (1H, m, H18), 2.36-2.33 (2H, m, H15), 1.98-1.84 (4H, m), 1.80-1.72 (3H, m), 0.96-0.86 (10H, m, C(CH3)3 and 1 x cy), 0.05 (6H, s, Si(CH3)2); 
13C NMR (100 MHz, CDCl3)  202.2 (C14), 70.7 (C18), 50.9 (C15), 42.3, 37.2, 33.6 (C16), 31.6, 25.9 (Si(C(CH3)3), 23.6, 18.1 (Si(C(CH3)3), –4.6 (Si(CH3)2);
Found (+ESI): [M + Na]+ 279.1743, C14H28O2SiNa requires 297.1756;   
max/cm-1 2929m (C-H stretch), 2857m (C-H stretch), 1786m (C=O), 1472w (C-H stretch).


Towards Leustroducsin B		Experimental
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General Procedure I (GP I): Coupling of an Aryl Bromide with Phenylboronic Acid
A 20 mL tube was charged with phenylboronic acid 2-1 (180 mg, 1.50 mmol), the aryl bromide (1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.

General Procedure II (GP II): Coupling of an Aryl Bromide and Phenylboronic Acid in the Presence of Tetrabutylammonium Bromide
A 20 mL tube was charged with phenylboronic acid 2-1 (180 mg, 1.50 mmol), the aryl bromide (1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol), tetrabutylammonium bromide (350 mg, 1.10 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.


General Procedure III (GP III): Coupling of an Aryl Iodide with a Boronic Acid
A 20 mL tube was charged with the boronic acid (1.50 mmol), the aryl iodide (1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.

General Procedure IV (GP IV): Coupling of an Aryl Iodide and a Boronic Acid in the Presence of Tetrabutylammonium Bromide 
A 20 mL tube was charged with the boronic acid (1.50 mmol), the aryl iodide (1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol), tetrabutylammonium bromide (350 mg, 1.10 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.

General Procedure V (GP V): Coupling of an Aryl Chloride with Phenylboronic Acid 
A Smith Process Vial™ was charged with phenylboronic acid 2-1 (45.0 mg, 0.33 mmol), the aryl chloride (0.25 mmol), LaFe0.57Co0.38Pd0.05O3 (0.05 mg, 0.80 mol%, 0.05 mol% Pd), sodium carbonate (100 mg, 0.75 mmol) and water/isopropanol (1:1 v/v, 3 mL). The vial was sealed and heated under microwave irradiation in a Personal Chemistry Smith Synthesizer™ at 135 C for 1 h. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.

General Procedure VI (GP VI): Coupling of an Aryl Iodide or Bromide with 2-Phenyl-1,3,2-dioxaborinane
A 20 mL tube was charged with 2-phenyl-1,3,2-dioxaborinane 2-24 (0.21 mL, 1.40 mmol), the aryl halide (0.80 mmol), LaFe0.57Co0.38Pd0.05O3 (8.00 mg, 3.50 mol%, 0.18 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was then stirred at 80 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.

General Procedure VII (GP VII): Coupling of an Aryl Iodide or Bromide with Trimethyl(phenyl)tin
A 20 mL tube was charged with trimethyl(phenyl)tin 2-17 (0.26 mL, 2.00 mmol), the aryl halide (1.30 mmol), LaFe0.57Co0.38Pd0.05O3 (8.00 mg, 2.50 mol%, 0.13 mol% Pd),  potassium carbonate (0.50 mg, 3.50 mmol) and water (5 mL). The mixture was then stirred at 100 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organics were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude residue that was purified by flash column chromatography.

General Procedure VIII (GP VIII): Coupling of an Aryl Iodide or Bromide with tert-Butyl Acrylate
A 20 mL tube was charged with tert-butyl acrylate 2-28 (0.20 mL, 1.40 mmol), the aryl halide (1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (8.00 mg, 3.50 mol%, 0.18 mol% Pd), tetrabutylammonium acetate (1.00 g, 3.00 mmol) and isopropanol (5 mL), and the mixture was stirred at 100 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with diethyl ether (10 mL), and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL), the aqueous layer separated and extracted with diethyl ether (10 mL). The combined organic layers were dried over magnesium sulfate, filtered and concentrated in vacuo to give a residue that was purified by flash column chromatography.
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Synthesized Compounds 

4-Nitrobiphenyl (2-32)197
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Method 1:
Prepared according to GP I with 1-bromo-4-nitrobenzene (0.20 g, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/EtOAc 5:1) gave title compound 2-32 as a light yellow solid (183 mg, 92%).
Method 2:
Prepared according to GP II with 1-bromo-4-nitrobenzene (0.20 g, 1.00 mmol), phenylboronic acid 2-1 (180 mg, 1.50 mmol) and tetrabutylammonium bromide (350 mg, 1.10 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/EtOAc 5:1) gave title compound title compound 2-32 as a light yellow solid (189 mg, 95%).
Method 3:
Prepared according to GP V with 1-chloro-4-nitrobenzene 2-22 (0.03 mL, 0.25 mmol) and phenylboronic acid 2-1 (45.0 mg, 0.33 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 5:1) gave title compound 2-32 as a light yellow solid (141 mg, 71%).
Rf (PE (40-60)/Et2O 9:1) 0.28; 
1H NMR (400 MHz, CDCl3)  8.29 (2H, d, J = 8.8, H3), 7.73 (2H, d, J = 8.8, H2), 7.63 (2H, d, J = 7.2, H2’), 7.52-7.43 (3H, m, H3’, H4’); 
13C NMR (100 MHz, CDCl3)  [147.6, 147.1 and 138.8 (C1, C4, C1’)], [129.2, 128.9, 127.8, 127.4 and 124.1 (C2, C3, C2’, C3’, C4’)]; spectra consistent with known data.197


4-Fluorobiphenyl (2-33)197
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Method 1: 
Prepared according to GP I with 1-bromo-4-fluorobenzene 2-25 (0.11 mL, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-33 as a white solid (150 mg, 91%).
Method 2:
Prepared according to GP III with 1-bromo-4-fluorobenzene 2-25 (0.11 mL, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-33 as a white solid (154 mg, 90%).
Method 3:
Prepared according to GP VI with 1-fluoro-4-iodobenzene 2-25 (0.11 mL, 0.80 mmol) and 2-phenyl-1,3,2-dioxaborinane 2-24 (0.21 mL, 1.40 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-33 as a white solid (129 mg, 94%).
Method 4:
Prepared according to GP VI using 1-bromo-4-fluorobenzene (0.09 mL, 0.80 mmol) and 2-phenyl-1,3,2-dioxaborinane 2-24 (0.21 mL, 1.40 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-33 as a white solid (129 mg, 94%).
Method 5:
Prepared according to GP VII with 1-fluoro-4-iodobenzene 2-25 (0.15 mL, 1.30 mmol) and trimethyl(phenyl)tin 2-27 (0.26 mL, 2.00 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-33 as a white solid (215 mg, 96%).
Method 6:
Prepared according to GP VII using 1-bromo-4-fluorobenzene (367 mg, 1.30 mmol) and trimethyl(phenyl)tin 2-27 (0.26 mL, 2.00 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-33 as a white solid (208 mg, 93%).
Rf (PE (40-60)) 0.31; 
1H NMR (400 MHz, CDCl3)  7.59-7.55 (4H, m, H2, H2’), 7.46 (2H, t, J = 7.3, H3’), 7.37 (1H, t, J = 7.3, H4’), 7.15 (2H, t, J = 8.7, H3); 
13C NMR (100 MHz, CDCl3)  162.5 (d, 1JC, F = 244.7, C4), [140.3 and 137.4 (C1, C1’)], [128.8, 128.7, 128.6 and 127.0 (C2, C2’, C3’, C4’)], 115.6 (d, 2JC,F = 21.2, C3); spectra consistent with known data.197



4-Trifluoromethylbiphenyl (2-34)198
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Method 1:
Prepared according to GP I with 4-bromobenzotrifluoride (0.14 mL, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-34 as a light yellow solid (204 mg, 92%).
Method 2:
Prepared according to GP III with 4-iodobenzotrifluoride (0.15 mL, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-34 as a light yellow solid (204 mg, 92%).
Rf (PE (40-60)/EtOAc 9:1) 0.34; 
1H NMR (400 MHz, CDCl3)  7.75-7.70 (4H, m, H2, H2’), 7.63 (2H, d, J = 7.3, H3), 7.51 (2H, t, J = 7.1, H3’), 7.44 (1H, t, J = 7.3, H4’); 
13C NMR (100 MHz, CDCl3)   [144.8 and 139.8 (C1, C1’)], 129.4 (q, 2JC,F = 32.5, C4), [129.0, 128.2, 127.4 and 127.3 (C2, C2’, C3’, C4’)], 125.7 (q, 3JC,F = 3.7, C3), 124.3 (q, 1JC,F = 271.9, CF3); spectra consistent with known data.198



3-Phenylpyridine (2-35)199
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Prepared according to GP I with 3-bromopyridine (0.10 mL, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 7:1) gave title compound 2-35 as a white solid (132 mg, 85%).
Rf (PE (40-60)/Et2O 8:1) 0.42; 
1H NMR (400 MHz, CDCl3)  8.86 (1H, d, J = 1.8, H2), 8.60 (1H, dd, J = 4.7, J = 1.2, H6), 7.87 (1H, dt, J  = 7.8, J = 1.9, H4), 7.58 (2H, d, J = 7.3, H2’), 7.48 (2H, t, J = 7.2, H5), 7.42-7.34 (2H, m, H3’, H4’); 
13C NMR (100 MHz, CDCl3)   [148.9 and 148.8 (C2, C6)], [138.3 and 137.0 (C3, C1’)], 133.7 (C4), 129.5 (C5), [128.5, 127.6 and 123.9 (C2’, C3’, C4’)]; spectra consistent with known data.199



4-Methoxy-4’-trifluoromethylbiphenyl (2-36)
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Prepared according to GP I with 4-bromoanisole 2-16 (0.13 mL, 1.00 mmol, 1.50 mmol) and 4-(trifluoromethoxy)phenylboronic acid (309 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-36 as a white solid (255 mg, 95%).
mp 128-131 C; 
Rf (PE (40-60)/EtOAc 9:1) 0.33; 
1H NMR (400 MHz, CDCl3)  7.55 (2H, d, J = 8.6, H3’), 7.50 (2H, d, J = 8.6, H2’), 7.27 (2H, d, J = 8.1, H2), 6.99 (2H, d, J = 8.6, H3), 3.86 (3H, s, OCH3); 
13C NMR (100 MHz, CDCl3)   [159.5 and 148.2 (C4, C4’)], [148.2 and 139.6 (C1, C1’)], [132.6 and 132.4 (C2, C2’)], 121.8 (q, 2JC,F = 190.1), [114.3 and 114.2 (C3, C3’)], 55.3 (OCH3); 
Found (EI): [M]+ 268.0725, C14H11F3O2 requires 268.0711; 
max/cm-1 3025w (Ar-H), 2845w (-OCH3), 1605m (Ar C=C), 1572w (Ar C=C), 1531w (Ar C=C).



3,4,5,4’-Tetramethoxybiphenyl (2-37)
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Method 1:
Prepared according to GP I with 4-bromoanisole 2-16 (0.13 mL, 1.00 mmol, 1.50 mmol) and 3,4,5-trimethoxybenzeneboronic acid (318 mg, 1.50 mmol). Purification by flash column chromatography (PE (40-60)/Et2O 9:1) gave title compound 2-37 as a light yellow solid (164 mg, 60%).
Method 2:
Prepared according to GP II with 4-bromoanisole 2-16 (0.13 mL, 1.00 mmol, 1.50 mmol), 3,4,5-trimethoxybenzeneboronic acid (318 mg, 1.50 mmol) and tetrabutylammonium bromide (350 mg, 1.10 mmol). Purification by flash column chromatography (PE (40-60)/Et2O 9:1) gave title compound 2-37 as a light yellow solid (254 mg, 93%).
mp 77-79 C; 
Rf (PE (40-60)/EtOAc 9:1) 0.05; 
1H NMR (400 MHz, CDCl3)  7.48 (2H, d, J = 8.7, H2’), 6.97 (2H, d, J = 8.7, H3’), 6.74 (2H, s, H2), 3.92 (6H, s, (C3)OCH3), 3.89 (3H, s, (C4)OCH3), 3.85 (3H, s (C4’)OCH3); 13C NMR (100 MHz, CDCl3)   [159.2, 153.4, 137.3, 136.9 and 133.9 (C1, C3, C4, C1’, C4’)], [128.1, 114.2 and 104.2 (C2, C2’, C3’)], [60.9, 56.2 and 55.4 (4  OCH3)]; 
Found (+ESI): [M + Na]+ 297.1095, C12H18O4Na requires 297.1105; 
max/cm-1 2933w (Ar-H), 2835w (-OCH3), 1586m (C=C), 1569m (Ar C=C). 



4-Methoxybiphenyl (2-38)200
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Method 1:
Prepared according to GP I with 4-bromoanisole 2-16 (0.13 mL, 1.00 mmol, 1.50 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-38 as a white solid (175 mg, 95%).
Method 2:
Prepared according to GP III with 4-iodoanisole 2-16 (234 mg, 1.00 mmol, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-38 as a white solid (169 mg, 92%).
Method 3:
Prepared according to GP V with 4-chloroanisole (0.03 mL, 0.25 mmol) and phenylboronic acid 2-1 (45.0 mg, 0.33 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-38 as a white solid (12.2 mg, 26%).
Method 4:
Prepared according to GP VI with 4-bromoanisole 2-16 (0.10 mL, 0.80 mmol) and 2-phenyl-1,3,2-dioxaborinane 2-24 (0.21 mL, 1.40 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-38 as a white solid (128 mg, 87%).
Method 5:
Prepared according to GP VII with 4-iodoanisole (304 mg, 1.30 mmol) and trimethyl(phenyl)tin 2-27 (0.26 mL, 2.00 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-38 as a white solid (225 mg, 94%).
Method 6:
Prepared according to GP VI using 4-bromoanisole 2-16 (0.16 mL, 1.30 mmol) and trimethyl(phenyl)tin 2-27 (0.21 mL, 1.40 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-38 as a white solid (218 mg, 91%).
Rf (PE (40-60)/EtOAc 9:1) 0.4; 
1H NMR (400 MHz, CDCl3)  7.59-7.55 (4H, m, H2, H2’), 7.45 (2H, t, J = 7.5, H3’), 7.33 (1H, t, J = 7.4, H4’), 7.01 (2H, d, J = 8.8, H3), 3.87 (3H, s, OCH3); 
13C NMR (100 MHz, CDCl3)   159.2 (C4), [140.9 and 133.8 (C1, C1’)], [128.7, 128.2, 126.8, 126.7 and 114.2 (C2, C3, C2’, C3’, C4’)], 55.3 (OCH3); spectra consistent with known data.200



2-Phenylthiophene (2-39)201

[image: ]

Method 1:
Prepared according to GP III with 2-iodothiophene (0.11 mL, 1.00 mmol) and phenylboronic acid 2-1 (180 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-39 as a light yellow solid (97.6 mg, 61%).
Method 2:
Prepared according to GP IV with 2-iodothiophene (0.14 mL, 1.30 mmol) and trimethyl(phenyl)tin 2-27 (0.21 mL, 1.40 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-39 as a light yellow solid (142 mg, 89%).
Rf (PE (40-60)) 0.29; 
1H NMR (400 MHz, CDCl3)  7.65 (2H, d, J = 7.3, H2’), 7.41 (2H, t, J = 7.4, H3’), 7.34 (1H, t, J = 3.5, H4’), 7.31-7.30 (2H, m, H3, H5), 7.11 (1H, dd, J = 5.0, J = 3.7, H4); 
13C NMR (100 MHz, CDCl3)   [144.5 and 124.5 (C2, C1’)], [128.9, 128.0, 127.5, 126.0, 124.8 and 123.1 (C3, C4, C5, C2’, C3’, C4’)]; spectra consistent with known data.201



(E)-1-(4’-Methoxyphenyl)-2-phenylethene (2-40)202

[image: ]

Prepared according to GP III with 4-iodoanisole (234 mg, 1.00 mmol) and trans-2-(4-methylphenyl)vinylboronic acid (243 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 9:1) gave title compound 2-40 as a light yellow solid (193 mg, 92%).
Rf (PE (40-60)/Et2O 9:1) 0.10; 
1H NMR (400 MHz, CDCl3)  7.66-7.47 (4H, m, H3’, H2’’), 7.37 (2H, t, J = 7.3, H3’’), 7.26 (1H, t, J = 7.0, H4’’), 7.09 (1H, d, J = 16.3, H1), 7.01 (1H, d, J = 16.3, H2), 6.93 (2H, d, J = 8.5, H3’), 3.85 (3H, s, OCH3); 
13C NMR (100 MHz, CDCl3)   159.4 (C4’), 137.7 (C1’), 130.2 (C1), [128.7, 128.3, 129.2, 126.7, 126.3 and 114.2 (C1, C2, C2’, C3’, C2’’, C3’’, C4’’)], 55.3; spectra consistent with known data.202



1-Benzenesulfonyl-3-(4-methoxy-phenyl)-1H-indole (2-41)

[image: ]

Method 1:
Prepared according to GP III with 4-iodoanisole (234 mg, 1.00 mmol) and 1-(phenylsulfonyl)-3-indoleneboronic acid (452 mg, 1.50 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 7:1) gave title compound 2-41 as a yellow solid (254 mg, 70%).
Method 2:
Prepared according to GP IV with 4-iodoanisole (234 mg, 1.00 mmol), 1-(phenylsulfonyl)-3-indoleneboronic acid (452 mg, 1.50 mmol) and tetrabutylammonium bromide (350 mg, 1.10 mmol). Purification by flash column chromatography (neat PE (40-60)  PE (40-60)/Et2O 7:1) gave title compound 2-41 as a yellow solid (254 mg, 70%).
mp 122-123 C; 
Rf (PE (40-60)/Et2O 8:1) 0.12; 
1H NMR (400 MHz, CDCl3)  8.07 (1H, d, J = 8.3, H7), 7.92 (2H, d, J = 7.5, H2’’), 7.75 (1H, d, J = 7.9, H4), 7.64 (1H, s, H2), 7.55-7.52 (3H, m, H4’’, H2’), 7.44 (2H, t, J = 8.0, H3’’), 7.37 (1H, t, J = 7.3, H4’), 7.29 (1H, t, J = 7.3, H6), 7.01 (2H, d, J = 8.7, H5), 3.87 (3H, s, OCH3); 
13C NMR (100 MHz, CDCl3)  159.2 (C4’), 138.3 (C1’’), 135.6 (C7a), 122.3 (C3a), [133.8, 129.6, 129.3, 129.1, 126.8, 125.4, 124.9, 123.9, 123.6, 120.4, 114.4 and 113.8 (ArC)], 55.4 (OCH3); 
Found (+ESI): [M + Na]+ 386.0827, C21H17NO3SNa requires 386.0829; 
max/cm-1 3122w (Ar-H), 2832w (-OCH3), 1587w (Ar C=C), 1560w (Ar C=C), 1507m (Ar C=C), 1173 (-SO2). 

4-Methylbiphenyl (2-42)197

[image: ]

Prepared according to GP V with 4-chlorotoluene (0.03 mL, 0.25 mmol) and phenylboronic acid 2-1 (45.0 mg, 0.33 mmol). Purification by flash column chromatography (neat PE (40-60)) gave title compound 2-42 as a white solid (21.4 mg, 51%).
Rf (PE (40-60)) 0.24; 
1H NMR (400 MHz, CDCl3)  7.60 (2H, d, J = 7.4, H2’), 7.51 (2H, d, J = 8.0, H2), 7.44 (2H, t, J  = 7.4, H3’), 7.34 (1H, t, J = 7.4, H4’, H4), 7.27 (2H, d, J = 7.4), 2.41 (3H, s, CH3); 
13C NMR (100 MHz, CDCl3)   [141.2, 138.4 and 137.0 (C1, C4, C1’)], [129.5, 118.7, 127.0 and 127.0, 126.9 (C2, C3, C2’, C3’, C4’)], 21.1 (CH3); spectra consistent with known data.197 



(Biphenyl-4’-yl)ethanone (2-43)197

[image: ]

Prepared according to GP VII with 4’-bromoacetophenone (0.17 mL, 1.30 mmol) and trimethyl(phenyl)tin 2-27 (0.26 mL, 2.0 mmol). Purification by flash column chromatography (PE (40-60)/Et2O 9:1) gave title compound 2-43 as a white solid (127 mg, 50%).
Rf (PE (40-60)) 0.30; 
1H NMR (400 MHz, CDCl3)  8.04 (2H, td, J = 8.6, J = 1.9, H4’), 7.69 (2H, td, J = 8.6, J = 1.9, H3’), 7.63 (2H, m, H2”), 7.49-7.45 (2H, m, H3’’), 7.40 (1H, tt, J = 7.2, J = 1.3, H4’’), 2.54 (3H, s, CH3); 
13C NMR (100 MHz, CDCl3)  197.7 (C1), [145.8, 139.9 and 135.9 (C1’, C4’, C1’’)], [128.9, 128.9, 128.2, 127.3 and 127.2 (C2’, C3’, C2’’, C3’’, C4’’)], 26.6 (C2); spectra consistent with known data.197



(E)-3-(4’-Fluorophenyl)acrylic Acid tert-Butyl Ester (2-44)

[image: ]

Prepared according to GP VIII with 1-fluoro-4-iodobenzene 2-25 (0.11 mL, 0.80 mmol) and tert-butyl acrylate 2-28 (0.20 mL, 1.40 mmol). Purification by flash column chromatography (PE (40-60)/EtOAc 10:1) gave title compound 2-44 as a white solid (168 mg, 95%).
mp 44-47 C; 
Rf (PE (40-60)/EtOAc 9:1) 0.37; 
1H NMR (400 MHz, CDCl3)  7.51 (1H, d, J = 16.0, H3), 7.44 (2H, dd, J = 8.6, J = 5.4, H2’), 7.01 (2H, t, J  = 8.6, H3’), 6.25 (1H, d, J = 16.0, H2), 1.5 (9H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3)  166.1 (C1), 163.7 (d, 1JC, F = 250.4, C4’), 142.2 (C3), 130.9 (d, 4JC, F = 3.5, C1’), 129.6 (d, 3JC, F = 8.4, C2’), 120.0 (C2), 115.9 (d, 2JC, F = 21.9, C3’), 80.5 (C(CH3)3), 22.0 (C(CH3)3); 
Found (EI): [M]+ 222.1055, C13H15FO2 requires 222.1056; 
max/cm-1 2980m (Ar-H), 1698m (C=C), 1638m (C=C), 1599m (Ar C=C).



(E)-3-(4’-Methoxyphenyl)acrylic Acid tert-Butyl Ester (2-45)203

[image: ]

Prepared according to GP VIII with 4-iodoanisole 2-16 (234 mg, 1.00 mmol, 1.00 mmol) and tert-butyl acrylate 2-28 (0.20 mL, 1.40 mmol). Purification by flash column chromatography (PE(40-60)/EtOAc 10:1) gave title compound 2-45 as a white solid (232 mg, 99%).
Rf (PE (40-60)/EtOAc 9:1) 0.24; 
1H NMR (400 MHz, CDCl3)  7.47 (1H, d, J = 15.9, H3), 7.38 (2H, td, J = 8.7, J = 3.0, H2’), 6.81 (2H, td, J  = 8.7, J = 2.9, H3’), 6.17 (1H, d, J = 15.9, H2), 3.76 (3H, s, OCH3), 1.46 (9H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3)   166.6 (C8), 161.1 (C4’), 143.2 (C3), 129.5 (C3’), 127.4 (C1’), 117.8 (C2), 114.2 (C2’), 80.2 (C(CH3)3), 55.3 (OCH3), 28.2 (C(CH3)3); spectra consistent with known data.203



(E)-3-(4’-Nitrophenyl)acrylic Acid tert-Butyl Ester (2-46)

[image: ]

Prepared according to GP VIII with 1-bromo-4-nitrobenzene (0.20 g, 1.00 mmol) and tert-butyl acrylate 2-28 (0.20 mL, 1.40 mmol). Purification by flash column chromatography (PE (40-60)/EtOAc 10:1) gave title compound 2-46 as a white solid (190 mg, 70%).
mp 44-47 C; 
Rf (PE (40-60)/EtOAc 9:1) 0.22; 
1H NMR (400 MHz, CDCl3)  8.23 (2H, d, J = 8.7, H3’), 7.65 (2H, d, J = 8.8, H2’), 7.60 (1H, d, J = 16.1, H3), 6.49 (1H, d, J = 16.0, H2), 1.55 (9H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3)   165.2 (C1), 148.4 (C1’), 140.9 (C4’), 140.5 (C3), 128.5 (C2), 124.6 (C2), 124.1 (C3’), 81.3 (C(CH3)3), 28.1 (C(CH3)3); 
Found (+ESI): [M + Na]+ 272.0899, C12H18O4Na 272.0901; 
max/cm-1 2981w (Ar-H), 1707s (C=O), 1638m (C=C), 1598m (Ar C=C).



(E)-3-(4’-Trifluoromethylphenyl)acrylic Acid tert-Butyl Ester (2-47)204
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Prepared according to GP VIII with 4-bromobenzotrifluoride (0.14 mL, 1.00 mmol) and tert-butyl acrylate 2-28 (0.20 mL, 1.40 mmol). Purification by flash column chromatography (PE (40-60)/EtOAc 10:1) gave title compound 2-47 as a white solid (266 mg, 90%).
Rf (PE (40-60)) 0.35; 
1H NMR (400 MHz, CDCl3)  7.64-7.57 (5H, m, H3, H2’, H3’), 6.44 (1H, d, J = 16.1, H2), 1.54 (9H, s, 3  CH3); 
13C NMR (100 MHz, CDCl3)  165.6 (C1), 141.6 (C3), 138.1 (d, 4JC, F = 1.3, C1’), 131.5 (d, 2JC, F = 32.7, C4’), 126.9 (q, 1JC, F = 296.1), [125.8 and 125.7 (C2’, C3’)], 119.8 (C2), 81.0 (C(CH3)3), 28.1 (C(CH3)3); spectra consistent with known data.204



(E)-3-(Thiophen-2’-yl)acrylic Acid tert-Butyl Ester (2-48)

[image: ]

Prepared according to GP VIII with 2-iodothiophene (0.11 mL, 1.00 mmol) and tert-butyl acrylate 2-28 (0.20 mL, 1.40 mmol). Purification by flash column chromatography (PE (40-60)  PE (40-60)/EtOAc 10:1) gave title compound 2-48 as a white solid (199 mg, 51%).
mp 40-42 C; 
Rf (PE (40-60)/EtOAc 9:1) 0.52; 
1H NMR (400 MHz, CDCl3)  7.67 (1H, d, J = 15.7, H3), 7.32 (1H, d, J = 5.1, H5’), 7.20 (1H, d, J  = 3.5, H3’), 7.02 (1H, dd, J = 5.0, J = 3.7, H4’), 6.17 (1H, d, J = 15.7, H2), 1.52 (1H, s, C(CH3)3); 
13C NMR (100 MHz, CDCl3)  166.1 (C1), 139.8 (C2’), 136.0 (C3), 130.3 (C3’), [127.9 and 127.9 (C4’, C5’)], 119.1 (C2), 80.4 (C(CH3)3), 28.2 (C(CH3)3); 
Found (+ESI): [M + Na]+ 233.0612, C11H14O2SNa requires 233.0615; 
max/cm-1 2981w (Ar-H), 1683s (C=O), 1622 (C=C). 


[bookmark: _Toc16761472][bookmark: _Toc16761864][bookmark: _Toc16762472][bookmark: _Toc16762733][bookmark: _Toc16763378][bookmark: _Toc16777264][bookmark: _Toc16777352][bookmark: _Toc16777442][bookmark: _Toc16777494][bookmark: _Toc16777558][bookmark: _Toc16778251][bookmark: _Toc16798477][bookmark: _Toc16798674][bookmark: _Toc16802891]
Procedure for Recycling Experiments (Section 2, Chapter 2.2.2.1, Table 3) 
A 20 mL tube was charged with phenylboronic acid 2-1 (180 mg, 1.50 mmol), the aryl bromide (1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C until LCMS indicated the reaction had proceeded to completion. The mixture was allowed to cool to room temperature, diluted with acetone (2 mL) (to re-dissolve the crystalline product) and the supernatant liquid carefully syringed off and filtered through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The solid LaFe0.57Co0.38Pd0.05O3 that remained in the reaction vessel was washed with diethyl ether, dried in vacuo for 3 h and reused in subsequent reactions.
[bookmark: _Toc16761473][bookmark: _Toc16761865][bookmark: _Toc16762473][bookmark: _Toc16762734][bookmark: _Toc16763379][bookmark: _Toc16777265][bookmark: _Toc16777353][bookmark: _Toc16777443][bookmark: _Toc16777495][bookmark: _Toc16777559][bookmark: _Toc16778252][bookmark: _Toc16798478][bookmark: _Toc16798675][bookmark: _Toc16802892]Procedure for Three-Phase Test (Section 2, Chapter 3.2, Scheme 8)
Experiment 1:
A 20 mL tube was charged with the phenylboronic acid 2-1 (180 mg, 1.50 mmol), the polymer-supported aryl iodide (Nova Syn TGR Resin Rink Amide Linker, 1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 3.00 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C for 18 h. The mixture was allowed to cool to room temperature before addition of a mixture of trifluoroacetic acid and water (1:1 v/v, 5 mL). This mixture was stirred at room temperature for 1 h. Diethyl ether (10 mL) was added and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL) and the aqueous layer back extracted with diethyl ether (10 mL). The combined organic layers were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude material, which was analysed by NMR.

Experiment 2:
A 20 mL tube was charged with the phenylboronic acid 2-1 (180 mg, 1.50 mmol), the polymer-supported aryl iodide (Nova Syn TGR Resin Rink Amide Linker, 1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), 4-bromoanisole 2-16 (0.16 mL, 1.30 mmol), potassium carbonate (0.40 g, 3.00 mmol) and water/isopropanol (1:1 v/v, 3 mL). The mixture was stirred at 80 C for 18 h. The mixture was allowed to cool to room temperature before addition of a mixture of trifluoroacetic acid and water (1:1 v/v, 5 mL). This mixture was stirred at room temperature for 1 h. Diethyl ether (10 mL) was added and the supernatant liquid syringed off and passed through a 0.45 m syringe filter, eluting with diethyl ether (10 mL). The mixture was washed with water (5 mL) and the aqueous layer back extracted with diethyl ether (10 mL). The combined organic layers were dried over magnesium sulfate, filtered and concentrated in vacuo to give a crude material, which was analysed by NMR.


[bookmark: _Toc16761474][bookmark: _Toc16761866][bookmark: _Toc16762474][bookmark: _Toc16762735][bookmark: _Toc16763380][bookmark: _Toc16777266][bookmark: _Toc16777354][bookmark: _Toc16777444][bookmark: _Toc16777496][bookmark: _Toc16777560][bookmark: _Toc16778253][bookmark: _Toc16798479][bookmark: _Toc16798676][bookmark: _Toc16802893]Procedure for CS2 Poisoning Experiments (Section 2, Chapter 3.3)
A 20 mL tube was charged with phenylboronic acid 2-1 (180 mg, 1.50 mmol), 1-fluoro-4-iodobenzene 2-25 (0.11 mL, 1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1 mol%, 0.05 mol% Pd), potassium carbonate (0.40 mg, 2.90 mmol) and water/isopropanol (1:1 v/v, 5 mL), and the mixture was stirred at 0 C until LCMS indicated the reaction had proceeded 10-30%. At 0 C carbon disulfide (0.02 nM solution in water/isopropanol, 1:1 v/v), 0.05-0.40 mL) was then added. This mixture was stirred at 40 C and the conversion followed by LCMS over 2 days.


[bookmark: _Toc16761475][bookmark: _Toc16761867][bookmark: _Toc16762475][bookmark: _Toc16762736][bookmark: _Toc16763381][bookmark: _Toc16777267][bookmark: _Toc16777355][bookmark: _Toc16777445][bookmark: _Toc16777497][bookmark: _Toc16777561][bookmark: _Toc16778254][bookmark: _Toc16798480][bookmark: _Toc16798677][bookmark: _Toc16802894]Procedure for Maitlis’ Test (Section 2, Chapter 3.4, Table 12)
A 20 mL tube was charged with phenylboronic acid 2-1 (180 mg, 1.50 mmol), 1-fluoro-4-iodobenzene 2-25 (0.11 mL, 1.00 mmol), LaFe0.57Co0.38Pd0.05O3 (3.00 mg, 1.00 mol%, 0.05 mol% Pd), potassium carbonate (0.40 g, 2.90 mmol) and water/isopropanol (1:1 v/v, 5 mL), and the mixture was stirred at 0 C, room temperature or 40 C until LCMS indicated the reaction had proceeded to between 5-70% conversion. The mixture was then filtered through a 0.45 m syringe filter and stirred at 40 C. The conversion was followed by LCMS over 1 day.



Pd-Containing Perovskites		Experimental
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