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Many lignan naturai proàucts possess a diverse spectmm of biological properties.
Developing synthetic methods for tbis large class of phenylpropanoid dimers, especidy
the ones with multiple chiral centers, is a challenge to synthetic chemists.

The work in

this thesis focuses on the aqmmetnc synthesis of lignans by approaches such as DielsAlder reactions, asymmetric alkylation d o n s , and intramolecular oxidative coupling
reactions.

In addition to developing asymmetrïc synthetic methodologies for chiral

Lignans, an investigation of chiraiity in arylnaphthalene lïgnans which lack stereogenic
centers has also been carried out.

In the first project, a bis-(methyl (S)-iactyl) ester of acetylenedicarboxylic acid
(ADA) was used in asymmetric Diels-Alder reactions with dienes such as ortho-

quinodimethanes (o-QDMs) and isobenzofurans to produce aryltettalin lignans. As part
of this study, a general and versatile method was developed for the preparation of ADA

esters and applied to the synthesis of both chiral and achiral esters.

HO&

= C4H
ADA

R002C
3) RoOH
4) Zn

= C02Re

ADA ester

Moderate asymmetric induction was o b s e ~ e din Diels-Nder reactions of the bis-(methyl
(S)-1-1)

ester of ADA with a-hydroxy-O-QDMs. In one case, an unusml solvent-

induced reversal of asymmetric induction was observed.

An approach to the synthesis of opticdiy active lignans via asymmetric alkylation
of a chiral benzylbutyrolactone was undertaken. The key intermediate was synthesized
by employing a highly diastereoselective alkylation of a chiral imide enolate of a

dihydrocinnamic acid.

Ar = 3.4-(methylenedioxy)phenyl

The resulting enantiomencally pure fbbenzyl-y-butyrolactone was subsequently
transformed into the benzylidenebenylbutyrolactone lignans gossypifan and savinin via
aldol condensation/dehydration reactions, and to the dibenzy~butyrolactonelignan 4'demethylyatein through alkylation.
A study of intramolecular oxidative couphg reactions of phenylpropanoid dimers

and a monophenolic dibenzylbutyrolactone lignan was aiso undertaken. Oxidations of
sinapic acid ester dimers were atternpted using metal and nonmetal oxidants.
Unfortwiately, the oxidation reactions of these dimers were unsuccessful. The focus on

oxidative coupling reactions of di01 disinapates was redirected to oxidative cyclization of
4'-demethylyatein, a biologicaiiy important precursor to cyclolignans. The oxidation
reactions of this compound were camied out using DDQ as oxidant. Aryltetralin lignan

4'-demethylisodeoxypodophyllotoxin was fonned, as weLi as cis- and tram-

benzylidenebenzylbutyrolactones,in good to excelient yield.

1-Arylnaphthalenes, prepated by ammathiion of the Diels-Aider products nom

O-QDM and acety1enedicarboxylates7were found to exhiiit hindered rotation about the
phenyl-naphthaiene (C 1-C1') bond.

diene

arylnaphthalene

To test ifhindered rotation in naturaUy occurring aryinaphthalene lignans might give rise
to isolable enantiomeric rotamers, eleven arylnaphthalene lignans and analogs were
synthesized and the barriers to rotation about the phenyl-naphthalene bonds were

measured using dynarnic NMR and low temperature HPLC techniques. The barriers to
rotation ranged fiom 16.9 to 21.5 kcai/mol, which translated to half-lives for individual
rotamers of less than 15 min at room temperature. The experimental rotational barriers of
these compounds were compared to those obtained fiom molecuiar orbital calculations.

Lignans are widespread naturai metabolites whose occurrence is mainly restricted
to vascular plants.'

A few lignaas have also been Wlated h m mammals which have

co~lsumeda vegetarian diet2 The term "lipnatl~'was introduced by ~ a w o r t hin~1941 to
categorize a group of phenyipmpanoid dimers whose classification and structures will be
discussed in Section 1.1. Lignans have aîtracted extensive attention maidy due to their
interesthg biological and phamiacological properties. The biologicai activity of lignans

will be briefly reviewed in Section 1.2. From the synthetic point of view, lignans present
a challenge for both non-asymmetric and asymmetric synthesis due to theV varied

structures and multiple chirai centers. The synthesis of achiral and chiral lignans will be
reviewed in Sections 1.3 and 1.4, respectively. Since oxidative coupling reactions play

an important role in both the biosynthesis and some chernical synthesis of lignaas, this
topic will also be brkfiy discussed in this chapter (see Section 1.5).

1.1

DEFINITIONS
AND CLASSIFICATION
OF LIGNANS
Li-

were defined by ~ a w o r t has~ dimers of phenylpropanoid metabolites

linked via B-$' (or C8-C8') bonds as shown below:

v

phenylpropanoid

Lignan skeîeton

Scheme 1.1
Lignans are divided into several subgroups with the g e n d structures exempiified in
Scheme 1.2. The B-B' bonds in the structures are highiighted. Diarylbutanes 1 are the
group having phenylpropanoid dimers Iinked on& by

p-B' bonds, while

the other

subgroups (2-11) have additionai linkages besides p-p' bonds. Phenylpropanoid dimers
that are iinked by other than P B ' bonds are known as neolignans.

iI"

Ar'

0

dk

2-4"

O

Ar'

#

0

R

\

Ar

9
Arylnaphthalene

C

R
10
Benzocydoodadime

Scheme 1.2

Ar'

11
Oiarylcyclobutane

The numbering and nomenclature of lignans has not yet been standardized.
Therefore, when numbering is used, it is important that it is always provided in a given
structure. The wmmon nomenclature of lignans, which is usually based on the name of

the plant species, wiil be retained in the foliowing discussion

Plants containhg lignans have k e n used as folk medicines by many cultures for
over 2000 years. Lignan natural products possess a wide range of biological activities of
which the most important are anticancer, antiviral, and insecticidal activities.

The

biologicai activities of lignans have been extensively4" and partly 13-17 reviewed by rnany
authors. Oniy a few examples of these activities will be discussed here.

The fiuits, dried mots and stems of the plants which belong to the genus
S c h i s e a have been used in traditional Chinese medicine for over 2000 years as a tonic

and sedative."

These traditional medicines were also found to exhibit antihepatotoxic

property.13 Recently, a series of dibenzocyclooctadiene lignans (at least twenty) were
isolated fkom these plants and were elucidated as the active principles through animal
studies. Two examples of these compounds, the schisandrins and schisantherins, are

given in Scheme 1.3.

Schimdrins 12

Schimtherins 13

Scheme 1 3
Oral administration of certain types of schisandrins and schisantherins gave protection
against CC14-induced liver damage in mice,

The antihepatotoxic action of

these

compounds has led to studies of their use for treatment of virai hepatitis in humans."
S1hrian ginseng (Eleutherococcus senticosus), which is a native plant of Sibexia

and northem China,has been used traditionally to increase the body's capacity for mental
and physicai

Extract of this plant are s t i i i widely taken by modem Russian

athietes to improve their

performance in sports.'9c

One of the chernical components

found responsible for the plant's interesting biological property is the diaryhofùran

lignan eleutheroside E (see Scheme 1.4). The mechanism of action of this compound has
not yet k e n elucidated,
?CH3

f4
(Eleutheroside E)

Scheme 1.4

The scientifïc seamh for Li-

naaaalproducts as potential anticancer agents was

b e p by Hartmeil et al. in the 1 9 4 0 ~ s They
. ~ ~found
~ ~tbat
~ ~the
~ lignan constituents in
the alcoholic extract of the dried mot and diimrne of two plant species called
PodophyIZum peItal~mand emodi exhiiited a destructive effect on animal cancer ceils.

The group of figoans in these plants have an aryltetralin general structrne and some
examples are given in Scheme 1.5.

hco

H,CO

OCH,

OCH,

OR*
19(a-Peltan'n): R = H
20 (p -Peltatin): R = CH,

Scheme 1.5
Podophyilotoxin, which is the main constituent of the PodopJgdIum extract (up to 20%),
was the most potent among the isolateci aryltetraiin lignans in inhibithg cancerous celi-

growth*10,14,17 The mode of action by which podophyllotoxin kiUs cells is the inhibition
of the assembly of the protein tubulins into microtubdes, an important process in ce11
division. The inhibition disrupts the dynamic equilibrium between microtubules and
tubulins, thereby inducing the disassembly of microtubdes into tubulins. The net result

is the destruction of the cytoskeletal h e w o r k in the cytoplasm and the spinde fibres

that are needed for puUing apart the dupiicated chmmosomes during cell division. The
nonselective attack on normal and cancerous cells by podophyllotoxin has limiteci its use

as a cancer chemotherapeutic agent.
Based on the hdings by Hartweii and others on podophyilotorrin, two clinicaily

usefd dnigs, tenipside and etoposide, were developed and used for treating germinal
testicdar cancer, small cell lung cancer, and certain forms of leukemia Teniposide (22,

also cailed VM-26) and etoposide (23, VP-16-213)(see Scheme 1.6) are semi-synthetic
derivatives of podophyllotoxin developed by Sandoz Ltd. in Switzerland.14.17

OH

22 (Teniposide)

OH

23 (Etoposide)

Scheme 1.6
Unlike podophyllotoxin, the mechanism of action of tenipside and etoposide in ce11
k i h g is the inhibition of topoisornerase II, a critical enzyme in DNA replication.

Topoisomerase II promotes breakage of supercoiled DNA and aiiows another section of
unbroken DNA helix to pass through the break point before the break is reseaîed by the
enzyme. By doing that, the enzyme aiiows the supercoiled DNA to relax to a circular

DNA so that the replication of DNA can occur. Teniposide and etoposide stabilize the

topoisornerase II-DNAcomplex, thereby d t i n g in increased DNA scission end failure
to rejoin the broken DNA.

This leads to chromosomal aberrations, increased

chromosome number, and eventuaUy celi IriIling. Tenipside and etoposide attack cancer
ceils selectively presumably due to their interference in the intense activity of
topoisornerase II fouad in rapidly proiifèrating cancer celis.

Many lignans other than podophyliotoxin derivatives have shown antitumor
activity although their potency is not comparable to that of the podophyilotoxin

derivatives. Sorne examples of other antitumor Iignans are given in Scheme 1.7?11
Arylnaphthalene lignans diphyliin (24) and justicidin A (25),2* dibenzylbutyrolactow
lignan wikstromol (26),22 fUraD Li-

burseran (27))

dibenzylbutane lignan

nordihydroguaiaretic acid (28)F and dibe11~~:yclooctadiene
lignan, (-)-steganacin (29),=

have ali exhibited activity against in vitro cancerous ceil growth.

Podophyllotoxin

denvatives 15-23 and Lignans 24-29 are structuraliy so varied thst i d e n t w g a cornmon
structural characteristic to explain their antitumor activity seems impossible. The diverse

structural features of these compounds may in fact be indicative of their different

mechanism of antitumor action.

ho
' oc\

JJ
' ' ocy

Ch0

24 (Diphyllin): R = H
25 (Jusüadin A): R = CH,

Scheme 1.7
Some mammalian lignans have recentiy been suggested to be cancer-pmtective
agents, although they do not exhibit direct antitumor activity on cancer cells? Two major

mammalian lignans isolated fiom body fluids are enterolactone (32) and enterodiol(33).
They are fonned fiom dietary plant precursors matairesino1 (30) and secoisolariciresinol
(31), respectively, by the action of intestinal bacteria (see Scheme 1.8)?

Enterolactone

and enterodiol are excreted in large amounts in urine by persons having a rich diet of
berries, se&

(especially soybean and flaxseed), and grain, the vegetarian diet which has

long been known to reduce hormone-related cancer nsk. Enterolactone and enterodiol are
thought to be the responsible factor whose mode of action in reducing such cancer risks
seems to be the modulation of the synthesis of sex

hormone^.^

31 (Secoisd~aresinoi)

33 ( E n M i d )

Scheme 1.8

In addition to an inhibitory effect on cancer celis, podophyllotoxin10has also been

used for the clinical treatment of venereal warts (condyloma acuminatum, a sexually
transmitted desease caused by the human papiiloma virus):'

and psoriasis vuigaris (a

chronic hereditary skin lesion)." Other than the papiiioma virus, in some preliminary
trials, podophyliotoxin as weil as its derivatives (l6-21) were found effective against

other vinisesZ9m h as measles, cytomegalovinis, and herpes simplex type 1. Mthough
the mechanism of podophyllotoxin's antitumor activity has been well elucidated, the

compound's antiviral mechanism stiii remains unknown.
ûther Lignans found exhibiting antiviral activity are exemplified in Scheme 1.9."
Two arylnaphthaiene lignans diphyllin (24) and justicidin B (34), isolated h m the

Formosan plant, Jusiicia procumbenr, were effective in inhibiting the growth of Sindbis
virus, with up to 100% inhibition at dmg conuntration of 1.0 pg/ml.

Other

aryinaphthalene lignans, retrojusticidin B (35) and phyllamycin B (36) isolated nom
Chinese herbs Phyll~~~lthrrs
myr~folius,have recentiy shown strong inhibitory effect on

human immunodeficiency virus4 reverse tninsaiptase activity? The enzyme catalyses
the synthesis of a complementary DNA strand using a viral RNA strand as a template.
The same cornpou11ds, on the other han4 have littie effect on human DNA-polymerase-a

activity, making them candidates as auti-HIV dmgs.

24 (Diphyllin): R = OH
34 (Justicidin 6): R = H

35 (Reaajusücidin 6)

36 (Phyllamycin B)

Scheme 1.9

As weil as king medicinally important, lignans also have use or potential use in
food industries and agriculture. The phenolic lignan, nordihydroguaiaretic acid (28, see
Scheme 1.7), a main constituent of the creosote bush (Lurrea tridentata) grown in southwestern USA and Mexico, has been used in the food industry as an antioxidant since
1943:'

This compound is very effective in inhibithg the lipoxidase- and hematin-

catalyzed autoxidation of unsaturated fatty acids in vegetable and animal oils,
respectively, during the oil processing stage. The autofidation of unsaturatexi fatty acids
causes chain cleavage and resuits in the formation of volatile cornponents which are
responsible for oil rancidity. Nordihydroguaiaretic acid is also usefbl in non-food
industrial applications as a stabilizer for polymers, lubricants, rubber, as well as

pharmaceutid preparations in addition to these industrial applications, this compound
was also once used as a phytotoxin on train right-ofways to prevent weed growth,

The potential use of lignans in agriculture is due to the important d e they play in
plant defense agaiast bacterial and b g a l infection, and against insect attack.
Antimicrobiai and antifungai properties have been reporteci for lignans such as
nonsoguaiacin (37) and dihydroguaiaretic acid (38), as well as matairesino1 (30) and
nordihydroguaiaretic acid (28) describeci above (Scheme 1.10):~

OH

OH

37 (N~risoguai~n) 38 (Dihydmguaiaretic acid): R = CH3
28 (Nordihydmguaiamtic =-ci):
R =H

OH

30 (Matairesind)

Scheme 1.10
Some examples of iignaas as insect antifeedants and piscicides are yatein (39) from
L i b o c e h yateenris)3 epimagnolin A (40) h m the flower buds of ~agnolia
frng~ii,~

and the previously described arylnaphthaiene lignans diphyllin (24), justicidin A (25) and
justicidin B (34) (Scheme 1.11).33.35

The piscicidal activity of the aryhphthalene

lignans are comparable to that of rotenone, a potent commercially used piscicide..'*

4ô (Epimagndin A)

24 (Diphyilin): R = OH
25 (Justicidin A): R = OCH,
34 (Justicidin 6):R = H

Scheme 1.11

The exceedingiy numemus biological activities displayed by lignans have made
M e r study of this class of natural products a pnonty. The development of synthetic
methods for ligmms is necessary for more in depth evaluation of these interesthg

A molecuie is achiral if it is superimposable on its mirror image. Most achiral

lignam belong to the aryinaphtblene subgroup 9, although a few also belong to the

dibenzylidene and dibenzylbutene subgroups 41 and 42 (see Scheme 1.12).

Scheme 1.12

These subgroups possess general stnicbires which lack stereogenic centers (stereogenic
teaivalent atoms).

Despite their lack of stereogenic centers, arylnaphthalene and

dibenzylidene lignans may nevertheless exkt as sepivable enatltiomers if there is

hindered rotation about certain carbon-carbon single bonds present in the molecules ( s e
Chapter 2 for detail). As part of the project on hindered rotation in lignans (see section
4.4), several arylnaphthaiene lignans were prepared- A review of the existing literature

on the synthesis of achiral lignans (not including mes0 structures such as 43 in Scheme
1.13) wiU be presented here.

Mi-

/'

mL

/,$R-,

,'plane of

/--+

symmetwy

meso lignan 43

Scheme 1.13

I.3. I

DibenZylbufene and Dibengdiitene Lignam
There are oniy two known naturai dibenzylbutene lignau, zuihonin D (44) isolated

fiom Machilus ~24ihoenris~~
and fiiroguaiaoxidin (45) isolated fiom Guaiacunt oflcinaIe3'
(structures in Scheme 1.14).

The synthesis of 44, 45, and other dibenzylbutene lignan

analogs have not been reportecl.

U(Zuihonin D)

4S (Furoguaim-din)

Scheme 1.14
A literature search for naturally occurring dibenzylidene lignaus reveals ody t h e

~ taiwanin A (48):"
such compomds, phebalarin (46))8 jatrodien ( 4 ~ :and

isolated nom

Phebalim nudtntt, Jah.opha gossypifolia, and Taiwania crypptomeriodes, respectively
(Scheme 1.15).

OCH,

HO
47 (Jatmâien)

O
48 (laiwanin A):
Ar = 3,d(methylenediowphenyl

Scheme 1.15

Although the synthesis of phebalarin has not been reporte& preparation of its
denvative, the dimethyl ester 49 (Scheme 1.16) has been accompüshed~' Oxidative
coupling of methyl sinapate uder oxygenated basic buffer condition Sorded
dibenzylidine 49.

It was proposed that elimination of a bis-(quinone methide)

intermediate (50) was involved, as depicted in Scheme 1-16.

/

c HO~
Choo

~

c

2 x methyl sinapate

O2

oBasic2

c

~

bue

50

Scheme 1.16

Dibenzylidene compounds are more often synthesized by Stobbe condensation of
a succinic acid ester and a b d d e h y d e . Synthesis of jatrodien (47) was achieved using
a two-stage Stobbe condensation approach illustrateci in Scheme 1 . 1 7 1 ~ Dimethyl

succinate was condensed with piperonal in refiuxing NaOCH3/methanol, foîiowed by
methy1ation of the redting carboxylic acid to e o r d 51. Condensation of 51 with
veratraidehyde and methylation of the redting haif ester gavejatrodien (47).

-

dimethyl sucanate

-

61

Scheme 1.17
The Stobbe condensation approach was also applied to the preparation of taiwanin
A (48) (Scheme 1.18)."

Treatment of 51 with piperonal afEorded h*ester

52, which

was then reduced to hydroxy acid 53 with LW,,. Subsequent cyclization of 53 with p
TsOH completed the synthesis of taiwanh A.

Scheme 1.18

TaiwaniLl A (48) has also been synthesized by p

a

U crosscoupling of

vinylstamane 55a and vinyl bromide 56b as illustrated in Scherne 1-19." These vinyl
denvatives were prepared h m propiolates 54. Cross-coupling of 55a and 56b gave
butadiene 57, which was then transfomed into taiwanin A by acid hydrolysis of
methoxymethyl ester, reduction of methyl ester, and lactonization. Other dibenzylidene
lactones were also prepared using the crosscoupling method.

Scheme 1.19

Dibenzylidene lignan analogs are kquently employed as intermediates for the
synthesis of arylnaphthalene lignans. The dibenzylidene lignan anaiogs used u d y
possess a general structure of fbigenic anhydride 59. Anhydride 59 can be prepared fiom

Mgide 58 (Scheme 1-20), which in tinn can be prrpered by Stobbe condensati~ns.~
The
cyciization of fidgenic anhydrides to aryinaphthalene iignans WUbe discussed in the
following section*
O

Scheme 1.20

1.3.2

Arylnqphthalene Li'gnans
A wide variety of methods have been developed for the synthesis of

aryinaphthalene lignans (9). These methods can generally be classified into two groups

as illustrateci in Scheme 1.21. The f k t group involves the assembly of ring B via
methods such as (i) Stobbe condensation and tandem conjugate addition, followed by
intramolecular cyclhtion, (ii) pericyciic reaction of bis-(arylpropiolyl) denvatives, and
(iii) the Diels-Alder reaction. The second group of methods involves the intermolecular
cross-couplingof a naphthyl molecuie with an aryl molecule.

Scheme 1.21

The Stobbe condensation approach to arybpthalene lignans usually involves
intramolecular cyclization of intennediate Mgides having generai structure 59 by either
W-irradiation, heat, or oxidants. The Mgides are generaüy prepared by the methods
describeci in the previous section (see Scheme 1.20).
Cyclization of symmetricai fulgenic anhydride (general structure 59) usuaüy
affbràs predorninantly a single aryhphthalene product in good yield and thus is regarded
as a useful approach for the preparation of certain aryinaphthalene iignans. For instance,

irradiation of anhydride 59.;'

and treatment of anhydride 59b46with DDQ/HCl afforded

aryhphthalene anhydrides 60a and 60b, respectively, as the sole product in each case
(Scheme 1.22).

or DDW
HCI

59a: R1=R&R3=OCH3
59b: R1=H, R2=R3=OCH,

60a: Rt=R*R*OCH,
60b: R1=H, R2=R3=0CH,

Scheme 1.22
Cyciization of unsymmetricai fulgenic anhydrides has not k e n as efficient as the
cyciization of the symmetricai ones describeci above because it usualiy produces a
mixture of regioisomeric pducts. W irradiation of unsymmetncd anhydride 61a gave

rise to a mixture of two aryinaphthalene anhydrides, 6 2 i and 63. (Scheme 1-23)?

Similarly, trrating 61b with DDQ.MC1 aEorded a mïxîure of aryinaphthaiene anhydrides

62b and 63b?

Scheme 1.23
Holmes et al. have used the pericyclic cyclization of arylpropiolyl anhydrides to
prepare aryinapthaienes (Scheme 1 .DI)."' Treatment of 64 with DCC at low temperature

resulted in anhydride (65) formation and simdtaneous ring closure to aEord a mixture of
the three aryinaphthalene anhydrides Ma, 66b9and 66c. The general applicability of tbis
procedure for other arylpropiolic acids has been developed, but the formation of a
mixture of products is usually inevitable.

O

DCC

Scheme 1.24
Aryinaphthaiene anhydrides prepad by the above described procedures have
been transformeci into naturaliy occurring arylnaphthalene lactone ligaans.

The

transformation of anhydrides having the generai structure 67 into lactones of general
structures 68 and 69 was achieved by three approaches, The fïrst involved the reduction
of anhydride 67 with LiALH4/AlC13 to a o r d di01 70. Oxidation of 70 with Fetuon's

reagent (silver carbonate on siiica gel) gave a m i . of aryinaphthalenelactone lignans
68 (major) and 69 (minor) (see Scheme 1.25). Arylnaphthalene iignans justicidin B (34),

retrojusticidin B (35), helioxanthin (68a) and retrohelioxanthin (69.)
using this procedure.46.47

have been prepared

Scheme 1.25
The second approach involves the direct reduction of anhydride 69 by NaBH4 foliowed

by acid catalyzed lactonization to 68 and 69?

The regioselectivity was similar to that

achieved with the Fetizon's oxidation reaction (see Scheme 1Z).The third approach for
conversion of anhydrides such as 67 to the lactones 68 and 69 has been described by Ishii
et

al. (see Scheme 1.26)?

They were able to regioselectively reduce anhydride 67 by a

rutheniun catalyst/H2 to a o r d predominantly lactone 69 in 88% yield. On the other
hand, regioselective rutheniun catalyzed dehydrogenation of di01 70 afforded lactow 68
in

>88%

yield.

The

naturai

lignans dehydrodimethyhtrodendrin (69b),

dehydromethylconidendrin (68b), retrochinensin (68c), and justicidin E (68d) were
synthesized using these methods.

-

R
0-

LiiHJ

R'

R'

68b
(dehydromethylconidendrin)

88c
(retrochinensin)

68d
(justicidin E)

69b
(dehydromethyireûodendnn)

Scheme 1.26

Instead of using arylpropiolyl anhydrides as intermediates (65 in Scheme 1-24),
arylnaphthalene lactones can be prepared directly fiom bis-(aryipropiolyl) esters through
example of this method is depicted in Scheme 1.27."
intramolecular ~ ~ c l i z a t i o nAn
.~~
Bis-(arylpropiolyl) ester 73, prepared by esterification of propargyl alcohol 71 with acid
chloride 72, was heated in xylenes at reflux to afEord a mixture of arylnaphthkne
lactones 74a and 75a in 1:l ratio. Deprotection of 74a by catalytic hydrogenation
aEorded the natural Lignan daurinol (74b), whereas deprotection of 75a foilowed by
methylation gave the natural lignan retrochinensin ( 6 8 ~ ) .

PhCH,O

-

CH30
71

OH pyridine

73

72

+

74a: R = CH,Ph
74b (daurinol): R = H

OR
0CH3
?Sa: R = CH,Ph
68c: (retrochinensin): R = CH,

Scheme 1.27
Tandem conjugate addition foliowed by cyclization and aromatization of the
resulting dibenzylbutyrolactone has represented an alternative approach for the
preparation of aryhphthalene lipans."

For instance, dibenzylbutyrolactone 76 was

prepared via the tandem conjugate addition reaction shown in Scheme 1.28. Treatment of
76 with heavy metai oxidants such as HgClz Sorded retrojusticidin B (35) in 50%

Scheme 1.28

Ogiku et al. have also reported a similar procedure for the preparation of justicidin B (34)
(see Scheme 1.29), a reaction in which the cyclization of the tandem conjugate adduct
(77) was initiated by an acid instead of an o~idant~'~
The mechanism of ammatintion is

as proposed in Scheme 1.29.

Scheme 1.29
A modification of the above approach where tandem conjugate addition yielded directly a

cyclized product (78) has k e n employed by Harrowven in the synthesis of the
arylnaphthalene lignan hydroxytaiwanin C (79) (Scheme 1.30).~'~Kamal et al. have
repeated the procedure but heated cyclued product 78 with a nickelcornplex reducing
agent instead to afXordjusticidin B (34) (Scheme 1.30):'~

I

Ar
34 (justicidin 8):
R1 = R2 = OCH,

O

79 (hydroxytabmnin C):
R' + R2= -OCH20-

Scheme 130

Arynaphthalene lignans can also be prepared directly fiom naturaUy occurring

DDQ oxidation of phyllanthin (80) in the presence of AcOH

dibenzylbutane lignans?

with ultrasonic agitation gave aryhphthalene lignan analog 81 in 70% yield (Scheme

cH30)3&cH20cH3
CH,O

CH,OCH,

-

CH,O
cH3J
0
f$
-cH0

CH20CH,

DDQI

\

OCH,

AcOH
ultrasound

OCH,
80 (phyllanthin)

\

OCH,
0CH3
81

Scheme 1.31

Heating (-)-awîrobailignan-5 (82) and DDQ in reflwùig dioxane redted in the
formation of aryinaphthaiene lignan anaiog 83 in 60%yield (Scheme 1 .32).52b

O

CH,

DDQ

Scheme 1.32
By andogy to dibenzylbutane lignans, benzylidenebenzylbutyr01actone 84 can

also undergo oxidative cyclization to a o r d aryinaphthaiene lactones. An interesting

example of this is illustrated in Scheme 1.33.'~

Upon treatment with DDQ,

benzylidenebenzylbutyrolactone 84 underwent cyclization and aromatization to aEord
arylnaphthalene iignan analog 86 in 85% yield via reactive intermediate 85. On the other
hand, treating 84 with NBS resulted in the formation of justicidin B (34), presumably via

allylic brominated intermediate (87).

DDQ

f$
CH,O

OCH,
CN

-

OC&

OCH,

CH,O

O

NBS

O
72%

Scheme 133

0J
34 (justicidin 8)

The Diels-Alder reactions of isobenzofûran dienes" are the most popular of all
the many methods developed for the synthesis of both phenolic and non-phenolic
aryhphthalene Lignans. in the general method, Ractive isobenzofùrans 88 or 89 are

generated fiom hydroxyacetal 90/hydroxyketone 91 or phthalide 92, respectively. The
reaction mechanisms and the intermediates involveci are iiiustrated in Scheme 1.34.

Base;
___)

&SiCl

92

89

Scheme 1.34
Diels-Aider

reactions

of

isobenzofivan

88

with

himarate/maieate,

and

acetylenedicarboxylate dienophiles give nse to the formation of cycloadducts 93 and 94,
respectively.

Aromatïzation of cycloadducts 93 and 94 affords, respectively,

arylnaphthalene 96 and phenolic aryinaphthalew 97.

On the other han& reacting

isobenzofùran 89 with fiunaratternaleate affords cycloadduct 95 where desilylation and
aromatiation Leads to the formation of phenolic arylnaphthalene 97 as weii. The reaction

mechanism is depicted in Scheme 1.35.

Scbeme 1.35

The use of hydroxyacetals as isobenzofuran precursors in the preparation of
aryhaphthalene Lignans was initially described by Rodrigo et al. (Scheme 1-36)?' Acetal
99 which was prepared fiom benzaldehyde 98 by brominattion and acetylation, was

treated successively with n-BuLi and b e d d e h y d e 100 to a o r d hydroxyacetai 101.
Treatment of hydroxyacetal 101 with acid and dimethyl acetylenedicarboxylate afYorded
cycloadducts that reacted m e r to give a phenolic aryinaphthalene diester.
Regioselective reduction of the ester adjacent to the phenol followed by lactonization
gave natural Lignans such as taiwanin E (102a), chinensinaphth01 (102b), and
dehydropodophyliotoxin (102c). Methylation of taiwanin E and chinensinaphthol gave

the natural lignans taiwanin E methyl ether (103a) and chinensinaphthol methyl ether
(103b), respectively.

-

OCH,O

OCH,O

0CH20

102a(TaiwaninE):
103a (Taiwanin E methylether)

OCH, OCH, OCH, 102c @ehydr~ophyllotoxin)

Scheme 136

Rodngo's method has been adopted by others for the preparation of a series of
nonphenolic lignans 104 as weii, as shown in Scheme 1.37.~~

Scheme 1.37

30

Narasimhan et al." have p r e p d a phenolic aryinaphthaiene anhydride by
treating phthaiide 105 with LDA and M%SiCi, followed by Diels-Aider reaction of the

resulting isobenzofhu with maleic anhydride. Regioselective reduction of phenolic
anhydride 106 by Na& afforded lactone 107 (see Scheme 1.38).

2) PhCHO

Ph

Scheme 1.38
Iwao et 02. extended this approach to the synthesis of diphyllin (24) (Scheme 1.39).58
1) LDA
2) TBDMSCI

CH,O

CH,O

Ar
24 (diphyllin)
4) H'

5) NaBH,; H+

Ar = 3.4-(m8thylenedio~cy)phenyl

Scheme 1.39
In addition to phthalide 105 (structure in Scheme 1.38), Narasimhan et al. have

also shown that hydroxyketone 108 can be used as isobenzofuran precursor (Scheme
1-40):'

Treatment of hybxyketone 108 with dimethyl acetylenedicarboxyllate in the

presence of a d , foilowed by reduction with NaBtI, Sorded phenolic aryinaphthalene

lignans taiwanin E (102a) and dehydropodophylioto>r (102~).Hydroxyketone 108 was
in tum prepared h m hydroxyacetal109 or Iactone 110 as shown in Scheme 1.40.

OH

"3
RZ

-

OH 2) aq H2S04 R~

/

3) N&H4

0

0

HCI

102a (tanHanin E):
Rl+R2 = OCH,O. R3=H.
R4+Rs= 0CH20

Scheme 1.40
Rodrigo has introduced a new approach to the generation of isobenzofürans using
iodoester 111 as starting material (Scheme 1AI).''

Treatment of iodoester 111 with n-

BuLi foilowed by neutralization with acid gave the immediate precursor for the
isobenzofuran, the hydroxyphthalan 112. Subsequent treatment of hydroxyphthalan 112
with acid and dirnethyl acetylenedicarboxylate foUowed by reduction and lactonization

resulted in the formation of diphyllin (24), the methylation of which gave justicidin A

A cH30m0
O

nBuLi;

H+ CH,O

CH30

411

2) NaBH,;

112
Ar = 3,4=dimethoxyphmyl

CH$

HCI
24 (diphyllin): R = H
25 (justicidin A); R = CH,

Scheme 1.41

In addition to isobenzofiuans, O-QDMs (Scheme 1.42) have also been used in
Diels-Alder reaction for the preparation of arylnaphthalene lignans.

Scheme 1.42
Takano et al?" have prepared aryhpthalene iignans by treating dithioacetals 113 with a

large excess of maleic anhydride in refluxing toluene. They proposed that an O-QDM
intemediate, 114, was generated as shown in Scheme 1.43.

Ar

113

Malek
anhydride

Ar

O

C0,H

H Ar

O

C02H

I
maleic
anhydride

\a Pq
NaOMeI

O

C02CH,
C02H
Ar
116

117
68c (retrochinensin): Ar = Ar(1)
68d (jusüadin E): Ar = Ar(3)

OMe

Let Ar(,) =

118
1188 (dehydropi~rqod~hyllot~n):
Ar = Ar(2)
118b (chinensin): Ar = Ar(1)
11& (taiwanin C): Ar = Ar(3)

Scheme 1.43
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Reduction and lactonization of the resulting aromatizd product aryhpthalene anhydride

115 aorded a mixture of productrr 117 and 118, with lactone 117 king predominantOn the other han4 treatment of anhydride 115 with NaOMeMeOH foliowed by
reduction afZorded only arylnaphthalene iignan 118. The Lignans having general structure

117,retrochinensin (68c) and justicidin E (68d), aud the iignans having general structure
118, dehydroanhydropicropodophylh(118a), chinensin (118b),and taiwanin C (Ilse),
were prepared using this approach.
An intrarnolecular pericyclic reaction of an O-QDM (119) was reported by

Kobayashi et al. for the synthesis of nonphenolic arylnapthalene iignans 120 (Scheme
1-44)." This procedure is not recommended due to the large number of steps involved.

Scheme 1.44
A more direct route to the synthesis of arylnapthalene lignans is the joining of an
aryl ring and a naphthyl ring by a biaryl cross-couplhg reaction. Meyers and Avila have

synthesized an arylnaphthalene Lignan analog by oxazoline-mediated nucleophilic

srornatic substitution of naphthalene 121 with an aryilithium reagedl The method is
illustrated in Scheme 1-45 Although the approach appears direct, a large number of steps
were involved in the preparation of the naphthalene starting material and the fûnctional
group transformations of the coupled naphthyl-aryl product.

Scheme 1.45
The biaryl cross-coupling approach to aryhaphthalene Lignans received no M e r
attention until very recently. Hattori et al. have replaced the Meyer's oxazoline group
with an ester fimctionality and siightly shortened the number of steps employed (Scheme
1.46)." The method has been extended to the preparation of chinensin (118b) and

taiwanin C (118c).

Ar
118b (chinensin):
Ar=3,4dimethoxyphenyl

R = methoxymethyl

l18c (taiwanin C):
Ar=3,4(methylenediov)phenyl

Scheme 1.46

1.4

ASYMMETRIC SYNTHESIS
OF LIGNANS

Asymmetric synthesis was d e h e d by Morrison and Mosher as a reaction where

an achiral unit within a substrate is converted into a chiral unit in such a manner that the
srereoisomeric products are formed in unequal amomt."

Due to the fact that many

biologically active natural products exist in the form of a single enantiomer and possess
different biologicd activity fiom their enantiomeric counterparts, selective preparation of
a single active enaatiomer is desirable. A highiy stereoselective asymmetric synthesis is

the method of choice because it accomplishes this task economicaily, as well a s reducing
the contamination by the other enantiomer. Asymmetnc synthesis of drugs also provides

compounds of higher specific activity.
The asymmetric synthesis of Lignans has been e x t e n s i ~ e land
~ ~partly
~ * ~4-6.10.66-68
~
reviewed by many authors. Because the asymmetric synthesis of dibemylbutyrolactones
3, benzylidenebenzylbutyrolactones 122, and aryltetralin Lignans 8 (Scheme 1.47) are the

subject of this thesis work, a literature review of the asymmetric synthesis of these three
Lignan subgroups will be provided here. Before the literature methods are reviewed,
general approaches to the synthesis of these lignan subgroups will be bnefly introduced.

3
(dibenzylbutyrolactone)

122
(bmrylidmebmzylbutyroIactme)

Scheme 1.47

8
(aryltetralin)

The asymmetric syntheses of dibeazylbutyrolactone Lignans are numerous but the
methods can generally be categorized into two groups: (i) the attachment of a benzylic
group to the a position of a pre-formed Pbenzyl-y-butyrolactone (123) or dihydrofùran
124, and (ü) simultaneous attachent of both a and

P benzyl groups, as depicted in

Scheme 1.48.

Ar'
Ar'

Scheme 1.48

The attachent of benzyl group to the a position of benzylbutyrolactones 123 has been
achieved by reacting enolates of optically active 123 with benzyl alkylating agents.
Conjugate addition of ben@ carbanions to optically active benzoyldihydrofurans 124 has
also been used to accomplish this reaction although the former approach has so far gained
more popularity than the latter one. The simultaneous attachment of both the a and

B

benzylic groups has k e n accomplished by tandem conjugate addition-alkylation of
optically active butenolide such as 125.

The asymmetric syntheses of benzylidenebeqlbutyrolaftone lignans ofien
involve dibenzylbutyrolactone lignan analogs 126 as intermediates (Scheme 1.49).
Butyrolactones 126 are in turn prepared by reaction of benzaldehydes with
benzylbutyrolactones 123.

As such, the synthesis of dibenzylbutyrolactone and

be~lidenebenzylbutyrolactonelignans share some cornmon features.
Ar

O

Ar'
126
benzylb&rolactme

Scheme 1.49

Although there have k e n many asymmetric synthetic methods developed for the
synthesis of aryltetraün lignans, in general ooly three asymmetric approaches have been
employed (see Scheme 1.50). The first approach is the intramolecular c y c h t i o n of
enantiomericaiiy pure dibenzylbutyrolactone intermediates 127 which are in turn
prepared via the approach depicted in Scheme 1.48.

The second approach is the

asymmeûic Diels-Alder reactions where the diene or the dienophile bears a chiral
auxiliary.

The third approach, whïch was introduced by ~ e ~ e r s ,involves
~'
the

asymmetric addition of an aryllithium to an enantiomencally pure chiral naphthalene 128.

CO-R

R' = chiral auxiliary
R'

Scheme 1.50
Since

the

asymmetric

synthesis

of

dibenzylbutyrolactones,

beazylidenebeoylbutyr01actones, and aryltetraiin lignans share common intermediates
and approaches, the foliowing discussion of lignan asymmetric synthesis is organized
according to the type of approach, rather than on the classification of lignan itself.

l.4.l. Asymmetric Synthesir of Lignuns via SBenwI-pbu~rolactones

OpticaUy active B-benzyl-y-butyroiactonesof general structure 123 (Scheme 1.5 1)
are the most versatile intermediates used in asymmetric synthesis of many lignan

subgroups. A large number of asymmetric synthetic approaches have been developed for
the preparation of opticaily active butyrolactones 123 and these methods wiïl be
thoroughly reviewed in this section.

Scheme 1.51

The first asymmetric synthesis of a P-benzyl-y-butyrolactone(123) was reported
by Tomioka and ~ o ~ a ,as' ~illustrated in Scheme 1.52.

Optically active

benzylbutyrolactones 123a were synthesized fkom lactone 129 which was in tum
prepared in a multistep sequence firom L-glutamic acid. Alkene 130 was hydrogenated
selectively fiom the least stencdly hindered face to S o r d 131, which was then converted
to (~)-123a.~~'
On the other hand, aikylation of 129 where the benylbromide ais0
approached from the least hindered face gave 133. Subsequent reactions of 133 resulted

in the formation of (~)-123a.'~~
Y, approach from top

L-glutamic
acid

-Scheme 1.52

The conversion of benzylbutyrolactones (R)- and (3-123a to lignans is îilustrated in
Scheme 1.53.
acylation.

Butyrolactone (S)-123a was converted to (-)-podorfiizon (134) by

Butyrolactone (R)-123a was converted to (-)-hinokinin (135) and (-)-

deoxypodorhizon (136) by aikylation, and to (+podorhizol (137) and (-)-epipodorhizol
(138) by aldol reaction. In these reactions, the benzylic electrophiles approached the
benzylbutyrolactone enolates from the least hindered side to a o r d ~m-products.Acidcatalyzed intramolecular cyciization of the aldol products 137 and 138 gave (-)isodeoxypodophyllotoxin (139).
(acylation)

(Aldol reaction)

138 ((-)-epipodorhud):Rl=OH. R2=H

O
(- O

Scheme 1.53

The procedure used by Tomioka and Koga for the preparation of butyrolactone @-la
(see Scheme 1.52) was also used by Shibuya et al?* who extended it to the preparation of

dibenzylbutyrolactoneiignan a d o g 140 through (8-123b as illustrated in Scheme 1.54.

Scheme 1.54
Tomioka and ICogan

have also accomplished the synthesis of (+)-

deoxypodorhizon (141) using a modification of their previous approach shown in Scheme
1.52.

In this modined procedure (Scheme 1.55), conjugate addition on a chiral

butenolide, 142, was used to prepare the y-substituted P-benyl-y-butyrolactone 143.
This approach (Scheme 1.55) was infenor to the previous one (Scheme 1.52) since more

steps were required.

R = CPh,

Scheme 1.55
Conjugate addition to a chiral butenolide has also k e n employed by Vandewaile
et al. to prepare dithioketal butyrolactone 147 which was subsequently converted to (-)-

epipodophyiiotoxin (149) (Scheme 1.56)?

S t a b h d carbanion 144b added to (5R)-(O-

menthyl butenolide 145 diastereoselectively ( a h see Section 1.4.3 for more detail) to
a o r d butyrolactone 146, which was then transfomed to 148 using a multistep sequence.
The siladioxane ring controlied the stereoselective ring closure of 148 in such a way that
only a C1K2 cis-product was produced.

Scheme 1.56

An alternative asymmetric synthesis of chiral benzylbutyrolactone (S)-123a was
achieved by diastereoselective conjugate addition to an enantiomencally pure a-nilfinyly-butenolide, 150, as Uustrated in Scheme 1-57."

Butyrolactone (S)-1231 was then

acylated as described before by Tomioka and Koga to afford (-)-podorhizon (134).
bottom, l e s t hindered
# - - - - -

fl

8

-

-

5

\

1

1) ACH2MgBr

O

1) MeLi;

2) H+

O

2) Raney-Ni

t 60

LDk

kf188*.Q

O

Ar'COCI

(S)-l23a
Ar = 3.4-(m8thylenedioxy)p henyl
Ar' = 3,4,5-tn'rnetho1cyphenyl

Ar'
O
134
((-)-podorhizon )

Scheme 1.57
Another o p t i d y active vinyl d o x i d e used as chiral synthon for the synthesis of
benzylbutyrolactones 123 is iilustrated in Scheme 1.58."

The use of this approach is

disadvantageous in tbat the preparation of chiral synthon is inefficient, leading to both the
formation of (2)-vinyl sulfoxide 151 (the desirable ptoduct), as well as the (4-isomer.
Nevertheless, (2)-151reacted with dichloroketene with high diastereoselectivity to af%ord
butyrolactone 152 as sole product. The removal of the sulfùr and chlorine substituents by
WAcOH and Bu3SnH/AIBN aorded (R)-123a which was later converted into (+)podorhizon (153) by acylation.

-

+
CI

O

-

Ar

Pummerer
Rearrangement

LDA;

O
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Ar'
153
((+)-podorh ùon)

Scbeme 1.58
Asaoka et

have introduced an asymmetric synthetic method for the

mammalian lignan (-)-enterolactone (32) through the use of S-trimethylsilyl-2cyclohexenone (154) as chiral synthon (Scheme 1.59).

Benzylbutyrolactone (R)-123c

was prepareà using a laborious muitistep sequence which involved diastereoselective
akylation of opticdy active cyclohexenone 154 in the key step.

Alkylation of

benzylbutyrolactone (R)-123c foliowed by demethylation of dibenzylbutyrolactone 155

with BBr3 completed the synthesis of (-)-enterolactone.

Scheme 1.59
Diastereoselective conjugate addition to a chiral unsaturated dmembered ring
lactone (156) was employed by Yoda et a
l
.
'

to prepare benzylbutyrolactone (R)-123a

(Scheme 1.60). A large number of steps were involved in the preparation of optically
active unsaturateci Lactone 156 fiom L-glutamic acid. The conjugate addition product 157
was formed in 70% with de >99%. However, the subsequent conversion of 157 to (R)-

123a was relatively lengthy. Alkylation of (R)-123a as described before aEorded the
dibenzylbutyrolactonelignan (-)-hinokinin (135).

NH,
HO&

L-glutamicacid
O

Scheme 1.60

Later, Yoda et al. carried out a conjugate addition reaction on a chiral unsaturated lactam
160 in the preparation of mammalian iignan (-)-enterolactone (32) via butyrolactone (R)123c (Scheme 1.6 l)? The number of steps required for the preparation of chiral synthon
160 fiom L-maiic acid was relatively few.

Yet, the method involved a rather

unsatisfactory stereoselective reduction step, where imide 158 was reduced with ody
moderate selectivity to afîord a mixture of diastereomers 159. and 159b in a 78:22 ratio,
respectively. In spite of the difficulty in the preparation of chiral synthon 160, the key
reaction for the preparation of benzylbutyrolactone (R)-123~~
Le. conjugate addition to
160, proceeded with high diastereoselectivityto afford diastereomer 161as sole product.

H08#cc02H
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-OH

-Oeco
N-CH,Ph
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+
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158

O
1598

O
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Scheme 1.61

An elegant catalytic asymmetric hydrogenation of itaconates was pioneered by

Achiwa in 1979 for the preparation of a p-benyl-y-butyrolactones (Scheme 1 .62).79
Itaconate 49, prepared by Stobbe condensation of methyl succinate and 3,4-

(rnethylenedioxy)bellzaldehyde, was hydrogenated in high enantioselectivity using a
chiral pyrroiidinephosphine-rhodium chelating agent (162) as catalyst. The redting

enantiomer 163 was reduced and lactonized to give (S)-123a which was then converted to

benzyiidenebenzylbutyrolactone lignan (+)-gadain (164) by a condensation reaction.

Scheme 1.62
Later, Achiwa et

used a more efficiently prepared chiral rhodium chelating agent

MOD-DIOP 165 (see Scheme 1.63) in place of chiral chelating agent 162 in a reaction

Scheme 1.63

In general, hydrogenation of itaconates of general structure 166 in the presence of
(4S,5s)-MOD-DIOP-rhodium(1) (165a) cornplex foiiowed by reduction and lactonization
results in the formation of (R)-enantiomers of benylbutyrolactones 123. On the contras.,
use of the (4R,SR)-MOD-DIOP-rhodium(I) complex (165b) aiTor& (S)-123 (Scheme
1.64).

KOH; Ar

H#'

(4S.SS)-MOD-DIOP

H+

O

(R)-123

Scheme 1.64

The P-benzyl-y-butyrolactonessyntksized using this new method have k e n employed to
prepare a wide variety of iignans and analogs. For instance, dehydroaryltetralin Lignan
(+)-collinusin (167) was prepared by acylation of benzyIbutyrolactone (R)-123d foiiowed
by cyclization and elimination (Scheme 1-65)?'

Scheme 1.65
Similar treatment of benzylbutyrolactone (RI-123a foilowed by hydrolysis gave

dehydroaryltetraiin 168, hydrogenation of which proceeded with moderate selectivity
giving a mixture of aryltetraiin iignans (-)-deoxypodophy~otoxin (17) and (+)-

isodeoxypicropodophyiiin (169) after lactonhtion (Scheme 1.66).*'

1

Ho-

168

DCC

major

Scheme 1.66
Tanaka et

al.'2have prepared a series of benzylidenebenzylbutyrolactone iignan

analogs 122 fkom benzylbutyrolactones 123 which were in tum synthesized using

Achiwa's asymmetric hydrogemtion method described above. The condensation of 123

was achieved in excellent yield by DBU elimination of acetyiated aldol products 170 as
illustrated in Scheme 1.67. The beoylidenebenylbutyrolactone Lignan analogs were
used as intermediates for the preparation of dibenzocyclooctadiene lignans (10, see
Scheme 1.2)-

LDA;

Ar'ccib;
H+

A%O/
4

&DBU

Et3N/ A c 0

DMAP

Ar' &O

Ar'

Scheme 1.67

O

More recently, Honda et al. have employed enantioselective deprotonation of a 3benzylcyclobutanone 171 as a key step in the synthesis of benzylbutyrolactone (R)-123a
(Scheme 1-68).'" Although ody a few steps were involved in the synthesis, the
enantioselectivity of the key reaction, Le. deprotonation of benzylcyclobutanone 171 by
lithium (S$)-au'-dimethyldibenzylhde,

was oniy moderate.

Nevertheless, the

resulting benzylbutyrolactone (R)-123a which had low opticai punty was subsequently
alkylated to affiord (-)-hinokinin (135) and (-)-deoxypodorhizon (136). Butyroiactone
(R)-123a also mderwent aldol reaction, mesylation, and elimination to S o r d a mixture
of benzylidenebeoylbutyrolactone Lignan (-)-savinin (172) and non-natd lignan (-)isohibalactone (173), where the latter product was later isomerized to the former ushg

ozonide

1) LDA;
ArCHO

h-%.

2) MeS0,CI
(minor)

(maior)

172
((-)-savinin)

173
((-)-isohibaladone)

u
Bu,SnWAIBN

(R)-1231

Ar = 3.4-(methyienedioxy)phenyl

At

O

135 ((-)-hinokinin): Ar = Ar'

Scheme 1.68

Doyle et al- reporteci a novel and efficient synthesis of P-be~lzyl-y-butyrolactones

via an enantioselective intramolecular C-H insertion reaction of an allcyl diazoacetate 174
(Scheme

1-69)."

Chirai oxoimidau,Lidene carboxylate dirhodium catalysts,

Rht(MPPIM) enantiomers, were appiied in the key teaction to afford a chiral

Rh2(4S-MPPIM)

Rh2(4R-MPPIM)

Scheme 1.69

They have used these benzylbutyrolactones to prepare a senes of natural Lignans (see
Scheme 1.70). (+)-Enterolactone (32) and hhokinin enantiomers (135 and 175) were
prepared as descnbed in the previous examples fiom the correspondhg o p t i d y active
benzylbutyrolactones by alkylati~n?~

Scheme 1.70

(+)-Arctigenin (176) was also pre@

by alkylation of benylbutyrolactone (S)-123d

foiiowed by deprotection of the phenolic group by hydrogenation (Scheme 1.71)."~

Scheme 1.71

In addition, aldol reaction of benzylbutyrolactone (S)-123a with a benzaldehyde followed

by acid treatmet gave the ail trm-aryltetralin lignan (+)-isodeoxypodophyllotoxin
(177), as shown be10w.~~

Scheme 1.72

Asymmetric enzymatic transesterification of a prochual di01 has been employed
by Itoh et al. to synthesize optically active $-bewl-y-butyrolaîtones~5 The reaction
sequence is depicted in Scheme 1.73. Prochiral di01 178 was acylated selectively by
lipase-PS (fiom Pseudomonasfluorescens) to afliord o d y (R)-enantiomer of monoacetate
179 19 >98% ee. Although the process was highly enantioselective, relatively large
amounts of the enzyme were needed.

Using a four-step procedure which included

54

tosylation, nitrile formation, hydrolysis, and lactonhtion, monoacetate 179 was
transformed into opticaiiy active benzylbutyrolactone (R)-l23a. AUcylation and aldol

reaction foiiowed by acid-catalyzed cyclization of Iactone (R)-123a, as descrikd in the
previous examples, afTorded (-)-hiwkinin (135) and (-)-isodeoxypodophyiiotoxin (139),
respectively. The enantioselective eazymatic approach was repeated by Yang et ai? and
extended to the preparation of (-)-arctigenin and derivatives, using the procedure reported
previously (see Scheme 1.71).
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Scheme 1.73
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Although the above reported methods have provided elegant routes to the
preparation of opticaliy active p-benyl-y-butyrolactones, many problems still exist.
These include laborious methods, poor overaii yields, umatisfactory enantiomeric pwity,
a d o r the use of expensive reagents. A simple and efficient approach for the asymmetric
synthesis of P-benzyl-y-butyroIactonesis stiii required- In section 4.3, a new, simple, sixstep procedure for the asymmetric synthesis of B-knzy1-y-butyrolactone enantiomers
using a highly diastereoselective alkylation of a N-açyloxazolidinone enolate as key step

will be described.

1.6.2. Asymmefric Symthds of Lignans via Benzoyidihydrofumns

Conjugate addition of a benzyl carbanion to optically active benzoyldihydrofurans

124 as iilustrated in Scheme 1.74 has represented an alternative method for the
introduction of the a benzyl gmup of dibenzylbutyrolactone lignans (also see Scheme
1.48). Nevertheless, unlike the approach which utilizes P-benzyl-y-butyrolactones(123)

as intermediates (discussed in Section 1.4. l), this method, developed by Rehnberg and

~ a ~ n u s s o nhas
, ~ ' not gained much popdarity.

Ar'

approaches fiom the
least hindered face of 124.

Scheme 1.74

Magnusson et al?88 have prepared several o p t i d y active benzoyldihydrofûrans
124 fiom arabinose enantiomers, a s ïiiustrated in Scheme 1.75.

D-Arabinose was

converted to (R)-124 via the riboside oxirane 180 and (R)-182, using a muitistep
sequence. Similady, L-arabinose was transformed into (S)-124 via riboside oxirane 181

and (9-182.

Scheme 1.75
Conjugate addition of benylic anion of diphenylthioacetal 183 to enantiomericaiiy pure
benzoyldihydrofuran (R)-124. afforded 184 in >99% ee, as shown in Scheme 1.76.

Desulftrization of the conjugate addition product 184 with Raney-Ni foliowed by
hydrogenolysis over Pd-C gave oxygenated the tetrahydroh lignans (-)cubebin
(186a) and (-)-trichosth (186b), oxidation of which resulted in the formation of

dibenzylbutyrolactone iignans (-)-hinokinin (135) and (-)-5-methoxyhinokinin (187),
respectively. Several optically active tetrahydrofiuan lignans of general structure 188
were also prepared in good yield by hydrogenolysis of addition ptoducts of the general
stnictute 185,

Ar'

188
dimethoxyethanel
water1N-ethylise
propylamine
I

O

pyridine
0%

"3
Ar'

Ar'

135a (-)-Hinainin: A t = Ar
187b (-)-5-Methoxyhinokinin: Ar' = ANI)

OH

186. (-)-Cubebin: Ar' = Ar
186b (-)-Trichostin: Ar' = Ar(1)

Scheme 1.76

1.4.3 Asymmetric SynthcsLs of tignans via Tandem ConjugateAddition to

Butenofides
Tandem conjugate addition-allcylation/aldolreaction of optically active butenolide

125, pioneered by Ward et al.," demonstrates an efficient method of simultaneously
introducing both a and

benzylic groups of the dibenzy1butyrolactone derivatives 189.

The general approach is iiiustrated in Scheme 1.77 (also see Scheme 1.48).

X Y

OR*

Ar
butendide
h m the least
hindered fiace

O
Ar'
189

125

& or
Ar'

a = alkylation
b = aldol

Scheme 1.77

Conjugate addition of a stabilized benzyIic anion to the chiral butenolide 125 usuaily
proceeds with high diastereoselectivity, approaching the electrophilic carbon center via
the l e s t hindered face of 125 (Scheme 1.77). Subsequent alkylation or aldol reaction of
the resulting enolate r e d t s in the formation of the ali ~rm-butyrolactonederivative 189,
which can be converted into various lignan subgroups such as dibenzylbutyrolactones (3),
fbrofurans (0,
aryltetralins (8), and dibenzocyclooctadienes (10) (structures in Scheme
1.2).

The chVal butenolides, menthyloxy-2(5H)-hone enantiomers (SR)-(& and
(5s)-(4-125a s h o w in Scheme 1.78, are usually used in the above reaction (Scheme
1.77). An example for the preparation of (SR)-(0-125s is given in Scheme 1-78, where it

is prepared by photooxidation of fiufiiral190 foliowed by treatment with (&menthol and
fiactional crystaUization of the resulthg diastereomeric mixture.90

CHO
190

Scheme 1.78

Asymmetric syntheses of li-

by tandem conjugate addition-aiiqlation/aldol

reaction are fiequently reported. This new approach was h t developed by Ward et al.
for the synthesis of aryhetralin lignans (-)-a-dimethyiretrodendrin (192) and (-1-

isodeoxypodophyllotoxin (139) as s h o w in Scheme 1.79.~" The tandem conjugate
additionlaldol reaction proceeded as shown in Scheme 1.77. Desuhrization and removal
of the chiral auxiliary were achieved using NiC12/NaBH, and KOH/NaBI&, respectively,
to eventually a o r d hydroxy-dibenzylbutyrolactone 191. Acid-mediated cyclization of
this intermediate gave aryltetraiin lignaas with the aii hm-geometry.

O

At

192 ((+dirnethylretrodendrîn):
Ri=R*= OMe,
Ar'=3,4-dimethoxyp heriyl

HCI

191

Scheme 1.79
Ward et al. have fûrther extended the tandem conjugate addition approach to the
preparation of optically active di~lbutyrolactonelignans (-)-dimethybtairesinol
(193), (-)-kusunokinin (194), and (-)-yakin (39), as weU as dibenzylbutanediol iignans (-

)-dimethylsecoisolariciresinol(195) and (-)-dihydroclusin (196), as Uustrated in Scheme
1.80.89d

Ar = AT
LiiH,

a=&

194 ((-)-kusunokinin):
Ar = Ar(2), Ar' = Ar(1)

OCY

Ar(2) =

OCn,

= +$O4

= Ar@)

39 ((-Fyatein):
Ar = Ar(l), Ar' = Ar(3)

CH,OH

&"c
y'

CH20H

Ar'

OCY

195 ((-)-dimethylsecoisoIarïaresind):
Ar = Ar' = Ar(2)
196 ((-)-dihydrodusin):
Ar= Ar(1). Ar' = Ar(2)

Scheme 1.80

Using the Ward's method, Feringa et 01:'

prepared several (-)-dibenylbutyrolactone

iipnans, enterolactone (32), enterodiol (33), pluviatoiide (199, and hinokinin (135)
(structures in Scheme 1.81) for biological ~tudy?'~

32
(enterolactone)

33
(enterodioi)

135
(hinokinin)

197
(pluviatolide)

Scheme 1.81

An alternative elegant asyxnmetric taudem conjugate addition was reported by

Bhat et al. recently for the synthesis of (-)-podophyilotoxin (15)? Conjugate addition of
(9-(-)-piperonyl phenyl sulfoxide anion (198) to an achirai butenolide (199) foiiowed by
aldol reaction of the resulting enolate with trimethoxybenzaldehyde afTorded chiral

alcohol200 in 60% yield A rationabition of the asymmetric induction in this tandem
conjugate additiodaido1 reaction was not given in the report- However, it is presumed
here that the anion 198 approached butenolide 199 with the orientation shown in Scheme
1.82. Ring closure of alcohol 200 proceeded stereoselectively to give cycloadduct 201

which possessed a cis- geometry at C l and C2.

The factor which produced this

stereoselectivity is unknown. Finally, Pummerer type elimination of the sulfoxide chiral

auxiliary yielded (-)-podophyilotoxin (15).

198
Middle

r
I

-

+Q

O

Scheme 1.82

1.4.4

Asymmefric SyntAresh of Lignuns vàà DicLrAfderReacrions

Asymmetric Diels-Ader reactions represent one of the most efficient approaches
to the construction of aryltetralin units. In îhis methoci, up to four new chiral centers can

be generated simultaneously as show in Scheme 1.83. The dienes employed in this
asymmetric approach are typically O-QDMs and oquinonoid pyrones, whereas the
commonly used dienophiles are the fimarates, d a t e s , and butenolides.

Diene

Cydoaddud

Dienaphile

Scheme 1.83
Asymmetric Diels-Alder reactions in the synthesis of aryltertdh lignans have
been extensively studied by Charlton et

At the outset of their studyp3aa homochiral

O-QDM 203 generated fiom sulfone 202 in refluxhg benzene was found to react with
dimethyl fumarate to give a mixture of twt, àiastereomers, with 204 given in Scheme 1.84
king predominant. The removal of the cbiral auxiliary by hydrogenolysis followed by

ester reduction with LiAiH4 afforded (+)-isolariciresinol dimethyl ether (205).

At
206
((+)isolaricireisinol dimethyl ether)

Scheme 1.84

64

Later, a chiral dienophile instead of a chirai diene was used by the Charlton's

group to affect asymmetnc induction during Diels-Alder r e a ~ t i o n s ?oQDM
~~
207
generated photochemidy h m aldehyde 206 reacted with the fiimarate of methyl (S)mandelate to &ord a mixture of two diastereomers, of which 208 shown in Scheme 1.85
was predominant, Subsequent transformations afforded (-)-neopodophyllotoxin (209) in

Scheme 1.85

The isomerization of fumarate to maleate during the photolysis of aidehyde 206 lùnited
the yield of cycloadduct 208. In order to avoid isomerization of fiunarate to maleate,
thermal generation of the O-QDM was attemPtedP3'

O-QDM 211, generated by

thermolysis of sulkne 210 in reflwing toluene, was trapped with the fumarate of methyl
(R)-mandelate to S o r d predorninantly cycloadduct 212. Using the reaction sequence
depicted in Scheme 1.86, including some interesthg epimerization fea~tions, (-1dimethylretrodendrin (192) and three of its derivatives, 213-215, were prepared.

Scheme 1.86
The asymmetric Diels-Alder reaction approach was recently extended to the
preparation of (-)-deoxypodophyllotoltin (17)od

O-QDM 217 was generated by

thermaily inducing ring opening of benzocyclobutenol 216, and then trapped with the
h a r a t e of methyl (R)-mandelate to give 218 as a major cycloadduct (Scheme 1.87). An
interesting dehydroxylation of 218 was achieved with inversion of stereochemistry at the

dibenzylic center, affording 219 as the major diastereomer. Subsequent hydrogenolysis,
anhydride formation, reduction, and lactonization gave (-)-deoxypodophyilotoxin (17) in
30% yield nom cycloadduct 218.
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Scheme 1.87

This cycloaddition reaction was later applied to the synthesis of (-)-isola.iciresho1
dimethyl ether (205) and (-)-deoxysikkimotoxin (220) as shown in Scheme 1.88-93e

- CH30m
205
((-)-i~d~iciresinol
dimethyl ether)

LiBHEb;

b

\

H+

CH,O

*a81

O

220
((-)-deoxy~ikkimot~n)

Scheme 1.88

In addition to Charlton's group, Choy et al? have also utilued the versatile
cycloaddition approach to constmct the aryltetralin skeleton, as illustrated in Scheme

1.89. Anionic Diels-AIder reaction of o-QDM 221 and opticaily active butenolide 222
proceeded with high diastereoselectivity through endo addition, giving the cycloadduct
223 with al1 cis-geometry. Subsequent reactions, including removal of chiral auxiliary
and epimerization at C2, Ied to the formation of (-)-epiisopodophyllotoxin (224).

Scheme 1.89
Analogous to O-QDMs, oquinonoid pyrones has also been applied as dienes in
asymmetric Diels-Aider reactions with homochiral b ~ t e n o l i d a ? ~
The orientation of the
diene 225 and dienophile (SR)-(C)-125. is as proposed in Scheme 1.90. An ail ciscycloadduct (226) was formed predominantly. ELimination foliowed by hydrogenation
gave the correct stereogenic centers for (-)-podophyilotoxin at C l and C2. Subsequent

reactions including removal of chiral auxiliary and oxidation at C4 gave (-)podophyllotoxin (15)OMthyl

H2

O

-

A

frwn top, less
hindered

Scheme 1.90

1.4.5 Asymmefric Synfhesis of Llgnans via Otker Approaches

Asymmetric synthesis of lignans through approaches other than the use of
benzylbutyroiactones as intermediates, tandem conjugate addition reactions, or DielsAlder reactions will be included here. The first example is an approach described by
Meyers et al. in which oxazolines were used as chiral awuliaries (see Scheme 1.91).~'
The addition of an aryl anion to the chiral naphthalenic oxazoline 227aD27b and
subsequent protonation occurred with high diastereoselectivity to afFord diastereomer

228d228b. Further reactions of cycloadducts 228a and 228b gave (+)-phyltetralin (229)
and (-)-podophyilotoxin (15), respectively. The procedure was exceedingly lengthy and
the overall yieid was low.

Scheme 1.91

Dibenzylbutyrolactone Lignans, synthesized using the asymrneûic synthetic
approaches described prevïously in this introduction, often possess the tram-geometry at

C, and Cg. Suarez et al. have made use of an amino acid, L-dopa, as a chiral starting
material to prepare dibenzylbutyrolactoneiignans which possess a cis-geometry at C , and
Cp in~tead?~The method is outlined in Scheme 1.92. AUcylation of bromo ester 230

with a phosphonate carbanion 231 foilowed by condensation with a benzaldehyde
afforded the key intermediate 232. Subsequent selective reduction of the nitrile group or
the t-butyl ester in 232 accompanied by lactonization gave two positionally isomeric

lactones 233 and 234. Catalytic hydrogenation o f these resulted in the formation of
dibeoylbutyrolactone lignans (235 and 236) possessing a cis-geometry at C, and CB.
O

-

+

~
Br
230

-

7 -

f
+ (~t0)~
,/:CN

~
NaW

c o p u lVCHO

O
II
(EtO),P C
,,N

Ar'

CH,OH

At'

~

~

f%o2t~u
Ar'
232

4

C02tBu
Ar'

Ar'

Ar" =

Scheme 1.92

The final example of the asyrxunetric synthesis of a iignan is the approach recentiy
reported by Ward et al. in which a meso anhydride was used as a key intermediate
(Scheme 1-93)?' A syrnmetrical Stobbe condensation product 237 was transformed into
a meso anhydride 238 which was then reacted with (+)-a-methylbenylamine

diastereoselectively to give acid amide 239 in 86% de. Reduction of the carboxylic
group, lactonization, and epimerization &ordeci enantiomeridy enriched lignan lactone
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Scheme 1.93

~ O L E C U L A R
OXIDATIVE
CYCLIZATION REACTIONSIN THE
1.5
SYNTHESIS
OF LIGNANS

Biosynthesis of iignans have been recogaized to occur through the oxidative

couplhg of phenolic phenylpropanoids as shown in Scheme 1-94."'

'

The resulting

phenylpropanoid bis-(quinone methides) 241 are believed to undergo M e r reactions
including intramolecular oxidative cyclization, giving nse to cyclolignans such as
aryltetraüns (8), f'utofhm (6), and dibenzocyclooctadienes (10).

induding
Lignan Subgroups

C---

O

Scheme 1.94

The recognition of this fact has stimuiated a considerable amount of work directed toward
the biomimetic syntheses of lignans.

The use of dibenzylbutane derivatives as biosynthetic precursor to cyclolignans is
of particular interest here due to related work that will be described later in tais thesis.

The literature reports on the biomimetic synthesis of cyclolignans based on the

intrarnolecular oxidative cyclhtion of dibenzylbutane derivatives will be briefly
discussed in this section.
Dibenzylbutane derivatives used in oxidative cyclization reactions can be
generaily categorized into two groups, the phenolics and the non-phenolics (ie. the
phenol-ethers). The oxidative cyclization of the former group has always been reported
to be less successful than the latter, as the formation of intractable product mumires is
often encountered. Only a few examples of the successful cyclization of members of the
former group were available.

Kende et al. have carried out a biomimetic synthesis of an aryitetralin lignan by
oxidatively cyciizing a phenolic diarylbutane?'
mechanism are depicted in Scheme 1.95.

The reaction and the proposed

Diarylbutane 242 when treated with

thallium(IIi) trifîuoroacetate foilowed by methylation with MeS0,&C03

afTorded

cyclization product 246 in 55% yield. It was proposed that diarylbutane 242 underwent
oxidative demethylation to uncyclized oquinone 243 whîch was in equilibrium with the
quinone methide 244. Subsequent cyclization of the quinone methide intermediate 244
gave 245, and methylation of which affiorded 246. Further transformation of 246 over
several steps gave (k)-picropodophylione (247).
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TI(O,CCF-J,

OCH,

CH,O
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-

MG04

OCH,
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Scheme 1.95

The next similar example is reported by Burden et al.,w who cyclized diarylbutane 248 to
249 (65% yield) in the presence of thallium(III) oxiddTFA (Scheme 1.96).

-

C0,Et

CH,O

OCH,

Scheme 1.96

The third example is the cyclization of dibenzylbutane 250 to dehydroaryltetralins 251a
(minor) and 25lb (major) using thsllium(III) trifluoroafetate as oxidant (Scheme 1.97).100
This oxidative cyclization mechanisrn is similar to that repmted by Kende (see above).

OCH,

251a: R = H
251b: R = CH,

250

Scheme 1.97

Some phenolic dibenzylbutane derivatives undergo oxidative cyclization to
dibenzocyclooctadienes instead of aryltetralins. Pelter et al. 'O1 have reported a successful
oxidative cyciization of

a

monophenolic

dibenzylbutyrolactone (252)

using

phenyliodonium bis(trifluoroacetate) (PIFA) as oxidant (Scheme 1.98). The procedure
afTorded a mixture of dibenzocyclooctadiene diastemmers 254 (major) and 255 (minor)

in good yield. It was proposed that the aryl group of spirodienone intermediate 253
preferentially migrateci to the top of the cyclohexadienone ring to yield 254 as major
product.

Scheme 1.98
In addition to Pelter's work, Robin et al. have also succesddly cyclized monophenolic

(256a) and

diphenolic dibenzyIbutyrolactones (256b) to

the

correspondhg

beiuocyclooctadienes, 257n and 257b, respectively (Scheme 1.99).lo2 Interestingiy, only
one diastereomer was obtained, unlike the result reported by Pelter et al..

Q0
OR'

OR

256r: R = Me, R' = H

267.: R = Me. R' = H
267b: R = R 1 = H

266b: R = R ' = H

Scheme 1.99

Burden et al?

have also reported a similar feaction of dibenzylfuran 258a and

dibenzylbutane diacetate 2581, ushg thallium(III) oxide as oxidant. Both compounds
were oxidized to mixtures of two diastereomers 259 and 260 (Scheme 1.100), as in the
examples provided by Pelter et al..
Me?

OMe

Scheme 1.100
Oxidative cyclization of non-phenolic dibenzylbutane denvatives are very
fiequently reported and often give good yields of cyciized products.

The literature

reports on the cyclïzation of this group of compounds wiil not be detaiied here. However,
a particuiarly interesting example, dibenzylbutyrolactone lignan yatein, wiil be discussed

due to the relevance to the work to be described later (i.e. 4'-demethylyatein, see the end
of this discussion). Schlessinger et a1.1°3 and Cambie et al?

have separately shown that

(k)-yatein reacted smoothly with vanadium oxytrinuorkie or TL,03/BF3-OEt,/TFAto give
dibenzocyclooctadiene diastereomers 262, presurnabiy via the spirodienone intermediate

261 (Scheme 1.101) ( a h see 253 in Scheme 1.98, example by Pelter et al. described
above). Cambie et

have also shown that treating (&)-yateh with Tlz03//TFA in the

absence of BF3'OEt2 resulted in the formation of an aryltetralin lignan, (k)-

isodeoxypodophyiiotolrin,via quinone methide 263 (Scheme 1.101).

Ma

yoMe
OMe

BF&Y
TFA

Me0

OMe

Scheme 1.101
In addition to using inorganic oxidants, organic oxidants such as DDQ have also k e n
able to affect cyclization of yatein.105 However, this reaction appeared nonselective,

leading to a mixture of three products, arylnaphthaienes 264 and 265, and aryltetralin 266
(Scheme 1.102).

Me0

OMe

Me0

OMe

39
(yatein)

266

Scheme 1.102

Despite these precedents, attempts to c y c h monophenolic form of yatein, Le. 4'demethylyatein (structure! see Scheme 1.103) under conditions where inorganic oxidants
were employed were totaiiy unsuccessfûi, leading to only intractable produ-."

A

reexamination of the oxidation of this compound using DDQ as oxïdant was undertaken
and will be discussed in detailed in Section 4.3.2.

Me0

OMe

Scheme 1.103
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CHAPTER 2

EiINDERED ROTATION AND ATROPISOMERISM

2.1

ATROPISOMERISM

The term aîropisomerism was introduced by Kuhn in 1933 to describe molecules
that are chiral solely due to hindered rotation about a carbon-carbon single bond in the
molecule.'

These molecules c m exist in two enautiomeric forms, tbat are actuaiiy

conformationai rotamers.

In order to differentiate atropisomers from classical

conformationai isomers, the term atropisomerism has been restricted to those cases in
which individual isomers c m be isolated. However, the definition of atropisomerism
remained arnbiguous because the isolation temperatme of the conformers was not clearly
defïned. More recently, Oki has arbitrarily defined the condition for the existence of
aîmpisomerism as one in which the conforiners are isolable at room temperature and have
a haif-Me of at least 1000

second^.^

Nevertheless, many authors d
l accept the term

atropisomer for conformers isolable at any technicaily achievable temperature.
If a molecule exhibithg atropisomerism also bears other classical stereogenic

centers (stereogenic tetravaient atoms), then the two rotamers will be diastereomers,
rather than enantiomers. Aithough Kuhn's original definition did not explicitly include
such cases, the term atropisomerism is currently used for cases in which the chiral
rotamers are either enantiomeric or diastereomenc.
The magnitude of the rotational hindrance about a carbn-carbon single bond in a
molecule is detemiined by a combination of steric, codombic, and stereoelectronic

effects. In some cases, steric effects play the only role in determinhg the barrier to
rotation. This is especially true for chiral biphenyl derivatives 1, a class of compounds
for which the term atropisomerism was originaily coined (see Scheme 2.1).'

In these

compounds, increasing the bdkhess of an ortho-substituent, R or R', does not increase
the steric interaction in the ground state of the biphenyis because the planes of the two
benzene rings are almost mutually orthogonal in the ground state. However, increasing
the bulkiness of the substituents greatly increases the steric interactions in the planar
conformation of the molecule. This conformation corresponds to the transition state for
rotation fiom one chiral form to the other, and sterically buky ortho-substituents raises

the barrier to the interconversion of the rotamers.

v
GROUND STATE

interaction

TRANSiTION STATE

Scheme 2.1
Isolation of atropisomers at room temperature requires that the molecules possess
a relatively high barrier to rotation, Le. a minimum of ca. 22 kcaUmo1, or a h&life of zt

least 16 min at room temperature? Compounds with barriers to rotation greater t h ca.
22 kcdmol could be easily separated chromatographidy or by CO-crystallizationwith a
chiral reagent. These stable atropisomers coastitute attractive synthetic goals because
they could be used as chiral reagents in asymmetric organic synthesis.

Common

exampies of these stable atropisomers are the binaphthyl derivatives 2 (see Scheme 2.2),

which are widely employed as chiral ligands in maalcatalyzed asymmetric organic
reactions.' From the biologicai point of view, stable atropisomers might exhibit different
phamiacological properties. A known example of this is ancistrocladhe (3) (see Scheme
2.2), where only the (-)-enantiomer is naturaily occurring and possesses biological
activity (more examples wiU be given in Section 2.4).'
CH30 OCH,

CH3

HO
"';*

H
H,CO

CH,

Scheme 2.2

Separation of atropisomers with rotational energy barriers lower than 22.3 kcaümol can

be canïed out only at temperatures below room temperature. Since these atropisomers
are conformationally unstable at room temperatures their isolation is of interest only for
the study of their stereodynamic properties.

It is obvious that before the separation of atropisomers cm be carried out, the
rotational energy barrier of the compound in question must be d e t e d e d or estimated so
that one would know the required temperature for the separation. The rotational energy
barrier between atropisomers are usually measured ushg NMR techniques, or estimated
fiom molecular orbital caiculations. The measured rotational energy barrier of some
atropisomers can also be reconfirmed using dynamic chromatographie techniques. The
measurement of rotational energy barriers will be discussed in the following section.

2.2

MEA~UREMENT
OF ROTATIONAL
ENERGYBARRIERS
The type of technique used in the investigation of rotation about a single bond

depends on the rate of the rotation? For small molecules which possess rapid intemal
rotations (energy barrier < 5 kdmol), high fkequency spectroscopies such as vibrational,
microwave, and far-infrared spectroscopies are used for the investigation.

For

atropisomers (i.ee.isolable conformers possessing slow internal rotation), the methods of
choice for investigating intemal rotation is NMR spectroscopy because the time sale of
the NMR technique is large enough to detect the slow internal rotation in atropisomers
(energy barriers between 5

- 25 kcal/moi).

However, barriers to rotation in more stable

atropisomers such as the binaphthyl derivatives (energy barrier > 25 kcalhol) cannot be
determined using NMR techniques because NMt spectroscopy is able to detect only
higher rotational fiequencies (typicdy between IO-' to los HZ)? These fiequencies are
much higher than the rate of internal rotation of stable atropisomers (k c 10~' Hz). The
details of the NMR technique employed in the determination of rotationai energy barrier
will be disciosed in Section 2.2.1.

Hindered rotation in stable atropisomers is, at present, best studied using dynamic
chromatographic techniques? Dyoamic chromatographic techniques can also be used to

study atropisomers that are unstable at room temperature as long as the separation
temperatures are kept low.

A detailed discussion of dynamic chromatography in

determination of rotational energy barriers will be presented in Section 2.2.2.

2

.

Dynodc NucfearMagne& Resonance S p e d r o s c o ~

Dynamic nuclear magnetic resonauce (dynamic NMR) deals with changes in

NMR spectra that are associated with chemicai exchange processes! Exchange processes
can be studied as a h c t i o n of extemal variables such as temperature (mostly used), pH,
and magnetic fields. There are two types of chemical exchange processes amenable to a
dynamic NMR investigation. The fkst of these includes the intramolecular exchange
processes that include conformational interconversions such as rotationai isomerizations,
atomic inversions, ring reversals and valence isomerizations.

The second includes

intermolecular exchange processes such as protons, ligands and ions migrating between
molecules of the same or different kinds. The changes in NMR spectra caused by the
chemical exchange processes are due to the fact that the nuclei king observed by MMR
are rapidly altemating between two (or more) enviromnents or sites where the chemical

shifts of the nuclei, or the coupling constants to the nuclei, are different. By studying

these changes in the dynamic NMR spectra, quantitative data about rate constants (in the

range of 10-' to IO* or 106 s") of dynamic processes such as conformational
interconversions can be obtained?

In addition, dynamic NMR studies also provide

direct information about the parts of the molecule affected by the exchange processes.

In order to detect if a compound exists as a mixture of atropisomers at a given
temperature, its NMR spectrum is acquired at that temperature and examined. Doubling
or broadening of peaks is ofien a sign of a slow dynamic exchange process. If one
observes anomalies in an NMR spectrum at a given temperature, then the operating
temperature of the spectrometer shodd be gradualiy raised in order to observe the effect

of temperature change on the anomaly. Further peak broadening, peak mererging or peak
coaiescence is often observe6 In contras& if one does not observe any an~malyin the

N M R spectrum obtained at a given tempera-,

then the N M R operathg temperature can

be decreased below that temperature uutil anomalies such as musual peak splitting andior
resolution (decoalescence) is observed. Ordinary NMR spectrometers are designed for
operation between -100 and +200 OC? Compounds which do not show any change in
theù N M R spectra beyond these temperature limits cannot be studied by dynamir: NMR
The types of anomaly that one observes in NMR spectra of compounds undergoing slow
internal rotation wiU be given below. Following that will be a discussion of how one
studies the changes in NMR spectra to extract thermodynamic data about an excbange
process.
There are three situations in which it is possible to detect interconversion of
atropisomers by using NMR spectroscopy. The fïrst case is for compounds that lack a
stereogenic center (other than the one generated by the hindered internal rotation), but
carry a pair of nuclei that are diastereotopic due to the chirality generated by the slow
intenial rotation. If the diastereotopic nature of such nuclei is maintained on the N M R
t h e scale, the nuclei are detected as distinct entities. Let us look at a simple example, N-

benzyl-2-chloro-6-methyl-N-nitrosoaniiine
(4), shown in Scheme 2.3 .6b

Diastereotopic
protons

Scheme 2.3

This compound becomes a mixture of enantiomers if rotation about the WCI, bond is
slow. As a result, the prochiral methylene protons

aand Hb)in the benzyl groups are

di<rrereotoppieto each other at slow rotation, and appear as two signals (an AB pattern) in

the 'H-NMR spectnun. These two signals broaden as the experimental temperature is
raised, and eventuaily codesce into one broad signal which sharpem at still higher

temperatures. An example of the coalescence of an AB pattern is iL1ustrated in Figure

low

Figure 2.1. Codescence of AB signal as temperature increases (figure taken nom
reference 6).

The occurrence of peak broadening and codescence as temperature increases is due to the
increase in the rate of rotation about the N-C, bond, which averages the environment of
the two methylene protons and thereby causes the eventual loss of their diastereotopic

nature. In other words, at fmrotation, the methylene protons become enuntiotopk and

indistinguishable by NMR spectroscopy.
The second case in which the detection of atropisomerism using NMR

spectroscopy is possible is for compounds that Iack other stereogenic centers and do not
carry diastereotopic protons. In this case the study of the atropisomerization processes

requires the use of a chiral sohating agent so that the enantwtopic protons in the
molecule will become diasfereofopik in the newly created chiral environment.'

A good

example of this would be N-benzyl-2,6-dimethyl-N-nitrosoaniline
(5) (see Scheme 2.4).

Scheme 2.4

The molecule maintains C2,,
symmetry even when rotation about the N-Ch bond is slow.

Consequently, the methylene protons in the benzyl group, as well as the methyl protons
in the phenyl group, are enantiotopic (therefore, mdetectable by NMR). One should also

be aware that the enaatiotopic methylene protons in aniline 5 are not interconverted by

the rotation about the N-C, bond and thus canuot be used to monitor the exchange

process even in a chiral environment. On the other hanci, the enantiotopic methyl groups
on the aromatic ring are exchanged by the rotation about the N-C, bond. As a result,

upon addition of a chiral solvating agent, the 2,6-dimethyl groups (which are now
diastereotopic) can be used to study the exchange process (Scheme 2.5).

The 2'6-

dimethyl's protons will appear as two distinct singlets and coalescence of these two
entities into one singlet will be expected at a higher temperature.
Non-exchangable
diastereotopic
protons

J 1

@-$yJ
chiral reagent

chiral reagent

protons

Scheme 2.5

The thud case detectable by N M R is for compounds that already have one or
more stereogenic centers. Slow rotation in this class of compounds will give rise to a
mixture of two diastereomers, each with its own unique NMR spectrum. As temperature
increases, these sets of signais coalesce into only one set which is a statistidy weighted
average of the signals k m the two diastereomers.
The NMR spectra of atropisomers acquired over the temperature range in which

peak broadening and coalescence occm are generaiîy analyzed using complete bandshape
analysis techniques!

The most widely used program for accomplishing complete

bandshape analysis, called DNMIU, was WCitten by ~ i n s c h . This
~
program d o w s
simulation of simple and complex experimentai bandshapes by means of formulae that
include the rate constant of exchange.

The analysis is perfonned on a hi&-speed

cornputer, by t a h g into consideration a set of input parameters that includes a set of
experimental constants cl-ly

extracted fiom the NMR spectra, and variables that

change with temperature. The expetimentai constants are spectral fiequency and width,
type of exchange, coupling constants of exchanging signals, the populations of the
exchanging species, and tranmerse relaxation times. Temperature sensitive variables are
the chernical shifts which are extrapolated fiom experimental data, and rate constants.
These two variables are manualiy adjusted until the outcomes of the bandshape analysis,
i.e. the simulated spectra, v i d y match the experimental spectra. The theoretical

calculations pertinent to the bandshape theones will not be discussed here. Lnterested

and 0ki,6~or articles by
readers are referred to dynamic NMR textbooks by ~andstrom)~
Binsch.6 ~ 6 d

The complete bandshape analysis utilizes all the information contained in the
bandshape and is therefore quite insensitive to measurement and systematic emrs. As a
consequence, the rate constants derived fiom a c o m t l y penormed analysis have
relatively high accuracy, aithough the errors in k are norrnally higher at the extreme ends
of the temperature range.
The rate constants at various temperatures obtained firom the above simulations
cm be used to calculate the thennodynamic parameters, such as the free energy of

activation (AG'), enthalpy of activation (&),

and entropy of activation (&) for the

exchange pmcess. The methods for the evaluation of activation parameters and the haiflife of exchanging species will be presented in Section 2.3.
More stable atropisomers, with rotational energy barriers greater thm 25 kcaümol,

will not show peak bmadening or coalescence in the NMR spectra even at high
temperatures, This is because the rate constant for exchange of the atropisomers is too
low, even at high temperature, to cause peak bmadening or coaiescence on the NMR time
scale.

The determination of rotational energy barriers for slowly exchanging

atropisomers requires the use of dynamic chromatographic techniques.

2.2.2

DynamiC CliromafographicTechniques
Dynamic chromatography is a technique by which slow chemical exchange

processes can be detected due to the effects that these processes have on chromatographic
elution profiles."" The changes in chrornatograms (or elution profiles) are mainly due to
competition between separation and interconversion of compounds on
chromatographic column.

the

Normaily, only processes which involve equiiibration

(exchange) between molecules having distinct chemical properties (structurai isomers or
diastereomers) can be studied. However, when the separation is performed on a chiral
phase,

processes which cause exchange between enantiomeric forms can also be

examined.
The types of dynamic chromatographic techniques that can be employed in the
study of hindered rotation and atropisomerism in organic molecules include dynarnic

high-performance iiquid chromatography (dynamic HPLC), dynarnic supercritical fluid

chromatography (dynamic SFC), dynamic gas chromatography (dynamic GC), and

dynamic capillary electrophoresis (dynamic CE). The high speed of analysis and the
broad range of operathg temperatures (-90 to 250 OC) that these powerfûl techniques
a o r d make the study of dynarnic phenornena an easy task?
Detection of atropisomers by dynamic chromatography is not as complicated as
detection by dynamic N M R If atropisomers have haKlives exceeding approximately 16

min at a particular temperature, then they are iikely separable on a chromatographic
column at that temperature. A chromatognim which shows well resolved peaks indicates
that the chromatographic separation of atropisomers is faster than interconversion At

higher temperature where time for interconversion of the exchanging species is on the
same order of magnitude as their average retention times in the chromatographic coIumn,

a chromatographic profile with an intermediate plateau between the resolved peaks will

be observed It foiiows that at a much higher temperature where atropisomerization is
much more rapid than resolution, a single peak due to complete coalescence wiii be
observed- A temperature-dependent elution profile is illustrated in Figure 2.2:

The
Fire 23. Temperature-dependent chromatographicelution profile.

The elution profiles of atropisomers acqwred at variable temperatures are
generally anaiyzed using a discontinuous plate mathematicai model? computed using the
program "SIMUL",introduced by ~un&9on a high-speed cornputer. The input data are
retention times, dead time, n u m k of theoretical plates, and the rate constant as a
variable parameter. The output of the analysis is a simulated chromatogram which can be
matched to the experimental elution profile.

The rate constants obtained fiom the

dynamic chromatographie techniques are treated in the same way as those derived fiom
dynamic N M R studies. They are used to derive AG%,& and

L\Sf for the exchange

processes (see Section 2.3 for evaluation of activation parameters). Peak form analysis in
dynamic chromatography has produced values for energy barriers very close to those
detennined by the weli-established dynamic NMR technique.
The attractive features of dynamic chromatography are numerous. They include
the low amount of sample required, and the broad working temperature range (-80 to 120

OC for HPLC,SFC and CE, up to 200 OC for GC)which enables the study of exchange
processes with barrier in the range of 17-30 kcdmol for HPLC,SFC and CE,and 22-36
kcaVmol for GC.

Accordingly, dynamic chromatography allows analysis of both

stereolabile and stable atropisomers. In addition, this technique can also provide nearly
pure atropisomers for fiuther nonchromatographic investigations.

2.3

EVALUATION
OF ACTIVATION
PARAMETERS
The interconversion of atropisomers can be treated as an elementary reaction as

s h o w below:

Scheme 2.6
If one can assume that the starting state is in equilr'brium with the transition state then rate
constants for the overail process can be d c d a t e d using transifion-state theory.'O
According to this theory, molecules in the transition state, which are at the point of

maximum energy on a reaction path,'"faii downhili" to products or back to the starting
materials at the same rate (i.e. '
.k = M. The nite of the reaction then depends only on the
equilibrium between the starting materials and the transition state. The Eyring equation,
was derived to correlate the rate constant of the reaction shown in Scheme 2.6 with the

fiee energy of activation at a given temperature:

(where k is rate constant (s-'1, K is the transmission coefficient commonly assumed to be
unity, kB is the Boltzmann constant (3.29986 x 10-~'kcal K'), h is the Planck's constant

(1S8369 x 105' kcal s), R is the universai gas constant (1.98719 x 1o - ~kcal mol-' KI),
AG$is the fiee energy of activation (in kcal mol*'), and T is the temperature (in K)).

When only a single rate consaint vaiue at a particular temperature for an exchange
process cm be obtained, equation (2.2) which is derived fiom equation (2.1) is used to
calculate AG$at that temperature.

-

= RT 123.760 + inT ink)]

(2-2)

It is somewhat W c d t to assess the reliability of AG' determined in this way because
the measurement of the rate constant is performed at a single point, and no meaningfid

standard deviation can be attached to the value. The usefixlness of the AG' value is ais0
limited by the f u t that its temperature dependence is not known.
If a set of rate constants can be obtained at different temperatures then one c m

extrapolate to find k and AG' at ony temperature using AHf and AS' determined fiom
either equations (2.3) or (2.4). Substitution of (2.3) into (2.1) gives (2.4) nom which both

d and

AS' can be detennined by iterative non-linear Ieast-squares fitthg of the

exponential curve.
AG$=&

- T&

(2.3)

However, AHfand AS: can also be determined fiom the hear form of equation (2.4) (see
equation (2.5)) by plotting in(WT') against 1/T,

in ( k l ~=) -&IRT + &/R + in(k$h)

The enthalpy (A&

(2-5)

and entropy of activation (&) are extracted fiom the dope and

intercept of the straight line using equations (2.6) and (2.7), respectively.

mf= -slope x R

(2-6)

& = Rrmtercept - in(k$hl]

(2-7)

These values of AHf and AS' c m be used to calculate AG' at a n . temperature using

equation (2.3). A carefùi examination of the Eyring equation shows that
(especiaiiy the latter) are very sensitive to e

mf and &

m in rate constants, especially those at the

extreme ends of the temperature range. Unfortunately, the mors in rate constants at both
temperature extremes obtained via dynamic NMR or dynamic chromatographie

techniques are usuaily, and quite unavoidabiy, higher thaa around the coalescence point.
As a r e d t , it is m t surprising t

. one might sometimes encounter large errors

in A&

and, especidy &. One shouid therefore bear in mind that the values of these activation
parameters should always be interpreted cautiously. In spite of the relatively large errors
associated with dFif and A&

they balance out, and values of AG' cdculated from &

and & are quite a bit more reliable.

Uniike

& and A&

the direct detennination of AG' using equation (2.2)

demands oniy modest accuracy in the rate constant. This is because the rate constant, k,
enters (2.2) logarithmatically. From this equation, one can see that errors of 10, 25, and
100% in rate constant produce errors in AG' of oniy 0.06, 0.1, and 0.4 kcdmol,
respectively, at 300 K. From this equation, we see that even a temperature error of 3 K
can be readily tolerated, with the typical precision in AG$ of M.2 kcaVmo1 remaining
valid.
The half life (r)for a dynamic exchange process is defined as the reciprocal of the
rate constant k (see equation (2.8)).

The theories, derivation of mathematical formulae, and thei. use in calcuiations of

free energy, enthalpy and entropy of activation (AG', &,and &,respectively), and the
haKiSe can ali be found in most physicai organic chemistry textbooks. 'O

The subject of atropisomerism has been well reviewed by ~ k i ?A brief review of

'

~ ELiel et
atropisomerism can aiso be fomd in stereochemistrytextbooks by ~ o d z i u k ,and

In this section, the subject of atropisomerism in 1-arylnaphthalene derivatives,
including l -aryinaphthalene lignans, wiii be presented.
Atropisomerism in 1-arylnaphthalenes 6 is due to the restricted rotation about the
C 1-C 1' bond, which is mainly caused by the steric interactions between the substituents

at positions 2 and 8 with the ortho-substituents (i-e.at positions 2' and 6') on the pendent
phenyl ring, as s h o w in Scheme 2.7.

\

-

Steric

Steric
4'

Ground State

Transition State

6

Scheme 2.7

It is obvious that the buikier these substituents are, the higher the rotational energy barrier

will be. As such, factors that affect the magnitude of the steric interactions of these
substituents determine the energy barrier to rotation about the CI-Cl ' bond.

For

instance, some substituents at position 3,7, 3', or 5' may also contribute to an increase in
the rotational barrier by reducing the flexibility of the substituents at positions 2, 8, 2', or
6', respectively, thereby augmenting the steric interaction described above. It is ais0

reasonable to anticipate some electronic effects exerted by 4, or 4'-substituents on the

barrier to rotation in some systmis. For instance,electron donathg 4, and 4'-substituents
may increase the electron density on carbon atoms 1 and l', and thus facilitate the out-of-

plane bending in the transition state. This might reduce the steric interactions to the
orlho-

to rotation. AU of these factors have not k e n careWy

substituents and the b&

examined in the arylnaphthalene systems, unlike the weil-studied biphenyl and
binaphthyl systems.
Since the study of atropisomerism in qlnaphthalenes has not gained as much
attention as the biphenyls and the binaphthyls, atropisorneric arylnaphthalenes stil1 have
not found much use as chiral reagents in asymmetric organic synthesis. A few systems

have been studied and one example is the chiral arylnaphthalene phosphine ligand 7.
This atropisomer is very stable and it does not undergo enantiomerization even &er 36 h
in refluxing toluene."

Tpph2ph-

\ -

CI,SiH
Pd, 7

PhA
SiCl,
- CH,

-ph

A
9H
.
CH,

8
((R)-1-phenylethanol)

1

7

Scheme 2.8

This chiral ligand was found to be effective for the palladium-catalyzed asymmetric
hydrosilylation of styrene with trichlorosilane to give (RI-1-phenylethanol(8) of 91% ee
(see Scheme 2.8).

Enantiomers of arylnaphlhalene 9 (Scheme 2.9) have found use as a chiral agent,
not in asymmetric synthesis, but in N M R spectroscopy, to determine the absolute
configuration of secondary alcohols."

Scheme 2.9
A

few

pharmacological

stable atropisomeric aryinaphthalenes have
activity

which

depends

on

the

shown interesthg

atropisomeric

fom.

The

naphthylisoquinoline alkaloids, extracted fiom the plant families Dioncophyllaceae and
Ancistracladaceae, are weii known examples of pharmacologically active atropisomers.'*
Extracts of these plants were used in traditional medicine to treat malaria and dysentery.

These atropisomers are contigurationally stable up to Ca. 200 OC.16.17 Some examples are

)-dioncophylline A (13), and the dimeric allcaloid (-)-michellamine A (14), which has also
k e n found to inhibit the cytopathic effects of AIDS virus (see scheme 2.1O).

l6
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13
((-)-dioncophylline A)

Scheme 2.10

AU of the above stable atropisomers have been synthesized by others either via
asymmetrk biaryl coupling reactions, or by coupling of bridged biaryls foiiowed by
asymmetric ring opening."

For example, (-)-O-methylancistrocladine (10) was

synthesized through asymmetric coupling of the oxazoline 15 with Grignard ragent 16,
as iiiustnrted in Scheme 2.1 1. l6

Scheme 2.11
An example of the second approach is the synthesis of (+)-ancistrocladisine (12) via

intramolecular coupling of the bndged biaryl 17 foilowed by atropdiastereoselective ring
opening of the axial-prostereogenic lactone 18, as shown in Scheme 2-12."

12
((+)-anastrodadisine)

Scheme 2.12

Asymmetric biaryl coupling reactions have been reviewed by Bringrnaan et al.,'* and
Salvadori et al.: and will not be M e r discussed here.
It is noteworthy that ail of the above stable atropisomers possess buky
substituents at the 2' a d o r 6' positions. We h o w Iittle about the eEect of other
substituents on the height of the rotational barrier. The absence of carelid studies about
these has hindered the prediction about, and design of, stable atropisomenc
arylnaphthalenes.
It is quite possible that some aryinaphthalenes will exhibit unusual spectral or
physicd properties even though the barrier to rotation is quite low. Such stereolabile
atropisomers of aryinaphthalenes may not be usefid in asymmetric organic synthesis, but

a study of theü rotational characteristics might provide a better understanding of their
structure and properties.
There are only a few studies of the conformationaily less stable aryinaphthalenes
to date. Hindered rotation in the 1,8-diarylnaphthalenes 19 shown in Scheme 2.13 have
been studied by dynamic NMR and the rotational barriers in these compounds were found
to be 15-17 k c a ~ r n o l .These
~ ~ rotational barriers are too small to permit the resolution of
the atropisomers at room temperature.

bans

Scheme 2.13

The N M R spectra of diaryinaphthalene 191 (Scheme 2.13) acquired by House et al.at
increasing temperatures are given in Figure 2.3.19

The signals monitored were the

diastereotopic methyl groups. Each of the methyl groups appeared as two overlapping
singlets which eventually coalesced into one singlet at high temperature.
Temperature

high

,

-

low

Figure 23. Dynamic NMR spectra of the diastereotopic methyl groups in 19a.

If the pendent phenyl groups of a 1,8-diarylnaphthalene b a r s ortho-substituents,
the resulting increase in the rotational barrier is expected to be substantial. 1,s-Bis(o-

to1yl)naphthalene (20) (Scheme 2.14) was found to exhibit a 24.1 k d m o l bamer to
rotation,'" compared to

CU.

16 kcaVmol obtained for diarylnaphthalenes 19. This high

energy barrier permits the isolation of 20 as ch- and truns-diastenomers at room
temperature.

Scheme 2.14

In an eariier work, hindered rotation in several 1-phenylnaphthalene carboxylic

acids (see Scheme 2.15) was studied by examining the optical stability of pure
atropisomeric enautiomers?

1-phenyinaphtbalene-2=carboxyLic acid (21) has been

resolved into opticdy active (+)-21 using a chiral base such as brucine. The optical
activity of (+)-21 dissipated slowly on standing due to racemhtion of the mo1ecule. Its

half-life was found to be 2 min at 20 OC in CHCS. Unlike phenylnaphthalene 21, the
authors have not been able to resolve the enantiomenc forms of either phenylnaphthalene

22 or 23 due to the rapid racemization in these compounds. The result impiied higher
rotational barrier in phenylnaphthalenes 21 than in 22 and 23, presumably because an
ortho-substituent on the pendent phenyl ring is a more effective impediment to rotation

about C 1-C 1 bond.

Scheme 2.15

Gilchrist et al.reported the presence of hindered rotation in an aryinaphthalene
Ligaan, tetradehydrootabain, based on the observation of shielding effects in its 'H-NMR

~ ~ e c t r u mBased
. ~ on a molecular mode1 for an averaged molecular conformation of
tetradehydrootobain (24) (Scheme 2-16}, they suggested that placing a methylenedioxy
group at position 7 and 8 must restrict the rotation of ring C, and that ring C lies at right

angle to the plane of the naphthalene ring. In this conformation, the methylene protons
on ring A and the 2-methyl protons are shielded and appear at a higher applied field than
the methylene protons on ring C, and the 3-methyl protons, respectively. The observed
spectrum of tetradehydrootobain substantiated the averaged conformations mentioned
above, although there was no other evidence provided to support the above hypothesis.

CH3 c-shieided

lncfuced
magnetic field
shieided

24
(Tetradehydrootobain)

Od

Averaged confornation

Scheme 2.16
Many aryhphthalene iïgnans contain a methylenedioxy group as illustrated in
Scheme 2.16 (see the structure of tetradehydrootobain). The methylene protons of the
methylenedioxy group will be diastereotopic, and thus detectable by NMR as an AB

signal, if rotation about the C1-C1' bond is slow on the NMR time scale. In fact, this

type of anomaly has been observed in many arylnaphthalene Lignans possessing

methylenedioxy group(s) although no correlation to hindered rotation has ever been

made?
Trujillo et al. recently observed an interesthg doubling of proton signais in the

N M R spectnim of glycoside aryhphthaiene 25 (Scheme 2.1 7).24
O

26

Scheme 2.17

Since arylnaphthalene 25 contains a chiral glucose substituent, restricted rotation about
the C 1-C 1' bond would give n s e to a mixture of diastereomers. As mentioned in Section
2.2.1, diastereomers are detectable as distinct entities by NMR spectroscopy, and each

contributes its own unique spectrum. Therefore, the doubling of most of the proton
signals in arylnaphthalene 25 was a good indication of slow internai rotation about the
C1-Cl' bond. Nevertheless, the barrier to rotation in this compound was not measured

and the contribution that the bulky 8-substituent makes to the magnitude of barrier cannot

be compared to others mentioned above.
The hindered rotation in aryinaphthalenes awaits m e r study in order that the
factors that govem the height of the rotational barrier in these compounds can be
elucidated.

We have conducted a careiùî study of hindered rotation in some

arylnaphthalene lignans using both dynamic NMR and molecular orbital calculations.

The redts have shed some light on steric effects on the rotational barriers in
aryinaphthalene lignans. Detaiied discussion of the study is given in Section 4.4.
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CaAPTER3
THESIS OBJECTIVES

The objectives of this thesis research were to estabbsh efficient approaches to the
asymmetric synthesis of various types of lignans. During the studies, four p r i m q
approaches were undertaken:

I. Use of Chiral Esters of Acetylenedkarboxylic Acid in DièLs-Alder Reacfionsfor the
Asymnietnè SyntlresLs of A~yItefralin
Lignans.

Asymmetric induction in Diels-Alder reactions of the fumarate or acrylate of
methyl lactate has been the subject of numerous studies. These dienophiles were found to
react with a-hydroxy-O-QDMswith excellent diastereoselectivity, affording cycloadducts
that were successfùlly transformed into podophyiiotoxin derivatives (see Chapter 1 for a
review). It was felt that a study of the acetylenedicarboxylate of methyl lactate might be
as worthwhile as that of the fiimaratte and acrylate. In addition, the preparation of

complex acetylenedicarboxyiic acid (ADA) esters was known to be difficult and literature
reports of chiral esters of ADA, other than the dimenthyl esters, were hfkequent.
Developing a method for the preparation of a complex chiral ester of ADA and a study of
its Diels-Alder reactions would be usefùi, not only for the asymmetric synthesis of

l i g n a ~but
, also for the synthesis of other types of natural products. The synthesis of the
bis-(methyl (S)-lactyl) ester of ADA and its Dieb-Alder reactions with dienes such as
phenylbutadiene, O-QDMs,isobenzofbran, and hexadienol were undertaken.
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DibenqyIbutyroCOctone Lignuns Using Oxrrzofidinones as Chiral AlLKjliories-

Many of the methods for the asymmetric syathesis of chirai lignans have involved
the intermediacy of enantiomericaily pure &benzyl-y-buîyrolactones because they offer
more flexibility in eventual structurai variability that c m be achieved othexwise (see
Chapter 1). There are many elegant asymmetric synthetic approaches to the preparation
of opticdy active B-benzyl-y-butyrolactones. However, problems such as laborious
methods, poor overaü yields, unsatisfâctory enantiomeric purity, and/or expensive
reagents still exist in the reported approaches.
Substituted oxazoiidinones are effective chiral auxiliaries giving excellent
asymmetric induction in alkylation reactions.

Enolates derived fiom N-

acyloxazolidinones c m be alkylated with a-bromoacetate to a o r d diastereomericaiiy
pure succinate derivatives. These succinates can then be trandiormed into B-substituted ybutyrolactones in high optical purity. This approach is simpler than the other reported
methods used in the preparation of B-substituted y-butyrolactones. The synthesis and
subsequent transformations of these intermediates into dibenzylbutyrolactone and

benyiidenebenylbutyrolactone lignans would provide an alternative to the currently
available methods.

I11. The Sfue of IntramIecular W a f h e CoupIirrg Reactions
Phenoiic phenylpropanoids are basic uni& of many plant products such as lignans,
neolignans, and iignin. In lignan biosynthesis, these basic uni& undergo oxidative

coupling reactions catalyzed by enzymes to form dimers linlced at the

carbons (see

Chapter 1). Arnong the many phenolic phenylpropanoids that undergo intermolecular
oxidative coupling, sinapic acid was found to undergo the d o n most efficiently to
Hord a single product under most conditions- For instance, treating sinapic acid in basic

buffer with oxygen resulted solely in the formation of the 3,4-dihydro~lnaphthalene

Lignan thormasidioic acid. On the other hand, a fused dilactone of dihydrosinapic acid
was formed nom oxidation of sinapic acid by metal oxidants such as FeC13. In view of
these interesting oxîdative coupling results, two questions were posed. Could the same
success be obtained for the intnunolecular oxidative coupling of two sinapic acid
molecules joined by an ester linkage? If yes, could a chiral linking agent impose any
asymmetric induction on the reaction? This novel study of an intramolecdar oxidative
coupling reaction was thereby proposedIntramolecular oxidative cyclization reactions of dibenzylbutyrolactone lignans
have k e n widely studied in order to gain a better understanding of lignan biosynthesis
and aiso to provide alternative routes for the chernical synthesis of Lignans (see Chapter
1). The oxidation reactions of mowphenolic dibenzylbutyroIactones have not been as

successfùi as their nonphenolic counterparts.

If project III described above makes

available a monophenolic dibenzylbutyrolactone iignan, then it could be used for the
study of intramolecdar oxidative cyclization. In this way some light might be shed on
the process of lignan biosynthesis.

W. m
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Eindered Rotafion in AryInapkthalene Lignans

Atropisomerism is a word used to descn'be m o l d e s that exist in enmtiomenc
forms solely due to hindered rotation about carbon-catbon single bonds (see Chapter 2).
Some 1-substituted naphthalenes have been found to d e r hindered rotation and some

have even been isolated as stable enantiomers (atropisomers) that exhibit different
biological activities.

Some of these stable atropisomers, such as (-)-O-

methylancistrocladine, were synthesized via asymmetric biaryl coupling restions.
Arylnaphthalene lignans are abundant in plants but their atropisomeric properties

have not been carefully studied. The question of the possible existence of these products
as stable atmpisomers was raised.

Therefore a study of hindered rotation in several

Lignans and Iignan analogs using dynamic NMR and low temperature HPLC was
proposed.

CHAPTER 4

RESULTS AND DISCUSSION

The work on the asymmetric synthesis of lignans using Diels-Alder reactions,
asymmetric alkylation reactions, and intramolecular oxidative coupling reactions will be
discussed in detail in Sections 4.1, 4.2, and 4.3, tespectively. This chapter will also

disclose the details of the work on hindered rotation in arylnaphthalene lignans (see
Section 4.4)

SYNTHESIS OF ACETYLENEDICARBOXYLIC
Acm ESTERS AND
ASYMMETRIC DIELS-ALDERREACTIONS OF THE BIS-(M..THYL (S)-LACTYL)
ESTER

4.1

This section is divided into two parts. In the f k t part, a general method for the
synthesis of various types of acetylenedicarboxylic acid (ADA) esters, including the bis(methyl (9-lactyl) ester is presented. In the second part, the asymmetric Diels-Alder
reactions of the acetylenedicarboxylate of methyl (9-Iactate with dienes such as

phenylbutadiene, O-QDMs,i s o b e n z o and
~ hexadienol are described.

4.1.1

SynrlCesLF of Acetylenedicarboxyfic Acid Esters

The simple esters of ADA such as the dimethyl (la), diethyl (lb) and dirnenthyl
(le) esters have been useful in organic synthesis, particularly as dienophiles in
cycloaddition feactions.' They react efficiently in Diels-Alder reactions with dienes such

as butadienes, isobenzofùrans, and O-QDMs,as illustrateci in Scheme 4.1.

Scheme 4.1
Ihe preparation of some of the simpler dialkyl acetylenedicarboxylates can be
achieved by conventional estefication of the acid in satisfactory yield, However, in
some cases, direct esterification of ADA is complicated by the addition of the alcohol to
the reactive triple bond polarized by the carboxylate groups (Scheme 4.2):

Ho$

=
ADA

CO,H

-&

..

R02C-C=CH-C02R

NuH

I

Nu
addlion product

Scheme 4.2
For instance, esterification of ADA with phenols catalyzed by p-TsOH resulted in ody
14-15% of the desired ADA esters (Id), while addition products 2 and 3 were

predominant (see Scheme 4.3):

Scheme 4.3

On the other hand, Verbit et al. have claimed that they were able to prepare aryl diesters
in satisfactory yield by reacting ADA with an excess of the phenol in the presence of

sulfunc acid:

The use of DCC as a condensing agent with DMAP as a catalyst in the

esterification of ADA with phenols has been shown to be ineffective, with none of the
desired ADA ester king fomied (see Scheme 4.4):

Scheme 4.4

An attempt was made to apply the conventional esterification methods descnbed
above to the preparation of the methyl (9-lactyl ester of ADA (le).

Scheme 4.5

Esterifications catalyzed by H2S04, HCl, and p-TsOH, and condensations using

DCC/DMAP were totally unsuccessfûi. The possible reason for this failure, besides
nucleophilic addition to the triple bond of ADA, is the susceptibility of methyl (a-lactate

The synthesis of ADA esters via the acid chloride of ADA is an impractical route
because addition to the triple bond appears to be an unavoidable major reaction.'
Besides, the preparation of the acid chloride itself is another d.Ecuit task to be overcome.

Jung et al. claimecl that acid chloriàe of ADA couid be prepared by treating ADA with
PC15 but the authors were unable to isolate or pur*
reactivity.'

the acid chloride due to its high

In contrast, previous authors6 have described their inability to prepare the

acid chloride via direct chlorination of ADA using PCIS or SOC1,-

The products

chlorofûmaryl chioride 4 or dichloromaleic anhydride 5, respectively, were

instead

isolated (see Scheme 4.6):

Scheme 4.6
We were also unable to repeat the work descnbed by Jung et al.' for the preparation of
the ADA acid chloride.
Diels has described a method for the preparation of the acid chioride of ADA in
moderate yield via therrnai decomposition of anthracene-9,lO-endoacetylenedicarboxyly1
dichloride in the presence of maleic anhydride."

We did not attempt to repeat this

method due to its complexity. Attempts by ~

~to prepare
~ l ithe~acid~ chloride fiom

BrMg=MgBr

and COClz gave only tar.

u

Herkes and Simmons reported that some esters of ADA could be obtained in
relatively good yields via the use of the l e s reactive acid fluoride? However, the use of

highly corrosive SF4 needed to prepare the acid fluonde constitutes an important
limitation to the procedure. Moreover, addition to the triple bond was observed as an
important side reaction during the preparation of a diaryl ester.
From the information obtained fiom the literature, and fkom our own preliminary
experiments, it appeared that it was impractical to prepare complex ADA esters fkom
ADA itself. The diffcdty in preparing complex ADA esters is consistent with the

inûequent report of these esters as dienophiles in cycloaddition reactions. In order to
study asymmetric cycloaddition reactions using wmplex chiral ADA esters, their

preparation by an approach that avoids nucleophilic addition to the reactive triple bond

mu& be accomplished.
Esterifkation of dibromofùmaryl chionde followed by dehalogenation provides
an alternative method for the synthesis of A D A esters (Scheme 4.7).

Dibromofumaryl

chloride 7 can be prepared by bromination of ADA foliowed by treatment of the resulting
product 6 with PCI,.

Treating the acid chioride with two equivalents of an alcohol

affords the corresponding dibromofumanc acid ester 8, which can then be debrominated
with zinc to yield the ADA ester 1.

ADA

6

7

Scheme 4.7

8

This approach was invedgated in the late 1800s~and the early 1900s: but since that time
it has been largely ignored except for a preparation of acetylenediamides, published in
1970.'~ We have reinvestigated the approach and fomd it extremely versatile. Prior

bromination of ADA aliows the subsequent d o n s such as acid chloride formation and
esterification to proceed without the formation of addition products which were
fiequently observed in the direct ceactions of ADA with SOCl2 PCl,, alcohols and other
nucleophilic agents. The vicinal dibromide, which can then be converted to the acetylene
by reductive elimination, acts as a masked triple bond. This general procedure allows the
preparation of many esters in excelient yield and is superior to direct esterifîcation or
transesterification methods as an excess of alcohol is not required.
We have synthesized two new chiral ADA esters, the bis-(methyl (S)-lactyl) (le)

and bis-(methyl (R)-mandelyl) (If) esters, in order to study their asymmetric Diels-Alder
reactions. The preparations of dimethyl (la)," dimenthyl acetylenedicarboxylates (1c),12

and bis4methoxyphenyi ( ~ d ) .have
" ~ been previously reporte4 and were prepared again
by our procedure for cornparison purposes (all structures are given in Scheme 4.8). The
esters were synthesized according to the general procedure shown in Scheme 4.7 in
excellent yield. Other than the bromination of ADA @O%), every step afTorded a yield of
> 90%.
8a and l a R =CH3

sXco2R

8

'OzR
1

8d n d 1d R = 4-tneîhoxyphayl

Me
rrttH

i

C02Me

8c and l e R = menthyl

Br

R0,C

88 and l e R =

l a n dI f R =

*W

H

Ph

Scheme 4.8

Although each step in the g e n d approach iiiustrated in Scheme 4.7 has been
previously described in the iïteraturey we found that some of the procedures could be
improved. Bromination of ADA as descll'bed by Ot? was both laborious and time
consumuig and therefore, the method used by ~ i c h e l b e r ~ efor
r ' ~the iodination of ADA

was adopted with some slight modifications. Treatment of the dipotassium salt of ADA
with bromine in NaBr solution afEorded dibromofimaric acid (6) in 80% yield &er

recrystallization fiom THFhexane. PCIS rather than thionyl chloride was used for the
preparation of d i b r o m o ~ a r ychloride
l
since the latter caused the lïberation of bromine
which led to formation of unidentified by-products. The esterification of the crude acid
chloride proceeded smoothly in carbon tetracblonde using a pyridine catalyst with ice
coohg. Of all the steps leading to the acetylenic estersyzinc promoted debromination of
the dibromofumarates was the most troublesome. Each of the dibromofiimarate esters
required different reaction conditions in order to achieve debromination in high yield (see
Table 4.1).
Table 4.1. ADA Esters 1 from Debromination of Dibromofbmarates 8.=

productb
la
lc
Id

Reduction
rnetaü
catalyst
granular Zn
Hg-Zndust
granula

le
If

grandarZn
Hg-Zn dust

Temp./time

YieldC (%)

mp CC)

refld2h
25OCf16 h
reflUX/6 h

92
90
90

-

r&ux/4 h
teflUX/l h

95
85

131-133
145-147

Zn42
78-8 1

-

ODïbromofiimarates were used without prior purification.
AU new compwnds were Wly characteriad by theü specîroscopic (IR, 'Hand 13cNIUIR, MS) and
elementai analysis data
=Cnide Yield.

The di.fEculties were especialiy obvious during the dehomination of the bis-(methyl (S)lactyl) and bis-(methyl (R)-rnandelyl) esters of di'bmmofumaric acid (8e and 8f,
respectively). The former couid be reduced with granuiar zinc in refluxing THF in 4 h,
while the latter required the much more reactive amalgamated zinc. In addition, the
preparation of the mandelyl ADA ester lf fiom the dibrornofumarate 8f using
amalgamated zinc d-ast in reflming THF (1 h) gave rise to the h a r a t e and maleate of
the corresponding ester (9 and 10, respectively) as by-products (34% each) (Scheme
4.9).

Scbeme 4.9
Under the same conditions, these types of products, which remit fiom the reduction of the
acetylenic triple bond, were not observed during the preparation of lactyl ADA ester le.
The reason for this is not h o w n . It was found that the mandelyl ADA ester If and its
fûmarate (9) were inseparable by chmmatography. However, we discovered that ahydroxy-O-QDM 12, which is a short lived intermediate that can be prepared thermally

nom beozocyclobutenol (11),14 reacted with the fumarate at a much faster rate than with
the acetylenic ester. Therefore, treathg a mixture of mandelyl ADA ester If and its
fumarate (9) with a trace amount of benzocyclobutenol(11) in refluxing toluene allowed
almost complete removal of the 4% h a r a t e as a cycloadduct (13) after chromatography

(Scheme 4.10). The removal of the fumarate can be monitored by the disappearance of
the olefinic protons at 7-06ppm.

Scheme 4.10
Although the approach in Scheme 4.7 does not offer any superiority to direct
esterification methods for simple d i a w l esters of ADA (la and le), it does provide a
method for the synthesis of complex ADA esters (Id, le, and

10. The

previously

reported bis-(4-methoxyphenyl) ester of ADA (Id), which could be prepared only in 1415% by direct esterifkation of ADA or acetylenedicarbonyl chloride:

could now be

prepared using the approach in Scheme 4.7 in an overall yield of > 70%.

4.I.2

DieIS-Alder ReactrOm of the Bis-(ifhyi (S)-fuctyc) ester of ADA (le)
The approach in Scheme 4.7 makes possible the preparation of the lactyl ADA

ester le. As a result, the Diels-Alder reactions of lactyl ADA ester l e with various types
of dienes were investigated.

The dienes chosen for study were (4-1-phenyl-1 J-

butadiene (14), various O-QDMs(a-phenyl 15, a-hydroxy 12, and a-hydroxy-a-phenyl
16), an aryl isobenzofirran 17, and 2,4-hexadien-1-01 (18) (Scheme 4.1 1). These dienes

have k e n used extensively in organic synthesis for the construction of biaryl, aryltetralin,
naphthalene, and cyciohexadiene compounds.

Scheme 4.11

(E)-1-Phenyl-1,3-butadiene (14)15 was reacted with lactyl ADA ester l e in
refluxing xylenes to give a mumire of two diastereomeric cycloadducts (19/20)in a 1:1-3
ratio,16 as determïned by integration of the four methoxy singlets between 3.5 and 3.8

ppm in the NMR spectrum. Carrying out the reaction in CH2(& at roorn temperature
using MeAlCl, as catalyst gave only a slightly improved 1:2 mixture of the two
diastereomers.

The diastereomers were not separated but, in order to confirm their

structures, they were m e r dehydrogenated to the biaryl 21 using Pd/C in refluxhg
xylenes (Scheme 4.12).

Scheme 4.12
a-Phenyl-O-QDM 15, prepared therrnally fiom a-phenylbenzocyclobutene (22) in
refluxing toluene, also reacted nonselectively with ADA ester l e to give a mixture of two
diastereomers (23 and 24) in a 1:1.4 ratioI6 (see Scheme 4.13).

In view of the poor

diastereoselectivity, no attempt was made to separate the two diastereomers.

The

structures were codimed by aromatization using PdC in refluxing xylenes to aEord the
phenylnaphthalene 25. This arornatized product showed an interesting

13c
NMR

feahue

in that ten instead of eight ammatic CH peaks were observed. This indicates that the C-2'
and C-3' on the pendent phenyl group were not identical to C d ' and C-S', respectively, on
the N M R time scde at room temperature. This is attnbuted to the restricted rotation

about the C 1-C 1' bond of the molecule. Restricted rotation in arylnaphthalene derivatives
giving rise to atropisomers has been studied e~sewhere,'~but to the best of o u -

knowledge, the observed "C NMR properties of these compounds have not been
reported. The study of hindered rotation in phenylnaphthalene 25 will be discussed in

detaii in Section 4.4.

Scheme 4.13

2-Methylbenzaldehyde, a precursor that c m be photochernically converted to ahydroxy-O-QDM 12, was prepared by oxidation of readiiy avaüable 2-methylbeayl
alcohol using chromic acid. The aldehyde is quite volatile and prone to oxidation. It was
immediately irradiated with lactyl ADA ester l e in benzene solution. The addition of the
a-hydroxy-O-QDM

12

to

the

chiral

acetylenedicarbxylate

was

modestly

diastereoselective, generating a mixhire of two fiillly unstable diastereomers 26 and 27
(15 ratio).16 These dehydratecl slowly to give naphthalene 28 upon standing at room

temperature (Scheme 4.14). When the a-hydroxy-0-QDM 12 was generated thermally

h m ~ c l o b u t e n o (l11)14 and treated with the acetyienedicarboxylate in refl-g
benzene, only naphthalene 28 was isolated.

Scheme 4.14
a-Hydroxy-a-phenyl-O-QDM

16,

generated

by

irradiation

of

2-

methylbemophenone, was reacted with lactyl ADA ester l e to give a mixture of two
diastereomers 29 and 30 (1:2.1 ratio)16 which were chantcterized by N M R spectroscopy.
The structures of the diastereomers were confirmed by dehydration ushg p-TsOH in

refluxing benzene to afEord the phenyinaphthalene 25. The reaction is depicted in
Scheme 4.15.

Scheme 4.15

Although the diastereoselectivity of the d o n was utlsatisfactory, an interesting

phenornenon was observed during the search for other solvents that might improve
~astereoselectivity. M e n polar solvents such ethy1 acetate, acetone, acetonitrile, or
methanol were use& the ratio of the two diestereomers was reverseci, as shown in Table

Table 4.2. Solvent effécts on the diastereofacial seIe!ctivity in the DieIs-Alder reaction of ahydroxyor-phenyl+QDM 16 with bwmethyl (,S)-Irrctyl) ester of ADA (le).

Solvent
Hexanehenzene
Benzene
Ethyl acetate
Acetone
Acetonitrile
Methanol

Ratio of Isomersa
A
B
1
2
f
2.1
2.2
1
2.4
1
2
1
2
1

Measured using the integration ratios of two methyl doublets between 12 and 1.4 ppm i.the 'H NMR
(CDCS)spectra (see Experimentd).

To examine if a similar solvent effect ercists on the reaction of other dienophiles
carrying the same chiral awriliary, a cycloaddition experiment was carrïed out between

fumarate of methyl (S)-lactyl(31) and a-hydroxy-a-phenyl-o-QDM 16.

31

Scheme 4.16

In solvents such as benzene, acetone, aad ethyl acetate, the reaction afforded
predominantly diastereomer 32 (> 90% de) as given in Scheme 4-16.'' In methanol, the
diastereoselectivity of the reaction was reduced, but not reversed, af5ording the two
diastereomers in a 1:1.4 ratio. Solvent effects on Diels-Alder reactions are well known
and can result in notable improvement in reaction rates, endolexo diastereoselectivity, and
diastereofacial selectivity."

The selectivities have been explained by solvophobicity and

electrostatic interactions of the solute and solvent?

While changes in stereoselectivity

with change of solvent is expected, the unusual solvent induced reversal of asymmetric
induction in Diels-Alder reactions is very seldom reported. Recently, Jorgenson et al. has
observed the reversal of stereoselectivity with changes of solvent polarity in a hetero
Diels-Alder reaction?

Other than changes in solvent polarity, Lewis acids have also

been found to cause reversal of stereoselectivity in Diels-Alder reactions.

TiCb-

catalyzed Diels-Alder reaction of the fumarate of rnethyl lactate with cyclopentadiene
yields a product of opposite configuration to that of the uncatalyzed reactionub In
addition to Diels-Alder reactions, a solvent induced reversal of asymmetric induction has
been observed in the photodeconjugation of an a$-unsatumted lactyl ester? A complete
understanding of the effect of solvents on the asymmetric control of the Diels-Alder
reaction of ADA ester le and O-QDM16 will require M e r study.
The Diels-Alder reaction of isobenzofüran 17 and the ADA ester le was also
studied. Isobenzofllran 17 was generated using a modifieci literature procedure, via
phthalan 34, by the acid catalyzed elimination reaction of hydroxyacetal 33 (Scheme
4.17) fiterature review of isobenzofûrans is given in Section 1.3.î).24

Scheme 4.17
Precursor 3325 was prepared via transmetallation of bromoacetal 3826 with n-BuLi,

followed by addition to 3,4-dimethoxybenzaldehyde(Scheme 4.18).

38

33:Ar = 3,4-dirnethoxyphenyl

Scheme 4.18

Due to its instabiiity, precursor 33 was not fWy purified, but was reacted immediately
with ADA ester le in the presence of a catalytic amount of glacial AcOH at 95 O C for 20

min. The reaction afTorded the aromatized cycloadduct naphth0137 as a major product
(80

+ 5%),

and two bridged cycloadducts (35 and 36) (see Scheme 4.17) as minor

products (20 f 5%) in a 1:I .2

as detennined by the integration of two pairs of

lactyl doublets between 1 .O- 1.6 ppm. The use of MeAlC12 or E t w l in place of glacial

AcOH as a catalyst for the formation of isobenzofirran 17 and for the Diels-Alder
reaction, at either room temperature or at 70 OC, failed to aEord any cycloadduct h m
hydroxyacetal33 and ester le.
Since the formation of 35 and 36 showed no diastereoselectivity, no attempt was

made to isolate the bridged cycloadducts. The cnide product was reacted firther in the
presence of AcOH to convert both minor products to the naphth0137 which was isolated

in 80% yield afker chromatography. Its 'H NMR spectrum showed an interesting feature
in that most of the characteristic peaks of naphthol 37 were split into doublets. As for
phenylnaphthalene 25, the phenornenon is a t t r i i e d to the restricted rotation about the
Cl-Cl' bond, which causes naphthol 37 to exist in two diastereomenc forms as

observable in the NMR spectnun.

The investigation of the hindered rotation in

arylnaphthalene lignam will be discussed in Section 4.4.
From the above it appears that good diastereoselectivity is not a m b l e in the
Diels-Alder reactions of l e with dienes lacking a-hydroxy groups, such as the
phenylbutadiene

14,

a-phenyl-O-QDM 15,

and

isobenzofiiran

17.

The

acetylenedicarboxylate of methyl (9-lactate (le) is a straight long rod-shaped molecule
with two chiral lactyl groups attached to both ends. As such, the lactate groups are

apparently too far nom the reaction center to exert a significant effect. However, the
dienes with a-hydroxyl groups reacted with l e with relatively good diastereoselectivity.

This could be due to hydrogen bonding between the a-hydroxyl group of the O-QDMand
the carbonyl group of the chiral auxiliary, an association that would bring the chiral
auxiliary closer to the reaction center. The use of a diene with a more flexible and

extended hydroxyl group, such as 2,4-hexadien-1-01 (18), might wmpensate for the
stiflhess of the ADA ester and a o r d an even easier interaction with the carbonyl group

of the chiral a d a r y . To test this hypothesis, ester l e was teacted with 2,4-hexadiene-101 (18) in refluxing xylenes for 15 h (see Scheme 4.19). A mixtrire of two diastereomers

'

(39 and 40) was obtained in a 1:1.3 ratio,16 as determilied by H NMR spectroscopy. The

diastereomers were aromatized to 41 for full characterization. The use of Lewis acids
such as BF3'OEt2or MeAlCl, to catalyze the reaction failed completely, leadhg to a
mixture of unidentified products.

18

39

40

41

Scheme 4.19
The overall results for the Diels-Alder reactions of ADA ester le with various
types of diene are summarized in Table 4.3. In summary, the dienes without a-hydroxy
groups aEorded stable cycloadducts, but disappointingly, gave poor diastereoselectivity.

This was only marginally increased in the presence of the Lewis acid MeAlC12. In
reactions with O-QDMs, diastereofacial selectivity was poorer than when using the
fumarate of methyl (S)-lactate (JI), which is known to give de's of > 9 ~ % . ' ~Even
~'
though reasonable diastereoselectivity was observed in reactions with a-hydroxy-OQDMs, the cycloadducts tended to be fairly unstable due to theü ease of dehydration.
The reaction of isobenzofûran 17 with ADA ester l e was nonselective, and was not

suitable for use in the prepamîion of diastereomerically pure arylt-.

The use of the

Lewis acids Et2A1CI or MeAlC12 to cataiyze this feaction stopped cycloadduct formation
entirely. Diels-Alder reaction of le and a diene with a more flexible hydroxyl group (18)

did not give any better stereoselectivity.
Table 43. Yields and àiasteroomer ratios of the Diels-Alder reactions of bis-<methyl (S)lactyl) ester of ADA (le) 4 t h varions dienes.
-

-

Type of Diene

Cyclooidducts
(% yieldy

Ratio of two
~iastereomersb

Phenylbutadiene 14

82
75d

1 : 1.3
1 :2d

Arornatization
Product (Y0
Yie1d)c
92

a After chromatography

Measured using the intcgrafon ratios of their 'H-NMR (CDCl,) spcctm
c Either isolated fkom the cycloadditionreactions, or after specifk treatments of

the

cycloadducts for structural confirmation (see Experimental),
d MeAlCl, cataiyzed (see Experimentai).

4.2

ASYMMETRIC SYNTHESIS OF BENZYLIDENEBENZYLBUTYROLACTONE
AND D~ENZYLBUTYROLACTONE
LIGNANSUSING OXAZOLWINONESAS
CmRALAUXILIARIES

Many of the methods for the asymmetric synthesis of chirai lignans have involved
the intermediacy of enantiomericaliy pure p-benzyl-y-butyrolactones,(S)- and (4-42 (see

Section 1.4.1 for more discussion).

These have been used in the synthesis of

dibenzylbutyrohctones 43, benzyLidenebenzylbutyrolactones 44, aryltetralins 45, and
dibefl~)cyclooctadienes
46, as illustratedin Scheme 4.20.

Scheme 4.20
In cornparison to other general methods for Li-

synthesis, the use of butyrolactones 42

as intemediates offers more flexibility in structural variability that can be achieved
othenvise. Therefore, a method for the asymmetric synthesis of lignans via chiral pbenql-y-butyrolactones was considered.
mer

examining

several

possible

asymmetric

routes

to

chiral

benzylbutyrolactones 42 (see Section 1.4.1 for riterature review), a route based on the use
of oxmiidinone chiral awiliaries was adopted. Substituted oxazolidinone heterocycles2'
are effective chiral auXiliaries giving excelient asymmetric induction in reactions such as
allcylations, hydrogenations, and Diels-Alder reactions. Enolates derïved fiom Nacyloxazolidinones c m be allcylated with a-bromoacetate to afEord diastereomericaiiy

pure substituted succinate denvatives."

After the removal of the oxazolidinone chiral

awciliary, the chiral haif ester cau be reduced and lactonized to &otd

butyrolactones in high opticai purity (Scheme 4.2 1)-

the p-substituted

Scheme 4.21

We have used this simple and versatile method for the asymmetric synthesis of P-benzyly-butyrolactones, 47a and 47b (see Scheme 4.22 later).

These were subsequently

transformed into the benzylidenebenzylbutyfo1actone lignans gossypifân and savinin via
aldol condensation/dehydration reactions, and uito the dibenzylbutyrolactone Lignau 4'demethylyatein, through ablation (see discussion later).
The enantiomericaily pure (S)- and (R)-P-3,4-(methylenedioxy)benzyI-ybutyrolactones (47a and 47b, respectively) were efficiently synthesized in six steps h m
3,4-(methy1enedioxy)cinnamic acid (48), as shown in Scheme 4.22, in an overail yield of
>45%.

Scheme 4.22

140

3,4-(Metby1enedoxy)cinnamic acid (48) is comercidy available, but was synthesized
here

by

heating

3,4-(methylenedioxy)berizaldehyde

and

malonic

acid

in

pyridine/piperidine. Hydrogenation of cinnamic acid 48 using Pd/C in DMF under H2at
atmospheric pressure aEorded dihydrocinnamic acid 49 in excellent yield.

Using a

modified literature procedure~9commerciaiiy available (4î2)-benyl (56.) and (4s)isopropyl-2 oxazolidinone (56b) were each N-acylated with dihydrocinnamic acid 49 to
give N-acyloxazolidinones 51 and 52 in 88% and 84% yield, respectively, as detailed in
Scheme 4.23. The N-acylation was achieved by treating dihydrocinnamic acid 49 with
pivaloyl chloride and triethylamine to give an ahydride intermediate 55, which was then
reacted with the oxazoiidinone anions 50 to e o r d the N-acylated products (51 and 52).

Scheme 4.23
The N-acyloxazolidinones 51 and 52 were treated with NaHMDS and the resuitant

enolates were alkylated with t-butyl bromoacetate diastereoselectively to &ord one
major diastereomer in each case (53 and 54, respectively ca. 80% yield), having >95%
diastereomeric excess as shown by 'H NMR spectroscopy. Although the absolute

configuration could not be determined at this stage it was expected to be that show in
Scheme 4.22.

The oxazolidinone chiral auxiliaries of 53 and 54 were removed with

LiOH/HZ02without affecting the t-butyl ester. The resuiting crude acids were reduced to
alcohols using BH,-THF, then lactonized with TFA to e o r d the benzylbutyrolactones

47a and 47b in about 70% yield h m the N-acyloxau,lidinones 53 and 54, respectively.
The benzylbutyrolactones 47s and 47b have opticai activities and other spectroscopic
characteristics consistent with previously reported values.30 Based on their optical
activity, the enantiomeric excesses of these lactones were >95%. The chiral auxiliaries,

(4R)-benzyl- (56a) and (4S)-isopropyl-2-oxazolidinone (Sb), were readily recovered
fiom the lactonized product by chromatography. Compared to previously reported
methods (see Section 1.4.1), the present approach to the synthesis of P-benzyl-ybutyrolactones (general structure 42) is more efficient.

It is simple, gives high

asymmetric induction, and uses commercially available reagents.
Having obtained the enantiomerically pure butyrolactones 47a and 47b, their
conversion

to

optically

pure

lignans

was

undertaken.

The

benzylidenebenzylbutyrolactone lignans gossypifan (59a) and savinin (59b) were
' i1lustrated in
synthesized fiom 47s and 47b following a modified literature p r o c e d ~ 3as
Scheme 4.24.

The benzyIbutyrolactones 47a and 47b were each deprotonated with

NaHMDS, and then treated with 3,4dimethoxybenzaldehyde (for 474) and 3,4(methy1enedioxy)benzaldehyde (for 47b) to S o r d aldol products 57a and 57b which
were acetylated in situ by adding a mixture of AQO/DMAP/E~~Nto the reaction
mixtures. The crude acetylated products SBa and 58b were then treated with DBU in

reflwcing toluene to produce the ans-benzylidene Iignaas gossypifan (59a) and savinin

(59b), respectively, in >90% overaü yield ( h m beoylbutyrolactones 47).

DBU

59a (Gossypifan): f3-(S). Ar = 3,Mimethoxyphenyl
59b (Savinin):
p(R), Ar = 3,4-(methylenedioxy)phenyl

Scheme 4.24

Gossypifhn (59.) is a naturally occurrïng iignan recently isolated fiom a plant (Jatropha
gossypifolia) and possesses medicinal and pesticidal properties.'2

The synthetic material,

59a, had both rotation and other spectroscopie properties consistent with those reported
for the natural product.32

This is the f h t reported synthesis of this compound.

Similady, savinin (S9b), which is an insecticide ~ y n e r ~ i s talso
; ' ~ had properties consistent
with those previously rep~rted.'~

In addition to savinin (59b), butyrolactone 47b was also converted to 4'demethylyatein (61, see Scheme 4.26 later), a naturaliy occurring dibenzylbutyrolactone

Lignan

which

has

been

regarded

as

demethylpodophyIlotoxin derivatives (see

a

biosynthetic

Section 4.3.2

precursor
for

more

to

4'-

detail)."

Benzylbromide 60, which was used in the allcylation reaction of butyrolactone 47b, was

prepared h m syringic acid by diibenylation using benzylbromide, reduction using
LiEt3BH, and bmmination ushg PB$~, as shown in Scheme 4.25.

ocy

c"30

CH$

Synngic aad

Scheme 4.25

The butyrolactone 47b was treated with NaHMDS and reacted with benzylbromide 60.
Carefüi control of the reaction temperature during benzyIation of 47b was necessary in
order to prevent formation of the dibenzylated product. HMPA, often used for this type
of benzylation, was not required for this reaction. The resulting m d e 4'-berizylated
yatein was hydrogenated to a o r d 4'4emethylyatein (61) in an overall yield of 62% fiom
47b (see Scheme 4.26). The synthetic 4'-demethylyatein (61) had spectroscopie

properties identical to those reportecl previously."'
1) NaHMDS;

O

2) H2/Pd-C

'
47b

CH,O

~enzyl-6
60

OCH,

61
(4'demethylyatein)

Scheme 4.26

In conclusion, a versatile asymmetric synthesis of p-benyl-y-butyrolactones

(general structure 42), key intermediates in the synthesis of lignans, was achieved using a

six step procedure, in an overall yield of >45% h m 3,4-(methy1enedioxy)cinnamic acid.

The method affiorded the &ben@-y-butymlactones in >95% optical purity. These

intermediates were used in the synthesis of the benzylidene lignaus gossypih and
savinin, and the diilbutyrotactone Lignan Cdemethylyatein, in good to excellent

yield-

4.3

TEESTUDYOF INTRA~NOLECULAR
OXIDATIVE
COUPLING
REACTIONS
This section is separateci into two parts. The nrst part deals with the synthesis and

the study of oxidation reactions of disinapic acid esters and anhydride. The second part
of this section details the oxidation study of a naturaliy occurring dibenqdbutyrolactone
lignan, 4'-demethylyatein.

4.3.1

The synthesis and the Study of Wdation Reactions of Disinapic Acid Esten

m d Anhydride

Sinapic acid and esters in basic b s e r solution have been found to effectively
undergo intermolecdar oxidative coupling reactions in the presence of oxygen to aEord
the dihydroaryhaphthalene lignan ester 62 (Scheme 4.27),'8 the fkee acid of which is a
naturaUy occurring ~ignan?~
O

sinapic acïcüester

OH

62
Thmasidioïc acidlester

Scheme 4.27

In view of this interesthg oxidation resuits, a study of intramolecular oxïdative coupling
of di01 disinapates 63 was undertaken, in the hope that the absolute and relative
stereochemistry of the adduct wuid be controlIed using either a chirai di01 R*,or a chiral
oxidant (see Scheme 4.28).
A

Scheme 4.28

At the outset of this project, catechol disinapate 64 was prepared, as iiiustrated in

Scheme 4.29. Sinapic acid was treated with 2 equivalents of TBDMSTf, followed by
hydrolysis of the TBDMS ester to afTord the protected acid 65 in 85% yield. The acid 65
was then treated with thionyl chloride in CC14 and the resulting acid chlonde was

esteriflied with 0.5 equivalent of catechol to afford the diprotected diester 66 in 68% yield.
Deprotection of the phenoiic groups was achieved in DMF with KF and a catalytic
amount of 50% aqueous HBr, aBording diester 64 in 95% yield.
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Scheme 4.29

The oxidation of diester 64 were conducted using various oxïdants such as OB
DDQ, FeC13, Fe(C10& Ce(N&)2(N03)6, and Tlf13. The diester was first dissolved in
solvent or a solvent mixture, and then the oxidant in solvent added dropwise (except for
the oxidant O*, which was supplied in air bubbling through the solution). The reactions

were

nui

for about 15 min at various temperatures. Unfortunately, despite repeated

attempts to affect the intramolecular coupling of diester 64 with the above descnbed
oxidants, only unidentifiable products were produced
The inability to induce intramolecular coupihg in the catechol diester 64 may
have been due to a stifniess in the diester linkage that sterically hindered the coupling
process. It was suspecteci that Uitenno1ecuiar coupling and eventual polymerization was a

more favorable process, leading to the formation of intractable mixtures of products.

However, even conducting the oxidation reactions at Iowa substrate concentrations did
not have any effect on the outcome of the reactions.
Two other disinapic acid substrates were also prepared in order to study

intramolecular oxidative coupling. These were the ethyiene glycol diester 67b, and
disinapic acid anhydride 68b (Scheme 4.30). The TBDMS-protected diester 67a and the
deprotected diester 6% were prepared as described for 66 and 64, whereas anhydride 68b
was prepared by treating the 4-protected sinapic acid 65 with TFAA at ice temperature,

foliowed by deprotection of the 4-hydroxyl group of 68a as described for 64.

m
3

Scheme 4.30

Purified diester 67b and anhydride 68b were characterized only by 'H NMR spectroscopy
before being used in the foiiowing oxidation reactions. Attempts were made to induce
intramolecular oxidative coupiing in these two substrates using the same oxidants and
conditions described above for the catechol diester 64. Similar to the catechol diester 64,
the results fiom the attempted coupling reactions of both diester 67 and anhydride 68
were very disappointing. Both substrates gave only mixtures of unidentifiable products.
These results discouraged any M e r study of the intramolecular oxidative coupling of
disinapic acid denvatives. The procedure for the preparation of ester 64 and its full

characterization is provided in the Experimental d o n .

ester 67 and anhydride 68 (ch-

The partidiy characterized

by 'H NMR ody) were not M e r chsracterized

due to the complete failure of their subsequent oxidation reactions. However, their
preparation procedures and 'H NMR data are provided in the Experimental section for
reference purposes.

4.3.2

Olcidation Reactions of 4'-Demefhy&afein Ushg DDQ
The study of intramolecular oxidative coupling reactions of a naturally occiimng

dibeozylbutyrolactone Lignan, 4'4emethylyatein (61), was proposed due to its
availabiiity fiom the previous project (see Section 4.2) and the possibility that this

compound is an intermediate in the biosynthesis of certain ~ ~ c l o l i ~ n a n 4's.~~
Demethylyatein is considered to be a biosynthetic precusor to aryltetralin lignans having
the podophyllotoxin pattern of substitution (see Scheme 4-31)."

It has been proposed

that oxidation to a quinone methide 69 is followed by cyclization to 4'-

demethyldeoxypodophyllotoxin(70) as depicted in Scheme 4.3 1.

-

CH30

OCH,

70 (4'demethyldeoxypodophyliotoxin)

Scheme 431

As deSCTibed in Section 1.5, Kende et al. was able to mimic the biosynthetic pathway and
oxidatively cyclize a similar diarylbutane.*

In addition, Pelter et ai. have reported a

successfbl oxidative cyclization of a monophenolic dibenzylbutyrolactone using PIFA as
oxidant, a procedure that aEorded a mixture of dibenzocyclooctadiene diastereomers in
good yieldS4' Despite these precedents, attempts to cyclïze C-demethylyatein itself by
others were un~uccessflll~~
A teexamination of the oxidation of this biologicaily
important precursor, using DDQ as oxidant, was undertaken.
The oxidation reactions of 4'-demethylyatein using DDQ were very successful.
Oxidation of this substrate with DDQ in THF at room temperature resulted in the
formation of a mixture of two compounds, cis- and ~m-benzylidenelactones,72 and 73,
in 95% total yield. The ratio of the cis- to trans-isomer was about 1.3: 1, as detennined
by 'H NMR spectroscopy. The proposed mechanism is shown in Scheme 4.32. Similar
to the proposed biosynthetic mechanism iilustrated in Scheme 4.3 1, quinone methide 71
is considered to be the reactive intermediate. Elimination of a proton fiom 71 (fiom
conformations 71a or 71b) could lead to 72 or 73. The oxidation result obtained for 4'demethylyatein appears to confirm the possibility that benzylidene lignans such as 72 and
73 ( g e n d structure 44 in Scheme 4.20) are formed biosynthetically via oxidation of
dibenzylbutyrolactones 43 (Scheme 4.20)?~

AAeT standing exposed to the air at room

temperature for two weeks, cis-benqlidenelactone 72 isomerized to the trans-isomer 73,
leaving only 73. The isomerization process could also be achieved in 2 h by irradiating a

refluxhg solution of the cis- and fmm-isomeric mixture with iodine in benzene. The

isomerhtion prucess indicates the instability of the cis-&mer 72 and may explain the
lack of reports of isolation of cis-ben~y1idenebeaylbutyzo1actoneLigaans fiom plants.

Scheme 4.32

If quinone methide 71 is formed during oxidation of 61, addition of acid might
divert it fiom the elimination reaction and into an alternative reaction pathway. Treating
4'-demethylyatein with DDQ in the presence of TFA resulted in the formation of 4'-

demethylisodeoxypodophyllotoxin (74), a naturaüy occurrhg al1 ~ns-aryltetralinlignan
(Scheme 4-33), in about 65% yield &er recrystallization and preparative TLC. The
concentration and the ratio of substrate to ragent were fomd to be very critical to the
cyclization process.
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Scheme 4.33
Protonated quinone methide 69 is proposed as the intermediate in the cyclhtion reaction.
Friedel-Crafts substitution on the other aryl group would lead to compound 74. Notably,
74 has an all tram-geometry in con-

to the podophyllotoxin type of stereochemistry

often found in aryltetralin lignans formed biosyntheticaliy (see 70 in Scheme 4.3 1). An

al1 trans-stereochemistry (see 77 in Scheme 4.34) is also found in the product obtained
fiom the acid-catalyzed cyclization of podorhizol (75) and structural analogs.'*'

These

reactions presumably involve an intemediate delocalized benzylic cation similar to 69
(see 76 in Scheme below).
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Scheme 4.34

To the best of our lcuowledge, the oxidative conversion of a monophenolic
dibenzylbutyrolactone

lignan

to

either

an

arylteaalin

lignan

or

benylidenebenylbutun,lactone is mprecedented. Despite the fact that these reactions
have k e n proposed biosynthetically they have not previously been demonstrated in the
laboratory. Combining our current results with the earlier observations of Pelter et
it now seems reasonable to conclude that be~lzylidenebenzylbutyrolactone,aryltetralin,

and dibenzocyclooctadiene Li-

with 4'-hydroxyl groups (44, 45, and 46 in Scheme

4.20) could ail arise biosyntheticdy h m a cornmon 4'-hydroxydibenzylbutyrolactone
precursor. The successfiil cyclization reaction of 4'-demethylyateia with DDQ/TFA has
also provided a new method for the synthesis of aryltetralin Lignans.

4.4

~IINDERED
ROTATION
INARYLNAP-NE

LIGNANS

Althcugh hindered rotation and atropisomerism have k e n studied in some 1substituted naphthalenes (sulfoxides, amines, ketones and imines) there are relatively few
studies of atropisomerism in 1-phenylnaphthalenes (more discussion in Chapter 2). To
our knowledge there have been no dynamic N M R studies of such compounds and few
reports of stable atropisomers.

In the work discussed in Section 4.1.2, we noted that arylnaphthalenes 25 and 37
(structures are given in Scheme 4.35) showed a doubhg of peaks for some NMR
transitions.

OCH,

Scheme 435

For instance, in compound 25 the 2' and 3' carbons appeared at a dinerent chernical shift
than the 6' and 5' carbons in the

13cNMR

spectnim. This meant that the rotation of the

phenyl group was slow enough on the NMR tirne scale to make C-2' (C-3') diastereotopic
with respect to Cd'(C-5'). Similarly in compound 37, a doubling of many Lines was
observed. In this case the hindered rotation of the unsymmetrical phenyl group gave rise
to a new element of asymmetry and the existence of two different diastereomers whose
Lifetimes were long enough that the individual isomers could be observed in the NMR
spectrum.
A relatively high barrier to rotation may give rise to separable rotational

enantiomers (atropisomers) which might have quite different pharmacological properties.

In order to investigate this possibility we have synthesized the naturai products diphyllin
(78), justicidin A (79), justicidin B (SO), retrojusticidin B (BI), heiioxanthin (82), and
retroheiioxanthin (83), as well as seven 0th- aryhphthalene iignan anaiogs 25,37, and
84-88 (see Schemes 4.35 and 4.36). The synthetic methods are described in the first part
of this section.

78 (diphyllin)

79 (justicidin

A)

80 (justicidin B)

O

Scheme 4.36

The aryl-naphthalene rotational barrier in these compounds (except for 85 and 86) was

studied by dynamic NMR and low temperatme HPLC and the experimentally found

barriers were compared to those obtained h m molecular orbital calculations. These
details are discussed in the second part of this section

4.4. I

Synthesb of ~ l i i a p k t k a l e nLignam
e

The synthesis of aryinaphthalene lignans has been reviewed in Section 1.3.2, One
of the literature methods for the synthesis of arylnaphthalene lignans, which employed
the Diels-Aider reactions of isobenzofiirans as key step, was found to be very useful
during o u .study of the Diels-Alder reactions of bis-(methyl (S)-lactyl) ester of ADA (le)
(see Section 4.1.2). In the study, although le reacted non-diastereoselectively with an
isobenzofuran, the resulting unstable diastereomeric cycloadducts fürther aromatized in
situ to afford aryinaphthalene analog 37 in excellent yield. Therefore, the Diels-Alder

reaction of isobenzofuran was incorporated as key step in the approach designed for the
preparation of other arylnaphthalene iignans and analogs listed in Scheme 4.36. The
geneal synthetic approach is summarized in Scheme 4.37. The transient isobe11~)fllrans
90 generated kom hydroxyacetals 89 by acid catalysis will be trapped with dienophiles

such as acetylenedicarboxylatesand d e i c anhydride. The resulted acid-sensitive DielsAlder cyfcoadducts wiii M e r undergo ammatkation to afEord arylnaphthalene iignan
analogs with general structure 91. The reduction of 91 shouid a o r d arylnaphthalene
lactones 92 @or
lignans.

93, the general structures found in moa of the nahual arylnaphthalene

Scheme 4.37
Hydroxyacetais 33 and 94 iIlustrated in Scheme 4.38 were the isobenzofiuan
precursors used for the preparation of arylnaphthalenes 37, and 84 and 85, respectively
(see Scheme 4.35 and 4.36 for structures). The procedure for the preparation of 33 has
already been described in Section 4.1 -2and the same procedure was also used for the
preparation of hydroxyacetal94. The synthesis of hydroxyacetals 33 and 94 via acetal38
is summarized in Scheme 4.38.
Ethylene
gtycov
Me0

Br

pTsOH
4 2 0

Br

Me0

-

38

OH
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Scheme 4.38
Hydroxyacetal 95, the i s o b e n z o h precursor used for the preparation of
arylnaphthalenes 86 and 87 (see Schemes 4.36 for structures), was prepared using a

modified iiterature procedure by direct orth-lithiation of acetal % using n-BuLi,
followed by addition to piperonal (Scheme 4.39)?

Scheme 4.39

Because hydroxyacetals 33, 94 and 95 were unstable intermediates which
decomposed on standing, they were not isolated, but were converted directly to the
transient i s o b e ~ l z o h sby heating in the presence of AcOH.

The synthesis of

arylnaphthalene 37 fiom hydroxyacetal33 and ADA ester l e has already been described

in section 4.1.2 (see Scheme 4.17).

Following the procedure descnbed for 33,

hydroxyacetal 94 was converted to an isobenzofiuan and reacted with diethyl
acetylenedicarboxylate (lb) to af5ord aryinaphthalene 84 in 80% ykld
recrystaUization fiom C&Clz/hexanes (Scheme 4.40).

Scheme 4.40

The isobenzofimm generated h m hydroxyacetal 94 was also t r a m with maleic
anhydride in A q O at 140 OC to &ord arylnaphthdene 85 in good yield (Scheme 4.41).

85
Ar = 3.4-(methy1enedioxy)phenyl

Scheme 4.41

Hydroxyacetai 95 was similarly heated with maleic anhydride and le in giacial

Ac0WCH2CI2to give arylnaphthalenes 86 and 87, respectively (see Scheme 4.42).

Scheme 4.42

Arylnaphthalene 84, the product h m Diels-Alder reaction of hydroxyacetal 94
and diethyl acetylenedicaTbOxy1ate (Ib) (see Scheme 4.40), was reduced regioselectively
by NaBb, and lactonized with dilute aqueous HCl to give diphyilin (78) as the only
product. The phenolic group of û4 is believed to guide reduction at the adjacent ester
group, leading to selective formation of one of the two possible lactones. Methylation of

diphyllin's phenolic group with methyl iodide&C03 in r e f l d g acetone aEorded
justicidin A (79) in 95% yield. The reduction of 84 and methylation of diphyllin (78) are
ihstrated in Scheme 4.43.

.-

84

78 (diphyllin)

79 (justicidin A)

Scheme 4.43
The anhydrides 85 and 86 (see Schemes 4.41 and 4.42 for the preparation) which
were only chmcterized by 'H NMR were converted to mixtures of lactones 80 and 81,

an& 82 and 83, respectively, by reduchg with NaBH, folIowed by treatment with acid
(Scheme 4.44). In the absence of a 4phenolic gmup to direct the attack of NaBH,, the
reduction of 85 and 86 occurred preferabiy at the more hindered carbonyl carbon (i-e. the
ester group at the 2-position) to aEord, respectively, lactones 81 and 82 as major
products. Althocgh similar preferential attack of NaBi& at more hindered carbonyls has
been reported by others) the reason for this is not known.

85: R1 = R* = 0CH3; R3 = H
86: R1 = H; FI2 + R== 0CH20

-

rninor

major
81 (retrojusticidin 6)
82 (helioxanthin)

80 (jusocidin 8)

,
83 (retmhelioxanthin)
Scheme 4.44

Phenylnaphthalene 25 was synthesized by aromatization of dihydronaphthalene
88 using P d K in refluxing xylenes (Scheme 4.45). Compound 88 was in tum prepared

fiom the known cycloadduct 32 (preparation of 32 has already been described in Section
4.1.2) through dehydration catalyzed by p-TsOH (see Scheme 4.45 below). AIthough

phenylnaphthalene 25 was also prepared as described in Section 4.1.2, the present
approach was used here so that the hindered rotation in intermediate 88 could also be

Ph OH
32

Reflux

Co2R

C02R

H,

Ph
88

Ph
25

Scheme 4.45

4.42

m e Srudy of Hindered Rotation in Aryinaphthaiene Lijpans
As stated previously, the main goal in studying hindered rotation in

arylnaphthalenes is to determine if the hindered rotation can give nse to atropisomen
(stable rotamers) that are isolable at room temperature. if so, it would be reasonable to

prepare and test the phamiacologicai activity of individual isomers. In order to açcurately
assess the stability of individual aîmpisomers at any temperature it is neces-

to know

the activation barrier for the rotation that interconverts the two isomers. A discussion of
hindered rotation and atropisomerism, including the use of dynamic NMR and dcchromatograpby for the measurement of rotational energy barriers in orgsnic molecules
was presented in Chapter 2.

The possibility that there is hindered rotation in the arylnaphthalenes and
dihydroarylnaphthalene lignans listed in Schemes 4.35 and 4.36 was first investigated by
examining their 'HNMR spectra obtained at room temperature. The NMR spectra of

compounds 25, 37, 78-84, and 87 at room temperature indicated that there was hindered
rotation about aryl-naphthalene bond, whereas this property was absent in
dihydronaphthalene 88 (for details see discussion below). Compounds 25,37,78-û4, and
87 were M e r studied by analyzhg their NMR spectra at various temperatures above
300 K. Diphyllin (78) could not be anaiyzed at higher temperatures because of the lack

of a high boihg solvent that was suitable for the NMR study. For solvents in which
diphyllin was soluble (DMSO and cyclohexanol), there was insuflicient separation of the
diastereotopic protons to allow analysis of the spectra.

Table 4.4 indicates the

prehinary examination results, the conditions for the variable temperature NMR study,

and the exchanging signals monitored.

TabIe 4.4. Soivent, temperature range and peaks andyzed for dynamic N M R stady.

Compd
25

Solvent
DMSO-d,

Temp (OK)
300-383

Exchanging Signals
129.82 (CH),130.16 (CH)
C2' and C6'
no broadening or coalescence
could not find suitable solvent

5.27 (d, lH,J = 1-48),5.42 (d, IH,J = 1.48)
-0CH20-

5.26 (d, 1H,J = 1-49),5.40 (d, IH,J = 1.49)
-0CH205.26 (d, IH,J= 14.8)' 5.36 (d, 1H,J = 14.8)
lactone CH2
6.06 (s, lH,J=0.49),6.11 (s, lH,J = 0.49)
phenyl -0CH20-

5.91 (s, lH), 5.93 (s, 1H)
naphthyl -0CH20no broadening or coalescence

1.06 (d, 3H, J = 6.81), 1.01 (d, 3H,J = 6.81)
lactyl C-CH3
no hindered rotation

Slow rotation about the aryl-naphthalene bond in compounds 25, 37, 78-84, and
87 at the lowest temperature (300 K) gave rise to sigoals nom individual diastereotopic

protons/carbons (or h m individual diastereomers for compounds 37 and 87). As
mentioned previously (see the beginnhg of Section 4.4), at the slow rotation E
t
,
the 2'

and 3' carbons in cornpouad 25 are diastemotopic to the 6' and 5' carbons and appear at a
different chernid shift in the 13cNMR spectrum (Scheme 4.46).
TOP
O

CH3

Scheme 4.46
Compounds 37 and 87 show a doubling of signals for all protons since slow rotation in
these compounds gives rise to two diastereomers (Scheme 4.47)' each with their own

TOP

slow

CH30
BOTTOM

C02CH3

Diastereomeric
Exchange of

OCH,
BOTTOM

37

Scheme 4.47

In compounds 78-83, a l i of the methylene groups (on both the methylenedioxy and
lactone groups) give rise to AB patterns, rather than single& since the two protons are
diastereotopic when rotation is slow (Scheme 4.48). Similar AB patterns are observed for
the methylenedioxy protons in compound 84.

-

CH,O
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Scheme 4.48

As the temperature increases, the rate of rotation of the pendent aryl ring increases,
thereby speeding up the exchange of the diastereotopic protons (or the diastereomeric
protons for compounds 37 and 87). If the rotation is rapid enough the signals broaden
and begin to coalesce. Peak broadening and coalescence were observed in compounds
25,79-83, and 87, but not in 37 and 84 even at 80 OC. Therefore, dynamic NMR analysis
for the determination of the rate oc and barrier to, rotation was applicable oniy to
compounds 25,7943, and 87 (see Section 2.2.1 for a discussion of dynamic NMR). For
compound 37, low temperature HPLC analysis on an achiral reverse phase column was
used to estimate the barrier to rotation at a particuiar temperature (see discussion below).

In the case of diphyllin (78) and compound 84, the rotational barriers were instead
detemined by using dynarnic subaiticai fluid chromatography (dynamic SubFC) in
collaboration with Wolf et al." (see Section 2.2.2 for the introduction of dynamic
chromatography, and discussion below for the work by Wolfet al.).
The experimental 'H NMR spectra of the compounds which showed peak
broadening and coalescence (Le. 25, 79-83, and 87) were simulated using the computer
program DNMR~"(see Section 2.2.1). Required input parameters for this program were
the chemical shifts (6) of the signals being simulated, coupiing constants among the

nuclei (4, the transverse relaxation t h e (Tt),the popdations of the exchanging species,
and the rate constant for exchange (k). The input panuneters were manually adjusteci

until the skulated spectra visually matched the experimental spectra. As an example, the
observeci and simulateci spectra for compound 87 are given in Figure 4.1, and the input
parameters for DNMIU program are given in Table 4.5 (dynamic N M R spectra and

DNMR3 input parameters of other compounds are given in Appendix 1). In compound
87, slow rotation of the pendent aryl ring gives rise to diasiereomenc atropisomers. At

low temperature the NMR spectnrm of 87 exhibits four separate doublets for the lactyl
methyls, and as the temperature increases, these four doublets slowly collapse and
ultimately form two doublets (although this limit was not reached in the present study).

F i y m 4.1. 'Hdynrimic NMR spectra of lignan analog 87 (lactyl mcthyl region).

Table 45. Exchange Rate Constants (k),Fme Energies of Activation for Eschange (A@,
Chernid S m of Eschange Signab 0,
Coapüng Constants (4,
and Transverse

Relaxation Time T2,as a Function of Tempcrature for Compound 87.
Temp, OK
300

k, S-'
0.0 1

AGr,= kcaifmol
20.3 1

ppm
1.06, 1.01
S,b

J ) Hz
6.8 1

TL$ s
0.20

a Calcuiaed 60m AG'
= RT[23.760 + In(T/k)], where R = 1983 x IO-' kcaVmoVK.
b Chernical shifts for the exchmghg iactyI methyl groups.
C Coupling constants to the neighboring methine hydrogen were constant for both signals.
d ~ransverserelaxation times measured fiom a teference signai.

Having determined the rate constants for rotamer interconversion at various
temperatures, the enthalpies and entropies of activation (Al# and

&,respectively) for

the rotational processes were calculated using the Eyring equation (see Section 2.3 for the
discussion of the evduation of activation parameters). For cornparison purposes, the
energy barrier to rotation (AG'),

rate constants and thereby haif-lives of the individual

rotamers at 23 O C were recalcdated using the values of & and

& obtained for each

interconversion process (see the foiiowing for details). The haif-lives of the rotamers at

23 OC will indicate ifthe individuai rotamers can be isolated at room temperature.
The enthalpies and entropies of activation (&, A$, see Table 4.6) for the
rotational banier in compounds 25, and 79-83, and 87 were determined based on equation

by iterative non-linear least-square adaptation of the exponential plot of k versus T. The
values of & and & obtained were then subniarted into (4.1) to obtaia a set of best
cuve-fit k values at various temperatutes. Both sets of experimental and cuve-fit Ks
were plotted as a fimction of temperature (2)

using the hearized Eyring equation:

+ &IR + In(kjh)

In (Wr) =

to show how mu& the experimental Ks deviate h m the c w e - f i t Ks.

(4.2)

The Eyring plot of

the experimentai exchange rate constants for compound 87 is given in Figure 4.2.

Figure 4.2. Eyring plot of rate constants (k) obtained fkom the analysis of the dynamic

NMR spectra of 87. The circles are data points for experimental k's and the straight h e
is for curve-fitK S.
The free energy of activation AG', and haKiSe r for exchange were calculated for each
moiecde at 23OC fiom equations (4.3) and (4.4), respectively:
AG~=&-T&

and

t = 1/k

where k was calcuiated nom the hdamental Eyring equation:

AU of the thermodynamic and rate parameters are given in Table 4.6?
Table 4.6. Rate and thermodynamic parrunete= for bhdered roîation in aryînaphthrilenes.

corn@

&p
kdmol

asto

caümoVK

AG' uo,
kdmol

~~~c

kdmol

T Bo

sec

a From Eyring plots of exchange rate constants.
b Caiculatcd using AG' = & -TL&.
c From AMI calculations,
d ~ a l u eobtaked fkom ab initio STO-3Gcalculaîion forjusticidin A only.
Value obîained from dynamic SFC a ~ d ~ s i s . ~

The N M R spectra o f cornpoumis 37 and 84 were invariant with temperature,
indicating that the rate of rotation of the pendent aryl group was too slow in these

compounds to measure by dynamic NMR effects. Since compound 37 would exist as a

mixture of d ' e r e o m w s if rotation were slow, an attempt was made to determine the
ratio of the two diastemmers by separahg them by HPLC using an achiral reverse

phase colump Anaiysis at m m temperature gave two poorly rrsolved peaks but

lowering the temperature of the column to 4OC dowed for almost baseline separatioa-

The experimental se*

for the low temperature HPLC sepadon is iliustrated in Figure

4.3. The temperature of the wiumn was maintained at 4 i 2 OC by blowing a steady
Stream of cold air through the insuIator jacket conttaining the HPLC columa and a

thexmorneter.
f

-

Sample Fiow In

Thennometer

Copper Coi1
Ice/~cetone Bath

lnsulaLor

Figure 4.3. Experimental setup for Low temperature HPLC auaiysis of iignan analog 37.
The slower ninning component was collected and a& stotoring at 23 OC for various times
ranging nom O to 86 minutes, was reinjected (see Figure 4.4). In this way a very crude

estimate of the rate constant for retum to the original equilibrium mixture at 23 OC couid

be calculated.

t (min)

Ratio B/A

86

1-01

26

1-07

1s

134

8

1-68

3

270

O

4-60

Figure 4.4. HPLC analysis of the atmpisomeric equilibration of Lignan analog 37 at 23
OC.

The derivation of the equation used for the caldation of the rate constant for a

reaction which approaches an equilibrium is shown as foiIo~s.~' Assuming in the
foiiowing equatiom that B refers to the diastereomer which was coilected using Low

temperature HPLC and aiiowed to retum to the original equilibrium mi-

-

which

contained B itself and the other diastereomet A (see Scheme 4.49).

4

A

k-1

Scheme 4.49

The assumptiom on the concentrations of diastereomers A and B in the above reaction
are given in Table 4.7.

Table 4.7. The concentrations of diastereamers A and B at the begining, at time t, and at
equiiiriiixn of the reacüon shown in Scheme 4.49.

Diastereomer
B
A

at time, t
Bt=Bo-At
At=Bo Bt

InitiaUy
Bo=l
Ao=O

-

at equilibrim
Be=Bo-Ae
Ae=Bo-4

The kinetic e q d o n for the above conversion is

O = kt(B0 - Ac) - k - [(Ac)

At equiiibrium

îherefore

k-i=

kl(B0 - Ac)
Ac

Substitute (4.7) into (4.6) gives

dAf
-- klBo (Ac - At)

dt

Ae

htegration gives

Recall that At = B4 - BI and Ac = Bo - Bc

. Substitue these into (4.8) gives

(Bo - Be)
=(ki+R-i)t
(& - Be)

B
I f B + A = 1 andlet -=x,
A

then
Xe

A=-

As a result, BO= 1, Be = - B I = -

1

xtl

x

and B = l+x

XI

xe+l
xt + 1
1
1
Ao=O, Ac=,At=xe+l
xt+1 '
Be
Bt
xe= XI=Ac
At
Y

and
and

Y

Fiily, substitution of these in (4.9) gives

( X I+ 1)
vs t before the system reaches equilibrium (Figure 4.5) should
(XI- xc)
give a straight line with a slope = (kt + k - 1).

A plot of ln

From equation (4.7), one obtains,

The rate constant k,,which is haif the slope of the bat-fit line shown in Figure 4.5, was
found to be 0.0671 f 0.0053 min-'. This rate constant (k,)at 23 OC was then used as k to
calculate the fiee energy of activation, AG'=.

y

using equation (4.12):

(where R = 1.983 x loo3kcaUmoVK, and T = 296 K). Equation (4.12) is in tum derived
nom the fundamental Eyring equation:

The haElife of diastereomer B was calculated using equation (4.4), r = 1/k The fke
en-

of activation (AG'=*) for the rotation of the pendent aryl group and the haLGlife of

lignan anaiog 37 at 23OC are also given in Table 4.6.

-

Figure 4.5. Plot of equation (4.10), in[(xt + l)/(xt xd] vs t, in order to evaiuate the rate
constant for the atropisomerk equalibration of iignan analog 37 at 23 O C .

Unlike compound 37, diphyllin (78) and ester 84 wouid exist as a mixture of

e~antiomersinstead of diastereomers if rotation about the aryl-naphthalene bond were
slow. Since the barrier to rotation of diphyllin (78) and ester 84 cannot be obtained using
the dynamic NMR technique, samples of these compounds were instead sent to Dr. S.

Maddaford at the University of Calgary for HPLC anaiysis. His attempts to separate

these enantiomers by HPLC on a chiral column at room temperature were uasuccessful.

The poor resolution of these enantiomers by HPLC could either be due to the low
efficiency of the chiral column to arylnaphtbalene compounds, or the stiii rapid
enantiomerization of these compounds at room temperature.
Samples of diphyllin (78) and ester 84 were also sent to Wolf et al. at the
University of Illinois for analysis?

They successfully determineci the energy barrier to

rotation in d i p h y h and ester 84 by dynamic SFC on a chiral polywhek-O stationary
phase (see Section 2.2.2 for discussion of dynamic chromatographie techniques). They
acquired the elution profiles for diphyllin and ester 84 at temperatures ranging fiom -30
to -10 OC,and fiom O to 50 OC, respectively. The elution profiles were then simulated
using a computer program package "Mimesis" using the discontinuous plate model for
the determination of the rate constants for the exchange. The procedure for computer
simulation and determination of rate constants has k e n described in Section 2.2.2. The
rotational energy bamiers for diphyllin and ester 84 found using the dynamic SFC
technique are also given in Table 4.6.
An attempt was made to use molecular orbital methods to determine if

calculations could provide a reiiable indication of the relative barriers to rotation in
arylnaphthalenes. The computer program sPartan4' was used at the AMI level with
geometry optimization to determine the energy difference between the relaxed molecule
and the molecule with the dihedral angle 2-1-1'-2' (for numbering see scheme 4.50) fixed

at 0'. Ail caicdations were peiformed starting with the aryinaphthalene carbon skeleton
in one plane and substituents oriented as shown in Scheme 4.50, coplanar with the

aromatic ring. The computed rotationai energy barriers for 37, 78-84, 87 and 88 are
given in Table 4.6 as Al#caId.

Scheme 4.50

The major conclusion to be drawn fiom the dyoamic NMR, HPLC, and dynamic

SFC measurements is that ail of the arylnaphthalene iignans and analogs studied have a
rotationai barrier too smaii for individual atropisomers to be isolated at room temperature.
The highest barrier was found in compounds 37 and û4 (ca.21.8 kcdmol), both of which

have an ester group at position 2 and a hydrogen at position 8. The average ha-lives of
the individuai rotamers of these compounds was Ca. 16 min (at 23-28 OC). A y-lactone at
carbons 2 and 3 in either orientation seems to present a s m d r banier than an ester group
at position 2, as evidenced by the lower values of AG$=. (16.9 to 18.5 kcai/mol) obtained

for diphyllin (78), justicidin A (79), justicidin B @O), retrojusticidin B (81), helioxanthin
(82), and retroheiioxanthin (83).

The A M I computations are reIativeiy consistent with the experimentai values
fiom the aspect that arylnaphthalenes with an ester at carbon 2 present higher bamers
than those with a y-lactone at carbons 2 and 3 (Scheme 4.51).

For instance, the

~ ~ ~ ~ o ( e x p e r i m e and
n t a lM) ' ~ ~ ( A M ~(see
) Table 4.6) for compounds carrying 2-ester

groups (37, û4, aad 87) are higher than for those carrying a y-Iactone at carbons 2 and 3
(78-83).
Rdaüonal snergy bamer

RR'

Scheme 4.51
The cornputer modeling also indicates that there is a srnalier rotational barrier
when a methylenedioxy ring is attached at positions 7 and 8 than when a hydrogen is
present at position 8 (Scheme 4.52). For instance one can compare compound 87 to 37,
83 to 80, and 82 to 81. The compounds in each pair have very similar structures except

that the nrst compound in a pair has a methylenedioxy substituent at carbons 7 and 8,
whereas the second compound in that pair has a hydrogen at carbon 8. As shown in
Table 4.6, M ' ~ ~ ( A M ~for) 87 and 83 are slightly less than that for 37 and 80,
respectively, whereas that of 82 and 81 are equal. The experimentally derived baniers
also reflect this trend: ~~~~O(experirnental)
for 87 and 83 are slightly less than that of 37
and 80, respectively, whereas ~ ~ ~ ~ ~ ( e x ~ e r i m
fore 82
n t aisl unexpectedly
)
greater than
that of 81. From a consideration of the computational model, it appears that the smaller
rotational barrier in arylnaphthalene ligaaas carrying a methylenedioxy ring at positions 7

and 8 is the result of ring distortion caused by the methylenedioxy ring pulling the 8
substituent away fiom the pendent phenyl ring (Scheme 4.52).

Scheme 4.52

Finally, dihydronaphthalene 88 showed no effects fiom hindered rotation at a i l in
its NMR spectrum at r w m temperature, in contrast to the M y aromatized compound 25.
Notably, the calculated barrier to rotation, & c a I cwas
d (6.1
~kcaürnol
~ l ) ,for 88, the
lowest value among the compoimds studied, which is in agreement with the 'HNMR
spectnim of this compound. It seems reasonable to conclude that hindered rotation will

not be observed in naturai lignans having a 3,bdihydronaphthalene structure. This is

because the single bond at carbons 3 and 4 in the dihydronaphthalene ring ailows more
flexibility and ring distortion (Scheme 4.53). This reduces stenc interactions between the
2 and 8 substituents on the dihydronaphthalene ring and the artho-H's of the pendent
phenyl ring durhg rotation.

Scheme 4.53
Molecular orbital caicdations at the AM1 level are relatively unsophisticated and
it was not surprising that the calculated barriers to rotation, although in the correct
relative order, were fm removed h m the absolute values measured experimentally.

Molecdar orbital caiculations at the ab iniiio Level wodd have been preferred but the
computational t h e required was excessive at that level. For cornparison to the AM1
calcdations, an ab initiu computation at the STO 3G level was perfonned on justicidin A
(79). A d d d ( s ~ O3G) of 17.6 kcaVmol was foimd to be closer to the expaimentally

mea~u~ed
barrier of 18.5 kcaVmol than the value of 13.4 kcdmol obtained h m an AM1
calculation (see Table 4.6). However, the total computational thne required was about
three days! Despite the fact that AM1 calculations are less exact, the calculations do
show that AM1 computations can predict relative barriers to rotation. They should be
wful for calculating relative barriers to rotation in related compounds. In this respect,

we have calculated the barriers in lignan analogs 97 and 98, prostalidin B (99, natural

Li-

a depressant), and compound 100 (a known stable atropisomer) in order to assess

the effect of a methoxy group at the 8 position, as weii as substituents at the 2' and 6'
positions (Scheme 4.54).

-

-

99 (prostalidin B)

100

16.3

292

Scheme 4.54
Comparing the calculated 11.9 kcaVmol barrier for 97 with retrojusticidin B (81) and

helioxanthin (82) in Table 4.6 wodd indicate that the 8-methoxy substituent alone is

insuffiCient to give rise to stable atmpiSomers. However, the simultaneous presence of an

8-methoxy substituent and a 2-ester group. as illustrateci in compound 98, raises the
barrier to 15.7 kcallmol, indicating the significant effect of the Zester group. The
calculated barrier for prostalidin B (99) is higher than any of the calculated barriers Listed
in Table 4.6 and may indicate the possibility that it wiU exist as stable atropisomers at

room temperature. The 29.1 kcaVmol b m k r for 100 is consistent with the fact that it is
known to form stable atropisomers. Apparently, a substituent at 2', 6', or both positions
increases the barrier to rotation more drastidy than substitution at any other positions in
the arylnaphthalene ring. The sigoiscant effect of substituents at these critical positions
on the barrier height was also observed in previous studies (see Section 2.4).

In conclusion, the rotational barriers in aryhaphthalene iignaos diphyllin (78),
justicidin A (79), justicidin B @O), retrojusticidin B (BI), helioxanthin (82), and retro-

helioxanthin (83), as well as the lignan analogs 25, 37, 84, 87 and 88 were found to be
too small for these compounds to exist as isolable atropisomers at room temperature. The
study clearly demonstrated what structurai feahves would be necessary before separable
rotamers of arylnaphthalene lignans could be isolated.
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CONCLUSIONS

The research work discussed in this thesis can be summatized as follows:

(i) A general method has been developed for the preparation of acetylenedicarboxylic

acid esters and applied to the synthesis of both chiral and achiral esters. The bis-(methyl
(3-lactyl), bis-(methyl (R)-mandelyl), and dimenthyl esters, as well as achiral diaryl and
dialky esters, were prepared in overall yields of >65%, using a four step procedure.

Asymmetric Diels-Alder reactions of the bis(methy1 (S)-1-1)

ester with dienes such as

phenylbutadiene, O-QDMs, isobenzofùran, and hexadienol, were investigated.

The

reactions of bis-(methyl (S)-lactyl) ester with dienes without an a-hydroxyl group
afforded stable cycbadducts but, with poor diastereoselectivity.

Reasonable

diastereoselectivity was observed in reactions with a-hydroxy-O-QDMs. Nevertheless,
the cycloadducts tended to be faüly unstable due to their ease of dehydration. The use of
Lewis acids such as EtZAICl,MeAlCl%or BF3'OEt2in one case marginally increased the
diastereoselectivity, while in other cases entirely stopped cycloadduct formation. The
study has s h o w that the acetylenedicarboxylate of methyl (S')-lactate is not a suitable
dienophile for asymmetric synthesis of aryltetralin lignans via Diels-Alder reactions.

(ii) A versatile asymmetric synthesis of B-beayly-butyrolactones, key intermediates in
the synthesis of lignans, has k e n achieved using a six-step procedure, in an overall yield

of >45% fkom 3,4-(methy1enedioxy)cinnamic acid. The key asymmetric step in this
sequence was a highiy diastereoseiective alkylation of an N-acyloxazolidinone enolate.

This simple procedure afEorded the P-benzyl-y-butyrolactonesin >95% optical purity.
These intermediates were used in the synthesis of the benzylidene iignans gossypifan and
savinin, and the dibenzylbutyrolactone Lignan 4'demethylyatein, in good to excellent

yield-

(iii) In view of the successfiil intermolecular oxidative coupling reactions observed in
sinapic acid and esters, a study of intramolecular oxidative coupling teactions of disinapic
acid esters was undertaken. UnfortunateIy, the study has shown that two sinapic acids
linked via ester or anhydride linkage did not readily undergo intramolecular oxidative
coupling. The oxidation reactions of a naturaiiy occurring dibenzylbutyrolactone iignan,
4'-demethylyatein, was studied.

4'-Demethylyatein reacted smoothly with DDQ,

affording am-benzylidenebenzylbutyrolactone and its unstable cis-counterpart, which,

on standing exposed to air, isomerized to the trans-isomer.
demethylyatein

in the

presence of

DDQ oxidation of 4'-

TFA gave an aryltetralin iignan 4'-

demethylisodeoxypodophyllotoxin. The latter procedure provides an alternative route for
the preparation of aryltetralin lignans. In addition, the study has contributed to a better
understanding of the biosynthesis of iignans.

(iv) To test the hypothesis that hindered rotation may give rise to isolable rotational
enantiomers, eleven natural and non-natural arylnaphthaiene and dihydroarylnaphthalene

lignans were s y n t h e d . The hindered rotation about the aryl-naphthalene bond in these
compounds was studied by dynax.uk NMR and low temperature HPLC, and barriers to
rotation were found ranghg h m 16.9 to 21.4 kcallmol. This translatai to haElives

for

individuai atropisomers of less than 15 m i . at room temperature. Ester groups at the 2
position presented a higher barrier than the 23-lactones of either orientation. A 7,8methylenedioxy ring substituent decreased the a@-naphthaiene rotational energy barrier
relative to a hydrogen at the 8 positiom It was also found that AM1 computations with
geometry opthkation provided correct relative barriers to rotation for the above
arylnaphthalene Lignans and should be useful for calculating relative barriers to rotation in
structurally related compounds. The study clearly shows the structurai features required

in aryinaphthalene Iignans for existence of stable atropisomers.

CHAPTER 6
EXPERIMENTAL

Compound numbers in the Experimental section correspond to those used in the
Results and Discussion section, Chapter 4.
'H and "c-NMR spectni were recorded on a Bruker AM-300 FT instrument using
tetramethylsilane as interna1 standard, imless otherwise specified.

IR spectra were

recorded on a Perkin Elmer 881 spectrometer. HRMS/mass spectra were obtained on an
Andytical VG 7070E-HF iashument. Optical rotations were recorded on a Rudolf
Research Corporation Autopol III instrument. Elementai analyses were performed by
Guelph Chemical Laboratones Ltd-, Guelph, Ontario, C a . Melting points were
measured on a hot stage instrument and are uncorrected. Aidrich 28,859-4 silica gel was
used for all chromatography. Preparative thin layer chromatography was carried out on
glass plates precoated with Macherey Nagel-silica gel P m 2 , 81638 (2 mm thickness).

THF was distilled fiom sodium/benzophenone under Nz. A 450 watt Hanovia medium
pressure mercury lamp (1 mm Pyrex nIter) equipped with a cooling jacket was used in
irradiation experiments.
The NMR spectrometer used to perforrn the dynamic NMR studies was the same

as descnbed above. Temperature was calcuiated by making reference to the known
temperature dependent spectra of methanol (at low temperature) and ethylene glycol (at

high temperature) and was accurate to rl OC. Simulation of the experimental dynamic
NMR spectra were penonned using a cornputer program (Marat, K. XSM, copy~&&t

1995) inwrporating DNMIU by Kteiser, D. A.; Binsch, G. D m 3 4 compter progrm

for the calculation of cornplex exchange-broaden NMR specîra* QCPE program 165,
1970.

Methyl (R)-mandelrite

A mixture of (R)-mandelic acid (2.40 g, 15.7 mmol) and conc. H$04 (1.O mL) in

MeOH (25 mL) was heated at reflux for 3 h.

The reaction mixture was cooled,

concentrated under vacuum to remove most of the MeOH, and diluted with CH2CI, (30

mL). The mixture was washed with water (2 x 20 mL), 5% aqueous NaHC03 (3 x 20
d),
and water (1 x 20 mL). The organic phase was dried (MgS04) and concentrated
under vacuum to afYord a colorless oii which solidified on standing (2.35 g, 90%): mp 5455 OC; 'H NMR (CDCL3) 8 3.42 (br s, lH), 3.76 (s, 3H), 5.17 (ci, lH, J = 5.4), 7.34-7.42

(m. SH),data consistent with those reported p r e v i ~ ~ l y . '

Dibromofiimaric acid (6)

A modification of a fiterature procedure was use&

An aqueous solution of KOH

(2 M, Ca. 20 mL) was added to the monopotassium sait of ADA (5.51 g, 36.3 mmol) with

191

stirrhg untii the resulting solution became neutral. Bromhe (6.33 g, 39.6 mmol) was
added to sodium bromide (18.7 g, 0.18 mol) in =ter (80 mL), and this solution was then
added to the neutrd solution of ADA. Water was added to the mixture to give a total
volume of 150 mL. The brown color of the solution discharged after 2 h in the dark at
m m temperature. It was left standing for a f.urther day. The colorless solution was
acidifïed with concentrated HCl to pH 1-2, and extracted with EtOAc (4 x 20 mL). The
organic layer was washed with saturated sodium bisulfite (3 x 20 mL), drkd (MgSO,),

and concentrated under vacuum to give a colorless solid (9.44 g). The product was
recrystallized h m THFheexanes to give colorless needles (8.0 g, 80%): mp 237-238 OC,
identical to that reported previously3; IR (CH2C12) 1697 ( C e ) cm-'; "C NMR
(H20/D20)6 113.1 (2 x C), 168.6 (2 x CO); mass spectrum d z (relative intensity) 276
w ( * ' ~ r ) ,l), 274 (Mc(79~r),2), 272 (l), 186 (4), 184 (6), 182 (3), 151 (16), 149 (17),
106 (95), 104 (100).

The compound was prepared according to On's pocedure.'

Dibromofumaric acid

(6,4.69 g, 17.I mmol), petroleum ether (30 mL), and phosphorus penttachloride (7.1 7 g,
34.4 mmol) were stimd together at rwm temperature mtil the precipitate dissolved (CU.

5 h). The solution was poured onto crushed ice and s t i .for 15 min. The organic layer

was separated, âried (MgSO,), and concenttateci under vacuum to give a pale yeilow

liquid (4.87 g, 92%): IR (CH-

1779 (C-0) cm-'.

NMR (CDC13) 6 114.6 (2 x

13c

C). 162.0 (2 x CO); mass spectnmi d z (relative intensity) 312 (Mç("'~r), 4), 310

(M*(*B~). 5). 277 (24), 275 (36), 257 (IO), 256 (14), 249 (25), 247 (39, 213 (18), 21 1
(111, 184 (17), 133 (98), 131 (100).

HRMS calcd. for C4Br(79)Br(81)C1(35)202

309.7621, found 309.7578.

General procedure for the preparation of dibromofumarates 8 (except for the
dimethyl &ter)
To the alcohol(3.18 mmol) and pyridine (0.255g, 3.22 mmol) in cc14 (20 mL)at
O OC under N2, was added dibromofbaryl chlonde (7, 0.497 g, 1.60 mmol) in CCl, (10

mL),dropwise, over a p e n d of 10 min. The mixture was stirred for 20 min and then at
room temperature for another 40 min- It was washed with water (2 x 20 mL), 5% sodium
bicarbonate (4 x 20 mL), and water (2 x 20 mL). The organic layer was dried (MgSO,)

and concentrated under vacuum,

Dibromofumarate of methyl (a-lactate (8e)

Methyl (S)-lactate (0.33 g, 3.18 mrnol) was macted with dibromofumaryl chloride
(7) as described in the above general p d u r e to S o r d a yeiiow liquid (0.66 g, 93%): [

a12*~
022.4~(c 0.923, CHCI,); IR (CHIC13 1748 cm-'; 'H NMR (CDC13) 6 1-61(cl, 6H,
J = 7.1), 3.79 (s, 6H), 5.27 (q, 2H,J = 7.1);

NMR (CDC13)6 16.7 (2 x CH,), 52.6 (2 x

CH3), 70.8 (2 x CH), 112.7 (2 x C), 161 2 (2 x CO), 169.6 (2 x CO); mass spectrum nJr
'

(relative Uitensity) 367 (15), 365 (15.1), 345 (7),343 (1S), 341 (8), 293 (1S), 291 (15)183 (37), 155 (14), 86 (100). And. d c d . for CI2H,,Br2o8: C, 32.3 1, HP3.16; found: c,
32.43, H, 3.21.
Bis-(4-methoryphenyi) dibmmofumarate (ad)

4-Methoxyphenol(0.39 g, 3.18 mmol) was reacted with dibromofiimaryl chioride
('7) as desmbed in the above generai procedute to aEord a paie yeilow solid (0.75 g,

96%): mp 146-148 OC;IR (CH2C1d 1fOO (C=O)
cm"; 'HNMR (CDC13) 6 3.8 1 (s, 6H),
6.93 (4 4H, J = 9. l), 7.15 (d, 4H, J = 9.1);

13cC(CDC13)6

55.6 (2 x CH3), 113-3 (2

x C), 114.6 (4 x CH), 121.8 (4 x CHJ, 143.4 (2 x C), 157.9 (2 x C), 160.8 (2 x CO); mass

spectnim ni/l (relative intensity) 486 @, 2), 365 (3), 363 (6), 361 (4)- 326 (8), 284 (4),

282 (s), 124 (loo), 123 (48), 109 (95). And. calcd. for CI8HI4Br2O6:
C,44.47, H,2.90;
found: C, 44.47, H, 2.86.
DibromotPmarate of methyl (R)-mandelate (8f)

Methyl (RI-mandelate (0.53 g, 3.18 mmol) was reacted with dibromofumaryl
chloride (7) as describeci in the above general procedure to afford a colorless liquid which

~rystallizedupon sbnding (0.85 g, 93%): mp 6 1-63 OC; [a120D
-103.3O (c 1-462, CHCL);
IR (CHgld 1749, 1751 (C=O) cm"; 'H NMR (CDC13) G 3.77 (S. 6H),6.07

(S.

2H), 7.39-

113.1 (2 x C), 127.6 (4 x CH), 128.9 (4 x CH), 129.6 (2 x CH), 132.5 (2 x C), 161.2 (2 x
CO), 167.9 (2 x CO); mass spectnim nr/t (relative intensity) 407 (S), 405 (4), 403 (2), 189
(14), 150 (31), 149 (100.0) 121 (36), 118 ( 2 3 , 105 (45). Anal. calcd. for W l 8 B r f l S :

(1&2S,SR)-Menthol (0.50 g, 3.18 mmol) was reacted with dibromofiimaryl
chloride (7) as described in the above general procedure to fiord a colorless oil which
c y m d upon standing (0.88 g, 100%): mp 82-85 OC; [a120D -55 (c 0.418, CHCL,); IR
(CH2C12)1732 ( C a ) cm-'; 'H NMR (CDC13) 6 0.79 (d, 6H,J = 6.9), 0.84-0.93 (m, 2H),
0.92 (d, 6% J = 7.1). 0.94 (d, 6H.J = 6.7), 1.1 1 (m, 4H), 1.50 (m, 4H), 1.71 (m, 4H),2.02
(dp, 2H,J = 2-7,7.0), 2.06 (m 2H). 4.84 (dt, 2H, J = 4.4, 10.9);

13c
NMR (CDC13) 6

16.0

(2 x CH3), 20.7 (2 x CH3), 22.0 (2 x CH3), 23.2 (2 x CH& 26.0 (2 x CH), 3 1.4 (2 x CH),
34.1 (2 x CHd,40.2 (2 x CHd,46.9 (2 x CH), 77.8 (2 x CH), 112.0 (2 x C), 161.8 (2 x
Co);

spectnim m/z (~lativeintensity) 395 (OS), 273 (2), 271 (4). 269 (2), 149 (17),

139 (22), 138 (SO), 123 (3l), 95 (94), 81 (85). And. calcd. for CuH3,Br204: C, 52.38, H,
6.96; found: C, 52-54, H, 7.04,

Dimethyl dibromohimarate (Sa)

A mixture of diiromofùmaryl chloride (7,0.425 g, 1.38 mmol) and MeOH (4 mL)
was refluxed under N2 for 2 h. The solvent was evaporated and the precipitate was

dissolved in CH2C12(5 mL), washed with 5% aqueous NaHCO, (3 x 10 mL) and water (2
x 10 mL).

The CH& layer was dried (MgSO,) and concentnited under vacuum to give

a colorless solid (0.393 g, 94%): mp 36-37 OC;IR (CH,CId 1744 (C4)cm-'; 'H NMR

(CDCb) 6 3.91 (S. 6H);l3cNMR (CDC13) S 53.7 (2 x OCH,), 112.7 (2 x C), 162.6 (2 x

C); mass spectnmi m/z (relative intensity) 304 (14), 302 (28), 300 (15), 273 (48). 271
(97),269 (51), 223 (30), 221 (30), 195 (15), 193 (17), 149 (20), 147 (20), 133 (3 S), 131
(35); HRMS caicd. for C 6 w r 2 0 430 1.8612, found 301.8606.

General proceàare for the preparation of acetylenedicarboxylates 1 (not including
the bis-(methyl (R)-mandeiyl) and dimenthyl esters)
Dibromofumarte 8 (1 mmol), dry THF (10 mL) and granular zinc (0.4 g, 6
mmol) were refluxeà uader N2 for 2-5 h depending on the type of ester (Note: the bis-@-

methoxyphenyi) ester required a Eatalytic amount of 13. The granular zinc was fiitered

off and THF evaporated. The brown residue was dissolved in CH2% (5 mL), and

washed with water (4 x 10 mL). The organic phase was dried (iMgS04) and concentrated
under vacuum.

Dimethyl acetyienedicarboxylate (la)

The reaction was complete after 2 h reflux with granular zinc. A colorless iïquid
was obtained (93%): 1H NMR (CDC4) 6 3.85 (s, 6H);

N M R (CDC13) S 53.4 (2 x

13c

CH3), 74.6 (C=C), 152.1 (2 x CO), identicai to that reported previously?
Bis-(methyl (S)-lactyi) ester of ADA (le)

CH, O

The reaction was complete &er 4 h reflux with granula.zinc. A yellow oil which
crystallized upon standing was obtained (95%). The solid was recrystallized fiom

EtOAchexane: mp 78-8 1 OC; [a120D+8.0° (c 0.365, CHC13); IR (CH2Cld 1732, 1760
(C=O) cm" ; 'H N M R (CDC13)8 1.57 (d, 6H,J = 7.l), 3.78 (S. 6H), 5.23 (q, 2H, J = 7.1);
13

C NMR (CDC13) G 16.7 (2 x CH3), 52.7 (2 x CH3), 70.7 (2 x CH), 75.0 (=),

150.8 (2

x C), 169.5 (2 x C); mass spectrum d z (relative htensity) 255 (2), 227 (13), 183 (IOO),

15s (49), '111 (46), 87 (31), 83 (51). 80 (39). A d . d c d . for C12H1408:C, 50.35, H,
4.93; found: C, 50.10, H, 4.95.

~is-(4-rn&hoxyphen~t)acetyIeneàicarboxyiate (Id)

This reaction required a 5 h rcflw with granular zinc and I2 (20 mg). A colorless
oil which crystallued upon standing was obtained (93%): rnp 146-147 OC; 'H NMR
(CDC13) 6 3.81 (s, 6H),6.91 (br 4 4H, J = 9.1), 7.09 (br d, 4H, J = 9 4 , identical to that

p-ously

zported;5

13

C NMR (CDC13) G 55.6 (2 x CH3), 76.0 (=),

114.7 (4 x CH),

121.8 (4 x CH), 143.0 (2 x C), 150.3 (2 x C), 158.0 (2 x CO).

Bis-(methyl (R)-mandelyl) ester of ADA (If)

Bis-(methyl (R)-mandelyl) dibromoharate (Sf,7 1 mg, 0.12 mmol), dry THF (3

mL), and amalgamateci zinc dust (47 mg, 0.72 mmol) were refluxed under N2for 1 h.
The solution was worked up as in the general procedure above to give a pale yeliow
liquid (47 mg, 95%)). The 'HNMR spectrum of the crude product showed the presence

of two by-products ( 3 4 % each). ûne was identifiai as the fumarate of methyl (R)mandelate (9) by cornparison to an authentic sample,' while the other appearrd to be the

maleate ester (see klow)). The fumanite was inseparable fimm mandelyl ester If by
chmatogtaphy. This by-pmduct could be removed by reacting the d

e product (40

mg) with a s m d amount ofbenzocYclobuteno16*10
(11,6 mg) in refluxing toluene (2 mL)
for 30 min, foilowed by chromatography with 10% EtOAdhexanes which aEorded the
pure mandelyl esta 2 (38 mg, 85%):
,1735 (C*)

[(x]'OD

45.6O (c 0.485, CHCl3); I
R (CH2C12) 1761

cm-'; 'H NMR (CDC13) 6 3-75 (s, 6H), 6.03 (s, 2H), 7.39-7.48 (m, 1OH); 13c

N M R (CDC13) 8 53.0 (2 x CH3), 75.1 (CC), 76.2 (2 x CH), 127.7 (4 x CH), 128.9 (4 x
CH), 129.8 (2 x CH), 132.2 (2 x C), 150.6 (2 x CO), 167.6 (2 x CO); mass specnim d z
(relative intedty) 3 5 1 (M-Co-,

l), 189 (6), 159 (IO), 150 (3 l), 149 (24), 118 (66),

105 (BO), 91 (10% 77 (71); Anal. calcd. for &HI8o8: C,64.39, H, 4.42; found: C, 65.38,

H, 4.42.'

mp 73-74 OC; [afoD
-172.7O (c 0.15, CHCI,); IR (CH,Cld 1755, 1763 (CO) cm";
1

(CDC13) 8 3.68 (s, 6H), 5.90 (s, 2H), 6.43 (s, 2H), 7.35 (br s, 10H); "C NMR

(CDCl3) 6 52.6 (2 x CH3), 75.1 (2 x CH), 127.6 (4 x CH), 128.7 (4 x CH), 129.2 (2 x

CH), 129.8 (2 x CH), 133.2 (2 x C), 163.8 (2 x CO), 168.6 (2 x CO); mass spectnun rd'
(reiative intensity) 255 (6),248 (2), 165 (3), 150 @O), 149 (1OO), 121 (42), 105 (3 l), 91
(22), 77 (30). Anal. calcd. for C&mO,~EtOAc: C, 62.39, H, 5.64; found: C, 62.7 1, H,

Dimenthyl acetyIenedicaiboxyhte (le)

--

Dimenthyl dibmmofbmaraie (85 75 mg, 0.13 mmol), &y THF (3 mL), and

amalgamatecl zinc dust (84 mg, 12 8 mmol) were stirred under N, at room temperature for
16 h. The solution was worked up as in the general procedure described above, to give a
colorless solid (46 mg, 92%): mp 131-133 OC;

[a120D

-79.1° (c 0.139, CHC13); IR

(CH2Cld 1726 (C=O)
cm"; 'HNMR (CDC13) 6 0.77 (d, 6H,J = 6.9), 0.91 (d, 6H, J =
7-O), 0.92 (4 6H,J = 6.5), 0.85-0.93 (m, 2K), 1.06 (m,4H), 1.44 (m, 4H), 1.70 (m, 4H),
1-89(dp, 2H, J = 2.6,6.9), 2.03 (m, 2H). 4.84 (dt, 2H, J = 4.4, 10.9);

I3c

NMR (CDCI,) S

16.1 (2 x CH3), 20.7 (2 x CH3), 21.9 (2 x CH,), 23.3 (2 x CHd, 26.1 (2 x CH), 31.5 (2 x

CH), 34.0 (2 x CH& 40.4 (2 x C&), 46.8 (2 x CH), 74.9 (=),

77.7 (2 x CH), 151.6 (2

x C); mass s p e c m rn/s (relative intensity) 139 (24), 138 (49). 129 (16), 123 (30). 95

EtOAc: C, 68.93, H, 9.64; found:
(100). 83 (go), 81 (82). Anai. calcd. for C24H3804*l.5
C,68.95, H, 9.62.

A modified literature procedure was useci.'

n-BuLi (2.0 M, 5.6 mL, 11.2 mmol)

was added dropwise to a suspension of methyltriphenylphosphonium bromide (3.95 g,

11.0 mmol) in ether (30 mL) under N2in an ice bth. The precipitate dissolved and the
solution was stirred for 30 min and then cooled to -78 OC, foliowed by dropwise addition

of trm-cinnamaldehyde (1.39 g, 10.5 m o l ) in ether (10 mL). The mixture was
gradualiy warmed to room temperature and stirred for another 2 h. The colorless
precipitate was fiitered off with the aid of Celite,and the filtrate was concentrated under

vacuum. The residue was redissolved in petroleum ether (10 mL) and eluted through a
short silica gel column, washed with petroleum ether (ca. 20 mL) and the collected
solution concentrated under vacuum to leave a pale yeliow liquid (0.75 g, 55%), which
was used in the next reaction without purification: 'HNMR (CDC13) 6 5.17 (dd, lH, J =
1.5, 10.1), 5.33 (dd, lH, J = 1.5, 16.2), 6.50 (ddd, lH, J = 10.1, 10.4, 16.2), 6.55 (d, lH, J
= 15.8),

6.78 (dd, lH, J = 10.4,15.8), 7.18-7.42 (m, 5H).

A modifieci litcraave procedure was used.'

~emoc~clobutenol'~
(0.105 g, 0.88

mmol) in benzene (10 mL) was concentrated to half of the onginai volume to

azeotropidy remove traces of water present in the benzene- BF3'OEt2was then added
to the above solution under N2 Af€er reflwiag for 30 min, the &on

mixture was

concentrated under vacuum, diluted with CH2C12(10 mt), and washed with 5% aqueous
NaHC03 (3 x 10 mL), water (10 mC) and brine (10 d).
The organic phase was then
dried (MgS04) and concentrated under vacuum to give a yeilow oil (0.142 g, 89%): 'H

NMR (CDC1,) 6 3.08 (dd, 1H,J = 2.7, 13.9), 3.69 (dd, lH, J = 5.6, 13.9), 4.69 (dd, lH, J
= 2.7,5.6),

7.13-7.29 (m, 9H), consistent with that previously reported?

Fumarate of methyl (S')-lactate (31)

CH, 0

A literature procedure was used." A mixture of fiunaryl chloride (7, 2.43 g, 15.9

mmol) and methyl (9-lactate (3.23 g, 31.0 mmol) was heated at 110 OC for 17 h. The
mixture was diluted with EtOAc (25 mL) and washed with 5% aqueous NaHC03 (3 x 20

mL), water (1 x 20 mL), and brhe (1 x 20 mL). The organic phase was dried (MgSO,)
and concentrated to afford a yeiiow oil (7.59 g, 85%) which was used in the next
1

reactions without further pirrification: H NMR (CDC13) S 1S 6 (d, 3H,J = 7.1), 3.77 (s,
6H), 521 (q, 2H, J = 7.1). 6.97 (S. 2H), identical to that reporteci previ~usly.
l1

Cycloaddacb 19 and 20

A mixture of (E)-1-phenyl-1,3-butadiene (14, 0.177 g, 1-36mmol), l e (0.1 18 g,

0.41 mmol), and hydroquinone (2 mg) in xylenes (4 mL) was refluxd under N2 for 6 h.
The resulting solution was nin through a short silica gel column and rinsed with hexanes
to remove xylenes. The product was then eluted with EtOAc and concentrated under
vacuum to give a paie yeilow liquid (0.17 g), containhg rnainly two diastereomers in a
1A.3 ratio, as determined by

1

H NMR ~ ~ e c t r o s c o ~ ~The
. ' ~ product was

chromatographed ushg 25% EtOAdhexanes to give an oil (0.14 g, 82%): IR (CH,Cld
1745 ( C a ) cm-';'H NMR (CDCS, a mixture of two diastereomers) S 1.23 (4 3H, J =
7.0), 1.25 (4 4H,J = 7.0). 1.50 (d, 3H, J = 7.0). 1.53 (d, 4H, J = 7.0), 3.12 (m,2.3H),
3.30 (m, 2.3H), 3.59 (s, 3H), 3.60 (s, 4H), 3.74 (s, 3H), 3.76 (s, 4H), 4.44 (m,2.3H), 4.95
(q, lH, J = 7.0), 5.09 (q, 1.3HyJ = 7.0), 5.20 (q, lH, J = 7.01, 5.23 (q, 1.3H, J = 7.0), 5.80
( m, 4.6H), 7.15-7.30 (m, 1WH); mass spectnun n/t (relative intensity) 414 (M-2H, 2),

3 12 (34), 225 (78), 181 (IOO), 153 (33), 149 (31). HRMS (CIMS, NH$) calcd. for

C22H2408-NH,
434.18 15, f o ~ 434d 1780.

Lewis acid-eibiyzed DieIs-Aider reaction of l e and phenylbatadiene 14
A mixture of phenylbutaàiene 14 (55 mg, 0.43 mmol), l e (15.5 mg, 0.054 mmol),

and MeAICls (1.0 M in hexanes, 0.22 mL, 0.21 mmol) in CH2C12(2 mL) was stined

under N2at m m temperatute for 20 h. The mixture was diluted with CH2C12(10 m.),
(3 x 10 mL), dned (MgS04), and wncentrated to &ord a brown

washed with -ter

residue (60 mg).

1

H NMR spectnun of the cnide product showed the presence of two

diastereomers in a 1:2 ratio, with the chernical shifts identical to that of cycloadducts 19

and 20. The product was chromatographed using 25% EtOAc/hexans to give an oil(17
mg, 75%).

A mixture of diastereomers 19 and 20 (70 mg, 0.17 mmol) was reflwed with

PdK (0.3 g) in xylenes (4 mL) for 10 h. The mixture was nItered through a short
c o h m of dica gel. and rinsed with hexanes to remove xylenes. The product was eluted
with EtOAc and concentrated to leave a pale yeliow oil(65 mg, 92%):

-21.76O (c

0.625, CHC13); IR (CH2Cld 1743 ( C 4 ) cm-'; 'HNMR (CDCI,) 6 1-26 (d, 3H, J = 7.0),
1-61 (4 3H, J J =7.0), 3.62 (s, 3H), 3.76 (s, 3H), 5.25 (q, lH, J = 7.0), 5.33 (q, lH, J =
7.0), 7.37-7.41 (m, SH).7.55 (m, 2H),8.06 (dd, lH, J = 4.8, 7.9);

NMR (CDCS) 6

13c

16-7(CH3), 16.9 (CH3), 52-1 (CH3), 52.3 (CH3), 69.5 (2 x CH), 127.8 (CH), 128.0 (CH),
128.1 (2 x CH), 128.9 (2 x CH), 129.0 (CH), 129.3 (CH), 133.8 (C), 134.5 (CH), 138.9
(C), 141.1 (C), 164.8 (C), 167.2 (C), 170.6 (C), 170.7 (C); mass spectnim d z (relative

intensity) 414 (M+, IO), 311 (47), 2î5 (85), 152 (19), 84 (100). HRMS calcd for

(&&08414.13

14, fowd 414.1293.

Cycloadducts 23 and 24

A mixture of l e (0.10 g, 0.35 mmol) and a-phenylbenzocyclobutene (22) (95 mg,

0.52 m o l ) in toluene (5 mL) was refluxed for 5 h. The solution was concentrated under
vacuum to give an oily residue which was chromatographed using 25% EtOAcIhexanes
to afTord a mixture of two diastereomers (23 and 24, 0.10 g, 62%) h a 1:1.3 ratio, as
detennined by 'H NMR s p e ~ t r o s c o ~ ~I:R' ~( C H & ) 1750 (C=O) cm"; 'H N M R
(CDC13, a mixture of two diastereomers) 6 1-35 (d, 4H, J = 7.0), 1.36 (4 3H, J = 7.0),
1.52 (d, 4H, J = 7.0), 1.57 (d, 3H, J = 7.0), 3.64 (s, 4H), 3.67 (s, 3H), 3.77 (s, 3H), 3.78
(s, 4H), 3.84 (dd, 1.3H, J = 3.4,22.2), 3.85 (dd, IH, J = 3.4,22.2), 4-02 (dd, lH, J = 4.4,
22.2), 4.06 (dd, 1.3H, J=4.4,22.2), 5.06 (q, 1.3H, J = 7.0), 5.18 (m, 2.3H), 5.26 (m due
to overlap of two quartets, 2.3H), 7.13-7.25 (m, 21H); mass spectrurn m/z (relative

intw~ity)464 (M-Ha 6), 362 (19), 275 (30). 231 (54), 202 (32). 119 (66) 116 (63).

HRMS (CIMS, -3

d c d . for c26H2608*N&
484.197 1, f o ~ 484.1937.
d

Phenylnaphthaiene 25

A mixhae of diasterromers 23 and 24 (50 mg, 0.1 1 mmol), and Pd/C (0.30 g) in

xylenes (5 mL) was refluxed for 20 b The work-up procedure for biaryl21 was w d to
give a yeuow oii (45 mg, 90%):

[=l2OD

+13.7O (c 0.54, CHC13); IR (CH2Cld 1744 (C=O)

cm-'; 'HNMR (CDC13) 6 1.21 (d, 3H, J = 7.0), 1.66 (d, 3H, J = 7.0). 3.63 (s, 3H), 3.77 (s,

3H), 5-18 (q, 1H, J = 7.0), 5.39 (q, lHyJ = 7.0), 7.13-7.53 (m, 8H), 8.01 @r d, lH, J =
8-o)98-67 (sy 1H); "C

(CDC13) 6 16.7 (CH,), 17.1 (CH3), 52.1 (CH3), 52.4 (CH3),

69.4 (CH), 69.5 (CH), 124.1 (C), 127.0 (CH), 127.6 (CH), 127.8 (CH), 128.0 (CH),
128-04 (CH),129-1 (CH), 129.3 (CH), 129.9 (C), 130.4 (CH), 130.5 (CH), 131.7 (CH),
132-4(CL 134-3(CI, 136.3 (C), 139.2 (C), 164.9 (C), 167.2 (C), 170.7 (C), 170.9 (C);
miss spectnun d z (relative intensity) 464 (Mf, 37), 361 (41), 275 (IOO), 231 (20), 202

(62); HMRS calcd for Cz&12408464.147 1, f o ~ 464.1
d 499.

To a solution of 2-methylbeayl alcohol(0.335 g, 2.74 mmol) in ether (6 mL) at O
O C

was addeâ, in one portion, a solution of 5% Cr03 in 10% &SOI (4 mL). nie

resuiting dark brown solution was stirreâ vigorously at O OC for 15 min, and then diluted

with ether (10 mL) and -ter

(10 mL). The aqueous layer was discarded. The organic

layer was washed with water (3 x 20 mL), dned (MgS04), and concentrated to give a
volatile yeuow Liquid with a vanilla odour (0.21 g, 65%). The unstable cnide product

was immediately used in the next reaction without fiuther purification:

L~

NMR (80

MHz, CDCL,)6 2.64 (s, 3H),7.23 (d, lH, J = 7.6), 7.33 (m,lH), 7.44 (m,lH),7.75 (4

1H,J = 7.6), 10.24 (s, 1H),consistent with that previously reported."

Cycloadducts 26 and 27,and naphthaïene 28

A solution of le (0.145 g, 0.51 mmol) and 2-methylbenzaldehyde (0.303 g, 2.5

mmol) in benzene (10 mL) in a pyrex test tube was degassed by nitrogen bubbling for 20

min. The degassed mixture was irradiated for 2.5 h using a 450 watt Hanovia medium
pressure mercury lamp (1 mm Pyrex filter) equipped with a pyrex cooling jacket The
solution was concentrated under vacuum, and the resulting crude yeilow product was
chromatographed using 25% EtOAc/hexanes to &ord two f&ly unstable diastereomers

(26 and 27,96 mg, 46%) in a 1 5 ratio, as determined by 'HN M R spectroscopy:'2 IR
(CH&&) 3489 (OH), 1742 (Ce)cm"; 'HNMR (CDCI,, major diastereomer) 6 1.57 (d,

3H,J = 7.1), 1.60 (d, 3H,J = 7.1), 3.69 (dd, lH,J = 4.6, 23.0), 3.99 (dd, lH,J = 3.8,
23.0), 3.78 (s, 3H), 3.81 (s, 3H), 5.29 (q, lH,J = 7.1), 5.45 (q, lH,J = 7.1), 5.72 (t, lH,J
= 4.4),

7.20-7.38(m, 3H), 7.79 (dâ, lH, J = 1.9,6.9); A by-product (81 mg, 39%) which

was determined to be naphthaiene 28 by

'H and I 3 c NMR was also isolated fiom the

chromatography of the crude diastereomers:

[al2*,+24.57" (c 0.46, CHC13); iR (CH2C12)

1746 (c*) cm-'; 'H NMR (CDCI~)6 1-56(cl, 6H,J = 7.1), 3.73 (s, 6H),5.33 (q, 2H, J =
7.1), 7.57 (dd, 2H, J = 3.19, 3-24)),7.88 (dd, 2H, J = 3.24, 3.3), 8.30 (s, 2H); 13cNMR
(CDC13) G 17.0 (2 x CH3), 52.4 (2 x CH3), 69.6 (2 x CH), 127.7 (2 x C), 128.8 (4 x CH),
130.7 (2 x CH), 133.5 (2 x C), 166.5 (2 x C), 171.1 (2 x C); m a s spectrum d z (relative
intemity) 388 (M+,16), 285 (54), 199 (100), 171 (14), 149 (15); HRMS calcd. for
C A 0 0 8388.1 158, f o ~ 388.1
d 150.

Cycloadd.ucts29 and 30

l e (69 mg, 0.24 mmol) and 2-methylbenzophenone (78 mg, 0.40 mmol) were

irradiated in benzene for 2 h as described for cycloadducts 26 and 27. The reaction
mixture was concentrated under vacuum and chromatographed (EtOAchexanes) to give a
mixture of two diastereomers (29 and 30, 95 mg, 82 %) in a 1:2.1 ratio, as shown in the
1

H N M R spectnim:12 IR (CH2Cld 3458 (OH), 1741 ( C e )cm-'; 'H NMR (CDCI,,

mixture of two diastereomers) 6 1.24 ((4 3H, J = 7.0), 1.34 (d, 6.3H, J=7.0), 1.56 (d, 3H,
J=7.0), 1.57(d,6.3H9J=7.O), 3.68 (s,3H). 3.74(s, 6.3H). 3.76(s, 6.3H). 3.79

(S.

3H).

3.85 (4 3.1H, J = 22.6), 4.02 (d, 2.1H. J =22.6), 4.03 (d, lH, J = 22.6), 4.43 (s, 2.1H),
4.69 (s, lH), 5-15(m due to overlap of four quartets, 62H), 7.16-7.59 (m, 27.9H); mass
s p e c m ~ ' (relative
2
intensity) 464 (M-H20, 32), 361 (34), 301 (26), 275 (lOO), 202

(53); HRMS calcd. for &6HZ609'H@ 464.1470. found 464.1442.

A mixture of

diastereomers 29 and 30 (20 mg, 0.04 m o l ) was refluxed with pTsOH (6 mg) in
benzene for 1 h.

The solution was filtered through a short silica gel column, and

concentrated under vacuum to give an oiiy residue (16 mg, 80%), which had an NMR
spectnim identical to that of phenylnaphthalene 25 (see above).

Cycloadduct 32

The fiimamte of methyl (S)-lactate (140 mg, 0.48 mmol) and 2methylbenzophenone (93 mg, 0.47 mmol) were irradiated in benzene for 20 h as
described for cycloadducts 26 and 27, and then concentrated under vacuum. The 'H

NMR spectnim of the crude product showed the presence of predominantly one
diastereomer (> 90% de), and a by-product (ca. 20%) which was identified as the maleate
of methyl-(S')-lactate by comparison to an authentic sample." The cycloadduct and the
maleate were inseparable by chromatography. The latter could be removed by reacting
the crude product (0.233 g) with an excess of benÿo~~clobutenol~~
(O. 15 g) in reflwing

toluene for 5 h, followed by chromatography with 15-25% EtOAchexanes which
fiordeci the pure cycloadduct 3 P (0.10 g, 44%):

[alZoD
+48.a0 (c 0.500,

CHCI,); ïR

(CH2C12)3436 (OH), 1744 (C=O) cmo1;'H NMR (CDC13) 6 1-13(d, 3H, J = 7.0), 1.54
(d, 3H, J = 7.0), 3.15 (dd, IH, J = 12.0, 16.3)) 3.43 (dd, lH, J = 4.3, 16.3), 3.57-3.82

(III,

ZH),3.68 (s, 3H), 3.77 (s, 3H), 420 (s, IH, OH), 4.90 (q, lHyJ = 7.0), 5.12 (q, la J =

(CH3), 32.8 (CH&, 39.3 (CH),52.3 (CH3), 52.6 (CH3), 55.0 (CH), 68.8 (CH), 68.9 (CH),
76.3 (C), 126.2 (2 x CH), 126.6 (CH), 127.0 (CH), 127.6 (2 x CH), 127.7 (CH), 128.1
(CH), 130-2(CH), 133.3 (C), 140.4 (C), 146.6 (C), 1711 (CO), 171-5 (CO), 17I -6 (CO),
174-2(Co);mass spectnim d z (relative intensity) 466 (M-H20, 0.3), 334 (1O), 274 (16),
231 (45-3)- 205 (loo), 202 (57); HRMS calcd. for C&809-H20

466.1628, found

466.1657.

A slightly modined literature procedure was employed.'4 To a constantly stirred

solution of 3,4-dimethoxybellzaldehyde (10 g, 0.06 mol) in glacial AcOH (50 mL) in an
Erlenmeyer flask was added

(6.2 mL, 0.12 mol). A precipitate formed immediately.

M e r stirring for 20 min, the resulting mixture was diluted with water (50 mL), filtered,
and the solid washed with ice cold water to remove al1 of the AcOH/Br2. The precipitate
was dissolved in a boiling 3: 1 M e O w mixture. The bromide crystallized as colorless

flakes fiom the cooled solution and was fïitered and dried under vacuum at 40 OC (13.2 g,
93%): mp 148-150 OC (lit.,'s

mp 148-150); 'HNMR (CDCI,) 6 3.92 (s, 3H). 3.96 (s, 3H),

7.05 (s, lH), 7.42 (s, lH), 10.19 (s, 1H).

Ethykne glycol acetal of 2-brom04,!bdimethorybenlnldebydc (38)

A slightly modified literature procedure was used."

A mixture of 2-bromo4,S-

dimethoxybenzaldehyde (1.32 g, 5.40 mmol), ethylene glycol (0.503 g, 8.1 mmol), and pTsOH'Hfl(81 mg) in benzene (60 mL) was refluxed under N2,using a Dean-Stark trap
to occasionally remove benzene distillate containing water. A clear benzene distillate
was an indication that the reaction was complete. When c a 15 mL of benzene solution

were left in the reaction flask (total of about 3 h reflux), the mixture was cooled to rt and
fiItered through a short column of dry silica gel using 50% EtOAc/hexanes as el-

The

solvent was concentrated under vacuum to afford a light yellow solid which contained
only the acetal, as shown by the 'H NMR spectnun (CCb).

The acetal was very

susceptible to hydrolysis and decomposed in a few hours on being Ieft open to the air. It
was used in the next reaction without M e r purification:

'H NMR (CDCI,) 6 3.87 (s,

6H), 4.004.28 (m, 4H), 6.00 (s, lH), 7.0 1 (s, lH), 7.14 (s, lH), identical to that reported
pre,ously.

'*

Cnide ethylene glycol acetal of 2-bromo4,5-dimethoxybeIlzaldehyde(1 S6 g) in dry THF
(40

mL) under N2was cooled to -78' C, and n-BuLi (2.45 M in hexanes, 2.30 mL, 5.6

mmol) added dropwise over 5 min. The mixture was stirred for another 15 min, followed

by the dropwise addition of 3,4-dimethoxybellzaldehyde (0.85 g, 5.1 1 mmol) in THF (1 0

mL). M e r stimng for 30 min, the solution was graduaily warmed to room temperature
and was stirred for another 2.5 h, followed by the addition of H f l (30 mL). The

resulting mixture was extracted with EtzO (3 x 30 mL), dned (MgS04), and concentrated
to give a colorless solid (1.90 g, 100%) which tumed dark

green upon standing at room

temperature. The unstable product was not further purifred, but was used immediately in

the following Diels-Aider reactions: 'H NMR (CDC13) 6 3.21 (d, lH, OH, J = 3.9), 3.75
(s, 3H), 3.85 (s, 3H),3.87 (s, 3H), 3.90 (s, 3H), 4.004.05 (m, SH), 4.104.18 (m, 2H),
5.91 (s, lH), 6-13 (4

l

y

J = 3.9)s 6-77 (s, lH), 6.83 (4 1H, J = 8-3)s 6-89 (dd, lHyJ =

8.3, 1.7), 6.99 (ci, lH, J = 1.7). 7.14 (s, lH), identical to that previously rep~rted.'~

OCH,
0CH3

modified literahire procedure was d
'
'
l e (0.10 g, 0.35 mmol) and
hydroxyacetal 33 (0.16 g, 0.41 mmol) were dissolved in a minimum amount of

CH2C12(ca.0.5 mL), and then maintained at 95 OC in the presence of glacial AcOH (0.2
mL) for 20 min. The NMR spectnim of the crude product (1 mg in CDC13) showed the
presence of naphth0129 (80 t 5%), and two diastereomers (26 and 27, 20 f 5%). The
remainder of the crude mixture was reacted for auother 20 min_ and then
chromtographed using 2535% EtOAchexanes to give a colorIess solid (0.1 7 g, 80%):
mp 69-72 OC; [alZo,
+27O (c 1.05, CHC13); IR (CH,Cld 3350 (OH). 1739 (Ce)cm-'; 'H

NMR(CDC13) 6 1-01(d, 3H, J=6.9), 1.07 (d, 3H, J = 6.9), 1.57 (d, 3H, J = 7.0), 1.58 (ci,

3H9J = 7.0), 3-65 (d, 6H,J = 4.1 ), 3.73 (d, 6H,J = 2.0), 3.78 (s, 6H), 3.86 (d, 6H,J =
4.1), 3.94 (d, 6H, J = 0.9). 4.05 (s, 6II). 5.16 (dq, 2H, J = 4.8,6.9), 5.40 (dq, 2H, J = 2.5,
7-01, 6-73 (4 2H, J = 5.8). 6.88-6.97 (m, 6H), 7.74 (s, 2H), 12.00 (d, 2H, J = 3.5); "C

NMR (cDcl3) 8 16.2 (cH3), 16.3 (CH3), 16.7 (CH3), 16.7 (CH3), 5 1.9 (2 x 0CH3), 52.3
(2 x oc&), 55.6 (2 x oc&), 55.8 (2 x 0CH3), 55.8 (2 x OCH,), 55.9 (2 x OCH,), 69.2

@CH), 69.2 @CH), 70.0 (2 x OCH), 100.5 (2 x C), 102.7 (2 x CH), 105.7 (2 x CH),
110.5 (CH), 110.6 (CH), 114.2 (CH), 114.25 (CH), 119.8 (2 x C), 123.3 (CH), 123.4

(CH), 127-4(2 X CI, 128.3 (C), 128-4(C), 129.0 (C), 129.4 (C), 132.3 (2 x C), 148.2 (C),

148.2 (C),148.4 (C), 148.5 (C), 149.7 (2 x C), 152.4 (2 x C), 159.4 (C), 159.5 (C), 167.2
(CO), 167.3 (CO), 168.8 (CO), 168.9 (CO), 170.0 (2 x CO), 170.3 (2 x CO); mass
spectnim d z (relative intensity) 600 (M+, 1l), 496 (17), 410 (LOO), 84 (14); HRMS

calcd. for C30H320 600.1 842, found 600.1 847.

Cycloadducts 39 and 40

A mumire of le (70 mg, 0.24 mmol), 2,4-hexadiene-1-ol(18,O.118 g, 1.2 mmol),
and hydroquinone (5 mg, 0.04 mmol) in xylenes (5 mL) was heated at reflux for 15 h.

The mixture was absorbed onto a shoa column of siiica gel and rinsed with hexanes to
remove xylenes. The product was eluted with EtOAc, concentrated under vacuum, and
chromatographed (1:2 EtOAchexanes) to S o r d a mixture of two diastereomers (39 and
40,79 mg, 86%) in a 1:1.3 ratio, as detefmined by 'H N M R ~ ~ e c t r o s c oIR
~ ~(CH2C13
:'~
1749,1755 (C=O) cm-'; 'HNMR (CDC13) 6 1.31 (d, 2 - 3 8J = 7.0), 1.32 (4 3H, J = 7.0),
1.51 (d, 2-3K J = 7.0), 1.52 (d, 3H, J = 7.0), 1.53 (d, 5.3HYJ = 7.0), 1.77 (br s, lH), 2.37
(br s, 0-SH), 3.21-3.47 (m, 1*8H),3.47-3.44 (m, 1.8H), 3.64 -3.77 (m,2H),3.75, (s, 3H),

3.755 (sy 3H), 3.760 (s, 2.3H), 3.765 (s, 2.3H), 3.83-3.90 (m, 1.5H), 5.16-5.33 (m due to
overlap of four quarte&, 3.5H), 5.65-5.74 (m, 1.8H), 5.88 (br dd, 1 - 8 8J = 4.2,9.8); mass
S p e C m d ' z (rela*

htemity) 353 w-ocH3,0.3). 339 (3). 28 1 ('7). 250 (16), 235 (8 l),

177 (561, 163 (26); HRMs calcd. for C17H2108
(M-0CH3) 353.1236, found 353.1226.

A mixture of diasteteomets 39 and 40 (40 mg, 0.1 mmol) and Pd/C (10 mg) in

xylenes (2 mL) was heated at reflux for 20 h. The reaction mixture was worked up as
describedfor cycloadducts 39 and 40 to afford a light yellow solid (26 mg, 90%) after
chromatography (15033% EtOAclhexanes): mp 93-96 OC; IR (CH,Cld 1756,1775, 1783
(C=O) cm-'; 'HNMR (CDC13) 6 1.62 (4 3H, J = 7.1), 2.53

(S.

3H), 3.81 (s, 3H), 5.28 (s,

2H),5-50 (q, lHyJ = 7.1)s 7-44 (d, lH, J = 7.9), 7.55 (4 lH, J = 7.9);

13cN M R (CDC13)

6 16.8 (CH3), 18.5 (CH3), 52.4 (CH3), 69.2 (CHa, 69.8 (CH), 122.9 (C), 123.1 (CH),

130.7 (C), 136.2 (CH), 137.0 (C), 144.2 (C), 165.8 (C), 168.7 (C), 171.0 (C); mass
s p e c m m h (relative intensity) 278 (MC, 2), 219 (l), 191 (I), 175 (lOO), 129 (14);

HRMS d c d . for C14H1406
278.0790, f o ~ n d
278.078 1.

3,4-(Methylenedioxy)cinnamic acid (48)

A fiterature procedure was employed.'8 A mixture of piperonal (2.51 g, 16.7

mmd), malonic acid (3.77 g, 36.2 mmol), piperidine (0.5 mL), and pyridine (15 mi,)was
heated at 100 OC for an hou, then at vigorous reflux for 20 min. It was cooled to room

temperature and poured ont0 ice coneaining 5% aqueous HCl (15 mL). The resuiting

colorless precipitate was nItered, washed with water (3 x 5&nL), and dned under

vacuum for about 5 h. It was recrystailized h m AcOH to give a colorless solid (2.52 g,
78%): mp 242-243 OC; L~ NMR (DMSO-ds)6 6.07 (s, 2H),6.38 (4 1H,J = 15.9), 6.94
(d, 1H,J= 8.0), 7.15 (dd, lH, J = 8.0, 1.6), 7.36

(4 LH, J = 1.6),

7.50 (d, lH, J = 15.9).

AL1 data are identical to those previously reportedg

3,4(MethyIenediory)dihydmcinnamic acid (49)

3,4-(Methy1enedioxy)cinnamic acid (48, 1-86 g, 9.69 mrnol) was dissolved in

DMF (ca. 25 mL) and stirred with Pd/C (0.2 g) under H2 (1 atm) for 24 h.

The

suspension was filtered through Celite, rinsing with water and EtOAc. The organic
solution was separated, and the aqueous solution extracted with EtOAc (3 x 15 mL). The
organic solutions were combined, washed with water (5 x 20 mL) to remove residual

DMF, dried (MgS04), and concentrated under vacuum to a o r d a colorless crystalline
solid (1.88 g, 100%): mp 82-84 OC; IR ( C H & ) 3085 (COOH), 1711 (C=O) cmi; 'H

NMR (CDCI,) 6 2.64 (t, 2H, J = 7.9, 2.88 (t, 2H, J = 7.9, 5.92 (s, 2H), 6.63-6.74 (m,
3H); "C NMR (CDCl,) G 30.3 (CH& 35.9 (CH3,100.8 (CH& 108.3 (CH), 108.7 (CH),

121.1 (CH), 133.9 (C), 146.0 (C), 147.6 (C), 179.1 (C); mass spectrum

M/Z

(relative

intensity) 194 (MC, 32), 176 (3), 149 (7), 135 (100); HRMS calcd. for CI&1004
194-0579,f o n d 194.0570.

General procedure for the prepiriaon of N-aqlouzoiidiiiones 51 and 52
A - modifieci literature procedure was

d

l

9

To a solution of 3,4-

(methy1enedioxy)dihydroc~cacid (49,0.50 g, 2.53 mmol) in THF (6 mL)under N2
at -70 OC was added successively dropwise Et3N (0.41

mL, 2.9 mmol) and pivaloyl

chloride (0.32 mL, 2.6 mmol). The mixture was gradualiy warmed to O OC, stirred for an

hou, and then recooled to -70 OC. n-BuLi (1.1 mL, 2.45 M in hexane, 2.6 mrnol) was
added âropwise to a solution of the (4R)-benzyl (S6a) or (4S)-isopropyl-2-oxaz01idinone

(Sb) (2.53 mmol) in THF (15 mL) under N2at -70 OC. The resulting lithium salt was
added âropwise to the above dihydrocinnamic acid mixture via a double-tipped needle at
-70 OC over a period of 15 min. The resulting mixture was stirred for an hour, and then

warmed pduaily to O OC. After stirring at O OC for 35 min, sanirated aqueous NH&1(2

mL) was added. The solution was concentrated under vacuum to remove most of the

THF. Water (10 mL)was added and the solution was extracted with EtOAc (4 x 10 mL),
dried (MgSO,,), and evaporated.

N-acyloxazolidinone51

Reacing dihydrocinnamïc acid 49 and (4R)-benzyl-2-oxazohdinone (56a) as
described above gave an oïl (0.89 g) which slowly crystallized. RecrystaUization fiom
EtOAdhexaues gave colorless crystals (0.78 g, 88%): mp 68-70 OC;

-48.3O (c

0.30. CHCI,); IR (CH2Cld 1783 and 1702 ( C e ) cm"; 'H NMR (CDCI,) S 2.76 (dd, IH,

J = 9.5, 13.4), 2.91-2.96 (m, 2H), 3.13-3.32

(a3H), 4.15-4.19 (m,2H), 4.66 (m,

lH),

5.91 (s, 2H), 6.71-6.76 (m, 3H), 7.17 (dd, 2H, J = 8.0, 1.7), 7.25-7.32 (m, 3H); "C NMR
(cDC13) 8 30.0 (CHd, 37.4 (CHd. 37.8 (CHd, 55.1 (CH), 66.2 (CHd, 100.8 (CHd,
108.2 (CH), 109.0 (CH), 121-3 (CH), 127.3 (CH), 128.9 (2 x CH), 129.4 (2 x CH), 134.2

(cl,135-2 (C), 145.9 (C), 147.6 (C). 153.4 (C), 172.3 (C); mass spectrum m/z (relative
inteety) 353 (MC, 40.5), 309 (4), 219 (S), 176 (34), 148 (82), 135 (100); HRMS d c d .

for C20H1tjOSN353.1263, found 353.1263.
N-acyloxazolidinone 52

Reacting dihydrocinaamic acid 49 and (49-isopropyl-2-oxazolidinone(Sb) as

described above gave an oil. This was chromatographed with 20% EtOAchexanes to
afSord a light yellow oil(0.65 g, 84%): [al2*,+60.6O (c 0.98, CHCI& IR (CH2Cld 1786

and 1708 (C=O) cm-'; 'HNMR (CDCl,) 6 0.84 (d, 3H, J = 7.0), 0.90 (d, 3 8 J = 7.0),
2.35 (heptet, 1H,J = 3 .%7-O), 2-90 (m,

1H). 5.91 (S. 2H), 6684.74 (Q 321);

ZH), 3.10-3.33 (m, 2H). 4.22 (m, 2H), 4.42 (m,

I3cNMR (CDC13) 6 14.6 (CH3), 17.9 (CH3), 28.4

(CH), 30.2 (CH& 37.4 (CH39 58-4 (CH), 63.4 (CH& 100.8 (CHd, 108.2 (CH), 109.0

(CH),121.3 (CH),134.2 (C), 145.9 (C). 147.6 (C), 154.0 (C), 172.3 (C); mass spectnun
(elative intemity) 305 (MI9), 180 (13). 179 (25), 178 (1 7), 1 76 (1 3). 149 (1 3), 148
(29)s 135 (27);HRMS d c d . for c1&1905N305.1263, f o u d 305.1269.

General procedure for alkylation of N-acyloxazotidinones 51 and 52 with f-butyl

bromoacetate
A modification of a literature procedure was employed'g NaHMDS (2.10 mL,
1.O M in THF, 2.10 mmol) was added dropwise to a solution of the N-acyloxazolidinone

(2.0 m o l ) in THF (15 mL) under N2at -73 OC, over a perïod of 10 min. M e r stirring at
-73 OC for an hour, t-butyl bromoacetate (0.92 mL,6.30 m o l ) was added dropwise. The

mixture was stirred for 2 h before king quenched with saturated aqueous W C 1 (4 mL).
It was concentrated under vacuum to remove most of the THF, and then diluted with
EtOAc (15 mL) and water (10 mL). The organic layer was separated and the aqueous
layer extracted with EtOAc (3x10 mL). The organic solutions were combined, washed
with saturated aqueous W C 1 (15 mL), 5% aqueous NaHC03 (15 mL) and brine (15

mL), dried (MgSO,), and concentrated to e o r d a liquid which crystallized when
triturated with hexane. The hexaue washings were concentrated and chromatographed

using hexaned2-propanol(15: 1) to give more product. The colorless solid was combined
and recrystallized (see below).

Alkylated product 53

N-acyloxazolidinone 51 (0.706 g, 2.0 mmol) was alkylated as above to give a
colorless solid which was fiuther recrystallizsd fiom MeOH (0.72 g, 77%): mp 138-139

(CDCl,) 6 1.40 (s, 9H), 2.36 (dd, 1H, J=4.1, 16.9), 2.51 (dd, 1 9 J = 9.3, 13.2), 2.75 (dd,
lH, J = 9.9, 13.4), 2.80 (dd, lH, J = 10.9, 17.0), 2.97 (dd, lH, J = 5.7, 13.2), 3.32 (dd,
lH), 5.91 (s, 2H), 6.67-6.79
lH, J = 3.2, 13.6),4.03-4.15 (IU,2H), 4.39 (m, lH), 4.60 (III,

(W3H), 7.25-7.36 (m, 5H); 13cNMR (CDC13) 6 28.1 (3 x CH3), 36.5 (CHa, 37.6 (CHd,
37.8 (CHa, 41-6 (Cm, 55.5 (CH), 66.0 (CH& 80.8 (C), 100.9 (CHd, 108.1 (CH), 109.6
(CH), 122.2 (CH), 127.2 (CH), 128.9 (2 x CH), 129.5 (2 x CH), 131.7 (C), 135.6 (C),
146.3 (C), 147.6 (C), 153.0 (C), 1712 (C), 175.2 (C); mass spectrum m/z (relative
intemity) 467 (M+, 1), 411 (9,234 (25), 192 (16), 135 (lOO), 92 (90); HRMS calcd. for
C2&07N 467.1 944, found 467-1924.
Alkylated product 54

N-acyloxazolidinone 52 (0.610 g, 2.0 mmol) was alkylated as above to give a
colorless solid which was M e r recrystallized fiom EtOAchexanes (0.67 g, 80%): mp
123-124 OC; [a120D +92.4' (c 0.37, CHCL3); IR (CH2C1a 1779 and 1723 ( C a ) cm-'; 'H

NMR (CDCl,)
=

8 0.90 (d, 3H,J = 6.8), 0.93 (d, 3H, J = 6.8), 1.39 (s, 9H), 2.32 (dd, lH, J

4.3, 16.8), 2.34 (m, l m , 2.47 (dd, 1H,J = 9.3, 13.2), 2.74 (dd, lH, J = 10.5, 16.8),

2-94 (dd, 1H, J = 5.8, 13.2),4.15 (m, ZH), 4.36 (m, 2H), 5.96 (s, 2H),6.67 (dd, lH, J =
1.5, 7.9), 6.72 (d, lH, J = 7.9), 6.78 (d, lH, J = 1.5); "C NMR (CDCI,) 6 14.7 (CH,),
18.0 (CH,), 28.0 (3 x CH3), 28.3 (CH), 36.6 (CH& 37.6 (CH& 41.5 (CH), 58.8 (CH),
63.2 (CH&, 80.6 (C), 100.8 (CHa, 108.1 (CH), 109.6 (CH), 122.2 (CH), 131.9 (C), 146.2

(cl, 147.6 (Cl,

153.5 (C),171-1 (C), 175.1 (C); mass spectnun mls (relative intensity)

419 (M*, 3), 363 (36). 346 (9),304 (S), 303 (6), 234 (17), 206 (19). 175 (20), 149 (14)135 (100); HRMS calcd for CuH290,N 4l9.1944, found 419.1951.

Generai proeeàiue for the preparation of f3-beql-y-butyrohtones 47

A modification of a literature procedure was used?'

The alkylated pmduct (53 or

54, 1.40 mmol) was dissolved in THF (20 mC), and water added (7.0 mL). The solution
was cooled to ice temperature, followed by addition of H202
(0.66 mL, 30% in HzO,5.8

mmol) and LiOH'HD powder (0.12 g, 2.8 mmol). The resulting mixture was stirred at O-

5 OC for 1.5 h, then at rt for 3 h. After recooling to O OC, saturated aqueous NaHS03 (2

mL), cold water (50 mL), and 2% aqueous HCL (2 mL) were added The solution was
carefully kept at O OC during the additions to prevent hydrolysis of the t-butyl ester. The
resulting mixture was extracted with EtOAc (4 x 25 mL). The organic solutions were
combined, washed with water (20 mL) and brine (20 mL), dried (MgS04), and
evaporated to give a liquid which was used in the following reaction without fiirther
purification. The crude liquid was redissolved in THF (25 mL) and cooled to O OC.

BHJHF (1-68 mL, 1.OM in THF, 1.68 mmol) was added dropwise to the acid solution
over a period of 10 min. The resulting mixture was stirred at O OC for 1 h, then at rt for 4

h. It was recooled to O OC, MeOH (0.5 mL) added dropwise to destroy excess BH37'HF,
followed by cold water (10

mL) and 2%

aqueous HCI (5 mL). The mixture was

concentrated unda vacuum to remove most of the THF. The remaining solution was
extracted with EtOAc (3 x 15 mL). The combined EtOAc solution was washed with

water (20 mL) and brine (20 mL), dried (MgS04), and concentrated to afEord a light
brown Liquid The crude product was redissolved in CH&

(4 mL), cooled to O OC, and

mA (4 mL)added dropwise. The mixture was stirred for 1 h at ice temperature, 3 h at rt

foliowed by concentration under vacuum with several coevaporations with benznie to

remove all of the TFA. The d t i n g brown liquid was chromatographed with 20933%
EtOAc/hexanes.

Alkylated product 53 (0.65 g, 1.4 mmol) was hydrolyzed, reduced, and lactonized

as described in the above general procedure to give, after chromatography, a light yellow

liquid (0.21 5 g, 70% h m 53):

[alzo,- 4 8 O

(c 0.50, CHC1,)':,til(

[ar120D -4.78O

(C

1-14,

CHCS); 'HNMR (CDC13) 6 2.28 (dd, lHyJ = 6.9, 17.4), 2.60 (dd, lH, J = 8.0, 17-4),
2.66-2.71 (m,ZH), 2.78 (m, 1H)y 4.02 (dd, lH, J = 6.1,9.2), 4.32 (dd, lH, J = 6.9, 9.2),
5-94 (s, 2H), 6-59 (d& lHyJ = 1.6, 7.8), 6.63 (dy 1H, J = 1.6), 6.75 (dy lHyJ = 7.8);

HRMS calcd. for CI2HI2O4220.0736, found U0.0738. Spectral &ta were consistent
with those published previously?l

Allcylated product 54 (0.586 g, 1.4 mmol) was treated as above to H o r d a light yeliow

0.87, CHCI,); spectroscopie daia were identical to that obtained from 47a.

General procedure for prepamtïon of benzyiidenebenzylbutyrolactones59a and 59b
To a solution of

A modified literature procedure was employed?

benzylbutyrolactone 47a or 47b (61 mg, 0.28 m o l ) in THF (1 mL) under N2at -70

O
C

was added NaHMDS (0.33 mL, 1.0 M in THF, 0.33 mmol) over a period of 5 min. The

solution was stirred at -70 O C for 1s min, then at -20 OC (CC14/dry ice) for 15 min to

ensure complete deprotonation. The color of the solution changed from light yellow to

intense bright yellow.

The mixture was recooled to -70

O C

and a solution of a

b e d d e h y d e (3,4-dimethoxybeddehyde for 595 3,4-(methy1enedioxy)benzaldehyde
for 59b) (0.28 mmol) in THF (1 mL) was added dropwise. M e r stirring at -70 OC for 1.3

ha-

.

.

of AQO (78 pi,, 0.83 mmol), Et3N (0.16 mL, 1.14 mmol), and DMAP (6

mg, 0.049 mmol) in THF (1 mL) was added dropwise to the reaction mumire. The

resulting thick mixture was warmed to rt and stirred for 1.5 h before water (1 mi,)was
added. The solution was concentrated to remove most of the THF, diiuted with water (5

mL) and 2% aqueous HCl(2 mL), and then extracted with CH2C12(3 x 10 mL). The
combined CH2C12phases were washed with 2% aqueous HCI (3 x 5 mi.), 5% aqueous

N d C o 3 (2 x 5 mL) and brine (10 mL), dried (MgS04) and concentrated under vacuum
to give a foamy residue. The cnde product was redissolved in toluene (3 mL), DBU (90
pL, 0.61 mmol) added, and the solution heated to 80 OC. After 1.5 h the mumire was

diluted with EtOAc (10 mL), washed successively with 2% aqueous HCl (2 x 5 mL),
water (2 x 10 mL)and brine (15 mL), dried (MgS04),and evaporated to a o r d a yellow

residue which crystallized on standing under vacuum.
Gossypifan (59a)

Benzylbutyrolactone 47a (0.61 g, 0.28 mmol) was acylated with 3 , 4
dimethoxybeddehyde (46 mg, 0.28 mmol), acetylated and treated with DBU as
described above. The crude product was chromatographed with EtOAc/Hexanes (1 :2) to
&ord a light yellow solid (95 mg, 92%): mp 143-146 OC (lit..
79.1° (c 0.1 10, CHC13) (lit.)

[a120D
82.4O

145-146 OC); [alzoD

(c 0.875, CHCS)); 'HNMR (CDC13) 6 2.61

(dd, iH, J = 10.2, 14.4). 3.04 (dd, 12/ J = 4.3, 14.4), 3.82 (m, 1H). 3.91 (s, 3J3, 3.94 (s,
3H). 4.26 (m, 2H), 5.93 (AB, 2H, A6 = 1.93, J = l.4), 6.62 (dd, lH, J = 1.7, 7.8), 6.65 (d,
lH, J = 1.7), 6.73 (d, lH,J = 7.8). 6.94 (d, lH, J = 8.4), 7.05 (d, lH, J = 2.0), 7.23 (dd,

lH, J = 2.0, 8.4), 7.53 (d, lH, J = 1.8); HRMS caicd. for %,HA 368.1260, found
368.1237. Spectrai &ta were consistent with those pubîished p n v i ~ ~ ~ Y . u

Benzylbutyrolactone 47b (0.61 g, 0.28 mmol) was acylated with 39-

(methylenedi0xy)benzaidehyde (42 mg, 0.28 mrnol), acetylated and treated with DBU as
described above. The yellow residue crystallized upon standing under vacuum and was

recrystallized fiom EtOHKHC13 to afEord colorless crystals (89 mg, 90%): mp 139-142

(C

1.0, CHCI&; 'HN M R (CDC13) S 2.58 (dd, 1H, J = 10.0, 14.2), 2.98 (dd, lH, J = 4.5,

14.0), 3.73 (m, lH), 4.24 (AB, lHyAS = 11.8, J = 9.3), 4.26 (s, IH), 5.93 (AB,2H,AS =
2.7, J = 0.2), 6.04 (s, 2H), 6.63 (dd, lH, J = 1.6, 7.8), 6.66 (d, lH, J = 1.Q, 6.73 (d, lH, J
=7-8), 6-88(d, 1Hy J = 8-1), 7-04(4 lHyJ = 1.6)s 7.07 (dd, lH, J = 1.6,8-1), 7.50 (d, lHy
J = 1.8); HRMS calcd. for ~ O H L 6 352.0947,
06
found 352.0937. Spectral data were

consistent with those published previ~~ly.25

B e n y l ester of 4-O-(benyï)syringic acid

A mixture of syringic acid (3.12 g, 15.7 mmol), benzyl bromide (5.6 mL, 47

mmol), and dry &Co3 (1 1 g, 78 mmol) in acetone (80 mL)was refiuxed under Nzfor 24
h. The resulting suspension was cwled to rt, concentrated under vacuum, diluted with

water (100 mL), and extracted with C W l 2 (4 x 20 mL). The organic solution was dried
(MgSO,), concentrated, and chmatographed with hexanes and 6% EtOAc/hexanes to

remove beoyl bromide. The product was eluted with EtOAc and concentrated to Leave a
colorless solid (5.70 g, 95%): mp 64-65 OC;
(CDC13) 8 3.85 (s, 6H).5-08(s, 2H), 5.35

(S.

[R ( C H & )

1714 (C=O) cm*'; 'HNMR

ZH), 72707.48 (ml, 2H);

13c
NMR (CDCL,)

6 56.2 (2 x Ch),66.8 (CHd, 74.9 (CHd, 107.0 (2 x CH), 125.2 (C),127.9 (CH), 128.1,
(2 x CH), 128.16(2 x CH), 128.2 (CH), 128.4 (2 x CH), 128.6 (2 x CH) 136.1 (C), 137.3
(c), 141.1 (C),153.2 (2 x C), 166.1 (C); mass spectnun m/z (relative intensity) 378 (MI
41, 287 (61, 181 (6). 149 (7), 105 (Il). 91 (100); HRMS d c d . for CaHUOS 378.1467,

found 378.1463.

MD-(Ben@)syFingyl bromide (60)

To a solution of the benzyl ester of CO-(benzy1)syringic acid (0.919 g, 2.43
mmol) in THF (10 mL) under N2at ice temperature was carefiilly added LiEt,BH (7.0

mL. 0.8 M in THF. mmol). The resulting mixture was stirred for 2 h and then 10%
aqueous HCl(l5 mL) was slowly added. The solution was concentrated under vacuum,
diluted with water (10 mL),and extracted with CH2C12(3 x 20 mL). The organic layer
was washed successively with 5% aqueous HCI (3 x 20 mL), 5% aqueous NaHC03 (2 x

20 mL), and brine (20 mL). It was then dried (MgS04) and concentrated to a o r d an oil.
The crude product (0.893 g) was redissolved in anhydrous ether (10 mt), followed by
addition of pyridine (0.6 rnL) and PBr3 (0.55 mL, 5.79 rnmol). The resulting colorless
suspension was stirred for 2.5 h before filtering through Celite. The filtrate was diluted
with CH2C12(IO mL). washed with 3% aqueous HCI (3 x 20 mL), water (2 x 20 mL) and

brhe (25 mL), dried (MgSO,),

concentrated, and chromatographed (645%

EtOAJbexanes) to give a colorless liquid (0.53 g, 65%) which slowly solidified on

standing: mp 53-55 OC

40-42 OC);IR (CH&)

1593, 1503, 1461, 1336, 1130 (vs)

cm-'; 'HNMR (CDC13) 6 3.82 (S. 6H),4-45 (s, ZH),4.99 (s, ZH), 6.60 (s, 2H),7.25-7.35

(m 3H). 7-48 ((dd W. J = 8.1, 1.7); "C NMR (CDC13)34.3 (CHd, 56.1 (2 x CH3). 75.0
(CH& 106.2 (2 x CH). 127.8 (CH), 128.1 (2 x CH). 128.4 (2 x CH), 133.2 (C), 137.1 (C),
137.7 (C), 153.5 (2 x C); mass spectnim m/z (relative intensity) 338 (W(*'B~),
0.1). 336

(Id('%OJ),
), 148 (22), 136 (12). 91 (100); HRMS calcd for Cl&,03Br(79)
336.0361, found 336.0333.

Benzylbutyrolactone 47b (86 mg, 0.39 mmol) in THF (1.5 mL) under NÎ was
cooled to -72 OC. NaHMDS (0.45 mL, 1.0 M in THF, 0.45 mmol) was then added
dropwise over a period of 10 min. The mixture was stirred at that temperature for 15

min, then at -20 OC (CC14/dry ice) for 25 min. It was recooled to -72 OC and a solution of
syringyl bromide 60 (0.135 g, 0.40 mmol) in THF (2 mt) was added. After stirring at

-

72 OC for 5 h, the reaction mixture was quenched with 5% aqueous M 4 C l (1 mL). The

mixture was concentrateci, diluted with 2% aqueous HCl (10 mL), and extracted with
CH2C12(3 x 7 mL). The organic fiactions were combineci, washed with water (10 mi,)

and brine (10 mL), dried (MgS04), and concentnited to a o r d an oil(0.20 g). The cmde
product was redissolved in EtOAc and stirred with PdK (40 mg) under H2ovemight.
The suspension was fïitered through Celite and the filtrate was wncentrated and
chn,xnatoè(raphed (50% EtOAdhexanes) to afZord an oil(93 mg, 62%):
0225, CH2Cld (lit.,"

[a120D -2S0

[a120D025.8~
(C

(c 0.32, CH2C12)); 'HNMR (CDC13) 6 2.43-2.64 (m.

4H), 2.90 (dd, 2H,J = 1.4, 5.6). 3.86 (s, 6H). 3.87 (m, lH), 4.15 (dâ, lH, J = 7.0, 9.2),

5.43 (br s, lH), 5.93 (AB. 2H, A8 = 2.7, J = 1.3). 6.36 (S. 2H), 6.46 (m, 2H). 6.69 (dd,
lH, J = 1-6, 6.8); HRMS caicd. for &,H&

386.1366, found 386.1372. Spectral data

were consistent with those pubiished p ~ ~ ~ l y ?

4 - 0 ~ D M S ) s i n a p i cacid 65

Et3N (0.17 mL, 1.2 mmol) was added to a suspension of sinapic acid (0.107 g,
0.48 m o l ) in CHSl2 (20 mL), under N2 at O OC. The precipitate dissolved. TBDMSTf

(0.25 mL, 1.O8 mmol) was then added dropwise over a period of 10 min. The color of the
reaction mixture changed fiom green to red to brown on complete addition of TBDMSTf.
M e r st-g

for 15 min, water (10 mL)was added. The organic phase was separated and

the aqueous phase washed with CH2C12 (2 x 10 mL). The organic solutions were
combined, dried (MgS04), and concentrated under vacuum to afTord a brown solid which
was redissolved in acetone (20 mL), and aqueous K2C03(10 mL, 0.2 M, 2 mmol) added.

The resulting mixture was stirred for an hour, cooled to ice temperature, acidified to ca.

pH 2, foilowed by extraction with EtOAc (4 x 20 mL). The combined organic solutions
were dried (MgSO,) aad concentrated under vacuum to give a brown iiquid which

solidificd on standing. It was recrystallized h m hexanes to afTord colorless needles
(0.138 g, 85%):mp 136138 OC; IR (CH2Cld1689 ( C e ) cmo'; 'HNMR (CDCl,) G 0.15
(s, 6H), 1.01 (s, 9H),3.83

(S.

6H). 6.31 (d, IH, J = 15.8), 6.75 (s, 2H), 7.69 (d, IH, J =

15.8); "C NMR (CDC13) 6 -4.6 (2 x CH,), 18.8 (C), 25.7 (3 x CH3), 55.8 (2 x CH3),
105.7 (2 x CH), 114.9 (CH), 126.6 (C), 137.4 (C), 147.5 (CH), 151.8 (2 x C), 172.2 (C);
s p e c m m h (relative intensity) 338

(MC. 0.1), 323 (3), 308 (2). 281 (64), 266

(100); H
E
M
s dd for c17H2605Si
338.1550, f o n d 338.1538.

Generiol procedure for the preparation of TBDMS-protected di01 disinapates 66 and
67a
A mixture of acid 65 (0.201 g, 0.59 m o l ) and thionyl chloride (0.26 mL, 3.54

mmol) in CCI, (10 mL) was heated at reflux under N2 for 4 h.

The mixture was

concentration under vacuum with several coevaporations of CC14 to remove al1 of the
thionyl chloride. The resulting solid was redissolved in CC14, cooled to ice temperature,
and a mixture of the di01 (0.29 mmol) and dry pyridine (0.19 m . ,2.36 mmol) in CCl, (15

mL) was added dropwise over a period of 30 min. After stimng for 2 h, îhe resdting
white suspension was filterrd through Celite, rinsing with CCI,. The filtrate was washed

with 5% aqueous CuSOI (3 x 10 mL), dried (MgSO,), and concentrated under vacuum to
give a brown solid.

Catechol(32 mg, 0.29 m o l ) was reacted with acid 65 (0.201 g, 0.59 mmol) as described
above. Recrystallization h m EtOAc/MeOH gave colorless needles (0.30 g, 68%): mp

155-156 OC;IR (CH2C1a 1739 (C=O) cm-'; 'HNMR (CDC13 6 0.13 (s, 12H), 1.00 (s,
18H), 3.76 (s, 12H), 6.45 (d, 2H, J = 15.8), 6.72 (s, 4H), 7.29 (s, 4H), 7.75 (ci, 2H,J =
15.8); "C NMR (CDC13) 6 4.6 (4 x CH,), 18.6 (2 x C), 25.7 (6 x CH3), 55.7 (4 x CH3),

(2 x C),142.6 (2 x C), 147.5 (2 x CH), 151.8 (4 x C), 164.6 (2 x C); mass spectnim d z

(relative intensity) 693 (M-tBu, 4), 373 (ï), 321 (IOO), 281 (14), 266 (210, 249 (32);

HRMS calcd. for C36H4,010Siz
(M-tBu) 693.2551, found 693.254 1.
TBDMS-protected ethybne giycol disinapate 67a

H3C~Si-O
H3C

OCH,

O

Ethylene giycol(17.9 mg, 0.29 mmol) was reacted with acid 65 (0.20 1 g, 0.59 mmol) as

described above. Chromatography of the crude product using 25% EtOAchexaws

afforded a colorless solid (0.21 g, 51%): 'HNMR (CDCb) 6 0.14 (s, 12Hk 1.O0 (s, 18K),
3-81 (s, 12H), 4.48 (s, 4H), 6.34 (d, 2H, J = 15.9), 6.73 (s, 4H), 7.63 (d, 2H, J = 15.9).
This compound was not M y characterized. See Results and Discussion section.

General procedare for the preparation of di01 disinapites 64 and 67b

48% Aqueous HBr (20 pL) was added to a mixture of the TBDMS-protected di01
disinapate (0.1 7 mmol) and potassium fluoride (0.197 g, 3A mmol) in DMF (2.2 mL) at O

OC. After stimng for 8 h, crushed ice and 5% aqueous HCl(5 mL) were added, foilowed
by extraction with EtOAc (3 x 10 mL). The organic solutions were combined, washed

with water (3 x 10 mL), dried (MgS04), and concentrated under vacuum.
Catechol disinapate 64

66 (0.130 g, 0.17 mmol) was treated as described in the general procedure to afford a

ligbt yellow oil which solidifïed on standing. Recrystailization nom CH2Clfiexanes
gave a colorless solid (84 mg, 95%): mp 175-177 OC; IR (CH2Cld 3524 (OH), 1729
(C-O) cm-';

'H NMR (CDC13) 6 3.86

(S.

12H). 5.77 (br s, 2H). 6.45 (d, 2H,J = 15.8),

6.74 (s, 4H), 7.30 (s, 4H), 7.74 (4 2H,J = 15.8);

'.'cNMR (CDC13) G 56.3 (4 x CH3),

105.3 (4 x CH), 114.2 (2 x CH), 123.5 (2 x CH), 125.5 (2 x C), 126.6 (2 x CH), 137.6 (2

x C), 142.6 (2 x C), 1472 (2 x C H . 147.3 (4

(relative intemity) 522

x C), 164.6 (2 x C); mass spectmm m/z

@, 0.1), 221 (20), 207 (IOO),

175 (45); HRMS cdcd. for

Ethylene giycol disinapate 67b

HO

OCH,

O

67a (0.1 19 g, 0.17 mmol) was treated as described in the general procedure to a o r d a
light brown solid. Chromatography (50% EtOAchexanes) of the crude product gave a
coloriess solid (75 mg, 93%): 1H NMR (CDC13) 5 3.91 (s, 12K), 4.49 (s, 4H), 4.70-5.10
@r s, 2H, 2 x OH) 6.34 (4 ZH, J = 15.9), 6.78 (s, 4H), 7.63 (d, 2H,J = 15.9). This

compound was not M y characterized. See Results and Discussion section.

Disinapic acid anhydride 68

Acid 65 (63 mg, 0.20 mmol) was stirred in TFAA (0.4 mi,) at ice temperature for 10 h.
The mixture was concentrated under vacuum and chrornatographed (645%
EtOAdhexanes) to afford the desired product (32 mg, 4%) in the first eluted fiaction,

whereas the wmacted acid 65 (26 mg, 41%) was recovered h m the third k t i o m The
product (32 mg, 0.049 mmol) was then redissolved in DMF (1 mL), cooled to O OC, and

KF (58 mg, 1.0 mmol) and 48% aqueous HBr (6 pL) added. Mer stimng at O OC for 3 h,
crushed ice and 5% aqueous HCl(1 mL) were added, foiiowed by extraction with EtOAc
(3 x 5 mL). nie organic solutions were combined, washed with water (3 x 5 mL), dned
(MgS04), and concentrated under vacuum to afEord a yelow solid (21 mg, 49% fiom acid

65). 'HNMR (CDC13) 6 3.94 (s, 12H), 6.82 (s, 2H,2 x OH), 6.39 (d, 2H,J = 15.8), 6.82
(s, 4H),7.76 (cl, SH,J = 15.8). This compound was not Mly characterized. See Results

and Discussion section.

To 4'-demethyiyatein (61, 20 mg, 0.052 mmol) in THF (1 mL) was added
dropwise a solution of DDQ (14 mg, 0.062 mmol) in

under N2. A temporary blue

color appeared afkr each addition of the DDQ solution. The resulting mixture was
stirred for 12 h and worked up by adding saturated aqueous NaHS03 (1 mL) and 2%
aqueous HCI (2 mL), and extracthg with EtOAc (3 x 5 mL).

The organic solutions were

combined, washed with 5% aqueous NaHC03 (5 x 5 mL), water (10 mL) and brine (10

mL), dried (MgSO,), and concentrated to afEord a light yeliow oil(22 mg). The crude

234

product contained two compounds, the ci's- and tram-benzylidenes 72 and 73
respectively, in a 1.3: 1 ratio as detennined by 'HNMR spectroscopy. Mer standing
exposed to the air at rt for about two weeks, the crude proàuct was found to contain only
the nmis-isomer 73, as indicated by the 'H NMR spectrum.

This product resisted

crystallization. It was purified by chromatography (EtOAc5exsules 1:2 ratio) to &ord an
oil which slowly solidifieci (18 mg, totai 95% £rom 4'-demethylyatein).

The

isomerhtion process observed above was also achieved by refluxing a crude product

mixture of 72 and 73 (2 mg) in beazene (1.5 mL) in the presence of I2 (1 mg), for 1.5 h,
with W irradiation for the first 10 min of reflux. The light pi& solution was worked up
by adding saturated aqueous NaHS03 (0.5 mL) and extracthg with EtOAc (3 x 5 mL).

The extract was dried (MgS04) and evaporated to give a lightly yellow residue (1.7 mg,
85%) which contained only pans-isomer 73, as shown by the 'H NMR spectrum: mp
130-132 OC; [ u ] ~-54'
' ~ (c 0.31, CHC13); IR (CH2C12)3529 (OH), 1748 (C=O) cm-'; 'H

NMR (CDC13) 6 2.65 (dd, lHyJ = 10.0, 14.5), 3.04 (dd, 1H, J = 4.6, 14.5), 3.84 (m, lH),
3.92 (s, 6H),4.23-4.32 (m, 2H), 5.92 (AB,2H, A6 = 2.4, J = 1.4). 6.61 (m, 2H),6.71 (d,

OH

To 4'-demethylya*in (61.35 mg. 0.091 mmol) in THF (3 mL) at 4 OC was added
T'FA (24 @, 0.3 1 mmol), followed by a solution of DDQ (42 mg, 0.185 m o l ) in THF

(1 mL). The solution tumed green. It was stirred a ice temperature for 1.5 h, a M e r 16
h at rt. At this t h e , the color of the solution had become deep red. The reaction mixture

was diluted with saturated aqueous NaHS03 (1 mL), concentrated to remove most of the

THF,and diluted again with 5%

aqueous NaHC03 (5 mL). The resulting bright yellow

solution was extracted with CH2C12(4 x 5 mL). The combined CH2C12extracts were

washed with 5% aqueous NaHC03 (5 x 5 mL) and water (10 mL), dried (MgS04), and
concentrated to a o r d a light yellow solid (35 mg) which was sparingly soluble in
EtOAc, Et@, and MeOH, but more soluble in CH2C1, and CHC13. RecrystaUization of

the crude soiid fkom CH,C12 gave fine colorless needles (25 mg, 71%). The recrystaliized

product, analyzed by 'H NMR, was shown to be contarninated by an unknown
component ( c a 5%) which could not be eliminated even f i e r multiple recrystauizations
fiom C&C12. This by-product was removed by preparative TLC using a solvent mixture
of CHCl3/Me0H/AcOH (25:l:l) to yield a colorless solid (22 mg, 65% fiom 4'demethylyatein): mp 282-285 O C (lit.;la
(lit.?"

[al2OD

285-287 OC);

[alZoD
-76.g0

(c 0.26, CHCb)

-8 1O); 'H NMR (CDC13) 6 2.50 (dd, lH, J = 10.9, 13.4), 2.60 (m.lH), 2.9 1

(br dd, lH, J = 15.4, 14.9), 2.97 (br dà, lH, J = 5.1, 14.9), 3.85 (s, 6H), 3.98 (dd, lH, J =
8-6, 10.3), 4.03 (br d, lH, J = 10.9) 4.51 (dd, lH, J = 6.4,8.6), 5.43 (br s, lH), 5.88 (AB,
2H, A6 = 4.4, J = 1.3), 6.34 (s, lm, 6.42 (s, 2H), 6.59 (s, IH); HRMS caicd. for ~ i H 2 0 0 7
384.1209, found 384.1215. Spectral data were consistent with those published
previousiy.2'a

Diethyl acetylenedicarboxylote(lb)

ADA (2.52 g, 22.1 mmol) and H2S04 (1 mt) were refluxed in EtOH (30 mL) for
5 h.

The solution was neutralized with 5% aqueous NaHC03, concentrated under

vacuum to remove most of the EtOH, diluted with water (30 mL), and extracted with
CH&

(3 x 20 mL). The organic phase was dried (MgS04) and evaporated to leave a

pale yeliow oil which was then distilled under high vacuum (11 mm Hg) to give a
colorless liquid (bp 106-109 OC111 mm ,3.08 g, 82%):

"H NMR (80 MHz, CDCI,) S 1.31

(t, 3H, J = 3 . Q 4.22 (q, 2H, J = 3.8), identical to that previously reported."

The procedure was similar to that reported for the preparation of hydroxyacetal33. The
crude ethylene glycol acetal of 2-bromo4,S-dimethoxybeIlzaldehyde was dissolved in
dry THF (40 mL) under NB cooled to -78" C, and n-BuLi (2.45 M in hexanes, 2.30 mL,
5.6 mmol) added dropwise over 5 min. The mixture was stirred for another 15 min,

followed by the dropwise addition of 3,4-(methy1enedioxy)benzaldehyde (0.77 g, 5.1 1
mmol) in THF (10 mL). After stirring for 30 min, the solution was graduaily warmed to

room temperature and was stirred for another 2.5 h, followed by the addition of H20(30
mL). The resulting mixture was extracted with Et20 (3 x 30 mL), dried (MgS04), and

concentrated to give a Light green solid (1.80 g, 98%) whïch himed dark green upon

standing at room temperature. The unstable product was not M e r pwifïed, but was
used immediately in the following Diels-Aider reactions. 1H N M R spectnim of

Hydtoxyacetal94 was not obtatoed as it t m e d dark green immediately on dissolving in
CDCi,.

Ethylene giycol acetal of3,4-(methylenedioxy)benzaidehyde (96).

3,4-(methy1enedioxy)beIlzaldehyde (2.50 g, 16.6 mmol) and ethylene glycol (1.44
g, 23.2 mmol) were treated as described for the pqaration of acetal 38 to aEord an

unstable yellow oil (2.96 g, 92%) which was used in next reaction without funher
purification: 'HN M R (CDC13) 6 3.98-4.04 (m,2H), 4.08-4.14 (m,2H), 5.71 (s, IH), 5.95
(s, 2H), 6.79 (dd, 1HJ= 0.7,7.5), 6.93-6.96 (m, 2H).

Hydroxyacetal 95

The general procedure for preparation of this compound has k e n published by
~ o d r i ~ o . The
" unstable crude acetal96 was dissolved in dry THF (40 mL), followed by
dropwise addition of n-BuLi (2.45 M in hexanes, 2.30 mL, 5.6 mmol) under N2. The

mixture was stirred for 15 min, then at ice temperature for 20 min. The mixture was

again

cooled

to

-78OC.

followed

by

dropwise

addition

of

3,4-

(methy1enedioxy)beddehyde (0.77 g, 5.11 m o l ) in THF (10 mL). The resulting
orange solution was stirred at that temperature for 20 min, then at m m temperature for

1.5 h. The work-up procedure was similar to that described for the preparation of
hydroxyacetals 33 and 94, and the brown-green tesidue (1.75 g, 94%) isolated was also
used in the following reactions without fiirther purification: 'H NMR (CDC13) 6 3.79 (ci,
1 K 0 8 J = 9 4 3.89-4-10 (m, 4H), 5.67 (s, IH), 5.93 (AB, 2H, A6 = 2.5, J = 1.5), 5.97

(AB,2H,A6 = 14.0 ,J = 1.4), 6.14 (br d, lH, J = 9.4), 6.74 (d, lH, J = 8.2), 6-76 (d, 1H,
J = 8.3), 6.81-6.86 (m, lH), 6.89 (br s, 1H), 7.1 1 (d, lH, J = 8.2).

Geneml procedure for the synthesb of arylnaphthalenes
Glacial AcOH was added to a mixture of fydroxyacetal
33, 94 or 95 and
.-

dienophile in a minimum amount of solvent and the temperature of the mixture quickly
brought up to 140 OC. The mixture was heated for 1-20 h, depending on the type of
dienophde used. The cooled mîxture was diluted with CH2C12(10 mL), washed with 5%
sodium bicarbonate solution (3 x 10 mL), dned (MgS04), and concentrated mder

vacuum.

-0-

OCH,

This compound has been prepared in the project (DieIs-Aider reactions of le)

desctibed above, but was prepared again using the improved general procedure.
Hydroxyacetal 33 (O. 16 g, 0.41 mmol), le (0.10 g, 0.35 mmol), CH2CC (0.3 mL), and

AcOH (02 mL) were heateà at 140 OC for 1 h and worked up as above. Chromatography
of the crude product using 2535% EtOAc/hexanes afforded a colorless solid (0.18 g,
85%): mp 69-72 OC, identical to that reporteci above.

Hydroxyacetal 94 (0.247 g, 0.69 mmol), l b (0.1 19 g, 0.70 mmol), CH,C12 (0.3

mL), and AcOH (0.2 mL) were heated at 140 OC for 1 h. After work-up as above, the
crude product was recrystallized fiom CH2C125exanesto afZord a colorless solid (0.28 g,
80%): mp 152-153 OC; IR (CH,Cld 3303 (OH), 1730,1658 cm-'; 'HNMR @MSO-d,)
8 0.95 (t, 3H, J = 7.1), 1.26 (t, 3H, J = 7.1), 3.65 (s, 3H), 3.93 (s, 3H),3.95 (q, 2H, J =

7.1), 4.34 (q, 2H, J = 7.1), 6.09 (AB, 2H, A6 = 10.1, J = O), 6.68 (dd, lH, J = 7.9, 1.6),
6.72 (s, lH), 6.78 (d, lH, J = lS), 7.00 (d, lH, J = 7.9), 7.64 (s, lH), 11.95 (s, 1H);

')c

NMR (CDCl3) 6 13.8 (CH3), 13.9 (CH3), 55.8 (CH,) 56.1 (CH3), 60.8 (CHd, 61.9 (CHd,
101.0 (CHd, 101.1 (C), 102.8 (CH), 105.7 (CH), 107.9 (CH), 111.4 (CH), 119.8 (C),
124.3

(cm,127.4 (c), 129.0 (C), 130.6 (C), 132.2 (C), 147.0 (C), 147.2 (C), 149.6 (C),

152.3 (C), 159.6 (C), 168.7 (CO), 170.2 (CO); mass spectnim d z (relative intensity) 468

(m231, 422 (19). 394 (88). 149 (75);
468.1409.

HRMS caiccl. for

c&2409468.1420, found

Anhydride 85
O

Hydroxyacetal 94 (0.30 g, 0.83 mmol), maleic anhydride (83 mg, 0.85 mmol),
AC@ (0.3 mL), CHzC12(0.3

mL), and glacial AcOH (0.2 mL) were heated at 140 OC for

20 h and worked up as above to give a yeliow oily solid (0.35 g) which was used directly
in the next reduction reaction without purification: 'H N M R (CDC13)6 3.86 (s, 3H), 4.09
(s, 3H), 6.10(AB,2H,A6= 10.69,J= 1.4),6.86(m, 1H),6.88 (s, lH), 7.00(dd, lH, J =

7.7,0.6), 7.21 (s, lH), 7.36 (s, lH), 8.33 (s, 1H).

Hydroxyacetal 95 (0.500 g, 1.45 mmol). le (0.41 1 g, 1.44 mmol), CH&

(0.5

mL) and AcOH (0.6 mL) were heated at 140 O C for 1.5 h. The foamy brown solid
obtained &et workup was recrystaked h m MeOH to afford light yeliow crystals (0.72
g, 88%): mp 150-151 OC; [=120D +M.l O (c 0.47. CHC13); IR (CH2Cld 3370 (OH), 1746

and 1660 cm-';'HNMR (DMSO-<Io)6 1.01 (d, 3H.J = 7.0), 1.O6 (d, 3H, J = 7.0), 1.45

(d, 3H, J = 7.0), 1.46 (4 3 8 J = 7.0), 3.59 (s, 6H),3.69 (s, 3H), 3.70 (s, 3H), 4.99 (q, 2H,
J = 7.0), 5.35 (q, lH, J = 7.0), 5.37 (q, lH, J = 7.0), 5.91-6.07 (m, 8H). 6.624.89 (m,

6H),7.46 (d, ZH, J = 8.8), 8.08

(ci, 2H, J = 8.8), 11.78 (br

s, 2H); "C NMR (CDC13) 6

16-4 (CH,), 16-5(CH3), 16.8 (CH3), 17.1 (CH3), 52.2 (2 x CH3), 52.5 (2 x CH3), 69.5
(CH), 69.6 (CH), 70.2 (2 x CH), 99.6 (C), 99.7 (C), 100.9 (2 x CHd, 101.6 (2 x CH&
107.0 (2 x CH), 110.7 (3 x CH), 111.6 (CH), 111.8 (CH), 119.8 (CH), 120.9 (2 x C),
121*67(CI, 121.74 (C),124.3 (CH),124.5 (CH), 125-0(C), 125.1 (C), 129.8, (C), 129.9,
(C), 130-8(2 X C), 130.9 (2 X C), 142& (C), 142.q (C), 146.4 (2

X

C), 147.0 (2 X C),

148.8 (2 x C), 161.9 (CO), 162.0 (CO), 166.7, (CO), l66.8,, (CO), 168.83 (CO), 168.9
(Co), 170.2 (CO), 170.4 (CO); mass spectrum m/z (relative intensity) 568 (MC, IO), 464

(IO), 378 (91), 306 (17); HRMS calcd. for &8H24013568.12 16, found 568.1241.
Anhydride 86
O

Hydroxyacetal 95 (0.50 g, 1.45 mmol), maleic anhydride (0.142 g, 1.45 mmol),

AQO (0.5 d)CH$lr
,
(0.5 mL),and AcOH (0.2 mL) were heated at 140 OC for 24 h. A
yeUow solid (0.44 g, 85%) was obtained after work-up and was used in the next reaction

without M e r purification: 1H N M R (CDC13) 6 6.00 (AB, 2H, A6 = 6.3, J = 1.2), 6.07

(AB, 2H, A6 = 10.6,J= 1.4), 6.82 (m, lH), 6.84 (S. lH), 6.89 (dd, lH, J = 7.5,0.9), 7.44
(d, IH, J = 8.6). 7.75 (d, lH, J = 8.6), 8.43 (s, 1H).

D i p h y h (78) was prepared using a modification of a procedure published by

Sammes et. ala Analog 84 (0.10 g, 0.20 mmol), NaB& (38 mg, 1 mmol), and i-PrOH
(20 mL) were refluxed under N, for 24 h. 10% aqueous HCl

(CU.

6 mL) was added

cautiously and the mixture was stirred for 1 h, foiiowed by extraction with ether. The
solution was concentrated to give a yellow solid whkh was then recrystallued nom

EtOH to s o r d pure diphyllin (46 mg, 60%): mp 284-286 O C

(lit.? 284-287

OC);'H

NMR (acetone-d,) 6 3.72 (s, 3H). 4.00 (s, 3H), 5.37 (S. 2H), 6.08 (AB,2HyA6 = 3.6, J =
1.0)s 6-80 (dd, lH, J = 7-83 1.6)s 6.84(d, 1H, J = le@, 6.96 (4 1H, J = 7.8), 7.09 (sy 1H)y
7.70 (s, lH), identicai to that previously reported."

Diphyllin (78, 17 mg, 0.04 mmol), DMSO (10 mL), Me1 (0.1 mL, 1.6 mmol), and

anhyhus &CO3 (0.1 g, 1.4 mmol) were refluxed for 20 min. The mixture was acidifïed

to pH 1-2 with 10% aqueous HCI (ca. 4 mL), extracted with benzene (3 x 10 mL),
conceatrated, and chromatographed (2040% EtOAdhexanes) to give a iight yeiiow solid
collecteci in the fint eluted fiaction (15 mg, 95%): mp 262-263 O C (lit?261-263 OC);
t

H NMR (CDC13 6 3.80 (s, 3H), 4.07 (s, 3H), 4.13

6 = 13.4, J = 1.4), 6.79 (dd, lH, J = 7.8, 1.6), 6.82

(S.

3H), 55 4 (s, 2H),6.07 (AB,ZH,A

(4 lH, J = 1.6), 6.95 (d, 1H, J = 7.8),

7.06 (s, lH), 7.54 (s, lH), consistent with that reported previously.29

Generai procedure for the preparation of justicidin B @O), retrojusticidin B (SI),
helioranthin (82), and retraheïioxanthin (83)
A modified literature procedure was used?' The appropriate anhydride 85 or 86,

NaB&, and THF were stïrred at room temperature for 40 min. The mixture was worked

up as in the procedure described for the preparation of diphyllin (78). The crude product
was chromatographed with 33% EtOAc/hexanes to give the first (major) and the second

(minor) fiactions which contained the Iactones resuithg fiom the reduction at the more

and the less hindered carhnyl atoms, respectively.

Justicidin B (80) and retrojusticidinB (81)

-

80
(justicidin 8)

81
(-usticidin

8)

Anhydride 85 (72 mg, 0.18 mmol), NaBH4 (20 mg, 0.53 mmol), and THF (10

mL)were treated as above. The 'HNMR spectrum of the crude product indicated a ratio
of 3:2 of xetrojusticidin B to justicidin B.

The fïrst eluted hction contained

retrojusticidin B (81) as a colorless solid (35 mg, 51%): mp 214-216 OC (lit.:'

218.220

O

C);'H NMR @MSO-d6) 6 3.74 (s, 3H), 3.93 (s, 3H), 5.33 (AB, 2H, AS = 30.3, J = 14.8),
6-14 (AB, 2H,A6 = 9.7), 6.97 (dd, IH, J = 8.0, 1.6), 7.11 (m, 3H), 7.68 (s, lH), 8.38 (s,

The second eluted fkction contained justicidin B (80), which was isolated as a colorless

solid (18 mg, 26%): mp 234-237 OC (lit.,"

235-238 OC); 'HNMR (CDC13)S 3.8 1 (s, 3H),

4.05 (s, 3H), 5.37 (AB, 2H,AS = 0.9, J = 14), 6.07 (AB, 2H, AS = 12.5, J = I S ) , 6.79 (dd,
1H, J = 7.8, los),6.85 (s, IH), 6.96 (d, lH, J = 7.8), 7.10 (s, lH), 7.18 (s, lH), 7.69 (s,
lH), identicai to that previously reported?'

H e l i o ~ ~ ~ l t(82)
b i n and retroheiiosanthm (83)

82
(helioxanthin)

83
(retrohdioxanîhin)

Anhydride 86 (60 mg, 1.6 mmol), NaBK (20 mg, 0.53 mmol), and THF (10 mL)
were treated as described in the g e n d procedure. The 'H NMR spectrum showed the
presence of helioxantbin and retro-helioxanthin in a ratio of 10:l. The nrst coiîected
chromatography hction was helioxanthin (82), obtained as a light yellow solid (43 mg,
77%): mp 239-242°C (lit.,)2 243-244 OC);

'HNMR @MSO-d6) 6 5.29 (s, 2H), 6.00 (AB,

2H, A6 = 5.8, J = 0.7), 6.09 (AB, 2 8 A6 = 14.5, J = OS), 6.89 (dd, lH, J = 7.9, l.@, 6.97

The second eluted fiaction afforded a bright orange residue (4.8 mg, 8%) which was
identified as retro-helioxanthin (83); mp 262-266 OC (lit?2 264-268 OC); 'H NMR
@Mso-4) 6 5.43 (s, 2H), 5.92 (AB, 2H, A6 = 4.3), 6.08 (AB, 2H, A5 = 4.8), 6.74 (dd,
1H, J = 7.9, 1.6), 6.88 (4 lH, J = 1.6), 6.90 (d, lH, J = 7.9), 7.53 (d, lH, J = 8 3 , 7.72

(d, IH, J = 8.7). 8.08 (s, 1~):'

Cycloadduct 32 (0.201 g, 0.43 mmol), which was formed from aphenylbeazocyclobutene (22) and the fimarate of methyl (S)-lactate, was refluxed withpTsOH (30 mg) in benzene (10 mL) for 2 h. The reaction mixture was concentrated under
vacuum and chromatographed (EtOAchexanes) on silica gel to give a yellow material
(0.15 g, 79%): [al2',+42.2 (c 0.018, CHC13); IR (CHCI,) 1671 cm-'; 'HNMR (CDC13
6 0.97 (4 3H, J = 7.0), 1.44 (d,3H, J = 7.0), 3.39 (m, 2H), 3.61 (s, 3H), 3.66 (S. 3H),4.00

134.6 (C), 138.9 (c), 149.3 (C), 167.2 (CO), 170.9,-, (CO), 170.9, (CO), 171.9 (CO); mass
spec-

~2 (relative intensity) 466 (M+, 0.4), 334 (IO), 274 (15), 231 (39);

calcd. for &6H2608
466.1628, found 466.1657.

HRMS

Phenyinaphthalene 25

A mixture of the dihydrophenyinaphthalene 88 (O. 12 g, 0.25 rnmol) and PdlC

(0.30 g) in xylenes (10 mL) was refluxed vigorously for 40 h. The mixture was filtered
through a short column of silica gel wasbing with hexanes. The product was then eluted
with EtOAc and concentrated to give a paie yellow oil (0.100 g, 90%) with properties

identical to h t reported above.
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APPENDIX 1

DYNAMIC NMR MATERIALS

Dynamic NMR simulation input parameters, and experimental and simulated

NMR spectra for aryinaphthaiene lignans 25,79983 ( i e . compounds which showed peak
broadening or coalescence) are included here.
Dynamic NMR Simuiation Input Parameters as a Function of Temperature:

k = Exchange rate constants (s-')
6 = Chemicai shifts for the exchanging signals (Hz)

J = Coupling constantts of the exchanging signals to the neighboring hydrogen
(Hz)

T,= Transverse relaxation times (s) measured fiom a reference signal, using
equation:
T2= (width at haEheight of a single peak not broadened by exchange)"

Phenylnaphthalene 25 (I3c
NMR, DMSO-d6)

Temp, OK

5 s-'

6, fi

4m

T
2
t

s

Justicidin A (79) ('HNhilR, Toluene-dg)

Temp, OK
300
333
353
363

S s-a
0.18
4.0
23.0
48.0

8, Hz
1627,1582
1635,1601
1644,1614
1646.1617

&HZ

Ta S

1.48
1-48
1.48
1.48

0.29
0.20
0.20
0.20

Justicidin B (80) ('HNMR,Toluene-dd

Retrojusticidin B (81) ('H

Temp, OK
300
313
323
333
343
353

5 s-'
7.0
11.2
29-0
48.2
115.0
240.0

6,
1608, 1578
1603, 1578
1601, 1577
1598,1577
1597, 1575
1595.1574

DMSO-t&)

A=
14.8
14.8
14.8
14.8
14.8
14.8

TBS
0.30
0.30
0.30
0.30
0.30
0.30

Temp, OK
300
308
318
338
348
358

k,s-'
0.49
0.94
2.2
12.0
28.0
55.0

6, Hz
1833,1818
1833, 1818
1833, 1819
1833, 1819
1833,1820
1833,1820

4 Hz

Tl9S

0.49
0.49
0.49
0-49
0.49
0-49

0.28
0.30
029
0.30
0-30
0.30

Retroheiioxanthin (83) ('HNMR, DMSO-d6)
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