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Abstract

The preparatioo of enantiomrically pure arylterralin Iignans has been
accomplished usmg both a DieIs-Alder approach and a newer oxidative t h e radical
couplinglcyclizaton.

Past research estabikhed that acyltetralins could be asymmetricafiy prepared by a
Diels-Ader reaction of a-hydroxy-a-pbenyi-ortho-quiaobthane with a chVal
dienoph.de. In this thesis, the previous prelmiinary work was extended to the preparation
of a cycloadduct that was m e r elaborated to the nahual lignan (-)-deoxy-

podophyliotoxîn. In the latter steps. an unprecedented stereoselective ionic reduction was
developed.

In the pursuit of an even more efficient method for the synthesis of aryltetralin
lignans, new stereoselective Diels-Alder reactions of onho-quinodimethanes were

investigated.

Substituted chiral crotonate esters were successfuny reacted with

or-hydroxy-onho-quinodimethane and found to diastereoselectively give only one
cycloadduct in hi@ yield.
A new approach to the synthesis of aryltetralin Iignms involving the oxidative

coupling of substituted chiral cinnamic acid esters was studied. It was discovered that the
chiral methyl (R)-mandelyl group would induce diastereoselectivity in the oxidative
couphg/cycüzation of its sinapic acid ester, f o h g the diester of the naturaliy occurring

lignan thornasidioic acid. This unprecedented stereoselective reaction was used to prepare
(+)-rabdosiin and its (-)-(lR,2S)-isomer, the enantiomers of which are natural anti-viral

lignans.
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The present day synthetic organic chemist is faced with more challenges to
overcorne than ever before. One of these challenges is to synthesize compounds that
consist of only smgie enantioniers. The work presented in this thesis is directed at this
generai problem with a focus on the stereoselective synthesis of aryltetralin lignaas, a
group of nanual chiral compounds with a long history of medicina1 usage. Some of the
key steps in the syntheses demibed in this thesis involve the weil-known Dieis-Alder
reaction, dong with the oxidative coupling/cyclization of cinnarnate esters.

In the

introduction to the thesis, a review of the biological activity of lignans wiil be presented.
The Diels-Aider reaction will be discussed in ternis of its stereoselectivity with special
attention to reactions of a group of cornpounds known as onho-quinocümeihanes. There
wïli also be a review of the selectivity of oxidative coupling reactions as they pertain to

iignan synthesis, and a discussion of previous iignan syntheses wiil be provided.

1.1 Enontiomerically Pure Compounds

Chernical substances that have the same number and kinds of atoms but ciiffer in
their physical andor chernical properties due to some ciifference in structure are referred
to as isomers. AU organic cornpounds exist as three-nimensional structures and are often

Mewed nom this perspective. Considering compouads as three-dimwsional objects, or

stereochemicaüy, bas mtroduced additional terminology to the chernicd world. Isomxs
that are identical in every respect except for the arrangement of their atoms

m space are

teniied stereoisomers. A pair of enantiomers, more specincaily, are two stereoisomers
whose structures are &or

images of each other but are not superimposable, as shown by

the example of (2S,3S)- and (2R,3R)-dihydroxypentane in Figure 1.1. The (Z,3R)- and
(2R,3S)-dihydroxypentane molecules are also a pair of enantiomers. In Figure 1.1 we see
that (2S,3S)-dihydroxypentane,although a stereoisomer of the (2R,3S) structure, is not a
rnirror image of this compound and can not be superllriposed upon it. Such compounds

are known as diastereomers.

Figure 1.1

(2S.3S)

(2R.3R)

(2S93R)

(2R3S)

four stereoisomers of 2.3-dihydroxypentane

Chirality is another important concept in stereochemistry, and it can be used to

descrik various stereochemical situations. The word "chiral" is derived fiom the Greek
word bbcheir"or hand.' Like one's left and right hands, a chiral molecule cm not be
superimposed upon its rnirror image. Another dennition of chirality as it applies to

individual molecules is that a molecule is chiral if it does not contain certain elements of
syxnmetry, such as a plane (6).
center (0, or altemathg axis (Sn) of symmtry. The only
syrnrnetry element that a chiral molecule may contain is an axis of rotation (C,).

Enantiomeric compounds, aithough aot ahvays diastereomrk compounds (sae Section
1- l.2.4), are therefote chiral.

Chiral compounds usuaiIy, but not always. contain at least one chiral center. A
chiral center is the atorn (X), most often carbon. m a tetrahedral (Xabcd) or trigond
pyramidal (Xabc) structure to which four or three respectively different iigands (abc(d))
are attached. There are only two possible ways in which the ligands eau be oriented in

space relative to each other, and each configuration is identified by using the Cabri-IngoldPrelog system of assigning the stereodescriptor S or R to a particda chiral center.
Descriptions of this naming system c m be found in standard textbooks on stereochemistry.
An example is given in Figure 1.2.

Figure 1.2

It is quite possible that a rnolecule that is not chiral can contain chiral features. For
example, a rnolecule with two chiral centers may not be a chiral entity as a whole due to a
molecular plane of symmetry (see Figure 1.3). Such a molecule is referred to as a mes0

Figure 13

compound. It should also be aoted that a molecule can still be chiral despite w t having
any tetravalent-atom-based chiral centers as will be seen later in this chapter.

The fact that molecules are known to be able to exist as enantiomers dates back to
1809 when E. L. Malus, a French physicist, reported2 the phenornenon of iinearly (also

known as plane) poiarized light. In 1815, J. B. Biot obserwd3that if plane polarized Iight
was passed through certain organic liquids iike hupentine or organic solids (sucrose,

camphor, or tartaric acid) in solution, the plane of the polarized iight was either rotated in
a clockwise or counterclockwise direction. However, it was not until many years later
that L. Pasteur would correctly postulate the cause of this optical rotation."

Pasteur, in

1848, had an aqueous solution of tartark acid in the fonn of its sodium ammonium salt

(see Figure 1.4) that wouid not rotate that plane ofpolarized light. The water was slowly

Figure 1.4

sodium ammonium saR of tartaric acid

evaporated to give large enantiomorphous crystals. That is, the facets of the crystals were
arranged in such a mannef that som of the crystals were non-superimposable mirror

images of the other crystals. The crystals were large enough to aliow Pasteur to manually
separate the two types of crystals using a microscope and tweezers. Making separate
aqueous solutions of each type of crystal, it was observed that one solution would rotate

the plane of polarized light clockwise ((+)-tartaric acid) and the other counterclockwise

((-)-tartaric acid). Thus, it was realized bat, Iüre a crystai, organic compounds could exist

as non-superimposable mirror images, and the disymmtry of these types of compounds

(enantiomers) was the cause of opticai rotation.
Despite the length of time that chemists have been aware of enantiomers, the
synthesis of single eaantiomers has only attracted sigiiincaat attention in the last 25 years.
Now, when chaiieaged with synthesizing a panlcular chiral organic compound, a chemist
must tïrst decide if a racemk (1:I mimire of enantiomers) or enantiomericaliy pure
product is desired. This decision must be made k s t as it will greatiy a f k t the synthetic
route that wüi be taken. Single enantiomers are often chosen to be synthesutd because of
the advantages that they possess over racemic mixtures.

1.1.1 Reasons for Developing Enantiomerically Rue Compounds

There are nurnerous reasons for the intenst in synthesis of single enantiomers. In

academia, the inteiiectuai challenge of designing efficient routes to pure enantiomers has
stimulated a flurry of research in recent years. New reagents, reactions, syntheses,
separatiodpurification techniques. analyticai equipment, and even computer software are
constantly king investigated specaicaüy in conjunction with single enantiomers. While
single enantiomers offer more challenging research oppominities, the advantages of
obtaining single enantiomers versus racemic samples are more apparent when considering
their ciifferences in biological activity and other concerns in the phamiaceutical industry.
These advantages will be the focus of the discussion in this section.

The mdustrial ~aportaace~*~
of smgle enantiowrs is particularly noticeable in the
United States due to the regdations set forth by the FDA (Food and Dmg

Administration). It was ody m June of 1W2 thaî the FDA supplied t s guidelines for the
marketing of chiral drugs (an $18 billion industry in 1990~and $45.2 billion în 1994' for

single enantiomers alone). and it has had a profound effect. The FDA guidelines require
strict justifcation for the development of a race& dmg More the dnig is allowed to be
marketed. It is therefore understandable that producmg a single enantiomer wouid be
preferred if it could meet marketing approvd easier and faster than a racemate. There are

necessary tests that a product must undergo before it is FIlA approved, and this translates
into enantiomericaliy pure products king more cost effective. For a pure enantiomer,
purification usudy or@ requires simple chromatography. M c a t i o n of a racemate on
the other hand involves simple chromatography followed by chromatography on an
asymmetric solid support in order to isolate both enantiomem of the mixture. Each

enantiomer must then be tested, which doubles ihe cost of testing racemic mixtures
relative to pure enantiomers. The interest in the synthesis of enantiomerically pure drugs

is also being driven by the fact that the patents of many racemic dmgs have expired or are
about to expire. Drug manufacturers can place patents on the single enantiomers of these

brand name racemates (racemic switching). Less testing is needed for the enantiomer
since the racernate already has FDA approval.

The enantiomer can be approved

approximately three times faster and eighty times more cheaply than a newly deveioped
cornpound. The Company would also obtain an extension of the exclusive marketing of
the brand name drug. Generic drug cornpanies would not be able to profit firom the

benefits of the aiready established brand narne by performing their own racemic switching.

The fact that a single pure enantioma can bave Merent pharmacoIogicaI activities
than its mirror image isomer is also a major infhience ihat often favours enantiopure dmg

production. It is often observed that oniy one enantiomr of a racemate is biologicaiiy

active. For ihprofen (see Figure 1.9, a pain rekver found in ~otrin@,
~ u ~ r i nand
@,
~dvil@,
ody the (S)-(+)-isomr is active. Simi?atLy, only one eeantïomr is active for

zacopride (see Figure LS), an ami-psychotic dmg that works by blocking type-three
receptors of the neurotransmitter 5-hydroxyrryptamine (serotonin). It would be more

Figure 1.5

NH~

zacupride

advantageous to omit the inactive enantiomer fiom a d m g formulation smce it rnakes no
pharmacological contribution.

Eliminatïng the inactive enantiomer from the dnig

preparation rneans that a given weight of the h g has an increased biological effect. A
more potent d m g can be administered less fkquentiy maning more convenience to the
user. A more potent dmg can also be administered m s d e r doses which lessens the load
on metabolism. The FDA is more likely to approve over-the-counter versus prescription
distriiution of a dmg that requires a smaller dose. Thus, the d m g would be more
accessible and profitable.
Single enantiomers, not necessarily as a result of increased potency, can be faster
acting.

Many non-steroidal anti-*ammatory

cirugs (NSAIDs), iike ibuprofen, are

undergomg racemic switches due to the speed at which the single Wmers become
effective.
One enantiomer of a racemate may also mteract better with primary detoxincation

pathways. This enantiomr will have reduced interactions with other common b g s
present in the body.
One enantiomer may produce unwanted physiological effets. For exampleVthe
tramdermal delivery of (S)-(-)-nicotine (see Figure 1.6) using a sicin patch is much less

irritating than a skin patch coutainmg the racemate.

Racemic terfenadine* an anti-

histamine bctter known as seldane@,causes dizziness and dry mouth, but the (S)-isomer

Figure 1.6

(see Figure 1.6) is not suspected to initiate these problems. One enantiomer rnay cause
worse health problems than just minor side effects. Racemic albuterol is used as an anti-

asthmatic but is k i n g changed to only the (R)-fom as research has show that the
(S)-isomer (see Figure 1.7) can induce airway constriction.

In extreme cases the

unwanted enantiomer may be toxic.
Another situation occurs when each enantiomer of a pair has a distinct and
favourable physiological action. The (S)-(+)-enantiomer of ketoprofen (see Figure 1.7) is

an anti-idammatory/analgesic whiie the (R)-(-)-enantiomer might be added to toothpaste
for ia activity agaïnst pendontal disease.

1.1.2 Methods for Obtainiag Siagie Enmtiomers

The four generai rnethods for acquirmg a single enantiomer are to isolate it directly

from nature, conduct a chiral pool synthesis, perfonn a resolution of enantiomers, or
execute a stereoselective synthesis.

1.1.2.1 Isolation from Natural Sources

From the smallest bacterium to the largest mammal, chiral cornpounds are
produced from a wïde variety of living organisrns. Furthemore, a living organism wiil

generaily biosynthesize a chiral compound as a single enantiomer. Nature has therefore
become a very good source of single enantiomers for the organic chernist.

(R)-and (S)-carvone are g d examples of CW
compouads isolated from naturd
sources. (R)-(-)-Carvone(see Scberne 1.1) is o

M by the s@k procedure8of s t e m

distüling the k h Ieaves of Mentha spicata for one hour and drying the essentiai oils with

anhydrous sodium sulfate. (R)-&one

constitutes 69.9% of the essential

0 5

and is

purified by standard flash chromatography on silica geL The (S)-enantiomer is obtained

nom the ripe fniit of caraway, C a m curwi, usmg the same procedure (51.28 of the
essentid ails).' Apart ffom the fact that both enaatiomers are produced fkom notably

different plant species and as single isomers, a fascmating aspect of this example is that

(R)-carvone has a strong spearmllit odour and (S)-carvone has a less intense caraway
odour.

This shows that the human nose is capable of disthguishing enantiomeric

compounds by perceiving ciifferences in odour quality and odour potency.

1.1.2.2 C h i d Pool Synthesis

If a smgle enantiorner isolated fiom nature is transformed into another compound
with incorporation of the existing chiral element, the process is known as a chiral pool
synthesis. (R)-Carvone, for example, has ken used to synthesize picrotoxinin (see
Scheme 1.1

Scheme 1. I ) . ~It is fkequently coavenient to use a readily availabie c h h l startiag material

since this choice cm avoid the probkm of having to mtroduce chirality in a later step.
However, if additionat chiraüty is msCaed during the chiral pool synthesis, the synthesis
may then be fùrther categocized as stereoselective, as wiII be discussed in Section 1.1.2.4.

&solution of enantiomers is the division of a racemate mto single enantiomers.
This process is usefui when a stereoselective synthesis is difficult to achieve. However,

unless both enantiomers of the racernate are desired or the undesired enantiomer can be
converted back to a racemic mixture and re-separated at least 50% of the mixture is
waste.
There are four cormnonly used techniques for resolvmg enantiomen.

One

technique encompasses chromatography of the enantiomers on a non-racemic chiral
stationary phase. Another method is based on Merences in the reaction rates of the
individual enantiomers with a non-cacemic chiral reagent. This kinetic nsolution occurs
because the activation energy for the reaction of one enantiomer is lower than that of the
other enantiomer, resulting in different rates of diastereomeric transition state formation.
Foliowing the selective chernical transformation of one of the enantiomers, the product
and remaining enantiomer can be isolated by an appropriate separation technique l k e

simple chromatography, distillation, extraction, or recrystallization. The most popular
method of resolving enantiomers is to react them with an enantiornerically pure

compound, a resolvhg agent, to fonn a tempraty mixture of diastereomers. The
physically and chemicaiiy distinct diastemmers can then be separated by traditional
procedures, and the resolving agent may subsequently be removeci. The least utilized
cesolution technique, limited by the physical properties of the racemate, is preferential
crystalluation. This method is the same as traditional recrystallization except that the
induced crystanization proceeds in a non-equüibtium mamer. By treating the saturated or
supersaturated solution of a racernate with a crystal of one enantiomer, ooly that
enantiomer is displaced h m solution and is separated fiom the other isomer by fütration.

Stereoselective synthesis is a very versatile approach to obtaining enantiomericaliy
pure compounds. A stereoselective synthesis of a chiral product results when it is possible
for more than one stereoisomer to be formed, but one is formed m excess.

A

stereoselective reaction should not be conhised with a stereospecific reaction in which
stereoisomerically different staaing materials are converted to stereoisomerically distinct
products. A stereospecific reaction is always stereoselective, but stereoselectivity does
not necessarily suggest stereospecificity.

TraditionaIly, the tenn as-tric

has been used to describe a stereoselective

synthesis that encompasses the production of a new chiral elemnt ûom a prochiral
element in such a way that the new chual element is produced with a predominance of one
absoiute configuration.

An enantioselective synthesis is the production of unequal

amounts of enantiomric products from an achital precursor and is always classed as an
asymnietric synthesis. A diastereoselective synthesis is the production of diastereorners,
wt

necessariiy eom an acbiral precwsor, m unequai arnounts.

To control the

stereo~he~cal
outcome of a synthesis. one must perform an enantioselective,
diastereoselective, or in some suitabk situations, a double stereodifferentiating reaction.

The enantioselective introduction of chiraiity into an achiral compound needs to be
accomplished by using a chiral catalyst, reagent, or by camying out the reaction m a chiral
environment,
Chiral transition metal complexes are connnonly used to catalyze enantioselective

epoxidations and hydrogenations of alkenes. Scheme 1.2 shows the selective KatsukiSharpless epoxidation of (E)-2-hexen-1-01 by t-butyl hydroperoxide and a Utanitim tartrate

cornplex.'O*'

'

Other enantioselective reactions catalyzed by such complexes include

cyclopropanations, ailcene isomerizations, hydroborations, hydrosilations,

hydro-

fonnylations, aldol reactions, and the nucleophilic addition of Grignard reagents.'

Scheme 1.2

78% yield
96.8% ee

proposeci titanium complex
formed in situ

Chiral Lewis bases (see Scheme 1.3) l2and chiral Lewis acids (see Scheme 1.4),13
two other main types of chiral catalysts, are predominantly used to catalyze

and [4 + 21 cycIoWnnitions respectively.

styrene

1

0.01 êq (DHQD)*-PHAL

yww,

3 eq
3 eq $CO,
3 eq K,OsO2(0W4
CBuOW20. O O C

chiral amino base

Scheme 1.4

chiral borane Lewis acid
0.1 eq, -78 O C , CSCI,

cyclopentadiene methyl acrylate

Co2CH3
97% yield
97% ee

Enzymes, nature's catalysts, are also extensively used by the synthetic organic
chemist, often givhg 100% enantioselectivity. Hydrolases catalyze the hydrolysis of

esters, amides, and glycosides. Tramferases promote the tramfer of sugar, acyl and

phosphoryi groups from one compound to another. Lyases faciiitate additions to n-bonds
and the reverse reactions. Ligases/synthetitses assist C-O, C-S, C-N, C-C, and P-O bond

forming ceaçtions. W Z isomrizations and the migration of double bonds are promoted by
isomerases. Oxidoreductases caîalyze various oxidation reactions. Enzymes, while very

usefd, are noi, however, as versatiie as other catalysts with regard to acceptable

Catalysts do not always have to be very enantiomerically pure to induce high
stereoselectivity. The phenornenon of asymmeuic ampIification, exemplitied in Scheme
1.5, occurs when a catalyst of low enantiomeric purity yields a product of higher

enantiomeric excess.14 This observation is explahed by the formation of the metai
complex catalyst M L fiom the coordination of two chiral and enantiomeric ligands, LR or

Ls.to a metal center M. The three possible complexes are MG)& M(Ls)z, and MLRLS.
When LR is in excess, the complexes M(LR)2and MLRLsare predomuiantly f o d In

some cases the meso MLRk cornplex wïii be the more effitive catalyst, but when the
more effective catalyst is M(L&, the enantiomericexcess of the product is enhanced The
effect of LR is therefore ampüfied as its mtluence on the optical purity of the product is

greater relative to its enantiomenc excess.
Scheme 1.5
N(CH3)2

+ F m

(-)-enantiomer in 15% ee
0.08 eq, toluene, O OC
benzaldehyde

H

The types of chiral reagents that are generally used fot enantiosektive syntheses
are sùnilar to the enantioselective catalysts except that at least a stoichionietric amount of

the reagent is cequired. Som typical chiral reagents, as npresented m Figure 1.8, mclude

akyi boranes for alkene hydroborations, hydride complexes for carbonyl reductiom,
organomtallic complexes for aUrylation reactions, and amide bases b r the generation and
addition of enolates. Of note, the hydrîde conipkx and organometallic complex shown in
Figure 1.8 are s p i a l types of chiral compounds hown as atmpisomers.

Such

stereoisomers do not have any tetravalent-atombased chiral centers but maintain chiraiity
due to the restricted rotation about a single bond.

Figure 1.8

chiral borane

chiral hydride complex

chiral organometallic complex chiral amide base

Enantioselectivity can be attained without the use of a chiral reacting species if the
reaction takes place in a chiral environment. Chiral solvents, particularly in early attempts
at stereoselective control, were used to induce asymmetry, but these reactions were
generdly very inefficient, giving enantiomeric excesses of less than 10%.Is More recent

experiments have involved solid-state reactions in which the achiral reactant forms a

crystalline inclusion complex with an opticdy active host compound. Scheme 1.6 shows
the stereocontrolled photocyciization of an acrylanüide that f o m a 1: 1 complex with the

host.16

The cause of stereosekctivity is smiilar for both enantioselective and
diastereoselective reactioos. For each possible isomer that can be formed, the reactant

must go through diastereomeric transition States that are geometrically Merent and
therefore have daferent f?ee energies. The observed unequai product ratio r d t s kom
the dinefence between these transition state fiee energies leading to the faster rate of

formation of one isorner (kinetic control). Diastereoselectivity cm also be detemiined

thennodynamicaüy if the diastereomeric products have daferent ground state fiee
energies, and the more stable isomer fonns via an equiIi'bh process. A minimum of 8 kJ

mol-' (2 kcal) ciifference in the free energies is desired for good stereoselectivity.
Enantioselective syntheses usudy entail the naasformation of enantiotopic groups
or faces of an achiral reactant, and the selectivity is controiled by the reagent.
Diastereoselective syntheses, however, are rnainly under the stereocontrol of the substrate.
Such syntheses, too diverse to descni in detaii, can consist of reactants and reagents that

are chiral, achirai, or combinations thereof, and incorporate numerous types of reactions.
They can be categorized into tbree broad classes. One class of diastereoselective synthesis

involves the formation of achiral diastereomers such as E and Z akenes and cis-trans
diastereomers of achiral cyciic compounds. The second type is concemed with the
generation of two or m e chiral centers sirnuitaneously in a way that favours one

diastereomr. Examples inchde the coupbg of two molecules at prochiral centers
resdting in the development of two a w cbiral centers as o b s e ~ e dwith aldol and Mchael

reactioos. The tbird and most diverse category is the elaboration of new chiral centers in
chiral reactants, often by the sektive addition of groups to the diasterrotopic faces of
double bonds. Some reactions that portray these tbne classes are ülustrated in Scherne
1-7.17.18.19

Scheme 1.7

no (R,R)- or
(S,S)-iirners

One particuiar strategy for effecting a diastereoselective reaction that has

considerable importance in this thesis is the use of a chiral auxiliary. A chiral auxüiary is
an enantiomerically pure compound temporarily attached to an achiral substrate in order to
induce desired asymmetry during a subscquent diastereoselective reaction. The chiral

auxiliary is then remved and, Ï f possible, recovend While the chiral awuliary exerts

diastereoseIeccive contrd over the formation of a new chiral center, the removal of the
chiral aWIiacy yields unequal amounts of enantiomers. The overd process is therefore an
enantiosekctive synthesis. This special type ofenantioselective syntbesis has an advantage
over others because the diastereonieric intermediates can be easily separated relative to

enantiomeric products. In some cases the formation of more than one new chiral center
will occur, and the synthesis may be both enantiomlective as wen as diastereoselective.

Scheme 1.8 shows an example of a chiral a~xiliiuy?~Crotonic acid is esterified with a
chiral camphor derivative and then treated with a lithium diaikyl cuprate. The steric

influence of the camphor derivative, especially the naphthalene group, favours 1,4addition
to the re face of the double bond giving high diastereoselectively. Reductive cleavage of
the chiral auxiliary gives the enantiomericaiiy pure (9-alcohol.

Scheme 1.8
(*Bu),CuLi

3

LiAIH,

>CH3
HO
O
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+

ROH

74% yield
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Many stereoselective synthetic strategies involve reactions in which only one of the

participants, either the substrate or reagent, is chiral, but some syntheses are comprised of
double stereodaferentiating reactions that are stereoselective due to the interactions of

more than one chital compound For example, the reaction between two chiral reactants
or a chwl reactant and chiral reagentlcatalyst wiü produœ a new chiral center(s) by
diastereoselection. A unique situation OCCUTS when a mixture of enantiomers undergoes a
stereoselective reaction (not involving couphg of the two reactants) with no new chirai
centers king produced but with one of the iso~l~ers
reacting faster than the other. An
unbdanced ratio of enantiomeric products is obtained (kinetic resohition was discussed
previously as a method for separating enantiomers). Enantioselection is exhiiited by this
kind of reaction, but it is not an enantioselective synthesis by definition and is more

appropriately classifed as a double stereodifterentiation-

Lignans are a class of natucaily occurring cotqiounds that are structuraüy dehed
by an 18carbon skeleton (1) consisting of two phenylpropanoid units joined at the central

atoms of the propyl chains (see Figure 1.9):'

A similx class of compounds that are

dimers of two phenylpropanoid units but do not have the same linkage, such as structure

Figure 1.9

1
lignan skeleton

2
neolignan

3
aryltetralin lignan skeleton

2, are bown as neoiïgnans. Ary1tetraii.nlignms are a sub-class of iïgaans that have the

bicyclic skekton 3. Ligaans, and the aryltetralias in particular, have a long history of
medicina1 use and are just as therapeutically miportant today as they were hundreds of

years ago-

1.2.1 Generai Dkovery and Biologicai Activity of Lignans

An extract of a herb, known today as Podophyllum emodi. was used over two

~ one thousand years ago,
thousand years ago in China for the treatment of t u m ~ u r s .Over
it was recorded in an early Engüsh medical text that the roots of Anthriscus sylvestns

(wild chervii) were used in an anti-cancer ointment?

In approximately MOO- 1600 AD.,

the natives of the Himaiayan region and the American Penobscot Indians of Maine

independently found that the roots and rhizomes of dinerent Podophyllum species of the

famiy Berberidaceae had biological activity. The roots and rhizomes of these plants were
either dried (podophyiium) or extracted with alcohol to give a resmous material
(podophyIlin). The applications of podophyiium and podophyllin, also incorporated by the
American colonists, included snake venom antidote, cathartic, ernetic, poison, suicide
agent, antheIminthic, vesicant, and chlorotic (induces a fonn of anetnia that is xnarked by

rnoderate reduction in r d blood cek and great reductioa in hemoglobin content).
Podophyiium became so popular in North America throughout the years that it was
designated as a cathartic and cholagogue (promotes the flow of bile) in the first U.S.

Phannacopoeia in 1820.2~Podophyllin was afterward entered into the fourth revision of

the pharmacopoeia m 1863. It would be reaüzed some years later that podophyiium,

podophyliïn, and the mots of wild chervil consisted of various aryItetralùi lignans.

4 podophyllotoxin: R = C Y
5 4'-dernethylpodophylktoxin: R = H

6 a -peltatin: R = H
7 8 -peltatin: R = C\

w

bb
9 dehydropodophyllotoxin

8 deoxypodophyllotoxin

10 sikkimotoxin

12 podophyllotoxin glucoside: R = C Y
13 4'-demethylpodophyllotoxin glucoside: R = H

11 picropodophyllotoxin
glucoside

14 or -peltatin glucoside: R = H
1s fl -pebth glucoside: R = C Y

The elaboration of the chernical coastituents of podophyh was initiateci in 1880
by Podwyssotzki who was the first to isolate and n m podophyllotoXm (4).

The

structural formula proposed was not completely correct and remained uncorrected until
being estabhhed by Hartwell and Schrecker

lignan classincation of compouods?

1 9 ~ 1 .In
~ 1936, Haworth defineci the

By 1942, podophyh was discovered to have

gastrointestinal toxicity and was removd from the US. Phannucopoeia. In the same
year, however, Kaplan reported that podophyIlin was an e f f d v e topical drug for the

treamient of Cundylomata ocminata ( v e n e d ~ a r t s ) : ~and this observation spurred
fiirther investigations. The isolation of 4'-dernethylpodophyflotoxin(S), a-peltatin (69,
ppeltatin (7) dong with podophyiiotoxin (4) fiom Indian podophyllin (P. emodi extracts)
soon o c c ~ r r e d .More
~ ~ ~studies,
~
extended to include Arnerican podophyllin (P. peltatum
extracts) and P. sikkmenris extracts, shortly fouowed and led to the separation of the new
Lignans 8-15 pius the flavonols kaeqferol, isorhamnetin, quercetin, and quercetin
3-galactoside by 1 9 ~ 5 . 'The
~ absolute stnictures of the first 12 Lignans discovered (PIS),

dl aryltetralins, are shown in Figure 1. IO.
Hundreds of naturals and synthetic @ans have shce been reported. The lignans
that have k e n most extensively studied are podophyliotoxin (4) and two of its semi-

synthetic derivatives, etoposide (16) and teniposide (17) (see Figure 1.1 1).
Podophyiiotoxin is an ami-mitotic compound that inhi'bits ce1 division at
metapha~e?~This cytotoxic activity results from the abiiity of podophyllotoxin to bind to
tubulin. Microtubules, the dynamic constituent of eukaryotic cek, are assembled m the
cytoplasm by the polymerization of a- and @ubulin in response to various stimuli.

Functions such as intraceliular transport, secretion, membrane protein organization,

Figure 1.U

N

OH
16 etoposide

OH

17 teniposide

cellular motility, cytoplasrn organization, and growth factor signaLing are dependent on

microtubdes.

When podophyllotoxin biads to tubului, the equilibrium between

microtubule assemb1y frorn tubuh and the reverse reaction is dismpted, and the
disassembly of microtubules becornes favoured.

The microtubule spindle &ers are

destroyed and therefore can not separate the duplicated chromosows, thereby tenninating
mitosis. A concentration of 0.6 pM (DDso value) of podophyliotoxin is enough to inhibit
in vino microtubule assembly by 50%:'

There may be a correlation between the anti-mitotic activity of podophyllotoxin
and its well-known anti-tumur properties?' Lignans that inhiiit microtubule assembly
are often observed to possess potent anti-tumur active suggesting that there could be a
shared mode of action. However, these lignans tend to be very cytotoxic and are found to

readïiy attack not only cancerous cells but bealthy cek as weiL Such compounds have
iimited use in chemotherapy. Podophyllotoxin is resuicted to short term topical use,
partïcularly as the major constituent of podophyh formulations, which rernain the chief
treatrnent for venereal warts worldwide.

By usiag podophyiiotoxin as a iead for the design of potential anti-cancer dnigs,
etoposide (VP-16-2 13) anci teaiposide (VM-26) were constnicted (see Figure 1.1 1)?
These derivatives do not bind to tubuh but have a dinerent raechanism of action that
d o w s for more selective attvk on cancer cells. This selectivity permits them to be used

clinraily for treating various types of diseases such as testicular cancer, small ceil luag
cancer, n o n - d ceil lung cancer, lymphoma, and leukemia,

An example of how

etoposide and teniposide can be synthesized fiom podophyllotoxin is shown in Scheme
1.9.30-32

Scheme 1.9
1) y p d

16

The cytotoxicity of etoposide and teniposide may be due to the inhibition of the

enzyme topoisomerase ILz3 This enzyme is involved in DNA hinctions such as DNA
transcription, DNA replication, separation of twisted pairs of newly replicated DNA

strands, and chromosome segregation at the end of replication. Etoposide and teniposide
interrupt the single- and double-stranded DNA scission/joining processes that are normally
catalyzed by the enzyme by interacting with topoisomerase II to form a stabiüzed DNA-

enzyme intermediate. DNA scission is mcreased, and the rejoinhg of DNA is haited. Celi

death bas been correlated with DNA strand breaks and 0 t h ceiiular effects fesulting fkom
topoisornerase II inhibition.

The biological activities of podophyJIoto%jn (4,
etoposide (16), and teaiposide
(17) as weU as other lignans have been thoroughly r e v i e ~ e d 2 ' 'More
~ ~ ~recent biological
activity studies will be discussed with a focus on Iignans other than 4.16, and 17.

The natural iignan (-)-arctige& (18). isolated fiom the tropical climbing shmb
Ipomoea cairi~a,'~
was recently used as a lead structure to test 30 congeners for their

anti-HIV activity and to detemine structure-activity relationships? The compounds were
tested for their ability to inhibit human Unmunodeficiency virus4 (HIV-1) mtegrase, the

protein that controls the integraion of HIV DNA mto the human genome. The M y
demethylated derivative of (-)-arctigenin (19) (see Figure 1.12) was found to be a very
good inhibitor, but no aryltetralin Iignans were found to be effective. Inhiiting activity
was

dependent on the presence of a lactone group and the number and arrangement of

phenolic hydroxyl groups.

Six lignans (20-25) isolated Born Phyllanthus myrtr~oiiuswere also tested for their

anti-HIV activity (see Figure 1.13).~~
PhyUamycin B (20)and retrojusticidin B (21)

displayed strmg inhibition of HIV-1 reverse transcriptase (RT),another protein essential
to the Hie cycle of HIV, with IC50 values of 3.5 and 5.5 pM respectively. These

compounds did not

e

t

human DNA polprase-a activity to a signiûcant extent,

giving KMvalues of 289 pM for 20 and 989 pM for 21. This differentiai mhibition was

poor for the other Iignans mdicating the importance of lactone ring orientation and lack of
methoxy substituents on positions 4 aad 5 for potent HIV- 1 RT iahibition.

Figure 1.13

Two new diinzylbutadiene lignans, anotignan A (26) and anolignan B (23, fiom
Anogeissus acminata were also found to inhiïit W -1 RT (see Figure 1.14):~The ICso

Figure 1.M
OH

values of each of these compounds (60.4 pglmL for 26 and 1072 p d d for 21)couid be

decreased by using the two compounds in combination.

Md.4 (28), a lignan nom kirrea tridentata, was reported to suppress HIV basai
transcription, Tat-dependent and Tat-independent transactivation, protect human

lymphoblastoid CEM-SS cek fiom EW infection, and inbiibit HIV replication in mïtogenstimulated peripheral blood mononuciear ce* (see Figure 1.1~).'~'~The inhr'b'ion of
transcription and transactivation, and therefon HIV reptication, was controiled by mai-4
interfering with the promoter activity of the HN DNA long temiinal cepeat. M d 4 was

observeci to prevent the bmding of the protein trauscription factor Spl to the prornoter,
possibly by binding directly to the protein or by mteractmg with the promoter DNA
sequences m the vicinity of the Spl site and causing a local structural distortion

unfavourable for Sp 1 binding.

Figure 1.15

Lignans with anti-viral properties other than anti-HIV activity were reported by
San Feliciano et al." and MacRae et al? San Feliciano et al. examined 19 aryltetrah and
aryinaphthalene lignans agahst h e p simplex type 1 and vesicular stomatitis infectecl

ceiis and observed very potent inhibition of both viruses, especidy by the methyl ether of

PpeltatiD and deonypodophyllotoxin (8) whose IC5*
values were equal to or l e s than 0.01
pg/mL. MacRae et al. studied 18 structurally diverse lignans for the suppression of the

murine cytomgalovinis (MCMV) and Simlbis virus. PodophyllotoXm (4) and a-peltatin

(6) were the most effective agents against MCMV, each mhiting almost 50% of the virus
at a concentration of 0.01 pg/mL.

Justicidin B

(m,however, was the only ügnan to act

with sunüar efficiency against the Sincibis virus.
Most lignans have been procured fiom plant Mie, so it is no surprise that they have
been discovered to k participants in various plant biological processes, particuiariy in

plant defense systems. Some hirohuan lignans and neolignans were reported to have
insecticidal activity. Miyazawa et al. isolated (+)-epimgnolin A (29) (see Figure 1-16)

from the flower buds of Magnoliafargesii and found that it was effective for inhibithg the
larval growth of the fiuit fly (Drosophila rnelan~~aster).~~
Ymuchi et al. caded out a

Figure 1.16

senes of studies on cornpounds structurally related to (+)-haedoxan A (30) (see Figure
1.16) to determine their insecticidal effect on the f e d e housefly (Musca domestka).43-49

(+)-Haedoxan A, derived from Phryna leptostachya. was known to exhilit high
insecticidal activity against the housefly (LDso = 0.25 ng/fly). Prepared analogs of this
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compound showed that the same absolute configurations as the nahual lignan,
iS92R,5R,6S,2"R,3"R, and the (2R,3R)-2-aIkoxymethyl-3-aryl-6-~ttioxy-l,4beazodioxan-7-y1 moiety were indispensable for producing insecticidal activity.

S o m e insects have adapted to be able to toktate the naturai insecticides that plants
produce to protect themlves. These insects contain gut eiizyms called polysubstrate

monooxygenases (PSMOs) that c m transfom a variety of lipophilic plant toxins into more
hydrophilic metabolites in order to excrete them.

However, some plants have

counteracted this problem by producing chernicals that inhiiit PSMOs. By inh'biting the
detonincation enzymes, the plant toxins are dowed a longer time of action and have
increased toxicity.

Lignans Born the Asteraceae and Piperaceae f d e s , such as

diasesarternin (Jl), are known to have good inhibithg activity on the PSMOs of the

European corn borer (Ostrinia nubi~aiis).'~ The best PSMO inhibitors possess a
methylenedioxyphenyl group in their structure (see Figure 1-17). This group may bind
preferentidly to the heme of the PSMO giving a stable adduct not easily displaced by

other Ligands.

Figure 1.17

Tb

ûthet roles that ügnam serve m plant defense iir1ude tbeir toxkity against fbngi,
parasites, and other plants. Figgin et al. were the nrsC to report the mti-fiingal activity of
lignans?

Out of nine aryhetralin lignans tested against Aspergillus niger, Geonichm

flm>o-brunneum,Microspo~ncmis, 8harium culmonun, and Trichophyton ennacei,
4'-demethyldeo~dophylloto~,
4-&methyipodophyUotoxoae, and 3t,4'-dide~thyldeoxypodophyiIotoxin were found to be active with effective inhihitory concentrations
king as iow as 1 pg/mL. Six iignans firom Bupleumm saficjColm (32-37),particularly

bursehernin (32) and matairesino1 (33). were able to inhiilbit the hatchhg of potato cyst
nematodes Globodera rostochiensis and G.pallida (see Figure 1. tg)."

Inhibitory activiîy

Figure 1.18

toward these parasitic worms was favoured by the presence of a rnethylenedioxy group,

but in the absence of this group. activity increased according to the number of free

hydroxyl groups.

Elakovich and Stevens discovered that nordihydroguaiaretic acid

(NDGA; 38) dramatically reduced the seedling growth and hpcotyl growth of different

weed and crop plants (see Figure 1.15)."

This study was inspired by the observation that

the creosote bush fiom which NDOA was demed grew in an area almost devoid of annual

plant parts to the grouad and affecteci the growth ofother species. In a ment publication,
podophyfiotoxin and matairesmol derivatives were tested as plant root growth inhibiton."
Consistent with other structure-activity relationships, the mthylenedioxy group, the
configuration of the lactone junction, and the number of methoxy groups were nlated to
inhiiitory activity- Lignans that bave plant defense properties therefore have potential use

as insecticides. fungicides, pesticides. and herbicides.
Lignans have been discovered to be e f f i v e for treating hypercholesterolemia
Hypercholesterolemia is the maei contnbutor to the development of atherosclerosis, a
buildup of material within the arteries that leads to heart attacks and strokes. The prirnary
approach to treating hypercholesterolemia is to lower unusuaüy high b e l s of low-density
lipoprotems (LDL) and very low-density lipoproteins (VLDL). High-density lipoproteins

(HDL), however, are known to be anti-atherogenic, so elevated levels of HDLs are
desired. Iwasaki et al. synthesized various aryhaphthdeoe lignans and found that some

not only reduced total plasma cholesterol but also increased HDL cholesterol in
cholesterol fed rats."

Lignan 39 (see Figure 1-19) was approximately 100 times more

Figure 1.19
?H

effective than cholestyramine, a known hypolïpidemic agent, and its activity was perhaps
in part due to the inhibition of choiesterol absorption into the intestine. Other lignans that

were reported to lower choiesterol leveis include (+)-episesamin (40)and (+)-ses&
(see

(41)

Figure 1-19)? These compounds and theù enantiorners were ais0 detected to be

specilïc inhibitors of A'-desaturase,

an eazym that cataiyzes the biosynthesis of

polyuosaturated fatty acidsn Like high cholesterol levels, high levels of unsaturated fats
are also linked to atheroscierosis.

Another approach to preventing atherosclerosis has been the pursuit of agents that
k t Iipid pexoxidation.

Biogenerated superoxide anions are largely scavenged by

superoxide dismutase but wüi to some extent attack üpids when the defense hinction is
weakened, leading to @id peroxides. Lipid peroxides are beüeved to damage the intima
of the aorta leading to arteriosclerosis and atherosclerosis. Limiting the peroxidation of

LDLs by antioxidants was show to result in atherogenesis suppression." A series of
studies by Maeda et al.58-62 on the inhibition of iipid peroxidation in rat liver microsomes
revealed potent lignan and neolignan activity, especidy by 42 (see Figure 1.20) which had
an ICs0 value of 0.95 pM and was much more effkctual than a-tocopherol (vitamin E).

Figure 130

Considering these and other reports on the antioxidant actinty of lig~~ans" it can be
conchided tbat strong i n h i i o n of @id pemxidation requires the ptesence of at lest one
phenoüc hydroxyl group dong with muitipie alkoxy groups on the s a m ammatic ring to
help stabilize the formation of a phenoxy radical.
Lignans are potential drug candidates for treating inflammatory and respiratory
dwrders based on their antagonistic activity towards mediators of infiammation. One
such inflammation mediator is the phospholipid 1-O-hexadecyVoctadecy1-2-acetyl-m-

gIyceryl-3-phosphoryIchoüne, better known as platelet activating fxtor or PAF for its

involvement in the aggregation and degranuiation of platelets and neutrophils. Lignans
interrupt the aggregation of platelets by blocking the receptor to which PAF bmds."
Epimagnolin A (29), with an ICSOvalue of 0.42 p.Myis a fùrohran iignan that strongly
inhiiits PAF binding to p~atelets?l" The PAF antagonistic activity of s M a r îùrofiiran

m m s 71-73 suggests that the presence of hydrophilic groups üke phenolic hydroxyl and
glucosyl substituents lowers activity.

Conversely, the presence of at least one

3,4-dimethoxyphenyl or 3,4,5-trimethoqphenyl group is required for high activity. PAF
inhibition is also improved for fiuofiuans if chiral centen C-7 and C-7' have the opposite
configuration (see Figure 1.1 6). The diarylbutyrolactone dimethylmatairesinol(43), which

Figure 1.21

contains the 3,4-dimethoxypbenyl group (see Figure 1-21), has potent PAF inhi'bition
(ICSo= 0.56 CrM).

"" Oae of the best PAF inhi'biting lignm, show m Figure 1.21,

remaius to be the 7,T-diaryltetrahydrofuran lignan 44 @Cm= 0.2 pM)? Analogs of 44
show that compounds with this type of structure have the strongest action when C-7 and
C-7' have the same configuration, cspecially the

configuration?^

Leukotrienes are mediators of inflannriation, and their biosynthesis ftom
arachidonic acid catalyzed by 5-lipoxygenase, is inhiied by the sekctive mteraction of

arylnaphthalene lignam 45-48 (see Figure 1.22) with the enzyme?6 The in vitro ICso
values of 45,46,47, and 48 are 50, 160,20, and 14 n M respectively.

Lignans isolated fiom Schisadra chinensis and their denvatives were found to

have CNS activity by altering the metabohm of cyclic adenosme-3',S'-monophosphate
(CM),
a second wssenger within celkn NDGA (38) was effective at suppressing

CAMP phosphodiesterase (ICso = 1 CIM), the enzyme responsibk for catalyzing the
irreversibie hydrolysis of CAMPto the 5'-phosphate dianion. (-)-Syringaresinol (33, its

enantiorner, and (+)-syringaresinol-di-O-PD-ducosidedisphyed the ability to promote
neurite outgrowth?

Neurite outgrowth is a basic mechanhm m the development and

regeneration of nerve tissue and controüing its regdation can lead to the development of
dmgs for eeatuig dementia disorciers me Alzheimer's disease.

Som 1igna.n~ were discovered to have h e p a t ~ ~ r o t e c t i v vasodilative,"
e~~

Other tignans, like phyllanthïn (49) and

i.unosuppressive~'and anti-ulcer activity?

hypophyhthin (50) (see Figure 1-23). were able to enhance the action of the cytotoxic

d m g vinblastine in multidnig-mistant ce^.'^

The medicmal plants Nardostacchys

jatamansi and Aegle mumelos have been used for treating epilepsy, hysteria, convulsion,
heart palpitation, and diabetes. The components of these plants were elucidated and some

were found to be lignans."*"

Figure 1.23

Numerous papers continue to be published that invatigate the anti-tumour
properties of etoposide and other lignans. The m s t ment publications, except those

involving etoposide, include those by Miyahara et

Evans et al.," Middel et al)* Cho

et af.,8990 and Utsugi et al.9'

Interestingly, lignans have been found in humans and other animais. The two
major iignans that have been identined in animal urim, bile, senun, and seminal fluids are
enterodiol (51) and enterolactone (52) .)293

M a m a n lignaas are disthguished fiom

those derived nom plants by tbe fkt that they possess phenolic hydroxyl groups only in

the meta position of the aryl rings.

hydrolysis,
dehydroxylation,

OH

facultative dehydroxylation,
aembes demethylation

oxidation
5
facultative aerobes

HO

The dietary plant precursors secoisolariciresinol digiucoside (53) and matairesino1
(33) are convected mto compounds 51 and 52 by gastrointestird bacteria as shown in
Scheme 1.109~

The speculation that rnammalian lignans are f o m d because they may be
biologicaliy important is supported by a variety of studies. For example, manrmalian
lignans enhance the hinctions of polymorphonuclear leucocytes by stimulating the fonnyl-

methionyl-leucyl-phenylalanine induced production of superoxide (required for killing

bacteria) and may thus mcrease protection agamst microbiai iafection."

Mammaiian

Lignans ais0 have notable anti-cancer activityCt3

(-)-Deoxypodophyllotoxïn (8) was first isohted by Noguchi and Kawanami in
194t0.96The dried roots of Anthriscus sylvestn's were extracted with diethyl ether, and the
brown residue obtained (0.14%) was recrystallized nom the same solvent giving a
colourless crystalline compound named anthricin. Anthricin was d e t e h e d to have a
molecular formula of C22H2207.It was insoluble in water but soluble in hot alkali
hydroxides. Hydrolysis with aqueous base foliowed by acidification gave isoanthricin,
CuH&-&O.

The treatrnent of anthricm with hydrazine gave an acid hydrazide that

decornposed to isoanthricin when acidined Thus, it was assurned that a lactone ring was
present. The oxidation of isoanthricin with hot KMnO4 produced 3,4,5-trimethoxybenzoic
acid, indicating the presence of a 3 , 4 , 5 - o e y l nucleus. At room texnperature,

KMn04 treatment yielded 3,4-methy1enedioxy-6-(3,4,5-trimethoxybenzoyl)be11~oi~
acid

(54) and 5,6-methykiiedioxy-3-(3,4,5-trimetboxyphenyr)ph~ (55). two products
previously obtained from the oxidatioa of pimpodophyiiin ( 5 6 ) . The PdlC mdiated
dehydrogenation of isoanthrkin gave dehydroanhydropicropdophyllgi (dehydrodeoxypodophyiiotoxin; 57), a compound previously synthesized by Haworth and Richardson
(see Figure 1.24). 99*'m

From this chernical mformation. Noguchi and KawanamiM

correctly deduced the general structure of anthricin (8) but did not propose the relative or
absolute stereochemistry.

In 1942, Hata isolated a compound fkom the seed oii of Hemandia ovigera and
narned it hernandi~n.'~'Hernandion gave no melting point depression when mixed with
anthricin and was thought to have the same basic structure.

The relative stereochemistry of deoxypodophyiIotoxin (8) was 6rst estabiished by

Hartweii et al. m 1953.102-104 The authors were prompteci to h d the active components of
Juniperus silicicol<raiter an aqueous suspension of the pulverized dried needles of this
tree was found to damage Sarcoma 37 in m i ~ e . 'A~ colourless crystalline compound that
was very active against the tumur was isolated in 0.11% yield by a process involvuig a

series of extradons with organk solvents and chromatography on activateci d u h a
foiiowed by recrystallization fiom absolute ethawl. 'OLm

The compound, named

silicicolin, gave a positive Gaebel test for a niethyIenedioxy group. It was bolubk m
water and cold 5% aqueous NaOH but soluble in hot 5% aqueous NaOH givhg a
precipitate upon acidification. This observation was indicative of a lactone group. The
ultraviolet spectmm was snnilar to that of podophyliotoxin (4) and so was the infiared

spectmm except for the absence of a hydroxyl gmup absorption at approximately
3450 cm-'.

The molecular formula of silkicolin. calculated as C2H2&,

was also

consistent w ith that of deoxygenated podophyilotoxin, and süicicoh was tentatively
assumed to be a lignan.

Hartwell and Schrecker converted podophyliotoxin to the k h l o r o derivative 58
(see Figure 1 . 2 ~ and
) ~ then hydrogenolyzed 58 to give the 4.4-dihydro denvative 8,

named desoxypodophyllotoxinCLo3
Considering its method of formation, it was concluded
that 8 bad the sarne

1,2-cis-2,3-franr stereochemistry as that established for

podophyllotoxui.'" The melting point and optical rotation of 8 were found to be identical
with those of silici~olin.'~~
The authors also discovered that anthricin and hernandion

were identical to 8."'

These names were henceforth replaced with the terms

desoxypodophyilotoxin and deoqpodophyilotoxin, indicating the structural relationship to
podophyliotoxin, the first lignan of this type discovered.

The first isolation of

deoxypodophyilotoxin fiom a Poduphyllm species (P. peltanun) came in 1955 by Kofod
and krgensen (O. 1% yield).'06

The absolute stereochemistry of (-)-deoxypodophyilotoxin (8)

was deduced in

1957 by correlating its stereochemistry with that of (-)-a-retrodendrin dhethyl ether

( ~ 9 1 Lignan
. ~ ~ 59 and the structurally analogous (+)-isodeoxypodophyllotoxSr (60) (see

Figure 1.26) were known to have the ~,2-trms-2,3-transstereochemistry. However, the
optical rotations of these lignans, although about equal in magnitude, had the opposite
sign. It was reasonable to conclude that these compounds bad the opposite configurations
at C-1, C-2, and C-3since changes in the alkoxy substituents on the aryl rings of ligaans

were known to have little efféct on their optical rotations. hirthermore, since 60 was
proven to Mer from deoxypodophyilotoxin by its configurations at C-2 and C-3, it was

apparent that deoxypodophyilotoxin had the same configurations at C-2 and C-3 as 59.
Through a series of structural conversions with retention of configuration, the

configuration at C-2 of 59 was correlateci with that of natural arnino acKL 3-(33'-

dihydroxypheny1)-(S)-alanine (L-DOPA;6l), the absolute stereochemistry of w hich was
weli established. This determined the absolute stereochemistry of (9-59 and, therefore,
that of (-)-deoxypodophyiiotoxin.

The biological activity of deoxypodophyllotoxin bas been extensively reviewed and
has been found to be very simüar to that of podophy~otoxin?136Both compounds have
been reported to have potent anti-mitotic. anti-tumour, and anti-viral activity.
Deoxypodophyi.iotoxin Uihiiiits in vitro microtubule assembly with an

value of 0.5

4 (OH on W),8,

a,62-6û

Table 1.1
No.

R

Rn

Name

H(1)-H(2)

H(2)-H(3)

oc*

a3

trans

podophyllotoxin (P)
(note: OH on C-4)

OC&

a3

tmns

deoxypodophyllotoxin

OC&

trans

tram

(+)-isodeoxy-P

OC&

trans

OC*

tram

tmns

OC*

&

cis

OCH3

c&

tmns

4'demethyldeoxy-P

OC%

trans

tram

S-demethoxyisodeoxy-P

H

trans

trans

3~,S'-demethowyisodeoxy-P

H

trans

tram

3',~,5'4emethoxyiSOdeOxy-P

R'

los0
P-815

deoxypicto-P
(-)-isodeoxy-P
isodeoxypicro-P

ID= = dose that inhibiîs mouse tumour cell (P-815) pmliferation by 50%

p M while podophyllotoxin gives a slightly higher value (iD50 = 0.6 CIM).~'

Deoxypodophyilotoxin and podophyilotoxin give ID50 vaiues of 2 and 5 ng/rnL
respectively for inhiiiting the proMeration of mouse tumeur ceih (P-8 15 mastocytoma) in

vitro.26 The cytostatic activity of deoxypodophyllotoxin on these tumur ce& bas also

been compared to that of its stereoisomrs (10,6244) and som derivatives (65-68). none
of which are as potent (see Figure 1.27 and Table 1.1):~

Like podophynotoxin,

deoxypodophyliotoxin is aiso severely toxic to tiealthy cells, so derivatives such as
etoposide (16) and teniposide (17), with I& values of 78 and 7.6 nM respectively, have

k e n sought for clinical use.
While it was the manipulation of the (-)-podophyllotoxin structure that led to the
first synthesis of etoposide and teniposide, it is important to note that both of these
compounds can be readily obtained fiom (-)-deoxypodophyilotoxin. For example, Kondo
et al. discovered that deoxypodophyilotoxin (8) can be microbialiy converted to

epipodophyllotoxin (69) in 100% field (see Scheme 1.1 1). L07.'"

Therefore, using this

Scheme 1.11

reaction, deoxypodophyilotoxin could be transformed to etoposide and teniposide in a
similar route to that used for podophyilotoxin, as shown in Scheme 1,9.

The

deoxypodophyiiotoxin procedure, though, would require fewer steps and give ktter yields
of product. Also, the microbii transformation of deoxypodophyilotoxin is usefhi for

preparing podophyllotoxin. Yamaguchi et al. efficiently oxidized the C 4 hydroxyi group

of epipodophyllotoxin (69) to give an mtermediate ketone (podophyllotoxooe) and then

stereoseiectively reduced the ketone with a variety of reducing agents, one of the best
king zinc borohydnde, to produce podophyiIotoxin in Ca. 65% yield'Og

1.2.3 Discovery and BioIogid Activity of Rabdosiin and its (lS,=)-Isomer

The isolation and stn~ctwedetenninatioa of (-)-ratdosiin (70) by Agata et al. was
reported in

1988 (see Figure

1.28).110*1L1Rabdosiin was obtained as a

chromatographicaüy pure light brown amorphous powder fiom the ethyl acetate extract of
the acidified aqueous acetone homogenate of the powdered stem of Rabdosia japonica,
the abovegound part of which has been used as a household medicine (enmiso) in Iapan

Figure 128

70:
78:
79:
81:

R=H,Rt=H
R = N W , R r =H
FI = WH or Na/H (very minor), R' = H
R = K (major) or Na, R' = H

75: R = H
80: Fi = WH or Na/H (very minor)

for treating gastromtestmâi disorciers. The positive ion and negative ion FAB mass
spectra of 70 corresponded with the moiecular formula C&30016. FiOm the

'HNMR,

I3cNMR,and UV spectra of 70, the authoa coocluded that ihis compound contained a
1,2-dihydro-6,7-dihydroxyl-(3',Q'-dihydmxyptaeny1)aaphthdene-2,3

acid

skeleton and two molecules of 3-(3',4'-dihydroxypheny1)ktic acid (71). Rabdosim was
M y methylated with dimethyl d a t e and potassium carbonate, then hydrolyzed to give

compound 72 and the known 3-(33',4-dmiethoxyphenyl)-(R)-iacticacid (73), as shown in
Figure 1.29. The basic structure of 72 was established fiom its 'H NMR spectrum and
cornparison of its IR, UV, and NMR spectra to those of a synthetic sample. The fruns

relationship of H-1 and H-2 was assigned based on coupling constants and nuckar
Overhauser effect studies. The R and S co~gurationsat C-1 and C-2 respectively were
deduced by hydmgenating 72 to its 3,4-dihydro derivative 74, the CD spectrum of which
was anaiogous to those of stnicturally sunilar aryltetraün lignans possessing 1RJS

stereochemistry. The absolute structure of (-)-rabdosiin (70) was therefore elucidated.

Figure 1.29

h 1990, (-)-rabdosiin (70) and its (+)-(lS,2R)-isomer (75) were isolated h m the
dried root of Amebia euchroma, also known as Macrotomia euchronui, by Nishizawa et

af.[12 The roots of diis plant have been usd in China for treating epidemic hepatitis and
preparing anti-i,dmmtory, mti-pyretic. aad anti-bacterial mdaines.'13 This was the
first reported isolation of 75 (see Figure 1.28). The absolute structure of 75 was
determined using a similar method to that used by Agata et al.["'"

In thïs case, N M R

and m a s spectral &ta mdicated that 75 was an isomer of (-)-rabdosini (70). An

octamethyi ether &thyl

ester derivative of each ligaan, 70 and 7S7was prepared using a

combination of diazornethane and dimthyl sulfate/potassium carbonate. Methanolysis of
each derivative gave the knowu 3-(3',4'-dimethoxypheny l)-(R)-Iactic acid rnethyl ester (76)
as shown in Figure 1-29. However, methanolysis of decarnethyl (-)-rabdosiin ais0 gave

dimethyl ester 77 whiie the enantiomr of this cornpound was obtained fiom methanolysis
of the decarmthyl derivative of 75, as determined from the [alovalues (-51" and + 5 3 O

respectively) and CD spectra. Thus, the absolute stereochemistry of 75 was deduced since
the absolute stereochemistry of (-)-rabdosiin (70) had been already estabüshed.

In 1995, Kashiwada et al. reponed the isolation of the monosodium salt of 70
(78). the monopotassium salt of 70 (79). the monopotassium salt of 75 (80). a mixture of
the dipotassium (major) and disodium salts of 70 (81),and a mixture of the dipotassium

and potassiumlsodium salts of rabdosiin 7-O-PD-ghicoside (82) from Arnebia euchroma

(see Figure 1.28).lL3 These results suggested that Lignans 70 and 75 exist in thei. salt
forms in the plant material. The authors observed that rabdosiin (70), its (1S,2R)-isomer
(75), and especiaiiy the monopotassium and monosodium salts thereof strongly inhiited

HIV repiication in iruected H9 cek. Table 1.2 lists the concentrations at which these
lignans inhibited viral replication and H9 ceii growth by 50% (Ecoand ICso respectively)
and the corresponding therapeutic indices (T.I.). Rabdosiin and its isomer were also

ECK,= concentration that inhibas HIV replication by 50%
ICS0= concentration that inhibits H9 cell growth by 50%
T.I.= therapeutic index (IC&CW)

potent inhiiitors of mammalian DNA topoisornerase 1 and II in vitro.'"

In addition,

(-)-rabdosiin was tested by Sakagarni et al. for its abüity to stimulate the iodination of

human peripheral blood polymorphonuclear ceUs and monocytes1li116 and by Hatano et al.
for its inhibitory effect on xanthine oxidase,"' but only weak activity was exhibited.

1.3 The Diels-Aider Reaction

In the Diels-Alder reaction, an alkene, the dienophile, adds to a coajugated diene
to fom a cyclohexene ring (see Scheme 1.12). This reaction is a type of cycloaddition, a
reaction in which two unsaturated molecules couple to give a cyclic cornpound. The

Diels-Alder reaction involves a system of four rt-ekctroas and a system of two n-electrons

and is therefore classined as a [4 + 2) cycloaddition. The reaction is a concerted process
and requires that the diene have the cisoid geo-

to permit bnding interactions

between the terminal carbon atomr of the diene and the carbon atoms of the dienophile.
Dienes that are not fiozen into the cisoid geometry or can not temporarily adopt this
geometry are unreactive.

'"
Scheme 1.12

Scheme 1.12 depicts the cycloaddition of ethylene, but this compound and other
simple alkenes are seldom used in Diels-Alder reactions due to their poor reactivity.

Substituted dienophiles containhg electron withdrawhg groups like COR, CO& CN,and
NOz react more readily, a phenornenon that may be rationalued on the basis of kontier

molecular orbital (FMO) theory.
According to FM0 theory, cycloaddition reactions are thermaily aiIowed only

when overlapping lobes between the highest occupied molecular orbital (HOMO)of one
reactant and the lowest unoccupied molecular orbital (LUMO)of the other reactant have
the same phase.

The opposite nquirement appiies to photochemicaily allowed

cycloadditions. Figure 1.30 shows the overlap between the HOMO of the diene and the

LUMO of the dienophile and the overlap between the LUMO of the diene and the HOMO
of the dienophile. The Diels-Alder reaction is thercnaily aiiowed in both processes. Both

transition States are sbown as king suprafacial meaning that the two new a bonds are

f o d on the sam face of the r system. It is highly unlücely that the new bonds would

form on opposite faces?antarafacially, but this appmach may occur in larger ring closures.

Figure 1.30
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When the diene HOMO interacts with the dienophile LUMO,the diene behaves as

a nucleophiie and the dienophile behaves as an ekctrophüe. This process is known as

normal electron demand because it predominates over diene LUMO and dienopbile
HOMO interaction (inverse electron demand).

The preference of one type of

HOMOILUMO interaction over the other is detemiined by the relative Merences in
energy. Placing an electron withdrawing substituent on the dienophile strengthens the

dienophile L

W and diene HOMO interaction by l o w e ~ the
g LUMO energy, thecefore

bringing it closer in energy to that of the diene HOMO. This theory is used to explain the

general observation that eiectron withdrawing substituents m the dienophile accelerate
Diels-Alder reaction rates whüe electron donating groups decrease reaction rates. The
opposite effect is obsetved for substituted dienes.

The reaction of substituted dienopNa and dienes introduces the concem of
stereoselectivity. One such concem is the possible exo or endo orientation that may occur

in the transition state. For ex0 addition, the larger side of the dienophile projects away
from the diene, whereas for endo addition it is the s d e r side. These two orientations
can lead to Merent products, dependhg on the extent of substitution of the reactants, as

üiustrated by the addition of rnethyl acrylate (83) to t~~,trcltls-l,4-dimethyibutadiene

(84) in Schem 1.13. Although the e d o mode of addition is often more stencaiIy

hmdered, it is usuaily prefemd. This preference, b o w n as the Alder

is hought to

result ikom the stabiüzeig interaction of secondary orbitals of Iüre phase (sa Schem

1.13). This explanation however cm not be appiied to dienophiles that do nut contain

additional r orbitals, and other factors like van der Waals attractions may explain
preferred endo addition in these cases.

Scheme 1.13
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orbital
interaction

8
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When the dienophile and diene are both unsymmetricdy substituted,
regioselectivity can occur. In terms of normal electron demand, a diene that is substituted

with an electron releasing group at C-1 can teact to give either an ortho or meta

cycloadduct (see Scheme 1.14). Geueraüy, the ortho product is favoured. Similarly. a
diene substituted at C-2 usudy prefers to give the para cycloadduct over the other

possible meta regioisomer. FM0 theory rationahes the preference for the ortho and pam
regioisorners in that the strongest mteraction will occur between the carbon atoms of the
reactants having the larger coefficients m the tkontier orbitals. That is. the coefficient of
C-2 is higher than the coefficient of C-1 in the LUMO of a dienophile containhg an

electron withdrawing group (EWG). The coefficient of C 4 is higher than the coefficient
of C-1 in the HOMO of a diene bearing an electron donating group (EDG) on C-1, but the
coefficient of C- 1 is higher for a diene substituted on C-2. Matching the carbon atom with
the larger coefficient in the dienophile to that in the diene results in the favoured

regioisomers show in Scheme 1-14.

Scheme 1.14
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Another stereochemical consideration with respect to the dienophile is that
addition is stereospecifically syn.

This

maris

that substituents that are cis m the

dienophile wîil be cis in the cyclohexene d g as a result of the afiorerœntioned suprafacial
transition state. l&Disubstituted dienes aiso react in a stenospecincidly syn mamer. For
example, the trLUts,~unsdimethyl groups of 84 (see Schem 1.13) becorne situated on the
same faCe in the cycloadducts.

The Diels-Alder reaction produces four new sp3-hybridwd carbon atorns from
four s8-hybridized carbon atoms. Thenfore, as many as four chiral centers can be
generated in the cyclohexene ring, dependhg on the substitution of the reactants. This
irnplies that sixteen stereoïsomers could theoretically be fomied. However, due to the
stereospecific syn addition of the reactants, the maximum number of stereoisomeric
products is actually eight. To control the stereochemical outcome of the reaction is
nevertheless extremely chdenging especially since the possible stereoisomeric

cycloadducts can consist of enantiomeric pairs. Thus, not oniy are e n d o k o addition and
regioselectivity important in providing stereoselectivity for the Diels-Alder reaction, but so
is the selectivity that the dienophile may exhibit for o w face of the diene i€ enantiomeric

products are possible.

The Diels-Alder reaction is a very useful tool for synthesizing many natural
products because a cyclohexene ~g containing many chiral centers can be produced in a

singie step. It is particuIarly appealing for use m aryltetcalin ügnan synthesis because an

O-quinodimethane(O-QDM)cm function as the diene. 0-Quinodimthanes, also known as

O-xyIytenes and o-~uinodmiethides,have the general structure 85 shown in Figure 1.31.
These compounds are very short lived species, often less than oue second in solution, due
to the strong driving force to establish aromaticity in the six membered dg. However, for
the same reason, they are ais0 very reactive towards dienophiles and wül undergo a DieisAlder reaction when generated in situ in the presence of a dienophile. The cycloadduct

would have the basic tetralin structure 86, and placing an aromatic group on C-1 wouid

provide an aryltetrah cornpouad. If an O-QDM such as 87, containmg an aromatk
substituent on the @position, were to react with a dienophile, an aryltetralin would be

formed directly.

Either method would provide a very efficient route to obtaming

arylteaalin iignans.

The various methods that cm be used to produce O-QDMsinclude the themlysis
of benzocyclobutenes, 1,klimination processes, cheletropic expulsions (CG,N2,S a , or

CO), and photorearrangements.'M These processes are represented in Scheme 1.15. The

most popular way of preparing O-QDMs.which is the method used in this thesis work, is
the themolysis of benzocyclobutenes. The only mjor drawback of working with the
usuaily unstable benzocyclobutenes is the difficuity in their synthesis, especially if they are

a-substituted. The synthesis and reactivity of benzocyclobutenes were recently reviewed

by Michellys et al.121

Scheme 1.15

An interesthg feature of the electrocyclic ring opening of a benzocyclobutene

substituted on the four-membered ring is that as the C-C bond breaks, the substituent wiU
favour rotation to either the outside or inside of the forming diene. For example, the
themolysis of 1-methoxybenzocyclobutene (88) results m the formation of E-O-QDM89
(see Scheme 1.16) rather than the 2-isomr 9 0 . ' ~ This twisting preference, termed

torquoselectivity, has been studied by Jefford et al. and was found to be afkcted by the
type of substitution.lu Monosubstitution with strong electron donors or weak electron
acceptors like alkoxy, amino, -1,

ester, cyano, and carboxylic acid groups favours

outward rotation, but strong electron acceptors Mce ketone, samnirn, amide, and formyl
groups prefer inward rotation. Clearly, for Uiward rotation to occur, torquoselectivity
must be controlled by some other fztor besides steric effkcts. The Woodward-Hotnnann
rules dictate that the t h e d y induced ring opening of benzocyclobutenes is a conrotatory
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Scheme 1.16
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process, i.e. both bonds C(l)C(7) and C(2)-C(8) rotate in the
Conside~gconrotation and FM0 theory, Jefford et al. believe torquoselectivity is caused
by the interaction of molecular orbitals of the substituent and the breaking bond in the

transition state (see Scheme 1.17)-

The outward rotation of a donor group provides a

stabilized transition state from the favourable mixing of the lone pair orbitai on the donor
substituent with the LUMO of the breaking U* bond. However, inward rotation causes an
unfavourable overlap of the doubly occupied donor orbital with the HOMO of the
breaking

G

bond, destabiüzing the transition state. For acceptor groups, the transition

state involvhg inward rotation is more stabiiized because of the favourable interaction
between the ernpty acceptor orbital with the HOMO of the breaking a bond.
Torquoselectivity becornes harder to predict for multisubstituted dienes, but outward

twisting of the strongest electron donor present is often the a n d .

Scheme 1.17
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Torquoselectivity can have a significant effect on the stereochemical outcome of
Diels-Alder reactions. The reaction of themlyzed benzocyclobutene 88 with maleic

anhydride (91)shown in Scheme 1-16 is one example.'" Maleic anhydride typically adds
to dienes in an endo manner, and this reaction is no exception. Hence, the favoured

E-O-QDM89 reacts to give the all cis cycloadduct 92. In contrat, if the 2-O-QDM 90
were preferred, compound

93 containhg the 1,2-~unr-2,3-cisgeornetry would be the

prevalent product.

The geometry of certain O-quinodimethanesmalces them ideal intemdiates in the
synthesis of the podophyiium type of aryltetralin lignans. These natural lignans have the
13-cis, and

often the 2,3-trans, sterwchemistry like that of podophyilotoxh (4).

chadton et al. have achieved this stereochemistry (see Scheme 1.11) by ushg various
O-QDMssuch as those that are a-hydroxy-a'-phenyl substituted.125-127 For instance, the
E,E geometry of 94 combined with the selective mode of addition of dienophile 95 leads

Scheme 1.18

to the formation of major cycloadduct S.'=

Not only is the desired relative

stereochemistry established in one step m tbis case, but so is the correct absolute

stereochemistry. The (,!+chiral groups of 95 diastereoselectively control the addition
between the re face of the dienopide and the re face of the O-QDM, thereby givhg adduct

96 in 80% diastereomeric excess. By rernowig the chiral auxiliaries, % can subsequently
be transformed to the eaantiomericaily pure (-)-podophyilotoxin analog 97.1U

O-Quinodimethanescan therefore substantiaily contribute to asymmetric syntheses.

1.4 Oxidative Free Radical Coupling Reactions

Lignans are thought to be formed in nature by fiee radical reactions that join two
phenyl propanoid units. One example is the aryltetratin thomasidioic acid (101), first
isolated (as a racernate) from Lnmus ihomasii,'** which is iikely biosynthesized by the
coupling of two sinapic acid (98) molecules.

A hypothetical rnechanism for this

transformation is shown in Scheme 1.19. One electron oxidation of 98 can occur to give

1

Hz0 path B

Me0

OMe

the phenoxy dical. This resonance stabilized &al

can dimerize with a similar radical

at the fiacbons giviag bisquinonemthide 99. If the carboxyk acid groups of the
bisquinonemethide react as shown for path A, mtermediate 100 may be obtained. Under
acidic conditions, 100 couid lead to racemic lignan 101. Ifpath B is followed, the addition
of water couid lead to the formation of mtermediate 102, the dehydration of which would

also give racemic 101.

Both reaction pathways are plausibie and are supprted by experimentai evidence
published in 1973. A b d et al. treated sinapic acid (98) with the oxidant femc chloride
in a 1:4 rnethanoVwater mixture and obtained dilactone 100 as the major product. 129.130

Treatrnent of 100 with aqueous acid leci to the isolation of racemic 101. In a simila.
fashion, Wallis used femc chloride to oxidize the methyl ester of sinapic acid (103)in a
5:4 acetondwater mixture."' Both compounds 104 (major) and 105 were produced, and

104 was easily converted to 105 with acid.

These ceactions strongly suggest that

oxidative coupling is the route by which aatural lignans form, but more inprtantly to the
synthetic organic chemist, they represent a very efficient one or two step approach to

preparing Lignans.
Various iignans have since been synthesized by using dinerent oxidizing systems.
Of note, the structures obtained fiom the intemlecular coupling of csuiamyl derivatives

are very dependent on the substitution of the starting material and the type of oxidizing

system used This structural selectivity is exemplifieci by the reactions of sinapic acid (98)
and methyl sinapate (103). The methyl ester group of 103 prevents the formation of

dilactone 100, the oxidation product fiom 98, so 103 must fonn a different compound

(104). The mthyl ester and catboxylic acid groups exert diaerent structura1 control, but
high diastereoseledivity is achieved in bahcases.

The diastereoselectivity of oxidative couplings can be affected by the type of
substitution on the arornatic ring. Whea ester 106 is oxidized by alkaline potass~m
femcyanide, threo- and erythro-bisquinonemethides 107 and 108 are obtamed m a 6535

The threo stereochemistry is n o d y exclusively

ratio respectively (see Scheme 1.20).'"

produced for this kind of couphg, as shown in Scheme 1.19.

The lower

diastereoselectivity for the couphg of 1û6 is attnauted to steric hmdrance experienced

Scheme 1.2û

CH& H 2.4.6-tiCtbutylphenoxy
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_________I

Ar

between the buDry t-butoxy groups during the formation of a complex that would lead
solely to the threo product.
The structural seiectivity obsennd for the oxidation of ester 106 is also mtnguing.

Ester 106 does not cyclize to an aryltetralin in a way anaiogous to the dhethoxy
substituted 103 despite the presence of water, the addition of which is necessary for the

cycüzation of 103. In contrast, the cyclization of alcohol Il2 to furofiiran 113,'" a
reaction analogous to the formation of dilactone 100, is not impeded when initiated by

2,4,6-tri-t-butylphenoq radical m a non-aqueous medium.

This irnplies that

intrarnolecular nucleophilic addition of an alcohol is easier than intermolecuiar addition of
water. It is unlikely that the t-butoxy groups prevent the cyclization of 106 since the

cyclization of 112 is dowed. The prevented cyciization is more iikely an effect of the
reaction medium. The pH for the cyclization of 106 is much higher than that for 103 and

112. Also, the reaction takes place in an imxniscible two phase system. The relatively
non-polar bisquinonemethides may be situated in the benzene phase where there is not
much water available for further reaction.
Whiie the

k

t

production of a furohan iignan provides an efficient lignan

synthesis, the formation of a bisquinonemethide can also be usefuL Bisquinonemethide
107 can be easily converted with retention of configuration to iignan 109 by

hydrogenation.'32 Furtheme, 110, a p r e c m r to the tetrahydrofuran 111, can either be
obtained fkom 109 by hydnde reduction or fiom 113 by hydrogenation.'"

The hirohiran

and bisquinonernethide reaction pathways therefore both have potential for ügnan

spthesis.

Neoügnam are amther stnrcnually diverse product obtaîned fiom oxidative
coupling reactions. These compounds fonn when couphg occurs at positions other than
between two /%carbonsof the cimiamyl precursor. Such a reactioa is observed for methyl
ferulate (114).'" When 114 is treated with horseradish peroxidase and hydrogen peroxide
in a buffered aqueous oipthanol soiution, &/hram neolignan 115 (racemic) is
diastereoselectively obtained as the major product (see Scheme 1.21). Alterhg the ester
group does not a&ct the preference for neoügnan formation over

coupiing, as

isoeugenol (116) gives compounds 117 (major) and 118 (minor), and coniferyi aicohol
(119) produces compounds 120 (major) and 121 (~ninor).'~~
CorSe@ alcohol ais0
affords a minor amount of furofhan 122 (pinoresinol), the only lignan produced.
Between pH 3 and 7.4, compounds 115, 117, and 120 are the major products, but yields
are best at pH 3. Vaqïng the methaml content h m 10%to 90% Sicceases the yields of

118 and 121, but they remah the minor products. Thus, effécts of the reaction medium
also appear to be minimal.

Scheme 1.21

The resonaace structures for the mthyl sinapyl (103) and mthyl f e d y l (114)
radicals are compareci in Scbem 1.22. Two of the methyl sinapyl resonance structures
are stericaiiy hmdered tertiary radicals. The primary radical with the lone electron situated
on the oxygen is also sterically hindered by the two adjacent nvthoxy groups. The least

stericaily hindered resonance structure for 103 contains the unpaired ekctron on the
pcarbon, and this is consistent with the fact that only
the

couphg occurs for 103. For

methyl feniyl radical, the tertiary resonance structure is the only one that is

significantly sterically hindered. Heace, couplmg at the oxygen atom and C-5 is as
stericaily favourable as it is at the k a r b o n for 114, and this is consistent with neolignan
formation in this case.

Scheme 1.22

The free radical oxidation of 114 and other substituted propenylphewls reveals
that a neolignan product can usuaiiy be obtained provided that C-3or C-5 is unsubstituted

and stericaily unhindered by adjacent groups, but the preference for neotignan versus

aryhetralin formation can be dependent on the oxidant used (see Scheme 1.23 and Table
1.3). The conversion of 114 to dihydrobenzofuran 115 can be accomplished using either

horseradish peroxidase and hydrogen per~xide,'~~
or silver o~ide.~'Compound 115 is also

6H

propenylphenol:
114,123-126

dihydmbenzofuran (DHBF):
115,127-129

dihydronaphthalene (DHN):
130-133

Table 13

OMe

H

DHBF 115

OMe

H

DHBF 115 (37%)
(+ 31% DHN 13û)

H

OMe

DHBF 127

Ag& or &F~(CN)G

H

OMe

no reaction

FeC13

H

OMe

DHN 131

Ag20 or &Fe(CN)s

H

OMe

no reaction

FeCb

OH

OMe

DHBF 128

A920

OH

OMe

DHN 132

OH

H

DHBF 129

Ag20

OH

H

DHN 133

FeCb

FeCb or K ~ F ~ ( C N ) G

the major product obtained when fer& chIoride is the chosen oxidant, but a sipnincant
amount of dihydronaphthalene 130 is obtamed as weILS9 Ptopenylphenol 123, sterically
unbdered at C-5, gives neolignan 127 on treatnient with silver oxide or potassium
femcYanide?

Propenylphenol 124 is s t e d y hindemi at both C-3 and C-5, so

aryiteualin 131 is the prefened oxidation product?

Ropenylphenol l25 and methyl

caeate (126) are both sterically unhindered at G5, and their reaction propemsities are

intermediate betweea those of 123 and W. Silver oxide favours neoiigaan formation,
whereas ferric chloride le& to arylteaalin pmduction in both cases?

While tkee radical couphg is a valid method for generating a lipan or neolignan
fiom a hydroxycinnamate, it is likewise helpfbl for elaborating an aiready established
lignan structure. That is, a diarylbutane iignan (134) can teact with oneelectron oxidants
to give either a dibemocyclooctadiene (135) or an aryltetrah (3) as the major product as
shown in Scheme

The stnictural selectivity of this intramolecular couphg, as

for intermolecular couphg, is dependent on the nature of the substituents on the reactant
and the type of oxidiung system employed.

It shouid also be noted that both

intermolecularl* and intramolecular couphgs134-136,138,139,141,143-145 can occur without the
presence of a phenolic hydroxyl group under the appropriate oxidizing conditions.

Scheme 1.24

Considering the high reactivity and unpdktability of fiee radical mictions, the
fact that many structural isomers are produced from tbese zleactioas is not unexpected

This is consistent with the existence of various iignaa struchues m nature. However, it
has been ascertaineci that this structural selectivity can usuaily be controlled by the

manipulation of substituents and reaction conditions. Oxidative coupüng reactions such as
chose discussed are therefore synthetically useful, especiaiiy smce high diastereoselectivity
is often achieved.

There have been numous published syntheses of lignans over the years, many of
which have been reviewed by ~ h i t i n ~ , ' "Ayres
~ ~ ~ and ~oüce," and Wacd. 150-153

However, few

of these synthetic efforts have

been dirated

at forrning

deoxypodophyllotoxin (8) and rabdosiin (70). Und now. there has been no reported
synthesis of rabdosiin or its 1,Ztrans isomer. W e there are a few syntheses of
deoxypodophyilotoxin in the literature, ody one of these is an asymmetric synthesis.

AU of the most ment racemic syntheses of deoxypodophyUotoxin have utilized a
Diels-Aider reaction to estabiish the aryltetralin rnoiety. One of these syntheses was by
Rodrigo whose approach is outiined in S c h m 1.25.'"

The prepared isobenzofiiran 136

was reacted with dimethyl acetylenedicarboxylate(137) to give an aryltetraiin cycloadduct

(138) with a C(2)-C(3) double bond. Diastereoselective hydrogenation of the double
bond exclusively gave 139 with the desired 1,Zcis stereochemistry but undesired 2,3-cis

stereochemistry. To obtaui an mtermediate with the necessary 23-tmns stece~chemistry

(140). C-3 was regioseiectively epimeraed usïng sodium methoxide. The C-3ester group
of 140 was selectively reduced using lithium triethylborohydrde foïlowed by seiective

hydrogenolysis of the benzylic ether catalyzed by Raney nickel, givïng di01 141. A second
hydrogenolysis removed the benzylic C-4 hydroxyl group, and subsequent acid-catalyzed
lactonization gave deoxypodophyllotoxh (8).

Scheme 1.25

A synthesis by Takano et al. made use of an O-quinodimethaneintemiediate (143)

as the diene (see Scherne 1-26).'" Intermediate 143 was prepared by the themial

1,4-elimination of an O-@ydroxymethyl)benzykilane(142). othewise hown as a Benzo-

Peterson reaction. The generation of 143 in the presence of maleic anhydride (91) gave
cycloadduct 144 via a diastereoselective endo transition state.

The aD cis stereochemistry

of 144 was changed to the 2,3-nm stereochemistry in two steps. Selective methanolysis

of the anhydride to ester 145 was followed by selecthe base-catalyzed epimerization at
C-3 resuiting in the formation of 146. Compound 146 was reduced at the ester group to

give a hydroxy acid intermediate which was lactonized to the desired proàuct (8).

Scheme 1.26

Jones et al. used the Diels-Aider addition of a beouipyranone (147) to dimethyi
rnaleate (148) to construct the aryltetralin unit (see Scheme 1.27).'"

The reaction

proceeded selectiveiy in an endo fashion accompanied by decarboxylation giving the
13-cis cycloadduct 149. Selective reduction of the ester group on C-3 followed by

hydrogenation of the less hindered face of the double bond gave hydroxy ester 150 having
the d cis stereochemistry. The alcobol was oxidized to aldehyde 151 which was
epimerized using DBU to give 152 with the appropriate 2,3-&ans stereochemistry.
Reduction of the aldehyde foiiowed by lactonization afforded 8.
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Scheme 1.27

The three cacemic syntheses discussed thus fa. have ail used mtermolecular DieisAlder reactions that led to intennediates cequiring epimerization at C-3. In a dinecent
approach, Kashima et al. prepared a 1-aryt-3,4-dihydronaphthdenelactow (154) by an

intramolecular cycloaddition of a cinnamyl phenylpropiolate (153) as shown in Scheme

Scheme 1.28

1.28?

Compound 154 was then hydrolyzed to hydroxy acid 155. The last two steps of

the synthesis mvolved pakihmcatalyzed hydrogenation of the C(1)-C(2) double bond

followed by direct lactonization without the isolation of any mtemdiates.

An

epimetization step was avoided, but unfortunately hydrogenation was not very selective.
giving deoxypodophyilotoxin (8) and the aii cLF i~~deOxypicr~~~dophyU~t~Xin
(64) h

yields of 35% and 26%respectively nOm 155.

An asymmetric synthesis of (-)-deoxypodophyllotoxin by Morimoto
depicted in Scheme 1.29. 158- t60

et al. is

The desired absolute stereochemistry at C-3 was

introduced in the early steps of the synthesis. After a Stobbe condensation of piperonal
(156) and dimthyl succinate (157), the intermediate 158 was enantioselectively
hydrogenated to 159 (9396 ee) using a chiral rhodium0 bisphosphine catalyst. Reductive

lactonization to 160 using calcium borohydride, acylation to 161 with 3,4,5-trimethoxy-

Scheme 1.29

benzoyl chloride, foliowed by dehydrative rmg closun aorded arylterralin W. For the
conversion of 154 to (-)-deoxypodophyliotoxin, Morimoto et al. foilowed the same
procedure used by Kashima et al.'" In thk case, pdadiufl~~atalyzed
hydrogenation of
intermediate 155 W to the isolation of

(-)aand (+)-a
in yields of 37%

and 25%

respectively. The yield for the formation of 158 was not reporte& but the overail yield of
(-)-deoxypodophyilotoxin (8)from 158 was about 9.7%.

It is important to note that deoxypodophyllotoxh can be synthesized fkom
podophyllotoxin (4)by catalytic hydiogenolysis of the bernyiïc hydroxyl group on C-4.16'
Therefore, asymmetric syntheses of podophyllotoxin (see whitmgl" and Ward150.151.153 )
cm also be considered as methods for obtaining enantiomrically pure deoxy-

podophyllotoxin. A recent asymmetric synthesis of (-)-podophyliotoxin (4) by Hadimani
et al. was accomplished through a tandem conjugate addition (see Scheme 1.30).'61

The

Scheme 130

-4 steps

2 steps
-f=

chiral sulfoxide 162 was prepared fkom piperonal (156) by hydnde reduction to piperonol,
conversion to piperonyl bromidc with HBr, alkylation by sodium thiophenolate to
piperonyl phenyl sulfide, followed by asymmetric sulfoxîdation using a modified Sharpless
procedure (t-butyl hydroperoxide, water, titanium tetraisopropoxide, and (R,R)-(-)-diethyl

tamate). The anion of (S)-(-)-piperonyl pbwyl sulfoxide (162) added enantiosekctively
to butenolide 163 giving an intermediate anion that was subsequently reacted with

3,4,5-tnmethoxybenzaldehyde (164). The fesulting lactone (165) was converted to
(-)-podopbyilotoxin by acid-catalyzeâ cycüzation foilowed by removal of the chiral

auxiliary using mercuric oxide and borna tnnuoride etheraie.

Thesis Objectives

1)

To

devebp

an asjmmetrie synthesis of the aryItetraiin lignan

(-)deoxypodophyUotoHin,

It was previously established that the Diels-Alder reaction of a-hydroxy-&phenyl-

ortho-quinodnnethane with bis(rnethy1 (R)-mmdelyl) fumarate proceeded in a highly
diastereoselective manner. A smgle aryltetralin cycloadduct was obtained possessmg three
newly formed chiral centers. B a d on the relative configurations at these chiral centers, it
appeared that this cycloadduct might be a suitable intermediate for the asymmetric

spthesis of many biologicdiy active aryltetralin iignam, provideci that the reaction could

be extended to O-quinodimethanessubstituted on the aryl rings.
Many biologically active aryltetralin lignans have the

1,2-cis-2,3-pans

stereochemistry found in the natural product podophyllotoxin, and many attempts have
been made by others to h d efficient synthetic methods to this class of compounds. A

new approach to these compounds, based on the cycloadcütion reaction of a-hydroxy-aphenyl-O-quinodimethane,was investigated with the primary goal of preparing the lignan
(-)-deoxypodophyllotoXm. To control the absolute stereochemistry, the asymmetric
cyclization of an appropriately substituted a-aryî-a-hydroxy-O-QDM with a chiral
dienophile was attempted.

2) To improve upon the Di&-Aider appmch far syntheshhg aryltetralin iiguns.

Some asymmetric syntheses of aryltetralin lignans have been accompiished by
using a Diels-Alder reaction of a synmietrical fiimaraîe diester with an O-QDM. A

drawback in ushg this mthod is that it cm be difficuit to chemicdy differentiate between
the two ester groups of the cycloadduct in a later step. A solution to this problem wouid

be to use an unsynmietncal dienophik. Therefore, a study was perforrned to assess the
reactivity and stereoselectivity of Chalo and 4-oxy denvatives of a chiral crotonate ester

when reacted with merent o-QDMs. The adducts fiom these dienophiles wouid be more

arnenable to later hinctional group transformations and would provide an efficient route to
the butyrolactone moiety found in lignans such as deoxypodophyllotoxin.

The Dieis-Alder approach for synthesking Iignans can also potentially be improved
by making changes to the O-quinodimethane. The generation of an a-aryi-a,d-dihydroxy-

O-QDMand an a-aryl-mhydroxy-d-sil~xy-o-QDMwas of interest. Past research showed

that an a-aryl-a-hydroxy-d-aoxy-O-QDMcouM k generated and converteci to racemic
podophyilotoxin via an intramolecular Diels-Alder reaction. Thus, the preparation of a
dflerent O-QDM, one that could possibly undergo an intermolecular cycloaddition, was

pursueci by way of a benzocyclobutem prezursor. An mtermolecuiar reaction was desired
since it couid lead to the asymmetrïc syntiiesis of (-)-podophyllotoxin,

3) To achïeve a synthesis of (+)-mbdosiinand its ( ~ , ~ l S O r n Q r .

Two oxidative coupling reactions that have been used in lignan synthesis iaclude
the dimerization of methyl sinapate to racemic dimethyl thomasidioate and the

dimerization of methyl cafkate to an analogous aryltetralin lignan.

Based on these

precedents, it seemed possible that the aryltetraün (+)-rabdosiin and its (-)O( 1R,2S)-isomer
could be synthesized ftom (a-(-)-rosmarinic acid, a chiral cafteic acid ester, using similar

oxidative coupling/cyclization conditions. Furthermore, there was an interest in whether

one of these lignam could be formeci stereoselectiveiy due to asymmetric induction by the

chiral ester group. In order to attetnpt a synthesis of (+)-rabdosiin and its (1R,2S)-isomer,

a synthetic route to the precursor (S)-(-)-rosniarinic acid was pursued. If the oxidative
coupling/cyclization of (S)-(-)-rosmarinic acid were successhil, the process would ako be
applicable to the synthesis of the (R)-isomer, and therefore (-)-rabdosiin and its
(lS,2R)-isomer. These latter compounds are known natural products, and they have
significant biological activity.

This chapter is divided mto three min sections. The h t section contains a

discussion of the synthesis of enantiomerically pure (-)-deoxypoâophyilotoxin dong with

an examination of an unprecedented stenosekctive ionic reduction developed during this
synthesis.

The second section d e s m i efforts a b d at improving the Diels-Alder

approach for synthesizing aryltetralin lignans. The preparation and Di&-Alder reactions
of unsymmetrical chiral dienophües with O-QDMs are d e m i . This is folowed by a
description of attempts that were made to prepare an maryl-~d-dihydroxy-o-QDMand

an a-aryl-a-hydroxy-d-siloxy-O-QDMand to react them with a chiral dienophile. The
third section descnbes a method for synthesikg enantiomerically pure (+)-rabdosiin and
its (-)-(1R,2S)-isomer. This section is htmduced by a discussion of a mode1 study of the

oxidative coupüag/cyclization of (methyl (R)-maadelyl) sinapate to produce the
corresponding thomasidioate diester.

2.1.1 Basis for the Synthetic Appnwch

Lignans, as discussed in Section 1.2, have important biological activity, and for this
reason, methods for synthesizing these compounds in enantiomericaily pure form have

t68: R = H (55%. ~ 9 5 %
de)
96: R = Ph (54%, 80% de)

been vigorousiy pursued. Charlton et al.,1s-127,163-166 in particuiar, have done extensive

research on the asymrnetric synthesis of aryltetrah lignans by mvestigating

diastereoselective Diels-Alder reactions. They discovered that the fwnarate (95) and
acrylate (166) of methyl (S)-lactate each added to a-hydroxy-O-quinodimethane (167)

with very high diastereosektivity (>95% de) to give cycIoadducts 168 aûd 169

respectiveiy (see Scheme 2.1). '63~1a The ceactions proceeded by way of an eu> transition
state such that the re face of

the dienophiie added to the re face of the diene. Similar

results were obtained when the lactate group was replaced with a mandeIate g r o ~ ~ . ' ~

The maleate of methyl (9-lactate (170)

ais0 aâded to O-QDM 167 but not as

stereoseIectively, and cycloadducts 171 and 172 were obtained in a 7:3 ratio

re~pectivel~.'~~
Furthermore. it was found that the fumarate of methyl (9-lactate (95)
added diastereosekctively to a-hydroxy-d-phenyl-o-QDM (94) via an exo transition state

giving a cycloadduct (96) with the s a m absolute stereochemistry as (-)-podophyllotoxin
Scheme 2.2

(4).lZ

This cyc1oadduct was subsequently transformecl to an analog (97) of

(-)-podophyIlotoxin (see Scheme 1.18).

'"

(-)-neopodophyliotoxb (173)

Based on this Diels-Alder reaction,

and (-)-a-dmiethyiretrodendrin (59), '*' and three

diastereomers thereof,12' were also synthesized (see Scheme 2.2). These syntheses were
accomplished by reactmg an appropriately mbstituted a-hydroxy-d-aryl-O-QDM (174 or

175) with the fiimarate of mthyl (S)-mandelate (176) or its enantiomr (177) and
converting the multing cycloadduct (178 or 179) to the desired aryltetdn lignan.

More recent research by Charlton et al. showed that the fiunarate of methyl
(R)-mandelate (177) added m a highly diastereoselective manner to a-hydroxy-=pheoylO-QDM (180) to give a single cycloadduct (181) in 50% isolateci yield (see Scheme
2.3).'66 U&e the other diastereoselective Diels-Alder reactions that were shidied, this

reaction occurred through an unexpected endo transition suite in which the si face of the
dienophile added to the re face of the O-QDM. This reaction was of great interest because
the cycloadduct obtained was enantiomerically pure, aryltetralin in nature, and the
2,3-irans geometry was the same as that found in many phamuicologically active

aryitetraih iignans. The mthod appeared panicularly appropriate for the synthesis of
aryltetralins containing the 1,2-cis-2,3-~mrr geo-

B e that of (-)-deoxy-

podophyliotoxin (8). A decision was therefon made to prepare (-)-deoxypodophyllotoxui
by this appmach.

For an efficient synthesis, a-hydroxy-a-aryl-O-QDM182, containhg a methylene
dioxy group and trimthoxyphenyl group iike that m (-)-deoxypodophyilotoxin, was
needed (see Scheme 2.4).

Also, to achieve the correct absolute stereochemistry for

(-)-deoxypodophyllotoxin, the fumarate of methyl (S)-mandelate (176) was required

instead of its enantiomer (177). While there was an uncertainty as to whether the
additional substitution on the O-QDM would hhder the cycloaddition to give adduct 183,
it seerned reasonable that the reaction would succeed based on the successful reactions of

the substituted a-hydroxy-d-ql-O-QDMs used in the syntheses of (-)-neo-

podophyllotoxin (173)'21 and (-)-a-dimethylretrodendrin(59).'21
A synthetic approach to (-)-deoxypodophyilotoxin via an

hydroxy-d-aryl-o-

QDM,rather than the a-hydroxy-a-ary1-oQDM,could have been chosen. However, the

a-hydroxy-a-aryl-O-QDM route had a distinct advantage with respect to the formation
and reaction of the transient oQDM species. It was known from previous work that
1-hydroxy-1-aryIbenzocyclobuteneswere relativeiy stable at room temperature and that
these compounds could be themlyzed to give the correspondmg a-hydroxy-a-aryl-O-

QDMS.'~~For example, O-QDM 180, shown in Scherne 2.3, was prepared by the

thermolysis of benzocyclobutene precursor 184.

In contrast, the tram- 1-hydrol<y-2-

arylbenzocyclobutene precursors that were required for generating a-hydroxy-d-aryt-O-

QDMs üke 94, 174, or 175 tended to be very dB5cult to prepare due to their thermal
instability at room temperature. 167~'" Photochernical generation of these O-QDMsfrom
O-benzyIbenzaidehydesin the presence of the dieaophile was possible, but the reaction was
ineffi~ient'~~
or failedl= due to quenching of the triplet aldehyde by the dienophüe. Also,

trapping the photochemicaIly prepared O-QDM as the sulfone, as was done with O-QDM

175,12' and regenerating the O-QDMtherrnally only led to moderate yields of cycloadduct.
Thus, the a-hydroxy-a-aryII~-QDMapproach to synthesizing (-)-deoxypodophyiiotoxin
was more appeaüng in terms of the potential yield of the cycloadduct and the fact that this

route had not been used for any other naturai aryltetralin lignan synthesis.

The results of

thig

synthetk approach, whifh involved preparation of the

benzocyclobutenol precursor to O-QDM 182, addition of eQDM 1û2 to fumarate 176,
and conversion of the resultant cycloadduct (185) to (-)-deoxypodophyllotoxin (8). are
described in detail in the next section.

2.1.2.1 Preparation and Asymmetric Dieis-Alder Reaction of an a H y d n , x y - a ~ C

O-quinodimethane

The first few steps in the asymmetric synthesis of (-)-deoxypodophyilotoxia were
185 (see
directed at preparing l-hy&oxy-l-(3,4,5-trimetho~yphenyl)benz0~y~1ob~tene
This

Scheme 2.6), the precursor to a-hy&oxy-c11-aryl-o-quinodimethane 182.

benzocyclobutenol was synthesized accordmg to the convergent pathway s h o w in

'"

Schemes 2.5 and 2.6 following, in part, the earlier work of Aidhen and ~arasirnhan.

An attempt was made to prepare 6-iodopiperonal(186) (see Scheme 2.5) by direct

iodination of piperonal (156) in acetic acid. However, no aromatic substitution occurred
according to TLC analysis and only starting material was recovered.
A multi-step route to 6-iodopiperonal(186) was therefore used by first converthg

piperonal (156) to its 6-bromo derivative (187). A Merature procedure was adapted,17*in

which piperonal and bromine were stirred in acetic acid at room temperature for 17 hours

during which tmie dbromopiperooal(187) precipitated nom the solution as a colourIess
soiid (98%yield). O d y selective monobromination at Cd was observed for this reaction.

The next three steps needed to prepare diodopiperonal included protecting

6-bromopiperonal as its ethylene glycol acetd (188), replacing bromine with iodïne, and
then removing the protecting group. 6-Bromopiperonal was treated with ethylene glycol
and a catalytic amount of p-toluenesulfonic acid hydrate in boiling benzene, with

azeotropic removal of water, for 15 hours. The resultant colourless crystals, presurned to

be acetai 188, were treated 4 t h excess n-butyiiitbium in tetrahydrofiuan at -78

O C

followed iamrdiately by the addition of iodine to produce iodo acetal 189. The
protection of 6-bromopiperonal as its acetal prior to the addition of n-butyllithium was a

necessary step because it avoided undesired nucleophilic attack at the carbonyl group.
Hydrolysis of the acetal group gave 6-iodopiperooai (186) in good yield (83%) from
6-bromopiperond.

64odopiperooal has been previously synthesized fiom 6-bromo-

piperonal by Ziegler and Fowler by a method mvolvhg preparation of the cyclohexylimine
of 6-bromopiperonal, bromine-iodine exchange, and hydrolysis of the irnine, but the
product yield was only ~ $ 6 . ' ~ '
The conversion of 6-iodopiperonal to diodopiperonyl chioride (190), which was

required in a subsequent coupling reaction, was accomplished in two steps.
6-Iodopiperonal was reduced with sodium borohydride m boilllig isopropyl alcohol to give
6-iodopiperonyl alcohol (191) in 97% crude yield. Alcohol 191 was treated with dry
hydrochloric acid m 1:1 acetic acid/dichloro~thanefor 5 hours to produce benzylic
chloride 190 in 87% cmde yield (69% overaü yield fiom piperonal). Benzyiic chioride
190 has been synthesized previously by Abelman et al. by an alternative rnethod involvhg

iodination of piperonyl alcohol and replacement of the hydroxy group with c h i o ~ e . ' ~
While this synthesis was shoner than the one depicted in Scheme 2.5, the overd yield
(60%)of the benzylic chloride was lower.

The other starting material needed for the synthesis of (-)-deol<ypodophyIlotoxin,
as shown in Scheme 2.6, was 3 . 4 . 5 - t r i m e o d e d e (164). This aldehyde was

converted to 1-(3,4,5-nimethoxypheny1)- l-wmorpholin~acet~nitrile(192) using the
Strecker procedure for the synthesis of a-amho nitriles.'"

A mthanolic solution of

190

Me0
OMe
164

t

NaH, DMF

MeOH

OMe
192

THF, -90 OC

aldehyde 164 was added to a cold aqueous solution of potassium cyanide, morphoiine, and

hydrocùloric acid. Stimng the solution led to formation of a-mino nitrile 192 as a

colourless solid that precipitated tÏom the solution. A satisfactory product yield of 56%
was obtained after a reaction time of 3 hours. However, the yield was improved to 72%

by extendmg the reaction time to 20 hom and was signincantly increased to 92% by

ailowing a 5 &y reaction time.

Initiai attempts to syntbesize c o m p o ~ d193 by coupling a d 0 nitrile 192 with
benzylic chionde 190 were inefficient. Treating mamoio nitrile 192 in THF with üthium
diisopropylamide and hexamethyiphosphoramide followed by addition of compound 190
(excess) and stirnng for IS hours at room temperature under a nitrogen atmosphere
resulted in a 51% yield of allrytation product 193. A much diminished yield of 193 was
obtained by using sodium hydride as the base under the same reaction conditions. In this
case, TLC analysis (4096 EtOAdhexanes) of the crude product showed no a-amino nitrile

192 but a significant amount of benzylic chloride 190. Also observed was a minor amount
of 193, and a signincant amount of an unknown product with a very low RI value.

Apparently, the unknown compound was a denvative of 192. Desired product 193 (18%
yield) was isolated by chromatography on silica gel using 50% EtOAc/hexanes. but the

polar unknown product had to be eluted with 5% i-PrOHEtOAc.

The unknown

compound exhiiited an IR peak at 1634 cm-'. mdicating that a carbonyl group was present
in the structure. The 'H NMR spectnim displayed an eight hydrogen broad singlet at

3.70 ppm that was attriiuted to the four methylene groups of a morpholino ring. A three

hydrogen singlet at 3.86 ppm and a six hydrogen singlet at 3.87 ppm, consistent with three
methoxy substituents of an aromatic ring, and a two hydrogen singlet at 6.63 ppm,
consistent with aromatic protons, were indicative of a 3,4,5-trimethoxyphenyl ~ g The
.

EI mass spectrum gave a parent ion at ni/r 281 with an exact mass of 281.1269,
suggesting that the molecular formula was CIJII~NO~.
From these results, and fiom the

13

C NMR spectrum, it was coacluded that the major product (71% yicM) was the amide

194 (see Scheme 2.7).
Scheme 27

The formation of amide 194 was thought to have resulted fiom the presence of
oxygen in the reaction system. Oxygen, kiown to oxidize carbanions to peroxides,"*
could have reacted with the resonance stabilized anion of the a-amino nitrile (195) to give

peroxide 1%as iIlustrated in Scheme 2.7. Decomposition of the peroxide group and loss

of cyanide from intermediate 1%could have subsequently produced amide 194. The
presence of oxygen could have been possible if the reaction system were not properly
seaied from air. Aiso, the reaction solventlsoIution was at no point degassed.

The use of THF as the solvent may have been a cofactor in favouring the
formation of amide 194. The rate of the desired nucleophiiic substitution reaction may be
relatively slow in solvents of lower polarity, like T m , sucb that undesired reaction
pathways (e.g. carbanion oxidation) could compete efftctively.

To try to increase the rate of the alkylation reaction as well as the yield of
alkylation product 193, a more polar solvent, N~dimethyfformamide,was used and the
reaction temperature was raised to 70 O C . Excess a-amino nitde 192 was used relative to
benzylic chloride 190, and sodium hydride was again used as the base. TLC anaiysis

showed that the ceaction was compkte (no benzylic chloride 190 rernained) after 1.5
hours. While compound 193 appeared to be the mapr product, two new products were
observed After chrotnatography, one of the new products was detemimed fkom spectral
data to be ketone 197. The other unknown product was obtained as a mixture containmg
a minor amwnt of ketone 197, but 'H NMR anaiysis determbed that t was likely enamine
198 (see Figure 2.1). This was confirmed by hydrolyzing the mixture at room temperature
for 1 hour using 10% Ha(@

to give only ketone 197. The resuits of this coupling

reaction were very encouraging considering that the objective was to obtaia an
intermediate (193) that could be aansformed to ketone 197. The coupling reaction was
repeated, and the crude reaftion product, consisting of ketone 197 and intemiediates 193
and 198, was hydrolyzed with 10% HCl(aq) at 61 OC to directiy give ketone 197 in 67%

yield.

Figure 2.1

One more step was needed to pnpare benzocyclobutenol 185. Foilowing a

procedure by Aidhen and ~arasimhan,'"n-butyiiithium was added to a solution of ketone

197 in dry THF at -80 O C under a nitrogen atmosphere. The solution was stirred for 2
minutes, and the reaction was quenched with dihite aqueous a d . Chromatography of the
crude product gave benzocyclobutenol185 in 7 1% yield (30%h m piperonai).

It seemed that the cyclization of iodo ketone 197 might also be feasible for the
bromo analog, thereby elirMnating the oecd for the eulier brombe-iodine exchange.
However, in their study of the synthesis of 1-aryIbecuocyclobutenols, Aidhen and

Narasimhan reporteci that creatmg the bromo anaiog of ketone 1W with n-butyuithium
caused reduction of the C-Br bond and butyl attack on the carbonyl group

in addition to

intramolecular cyc~tion.'69They did not observe these by-pmducts for the cyclization
of iodo ketone 197, and these by-products were not observed for the reaction descriid

above.

The procedure for the synthesis of cycloadduct 183 fiom benzocyclobutenoll85
(see Scheme 2.8) was the same as that used in previous

benzocyclobutenol(184) by Charlton et

work on 1-phenyl-

Two equivalents of the fumarate of methyl

(3-mandelate (176) (prepared by methylating (9-mandelic acid and couphg the resuiting
ester (199) with fumaryl chloride) and benzocyclobutenol185 were heated in toluene for
44 hours. Analysis of the crude cycloaddition mixture by

of two cycloadducts.

'HNMR Uidicated the presence

Integration of the aromdtr proton singlets at 6.46 ppm and

6.30 ppm gave a ratio of 9:l respectively. Separation of the two isomers was possible on

a HPLC reverse-phase column (ODS2, octadecylsilyl) usbg gradient elution (6:4 to 7:3
MeOWH20). The major isomer (retention time = 28.7 min) and minor isomer (retention
time = 25.8 niin) were sufficiently resolved to d o w an integration of the peaks. A ratio of

9: 1 was observecl, in agreement with the 'HN M R ratio. Chromatography on silica gel led

to isolation of the major cycloadduct in 58% *Id.

This cycloadduct was assigned the

absolute structure 183, as show in Schetne 2.8, based on the previous synthesis of
cycloadduct 181 (see Scheme 2.3) from 1-phenyIbenzocyclobutenol (lu)and the

Me0

OMe

fumarate of methyl (R)-mandelate (177).'~~The asigned structure was later proven to be
correct by the successtùi transformation of the cycloadduct to (-)-deoxypodophyllotoxin.
Cycloadduct 183exhibited a doublet of doublets at 3.14 ppm for H-4a with a J3,4a
of 11.9
Hz and a doublet at 3.80 ppm for H-2 with a lu of 11.5 Hz. These coupling constants

indicated that protons H-2 and H-3 were ~ u n and
s diaxial, and consequently, that the aryl
group on C-l was located in the pseudo-equatoriai position. From the good yield of
cycloadduct 183, it was evident that the substitution on the phenyl rings of the
benzocyclobutenol did not hinder the ceaction, a concem that was expressed earlier.
For the cycloaddition to proceed, benzocyclobutenol185 had to be themlyzed to
give a transient O-quinodimethanespecies. This intermediate (182) is depictcd in Scheme

2.8 as having the hydmxyl group in the E geometry. This geometry was pnsumeci on the

basis of past experience by CharIton et al." and the torquosekct~tyrules set forth by
Jefford et al?

The mchanism of cycIoadduct 183 formation involved addition of the si

face of O-QDM182 to the re faoe of dienophile 176 thmugh an endo transition state as
shown in Figure 2.2.

The cycloaddition reaction might have been carried out using the fumarate of
methyl (S)-lactate (95) instead of fiirnarate 176 smce the reactivity and stereoselectivity of
the two dienophiles were known to be very similar. However, the mandelate derivative
was chosen because the mandelyl groups could be easily removed in a later step by

catalytic hydrogenolysis. In contrast, hiration of the lactyl groups would have required

stronger conditions such as hydrolysis or trs11isestedîcation, possibly causing
epimerization at the C-2 and C-3 centers.
While cycloadduct 183possessed the same configurations at C-2 and C-3 as those

in (-)-deoxypodophyilotoxùi, the necessary 1,2-cisgeometry relative to the aryl gmup was
not present. Reduction of the hydroxyl group witb concurrent inversion at C-1 proved to
be difficult. An attempt was made to rernove the hydroxyl group, invert the C-1 center,

and rernove the chiral amiliaries, aii at the same time, by catalytic hydrogenolysis.

Cycloadduct 183in acetic acid was treated with 5% Pd/C under a hydrogen atmosphere at

room tempetanire. The ceaction was foliowed by TLC analysis, and no cycloadduct could
be detected aAer 43 hom.

'H N M R analysis of the crude product showed that the

product was a mixture of diacids that appeafed to be 200 and #11 (see Figure 2.3). The
chiral auXiliaries and the hydroxyi group were successfuny removeci, but there was a
mixture of inverted and non-inverted stenocbemistry at the C-1 position. Integration of

the H- l doublets at 4.3 1 ppm (J = 5.9 Hi) and 4.49 ppm (I = 5.6 Hz) gave a 1.O:4.2 ratio

(200:201). Changing the hydrogeaolysis solvent to 1:4 methanoVacetic acid led to the
Figure 2.3

isolation of a signincant amunt of hydrogenolysis/decarboxylation product 202 (50%

yield). Lowering the polarity of the solvent M e r by ushg 1:l mthaaollacetic acid
resulted in a mixture of diacid 201, alcohol 2û3, and a minor amount of diacid 200 as

determined by 'H N M R The structures of compounds 201 and 203 were substantiated by
converting them to their dimethyl esters 200 and 205 by treaîing them with diazomethane
and isolating the daneihyl esters by chromtîography. Compound 203 was the result of
removal of the chiral atlxlliances without hydrogenolysis of the C-1 hydroxyl group. A l of
the results hrom the catalytic hydrogenolysis experiments in acetic acid couid be expiained
if elimination across the C(1)-C(2) bond were occurring faster than the hydroxyl group

couid be hydrogenolyzed. An intermediate aikene was possib1y being reduced fiom both
faces to give a mixture of diacids 2ûû and 201. This theory was supported by catalytically
hydrogenating alkene 206. synthesized by acid-catalyzed dehydration of cycloadduct 183,
in acetic acid to give diacids 200 and ml m the same ratio as that observed when the

cycloadduct was subjected to the same conditions (see above).

2.1.2.2

Development of a StereosolectiveIonCr Reduction

To find a more efficient method of preparing diacid a00 fiom cycloadduct 183, a
selective ionic reduction of the benzylic alc~holwas pursued. The aim of this approach
was to identQ a reagent system that could remove the hydroxyl group fiom cycloadduct
183 and selectively reduce the resulting diaryl cation to give inversion product 207 (see

Figure 2.4). This goal was very chaiienging due to the cornpethg processes of reduction
to 208 and elimination to 206.

The tint reagent system studied was based on work by Gnbble et al. 174.175 and
Nutaitis et al. "6*'"

who have reported that mono-, di-, and triarylmethanols can be

Figure 2.4

convenientiy reduced with sodium bomhydride/tnauoroawtic acid to a o r d the
corresponding arykthanes in hïgh yield. Tduoroacetic acid (500 equivalents) was
cooled to -23 O C and treated with powdered sodium borohydride (62.5 equivalents) while
king vigorously stirred This addition had to be made slowly, in small portions, and

under a Stream of nitrogen in order to prevent combustion of the hydrogen gas produced.
A dichloromethane solution of cycloadduct 183 was added to the reducing system.

The

mixture immediately tmed dark Mue indicating the fortnation of the diaryi cation. The

blue colour still rernained after 30 minutes, so more sodium borohydride was added untii
the colour was dissipated. 'H

analysis of the cmde product reveded that only

elimination product 206 was obtained, as evidenced by the lack of the H-1 and H-2
signals.
The reaction was repeated at -35

OC.

Due to the solidincation of TFA (mp

-15 O C ) , the mixture had to be slightly warmed to allow for proper &g

of the reagents

and reactant. The mixture was partiaily melied, stirred, cooled again to -35

OC,

and the

process was continued until the biue colour was discharged. Chromatography (20%
EtOAchexanes) of the cmde product gave three compounds. One of these compounds

exhibted a doublet of doubk at 353 pprn for H-2 (J = 11.8. 5.6 Hz) and a doublet at

4.52 ppm for H-1(J = 5.6 Hz),and was seemingly a reduction product. The large diaxial
coupling of H-2and H-3(1 1.8 Hz) was indicative of a 2,3-wm geornetry with each of
the ester groups occupybg an equatorial position. Tbe H(1)-H(2)coupling of 5.6

IIz was

indicative of a 1 2 - c i ~geometry with the aryl group situateci m a pseudo-axial position.
Thus, the compound was assigned structure 207. One of the other compounds was also a
reduction product, but it showed a doublet a -4.18 ppm for H-1 with a J12of 8.5 Hz. This
couphg constant mdicated that protons H-1 and H-2 were fruns and diaxial. The
compound was therefore assigned the al1 ~ m r structure
r
208. The third compound was
elimination product 206. It was mteresting to note that the two protons on the 3,4,5trimethoxyphenyl Nig of 206 were magnetically non-equivalent as evidenced by the meta
(

4

coupling
~
of 1.9 IIz (8 = 6.38 ppm). Also, two distinct trimethoxyphenyl methine

carbon signals were observed in the "C NMR spectnun suggesting that thcre was
hindered rotation about the C(1)-C(Ar) bond. The isolated yields of the products were
low because of their very simüar retention times on silica gel.

However, before

chromatography, 'HNMR integration of the mandelyl methine singlets at 5.67, 5.71, and
5.76 ppm showed that coqounds 207,208, and 206 were present in a ratio of 1.2: 1.0: 1.3
respectively.

The reaction

was p e r f o d again at -65 OC.

'H NMR analysis

showed that

compounds 2û7,208, and 2û6 were obtained in a 3.6:2.4: 1.O ratio (2û7:2ûû:206). As no
starting material was observed foliowing this reaction. or any of the previous reactions,
this ratio represented a potential ykld of 51% for desired product

Un. This was the

optimum result obtained for this reducing system. It was apparent that low temperatures

were required to give a good yield of 207, but efforts to improve upon the yield of 207

typically gave irreptoducible resuits, pmbably due to the necessary mtermittent meltnig of
the ceaction mixture. It was a b determiiied that a celatively aokpolar solvent, mch as
dichlotomethane, was requind to heip stabilize the intermediate diaryl cation. More polar
solvents, such as TKF, caused rapid decolourization of the ceaction mixture, givïng 206 as
the sole product.

Overall, the moderate sekctivity obsewed for reduction versus

elirnination and for inversion versus retention was unsatisfactory.

The mjor drawback to the TFA/NaB& reducing system was the use of T'FA.
The physical properties of TFA meant that the reaction mixture was m a soiid state at the
low temperatures required consequently greatly loweriag the rate of carbocation
formation and reduction. In addition to promothg carbocation formation, TFA also
reacted rapidly with NaB& to give dinerent trifhoroacetoxyborohydride species and a
tetraacyloxyborate (see Scheme 2.9). 175-177 The hydride-donating ability of these reagents

Scheme 2.9
NaBH4+ TFA + NaBHa(OCOCF3) + Hz
NaBHs(OCOCF3) + TFA + NaEH2(ûCOCF&

+ Hg

NaBH2(0COCF3)2 + TFA + NaBH(OCOCF&

4

NaBH(OCOCF&

Hg

+ TFA + NaB(OCOCF3)4 + Hz

decreases as the number of hydrogen atoms decreases, with the tetraacyloxyborate anion
king inert because of the absence of hydride. The decrease in reactivity results from the

electronic (electron withdrawing) and steric requirements of a trifluoroacetoxy Ligand.
Presumably, these reagents were slow in effecting hydride capture of the diaryl cation

intermediate, thereby pemitting elimination to eneCtively compete with simple reduction.
A ragent other than TFA that couid initiate catbocation formation was therefore desired.
A triethylsilanehoron trifluoride etherate combmation has been

Orfanopouios and Smonou to d u c e diary1 akohols.'"

used by

Their procedure was adapted to

reduce cycloadduct 183 as follows. Cycloadduct 183 and a large excess of triethylsilane
(100 equivalents) were stirred in CH2C12at room temperature whüe boron trifluoride
diethyl etherate (2.5 equivalents) was added. The blue colour associated with diaryl cation

formation hmediately appeared, remairieci for 5-10 seconds, and then disappeared. The
reaction was worked-up after 25 minutes, and

'H NMR analysis showed that only

e b a t i o n (206) had occurred. The reaction was repeated at -20 OC under a nitrogen
atmosphere, and a cation lifetime (Mue colour) of 15 minutes was noted. This resulted in
minimal formation of reduction products (2û7:2ûû:206 = 1.1: 1.0:19.1).

Using 21

equivalents of both Et3SiH and BF3sOEt2 at O O C under Ns(g) (cation Metirne of 10 min)
favoured reduction (4 to 5 fold) over eliminatioo, but there was negligiibte selectivity
between 207 and 2û8 production. In another trial, the temperature was lowered to
-55 OC. Since the blue colour persistai for 50 minutes, the solution was slowly w a m d
over 50 minutes to -7 OC at which point the coiour began to fade. Between -7 O C and

- 1 OC,in a 25 minute period, the colour was discharged.

Again, there was no setectivity

between inversion and retention, but the preference for reduction versiis elimination was

excellent (2W:Zû8:206= 11.O: 11.1:1.O). This product ratio was reproducible by holding
the reaction temperature at -7 O C , givhg a cation lifetime of Ca. 1 hour. LoweMg the
temperature M e r was ineffective, causing longer reaction t

h and no improvement in

stereoseiectivity. The optimum reduction conditions represented a 48% yield of 207.

The lack of sekctivity between inversion and retention was unexpected

considering the bulkiness of the ethyl ligands on triethyisilam.

Molecuiar orbital

cdculations at the AM1 level with geometry optimization (Spartan SGI version 4.1.1)
were used to determine the prefemd conformation of a similar diaryl cation in which the

mandelyl groups were replaced with mthyI groups. Figure 2.5 shows that the re face of

Figure 2.5

view of the si face

view of the m face

the cation is more sterically hmdered due to the presence of the adjacent ester group.

Since cycloadduct 1û3 should give Ne to a cation with a comparable conformation,
stericdy controlled reduction at the si face wouid be expected to give inversion product

207 as the major product.
Perhaps the transfer of aioride to the organosilane also affects the stenoselectivity
of the reduction of the cation by triethylsilane. The triethyisilane/boron triauoride etherate

reducing system is known to give triethyifluorosilane, Et3SiF, as a by-product"9 indicatmg
that a substitution reaction takes place. Substitution ceactions at fourcoordmae silicon

characteristically do not proceed dissociatively via an intermediate siliceniun ion, R3SK
but instead, through an associative mechankm involving a five-coordinate transition

tat te.''^ Thus, it is likely that fluoride tramfer occurs to give an ionic silicon species,
[Et3SïHFj-, before triethylsilane can reduce the diaryi cation. Smce the reaction of boron
trifluoride with the C-1 hydroxyl group of 183probably produces an i n t h t e ion pair, the

resulting anion, presumably mF3Oa; would act as the fluoride donor. If this anion is
located primarily on the re face of the cation, fluoride transfer wouid bring triethylsilane in
closer proximity to the re face, thereby facilitating reduction h m the same face.

Both the TFAMaBa and Et3SiHlBF3-OEtt reducing systeim gave approximately
the same yield of 2û7 (ca. SOS), but the results fiom the latter system were more
promising. This system estabüshed that the diaryl cation could be quickly and easïly

prepared by ushg boron tnnuoride etherate at temperatures between -10 OC and -20 O C .
The diaryl cation was also observed to be quite stable. In the absence of the reducing

agent, the blue colour rernained for long penods of t h e at temperatures as high as -5 OC,

eventuaily affording the eiimination product. It seemed that boron trifluoride etherate

could be used as an agent to generate the cation, after which various reducmg agents
could be used to test for their ability to deliver hydride seiectively to the si face of the
cation.

The general reduction conditions were changed siightly in that cycloadduct 183
was first treated with the Lewis acid foilowed by excess reducing agent. Reduction of

183, using this mthod, with a borane-methyl suifîde complex (13 equivalents) at -15 O C
gave good selectivity for the retention product

(m208:2û6 = 6.2A4.6:l.O).

consistent with the s a t of BH3 compared to Et3SîH.
borabicyclo[3.3.l]nonane

This was

The more bulky 9-

(4 equivalents) was tested in hope that more steric control

would be exerted, but only elimination ensued As Et,SiH, and likely the boron-based

reducing agents, had to form an ionic species prior to hydride -der,

it seerned probable

that reducing agents that were already ionic in nature, such as sodium borohydrïde and
lithium aluminum hydride, could trap the cation more readily and with better

stereoselectivity.
Solid NaB& or Li-

(20 equivalents) was added to a solution of the cation in

CH2Q at - 15 OC, but elhination was predotninant in each case. It was believed that the
low solubiüty of the reducing agents in CH2Ci2 was a factor, so powdered Li-

was

stirred in diethyl ether at room temperature for 5 minutes. Dropwise addition of the
ethereal solution to the cation in C&C12, until the cation colour could no longer be
detected, resulted in selective formation of the desired product (2û7:2û8:206

4.6: 1.3:1.O).

=

Optimization of these reduction conditions included lowering the reaction

temperature, and as ether had been observed to promote elùnination, using a more
concentrated ethereal solution of L W . Thus, treating cycloadduct 183 in C H a 2 under

N2(g) with BK-0Et2(6 equivalents) at -20 "Cfoilowed by the addition of LiAl& (0.37 M
in ether) at -55 O C d t e d in excellent stereosektivity (207:=:206

= lS.O:ZO: 1.O). It

should be noted that duction, as wen as cation colout (Me or purpie), was dependent
on the cycloadduct concentration. Reproducii results were obtained for cycloadduct

concentrations of 0.005 M to 0.01 M, but at 0.03 M, elrmination bec-

favoured. This

was probably due to the concumnt mcrease m ether concentration. The selective addition
of hydride to the si face of the diaryl cation was attriiuted to steric control by the adjacent

ester group.
The results of the ionic reduction experiments are summarized in Table 2.1. The

cornpound ratios were determined by 'H N M R integration of the crude products. No
starting material was identitied fonowing any of the reactions. The reactions were also

very chemoselective in that no reduction of the ester groups was observed.
Although the BF3-0Et2/LA.& reducing system afforded 207 in about 83% yield,
it couid be isolated in a pure state by chroinatography in only 36% yield because of the

very similar retention tims of the three products.

Since the isolation of 207 was

unnecessary at this stage, the crude reduction product was used to syothesize
deoxypodophyllotoxin.

2.1.2.3 Finai Stops

The last few steps in the synthesis were straightfotward (see Scheme 2.1 1). Fust,

the rnandelyl groups were removed fiom 20'7 by hydrogenolysis. Cnide reduction product

Io2

Scheme 2.10

Table 2.1
Reaction Condiions
Reagents (equivalents)

Temperature

Ratio of Products

207
(1 nversion)

TFAINaBH4 (500:62.5)
TFA(NaBH4 (500:62.5)

TFAMaBHd (500:62.5)

Et&iH/BF 3.OEtz (100~2.5)
Et&iH/BF3-OEb (1W:2S)
Et&iH/BF3-OEt2 (21:21)
Ef3SiHIBF3-OEb (21:21)
1) BF3-OEb (13 eq)
2) (CH3)2SeBH3(13 eq)

1) BFaeOEk (9 ûq)
2) 9-BBN (4 eq)
1) BF3.OEk (6 eq)
2) NaBH4 (20 eq)
1) BFpOEk (6eq)
2) LiAIH4 (20 eq)

1) BF3.OEB (6 eq)
2) LiAIH4(0.37 M in Et&,
Ca. 3.5 eq)

208
(Retention)

206
(Elirnination)

207 was reduced (FI&))

in 30%rnethanoVacetic acid using 5%PdlC as a cataîyst to give

the correspondhg diacid 200. Due to difnculties in purifying the diacid, the compound
was charactecized by conversion to its dimethyl ester 209 with diazomethane (see Figure

2.3). Heating crude diacid 2ûû in tritluoroacetic anhydrideL8'for 2 hours resulted in a

crude product presumed to be anhydride 210. The crude anhydride was regioselectively
reduced by heating in isopropyl alcohol with sodium borohydride. The 'HNMR spectmm

of the crude product was consistent with the presence of ')~hy&oxyacids 211 and 212

(see Figure 2.6). Integration of the H-l doublets appearing at 4.39 ppm (J = 5.4) and
4.48 ppm (J = 5.8) gave a ratio of 3.33: 1.00 for 211:212, suggesting that the reduction

was stericaiiy controîled by the aryl group on C-1. Cornpounds Ê00, 210, and 211 were

not M y characterized due to difnculty in purifying <hem by chromatography. Their
structural assignments were based on

1

H NMR spectra of the crude samples.

Lactonization of 211 to (-)-deoxypodophyilotoxin (8) was effected by boiling a solution of
the crude hydroxy acid in benzene with a catalytic amount of p-toluenesulfonic acid

hydrate.'21

The crude product was chromatographed on siiica gel to give enantiomericaily

pure (-)-deoxypodophyUotoxin in 30% yield fiom cycloadduct 183 and 6% overall yield
£kom piperonal.

The relative structure of deoxypodophyilotoxin was connmied by

preparing an authentic sample of the compound by catalytically hydrogenolyzing the C 4
hydroxyl group of commerciaüy available (-)-p~do~hy~otoxin.~~'
The 'H NMR spectrum
of the synthetic sarnple was in agreement with that of the authentic sample as weU as those
in

the literature.29.161

The absolute structure and enantiomeric purïty of

(-)-deoxypodophyilotoxin was verified by compating its specific rotation (-112 (c 0.05,
O

CHCl3))

with the iiteranire value (-113.4 (c 0.50, CH CI^)).lS8
O

There was no precedent found for the stereoinversion of a diaryl alcohol by
reduction with boron trifluoride etheratefithiwn abuninum hydride. A study of this
reducing system was desired that couid d e f h its versatility with respect to the types of
aryl aicohols that couid be reduced and the stereoselectivity that couid be achieved.

Two ideal compounds chosen for this purpose were the diastereomric diaryl
alcohois 213 and 214 (see Scheme 2.12).

The iruns relationship between the phenyl

Scheme 2.12

group on C-1 and the benzyl group on C-2 for aryltetrah 213 was analogous to the
stereochemistry of cycloadduct 183. If the stereoselectivity of reduction of 183 were

controiied by stenc bindrance fiom the group on C-2, then reduction of 213 should

proceed in a similar m e r to give 1,Zcis 215 (inversion) preferentially over 1,2-nan.s

216. The stereochemical influence of the C-2 substituent would be m e r supported if

reduction of arykeuaün 214 were also to nsult in preferred formation of 215, the
retention prduct in this case.
Diaryl aicohol 213 (racemk) was synthesized fiom a-tetraiow (217) and
beddehyde (218) starting with the preparatioa of 2-benzaltetralone (219) (see Scheme

2.13). Base-cataiyzed condensation of mtetralooe and beddehyde gave 219 (87%
cmde yield) with the phenyl group king fmm to the carbonyl g r o ~ p . 'Crude
~ ~ enone 219

Scheme 2.13

was hydrogenated in ethyl acetate using 5% PdlC as a catdyst to give ketone 220 in 87%

crude yield fiom a-tetratone.Is2

Phenyimagnesium brornide (221) was prepared by

reacting bromobenzene with magnesium in a refluxing solution of diethyl ether, and the

Grignard reagent was then reacted with ketone 220. Chromatography Ied to isolation of

only one of the possible two isometic alcohois in 37% yield ftom a-tetralone. The 'H

NOESY spectnun of the racemic alcohol showed Overhauser enhancements between the
hydroxyl group proton at 1.92 ppm and each of the methyiene protons of the benzyl group
at

2.41 ppm and 2.72 ppm. This indicated that the hydroxyl group was cLs to the benzyl

group, and the compound was assigneci structure 213. To c o h the structure, a
chernical coneiation was atternpted Alcohol 213 was dehydrateci by acid cataiysis to
quantitatively give an alkene (222) that was subsequently oxidized to epoxide 223 using
mthloroperbenzoic acid. However, reduction of the epoxide to alcohol213 couid not be
effected with reducmg agents such as lithium ahiminum hydride and lithium
triethylborohydride, even after prolonged heating at 65 OC,
Alcoho1213 was subjected to the same reduction conditions developed during the
synthesis of (-)-deoxypodophyliotoxin. The addition of BF3-0Et2to 213 at -20 OC gave a
dark orange soIution that was decolourued by the addition of LiA.i& at -55 O C .

'HN M R

analysû of the crude product showed no remahïng starting material, but unfomnately,

only elimination product 222 was detected (see Scheme 2.14). Since reduction did not
occur, the diastereomeric alcohol214 was not prepared.
Other benzylic alcohols were prepared and trrated with BF3*OEtJLiAE&(see
Scherne 2.14). Diphenylmethanol(224) was synthesized by reducing benzophenone with

sodium borohydride (978 crude yield), and the compound was reacted with
BF3=OEtJLiAE&.The major product, isolated by chromatography, gave 'H NMR and
rnass spectra that were indicative of ether 225 (83% yield).'83 This ether has beeo

previously synthesued nom alcohol 224 by usmg cation initiators, such as T'FA'" and

BK,~" in the absence of reducing agent. No reduction was observed for the reaction.

(1) BF3*OEt2,CH2Ch, -20 OC
t

(2) UIh,Et20, -55 O

C

many
unidentifiable
produ~ts

Piperonyl aicohol (226), prepared by reducmg piperonal (156) with NaBK, was also
treated with the reduchg system, but a mixture of maay products was obtained that could

not be identified by 'HNMR.
From the above results, it was obvious that the BF3-OEt2/Lu reducing system
was limited in its application, and no m e r testing was pursued. The products obtained

fiom alcohols 213,224, and 226 suggested that the intermediate benzylic cations were not
stable enough to favour reduction. It was reasonable that the cation resulting from

cycloadduct 183 wouid be more stable due to the electron releasing groups situated on
both of the aryl groups. This reducing system bas since k e n used successfuily by Coltart
and Charlton in the syntheses of the lignans (-)-isolariciresino1 drmethyl ether and

(-)-deoxysikkunotoxin, in which cycloadducts 227 and 228 were stereoselectively reduced

to

inversion products 22!l and 230 (see Schemt 2-19.'"

Thus, the ionic reduction

procedure is synthetidy useful, but is specific for weU-stabilized diaryl cations.

2.2

An Lovestigation of the Diels-Aider Appmach for Sgnthesizing Aryltetraün

Lignans

2.2.1 Chiral Crotonate Esters and Their Reacüons with oitho~Quinodimethanes

Some asymmetric syutheses of aryltetralin lignans have been accornpiished by

using a DieleAlder reaction of a bk(methy1 lactyI) fumarate or bis(methy1 mandelyl)

fumarate with an O-quinodimethane (see Section 2.1.1). The asymrnetric synthesis of
(-)-deoxypodophyllotoxin discussed in Section 2.1.2 can be included in this kt. These

chiral himarate diesters are very diastereoselective when reacting with an O-QDM and
provide an efficient synthetic route to aryltetralin Iignans. However, the disadvantage of

using these dienophiles is that it can be difficult to selectively modify one of the two ester
groups of the resulting cyctoadduct in a later step. For instance, in the synthesis of

(-)-deoxypodophyllotoxin (81, four steps were rrquircd to convert cycloadduct 183 to

yhydmxy acid 211, and approWeIy 23% of the theoretical yield of 211 was lost in the
fourth step due to reduction of the carbonyl group on C-2 to give hydroxy acid 2U.

This problem could be potentiaily solved by using an umgmmtrral dienophik. A
number of unsynmruical chiral dienophiles have been used in Diels-Alder reactions (see
references cited by Matbivanan and ~aitra'?, but there was a particula. interest in
studying 4-halo and 4-oxy derivatives of chiral crotonate esters.

The 4-halo and 4-oxy

substituents, being hydroxyl group equivalents. would futDish a route to the butyrolactone
rnoiety found in iignans such as deoxypodophyllotoxin.

For example, if (methyl

(9-niandelyl) Chalocrotonate (231) or (methyl (S)-mandelyl) 4-oxycrotonate (232) were
to react with a-hydroxy-muyl-O-QDM 182 with the same stereoselectivity as bis(mthy1
(9-mandelyl) himarate (176), cycloadducts 233 and 234 wouid be afforded (see Schem
2.16). These cycloadducts could be converted to hydroxy acid 211 in a s9nüar manner to

cycloadduct 183, but the reduction step needed for the diester would be avoided dong
with the loss of yiekl associateci with that step.

Therefore, an improved yield of

deoxypodophyllotoxin would be achieved.
Although Chalo and Coxy derivatives of chiral crotonate esters would be more
useful than their fumarate counterparts in later functional group traasfomiatioos, it
remained to be determined if they wouid show sufficiently high yield, regioselectivity,
diastenose1ectivity (endo versus em),and asymmetric induction to make them
To get this information, the (methyl (S)-lactyl) esters of

syntheticdy useful.
L

Cbromocrotonate and 4-acetoxycrotonate, 23s and 236, were synthesized and reacted
w ith a-hydroxy-oquinodimethane (167).

l

toluene A

+:
I

3 steps

e
.
.
*

231: X = halogen
232: X = OR
Ar = 3,4,5-trimethoxyphenyl

233: X = halogen
234: X = OR

Crotonate esters 235 and 236 were synthesked nom crotonic acid (237) according
to the

pathway shown in Scheme 2.17. Foilowing a method by Pinza and ~ifferi,'''

crotonic acid was monobrominated on the methyl group by heating in a solution of carbon

tetracNoride containing N-brornosuccinhnideand a catalytic amount of benzoy1 peroxide.

After 4.5 hours, the mixture was cooled to 5 OC and then filtered. 'HNMR integratioo of

the filtrate showed that the 4-bromocrotonic acid (238):crotonic acid (237) ratio was 7:3.
The solution was treated with excess thionyl chloride and wacmed to 60 OC for 4 hours to

generate acid chloride 239. Heatiag the cmde acid chloride with excess methyl (S)-lactate

(240) in CC& foiiowed by chromatography gave Cbromocrotonate n5 in 40% yield nom
crotonic acid It was assumeci thai w epimrization of the iactyl group occurred during
these steps based on pst experknce with this group.'" Replacement of bromim with an
acetoxy group was achieved by stirring silver acetate, prepared from sodium acetate
trihydrate and silver nitrate, and crotonate 235 in acetic acid at 100 O C .
Chromatographicdy pure Cacetoxycrotonate 236 was obtained in 75% yield.

Scheme 2.17

-gcH3 K
g -"
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Themolysis of benzocyclobutenoi (241) was used as the method for generating
a-hydroxy-O-QDM (167) and assessing its reactivity with crotonates 235 and u6 (for the

preparation of benzocyclobutenol, see the work of Bubb and

ster~~hell"~).

Benzocyclobutenol (2.1 equivalents) and Cbromocrotonate 235 were heated in toluene

for 71 hours. Evaporation of the solvent and andysis of the cmde product by

L~

NhlR

showed a mixture of three tetralin compounds, possibly hplyhg that three diastereorneric

cycloadducts had fomd.

The three

comp0~11ds, and the

O-methylbe11zaIdehyde

by-product, were isolateci by chromatography on silica gel (5% EtOAcmexanes).
Comparing their retention tims by developmg a TU= plate with 30% EtOAc/hexanes

revealed that one cornpouad had a noticeably lower RI value than the other two. This

compound was the only oue to display an mdtared absorption band for a hydroxyl group
(3504 cm-'). It was aiso the only one to give parent ions in its mass spectrum, at m/z 372

(c~&&'B~)

and n>/t 370 (ci&90s'gBr),

that were consistent with the molezular

weight of a cycloadduct. NMR and Marecl absorption data showed that the other two
compounds were tetraün in nature and contained the methyl lactyl ester group. but their
molecular weights were lower than that of the expected cycloadduct. It was therefore
deduced that the Diels-Alder reactiou produced a single cycloadduct and that thk adduct
had reacted fuaher to give two derivatives

The cycloadduct was assigned the absolute structure 242 as shown in Scheme 2.18
based on the reactions of the fumarate (95) and acrylate (166) of methyl (S)-lactate with

a-hydroxy-O-suhodimethane(167). 163.164 The 'HNMR spectrum exbi'bited a doublet of
doublets at 2.80 ppm for H-2 with a Ji2 of 9.6 Hz and a JU of 10.6 Hz. These coupling
constants substantiated that the groups on C-1,C-2, and C-3 were dl fruns and equatorial.
The relative structure of 242 was also proven by the structure of one of the secondary

products f o m d fiom 242. No bromine isotopic patterns were observed m the mass
spectrum for this derivative, and a parent ion at ni/t 290 was obtained, indicating that KBr
had been lost from the cycloadduct. From this and other spectral propertks, it was

concluded that the secondary product was ether 243. Clearly, if the groups on C- 1 and
C-3 were trans, ether formation would not have been possible due to the severe angle and

torsional strain that would have been placed on the system. The other secondary product
produced parent ion peaks at d z 354 (c~,&o?'B~)
and d z 352 ( ~ 1 & & 7 0 4 ~ % r )18
,
mass units (&O) less than those of the cycloadduct, and was detemined to be elunination
product 244.

'H NMR integration of the crude cycloaddition mixture prior to

chromatography indicateâ that cycloadduct 242, ether 243, and alkene 244 were present
in a 4.5: 1.7: 1.O ratio respectively.

The Diels-Alder reaction was examineci again by heating 1.8 equivaients of
benzocyclobutenol(241) and 4bromocrotonate 235 in benzene instead of toluene. After
70 hours,

'HNh4R showed that about 2596 of the dienophile was unreacted relative to the

amount of cycloadduct f o d . More benzocyclobutenol (1.6 equivaknts) was added,

and the solution was heated for a fiuther 95 hours. The 'HNMR spectmm of the crude
product showed that there was no crotonate remahhg and that ether 243 and alkene 244
were ais0 absent. Cycloadduct 242 was obtained in 89% yield after cbromatography

(8% EtOAc/hexanes). Apparently the temperature of the refluxing benzene solution (ca.

80 OC) was preferable to that of the tohene solution (ca 111 OC) for this reaction. A

temperature of 80

O C

was high enough to thermolyze the benzocyclobuteao~yet Iow

eaough to prevent cyciization or dehydration of the cycloadduct-

The cycloadduct of 4-acetoxymtonate 236 and a-hydr~xy--o-QDM(167) was
kewise prepared by heating 236 with 2 equivalents of beraocyclobutenol in toluene for
67 hours.

Evaporation of the tolueue foilowed by chromatography (540%

EtOAchexanes) gave enantiomricaIIy pure cycloadduct 245 (see Scheme 2.19)

in 76%

yield. The cycloadduct was presumed to have the same absolute stereochemistry as 242.
Like 242, cycloadduct 245 dispkyed large couplings between H-1and H-2 (9.6 Hz) and

between H-2and H-3(10.9 Hz) meanhg that these protons were ail tram and axial. No
derivatives such as an ether or elimination product were isolateci, and such compounds
were not observed in the 'HNMR spectrum of the crude product. Although the precise
levels of diastereoselectivity and regioselectivity for the formation of 242 and 245 were

undetermined, there were only very minor peaks in the 'H NMR spectra of the crude
products that could have been attnbuted to isomeric cycloadducts.

Scheme 2.19

The absolute stereochemistry of cycloadducts 242 and 245 was tentatively
assigned based on the work of CharIton et ~ 1 . ' " ~P~r e~ s d g that it is comct, the
cycloadducts were produced nom exo addition of the re face of the crotonate to the re

face of the O-QDM.This exo transition state cliffers Born the endo transition state
encountered for the formation of

cycloadduct 183 in

the

synthesis of

deoxypodophyilotoxin in which an a-hydroxyxycmryl-o-qDM
was used. An interesting
fact is that Diels-Alder reactions of mhydroxy- or a-akoxy-O-QDMs with dienophiles
lacking mandelyl or lactyl substituents have predominantly produced 1,2-cisadducts via
endo transition states. '20*L"~'91 In studying the reactioas of fumarates and acrylates of

lactate and mandelate with a-hydroxy-O-QDM(167), Charlton and Maddaford found that
the preference for the ex0 transition state geometry was likely controlied by intemlecular

hydrogen bondhg between the hydroxyl group on the O-QDMand the lactyl or mandelyl
carb~nyl.'~'Taking this proposal into account, Figure 2.7 shows a possible transition
state for the Diels-Alder reaction of (methyl (9-lactyl) crotonate 235 or 236 with

a-hydroxy-O-QDM(167).
Figure 2.7
XCH2

235: X=Br

236: X = OAc

In view of the successful additions of crotonates 235 and 236 to a-hydroxy-O-

QDM (167), attempts were made to react these dienophiles with other O-QDMssuch as
a-hydroxy-a-phenyl-o-QDM (180) and a-hydroxy-a-aryl-O-QDM 182

(see Scheme

2.20). Successful reactions with these O-QDMswouM be the first steps in using these
dienophiies in asymmtric iignan synthesis. 4-Bromocrotonate 235 and an excess of

1-phenylbenzocyclobutenol(184) were heated in toiuene for 44 hours (for the preparation
of benzocyclobutenol 184, see the work of ArnoM et aLLa). The crude product, as
determiwd by

'HNMR, mainly consisted of u m t e d dienopMe. No benzocyclobutenol

remained, and no cycloadducts could be detected. The s a m resuits were obtained for

Cacetoxycrotonate 236. To photochemicdy generate O-QDM 1 8 0 , ' ~2~equivaients of
2-methylbenzophenone (246) and mtoaate 235 in benzene were irradiated at room
temperature for 23 hours using a 450 Watt Hanovia medium pressure mercury lamp.
Again, no cycloadducts were obtained. Not surplismgly, the dienophiles were also found
to be unreactive towards the therdiy generated O-QDM 182. The crotonates were
evidentiy less reactive than the corresponding famarates in these circumstances. The
lower reactivity was attriiuted to the lower electrophilicity associated with the presence of
only one electmn withdrawing substituent.
Scheme 2.20

It was uofortunate that motonates 235 and 236 did not react with a-hydroxy-aaryl-O-QDMssince this mant that a monoesterified aryltetralin, such as show in Schenie
2.16, could not be obtamed in a single step. However, the high yield and stereoseiectivity
show by these dienophiles with a-hydroxy-0-QDM (167) was encouraging. It might
even be possible to use these reactioas for aryketralin lignan synthesis, although extra
steps would be needed foiiowing cycloaddition to add an aryl group to C-1.

2.2.2

Attempts to Prepam @AryI-cgd40ny-o-quinodimethanes and to React

Them with a Chirai Dienopbüe

In the synthesis of (-)-deoxypodophyllotoxin (see Section 2.1.2), the aryltetralin
unit was constnicted asynmetricaily by ceacting an a-aryI-ehydroxy-O-QDM with a
chiral dienophile. It seemed possible that an a-aryl-ad-dihydroxy-oQDM (247) couid

likewise react with a chiral fumarate to give cycloadduct 248 as shown in Scheme 2.21.
The advantage of such a reaction was that it couid be used to asymmetricdy synthesize
(-)-podophyiiotoxin (4), the C-4 hydroxy analog of (-)deoxypodophyLlotoxin.
There was some uncertainty as to whether O-QDM 247 or d o g s thereof could
be prepared and undergo a Diels-Alder reaction.

Since 1-aryl-2-hydroxy-

benzocyclobutenes were known to be thermdly unstable,167,168 it was conceivable that
1-aryl- 1,2-~ydroxybenzocyclobutene
249, the precursor to 247, wouid also be unstable.

However, there was precedent for the formation of smular benzocyclobutenes (see
Scheme 2.22).

194,195

Coli et al. stereoselectively prepared tmns-1-ary1-2-methoxy-

benzocyclobutenols 250-252 in over 90% punty by photolysis of the corresponduig
benzophenones (253-255).Ig4

These compounds were too unstable to be

chromatographed, and heatïng them in solvent for recrystallization led to the starting
benzophenones. Nevertheless, these compounds were adequately stable to be successfully
used in subsequent reactions such as solvolysis and hydrogenolysis.

There was no

reported attempt to use these benzocyclobutenols to prepare and trap O-QDMs. Kraus

and Wu prepared 1-phenyl-2-alkoxybenzocyclobuteaol256as a mixture of diastereomers
by photoenolization/cyclization of bernophenone 2 ~ 7 . ' ~By
' altering the alkoxy and aryl

substituents, it was found that an intramokcular Diels-Alder reaction was preferred over
benzocyclobutene formation. That is, O-QDM 259 was generated by irradiation of
benzophenone MO and was subsequently trapped as cycloadduct 261 in 60% yield. No
benzocyclobutene products were isolated. Cycloadduct 261 was later used in the formai
total synthesis of

racernic podophyilotoxin (4).Ig5

These results suggested that

257: Ar = Ph, R = H
260: Ar = 3,4,5-trimethoxyphenyl
R =CaEt

258: Ar = Ph, R = H
259: Ar = 3,4,5trimethoxyphenyl
R =C 4 E t

benzocyclobutenediol249 would be a feasible precwsor to o-QDM 247. In light of the
intramolecular Di&-Alder reactïon of O-QDM259, an mtermolecuiar Diels-Alder reaction
of O-QDM 247 seemed at lest possible. Thus, the synthesis of precursor 249 was

pursued with the intention of generating O-QDM24'1 and testing its reactivity with a chiral

dienophile.

To synthesize beozocycIobutenedioI 249, a non-photochemical rnethod was chosen
based on the cyclizatioa of benzyl aryl ketone 197 to ôenzocyclobutenol 185 in the
deoxypodophyiiotoxùi synthesis. Hem, a-hydroxy ketone 262 (see Scheme 2.23) was
synthesaed on the premise that it would cyclue in a simïlar manner. Initiai attempts at

preparing ketone 262 were unproductive and are outheci m Schems 2.23-2.25. The f h t
attempt foliowed closely the procedure descn'bed

m Section 2.1.2 for the synthesis of

ketone 197 m that a-ambo nitrile 192 was to be coupled with diodopiperonal (186)
instead of its benzylic chloride denvative (190). A mixture of aldehyde 186 and excess

192 in either DMF or THF was treated with sodium hydride, LDA, or lithium
bis(trimethylsily1))amide at temperatures ranging fiom -55 O C to 25 O

C

and s h e d for as

long as 2.5 hours. The crude products containeci mostiy starting rmtenals, a d no

coupiing products were observed for any of the trials.

Scheme 2.23

A second attempt to obtain ketone 262 was made according to a recent report on

the synthesis of mixed benzoins ushg aqueous titanium(III) ions to reductively couple

benzoyl cyanide and carbonyl c o m p ~ u n d s . ~
3,4,5-Trimthoxybenzoic
~
acid (263) was
used to prepare 3,4,5-trimethoxycybenmyi cyanide (264) as show in Scheme 2.24.

Compound 263 was heated in CC4 with thionyl chloride for 16 hours. The resulting

crude acid chioride was dissolved Ïn C H 2 C l 2 and treated with an aqueous sodium cyanide

solution at 2 OC for 1.5 hotus usmg tetra-n-butylammonium bromide as a phase transfer
catalyst.'" Chromatography of the crude product gave 3.4,s-trimethoqbnzoyl cyanide
(264) in 32% yield. To effect coupling ofnitrile 264 and 6-iodopiperonal(186). an acetic
acidldichloromethane solution of 264 and 186 was treated with an aqueous solution of
titanium uichloride for 4 heurs.'% The desired di01 (265) could not be disthguished by 'H

NMR spectroscopy in the mixture of products obtained The crude mixture was dissolved
in CH2C&/t-BuOHand treated with potassium carbonate at 60 O C for 4.5 hours in h o p

that ketone 262 would be producedl% After chromatography, the only couphg product

isolated appeared to be benzoylmandelonitriie 266 (1396 yield). Other products mcluded

the cyamhydrin of 6-iodopiperonal (267), 3.4,s-trimthoxybenzaidehyde (164), and

umeacted 1s.

The third attempt to synthesize 262 was based on the fact that silyl en01 ethers cm
be oxidized to a-hydroxy ketoaes using m-chloroperûemoic acidtg8and other oxidizmg

agents.'18 It was desired to convert ketone 19T to en01 ether 268 and subseguently
oxidize the en01 ether to a-hydroxy ketone 262 (see Scheme 2.25). Whik this approach
was not irnmediately successful, 262 was evenhiaüy obtained in an unexpected manner. In

an attempt to prepare 268, ketone 197 was treated with trimethylsilyl chloride (1.5
equivalents) and triethylambe (3.5 equivalents) in DMF following a standard

Scheme 2.25
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Mody starting materiai was obaiiicd suggesthg tbat if the süyl en01 ether

had been formxi, it was perhaps too labile to be isolateci. A di&rent procedure was

attempted, m which ketone 19T was reacted with LDA (2 equivalents) and TMSCl (6
equivaients) m THF at -50 OC for 2 mioutes foiiowed by the addition of Etfi (15
equivalents). 199-201 This kd to selective silylation of the iodopiperonyl h g , giWig 269 in
100% crude yield. Starting ketone 197 was recovered by trratmg 269 with fluoride ion

(RbF) in DMF for 45 minutes. It was mteresting to k d that the aromatic ring could be
selectively lithiated, but as the above results mdicated, 268, if formed, was presumably too
unstable to be isolated.

Nevertheless, ketone 197 was again treated with TMSCl

folIowing a procedure by Cazeau et ai?

In this case, 197 m acetonitde was treated with

1.3 equivalents of Et&, 1.2 equivalents of TMSCl, and 1.4 equivalents of sodium iodide
at room temperature for 20 hours.

'HNMR analysis of the crude product showed that the

starting materid had completely reacted to give one major compound, but it did not
c o n t h any trimethylsiiyl groups. A carbonyl group (IR 1689 cm*')was present, but there
was only one benzylic proton and it displayed a higher chernical shift (6.13 ppm) than

those of ketone 197 (4.33 ppm). After treahg the compound with &O, the doublet

(J = 5.2) for the benzylic proton became a singlet, and the doublet at 4.51 ppm (J = 5.3)
was removed. Considering that the

IR spectrum (3472 cm-') and the proton/deuterium

exchange were indicative of a hydro~cylgroup, it was concluded that the compound was

the desued a-hydroxy ketone 262. This was later c o n f h e d by spectral anaiysis of a pure
sarnple.

To establish the mechanism for the hydroxylation of ketone lW, a series of
a.

qualitative tests were carried out in which one or more of the variables were changed. It

H20

Ar

At

Ar

At

12

Ar

Ar'

-HI

Ar

Ar'

Ar = 2-iodo-4,S-mthylenediorcypheng
Ar' = 3,4,5-trimethoxyphenyl

was found that passing a Stream of dry air through the solution mcreased the reaction rate
whereas no reaction occurred when an inert atmosphere was used. There was also no

reaction when sodium iodide was omitted. However, 262 was produced when sodium
iodide was replaced with iodhe. Treating 197 with oniy Etfi d iodhe or only sodium

iodide in acetonitrile also led to the formation of 262. From these results, the generai
rnechanism displayed in Scheme 2.26 was proposed. Iodide salts are known to oxidize
readily to i ~ d i n e .Since
~ the reaction required air and sodium iodide or iodme in place of

Nd, it was ikely that iodme was the reactive species. Under the basic conditions, the
ketone would have been in tautornerkm with its enol fonn (270) or rnay have reacted to

give the silyl en01 ether 268. Although the reaction was not dependent on TMSCI king

present, TMSCl did enhance the reaction. Thetefore. either 268 or 270, or perhaps both
species, could have reacted with iodine to give a-iodo ketone 271. The reactions of
enols, enolates, and silyl en01 ethers with halogens are rœthods that are fiequentiy used

for preparing a-halo carbonyl compounds."'

Since 271 was not isolated, the a-iodo

gmup must have been displami by water to give ketone 262. The water for the
hydrolysis couid have corne from trace moisnirr in the atmosphere or solvent, because no

water was added prior to or fobwing the miction. Such suxepti'biiity to hydrolysis cm
be explaiued by the generally high rates at which =halo

ketones undergo sN2

ce action^^^ and the fat ihat beriylic halides are loiown to be easiiy hydrolyzedM6
During the quaütative tests, it was found that the most efficient way to synthesize

262 was to treat 197 with Et3N, TMSCi, and Na1 while passing air through the system.
This gave chromatographically pure mhydroxy ketone in 95%yield
An attempt to cyclize 262 to benzocyclobutenediol249 was made by applying the
same conditions used for the cyclization of ketone 197. a-Hydroxy ketone 262 in THF
was treated with excess n-BuLi under a ainogen atmosphere at -80 OC for 2 minutes.

The

crude product obtained after work-up was a mixture of many unidentifiable compouods.

lf 262 cyclized, 249 was too unstable to exist at room temperature.
Figure 2.8

The t-butyldimethylsilyl ether of 262 was prepared and treated with n-BuLi.
Compound 262 was treated with TBDMS tritlatePmand triethyIarnine in CH2C12to give
a-t-butyldimethylsiloxy ketone 272 in 99% yield (see Figure 2.8). The TBDMS group
was incorporated in order to prevent possible abstraction of the hydroxyl proton by

n-BuLi, a process that could have hindered cyclization. Also, in considering previous
research,194*195 the corresponding d-siloxybenzocyclobutenol 273 may have been more

stable than 249.

However, treatnig 272 with n-BuLi aiso gave a large number of

unidentifiable products.
Asswning that the beazocyclobutenols, 249 and 273, were bemg fo-

it was

possible that they were being thermolyzed to the respective O-QDMs at a rnuch lower
temperature than expected Choy and Yang reported20Sthat beazocyclobutenols or their
acetates, on treatment with n-BuLi, were converted to a-oxy-O-QDMsat temperatures of
OO

C

and -78 O C as proven by trapping the O-QDMs in situ with dienophiles such as

dimethyl maleate (148), ycrotonolactom (163). and dimethyl fiimarate.
subsequently

exploited

this

method

m

the

enantioselective

Choy

synthesis

of

(-)-epkopodophyllotoxin by preparing and reacting an a-aryi-ol-oxy-O-QDM with a

chiral butenolide at -78 OC.'* The fumarate of methyl (S)-mandelate (176) was therefore
used to see if ketones 262 and 272 could aIso Sord cycloadducts at low temperature. To

either 262 or 272 in THF at -80 OC was added n-BuLi followed by 2 equivalents of
furnarate 176. The solution was ailowed to warrn to O OC over 1.5 hours then acidÏfîed,
Unfortunately, no cycloadducts were obtained. Whüe the lack of cycioadduct formation
did not mean that the intermecliate o-QDMs were not king generated, it was apparent

that this approach was not syntheticdy usefhl and was not studied furtber.

In retrospect, there were two interesthg disoveries made during this
investigation. One was that benzyl aryl kctone 1W could be selectively lithiated at the
position ortho to the iodo group. Secondly, ketone 197 could be efficiently oxidized to

a-hydroxy ketone 262 in a single step.

2.3 A Sgnthesis of (+)-RiMosiinand its (-)-(iR,2S)-lsomer

2.3.1 Basis for the Synthetic Approreh

As discussed m Section 1.2.3, natural rabdosiin has be«i isolated in a (-)-(1R,2S)

form (70). The (+)-(1S,2R)-diastenomer of rabdosiin (75) has also been obtained fkom

one of the same natural sources. Considerhg that these cornpounds are f o d y dimers of

(R)-(+)-rosmarinic acid (274). it seems possible that they are biosynthesized by the
diastereoselective oxidative couplinglcyclization of two mokcules of rosmarinic acid (see
Scheme 2.27).

(R)-(+)-Rosmarinic acid (274) is a natural cafTeic acid dimer whose structure was
first elucidated by Scarpati and Oriente almost 40 years agoFOThis compound has been

the subject of many studies due to its anti-inflammatory properties.21 1-219 It is one of the
active constituents of the Chinese d m g dan-shen which has been used for the treatrnent of

heart disease.*'

Its other biological activities hclude anti-oxidative,213,221-224 anti-

histamine,= anti-bacterial:

a n t i - ~ a land
, ~ anti-hormonalt29effects. Rosmarinic

but it cm be found
acid was originally isolated fiom extracts of Rosmarinus o&kinali~~'~
throughout the plant kingdom in sucb familes as Apiaceae, Boraginaceae, and
~amiaceae
The biosynthetic pathway for rosmarinic acid production has been d e t e h e d fiom

investigations of Coleus blumei and Anchura oflcinalis plant celi suspension
cultures."0435

(9-Phenylalanine (275) and (8-tyrosine (276) (see Scherne 2.27) were

fist estabüshed as precursors to (R)-rosmarinic acid in 1970 by introducing radioactively

labelled amino &ds

to plants of ~ m r h aW
i
~
h ~t& subsequent discovery that cen

cultures of Coleus b l ~ m e i and
~ ~ Anchusa
'
t@ciitafiP2 generated large munis of
rosmarinic acid, these cell cultures became the focus of research, In 1977, the Coleus
blumei ceIl cultures were used to codirm the biosynthetic pncursors 275 and 276 and to

determine that phenylaianine amnonia-lyase was one of the enzymes involvecl in the
biosynthe~is."~The other enzymes of the biosynthetic pathway were unknown until ten
years later when tyrosine aminotransferase activity was observed.233.234 Determination of

the remaining enzymes soon fonowed (see Petersen et al."' and literature cited therein).

This led to a chemo-enymatic synthesis of (R)-rosnwhic acid (274)*17(see Scheme 2.28)
and the proposal of a total biosynthetic pathwap5 (see Scherne 2.27). However, no nonenzymatic route to this compound has

k n pubiished, and no one bas investigated the

possibility that it may be involved in the biosynthesis of (-)-rabdosiin (70) or its
( 1 S,2R)-isomer(75).

Scheme 2.28

RAS = rosmarinic acid synthase

Although the possibility that aryltetrah ligaans 70 and 75 may be f o m d by the

oxidative couphg and cyclization of rosmarinic acid has wt been investigated, sïmilar
studies have been camed out for other hydroxychaql compounds malogous to
rosmarinic acid. For instance, sinapic acid (98) was converted to racernic thomasidioic

acid (101) m about 59% yield on oxidation with femk chloride in aqueous methanol

Scheme 2.29

followed by treatment with acid,L29*'M and a quantitative conversion was achieved on
treatment with oxygen in aqueous base at pH 8.5 (see Scheme 2-29)."

Methyl sinapate

(103) in aqueous acetone also &orded racemic dimethyi thomasidioate (105) usmg femc
chloride (45%yield),131 or hydrogen peroxide with horseradish peroxidase (41% yield) as

the o ~ i d a n t . ~C&c
*

acid (277) formed diacid 278 on treatment with oxygen in aqueous

base at pH 8 . ~ ~and
" ~mthyl cafféate

(l26) was converted

to the corresponding

aryltetraiin 133 m 55% yield on oxidaiion wïth fenk chiociàe in aqueous ireto~e."~

Based on these precedents, it seemed at least possible tbat rabdosiin and its l,2-trm
isomer couid be prepared Born rosmarinic acid by oxidative couplin~cyciization.
Rabdosiin and its 1,2-nanr isomr have syntheticaiIy chalienging stnictures that
are unique relative to other natural aryltetraim lignans such as deoxypodophyllotoxin. In
addition to the chiral centers contaïned m the tetralin ring, there are also chiral centers
outside of the ring in the lactyl ester groups. Oxidative coupihg of enantiomericaily pure
rosmarinic acid would provide the chiral centers in the side chahs of rabdosiin and would
possibty stereoselectively direct the mtroduction of the chiral centers of the aryltetralin
unit-

Before attempting to synthesize raklosiin and its 1,2-fims isomer, two preliminary
studies were performed. F i t , the oxidative coupling!cyclization of mthyl sinapate (103)
was studied to determine whkh oxidizing conditions would give the best yield of dimethyl

thomasidioate (105). In the second study, sinapic acid (98) was esterifieci with the chiral

and bulky methyl (R)-mandelyl group and subsequentiy treated with an oxidemg agent.
This study was undertaken primariiy to determine the effect of the bulkier ester group on

coupiingkyclization and to look for asynmictric induction.

Having made these

investigations, as discussed in the next Section (2.3.2), the synthesis of the rosmarinic acid
dimers was then pursueci.

in order to synthesize rabdosiin and its 1 , 2 - ~ m s isomer m high enantiomeric
purity, an enantiomericdy pure forrn of rosmarinic acid was required. A practical non-

enzymatic route to both the (R)-and (S)-enantiomers of rosmaMic acid was devised and

used to syathesize the (S)-enantiome~While attempts to oxidatively couple and cyclize
(S)-(-)-rosmarinic acid to the desired aryltetrah ügnaos were unsuccessful, the conversion
of a protected fom of (S)-tosmarinic acid was accomplished- An of these d t s are
discussed in Section 2.3.3,

23.2 Oxidative Coupling and Cyciization of Sianpic Acid Esters

As reviewed in Section 1.4, the fiee radical oxidative couphg of a propenylphenol

is very dependent on the oxidizing system used and the structure of the starting material.
It therefore seemed worthwhile to mvestigate these properties before attempting the

rabdosiin synthesis. To determine the o p h m oxidation conditions needed to convert a

propenylphenol to the desired 1s-wuns aryltetralin structure, rnethyl sinapate (103) was
chosen as the m d e l compound. LÏkewise, (methyl (R)-mandelyl) sinapate (279) was
chosen to study structural effects. Lüce rode acid both 103 and 279 contain an acid
residue that is known to readily cyciize to an arylte-

2.3.2.1

on oxidative coupling.

Effects of the Oxidation System on the Conversion of Methyl Shapate to

Dimethyl Thomasidioate

It has aiready been estabüshed that sinapic acid ( 9 ~ ) ~
and
' c&

acid (277)*' can

be converted to the respective aryltetralins, 101 and 278, on treatment with aqueous base

while being exposed to air. Cornpouad !M @es

quantitative conversion to 101, whereas

277 leacb to a mixture of products. The yieki of 278 fiom 2 p 9 appears to be
comparable to those obtained for the conversion of methyl sioapate (103)'~' and mthyl
caeate (l26)'" to aryltetralins 1W and 133 using ferrîc chloride. Hence, although
rosmarinic acid is soluble m aqueous base, air oxidation would probably aot give a better
yield of ratdosiin than couid be obtained wîth other one electron oxidants. In addition,
the lactyl groups of rosmarînic acid, and the dimeric products. would be susceptiiie to

hydrolysis and epimerization in the alkaline environment. Various oxidhbg conditions
other than base promoted oxidations were therefore expiored for their potential use m the
rabdosiin synthesis by aaaiyzing for their ability to coupldcyclire methyl sinapate (103) to
dimethyl thomasidioate (105).

To survey the effects of ciiffereut oxidizing conditions efficiently, niethyl sinapate
was treated with an oxidant and the crude product was analyzed by 'HNMR. A more
detailed analysis of a preliniinary reaction was carried out in order to identay other
products f o m d in the oxidation. Methyl sinapate (103) was treated with femc chloride
(2.1 equivalents) in aqueous acetone for 30 minutes following, in part, the procedure of

all lis.'^' The 'H NMR of the crude product indicated that alcohol 100 was the major
product (see Figure 2.9).13' The crude alcohol was heated in benzene with
p-toluenesulfonic acid hydrate for 45 minutes to give, a€ter chromatography, dimethyl
thomasidioate (105) in 60% yieid dong with two other products. These two products
were impure, but the 'HNMR signais of one of the products were sufficiently distinct to
allow its structure to be tentatively assigneci. This cornpouad displayed a doublet of
doublets for H-2 at 4.13 ppm, a doublet for H-1(J= 9.0) at 4.80 ppm, and a doublet for

H 4 (J= 2.7) at 7.41 ppm. These coupling patterns suggested that the compomd was the
1,2-c& aryltetralin 2ûû (see Figure 2.9).

The second cornpouad gave a very sùnilar 'H

NMR spectnun (CDC13) to that of LM. This incluckd a doublet for H-2 (J = 1.2) at
4.00 ppm, a broad singlet for H-1 at 4.96 ppm, and a singiet for H-4at 7.63 ppm There

were also unique doublets at 6.07 ppm and 6.35 ppm (J = 1.8) that were characteristic of
the vinyl protons of a 2.5-dimethoxy-2,s-cyclohexadienone ring.*'

However, the

spectmm was not consistent witb any products that have been reported for the oxidative

coupling of methyl sinapate,L31U8 and the presence of inipurities made it difficult to
propose a structure. This compound will henceforth be referred to as unknown 281.

Other than 2ûû and 281, only very minor by-products were detected for the ferric chioride
oxiàation of methyl sinapate.

The oxidation variables that were studied included the type of oxidant, the type of
solvent, and to s o n extent, the temperature of the medium. A typical procedure involved
the dropwise addition of 2.2 equivalents of the oxidant in water (0.3 mL) to a solution of

methyl sinapate (5 mg) in organic solvent (0.6 mL) and stimng the mixture for 30 minutes.

The reaction progress was followed by TLC. For ceactions usmg iron-based oxidants. the
reaction progress could also be mnitored visudy by the change in the colour of the

solution €rom yeilow to brown. Folbwmg the reaction, the solvent was evaporated, and
the residue was heated m benzene witù pTsOH-H20 between 30 minutes and 1 hour. The
crude product was isolated by extraction (water and CH2Q) and anaiyzed by 'H N M R

The relative yield of dimethyl thomasidioate (105) was determhed by comparing the area
of its H-1 signal to the area of the signals givea by 1.2-cis aryltetralin UIO (H-1 at 4.80

ppm), UIljolown compound 2ûî (H-1 at 4.96 ppm), and aarting material 103 (aromatic
protons at 6.77 ppm). The oxidamg conditions used and the corresponding ratios of
products to rernaining startùig material (1~#11:280:103) are summarized in Table 2.2.
The oxidation of methyl sinapate with femc chlonde61.1 11.129-131 was performed in
five daferent aqueous organic solvents at room temperature. The amount of unreacted

starting material was neghgible for ail solvents except for THF in which the reaction rate
was noticeably slower. Two hours were required for most of the methyl sinapate to react

in TW. The yield of desired product 105 relative to products 280 and 2û1 was
approximately the same for al1 solvents, with the formation of 105 being favoured, except
for acetonitde, in which a significant amount of 2û1 was obtained.

Altering the

procedure by adding methyl sinapate in acetonitrile or acetic acid to the oxidant also
increased the formation of 2û1.
Other oxidants were no better than ferric chlonde. Ceric ammonium nitrate'3'
gave about the same quantities of 105 and 281 in acetone, the formation of 2û1 was

favoured in acetonitrile, and 281 was exclusively produced at 5 O C in acetoaitriie. It
should be noted that ceric ammonium nitrate oxiàation also led to the formation of a
number of other minor products, possibly polymers, but these were rot identifiable in the

crude mixture by 'HNMR. The oxidant potassium f e m ~ y a n i d e ~ ~had
~ ~the
" ~lowest
*'~~

Reacüon Condiions
Oxidant

Soivent

lime
(~OUIS)

Ratio of Products to Starting Material
Ternp.
("C)

I.A.

105
[1,2-tran~]

281
(?)

2m
(12 4 )

25

0.60

25

1-4

25

0.13

-5

yes

NA

25

25

O

yes

0.21

25

NA.

25

NA.

25

023

25

O

S

O

25

O

25

O

25

0.29

25

0.33

25

0.30

25

0.77

25

0.1 2

5

O

Temp. = Temperature, 1.A = Inverse Addition, S.M. = Staiting Material, N A = Not Available
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reactivity- No reaction occurred when potassium ferricyanide was used m acetone, but
lowering the pH of the mdium by usmg acetk acid or sulhur acki resuited in partial
dimerization. Femc perchlorate hydrateM readiiy reacted with methyl shapate in acetone
or acetic acid to give 105 ïu simiiar yields to those obtained with ferric chlofide. The
product ratios obtained for oxidation with 2,3-dichloro-S,6aicyaw-l~4beozoquiaone
(DDQ)~~'-~@
m acetone or acetoniaiie closely paralleled those obtained with ceric

ammonium nitrate.
Regarding the oxidative dimerization of methyl shapate to dimethyl thomisidioate,

the following conclusions were reached. Cerk ammonium nitrate, DDQ,acetonitrile, low
temperatures, and inverse addition were aii inappropriate oxidizing conditions due to their
selectivity for the production of Un. Potassium ferricyanide was also unsuitable because
of its low reactivity- Dimerization did proceed in aqueous THF and acetic acid solutions,
but these were not the best solveots since the reaction was relatively slow in THF and a

close to neutrd pH was preferred. The optimum oxidation method involved adding a

solution of femc chloride or ferric perchlorate hydrate in water to a solution of methyl
sinapate in acetone or isopropyl alcohol at room temperature. This procedure produced
dimethyl thomasidioate in about 70% yield (sec Table 2.2). This approximate yield was

consistent with the 60% isolated yield of 105 that was obtained by usmg FeC13 in aqueous
acetone (see above), especially considering that some product would have been lost during
chromatography. It was hoped that ther oxidation conditions would Iikewise give high
yields for the dimerization of (mtthyl (R)-mandelyl) shapate in the snidy of structural
effects.

23.2.2 Preparation and Dimerizationd (Methyi (RI-hbndelyl) Sbpate

(Methyl @)-rnandelyl) smapate (279) contains an ester portion that is very senilar
to that found m rosmarinic acid (see Schemt 2.3 1). By treatïng 279 with an oxidant, it
codd be determuid whether wch a kilky ester group wopld allow coupling and

cyclization to occur with the samt effickncy as was observed for the methyl ester. It
would

&O

mdicate whether the chiral ester group couid stereoselectively control the

introduction of the chiral centers of the aryltettalin unit.

The methyl (R)-mandelyl ester of smapic acid (279) was prepared, as shown in
Scheme 2.31, by the coupbg of CO-aNylsinapoy1 chioride (282) with rnethyi

(&mandelate (283). Dùect couphg to sinapic acid chloride was not possible. Attempts
to prepare sinapic acid chloride by treating sinapic acid with thionyl chloride or

tnphenylphosphinelcarbon tetrachloride resulted in polymerization.

To prevent

interference kom the phenolic hydroxyl group, an allyl protecting group was used.
Sinapic acid (98) was heated in 2:l acetondaliyl bromide with anhydrous potassium

The allyl ester group was removed by

carbonate to give d y l CO-aüykinapate (284).='

base hydrolysis to give 60-allylshapic acid (285) in 98% cmde yield nom sinapic acid.
Acid 285 was transformeci to the acid chloride (282) with thionyl chloride and

subsequently reacted with 2 equivdents of mthyl (R)-mandelate (283) to produce ester

286 in 79% yield. Ester 286 was heated in 7:3:1 ethanoübenzendwater for 4 hours with
0.07 equivalents of tris(uipheny1phosphine)rbo~ chloride and 0.5 equivalents of

1,4-diazabicyclo l2.2.2]octane (DABCO).'

This effected bth the isomerization and

4 ~ ~ '

hydrolysis of the aiiyl group to produce the deprotected sinapic acid ester 279 in 98%

Ph

Ph

( P ~ I ~ P ) ~ R DABCO
~CI,

EtûHibenzene/H20, A

CCi4, A

yield (76% overd yield).

t

DABCO was included in the procedure to -de

deactivation of the rhodium catalyst.248.249

the

DABCO slows the hydrolysis of the

intermediate en01 ether, which would give propionaldehyde that in turn would be

decarbonylated by (Ph3P)3RhCIto form the less catalytically active (W3P)2Rh(CO)Cl.
Mandelyl sinapate 279 was oxidized and cyclized usmg one of the optimum
methods found for the dimerization of methyl sinapate (103). Tmtment of 279 with femc

287: 1.2-trans (major)
288: 1.2-trans (minor)
289: 1.2-cis

chioride in 2:l acetondwater for 25 minutes at room temperature foliowed by acid
catalyzed dehydration gave a crude product that appeared by 'HNMR to be a mixture of
two isomers of the desired lignan and very Little remabhg starting materiai. Integration of
the H-4 proton singlets at 7.79 ppm and 7.81 ppm suggested that these isomers were

present in a 2.0:l.O ratio respectively.

Due to the similar retention tirnes of the

compounds on silica gel, the crude product was chrornatographed on a preparative HPLC

reverse-phase column. Three isomeric aryltetraiin iignans were isolated m a 6.8:3.O: 1.O
ratio with the favoured h w r king isolatexi in 53% yield. The HPLC chromatogram
indicated the presence of these aryltetralias in a ratio of 8.k4.0: 1.0. Each of the two
major dimers displayed a H-2doublet with a H(1)-H(2)coupling of 1.2 Hz in their 'H

NMR spectm

As this low coupiing constant was the same as that given by the

H-2

proton of dimethyl thomasidioate (105). these dimrs, 287 and UU), were assigned the
I ,2-tram stereochemistry (see Scheme 2.32). The J12 of 8.8 Hz exhiiited by the minor
dimer (289) indicated that it had the 1.2-cis geometry. The absoiute cocBgurations at C-1
and C-2 for compounds 287,288, and 289 were not dete-d.

Since the reaction rate

and product yield observed for the cherization of 279 was similar to that of methyl

sinapaîe, t was apparent that the bullry mthyl mdelyi group did not cause significant
steric hiadrance. Surprisingiy, the formation of 12-cis aryltetraiîns by the oxidation of

propenylphenols, as had been observed earkr with the formation of 280 and here with the
formation of 289,has not been nported previously.
A brief study was conducted to ascertain if the diastereosektivity with respect to

the two rrans isorners could be improved by altering the reaction mdium, The results of
the study are displayed

m Table 2.3. Similar to the methyl sinapate mvestigation, the

generai procedure was to add 2.2 equivaknts of ferric chloride in water to mandelyl
sinapate 279 in organic solvent (2: 1 organic solvent/H20) at room temperature, dehydrate
the product with a cataiytic amount of acid, and analyze by 'HNMR spectroscopy. The

solvents that were effective for the dimrization of mthyl smapate also provided good
yields of aryltetraims 287 and 2ûû.

The aqueous acetone solvent gave the best

diastereoselectivity for the major 1,2-trm isomer (287) relative to the &or tram isomer

Table 2.3
Reaction Conditions
Solvent

Temperature

Ratio of Products to Starting Material
Time

Major
1,2-tms lsomer

(207)

Minor
1,2-trans lsomer
(288)

Material
(279)

Starting

acetoneM20

25 OC

30 min

12.1

6.0

1.O

CH3CN/H20

25 OC

30 min

7.3

3.8

1.O

FPrOHIH20

25 "C

1h

5.6

ACOHM20

25 "C

10 min

1.9

(288) and resulted m the least u~veactedstarhg material. Most of the solvents resulted in
similar diastereoselectivity (CU. 2:L 2a1:288) except for THF, in which the reaction was
very slow and unselective. Performing the reaction at a lower temperature also teslilted in

decnased diastemselectivity and lower yields. It shoukl be noted that, while acetoaitrile
fiunished iittle remnining starting maîeriai, other unidentined products were obtahed m

significant quatities m this solvent, and the yields of aryltetraüas 287 and 288 were not as

high as they were in solvents such as acetone, isopmpyl alcohol, and acetic acid

The discovery that the methyl (R)-mandelyl group can m d u œ diastereoselectivity
in the oxidative dimerization of a sinapate ester was very promising. A friture examination
of the ability of other chiral ester groups to mduce stereoselectivity m simüar reactiow

would be beneficid. This type of reaction, especially if the diastereomeric excess could be
augmented, woukl be useful for asymmetrically synthesizing lignans such as thomasidioic
acid since the chiral groups can be readfly removed followbg the cyclization. The good

yield of the two 1,2-trans diastereomrs was also very mipressive considerhg the
bulkiness of the ester group. This mant that the same oxidation technique should also be
effective for the dimerization of rosmarinic acid.

2.3.3 Syathesis of (+)-Rabdosiin and its (-)-(11P,2S)-Isomer

In considering the retrosynthesis of rosmarinic acid (290), the discomection of the
caffeic acid ester bond was an obvious first step. This disconnection gave caffeic acid

(277) and 3-(3',4'-dihydroxypheny1)lactic acid (291) as synthetic precursors (see Scheme

2.33). A syathetic route involvhg these compounds as intermediates was pursued since it

appeared to be a ptactical convergent synthesis not uniike the one that occurs in nature
(see Scheme 2.27).

Scheme 233

The coqlete synthesis of (S)-rosmarinic acid (290) is depicted in Schemes 2.34
and 2.35. The problem of estabiishing the chiral center was overcome at the beginngig of
the synthesis by making use of enantiomrically pure (9-tyrosine (276) as the startmg

material for the synthesis of 3-(3',4'-dihydroxypheny1)-(8-lactic

acid (291). (S)-Tyrosine

was selectively acetylated using a Friedel-Crafts method that was descriid by Boger and

~ o h a n n e s(aluminum
~~~
chloriddacetyl chioride/nitrobenzene) to give the hydrogen
chlonde salt of 3-acetyl-(9-tyrosine

(292) m 70% yield.

a-Amino acid 292 was

transformed to a-hydroxy acid 291 by using the two-step procedure developed by
Wünsch and ~ott.*l Diamtization of 292 with aqueous sodium nhnte was followed by in
situ hydrolysis resultïng in the formation of ahydroxy acid 293 (8 1% yield) with retention

of configuration. The enantiomeric purity of 293 was confimied by convertmg it to the

knom ester 294, and comparing its specifïc rotation to those reported in the literature."'

K2C%
allyl bromide
HO

acetone, A

Aryilactic acid 293 was then subjected to Baeyer-ViIiiger oxidation by treatment with

aqueous sodium hydroxide and 30% hydrogen peroxide at 46 O C . The resulting basesensitive phenoiic acetate was not isolated but was dirrctly hydrolyzed to 291 (61% yield)

in the alkaline environment. The moderate yield was attrïbuted to the loss of the highly
polar polyhydroxy acid during chromatographie purification. It should be noted that the
(R)-form of 3-(3',4'-dihydroxypheny1)iactic acid (291), also known as daashensu, has a
wide range of pharmacological activities and is found in traditional Chinese medicine.252,253

(S)-Tyrosine was not the initial choice for starting materiai to prepare 291. Based

on the work of Wünsch and ~ott,"' it was thought that 3-(3',4idihydroxyphenyl)-(S)-

alanuie (L-DOPA;61) could be Reaminated Wce 292 to give 291 in a smgie step.
However, this endeavor failed, aecessitatingthe alternative three-step m e t h d
To facilitate the coupiing of aryllactic acid 291 with cafFek acid (277), the
phenok and carboxyüc hydroxyl groups were protected by aüyl groups. Tnatmg 291 in
acetone with 3.0 equivalents of potassium carbonate and 17 equivaients of allyl bromide
gave compound 295"

ûniy the a-hydroxyl group. needed in the subsequent coupling

reaction, was left unprotected The moderate yield of alcohol295 (42%)was unexpected

since TLC and 'H NlMR analyses of the crude product werc indicative of a compkte

reaction. It appeared that some product was lost durhg chromatography. The overall
yield of the protected aryüactic acid (295) nom (S)-tyrosine was improved fiom 15% to
30% by not chromatographing intermediates 293 and 291.
Catfeic acid (277), as show in Scheme 2.35, was aiso allylated using aiiyl bromide
and anhydrous base to provide ester 2% in good yield (86%). Hydrolysis of 2% with a

solution of potassium hydroxide in 9: 1 methanoUwater aEorded the diailyl ether of caEeic
acid (2!#7) in 83% yield. The coupling of alcohol295 and acid 297 was accomplished by
preparing the acid chloride of 297 (298) using thionyl chloride and subsequently reacting

298 with 0.5 equivalents of alcoho1295 in the presence of triethylamine. Fully allylated
(S)-rosmaruiic acid (299) was obtained in 65% yie1d- The overail yield of 299, iike that of

alcohol 295, was increased fiom 9% to 29% by omitting ail of the intermediate
chromatographie steps. The deprotection of 299 was more problematic than removing the

allyl group €tom mandelyl CO-dylsinapate 286. Treatmnt of 299 with 0.07 equivalents

of Wilkinson's catalyst and 0.5 equivalents of DABCO,us'47

as for 2û6, resulted in only

partial ternoval of the ailyl groups. Increasing the amount of the rhodium catalyst to as

KOH

smb

MeOWO

Ca4,A

D

high as 4 equivalents also led to hadequate deallylation. The problem was eventually
rectined by omitting DABCO fkorn the procedure. Ushg smaü quantities of Wilkinson's

catalyst (0.1 to 0.2 equivaients) was still ineffective, bot total deailylation was achieved on
treatiag 299 with 0.4 to 0.7 equivalents of the catdyst. Cbromatographicaliy pure (a-(-)rosmarinic acid (290) was obtained h m 299 in 29% yield and m 3% overd yield ( 9 8
overall yield when chromatography was not performed pnor to the isolation of 299).
However, the m d e rosmarinïc =id, Wlaîed m 6096 yield in the 6nal step by aqueous
base extraction, would probably be sufnciently pure for most purposes, and the loss of

material that occumd during chromatography on silica gel could be avoided.
Although ali of the spectral data were consistent with the structure of rosmarinic
acid,""

it was disconcerthg to observe that the magnitude of the specinc rotation of the

pure sample ([aloz -86", c 0.53, 95% EtOH) was considerably daferent than that
reported for the natural product ([nlD2'+14S0, c 1.4,95% E~oH).~"mdicative of only

59% enantiomeric excess for the synthetic material In order to verify the enantiomeric
purity of the synthetic rosmarinic =id. various stages of the synthesis were investigated
for possible isomerization. Derivatization and analysis by GC on a chiral column reveaied
that the (S)-tyrosine starting material had greater than 99% enantiomeric purity.

As

mentioned above, the opticai purity of hydroxy acid 293 was examined by converthg it to
ester 294. Ester 294, f o m d by the acid cataiyzed condensation of 293 with ethanol, was
obtained in 49% yield from amino acid 292.

The specifk rotation of 294, [alD'' -30" (c

2.7,CHC13),compared well with those previously reported, [a]% -38.8" and [alns-34.2"
(C

2.39, CH CI^).^'

To ver@ the enantiomeric purity of alcohol295, it was esteriiïed with (R)-(+)-amethoxy-a-(tduoromethy1)phenylacetic

acid

((Ji)-Mosher's

acid;

~00)

(R)-Mosher's acid was treated with thionyl chioride, and the resulting acid chioride was

reacted with alcobol295 (0.25 equivalents), triethylamine, and 4-(dimethylanMio)pyridine
to give crude diester 3û1 (see Scheme 2.36).

ûniy a smgk diastereonier could be

detected in the 'HNMR spectrum, and no remaining akohol was present. The '9NMR

spectrum displayed one ma@r signal (-75.00 ppm) and 4 very minor signais. Rom the
92:s integrated ratio of the major singlet to the Iargest of the remairhg signais

(-75.1 1 ppm), it was calcuiated that 295 had a minimum enantiomeric purity of 84%. An

attempt was made to isomerize 301 with strong base. Cnide diester JO1 m THF was
treated with a 1.0 M solution of lithmbis(trimethyIsiIyi)amide in hexaaes (5 equivalents)

under a nitrogen atmosphere at -55 O C for 10 minutes and was then acidined with
10%HCl(aq). However, this gave back oaly recovered starting material, indicating that it
was also uniikely that 291 would have been isomerized during aUylation.

Scheme 236
(1) socr, ccl,, A

C

(2)295,EbN, DMAP, CCb

Fiially, the enantiomeric pur@ of rosmarinic acid was tested. A mixture of
diastereonieric salts

was

prepared by adding

1.2 equivalents of

racemic

a-methylbenzylamim to rosmarinic acid in acetone. Unfoctunately, these diastereomeric
salts were not distinguishable by 'H NMR (DMSû-A), so the correspondiag

diastereomeric amides were synthesized (see Scheme 2.37). Rosmannic acid (290) in

DMF under a aïtrogen atmosphere was reacted with

1.2 equivalents of

290

JP~

H2
TeTü,CPr2NEt, DMF

HO 4\

\
0

Y

f-0

4*

OH

Na-dusopropylamSie, 1.1 equivalents of Obeazotriazol-1-yl-N,N N',wtetramethyluronium tetrafiuoroborate (TBTU), and 1-3equivalents of racemic a-rmthybenzyhmme
for 25.5 h o ~ r s . ~The
' ~ 'HNMR spectrum (acetone-ds) of the crude product exhiiited no

starting xnaterial, and the isomeric amides. (8'S,7"S)1(8'R,TR)-diastereomer 302 and

(8'S,7"R)/(8'R,7t'S)-diastereomer3û3, were easily distinguishable. The best separation of
diastereomeric signais was observed for an aroniaiic doublet at 6.71 ppm (J = 8.0,
(S,R)/(R,S)-isorner) and an aromatic doublet at 6.72 ppm (J = 8.0, (S,S)/(R,R)-isomer).
Integration of these signals indicated that the f o d o n of the (S,S)/(R,R)-isomer was
slightly favoured by a ratio of 1.3:l.O.
Optically

The amidation reaction

was repeated using

'

pure (R)-(+)-a-methylbenzylamine instead of the racemate. The H NMR

spectrum of the crude amide in deuterated acetone exhiiited only very minor pe& that
could possibly be attributed to the (R&)-diastenomer (300). A ratio of 9: 1 was obtained

fiom integration of the (Sa)-Wmr (305) doublet at 6.71 ppm and signais that could
possibly be attnauted to a (R8)-hmer doublet at 6.72 ppm respectively. Thus, the

rosmarinic acid sarople was at lest 90% S. The discrepancy between the specinc rotation

of the synthetic material and that reporteci in the Merature for naturd rosmarinic acid

remains unexplaiwd

The synthesis of rosmarinic acîd that bas been d e s c r i i has advantages over the
previously reporteci synthesis using an emymatiC procedure?" In the enzymatic process,
rosmarinic acid synthase (RAS) not only cataiyzes the formation of r o s e acid but
aiso catalyzes its hydrolysis (see Scheme 2-28). thereby diminishing its yield.
Furthermore, the non-enzymatic synthesis is applicable to both the (R)-and (S)-fonns of
rosmarinic acid.
Efforts to convert (S)-rosuwkic acid (290) to (+)-rabdosiin and its (-)-(lR,2S)isomer with femc chloride faüed as no aryltetralin ügnaw couid be observed in the 'H

NMR spectnun of the c ~ d eproduct. To ver@ that methyi caffeate (126) can be
oxidatively dimerized as efficiently as reported,'''

methyl ca@eate, prepared by

methylation of caffec acid (Zn), was treated with fedc chloride in aqueous acetone for
18 hours.

The 'H NMR spectnun (acetone-4) of the mide product showed by

integration that the desired aryltetralm product 133 (doublet at 4.44 ppm, J = 2.4)"' was
present in a ratio of 1.3: 1.0 relative to the starting material (doublet at 6.27 ppm,

J = 15.9). This ratio was in agreement with the nported 55% yield of 133."' In view of
the successful prelimuiary work with mandelyl smapate, it was not likely that the faüure to
dimerize 290 was a consequence of the size of the aryllactyl ester group. In contrast, it
was believed that the poor reactivity was due to the coordination of the phenolic hydroxyl

groups on (2-3' and C-4' with the oxidant.
To overcome this problem, (S)-rosmarinic acid was prepared with only the two
phenolic hydroxyl groups on C-3 and C-4 unprotected as shown in Scheme 2.38. CaBeic

mr
TBDMS
EbN, C tiilhte
M12

HO

~~~~s"Q""-DMS
'TBDMSO

*&NF

C

THF

tsDMS0

309

acid (277) was fdly silylated to 306 using 4.5 equivaleats of TBDMS triflate and 6.6

equivalents of trieth~lamine.'~This coupund was not completely characterized because

on standing, it was slowly hydrolyzed to acid 30'7. Smfe 3û7 was a desired intermediate,
the hydrolysis was enhauced by treathg ester 306 with potassium carbonate in aqueous
methanoYacetone to give the disilyl ether of ca&r acid in 76% yield nom 277. Acid 30'7
was coupled with alcohol 2% via an acid chloride intermechte

(309) resultmg m the

formation of M y pmtected (S)-msmarinic acid 309 m 97% yield Selective removal of
the two t-butyldiniethyisilyl protecting gmups was achieved with 2 equivaknts of fluoride
ion (1.0 M tetra-n-butylammonium fluoride m THF)'~to afford trialiyl (a-rosmarinate
310 in 51% yield after chrornatography.

Protected (3-rosrnarmic acid 310 was treated with femc chloride in aqueous
acetone for 23 hours on a small scale, and the 'H N M R spectm of the crude product
showed the presence of aryltetralïns dong with a significant amount of starhg materiai.
The cmde product was chromatographed on a preparative HPLC reverse-phase column,
and two aryltetralin tignans were isolated. A comparison of the 'HNMR spectra of both

lignans with those rep~rted"~''~
for (-)-rabdosiin (70) and its (1S,2R)-isomer (75) led to
the conclusion that these c o ~ u n d swere the aiiylated enantiomrs of these natural

lignans. The minor diastereomer was tentatively assigned structure 311 (see Scherne 2.39)
based on the higher chemical shat of its 8 1 signal (CU. 4.54 ppm) relative to that of the
major diastereomer (4.3 1 ppm). Consequently, the major diastereomer was assigned

structure 312. Diastereomrs 311 and 312 were obtained in a ratio of 1.O: 1.6 as shown by
integration of their H-2doublets at 3.94 ppm and 3.97 ppm respectively in the crude
product. HPLC analysis also gave the same product ratio. The low isolated yields of 311
(5.5%) and 312 (6.4%) may have been the result of steric hïndrance from the allyl groups.

Although 311

and 312 could not be deprotected e f f i v e l y with

txis(triphenylphosphiae)rhodium(r) cblotide,246,247 an efficient procedure was found based
on the work that Guibe et al.*g-261aud Keinan and ~ l e i z ehave
~ ~ done
~
involving

palladium catalysts and aiiutyltin hydride. Triallyl (S)-rosmatinate 310 was used as a
mode1 to fÏnd the conditions needed to completely remove the aUy1 groups. These

conditions were then tested on the dimethyl ether of dimethyl thomasidioate (313) (see
Figure 2.10), prepared by rnethylation of d b t h y l thomasidioate

(los), since it

was

known that a,/%unsaturated carbonyt compounds can be reduced at the double bond
under the reaction conditions ~ i t e d . ~ * ~NO
~ 'reduction of the double bond was observed
for either 310 or 313. Thus, the compounds to be deprotected, 311 and 312, were

separately stirred with 0.4 equivalents of bis(aipheny1phosphine)palladium dichloride,"
and 20 equivalents of acetic acid in acetone at room temperature while 30 equivalents of
tniutyltin hydride was added portionwise (6 equivalents) over 40 miautes. The m d e
products were isolated by extraction with aqueous base, giviug (+)-rabdosiin (314) from
311 and the (-)-(lR,2S)-isoiner of (+)-rabdosiin (315) nom 312. The identities of the
crude products were codirmd fkom the directions of their optical rotations and their 'H

NMR data as compared widi those of their enantiomers in the 1iteratu.e.110-1 13

The observation that the (IR,2S)-isomr 315 was produced selectively

over

(+)-rabdosiin (314) was unexpected. Extraction of their enantiomers fiom natural sources
has always led to greater yields of the (1R92S)-iso~r,(-)-rabdosiin (70).i i z i i i

This

implies that the production of the natural isomrs may be diastereosekctively controlied,

not only by the chiral aryllactyl groups, but also by the ooxidizing system as weil. It could
also mean that the naturai isomen are not formeci by the oxidative coupling of two
rosrnarinic acid molecules. Perhaps the basic aryltetrah structure is first estabikhed by
the non-asymmetric dimerkition of caf%eica d (277), and the aryiiactyl mieties are
subsequently added selectively to the (1R,2S)-enantiomer. This possibüity is not as Iikely
as the former in consideration of the recent work by Davin et al?

These authors were

the nrst to discover

a naturai protein that, in the presence of an oxidant, effects

asymmetric bimolecuiar pheaoxy radical couplmg. Ths 78 kD protein was isolated fÏom

Forsythia suspensa, a plant that produces the ügnan (+)-pinoresino1 (122). Racemic

pinoresmol has been synthesized by the oxidative dimerization of coaiferyl akohol

(119).133t"When the dimerkation of 119 was carried out m the presence of the 78 kD
protein, (+)-pinoresho1 (122) was obtained in over 99% enantiomeric excess (see Scheme
2 . 4 0 ) ~The
~ ~ activity
~
of the protein was substrate specific since no enantioselectivity was

Scheme 2.40

oxidant
dirigent protein

d

Me0

316: R',R" = H
317: R',R" = OMe

shown for the coupling of either cournaryl alcohol(316) or sinapyl alcohol (317). The
protein itself lacks a catalytically active oxidative center and had to be used m conjunction
with a non-specifïc oxidase or non-enzymatic one electron oxidant. This new class of

protein was d e s c r i i as dirigent based on the Latin word "dirigece", meaning to align or
guide. Akhough rosmarinic acid is a chiral compound, unBe 119, a dirigent protein may

also be involved in the biosynthesis of (-)-rabdosiin.

The three research objectives pfesented at the beginnjng of the thesis were ail

undertaken, and the results obtained were satisfactory.
An asymmetric synthesis of (-)-deoxypodophyIlotoxin was accomplished using

piperonal and 3,4,5-aimethoxybeozaIdehydeodehyde as the staaing materiais. The key step in the
synthesis was the diastereoselective Diels-Aider reaction between the fiimarate of methyl
@)-mandelate and a-@-a-hydroxy-oquinodimethane

182.

The reaction proceeded

through an endo transition state to give, in 58% Wlated yield, an aryltetralio cycloadduct

(183) having the same absolute configurations at C-2 and C-3 as those found in

(-)-deoxypodophyUotoxin.
Elaboration of cycloadduct 183 to the final product involveci the inversion of the
C-1 chiral center. For this purpose, a highly stereoselective method for reducing the C-1

bydroxyl group was developed by using a combination of boron trïfhoride etherate and
lithium aluminum hydride at low temperature. This unprecedented reduction procedure
was found to be specific for weU-stabilized diaryl cations, intermediates in the procedure,

and the method has since k e n used successhilly by ohers.'"

Enaotiomericaüy pure

(-)-deoxypodophyilotoxin was obtained in 6%overall yield h m piperonal.

The synthesis proved that the previousiy reported"

Diels-Alder reaction of

a-hydroxy-a-pheny1-o-QDM with a chiral dienophile can be extended to a-ary1-ahydroxy-O-QDMs containing substitution on the aryl rings and that these O-QDMsare

useful intermediates for the synthesis of naturai aryitetralin Iignans having the IT2-cis-2,3trans stereochemistry.

Ths ïs the second asymmtric synthesis of (-)-deoxy-

podophyllotoxh that has been reported. Morimoto et al.158-160 did not descrifi the yields
for aU of the steps that were used m their asymmetric strategy, but it appears that the
overall yields for the two asymmetric syntheses are comparable.
The Diels-Alder approach for synthesizhg aryltetrah lignans was iavestigated by

studying the additions of ull~ymmetrical chiral dienopbiles to O-quinodimethanes.
CBromo and 4acetoxy derivatives of (methyl (S)-lactyl) crotonate were prepared, but
they were urneactive with a-aryl-@hydroxy-O-QDMs- However, both dienophiks did

undergo highly stereoselective cycloadditions with a-hydroxy-O-QDM. In each case, a
single cycioadductT resulting f3om an exo transition state, was obtained m high yield

(76-898). The reactivity of the chiral crotonates seems to be superior to that of
structuraliy analogous dienopbiles such as the fiimarate anci acrylate of methy1 (S)-lactate.

The reactions of the lactyl fiimarate and lactyl acrylate with a-hydroxy-O-QDM, also
generated therrnally from 1-benzocyclobutenol, reportedly gave cycloadducts in only 5546
and 73% yields re~pectively.'~~
Another syntheticaiiy important advantage that chiral

crotonates provide is that they estabüsh fùnctional groups at the C-2 and C-3 centers in
the resulting adducts that cm be eady dinerentiated

in later huictional group

transformations.

The Diels-Alder approach for synthesizing aryltetralin lignans was also investigated
by attempting to prepare and react maryl-a&-dioxy-o-QDMs

with a chiral dienopNe.

This investigation was not successful as no cycloaddition was observed, and there was no
evidence that the benzocyclobutene precursors to these O-QDMswere fomrd. However,

two intefestirig discoveries were made that may have other usehl appkations. It was

found that ketone 197 could be sekctively lithiated at the position odio to the iodo
group. and that 197codd also be efficiently oxidized to the &hydroxy ketone 262.
As a preiude to the preparation of (+)-raWosim and its (1R,2S)-isomr. two mdel

studies were conducted. The k

t

study determineci that one of the optimum mthods for

oxidatively dimerizing methyl sinapate to dimthyl thomsmüoate was to use femk chloride

in aqueous acetone. The same oxidizing conditions were then used in a second study to
coupldcyclize (methyl (R)-rnandelyl) smapate, synthesized in 76% overall yield, to give
three isomeric aryltetralin lignans. The two predominant isomea had the 1,Ztmnr
thomasidioate structure and were produced in a 2:l ratio. The major diastereorner was
isolated in 40% overali yield fiorn sinapic acid. The l,2-cis geometry of the third isomu

(minor) bas not been previously reported for the coupling of propenylphenols This study
proved that a bulky chiral ester group does not hinder the efficient dimerization of a
sinapate ester and that it induces diastereoselectivity.

The synthesis of (+)-rabdosiin and its (lR,21S)-diastereomer was achieved by
oxidatively couplinglcycliziag allyl 3',4'-di-0-diyl-(S)-rosmarinate

and subsequentiy

removing the allyl groups. (9-Rosmarinic acid (9% overall yield) and its triallyl derivative
(15% overail yield) were both synthesized from (S)-tyrosine and c f i c acid.

While

(S)-rosmarinic acid could not be âimerized to the desired aryltetralin ügnans using ferric
chloride, its protected form was converteci to the correspondhg hexdyl intermediates

311 and 312 in a 1.O: 1.6 ratio (1 1.9% combined yield). Dedylation to the final products
was easily effected, but the low yields of the coupling products incikates that this is not an

efficient synthetic route to these lignans. However, considering that rosmarinic acid

probably undergoes 6ne radical seKcoupling m nature, the b r i z a t i o n of rosmaruiic acid
and its triaüyl derivative can likely k made more s u c d by using more suitabk

oxidizing conditions. IntefeStUlgly, the observeci ratio for the formation of adducts 311

and 312 is not consistent with the isolateci yields of (-)-rabdosiin and its (lS,2R)-isomer

fkom nanual sources. Thus, fWtber studies are required m order to better understand how
these Iignans are biosynthesized and what fxtors control the predominant formation of

one isomer over the other. This work represents the fkst reported wnenzymatic
synthesis of enantiomericany pure rosmaraic acid. As weil, this is the

b t

synthesis of

enantiomerically pure rabdosiin, or any of its stereoisomers, that has been reported.

'H.13cand
,
[?? PblR spectra were ncorded on a Bruker AM-300 spectrometer
with tetramethylsilane as the mternd standard. Signal assignments for

NMR spectra

13c

were based on DEPT experinients. A Perkin-EIrœr 881 spectrometer was wd to record
IR spectra Exact rnasslmass spectra were recorded on a VG Analytical 7070E-HF

instrument. Optical rotations were obtained on a Rudoif Research Autopol III Sistniment.
Melting points were masured on a hot stage. A Fisher ~ccumet@
pH meter mode1 600
fitted with a Baxter cornbiiation pH/sealed ceference electrode was used to measure pH
values. HPLC separations and analyses were performed using a Varian 9010 solvent
delivery system, a Varian 9050 variable wavelength UV-VISdetector, and a 5 pm CSC-S
0DS2 (25 x 0.46 cm) reverse-phase column.

THF was always fieshly distilled from sodium and benzophenone under a nitrogen
atmosphere prior to use. AU solutioI1S/suspensions were stirred using a magnetic stirring
apparatus unless otherwke noted. Reactions conducted at temperatures below O OC were

performed by immersing the ceaction vesse1 in an extemal dry-iceketone bath unless
otherwise noted.

Aldrich silica gel (230-400 msh, 60

A)

was used for all

chromatography.

6-Bromopiperonal(187)

6-Bromopiperonai was synthesized by a modification of the literature procedure."'
To a solution of piperonal (156) (10.23 g, 68.14 nmiol) in acetic acid (63 mL) was added

Br2 (10 mL, 190 mmol), and the solution was stirrrd at rt for 17 h. Ice-coM Hz0 (100

mL) was added, and the reSuItant precipÏtate was collected by filtration, washed with sat.
NaHS%(aq) (ca. 10 mL), and dissolved ia EtOAc (200 mL). The organic layer was

washed successively wah sat. NaHC@(aq) (2 x 40 mLJ and H20 (50 mL), dried
(MgS04), and evaporated to give a colourIess crystaJl.ine solid (15.32 g, 98%): 'H NMR

(m)6.08 (s, 2H, CH2), 7.07 (s,

lH, aromatic), 7.37 (s, 1H, aromatic), 10.19 (s,

IH, CHO). The 'HNMR spectmm was consistent with that previously reportecl?*

6-ïodopiperonal(186)

To a solution of 6-bromopiperonal(187) (7.34 g, 32.0 m l ) in benzeae (250 mL)
was added ethylene glycol (3.80 mL, 68.1

m
i
)
and a catalytic amount of p-TsOH-&Cl

(5 mg, 0.03 mmol), and the mixture was heated at reflux for 15 h using a Dean4tark trap

to remove water. The solution was concentrated in vacuo and mtered through silica gel

(40% EtOAchexanes) to remove excess ethylene glycol. Evaporation of the solvent gave

colourless crystals, presumd to be acetal 188, that were subsequently dissolved in dry
TEW (100 mL). The stirred colouriess THF solution was cooled to -78 O

C

under a

nitrogen atmosphere, and n-BuLi (2.0 M in hexaaes, 19 mL,40 mmol) was added, giving

a yeilow solution, immediately followed by a solution of iodine (9.80 g, 38.6 mml) in

THF (30 mL). The solution was w a m d to rt, acidified wîth sat. NH&i(aq) (30 mL), and
NaHS03(s) was added until the solution (rd) was decolourized. The mixture was
extracted with EtOAc (1 x 100 mL, 3 x 15 mL), and the combined organic phases were
dried (MgS04) and evaporated to give a yeiiow residue presumd to be acetal189. To a

solution of the crude acetal in 15%MeOH/benzene (70 mL)was added 20% HCl(aq) (50

mL), and the mixture was stirred at rt for 16 h. The aqueous layer was removed and
extracted wïth EtOAc (3 x 25 mi,). The c o m b d o r g e portions were concentrateci in
vacuo, filtend through sika gel (4û% EtOAcmexanes),

and evaporated to give a light

yeliow solid (7.34 g, 83%). S o m of the cru& product was recqstaUilPA from 40%
AcOW&û to give a pure sample of colourIess crysials: mp: 102-104 OC

mp:

108.5-1 10.5 OC,fiom MeOH); IR (CH2C12): 1684 (CO) cm"; 'H NMR (CDC13) S: 6.08
(S. 2H,CI@, 7.34 (s, 1H,aromatic), 7.37 (s, lHTaromatic), 9.89 (s, lHTCHO); "C N M R
(CDCl3) b 93.2 (0.102.6 (CH2), 108.9 (CH), 119.4 (CH), 129.6 (C), 149.1 (C), 153.5

(C), 194.3 (CH);

miss

spectrum d z (relative mtemity): 276 (NI?, lW), 247 (IO), 148

(15), 120 (22); HRMS calcd for C&503I: 275.9283; found: 275.9290.

The 'H NMR

spectnm was consistent with that previously reprtedL7'

6-lodopiperonylAlcohol(191)

To a solution of 64odopiperonal (186) (5.63 g. 20.4 mmol) m i-PrOH (60 mL)
was added N a B a (753 mg, 19.9 m l ) , and the mixture was heated at reflux for 16 h.

The mixture was cooled to rt, acidified with 10% HCl(aq) (10 mL), diluted with H20(20
mL), and extracted with EtOAc (1 x 60 mL, 3 x 15 mL). The combined organic phases
were dried (MgSO4) and evaporated to give a yeliow solid (5.49 g, 9746). A portion of

the crude alcohoi was recrystallized from AcOH to give a pure sample of colourless
crystals: mp: 107-108 OC (Iit.ln nip: 110-111 OC, fiom CHC13; lit.266mp: 106-107 OC,

fkom benzene); IR (CH&): 3605 (OH)cm";'HNMR (C'Cl3)6: 1.92 (s, lH, OH), 4.58
(s, 2H, CHz). 5.97 (S. 2H, CH*),6.98

(S.

IH, aromatic), 7.23 (s, lH, aromatic);

')c

(CDCb) & 69.2 (CI&),85.3 (C), 101.7 (CH*).109.0 (CH), 118.5 (CH), 136.2 (C), 147.9

(C),148.6 (C);mass spectmm di (reIative intenw): 278 M.100). 26 1 (13). 149 (17),
122 (14); HRMS calcd for CfiOJ: 277.9440; found: 277.9450. The 'HNMR spectnim
was consistent with that previously reporte&266

6-Iodoplperonyl Chloride (190)
A solution of 6-iodopiperonyl alcohol (191) (398 g, 14.3 m l ) m 1:l
AcOWCH2Ci2(50 mL) was saturated with HCi(g) and stirred at rt for 5 h.
was diluted with H20(100

The solution

mL) and extracted with CH2Ci2(3 x 50 mL). The combined

organic layers were washed with sat. NaHC03(aq) (2 x 20 mL) and H20(40ml,), dried
(MgSQ), and evaporated to give a light brown solid (3.67 g, 87%). Some of the crude
product was recrystaükd from i-PrOH to afEord a pure sample of colourless crystals:

mp: 59-60 OC (lit.'72mp: 65-66 OC, Born etherhexane); 'HN M R (CDCL3) & 4.61 (s, 2H,
CH2), 5.98 (s,

2H,C&), 6.96 (s, lH, aromatic), 7.24 (s, lH, aromatic); "C (CDC13) S:

51.4 (CH2), 88.1 (C), 101.9

(a),
110.0 (CH).

118.8 (CH), 133.1 (C),148.6 (2 x C);

mass spectnim Mz (relative intensity): 296 (M+,
4 l), 26 1 (100), 134 (16), 127 (9); HRMS
cakd for c ~ H & I 295.9101;
~ ~ ~
found: 295.9110.

The 'H NMR spectnim

was

consistent with that previously reported."

I -(3,4,5-Trimethoxyphenyl)-i
-N-morpholinoacetoni*le(192)
Water (5 mL) was cooled to O OC and stirred while KCN (1.83 g, 28.1 rnmol),
morphoiine (2.35 mL, 26.8 mmol), and conc. HCl (2.34 mL) were added sequentidy.
The solution was wanned to rt and added to a stirred solution of 3A5-

trimethoxybenzaldehyde (164) (5.02 g, 25.6 m l ) in MeOH (52 mL). The mixture was

stirred for 5 days (116 h), and the resaiting colourless precipitate was colkcted by
filtration. Dichloromthane (100 mL) was added to the precipitate, and the mixture was
rnanuaiiy stirred, dissolvsig most of the precipitate. The soiution was dried (MgSQ), the
insoluble portion of the precipitate and the drying agent were removed by tiltration, and
the solvent was evaporated to give a colouriess solid (6.84 g, 92%): mp: 136138 O C ;

(CH2Q): 2231 (CN)cm"; 'HNMR (-3)

S: 2.59

3.86 (s, 3H, CH4, 3.89 (s, 6H.CH3). 4.75

(S.

IR

(m.4H,CHÎ),3.75 (m 4H, Cl&),

lH, CH), 6.77 (s, 2H. aromtic);

13c

(CDC13)S: 50.0 (2 x CHt), 56.3 (2 x CH3), 60.8 (CH,), 62.5 (CH), 66.7 (2 x CH2), 105.0

(2 X CH), 115.2 (C),127.9 (0,138.4 (C),153.5 (2 x 0;ma~sspecinun ni/z (relative

htemity): 292

w,7), 265 (4), 206 (100), 18 1 (25),

176 (IO), 149 (27); HRMS calcd for

c~5H2()04&:292.1423; found: 292.1433.

Alblation Product 193

Lithium diisopropylarnide was freshiy prepared by adding HMPA (0.10 m.,0.57

mmol) to a solution of diisopropylamine (0.1 1 mL, 0.78 -1)

in THF (1 mL) under a

nitrogen atrnosphere, cooling the solution to -78 OC, adding n-BuLi (2.1 M in hexanes,
0.30 mL, 0.63 mmol), and stirring the solution for 5 min. CE-Aminonitde 192 (149 mg,
0.510 m l ) in THF (2 m . )was added to the LDA, the mixture was stirred for 2 min,

and benzylic chioride 190 (154 mg, 0.5 19 mmol) in THF (0.8 mL) was added. The

mixture was stirred for 1 h, warmed to rt, stirred for 15 h, dilutecl with H D ( 6 mL), and
exuacted with CHfi (3 x 3.5 mL). The combined organic phases were dried (MgS04),
evaporated, and the residue was chromatographed on silica gel (30% EtOAchexanes) to

give colourless crystals (142 mg, 501): mp: 153-155 O C ; 'HNMR (CDC13)& 2.65 (m,

2H9 Cl&), 2-83 (a

CH*),3.14 (61H-J = 13-69a)
3-73
,(d, lH9J = 13.6. CH2),

3-77(s, 6H9 CH3),3-79 (a4H9
(d, lH, J = 1.0,

CH*),6.38

a),
3.83 (S. 3H9 CHI), 5-89 (61H. J =

(S.

1-29CH2),5.90

lHTaromatic). 6.62 (s, 2H, ammatic), 7.12

(S.

IH,

aromatic); '%NMR (CDCI3) 6: 47.5 (CH2). 48.9 (2 x Cb). 56.3 (2 x CH3), 60.9 (CH3),
66.9 (2 x a d , 71.5 ( 0 , 9 1 2 (C), 101.7

(a),
105.1 (2 x CH), 110.3 (CH), 116.8 (0,

118.8 (CH), 130.1 (C),131.2 (C),138.4 (Ch 147.5 (C),147.9 (C), 153.0 (2 x C);mass

specwrn d z (relative mtensity): 525 (FI- H m + ,1O),5 10 (9), 398 (43, 367 (16), 312

-

(9), 282 (9), 261 (21), 195 (13), 181 (8); HRMS calcd for C22H2f10d (CM HCw+):

525.0648; found: 525.0628.

N-(3,4,5-TNnethoxyben~oy~morphoIine
(194)
A solution of a-amino nitrile 192 (149 mg, 0.510 mmol) in

THF (7 mL) was

treated with NaH (57% dispersion m mineral oil, 127 mg, 3.02 m l ) at n under a
nitrogen atmosphere and s h e d for 15 min. The suspension was treated with a solution of

benzylic chloride 190 (155 mg, 0.523 mmol) in THF (2 mL) aad stPred for an additional
15 h.

The mixture was dihited with Hz0 (6 mL) and extracted with CH2C12(3 x 6 mi,).

The combimed organic phases were dried (MgSO4), evaporated, and the residue was
chromatographed on siüca gel (12-6046 EtOAchxanes foilowed by 5% i-PrOWEtOAc)
to give colourless crystais (102 mg, 7 1%):

mp: 118-120 OC;IR (CHfi): 1634 (CO)

, 1H NMR (CDC13) & 3.70 (br s, 8HTCH& 3.86 (s, 3H, CH3), 3.87 (s, 6H,CH3),

6.63 (s, 2H,aromatic); "C NMR (CDCI3) & 56.3 (2 x CH3), 60.9 (CH3), 66.9 (4 x CH2),
104.4 (2 x CH), 130.6

(C),139.4 (0,
153.3 (2 x C), 170.1 (C);mass spectrum d z

(relative intemity): 281

(M>

3 1), 266 (5). 195 (100), 167 (12); HRMS calcd for

C14H19N05:281-1263;found: 281-1269.
Compound 193 was also isolated (52 mg. 18%).

Benzyl Aryl Ketone 197
A solution of benzylic chlonde 190 (3.6 g. 12 mmol) and a-amiao nitrile 192 (3.96
g, 13.5 mmol) in dry DMF (50 mL) was stirred at

a uader a aitrogen atmosphere while

NaH (57% dispersion m minerai oü, 4.0 g, 95 m l ) was added. The mixture was
wanned to 70 OC,stirred for 1 h, and cooled to rt. Water (10 mL) and 10%aquwus HCI
(40 mL) were added to the soIutioo, and the solution was stirred at 61 O

solution was cooIed to rt, saturated with NaCi, and extracted with C=l2

C

for 16 h. The
(4 x 25 mL).

The combined organic layers were dried (MgSQ), evaporated, and the brown residue was
recrystallized from AcOH to aîTord light yeilow crystals (3.7 g, 6796): q:176-178 OC;

IR (CH2CI2):1684 (CO) cm-'; 'HNMR (CDC13) S: 3.92 (s, 9H, CH3),4.33 (s, W . Cb),
5.96 (s,

2H.CH*),6.75 (s, lH, aromatic), 7.27 (S.2H,aromatic), 7.29 (s, lH, aromatic);

''c NMR (CDCI,) 6: 50.2 (C&),

56.4 (2 x

w),60.9 ( C ' H g ) ,

88.9

(C),101.7 (CH2),

106.0 (2 x 0,110.2 (CH), 118.6 (CH), 131.6 (2 x 0,142.7 (C),
147.6 (C),148.6 (C),

153.1 (2 x C), 195.5 (C); mass spectnun d z (relative intense): 456 (M+, l), 329 (17),

278 (52), 261 (IO), 230 (9), 195 (95). 181 (43); HRMS calcd for CisHiïOd: 456.0070;

found: 456.0027.

I -Hydroq-1-(3 ',4:5'-trimethoxyphenyI)d,7-(methy1enedioxy)bmzocyclobutene(185)
A soiution of ketone 197 (1.21 g, 265 mi)m dry THF (36 mL) was placed

under a oitrogen atmosphere, cooled in a Muid N 2 / h e mbath (-80 O C ) , and treated with
n-BuLi (2.0 M m hexafles, 3.3 mL, 6.6
then acidified with sat. -CI(@

nnno9. The soiution was stirred for 2 min and

(3 mL). The mixture was warmed to rt, diluted with

H20 (25 mL), and saturated with NaCi. The THF iayer was colkcteâ, and the aqueous
layer was extracted with EtOAc (4 x 15 mL). The combined organic layers were dried
(MgS04), evaporated, aml the resulting yellow crystalliae solid was chrornatographed on
silica gel (2046 EtOAdhexanes) to give colourless crystds (622 mg, 71%):

mp:

141-143 O C (lit.169mp: 142-144 O C ) ; IR (CHzG): 3587 (OH) cm-'; 'H NMR (CDC13) 6:
2.75 (s, lH, OH), 3.36 (d, lH, J = 13.6, CH*),3.43 (d, IH, J = 13.5,
CH3).

(s,

a),
5.93 (d, 1H, J = 1.3, C&),

6.67 (s, 2H,aromatic), 6.73

lH, aromatic); "C (CDCl,) b 48.7

(a),
56.1 (2 x CH3),60.8

5.92 (d, 1H, J = 1.3,

1R aromatic), 6.76 (S.

a),
3.82 (s, 9H,

(CH3), 79.9 (C),100.4 (CHt), 102.9 (2 X CH),103.1 (CH), 105.9 (CH), 134.8 (C),137.3

(C),139.4 (C),140.8 (C), 147.4 (C), 148.9 (C),153.0 (2 x C); mass spectnim m/z
(relative intensity): 330 (w,48). 313 (15), 299 (72), 283 (26), 268 (15), 255 (IO), 195
(1 00); HRMS calcd for Cl&&aO6:330.1 103; found: 330.1 135.

Methyl (S)-Mandelate(199)

Methyl (S)-mandelate was synthesized according to the literature proced~re.~~'
A
solution of (S)-mandelic acid (18.01 g, 118.4 m l ) and H2S04 (1.0 mL, 19 mrnol) in

MeOH (30 mi,) was heated at reflux for 69 h. The solution was concenuated in vacuo
and then diluted with EtOAc (90 mL). The solution was washed with sat. NaHC03(aq) (3

x 20 mi,) fo0owed by H20(30 m.).The combineci aqueous layen were extracted with
EtOAc (20

mL). The combgied o r g e layers were dried (MgS04) and evaporated to

give a colourless crystaüine soüd (16.84 g, 86%): 'HNMR (ClXl3) & 3.76 (s, 3H,CH3),
5.18 (s, lH, CH), 7.37 (m. SH,aromatic). The spectrum was identical to that previously
rePortedzm

Bis(methy1 (S)-mandelyl)Fumarate (176)

Bis(mthy1 (9-mandelyl) fumarate was synthesized accordhg to the literature

procedun?7 Methyl (9-mandelate (199) (16.84 g, 101-3 xnmol) and fumaryl cldoride
(5.60

mL, 51.8 rmnol) were heated at reflux under a drying tube (CaQ) for 23 h. The

crude product was allowed to cool to R and was dissolved in EtOAc (90 d).
The
solution was washed successively wiih sat. NaHC03(aq) (3 x 20 mL) and HzO (30 mL),
and the combined aqueous phases were extracted with EtOAc (20 mL). The combined
organic layers were dried (MgSO4). evaporated, and the residue was chromatographed on

silica gel ( 1596 EtOAchexanes) to give a colourless crystalline solid (15.6 1 g, 64% from

(5')-mandelic acid): 'HNMR (-3)

& 3.74 (s, 6H,CH3),6.04 (s, 2H,CH), 7.06 (S. 2H,

CH), 7.43 (m. IOH, aromatic). The spectrum was identical to that previously ~ported?~'

Cycloadduct 183

A solution of fumarate 176 (1.42 g, 3.44 mrnol) in toluene (6 mL) was wanned to
Ca.

50 O C . A solution of benzocyclobutenol1û5 (567 mg, 1.72 mmol) in CH2Ci2(2 mL)

was added dropwise to the stirred toluene soiution, the methylene chloride was allowed to

boii off, and the solution was heated at reflux for 44 h. The solution was slightly cooled,

the solvent was evaporated, and the aude product was chromatographed on siüca gel
(20-3046 EtOAckxanes) to give a coloucless solid (743 mg, 58%): mp: 186-188 OC;

[ a ] +132"
~ ~ : (c 0.96,

Ma);IR (CHCi3): 3417 (OH),

1743 (CO) c d ;

L~

NMR

(CDCi3) & 3.14 (dd, lH, J = 16.3, 11.9, H-4a), 3.41 (dd, IH,J = 16.4,4.5, H-4b), 3.62
(s, 3H, C&), 3.71 (W lHyH-3), 372 (s, 3H, C h ) , 3.80 (d, lH,

J = 11.5, H-Z), 3.80 (s,

6H,CH3). 3.90 (s, 3H, CH3), 3.96 (s, lH, OH), 5.73 (s, lH, CH), 5.88 (ci, 1H, J = 1.3,

Ca),5.89 (d, IH, J = 1.3, CH2), 5.89 (s, lH, CH), 6.46 (s, lH, aromatic), 6.63

(s, lH,

aromatic), 6.73 (s, 2H, aromatic), 6.93 (m, 2H, aromatic), 7.24 (m, 3H, aromatic), 7.38

(a3 8 aromatic), 7-45 (m, 2H,aromatic); "C NMR (CDCl3) 6:32.7 (Ca),39.7 (CH),
52.6 (CH3), 52.8 ( a 3 ) . 54.7 (CH), 56.2 (2 x
76.4 (0.101.1

a),
60.9 (CM3), 74.8 (CH),75.0 (CH),

(a*),
104-0 (2 x CH), 107.4 (CH), 109.3 (CH), 126.9 (C),127.0 (2 x

CH), 127.6 (2 x CH), 128.5 (2 x CH), 128-7 (2 x CH), 129.1 (CH), 129.3 (CH), 132.7
(C), 133.2

(0,133.5 (C), 137.0 (0,142.0 (0,146.7 (C),147.3 (C), 152.9 (2 x C),

169.2 (0
169.6 (C), 171.6 (C),174.0 (C);mass spectrum ni/t (relative intensity): 742

(M: 31,530 (181, 365 (181,339 (52), 324 (13), 308 (17), 149 (70), 121 (25), 107 (100),

9 1 (23), 79 (58); HRMS calcd for C a 3 8 0 L 4742.226
:
1; found: 742.2268.

HydrogenolysisLûecarboxyIationProduct 202

To a solution of cycloadduct 183 (105 mg, 141 mmol) in 1:l MeOH/EtOAc (1

mL) was added 5%Pd/C (18 mg), and the mixture was stirred under an H2 amiosphere at
n for 2.6 h. The catalyst was removed by filtration, washed with EtOAc, and the
combined filtrates were evaporated. The 'HN M R spectrurn (CDC13)of the crude residue
showed that

Ca.

50% of the starting material was stin present. A solution of the cmde

mixture in 4:I AcOWMeOH ( 2 5 mL) was stirred over 5% PdlC (20 mg) under an

Hz

atmosphere at rt for 19 h. The catalyst was removed by filtration, washed with EtOAc,
and the combmed tiltrates were evaporated. EtOAc (5 mL) and sat. NaHCG(aq) (3 mL)
were added to the residue, the mixture was shaken, and the EtOAc layer was removeci and

extracted with sat. NaHCa(aq) (4 x 2 mL). The combiaed aqueous layers were acidified
with 10% Ha(@ to pH 1-2 and extracted with CH2C12(4 x 5 mL). The c0mbine.d

CHzCh layers were drid (MgSQ) and evaporated to give a colourless solid (27 mg,
50%):

'HNMR (CDCh) & 3.00 (dd, IH, J = 15.3, 69, H4a), 3.08 (dd, 1H. J = 15.2,

a),
5.92 (s, 2H,a),

12.3, W),3.51 (ddd, lH, J = 12.1,7.0,3.8, H-3), 3.85 (s, 6H,

6.03 (d, IH, J = 3.6, H-2), 6.54 (s, 2H, aromatic), 6.59 (s, lH, aromatic), 6.76 (s, IH,

aromatic);

13cNMR ( C E & )& 30.8 (CHI),40.5 (CH), 56.2 (2 x CH3), 101.0 (CH2),

105-9 (2 x CH), 107.0 (CH), 108.6 (CH), 121.3 (CH), 128.0 (C),128.7 (C),135.5 (C),
141.0 (C),146.3 (0,146.7 (0,153.0 (2 x C), 179.4 (C);mass spectrurn m/i (relative
Uitensity): 384 (M: 11), 367 (6), 338 (42), 323 (29), 308 (IO), 158 (23). 105 (27), 91
(95),55 (100)-

1.2-cis-2,3-cis-DimethylEkter 2û4 and I -Hydroxy-2,3-hmis-dUMthyl
Ester 205

To a solution of cycloadduct 183 (21.4 mg, 0.0288 mmol) in 1:1 MeOWAcOH (2
mL) was added 5% PdlC (18 mg), and the mixture was stirred under an H2 at~msphereat
rt for H) h.

The cataiyst was removed by filtration, washed with EtOAc, and the

combined fihates were evaporated.

The colourless residue was dissolved in sat.

NaHC03(aq)(5 mL) and washed with EtOAc (3.5 mL). The aqueous layer was acidified
with 1046 HCl(aq), saturateci with NaCl, and extracted with CH&

(5 x 3.5 mL). The

cornbined CH2Q portions were dried (MgSQ) and evaporated to g M a colourkss
amorphous solid (10.3 mg). A suspension of the crude soiid m diethyl ether (0.5 mL) was
cooled to O O C . A h h l y p n p d solution of diazomethane in diethyl etherXTJ
was added
dropwise to the stirred suspension (dissolwig the solid) uniil no more gas (N2)
was
evolved and a yellow colour was persistent. The solution was stirred at rt for 10 min, the
solvent was evaporatecî, and the cesidue was chromatographed on silica gel (15-201
EtOAchexanes) to give dimethy1 esters 204 (ca. 2 mg) and 205 (CU. 3 mg) as colourless

amorphous solids.

1.2-cis-2.3-cis-dimethylester 204: IR (CH2Q): 1738 (CO) cm-'; 'H NMR
(CDCl3) 6: 2.99 (dd, lH, J = 16.3, 5.4, H-4a). 3.13 (ddd, lH, 5 = 12.5. 5.6, 3.7, H-3),
3.36 (s, 3H,

CH3),

3.46 (dd, lH, J = 6.2, 3.7, H-2),3.58 (m. 1H. H-4b), 3.72 (s, 3 8

CH3), 3.79 (s, 6H,CH3), 3.85 (s, 3H, CH3), 4.28 (d, lHTJ = 6.0, H-1), 5.87 (d, lH, J =

1.4, CHZ),5.89 (d. 1H,J = 1.4, C H 2 ) , 6.40 (s, 2H, aromatic), 6.41

(S.

lH, ammatic), 6.65

(s, 1H,aromatic); mass spectrum d z (relative mtensity): 458 (MC, 85), 398 (26), 365

(261,339 (621, 283 (29). 252 (19). 231 (30). 195 (20), 155 (W),
141 (27), 71 (IO)
57
,
(40); HRMS calcd for C2&&

458-1577; found: 458.1585.

1-hydroay-2,3-trans-dimethyl
ester 205: IR (CH2Ci2):1740 (CO) cm-'; 'HN M R
( m l 3 ) 6:3.12 (dd, lH, J = 16.8. 11.5, H-4a). 3.22 (dd, lH, J = 16.7, 5.8, H-4b), 3.35
(d, lH, J = 11.9, H-2), 3.46 (s, 3H, CH3), 3.64 (ddd, lH, J = 1 l J , 11.7, 5.9,

6,3H, CH3), 3-81 (s, 6K a 3 ) , 3-86 (s, 3H, CH3), 4.31

(S.

H-3),3.72

1H,OH), 5.86 (d, 1H, J =

1.3, m2),5.89 (4 1& J = 1.3, Ch),6.3 1 (S. 1H, aromatic), 6.55 (S. 2H, aromatic), 6.59

(s, 1K uomtic); 13cNMR (CDCI3) 6 32.3 (C'Hz), 39.8 (CH), 52.1 (CH3), 52.3 (CH3),
54.0 (CH),56.2 (2 X

=3),

60.9 ( a 3 ) , 76.0 (c),101.1

(a),
103.8 (2 x CH), 107.7

(CH),10.0 (CH),127.4 (C),132.7

(0,
135.1 (Ç),

140.5 (C),146.4 (C),147.6 (C),

152.7 (2 x C), 173.8 (O,
174-7 (C);miss spectmm d z (reIative mtemity): 474 (W, 15),
456 (61, 396 (2% 381 (9). 365 (18), 328 (37). 313 (10). 299 (29, 195 (23), 149 (lm),

57 (64); HRMS calcd for C A O1 ~ :474.1526; found: 474.1508.

EfiminationProduct 206, Inversion Product 20'7, und Retention Product 208
A 0.37 M solution of L

m m diethyl ether

was pcePared'73by heating a

suspension of LW.& (2.51 g, 66.1 d)
in diethyl ether (LOO mL) at reflux under a
nitrogen atmosphere for 1 h.

The solution

was cooled to rt, nItered under an mert

atmosphere, and titrateci'" twice as foliows. A solution of iodine (1.029 g, 4.054 mmol)

in benzeue (20 mL) was gently shaken with the L ï e t h e r solution (2.0 mL), and the

mixture was allowed to stand for 10 min. H20 (20 mL) and glacial AcOH (0.8 mL) were
added to the solution, and the excess iodine was titrateci with a 0.2 M aqueous thiosulfate
solution (50 mL). A volume of 25.70 mL of the thiosulfate solution was required to
dissipate the iodine colout.
A solution of cycloadduct 183 (155 mg, 0.209 rrmiol) in CH2CI2(41 mL) was

placed under a nitrogen amiosphere and cooled to -20 O C . As BF3=OEt2(O. 15 mL, 1-2
rnmol) was added dropwise, the stirred solution tumed dark purple. Mer the addition of
BF3eOEt2was complete, the temperature of the solution was lowered to -55 OC, and

LW& (0.37 M in diethyl ether, ca. 2 mL) was slowly added dropwise until the solution
was decolourized (CU. 15 min). The solution was treated dropwise with 50%MeOH/H20

(20 mL), stirred for 20 min, warmed to rt, and acidifieci with 108 HCl(aq) (1 mL). The

CHzCIz layer was collecteci. washed with 10% HCl(aq) (20 mL), and the combined

aqueous iayers were extracteci with CH2C12(5 x 10 d).
The combmed organic layen

were dried (MgSO*) and evaporated to give a purple amorphous solid (145 mg). 'H

NMR (C'CI3)mtegration of the metbine shgIets at 5.76, 5.67, and 5.71 ppm indicated
that compounds 206, 207, and 208 were present in a ratio of 1.0:15.0:2.0 nspectively.

Chromatography on sïiica gel (20% EtOAchexanes) gave pure sampks of compounds
2û6 (coloutless crystals), 207 (colourless amorphous soiid), and 208 (colourless

amorphous soiid).
elhimtion product 206: np: 184-186 O C ; [a]?: + 7 8 O (c 0.16, CHC13); IR
(CH2CIz): 1749 (CO) cmeL;'H NMR (CDC13)d 3.29 (dd, lH, J
(dd, lH, J = 16.1, 4.5, H-4b), 3.58 (s, 3H, CH3),3.63 (s,

= 15.7, 6.3, H-4a), 3.37

3H,CH3), 3-64(s, 3H, a),

3.81 (S. 6H, CH3),4.08 (dd, IH, J = 6.8,4.3, H-3), 5.76 (s, lH, CH), 5.91 (s, 2H, C&),

5.93 (s, 1H, CH), 6.28 (s, IH, aromatic), 6.38 (d, 2H, J = 1.9, aromatic), 6.74 (s, lH,
aromatic), 7.03

(m.2H, aromatic), 7.20-7.36 (m,8H, aromatic); 13cNMR (CDCi3) 6:

3 1.5 (CH2), 4 1.3 (CH), 52.4 (CH3), 52.5

(a),
56.0 ( a s ) , 60.9 (2 x CH3), 74.6 (O,

74.9 (CH), 101.3 (CH$,105.5 (CH), 106.3 (CH), 108.5 (CH), 109.2 (CH), 120.7 (C),

127.3 (4 x CH), 128.4 (2 x CH), 128.6 (2 x CH), 128.9 (2 x CH), 129.8 (2 x C),133.3

(C),133.8 (0,134.0 (C), 137.4 (0,146.5 (C), 148.5 (C),149.3 (C), 153.0 (2 x C),
167.2 (C), 168.8 (C),168.9 (C),172.0 (C); mass spectrum d z (relative intensity): 724

w, 6),530 (2), 408 (23,393 (12), 365 (19, 338 (S),

323 (2). 307 (2), 149 (42), 121

(13), 107 (38), 91 (61), 77 (31), 57 (100); HRMS calcd for (&H36013:
724.2155;found:

724.2 158.

inversion product Un: [alD=:
-49O (c 0.12, CH(&);IR (CHC13): 1745 (CO) cm-';
L~

NMR ( C D C I 3 ) 6: 3.01 (dd, lH, J = 18.3, 13.1, H-44,3.39 (m, 2H, H-3,H4b), 3.53

(dd, lH, J = 11.8, 5.6, H-2), 3.59 (s, 3% CH,),3.63 (s, 6EE, C H 3 ) . 3.68 (s, 3H,CH3),
3.73 (s, 3H, CH3), 4.52 (6lH, J = 5.6, H-1),5.67 (s, 1H,CH), 5.90 (s, 2H, CHz), 6.05
(s, lH,CH), 6.12 (s, W ,ammatic), 6.40

(S.

lH, aromatic), 6.66 (s, 1& aromatic), 7.02-

7.12 (m,4H,aromatic), 7.18-7.44 (m,6H,aromatic); 13cNMR (CDC13) & 32.1 (CH2),
37.3 (CH), 46.5 (CH), 48.0 (CH), 52.5 (2 x CH3), 56.2 (2 x CH3), 60.6 (CH3), 74.1
(CH), 74.7 (CH), 100.9 (CH2), 107.2 (2 x CH), 107.6 (CH), 109.4 (CH), 126.6 (C),

126.9 (2 x CH), 127.9 (2 x CH), 128.4 (2 x CH), 128.7 (2 x CH), 128.8 (CH), 129.2

(CH), 129.5 (C), 133.3 (C), 133.5 (0,
136.9 (C),137.3 (C), 146.5 (C),146.8 (C), 152.6
(2 x C), 168.8 (0,169.4 (C),171.0 (0,174.0 (C);mass spectrum d z (relative

intensity): 726

m,35). 532 (13), 499 (22), 411 (73), 384 (14), 365 (42)- 339 (66), 324

(14), 308 (19), 283 (1 1). 149 (LOO), 121 (100). 107 (31), 91 (58), 77 (41). 57 (27);

HRMS calcd for

726.23 12; found: 726.2324.

retention product 208:

[aloz:+77O (c O. 15, WC&); IR (CHC13): 1750 (CO)

cm-'; 'HN M R (CDC13)d? 3.12-3.42

(m.4H, H-2,H-3,H4a, H-4b). 3.59 (s, 3H, CH3),

a),
3-75 (s, m, CH3), 3-86(s, 3H, CH3), 4.18 (d, lHTJ = 8.5, If-11, 5.71

3-71(s, 3H,

(s, lH, CH), 5.84 (s, lH, CH), 5.88 (s, 2H,C&), 6.28 (s, lH, aromatic), 6.39 (s, 2H,

aromatic), 6.64 (s, lH, aromatic), 7.16 (m,2H, aromatic), 7.24-7.42 (m,8H,aromatic);

"C NMR
(CH3),

(-13)

56.0 (2 x =3),

6: 32.1 (Cl%),42.9 (CH), 48.8 (CH), 50.1 (CH), 52.4 (CH3), 52.6
60.8

( a d , 74.8 (2 X CH), 100.9 (CH2), 106.4 (2 x CH), 107.8

(CH), 109.2 (CH), 126.9 (C), 127.2 (2 x CH), 127.6 (2 x CH), 128.5 (2 x CH), 128.7 (2

x

CH), 129.0 (CH),129.2 (CH),130.7 (C),133.2 (0,133.5 (C), 137.0 (C), 138.7 (C),

146.3 (C),146.5 (C), 153.2 (2 x C), 168.5 (0,
169.1 (C),172.8 (C),173.2 (C);mass

spectrum d z (relative intensity): 726 (M: LS), 532 (8), 499 (18), 412 (35). 383 (10). 365

(321, 339 (39). 324 (IO), 308 (13). 283 (IO), 149 (lm), 121 (69). 107 (44). 91 (BO), 77

(54), 57 (36); HRMS calcd for &H3801i:

726.23 12; found: 726.23 14.

(-)~eoxypodop~Ilotoxùr
(8)

To a solution of cmde reduction pmduct 2Q7 (145 mg) m 3096 MeOH/AcOH (20

ml,) was added 5% Pd/C (36 mg),and the mixture was stirred under an Hz atmosphere at
rt for 4 days (89 h).

The cataiyst was removed by filtration, washed with EtOAc, and the

combined filtrates were evaporated. The resultant iight yeUow solid was dissolved in sat.

NaHC03(aq)(10 mL) and washed with EtOAc (2 x 5 mL). The combined organic layers
were extracted mccessively with sat. NaHC@(aq) (3 mL) and Hz0 (3 mL) three times.

The combined aqueous layers were acidified with 10%Ha(@ to pH 1-2, satwated with
NaCI, and extracted with CH2Ch (7 x 12 mL). The combined CH2Ci2layers were dried
(MgS04) and evaporated to give a light yellow solid presumed to be diacid 2ûû (67 mg):

'FI NMR (ml3)
& 2.88 (dd, lH, J = 15.7, 11.9, H-4a). 3.08 (ddd, lH, J = 11.8, 11.8,
5.5, H-3), 3.22 (dd, lH, J = 16.0, 5.4, H4b), 3.29 (dd, IH, J = 11.8, 5.6, H-2), 3.69 (s,

6H,CH3),3.76 (s, 3H,CH3),4.47 (d, lH, J = 5.5, H-1), 5.90 (S. 2H. C&), 6.16 (s, 2H,
aromatic), 6.41 (s, lH, aromatic), 6.62 (s, lH, aromatic). 8.14 (S. 2H,C m .

The crude diacid (200) (67 mg)

was dissolved in aiauoroacetic anhydride (6.5

mL), and the solution was heated at reflux under a dryhg tube (CaQ) for 2 h. The
solution was slightly cooled and then evaporated to give the presumd anhydride 210 as a
light brown mrphous solid:

H 4 ) , 3.76 (s, 6H, a

3 ) ,

'HNMR (CDS) 6: 3.03-3.39 (m,4H,H-2, H-3, H-4%

3.81 (s, 3H, CH3), 4.72 (d, lH, J = 4.1, H-i), 5.95 (d, IH, J =

1.3, CH2), 5.97 (d, lH, J = 1.2, CH2),6.31

(S.

2H,aromtic), 6.52 (S. lH, aromatic), 6.71

(s, lH, ammatic).

To a soiution of the m d e anhydride (210)in i-PrOH (7.5 mL) was added NaBa
(8.0 mg, 0.21 nmiol), and the mùture was heated at reflux for 15 h.

cooled to a and acidifiecl with 10% HCl(aq) to pH 1-2.

The solution was

Most of the i-PrOH was

evaporated, and the concentrated solution was diiuted with EtOAc (5.5 mL) and Hz0 (5.5

mL). The aqueous layer was removed, saturatecl with NaCi, and then extracted with
CH2Ci2(6 x 3 mL).

The combhed organic layers were dried (MgSO*) and evaporated to

give a brown solid presumed to be hydroxy acid 211. The 'HN M R spectrum (CDCi3) of
the cmde material displayed a doublet at 4.39 ppm (J = 5.4) and a doublet at 4.48 ppm (J

= S.@, in an integrated ratio of 3.33:1.00, that were consistent with the H-1 protons of
yhydroxy acids 211 and 212 ~spectively.

To a solution of the crude hydroxy acid (211) in benzene (7.0 mL) was added a
catalytic amount of p-TsOH-Hz0 (2 mg, 0.01 mmoI). and the mixnire was heateâ at reflux
for 17.5 h. The mixture was cooled to rt and washed with

Ha (5 mL). The aqueous

layer was satucated with NaCl and then emacted with CH2Ci2(5 x 2 mL). The organic

layers were combineci, dried (MgS04). evaporated, and the resulting brown solid was
chromatographed on siüca gel (20% EtOAchexanes) to give (-)-deoxypodophyllotoxin
(8) as a colourless amorphous soiid (24.5 mg, 30% from cycloadduct 183): [ a ] ~
-1 1~
2O :
(C

0.05, =cl3)
''.til[

[a]?:-1 13.4" (c 0.50, CHCI,)]; IR (CH2a): 178 1 (CO) cm*'; 'H

NMR ( m l 3 )6: 2.74 (br s, 2H, H-2,H-3), 2.76 (m,LH,H-4a), 3 .O7 (m,lH,H-4b), 3.75
(s, 6H,CH3), 3.8 1 (s, 3H, CH,),3-92 (m, 1H,CH2), 4.46 (m.1H, CI&), 4.60 (br s, 1H,

H-l), 5.93 (d, lH, J = 1.3, CHz), 5.95 (d, lH, J = 1.3,

a),
6.35 (s, 2H,aromatic), 6.52

(s, 1H,aromatic), 6.67

(S.

IH,aromatic); 13cNMR (CDCi3)& 32.8 (CH),33.1 (CH2),

(w,101-2 (CH2), 108.3 (2 x

43.7 (CH), 47.5 (CH), 56.2 (2 x CH3), 60.7 (CH3),72.0
CH), 108.4 (CH),110.4 (CH), 128.2

(C),130.6 (C),136.2 (C),137.1 (0,
146.7 (C),

147.0 (0,152.5 (2 x C), 174.8 (C);miss spectmm nih (relative inteasity): 398 (M. 40),

244 (8). 181 (IO), 173 (9), 129 (8), 86 (68). 84 (100), 57 (12); HRMS caicd for
C22H22G:398.1380;

found: 398,1365. The 'H NMR spectrum was in agreement with

that previously reported.S.161

Dimethyl Ester 209

Diazomethane was fkshly prepared from ~iazaldOaccordhg to a standard
procedure.lT3
Cnide diacid 200 (18 mg, 0.042 m l ) was suspended in diethyl ether (0.5 mL)

and cooled to O OC. A solution of diazomethane m diethyl ether was added dropwise to
the stirred suspension until no more gas
yeilow.

(N2)was evolved and the solution remained

The solution was stirred for 5 min, wamiwl to rt, and the ether was evaporated to

give a yeilow solid. Chromatography on siüca gel (15% EtOAchexanes) gave 209 as a

colourless amorphous solid (14 mg, 73%):

[a]D:-12 1

1735 (CO) cm"; 'HNMR (ml3)
& 2.85 (dd, lH, J

O

(c 0.08, CKQ);

Et (CHC13):

= 17.8, 13.4, Haa), 3.17 (m,2H,

H-3,H-4b), 3.35 (dd lH, J = 12.1,5.6, H-2), 3.57 (s, 3H, CH3), 3.70

(S.

3H, CH3),3.74

(s, 6H,CH3), 3.79 (s, 3H, CH3), 4.48 (4 LH,J = 5.6, H-1), 5.90 (d, lH, J = 1.3, CI&),
5.90 (d, IH, 5 = 1.3, CHI), 6.11 (s, 2H, aromatic), 6.41

aromatic); "C NMR (-3)
(CH3), 52.0

(CH3).

56.1 (2 x

(S.

1H. aromatic), 6.60 (s, lH,

6: 32.4 (CH2), 37.2 (CH), 46.5 (CH), 47.8 (CH), 51.5
CH3).

60.8 (CH3), 101.0 (CHz). 106.7 (2 x CH), 107.5

(CH),109.5 (CH),126.1

(O,
129.5 (0,
137.1 (0,
137.3 (0,
146.6

(C), 146.8 (C),

152.8 (2 X C), 172.5 CC),175.5 (0;niass speccnim mh (relative mtensity): 458 (M*,W),
398 (50). 339 (lm), 324 (15). 308 (16). 283 (32),252 (23), 231 (19), 149 (23). 57 (44);

HRMS calcd for C24N2609: 458.1577; found: 4%. 1570.

Diaryi Alcohol213

2-Benzaitetralone (219) was synthesized by a modüication of the Iiterature
procedure for the preparation of beazalacetophenoae (chalcone).'"

To an ice-cold

sohtion of NaOH (113 mg, 2.83 nwol) in Ha (1 mL) was added a solution of
a-tetraione (217)(308 mg, 2.1 1 mmol) and beozaldehyde (218) (230 mg, 2.17 nnnol) in
EtOH (0.6 mL). The solution was stirred at rt for 22 h, and the resultant yeIlow

precipitate was coiiected by filtration, washed with H20, and dissolved m CH2C12(2 mL).
The organic solution was dned (MgSO4) and evaporated to give enone 219 as light yeilow

crystais (431 mg, 87%): 'HNMR (CDCI3) d 2.93 (m, 2H, CH2), 3.12 (m,2H, CH2),
7.23 (d, IH, J = 7.8, aromatic), 7.31-73 (m,7H,aromatic), 7.87 (br s, IH, CH), 8.13
(dd, iH, J = 7.8, 1.2, aromatic). The spectrum was in agreement with that previously

reported.18*
A solution of the cmde enone (219) in EtOAc (3.2 mL) was stirred over 5% Pd/C

(60 mg) under an H2 atmosphere at rt for 4 h. The catalyst was removed by filtration,
washed with EtOAc, and the combined fihates were evaporated to give ketone 22û as a
Light yellow oil(434 mg, 8756 fkom a-tetralone):

CH2), 2.05-2.13

(m lHTCH*),2.60-2.78

'HNMR (CDC13) 6: 1-70-1.83 (m, 1H,

(m, 2H, CH, CHI), 2.90 (m, 2H,CH2), 3.48

(dd lH, l = 13.3, 3.6, CH2), 7.17-7.32 (m,7H,aromatic), 7.44 (m,IH, aromatic), 8.06

(dd lH, J = 7.8, 1.2, aromatic). The spectnun was m agreement with that previously
reported.'"

Magnesium Nmings (89.0 mg, 3.66 n m l ) were placed in a 2-necked 25 mL
round-bottom flask fitted with a reflux condenser and separatory fiinne1 with drying tubes
attached (Cas). One crystal of iodhe (12 mg, 0.047 mumi) and diethyl ether (1 mL)
were added to the magnesium, and the system was purged with &(g).

A solution of

bromobenzene (800 mg, 5.1 mmol) in diethyl ether (2 mL) was slowly added via the

separatory funnel and the mixture was heated at reflux until the magnesium Runmgs were
completely reacted (as mdicated by their disappearance). The crude ketone (220) in
diethyl ether (2 mL) was slowly added at n via the separatory hionel, and the solution was
heated at reflux for 20 mia. The solution was cooied to O O

C

and acidifled with sat.

N&Cl(aq) (1 mL). The mixture was diluted with Hz0 (5 mL), and the aqueous phase
was extracted with EtOAc (4 x 3 mL). The combined organic phases were dried
(MgSQ), evaporated and the resulting brown oil was chromatographed on silica gel
(4- 10% EtOAchexanes) to give alcohol213 as a yeiiow amorphous solid (245 mg, 37%

from @tetraione (217)): 'H NMR (CD(&) 6: 1.76-1.84 (m,2H, CH2), 1.92 (s, lH, OH),

2.20-2.29 (m, 1Hy CH). 2.41 (d4 lHl J = 13.5, 10.9, CH2), 2.72 (dd, IH, J = 13.5, 2.3,
CH2), 2.78-2.92 (m,2 8 CH2), 6.86 (dd, lH, J = 7.8, 0.7, aromatic), 6.94-7.47

(m,8H1

aromatic).

Alkene 222

To a solution of diaryl alcobol 213 (190 mg, 0.60 mrnol) in benzene (6.5 mL) was
added p-TsOH-Hfl (2 mg, 0.01 m l ) , and the mixture was heated at reflux for 20 h.

The solution was cooled to rt, washed with H20 (4 HL),and the aqu-us
extracted with CH2Ci2(2 x 2

mL). The combineci o r g e phases w e drrd
~ (MgSO4)

and evaporated to give a brown 01 (179 mg, 1100%):

CH2),2.80

(m. ZH,CHz),

phase was

3.41 (s, 2H, CH2). 6.64

'HNMR (CDCI,) 6: 2.29

(III,

2H,

(m.lH, aromatic), 6.99-7.41 (m,8H,

aromatic).

Epoxide 223
To a solution of crude alkene 222 (45 mg, 0.15 mmol) m CH2C12(4.5 mL) was
added m-chloroperoxybeuzoic acid (53 mg, 0.31 mmol), and the solution was stirred at rt
for 3 h. Saturated Na2S03(aq)(2 mL) was added to the solution, and the mixture was
s h e d for 10 min.

The CH2C12layer was washed with H a (3 EL),àried (MgSO4), and

evaporated to afford a light yellow amorphous solid (47 mg, 100%): 'HNMR (CDC13)6:

a),
2.56 (d,
lH,J = 14.4, Ca),
2.59 (ddd, 1H, J = 15.6, 5.4, 1.9, CH$, 2.68 (d, lH, J = 14.5, a),

1.88 (ddd, lH, J = 14.3, 13.5, 5.5, CH2),2.25 (ddd, 1H, J = 14.4, 6.3, 2.0,

2.85 (ddd, LH, J = 15.4, 13.6, 6.3, CH2),6.91 (dd, lH, J = 7.8, 1.1, aromatic), 7.0-7.72

(m, 8H,aromatic).

Diphenylmethanol(224)
To a solution of benzophenone (200 mg, 1.10 m l ) in i-PrOH (6 mL) was added
NaB& (46 mg, 1.2 nmiol), and the mixture was heated at reflux for 30 min. The solution
was cooled to rt, acidified with 10% HCl(aq) to pH 1-2, and the C M H was evaporated.

The residue was dissolved in CH2C12(8 mL), the solution was washed with H20 (5 mL),

and the aqueous phase was extracted with CH2Ci2 (2 x 2 mL). The cornbined organic

portions were dried -01) and evaporated to give coburless crystals (196 mg, 97%):

'HNMR (CDCl3) 8i 2.3 1 (s, lH, OH), 5.79 (S. lH, CH), 7.30 (m,IOH, aromatic). The
spectrum was consistent with that pviously ceported2"

Bis(diphenyImethy1)E h r (225)
A stirred solution of alcohol224 (151 mg, 0.820 mrnol) in C W b (4.5 mL) was

cooled to -20 OC under a nitrogen atmosphere and treated with BF3-OU2(0.6 niL, 4.9
m l ) . The solution, which turned brilliant yellow, was s h e d for 2 min and then cooled
to -55 OC. LAI.& (0.37 M in diethyl ether, 1 mL, 0.37 mmol) was added dropwise until
the solution was decoburized, and 1:l MeO-

(1 mL) was added. The mixnue was

warmed to n, diluted wbh Hz0 (6 mL),and the aqueous phase was extractai with CH2C12
(3.5 mL).

The combined organic byers were dried (MgSOd), evaporated, and the

resulting brown solid was chromatographed on silica gel (10% EtOACmexanes) to give a
colourless crystalline solid (120 mg, 83%): 'HNMR (CDC13) & 5.39 (s, 2H, CH), 7.30

(m [OH,aromatic); "C NMR

(CDCl3) & 80.0 (2 x CH), 127.2 (8 x CH), 127.4 (4 x

CH), 128.3 (8 x CH), 142.2 (4 x C);mass spectnim d z (relative intewity): 183 (FIPh2CHJ+, 53), 167 (100), 152 (28), 105 (33). 77 (22); HRMS caicd for C13HiI0(plPH2CH]+): 183.08 10; found: 183.0798. The mass spectnun and 'H NMR specmm were

consistent with those previously ~eported?~

(Methyl (S)-hctyl)4-Bromocroto~te(US)

To a solution of crotonic acid (237) (5.01 g, 58.2 mmol) in C a (50 mL) was
added NBS (10.53 g, 59.16 mmol) and benzoyl peroxide (2 10 mg, 0.867 rmnol), and the

mixture was heated at rehu under a nitrogen atmosphere for 4.5 h. The mixture was
cooled kept at 5 O C for 16 h, and the resulting ~olourlessp i p i t a t e (succinimide) was
removed by filtration.

The

L~

NMR spe~trumof the solution indiCateci that

the

4 - b r o ~ o t o n i cacid:crotonic acid ratio was 2 3 by integration of the signais. The
solution was treated with thionyl chloride (6.40 mL, 87.7 mm>l) and stirred at 60 OC
under a dryiog tube ( C a m for 4 h. The sohition was cooled to rt, the solvent was
evaporated, and C a (10 mL) was added and evaporated twice to remove traces of SOQ

fkom the remaining liquid. The m d e acid chloride (239) was dissolved m CCb (20 mL).
The solution was treated with tmthyI (S)-lactate (240) (8.30 mL, 86.9 mrnol) and heated

at reflux under a drying tube ( C a a ) for 66.5 h. After cooliag the solution to n and
evaporatmg the solvent, the crude product was cbromatographed on siüca gel (8%
EtOAc/hexanes) to give a iight yenow liquid (5.83 g, 40%): [alD?-13O (c 0.95, CHQ);

IR (CHCI,): 1719 (CO) cm-'; 'HNMR (CDCl3) d 1.53 (d, 3H, J = 7.1, CH,),3.76 (s, 3H,

CH& 4.03 (dd, 2H,J = 7.2, 1.2, C&), 5.17 (q, lH, J = 7.1, CH), 6.1 1 (d, l a J = 15.4,
CH), 7.08 (dt, lH, J = 15.4, 7.3,CH);

13cN M R (CDS) 6:17.0 (CH3), 28.9 (CH2), 52.4

(CH3), 68.8 (CH), 123.7 (CH), 143.0 (CH), 164.6 (C), 171.O (C); mass spectrum (NHs+
CI) d z (relative intensity): 2S3/25 1 (FI+ HJ+,
3), 22112 19 (3), l W l 9 1 (12). 171 (15),

166/164 (9), 149/147 (LOO), 1211119 (8), 113 (13), 68 (70); anal. calcd for CsHtlO&: C
38.27, H 4.42; found: C 38.49, H 4.34.

(Methyl (S)-Loctyl)4-Aceto*ycrotonate(236)

Süver acetate was prepared by a d h g a solution of sodium acetate trihydrate (1.27
gy 9.33 m l ) in H20 (1 I mL) dropwise to a stirred solution of silver nitrate (1.10 g,

6.48)

m H D (10 mL) at a. The mixture was stirred for five min, and the resultant

colourless precipitate was coliected by Ntration (848 mg,79%).
A solution of (methyl (S)-iactyi)4-bromoaotonate (235) (1-00 g, 3.98 mmoL) and

silver acetate (731 mg, 4.38 mmol) m acetk acid (26 II&)was stirred at 100 OC under a

drying tube (CaQ) for 22 h. The resuitant precipitate was removed by filtration and
washed with EtOAc.

The combmed tiltrates were düuted with aqueous NaCi (1.0 M, 80

mL), and the mixture was extracted with EtOAc (5 x 20 mL). The EtOAc layers were
combined, washed successively with sat. NaHC@(aq) (3 x 15 mL) and H20(20 a),
dried (MgS04), and evaporated The crude product wes chrornatographed on silica gel
(10% EtOAchexanes) to give a colourIess liquid (685 mg, 7546): [alD=:
-1 1 O

(C

2.30,

CHCI& IR ( m a 3 ) : 1742 (CO) cm-'; 'HN M R (CDCi3) & 1.53 (d, 3H, / = 7.1, CH3),

2.13 (s, 3H, CH3), 3.76 (s, 3H,CH3), 4.76 (dd, 2H, J = 4.5, 2.0, C a ) , 5.18 (q, lH, J =
7.1, CH), 6.11 (dt, lH, J = 15.8, 2.0,CH), 7.02(dt, lH, J = 15.8,4.5, CH); 13cNMR
(CDCI3) 6: 17.0 (CH3), 20.7

(a),
52.4 (CH3), 62.4 (CHI), 68.7 (CH),

142.6 (CH), 164.9 (C), 170.2 (C), 171.1 (C);
intensity): 23 1 ([M +

a', 1), 171 (22).

mdss

121.1 (CH),

spectrum (NHI CI) d z (relative

127 (21), 85 (lûû), 55 (24); HRMS calcd for

CsHI'O4 (FI- CH3CW3:171.0657; found: 171.0657.

Cycloadduct 242
A solution of benzocyclobutenol (241) (37.5 mg, 0.3 12 mmol) and (rnethyl

(9-

lactyl) Cbromocrotonate (235) (42.8 mg, 0.170 mmol) in benzene (3.0 mL) was heated at
reflux under a drying tube (CaClz) for 70 h, and the solvent was evaporated. The 'H

NMR spectrum (CDCi3)of the crude product showed that Cbrornocrotonate 235 (minor)

was present in a ratio of 1:3 relative to cycloadduct 242 (major) and that

benzocyclobutenol(241) was absent. The crude product was dissolved m beazene (3.0
mL), more benzocyclobutenol (33.0 mg, 0.275
heated at reDw for 95 h.

nimol)

was added, and the soiution was

The solvent was evaporated, and the 'H NMR spectmm

(CDCL3) of the m d e product showed that no crotonate reauüned

The m d e product was

chromatographed on siiica gel (8%EtOAdhexanes) to give a light yellow liquid (56.3 mg,
89%):

[a]~
-66"
~ (c~0.28,
: CHQ); IR (CHQ): 3504 (OH), 1747 (CO) cm";'HNMR

(CDQ) B 1.58 (d, 3H, J = 7.2, CH3), 2.55 (m, IH,H-3),2.80 (dd, lH, J = 10.6, 9.6,

H-2). 2.95 (d, 2H, J = 8.0, CH*),3.52 (dd, lH, J = 10.3, 3.4, H-4a), 3.57 (dd, lH, J =
10.3, 5.7, H4b), 3.83 (S. 3H, CH3),4.04 (br s, lH, OH), 4.99 (ci, lH, J

= 9.5, H-1).5.31

(q, IH, J = 7.2, CH), 7.12 (m, lH, aromatic), 7.24 (rn, 2H, aromatic), 7.67 (m, lH,
aromtic);

13cC (CDCl3)

& 16.7 (CH9, 32.9 (CH2), 35.8 (CH), 37.3 (CH2), 53.0

(cH3), 53.5 (CH),69.0 (CH),71.7 (CH), 126.3 (CH), 126.6 (CH), 127.5 (CH), 128.1

(CH),133.9 (Cl, 136.8 (C), 172.5 (C), 173.5 (C); mass spectnim (NEt* CI) d z (relative
intensity): 390-388 (FI+ N&]> 32), 372-370 (M+, 901, 355-353 (38), 308 (28), 273
(301, 251-249 (lm), 240-238 (31), 187 (88), 158 (36). 141 (61), 128 (52), 115 (27), 91
(28); HRMS calcd for

c&~o~'B
372.0395;
~:

found: 372.0394; HRMS calcd for

~d&s05'%r:370.0415; fomd: 370.0418.

Erher 243 and Elimination Product 244
A solution of benzocyclobutenol (241) (98.8 mg, 0.822 -1)

and (methyl (S)-

lactyl) 4-bromocrotonate (235) (99.5 mg, 0.396 rnmol) in toluene (3.5 mL) was heated at
reflux under a drying tube (CaCl*) for 71 h, and the solvent was evaporated. The 'H

NMR spectrum ( C D a ) of the m d e product mixture mdicated that cycloadduct 242,
ether 243, and alkene 244 were present in a ratio of 4.5:1.7:1.0

nspectiveIy.

Chromatograpby on silica gel (5% EtOAcmexanes) gave pure samples of compounds 243

and 244 as Light yeilow iiquids.
ether 243: [alos:-33' (c 0.28, CH(&); IR (C'Ha3): 1744 (CO) cm-'; 'HNMR
(CDC13) & 1.36 (d, 3H, J = 7.0, CH3), 2.81 (d, lH, J = 17.5, Haa), 3.04 (m, lH, H-3),
3.42 (IQ2H, H-2, H-4b), 3.50 (s, 3 8 CH3),3.83 (d,

IH,J = 8.3, C s ) , 4.16 (ddd, IH, J

= 8.3, 5.2,2.4, CH2), 4.95 (q, lH, J = 7.1, CH), 5.01 (d, lH, I = 5.1, H-1). 7.16 (m,4H,
aromatic); "C NMR (CDC13) 6: 16.7 (CH3), 33.8 (CH2), 35.6 (CH), 48.6 (CH), 52.2
(CH3), 68.7 (CH), 74.3 (C'Hz), 76.8 (CH), 126.1 (CH), 127.9 (CH), 128.3 (CH), 129.0

(CH), 133.7 (C), 137.6 (C),168.9 (C),170.6 (C);
mass specvum m/z (relative intensity):

290 (MI 7), 186 (19), 158 (19), 142 (71). 129 (100). 115 (13), 91 (19), 71 (60);HRMS
calcd for C&I1805: 290.1155; found: 290.1 152.
elimination product
c d ;

m:[alD=:+3S0 (c 0.59, CHC13); IR (CHCi3): 1713 (CO)

'HNMR (CDC13)i% L -60(d, 3H, J = 7.1, CH3), 3.04 (m. 2H,H4a, a),
3.29 (m,

2H, H-3,H-4b), 3.55 (ddd, IH, J = 9.7, 3.3, 1.1, CH2), 3.78 (s, 3H, CH3), 5.26 (q, lH, J

= 7.0, CH),7.28 (m,4H, aromatic), 7.68 (s, 1H,H- 1); 13cN M R (ml3)
6: 17.0 (CH3),
30.5 ( C H 2 ) , 33.2 (CI&), 34.8 (CH), 52.4 (CH3),68.9 (CH), 127.1 (CH), 128.5 (C),128.8
(CH), 129.0 (CH), 130.6 (CH), 131.2 (C),134.4 (C), 139.2 (CH), 165.6 (C), 171.2 (C);

mass spectmm m/r (relative intensity): 354-352 (M: 5), 25 1-249 (a), 169 (18), 155 (IO),
141 (33), 128 (13), 115 (13), 59 (1 1); HRMS calcd for C&,O?~B~: 354.0289; found:
354.0300; HRMS calcd for ~ & 7 0 D r : 352.03 10; found: 352.0324.

Cycloadduct 245

A solution of benzocyclobutenol (241) (220 mg, 1.83 m l ) and (methyl (S)Iactyi) 4-acetoxycrotonate (236) (206 mg, 0.895 mmol) m toluene (2.0 mL) was heated at

reflux under a drying tube (CaQ) for 67 h, and the solvent was evaporatd. The crude
product was chromatographed on silica gel (540% EtOAdhexanes) to give a iight yeilow
liquid (240 mg, 76%):
cal;

[aloz:-46" (C 0.70, =Ci3); IR (CH2Cï2):3484 (OH), 1736 (CO)

'HNMR (CDC13) 6: 1.56 (d, 3H,/ = 7.1, CH3), 2.05 (s, 3HTCH3), 2.57 (m,lH,

H-3),2.71 (dd, IH, J = 10.9,9.6, H-2), 2.79 (dd, lH, J = 16.4, 10.2, H-4a), 2.93 (dd, lH,
J = 16.6.5.7, H-4b), 3.82 (s, 3H,CH3),3.97 (dTIH, J = 4.1, OH), 4.06 (dd lH, J = 11.1,
4.3, CI&), 4.16 (dd, lH, J = 11.1. 5.8,

CH*),5.00 (dd, lHTJ = 9.4, 3.3, H-1), 5.27 (q,

lHTJ = 7.2, CH), 7.10 (d, IH, J = 7.1, aromatic), 7.23 (m,SH,aromatic), 7.65 (m, 1H,
aromatic); "C NMR (CDCI3) & 16.6 (CH3), 20.8 (CH3), 31.3 (CH2), 34.3 (CH), 51.8

(CH), 52.9 (CH3). 66.1 (CHz), 69.0 (CH). 71.6 (CH), 126.2 (CH), 126.6 (CH), 127.4
(CH), 128.0 (CH), 133.9 (0,137.0 (0,170.8 (C),172.3 (C),173.9 (C);
mass spectm
m/z (relative intensity): 350 (MC. 2), 272 (54), 203 @O), 187 (62). 168 (87), 158 (IO),

141 (61), 129 (57), 115 (20), 91 (24), 85 (32), 59 (18); HRMS calcd for CiaH&:

350.1365; found: 350.1365.

3.45Trimethoxybenzoyl Cyanide (264)

3,4,5-Trimethoxybenzoylcyanide (264) was synthesized by following, in part, the
Literature procedure for the preparation of benzoyl cyanide.'"

A solution of 3,4,5-

trunethoxybenzoic acid (263) (8.02 g, 37.8 m l ) and S O a (4.40 mL, 60.3 m l ) in
CC& (80 mL) was heated at reflux under a dryllig tube (CaC12) for 16 h. Evaporation of

the solvent gave a colourlw soiid, pcesumd to be the acid chioride, that was
subsequently dissolved m CH2C12 (50 mL).

The solution was treated with tetra-

n-butylanmu>nium bromide (50 mg, 0.16 m l ) , cookd to O O C , and then treated with

sodium cyanide (2.04 g, 41-6omiol) followed by HzO(3.0 mL). The mixture was stirred
for 1.5 h, and the precipitate that fomied was removeci by filtration and washed with
CH2Q. The cornbinecl filtrates were dried (MgS04), evaporated, and the cesuitant dark
yeilow solid was chromatographed on silica gel (20% EtOACmexanes) to give brilliant

yeilow crystais (2.65 g, 32%): mp: 133-135 O C ; IR (CH2C12):2224 (0,
1671 (CO)
cd1;

'HNMR (CDCi3) & 3.95 (s, 6H,CH3),4.01 (s, 3 8 C&), 7.37

(S.

2H,aromatic);

"C NMR (CDC13)6: 56.5 (2x CH3),61.3 (CH3), 107.7 (2x CH),112.8 (C), 128.2 (C),
146.2 (C),153.5 (2 x C). 166.4 (C);mass spectnim m/z (relative mtensity): 221 (M*,
LOO), 206 (43), 195 (7),178 (12), 163 (Il),

135 (li),

124 (14); HRMS caicd for

Cl I H'N04:
~
221-0688;found: 221.0684.

Benzoyimandelonitrile 266 a d Cyanohydrin 267
To a stirred solution of diodopiperonal (186) (769 mg, 2.79 mmol) and 3,4,5-

trimethoxybenzoyl cyanide (264) (306 mg, 1.38 m l ) m 1.O: 1.6 CH~CI~/ACOH
(6.5 mL)
was added an ice-cold solution of TiC13 (478 mg, 3.10 mmol)

in H20(2.7 d).
The

solution was stirred under a nitrogen atmosphere at n for 4 h and then diiuted with H20(6

mL). The mixture was extracteci with EtOAc (2 x 7 mL), and the combined organic
phases were washed with H20(2 x 5 mL), dried (MgS04), and evaporated. The crude
product was dissolved in 1:4 CH2CIJt-BuOH (10 mL), K a 3 -1 *Hz0 (244 mg, 1-48

mmol) was added to the solution, and the mixture was stirred for 4.5 h at 60 O C . The

solution was cooled to rt, diluted with EtOAc (20 mL), and the precipitate was removed
by filtration. The filtrate was washed with Hz0 (10 d)dcied
, (Mgso~),evaporated, and

the residue was chromatographed on sika gel (10-2096 EtOAcmexanes) to give an
amrphous solid presumd to be 266 (88 mg, 13%):

IR (CHZa
1729
): (CO) cm-';'H

NMR (CDC13) 6: 3.90 (s, 6H,CH3), 3.92 (s, 3H.CH3), 6.07 (III,
2H. CH2), 6.69 (s, LH,
CH), 7.27

(S.

lH, aromatic), 7.31 (s, 2H, aromatic), 7.33 (s, lH, aromatic); m a s

spectrum d z (relative intensity): 497 (M+. 19), 286 (46), 212 (10). 195 (100). 159 (8).

No other couphg products were isolated

Along with unreacted 186, two

additionai products isolated were the known 3.4.5-trimethoxybenzaldehyde (164) and a

compound pfesumed to be cyanohydrin 267: 'HNMR (CDCi3)$ 3.21 (br s, lH, OH),
5.68 (d, lHTJ = 4.7. CH). 6.03 (S. W.C'Hz), 7.22 (s, lHTaromatic), 7.26 (s, lH,

aromatic).

Trimethylsiiyl Derivative 269

LDA was generated by coohg a stirred solution of düsopropylamine (0.04 mL,
0.29 mmol) in THF (1 mL) to O O C under a nitrogen atmosphere, adding a-BuLi (2.5 M in

hexanes, 0.07 mL,O. 18 mmol), and cooiing the solution to -50 OC. A solution of TMSCl
(0.07 mL, 0.55 m l , fkeshly distilleci frorn Cas) in 0.5 mL of THF was cooled to
-50 OC and added to the LDA solution foîiowed by the dropwise addition of ketone 197
(42 mg, 0.092 mmol) in THF (2 mL). The solution was stirred for 2 min and then treated

with Et3N (0.2 mL, 1.4 mmol) foilowed by sat. NaHC03(aq) (1 mL). The mixture was
wamied to

a, diluted with H D (5 d),
and extracted with EtOAc (2 x 3 mL). The

combined organic layers were dried (MgS04) and evaporated to give a light yeiiow sotid

(49 mg, 100%):

'HNMR ((3DS) & 0.47 (s, 9H,CH3),3.92

(s, 9H,CH3), 5.89

(S.

2H,

Cb),6.72 (s, lH, animatic), 7.28 (s, lH, ammatic).

a-HydroxyKetone 262
To bwzyl aryi ketone 197 (253 mg, 0.555 nrmol) was added triethylamine (0.10
rnL, 0.72 m l ) followed coosecutively by acetonitrile (2

mL), trimthylsiiyl chloride

(0.084 mL, 0.66 m l ) , and a solution of Na1 (1 17 mg, 0.781 mml) in acetonitrile (2

mL). AL, dried over Drieritea (anhydrous Cas04 with indicator, 8 mesh), was slowly
passed through the solution that was stimd at rt for 4.5 h. The resultant dark brown

solution was concentrated in vacuo, and to the residue was added EtOAc (4 mL) and Hn
(4 mL). The mixture was acidiaed wah 10% HCi(aq) (0.5 mL), saturated with NaCl, and

the aqueous phase was extracteci five times with CH2C12(2 mL). The combineci organic

phases were dried (MgSOa), evaporated, and the m d e brown residue was
chromatographed on siüca gel (25% EtOAdhexanes) to give coloutless crystals (249 mg,
95%): mp: 124-125 OC; IR (CHzClz): 3472 (OH), 1689 (CO) c d ; 'HNMR (CDC13) 6:
3.88 (s, 6H,CH,),3.89

(S.

3H.a
s
)
4.51
, (d, lH, J = 5.3, OH), 5.92 (d, lH, J = 1.3,

CHz), 5.94 (d, lH, J = 1.3, C b ) , 6.13 (d

1H.J = 5.2, CH), 6.49 (S. lH, aromatic), 7.17

(s, 2H,aromatic), 7.30 (s, lH, arornatic); [
'c NMR (CDQ) S: 56.6 (2 x CH3), 60.9
(CH3), 80.1 (CH), 88.9 (0,102.0 (CHI), 106.6 (2 x CH), 107.7 (CH), 118.9 (CH), 127.7
(C), 135.5 (C),143.3 (C),148.9 (C), 149.4 (C), 153.0 (2 x C), 197.5 (C); mass spectrum
d z (relative intensity): 472 (MC, l), 275 (7), 195 (LOO), 149 (23), 128 (20), 8 1 (14), 69

(13), 57 (40); HRMS calcd for C1gH&I: 472.0019; Found: 47 1.9987.

a-t-Butyldkthyylloxy Ketone 272

TBDMS triaate was fireshly pnpared accordmg to the literature procedure207by
adding t d ï c acid (14 mL, 160 mmol) to TBDMSCi (24 g, 160 mmol) at rt and stirring the
mixture at 65 O C for 12 h. The solution was disWled at rednced pressure (ca. 2.5 d g ) .
A minor amount of TBDMSCi was collected nfst at ca. 60 OC folkwed by TBDMS
trifiate, a colouriess iïquid, at ca. 83 OC (33.4 g, 79%).

A solution of a-hydroxy ketone 262 (145 mg, 0.307 m l ) in CH2(& (3 rnL) was
stirred at n while TBDMS M a t e (0.14 mL, 0.61 rmml) was added followed by Et3N
(0.13 mL,0.93 -1).

The solution was stirred under a drying tube (CaC12)for 1 h, the

solvent was evaporated, and the resultant yellow amorphous solid was chrornatographed

on silica gel (20% EtOAchexanes) to afford a colourkss oil (178 mg, 99%): IR
(CH2C12): 1692 (CO) cML;'H NMR (CDCl3) 6: 0.08

(S.

3H, CH3), 0.18 (s, 3H, CH3),

0.92 (s, 9H, CH3), 3.88 (s, 3H, CH3), 3.go (s, 6H,CH3), 5.92 (d, 1H, 3 = 1-3, CH2),5.96
(d, 1H, J = 1-3, Cl&), 6.15 (s, 1H, CH), 6.90 (s, 1H, aromatic), 7.22 (s, 2H, aromatic),

7.24 (s, lH,aromatic); I3cNMR ( C D C I 3 ) & 4.2 (2 x CH3), 18.3 (0,25.9 (3 x CH3),

56.5 (2 x CH9, 60.8 (CH3), 81.1 (CH), 87-5 (C),101.9 (CH2), 106.3 (2 x CH), 109.2
(CH), 118.5 (CH), 130.0 (C), 135.5 (0,142.4 (C),148.6 (C), 149.0 (C),152.9 (2 x C),
196.2 (C); mass spectnim mfz (relative mteasity): 571

(w- CH3]*, 2), 529 (16), 459 (1),

391 (lOû), 343 (IO), 195 (20), 73 (79); HRMS calcd for CJraO,Sl (FI- CH3]?:

57 1-0649;found: 571.0638.

Methyl Sinapute (103)

A sohuion of sinapic acid (9â) (500 mg, 2.23 nmw>l) and H2S04 (0.05 mL, 0.9
mml) in MeOH (10 mL) was heated at nfhut for 2.5 h. The solution was concentrated in
vacuo to approximately half of the original volum, then diiuted with EtOAc (8 mL), and
washed with

Hfl (6 d).
The aqueous phase was extracted with EtOAc (3 x 3 mL).

The combineci organic layes were dried (Mgs01). evaporated and the crude h o w n soiid
was recrystallized from 1: 1 MeOWIIzO (3 mL) to give a light brown crystalline soiid (465

mg, 8896): IR (CH2ClZ):3526 (OH), 1710 (CO) cm-';'HN M R (CDC13) d 3.80 (s, 3H,
CH3),3.92 (s, 6H,CH3),5.74 (br s, lH, OH), 6.30 (6 lH, J = 15.9, CH), 6.77

(S.

2H,

aromatic), 7.60 (d, 1HTJ = 15.9, CH); 13cNMR (CDCl3) & 5 1.6 (CH3),56.3 (2 x CH3),
105.1 (2 x CH), 115.6 (CH), 125.9 (C),137.1 (C),145.1 (CH), 147.2 (2 x C),167.5 (0;

mass specmm d z (relative htensity): 238 (MI LOO), 223 (9), 207 (3 l), 180 (9), 175
(16), 163 (15), 149 (18), 135 (9), 119 (9). 91 (8), 57 (10); HRMS calcd for Ci2Hu05:

238 .O841;found: 238.0840.

Dimethyl ïïzomasidioate (105)and its 1,2-cis Isomer (280)

Dimethyl thomasidioate (105) was synthesized by a slight modification of the
Literature procedure.L31A solution of methyl sinapate (103)(20 mg, 0.084 mmol) in
acetone (1.0 mL) was s h e d at rt while FeCI3 (30 mg, 0.18 m l ) in HzO(0.5 mL) was

added dropwise over 3 min, g f i g a y e k w solution. After 30 min, the solution, which

had turned brown, was diiuted with EtOAc (4 mL), Hz0 (3

a),
and 10% HCl(aq) (0.5

m.). The aqueous Jayer was remved and extracted with CHZQ (3 x 2 mL). The
combined organic Iayers were dried (MgSO4) and evaporated to give a brown amorphous

solid (20 mg). The 'H NMR spectnim (CDC13) of the cmde material mdicated that
alcohol 104 was the major product by comparison to its previously reported 'H NMR
specauril"'

alcohollû4:

L~

NMR (CDCi3) & 3-05(dd, LH, J = 12.0, 1.9, H-3), 3.22 (s, 3H,

CH3), 3.49 (dd lH, J = 12.1, 8.9, H-21,3.63 (s, 3H. CH3),3.70

(S.

3H,CH3), 3.79 (s,

6H,CH3), 3.91 (s, 3H, CH3), 4.40 (d, lH, J=9.0, H-l), 5.03 (d, 1H, J = 1.8, H4),5.40
(s,

IH,OH), 5.52 (s, 1H, OH), 6.43 (s, ZH,aromatic), 6.67 (s, lH, aromatic).
The m d e mixture was dissolved ia benzene (1.2 mL), p-TsOH-HzO (2 mg, 0.01

rnmol) was added to the solution, and the mixture was heated at reflux for 45 min. The
solution was diiuted with CH2C12(5 mL), washed with H20(6 mL), and the aqueous
phase was extracted with CHzQ (3 x 2 a
).
The combined organic layers were dried
(MgS04), evaporated, and the cesidue was chcoaiatographed on süica gel (45:53:2
EtOAc/hexanes/AcOH) to give 105 as a light brown amorphous solid (12 mg, 60%): IR

(CH2Clz): 3529 (OH), 1727, 1712 (CO) crÜ1; 'H NMR ( m l 3 ) 6: 3.65 (s, 6H,CH3),

3.76 (s, 9H, C&), 3.93 (s, 3H,CH3),4.03 (d, lH, J = 1.2, H-2). 5.00 (s, lH, H-1), 5.35
(s, LH,OH),5.76 (s, IH, OH), 6.28 (s, ZH,aromatic), 6.7 1 (s, IH,aromatic), 7.64 (s, IH,

H-4);I3cNMR (CDCI3) & 39.5 (CH), 46.5 (CH), 51.9 (CH,), 52.5 (CH3), 56.3 (3 x
CH,), 60-6( a 3 ) , 104-3(2 X CH), 107.3 (CH), 122.9 (O,
123.4 (C), 123.8 (C),133.5 (2
x C), 137.5 (CH), 140.9 (C), 144.9 (C),146.7 (0,146.8 (2 x 0,
167.0 (C),172.4 (0;

mass spectnim m/z (relative intensity): 474 (M+. 45), 4 14 (100). 383 (64), 35 1 (30), 330
(12), 289 (19), 262 (1 1), 247 (1 l), 59 (28); HRMS calcd for C2&6010:474.1526; found:
474.15 19. The 'HNMR spectnun was consistent with that previously repized.'3'

A compound presurned to be 1.2-ck aryltetralin 280 was a b produced (relatively
low yield) but was aot obtained compieteIy pure after chn,matography: 'HNMR (CDC13)
& 3.35 (s, 3H, m3), 3.50 (s, 3H,

a 3 ) .

3.73

(S.

3H, a 3 ) , 3.77

(S.

a,
CH3), 3.93 (s,

3H,CH3),4.13 (dd, LH, I = 9.0,2.7, H-2),4.80 (d, IH, 1= 9.0, H-l), 5.33 (s, IH,OH),
5.67 (s, lH, OH), 6.33 (s, 2H, aromatïc), 6.63 (s, lH, aromatic), 7.41 (ci,

LH,J = 2.7,

H-4).

Ally 1 4-O-Allylsinapae (284)

To a solution of sinapic acid (98) (706 mg, 3.15 m m l ) in acetone (13 mL) was
added alyl bromide (7 mL,81 mm00 and aohydrous K2C@ (1.76 g, 12.7 mmol), and the

mixture was heated at reflux under a drying tube (&Ci2) for 22 h. The solution was
cooled to rt, diluted with CHzCl2 (15 mL), and washed with Hz0 (20 mL). After
extracthg the aqueous layer four times with CH2C12(10 m.),the combined organic layers

were dried (MgS04) and evaporated to give an orange liquid (960 mg, 100%). A portion
of the crude product was chromatographed on süica gel (25% EtOACmexaaes) to a6ord a
pure sample of a colourless liquid: IR (CH2C12): 1708 (CO) cm-';'H NMR (CDC13) &

3.87 (s, 6H,CH3),4.56 (dt, 2H, J=6.1, 1.2, C H 2 ) , 4.71 (dt, 2H,J = 5.7, 1.4, C&), 5.175.41 (m,4H, CH*),5.93-6.06 (ddt, lH, J = 17.1, 10.4, 5.7, CH), 6.02-6.15 (ddt, lH, J =
17.2, 10.3, 6.1, CH), 6.37 (d, lH, J = 15.8, CH), 6.75 (s, 2H,aromatic), 7.62 (d, lH, J =
15.9, CH); 13cNMR ( m l 3 ) S: 56.2 (2 X CH3), 65.2

(w,74.2 (CH2),105.3 (2 x 0,

117.0 (CH), 118.0 (CHz), 118.2 (CHz), 129.8 (C),132.3 (CH), 134.1 (CH), 138.8 (C),
145.0 (CH), 153.6 (2 x C), 166.5 (C);
nrass spectmm n</z (relative intensity): 304 (M*,
13), 263 (IO), 247 (6). 177 (13); H R M S calcd for C[7H2& 304.13 10; found: 304.1274.

4-O-AllyIsinapicAcid (285)

To a solution of M y 1 Smapate 284 (832 mg, 2.73 mm09 in 9:l M e O m (20

mL) was added KOH (1.82 g, 32.4 m
l
)
and
,the mixnire was stirred at rt for 3 h. The
solution was co~lcentratedin vacuo and then diiuted with H20(10 r d ) . The mixture was
extracted with EtOAc (30 mL),

and the organic extract was washed with sat.

NaHC03(aq) (3 x 10 a)
followed by H20(10 mL). The combhed aqueous layers were
washed once with EtOAc (10 mL), acicü6ed with 10% Ha(@, and then extracted with
CHzCl* (4 x 20 mL).

The combined C H z C l 2 extracts were dried (MgS04) and evaporated

to give beige crystals (708 mg, 98%).

Some of the m d e product was recrystaüized fiom

10% EtOAchexanes to aiford a pure sample of colourless crystals: mp: 99-100 OC;IR
(CH2C12): 1690 (CO) cm-'; 'HNMR (CDCI,) 6: 3.89 (s, 6H,CH3), 4.57 (dt, 2H. I = 6.1,
1.2,

a),
5.20 (m,lH, a),
5.32 (m,lH, CI&),6.03-6.16 (ddt, IH, J = 17.1, 10.3, 6.1,

CH), 6.35 (d, 1Hy J = 15.9, CH), 6.77 (s, 2H, aromatic), 7.70 (d, lHyJ = 15.9, CH);

NMR (CDC13)S: 56.2 (2 x CH3),74.2

13c

(a),
105.6 (2 x CH), 116.3 (CH), 118.1 (CH2),

129.5 (C), 134.1 (CH), 139.2 (C), 147.1 (CH), 153.6 (2 x 0, 172.2 (C); mass spectnrm

d z (relative intensity): 264 (MC, 14), 223 (LOO), 163 (17), 149 (36). 119 (19), 81 (44), 69
(90); HRMS calcd for C14H1605:264.0998; found: 264.0984.

Methyl (R)-Munàelate(283)

Methyl (R)-mandelate was synthesized in the same manner as methyl
(q-mandelate (199) (see procedure above) using (R)-rnandeüc acid (1.54 g, 10.1 mmol),

H2S04(0.30 mL. 5.6 m l ) , and MeOH (15 a).
The cmde product was obtained as a

colourless solid (1.59 g, 95%): 'HNMR (-3)

& 3.76 (s, 3H,CH3),5.18 (s, IH, 0,

7.37 (m, 5H,aromatic). The specmirn was identicai to that previously reporteci?

(Methyr (R)-Mclluietyl) 4-O-Allylsinapute (286)
A solution of monoaiiyl smapic acid 285 (201 mg, 0.761 -1)

and S m 2 (0.16

mL, 2.2 mmol) in CC& (7 mL) was heated at rehix under a drying tube (CaQ) for

19.5 h. After the solution was ailowed to cool to rt, the solvent was evaporated, and CC&
(4 mL) was added and evaporated twice to remove traces of SOC& fkom the residue. The

crude acid chioride (282) and methyl (R)-mandelate (283) (255 mg, 1.53 m l ) were

dissolved in C a (2.5 mL), and the solution was heated at reflux under a drying tube
(CaClz) for 23 h. The solution was slightly cooled, the solvent was evaporated, and the
resulting crude yellow solid was chromatographed on silica gel (10% EtOAJtoluene) to

give colourless crystals (249 mg, 79%): mp: 83-84 OC (hexanes); [alD*:
-67' (c 0.5 1,

CHCl3); IR (CH2C12): 1757 (CO), 1717 (CO) cm-'; 'HN M R (CD(&) 6: 3.75 (s, 3H,

C&), 3.87

(S.

6H,C&), 4.56 (dt, 2H,J = 6.1, 1.2, CI&), 5.19 (m, IH,

a),
5.31 (m,

lH, CI&), 6.02-6.15 (ddt, lH, J = 17.2, 10.3, 6.1, CH), 6.09 (s, lH, CH), 6.48 ( d lH, J
= 15.9, CH), 6.76 (s, 2H,aromatic), 7.41 (m. 3H,aromatic), 7.53 (m, 2H,aromatic), 7.69
(d, lH, J = 15.9, CH); ')cN M R (-1),

6: 52.7 (CH3). 56.2 (2 x CH3),74.2 (CH2),74.4

(CH), 105.4 (2 x CH), 116.1 (CH), 118.0 (CH2). 127.7 (2 x CH), 128.8 (2 x CH), 129.3
(CH), 129.6 (C),134.0 (C), 134.1 (CH), 139.0 (C),146.3 (CH), 153.6 (2 x C), 166.0 (C),
169.3 (C); mass spectrum m/E (relative mtensity): 412 (M*,4), 371 (12). 237 (33), 149
(lm), 121 (25), 117 (77),7 1 (47), 57 (97); HRMS calcd for CaH&:
4 12.1526,

4 12.1522; found:

(Methyl (R)-Mmtdelyll)S h p t e (279)

To a solution of mnoallyl (rnethyl maudelyl) s-te

286 (170 mg. 0.412 m l )

in 7:3: 1 ethanoYbe~lzene/Hfi (5 mL,) was added tris(triphenylphosphîne)rhodium(I)
chlonde (26 mg, 0.028 m m I ) and DABCO (24 mg. 0.21 mi),
and the mixture was
heated at refiwt for 4 h. The solution was cooleâ to rt, acidified with 10% HCl(aq) (2
mL). diluted wÏth

H20(5 mL), and then extracted with CH2Ci2 (4 x 5 mL). The

combiaed organic layers were dried (MgS04), evaporated, and the yeilow residue was
chromatographed on silica gel (55% EtOAchexanes) to field a colourless amorphous
solid (150 mg, 98%): [alD*:
-63O (c 1.2, CHQ); IR (CH2CI2): 3523 (OH), 1752 (CO),

1714 (CO) cm-';'HNMR (CDC13) 6: 3.75 (S. 3 8 CH3), 3.92

(S.

6H,CH3), 5.78 (s, IH,

OH),6.09 (s, 1H.CH), 6.43 (d, lH, J = 159, CH), 6.79 (S. 2H,aromatic), 7.42 (m,3H,
aromatic), 7.54 (m,2H,aromatic), 7.69 (ci, lH, J = 15.8, CH); "C NMR (CDCI3) 6: 52.6
(CH3), 56.4 (2 x CH3), 74.4 (CH), 105.3 (2 x CH), 114.6 (CH), 125.7 (C),127.7 (2 x

CH), 128.8 (2 x CH), 129.2 (CH), 134.0 (C),137.4 (0,
146.5 (CH), 147.2 (2 x C),
166.2 (C), 169.4 (C); mass spectrum mh (dative intensity): 372 (M: 46), 223 (27),207

(lm), 180 (25). 149 (1 l), 121 (15), 105 (17), 91 (22) 77 (20); HRMS cdcd for CZ&&:
372.1209; found: 372.1 193.

Aryltetralin L i p m 287,288, and 289
A solution of mandelyl sinapate 279 (24 mg, 0.064 mmol) in acetone (0.6 d)
was

stimd at rt while a solution of FeC13 (24 mg, 0.15 m l ) m

H D (0.4 mL) was added

dropwise over 3 min. Mer 25 min, the brown solution was diluted with EtOAc (4 mL)

and H20(4 mL), and the mixture was acidifiexi with 10% HCi(aq) (1 mL). The aqueous

layer was removed and extracted with CH2C12(3 x 3 mL). The combineci organic layers
were dried (MgS04), filtemi, stined with ~rnberlite~
IRC-718

ion-exchange resin for 5

min, Qtered, and evaporated to give a brown amorphous solid. The crude tesidue was
dissolveci in benzene (1.3 HL),
p-TsOH-HzO (2 mg, 0.01 onnol) was added to the

solution, and the mixture was heated at reflux for 40 min. The solution was diluted with
CH2C12(4

mL), washed with H20(5 mL), and the aqueous phase was extracted with

CH2C12(3 x 3 mL).

The cornbineci organk phases were dried (MgSOI) and evaporated to

give a brown amorphous solid (24 mg). The 'HNMR spectrum (CD(&) of the crude
material indicated the presence of the 1,2-n4nî diastereomers 287 and 288 m a ratio of
2.0: 1.0 respectively (nom the ratio of the H-4 sïnglets at 7.79 ppm and 7.81 ppm

respectively). A portion of the a d e product (7.8 mg) was chromatographed on a
preparative HPLC reverse-phase colum usbg 53:47 MeO-0

to give the 1,2-tmnr

diastereomer 287 (4.1 mg, 53%), and what was assumed to be the 1,2-pans diastereomer

288 (1.8 mg, 23%) and the 1,2-cis diastereomer 289 (0.6 mg, 8%), as colourless
amorphous solids. The HPLC chromatogram (UV-VISdetector, A. = 254 nm) indicated
the presence of 287,288, and 2û9 in a ratio of 8.1 :4.0: 1.O respectively.

I.2-tram aryltetrulin lignan 287: [alo=:
-160'

(c

0.10,

ma3);
IR

(CH2C12):

3525 (OH), 1754, 1715 (CO) cm-'; 'HNMR (CDC13) & 3.62 (s, 3H, CH3), 3.67 (s, 3H,

CH3),3.72 (s, 3H,C H 3 ) . 3.78 (s, 6H,CH3), 3.92 (s, 3H,CH3), 4.26 (d, 1H, J = 1-2, H-2),
5.10 (s, LH,H-11, 5.35 (s, LH,OH), 5.77 (s,

IH,OH), 5.86 (s, IH, CH), 6.01 (s, i a

CH), 6.41 (S. 2H,aromatic), 6.71 (s, lH, aromatic), 7.26-7.45 (m, 10H,aromatic), 7.79
(s, lH,

H-4); 13c
NMR (CDCl3) & 39.2 (CH), 45.8 (CH), 52.5 (2 x CH3). 56.3 (3 x CH3),

60.6 (CH3), 74.6 (CH), 74.9 (CH), 104.3 (2 x CH), 107.7 (CH), 121.5 (0,122.7 (C),

124.5 (0,
127.3 (2 x CH),127.6 (2 x CH), 128.6 (2 x CH). 128.7 (2 x CH), 129.0 (CH),

129.1 (CH), 133.7 (3 x c ) , 134.0 (C), 139.3 (CH), 141.3 (C),145.0 (0,
146.6 (C),
146.8
(2 x C), 165.6 (C), 168.8 (C),169.1

(0,
171.0

(C); mass specaum d z (relative

intensity): 742 (M*,IO), 548 (31). 457 (8). 426 (16), 400 (36), 383 (30), 356 (1l), 274
(12), 231 (Il), 149 (84), 121 (41), 107 (99). 91 (IO), 79 (43, 69 (33). 57 (58); HRMS
cdcd for c,&38014:
742.2262; found: 742.225 1.
1 . 2 - a m uryltefralin I i g m 288:

'HNMR (CDC13) & 3.56 (s, 3H, CH3),3.64 (S.

3H, =3), 3-65(s, 3H, C H 3 ) . 3.73 (s, 6 6 CH3). 3.94 (s, 3H, ma),4.25 (d, lH, J = 1.2,

H-21,5.01 (s, LH,H-1), 5.33 (s, IH, OH), 5.77 (s, 1H, OH), 5.83 (s, 1H, CH), 6.00 (s,
lH, CH), 6.35 (s, 2H, arornatic), 6.75 (s, 1H. aromatic), 7.26-7.45 (m, 10H,aromatic),
7.81 (s, lH, H-4).

I,2-cis aryltefralin lignan 289: 'HNMR (CDC13) 6: 3.46 (s, 3H, CH3), 3.57 (s,

6K =3),

3-64 (s, 3 8 CH3), 3.73 (s, 3 8 CE&),3.92 (s, 3H, CH3), 4.29 (dd, lH, J = 8.8,

2.7, H-2), 4.85 (4 lH, J = 8.8, H-1), 5.11 (s, iH, OH), 5.49 (s, 1% OH), 5.68 (S. lH,

CH),6-18(s, 1H,CH), 6.30 (s, 2H,aromatic), 6.68 (s, lH, aromatic), 7.03-7.55 (m.LOH,
aromatic), 7.60 (d, IH, J = 2.7, H-4).

3-(3'-Acety l-4'-hydroxypheny1)-(S)-alanine Hydrochloride (292)

Acetyl (9-tyrosine hydrochloride 292 was synthesized according to the literature
procedure.'sO Nitroberuene and acetyl chloide were kshly distiiled. A solution of
(9-tyrosine (276) (14.5 g, 80.0 m l ) in nitrobenzene (350 mL) was stimd at ct whiie

anhydrous A l Q (42.4 g, 3 18 m l ) was added portionwise. The mixture was stirred

until a homogeneous solution was achieved (CU.5 min), and acetyl chloride (7.8 mL, 110

mmol) was added. The solution was warmed to 116 O

C

and stirred for 5.5 h. After

süghtly cooling the solution, it was poured over a mixture of ice (500 g) and conc. HCI
(800 d),
and the mixhire was manudy starrd until an of the ice had melted. The

aqueous phase was separated hthe nitrobemene layer and dMded into approximateIy

2 equal volumes that were each extracted twice with EtOAc (100 mL). The c o m k d
aqueous phases were concentrateci VI vacuo to ca. UW) mL and stored at 4 OC for 14 h.

The resulting light brown crystais were collecteci by filtration and recrystallized fkom 5 M
HCl(aq) to give beige crystals (14.6 g, 70%): IR (KBr): 3418 (OH), 1747 (CO) cm*'; 'H
NMR @20) & 2.67 (s, 3& CH3), 3-22 (dd lH, J = 14-797-39 CH*),3.32 (dd, lH, J =
14.7,5.8,

a),
4.27 (dd, 1& J = 7.3,5.9, CH), 7.00 (ci,

lH, J = 8.6, aromatic), 7.49 (dd,

LH,J = 8.6, 2.2, aromatic), 7.82 (d, lH,J = 2.2, aromatic); 13cNh4R (&O) & 27.5
(CHH, 36.0 (CHz), 55.6 (CH). 119.5 (CH). 121.0 (0,126.6 (C),133.6 (CH), 138.9
(CH), 161.O (C), 173.0 (C), 208.2 (C); mass spectrum m/z (relative intensity): 223 (@VI

-

HCI]+, 2). 177 (13), 149 (100), 131 ( 4 4 , 107 (13), 77 (20). The 'HNMR spectnim was
similar to that pceviously reported?O

3-(3 '-Acetyl-4'-hydroxyphenyI)-(S)-lacticAcid (293)

a-Hydroxy acid 293 was synthesized according to the literature procedure.~lA
solution of acetyl (8-tyrosine hydrochloride 292 (3.00 g, 11.6 m l ) in H20(50 mL) was
cooled to O OC and then added dropwise over 40 min to a stirred ice-cold solution of
NaN02 (1.20 g, 17.4 mmol) in Hfl(33 mL). The solution was slowly warmed to rt over
2 h, stirred for 18 h, treated with ammonium sulfate (611 mg, 4.62 m l ) , and stirred for

a M e r 1 h. To the solution was added conc. HCI (1 mL) foiiowed by EtOAc (25 mL),

and the mixture was s t i m d until d of the formed prccipitate bad dissolved. The aqueous
layer was removeci and extracted five tmies with EtOAc (25 mL). The combined organic
layers were dried (MgSO4). evaporated, and the Wtmg yellow oil was chromatographed
on siiica gel (200:32:5:1 CHCI~eOH/AcOH/H20)to S o r d a yellow amorphous solid
(2.10 g, 81%): [a]?:-12O (c 0.64, MeOH); IR (CHC13):3674 (OH), 1729 (CO) cm-';

'HNMR (CDS)d 2.62 (s, 3H,C&), 29'7 (dd, lH, J = 14.3,6.8,

a),
3.16 (dd, 1H,J

= 14.3, 4.1, CH5), 4.50 (dd, lH, J = 6.8, 4.2, CH), 6.92 ( d lH, J = 8.5, aromatic), 7.37
(dd, I H,J = 8.5, 2.1, aromatic), 7.63 (d, 1H, J = 2.0, aromatk), 12.16 (s, 1H, OH);

13c

NMR (CDCI3) 6: 26.6 (CH3),39.1 (CH*), 70.8 (CH), L 18.5 (CH), 119.5 (C),126.3 (C),
131.6 (CH), 137.7 (CH), 161.4 (C), 177.4 (C), 204.4 (C);mass spectrum d z (relative
intensity): 224 (MT
3), 206 (l), 191 (2), L78 (3), 149 (LOO), 131 (47), 117 (42), 77 (L3),
43 (34); HRMS calcd for CI'Hl&: 224.0685; found: 224.0699.

Ethyl3-(3'-Aceryl-4'-hydroxypheny1)-(S)-lactate(294)
Acetyl (S')-tyrosine hydrochloride 292 (200 mg, 0.77 m l ) was converted to
crude aryllactic acid 293 by appropriately scaling the amounts of reagents and solvents
used in the procedure above (see 3-(3'-Acetyl-4'-hydroxyphenyl)-(S)-lacticAcid (293)).
The crude aryktic acid (293) thus obtained was dissolved in EtOH (4 mL). The solution
was treated with H2S04 (0.02 rnL, 0.4 rnmol), heated at reflwc for 3 h, and then

concentrated in vacuo. The residue was dissolved in EtOAc (8 mL), the solution was

washed with Hz0 (6 mL), and the aqueous layer was extracted three times with EtOAc
(3.5 mL). The combined organic layers were dried (MgS04), evaporated and the

resulting light yellow crystals were cbrornatographed on silica gel (40:8:1

np: 9698 "C

hexanes/EtOAc/AcOH) to &ord colourkss crysials (95 mg, 49%):
(-Ci3)
-38.8O,

(lit.z1 mp: 97-98 OC, nom i-Pro); [a]?: -30" (c 2.7, CH(&)

[aln*:-34.2O

(c 2.39, CHC13)]; IR (CH2a): 3537

m."'

[%:

(OH), 1733 (CO) cm-'; 'H

NMR (CDC13) 6: 1.30 (t, 3 8 J = 7.2, C&), 2.62 (s, 3H. CH3), 2.93 (dd, lH, J = 14.2,
6-63CH2),3.10 (dd lH, J = 14-294.3, CH2), 4.24 (q, 2HTJ = 7.1, CH2), 4.41 (dd 1HT J =
6.5,4.3, CH), 6.91 (d, LH,J = 8.5, aromatic), 7.34 (dd lHTJ = 8.5, 2.2, aromatic), 7.61
(ci, lH, J = 2.1, aromatic), 12.15 (s, lHTOH);

(CH3), 39.3 (CH& 61.9

13cN M R (CDCi3) S:

(a),
71.0 (CH), 118.3 (CH),

14.3 (CH3), 26.6

119.4 (C),126.8 (C),131.5

(CH), 137.7 (CH), 161.3 (C), 174.0 (C),204.3 (C);mass spectnun m/z (relative
intensity): 252 (M?, 6), 234 (3,179 (8), 149 (100). 131 (36), 77 (12), 55 (10); HRMS
calcd for C1~&605:252.0997; found: 252.0988. The

IH

N M R spectrum was consistent

with that pceviously reported.='

3-(3',4 '-Dihydroxypheny1)-(S)-lacticAcid (291)

a-Hydroxy acid 291 was synthesized according to the literature pt~cedure.~~'
A
suspension of aryllactic acid 293 (2.04 g, 9.10 m l ) m H20(20 rnL) was stirred at n
whüe a solution of NaOH (1.27 g, 3 1.8 m l ) in Hz0 (6.4

mL) was added, dissolving the

acid. The solution was cooled to O OC under a nitrogen atmosphere and stllred while 30%

HÎ02(aq) (1.56 g, 13.8 rnmol) was added in one portion. The solution was slowly
wamvd over 5 min to allow for the remaining ice in the reaction vesse1 to melt and was
then heated at 46 O C for 30 min, giving a colour change fiom orange to dark brown. After
cooling the stirred solution to n, Na2S03(0.60 g, 4.8 m l ) in H20(6 mL) was added.

The solution was cooled further to O O C and acidified with conc. HCi (4 rd).The

solution was saturated with NaCl and extracted with EtOAc (14 mL) eight times. The
combineci organic layers were dried (MgSO4). evaporated, and the yellow residue was

chromatographed on siaca gel (200:SO:S:l CHCi3/MeOWAcOH/H20) to give a yellow
amorphous soiid (1.10 g. 61%): [a]o*:
-10" (c 0.50, MeOH); IR (neat): 3651 (OH),
1726 (CO) cm-'; 'HN M R (acetone-4) d 2.78 (dd, IH,J = 14.0.7.5,

a),
2.97 (dd, IH,

J = 139,4.3, C H 2 ) , 4.32 (dd, IH, J = 7S4.3, CH), 6.60 (dd, lH, J = 8.0.2.0, ammatic),

6.71 (d, 1H,J = 8.O, aromatic), 6.78 (d, 1H.J = 2.0, aromatic); 13cNMR (acetone-ds) 8
40.6 (C&), 72.2 (CH), 115.7 (CH),117.5 (CH), 121.7 (CH), 130.0 (C), 1444 (C), 145.4

(C),175.3 (0;mw spectrum d z (relative intensity): 198 O@,41, 152 (9), 136 (5). 123
(100), 77 (1 6), 44 (35); HRMS calcd for C&hoOs:198.0529; found: 198.0508.

Allyl3-(3 ',4 '-Diallyloxypheny1)-(S)-lactate(295)
3-(3',4-Daiydroxypheny1)lactic acid (291) (940 mg, 4.7 mmol) was dissolved in

acetone (14 mL), and the solution was stirred at n whiie allyl bromide (7 mL, 80 rmnol)

and anhydrous &CO3 (1.97 g, 14.3 m l ) were added. The mixture was heated at reflux
under a drying tube (Cas) for 22 h and cooled to rt. The insoluble salts were remved
by filtration, washed with CH2C12, and the combineci filtrates were evaporated. The
residue was dissolved in CHZC12(10 mL), the solution was washed with Hfl(10 mL),and

the aqueous layer was extracted three times with CH2CI2(5 mL). The combined organic
layers were dried (MgSQ), evaporated, and the crude product (1.28 g) was

chromatographed on silica gel (20%EtOAchexanes) to give colourless crystals (640 mg,
42%): mp: 72-73 OC; [alD*:
-29" (C 0.73,C H C l 3 ) ; IR (CH2C12): 3545

(OH),1738 (CO)

cm-';'HN M R ( m l 3 )& 2.91 (dd, lH,J = 14.1, 6.5, C&), 3.06 (dd. lH, J = 14.0,4.4,

CH2), 4.44 (dd, lH, J = 6.5, 4.5, CH),4.W

(a4H, CH*),4.65 (dt, ZH,J = 5.8, 1.3,

a),
5.84-5.9'7 (ddt, lH, J =

6H,
CH2), 123-5.44 (III,

17.1, 10.4, 5.9, CH), 6.01-6.14

(m,2H,CH),6.73 (dd, lH, J = 8.1,2.0, aromatic), 6.78 (d, lH, 1= 1.9, aromatic), 6.82

(d, IH, J = 8.2, ~omatic);13cNMR (-3)

& 40.0 (CH2), 66.2 (Ca),70.0 (2 x CH2),

71.3 (CH), 114.2 (CM).
115.7 (CH), 117.4 (Cb),117.5

(a),
119.2 (CH2), 122.1 (CH),

129.1 (C), 131.4 (CH), 133.4 (CH), 133.6 (CH), 147.6 (C), 148.4 (C), 173.7 (C); mass
spectnim d z (rektive htensity): 3 18 (MC, 40), 259 (29), 229 (24), 203 (IO), 161 (32),
123 (38), 81 (62); HRMS caicd for C1&1220S:
318.1467; found: 318.1445.

A llyl3,4-Di-O-allylc@ate (2%)
A solution of cafkic acid (277) (1S O g, 8.33 m l ) in acetone (22

mL) was

stirred at a wMe allyl bromide (11 mL, 130 m l ) and anhydrous K2CO3 (5.18 g, 37.5

mmol) were added. The mixture was heated at reflux under a drying tube (Ca(&) for 19 h
and then cooled to rt. The insoluble sdts were removed by mtration, washed with
C
H
2
a
and
, the combined filtrates were evaporated.

The residue was dissolved in CH2C12

(15 r d ) . the solution was washed with H a (10 mL). and the aqueous layer was extracted

three times with CH2C12(3 mL). The combined orgaaic hyers were dried (MgS04),

evaporated, and the crude product (2.50 g) was chrornatographed on silica gel (20%
EtOAdhexanes) to give colourless crystals (2.15 g, 86%): mp: 50-51 O C ; IR (CH2C12):

1711 (CO) cm-'; 'HNMR(CDC~~)
6: 4.64 (m,4H, CI&), 4.70 (di, ZH,J = 5.7, 1.4, CH&
5.25-5.47 (m. 6H,CH2), 5.93-6.15 (m 3H,CH), 6.30 (d, IH, J = 15.9, CH), 6.87 (d, lH,

J = 8.9, aromatic), 7.08 (dd, 1H,J = 8.8, 2.0, aromatic), 7.08 (d, lH, J = 2.0, aromatic),
7.63 (d, IH, J = 15.9, CH);

13cNMR ( C D C l 3 ) & 65.1 (a),
69.7 (a),
70.0 (CH*),

112.7 (CH), 113.4 (CH), 115.6 (CH), 117.9 (2 x CH2), 118.1 (CH2). 122.7 (CH), 127.5

(C),132.4 (CH), 132.9 (CH), 133.1 (CH),144.9 (CH), 148.5 (C),150.7 (C),166.8 (C);

mass spectnun d z (relative mtensity): 300 (M?,100). 259 (73). 243 (33), 229 (63). 173
(32). 145 (41). 133 (74), 117 (34, 105 (34), 77 (54); HRMS calcd for Cl&)04:
30.1362; found: 300.1342.

3,4-Di-O-allylc@eic A d (297)

To a solution of triailyl caffeate 2% (2.14 g, 7.13 mrnol) in 9: 1 MeOWH20 (48

mL) was added KOH (4.00 g, 71.3 m I ) . and the mixture was stined at n for 4 h. The
solution was concentrated in vucuo to approximately ha@of the original volume and was
then acidined with 10% HCl(aq) (30 mL) fonowed by conc. HCl(5 mL). The mixture
was sanuated with NaCl and extracted with EtOAc (10

mL) five times. The combined

organic layers were dried (MgSO4), evaporated, and the crude product (1.85 g) was
recrystallized twice fiom 10% MeOWCHCI3 to give colourkss crystais (1.54 g, 83%):
mp: 157-159 O C ; IR (CH2Ci1): 1686 (CO) cm-';'HNMR (acetoae-&) 6: 4.65 (dt, 2H,I =
5.1, 1.6, CH2),4.68 (dt, 2H,J = 5.2, 1.6, CH2), 5.26

6.04-6.18

(m.2H, CH), 6.39 (d, lH, J =

"C N M R (acetone-4) 6: 70.0

(III, 2H,CH*),

15.9, CH), 7.02 (d, lH, J = 8.3, aromatic), 7.20

(dd, 1H, J = 8.3, 2.0, aromatic), 7.34 (d,
CH);

(a2H,CH2), 5.47

1H,J = 2.0, aroniatic), 7.60 (d, 1H, J = 15.9,

(a),
70.2 (CH&

113.5 (CH), 114.4 (CH), 116.8

(CH), 117.3 (CHz), 117.4 (CH2), 123.5 (CH), 128.5 (C), 134.4 (CH), 134.6 (CH), 145.4
(CH), 149.6 (C), 151.5 (C),167.9 (C); rnass specmm d z (relative intensity): 260 (M:
100). 219 (72), 189 (53), 179 (26), 145 (28), 133 (251, 117 (32), 105 (21), 91 (21), 77

(47); HRMS calcd for C&&:

26O.lO48; found: 260.1044.

Allyi 3,4.3~4'-Tehp-OOai1yl-(S)-rosma~te
(299)
A solution of diallyl caffeic acid 2W (1.05 g, 4.03 mmol) and thionyl chloride
(0.90 mL, 12 mumi) m C a (15

mL) was heated at rehuunder a drymg tube (Cas) for

17.5 h. The solution was concentrated in voeuo, and C a was added and evaporated
once to remove traces of SOC'& nom the residue. A soiution of alcohol295 (585 mg,
1.84 m l ) in CH2Ci2(6 mL) was added to the a d e acid chloride (298), and the solution
was stirred at rt while fieshly distined triethylamine (2.25

mL, 16.1 ml)was added.

The solution was stirred under a dryhg tube (CaC12) for 3.5 h and evaporated. The
residue was dissolved in C H 2 a (10 ni'),and the solution was extracted successively with
10% HCl(aq) (2 x 5 mL), Hz0 (5 mL), sat. N-(aq)

(2 x 5 mL), and HtO (5 IL).

The aqueous layers, except for the acidic layers, were combmed and extracted twice with

C H 2 a (1 mL). The combined organic layers were dried (MgSol), evaporated, and the
crude product was chromatographed on silica gel (20% EtOAchxanes) to give a
coIourless oii (673 mg, 65%): [alos: -42" (c 1.08, CHQ); IR (CH2Cï2): 1753 (CO),
1715 (CO) cm'; 'HNMR ( C D C l 3 ) d 3.11 (d4 LH, J = 14.3, 7.9, CH2), 3.18 (dd, lH, J =
14.4, 5.2, CH2), 4.56-4.66

(m 10H,CHz),

5.21-5.46

(m 1lH, CH, CH21 5.8û-5.93

(ddt,

IH, J = 17.1, 10.5. 5.7, CH), 5.99-6.14 (m,4H,CH), 6.29 ( d lH, J = 15.9, CH), 6.82

(m,4H, aromatic), 7.07 (m,2H, aromatic), 7.6 1 ( d lH, J = 15.9, CH);

')cNMR (CDCI,)

(a),
70.0 (3 X CH& 73.0 (CH), 112.7 (CH), 113.4
(CH), 1142 (CH), 114.7 (CH), 115.6 (CH), 117.5 (2 x a),
117.9 (CHI), 118.0 (CH2),
6:37.1 (CH2). 65.9

(CH2).

69.7

118.7 (CH2), 122.0 (CH), 123.0 (CH), 127.3 (C),128.8 (C),131.5 (CH), 132.8 (CH),
133.0 (CH), 133.4 (CH),133.5 (CH), 145.9 (CH), 147.6 (C),148.4 (C),148.6

(a,150.9

(C), 166.3 (C), 169.5 (0;mass spectnim d z (relative intensity): 560 (M: 2), 300 (100),

259 (37), 243 (27). 229 (23), 201 (11). 173 (14). 161 (10). 145 (15), 133 (24), 117 (13,

105 (10). 81 (21); HRMS calcd for C3&08: 560.242410; found: 560.2412.

(S)-(-)-RosmarinicAcid (29Q)

To a solution of pentaallyl (S)-cosmarinate 299 (645 mg, 1.15 m l ) in 7:3:1
ethanoVbe112ene/H20 (22 mL) was added ~(tnpheny1phosphine)rhodium~
chloride (700

mg, 0.757 mmol), and the mixture was heated at reflux under a dryhg tube (CaQ) for
43 h. The solution was concentrated in vmm, and EtOAc (40 mL) was added to the

residue. The mixture was extracted sequentially with H20(2 x 10 mL), sat. NaHCO3(aq)
(3 x 10 mL), H20(10 mL), sat. NaHCO&iq) (3 x 10 mL), and HzO (10 mL). The

combined aqueous layers were washed once with CH2C12(10 IL),
filtered, and acidified

with conc. HCl to approximately pH 1-2. The mixture was filtered, saturated with NaCl,
and extracted ten times with EtOAc (20 d).
The combined EtOAc layers were dried
(MgSQ), evaporated, and the crude product (247 mg) was chromatographed on silica gel
(200:40:5: 1 CHCl3/MeOH/AcOWHfi) to give a light yeilow amorphous solid.

A

coIourIess amorphous solid was obtained by lyophilization of the product in H20(121 mg,

29%): [a]?:-86" (c 0.54, 95% EtOH);IR (neat): 3316 (OH), 1729 (CO), 1690 (C)

cm-';'HN M R (acetone-4) 6: 3.03 (dd 1H, J = 14.3, 8.4,
4.4, CI&), 5.22 (dd, IH, J = 8.4,4.4, CH), 6.29 (d,

a),
3.13 (dd lH, J = 14.3,

LH,J = 15.9, CH), 6.67 (dd, lH, J =

8.1, 2.0, aromatic), 6.75 (d, lH, J = 8.0, aromatic), 6.86 (m, 2H,aromatic), 7.05 (dd, lH,

J = 8.2, 2.0, aromatic), 7.16 ( d 1& J = 2.1, aromatic), 7.56 (d, lH, J = 15.9, CH); "C
NMR (acetone-d~)6:37.4 (Cl%), 73.6 (CH). 114.9 (CH), 115.2 (CH), 115.9 (CH),116.3
(CH), 117.2 (CH), 121.6 (CH), 122.6 (CH), 127.4 (C), 129.1 (C), 144.7 (0,145.6 (C),

146.2 (0,
146.4 (CH), 148.8
(relative mteasity): 361 (m+

(0.
166.7 (0,
171.0 (0;
mass spectrum (Fm3 di

a+,
13), 180 (63), 163 (lm), 123 (17). The NMR spectra

were in agreement with those previously reported for the (R)-isomer.~

. Z s S

(R)-Mosher's Acid Ester of Alcohol295 (Ml)
To a solution of (R)-(+)-a-methoxy-a-(trifluoromethyl)phenyetic
((R)-Mosher's acid; 300) (19 mg, 0.081 m m l ) in C a (0.5 mL) was added S

acid
a (0.56

mL,7.7 mmol), and the solution was heated at &lux under a dryhg tube (CaC12) for 4 h.
The solution was concentrated in vacuo, and CC& was added and evaporated once to
remove traces of SOC& ftom the residue. A solution of ûesbly distilied Et& (37 pL, 0.27

rnmoi), DMAP (2 mg, 0.02 m l ) , and aicoho1295 (7.0 mg, 0.02 m l ) in CC& (0.4 mL)
was added to the crude acid chloride at rt, immediately giving a colourless precipitate.

The mixture was stirred under a drying tube (CaCk) for 1 h, diluted with CH2C12(6 mL),
and washed successively with 10% HCl(aq) (2 x 3 mL), sat. NaHCO&q) (2 x 3 mL),and

Ha (3 mL). The organic Iayer was dried (MgS04) and evaporated to give a yeilow oil
(1 1.8 mg, 100%): 'HNMR (CDCl3) â: 3.W (dd, IH, J = 14.5, 10.0, CHz), 3.25 (dd, lH,
J = 14.5, 3.6, C'Hz), 3.36 (d, 3H,J = 1.1, CH3), 4.48 (dt, 2H,J z 5 . 3 , 1.5, CH2), 4.58 (dt,

2H, J = 5.3, 1.5, CH2),4.65 (dt, 2H,1 = 5.9, 1.2. C&), 5.22-5.43
5.80-5.93 (ddt, lH, J

= 17.2, 10.4. 5.9, CH), 5.96-6.13

(a7H,CH, CH2),

(UI, 2H,CH),

6.74 (XII,2H,

aromatic), 6.8 1 (d, lH, J = 8.0, aromatic), 7.32 (m, SH,aromatic). The 'H NMR
spectrum (CDQ) showed no aicohol present. and oaly one diastereomer could be
detected. The

NMR spectrum (-13)

displayed one major signal (-75.00 ppm) and 4

very minor signals, and the ratio of the major signal to the largest nWor signal (-75.11

ppm) was 92:8 by integration.

(S)- a d (R)-a-Methyibenzyi Amide of (S)-RosmaMicAcid (302 and 303)
A solution of (S)-rosmariaic acid (290) (7.5 mg, 0.021 mmol) in DMF (0.2 mL)

was stirred at rt under a nitrogen atnmsphere while (i-Pr)2NEt (3.3 mg, 0.û26 -1)

in

DMF (0.2 mL)was added. The solution was cooled at O OC for 7 min, treated with TBTU

(7.5 mg, 0.023 nwol), stirred for 5 min to d o w the TBTU to dissolve, stirred at rt for 10

min, cooled at O O C for 7 min, and then treated dropwise with a solution of racemic

a-methyIbenzylamine (3.4 mg, 0.028 mm00 in DMF (0.2 mL). The solution was stined
for 1.5 h, slowly w a d to a, aad stirred for an additionai 24 h. The soiution was diluted

with EtOAc (7 mL) and washed with sat. NaHC@(aq) (3 x 2 mL) foiiowed by 10%

HCl(aq) (2 mL). The combined aqueous phases were extracteci with EtOAc (3 mL). The
combined organic phases were dried (MgSOd) and evaporated to give a yellow amorphous
soiid (7.9 mg, 82%). The

'HN ' M .spectmm (acetone-&) of the crude product mixture

showed the presence of the (S,S)I(R/)-diasteteorner

(302) and the (SJ)/(R,S)-

diastereomer (303) in a ratio of 1.3: 1.0 respectively, and no staning material was

observed. The best separatioa of diastereorneric signals was observed for an aromatic
doublet at 6.7 1 ppm (J= 8.0, (S,R)I(R,S)-isomer) and an aromatic doublet at 6.72 ppm (J

= 8.0, (S,S)/(RJt)-isomer).

(R)-a-MethyibenzylAmide of (S)-Rosman'nicAcid (305)
Compound 305 was synthesaed in the s a r œ mamer as the (S)I(R)-a-methyîbenzyl
axnide of (S)-rosmarinic acid (302/303)(see procedure above) using (9-rosmarinic acid

(290) (7.3 mg, 0.020 nmw>I),(i-Pr-

(2.6 mg, 0.020 nnm>l), TBTU (6.9 mg, 0.02 1

mmol). (R)-(+)-a-mthyIbenzylamine (3.3 mg, 0.027 m l ) , and the same volumes of
DMF. The crude product was obtained as a iight yeliow amorphous solid (7.0 mg, 74%).

The 'HNMR spectnim (acetone-&) of the m d e product showed minor peaks that could
possibly be attri'buted to the (R,R)-diastereomr (304). A ratio of 9:l was obtained by
integration of the (S,R)-isomer (305) doublet at 6.71 ppm and signais that couid possibiy
be attnited to a (RB)-borner (304) doublet at 6.72

ppm respectively. No starting

material was observed.

Methyl Cafkate (126)

A solution of caffeic acid (277) (102 mg, 0.566 m l ) and HzS04(0.01 mL, 0.2

m l ) in MeOH (2 mL) was heated at reflux for 3 h. The solution was concentrated in
vacuo, diluted with EtOAc (8

mL), and washed with H& (6 mL). The aqueous phase

was extracted with EtOAc (3 x 3.5

mL). The combined organic layers were dried

(MgS04) and evaporated to give Light brown crystais (110 mg, 100%): LR &Br): 3482
(OH), 1679 (CO) cm-'; 'HNMR (acetone-db) 6: 3.72

(S.

3H, CH3), 6.28 (ci, lH, J = 16.0,

CH), 6.87 (d, 1H,J = 8.2, aromatic), 7.04 (dd, lH, J = 8.2.2.1, aromatic), 7.15 (d, lHTJ

= 2.1, aromatic), 7.54 (d, IHTJ = 15.9. CH), 8.14 (s, lH, OH), 8.41 (s, lH, OH); "C

N M R (acetone-d~)& 51.4

(CH3),

115.0 (CH), 115.2 (CH), 116.2 (CH), 122.4 (CH),

127.4 (0,145.6 (CH), 146.2 (C),148.6 (C),167.7 (C);mass spectrum d z (relative

intensity): 194 (M. 87). 163 (100). 145 (16). 135 (26). 117 (19). 89 (28). 77 (14), 63
(13), 55 (7); HRMS caicd for C i ~ ~ o O194.0579;
l:
found: 194.0580.

Aryltetrulin 133

Methyl ca6eate (126) was cün~rized by a modification of the literature
procedure."'

A solution of methyl c-te

(î26) (4.9 mg, 0.025 m l ) in acetone (0.6

mL) was cooled to O OC and SM
while FeQ (10 mg,0.06 m l ) in H a (0.3 mL) was

added dropwise over 5 min. The solution was stirred at O OC for 3 h and then stored at

5 OC for 15 h. The solution was acidined with 10%HCI(aq) (3 mL),diluteci with H20 (3

mL), and extracted with EtOAc (3 x 3 mL). The combined organic phases were dried
(MgS04) and evaporated to give a dark brown amorphous solid (6.9

mg). The 'HNMR

spectrum (acetone-do) of the crude product showed by integration that the oxïdative
coupling product 133 (doublet at 4.44 ppm, J = 2.4)"' was present in a ratio of 1.3: 1.O
relative to the starting material (doublet at 6.27 ppm, J = 15.9) respectively.
aryltetrafin133:

'HNMR ( a f e t ~ ~ - &
d ~3.57
) (s, 3H,CH,),3.68

(S.

3H, CH3),

3.89 (d, lH, J = 2.7, H-2), 4.44 (d, lH, J = 2.4, H-1), 6.43 (br d, lH, J = 8.1, aromatic),
6.46 (br s, 1H, aromatic), 6.62 (s, 1H,aromatic), 6.68 (d, lH, J = 8.0, aromatic), 6.94 (S.

IH, aromatic), 7.56

(S.

lH, H-4). n i e spectrum was consistent with that previously

"'

reported.

3,4-Di-O-(t-butyUirnethylsily1)caaeic
Acid (307)
Caffeic acid (277) (4.00 g, 22.2 m l ) was s h e d as a suspension in CH2Ci2(100

mL) at

rt while

TBDMS

trifiate (23

IL,
100 m l ) was added followed by fieshly

distilleci E t f i (20.5 mL, 147 -1).

The Etfl had to be added carefully due to the

exothermicity of the reaction. The mixture mmiediately ôecame a homogeneous dark

brown solution that was stirred under a nitrogen amiospke for 17 h. The solution was

washed successively with 10% HCI(aq) (2 x 20 mL) aad Hz0 (20 mL), and the organic
layer was dried (MgS04) and evaporated to give m d e M y 1 ca&ate 306 as a mixture of
a brown oii and iight brown solid (11.5 g, 99%): 'HN M R (-3)
0.22 (s, 6H,CH3),0.33

(S.

& 0.21 (s, 6H,CH3),

6H,CH3), 0.98 (s, 9H,CH& 0.99 (s, 9H,CH3), 1-00 (s, 9H,

CH3),6.20 (d, lH, J = 15.8, CH), 6.82 (d, lH, 1= 8.7, aromatic), 7.00 (m,2H, aromatic),
7.50 (d, lH, J = 15.8, CH).

The crude trisiiyl caffeate (306) was dissolved in 1:1 MeOWacetone (220 mi,),
and the solution was stirred at rt while H20(20 mi,) was slowly added over 5 min

followed by &C03-l+Hfl(3.63 g, 22.0 m I ) . The mixture was stirred for 3 h, nItered,
and the filtrate was concentrated in vucuo to cn. 50%of the original volume. EtOAc (150
mL) and H
a (20 d)
were added to the solution-

The mixture was acidified with conc.

HCI at O OC, warmed to rt, and then sanirateci with NaCL The aqueous phase was
removed and extracted four times with EtOAc (20 mL). The combined organic phases

were dried (MgSO*), evaporated, and the resultant g n y crystaüine solid was
chromatographed on silica gel (5: 1 CHClrneOH) to give 307 as a colourless crystalihe
solid (6.90 g, 7696 fiom 277): mp: 152-155 OC; IR (CH2C12): 1686 (CO) cm-'; 'HNMR

(cDCl3) S: 0.22 (s, 6H,CH3), 0.23 (s, 6H,C&), 0.99 (S. 9H,CH3), 1.00 (s, 9H, CH&
6.25 (d, lH, J = 15.8, CH),6.84 (d, lH, I = 8.8, aromatic), 7.05 (m,2H,aromatic), 7.67

(d, iH, J = 15.9, CH);"C NMR (CDCl3) 6: -4.1 (2 x CH3), -4.0 (2 x CH3), 18.5 (2 x C),
25.9 (6 x CH3), 114.7 (CH), 120.6 (CH), 121.1 (CH), 122.6 (CH), 127.6 (0,147.0

(CH).147.2 (0.
149.9 (0.
172.1 (0;
aiess spectrum d z (relative htensity): 408 (MC,
l), 351 (6). 335 (6), 219 (55), 149 (14), 73 (100). 57 (1 1); HRMS calcd for C21H3604Si2:
408.2 152; found: 408.2169.

Alfyt3.4-Di-O-(t-butyIdimethyIsily1)-3
',4'-di-O-~llyl-~S)-r0sma~n~te
(309)
A solution of disiiyl ca€Eéic acid 307 (4.3 1 g, 10.5 nnnol) and S O Q (2.4 mL, 33

mmol) in CC& (40mL) was heated at reflux under a dqbg tube (CaCl*)for 4.75 h The
solution was concentrated in vacuo,and CC& (10 d)
was added and evaporated once to
remove traces of SOCb from the residue. Triallyl dcohol 295 (2.13 g, 6.69 mml) in
CH2Q (20 mL) was added to the crude acid chioride

(M),
and

the resdting

homogeneous solution was stined at rt whik fieshly distilIed Et3N(5.9 m . , 42 m
l
)
was

added. The solution was stimd under a dryhg tube ((XI2)

for 4 h and then concentrated

in vacuo. EtOAc (50 mL,) was added to the residue, and the mixture was washed

successively with 10% HCl(aq) (2 x 1 1 mL) and Hz0 (1 L mL). The combined aqueous
layers were extracted with CH2CI2 (2 x 10 rd).The combined organic layers were dried
(MgSQ), evaporated, and the resulting yellow ol was chromatographed on silica gel

(20% EtOAchexanes) to afford a light yellow oil (4.6 1 g, 97%): [alD? -34"
CHC13); IR (CH2Q): 1751 (CO), 1719 (CO) cm*'; 'H NMR
CH,), 0.22

(S.

6H,CH3). 0.98 (s, 9H,CH3), 0.99

(S.

(-3)

(c 0.50,

6: 0.21 (s, 6H,

9H, CH& 3.1 1 (dd, 1H, J = 14.3,

7-93CH2), 3.18 (dd 1HT J = 14.3, 5.2, C a ) , 4-57 (a4H9 C&), 4.63 (dt, 2H,J = 5-79
1-33

w),5.21-5.43

(m 7HTCHTCH2)9 5.80-5.93 (ddt, lHT5 = 17.1, 10.5, 5.7, CH),

5.99-6.12 (m, 2H,CH),6.25 (d, lHTJ = 16.0, CH), 6.81 (m,4H, aromatic), 7.00 (III,
2H,

aromatic), 7.59 (d, lHTJ = 15.9, CH); "C NMR

(-3)

& -4.1 (2 x CH3), -4.0 (2 x

a),
73.0
(CH), 114.2 (CH), 114.5 (CH), 115.5 (CH), 117.5 (2 x a),
118.7 (a),
120.5 (CH),

CH3),

18.4

(C),18.5 (C), 25.9 (6 x CH,),37.1 (CEIz). 659 (CH& 70.0 (2 x

131.5 (CH), 1333 (CH),
121.1 (CH), 121.9 (CH), 1225 (CH), 127.8 (C),1289 (0,
133.5 (CH), 146.0 (CH). 147.2 (C), 147.6 (C), 148.4 (0,
149.7 (C), 166.4 (C), 169.6

(O;
rnass spectnun d z (relative intensity): 708 (w, 1). 465 (3), 408 (3), 391 (1 l), 351
(19), 335 (15), 300 (6), 261 (a), 236 (S), 219 (LOO), 191 (IO), 115 (17). 73 (IO), 59

(17); EfRMS cdcd for CJ9H5408Si2:
708.35 14; found: 708.3460.

Alryl3 :4 '-Di-O-allyl-(S)-romrinate(310)
A solution of disilyl triallyl (S)-rosmariaate 309 (4.23 g, 5.97 m l ) m

THF (30

mi,) was stirred at rt under a Ntrogen atmosphere while tetra-n-butylammoaium fluoride

(1.0 M in THF, 12 mL, 12 mmol) was added over Ca. 1 min. The resultant dark brown
solution was stirred for 15 min and then acidifiai with 1096 HCl(aq) (10 mL). The

mixture was düuted with H20(10 mL) and extracted with EtOAc (1 x 35 rnL, then 3 x 10

mL). The combined organic phases were drvd (MgS04), evaporated, and the resulthg
yeilow oil was chromatographed on siüca gel (2S:Z: 1 EtOAc/hexanedAcOH) to give a
colourless crystaliine solid (1.47 g, 51%): mp: 116-118 O C (EtOAc); [ a ] ~
-Si0
~:
(c 0.51,

CHCL); IR (CHzC12): 3542 (OH), 3369 (OH), 1741 (CO), 1717 (CO) cuïl;
(CDC13) S: 3.12(dd lH, J = 14.3,7.7,

'H NMR

w,3.18 (dd l H , J = 14.2, 5.1, -),4.57(111.,

4H, CH5),4.65 (dt, 2H,J = 5.7, 1-2, CHz), 5.2 1-5.42 (III,7H,CH,

a),
5.80-5.93 (ddt,

lH, J = 17.1, 10.5.5.7. CH), 5.984.11 (m,3H, CH, OH), 6.17 (s, lH, OH), 6.20 (d, lH,
J = 16.0, CH), 6.80

(m4H, aromatic), 6.9 1 (dd, 1H,J = 8.2, 1.9, aromatic), 6.99 (d,

J = 1.9, aromatic), 7.51 (d, lH, J = 15.9, CH);

I3cC ( C D C l 3 )

& 37.1

IH,

(a),
66.1

(a),
70-0 (CH*),
70.1 (CH?),
731) (CH), 114.2 (2 x CH), 114.4 (CH), 115.4 (CH),
115.7 (CH), 117.7 (2 X CH*),119.0 (a),
122.1 (CH), 122.5 (CH), 127.2 (0.
128.7
(a,
131.2 (CH),133-2(CH). 133.4 (CH), 143.9 (0.146.2 (CH). 146.6 (0,
147.6 (0,
148.3 (0,
166.6 (0,
170.1 (0;
mass spcctnim mh (reiatîve inteasity): 480 (M: 2), 3 18
(14), 3 0 (53). 259 (32), 229 (18), 219 (10). 203 (50), 191 (6). 175 (14). 163 (IO)145
,
@O), 135 (2% 117 (22). 105 (13.89 (23), 77 (23), 55 (20); HRMS calcd for CnHzsO8:

480.1784; found: 480.1752.

3",3":4': 4": 9': 9"'-Hexa-O-a flyl-(+)-r (311)and ifs (1R,ZS)-lsomer(312)
A slow Stream of oxygen was passed through a s h e d solution of tridyl

rosmaruiate 310 (26 mg, 0.054 rnmol) in acetone (2.4 mL) at rt whüe a solution of F e Q
(19.3 mg, O. 119 m l ) m HzO(1.2 mL) was added dropwise over 2 min. The dark green

reaction mixture, protected nom light, was stirred for 23 h and then diuted with HzO(5

mL). The mixture was extracted with EtOAc (3 x 3 mL), and the combined organic layers
were dried (MgS04) and evaporated to give a brown amorphous solid (30 mg). The 'H
NMR specuum (acetone-4) of the cmde residue showed that a significant amount of
starting materiai was present and that diastenomers 311 and 312 were present in a ratio of
1.0: 1.6 by htegration of their H-2doublets at 3.94 ppm and 3.97 ppm respectively. Due

to the low yield of products, the reaction was repeated in the same rnanner as descriid
above using 310 (2 1 mg, 0.044 mmol), FeC13 (16 mg, 0.099 mmol), and the same volumes

of solvents.

The crude products fiom both reactions were combined and

chromatographed on a preparative HPLC reverse-phase column using 72:28
MeOWO.M% TFA(aq) to give 1,Znmrs diastereomers 311 (2.6 mg, 5.5%) and 312 (3.0

mg, 6.4%) as colouriess amorphous soiids. 'ïhe HPLC ctaomatogram (UV-VISdetector,

k = 254 nm)indicated the presence of 311 and 312 in a ratio of 1.0: 1.6 respectively.
3",3"',4''#4"',9",
9"r-hexct-OOallyl-(+)-rob(311):
3.07

'H N M R (acetone-4) â

m,3.94 (4 IH, I = 1.6, H-2), 4.54 (m,13H,6 1 , CH2), 5.09-5.29 (III,

(IXI,4H,

lOH, CH, C H 2 ) , 5.38-5.46 (III,4H,CHz), 5-74-5.90 (III, 2H, CH), 6.01-6.13 (III, 4H,CH),
6.40 (m, 2H, aromatic), 6.62-6.97 (m, 9 8 aromatic), 7.65 (s,

1H,H-4).

(1R.2S)-dionereorner of 3': 3": 4':4": 9':9"'-hua-O-allyl-(+)-mbd (3î2):

'HNMR (acetone-de) & 3.O 1 (m,4H,CH2), 3.97

(ct, 1& J

= 2.1, H-2), 4.3 1 (ci, 1H,J =

a),
5.06 (dd, lH, J = 8.0, 4.8, CH), 5.11-5.25 (UI,9H,
5.38-5.46 (III, 4H, a),
5.68-5.86 (III,
2H, CH),6.Ol-6.14 (a4H, CH),6.39

1.9, H-1),
4.45-4.58 (m, 12H,

CH,C H 2 ) ,
(dd,

IH,J = 8.1, 2.1, aromatic), 6.44 (d, lH, J = 2.1, aromatic), 6.53 (s, lH, aromatic),

6.67 (d, lH, J = 8.1, aromatic), 6.76 (m,2H,aromatic), 6.90 (m, 5H,aromatic), 7.66 (s,
1H, H-4).

Dimethyl Ether cf Dimethy 1 niomasidioute (313)

Thomasidiok acid (101) was prepared accordhg to the literature procedure.237269
A solution of aqueous ammonium bicarbonate (0.3 M, 120 mL) was adjusted to pH 8.6 by

dropwise addition of 30% aqueous ammonium hydroxide. Sinapic acid (98) (1.02 g, 4.55
m o i ) was dissolved in the buffet, and the solution stirred at rt while maintahhg the

solution at pH 8.6 by intermittently adàing the appropriate amount of conc.

Ha. After

64 h, conc. HCI was added until the solution reached pH 1.7. The solution was extracted
with EtOAc (9 x 50 m . ) , and the combined organic layers were dried (MgS04) and

evaporated to give a brown amorphous solid presumed to be thornasidioic =id (101) (958

mg, 94%): 'HNMR (-3)

6: 3.64

(S.

3EI, CH3), 3.74

4.00 (S. IH, H-2),5.02 (S. IH, H-1), 6.28
(s, IH, H-4). The

(S.

(S.

6H.C&), 3.92 (s, 3H, Cb),

2H,ammatic), 6.73 (S. 1 8 ammatic), 7.74

'H N M R spectnim was consistent with that previously

reported. 128-L3Om.269
A solution of the crude thomasidioic acid (101) m 3% HCVMeOH (30 mC) was

heated at r e h for 23 h. The solution was concentrated in vacuo, diluted with EtOAc

(40 mL), and then washed with Hz0 (20 mL). The aqueous layer was extracted with
EtOAc (3 x 10 mL),and the combmed organic layers were dried (MgSO4) and evaporated
to give a brown amorphous solid presurned to be k t h y l thomasidioate (105) (967 mg,
9545): 'HNMR(CDC~~)
8i 3.65 (s, 6H,CH3), 3.76 (s, 9H,CH3), 3.93 (S. 3H, CH3),4.03

(d, lH, J = 1.2, H-2),
5.00(s, lH, H-1), 5.35 (s, lH, OH), 5.76 (s, IH, OH), 6.28 (s, 2H,

aromatic), 6.71 (s, lH, aromatic), 7.64

(S.

1H,H4). The 'H NMR spectnun was

consistent with that obtained nom the oxidative âimerization of mthyl sinapate (see
Dimethyl Thornasidioute (105))and with that previously reported. t29-13 1

To a solution of the crude dmiethyi ester (105) and dimethyl sulfate (0.48 mL, 5.1
m l ) in acetone (30 mL) was added K 2 C O 3 - l ~ (1.01
~ ~ 0 g, 6.11 rmml), and the

mixture was heated at reflux for 16.5 h. The mixture was cooled to rt, and the insoluble
material was rernoved by filtration and washed with EtOAc. The combined Ntrates were
washed with H20 (20 mL),and the aqueous layer was extractad with EtOAc (2 x 10 mL).

The combined organic layers were dned (MgSO*), evaporated, and the resulting brown oil
was chromatographed on süra gel (15% EtOAdhexanes) to give 313 as colourless

crystais (584 mg, 5 18 Born sinapic acid (98)): IR (CH2Cl2): 1729, 1708 (CO) cm-'; 'H

NMFt (CDC13) S: 3.65 (S. 3H, CH3), 3.67 (s, 3H, CH3), 3.72 (s, 6??,C'Hg), 3.77 (s, 3H,

C&), 3.78 (s, 3H, CH3), 3.88 (s, 3H, CH3),3.89 (s, 3H, CH,),4.06 (d, i H,J = 1.2, H-2),
4.99 (s, lH, H-1), 6.26 (s, W , aromatic), 6.72 (S. fH, aromatic), 7.65 (s, lH, H-4);13c

NMR 3-()
(CH3),

S: 39.6 (CH),46.3 (CH),52.0 (CH3), 52.5 (CH3), 56.1 (3 x CH3), 60.8
60.9 (2 x

CH,), 104.6 (2 x CH), 108.3 (CH), 123.2 (C),124.3 (C),127.0 (C),

136.8 (0,137.3 (CH), 138.2 (C).144.4 (C), 151.4 (C), 152.8 (0,
153.0 (2 x C), 166.9

Cc>,

172.3 (0;mass spectrum di (relative intemity): 502 (M*, 84). 443 (95), 4 11 (IO),

396 (26). 380 (52). 303 (55), 211 (34), 195 (99), 181 (25). 149 (33), 69 (39); HRMS

calcd for C26H30010: 502.1839; found: 502.1836. The 'HNMR spectnim was consistent
with that previously reported128-130

(+)-Rabdosiin(314)

Bis(tripheny1phosphine)paüadium

dichioride was prepared according to the

previously reported procedure?3 Palladium dichloride (1.50 g, 8.46 m l ) and lithium
chloride (0.72 g,

17 m l ) wece stirred m MeOH (12.7 mL) at n whüe

triphenylphosphine (4.66 g, 17.8 mmol) was added. The mixture was heated at reflux
under a nitrogen atmosphere for 1 h, then cooled to rt, and placed in an ice bath for 10

min. An orange solid was coUected by filtration, washed with Ha foilowed by MeOH,
and recrystallized From chloroform to afford yeilow crystals (3.42 g, 58%).

To a stirred mixture of hexaallyl (+)-rabdosiin 311 (2.6 mg, 0.0027 mmol),

bis(tripheny1phosphine)pailadium dichloride (0.8 mg, 0.001 mmol), acetic acid (0.0030

mL, 0.052 mmol), and acetone (0.3 mL) at rt was added triiutyltin hydride (0.0050 mL,
0.019 mmol) every 10 min for a total of 5 additions (0.0250 mL, 0.093 mmol) over 40

min. The mixture was stirred for 10 min and then dihited with EtOAc (5 mL), sat.

NaHC@(aq) (1 mL), and H20(2 mL). The o r g e phase was removed and extracted
twice with sat. NaHC@(aq) (0.5 mL) and H20(2 mL). The combwd aqueous phases
were filtered, washed once with EtOAc (1 mL), carefiiIIy acidioed to pH 1-2 using conc.

Ha,and evaporated Acetone was added to the residue, the mixture was nItered, and the
filtrate was evaporated to give a üght yeilow mrphous soiid (1.9 mg, 100%): 'HNMR
(acetone-&) 6: 3.05 (rn, 4H,CH2), 3.94 (d, lHTJ = 1.3, H-2), 4.57 (br s, IH, BI), 5.06
(dd, 1H. J = 6.2,6.2, CH), 5.09 (dd, IH, J = 7.1.5.4, CH), 6.396.93

(m.11H, aromatic),

7.63 (s, IH, H-4).Plane polanzed light was rotated in a clockwise direction (positive

optical rotation). The 'HNMR spectnim of 314 was consistent with that reported for its
enantiomer.1 LSll3

(-)-(IR,2S)=LXatereomerof (+)-Rabdosiin(315)
The (lR,2S)-diastereomer of (+)-rabdosiin (315) was prepared in the same muiner
as (+)-rabdosiin (314) (see procedure above) using the (1R.Z.S)-isomer of hexaallyl

(+)-rabdosiin (312) (3.0 mg, 0.003 1 m l ) , bis(tripheny1phosphine)pdadim dichioride
(0.9 mg, 0.001 m l ) , acetic acid (0.0036 rnL, 0.063 m l ) , tributyltin hydride (5 x
0 . 0 5 1 rnL, 0.019 mmol; 0.0255 mi,,0.095 mm01 total), and the same voIume of acetone.

The crude product was obtained as a yellow amotphous solid (2.1 mg, 95%): 'H NMR
(acetone-ds) 6: 3.0 1 (m,4H, CH2), 3.96 (d, 1H, J = 2.0, H-2), 4.22 (d, IH,J = 2.0, H- 1),
5.01 (dd, lH, J = 8.6, 4.6, CH), 5.12 (dd, lH, J = 6.2, 6.2, CH), 6.35-6.90

(m 11H,

aromatic), 7.62 (s, IH, H-4). Plane polarized üght was rotated in a counterclockwise
direction (negative optical rotation). The 'H N M R spectrum of 315 was consistent with
that reported for its enantiorner.II2
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