The Development of One-Pot Multi-Reaction
Processes for the Synthesis of Natural
Products and Biologically Active Compounds

Ewen D. D. Calder, MChem

A thesis submitted in part fulfilment of the requirements
of the degree of Doctor of Philosophy

University | School of
of Glasgow | Chemistry

School of Chemistry
College of Science & Engineering
University of Glasgow

July 2015



Abstract

This thesis is divided into four chapters in which one-pot processes have been
developed and utilised for the synthesis of biologically active compounds. The
work in the first chapter outlines the 13-step total synthesis of D-ribo- and L-
arabino-phytosphingosine from D-ribose. This process employed a microwave
promoted Overman rearrangement of an allylic trichloroacetimidate to install the

amine functionality.
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In the second and third chapters, the development of a one-pot, two-step
Overman/ring closing metathesis process is detailed. The synthesis of three
different classes of starting material is also shown. This one-pot process was used
as the key step in the synthesis of four oxybenzo[c]phenanthridine natural
products and the partial synthesis of an ACAT inhibitor. The potential for further

functionalisation of the products by oxidation and reduction was also explored.
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In the final chapter, a one-pot allylboration/Heck process for the synthesis of
indan-1-ols is described. Optimisation and an investigation of the scope of the
process are also presented. The process was then altered to allow the use of a
chiral phosphoric acid catalyst for the asymmetric synthesis of these compounds.
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111 The Over man rearrangement

Sigmatropic rearrangements are a valuable class of reactions in the synthetic
chemistso t o o-tatbenx .and Caborbritrogen bond forming
rearrangements are especially important and reactions such as the Claisen and
Cope rearrangements are commonly used in many areas of synthetic chemistry.*?
The [3,3]-sigmatropic rearrangement of an allylic imidate to an allylic amide is
known as an aza-Claisen reaction and is a very efficient method for the installation
of a protected amine functionality. The conversion of an imidate to an amide is
essentially irreversible as the reaction is exothermic by approximately 15 kcal
mol' *.3* A number of types of imidate have been used for the aza-Claisen with
varying degrees of success. It was the discovery by Overman in 1974 of the [3,3]-
rearrangement of allylic trihaloacetimidates to their corresponding amides that
allowed the field to grow dramatically. This was due to the wide scope and
comparatively milder conditions of this sub-set of the aza-Claisen.”’ This reaction

has subsequently become known as the Overman rearrangement.

The trichloroacetimidates that can be used in the Overman rearrangement are
easily synthesised by the base-promoted reaction between an allylic alcohol and
trichloroacetonitrile. This base can either be stoichiometric and strong enough to
irreversibly deprotonate the allylic alcohol and imidate until work-up (e.g. sodium
hydride)’ or can be used catalytically as a proton transfer agent, as in the case of
DBU.®

The Overman rearrangement can be carried out under either thermal or metal-
catalysed conditions. The reaction rate is highly dependent on the electronics and
sterics of the allylic system. In general, the more substituted the allylic position of
the chain, the more rapid the reaction. This can be rationalised by the formation of
a partial positive charge in the transition state of the rearrangement. The reaction
i's sl owed by a second o r-podition oktge alylic bystém t u e

due to steric hindrance. In addition, electron-donating groups which stabilise the
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partial positive charge on the allylic position, enhance the reaction rate further. As
with all sigmatropic rearrangements, the Overman rearrangement is highly
concerted and consequently there is complete transfer of chirality, if present, from
the allylic imidate (Scheme 1, R i H). The highly ordered, chair transition state of

the reaction was proposed by Shimoda and co-workers in 1976.°

t
CCl, ClsC H CClj
HN"0 —— =0 "R |[—— HNTO
R'/\/\R HN_————— R'/\/\R
Scheme 1: The chair transition state of the Overman rearrangement.

The most common conditions for the thermal Overman rearrangement employ
heating the imidate in toluene or xylenes in the presence of small quantities of
potassium carbonate. Isobe and co-workers first reported the addition of small
quantities of base to thermal Overman rearrangements in 1998.*° It was found
that, at the elevated temperatures necessary for the rearrangement to proceed,
small amounts of acidic by-products or impurities could cause decomposition of
the starting imidate. By the addition of a small quantity of base, this problem was

alleviated and yields were greatly improved (Scheme 2).

OJ(
O OTCCI?’ p-Xylene

Hol _J  NH A
No additive - 74%
K,CO5 added - 90%

Scheme 2: Work by Isobe and co -workers showing beneficial addition of K = ,CG;.

The Overman rearrangement can also be performed using transition metal
catalysis. This has the benefits, in some cases, of increasing the yield,
stereoselectivity or cleanliness of the reaction. The original metal-catalysed
Overman rearrangements were performed using mercury(ll)-catalysts, for which a
dramatic acceleration in rate is observed.’> These vast increases in rate allow for
the reactions to be carried out at

conditions are much milder than those used for the thermal rearrangement and so

also broaden the scope of the reaction. Palladium(ll)-catalysts are now preferred
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over mercury(ll) based systems as they have been shown to equilibrate with the
substrate at a greater rate than other transition metal catalysts and so, generally,
will provide a faster reaction in higher yield. This, in turn, allows lower catalyst

loadings to be used without detriment to the results.

A common impurity in metal-catalysed Overman rearrangements is the [1,3]-
rearranged product. This is postulated to form via a palladium(0)-catalysed, non-
concerted [1,3]-rearrangement of the acetimidate. The metal-catalysed
rearrangements of allylic imidates have been studied by the groups of lkariya and
Bosnich.'*? They found that the oxidation state of the palladium complex used in
the rearrangement process had a direct impact on the product formed.
Palladium(ll) predominantly formed the [3,3]-product while palladium(0) formed the
[1,3]- through a non-concerted ionisation pathway (Scheme 3). It has been shown
that the addition of p-benzoquinone (p-BQ) can counteract this reaction pathway
by oxidising any palladium(0)**'* formed back to the -catalytically active

palladium(ll) species.™

[Pd] R
_Pd() HN% W/\
Rv/\ Cl3C CCl,

HN. O ——
E/CI R4 d R
Pa) O
HN%;O Y
CCl, CCl,
Scheme 3: Difference in mechanism between [1,3] - and [3,3] -rearrangements.

Studies into the mechanism of the palladium(ll)-catalysed rearrangement have
shown that it is likely to proceed through a similar mechanism to that proposed by
Henry for palladium-catalysed allylic acetate rearrangements.’® As with the
thermal rearrangement, a chair transition state is proposed, in which the palladium
adopts an equatorial position. This chair transition state again explains the
complete suprafacial transfer of chirality that is observed in these reactions. It is
postulated that the mechanism proceeds through coordination of palladium to the
olefin, which is then activated to intramolecular nucleophilic attack by the nitrogen
of the acetimidate. The alkene is then reinstalled with the decyclisation and

regeneration of the palladium(ll)-catalyst (Figure 1).
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Me. _~_R
O._NH PdX,
CCly
PdX
Me._L_R
0. @NH
o L
X CC|3
Pd)(l—|
Me R
@
O—/—NH
Cl5C
Figure 1: Proposed mechanism for palladium(ll) -catalysed Overman rearrangement.

Since the first reports of transition metal-catalysed Overman rearrangements, a
number of chiral ligand-bearing palladium catalysts have been developed in an
effort to perform an asymmetric Overman rearrangement on an achiral starting
material. The first chiral diamine ligands were successful only on N-
arylbenzimidates, gave only modest enantioselectivity and formed a significant

amount of the unwanted [1,3]-rearrangement side-product (Scheme 4).*’

NN
[3 3] Rj o O/\@
9% Q
7 Ph
N O 5 mol% Pd 2 BF,
Q [ cHyCl, P g
FaC 48h,40°C @
[1,3] O._N 2
30% O\ [Pd]
Ph CF,
Scheme 4. [1,3] - vs [3,3] -rearrangement in the first asymmetric aza -Claisen

rearrangement.

The next generation of asymmetric catalysts were designed to reduce the quantity
of [1,3]-rearrangement side-product. The ferrocenyl palladacycles reported by
Overman and co-workers were compatible with only N-arylbenzimidates and still
yielded only modest enantioselectivity but the [1,3]-product was no longer
observed and the yield of [3,3]-rearranged product was much improved (Scheme
5).18
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Pd-cycle (5 mol%) Ph Me
CH,Cl,, rt, 16-38 h NMe,
Ar\N)\O 47-97% Ar\N)\O / /Pd\o CCF
R o R FeC 7 2CCF3
) 47-61% e.e. A ’ %%;
R = Me, Pr, Ph Pd-cycle

Ar = 4-CF3, 4-OMe, Ph

Scheme 5: The ferrocenyl palladacycle first reported by Overman in 1997.

The ferrocenyl oxazoline palladacycle (FOP) catalysts further improved upon the
closely related, original palladacycle catalysts (Scheme 6).*° The FOP catalysts
provided higher enantioselectivity and, as was shown by Overman, would tolerate
N-aryltrifluoroacetimidate substrates as well as N-arylbenzimidates.” This was an
important result as it was the first time a prochiral trihaloacetimidate had been
rearranged to give an enantioenriched allylic amide in good yield. Although the
reaction proceeds at room temperature with a good catalyst loading, the addition
of four equivalents of silver trifluoroacetate 8 necessary to preactivate the catalyst
as its TFA salt 8 and the use of strong oxidants to remove the p-methoxyphenyl

group after the rearrangement, limited the utility of this process and catalyst.

FOP cat. (7.5 mol%) SiMe,
MeO CE Proton sponge®  MeO CF f'BUK_,\?\@
3 3 _
Lo (20moi%) O Iﬂ
/\) Ag(O,CCF3) (4.0 eq) : &
"PrN CH,Cly, rt, 24 h ”Pr/\/
FOP catalyst

88%, 76% e.e.

Scheme 6: First report of an asymmetric trihaloacetimidate aza  -Claisen rearrangement.

The more recently developed cobalt oxazoline palladacycle (COP) catalysts 1 are,
as yet, the most synthetically useful. They encompass the widest range of
substrates and provide high enantioselectivities with E-allylic trichloroacetimidates
(Scheme 7).?! The scope of the COP-catalysed process includes various Lewis
basic groups, moderately bulky substituents and even free alcohols and does not
require an aryl group on the imidate nitrogen. However, the system will still not
tolerate unprotected primary or secondary amines, directly conjugated aromatic
systems or very bulky olefin substituents such as tert-butyl groups. In the case of a

conjugated system derived from a cinnamyl alcohol or a bulky tert-butyl group, the



Chapter 1 The Synthesis of D-ribo - and L-arabino-Phytosphingosine 16

reaction slowed so drastically that the [1,3]-process was observed and yields

decreased to around 10%.

CCly CCly e
S)-COP-CI (5 mol% cl =2
7% (sycopciEmoin) T 8

AN™ O Ch,cl, rtorsgc . _ MY O

RM\) RAZ |©\/<N
Ph ii oh

R = H, Et, 'Pr, CH,Ph, (CH,),0Ac,

73-98%
CH,CO5Me, (CH5)>,(OCH,CH,0), CH,COMe, o Ph Ph
80-97% ee
OTBDMS, OH, (CH,),NBnBOC, (CH,)sNBn, (S)-COP-CI (S)1
Scheme 7: Highly enantioselective ( S)-CORCI catalysed Overman rearrangement.

1.1.2 Previous work within the Suther/|

Within the Sutherland group, the Overman rearrangement has been used for the
synthesis of a large number of small molecule and natural product targets. The
first target studied by the group was (2S,3S,4R)-o-hydroxyisoleucine (4).?? In 5
steps and 61% total yield, the necessary allylic alcohol 2 was synthesised from
poly-(R)-hydroxybutanoate. The corresponding trichloroacetimidate was then
formed by the reaction with sodium hydride and trichloroacetonitrile. Exposing the
imidate to 10 mol% of palladium(ll) dichloride bisbenzonitrile in THF at room
temperature caused rearrangement to the desired (3R)-trichloroacetamide 3 in just
3 hours. The steric bulk of the TBDPS protecting group is thought to encourage
binding of the palladium catalyst to the less hindered face through the reduction of
1,3-allylic strain in the chair transition state. This is supported by the reversal of
selectivity observed upon use of thermal rearrangement conditions. Under these
conditions, a 3:2 ratio in favour of the (S)-isomer is observed. Ozonolysis followed
by acidic deprotection of both the amine and alcohol functionalities delivered
(2S,3S,4R)-o-hydroxyisoleucine (4) in a 19% overall yield over 10 steps (Scheme
8).
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1) CI;CCN, NaH,
0°C, 83% CCl,

H NH
TBDPSQ QM 2)PdCL(PhCN), _1ppso N0 2 Steps s 2
(10 mol%), THF N A 65% i COH
= rt, 3h, 71% )
7:1 (R):(S) ) (28,3S,4R)-y-
Hydroxyisoleucine
2 3 4
Scheme 8: The first enantioselective synthesis of ( 2S,3S,4R)-6-hydroxyisoleucine.

Following this successful synthesis, the group went on to develop a highly
selective ether-directed Overman rearrangement.” In the synthesis of (2S,3S,4R)-
o-hydroxyisoleucine (4), the TBDPS protecting group had caused direction by
inducing 1,3-allylic strain on the system. The ether-directed system used a o-
hydroxy allylic alcohol with a protecting group such as MOM or MEM to coordinate
the palladium catalyst to the same face as the protected alcohol. This directed the
Overman rearrangement to the least hindered face of the molecule: anti- to the
alcohol and gave the major product (Scheme 9, top pathway). In the case of larger
protecting groups such as trityl or TBDPS, the coordination still occurred but, due
to the steric hindrance of the protecting group causing 1,3-allylic strain, the effect
was less pronounced (Scheme 9, bottom pathway). This in turn yielded a lower
diastereoselectivity (3:1 vs 10:1). This methodology allowed the synthesis of
protected, anti-1,2-amino alcohols in high yields and selectivities (78% yield and

28:1 d.r. in one example).?*

R
H 41l oR
N — wl o
\_-O Y
OR CCly CCly
()
HNYO
CCl, or
e =N !

Scheme 9: Proposed transition states for the ether  -directed rearrangement.
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Using this methodology as the key step, a number of amino alcohol-derived
natural products have been synthesised. A recent example of this is the synthesis
of three members of the clavaminol family of natural products.?® In seven steps
and an overall yield of 85% the allylic alcohol 5 was synthesised from (R)-glycidol.
Using standard conditions with catalytic DBU, the imidate 6 was formed.? It was
then used crude in the palladium-catalysed Overman rearrangement to give the
key intermediate 7 in a high yield (Scheme 10). As mentioned earlier, it is
necessary in some cases to add p-BQ to metal-catalysed Overman
rearrangements to stop the formation of the [1,3]-rearrangement product. This
intermediate allowed access to clavaminols A and C in 14 steps and 29% vyield

each and clavaminol H in 12 steps and 48% overall yield.

OMOM PACI,(MeCN), QMOM

CIsCCN, DBU W (10mol%) ™

OMOM

8
MH CH,Clp, 0 °C NSO p-BQ (2.0 eq) HN. 0
CCly Toluene, rt, 3 h CCly
- - 70% (2 steps)
5 6 7

Scheme 10: Overman rearrangement step in the synthesis of clavaminols A, C and H.

1131 ntroduction to sphingoid bases

Sphingolipids are found in almost all plants, animals, fungi and some prokaryotic
organisms and viruses.?® Sphingolipids are comprised of two sections: a fatty acid
or lipid chain, attached through an amide bond, and a sphingoid base such as
sphingosine. The sphingoid bases are a family of long chain amino alcohols
ranging from 12 to 22 carbons in length. The long chain can contain unsaturation
and various hydroxyl and/or methyl substituents at other sites along the chain.?"*
Sphingolipids are important as structural components of skin, membranes,
lipoproteins, and as cell signalling mediators and modulators.?® Glycosylated
sphingolipids, also called glycosphingolipids (GSLs), containing a number of
saccharide units, such as iGB3 8 (Figure 2), are characteristic components of the

cell membrane of eukaryotic cells.?*3°



Chapter 1 The Synthesis of D-ribo - and L-arabino-Phytosphingosine 19

HO
HO OH )OJ\

HO 0 HOHO HO HN™ "Cq7H3s5
HO 9) og Q O\/Y\/C13H27
O HO
OH
HO
iGB5 8

Figure 2: iGBs, a linear tri -saccharide containing GSL.

Sphingolipids and GSLs are involved in a number of higher-order physiological
processes® such as inflammation®** and vasculogenesis® and, over the last two
decades, have also been investigated in relation to a wide range of diseases. Most
recently GSLs have been implicated in a number of important human diseases
such as HIV,* microbial infections,®* cancer,®* diabetes®” and neurological
diseases.® In addition to the sphingolipids, the more structurally simple sphingoid
bases also have potent biological activities. For example, D-erythro-sphingosine
(9) strongly inhibits protein kinase C,* while p-ribo-phytosphingosine (10a) is a

potential heat-stress signal in yeast cells.*%*

The principal sphingoid bases in the majority of sphingolipids present in
mammalian cells are sphingosine (9) or dihydrosphingosine (11), otherwise known
as sphinganine, with the minority being comprised mainly of 4-hydroxysphinganine

(10a), also named phytosphingosine (Figure 3).2°

NH, NH> OH NH;
HOV;\‘/\/C13H27 HOV;\‘/:\/C13H27 HOJY\/CmHz?
OH OH OH
D-erythro-Sphingosine D-ribo-Phytosphingosine D-erythro-Sphinganine
(9) (10a) (11)
Figure 3: The three most common mammalian sphingoid bases.
1.1.4 Ai ms

The aim of this project was to complete the total synthesis of D-ribo- and L-
arabino-phytosphingosine from the chiral pool starting material D-ribose. The
proposed synthesis utilised cross metathesis to attach the long alkyl chain of the
products and a diastereoselective Overman rearrangement from a primary allylic

alcohol to install the amine functionality at C-2 (Figure 4).
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CCly

. o OH
NH, OH DOzon(t)Iy?'ls, NH Overman
HO E E eprotection N\ s rearrangement = 3
\/\‘/\6%(3 3
D-ribo-Phytosphingosine ><
Swern/HWE,
Reduction
OH Protecti (t:rt%ss'
rotection, HO —  metathesis,
HO .. Ol Ring opening w\ Hydrogenation 3
”Q O O e
HO OH >< ><
D-Ribose
Figure 4: Retrosynthesis of D-ribo -phytosphingosine.
1l2Results and discussion
121 Synt hesi s of |l ong chain triol

Protection of D-ribose (12) as the di-acetal 13, following a modified version of the
procedure used by Bailey and co-workers proceeded in high yield, with no
purification necessary (Scheme 11).*> The protection of the hemiacetal of b-ribose
leads to the isolation of only the 1,2-anti-furan. This was confirmed by the *H NMR
spectrum of the compound, in which a 3J-coupling is not observed between the
two hydrogens at these positions. This can only be accounted for by there being
around a 90° dihedral torsional angle between these hydrogens, which would not
occur in the 1,2-syn-furan. This was followed by iodination of the primary alcohol

under Appel-like conditions.

OH o ., PPhg, I, o. ./
HO @) m“\\\\/ HC MeO// Imidazole MeOmn.Qw
2;——2
ﬁ Acetone, MeOH o O MeCN/Toluene o 0O
HO OH 65 °C, 84% 7< 100 °C, 94% X

D-Ribose

12

Scheme 11: Protection and iodination of  D-ribose.
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Ring opening of the iodide 14 under Vasella fragmentation conditions yielded the
aldehyde 15, however purification of this compound was complicated by its lack of
stability during silica column chromatography (Scheme 12).** Previous syntheses
utilising this aldehyde had purified it by vacuum distillation.** To circumvent this
problem and allow for simpler purification, the aldehyde 15 was reduced with
sodium borohydride in ethanol to yield the primary alcohol 16. Although this initially
caused racemisation of the U-position stereocenter when attempted at room
temperature, the problem was solved by dropwise addition of the borohydride
solution at 0 °C. This improved, two-step procedure allowed isolation of the triol-
olefin in a high yield with no further purification necessary after filtration and an

extractive work-up

. O Zn 0= — NaBH, HO —
Mer Z AcOH (cat.)_ w EtOH w

MeOH ONP 0°C Oy 0
4 : —rt
65 °C >< 89% (two steps) x

14 15 16

Scheme 12: Vasella fragmentation and subsequent reduction.

Cross metathesis of the protected triol-olefin 16 was proposed as a key feature of
the synthesis. The use of cross metathesis with this easily obtained intermediate
would allow the length and substitution pattern of the long alkyl chain to be altered.
This could make the methodology of use to chemists interested in preparing

related analogues for medicinal chemistry or drug design.

Cross metathesis between 16 and tetradec-1-ene (17) should proceed rapidly and

selectively, as 16 is categorised as a type Il olefin, while tetradec-1-ene (17) is a
| 44

type I.
remaining starting material 16 from product 18, especially on a small scale was

While it was broadly true that this was a selective process, separation of

very challenging. For this reason, conversion to product, as measured by *H NMR
spectroscopy, was used in place of isolated yield as a measure of reaction

efficiency during optimisation (Table 1).

Two solvents and three temperatures were identified to start optimisation of this
process. Initial attempts at metathesis showed that dichloromethane was a better

solvent for the reaction; however the extended reaction times caused
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decomposition of the starting material and product and this lead to some of the
problems in purification of the products. It was found that at raised temperatures, a
shorter reaction time and single addition of catalyst were sufficient to isolate the

product in a 63% yield.

NA —
HO _ 17 HO s MesN._ _NMes
Conditions Cl"Ru_
0.0 Grubbs || o><o cr IIDC;3\Ph
Grubbs Il
16 18
Entry | Solvent Cata%s}g IIg}oading Temp;féature Ti/rrr:e Conver/i/iogn to 18
1 CH.CI, 2x5 rt 120 61
2 CHCl, 2x5 35 48 24
3 | Toluene 2x5 35 48 16
4 | Toluene 2x5 45 48 37
5 | CH,Cly 2x5 45 48 76 (43)°
6 | CH.Cl 5 45 10 66 (63)°
Table 1: Reactions performed with 1.5 eq of tetradec-1-ene (17) and the stated amount

of Grubbs Il catalyst. *Measured by 'H NMR spectroscopy of crude material. ®|solated yield
of 18 in brackets.

Due to the problems with purification it was decided to proceed with the crude
product through the next step before purification, as this would possibly allow a
higher yield over the two steps. Initially hydrogenation in methanol was attempted,
however, this caused deprotection of the diol. Changing to ethyl acetate, a less
acidic solvent, alleviated this problem. By using the optimised metathesis
conditions, then washing the homocoupled side-product, hexacos-13-ene, out of
the mixture before hydrogenating the crude product, it was possible to increase

the yield of 19 to 82% across the two steps (Scheme 13).

AN
How A HO X H, How
17 Pd/C

OXO Grubbs I Oo_0O EtOAc, rt Oxo
(5 mol%), CH,Cl, >< 82% (two steps)
16 45 °C, 16 h 18 19

Scheme 13: Optimised cross metathesis and hydrogenation.
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An investigation of the minimum catalyst loading that could be used for metathesis
was also undertaken when the process was scaled up. It was found that, on one
gram scale, the catalyst loading could be reduced to 1 mol%. However, the slightly
extended reaction times, and high concentrations necessary for the reaction to
proceed to complete conversion, caused a lower isolated yield over the two steps
(Table 2).

Entry Scale | Catalyst loading | Concentration of Time /h Isolated yield
/9 /mol% 16 /M (2 steps) /%
1 0.10 5.0 0.08 16 82
2 0.25 0.5 0.16 24 27
3 0.25 0.5 0.32 24 27
4 0.25 0.5 0.80 24 39
5 0.25 0.5 1.6 24 33
6 1.0 0.5 3.2 24 43
7 1.0 1.0 3.2 24 52
Table 2: Attempts to lower catalyst loading in scaled up metathesis and

hydrogenation. Reactions carri ed out in CH ,Cl, at 45 °C with 1.5 eq of tetradec  -1-ene (17).

122 Pri mary Over man rearrangement

Having accessed the important intermediate 19, a one-pot Swern/Horner-
Wadsworth-Emmons reaction, developed within the Sutherland group, was applied
to access t h eunsalurabed ester 22 (Scheme 14).2% In this process, the
aldehyde 20 formed in the Swern oxidation was concentrated in vacuo and used
directly in the subsequent Horner-Wadsworth-Emmons (HWE) reaction with
triethyl phosphonoacetate (TEPA, 21). This process was developed to alleviate
problems with purification of wvolatil-
stereocenter of the shorter chain, olefin-containing analogue of 20 had been
observed during attempts at reduction during the Vasella fragmentation (Scheme
12). By using this one-pot process and employing the mild Masamune-Roush
conditions i n t heunsatwied sstee 32 ,wastsynthesidéd in a
high yield over two steps with no epimerisation and entirely as the E-isomer.*

r

0
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LiCl, TEPA
HO o DBU, MeCN  EtOC
’\}—éig(COCQLDMSO‘ —ﬂ}—éi51183%(23mp$ \’“>_%HE
O><O NEts, CH,Cl, O><O 0_0
~78°C > rt TEPA (21) = 7<
o O
19 20 u 22
p M
EtOCI)Et OEt

Scheme 14: One-pot Swern/Horner -Wadsworth -Emmons reaction.

Access to the primary allylic alcohol required for the key Overman rearrangement
was gained by DIBAL-H r educt i onunsatfiratetl bster 20 abh 17 78 A
(Scheme 15). This reduction method has been utilised many times within the
Sutherland group for the synthesis of allylic alcohols for Overman
rearrangements.”> Reduct i on -wrfsaturatede ested ,2b to alcohol 23

proceeded in a high yield.

EtO,C HO—
's  DIBAL-H,EL,O i
s 78°C > 1t d. 0
X 83% X
2 23

Scheme 15: DIBAL-H r e d u c t i -ansatucafed ethyl pster 22.

With the allylic alcohol 23 in hand, the next step was to perform a palladium
catalysed diastereoselective Overman rearrangement to install the C-2 amine
functionality of phytosphingosine. Previous work within the group had shown that
this was possible on a simplified analogue of allylic alcohol 23 that was lacking the
long alkyl chain (24, Scheme 16).*° This work did, however, highlight some
potential issues that could arise in the use of these catalytic systems when

rearranging from acetonide-protected triols.

In the previous work on allylic alcohol 24 the use of a simple palladium(ll) catalyst
such as bisacetonitrile dichloropalladium(ll) yielded a mixture of syn- and anti-
diastereomers (25a and 25b respectively) as well as the undesirable [1,3]-
rearrangement-hydrolysis product, 26. The use of the more complex (S)- and (R)-
COP-CI catalysts 1 had shown that greater levels of diastereoselectivity could be
induced, and that the increased stability of these catalysts could also lower the
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quantity of [1,3]-rearrangement-hydrolysis product 26. In the case of (R)-COP-CI
(R)-1, the observed diastereoselectivity was considerably lower and a small
amount of undesired [1,3]-product was still formed. This result is postulated to
come from a mismatch between the catalyst and the chiral substrate which slows

the reaction and allows time for the catalyst to be reduced.

CCl
OH CCl, 4<CC|3 3 CCl,
ClaceN |04, Cat Oy 97wH v
— DBU (3 mol%) \/S(\ +\/‘§’\ N @)
@) O CH20|2 CH2C|2 %’\
0 ° O
Ko0°Cort OXO 38°C OXO OX HO OH
24 25a 25b 26

Cat. = PdCI,(MeCN), or COP-CI (1)

Scheme 16: Previous work toward a s imilar diastereoselective Overman rearrangement.

For allylic alcohol 23, a thermal rearrangement was first investigated. The results
from the thermal rearrangement showed that the allylic trichloroacetimidate 27 was
more stable than might be expected (Table 3). It was observed that at
temperatures of 140 °C or lower, extended reaction periods were necessary to
effect full conversion. The use of longer reaction times resulted in increased
degradation, which could be minimised by increasing the temperature and
reducing the duration of heating. The thermal rearrangement was also performed
under microwave irradiation conditions. These conditions allowed for shorter
reaction times but also appeared to cause greater degradation of the products.
The best results were obtained at 160 °C in p-xylene over three days and yielded
a mixture of diastereomers that were separated by column chromatography. The
crude ratio of diasteromers after work-up did not, however, translate to isolated
products. It was observed that upon separation of the two diastereomers, a lower

guantity of the desired, anti-isomer 28a was obtained.
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CClj CCly CCly
o Cl,CCN O/QNH Solvent o%NH O%NH
— ; _ DBU _ KoCO3 N\ = +\
S b CH2C|2 13 A 13 13
7< 0°C —rt O7<O o7<o o7<o
23 27 28a 28b
Heating | Temperature . mova | Yield® /%
Entry | Solvent method 1°C Time 28a:28b 28a | 280
1 Toluene | Oil bath 120 7 days 2:1 Incomplete
2 Toluene | Oil bath 140 5 days 1:1 Incomplete
3 Toluene | Oil bath 140 14 days 1:1 17 33
4 p-Xylene | Oil bath 160 3 days 1:1 26 44
5 Toluene e W 180 1h 1:1 12 33
6 Toluene e W 180 15h - Decomposed
Table 3: Results of thermal Overman rearrangement. Reactions performed in a sealed

tube. °d.r. measured from *H NMR spectrum of crude material. "Isolated yield of individual
diastereomers.

The use of achiral palladium catalysts such as PdCl,(MeCN), was also explored.
Previous work within the group on similar reactions had shown that the use of this
catalyst could cause the formation of the undesired and deprotected [1,3]-
product.*® This is postulated to form via the palladium(ll)-catalysed hydrolysis of
the acetonide and the palladium(0)-catalysed, non-concerted [1,3]-rearrangement
of the acetimidate. The deprotection of acetonides by this catalyst complex had
previously been reported in wet THF and acetone, but was unexpected in dry

toluene or dichloromethane.*’

It has been shown that the addition of p-BQ can counteract this reaction pathway
by oxidising any palladium(0) formed back to the catalytically active palladium(ll)
species.™ Upon investigation of the reaction, it was observed that, after 16 hours,

29 was the only product in all cases (Table 4).
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OH 1) Cl,CCN, DBU . CCls
_— I3 CH,Cl,, 0 °C > rt o)
9] @) 2) Pd(MeCN)2C|2 - 13
Solvent
A Additive HO  OH
23 29
Entry | Solvent Catalyst loading /mol% | Additive Isolated yield /% (29)
1 Toluene 7 - 16
2 CH-Cl, 7 - 18
3 CH2C|2 10 p-BQa 13
Table 4: Results of the Pd(MeCN),Cl, catalysed Overman rearrangement. All reactions

carried out at room temperature over 16 h. *3 mol% p-benzoquinone added.

The use of the chiral COP-CI catalysts was then investigated (Table 5). The (R)-
COP-CI catalyst (R)-1, due to its mismatch with the substrate, was expected to
require longer reaction periods and give lower yields. However, it was observed
that after prolonged reaction times or under increased temperatures the (R)-COP-
Cl catalyst (R)-1 failed to produce either of the products, 28a or 28b (Table 5,
entries 11 3).

The use of (S)-COP-CI (S)-1 allowed the isolation of diastereomerically pure 28b
in low yields (entries 41 7). From the optimisation results, it was observed that high
initial catalyst loadings yielded a greater ratio of 29 to 28b and that increasing the
temperature had no beneficial effect on the ratio. Various conditions were
screened in an attempt to inhibit the formation of [1,3]-product. These poor results
can be attributed to the steric bulk of both the catalyst and the substrate, at the
position adjacent to the alkene. Poor yields and loss of selectivity have both been
observed when using palladium(ll) catalysts with sterically demanding substrates

in work on ether-directed Overman rearrangements.*>?3
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CCly
pH 1) Cl,CCN, DBU o= CCls
_ - CH,Clp, 0°C >t MM AN\,
OXO 2) (S)-COP-CI (S)-1 % * w
Solvent o_0
OH
Temperature 7< HO
23 28b 29
Loading | Temperature : ~na
Entry | Solvent Catalyst Imol% 1°C Time 28b:29
1 CH,CI, | (R)-COP-CI 6 38 19 days NR
2 MeCN | (R)-COP-CI 6 70 6 days NR
3 Toluene | (R)-COP-CI 6 70 4 days NR
4 | CH,CI, | (S)-COP-CI 9P 38 14 days | 2:1 (17%)°
5 CH.CI, | (S)-COP-CI 9¢ 38 16 days 1:1 (22%)°
6 CH.CI, | (S)-COP-CI 10° 38 4 days 1:4 (7%)°
7 | Toluene | (S)-COP-CI 9° 60 10 days 1:2 (27%)°
8 MeCN | (S)-COP-CI 6 70 6 days NR
Table 5: Optimisation of COP-Cl-catalysed Overman. ?Calculated from 'H NMR

spectrum of crude material. ®Added as 3 mol% initially and 3 mol% at 3 and 6 days. ‘Isolated
yield of 28b in brackets. dAdded as 3 mol% initially and 3 mol% at 2 and 4 days. °Added as
10 mol% initially.

Having observed the sub-optimal results yielded by both thermal rearrangement
and palladium catalysis in this system, it was decided that to improve the route, a
secondary Overman rearrangement could be utilised to install the desired
stereocenter. Before embarking on this modification to the route, the synthesis
was completed with the separated products of the thermal Overman
rearrangement. This was to ensure that the final two steps of the proposed route

would work.

Ozonolysis with a reductive work-up of compounds 28a and 28b afforded the
desired, protected phytosphingosines 30a and 30b in high yields. These could
then be deprotected in a simple two-step procedure to afford, D-ribo-
phytosphingosine (10a) and L-arabino-phytosphingosine (10b) (Scheme 17 and
Scheme 18).
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O%CCI;:, O%Cc's 1) 2M NaOH
NH 1) 03‘ CH20|2 HO NH CH2C|2 NHZQH
¢ MeOH, -78 °C MeOH, rt _po i = HCl
13 2) NaBH, w 2) 2M HCl 13
O_ 0 ~78°C - rt o__ 0O MeOH, rt OH
>< 77% 7< 82%
28a 30a D-ribo-phytosphingosine
10a
Scheme 17: Ozonolysis and deprotection to  D-ribo -phytosphingosine, 10a.
CCl; %Cc's 1) 2M NaOH
\ MeOH, -78 °C_ MeOH, rt _Ho : HCI
13 2) NaBH, 13 2) 2M HCI 13
e ~78°C > rt 0.0 MeOH, rt OH
X 1% A 8%
28b 30b L-arabino-phytosphingosine
10b

Scheme 18: Ozonolysis and deprotection to  L-arabino -phytosphingosine, 10b.

123 Secondary Overman rearrangement

An alternative, diastereoselective route to D-ribo- and L-arabino-phytosphingosine
from the intermediate alcohol 19 was proposed. This used an HWE reaction with
dimethyl  2-oxopropylphosphonate  followed by a  reagent-controlled
di astereosel ect i vansatealed ketorie 8In(Scheine 19h e U, b

1) (COCI),, DMSO o OH

HO = NEts, CH,Cl
DGR w _RKOBSMe N\ g
O_ O  2)Licl, DBU, MeCN THF

A rt, 79% o 0 e O
Q O A C'?/%Ph A
MeO-P o
19 MeO 31 N-g 32a

(R)-CBS-Me

Scheme 19: Diastereoselective route to secondary allylic alcohols.

Upon synt he s-insaturatéd ketdne 31,Ga,nlmber of trial reactions with
the (R)-(+)-2-methyl-CBS-oxazaborolidine, (R)-CBS reagent were attempted
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(Table 6). It had been shown by prior work within the group that for U ,-b
unsaturated ketones, stoichiometric quantities of the CBS reagent were necessary

to produce high yields as well as e.e. and/or d.r.*® For this reason, a stoichiometric

CBS this s
the reaction proceeded extremely slowly with a low d.r. The reaction produced

amount of reagent was wused in

only one diastereomer when the temperature was increased to 0 °C. It has been
t he | t hat ,
alteration in the equilibria, between borane, the stabilising ligand (eg. THF), the

reported in iterature at temp

CBS catalyst and the coordinated ketone, to allow intervention by competing, non-

selective reduction pathways.*

0 OH OH
(R)-CBS-Me
_ - BH, THF ’\;w ) — —
THE Y y

O><O Temperature >< O><

31 32a 32b
Entry | (R)-CBS/Eq | BH3AHF/Eq Temp/)?cr:ature T|/r;]1e Conversion® | 32a:32b?
1 1.0 1.1 145 3 28 31
2 1.1 3.0 140 6 93 2:1
3 1.1 3.0+3.0 120 24 81 2:1
4 1.1 3.0 0 6 99° 32a only
Table 6: Diastereoselective reduction condition screen results. Calculated from *H

NMR spectra of crude material. °lsolated yield of 32a after purification.

There are a number of examples in the literature where the enantio- and/or

diastereoselectivity of CBS reductions reach a maximum between the
temperatures of 30 and 50 °C.>**? The exact point at which this occurs is
substrate and CBS-analogue dependent. Having achieved near quantitative yields

of a single diastereomer at 0 °C, warming the reaction was not attempted.

An additional problem was also identified during the screening of reaction
conditions. The most common method for removal of the CBS catalyst by-product
is washing with a weak solution of an acid, such as hydrochloric acid. In the case
of products 32a and 32b, this would cause serious problems due to the lability of
the acetonide protecting group. This protecting group had also caused problems in
the purification of previous intermediates due to its decomposition during silica

chromatography. In response to this problem, a dilute solution of citric acid was
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used instead. The use of this work-up allowed the removal of the majority of the

amino alcohol while minimising the loss of product.

With the optimised conditions for CBS reduction in hand, these were then applied
to the synthesis of the unnatural diastereomer 32b (Scheme 20). It was observed
that in the case of the (S)-CBS reduction to 32b, a considerably lower yield was
obtained. This may be due to a mismatch between the catalyst and substrate
causing the diastereoselective reaction to slow down, which would allow a slower
side process to become more prevalent. This hypothesis is supported by the lack
of any 32a, which would be the product formed by a non-selective reduction

pathway, or any 31 remaining after the reaction.

OH O OH

(R)-CBS-Me (S)-CBS-Me
/\;W‘ BH5 THF B BHyTHF  \— (i
THF, 0 °C e THF, 0°C
o><o Lo % tio o><o
32a 31 32b

Scheme 20: Diastereoselective reduction to each diastereomer of 32.

The Overman rearrangement of secondary, allylic trichloroacetimidates is known
to proceed under thermal conditions at around 110 °C or, at higher temperatures,
over much shorter time scales than for a primary rearrangement.>® As this is less
forcing than the rearrangement of similar, primary compounds, a short screen of
conditions under which the Overman rearrangement of 33a and 33b might
proceed was undertaken (Table 7).

Initially, a trial of three different temperatures was conducted (Table 7, entries 1i
3). Performing the reaction at 160 °C for 18 hours, a very low yield of 34a was
obtained as the only product. An improved yield was observed when conducting
the reaction at 140 °C. However, when the temperature was further lowered to 110
°C, a portion of the intermediate trichloroacetimidate was recovered. As it had
been observed in the primary rearrangement, that longer reaction times tended to
cause decomposition of the product, the reaction was attempted at 140 °C for 8
hours (entry 4). This gave a much improved yield of the desired product but the *H
NMR spectrum of the crude mixture still showed incomplete conversion of the

imidate. An intermediate duration of 10 hours provided an optimised yield of 71%
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(entry 6). Using this result as a starting point, it was shown that the reaction at 160
°C was completed in 3 hours with an almost identical yield (entry 7). Applying the
groupbés knowledge of micr owa vhe reactive coulcst r vy
be accelerated using microwave irradiation to finish in only 15 minutes at 140 °C
(entry 8). The microwave conditions required the addition of a silicon carbide
passive heating element to the reaction vessel to allow heating, as p-xylene does
not absorb microwave radiation. Attempting the reaction under each of the three
conditions produced high yields of diastereomerically pure 34a. Applying the
optimised conditions to the rearrangement of 33b produced similarly high yields of

diastereomerically pure 34b (entries 9 and 10).

OH CCl, CCl,
CI3CCN 0’<NH O NH
w DBU _ Conditions w
CH,Cl, 13 13
O><O 0°Cort O><O O><O
32a-(2S,55,6R) 33a 34a
32b - (2R,5S,6R) 33b 34b
Entry | Substrate Temp/):a rature | Time Solvent Heat Yield /%
C /h source
1 33a 160 18 p-Xylene Oil bath 7
2 33a 140 18 Toluene Oil bath 36
3 33a 110 18 Toluene Oil bath | 22 (+15% 33a)
4 33a 140 8 p-Xylene Oil bath | 53 (+13% 33a)
5 33a 140 8 DMF Oil bath | Decomposed
6 33a 140 10 p-Xylene Oil bath 71
7 33a 160 3 p-Xylene Oil bath 72
8 33a 140 0.25 p-Xylene "\ 72
9 33b 160 3 p-Xylene Oil bath 77
10 33b 140 0.25 p-Xylene W\ 71
Table 7: Conditions for Overman rearrangement of allylic imidates 33a and 33b.

With the allylic trichloroacetamides 34a and 34b in hand, repetition of the
ozonolysis conditions utilised previously allowed access to the same, protected
phytosphingosines, 30a and 30b. The ozonolysis and reductive work-up again

proceeded in a good yield for each analogue (Scheme 21 and Scheme 22).
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1) Cl3CCN ;\CC|3 CCls
OH DBU, CH,Cl, O \H 1) 0s, CHoClL 07\
_ 0°C —>rt N MeOH, -78 °C
13 2) K,CO3, p-Xylene 13 2) NaBH, w
o_0O uW, SiC, 140 °C o_0O —-78°C > rt o_0O
>< 72% (2 steps) >< 73% ><
32a 34a 30a

Scheme 21: Overman rearrangement and ozonolysis to protected D-ribo -phytosphingosine
30a.

1) Cl3CCN %CCls §<CCI3
_ 0°C >rt R\ MeOH, -78 °C
13 2) K,CO3, p-Xylene 13 2)NaBH, w
o_0O uW, SiC, 140 °C o_0O —78°C > rt 0_0O
>< 71% (2 steps) 7< 66% 7<
32b 34b 30b
Scheme 22: Overman rearrangement and ozonolysis to protected L-arabino -

phytosphingosine 30b.

1.3Concl usi ons

A 13-step, diastereoselective synthesis of both D-ribo- and L-arabino-
phytosphingosine from the chiral pool starting material D-ribose has been
developed. This synthesis included the use of cross metathesis to install the long
chain alkane of the natural products and an Overman rearrangement to install the
C-2 amine functionality in a diastereoselective manner. Having experienced
problems with the initial route, via a primary Overman rearrangement, an
alternative strategy using CBS-r e d u ¢ t i o n-uneaturatadnmetbly] Ketone to
access each of the chiral secondary allylic alcohols was developed. This method
allowed the total synthesis of D-ribo- and L-arabino-phytosphingosine in 19% and

12% yields, respectively.
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In recent years the study of one-pot, multi-reaction, tandem, domino and cascade
processes has grown rapidly.>* *® The utilisation of multiple transformations within
a single reaction vessel has a number of advantages over traditional step-wise
chemistry. These include the minimisation of solvent and other chemical waste by
the elimination of purification steps for intermediates and potential gains in yield,
where intermediates are sensitive or volatile. Tandem catalysis processes, in
particular, where one or more catalysts may perform multiple isolated
transformations during a single reaction, can reduce the time needed to synthesise
compounds, as well as the quantity of waste created.®® This can lead to more

efficient and more environmentally-friendly synthetic routes to compounds.

There has been a large amount of discussion in the literature over the proper use
of the terms cascade, domino and tandem. As defined by Nicolaou, in all
variations of cascade, domino or tandem processes, all reagents or catalysts must
be present at the initiation of the first reaction.>® A further expansion on this by
Fogg and dos Santos details that a one-pot process in which:>®

AModi fication of an organic moiety Vi
addition of the second catalyst only after the first catalytic
transformation is complete, is not a [sic] tandem catalysis, but a one-pot
(bicatalytic) reaction. o

In addition, Fogg and dos Santos specify that, for reactions in which there is only a
single catalytic step in addition to a stoichiometric one, these cannot fall under the
category of tandem but, may be classed as domino only if all reagents are present
at the start. As such, in this thesis, where multiple additions and changes in
reaction conditions are used in the key processes of the projects that will be
detailed below, the processes will be defined as one-pot multi-reaction, and not as

cascade, tandem or domino processes.
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212 Previous work within the group

Within the Sutherland group a number of recent projects have focused on the use
of an Overman-RCM/RCEYM one-pot process. The initial ideas for this process
came about in 2007 as an extension -of
directed Overman rearrangements (see section 1.1.2 for information on the ether-
directed process).>® Having demonstrated that the Overman rearrangement could
be efficiently controlled by an allylic, ether-protected alcohol, the group set about
synthesising a number of natural products using this methodology. Included in
these was the piperidin e a | k adnbydride (Scheme 23).%° In the synthesis of
U-conhydrine, a deprotection-acylation strategy was utilised to install a second
alkene in the molecule before using RCM to form the six-membered ring of the

natural product.

OMOM
1) CI3CCN
OMOM 3
0O 7 steps DBU, CH,Cl, \/'\/\
IAQOH —— — \/'\/\ HN._CCl
329, OH 2) PdCl,(MeCN), \ﬂ/ 3
Toluene, rt
. , 0]
(S)-Glycidol 35 55%. 16:1
1) 2 M NaOH

2) CICOCH,CH=CH,
NEt,, CH,Cl, 52%

OMOM
OH
\/V\j Grubbs | g
CH,Cl, HN 7
HN 100% g(\/

a-Conhydrine

Scheme 23: Key steps of the Sut hies |ednhgtlinem@@pHpds synt h

This methodology was complicated by the necessity of changing the protecting
group and the difficulties in attaching the olefin-containing chain. Later in the same
year, the group published initial attempts at a one-pot Overman-RCM process to
overcome the limitations observed in the conhydrine synthesis.*® Having reported
in an intermediate paper that ruthenium-based catalysts had no detrimental effect
on allylic trichloroacetimidates, the initial idea had been to perform an orthogonal
tandem-catalysis reaction. In such a reaction both the palladium and ruthenium

catalysts would be present at the initiation of the reaction. The palladium catalyst
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would first perform the Overman rearrangement before the ruthenium catalyst
performed RCM. However, a set-back was encountered in this plan 8 it appeared
that the ruthenium metathesis catalysts were decomposing through a side-reaction
with the palladium(ll) catalyst before the completion of the Overman step d and in
all cases only the intermediate trichloroacetamide-diene was isolated. To
circumvent this problem, a step-wise addition procedure was utilised that involved
performing the palladium-catalysed Overman rearrangement at room temperature
before addition of the ruthenium catalyst and warming to 45 °C to effect the RCM
(Scheme 24). This allowed access to the desired cyclic allylic amides in high
yields. The use of chiral (S)-COP-CI catalyst (S)-1 in this methodology showed
that it was also possible to obtain high enantioselectivities (94:6 e.r. prior to

crystallisation) in the one-pot two-step process.

(T (I~ (
n n then
Z PdCl,(MeCN), AN Grubbs |
HNYO CH,Cl,, rt HNYO 45 °C HNYO
CCly CCly CCly
n=0,1,23 n=0,84%, 1,89%

2, 93%, 3, 62%?

Scheme 24 One-pot Overman rearrangement ring closing metathesis reaction.
®Performed using Grubbs II.

Having developed a one-pot multi-reaction process for the synthesis of cyclic
allylic trichloroacetamides, the group utilised this methodology for the total
synthesis of a number of natural products and drug-like compounds such as
analogues of (+)-7-deoxypancratistatin.®* This project combined the ether-directed
Overman rearrangement strategy with the one-pot multi-reaction process. Starting
from (S)-glycidol (35), in seven steps and an impressive 86% overall yield, the
allylic alcohol 36 was synthesised (Scheme 25). Using this in the one-pot multi-
reaction process allowed access to the cyclic allylic amide 37 as a single
stereoisomer. Deprotection of the amide and coupling with 6-bromopiperonylic
acid gave aryl bromide 38 which was then used in a Heck reaction to close the
final ring. This compound was then deprotected under acidic conditions to give the
precursor to the (+)-7-deoxypancratistatin analogues 39. With this compound in
hand, the synthesis of three analogues of (+)-7-deoxypancratistatin by oxidation or

reduction of the 1,2-alkene was completed.
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1) CI3CCN, DBU

CH2C|2, rt
' 2) PdCly(MeCN),, @
0 7 steps S Toluene, rt MOMO"
A OH ~ggo ~ MOMO 3) Grubbs I, rt N0
60% (3 st
(S)-Glycidol o (ters) cs

35 36 37

1) NaOH, MeOH

2) 6-Bromopiperonylic acid
EDCI, DMAP, MeCN
0 °C tort, 79% (2 steps)

y

1) Pd(OAc),, PPhs,
DIPEA, DMF @ Br
155 °C, 78% MOMO" ™
2) HCI, MeOH, HN
40 °C, 97% o
39 38

Scheme 25: The key steps in the synthesis of analogues of (+) -7-deoxypancratistatin using
a one-pot m ulti -reaction process.

An obvious extension of this project was the incorporation of an alkyne in place of
the terminal alkene. This allowed the process to be expanded and the use of
RCEYM furnished a 1,3-diene which was then used in a Diels-Alder reaction.®?
Again, a short synthetic route to the necessary allylic alcohol was developed. After
optimising the step-wise process, it was applied as a one-pot three-step procedure
(Scheme 26). Performing the Overman rearrangement under thermal conditions
and the RCEYM at 75 °C with Grubbs 1% generation catalyst yielded the required
1,3-enyne. At this point a number of different dienophiles were used in a Diels-

Alder reaction to form bi- and tri-cyclic compounds.
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octahydroamidonaphthalenes and hexahydroamidoindenes.

38

O._NH
N

CCly

One-pot three -step reaction sequence allowing access to substituted

The scope of this methodology was then expanded to include Diels-Alder

reactions with alkynes and dienes containing heteroatoms in their backbone.®

This process formed 1,4-dienes, which could then be aromatised using either DDQ

or manganese dioxide to yield amidoindanes and amidotetralins (Scheme 27).

This project ignited interest within the Sutherland group in developing new one-pot

processes that could access these amidoindanes and amidotetralins in a different

and complimentary manner.

[ EtO,C—=—CO,Et

X
Gh ZnCl,

X

" CO,Et

NH
CCls

O Hydroquinone

Toluene
140 °C, uW
X =CH,, O, NTs

n=0,1

Scheme 27:
amidotetralins.

One-pot

two -step process

OYNH CO,Et
CCls

for

the synthesis of

X
(

n

DDQ CO,Et

115 °C OYNH CO,Et

W celg
X =CHy, n=0,71%
= CH,, n =1, 58%
=0, n=1,42%
= NTs, n =1, 48%

amidoindanes and
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213 The oxybenzo[c]phenanthridine

The first reported isolation of a member of the benzophenanthridine alkaloids
dates back to the early 1800s.** Since then a large number of related
benzophenanthridine natural products have been isolated and characterised.®
These natural products have gained significant attention due to their potent
biological activities. Of particular interest are the fully aromatised
oxybenzo[c]phenanthridine natural products. A major source of these alkaloids are
plants of the genus Zanthoxylum. This genus includes around 250 evergreen and
deciduous shrubs, which grow in temperate and subtropical areas of the globe.
The bark of a number of these shrubs was historically used for treatment of pain
and inflammation, amongst other ailments.®® For example Zanthoxylum nitidum,
which has been used as an anti-inflammatory and analgesic in Chinese medicine
for over 1000 years, contains a number of benzophenanthridine natural products
including nitidine (40), dihydrochelerythrine (41), 8-methoxychelerythrine (42) and
oxyavicine (43) (Figure 5).°” These compounds have been shown to have

analgesic and anti-inflammatory effects comparable with those of hydrocortisone.®’
LI LI
S G [
®
Me VS OMe Me OMe
H HH OMe

Nitidine (40) Dihydrochelerythrine (41)

O O

.99 S

’ [ ’ Ly
Me N OMe Me O

e
MeO OMe O
8-Methoxychelerythrine (42) Oxyavicine (43)
Figure 5: Four of the alkaloid natural products obtained from Zanthoxylum nitidum.

Other members of this family of alkaloids show efficacy against a diverse range of
biological targets. Examples include oxychelerythrine (44), which displays
cytotoxic effects against P-388 and HT-29 tumour cell lines,®® oxysanguinarine
(45) which inhibits platelet aggregation®® and oxynitidine (46) which inhibits DNA

replication in hepatitis B virus.”® Due to the potent biological activity of a large
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number of these alkaloids, and the relatively low quantities that can be extracted

from plant sources, they have been the focus of a large number of syntheses.®®

O o] o]
<O OO O <O OO O <o OO O OMe
M N OMe M N M N OMe
O

e e 0] e
O OMe O 0
Oxychelerythrine (44) Oxysanguinarine (45) Oxynitidine (46)
Figure 6: Other members of the family of oxybenzo[c]phenanthridine natural products.
214 Ai ms

The aim of this project was to optimise a previously developed one-pot multi-
reaction process for the synthesis of a series of C-1 amido substituted indenes
and dihydronaphthalenes. This one-pot process would then be applied as the key
step in the total synthesis of a number of natural products from the
oxybenzo[c]phenanthridine family. To this end, a rapid and versatile synthesis of
t h e-suldsiituted cinnamyl alcohols would also have to be developed (Scheme
28).

One-pot -
Oa Overman-RCM n Imidate /
process 7 formation C@;
> F
HN._ _O HN. _O

Y

OH
CCl, CCl;
ReductionH

Pd catalysed

Br coupling W HWE W
< <
CHO ZC0,Et

CHO
n=0,1

Scheme 28: Proposed access to allylic alcohols and use in one -pot process to form bicyclic
systems.
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22 Results and discussion

221 A rapid syntiheyl ci avlh@ddyd | s
2.2.1.1 Stille route to allylic alcohols

The initial route proposed -vinycinrprayl alcohals ¢ e s
involved the use of a palladium-catalysed Stille coupling between 2-bromobenzyl
alcohol (47) and vinyl tributyltin (Scheme 29).”" 73 It was then necessary to oxidise
the alcohol 48 to the corresponding benzaldehyde 49a. This oxidation was carried

out using manganese dioxide.

Br ”Bu3Sn/\ N
(I raeen, (I wo, (7
Toluene CH,Cly, rt CHO
OH 111 °C OH
47 48 49a
Scheme 29: I nitial r eact i-vinyloenzdldehyoe ¢48ag ss 20

Although the Stille coupling was an extremely efficient reaction, giving full
conversion to the product, by *H NMR analysis, with no protodehalogenation
products or starting material returned after the reaction, it was very difficult to
remove all the by-products derived from the vinyl tributyltin. A number of different
work-ups and column conditions were investigated. The initial conditions were
based upon reacting the tributyltin bromide by-product of the reaction with
potassium fluoride to form the polymeric tributyltin fluoride and potassium bromide,
then removal of the polymeric compound by filtration or column
chromatography.’*"®> Although a large quantity of the by-products could be
removed in this way, a significant amount always remained inseparable from the
desired compound. Differences in the concentration or solvent that the potassium
fluoride was introduced in made no difference to the outcome of purification.
Heating with the potassium fluoride or prolonged stirring also had no effect. After
consultation of the literature, a number of other possibilities were apparent; these
included filtration through a Celite® or silica and potassium fluoride mixture,’
repeated washing of the organic liquors with 1 M aqueous potassium fluoride
solution and column chromatography in a ~2i 5% triethylamine elution solvent

mixture.
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Upon attempting a procedure by Renaud et al,”’

in which 1 M aqueous sodium
hydroxide was used to form tributyltin hydroxide and bis(tributyltin) ether, which
are too polar to elute from silica gel under low polarity solvent mixtures, an
unexpected reaction occurred. Having used the Stille coupling to access benzyl
alcohol 48, it was observed that the 2-vinylbenzaldehyde 49a had formed. This
reaction probably goes through the widely accepted mechanism for palladium-

catalysed aerobic oxidation of alcohols.’®"®

By ©progr es s i nginylbehzaldeltydeu4ba) thduph an HWE reaction
with triethyl phosphonoacetate (21), under the Masamune-Roush conditions,*
then reducing the resulting ester 50a with DIBAL-H, the required cinnamyl alcohol
51a was formed (Scheme 30). Having carried large quantities of the tributyltin
side-product through these two steps, it was impossible to gain good
characterisation data or yields for these reactions. It was, however, possible to

purify the cinnamyl alcohol at this stage.

~ LiCl, DBU ~ DIBAL-H N
CHO MeCN, rt ZCO,Et  46% over

4 steps OH

49a 50a 51a

Scheme 30: Il nitial Fvim yicineamyl @lcohols.

An amended process using benzaldehydes as substrates for the Stille coupling
was also investigated (Scheme 31). 4,5-Piperonyl-derived analogue 51b and the
5-fluoro analogue 51c were chosen for their differing electronic properties. In both
cases it was impossible to separate the products from the tributyltin-related

impurity until the final step.

1) "BusSn” N

Pd(PPhy), NN
R@[Br Toluene, 111 °C‘R_®\ DIBAL-H R—@
“““CHO 2) LiCI, TEPA 21 SN COEt ELO 1
DBU, MeCN, rt
R = 4,5-0-CH,-0- 52b 50b 51b, 59%
= 5-F 52c 50c 51c, 55%

over 3 steps

Scheme 31: First synthesis of 4,5 -piperonyl - and 5-fluoro -derived cinnamyl alcohols.
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Although the Stille coupling route provided enough material to start optimising the
one-pot multi-reaction process, it was decided to attempt a different approach to
synt hesi si nwnylcinfamyl dcehpls. Zhiere had also been a number of
ot her complicati ons i-allylcihnareyl akcghald threughitrss
route. These problems will be detailed in section 2.2.3.1.

2.2.1.2 Suzuki-Miyaura route to allylic alcohols

Following the problems encountered with the Stille coupling route, it was clear that
the first step of the sequence had to be efficient, general, simple and high yielding.
Following a literature search, it was decided to attempt a Suzuki-Miyaura coupling
of 2-bromobenzaldehyde (52a) and potassium vinyltrifluoroborate with
palladium(ll) dichloride diphenylphosphinoferrocene as the catalyst (Scheme 32).%°
Gratifyingly, this reaction worked in high yield and with no issues with purification

and little optimisation required.

KF,B" ™\ Ph
Br 2 N LS—pPh
PdCl,(dppf) . N
Fe  PdCl,
CHO NEt3, IPA CHO R\Ph
80 °C, 84% Ph
52a 49a PdCl,(dppf)

Scheme 32: Suzuki-Miyaura coupling of potassium vinyltrifluoroborate and 2 -
bromobenzaldehyde (52a).

Having synt hesi s-ernylbenhzhldehydes 4Paiif cleandy aritlan high
yields using the Suzuki-Miyaura coupling, they were used in an HWE reaction
using Masamune-Roush conditions (Table 8). This reaction yielded only the E-
ethyl cinnamates 50aif in very high yields and could be purified by filtration
through a silica plug. DIBAL-H r educti on of the &est
vinylcinnamyl alcohols 51aif. This methodology allowed the generation of a
reasonable range of substrates in overall yields of between 71% and 89% over the

three-step synthesis.

of
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o KF;B LiBr, DBU
R{/\[ " PdCl,(dppf) R_:(/\(\ TEPA 21 R_:\@
" CHO NEts, IPA Z>CHO MeCN, rt ZNC0,Et
52a-f 80°C 49a—f 50a-f
DIBAL-H, Et,0
-78°C —>rt
NN
N
OH
51a-f
Entry 52 49 (%) 50 (%) 51 (%)
R=H
1 522 49a (84) 50a (98) 51a (97)
O]@iBr
2 0 CHO 49b (96) 50b (94) 51b (99)
52b
3 RooF 49¢ (91) 50c (89) 51c (97)
4 R 49d (90) 50d (100) 51d (92)
5 R = o OMe 49e (89) 50e (99) 51e (89)
e
s
6 O 49f (89) 50f (87) 51f (92)
CHO
52f
Table 8: Yields for the three -step synthesis of the ( E)-2 &inylcinnamyl al cohol s
222 A o-pet tmudaction proazmisdomdendsor m

Initially, replication of the results previously obtained within the group was the main

aim (Scheme 33). If these could be replicated then this would form the basis for

optimisation of the one-pot multi-reaction process.
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N Cl,CCN o KoCO4 h
P DBU 7 Toluene _ N

CH,Cl, HN. _O | 140 °C, 24 h HN._ _O
OH 0°C - rt b Y
6 h CCly CCly
51a - 53a - -

Grubbs | (25 mol%)
50 °C, 96 h

C2

HN\(

CCly
54a
42% over 3 steps

B ——

Scheme 33: Previous attempt at one -pot process by Fiona McGonagle in the group.

Acid-catalysed elimination of the trichloroacetimidate group during purification of
intermediate 53a on silica had previously been observed to occur on a related
series of compounds.®! To prevent this, the purification method in this project was

changed to use Brockman V neutral alumina.

After a single attempt at the Overman rearrangement, it was noticed that the
reaction duration needed to be increased to 36 hours as there was still a small
quantity of the imidate present. Over the course of five reactions, it was found that
the optimised conditions required to form the desired RCM product, in the fastest
time with the least catalyst loading, were marginally different from the previous
conditions. At the end of the RCM reaction (36 h), the reaction mixture was passed
through a pad of Celite®. The crude material obtained appeared to contain only

product 54a and the phosphine ligand from the Grubbs | catalyst.

However, when any of the reaction mixtures were further purified by silica column
chromatography, a new set of peaks appeared within the *H NMR spectra (Figure
7). The quantity of this side-product varied with the length of silica column that was
used in the purification and so, in some cases, appeared in less than 2% of the
purified product, while in other cases it was the only recovered compound. Full
characterisation of this compound could not be obtained but *H and **C NMR

spectroscopy showed that it appeared to be closely related to the desired product.
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| L 1

[— [
3.5 0.965 1.09

Figure 7: 'H NMR spectrum of isolated, unknown impurity.

Purification of the reaction mixture through neutral alumina gave a small quantity
of a different compound and a complex mixture of unknown decomposition
products. At this time, it was decided to investigate if the use of higher temperature
or a different catalyst might lead to a reaction mixture that could be purified by
filtration through a very short pad of silica. To this end, the one-pot process was
repeated in a stepwise fashion (Scheme 34). The optimised conditions for the
step-wise process showed that, similar to the results for the synthesis of
phytosphingosine, a higher temperature and shorter reaction duration gave higher
yields in the Overman rearrangement. In addition, Grubbs 2" generation catalyst
gave a marginal improvement in yield for the RCM process and could be used at
just one third of the loading required for Grubbs 1% generation. It was also found
that increasing the temperature during the RCM reaction from room temperature to

50 °C improved the conversion.

. 1)CI;CCN, DBU h O‘
@ CH,Cl,, 0°C —>rt - RCM Conditions_

O
2) K,COg, solvent HNYO HN\(

OH Tem_IEerature cCl, CCly
ime
51a 53a 54a
Toluene, 140 °C Grubbs | (15 mol%)
36 h-42% rt, 36 h - 72%
p-Xylene, 160 °C Grubbs Il (5 mol%)
18 h - 68% rt, 20 h - 80%

Scheme 34: Optimisation of step -wise Overman rearrangement and RCM process.

These optimised conditions were then applied as a one-pot process to the small
f a mi | yvinylwihnan®/lbalcohols previously synthesised (Scheme 35). Despite
achieving a very high yield of 82%, over the three steps for the unsubstituted
analogue 54a, the yields were lower for the other analogues. Although the reaction

is tolerant of electron-donating and withdrawing substituents, even a slightly
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electron-donating group such as the 4-methyl substituent, 54d, began to affect the
yield adversely. The lowering of yield became more pronounced on the addition of
more electron-donating substituents such as a 5,6-methylenedioxy 54b or 5-
methoxy 54e. Electron-poor compounds, such as 5-fluoro-substituted analogue
54c, were also tolerated, but again in slightly lower yield than the unsubstituted
substrate. In the case of the naphthyl-derived analogue, 54f, the reduced yield
was due to isomerisation of the product to the enamide under the reaction
conditions of the RCM step. It was observed that by reducing the reaction time to
12 hours, a better ratio of products could be obtained in the crude mixture (6:1 vs
2:1), as observed by *H NMR spectroscopy, and this led to the desired product
being obtained in a higher yield (56% vs 14% yields).

rREC T O 1) K,CO3, p-Xyl R O
A N D 2 3, P-Aylene R
R@ CI3CCN | 160 °C,18h 7
J,4 DBU, CHCl, HNYO 2) Grubbs II (5 mol%) O%NH
O OC - rt i CC|3_ 50 C, 20 h CC|3
51a-f 53a-f 54a-f
” ” " ”
‘ ‘ oo
CCI CCI CCI CCI
3 3 3 CCI3 3 CCI3
54a 54b 54c 54d 54e 54f
82% 57% 65% 68% 61% 56%32

Scheme 35: Optimised yields for the one -pot multi -reaction process. ?RCM reaction
carried out for 12 hours.

223 A rapi d sy2ddlhlewli ci mdiamyl al cohol

2.2.3.1 Stille route to allylic alcohols

As for the synthesis of the vinylcinnamyl alcohols, initial attempts at synthesising
t h e-ally@cimnamyl alcohols focused on using Stille methodology. However, upon
attempting the Stille coupling, it was observed that a mixture of isomers was

forming (Scheme 36). This had been previously observed in the original work on
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these systems within the group where an inseparable mixture that ranged from 2:1
to 30:1 had been reported.®*

BusSn™ >
F/CE/O Toluene F O F 0
111 °C

Scheme 36: Initial attempts at Stille coupling with allyl tributyltin.

It was observed that under reflux conditions, the palladium(0)-catalysed
isomerisation of the double bond occurred at a comparable rate to that of the Stille
coupling itself. Reduction of the reaction time resulted in the isolation of only a
mixture of starting material and both isomers. Lowering the temperature to 80 °C
allowed the reaction to progress to a single, non-isomerised product.
Unfortunately, the same problems encountered in the vinyl Stille coupling, with
regards to removal of the tin by-products were experienced here. It was at this
point that the change to using a Suzuki-Miyaura coupling for the synthesis of the
vinyl systems was made. Having observed that using Suzuki-Miyaura chemistry
greatly simplified the process of preparing vinylcinnamyl alcohols, similar

met hodol ogy was i nvest i galylciendmyfatwaholst h e

2.2.3.2 Suzuki-Miyaura route to allylic alcohols

Examining the literature around the planned allyl-Suzuki-Miyaura coupling
highlighted two points. Firstly, using the potassium allyltrifluoroborate would most
likely yield the internal isomer of the olefin 552 and secondly, that performing the
Suzuki-Miyaura coupling before the HWE reaction would give a competing side
reaction between the allyl borate and the aldehyde and lead to homoallylic

alcohols such as 56 (Scheme 37).8%%
OR
B Br
C(\v i Br RO CKN
) g 7
cHo Pd Catalyst CHO
OH

Scheme 37: Expected problems with performing the Suz uki-Miyaura reaction as the 1
step of synthesis.

syni
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To circumvent these issues it was decided that the HWE reaction would be
performed first, followed by the Suzuki-Miyaura reaction using allylboronic acid
pinacol ester (58). This boronate ester is both commercially available and easily

synthesised.?®®

The HWE reaction proceeded in high yields under the same conditions used for
t h e-vingldnnamyl alcohol synthesis, with no optimisation necessary, and again
yielded the E-isomers as the sole product (Scheme 38). The starting material, 52h,
for the furan-derived analogue 57h was synthesised in a single step by the

formylation, under Rieche conditions, of 3-bromofuran with dichloromethyl methyl

ether and titanium tetrachloride, in a 96% yield.®®

LiBr, DBU

Br
|
Z~CHO MeCN, rt PN CO,Et
52a-i 57a-i
ZCO,Et O ZCO,Et F Z>CO,Et
57a, 82% 57b, 100% 57¢, 95%
e s S
. om0
57d, 96% 57e, 93% 57f, 100%
F,C Br Br N. Br
RO AN (I
ZCO0,Et O~ >"CO,Et ZNC0,Et
579, 88% 57h, 93% 57i, 93%

Scheme 38: Results of the HWE reaction of va rious 2 -bromobenzaldehydes.

Under the initial conditions, the Suzuki-Miyaura coupling proceeded in a high yield
for electron-poor bromides such as the fluorine containing analogue 57c¢ (Scheme
39).89% However, optimisation was needed before it could be applied to electron-
rich substrates. It was observed that, under the conditions utilised for the electron-
poor analogues, an inseparable mixture of product 59e and proto-dehalogenated
side-product 60 was obtained (Scheme 40 and Table 9, entry 1).
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0} —
j: /Bf
O
B P
F - CO,Et Pd(PPhj3),, CsF F - CO,Et

1,4-Dioxane
57c 101 °C, 94% 59c

Scheme 39: Suzuki-Miyaura coupling of electron -poor aryl bromide.

o Z
e~ T
Br o MeO CO,Et
MeO COEt  pd(PPh),, CsF H
S7e 1,4-Dioxane /O/\/A
101 °C MeO 60 CO,Et

44% as an inseperable
2 :1 mix (59e : 60)

Scheme 40: Initial problems with Suzuki -Miyaura coupling on electron -rich aryl bromide
57e.

Initially, changing the catalyst to dichloropalladium(ll) diphenylphosphinoferrocene
was attempted; this gave both an increase in yield and a decrease in
debromination (entry 2). It was then observed that at lower temperatures,
debromination was completely halted with either catalyst, but that the reaction now
no longer proceeded to completion (entries 3 and 4). The number of equivalents of
allylboronic acid pinacol ester (58) was then increased, raising the conversion to

59e and the yield to near quantitative levels (entries 5 and 6).

Entr Catalvst Equivalents | Temperature | Time | Yield Ratio of
y y of 58 I°C lh | /1% | 57e:59e:60°
1 | Pd(PPhs)s 1.5 101 18 44 0:2:1
2 PdCl,(dppf) 1.5 101 18 85 0:10:1
3 | Pd(PPhy). 1.5 85 24 84 2:3:0
4 | PdCl,(dppf) 1.5 85 24 86 3:7:0
5 | PdCl(dppf) 4.0 85 24 98 0:1:0
6 | PdCl,(dppf) 2.0 85 24 99 0:1:0
Table 9: Optimisation of Suzuki-Miyaura chemistry for 59e. ®Yield of mixture of

products 59e and 60. ®Calculated from *H NMR spectra of purified mixture.

These optimised conditions were then applied to the synthesis of the other
analogues (Table 10). Performing the Suzuki-Miyaura coupling and then reducing
the esterwith DIBAL-H al | owed access talylcimmanylraloohgls
in very high yields over the three steps. A small amount of modification of the

of
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optimised conditions was required for the synthesis of the naphthyl-derived

analogue 59f (Table 10, entry 6). Performing the Suzuki-Miyaura coupling at 101

°C and increasing the number of equivalents of 58 to 2.5 gave a quantitative yield

of 59f. This was necessary due to the extra steric hinderance of the second ring.

The pyridine-derived analogue 57i did not perform as well in the Suzuki-Miyaura

coupling and suffered from increased proto-dehalogenation (entry 9). However,

unlike the other analogues, the desired product 59i could be separated from the

side-products by column chromatography.

OH

58 (2.0 eq)
PdCl,(dppf) N F
ZNFc0,Et CsF (4.0 eq) ~ CO.Et _ EtO
1,4-Dioxane -78°C > rt
57a-i 85°C 59a—i 61a—i
Entry 57 59 (%) 61 (%)
R=H
1 573 59a (100) 6la (81)
0 Br
2 <O F CO.Et 59b (100) 61b (97)
2
57b
R =5-F
3 57¢ 59c (98) 61c (92)
R = 4-Me
4 57 59d (99) 61d (88)
R =5-OMe
5 57e 59e (99) 6le (82)
“ Br
6 ‘ 59f (98)2 61f (93)
ZCO,Et
57f
R =4-CF3
7 574 59g (100) 61g (93)
Br
8 o) | Z CO,Et 59h (100) 61h (96)
57h
‘ N Br
9 ﬂ/j/\/ACOQEt 59i (77) 61i (88)
57i
Table 10: Optimi sed yi el ds for t -allglcinmampyh taltahaisi $Reaotibn

performed at 100 °C with 2.5 eq of 58.

20
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224 A o-pet tmrud acti on process
ami dodi hydronapht hal enes

The initial attempts at performing the one-pot multi-r eact i on pr oeess
allylcinnamyl alcohols were based around the optimised conditions for the
synthesis of amidoindenes. However, while optimising these conditions, a side-
*product was formed in as much as a 2:1 ratio versus the desired product. The *H
NMR spectra of this side-product showed that it was closely related to both the
allylic alcohol 61e and the allylic imidate 62e and was always accompanied by a
broad doublet corresponding to the NH, group of trichloroacetamide (64). It was
thought that this impurity could be one of two compounds: the product of [1,3]-
rearrangement, the allylic trichloroacetamide 63 (Scheme 41, top path); or the
product of hydrolysis of the imidate back to the allylic alcohol 6le and
trichloroacetamide (64) (Scheme 41, bottom path).

7
MeO -

OH F
61e Metal contaminant
CI;CCN, DBU catalysed-[1,3]  MeO Z

CH,Cl,

- - X

7 CCly
63
MeO - K,COg
—_— /

H NYO p-Xylene

CCly 160 °C MeO 7
- N . OH
62e Hydrolysis 61e
+
O
H2NLCCI3
64

Scheme 41.: Possible decomposition routes in Overman rearrangement.

The [1,3]-rearrangement is a known reaction under palladium(0)-catalysed
Overman conditions or in the presence of catalytic quantities of acid.'® However,
isolation of a [1,3]-product under thermal Overman conditions in the presence of
potassium carbonate is unprecedented; this meant a metal contaminant would
have had to be present for the [1,3]-reaction to have occurred. To minimise the

chances of the side-product coming from small quantities of metal contaminants
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on the Schlenk tubes, the reaction was carried out in a previously unused

microwave vial. This had no effect on the ratio of product to side-product.

To investigate the possibility of the side-product coming from hydrolysis of the
imidate, 5 A molecular sieves were added to the Overman rearrangement step.
This improved the ratio of product to side-product from 1:2 to 2:1. Following this
observation, a fresh bottle of anhydrous p-xylene was purchased. It was also
observed, during this investigation, that the imidate formation was complete in only
one hour and that, especially in the case of the electron-rich analogues, prolonging
this step or not using the imidate quickly after its synthesis, gave a lower ratio
between [3,3]-product and the side-product. In the optimised process, the allylic
alcohol was dried under high vacuum before use, the imidate formation was
carried out in one hour and the imidates were kept dry and used rapidly. These
changes prevented hydrolysis of the imidate and hence greatly improved the yield

of the reaction.

Using the optimised conditions for the imidate formation and one-pot process, it
was possible to synthesise eight of the target molecules (Scheme 42). The
process tolerates both electron-rich and -poor systems with little change in yield. In
the case of the piperonyl-derived analogue 65b it was shown that, upon scaling up
the reaction to 9 mmol, the catalyst loading for this reaction could be lowered to
2.5 mol%. The trifluoromethyl substituted analogue 65g required two additions of 5
mol% of catalyst over a 48 hour period and heating to 50 °C before the reaction

reached completion.

In the case of the pyridine-derived analogue, two problems were encountered.
After the Overman rearrangement step it was observed that the alkene of the allyl
chain had isomerised to give 65i. This problem was not investigated further,
however, as when RCM was attempted on this compound, the reaction failed. This
is due to the nitrogen of the pyridine ligating the Grubbs 2™ generation catalyst.
This is well precedented and can be avoided by using the N-alkyl salt, or by
making the hydrochloride salt of the pyridine.®*> These methods would have
required protection of the pyridine at the start of the synthesis as the N-alkyl
species or the addition of hydrochloric acid between the Overman rearrangement
and RCM steps.
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/ R'\ /_1)KCO Xyl R'\
~ g 2L0U3, p-Aylene e
R—OA/Z CllCCN | o7 160°C,18h 7
DBU, CH,CI, HN<_©O |2) Grubbs Il (5 mol%) O _NH
OH gec 1t by rt, 20 h T
i CCly| ™ CCl,
61a—i 62a-i 65a-i
Me
O NH O NH O NH O NH O NH
CC|3 CCI3 CC|3 CCI3 CC|3
65a, 89% 65b, 81%? 65¢c, 76% 65d, 82% 65e, 76%
O X ~
o NH
o NH o NH cc| O._NH
ch ch 3 CCljq
65f, 84% 659, 72%° 65h, 72% 65i, 40%

Scheme 42: Optimised yields for the one -pot multi -reaction process. ®The RCM step was
performed using 2.5 mol% of Grubbs 2 " generation catalyst. °The RCM step required 10 mol%
of Grubbs second generation catalyst and was performed at 50 °C over 48 h.

225 The total syntywleesnzofod] gloamamtxhr

Having demonstrated that a scalable, robust one-pot process had been
developed, the next goal was the total synthesis of a number of
oxybenzo[c]phenanthridine natural products. Initially, deprotection of the piperonyl-
derived product 65b under the standard acidic or basic conditions was envisioned
(Scheme 43). This would then be followed by an amide coupling with a substituted
2-bromobenzoyl chloride and N-methylation of this amide. This would give an aryl
bromide for use in an intramolecular Heck coupling to give a precursor that could
be aromatised to yield oxysanguinarine (45).
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HCI or
{ ” NaOH O <
Deprotection ¢
O NH ©

NH then
CC|3 2 NaH Mel O O\/
65b Pd Cat
Heck
< MnO, <
O O\/

Oxysanguinarine (

Scheme 43: Initial approach to oxybenzo|[c]phenanthridine natural products.

The proposed first step was to deprotect the amido-dihydronaphthalene 65b.
Under the mildest basic conditions attempted, elimination of the trichloroacetamide
moiety was the major product (Table 11). Changing to a more nucleophilic base,
such as barium hydroxide, caused a larger quantity of elimination to be observed.
However, using acidic deprotection conditions, elimination was the only process
observed. Under reductive conditions, that have rarely been used, the elimination

process was also the only observed process.*

B@

H\' Basic or
<O Oa reductive ¢ o
0 _conditions _ :” O + e
o (NH H,N~ "CCl;
CCls
65b 66 67 64
Entry Reagent Conditions 66:(67+64)
1 6 M NaOH 65 °C, 48 h 1:1
2 Ba(OH),.8H,0 65°C,72h 1:14
3 6 M HCI 65 °C, 48 h 0:1
4 DIBAL-H 178°C,2h 0:1
Table 11: Results for basic, acidic and reductive deprotections.

As it was clear that there was a significant driving force for 65b to become
aromatic, the synthetic route was altered. By first aromatising 65b to 68, it was

assumed that the deprotection step would become trivial. Deprotection would now
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yield a substituted naphthylamine 70 which could then be coupled with a variety of
2-bromobenzoyl chlorides before using a Heck coupling to close the final ring and
yield four oxybenzo[c]phenanthridine natural products, through a similar route to
that reported by Harayama and co-workers.** 1%

Indeed, aromatisation of the one-pot process product 65b proceeded in a high
yield with the remainder of the mass made up of the product of benzylic oxidation
69 (Scheme 44). This side-product could not be eliminated, even under strictly
degassed conditions or by changing the temperature of the reaction, but was
easily separated by column chromatography. Deprotection to the naphthylamine
70 occurred under acidic conditions. The milder basic conditions were not
attempted as the acidic conditions gave an almost quantitative yield from the first

attempt.

< :” __MnG, < :” O i
O NH * <o
O

HN o " CHCl;
45 °C
CC|3 cc:|3

65b 68, 72% 69, 16%

6M HCI, MeOH
90 °C, 98%

L
NH,

Scheme 44 Aromatisation and deprotection of the one  -pot process product.

Four benzoic acids were needed to acess the four oxybenzo[c]phenanthridine
targets. Two of these were commercially available, while two had to be
synthesised (Scheme 45). The first of these was prepared by ortho-bromination'**
of benzoic acid 71 and the other through Pinnick oxidation,'®? from its

corresponding 2-bromobenzaldehyde 52b.
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O
Commercially
Br/NYN\Br available acids
0O Br Br
e
2 OMe Hzo, 0°C - rt H02C OMe H02C \/O
829, OMe O
71 0 72a 72¢c

2-Methylbut-2-ene
Brj©:o> NaH2PO4, NaCI02 Brj@:o> BerEOMe
OHC O ‘BUOH, H,0 HO,C O  |HO,C OMe

52b rt, 98% 72b 72d

Scheme 45: Syntheses of the two commercially unavailable 2  -bromobenzoic acids.

With the amine 70 and acids 72ai d in hand, the use of a number of coupling
agents for the formation of the amides was investigated (Table 12). Optimisation
was initially performed with acid 72b. Using either HBTU or CDI coupling agents
returned only starting materials (Table 12, entries 1 and 2) while both EDCI and
the triphenylphosphine/DDQ conditions'® gave low vyields (entries 3 and 4). All of
these results were attributed to the amine not being sufficiently nucleophilic. Acid
chloride formation, followed by reaction with the amine 70 was then investigated.
Initially, oxalyl chloride and DMF were tried, but also gave a poor yield (entry 5). It
is believed that the DMF may not have been sufficiently dry for these conditions
as, when acid chloride formation with thionyl chloride was attempted as the
activation step, a yield of 89% was obtained (entry 6).

Br 9]
HO\’p[ >
O O
O
. L Jer

<o 72b o O>

Conditions HN o

O

NH,
70 73b
Entry Conditions Yield /%
1 HBTU, DIPEA, 50 °C, 8 days NR
2 CDI, NEt3, 70 °C, 19 h NR
3 EDCI, DMAP, 60 °C, 18 h 18
4 PPhs, DDQ, rt, 10 mins 20
5 (COCI),, DMF, NEt3, 0 °C to rt then 50 °C, 2 h 5
6 SOClI,, DIPEA,0°Ctort,2 h 89

Table 12: Screened conditions for amide coupling.
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Having optimised the conditions for amide coupling, they were then applied to the
set of four benzoic acids, 72ai d that would ultimately allow the preparation of four
oxybenzo[c]phenanthridine natural products. The amide couplings were then
performed under the optimised conditions before methylation with sodium hydride
and methyl iodide (Scheme 46).

72a—d

SOCI,, CH,Cl, < ”
{ ” on Mel, NaH_ O
DIPEA, CH,Cl, YO DMF p
0°C—ort RO°C—ort
70 73a, 89% 74a, 98%
73b, 89% 74b, 98%
73c, 89% 74c, 95%
73d, 88% 74d, 94%

Scheme 46: Amide formation and N-methylation steps.

The group of Harayama has published a number of papers on the intramolecular
Heck coupling of similar aryl halides (Scheme 47).°41% |n their system bromides
and iodides, as well as a triflate on one occasion, were used.*'®” They showed
that aryl halides containing a 6-position substituent on the halogenated phenyl ring
can undergo the Heck reaction with 20 mol% of palladium(ll) acetate and 40 mol%
of tri-ortho-tolyl phosphine in very high yields.?® However, in the case of systems
that are lacking this 6-position substituent, they were forced to use stoichiometric
quantities of palladium and two equivalents of ligand, even when using the more
reactive iodide.®” This marked change in reactivity can be explained by envisioning
the conformation that these compounds must adopt for the reaction to occur. In
the case of the 6-substituted compounds, such as those leading to
oxychelerythrine (44), there will be steric repulsion between the 2-position- or the
6-position-substituent and the hydrogen at the reaction centre of the other ring.
This must be overcome for the reaction to occur, hence the high temperatures.
However, in the case of the substrates lacking in a 6-position substituent, the 6-
position is now, relative to the 2-position, unhindered. This leads to an
unfavourable pre-organisation within the molecule, where the halide is
preferentially kept away from the naphthyl ring system, resulting in the lower

reactivity of these substrates.
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Pd(OAc), (20 mol%)

< x , P(o-tolyl); (40 mol%) < OO
Ag>,CO3 (2.0 eq) O
OMe OMe

DMF
150 °C Me
For X =1, 94%
For X = Br, 96%

O OMe O OMe

Oxychelerythrine (44)

Pd(OAc) (100 mol%)
P(o-tolyl); (200 mol%) < OO
4 OMe A92C03 (2.0 eq) OMe
WQ C
150 °C, 89% Me OMe

O
Oxynitidine (46)

Scheme 47: Work by Harayama and co-workers on the Heck reaction for the synthesis of
oxybenzo[c]phenanthridine natural products. ~ %®8

Early attempts in this project followed the precedent of Harayama and co-workers
closely.?® ®8 For the synthesis of oxychelerythrine (44), from 74a, it was possible to
use the palladium(ll) acetate and tri-ortho-tolyl phosphine conditions and achieve a
yield of 97%. However, uponat t e mpt i ng Har ayamads condi
of oxynitidine (46), using the less reactive bromide 72d, no product was obtained.
It was clear that the bromides, lacking a 6-position substituent, could not be used

with Harayamads c oinghkigdod yield sf pradudat.| e obt ain

Instead, it was decided to change the catalyst. One of the problems that had been
not ed, upon attempts at using Har ayama
oxynitidine, was that palladium black was precipitating from the solution within 30
minutes of the mixture reaching reaction temperature. With this in mind, a catalyst
with similar properties to the tri-o-tolyl phosphine/palladium(ll) acetate mixture, that
would have better longevity at high temperatures, was desirable. The Herrmann-
Beller palladacycle fits these traits (Figure 8).2°41% This palladacycle catalyst has
been used for sterically congested Heck and Suzuki-Miyaura couplings at high
temperature, has a slower release of the active palladium(0) species and has been
shown to have a greater stability at these increased temperatures than the

palladium(ll) acetate/tri-o-tolyl phosphine combination system that it derives from.
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o
%rg

Figure 8: The structure of the Herrmann  -Beller palladacycle.

Using this catalyst, the desired biaryl Heck coupling with all four of the aryl
bromides was performed (Scheme 48). These reactions took a varying amount of
time and, in the case of the two analogues lacking a 6-position substituent,
required a slightly higher catalyst loading. This allowed access to oxyavicine (43),
oxychelerythrine (44), oxysanguinarine (45) and oxynitidine (46) in 11 steps and
38%, 46%, 42% and 38% overall yields, respectively.

<O OO Br Herrmann-Beller
0] AN palladacycle (10 mol%)

me N | X AgzCO; (2.0 eq)
O R DMF, 160 °C
74a-d
L A
i Ty ° [
Me/N O Me/N OMe
O O OMe
Oxyavicine (43), 78%?2 Oxychelerythrine (44), 95%

@) @)
<o OO O <O OO O OMe
Me/N e} Me/N OMe
o 0~/ o)
Oxysanguinarine (45), 90% Oxynitidine (46), 83%2

Scheme 48: Final step in the synthesis of oxyavicine, oxychelerythrine, oxysanguinarine
and oxynitidine. 20 mol% of the Herrmann -Beller palladacycl e used.

226 Concl usi ons

A highly efficient and easily-vsagl a-bal ned
allylcinnamyl alcohols has been developed. These cinnamyl alcohols have been

used to prepare the corresponding allylic trichloroacetimidates which are the
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starting materials for a one-pot multi-reaction process involving an Overman
rearrangement and ring closing metathesis. This one-pot process has been
optimised to allow the high yielding synthesis of six amidoindenes and eight
amido-1,4-dihydronaphthalenes. One of these amido-1,4-dihydronaphthalenes has
then been progressed through a divergent five-step route to allow the synthesis of
four oxybenzo[c]phenanthridine natural products in a total of 11-steps and
between a 38% and 46% overall yield.
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311 Benzoxepines in drug mol ecul es

The benzoxepine framework is found in a number of natural products and
biologically active molecules.’®®' 1% One example of this is pterulone (75), which
was shown to have antibiotic qualiies (Figure 9).'°'%® The 5-amino-1-
benzoxepines are a pharmaceutically relevant sub-class of the benzoxepines
containing compounds such as pyrrolidin-2-one substituted benzoxepine 76, which
is a weak potassium channel activator and smooth muscle relaxant.*'® Other
examples include an inhibitor of human cytomegalovirus (HCMV) 77,*** which is
active at micromolar levels, a class of acyl-CoA, cholesterol O-acyl transferase
(ACAT) inhibitors based around the core 78 and a sub-micromolar Src homology 2

domain binder 79.1*?

O
Pterulone 75 Potassium channel HCMYV inhibitor 77
activator 76
~ @)
R Cy-_0O O
\~
H F H,NOC _
2Ny 2 < NHAc
RN HN OPO3H,
O
O
F
Core of a family of Src homology 2 domain binder 79
ACAT inhibitors 78
Figure 9: Examples of the benzoxepine scaffold in natural products and biologically

active compounds.
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312 Previous work within the grou

As previous work within the Sutherland group had developed a rapid route to
cyclic allylic amides with an all-carbon ring system, an obvious extension was to
include a heteroatom in the backbone of the compounds. To synthesise the
required allylic alcohols for this one-pot process, a different route had to be utilised
(Scheme 49).'*® Starting from 2-aminoethanol (80) and selectively alkylating the
amine gave alcohol 81. This alcohol was then protected as the TBDPS ether to
allow Boc protection of the secondary amine, granting access to compound 82.
Deprotection of the alcohol with TBAF returned primary alcohol 83, which was
thenusedinaone-pot Swer n/ Wi tti g r easatdrated aldetyde
84. This was reduced with sodium borohydride in methanol to give the desired
allylic alcohol 85. The standard approach within the group of using a one-pot
Swern/HWE with triethyl phosphonoacetate (21) followed by DIBAL-H reduction of
the resulting ester was attempted, but gave a complex mixture of compounds. This
was attributed to a 1,4-addition competing with the 1,2-r educt i on -
unsaturated ester, which could occur through complexation of the metal hydride

with the heteroatom.***

i) TBDPSCI
" Br Imidazole, THF _

Z
Nal Y t, 86%

HZN\/\OH MeO

100% DMAP, CH,ClI,
80 81 tt, 100% 82
TBAF, THF
0 °C, 100%
i) (COCl),, DMSO
NEt;, CH,Cl, _
~ oH_ NaBH, N . —18°C—rt
BOCN\/\) MeOH, 0 °C BocN._~_CHO ii) Ph;P=CHCHO BOCN\/\OH
9 Toluene, 80 °C
85 88% 84 75% 83
Scheme 49: Synthesis of the allylic alcohol 85 for a heterocyclic variant of the one -pot
process.

Having successfully synthesised the heteroatom containing allylic alcohol 85 it was
then transformed to the corresponding allylic trichloroacetimidate using
trichloroacetonitrile and DBU in dichloromethane (Scheme 50). The imidate was
then used in a one-pot palladium(ll)-catalysed Overman rearrangement and RCM

sequence to form the 7-membered nitrogen containing cyclic allylic amide 86.

P

of

H,65°C N0y ii)Boc,O, NEt; BN~ ~g1ppps

C
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- -~ 1) PdCI,(MeCN),
BoaN"~\ BocN™ > " (10 mol%) ~ BoeN )
V\ ClsCCN, DBU. K/\ CH,Cl,, rt
CH,Cly, rt HNYO i) Grubbs I HNYO
CCl (10 mol%)
- 1 45°C,79% CCls
85 over 3 steps 86

Scheme 50: Heteroatom containing varian t of one -pot Overman/RCM process.

As cyclic allylic amides are known to be good substrates for directed epoxidation
and dihydroxylation reactions, the further functionalisation of the one-pot
Overman/RCM products was investigated. Starting from the Boc-protected one-pot
process product 86, epoxidation using m-CPBA vyielded the cis-epoxide 87.'*° This
was then treated with lithium aluminium hydride to open the epoxide and form the
cis-oxazolidinone 88. Without further purification the oxazolidinone was hydrolysed
and the Boc protecting group removed with hydrochloric acid in methanol to give
the cis-3-aminoazepin-4-ol 89. To form the cis-diol, directed dihydroxylation of the
one-pot process product 86 under the Donohoe conditions with OsO4 and TMEDA
was used.'® This gave the all cis-diol amide 90. This was deprotected by
hydrolysis under basic conditions to cleave the trichloroacetamide and then acidic

conditions to remove the Boc group, to give the cis-3-aminoazepin-4,5-diol 91.

BocN BocN Boc
/ m-CPBA O LiAlH,
_— —_— O
HNYO CH,Cl, HN,_ o5  THF,rt HN\(
rt, 58% o |
Cl;C Cl;C i
86 87 88
0OsO,, TMEDA 6 M HCI, MeOH, rt
CH,Cl,, -78 °C, 81% 61% over two steps

BocN ——
OH 2 M NaOH NH HN
oH MeOH, 40 °C OH
HN then 2 M HCI
0 0 N OH

78% HN
ClsC °

90 91 89

Scheme 51: Previous work on oxidation of one -pot Overman/RCM process products.
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3.1.3 Ai ms

The aim of this project was to optimise the previously developed one-pot multi-
reaction process to allow the synthesis of a series of amido-substituted
dihydrobenzoxepines (Scheme 52). This methodology would then be applied to
the synthesis of a benzoxepine-containing ACAT inhibitor and a number of

biologically active hydroxylated amidotetrahydrobenzoxepine scaffolds.

0]
oy 1) Alylation Ol )imidate Rl O
R@i 2) HWE R{;/\/\ formation A
| 3) Reduction on 2) One-pot

““CHO HN_ 4
Overman-RCM
process Cl;C

Scheme 52: Proposed a c-algoxscinamyl é@cbéhols and use in one -pot multi -
reaction process to form 5 -amido-2,5-dihydrobenzoxepines.

32Results and discussi on

321 A rapi d syndlhlxglica nmfam3d@ al cohol ¢

As for the 5- and 6-membered ring forming processes (Section 2.2), a rapid route
t o t -Bubstitd@ed cinnamyl alcohols was necessary. For the formation of the
oxygen-containing 7-me mb er e d r-allylogy, substitueftéwas required. To
attach this, allylation of a range of 2-hydroxybenzaldehydes 92ai h with allyl
bromide was carried out (Scheme 53).'*" This method of allylation is fast, high
yielding and requires only an aqueous work-up to isolate the product. The chosen
analogues allowed testing of the scope of the synthesis and the one-pot process.
They included a very electron-poor, nitro-substituted analogue 93b and a very
electron-rich diethylamine-substituted analogue 93h. Analogues 93c and 93d were
included as they would allow for further functionalization of the ring system after
the one-pot process. The three methoxy-substituted analogues 93ei g were used
to probe if there would be a difference in the synthesis, or the one-pot process, if

the substituents were moved between the ortho-, meta- or para-positions.
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S S S
1 m
G K2CO3 =
CHO DME, 70 °C CHO
92a-h 93a_h
O™ O O
CHO O,N CHO Cl CHO
93a. 99% 93b, 98% 93¢, 96% 93d, 99%
MeO\C[ /@[ O EtoN O~
CHO C[
CHO MeO CHO e CHO
93e. 92% 93f, 96% 93g. 88% 93h, 88%

Scheme 53: Allylation of 2 -hydroxybenzaldehydes.

Having synthesised a number of 2-allyloxybenzaldehydes 93ai h in very high
yields, an HWE reaction under the Masamune-Roush conditions was used to form
the E-cinnamates 94ai h (Table 13). With these in hand, DIBAL-H reduction
yi el ded t halylodyecimnamykalcoh@l95ai h. This methodology allowed

extremely rapid access to the eight desired compounds in very high yields.

o)
\ \/\
—l—- —_— —I— >

~~cHo ~ TEPA21 ANC0,E Et,O

MeCN, rt ~78 °C — rt OH

93a-h 94a-h 95a-h
Entry 93 94 (%) 95 (%)

1 R =H, 93a 94a (95) 95a (87)

2 R = 5-NO,, 93b 94b (91) 95b (88)

3 R = 5-Cl, 93c 94c (92) 95¢ (95)

4 R = 5-Br, 93d 94d (97) 95d (90)

5 R = 4-OMe, 93e 94e (100) 95e (100)

6 R = 5-OMe, 93f 94f (100) 95f (83)

7 R = 6-OMe, 93¢ 949 (85) 95¢ (90)

8 R = 4-NEt,, 93h 94h (95) 95h (92)

Table 13 Opti mi sed yi el ds f odllylokytcianamyyanlcohotssi s of 206
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322 A o-pet mrud adti on procesami @5 f
di hydrobenzoxepines

Although results previously obtained within the group provided a good basis for the
optimisation of the one-pot process, there was still the opportunity for further
improvement (Scheme 54).%! In particular, the 30 mol% loading of Grubbs 1%
generation catalyst and the five day reaction time for the RCM step were seen as

points for optimisation.

O~ 0
O._~_ ClsCCN, DBU ™ i) K,COs, Toluene
% CHCly A 140 °C, 24 h N /

0°C >t HN._O |ii) Grubbs | (30 mol%)  HN
OH 6h YCI 50 °C, 120 h O
i 3 63% Cl,C
95a 96a

Scheme 54: Previous attempt at one -pot process (McGonagle, unpublished data).

In the development of the one-pot process for the synthesis of amidoindenes, it
had been observed that raising the temperature of the Overman rearrangement
reaction to 160 °C contributed to a much higher yield than had been previously
reported (Scheme 34, Section 2.2.2). Attempting to increase the temperature to
160 °C with the first three analogues synthesised (95b, 95e and 95h) resulted in
the decomposition of all three (Scheme 55). In the case of 95h, the imidate
decomposed as soon as it was synthesised. The imidates of 95b and 95e were
both found to be more stable. However, after heating to 160 °C for 18 hours then
performing RCM with Grubbs 2" generation catalyst at room temperature
overnight, nothing could be isolated from the reaction of 95e, while 95b had ring-
closed to form a six-membered ring containing compound 97. In both cases this
was presumably the result of the imidate starting materials and amide products of
the Overman rearrangement being unstable at the reaction temperature, while the
imidate of 95b rearranges and decomposes at a slower rate and so is still present
after 18 hours and is ring closed to form 97.
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CIsCCN, [ 0 ] B /o) ]
A o N A N
N O_~. DBU R-— K2CO3 R
RT I CH,Cl, AN p-Xylene P 0
0°Cort HN._O [160°C,18h HN.__O
OH 3 h Y \]/
i CClz | i CClz |
95b, 5'-NO, 5'-NO, Stable 5'-NO, Some imidate remaining
95e, 4'-OMe 4'-OMe Stable Product decomposed
95h, 4'-NEt, 4'-NEt, Decomposed 4'-OMe Product decomposed
Grubbs Il
(5 mol%)
rt, 18 h
0
O,N Z
97, 20%

Scheme 55:
benzoxepines.

First attempts at optimising the one -pot process for the synthesis of

At this point, 95h was abandoned as the imidate was too unstable to use. For the
two other analogues the Overman rearrangement was performed at 140 °C
(Scheme 56). It was observed that there was a very strong relationship between
the electronics of the aryl ring and the rate of the Overman rearrangement. In the
case of the nitro-containing analogue 96b, the reaction required 59 hours at 140
°C to proceed to completion, while the methoxy-substituted compound 96e needed
only 18 hours at the same temperature. It was also found that increasing the
temperature of the RCM step from room temperature to 50 °C improved the

cleanliness of the reaction.

CILCCN, [ o o

O~ DBU R@/\/\;\ i) K,COs3, p-Xylene R{\:g)

R—/\:[/\ CH,Cl, A R oy

ad 0°C - rt HN. O |ii) Grubbs Il (5 mol%) HN
OH 3 Ya [0.009 M], 50 °C, 20 h O
i 3 | e

95b, 5-NO, 96b, 5-NO,, 59 h, 58%
95e, 4-OMe 96e, 4'-OMe, 18 h, 33%

Scheme 56: Optimisation of one -pot process for amidobenzoxepine synthesis.

During the optimisation of this process, it was noticed that when the imidate
formation was left for any longer than three hours, there was a large decrease in
overall yield. Following this observation, the duration of the imidate formation was

reduced to one hour and the yields for all analogues increased (Scheme 57). In
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particular, the vyields for the electron-rich analogues showed the greatest
increases. It was found that all of the electron-poor analogues, 96bi d, required
longer reaction times and, to drive the nitro-substituted analogue to completion, a

second addition of Grubbs 2" generation catalyst was necessary.

CI,CCN, [ 0 o
NN
AN PBU R i) K,COg, p-Xylene gL )
RT L CHCly I 140 °C 7
0°C—rt HN. _O | ii) Grubbs Il (5 mol%) HN
OH 1 [0.009 M], 50 °C, 20 h O
_ CCls ClsC
95a-g 96a-g
o) o) o) o)
HN_ 5 HN_ 5 HN_ o HN_ o
ClsC ClsC Cl,C ClsC
96a, 68%? 96b, 71%°° 96¢c, 69%° 96d, 79%°

MeO @)
MeO HN O

HNYO
Cl;C C|3C C|3C
96e, 69% 96f, 76% 969, 61%

Scheme 57: Optimised yields for the one -pot multi -reaction process. 2?Performed by
Salaheddin Sharif in the group, included for completeness. ®The Overman rearrangement

required an extended reaction tim e (59 h, 96b and 96c, 48 h, 96d).  °7.5 mol % of Grubbs 2 ™
generation catalyst was used for the RCM step.

323 An altered route for the part

Having shown the generality of this process, the next aim was to apply it to the
synthesis of a biologically relevant molecule. The target chosen was the ACAT
inhibitor 102 (Scheme 58). It was initially proposed that Suzuki-Miyaura coupling of
a halogen-containing product of the one-pot process 98 would allow direct, late-
stage formation of the biaryl system, 99. This could then be followed by selective
hydrogenation to remove the alkene without dechlorinating the trichloroacetamide.
The amine would be deprotected to give 100 before being reductively aminated

with heptaldehyde to give 101 and coupled with an isocyanate to give the target

al
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compound 102. This method would allow a great deal of flexibility in the groups
attached to the core and would therefore be of interest for the synthesis of a family
of compounds related to the ACAT inhibitor 102.

[ O /OH Ar- 0]
FQB\ Ar O
/ OH / Hydrogenation_ m
HN Suzuki-Miyaura HN Deprotection

O Coupling \fo H,N
Cl;C Cl;C

98 99 100
F Ar = 4-F-Ph Reductive

O . amination Ry
O

A

O O=C=N@F ' ©

/\/\@N Urea formation /\/\/\/
NH

H
™
0

102 E 101

Scheme 58: Proposed synt hesis of ACAT inhibitor 102.

As the 7-bromo-substituted compound 96d had already been made, a few
attempts at this reaction sequence were carried out using it as a model substrate
(Scheme 59). However, it was found that under all conditions attempted, the
Suzuki-Miyaura coupling would not proceed and only returned starting materials,

protodehalogenated starting material or complex mixtures.

Q@ e SO0

Pd catayst HN__o

CI3C base Cl;C
solvent, heat
96d

Scheme 59: Attempted Suzuki -Miyaura coupling of 96d and 4 -fluorophenylboronic acid.

Instead the synthetic route was redesigned to place the formation of the biaryl
system near the start of the route, hopefully leading to fewer complications in the
later parts of the project. The new route required the synthesis of 2-hydroxy-4-
iodobenzaldehyde (104a) by formylation of 3-iodophenol (103, Scheme 60).18" 12

Although this method of synthesising 104a showed some promising initial results,
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the formation of the 1,2,3-substituted isomer 104b in significant quantities, which
could not be separated from the desired product 104a without significant loss

(isolated yields of 104a were less than 25%), led to this route being abandoned.

MgC|2, NEt3

| H | OH CHO
on _omon N 2%,
MeCN, 90 °C CHO
62%
103 as a 4:1 ratio 104a 104b

Scheme 60: Formylation of 3 -iodophenol 103.

Instead, starting from the commercially available methyl 2-hydroxy-4-iodobenzoate
(105) and performing a Suzuki-Miyaura coupling with 4-fluorophenylboronic acid
gave quantitative access to biaryl compound 106 (Scheme 61).*?! This was then
reduced with lithium aluminium hydride to the corresponding benzyl alcohol 107 in

quantitative yield.

F—QB(OH )

'QOH PACl,(dppf) ArUOH LiAIH,  Ar OH
Cs,CO THF, rt \CE/OH
CO,M 2C0s CO,M :
05 ®  Dioxane/H,0 06 ® 100% 107
> 80 °C, 100%

Ar = 4-F-Ph

Scheme 61: Suzuki-Miyaura coupling and LiAIH , reduction to synthesise benzyl alcohol
107.

Mono-allylation under a modified version of the allylation conditions used for the
synthesis of the 2-allyloxybenzaldehydes 93ai h, then allowed access to the 2-
allyloxy-substituted benzyl alcohol 108 (Scheme 62). Selectivity for the phenolic
alcohol over the benzyl alcohol was achieved here due to the relative pKss of the
two alcohols (~10 vs ~16). Under these conditions only the phenol was
deprotonated. The catalytic quantity of sodium iodide was used to enhance the
rate of reaction. This rate enhancement occurs through the Finkelstein reaction*??
of sodium iodide and allyl bromide to form allyl iodide, which is more susceptible to
S\2 attack by the deprotonated phenol. The Sy2 reaction releases the iodide anion
back into solution where it can perform another Finkelstein reaction. This method
leads to high yield of the mono-allylated benzyl alcohol 108. The benzyl alcohol
was then used in a one-pot Swern/HWE reaction to form the E-ethyl cinnamate
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109 in a high yield. Reduction of the ester with DIBAL-H t he n g aalyoxyt h e

cinnamyl alcohol 110 required for the one-pot Overman/RCM process.

Br- " (COCl),, DMSO
OH Nal (cat.) NEt;, CH,Cl, A o)
\©; K2C03 Ar O~ _78°C >t R rm\
“DMF, it OH  then TEPA 21 7
OH  80% LiBr, DBU CO:Et
107 108 MeCN, rt, 84% 109
Ar = 4-F-Ph DIBAL-H, Et,O

-78 °C —> rt, 92%

Ar O\/\
o

OH
110

Scheme 62: Sy nt h e s ialyloxg dinnazngl alcohol 110.

The one-pot process was performed using allylic alcohol 110 at 140 °C for 18
hours and gave the desired 8-aryl-benzoxepine 99 in an almost quantitative yield
over three steps (Scheme 63). The greatly increased yield with respect to the
other analogues could be due to the stabilisation of the intermediate imidate by the
electron-withdrawing fluorine substituent. However, as this stabilisation and
increase in yield by an 8-position electron-withdrawing group was not observed in
the case of the 8-chloro-substituted analogue synthesised by Salaheddin in the
group, and as no other biaryl analogues were synthesised, this explanation

remains speculative.'?

Ar O~ Ar O
Ar O._ -~ CI;CCN, i) KoCOg3, p-Xylene
7 Qo o~ -
CH,Cl, HN_O i) Grubbs I HN

OH 0 °C - rt E/CI (5 mol%), [0.009 M] 0
1h - 3] 50°C, 20 h, 98% Cl5C
110 99
Scheme 63: One-pot process for the synthesis of the 8 -aryl-benzoxepine 99.

With the core of the compound now synthesised, the next goal was to hydrogenate
the alkene and deprotect the amine to allow reductive amination and urea
formation (Scheme 58). First of all, hydrogenation was performed on a model

system. Using the 7-bromo analogue 96d it was possible to selectively reduce the
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alkene to 111, without removing any of the chlorines from the trichloroacetamide
nor the aromatic bromide under the standard palladium on carbon conditions.
These were then applied to the biaryl system 99 (Scheme 64). Unfortunately,
under these conditions a 38% yield of mono-dehalogenated product 113 was
isolated in addition to an inseparable 1:7 mixture of starting material 99 and

product 112.
O
/Cg) 10% Pd/C qu)
EtOAc rt HN o

100%
CI3C Cl;C
111
10% Pd/C
EtOAc rt
CI3C CI3C CI2HC
99 112, 51%°2 113, 38%

Scheme 64 Hydrogenations of 96d and 99. 2Calculated from *H NMR spectrum of isolated
mixture of starting material 99 and product 112.

Instead of trying to optimise this reaction or use a different catalyst, an alternative
method of hydrogenation was pursued. Metal-free hydrogenation conditions
provided an attractive route and can be achieved using diimide.*?*!? There are
three main methods for the in situ generation of diimide. These are: oxidation of
hydrazine with oxygen in the presence of a copper(ll) catalyst and/or a carboxylic
acid;'?® decarboxylation of dipotassium azodicarboxylate in the presence of an
acid;*?"' 3% and thermal decomposition of sulfonylhydrazides.’*! As a metal-free
process was desired, the first of these options was not explored. Although it was
possible to generate dipotassium azodicarboxylate relatively easily, through the
basic deamination of azodicarboxamide, its handling and use proved to be too
problematic due to the sensitivity of the compound. Basic, thermal decomposition
of tosyl hydrazine to form diimide was therefore investigated (Scheme 65).
Although this process gave a high yield of the desired product 112, ten equivalents
of tosyl hydrazine and potassium acetate were necessary to affect the reduction.
In addition, a small but significant quantity of the mono-dehalogenated product 113

was also isolated. It is not fully understood how this dehalogenation occurs, as
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there is no precedent for the reduction of carbon-halogen bonds under diimide
conditions. One possible explanation could be dehalogenation by potassium p-
tolylsulfinate, derived fr om -brame and -iddoy d r a
sulfones with sodium arenesulfinates has been reported.** It is suggested that
this reaction proceeds through nucleophilic displacement on the halogen atom and

formation of a stabilised carbanion.

S NH2
KOAC

HN\fo "BuOH, 100 °C
Cl,C CI3C CI2HC
99 112, 81% 113, 17%

Me

Scheme 65: Diimide reduction of 99.

Having gained access to the selectively reduced product 112, the next step was to
deprotect the amine. There are a number of methods for cleaving
trichloroacetamides, the most common of which are basic hydrolysis®***® and the
more forcing, acidic hydrolysis.’?**3* Less common methods include reductive
conditions with DIBAL-H**%% or sodium borohydride.**"*% Initially, deprotection
under basic conditions was attempted on the pre-hydrogenation compound 99.
However, this resulted in isolation of only decomposition products (Table 14, entry
1). Attempts at removing the trichloroacetamide of 112 under basic conditions
(entries 2 and 3) were unsuccessful and returned only starting material, even
when the reaction was heated. One attempt was made at deprotecting with
DIBAL-H (entry 4), but this led to the formation of a complex mixture of side-
products, which could not be adequately separated or characterised. As a small
amount of the dichloroacetamide compound 113 had also been isolated,
deprotection of this compound was also attempted (entries 51 8). Under refluxing,
highly acidic conditions, no reaction was observed, the only exception being when
the reaction was carried out in 1,4-dioxane (entry 8). However, although the
desired product could be observed by H NMR spectroscopy of the reaction
mixture, there was no way to separate it from a contaminant formed when using
these conditions. This contaminant appeared to be formed by polymerisation of

the dioxane solvent and is a known reaction when performed in tetrahydrofuran.**
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F
F
A~ g

O Conditions O O
OyNH
H,N
Cl,XC
X=Cl, 112 100
X=H, 113
Entry X Conditions Result
1 99, X =ClI 6 M NaOH, MeOH, 60 °C, 24 h Decomposed
2 113, X =Cl 6 M NaOH, MeOH, rt, 72 h No reaction
3 113, X =Cl 6 M NaOH, MeOH, 50 °C, 120 h, No reaction
4 113, X =ClI DIBAL-H,CH,Cl,, 178 AC Decomposed
5 112, X =H 46% HBr, MeOH, 80 °C, 72 h No reaction
6 112, X=H 10% H»,SO4, AcOH, 110 °C, 24 h No reaction
7 112, X=H | 12 M HCI, (CH,CI),, IPA, 85°C, 18 h No reaction
8 112, X=H | 12 M HCI, 1,4-Dioxane, 90 °C, 18 h Not purified®
Table 14: Conditions used for attempted cleavage of tri - and di-chloroacetamide.

®Product inseparable from polymerised dioxane.

Unfortunately, due to time constraints and the difficulties encountered in
deprotecting the amine for further functionalisation, no further work was carried out
on the synthesis of this target.

324 Oxi dat ibeamsi dof&1i hydr obenzoxepines

Some of the biologically active benzoxepine-based drugs contain additional
functionalisation around the 7-membered ring in the form of hydroxyl groups (76,
Figure 9 and 114, Figure 10). As these compounds have a diverse range of

biological properties, they were desirable targets for synthesis.

114

Figure 10: An Eli-Lily patented hydroxy -amido-benzoxepine -derived compound for use
as a Cathepsin S inhibitor.
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As epoxides are a versatile functional group for the installation of single hydroxyl
groups and 1,2-anti-diols, as well as various other 1,2-anti-functionalities, such as
1,2-anti-amino-alcohols (via opening of the epoxide with an azide), their synthesis
was investigated first. Directed epoxidation of the 7-chloro-substituted
benzoxepine 9%6cunder the conditions published
inseperable 12:1 ratio of cis:trans-epoxide products 115 (Scheme 66).'*° The ratio

of diastereomers was determined by *H NMR spectroscopy while the relative
geometry of the major diastereomer was proven by NOE experiments (See
Chapter 5: Experimental for NOE effect values).

o) m-CPBA | o) o)
/ CHXCL | | | N laoxmuam A pm OH
cl rt,20h _|c| 0 [0-2MH;S04 ¢
HN 62% as a HN 1,4-Dioxane HN OH
Y~CCl3 124 mix of y~CClal rt, 1 h, 74% y~CCls
O cis-itrans- - o) . O
96¢ 115 116

Scheme 66: Epoxidation and subsequent ring opening of one -pot process product 96c.

The good diastereoselectivity in this reaction is due to a hydrogen bonding
interaction between m-CPBA and the Ni H bond of the trichloroacetamide (Figure
11). Due to the curved shape of the molecule however, the cis-face is sterically
hindered. This causes the reaction to be slower than would otherwise be expected
and, because of this, the m-CPBA also reacts on the trans-face. This competition

between the sterics of the molecule and the reduction in energy granted by the

hydrogen bond leads to lower diastereoselectivity than has been reported for
115

similar molecules (19:1 on a cyclohexene-derived allylic trichloroacetamide).

Vs

AN
H o
o f(
CeH5ClI
leads to cis-epoxide leads to trans-epoxide
Figure 11: The two transition states showing the formation of the two diastereomeric

epoxides.
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Without major purification, the mixture of epoxides was ring-opened under acidic
conditions, resulting in the isolation of 3,4-trans-diol 116 in a good yield over two
steps (Scheme 66). The minor diastereomer could not be isolated after column
chromatography. The product is formed through attack of a molecule of water on
the 3-position of the benzoxepine, opening the protonated epoxide (Blue route,
Scheme 67). This route is favoured as attack on the 4-position of the benzoxepine
would force the reaction to proceed to a twist-boat-like conformation (Red route).
This conformation is generally energetically disfavoured due to 1,3-diaxial strain.
This epoxide could also have been opened to yield the 4-hydroxy derivative using

lithium aluminium hydride, as has been reported previously on a similar system.**?
H
LR )
ClsC T'<\
A
H OH,

S \
TN

o)
)X\ y OH
== ci,e” N
0 \
H H ©

Cl;C
OH OH
Chair-like Twist-Boat-like
O O
e S
OH “OH
HN 0 HN\/,¢O
Cl;C Cl;C

Scheme 67: Two different routes for epox ide opening.

Dihydroxylation of the 6-methoxy-substituted benzoxepine 96g with osmium
tetraoxide under the conditions of Donohoe and co-workers also gave a good yield
of the cis-diol 117 (Scheme 68).*° The dihydroxylation reaction gives a single
diastereomer, as opposed to the 12:1 ratio observed with epoxidation conditions.
Again NOE was utilised to determine the relative geometry of the product 117. The
dihydroxylation is also directed by hydrogen bonding between the Ni H of the

amide and the osmium tetraoxide/TMEDA complex. However, as the reaction is
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performed at 178 AC, the rate enhancemen

able to compensate fully for the increased steric hindrance of the curved molecule.

0 0
/ OsO,4, TMEDA OH
CH,Cl,, 78 °C S
Me© HN7//CCI3 3 h, 74% MeO HNW/CCI3
o o
969 117

Scheme 68: Directed dihydroxylation of one  -pot process product 96g.

325 Concl usi ons

A rapid and highly efficient three-st e p s y nt {allylexy sinnamyl alctiols
has been developed. The cinnamyl alcohols were then transformed to the
corresponding allylic trichloroacetimidates, which were subsequently used in a
one-pot two-step, Overman/RCM process that allowed access to 5-amido-2,5-
dihydrobenzoxepines. Having optimised this process, a total of eight
amidobenzoxepines were synthesised. One of these benzoxepines was then used
for the synthesis of the core structure of an ACAT inhibitor via selective
hydrogenation.  Further functionalisation of two of the 5-amido-2,5-
dihydrobenzoxepines was explored, leading to syn- and anti-diol derivatives with

high selectivity and in good yields.
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Functionalised indanes and indanols are important scaffolds for drug design and
have been used as key intermediates in the synthesis of a variety of biologically
active compounds.**! In particular, an indanol forms the core of a monoamine re-
uptake blocker for the treatment of cocaine abuse (Figure 12, 118).**? The indanol
scaffold has also been a key intermediate (119) in the synthesis of the muscarinic

3

receptor antagonist (R)-tolterodine’®® and in the formal total synthesis of the

sesquiterpene toxin, anisatin (intermediate 120).**

Cl

Om O MeHOzC Me
oy O

OH
OH
OH
118 119 120
Figure 12: Key indanol intermediates in the synthesis of biologically active compounds.

Due to their importance as synthetic intermediates, a considerable number of
papers have been published on their synthesis. The most common strategy for the

racemic synthesis of these compounds involves addition of allylmagnesium,**®

® allyllithium®*® or allylindium**’ species to a benzaldehyde or

allylzinc,**
acetophenone followed by an intramolecular Heck reaction to close the five-
membered ring (Scheme 69). These processes are often limited in scope due to
functional group incompatibility and isomerisation of the exo-methylene compound

to the more stable endocyclic alkene-containing compound.
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Pd(OAc), (5 mol%)
Br PPhj ( 10 mol%)
©;VVR M @Q(\/ ©9259s + O‘
THF, rt DMF, 120 °C
O  63-95% 70-81% Ho R Ho R
2:1-4:1

R = Me, Ph
M = Li, ZnBr

Scheme 69:  Sequential allylation/Heck process for the synthesis of indanols.

An alternative method, more tolerant of various functional groups, was
demonstrated by Mirabdolbaghi and Dudding in their use of a
Sakurai 1T Hosomi 1T Yama mo-halobenaaldéhydesa toi form the f :
homoallylic alcohol intermediates (Scheme 70).**® In this synthesis they used a
chiral (R)-BINAP-derived silver fluoride salt to form the (R)-homoallylic alcohol
intermediate in a 641 81% yield and 81:19190:10 e.r. Attempting to perform the
Heck reaction in one-p ot with the SakuraiiHosomiTlyY
reported to afford an @Ai ntr acaeyavrd fercedto xt u
perform the reaction as two separate steps. In the case of both the methoxy- and
fluoro-substituted analogues, a reduction in yield was seen for both steps
compared to the unsubstituted example. In particular, for the fluoro-substituted
analogue they observed a drop in yield from 73% to 40% and 87:13 e.r. to 81:19
e.r., while having to raise the temperature of the Heck step to 130 °C. It can be

inferred from our own work*

that the remainder of the product in their Heck
reactions could have been isomerised to the corresponding indanone product,

although no mention of this is made in their paper.'*®

(MeO0),Si” > PdCl,(PPh;),
(R)-BINAP-AgF (2 mol%)
/@[X (6-10 mol%) Q/\(v N2H4 Hzo
R cHO AgF (10 mol%) K2CO3
MeOH, —20 °C DMF
R=H, OMe, F 64-91% 100-130 °C
X =Cl, Br, | 81:19-90:10 40-76%

Scheme 70: Mirabdol baghi and Duddingds work on the a:

A recent advance in the synthesis of indanols was achieved by Schmalz and co-
workers; while attempting a Stille coupling on a 2-bromo-6-iodobenzaldehyde, they
serendipitously discovered a one-pot, domino allylstannylation/Heck reaction

(Scheme 71)."° They proposed that the oxidative addition of palladium activated
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the benzaldehyde to allylstannylation by allyl tributyltin. This process was then
demonstrated on another electron-rich bromobenzaldehyde and an electron-poor
bromopyridine-derived aldehyde, while the electron-rich substrate still gave good
yields the pyridine-derived aldehyde gave a much lower yield. In a subsequent
study, an asymmetric variant of the reaction was demonstrated, although only on
unsubstituted 2-iodobenzaldehydes and ortho-formylphenyl! triflates. Although
they were able to achieve either high vyields (80%, 75:25 er) or high
enantioselectivity (52%, 98:2 er) they were unable to achieve both high yield and

selectivity for the same substrate.

Bu3Sn/\/ r .
MOMO MOMO | MOMO
(1 mol%)
MOMO CHO DMF, 1020°C MOMO - MOMO
Br 70% I Br OH Br OH

Scheme 71.: Work by Schmalz on the electrophilic activation of benzaldehydes through
ortho -palladation.

This trade off in yield and selectivity was investigated by Fukuzawa and co-
workers (Scheme 72).'*2> They developed a palladium/clickferrophos catalyst
system 122 to improve on the procedure of Schmalz and co-workers. Their
methodology allowed access to chiral indanols in both high vyield and
enantioselectivity for unsubstituted or electron-rich analogues (641 81%, 86:14i
98:2 e.r.). However, their system still has disadvantages: two equivalents of the
highly toxic allyl tin reagent are necessary for their reaction and their preferred
substrates, the ortho-formylphenyl triflates, have fApr onounced i r
Electron-poor systems are not well tolerated and while high enantioselectivities
were still possible, very large reductions in yield were observed. In the case of a

very electron-poor nitro-substituted analogue, the reaction gave no product.

When attempting to utilise 4-bromo-2-formylphenyl triflate 121 with their optimised
conditions of two equivalents of allyl tributyltin, they observed a 35% yield of the
double addition product 123 (Scheme 72). Upon halving the equivalence of allyl
tributyltin, a maximum vyield of only 48% of their desired product 124 was
observed. Electron-donating 5-position substituents also begin to direct the
reaction pathway towards Stille coupling with the triflate rather than electrophilic

activation and allylstannylation.
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Meﬁ N,
Br CHO Pd,dbas/122 R Ar Ph
(4 mol%) OH Ar = 3,5-Xylyl
121 DMF, 80 °C 2 eq of allyl tributyltin |cjickFerrophos ligand
35% of 123, R = Allyl 122

1 eq of allyl tributyltin
48% of 124, R = Br

Scheme 72: Different products in allylstannylation/Heck process.

412 Al ms

The aim of this project was to develop a one-pot allylboration/Heck method for the
synthesis of 3-methylene-indan-1-ols  from readily  available 2-
bromobenzaldehydes and allylboronic acid pinacol ester (58, Scheme 73). It was
hoped that by drawing upon the large literature surrounding allylboration reactions,
a more general process, that would also replace the highly toxic tin reagents with
the non-toxic boronic pinacol ester 58, could be developed. As there is precedent
for asymmetric allylboration reactions, the scope of this method would first be

examined before the development of an asymmetric variant.

Br
Br : 7 N
N (PiNB™ ™ |R{- Pdcat, RL
A 58 = < 7
CHO

OH OH

Scheme 73: Proposed allylboration/Heck process for the synthesis of 3  -methylene -indan-
1-ols.

42Results and discussi on

421 Racemingpgot allyl boration/ Heck r e:

Whil e working on the de-algldnoamyhalecohols tofthea r «
one-pot process towards amido-dihydronaphthalenes, a problem was observed in
coupling of the allyl chain to 2-bromobenzaldehydes. When coupling allylboronic
acid pinacol ester (58) with 2-bromo-5-fluorobenzaldehyde (52c) was attempted, it

was observed that, while the major product of this reaction was 2-
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allylbenzaldehyde 125, a considerable amount of 6-fluoro-3-methylene-indan-1-ol
(126¢) and ketone product 127c were present in the *H NMR spectrum of the

crude reaction mixture (Scheme 74).

(Pin)B" > 58
PdCl,(dppf)

s
F CHo K2COs3 MeCN F CHO F
80°C,4h OH
52c 125, 31%2 126¢, 15%?2 127¢c, 14%?2
Scheme 74: Initial observation of one -pot allylboration/Heck process occurring. %Yields

calculated from *H NMR spectrum of crude products.

Following this observation, it was proposed that this could occur through a two-
step process in which addition of the boronate 58 across the aldehyde would form
homoallylic alcohol 128c, which would then undergo a Heck coupling to form the
five-membered ring and the exocyclic alkene 126¢ (Scheme 75). The formation of
the cyclopentanone product 127c is unprecedented from intramolecular Heck
cyclizations of homoallylic-derived aryl halides. It is believed, however, that under
the reaction conditions, heating in a polar solvent with a relatively strong base,
palladium chain-walking via s u c c e s shydvide eliminations and migratory
insertions could occur. This is known as a redox-relay process and is well
precedented in the literature.®***” The allylboration/Heck process was obviously
in competition with the Suzuki-Miyaura coupling. As a method of making 2-
allylbenzaldehydes this was abandoned, but it seemed attractive as a new one-pot

process which could be developed for the synthesis of useful chemical building

blocks.
Br Br
J@[ (Pin)B/\/ /@M 4>Pd(0)
F cHo 58 F ! F
~B(Pin) OH
52c 128¢ 126¢

Scheme 75: Proposed mechanism for allylboration/Heck process

It was clear that attempting this as a tandem process, in which all reagents are
added at the outset of the reaction, would not prevent the Suzuki-Miyaura coupling
from occurring in competition with the desired allylboration reaction. To overcome

this obstacle, the process was performed as a one-pot, two-step reaction with
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addition of the palladium catalyst after the allylboration had already occurred. Early
on in the optimisation process, it was observed that if the reaction was carried out
in anhydrous acetonitrile, the intermediate species containing a boron-oxygen
bond was clearly visible by *H NMR spectroscopy recorded before addition of the
palladium catalyst (Figure 13). It was also noted that these reactions gave
incomplete conversion and lower yields. For this reason, acetonitrile was used as
supplied and an additional four equivalents of water were added to the reaction to
promote hydrolysis of this Bi O bond. On addition of the potassium carbonate after
the allylboration reaction, the solution effervesces and a large quantity of an
extremely fine powdered solid precipitates from the solution. This is thought to be
the potassium salt of pinacol boronic acid or, if the pinacol-boron bonds are
hydrolysed too, potassium borate. It was decided to add the potassium carbonate
at the start of the reaction and this was shown to have no impact on the

allylboration.

_— - ; ‘ ‘ . ‘ ‘ -
5.70 5.60 5.50 5.40 5.30 10 5.00 135 130 125 120 115 110 1.05 100
f1 (ppm) fl(

Figure 13: Excerpt from a *H NMR spectrum of a 2:1 mixture of the interme  diates 56 and
128a

Optimisation of the one-pot, two-step reaction continued with an investigation of
the most suitable catalyst for the Heck stage of the process (Table 15, entries 1i
3). As the product was not easily separated from some of the impurities, the initial
optimisation used conversion, as measured by *H NMR spectroscopy, of the crude
product mixture after passing through a short pad of silica. Attempting the one-pot
process with palladium(ll)dichloride diphenylphosphinoferrocene resulted in a 1:1
ratio of the desired product 126a and the isomerised product 3-methyl-indan-1-one
(127a, entry 1). Changing to a palladium(0) species increased the ratio of product
126a to indanone 127a, however a considerable quantity of the homoallylic alcohol

intermediate 56 was also observed in the *H NMR spectrum (entry 2). Changing to
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a combination of palladium(ll) dichloride bistriphenylphosphine with hydrazine
monohydrate as an in situ reductant, as reported by Dudding, gave a better
conversion to product, but an increase in isomerisation (entry 3).**® Increasing the
temperature to 100 °C, which required the reactions to be performed in a sealed
tube, pushed the reaction to completion, but again increased the quantity of
indanone product that was observed (entry 4). This change gave a reaction that
could easily be purified and a 75% yield of the desired product 126a was isolated.
To examine if the hydrazine monohydrate was necessary for the reaction to
proceed in good yields and selectivity, a reaction was performed in which it was
not added (entry 5). However, a 3:1 ratio of product 126a and indanone 127a was

observed at the end of this reaction and yielded only 18% of the isolated product.

g (Pm)B/\/ @Q/\/
C[CHO K2CO3, H,O Cif (ﬁ
MeCN then
52a Pd Cat 126a 127a
Entr Catalvst Cat loading/ | Temp/ Crude ratio of Conversion
y Y mol% °C 56:126a:127a° to 126a°
1 PdCl,(dppf) 5 80 0:1:1 54%
2 Pd(PPh3), 5 80 9:23:1 53%
3° | PdCly(PPhs), 7.5 80 2:16:1 83%
4° | PdCly(PPhs), 7.5 100 0:8:1 89% (75%)°
5 PdCl,(PPhs), 7.5 100 0:3:1 (18%)°
Table 15: Optimisation of one -pot two -step allylboration/Heck process. Unless

otherwise noted, all reactions were performed with 58 (1.1 equiv), K 2CG; (5.0 equiv), and
H,O (4.0 equiv). ®Ratio and yield determined through analysis of 'H NMR spectra of crude
reaction mixtures and recovered mass.  °N,H;.H,O (0.4 equiv) was added with the Pd cat.
‘Isolated yield of 126a in brackets.

Having successfully developed a one-pot allylboration/Heck process it was then
applied to a number of 2-bromobenzaldehydes (Scheme 76). A large range of
substrates was chosen to fully explore the scope of the reaction. The ratios and
yields for compounds 126ai e, 126g and 126k, which contain both electron-
donating groups and electron-withdrawing groups, are all reasonably constant.
The chlorine containing 126k requires a slightly higher catalyst loading for the

reaction to proceed to completion.

The naphthyl-derived compound 126f appeared to rapidly isomerise to the ketone,
1-methyl-cyclopenta[a]naphthalen-3-one, 127f. More interestingly however, an
inseparable impurity was observed by 'H NMR spectroscopy (Figure 14). This
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impurity appeared to be 1,2-dihydrophenanthren-1-ol, the product of an endo-
cyclic Heck reaction which should not occur. It is postulated that this product may
occur due to steric effects forcing the palladium catalyst to rearrange to the usually

less favoured internal position of the alkene before elimination.

The pyridine-containing analogue 126i was a good substrate for the one-pot
reaction, despite concerns that it could chelate the palladium catalyst and slow or
halt the reaction. The most electron-poor analogue, nitro-containing 126j, gave a
single product with none of the indanone observed by *H NMR spectroscopy. In a
slight change of conditions, it required less hydrazine monohydrate to be added.
This is due to competing reduction of the nitro group under the
palladium/hydrazine conditions; when the usual quantity of hydrazine was used a
31% vyield was obtained.**®***® The high yield of 126j is in direct contrast to the
domino allylstannylation/Heck process developed by Fukuzawa and co-workers,

where no indanol is observed, making this a more general process.**?

1) (Pin)B" >
58 (1.1 eq)
Br K,CO3, H,0
R{\I MeCN, rt
A CHO  2) PACIy(PPh;),
(7.5 mol%)
N2H4 H2O 0 4 eq
52a-gq, i-k 100 °C 126a-g, i-k 127a-g, i-k
126a 126b 126c 126d 126¢e
8 18, 75% 13:12, 89% 10:12, 80% 10:12, 74% 7:12, 71%
126f 1269 126| 126j° 126k0I
3:12, 53%° 9:12, 78% 31:12, 84% >99:12, 83% 10:12, 69%

Scheme 76: Optimised conditio ns, yields and ratios of product 126 to indanone 127 for
the synthesis of methylene -indanols 126a dy, i &. °Ratios calculated from *H NMR spectrum of
crude reaction mixture.  126f was isolated as an inseparable mixture of 126f and the 6  -endo-
product 1,2 -dihydrophenanthren -1-ol. °Reaction performed with N ,H,.H,O (0.15 equiv).
9Reaction performed with PdCI ,(PPh), (10 mol%).
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Figure 14: Expansion of *H NMR spectrum showing key peaks attributed to 126f and 1,2 -
dihydrophenanthren -1-ol.

The other heterocyclic compound attempted, furan based 52h, underwent the
allylboration reaction perfectly, but the Heck reaction would not go to completion,
with the best conversion observed being 25% (Scheme 77). This is probably due
to the difficulties of forming a 5,5-bicyclic system through sp?-sp? bond formation.
Many reactions which precedent this type of Heck coupling are performed at over

1601 162

120 °C and/or give low vyields. Increasing the catalyst loading and

temperature only led to decomposition of the homoallylic alcohol intermediate.

Changing to the dibromobenzaldehyde 52| completely inhibited the Heck reaction
with only the homoallylic alcohol recovered even at higher catalyst loadings. The
reaction may be able to tolerate bromide functionality if 5-bromo-2-
iodobenzaldehyde was used. This would rely on the difference in reactivity
between the two halides, in much the same manner as the chloride-containing
compound, 52k. -Brdmnoacetophenone (52m), did not undergo the allylboration

step: a Lewis basic indium catalyst is nessecary for this reaction.'®®

g 1)(PinB > 58
R_Ej KoCOg, H;0, MeCN, it g
|

Z>CHO  2) PdCl(PPhg), ~
N,H4°H,0 100 °C OH
52h,1, m 126h, 124, 126m
Br Br Br
e o e
O"™“cHO Br CHO 3
52h, — 521, — 52m, —

Scheme 77: Substrates that failed to react during optimisation.
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422 Asymmet r-poct oakl yl boration/ Heck r

With a robust one-pot, two-step method for the synthesis of racemic 3-methylene-
indan-1-ols developed, the next step was to extend this method to allow the
synthesis of chiral 3-methylene-indan-1-ols. Building on the substantial quantity of
literature detailing chiral Bregnsted acid-catalysed asymmetric allylboration

1647170 and wishing to avoid using tin-based chiral acids, the work by

168 169

procedures,

the groups of Antilla™" and Hu™" seemed most attractive. Specifically, the work of
Jain and Antilla on asymmetric allylboration of benzaldehydes with the
commercially available (R)-TRIP phosphoric acid catalyst (129a, Figure 15) was of
most interest. Although high yields and excellent enantioselectivities were
observed by Antilla for meta- and para-substituted benzaldehydes, lower levels

were obtained with the single ortho-substituted analogue investigated in this study.

189 and Kotora'™® have attempted to address this lower

More recent papers by Hu
selectivity in ortho-substituted analogues with some success. The work by Hu and
co-workers, however uses the (R)-SPINOL phosphoric acid (130), which is not

commercially available.

R R

SO NS e,

P
Crpe ™ Crpe ™
R R
R = 2,4,6-('Pr);CgH,, (R)-129a R = 2,4,6-(Pr);CgH, R =4-(Cl)CgH,4
R = 3,5-(CF3),CeHs, (R)-129b (R)-130 (R)-131
R = H, (R)-129¢
Figure 15: Chiral pho sphoric acids used in this project and by the Antilla and Hu groups.

As these catalysts had been shown to be most effective in non-coordinating

188 the first step towards developing

solvents such as dichloromethane and toluene,
an enantioselective variant of the one-pot process was to ensure that the racemic
process worked just as well in toluene (Scheme 78). In addition, as the catalyst is
a phosphoric acid, the addition of potassium carbonate and water would need to
be performed after the allylboration. These conditions worked as well as before,
giving 126a in 80% yield. However, in place of the indanone 127a, a different side-

product was observed in a similar ratio. Due to the small scale that the reactions
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were performed on and the small amount of this impurity that was formed, it could
only be observed in the H NMR spectrum before purification by column

chromatography.

1) 58, Toluene, rt, 22 h
5 2) K,CO3, H,O, rt, 1 h
@ r 3) PdCl,(PPhs),
NoH,H,0
CHO pARVRRY]
100 °C, 20 h OH
52a 80% 126a

Scheme 78: One-pot allylboration/Heck process performed in toluene.

The next goal was to optimise the asymmetric allylboration reaction for the 2-
bromobenzaldehydes. Using the work by Jain and Antilla as a starting point for the

168 the reaction mixture was cool ed t o

allylboration conditions,
addition of the allylboronic acid pinacol ester (58). The screening of a series of
catalysts was carried out, starting with the unsubstituted (S)-BINOL-PA (S)-129c
(Table 16). As expected, the unsubstituted catalyst (S)-129c provided no
enantioinduction but did give an improved yield over the uncatalysed process
(Table 16, entry 1). Attempting the reaction with the (R)-ditrifluoromethylphenyl-
substituted catalyst (R)-129b showed similarly high yields and began to provide
some enantioselectivity (entry 2). The (R)-TRIP catalyst (R)-129a, showed
considerably better enantioselectivity with only a marginal reduction in yield (entry
3). The octahydro-catalyst with para-chlorophenyl substituents (R)-131 appeared
to be the least effective of the catalysts used, giving a lower yield than the
unsubstituted catalyst (S)-129c and a lower level of enantioinduction than (R)-
TRIP (R)-129a (entry 4). As the enantioselectivity for the reaction of 2-
bromobenzaldehyde (52a) was lower than expected, it was decided that
racemisation in the Heck reaction should be eliminated as a possibility. To this
end, a reaction was performed and stopped at the homoallylic alcohol stage (entry
5). This showed that the enantiomeric ratios were not degraded by the later steps
and that the 2-bromobenzaldehydes were just poor substrates for this reaction. A
reaction without the catalyst was also performed (entry 6), to prove that the lower
enantiomeric ratio was due to the slower, uncatalysed racemic process proceeding
in the background. As this was clearly the case, and as Brown and co-workers

have shown that no reaction occurs between benzaldehydes and allyl borates at

30

178 AC in dichloromethane, two fTAwet 560 e/



Chapter 4

A One-Pot Allylboration/Heck Process

90

(entry 7), both the yield and enantioselectivity of the reaction improved; however,

when the temperature wasr educ e d

t o

T80

AC

(entry

the racemic reaction entirely, both the yield and e.r. began to drop. This was due

t o

poor

solubility

of

both

t he

8) .

catal yst

this could possibly be circumvented by using dichloromethane instead of toluene,

this was not explored, as it would have involved switching solvent after the first

step of the reaction sequence. The solubility of the SPINOL catalysts 130 (Figure

15) used by Huand cowor ker s i s much i mproved at 1
not solve the benzaldehyde solubility problems.
1) 58, PA-catalyst
Toluene, 22 h
C[Br 2) K,COs3, H,0, 1t, 1 h
CHO 3) PdClx(PPh3),
N,H,H,0 OH
52a 100°C, 20h 126a
Entry Catalyst Temp/°C Yield/%® er’
1 (S)-129c 130 90 50:50
2 (R)-129b 130 88 55:45
3 (R)-129a 130 83 77:23
4 (R)-131 130 82 52:48
5¢ (R)-129a 130 97¢ 75:25¢
6° i 130 51 i
7 (R)-129a 150 91 86:14
8’ (R)-129a 180 59' 80:20
Table 16: Unless otherwise noted, all reactions were performed with 58 (1.2 eq), PA
catalyst (5 mol%), K ,CO;, (6.0 eq), and H ,O (10.0 eq). °lsolated yield of 126a. P‘er was

‘Reaction was stopped after the

determined using chiral HPLC analysis (see Appendix 1).
Yield and e.r. for

allylboration step, and the homoallylic alcohol 56 was isolated.

homoallylic alcohol 56.

126e.

®No PA-catalyst present. 'Reaction performed with 52 e and vyielded

Having optimised the asymmetric conditions as far as possible, they were next

applied to a range of substrates (Scheme 79). As the naphthyl-derived aldehyde

52f had not performed well in the racemic process, it was not included in the

asymmetric screen. Similarly, compounds which had not undergone the Heck step

in the racemic screen were discarded (52h, 52I, 52m). As the catalyst was a

phosphoric acid, the pyridine-aldehyde 52i could not be used as it would

deprotonate the catalyst and, as has been shown by List and co-workers, salts of

the phosphoric acid catalysts are not as effective in many reactions.*’? It was

found that benzaldehydes 52b and 52d we r e

were also excluded.

not

s ol

ubl e

It is thought that the poor result obtained for the

bel ow
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trifluoromethyl substituted analogue (R)-126g is also due to reduced solubility. As
2-bromo-4-trifluoromethylbenzaldehyde (52g) is a colourless oil, it was not
possible to be certain that it was full
process gave higher yields than the racemic process. This was in part due to a
reduction in quantity of side-products formed, with all analogues showing
selectivity towards the desired indanol product over the unknown side-product in
the region of 40:1. The asymmetric process showed greater yields and selectivities
for electron-poor analogues (R)-126c¢, (R)-126j and (R)-126k. This is probably due
to the fact that the background, racemic allylboration reaction proceeds more
slowly on these substrates. This selectivity on electron-poor analogues makes the
process highly complementary to the asymmetric allylstannylation reactions of

Fukuzawa and co-workers.*>?

1) 58, (R)-TRIP (R)-129a
Toluene, -50 °C, 22 h

Br
R@ 2)KoCO3, HO, it 1h g :
““CHO 3) PdCly(PPhg);

N2H4'H20 OH
52a, ¢, e, g, j, k 100°C, 20 h (R)-124a, ¢, e, g, j, k

: f F’: f MeO : f
OH OH OH

(R)-126a (R)-126¢ (R)-126e
91% 85% 96%
e.r.=86:14 e.r.=92:8 e.r.=90:10
FsC
C {( O,N~ C {( Cl~ C i
OH OH OH
(R)-126g (R)-126j (R)-126k
76% 87% 92%
e.r. =66:34 e.r.=98:2 e.r.=94:6
Scheme 79: Optimised vyields and enantiomeric rat ios for the asymmetric one -pot

allylboration/Heck process.

423 Concl usi ons

A high yielding one-pot allylboration/Heck process has been developed for the

racemic and asymmetric synthesis of 3-methylene-indan-1-ols. The racemic
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process was shown to be broad in scope and a more general process than those
previously reported for the synthesis of 3-methylene-indan-1-ols. This process was
then altered to allow the asymmetric synthesis of the same compounds. The
asymmetric process has been shown to be higher yielding and shows promising
selectivity. However, this process could possibly be improved through altering the
catalyst or by performing the first step in dichloromethane, before changing to

toluene for the second step of the process.
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Chapter5 Experi ment al

General Exper imental

All reagents and starting materials were obtained from commercial sources and
used as received. All dry solvents were purified using a PureSolv 500 MD solvent
purification system. All reactions were performed under an atmosphere of argon
unless otherwise mentioned. Flash column chromatography was carried out using
Fisher matrix silica 60. Macherey-Nagel aluminium-backed plates pre-coated with
silica gel 60 (UV 254) were used for thin layer chromatography and were
visualised by staining with KMnO,4. *H NMR and **C NMR spectra were recorded
on a Bruker DPX 400 or 500 MHz spectrometer with chemical shift values in ppm
relativepyQ@.o00 M@®n.dOgu or resi duy7a.l2 & hd7rbiib)pd or
di met hyl sy2 fa&i @3ded. (5i2 ) , or y 3A ard @i48.00) gs
standar as standard. Proton and carbon assignments are based on two-
dimensional COSY and DEPT experiments, respectively. NOe were recorded on a
500 MHz spectrometer with a D8 delay of 0.30000001 seconds. Mass spectra
were obtained using a JEOL JMS-700 spectrometer for EI and CI or Bruker
Microtof-q for ESI. Infrared spectra were obtained neat using a Shimadzu IR
Prestige-21 spectrometer. Melting points were determined on a Reichert platform
melting point apparatus. Microwave reactions were conducted using a CEM
Discover TM Synthesis Unit (CEM Corp., Matthews, NC) and performed in glass
vessels (capacity 10 mL) sealed with a septum. Optical rotations were determined
as solutions irradiating with the sodium D line (= 589 nm) using an Autopol V
polarimeter. [a } values are given in units 10'* deg cm? g'*. The chiral HPLC

methods were calibrated with their corresponding racemic mixtures.

2,3 -Isopropylidine -1-methoxy -D-ribofuranoside (13) "3

\ OH
0,190/
2 3
o><o
Concentrated hydrochloric acid (341 36%, 0.02 mL) was added to a stirred solution
of D-ribose (12) (0.200 g, 1.34 mmol) in acetone (3 mL) and methanol (3 mL). The

solution was heated under reflux for 2 h, before cooling to room temperature. The
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reaction was neutralised by addition of a saturated solution of sodium hydrogen
carbonate (10 mL), then extracted with ethyl acetate (2 x 50 mL). The organic
layers were combined and washed with water (40 mL), brine (40 mL), then dried
(MgSO,), filtered and concentrated in vacuo to yield 2,3-isopropylidine-1-methoxy-
D-ribofuranoside (13) (0.228 g, 84%) as a colourless oil. Spectroscopic data as
reported in literature.!™ [a }?®T 5 2 .c8&.0, CHCls) ; u (4DO MHz, CDCls) 1.32
(3H, s, C(CH3)(CHs3)), 1.48 (3H, s, C(CH3)(CHs)), 3.24 (1H, dd, J 10.5, 2.7 Hz,
OH), 3.43 (3H, s, OCHj3), 3.61 (1H, ddd, J 12.8, 10.5, 2.7 Hz, 5-HH), 3.70 (1H, dt,
J 12.8, 2.7 Hz, 5-HH), 4.43 (1H, t, J 2.7 Hz, 4-H), 4.59 (1H, d, J 5.9 Hz, 2-H), 4.84
(1H, d, J 5.9 Hz, 3-H), 4.97 (1H, s, 1-H) ;c (101 MHz, CDCl3) 24.7 (CHg3), 26.3
(CHgs), 55.5 (CH3), 64.0 (CHy), 81.5 (CH), 85.8 (CH), 88.4 (CH), 110.0 (CH), 112.1
(C); m/z (CI) 205 (MH", 14%), 173 (100), 113 (5), 85 (10), 69 (14).

5-Deoxy-5-iodo-2,3-isopropylidine -1-methoxy -D-ribofuranoside (14) *™

\ [
Ol/ 1 O 4 \\\\\ \\ \\/

i

o><o
lodine (0.341 g, 1.34 mmol) was added to a stirred solution of 2,3-isopropylidine-1-
methoxy-D-ribofuranoside (13) (0.228 g, 1.12 mmol), imidazole (0.114 g, 1.68
mmol) and triphenylphosphine (0.352 g, 1.34 mmol) in toluene (15 mL) and
acetonitrile (5 mL). The solution was heated under reflux for 0.1 h before cooling to
room temperature. lodine was then added in 10 mg portions until the solution
remained dark-brown in colour. The solution was diluted with diethyl ether (40 mL)
and washed with a saturated solution of sodium thiosulfate (80 mL), water (100
mL) and brine (70 mL). The organic layer was dried (MgSO,), filtered,
concentrated in vacuo and filtered through a short plug of silica (ethyl
acetate/petroleum ether, 1:20) to yield 5-deoxy-5-iodo-2,3-isopropylidine-1-
methoxy-D-ribofuranoside (14) (0.330 g, 94%) as a clear oil. [a }>> T 6 5 .c 2.0, (
CHCly), lit.*"* [a p* 1 6 8 ¢ 8.1, CHCl3) ;u (400 MHz, CDCls) 1.33 (3H, d, J 0.4
Hz, C(CH3)(CHs)), 1.48 (3H, d, J 0.4 Hz, C(CHs)(CHa)), 3.16 (1H, t, J 10.0 Hz, 5-
HH), 3.29 (1H, dd, J 10.0, 6.0 Hz, 5-HH), 3.37 (3H, s, OCHj3), 4.44 (1H, ddd, J
10.0, 6.0, 0.7 Hz, 4-H), 4.63 (1H, d, J 5.9 Hz, 2-H), 4.76 (1H, dd, J 5.9, 0.7 Hz, 3-
H), 5.05 (1H, s, 1-H) ;¢ (1@l MHz, CDCI3) 6.8 (CHy), 25.2 (CH3), 26.6 (CH3), 55.4
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(CHa), 83.2 (CH), 85.5 (CH), 87.6 (CH), 109.9 (CH), 112.8 (C); m/z (CI) 315 (MH",
8%), 279 (7), 127 (8), 113 (38), 85 (52), 73 (100).

(2S,3R)-2,3-(O-Isopropylidene)pent -4-en-1,2,3 -triol (16) **°

Zinc (2.44 g, 35.7 mmol) was added to a solution of 5-deoxy-5-iodo-2,3-
isopropylidine-1-methoxy-D-ribofuranoside (14) (2.24 g, 7.14 mmol) and a catalytic
amount of glacial acetic acid (0.06 mL) in methanol (40 mL). The suspension was
heated under reflux for 1 h before cooling to 0 °C. A saturated solution of sodium
borohydride in ethanol (140 mL) was added dropwise with stirring to the reaction
mixture and stirred at 0 °C for 0.5 h before warming to room temperature over 3 h.
The mixture was concentrated in vacuo. The resulting residue was dissolved in
diethyl ether (50 mL) and filtered through Celite®. The filtrate was washed with
water (2 x 50 mL), brine (2 x 50 mL), dried (MgSO,), filtered and concentrated in
vacuo to yield (2S,3R)-2,3-(O-isopropylidene)pent-4-en-1,2,3-triol (16) (1.01 g,
89%) as a colourless oil. [a p*° 140.0 (c 1.5, CHCLy); lit.*”®> [a p*> T 4 5 .c 7.0, (
CHCI3) ; n (4D0 MHz, CDCl3) 1.40 (3H, d, J 0.4 Hz, C(CH3)(CHg)), 1.51 (3H, d, J
0.4 Hz, C(CH3)(CH3)), 1.81 (1H, t, J 6.2 Hz, OH), 3.59 (2H, dd, J 6.2, 5.9 Hz, 1-
H,), 4.26 (1H, dt, J 6.6, 5.9 Hz, 2-H), 4.65 (1H, tt, J 6.6, 1.1 Hz, 3-H), 5.28 (1H,
ddd, J 10.3, 1.5, 1.1 Hz, 5-HH), 5.40 (1H, ddd, J 17.5, 1.5, 1.1 Hz, 5-HH), 5.87
(1H, ddd, J 17.5, 10.3, 6.6 Hz, 4-H) ;c (1@l MHz, CDCl3) 25.3 (CH3), 27.8 (CH3),
62.1 (CH), 78.3 (CH), 78.4 (CH), 108.9 (C), 119.0 (CHy), 133.1 (CH); m/z (CI) 159
(MH*, 71%), 141 (11), 101 (100), 83 (12).

(2S3R)-2,3-(O-Isopropylidene)heptadecan -1,2,3 -triol (19)

A solution of Grubbs second generation catalyst (0.145 g, 0.172 mmol) in
dichloromethane (20 mL) was added to a solution of (2S,3R)-2,3-(O-
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isopropylidene)pent-4-en-1,2,3-triol (16) (0.540 g, 3.41 mmol) and 1-tetradecene
(17) (1.30 mL, 5.14 mmol) in dichloromethane (20 mL) and heated under reflux for
16 h. The reaction mixture was then concentrated in vacuo and filtered through a
plug of silica with first petroleum ether (500 mL) and then 25% ethyl acetate in
petroleum ether (1000 mL). The second wash was concentrated in vacuo to yield
the cross metathesis product 18 as a clear oil, which was used without further
purification. The alkene was dissolved in ethyl acetate (40 mL) and a suspension
of 10% palladium on carbon (0.150 g, 15% w/w) in ethyl acetate (10 mL) was
added. The mixture was degassed, purged with hydrogen gas and left to stir at
room temperature under a hydrogen atmosphere for 2 h. The suspension was
filtered through Celite® with ethyl acetate (100 mL) and purified by column
chromatography (ethyl acetate/petroleum ether, 1:5) to vyield (2S,3R)-2,3-(O-
isopropylidene)heptadecan-1,2,3-triol (19) (0.921 g, 82% over two steps) as a
colourless oil. 3max (neat)/cm't 3437 (OH), 2923 (CH), 2854 (CH), 1466, 1379,
1217, 1042; [a $**110.4 (c 1.0, CHCIls) ;4 (400 MHz, CDCls) 0.87 (3H, t, J 6.8 Hz,
17-H3), 1.217 1.53 (32H, m, 4-H, 5-H,, 6-H, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H,
13-H;, 14-H, 15-H,, 16-H, and C(CHs3),), 1.95 (1H, br s, OH), 3.551 3.63 (2H, m, 1-
H,), 4.101 4.19 (2H, m, 2-H and 3-H) ¢ (1@l MHz, CDCls) 14.3 (CHs), 22.8 (CH>),
25.7 (CHs), 26.8 (CH3), 28.4 (CH,), 29.0 (CHy), 29.5 (CHy,), 29.6 (CHy), 29.7 (CHy,),
29.8 (3 x CHy), 29.8 (2 x CHy), 29.8 (CH,), 32.1 (CHy), 62.0 (CHy,), 77.2 (CH), 78.1
(CH), 108.2 (C); m/z (CI) 329.3051 (MH". CyoH41 03 requires 329.3056), 313
(13%), 271 (60), 253 (10), 235 (5), 159 (3), 69 (7).

Ethyl (2E,4 S5R)-4,5-(0O-isopropylidene) -4,5-dihydroxynonadec -2-enoate (22)

Dimethyl sulfoxide (0.61 mL, 8.6 mmol) was slowly added to a stirred solution of
oxal yl chloride (0.38 mL, 4.5 mmol) I n
reaction was stirred for 0.3 h before (2S,3R)-2,3-(O-isopropylidene)heptadecan-
1,2,3-triol (19) (0.95 g, 2.9 mmol) in dichloromethane (15 mL) was added
dropwise. The reaction mixture was then stirred for a further 0.3 h before
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triethylamine (2.0 mL, 15 mmol) was added. The temperature was maintained at
178 °C for 0.5 h then allowed to warm to room temperature over 2 h. Meanwhile, a
solution of lithium chloride (0.24 g, 5.8 mmol), triethyl phosphonoacetate (21) (0.73
mL, 3.7 mmol) and 1,8-diazabicyclo[5.4.0]lundec-7-ene (0.97 mL, 6.5 mmol) in
acetonitrile (30 mL) was prepared and stirred for 1 h. The Swern solution was
concentrated in vacuo to give a yellow residue 20 to which the Horneri
Wadsworthi Emmons solution was added. The reaction mixture was stirred at
room temperature for 20 h then quenched by the addition of a saturated solution of
ammonium chloride (20 mL), concentrated to give an orange residue and
extracted with diethyl ether (2 x 30 mL). The organic layers were combined,
washed with water (50 mL), brine (50 mL) then dried (MgSO,), filtered and
concentrated in vacuo to give a yellow oil. Purified by filtration through a pad of
silica (elution with 20% ethyl acetate:petroleum ether) to yield ethyl (2E,4S,5R)-
4,5-(O-isopropylidene)-4,5-dihydroxynonadec-2-enoate (22) (0.95 g, 83%) as a
clear yellow oil. (Found: C, 72.5; H, 11.3. Cy9H4404 requires C, 72.7; H, 11.2%);
Nmax (Neat)/cm'* 2853 (CH), 1722 (CO), 1661 (C=C), 1466, 1370, 1252, 1161,
1038; | 15.1 (c 1.0, CHCl3) ;4 (400 MHz, CDCI3) 0.88 (3H, t, J 6.9 Hz, 19-H3),
1.25i 1.53 (35H, m, OCH,CHg, 6-H,, 7-H, 8-H, 9-H, 10-H, 11-H, 12-H, 13-H,
14-H, 15-H, 16-H, 17-H, 18-H, and C(CHg3),), 4.17i4.24 (3H, m, 5-H and
OCH,CHs), 4.63 (1H, td, J 6.3, 1.4 Hz, 4-H), 6.06 (1H, dd, J 15.6, 1.4 Hz, 2-H),
6.84 (1H, dd, J 15.6, 6.3 Hz, 3-H) ;c (101 MHz, CDCl3) 14.3 (CH3), 14.4 (CHy),
22.9 (CHy), 25.7 (CH3), 26.5 (CH,), 28.3 (CH3), 29.5 (CHy,), 29.7 (CHy), 29.7 (CHy,),
29.7 (CHy), 29.8 (CHy), 29.8 (2 x CHy), 29.8 (2 x CH,), 30.6 (CH,), 32.1 (CH,),
60.6 (CHy), 77.6 (CH), 78.7 (CH), 108.9 (C), 123.2 (CH), 144.0 (CH), 166.2 (CH);
m/z (Cl) 397.3312 (MH". CagH4s50, requires 397.3318), 379 (12%), 339 (100), 143
(13), 81 (12).
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(2E,4 S5R)-4,5-(0O-Isopropylidene)nonadec -2-en-1,4,5 -triol (23)

Diisobutylaluminium hydride (0.55 mL, 1 M in hexanes) was added dropwise to a
stirred solution of ethyl (2E,4S,5R)-4,5-(0O-isopropylidene)-4,5-dihydroxynonadec-
2-enoate 22) (0. 95 g, 2.4 mmol) in diethyl et
was stirred at 178 AC for 3 h then allow
The reaction was quenched with saturated ammonium chloride solution (30 mL),
filtered through a pad of Celite® then extracted with diethyl ether (30 mL) and
washed with water (50 mL) and brine (50 mL). The organic layer was dried
(MgSO,), filtered and concentrated in vacuo. Purified by column chromatography
(elution with 20% ethyl acetate:petroleum ether) to yield (2E,4S,5R)-4,5-(O-
isopropylidene)nonadec-2-en-1,4,5-triol (23) (0.71 g, 83%) as a clear 0il. Nmax
(neat)/cm'* 3417 (OH), 2922 (CH), 1456, 1369, 1216, 1095, 1027; | 142.0 (c
1.1, CHCl3) ;4 (500 MHz, CDCls) 0.87 (3H, t, J 7.0 Hz, 19-Hs), 1.22i 1.48 (32H, m,
6-H,, 7-H,, 8-H,, 9-H,, 10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H,, 17-H, 18-
H, and C(CHs)y), 1.62 (1H, br s, OH), 4.12 (1H, ddd, J 8.7, 6.3, 4.7 Hz, 5-H), 4.16
(2H, dd, J 5.2, 1.5 Hz, 1-H,), 4.50 (1H, dd, J 7.9, 6.3 Hz, 4-H), 5.68 (1H, ddt, J
155, 7.9, 1.5 Hz, 3-H), 5.88 (1H, dtd, J 15.5, 5.2, 0.6 Hz, 2-H) ;c (186 MHz,
CDCl3) 14.3 (CHg), 22.8 (CH,), 25.8 (CH3), 26.4 (CHy), 28.4 (CHgs), 29.5 (CH,),
29.7 (CHy), 29.7 (CHy), 29.8 (CHy), 29.8 (2 x CHy), 29.8 (3 x CH,), 30.5 (CH,),
32.1 (CHy), 63.0 (CHy), 78.5 (CH), 79.1 (CH), 108.2 (C), 127.5 (CH), 133.5 (CH);
m/z (Cl) 355.3211 (MH". Cx,H4303 requires 355.3212), 337 (20%), 297 (41), 279
(100), 225 (90).
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(3R, 4 S5R)-3-(Trichloromethylcarbonylamino) -4,5-(O-
isopropylidene)nonadec -1-en-4,5-diol (28b) and (3 S4S5R)-3-
(trichloromethylcarbonylamino) -4,5-(O-isopropylidene)nonadec -1-en-4,5-diol
(28a)

1,8-Diazabicyclo[5.4.0]Jundec-7-ene (0.070 mL, 0.47 mmol) was added to a stirred
solution of (2E,4S,5R)-4,5-(O-isopropylidene)nonadec-2-en-1,4,5-triol (23) (0.19 g,
0.54 mmol) and trichloroacetonitrile (0.080 mL, 0.80 mmol), at 0 °C, in
dichloromethane (28 mL). The solution was stirred at 0 °C for 0.5 h, warmed to
room temperature over 3 h then filtered through a pad of silica with
dichloromethane (200 mL) and concentrated in vacuo to yield the crude
trichloroacetimidate as a yellow oil which was used without further purification. The
crude trichloroacetimidate 27 was dissolved in p-xylene (4 mL) and added to a
pressure tube loaded with a stirrer bar and potassium carbonate (0.012 g, 0.087
mmol). The tube was sealed under argon and heated, with stirring, to 160 °C for
60 h. The reaction mixture was filtered through Celite® to yield a crude mixture of
diastereomers (d.r. 1:1). Purification by column chromatography (elution with 5%
ethyl acetate:petroleum ether) yielded (3R,4S,5R)-3-
(trichloromethylcarbonylamino)-4,5-(O-isopropylidene)nonadec-1-en-4,5-diol (28b)
(0.12 g, 44%) as a clear, colourless oil and (3S,4S,5R)-3-
(trichloromethylcarbonylamino)-4,5-(O-isopropylidene)nonadec-1-en-4,5-diol (28a)
(0.071 g, 26%) as a clear, colourless oil. Data for 28b: npax (Neat)/cm'* 3427 (NH),
2922 (CH), 2853 (CH), 1721 (CO), 1496, 1211, 819; | 110.5 (c 1.4, CHCI3) ;4
(500 MHz, CDClI3) 0.88 (3H, t, J 7.0 Hz, 19-H3), 1.25i 1.55 (32H, m, 6-H;, 7-H,, 8-
Ho, 9-H,, 10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H,, 17-H, 18-H, and
C(CHs),), 4.22i 4.26 (2H, m, 4-H, 5-H), 4.38i 4.41 (1H, m, 3-H), 5.27 (1H, d, J 10.4
Hz, 1-HH), 5.30 (1H, d, J 17.1 Hz, 1-HH), 5.83 (1H, ddd, J 17.1, 10.4, 5.8 Hz, 2-H),
719 (1H,d,J 7. 7 Hz,c (126 MHz, ADCl3) 14.3 (CH3), 22.9 (CH,), 24.3

¢
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(CHs), 27.2 (CHs), 27.3 (CHy), 29.4 (CHy), 29.5 (CH,), 29.6 (CHs), 29.6 (CH,), 29.7
(2 x CHy), 29.8 (2 x CHp), 29.8 (CH,), 29.9 (CH,), 32.1 (CH,), 53.2 (CH), 77.6
(CH), 78.4 (CH), 92.9 (C), 108.1 (C), 117.2 (CH,), 134.8 (CH), 160.8 (C); m/z (CI)
498.2307 (MH". Ca4H4sNO:Cls requires 498.2309), 440 (31%), 406 (28), 161 (35),
113 (52), 73 (100); Data for 28a: nmax (neat)/cm'* 3324 (NH), 2922 (CH), 2853
(CH), 1694 (CO), 822; |  148.0 (c 0.8, CHCls) ;n (500 MHz, CDCls) 0.88 (3H, t,
J 7.0 Hz, 19-Hg), 1.26i 1.50 (32H, m, 6-Hp, 7-Ha, 8-Hz, 9-Hy, 10-Ha, 11-H,, 12-H,,
13-Ha, 14-Hp, 15-H,, 16-H,, 17-H,, 18-H, and C(CHs)y), 4.13 (1H, dd, J 6.3, 3.8 Hz,
4 1), 423 (1H,ddd, J9 . 7, 6. 3 ,-H), %55 (1Hidddt, JB.3, 5.2, 3.8, 1.7
Hz ,-H)35@8i5. 32 ( 2-H), 6.0 (1H,Mdéd, J17. 4, 10. 5H),68L 2 H
(I1H,d,J8. 7 Hz,c (1264)MHz, CDCl3) 14.3 (CHs), 22.8 (CH,), 25.3 (CH3),
27.0 (CHs), 27.1 (CHy), 29.0 (CHy), 29.5 (CH>), 29.6 (CH>), 29.7 (CH,), 29.7 (CH,),
29.8 (CH), 29.8 (2 X CHy), 29.8 (CH,), 29.9 (CH,), 32.1 (CHy), 54.2 (CH), 77.6
(CH), 79.0 (CH), 92.8 (C), 108.7 (C), 118.0 (CH,), 134.0 (CH), 161.2 (C); m/z (CI)
498.2304 (MH*. C4HasNOsCls requires 498.2309), 464 (13%), 440 (100), 406
(81), 394 (22), 329 (21).

(253 S4R)-2-(Trichloromethylcarbonylamino) -3,4-(O-
isopropylidene)octadecan -1,3,4 -triol (30a)

(3S,4S,5R)-3-(Trichloromethylcarbonylamino)-4,5-(O-isopropylidene)nonadec-1-
en-4,5-diol (28a) (0.053 g, 0.11 mmol) was dissolved in a mixture of

di chl oromethane (10 mL) and met hanol (10
bubbled through the reaction mixture until the solution turned deep blue. After
excess ozone was purged with oxygen gas, a solution of sodium borohydride
(0.013 g, 0.32 mmol) in ethanol (10 mL) was added dropwise with vigorous
stirring. The reaction mixture was then allowed to slowly return to room
temperature over 5 h. The reaction mixture was quenched with a saturated

solution of ammonium chloride (10 mL) then concentrated in vacuo to an agueous
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solution and extracted with diethyl ether (3 x 15 mL). The combined organic layers
were then washed with water (20 mL) and brine (20 mL), then dried (MgSQO,),
filtered and concentrated in vacuo to yield the crude product. Purification by
column chromatography (diethyl ether/petroleum ether, 1:1) gave (2S,3S,4R)-2-
(trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-1,3,4-triol  (30a)
(0.038 g, 71%) as a colourless oil. 3max (neat)/cm'* 3307 (NH), 2918 (CH), 2849
(CH), 1687 (CO), 1533, 1221, 1047, 822; [a p*° +4.8 (c 1.1, CHCl3) ;4 (500 MHz,
CDCI3) 0.89 (3H, t, J 7.0 Hz, 18-H3), 1.171 1.33 (24H, m, 6-H,, 7-H,, 8-Hz, 9-H,,
10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H, and 17-H,), 1.36 (3H, s,
C(CH3)(CHa)), 1.49 (3H, s, C(CH3)(CHz3)), 1.52i 1.58 (2H, m, 5-H,), 3.75 (1H, dd, J
11.4, 3.2 Hz, 1-HH), 4.01 (1H, dd, J 11.4, 3.2 Hz, 1-HH), 4.05 (1H, ddt, J 8.4, 5.6,
3.2 Hz, 2-H), 4.1914.26 (2H, m, 3-H and 4-H), 7.18 (1H,d,J8 . 4 Hz ,c (IRH) ;
MHz, CDCI3) 14.2 (CH3), 22.8 (CH,), 25.1 (CH3), 26.9 (CH,), 27.6 (CH3), 29.4
(CH>), 29.5 (CHy), 29.6 (CH>), 29.6 (CHy), 29.7 (CH>), 29.8 (CHy), 29.8 (CH>), 29.8
(CHy), 29.8 (2 x CHy), 32.1 (CHy), 52.1 (CH), 62.5 (CHy), 77.8 (CH), 77.8 (CH),
92.7 (C), 108.6 (C), 161.7 (C); m/z (Cl) 502.2264 (MH*. Ca3H43*>CIsNO4 requires
502.2258), 444 (100%), 410 (41), 329 (80), 313 (60), 271 (46), 257 (38), 219 (31),
172 (27), 148 (26), 73 (59).

(2R,3S4R)-2-(Trichloromethylcarbonylamino) -3,4-(O-
isopro pylidene)octadecan -1,3,4 -triol (30b)

The reaction was carried out according to the procedure described for (2S,3S,4R)-
2-(trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-1,3,4-triol (30a)
using (2R, 3S, 4R)-2-(trichloromethylcarbonylamino)-3,4-(O-
isopropylidene)octadecan-1,3,4-triol (28b) (0.046 g, 0.18 mmol). This vyielded
(2R,3S,4R)-2-(trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-

1,3,4-triol (30b) (0.036 g, 77%) as a colourless oil. 3max (neat)/cm'* 3419 (NH),
2922 (CH), 2853 (CH), 1717 (CO), 1502, 1211, 1050, 820; [a p}*° T 2 0 (c 8.0,
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CHCIl3) ;4 (500 MHz, CDCls) 0.88 (3H, t, J 6.9 Hz, 18-H3), 1.217 1.33 (26H, m, 5-
Hz, 6-Ha, 7-Ha, 8-Hy, 9-Hy, 10-Hy, 11-Hy, 12-Hy, 13-H,, 14-H,, 15-H,, 16-H, and 17-
H,), 1.38 (3H, s, C(CH3)(CHz)), 1.53 (3H, s, C(CH3)(CHa)), 3.74 (1H, dd, J 11.1,
6.4 Hz, 1-HH), 3.80 (1H, dd, J 11.1, 5.1 Hz, 1-HH), 3.90i 3.98 (1H, m, 2-H), 4.21i
4.29 (1H, m, 4-H), 4.41 (1H,dd, J 7.1, 1.4 Hz, 3-H), 7.25 (1H,d,J7 . 4 Hz ,c
(126 MHz, CDCl3) 14.2 (CHs), 22.8 (CHy), 24.5 (CHa), 27.2 (CHy), 27.2 (CHa), 29.4
(CH2), 29.5 (CHy), 29.5 (CH,), 29.6 (CH>), 29.6 (CH,), 29.7 (CHy), 29.7 (CH,), 29.8
(CH>), 29.8 (CH,), 29.8 (CH,), 32.1 (CHy), 52.7 (CH), 63.9 (CHy,), 76.0 (CH), 77.7
(CH), 92.9 (C), 108.3 (C), 161.9 (C); m/z (Cl) 502.2252 (MH*. Cz3H43**CIsNO,
requires 502.2258), 486 (14), 444 (100), 419 (34), 391 (42), 342 (37), 297 (68),
149 (11).

D-ribo -Phytosphingosine hydrochloride (10a) 7°

HCIHN  OH

HOWVW

OH

(2S,3S,4R)-2-(Trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-
1,3,4-triol (30a) (0.026 g, 0.052 mmol) was dissolved in a mixture of
dichloromethane (2 mL) and methanol (2 mL). 4 M Sodium hydroxide (4 mL) was
added and the reaction mixture stirred for 60 h. The solution was extracted with
dichloromethane (3 x 20 mL), washed with water (3 x 20 mL) and concentrated in
vacuo. The crude oil was then dissolved in a mixture of dichloromethane (2 mL)
and methanol (2 mL). To this solution, 6 M hydrochloric acid (2 mL) was added
and stirred for 3 h. The reaction was concentrated in vacuo and washed with
petroleum ether (3 x 10 mL) to yield D-ribo-phytosphingosine hydrochloride (10a)
as a white solid (0.015 g, 82%). Spectroscopic data as reported in literature.'’®
[ap?* +48 (c0. 8, Me ;@390 MHz, UCD;OD) 0.90 (3H, t, J 7.0 Hz, 18-H3),
1.281 1.42 (24H, m, 6-H,, 7-Hy, 8-Hy, 9-H,, 10-Hy, 11-H,, 12-H,, 13-H,, 14-H,, 15-
H,, 16-H, and 17-H,), 1.50i 1.57 (1H, m, 5-HH), 1.63i 1.73 (1H, m, 5-HH), 3.38i
3.45 (2H, m, 3-H and 4-H), 4.11 (1H, ddd, J 8.8, 5.9, 3.2 Hz, 2-H), 4.39 (1H, t, J
8.8 Hz, 1-HH), 4.46 (1H, dd, J 8.8, 5.9 Hz, 1-HH) : ¢ (26 MHz, CD;OD) 14.3
(CHg3), 23.6 (CHy), 26.6 (CH>), 30.4 (CH,), 30.7 (2 x CHy), 30.7 (5 x CHy), 30.8
(CHy), 33.0 (CHy), 34.8 (CHy), 55.6 (CH), 67.4 (CH,), 74.0 (CH), 75.8 (CH); m/z
(ESI) 318.2990 (MH". C1gH4oNO3 requires 318.3003).

NH)
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L-arabino -Phytosphingosine hydrochloride (10b) 17°

HCIIHN - OH

HO\/k‘/\/\/\/\/\/\/\/

OH

The reaction was carried out as described for D-ribo-phytosphingosine
hydrochloride (10a) using (2R,3S,4R)-2-(trichloromethylcarbonylamino)-3,4-(O-
isopropylidene)octadecan-1,3,4-triol (30b) (0.033 g, 0.066 mmol). This gave L-
arabino-phytosphingosine hydrochloride (10b) as a white solid (0.020 g, 87%).
Spectroscopic data as reported in literature.*® [a $}**112.2(c0 . 9, Mg ®B6D) ;
MHz, CDs0OD) 0.90 (3H, t, J 7.0 Hz, 18-H3), 1.27i 1.40 (24H, m, 6-H,, 7-H,, 8-H>,
9-H,, 10-Hy, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H, and 17-H,), 1.491 1.58 (1H,
m, 5-HH), 1.76 (1H, td, J 9.4, 3.4 Hz, 5-HH), 3.20 (1H, dd, J 8.1, 4.2 Hz, 3-H), 3.42
(1H, td, J 8.1, 3.4 Hz, 4-H), 4.13 (1H, ddd, J 8.9, 6.3, 4.2 Hz, 2-H), 4.29 (1H, dd, J
8.9, 6.3 Hz, 1-HH), 4.48 (1H, t, J 8.9 Hz, 1-HH) ;¢ (126 MHz, CD;0D) 14.3 (CHs),
23.6 (CHy), 26.5 (CHy), 30.4 (CHy), 30.7 (CHy), 30.7 (CHy), 30.7 (5 x CHy), 30.8
(CHy), 33.0 (CHy), 35.1 (CHy), 55.9 (CH), 69.2 (CH,), 73.9 (CH), 76.3 (CH); m/z
(ESI) 318.2990 (MH". C1gH4oNO3 requires 318.3003).

(3E,5S6R)-5,6 -(O-Isopropylidene) -5,6 -dihydroxyicos -3-en-2-one (31)

The reaction was carried out according to the previously described procedure for
ethyl (2E,4S,5R)-4,5-(O-isopropylidene)-4,5-dihydroxynonadec-2-enoate  (22)
using (2S,3R)-2,3-(0O-isopropylidene)heptadecan-1,2,3-triol (19) (0.050 g, 0.15
mmol) and dimethyl 2-oxopropylphosphonate (0.040 mL, 0.29 mmol). This yielded
(3E,5S,6R)-5,6-(0-isopropylidene)-5,6-dihydroxyicos-3-en-2-one (31) (0.043 g,
79%) as a colourless oil. 3max (neat)/cm'* 2916 (CH), 2848 (CH), 1697 (CO), 1676
(C=C), 1632, 1373, 1246, 1217, 1102, 1036; [a p** 1 2.3 (c 1.3, CHCl3) ; 4 (4DO
MHz, CDCl3) 0.87 (3H, t, J 6.9 Hz, 20-H3), 1.21i 1.34 (24H, m, 8-H,, 9-H,, 10-H,,
11-Hy, 12-H,, 13-H,, 14-H,, 15-H,, 16-H,, 17-H,, 18-H, and 19-H,), 1.38 (3H, s,
C(CH3)(CHz3)), 1.411 1.49 (2H, m, 7-H,), 1.51 (3H, s, C(CH3)(CHs)), 2.28 (3H, s, 1-
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Hs), 4.24 (1H, ddd, J 8.7, 6.4, 4.6 Hz, 6-H), 4.64 (1H, td, J 6.4, 1.3 Hz, 5-H), 6.28
(1H, dd, J 15.9, 1.3 Hz, 3-H), 6.65 (1H, dd, 15.9, 6.4 Hz, 4-H) ;¢ (101 MHz,
CDCl3) 14.3 (CHg), 22.8 (CH,), 25.6 (CH3), 26.4 (CHy), 27.7 (CHgs), 28.2 (CHy),
29.5 (CHy), 29.6 (CHy), 29.7 (CHy), 29.7 (CHy), 29.8 (CH,), 29.8 (2 x CHy,), 29.8 (2
x CHy), 30.7 (CH,), 32.1 (CHy), 77.8 (CH), 78.6 (CH), 109.0 (C), 131.8 (CH), 142.6
(CH), 198.0 (C); m/z (ClI) 367.3216 (MH". Cx3H303 requires 367.3212), 349
(17%), 309 (45), 239 (4), 141 (100), 113 (16), 81 (16).

(3E,2S5S6R)-5,6-(O-Isopropylidene) -icos-3-en-2,5,6 -triol (32a)

(R)-(+)-2-Methyl-CBS-oxazaborolidine (0.60 mL, 0.60 mmol, 1 M solution in
toluene) was added dropwise with stirring to a solution of (3E,5S,6R)-5,6-(0O-
isopropylidene)-5,6-dihydroxyicos-3-en-2-one (31) (0.20 g, 0.55 mmol) in dry
tetrahydrofuran (20 mL) at 0 °C. The solution was stirred for 0.5 h at 0 °C before
borane (1.6 mL, 1.6 mmol, 1 M in tetrahydrofuran) was added dropwise and
stirring was continued at 0 °C for 7.5 h. The reaction was quenched with methanol
(10 mL), then warmed to room temperature and concentrated in vacuo. The
resulting residue was dissolved in diethyl ether (30 mL) and washed with 1 M citric
acid (3 x 50 mL), water (50 mL) and brine (50 mL). The organic layer was dried
(MgSO,), filtered and purified by column chromatography (ethyl acetate/petroleum
ether, 1:6, 1% triethylamine) to yield (3E,2S,5S,6R)-5,6-(0-isopropylidene)-icos-3-
en-2,5,6-triol (32a) (0.20 g, 99%) as a clear, colourless oil. 3max (Neat)/cm'* 3397
(OH), 2982 (CH), 2922 (CH), 1456, 1368, 1215, 1032; [a }?* +4.5 (c 1.1, CHCl5):
Uy (500 MHz, CDCI3) 0.88 (3H, t, J 7.0 Hz, 20-H3), 1.23i 1.32 (27H, m, 1-Hs, 8-H,,
9-H,, 10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H,, 17-H,, 18-H, and 19-Hy),
1.36 (3H, s, C(CH3)(CHa)), 1.38i1.46 (2H, m, 7-H,), 1.48 (3H, s, C(CHz3)(CHx)),
4.12 (1H, ddd, J 8.6, 6.3, 4.7 Hz, 6-H), 4.35 (1H, quin, J 5.9 Hz, 2-H), 4.49 (1H, dd,
J 7.9, 6.3 Hz, 5-H), 5.65 (1H, ddd, J 15.5, 7.9, 1.2 Hz, 4-H), 5.81 (1H, ddd, J 15.5,
5.9, 0.7 Hz, 3-H) ;c (186 MHz, CDCl3) 14.3 (CHs3), 22.8 (CH,), 23.4 (CH3), 25.8
(CH3), 26.3 (CHy), 28.4 (CH3), 29.5 (CHy), 29.7 (CHy), 29.7 (CH,), 29.8 (CHy), 29.8
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(2 x CHy), 29.8 (CHy), 29.8 (2 x CHy), 30.6 (CH,), 32.1 (CH,), 68.2 (CH), 78.5
(CH), 79.0 (CH), 108.2 (C), 125.9 (CH), 138.4 (CH); m/z (ESI) 391.3169 (MNa".
Co3H44NaO3 requires 391.3183).

(3E,2R,5S6R)-5,6 -(O-Isopropylidene) -icos-3-en-2,5,6 -triol (32b)

The reaction was carried out according to the procedure described above for
(3E,2S,5S,6R)-5,6-(O-isopropylidene)-icos-3-en-2,5,6-triol (32a) using (3E,5S,6R)-
5,6-(O-isopropylidene)-5,6-dihydroxyicos-3-en-2-one (31) (0.10 g, 0.28 mmol) and
(S)-( 1-2rmethyl-CBS-oxazaborolidine (0.30 mL, 0.30 mmol, 1 M solution in
tetrahydrofuran). This vyielded (3E,2R,5S,6R)-5,6-(O-isopropylidene)-icos-3-en-
2,5,6-triol (32b) (0.065 g, 64%) as a colourless oil. 3max (Neat)/cm'! 3414 (OH),
2922 (CH), 2853 (CH), 1458, 1370, 1217, 1044, 756; [a p>*T 3 . c71.0,(CHCl3) ;4
(500 MHz, CDCI3) 0.88 (3H, t, J 6.9 Hz, 20-H3), 1.20i 1.31 (29H, m, 1-H3, 7-H,, 8-
Hy, 9-Hy, 10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-Hy, 17-H,, 18-H, and 19-
Hz), 1.35 (38H, s, C(CH3)(CHa)), 1.47 (3H, s, C(CH3)(CHs)), 4.08i 4.15 (1H, m, 6-H),
4.33 (1H, quintet of doublets, J 6.5, 0.9 Hz, 2-H), 4.47 (1H, dd, J 8.0, 6.2 Hz, 5-H),
5.62 (1H, ddd, J 15.5, 8.0, 0.9 Hz, 4-H), 5.78 (1H, ddd, J 15.5, 6.5, 0.6 Hz, 3-H);
Uc (126 MHz, CDCI3) 14.3 (CHs), 22.8 (CH,), 23.3 (CHj3), 25.8 (CHs3), 26.2 (CH,),
28.4 (CH3), 29.5 (CHy), 29.7 (CH,), 29.7 (CHy), 29.8 (3 x CH,), 29.8 (CH,), 29.8
(CH,), 30.4 (CHy), 30.5 (CH,), 32.1 (CHy), 68.3 (CH), 78.5 (CH), 79.0 (CH), 108.2
(C), 126.1 (CH), 138.5 (CH); m/z (Cl) 369.3366 (MH". Cax3H4s03 requires
369.3369), 351 (37%), 309 (14), 293 (100), 225 (28), 183 (39), 125 (88).

a4
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(2E,4 S5S6 R)-4-(Trichloromethylcarbonylamino) -5,6-(O-isopropylidene) -
icos-2-en-5,6 -diol (34a)

1,8-Diazabicycloundec-7-ene (0.011 g, 0.07 mmol) was added to a stirred solution
of (3E,2S,5S,6R)-5,6-(O-isopropylidene)-icos-3-en-2,5,6-triol (32a) (0.053 g, 0.14
mmol) and trichloroacetonitrile (0.031 g, 0.21 mmol) at 0 °C in dichloromethane (3
mL). The solution was stirred at 0 °C for 0.5 h then warmed to room temperature
over 3 h. The solution was filtered through a pad of silica with dichloromethane
(200 mL) and concentrated in vacuo to yield the allylic trichloroacetimidate 33a as
a yellow oil, which was used without further purification. The allylic
trichloroacetimidate was dissolved in p-xylene (2 mL) and added to a microwave
vial loaded with a silicon carbide bar and potassium carbonate (0.012 g, 6 mg/mL).
The vial was sealed under argon and heated to 140 °C for 0.25 h in a microwave
reactor. After cooling to room temperature, the reaction mixture was concentrated
in vacuo. Purification by column chromatography (diethyl ether/petroleum ether,
1:10) gave (2E,4S,5S,6R)-4-(trichloromethylcarbonylamino)-5,6-(O-
isopropylidene)-icos-2-en-5,6-diol (34a) (0.053 g, 72%) as a white solid. Mp 537 58
°C: 3max (neat)/cm'! 3356 (NH), 2918 (CH), 2851 (CH), 1688 (CO), 1516, 1219,
959, 818; [a p** T 2 8 (c 8.0, CHCIl3) ;y (500 MHz, CDCl3) 0.81 (3H, t, J 6.9 Hz,
20-H3), 1.171 1.31 (27H, m, 8-H,, 9-H,, 10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,,
16-Hp, 17-H,, 18-H,, 19-H, and C(CHj3)(CHs)), 1.41 (3H, s, C(CHg)(CHs)), 1.501
1.64 (2H, m, 7-H,), 1.67 (3H, dd, J 6.4, 1.4 Hz, 1-H3), 4.04 (1H, dd, J 6.3, 3.8 Hz,
5-H), 4.14 (1H, ddd, J 9.6, 6.3, 3.7 Hz, 6-H), 4.40i 4.44 (1H, m, 4-H), 5.53 (1H,
ddd, J 15.5, 5.7, 1.4 Hz, 3-H), 5.64 (1H, dqd, J 15.5, 6.4, 1.1 Hz, 2-H), 6.83 (1H, d,
J8. 7 Hz,c (N6l MHz, ADCl3) 14.3 (CH3), 18.2 (CHg), 22.9 (CH,), 25.3
(CHg3), 27.0 (CH3), 27.1 (CHy), 29.0 (CH,), 29.5 (CHy), 29.6 (CH,), 29.7 (CHy), 29.7
(CHy), 29.8 (CHy), 29.8 (2 x CHy), 29.9 (2 x CHy), 32.1 (CH,), 53.8 (CH), 77.6
(CH), 79.1 (CH), 92.9 (C), 108.5 (C), 126.7 (CH), 129.4 (CH), 161.0 (C); m/z (ESI)
534.2265 (MH". Cs5Has>>CIsNNaO; requires 534.2279).
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(2E,4R,5 S6 R)-4-(Trichloromethylcarbonylamino) -5,6 -(O-isopropylidene) -icos-
2-en-5,6-diol (34b)

The reaction was carried out according to the procedure described for
(2E,4S,5S,6R)-4-(trichloromethylcarbonylamino)-5,6-(O-isopropylidene)-icos-2-en-
5,6-diol (34a) using (3E,2R,5S,6R)-5,6-(0O-isopropylidene)-icos-3-en-2,5,6-triol
(32b) (0.029 g, 0.079 mmol). This vyielded (2E4R,5S,6R)-4-
(trichloromethylcarbonylamino)-5,6-(O-isopropylidene)-icos-2-en-5,6-diol (34b)
(0.029 g, 71%) as a yellow oil. 3max (neat)/cm'* 3426 (NH), 2922 (CH), 2853 (CH),
1719 (CO), 1495, 1213, 964, 820; [a p** 112.6 (c 0.9, CHCIl3) : 4 (300 MHz,
CDCl3) 0.88 (3H, t, J 7.0 Hz, 20-Hs), 1.20i 1.33 (24H, m, 8-Hy, 9-H,, 10-H,, 11-H,,
12-H,, 13-H,, 14-H,, 15-H,, 16-H,, 17-H,, 18-H, and 19-H,;), 1.38 (3H, s,
C(CHgs)(CHg)), 1.45i 1.51 (2H, m, 7-Hy), 1.54 (3H, s, C(CH3)(CHg)), 1.72 (3H, ddd,
J 6.5, 1.6, 0.9 Hz, 1-Hs), 4.16i 4.24 (2H, m, 5-H and 6-H), 4.30i 4.37 (1H, m, 4-H),
5.45 (1H, ddq, J 15.3, 7.3, 1.6 Hz, 3-H), 5.75 (1H, dqd, J 15.3, 6.5, 0.9 Hz, 2-H),
718 (1H,d,J7. 0 Hz,c (126 MHz, ADCl3) 14.3 (CH3), 18.0 (CH3), 22.9
(CHy), 24.4 (CHj3), 27.2 (CH3), 27.3 (CH,), 29.3 (CHy), 29.5 (CH,), 29.6 (CHy), 29.6
(CHy), 29.7 (CHy), 29.8 (2 x CHy), 29.8 (CH,), 29.8 (CHy), 29.8 (CHy), 32.1 (CHy,),
52.8 (CH), 77.6 (CH), 78.9 (CH), 93.0 (C), 108.0 (C), 127.8 (CH), 129.0 (CH),
160.6 (C); m/z (Cl) 512.2458 (MH'. CasHs>>ClsNO; requires 512.2465), 478
(84%), 442 (100), 408 (55), 297 (20), 189 (34), 113 (14).
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(2S3S4R)-2-(Trichloromethylcarbonylamino) -3,4-(O-
isopropylidene)octade can-1,3,4 -triol (30a)

(2E,4S,5S,6R)-4-(Trichloromethylcarbonylamino)-5,6-(O-isopropylidene)-icos-2-
en-5,6-diol (32a) (0.057 g, 0.11 mmol) was dissolved in a mixture of
dichloromethane (10 mL) and methanol (10 mL)andcooled t o 1 78 AC.
bubbled through the reaction mixture until the solution turned deep blue. After
excess ozone was purged with oxygen gas, a solution of sodium borohydride
(0.013 g, 0.32 mmol) in ethanol (10 mL) was added dropwise with vigorous
stirring. The reaction mixture was then allowed to slowly return to room
temperature over 5 h. The reaction mixture was quenched with a saturated
solution of ammonium chloride (10 mL) then concentrated in vacuo to an agueous
solution and extracted with diethyl ether (3 x 15 mL). The combined organic layers
were then washed with water (20 mL) and brine (20 mL), then dried (MgSQOy,),
filtered and concentrated in vacuo to yield the crude product. Purification by
column chromatography (diethyl ether/petroleum ether, 1:1) gave (2S,3S,4R)-2-
(trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-1,3,4-triol  (30a)
(0.041 g, 73%) as a colourless oil. 3max (neat)/cm'* 3307 (NH), 2918 (CH), 2849
(CH), 1687 (CO), 1533, 1221, 1047, 822; [a p*° +4.8 (c 1.1, CHCl3) ;4 (500 MHz,
CDCls) 0.89 (3H, t, J 7.0 Hz, 18-Hs), 1.17i 1.33 (24H, m, 6-Hy, 7-H,, 8-Hy, 9-H,,
10-H,, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H, and 17-H,), 1.36 (3H, s,
C(CHs3)(CHa)), 1.49 (3H, s, C(CH3)(CHs)), 1.52i 1.58 (2H, m, 5-H,), 3.75 (1H, dd, J
11.4, 3.2 Hz, 1-HH), 4.01 (1H, dd, J 11.4, 3.2 Hz, 1-HH), 4.05 (1H, ddt, J 8.4, 5.6,
3.2 Hz, 2-H), 4.191 4.26 (2H, m, 3-H and 4-H), 7.18 (1H,d, J8 . 4 Hz ,c (IRH) ;
MHz, CDCl3) 14.2 (CHg), 22.8 (CH,), 25.1 (CH3), 26.9 (CH,), 27.6 (CHg3), 29.4
(CHy), 29.5 (CHy), 29.6 (CHy), 29.6 (CHy,), 29.7 (CHy;), 29.8 (CH,), 29.8 (CH,), 29.8
(CHy), 29.8 (2 x CHy), 32.1 (CHy), 52.1 (CH), 62.5 (CHy), 77.8 (CH), 77.8 (CH),
92.7 (C), 108.6 (C), 161.7 (C); m/z (Cl) 502.2264 (MH*. Ca3H.3>°CIsNO, requires
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502.2258), 444 (100%), 410 (41), 329 (80), 313 (60), 271 (46), 257 (38), 219 (31),
172 (27), 148 (26), 73 (59).

(2R,3S4R)-2-(Trichloromethylcarbonylamino) -3,4-(O-
isopro pylidene)octadecan -1,3,4 -triol (30b)

The reaction was carried out according to the procedure described for (2S,3S,4R)-
2-(trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-1,3,4-triol (30a)
using (2E,4R,5S,6R)-4-(trichloromethylcarbonylamino)-5,6-(O-isopropylidene)-
icos-2-en-5,6-diol (32b) (0.090 g, 0.18 mmol). This yielded (2R,3S,4R)-2-
(trichloromethylcarbonylamino)-3,4-(O-isopropylidene)octadecan-1,3,4-triol  (30b)
(0.058 g, 66%) as a colourless 0il. 3max (neat)/cm'* 3419 (NH), 2922 (CH), 2853
(CH), 1717 (CO), 1502, 1211, 1050, 820; [a p*® T 2 0 (c5L.0, CHCIl3) ; 4 (8DO
MHz, CDCI3) 0.88 (3H, t, J 6.9 Hz, 18-H3), 1.217 1.33 (26H, m, 5-H,, 6-H,, 7-Hy, 8-
Hz, 9-H, 10-Hp, 11-H,, 12-H,, 13-H,, 14-H,, 15-H,, 16-H, and 17-Hy), 1.38 (3H, s,
C(CH3)(CHg)), 1.53 (3H, s, C(CH3)(CHg)), 3.74 (1H, dd, J 11.1, 6.4 Hz, 1-HH), 3.80
(1H, dd, J 11.1, 5.1 Hz, 1-HH), 3.90i 3.98 (1H, m, 2-H), 4.21i 4.29 (1H, m, 4-H),
4.41 (1H, dd, J 7.1, 1.4 Hz, 3-H), 7.25 (1H,d, J7 . 4 Hz ,c (1R6HHz, CICls)
14.2 (CHs), 22.8 (CH,), 24.5 (CHs), 27.2 (CH,), 27.2 (CHs), 29.4 (CH,), 29.5 (CH,),
29.5 (CHy), 29.6 (CHy), 29.6 (CH,), 29.7 (CH,), 29.7 (CH,), 29.8 (CH,), 29.8 (CH,),
29.8 (CH,), 32.1 (CH,), 52.7 (CH), 63.9 (CH,), 76.0 (CH), 77.7 (CH), 92.9 (C),
108.3 (C), 161.9 (C); m/z (Cl) 502.2252 (MH". C,3H45*CIsNO, requires 502.2258),
486 (14), 444 (100), 419 (34), 391 (42), 342 (37), 297 (68), 149 (11).



Experimental 110

2-Vinylbenzaldehyde (49a) '’

Potassium  vinyltrifluoroborate (0904 g, 6.75 mmol) and [1,1-
bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.276 g, 0.337 mmol)

were added to a degassed solution of 2-bromobenzaldehyde (52a) (0.624 g, 3.37

mmol) and triethylamine (1.40 mL, 10.1 mmol) in propan-2-ol (34 mL). The
solution was then heated to 80 °C for 18 h. The reaction mixture was cooled to

room temperature, concentrated in vacuo and purified by filtration through a pad of

silica (elution with 20% diethyl ether:petroleum ether) to yield 2-vinylbenzaldehyde

(49a) (0.374 g, 84%) as a yellow oil. Spectroscopic data was in accordance with
literature values.'”’ Uiy (400 MHz, CDCl3) 5.52 (1H,dd,J1 1. 0, 1-HR),5H%Z , 2
(AH,dd,J17. 4, 1 -HBl), A101,7.4821H, m, ArH), 74917 . 6 0 ( 3H, m,
and 2 x ArH), 7.81i 7.86 (1H, m, ArH), 10.30 (1H, s, CHO) ;c (101 MHz, CDCls)

119.6 (CHp), 127.6 (CH), 128.1 (CH), 131.4 (CH), 133.1 (C), 133.5 (CH), 133.9

(CH), 140.7 (C), 192.6 (CH); m/z (El) 132 (M, 60%), 131 (20), 104 (53), 103 (52),

86 (92), 84 (100), 78 (42).

4,5 -Methylenedioxy -2-vinylbenzaldehyde (49b )8

0-4 22 1'\ 2

The reaction was carried out according to the previously described procedure for
2-vinylbenzaldehyde (49a) using 2-bromo-4,5-methylenedioxybenzaldehyde (52b)
(0.400 g, 1.75 mmol). This gave 4,5-methylenedioxy-2-vinylbenzaldehyde (49b)
(0.296 g, 96%) as a yellow solid. Mp 50i 53 °C (lit.,'"® 5215 4 A G }500 Mz,
CDClg) 5.48 (1H,dd,J10. 9, O0-HB), 562 (1H,8dJ17. 3, 0-HH), Hz,
6.05 (2H, s, OCH;0), 6.98 (1H, s, 3-H), 7.31 (1H, s, 6-H), 7.41 (1H, dd, J 17.3,
10.9 Hz2, 186.21 ( kK26 MHz, COCH)AD2;2 (AH,), 106.8 (CH),

108.1 (CH), 119.2 (CH,), 128.2 (C), 132.4 (CH), 138.5 (C), 148.1 (C), 152.7 (C),

189.6 (CH); m/z (EI) 176 (M*, 100%), 147 (91), 84 (90), 49 (68).
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5-Fluoro -2-vinylbenzaldehyde (49¢c) "’

The reaction was carried out according to the previously described procedure for
2-vinylbenzaldehyde (49a) using 2-bromo-5-fluorobenzaldehyde (52c¢) (0.500 mg,
2.46 mmol) and potassium vinyltrifluoroborate (0.396 g, 2.96 mmol). This gave 5-
fluoro-2-vinylbenzaldehyde (49c) (0.336 g, 91%) as a yellow oil. Spectroscopic
data was in accordance with literature values.*’’ iy (400 MHz, CDCls) 5.50 (1H, d,
J11. 0 HHH),562@H,d J17. 4 HiK), 7.1813.26 (1H, m, ArH), 7.38
(1H,dd,J17. 4, 11H),044%z., 54 6(2H, m, 2 1T Ar HY,
(101 MHz, CDCl3) 116.1 (CH, d, 2Jcr 22.1 Hz), 119.9 (CH,), 121.1 (CH, d, 2Jcr
21.9 Hz), 129.7 (CH, d, %Jcr 7.3 Hz), 132.0 (CH), 134.4 (C, d, *Jcr 5.9 Hz), 137.0
(C, d, *Jcr 3.4 Hz), 162.3 (C, d, YJcr 249.5 Hz), 190.6 (CHO); m/z (El) 150 (M,
79%), 122 (100), 121 (63), 101 (61), 96 (52), 75 (32).

4-Methyl -2-vinylbenzaldehyde (49d) *"*

1

3
H3C\4Ejf\ 2'
1
5 CHO

6

The reaction was carried out according to the previously described procedure for
2-vinylbenzaldehyde (49a) using 2-bromo-4-methylbenzaldehyde (52d) (0.400 g,
2.01 mmol). This gave 4-methyl-2-vinylbenzaldehyde (49d) (0.264 g, 90%) as a
yellow oil. Spectroscopic data was in accordance with literature values.*”” Uy (400
MHz, CDCl3) 2.43 (3H, s, 4-CH3), 5.49 (1H,dd,J1 1. 0, 1-HH), 569 (1H,
dd,J17. 4, 1-HH), 7R4(1H, @ 8 7.9 Hz, 5-H), 7.37 (1H, s, 3-H), 7.53 (1H,
dd,J17. 4, 1 3H),0.7H¥H,d 179 Hz,6-H) , 10. 23 ( LHp1
MHz, CDCl3) 22.0 (CH3), 119.2 (CH,), 128.2 (CH), 128.9 (CH), 130.9 (C), 131.7
(CH), 133.7 (CH), 140.7 (C), 144.9 (C), 192.2 (CH); m/z (El) 146 (M", 100%), 117
(71), 115 (37), 91 (25), 84 (11).

(@)
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5-Methoxy -2-vinylbenzaldehyde (49¢e)

MeO™ 5 . CHO

The reaction was carried out according to the previously described procedure for
2-vinylbenzaldehyde (49a) using 2-bromo-5-methoxybenzaldehyde (52e) (0.400 g,
1.86 mmol). This gave 5-methoxy-2-vinylbenzaldehyde (49e) (0.269 g, 89%) as a
yellow oil. nmax (Neat)/cm'! 2943 (CH), 2838 (CH), 1686 (CO), 1605 (C=C), 1494,
1317, 1246, (406 MHz, CDOCI3 387 (3H, s, OCH3), 5.45 (1H, dd, J
10. 9, 1-HH), 5% (1H,@ddJ1 7. 3, 1-HH), 7H2 (1H, @dpJ 8.6, 2.8
Hz, 4-H), 7.34 (1H, d, J 2.8 Hz, 6-H), 7.42 (1H, dd, J1 7. 3, 1 0-H)97.5Hz ,
(A1H,d,J86Hz,3-H) , 10. 32 ( kHO1MHz CECH)®5%.7 (CHs), 113.0
(CH), 118.3 (CH,), 121.3 (CH), 129.0 (CH), 132.4 (CH), 133.9 (C), 134.0 (C),
159.5 (C), 191.8 (CH); m/z (El) 162.0680 (M*, C1oH100- requires 162.0681), 134
(100%), 119 (42), 91 (41), 84 (39), 49 (28).

1-Vinyl -2-naphthaldehyde (49f) "’

The reaction was carried out according to the previously described procedure for
2-vinylbenzaldehyde (49a) using 1-bromo-2-naphthaldehyde (52f) (0.400 g, 1.70
mmol). This gave 1-vinyl-2-naphthaldehyde (49f) (0.275 g, 89%) as a yellow solid.
Spectroscopic data was in accordance with literature values.'”” Mp 68i7 0 A.C;
(400 MHz, CDCl3) 5.49 (1H,dd, J17 . 5, 1 -HH), 6:02 (1H, b J 11.3, 1.6
Hz ,-HH),&.38 (1H,dd,J17 . 5, 1 1-H),37.584%H, ddd, d 8.4, 6.9, 1.4 Hz,
ArH), 7.63 (1H, ddd, J 8.4, 6.9, 1.3 Hz, ArH), 7.83 (1H, d, J 8.4 Hz, ArH), 7.87 (1H,
dd, J 8.4, 1.3 Hz, ArH), 8.00 (1H, d, J 8.4 Hz, ArH), 8.18 (1H, dd, J 8.4, 0.7 Hz, 3-
H), 10.46 (1H,d,JO0 . 7 Hz , ¢ @6LOIHz, COCls) 123.1 (CH,), 126.0 (CH),
126.2 (CH), 127.1 (CH), 128.2 (CH), 128.6 (CH), 129.0 (CH), 130.8 (CH), 131.5
(C), 131.7 (C), 135.9 (C), 143.4 (C), 192.8 (CH); m/z (El) 182 (M, 57%), 153
(100), 152 (52), 127 (14), 84 (11), 76 (13).

[enl¢
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Ethyl (2 E)-3-( 2\vinylphenyl)prop -2-enoate (50a) *"

5 I 3/2 C1302Et
Lithium bromide (0.583 g, 6.70 mmol) was added to a solution of triethyl
phosphonoacetate (21) (1.13 mL, 5.69 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-
ene (0.848 mL, 5.69 mmol) in acetonitrile (25 mL) and stirred at room temperature
for 0.5 h. 2-Vinylbenzaldehyde (49a) (0.221 g, 1.67 mmol) was added and the
solution was stirred at room temperature for 18 h. The reaction was quenched by
the addition of a saturated solution of ammonium chloride (30 mL), concentrated to
half volume in vacuo and extracted with diethyl ether (3 x 30 mL). The combined
organic layers were washed with water (100 mL), brine (100 mL), dried (MgSO.,),
filtered and concentrated in vacuo. Purification by filtration through a pad of silica

(elution with 20% diethyl ether:petroleum ether) gave ethyl (2E)-3-( 2 6

vinylphenyl)prop-2-enoate (50a) (0.331 g, 98%) as a yellow oil. Spectroscopic data
was in accordance with literature values.*”® tiy (400 MHz, CDCl3) 1.34 (3H, t, J 7.2
Hz, OCH,CHjs), 4.27 (2H, g, J 7.2 Hz, OCH,CH3), 5.43 (1H,dd,J1 1. 0, 1-
HH), 5.64 (1H, dd, J 17.4, 1.2 Hz, 26HH), 6.35 (1H, d, J 15.9 Hz, 2-H), 7.07 (1H,
dd,J17. 4, 1 1-H),07.2%H(2H, td, D @.5, 1.2 Hz, ArH), 7.36 (1H, td, J 7.5, 1.2
Hz, ArH), 7.46i 7.55 (2H, m, ArH), 8.04 (1H, d, J 15.9 Hz, 3-H) ;c (101 MHz,
CDCl3) 14.5 (CHs), 60.7 (CH,), 118.2 (CH,), 120.5 (CH), 127.1 (CH), 127.2 (CH),
128.1 (CH), 130.1 (CH), 132.7 (C), 134.4 (CH), 138.1 (C), 142.5 (CH), 167.0 (C);
m/z (El) 202 (M*, 10%), 173 (4), 157 (10), 129 (100), 128 (58), 102 (5), 83 (12).

Ethyl (2 E)-3-( 4 &6-méthylenedioxy -2 &inylphenyl)prop -2-enoate (50b)

3 o 1"
\ on

-
O = N~

51 2 (1302Et
The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vilylphenyl)prop-2-enoate (50a) using 4,5-methylenedioxy-2-
vinylbenzaldehyde (49b) (0.279 g, 1.59 mmol). This gave ethyl (2E)-3-( 4 &
methylenedioxy-2-vinylphenyl)prop-2-enoate (50b) (0.367 g, 94%) as an off-white

solid. Mp 82i 84 °C; nmax (neat)lcm'* 2904 (CH), 1714 (CO), 1614 (C=C), 1500,
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1489, 128 4 (500IMHZ, TDCl5)il1.33 (3H, t, J 7.1 Hz, OCH,CHs), 4.26
(2H, g, J 7.1 Hz, OCH,CH3), 5.35 (1H, dd, J1 0. 9, 1 :HBI), 553 (1H, A J
17. 2, 1-HB) 508 (2H, 8 ®CH,0), 6.21 (1H, d, J 15.7 Hz, 2-H), 6.95 (1H,
s,-H30 7. 00-H203(1H,9d,IJBD. 2, 1 OH)7.984zH, d, 115.7
Hz, 3-H) :c (186 MHz, CDCls) 13.5 (CHs), 59.6 (CHj), 100.7 (CH,), 105.1 (CH),
105.6 (CH), 115.9 (CH), 117.6 (CH), 125.9 (C), 132.8 (C), 132.9 (CH), 140.7
(CH), 147.1 (C), 148.8 (C), 166.1 (C); m/z (EI) 246.0889 (M*, C14H14O4 requires
246.0892), 217 (30%), 201 (30), 173 (100), 143 (38), 115 (96).

Ethyl (2 E)-3-( 5ffuoro -2 évinylphenyl)prop -2-enoate (50c¢)

FE12 COLE
The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2viylphenyl)prop-2-enoate (50a) using 5-fluoro-2-
vinylbenzaldehyde (49c) (0.190 g, 1.27 mmol). This gave ethyl (2E)-3-( 5fldoro-2 -6
vinylphenyl)prop-2-enoate (50c) (0.247 g, 89%) as a yellow oil. Nmax (neat)/cm'*

2982 (CH), 2932 (CH), 1712 (CO), 1636 (C=C), 1486, 1316, 1237, 1176, 1034; Uy

(400 MHz, CDCl3) 1.33 (3H, t, J 7.1 Hz, OCH,CHs), 4.26 (2H, q, J 7.1 Hz,
OCH,CHg), 5.38 (1H,dd,J10. 9, O:HH), 566 (1H,8HJ17. 2, O0-7 H
HH), 6.31 (1H, d, J 15.9 Hz, 2-H), 6.92i7 . 06 ( 2-H, a mH), 18 (1H, dd,

J9.2, Yy 2. 7 HH),74B(BH, dd, J 9.2, %45 . 7 HH), 7.94(dH, dd, J

15.9, ®Jye 1.3 Hz, 3-H); Uc (126 MHz, CDCls) 14.4 (CH3), 60.8 (CH,), 113.2 (CH, d,

2Jcr 22.3 Hz), 117.1 (CH, d, “Jcr 21.6 Hz), 118.0 (CHy), 121.4 (CH), 128.9 (CH, d,

3Jcr 8.1 Hz), 133.3 (CH), 134.3 (C, d, “Jcr 3.2 Hz), 134.4 (C, d, 3Jcr 7.6 Hz), 141.1

(CH, d, “Jcr 2.3 Hz), 162.3 (C, d, Jcr 247.3 Hz), 166.5 (C); m/z (ESI) 243.0789
(MNa", C13H13FNaO, requires 243.0792), 236 (35%), 218 (5), 147 (8), 135 (4).
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Ethyl (2 E)-3-( 4rdethyl -2 é&vinylphenyl)prop -2-enate (50d)

3,
5 NI CO,Et
3 1

6

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vinylphenyl)prop-2-enoate (50a) using 4-methyl-2-
vinylbenzaldehyde (49d) (0.258 g, 1.77 mmol). This gave ethyl (2E)-3-( 4néethyl-
2 vinylphenyl)prop-2-enoate (50d) (0.385 g, 100%) as a yellow oil. Npnax
(neat)/cm'* 2980 (CH), 1710 (CO), 1631 (C=C), 1313, 1266, 1176, 1158, 4
(400 MHz, CDCl3) 1.34 (3H,t,J 7.1 Hz, OCH,CH3) , 2. 37 -OH3,H.26 (2H,
g, J 7.1 Hz, OCH,CHj3), 5.40 (1H,dd,J1 1. 0, 1 -HB), 5:62 (1H, 8dpJ 17.3,
1. 3 HHH), 6.2241H, d, J 15.9 Hz, 2-H), 7.06 (1H, dd, J 17.3, 11.0 Hz , -H},
7097.12 (1-H) , m7. 830 -Hj, 7.45,(1Hsd,J 83 @ HH),,8.016(BH,
d, J 15.9 Hz, 3-H) ¢ (126 MHz, CDCls) 14.5 (CHs), 21.5 (CHs), 60.6 (CH,), 117.9
(CH,), 119.4 (CH), 127.1 (CH), 127.7 (CH), 129.0 (CH), 129.9 (C), 134.5 (CH),
138.1 (C), 140.3 (C), 142.3 (CH), 167.2 (C); m/z (ESI) 239.1035 (MNa’,
C14H16NaO; requires 239.1043).

Ethyl (2 E)-3-( 5rbethoxy -2 évinylphenyl)prop -2-enoate (50e)

4 2
MeO 512 CO,Et
R

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2viylphenyl)prop-2-enoate (50a) using 5-methoxy-2-
vinylbenzaldehyde (49e) (0.266 g, 1.64 mmol). This gave ethyl (2E)-3-( 5m@ethoxy-
2 dinylphenyl)acrylate (50e) (0.376 g, 99%) as a yellow oil. Nmax (Neat)/cm'* 2980

(CH), 1709 (CO), 1634 (C=C), 1603,.(50093,

MHz, CDCl3) 1.35 (3H, t, J 7.1 Hz, OCH,CHs), 3.83 (3H, s, OCHs), 4.27 (2H, g, J
7.1 Hz, OCH,CHs), 5.32 (1H,dd, J1 1. 0, 1 -HH), 554 (1H, Acd J 17.3, 1.1
Hz , -HE),06.33 (1H, d, J 15.8 Hz, 2-H), 6.92 (1H, dd, J8 . 6, 2 .-H), 78X
(1H,dd,J17. 3, 11-H)07.0M@&H,d, 13. 7 HH),,7.43%(HH,d, J 8.6 Hz,
3-81), 8.01 (1H, d, J 15.8 Hz, 3-H) :c (186 MHz, CDCl3) 14.5 (CHs), 55.5 (CHa),
60.7 (CH,), 111.3 (CH), 116.3 (CH,), 116.6 (CH), 120.6 (CH), 128.3 (CH), 131.1

4
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(C), 133.7 (CH), 133.7 (C), 142.4 (CH), 159.3 (C), 166.9 (C); m/z (EI) 232.1099
(M*, Cr4H1605 requires 232.1099), 203 (47%), 187 (24), 159 (100), 144 (83), 115
(53).

Ethyl (2 E)-3-( Xwinylnaphthalen -2 éyl)prop -2-enoate (50f)

The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2vilylphenyl)prop-2-enoate (50a) using 1-vinyl-2-naphthaldehyde

(49f) (0.271 g, 1.49 mmol). This gave ethyl (2E)-3-( 1vilylnaphthalen-2 -§l)prop-2-

enoate (50f) (0.327 g, 87%) as a yellow oil. nmax (neat)/cm't 2978 (CH), 1711
(CO), 1627 (C=C), 129®00MH2Z 6|3 1.8351(3H5t,J7.10 3 8
Hz, OCH,CHjs), 4.28 (2H, g, J 7.1 Hz, OCH,CH3), 5.43 (1H,dd,J17 . 7, 1- 8 H
HH), 5.93 (1H,dd, J1 1. 4, 1 :HBl), 648 (1H, &,d 16.0 Hz, 2-H), 7.21 (1H,
dd,J17. 7, 121H)4&.4% 255 (2H,om, 2 x ArH), 7.71 (1H,d,J8 . 7 H¥,, 4¢C
7.77 (1H,d,J8 . 7 HH,,7.808 B85 (1H, m, ArH), 8.10i 8.14 (1H, m, ArH), 8.24

(1H, d, J 16.0 Hz, 3-H) :c (126 MHz, CDCls) 14.5 (CHs3), 60.6 (CH,), 119.1 (CH>),

123.6 (CH), 124.4 (CH), 126.2 (CH), 126.8 (CH), 127.1 (CH), 128.0 (CH), 128.4

(CH), 129.6 (C), 131.9 (C), 132.7 (CH), 134.1 (C), 138.2 (C), 144.0 (CH), 167.3

(C); m/z (ESI) 275.1037 (MNa", C17H1sNaO, requires 275.1043).

(2E)-3-( 2\@nylphenylprop -2-en-1-ol (51a)

Diisobutylaluminium hydride (3.33 mL, 1 M solution in hexanes) was added
dropwise with stirring, to a solution of ethyl (2E)-3-( 2vilylphenyl)prop-2-enoate
G0a)( 0. 269 g, 1.33 mmol ), in diethyl et he
stirred at 178 AC for 3 h then allowed t
reaction was quenched with 10% aqueous potassium sodium tartrate solution (30
mL), extracted with diethyl ether (2 x 20 mL), washed with water (100 mL), brine
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(100 mL), dried (MgSO,), filtered and concentrated in vacuo. Purification by
column chromatography (elution with 50% diethyl ether/petroleum ether) yielded
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) (0.207 g, 97%) as a colourless oil. Nyax
(neat))em'*3329 (OH), 2922 (CH), 1624 (&®B00),
MHz, CDCI3) 1.54 (1H, br s, OH), 4.35 (2H, d, J 5.4 Hz, 1-H,), 5.34 (1H, dd, J
11. 0, 1-HR), 563 (H,8d0pJ1 7. 4, 1-HH), 622 (1H, at,a) 15.7,5.4
Hz, 2-H), 6.92 (1H, d, J 15.7 Hz, 3-H), 7.02 (1H,dd,J1 7 . 4, 1 1-H)07.2%z, 1
7.27 (2H, m, ArH), 74117 . 47 ( 2H, cnil26 MHz,HODCIl3) &4.0 (CHy),
116.5 (CHy), 126.5 (CH), 126.7 (CH), 127.9 (CH), 128.0 (CH), 128.9 (CH), 131.2
(CH), 135.0 (CH), 135.1 (C), 136.3 (C); m/z (El) 160.0882 (M", C11H1,0 requires
160.0888), 141 (13%), 129 (100), 115 (21), 91 (9).

(2E)-3-( 4 6-Méthylenedioxy -2 évinylphenyl)prop -2-en-1-ol (51b)

o 3' o 1"

AAT

@) 5 ” /2 OH
6' 3 1

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimnylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( 46, 50
methylenedioxy-2-vinylphenyl)prop-2-enoate (50b) (0.357 g, 1.45 mmol). This
gave (2E)-3-( 4 émethydenedioxy-2 ®inylphenyl)prop-2-en-1-ol (51b) (0.292 g,
99%) as a white solid. Mp 73i 76 °C; nmax (neat)/cm' * 3332 (OH), 2896 (CH), 1622
(C=C), 1501, 147%&00MHZ @xl3) 1.650(BH9s, OH), 4.30 (2H,
dd, J5.7, 1.5 Hz, 1-H,), 5.23 (1H,dd,J1 0. 9, 1 -HB), 59 (1H, ddoJ 17.3,
1. 0 HHH), 5.23§2H, s, OCH,0), 6.10 (1H, dt, J 15.6, 5.7 Hz, 2-H), 6.84 (1H,
dt, J 15.6, 1.5 Hz, 3-H), 6.89 (1H, s, ArH), 6.93 (1H, s, ArH), 6.94 (1H, dd, J 17.3,
10. 9 Hi2,;c (1®® MHz, CDCl3) 62.9 (CHy), 100.2 (CHy), 105.0 (CH), 105.2
(CH), 113.9 (CHy), 127.6 (CH), 128.5 (C), 128.8 (CH), 129.7 (C), 133.4 (CH),
146.8 (C), 146.8 (C); m/z (El) 204.0790 (M*, C1,H1,03 requires 204.0786), 173
(78%), 115 (41), 82 (100).
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(2E)-3-( 5Huoro -2 évinylphenyl)prop -2-en-1-ol (51c)

F &>

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) wusing ethyl (2E)-3-( SflGoro-2 -0
vinylphenyl)prop-2-enoate (50c) (0.223 g, 1.01 mmol). This gave (2E)-3-( Sfldoro-

2 vinylphenyl)prop-2-en-1-ol (51c) (0.174 g, 97%) as a colourless oil. Nmax
(neaty)cm'*'3329 ( OH) , 2868 (CH), 1605 (C=¢qg),
(500 MHz, CDCls3) 1.48 (1H, br s, OH), 4.35 (2H, dd, J 5.4, 1.5 Hz, 1-H,), 5.31 (1H,
dd,J11. 0, 0 -H¥), 365 (1H, 24 J 1 7 . 4, 0 -H¥), 624 (1H,2t)H J
15.8, 5.4 Hz, 2-H), 6.87 (1H, dd, J 15.8, 1.5 Hz, 3-H), 6.91i6 . 98 ( 2-Handm,
6-81), 711 (1H, dd, J 9.3, e 2 . 7  HH),7.4131H,dd, J9.3,%)45. 9 HH);,
Uc (126 MHz, CDCl3) 63.7 (CH,), 112.9 (d, 2Jcr 22.0 Hz, CH), 114.9 (d, 2Jcr 21.6
Hz, CH), 116.4 (CH,), 127.6 (d, *Jcr 2.2 Hz, CH), 128.3 (d, %Jcr 8.3 Hz, CH), 132.2
(CH), 132.5 (d, “Jcr 3.1 Hz, C), 133.9 (CH), 137.0 (d, 3Jcr 7.7 Hz, C), 162.6 (d,
YJcr 246.2 Hz, C); m/z (EI) 178.0791 (M, C1;:H11FO requires 178.0794), 160 (11),
147 (100), 133 (13), 127 (10), 84 (5).

(2E)-3-( 4Nethyl -2 &inylphenyl)prop -2-en-1-ol (51d)

1||

H3C 4' 3 2' AN
on

2
6' 3 1

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimylphenyl)prop-2-en-1-ol (51a) wusing ethyl (2E)-3-( 4ntethyl-2 -0
vinylphenyl)prop-2-enoate (50d) (0.286 g, 1.32 mmol). This gave (2E)-3-( 4 6
methyl-2 -©inylphenyl)prop-2-en-1-ol (51d) (0.213 g, 92%) as a colourless oil. Nyax

4

¢

(neat)/cm’! 3333 (OH), 2921 (CH), 1488,1 238, 1201, ni50®MHz, 9 1 C

CDCl3) 1.41 (1H,t,J5. 7 Hz, OH) , -CMs),3.83 (H3ttH ) 5.% 1.0 HE,0

1-H,), 531 (1H,dd, J1 1. 0, 1 :H#), 3h2 (IH,AHJI17. 4, 1:HH), Hz,

6.20 (1H, dt, J 15.7, 5.7 Hz, 2-H), 6.88 (1H, d, J 15.7 Hz, 3-H), 7.00 (1H, dd, J
17. 4, 11H)Q7.064EH,d,3D. 9 Hz, Ar H) ,-H),77.32(6H, 4,1 H,
7.9 Hz, ¢ (A26 MHz, CDLl;) 21.3 (CH3), 64.2 (CH,), 116.3 (CH,), 126.7
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(CH), 127.1 (CH), 128.9 (CH), 128.9 (CH), 130.3 (CH), 132.3 (C), 135.0 (CH),
136.2 (C), 137.6 (C); m/z (CI) 157.1021 (MH'T H,O, Ci,H1s requires 157.1017),
113 (31%), 97 (38), 85 (85), 71 (100), 69 (90).

(2E)-3-( 5Ndethoxy -2 é&vinylphenyl)prop -2-en-1-ol (51e)

4 2

OH

"N\ /-

MeO" 5 o v 1
The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( Smiethoxy-2 -0
vinylphenyl)prop-2-enoate (50e) (0.321 g, 1.38 mmol). This gave (2E)-3-( 5 6
methoxy-2 -©inylphenyl)prop-2-en-1-ol (51e) (0.233 g, 89%) as a clear oil. Nmax
(neat)/cm't 3345 (OH), 2936 (CH), 1603 (C=C), 1491, 1288, 1246, 1167, 1105,

1 0 2 44(5000MHz, CDCI3) 1.96 (1H, br s, OH), 3.81 (3H, s, OCH3), 4.33 (2H, d, J

5.4 Hz, 1-H,), 5.22 (1H,dd,J1 1. 0, 1 :HB8), 362 (1H, 2ch J 17.4, 1.3 Hz,

2 #H), 6.22 (1H, dt, J 15.7, 5.4 Hz, 2-H), 6.81 (1H,dd,J8 . 6, 2 .-H),68B% , 4
(1H,d, J 15.7 Hz, 3-H),6.91i6 . 98 ( 2-H, a m#), ®40 (1H,d,J8 . 6 Hz,

H) ;c (186 MHz, CDCI3) 55.5 (CH3), 63.9 (CHy), 111.4 (CH), 114.1 (CH), 114.7

(CHp), 127.7 (CH), 128.9 (CH), 129.3 (C), 131.4 (CH), 134.3 (CH), 136.3 (C),

159.4 (C); m/z (El) 190.0991 (M*, C12H140, requires 190.0994), 172 (8%), 159

(100), 144 (48), 115 (28), 83 (21).

(2E)-3-( *\dnylnaphthalen -2 &/l)prop -2-en-1-ol (51f)

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( vihylnaphthalen-

2 9l)prop-2-enoate  (50f) (0.325 g, 1.29 mmol). This gave (2E)-3-( 1 0
vinylnaphthalen-2 -§l)prop-2-en-1-ol (51f) (0.248 g, 92%) as a yellow oil. Nmax
(neat))em'* 3327 ( OH) , 3056 (CH), 2859 ( CH) , 1
(500 MHz, CDCls) 1.49 (1H, t, J 5.7 Hz, OH), 4.38 (2H, t, J 5.7 Hz, 1-H,), 5.43 (1H,
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dd, J17. 8, 2:HB) 584 (IH 2 J11. 4, 2 -HH) 644 (1H, 2D J
15.9, 5.7 Hz, 2-H), 7.07i 7.15 (2H, m, 3-H a n 4H), 1437 7.50 (2H, m, 2 x ArH),
769 (1H,d,J8 . 7 HH),7.74(0H,d, J8 . 7 HH),7.78 D82 (1H, m, ArH),
8.08i8. 11 (1H, cnd26 MHz,HODCls) 64.3 (CH,), 122.9 (CH,), 123.8
(CH), 125.9 (CH), 125.9 (CH), 126.4 (CH), 127.6 (CH), 128.2 (CH), 129.6 (CH),
130.4 (CH), 131.5 (C), 132.0 (C), 133.1 (C), 133.5 (CH), 134.8 (C); m/z (El)
210.1049 (M*, C1sH140 requires 210.1045), 179 (100%), 165 (29), 152 (19), 139
(6), 115 (5), 67 (21).

1-( 2 6, ZIdchl@dmethylcarbonylamino) -1H-indene (54a)

4
5 3
Ly
6 1
TN
CCly

(2E)-3-( 2vanylphenyl)prop-2-en-1-ol (51a) (0.051 g, 0.32 mmol) was dissolved in
dry dichloromethane (8 mL) and cooled to 0 °C under argon with stirring.
Trichloroacetonitrile (0.048 mL, 0.48 mmol) was added to the solution, followed by
1,8-diazabicyclo[5.4.0Jundec-7-ene (0.024 mL, 0.16 mmol) and the reaction was
allowed to return to room temperature over 1.5 h. The reaction mixture was filtered
through a short pad of alumina (neutral, Brockman V) with diethyl ether (150 mL)
and concentrated in vacuo to yield the crude allylic trichloroacetimidate as a yellow
oil which was used without further purification. The allylic trichloroacetimidate 53a
was transferred to a dry Schlenk tube containing a stirrer bar and potassium
carbonate (15 mg, 3 mg/mL) to which p-xylene (5 mL) was then added. The tube
was purged with argon, sealed and heated to 160 °C for 18 h. The reaction was
allowed to cool to room temperature, Grubbs 2" generation catalyst (0.011 g,
0.013 mmol) was added and the reaction was heated to 50 °C for 20 h. The
reaction mixture was concentrated in vacuo and purified by filtration through a
short pad of silica (elution with 20% diethyl ether/petroleum ether) to yield 1-
( 2 6 ,-trxldlgrométhylcarbonylamino)-1H-indene (54a) (0.072 g, 82%) as a white
solid. Mp 73i 75 °C; nmax (neat)/cm'* 3325 (NH), 2927 (CH), 1697 (CO), 1506,
1235, 84009 MHzIiCDCI3) 5.62i5.68 (1H, m, 1-H), 6.42 (1H, dd, J 5.6, 1.9
Hz, 2-H), 6.66 (1H, br d, J 5.2 Hz, NH), 6.91 (1H, ddd, J 5.6, 1.9, 0.8 Hz, 3-H),
7.23i17.28 (1H, m, ArH), 7.3317.36 (2H, m, ArH), 74717 . 51 ( 1 H, ¢ (¥©26
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MHz, CDCls) 58.5 (CH), 92.5 (C), 122.0 (CH), 123.7 (CH), 126.7 (CH), 129.0 (CH),
134.0 (CH), 134.8 (CH), 142.9 (C), 143.2 (C), 162.8 (C): m/z (Cl) 275.9753 (MH",
C11He®CI3NO requires 275.9750), 242 (62%), 208 (32), 172 (10), 85 (17), 69 (27).

5,6 -Methylenedioxy -1-( 2 6 , Zri@hloB@ethylcarbonylamino) -1H-indene
(54b)

CCl;

The reaction was carried out according to the previously described procedure for

1-( 2 6 ,tixllgrotnéthylcarbonylamino)-1H-indene (54a) using (2E)-3-( 46, 50
methylenedioxy-2 -®inylphenyl)prop-2-en-1-ol (51b) (0.057 mg, 0.28 mmol). This

gave 5,6-methylenedioxy-1-( 2 6 ,-tixcldlgromnéthylcarbonylamino)-1H-indene

(54b) (0.050 g, 57%) as an off-white solid. Mp 106i 108 °C; nmax (neat)/cm'*! 3325

( NH) , 2901 (CH), 1696 (CO), 1502, 1472,
(500 MHz, CDCl3) 5.47i5.52 (1H, m, 1-H), 5.95 (1H, d, J 1.4 Hz, OCHHO), 5.96
(1H, d, J 1.4 Hz, OCHHO), 6.30 (1H, dd, J 5.6, 2.0 Hz, 2-H), 6.71 (1H, br d, J 8.4
Hz, NH), 6.76 (1H, dd, J 5.6, 1.3 Hz, 3-H), 6.78 (1H, s, 4-H), 6.96 (1H, s, 7-H) ¢
(126 MHz, CDCl3) 58.1 (CH), 92.5 (C), 101.5 (CH,), 103.0 (CH), 105.4 (CH), 132.8
(CH), 134.4 (CH), 136.8 (C), 137.0 (C), 147.0 (C), 148.3 (C), 162.7 (C); m/z (EI)
320.9539 (M*, C1,Hg*>Cl,*'CINO; requires 320.9542), 284 (68%), 248 (100), 218
(21), 202 (32), 174 (80), 159 (61), 116 (52), 103 (58), 89 (58).

C«

6-Fluoro-1-( 2 6 , ZrighloB@ethylcar bonylamino) -1H-indene (54c)

4
5 3

(I
Fe6 1

7HNo

CCl;

The reaction was carried out according to the previously described procedure for
1-( 2 6 ,tixllgronéthylcarbonylamino)-1H-indene (54a) using (2E)-3-( SflGoro-
2 dinylphenyl)prop-2-en-1-ol (51c) (0.048 g, 0.27 mmol). This gave 6-fluoro-1-
( 2 6 ,-trxldlgrométhylcarbonylamino)-1H-indene (54c) (0.052 g, 65%) as an off-
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white solid. Mp 92194 °C; nmax (neat)/cm'* 3321 (NH), 2916 (CH), 1695 (CO),
1506, 1477, 1270, (50@\MH4, CD@:B5%58i 5.8441H; m, fi-H),
6.38 (1H, dd, J 5.6, 2.0 Hz, 2-H), 6.69 (1H, br s, NH), 6.87 (1H, dd, J 5.6, 1.6 Hz,
3-H), 7.03 (1H, ddd, %Jue 8.4, J 8.4, 2.4 Hz, 5-H), 7.21 (1H, dd, %J4e 8.4, J 2.4 Hz,
7-H), 7.26 (1H, dd, J 8.4, *Ju4r 4.9 Hz, 4-H) ¢ (126 MHz, CDCl3) 58.4 (CH, d, *Jcr
2.1 Hz), 92.4 (C), 112.0 (CH, d, 2Jcr 24.1 Hz), 115.7 (CH, d, 2Jcr 22.8 Hz), 122.7
(CH, d, ®Jce 8.6 Hz), 133.7 (CH, d, ®Jcr 4.1 Hz), 134.2 (CH), 138.9 (C, d, “Jcr 2.6
Hz), 145.2 (C, d, %Jcr 8.3 Hz), 162.3 (C, d, *Jcr 246.5 Hz), 162.8 (C); m/z (ESI)
315.9461 (MNa*, C1;H7*>CIsFNNaO requires 315.9469).

5-Methyl-1-( 2 6 , Zri@hloB@ethylcarbonylamino) -1H-indene (54d)

HyCs A 3
LY
7 Hr\]\(o
CCls
The reaction was carried out according to the previously described procedure for
1-( 2 6 ,tixllgronéthylcarbonylamino)-1H-indene (54a) using (2E)-3-( 4ntethyl-
2 dinylphenyl)prop-2-en-1-ol (51d) (0.063 g, 0.36 mmol). This gave 5-methyl-1-
( 2 6 ,-trcldlgrotnéthylcarbonylamino)-1H-indene (54d) (0.072 g, 68%) as a white
solid. Mp 88i 92 °C; nmax (neat)lcm'* 3321 (NH), 2923 (CH), 1695 (CO), 1505,
1239, 83 7,4 (BOMHz, CDHCI3) 2.39 (3H, s, 5-CH3), 5.58i 5.63 (1H, m, 1-H),
6.40 (1H, dd, J 5.6, 2.0 Hz, 2-H), 6.65 (1H, br d, J 6.1 Hz, NH), 6.86 (1H, ddd, J
5.6, 1.8, 0.6 Hz, 3-H), 7.07 (1H, d, J 7.5 Hz, 6-H), 7.16 (1H, s, 4-H), 7.37 (1H, d, J
7.5 Hz, 7-H) ;c (186 MHz, CDCl3) 21.6 (CH3), 58.2 (CH), 92.5 (C), 122.8 (CH),
123.5 (CH), 127.3 (CH), 134.2 (CH), 134.8 (CH), 139.0 (C), 140.0 (C), 143.5 (C),
162.8 (C); m/z (ESI) 311.9707 (MNa*, C1.H10>>CIsNNaO requires 311.9720).
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6-Methoxy-1-( 2 6 , ZrighloB@ ethylcarbonylamino) -1H-indene (54e)

4
5 3
(I

MeO" 6 1

7 HN—P
CCly

The reaction was carried out according to the previously described procedure for
1-( 2 6 tixllgronéthylcarbonylamino)-1H-indene (54a) using (2E)-3-( 5 6
methoxy-2 -©inylphenyl)prop-2-en-1-ol (51e) (0.049 g, 0.26 mmol). This gave 6-
methoxy-1-( 2 0 ,-trcldlgronéthylcarbonylamino)-1H-indene (54e) (0.048 g, 61%)
as an off-white solid. Mp 69i 71 °C; nmax (neat)/cm'* 3314 (NH), 2940 (CH), 1697
(CO), 1505, 1234 4(4000Rz% CDCR)B.82,(3H7/s3ACH;), b.58i
5.63 (1H, m, 1-H), 6.27 (1H, dd, J 5.6, 2.1 Hz, 2-H), 6.67 (1H, br d, J 7.8 Hz, NH),
6.80i 6.88 (2H, m, 3-H and 5-H), 7.07 (1H, d, J 2.1 Hz, 7-H), 7.23 (1H, d, J 8.2 Hz,
4-H) ;c (186 MHz, CDCI3) 55.8 (CHg3), 58.5 (CH), 92.5 (C), 110.7 (CH), 113.9
(CH), 122.4 (CH), 131.7 (CH), 134.5 (CH), 135.9 (C), 145.0 (C), 159.3 (C), 162.8
(C); m/z (El) 306.9751 (M*, C1oH10>°Cl,*'CINO, requires 306.9749), 270 (82%),
234 (48), 192 (15), 160 (60), 145 (64), 130 (40), 115 (42), 83 (100), 77 (21).

3-( 2 6, ZIdichl@dinethylcarbonylamino) -3H-benz[elindene (54f)

B:
4 Hl\? ©

Lo
The reaction was carried out according to the previously described procedure for
1-( 2 6 ,tixllgrométhylcarbonylamino)-1H-indene  (54a) using (2E)-3-( 1 06
vinylnaphth-2 -gl)prop-2-en-1-ol (51f) (0.055 g, 0.26 mmol). This gave 3-( 206 ,-2 06,
trichloromethylcarbonylamino)-3H-benz[elindene (54f) (0.048 g, 56%) as an off-
white solid. Mp 1301 134 °C (decomposition); Nmax (neat)/cm't 3270 (NH), 3050
( CH) , 1698 (CO), 1685, 1 5,359Q MH%,5CD@Al3) 5.7212 6 0 ,
5.84 (1H, m, 3-H), 6.61 (1H, dd, J 5.6, 1.8 Hz, 2-H), 6.72 (1H, br d, J 6.7 Hz, NH),
7.4717.59 (3H, m, 1-H and 2 x ArH), 7.63 (1H, d, J 8.2 Hz, ArH), 7.79 (1H, d, J 8.2
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Hz, ArH), 7.91 (1H, d, J 7.9 Hz, ArH), 8.06 (1H,d, J7 . 9 Hz, c (126 MBiz; U
CDCls) 59.4 (CH), 92.5 (C), 121.3 (CH), 123.9 (CH), 126.3 (CH), 126.7 (CH),
127.2 (CH), 127.8 (C), 128.8 (CH), 132.1 (CH), 134.1 (C), 134.3 (CH), 139.7 (C),
140.4 (C), 163.0 (C); m/z (El) 324.9829 (M*, C1sH1o>CIsNO requires 324.9828),

290 (54%), 254 (91), 208 (46), 180 (91), 165 (100), 152 (83), 88 (40), 70 (70), 61

(57).

Ethyl (2 E)-3-( 2 omophenyl)prop -2-enoate (57a) **°

4 22 Br

’ %9‘02&
The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vilylphenyl)prop-2-enoate (50a) using 2-bromobenzaldehyde
(52a) (0.492 g, 2.66 mmol). This gave ethyl (2E)-3-( 2Zbfomophenyl)prop-2-enoate
(57a) (0.558 g, 82%) as a colourless oil. Spectroscopic data was in accordance
with literature values.*® Uy (500 MHz, CDCl5) 1.35 (3H, t, J 7.1 Hz, OCH,CHs),
4.28 (2H, g, J 7.1 Hz, OCH,CHs), 6.39 (1H, d, J 15.9 Hz, 2-H), 7.22 (1H, td, J 7.6,
1.6 Hz, ArH), 7.32 (1H, t, J 7.6 Hz, ArH), 7.60 (1H, dd, J 7.6, 1.6 Hz, ArH), 7.61
(1H, dd, J 7.6, 1.6 Hz, ArH), 8.05 (1H, d, J 15.9 Hz, 3-H) ;c (186 MHz, CDCls)
14.5 (CHs), 60.8 (CH,), 121.3 (CH), 125.4 (C), 127.8 (CH), 127.9 (CH), 131.3
(CH), 133.6 (CH), 134.7 (C), 143.1 (CH), 166.5 (C); m/z (El) 254 (M*, 25%), 209
(45), 175 (86), 147 (100), 102 (62), 83 (31), 75 (21).

Ethyl (2 E)-3-( 2kyomo-4 & ,-rBethylenedioxyphenyl)prop -2-enoate (57b)

o4 22 Br
SOUN
51y 2 (1302Et
The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vinylphenyl)prop-2-enoate (50a) using 2-bromo-4,5-
methylenedioxybenzaldehyde (52b) (0.600 g, 2.62 mmol). This gave ethyl (2E)-3-
( 2bfomo-4 6 -mBtidylenedioxyphenyl)prop-2-enoate (57b) (0.781 g, 100%) as a
white solid. Mp 1017 105 °C; Nmax (neat)/cmTl 3072 (CH), 1695 (CO), 1501 (C=C),
1476, 1289, 1256, 1 22(400 MHz,1CDGI3) 1.32 BRA,%, J7.BD 7 2 ;
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Hz, OCH,CHs), 4.25 (2H, g, J 7.1 Hz, OCH,CHs), 6.01 (2H, s, OCH,0), 6.22 (1H,
d, J 15.9 Hz, 2-H), 7.03 (1H, s, ArH), 7.04 (1H, s, ArH), 7.96 (1H, d, J 15.9 Hz, 3-
H) ;c (101 MHz, CDCls) 14.4 (CHg), 60.7 (CH5), 102.3 (CH,), 106.5 (CH), 113.2
(CH), 117.9 (C), 119.1 (CH), 127.8 (C), 142.8 (CH), 148.0 (C), 150.1 (C), 166.7
(C); m/z (EI) 297.9837 (M*, CioH1i/°BrO, requires 297.9841), 219 (83%), 191
(100), 174 (41), 133 (27), 84 (10).

Ethyl (2 E)-3-( 2omo-5 &luorophenyl)prop -2-enoate (57¢)

3

57212 "CO,Et
1

6"

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vimnylphenyl)prop-2-enoate (50a) using 2-bromo-5-
fluorobenzaldehyde (52c) (0.300 g, 1.48 mmol). This gave ethyl (2E)-3-( 2bfomo-

5 -fluorophenyl)prop-2-enoate (57c) (0.384 g, 95%) as a colourless 0il. Nmax
(neaty)em'*'2984 (CH), 1709 (CO), 1638 (C=Cp,
(400 MHz, CDCl3) 1.35 (3H, t, J 7.1 Hz, OCH,CHj3), 4.29 (2H, q, J 7.1 Hz,
OCH,CHs), 6.37 (1H, d, J 15.9 Hz, 2-H), 6.97 (1H,ddd, J8 . 8, 7. 7 ,-H),3. 0
7.30 (1H,dd,J9. 3, 3.-BH), *bZ (1H,6d6J8 . 8, 5 -Hj, 7.87(1H, d8,d
15.9, 1.5 Hz, 3-H) ;c (101 MHz, CDCls) 14.4 (CHs3), 61.0 (CH,), 114.6 (d, 2Jcr
23.7 Hz, CH), 118.6 (d, 2Jcr 22.7 Hz, CH), 119.6 (C), 122.4 (CH), 134.8 (d, *Jcr
7.9 Hz, CH), 136.4 (d, ®Jce 7.7 Hz, C), 142.1 (d, *Jcr 1.9 Hz, CH), 162.1 (d, YJcr
247.4 Hz, C), 166.2 (C); m/z (El) 271.9854 (M*, CiiHio°BrFO, requires
271.9848), 229 (23%), 193 (36), 165 (100), 120 (47), 84 (20).

Ethyl (2 E)-3-( 2kyomo -4 émethylphenyl)prop -2-enoate (57d)

5 N CO,EL
3 1

6

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2viylphenyl)prop-2-enoate (50a) using 2-bromo-4-
methylbenzaldehyde (52d) (0.500 g, 2.51 mmol). This gave ethyl (2E)-3-( 2 6
bromo-4 -énethylphenyl)prop-2-enoate (57d) (0.648 g, 96%) as an off-white solid.
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Mp 37i 41 °C; nmax (neat)/cm'! 2980 (CH), 1709 (CO), 1634 (C=C), 1603, 1312,
1263, 1165, 10 4,0400 ®IHz8CDCI$§ 1.84 (3Hiit, J 7.1 Hz
OCH,CH3) , 2. 34 -QH3,H.27 (8H, g, & Bl Hz, OCH,CHa), 6.35 (1H, d, J
15.9 Hz, 2-H), 7.12 (1H,d, J7 . 9 HH),, 576. 4 4 -H), 158 (1H,sl,,J 7.8 Hz,
6 -81), 8.02 (1H, d, J 15.9 Hz, 3-H) ;¢ (101 MHz, CDCls) 14.5 (CHs), 21.1 (CHs),
60.8 (CH,), 120.2 (CH), 125.4 (C), 127.5 (CH), 128.8 (CH), 131.7 (C), 134.0 (CH),
142.1 (C), 143.0 (CH), 166.7 (C); m/z (ESI) 290.9981 (MNa®, Ci,H13°BrNaO;
requires 290.9991), 271 (6%), 236 (22), 223 (64), 144 (19).

Ethyl (2 E)-3-( 2Wlyomo -5 émethoxyphenyl)prop -2-enoate (57e)

4 22 Br

MeO/S@Es/z\?OZEt
The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vimnylphenyl)prop-2-enoate (50a) using 2-bromo-5-
methoxybenzaldehyde (52e) (0.500 g, 2.33 mmol). This gave ethyl (2E)-3-( 2 6
bromo-5 -nethoxyphenyl)prop-2-enoate (57¢€) (0.619 g, 93%) as a yellow o0il. Nmax
(neat))cm'*2987 (CH), 1710 (CO), 1637 (g&w , 1
MHz, CDCl3) 1.35 (3H, t, J 7.1 Hz, OCH,CH3), 3.81 (3H, s, OCH3), 4.28 (2H, q, J
7.1 Hz, OCH,CHs), 6.37 (1H, d, J 15.9 Hz, 2-H), 6.81 (1H,dd,J8 . 8, 3 -H), Hz,
711 (1H,d,J3 . 0 HH),,7.4%(HH,d,J8 . 8 HH),,8.003(H, d, J 15.9 Hz, 3-
H) :c (186 MHz, CDCls) 14.5 (CHs), 55.7 (CHs), 60.9 (CH,), 112.7 (CH), 116.1
(C), 117.8 (CH), 121.4 (CH), 134.1 (CH), 135.4 (C), 143.2 (CH), 159.2 (C), 166.5
(C); m/z (ESI) 306.9936 (MNa®, Ci.H13"°BrNaOs requires 306.9940), 285 (6%),
264 (32), 239 (43), 160 (100).

Ethyl (2 E)-3-( Ehiomonaphthalen -2 éyl)prop -2-enoate ( 57f)

The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2vilylphenyl)prop-2-enoate (50a) using 1-bromo-2-naphthaldehyde
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(52f) (0.500 g, 2.13 mmol). This gave ethyl (2E)-3-( ibfomonaphthalen-2 -§l)prop-
2-enoate (57f) (0.647 g, 100%) as a white solid. Mp 117i 119 °C; nma (neat)/cm'*
2976 (CH), 1707 (CO), 1632 ( C=Cy(400 NIF&0 8,
CDCl3) 1.37 (3H, t, J 7.1 Hz, OCH,CHs3), 4.32 (2H, q, J 7.1 Hz, OCH,CHz3), 6.50
(1H, d, J 15.9 Hz, 2-H), 7.53i 7.69 (3H, m, 3 x ArH), 7.77i 7.88 (2H, m, 2 x ArH),
8.35843 (2H, m, 3-H and A 18] NMHz, ICDCls) 14.5 (CHs), 60.9 (CH,),
121.8 (CH), 124.1 (CH), 126.9 (C), 127.9 (CH), 128.1 (CH), 128.2 (CH), 128.3
(CH), 128.4 (CH), 132.4 (C), 132.8 (C), 135.1 (C), 144.1 (CH), 166.7 (C); m/z (El)
304.0101 (M*, C15H13"°BrO, requires 304.0099), 225 (100%), 197 (43), 152 (15),

76 (4).

Ethyl (2 E)-3-( 2kyomo -4 drifluoromethylphenyl)prop -2-enoate (579)

5 N2 COE
1

6

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2viylphenyl)prop-2-enoate (50a) using 2-bromo-4-
trifluoromethylbenzaldehyde (52g) (0.500 g, 1.98 mmol). This gave ethyl (2E)-3-

( 2bfomo-4 -frifluoromethylphenyl)prop-2-enoate (57g) (0.562 g, 88%) as a yellow

oil. Nmax (neat)/cm'! 2984 (CH), 1717 (CO), 1640 (C=C), 1393, 1316, 1265, 1171,
1125, 1 01008vHz, GDCls) 1.35 (3H, t, J 7.1 Hz, OCH,CHs), 4.30 (2H, g, J

7.1 Hz, OCH,CHj3), 6.45 (1H, d, J 16.0 Hz, 2-H), 7.58 (1H, brd,J8 . 2 HH), 5¢
769 (1H,d,J82Hz, -H§ 6 7. 87 (H),B.01 (Hrd, 516.0 Bzp3-H) c U
(126 MHz, CDCl3) 14.4 (CHs), 61.1 (CH,), 123.0 (C, q, *Jcr 272.7 Hz), 123.6 (CH),
124.7 (CH, q, 3Jcr 3.6 Hz), 125.2 (C), 128.2 (CH), 130.5 (CH, q, ®Jcr 3.9 Hz),
132.9 (C, q, 2Jcr 33.4 Hz), 138.3 (C), 141.6 (CH), 166.0 (C); m/z (ESI) 344.9693
(MNa®*, C12H10"°BrFsNaO, requires 334.9708), 301 (65%), 275 (40), 258 (26), 243
(19), 236 (49), 201 (28).
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3-Bromofuran -2-carboxaldehyde (52h) 8

4 Br
s/ °

O 2>CHO
1

Titanium tetrachloride (17.0 mL, 1.0 M in dichloromethane, 17.0 mmol) was added

to dichloromethane (70 mL) and cool ed t
(2.53 mL, 17.0 mmol) was added dropwise and stirred for 0.1 h before 3-
bromofuran (0.300 mL, 3.39 mmol) was added dropwise with vigorous stirring. The
reaction mixturewasst i rred at 178 AC for 2 h then
water (20 mL) and stirred as a slurry for a further 1 h. A saturated solution of
sodium hydrogen carbonate was added until gas evolution ceased. The biphasic
reaction mixture was filtered through a pad of celite then extracted with
dichloromethane (3 x 30 mL). The combined organic layers were washed with
water (50 mL) then brine (50 mL), dried (MgSQ,), filtered and concentrated in
vacuo to yield 3-bromofuran-2-carboxaldehyde (52h) (0.567 g, 96%) as a light
brown oil. Spectroscopic data was in accordance with literature values.*®* iy (400
MHz, CDCls) 6.66 (1H, dd, J 1.8, 0.7 Hz, 4-H), 7.63 (1H, dd, J 1.8, 0.7 Hz, 5-H),
97119 . 73 ( 1 H, cri26 MHA CPCl3) 1112.8 (C), 116.8 (CH), 148.1 (CH),
148.3 (C), 176.5 (CH); m/z (El) 175 (M*, 95%), 173 (74), 149 (39), 111 (53), 97
(72), 85 (78), 71 (98), 57 (100).

Ethyl (2 E)-3-( 3Wyomofuran -2 él)prop -2-enoate (57h)

4 3 Br

O™ 2 COzEt
31

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2vibylphenyl)prop-2-enoate  (50a) using  3-bromofuran-2-
carboxaldehyde (52h) (0.550 g, 3.14 mmol). This gave ethyl (2E)-3-( 3 6
bromofuran-2 -§l)prop-2-enoate (57h) (0.718 g, 93%) as an orange solid. Mp 44i
46 °C; nmax (neat)/cm'* 2986 (CH), 1713 (CO), 1636 (C=C), 1304, 1258, 1173,
1026, 9(80@ MHzUICDCl3) 1.32 (3H, t, J 7.1 Hz, OCH,CHs), 4.25 (2H, q, J
7.1 Hz, OCH,CH3), 6.39 (1H, d, J 15.8 Hz, 2-H), 6.53 (1H,d,J2 . 0 HH),,7.424 6
(I1H,d,J2. 0 HH),7.4&(@H, d, J 15.8 Hz, 3-H) ;c (186 MHz, CDCl3) 14.4
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(CHs), 60.8 (CH,), 105.5 (C), 116.0 (CH), 117.7 (CH), 128.1 (CH), 144.7 (CH),
148.2 (C), 166.83 (C); m/z (ESI) 266.9628 (MNa'®, CgHe'°BrNaOs; requires
266.9627), 242 (8%), 236 (36), 200 (4), 171 (4).

Ethyl (2 E)-3-( 2kyomopyridin -3 é&l)prop -2-enoate (57i)

"
e N2 Br

L.
55" 2 COLEt
1

4

The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2vibylphenyl)prop-2-enoate (50a) using 2-bromopyridine-3-

carboxaldehyde (52i) (0.500 g, 2.69 mmol). This gave ethyl (2E)-3-( 2 6

bromopyridin-3 -§l)prop-2-enoate (57i) (0.639 g, 93%) as a white solid. Mp 43i 46
°C: Nmax (neat)/cm'! 2980 (CH), 1709 (CO), 1636 (C=C), 1553, 1389, 1310, 1267,
1177, 1051,y (407NHz, CBOPL.35 (BH, t, J 7.1 Hz, OCH,CHs), 4.29
(2H, q, J 7.1 Hz, OCH,CHs), 6.41 (1H, d, J 16.0 Hz, 2-H), 7.31 (1H, dd, J 7.7, 4.7
Hz ,-H)5786 (1H,dd, J7 . 7, 1 -HD, 7.94z(1H, 04 B16.0 Hz, 3-H), 8.37 (1H,
dd,J4 . 7, 1 .-19) :H(x0l MHzACDCls) 14.4 (CHs), 61.1 (CHy), 123.2 (CH),
123.3 (CH), 132.3 (C), 135.7 (CH), 141.1 (CH), 144.4 (C), 150.9 (CH), 165.9 (C);
m/z (ESI) 255.9961 (MH*, CioH11"°BrNO, requires 255.9968), 228 (89%), 148
(100), 120 (19).

Ethyl (2 E)-3-( 2dllylphenyl)prop -2-enoate (59a) %

Caesium fluoride (0.238 g, 1.57 mmol), [1,1-
bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.032 g, 0.0392 mmol)
and allylboronic acid pinacol ester (58) (0.147 mL, 0.784 mmol) were added to a
degassed solution of ethyl (2E)-3-( 2btomophenyl)prop-2-enoate (57a) (0.100 g,
0.392 mmol) in 1,4-dioxane (5 mL). The solution was heated to 85 °C for 18 h,
cooled to room temperature and concentrated in vacuo. The reaction was purified
by filtration through a pad of silica (elution with 20% diethyl ether:petroleum ether)
to yield ethyl (2E)-3-( 2ablylphenyl)prop-2-enoate (59a) (0.0844 g, 100%) as a
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yellow oil. Spectroscopic data was in accordance with literature values.*®® nmax

(neat)/cm'! 2980 (CH), 1712 (CO), 1635 (C=C), 1483, 1367, 1313, 1267, 1174,
1036, 980, y@®a03VHz, COBCH);1.341(3H, t, J 7.1 Hz, OCH,CHa), 3.53
(2H,brd,J6 . 2 HH,), 4.2F @H, q, J 7.1 Hz, OCH,CHs), 5.00 (1H, dqg, J 17.1,
1.6 HHH), 589%(1H,dg, J10. 1, 1 -Hel), 3496 (1H,3d,'J 17.1, 10.1,
6. 2 HH),6.382(&H, d, J 15.8 Hz, 2-H), 7.20i 7.27 (2H, m, 2 x ArH), 7.32 (1H,
td, J 7.5, 1.3 Hz, ArH), 7.58 (1H, dd, J 7.5, 1.3 Hz, ArH), 7.99 (1H, d, J 15.8 Hz, 3-
H) :c (186 MHz, CDCls) 14.4 (CHs), 37.6 (CH,), 60.6 (CH.), 116.5 (CH,), 119.8
(CH), 126.7 (CH), 127.0 (CH), 130.2 (CH), 130.4 (CH), 133.6 (C), 136.7 (CH),
139.4 (C), 142.3 (CH), 167.1 (C); m/z (El) 216.1147 (M*, CiH10, requires
216.1150), 187 (24%), 171 (30), 143 (100), 142 (99), 128 (94), 115 (97), 84 (42).

Ethyl (2 E)-3-( 2dilyl -4 & ,-rBethylenedioxyphenyl)prop -2-enoate (59b)

o4 PN

<O 51 3/2 C1302Et

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2abylphenyl)prop-2-enoate (59a) using ethyl (2E)-3-( 2bfomo-4 0 4
methylenedioxyphenyl)prop-2-enoate (57b) (0.270 g, 0.903 mmol). This gave ethyl
(2E)-3-( 2albyl-4 6 -mBtldylenedioxyphenyl)prop-2-enoate (59b) (0.235 g, 100%)
as a white solid. Mp 63167 °C; nmax (neat)cm'® 2982 (CH), 1694 (CO), 1499
(C=C), 1476, 1 2 % 400 MHa,30DCl3) B3243H, tuJ 7.1 Hz,
OCH,CHg), 3.45 (2H, dt,J6 . 2, 1 .-8,), H24 (2H,196J67.1 Hz, OCH,CHj3),
499 (1H,dq,J17. 0, 1 -HH), HOZ (1H3$810. 1, 1 -HH), HA
(1H,ddt, J17 . 0, 10 . 1 ;H), 5.9722H K zQCH.DY &21 (1H, d, J 15.7 Hz,
22H) , 6. 68 -H)LH,7.90,5 -K),6r.8, (1Hsd, J 16.8 Hz, 3-H) ;c (101
MHz, CDCls) 14.5 (CHs), 37.4 (CH>), 60.5 (CH,), 101.5 (CH,), 105.8 (CH), 110.3
(CH), 116.4 (CHy), 117.4 (CH), 126.8 (C), 134.9 (C), 136.7 (CH), 141.6 (CH),
146.9 (C), 149.6 (C), 167.3 (C); m/z (ESI) 283.0935 (MNa", CisHisNaO, requires
283.0941).
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Ethyl (2 E)-3-( 24dilyl -5 &luorophenyl)prop -2-enoate (59c¢)

4 2 r 9
The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2aflylphenyl)prop-2-enoate (59a) using ethyl (2E)-3-( 2bfiomo-5 -6
fluorophenyl)prop-2-enoate (57c¢) (0.254 g, 0.930 mmol). This gave ethyl (2E)-3-

( 2abyl-5 -fluorophenyl)prop-2-enoate (59c) (0.214 g, 98%) as a yellow 0il. Npax

(neat)/cm'! 2982 (CH), 1711 (CO), 1636 (C=C), 1489, 1314, 1269, 1233, 1173,

1034, 97 6(400 8118z0CDCI§) 1.34 (3H, t, J 7.1 Hz, OCH,CHs), 3.48 (2H,

brd,J6. 1 HHy), 4.2 ¢8I, q, J 7.1 Hz, OCH,CHs), 4.96 (1H, dg, J 17.1, 1.6

Hz , -HB)p509 (1H,dgq, J1 0. 1, 1 -HH), 5498 (1H,3ldt, & 17.1, 10.1, 6.1

Hz , -HR &33 (1H, d, J 15.8 Hz, 2-H), 7.02 (1H,td,J8 . 3, 2 .-Hj, 7.H8z(1H,

dd,J8. 3, 5 .-H9,7.B6z(1H,d8,89 . 8, 2 .-Hj, 7.80z(1H, d8,& 15.8, 1.6

Hz, 3-H) ;¢ (16l MHz, CDCls) 14.5 (CHs), 36.9 (CH,), 60.8 (CH,), 113.1 (d, 2Jcr

22.1 Hz, CH), 116.7 (CH,), 117.1 (d, %Jcr 21.2 Hz, CH), 120.9 (CH), 132.0 (d, 3Jcr

7.9 Hz, CH), 135.1 (d, *Jcr 3.3 Hz, C), 135.3 (d, %Jcr 7.5 Hz, C), 136.5 (CH), 141.1

(d, *Jcr 2.2 Hz, CH), 161.7 (d, YJcr 244.9 Hz, C), 166.8 (C); m/z (El) 234.1053 (M",

C14H15FO, requires 234.1056), 205 (12%), 189 (15), 161 (95), 146 (100), 133 (54),

84 (16), 69 (20).

Ethyl (2 E)-3-( 2dlyl -4 émethylphenyl)prop -2-enoate (59d)

H3C\4-(3ji"/ 3n
5' N
5 1 3 2 ?OzEt
The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( Z2aflylphenyl)prop-2-enoate (59a) using ethyl (2E)-3-( 2bfomo-4 -6
methylphenyl)prop-2-enoate (57d) (0.050 g, 0.19 mmol). This gave ethyl (2E)-3-
( 2abyl-4 -dnethylphenyl)prop-2-enoate (59d) (0.042 g, 99%) as a colourless oil.

nmax (Neatycm*2980 (CH), 1709 (CO), 1632 (G=

(400 MHz, CDCl3) 1.33 (3H, t, J 7.1 Hz, OCH,CHs) , 2. 3 4 -QH3,13.50 (2H,
brd,J6. 2 Hi,), 4.26 @8, g, J 7.1 Hz, OCH,CHs), 5.00 (1H, dg, J 17.0, 1.6
Hz , -HB)p508 (1H,dg, J1 0. 1, 1 -H&), 5495 (1H,3ld, & 17.0, 10.1, 6.2

C).,
40
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Hz , -HR®338 (1H,d,J15.8Hz,2-H) , 7. 0 3-HY, 208 (1H,€,J738 Hz,
H), 7.49 (1H,d,J7 . 9 HH),7.965(TH, d, J 15.8 Hz, 3-H ) ic (1€l MHz, CDCls)
14.5 (CHs), 21.5 (CHs), 37.6 (CH,), 60.5 (CH,), 116.4 (CH,), 118.6 (CH), 126.7
(CH), 127.8 (CH), 130.6 (C), 131.1 (CH), 136.8 (CH), 139.4 (C), 140.6 (C), 142.2
(CH), 167.3 (C); m/z (ESI) 253.1198 (MNa*, CisH:sNaO, requires 253.1199), 236
(8%), 157 (36), 142 (28).

Ethyl (2 E)-3-( 2dlyl -5 é&methoxyphenyl)prop -2-enoate (59¢)

MeO 571" CO,Et
& 3 °

The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2ablylphenyl)prop-2-enoate (59a) using ethyl (2E)-3-(2 6romo-5 -0
methoxyphenyl)prop-2-enoate (57¢) (0.619 g, 2.17 mmol). This gave ethyl (2E)-3-

( 2albyl-5 -nethoxyphenyl)prop-2-enoate (59¢e) (0.529 g, 99%) as a yellow oil. Nyax
(neat))cm'*'2980 ( CH) , 1709 (CO), 1634 ( Ge@m) , 1
MHz, CDCl3) 1.34 (3H, t, J 7.1 Hz, OCH,CH3), 3.46 (2H, brd,J6 . 2 HH,), 16
3.81 (3H, s, OCHs), 4.27 (2H, g, J 7.1 Hz, OCH,CHa), 4.97 (1H, dqg, J 17.1, 1.6 Hz,

3 éH6l), 5.06 (1H,dg,J1 0. O, 1 -H&l), 5198 (1H,3dt, @ 17.1, 10.0, 6.2 Hz,

2 19 6.34 (1H, d, J 15.8 Hz, 2-H), 6.89 (1H,dd,J8 . 4, 2 .-H), 7.B9%z(1H, & 6
J2. 7 HH),7.16(®H,d,J8. 4 HH),,7.943(8H, d, J 15.8 Hz, 3-H) ;c (126

MHz, CDCI3) 14.5 (CH3), 36.8 (CH,), 55.5 (CHg3), 60.6 (CH,), 111.4 (CH), 116.1
(CHy), 116.4 (CH), 119.9 (CH), 131.5 (CH), 131.8 (C), 134.4 (C), 137.2 (CH),

142.3 (CH), 158.5 (C), 167.0 (C); m/z (ESI) 269.1141 (MNa", C1sH1gNaOs requires
269.1148).

Ethyl (2 E)-3-( Zadlylnaphthalen -2 éyl)prop -2-enoate (59f)

The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( 2abylphenyl)prop-2-enoate  (59a) using ethyl (2E)-3-( 1 6
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bromonaphthalen-2 -§l)prop-2-enoate (57f) (0.415 g, 1.36 mmol) and allylboronic
acid pinacol ester (58) (0.636 mL, 3.41 mmol) at 100 °C. This gave ethyl (2E)-3-

( 1abylnaphthalen-2 -gl)prop-2-enoate (59f) (0.355 g, 98%) as a yellow oil. Nyax
(neat)/cm'! 2978 (CH), 1707 (CO), 1626 (C=C), 1256, 1173, 1153, 1036, 812; 4 U
(500 MHz, CDCl3) 1.36 (3H, t, J 7.1 Hz, OCH,CHgs), 4.01 (2H, brd, J5. 6 Hz,
H,), 4.30 (2H, g, J 7.1 Hz, OCH,CH3), 4.93 (1H,dgq,J1 7 . 1, 1 -HH), 3108 ,
(1H,dq,J10. 2, 1 -HH), &08,(1HA6t6J17. 1, 10. 2-H), G486
(1H, d, J 15.8 Hz, 2-H), 7.481 7.56 (2H, m, 2 x ArH), 7.67 (1H,d,J8 . 7 HH),,
774 (1H,d,J8 . 7 HH),,7.808 B85 (1H, m, ArH), 8.08 (1H, d, J 8.1 Hz, ArH),
8.22 (1H, d, J 15.8 Hz, 3-H) ;c (186 MHz, CDCI3) 14.5 (CH3), 32.3 (CHy), 60.7
(CHy), 116.6 (CH,), 120.5 (CH), 123.8 (CH), 125.1 (CH), 126.8 (CH), 126.8 (CH),
127.6 (CH), 128.8 (CH), 130.8 (C), 132.5 (C), 134.5 (C), 136.0 (CH), 136.1 (C),
142.7 (CH), 167.2 (C); m/z (ESI) 289.1190 (MNa’, CigHigNaO, requires
289.1199), 236 (6%), 193 (3), 178 (2).

Ethyl (2E)-3-( 2adlyl -4 érifluoromethylphenyl)prop -2-enoate (599)

FaCus 22 2%
The reaction was carried out according to the previously described procedure for
ethyl (2E)-3-( Z2aflylphenyl)prop-2-enoate (59a) using ethyl (2E)-3-( 2bfomo-4 -6
trifluoromethylphenyl)prop-2-enoate (57g) (0.321 g, 1.00 mmol). This gave ethyl
(2E)-3-( 2albyl-4 -@rifluoromethylphenyl)prop-2-enoate (59g) (0.282 g, 100%) as a
yellow oil. nmay (neat)/cm'* 2984 (CH), 1715 (CO), 1638 (C=C), 1333, 1314, 1279,
1163, 112 3 {500IMHZ, €DCl3)ul.34 (3H, t, J 7.1 Hz, OCH,CHg3), 3.56
(2H,brd,J6 . 2 HHy), 4.2B®@H, q, J 7.1 Hz, OCH,CHj3), 5.01 (1H, dq, J 16.8,
1.5 HHEH),53406(8H,dq,J1 0. 3, 1 -H), 5092 (1H,3dt, @ 16.8, 10.3,
6. 2 HH), 6.42 @H, d, J 15.9 Hz, 2-H), 7.47 ( 1 H:H), .50 (181,&d, J 8.2
Hz ,-H)5765 (1H,d, J8 . 2 HH),,7.9%(FH, d, J 15.9 Hz, 3-H) ¢ (126 MHz,
CDCl3) 14.4 (CHs), 37.5 (CH,), 60.9 (CHy), 117.4 (CH,), 122.2 (CH), 123.8 (CH, q,
3Jcr 3.7 Hz), 124.0 (C, q, YJcr 272.3 Hz), 127.1 (CH, q, %Jcr 3.8 Hz), 127.2 (CH),
131.8 (C, q, ¢k 32.5 Hz), 135.6 (CH), 137.2 (C), 139.9 (C), 140.8 (CH), 166.5
(C); m/z (ESI) 307.0907 (MNa*, CisHisFsNaO, requires 307.0916), 301 (43%),
236 (36), 209 (72).

3
H :
4 €
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Ethyl (2 E)-3-( 3dllylfuran -2 &yl)prop -2-enoate (59h)

The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2ablylphenyl)prop-2-enoate (59a) using ethyl (2E)-3-( 3bfomofuran-

2 9l)prop-2-enoate (57h) (0.230 g, 0.939 mmol). This gave ethyl (2E)-3-( 3 6
allylfuran-2 -§l)prop-2-enoate (59h) (0.193 g, 100%) as a yellow oil. Nmax
(neatyecm'*'2924 (CH), 1705 (CO), 1636 (C=G), 1
(500 MHz, CDCl3) 1.32 (3H, t, J 7.1 Hz, OCH,CHg3), 3.29 (2H, brd,J6 . 3 Hz, ]
Hy), 4.24 (2H, g, J 7.1 Hz, OCH,CH3), 5.06i15 . 1 1 ( 2 HHp), 5.88 (1H3 diltd J
16.2,10.0,6 . 3 HH),6.22(0&H d, J 15.6 Hz, 2-H),6.35(1H,d,J1 . 6 HH,, 4¢
740 (1H,d,J1. 6 HH), 7.45(8H, d, J 15.6 Hz, 3-H) ;c (186 MHz, CDCly)

14.5 (CHg), 29.4 (CHy), 60.5 (CH,), 113.9 (CH), 114.9 (CH), 116.5 (CH,), 128.0

(C), 129.1 (CH), 135.6 (CH), 144.3 (CH), 147.1 (C), 167.5 (C); m/z (ESI) 229.0838

(MNa*, C1,H14NaO3 requires 229.0835).

Ethyl (2 E)-3-( 2dlylpyridin -3 &/l)prop -2-enoate (59i)

5 %oza
The reaction was carried out according to the previously described procedure for

ethyl (2E)-3-( 2aflylphenyl)prop-2-enoate  (59a) wusing ethyl (2E)-3-( 2 6
bromopyridin-3 -§l)prop-2-enoate (57i) (0.346 g, 1.35 mmol). Purification by
column chromatography (elution with 50% diethyl ether:petroleum ether) yielded

ethyl (2E)-3-( 2abylpyridin-3 -§l)prop-2-enoate (59i) (0.226 g, 77%) as a yellow oil.

Nmax (N€at)em*2980 (CH), 1713 (CO), 16364 (§0C=C)
MHz, CDCl3) 1.34 (3H, t, J 7.1 Hz, OCH,CH3), 3.74 2H, brd, J6 . 4 HH,), 16
4.27 (2H, q, J 7.1 Hz, OCH,CH3), 5.08 (1H, dg, J 17.0,1 . 5 HHEHH), 5.336(HH,
dg,J10. 2, 1-:HH) 6D3(1H,8d0,817. 0, 10. 2H),686(@AH, H2, 2
15.9 Hz, 2-H), 7.19 (1H,dd, J7 . 9, 4 -1, 7B2Z(1H, WB,&J7. 9, 1 .-H, Hz,
7.93 (1H, d, J 15.9 Hz, 3-H), 8.55 (1H, dd, J 4.8, 1.6 Hz-H) ;6 186 MHz,
CDCl3) 14.4 (CHg), 40.5 (CHy), 60.9 (CHy), 117.0 (CHy), 121.7 (CH), 122.1 (CH),
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129.2 (C), 134.2 (CH), 135.0 (CH), 140.4 (CH), 150.6 (CH), 158.6 (C), 166.5 (C);
m/z (ESI) 218.1185 (MH*, C13H1sNO- requires 218.1176), 190 (100%), 170 (10),
144 (78), 130 (54).

(2E)-3-( 2Allylphenyl)prop -2-en-1-ol (61a) '

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( 2aflylphenyl)prop-
2-enoate (59a) (0.700 g, 3.24 mmol). This gave (2E)-3-( Z2aflylphenyl)prop-2-en-1-

ol (61a) (0.456 g, 81%) as a colourless oil. Spectroscopic data was in accordance

with literature values.*®® Uy (400 MHz, CDCl3) 1.48 (1H, t, J 5.4 Hz, OH), 3.45 (2H,

d,J6 . 2, 1 .-Hp), 48B830i,4.35(#H, m, 1-H,), 4.97 (1H,dq,J17 . 1, 1-:7 H
HH), 5.06 (1H,dq,J1 0. 1, 1 :HH), 5P7 (1H,8ck,J17.1, 10. 1-, 6.
H), 6.26 (1H, dt, J 15.7, 5.7 Hz, 2-H), 6.85 (1H, dt, J 15.7, 1.5 Hz, 3-H), 7.14i 7.23

(3H, m, ArH), 74617 . 49 ( 1 H, cnil0ol MHz HODCI3) 3i7.6 (CHy), 64.1

(CHy), 116.0 (CH,), 126.3 (CH), 126.8 (CH), 128.0 (CH), 128.9 (CH), 129.9 (CH),

130.4 (CH), 135.9 (C), 137.0 (CH), 137.3 (C); m/z (El) 174 (M", 8%), 156 (31), 143

(62), 128 (100), 115 (70), 91 (23), 84 (12), 74 (5).

(2E)-3-( 2Allyl-4 6 ,-rBethylenedioxyphenyl)prop -2-en-1-ol (61b)

04
<O 5 ~ OH

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimylphenyl)prop-2-en-1-ol (51a) wusing ethyl (2E)-3-( 2afiyl-4 6, 50
methylenedioxyphenyl)prop-2-enoate (59b) (1.14 g, 4.37 mmol). This gave (2E)-3-

( 2abyl-4 6 -mBtldylenedioxyphenyl)prop-2-en-1-ol (61b) (0.920 g, 97%) as a white
crystalline solid. Mp 45i 49 °C; nna (neat)/cm'® 3262 (OH), 2866 (CH), 1636
(C=C), 1503, 1481, 1244,(4DMB5CDCI3)3.3042H, 101
d,J6 . 1, 1.-8,), 368 (1H,bospOH), 4.25 (2H, br d, J 5.7 Hz, 1-H,), 4.95
(1H,dq,J17 . 0, 1 :Hb), 302 (1H,8HH10. 1, 1 :HH) 3B5 (2H,3,06 6
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OCH.0), 5.88 (2H, ddt,J1 7 . O, 10. 1-H), 6808 (1H, ¢t,2) 15.6257Hz, 2-

H), 6.60 (1H, s, ArH), 6.71 (1H, dt, J 15.6, 1.2 Hz,3-H) , 6. 94 ( LHp1l s,

MHz, CDCls) 37.4 (CH,), 64.1 (CH,), 101.1 (CH,), 106.0 (CH), 109.9 (CH), 116.0
(CH,), 128.6 (CH), 128.7 (CH), 129.2 (C), 131.4 (C), 137.0 (CH), 146.6 (C), 147.5
(C); m/z (EI) 218.0945 (M*, C1sH1.05 requires 218.0943), 200 (20%), 173 (80),
160 (44), 149 (23), 115 (48), 103 (19), 83 (73), 77 (12).

(2E)-3-( 2Allyl -5 &luorophenyl)prop -2-en-1-ol (61c)

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( 2abyl-5-0
fluorophenyl)prop-2-enoate (59c¢) (0.190 g, 0.812 mmol). This gave (2E)-3-( 2abyl-
5 -fluorophenyl)prop-2-en-1-ol (61c) (0.144 g, 92%) as a colourless 0il. Nmax
(neat)/cm'* 3300 (OH), 2857 (CH), 1609 (C=C), 1582, 1489, 1267, 1155, 964,
912, 8 (AWMHZ)CDCl3) 1.46 (1H, brt, J 5.8 Hz, OH), 3.41 (2H, brd, J 6.1
Hz , -Hi), &.84 (2H, td, J 5.8, 1.6 Hz, 1-H,), 4.94 (1H,dq,J1 7 . 0, 1 :H6l),
507 (1H,dgq, J10. 1, 1 -H8), BH9B,(1H,A6t,6J17. 0, 10. 1-H),
6.25 (1H, dt, J 15.7, 5.8 Hz, 2-H), 6.80 (1H, dq, J 15.7, 1.6 Hz, 3-H), 6.90 (1H, td, J
8.3, 2.-H),7.1H@H, dd4J68.3,5. 9 HH),,7.163(TH, dd, J 10.2, 2.7 Hz,
6 -&1); Uc (101 MHz, CDCls) 36.8 (CH,), 63.7 (CHy), 112.6 (CH, d, %Jcr 21.9 Hz),
114.6 (CH, d, 2Jcr 21.2 Hz), 116.2 (CHy), 127.7 (CH, d, *Jcr 2.2 Hz), 131.4 (CH, d,
3Jcr 8.7 Hz), 131.5 (CH), 132.9 (C, d, “Jcr 3.0 Hz), 136.8 (CH), 137.7 (C, d, 3Jcr
7.5 Hz), 161.8 (C, d, "Jcr 243.7 Hz); m/z (Cl) 175.0919 (MH'T H,O, CisHioF
requires 175.0923), 147 (25%), 113 (6), 85 (5), 73 (14).

(2E)-3-( 2Allyl -4 énethylphenyl)prop -2-en-1-ol (61d)

1" on 3"

5 " /2 OH
6' 3 1

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( 2abyl-4 -0



Experimental 137

methylphenyl)prop-2-enoate (59d) (0.483 g, 2.10 mmol). This gave (2E)-3-( Z2afiyl-
4 -inethylphenyl)prop-2-en-1-ol (61d) (0.348 g, 88%) as a colourless oil. Nmax
(neat)/cm'* 3325 (OH), 2918 (CH), 1638 (C=C), 1611 (C=C), 1495, 1086, 995,
96 6 (500 MHz, CDCl3) 1.39 (1H,t,J5. 9 Hz, OH) , -QHy)3342
(2H, dt, J6 . 2, 1.-B,), #H32,(2H1td 8 5.9, 1.5 Hz, 1-H,), 4.98 (1H, dq, J
17. 0, 1 -H#l), 5406 (1H,3J 01 0. 1, 1 -H#l), 5495 (1H, Jdt, & 17.0,
10. 1, 6:Hp6.2241H, d2 B16.7, 5.9 Hz, 2-H), 6.81 (1H, d, J 15.7 Hz, 3-H),
6.97 (1HH), 702 (1K d J3069 HHY,73H®H,d, J7. 9 HHE),
(126 MHz, CDCI3) 21.3 (CHs), 37.6 (CHy), 64.2 (CH,), 115.9 (CHy), 126.2 (CH),
127.6 (CH), 128.9 (CH), 129.4 (CH), 130.6 (CH), 133.0 (C), 137.1 (CH), 137.2 (C),
137.8 (C); m/z (ESI) 211.1096 (MNa", C13H16NaO requires 211.1093), 190 (22%),
171 (29), 143 (100), 128 (46).

(2E)-3-( 2Allyl -5 é&methoxyphenyl)prop -2-en-1-ol (61e)

4 ez

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vimylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( 2abyl-5-0
methoxyphenyl)prop-2-enoate (59e) (0.461 g, 1.87 mmol). This gave (2E)-3-( 2
allyl-5 -enethoxyphenyl)prop-2-en-1-ol (61e) (0.313 g, 82%) as a yellow 0il. Nmax
(neat)/cm'* 3228 (OH), 2909 (CH), 1605 (C=C), 1572, 1495, 1285, 1198, 1163,
1040, 9EEANHzIDCI3) 1.46 (1H,t, J5.3 Hz, OH), 3.39 (2H, dt, J 6.2, 1.7
Hz , -H), 8.81 (3H, s, OCHa), 4.33 (2H, t, J 5.3 Hz, 1-H,), 4.95 (1H, dq, J 16.9,
1. 7 HHH), 5840(tH,dg, J10. 2, 1 -HH), 5492 (1H,3d: & 16.9, 10.2,
6. 2 HH),6.22(&H dt, J 15.7, 5.3 Hz, 2-H), 6.78 (1H,dd,J8 . 4, 2 -H§,
6.81 (1H, dt, J 15.7, 1.6 Hz, 3-H), 7.02 (1H,d,J2 . 8 HH),,7.0B(0H, d, J 8.4
Hz ,-HB & (186 MHz, CDCIl3) 36.8 (CH,), 55.4 (CH3), 64.0 (CH,), 111.4 (CH),
113.7 (CH), 115.7 (CH,), 128.9 (CH), 129.7 (C), 130.5 (CH), 131.0 (CH), 136.9
(C), 137.4 (CH), 158.4 (C); m/z (El) 204.1152 (M*, C13H160> requires 204.1150),
173 (100%), 159 (74), 158 (73), 115 (53), 103 (18), 91 (23), 77 (13), 51 (10).
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(2E)-3-( L Allylnaphthalen -2 él)prop -2-en-1-ol (61f)

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-(1 -@llylnaphthalen-

2 9l)prop-2-enoate (59f) (0.326 g, 1.23 mmol). This gave (2E)-3-( 1 6

allylnaphthalen-2 §l)prop-2-en-1-ol (61f) (0.256 g, 93%) as a yellow oil. Nmax
(neat)/cm'* 3320 (OH), 3055 (CH), 2859 (CH), 1636 (C=C), 1510, 1449, 1373,
1090, 9 68(400 MBz9CDCIg) 1.58 (1H, br s, OH), 3.92 (2H, dt, J 5.5, 1.8
Hz , -H3,&.480 (2H, d, J 5.7, 1-H,), 491 (1H,dgq,J 17 . 2, 1 -HH), 506,

3

(I1H,dg,1 0. 2, 1 :H8), 6D8 (1H,8ch,d17. 2, 10. 2-H),689E@H, Hz ,

dt, J 15.7, 5.7 Hz, 2-H), 7.07 (1H, d, J 15.7 Hz, 3-H), 7.45 (1H, ddd, J 8.0, 7.0, 1.1
Hz, ArH), 7.50 (1H, ddd, J 8.4, 7.0, 1.2 Hz, ArH), 7.63 (1H, d, J 8.7 Hz, ArH), 7.72
(1H, d, J 8.7 Hz, ArH), 7.81 (1H, dd, J 8.0, 1.2 Hz, ArH), 8.03 (1H, d, J 8.4 Hz,
At H )X (101iMHz, CDClg) 32.3 (CH,), 64.2 (CHy), 116.1 (CH,), 124.5 (CH), 124.6
(CH), 125.6 (CH), 126.4 (CH), 127.2 (CH), 128.6 (CH), 129.4 (CH), 131.2 (CH),
132.5 (C), 132.6 (C), 133.0 (C), 133.5 (C), 136.2 (CH); m/z (ESI) 247.1093 (MNa",
C16HsNaO requires 247.1093), 236 (49%), 227 (40), 207 (29), 179 (100), 166
(17), 159 (11).

(2E)-3-( 2Allyl -4 @&rifluoromethylphenyl)prop -2-en-1-ol (619)

FiCua 22 2%

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol  (51a) using ethyl (2E)-3-( 2abyl-4 -0
trifluoromethylphenyl)prop-2-enoate (59g) (0.326 g, 1.23 mmol). This gave (2E)-3-
( 2abyl-4 -@rifluoromethylphenyl)prop-2-en-1-ol (61g) (0.256 g, 93%) as a
colourless oil. Nmax (Neat)/cm'* 3320 (OH), 2928 (CH), 1640 (C=C), 1616, 1420,
1332, 1160, (800 BHz CDGCI9 1.98 (1H, br s, OH), 3.48 (2H, dt, J
6. 2, 1.-H), 486 (2H,dd 5.4, 1.6 Hz, 1-H,), 4.98 (1H, dq, J 16.7, 1.5 Hz,
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3 &), 5.11 (1H, dgq, J1 0. 1, 1 -Hbi), 542 (1H,3d, @ 16.7, 10.1, 6.2 Hz,
2 & 6.32 (1H, dt, J 15.8, 5.4 Hz, 2-H), 6.86 (1H, d, J 15.8 Hz, 3-H), 7.41 (1H, s,
3l), 744 (1H,d, J 8. 2 HH),756@H, d, J8. 2 HH), ;c @ MHz
CDCls) 37.4 (CHy), 63.7 (CH,), 117.0 (CHy), 123.6 (CH, q, 3Jcr 3.8 Hz), 124.4 (C,
g, Ycr 272.0 Hz), 126.6 (CH), 126.7 (CH, g, 3Jcr 3.8 Hz), 127.3 (CH), 129.7 (C, q,
2Jcr 32.3 Hz), 132.8 (CH), 135.9 (CH), 137.9 (C), 139.6 (C); m/z (Cl) 225.0892
(MH'T H,0, C13H12F5 requires 225.0891), 197 (12), 125 (3), 81 (13), 69 (15).

(2E)-3-( 3 Allylfuran -2 &yl)prop -2-en-1-ol (61h)

T LIt
0 /2 OH
(R T
The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-(3-allylfuran-2 -6
yh)prop-2-enoate (59h) (0.235 g, 1.14 mmol). This gave (2E)-3-( 3abylfuran-2 -6
yl)prop-2-en-1-ol (61h) (0.180 g, 96%) as a yellow oil. Nmax (neat)/cm'* 3323 (OH),
2924 (CH), 1640 (C=C), 1499, 1 443500 MHE,1 4 8
CDCIl3) 1.3711.44 (1H, m, OH), 3.20 (2H, brd,J6 . 3 HH,), 4.31 @4, td, J 5.6,
1.2 Hz, 1-H,), 5.02i5 . 09 ( 2 4#,), 5.88 (1H3ddItpJ 16.7,10 . 3, 6 .-B), Hz,
6.23i16.29 (2H, m, 2-H a n ), 6146 (1H, dt, J 15.7, 1.2 Hz, 3-H), 7.29 (1H, d, J
1.6 HR) ;c BE6 MHz, CDCl3) 29.2 (CH,), 63.7 (CH,), 113.1 (CH), 115.8
(CHy), 117.6 (CH), 120.6 (C), 126.3 (CH), 136.4 (CH), 141.6 (CH), 148.0 (C); m/z
(Cl) 147.0807 (MH'T H,0, CyoH1:0 requires 147.0810), 137 (100%), 113 (6), 89
(22), 73 (12).

(2E)-3-( 2Allylpyridin -3 é&l)prop -2-en-1-ol (61i)

The reaction was carried out according to the previously described procedure for
(2E)-3-( 2vinylphenyl)prop-2-en-1-ol (51a) using ethyl (2E)-3-( 2abylpyridin-3 -6
yl)prop-2-enoate (59i) (0.100 g, 0.46 mmol). Purification by column
chromatography (elution with 407 80% diethyl ether:petroleum ether) yielded (2E)-



































































































































































































