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Chapter 1

Reductive Deoxygenationof Alcoholsi Catalytic

Methods beyond Barton McCombie Deoxygenation

This chapter wasubmittedto the European Journal of Organic Chemisiag Microreview
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1 Reductive Deoxygenation of Alcohols & Catalytic Methods

beyond Barton McCombie Deoxygenation

The deoxygenation is an extensively studied field in organic chemistry and over the last
decades many methods like the Barton McCombie deoxygenation or the deoxygenation
with alkali metals in liquid ammonia were estabéidh Within this review we discuss
different strategies for the chemoselective catalytic deoxygenation of alcohols with special
attention to their scope and limitations. The deoxygenation of derivatives of alcohols and
their direct deoxygenation as stepanomic alternative are covered with current examples.
Catalytic methods can serve as convenient and economic alternatives for established
methods in the reduction of carbon oxygen single bonds.

1.1 Introduction

The deoxygenation of alcohols is an important asmther broad area of research in
modern organic chemistry. The scope includes the conversion of organic feedstock to
biofuel just as the removal of hydroxyl groups in the synthesis of natural products. While
for the production of biofuel only neselective methods are used to convert a mixture of
carbohydrates derived from natural resouféesrganic chemists need chemoselective
methods for the synthesis ofegjific molecules. Specific deoxygenation methods should be

applicable to various substrates and tolerate a variety of functional groups.
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hydrogenolytic
1) deoxygenation
R X
radical
deoxygenation
direct
R-OH deoxygenation R R—H
A
dehalogenation
R—Hal
elimination hydrogenation
2
R1 /\/ R

Figurel.1l. Reaction pathways forehdeoxygenation of alcohols.

Taking a closer look at the principles of deoxygenation, several pathways should be
considered Kigure 1.1). Most methods for the deoxygenation of alcohols employ a two
step procedure. A commonly usetlo-step deoxygenation of alcohols is the elimination
followed by hydrogenation of the resulting carbmarbon double bond. This principle of
dehydration and hydrogenation is the most important method for the conversion of
biomassderived carbohydrates mtalkanes. Another possibility is the conversion of the
hydroxyl group into a suitable leaving group, which is removed in the sestepd The
conversion to a halide followed by dehalogenation is a widely used stPdtédso, the
conwersion to ethers or esters is very common witthiOcarbonyls as typical derivatives.
They can be reduced by electron transfer wus
met al reductiond, or-MeCombleDepxygematiod iTeesuseiolh t he B
stannanes as hydride source for the deoxygenation entails disadvantages as they are toxic
and hardly to remove from the reaction mixture. Therefore stannanes cannot be used in the
synthesis of pharmaceuticals. Severgbiavements like the catalytic use of stannanes or
the use of other hydride sources like silanes have been’hiddesever, undesired radical
side reactions and the two step procedure render this approach still disadvantageous. The

direct deoxygenation and the use of catalysts are far more desirable.
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The aim of this review is to gevthe reader an overview of catalytic deoxygenation
methods, show their substrate scope and the tolerated functional groups. We only discuss
catalytic deoxygenation methods for alcohols or their derivatives, with typical examples, as
a comprehensive coveya would exceed the scope of this review. Moreover, we exclude
the known catalytic Barton McCombie deoxygenation, because it was already reviewed
extensively’® These catalytic methods may serve synthetic organic chemists as tools for
the selective removal of hydroxyl groups and disclose alternatives for the established

methods, lile the Barton McCombie reaction.

1.2 Deoxygenationemploying a twoestep procedure

1.2.1 Deoxygenation ofalcohol derivatives thers, esters)

The removal of a hydroxyl group under mild reaction conditions is challenging, because
of the high GO bond strength, whichan be diminished by the conversion of the alcohol
into an appropriate derivative, like an ether or ester. In this first part we discuss catalytic

deoxygenation methods for such substrates.

1.2.1.1 Transition metal catalysts for the deoxygenation of ethers andseers

Palladium catalyzed deoxygenations

Palladium is one of the most powerful catalysts for the deoxygenation of phenolic
hydroxyl groups. The most convenient catalytic approach is the transfer hydrogenation
with palladium on charcoal (Pd/C), which is easy to handle and active reducing system.
Before this reductive cleavage can be applied, the hydroxyl group must be converted into a
suitable leaving group. Very typical is the transformation into the corresponding aryl
sulfonate$*®, like triflates, tosylates or mesylates. But also isourea derivatives
thiocarbamatés, aryl ethers and heteroaromatic eth®rswere successfully reduced by

Pd/C with hydrogen Kigure 1.2). Undesired side reactions, like the reduction of
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carboncarbon double bonds, benzyl ethers, nitro gsoand chloro arenes, are limiting

this method to substrates without reducible functional groups.

OH
Ar”
sulfonates \ )
thiocarbonates isourea derivatives
O. R
Ar”S? | H
I\ s N o) N
AT AR
o} -N
R
= §-CHj (Ms),
4-CF, (M),

‘%@CHg (Ts) ‘ II:d/C cat. \
2

Pd/C cat.
H;

> Ar”

Pd/C cat.
H Ha

|

heteroaromatic
ethers

II:’h
O._N

Ar” \W ,\N

N~N

Ar/O\WX
)
X=0,S

Figurel.2. Substrates for the deoxygenation by palladium on charcoal zedaisansfer hydrogenation.

Another mild reducing system was described by Sajikil., using Pd/C in combination
with Mg/MeOH/NH,OAC™® or EtNH/MeOH/H,™, for the reduction of aryl triflates and
mesylates $chemel.1l). They describe a meahiam involving a single electron transfer

from the ammonium/amine to the aromatic system followed by the cleavage

of OTf OMs?°

RI\ OTf RI\ OMs
[ or _

Pd/C
Mg, MeOH
NH4OAc

—_—_—

(57 - 99%)

Schemel.1. Reductive deoxygenation of aryl triflates and mesylates using Pd/C as catalyst.
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Cacchi et al. described a chemoselective homogeneous reduction system using
Pd(OAc), a phosphine ligand and ammonium formate as hydrogen donor. This method
tolerates the presence of carbocarbon double bonds, nitro groups and ketones in the
substraté! Not only a chemoselective deoxygenation is possible, also the deoxygenation
of highly sterically hindered phenyl triflates, using PgEPh), with dppp (1,3
bis(diphenyphosphino)propane) as bidentate ligand, was achiGaukeMmel.2).?

R dppp (15 mol%) R
D BuN, HCO,H i
MeO = OMe = MeO = OMe
oTf (60 - 89 %) H

Schemel.2. Chemoselectivdeoxygenatiomf hindered phenols using homogeneous palladium catéfysis.

A method, invented by Lipshut&t al, tolerates reducible functional groups, like chloro
and bromo groupsroolefins, during deoxygenation of perfluoroalkyl sulfonates (OTHf,
ONf).2 Pd(PPh), as homogeneous catalyst, was found to be most effective in combination
with Me;NHABH,, as reductant, and,KO; in acetonitrile. The presence of potassium
carbonate as base was essential in the reductiosuledtrates containing an olefin;
otherwise the hydroboration of the olefin occurred.

An interesting application of this palladium catalyzed deoxygenation is the cleavage
from a solid support. With perfluoroalkylsulfonyl estersths linker to the resinthe

cleavage can be performed by palladium catalyzed deoxygefétfon.

Pd catalyzed

(@] F
Q 0 0 @R cleavage
F S NN ! B —
X \O?—&L " .
O.
F /,S\\/ ;| \_R
F OO =

FF

Scheme 1.3. Perflouroalkylsulfonates as linker to a solid phase cleavable by palladium catalyzed
deoxygenatioi+?°

Closely associated to the deoxygenation of phenolidrdyyl groups is the
deoxygenation of enols, which proceeds effectively with vinyl triflates and homogeneous
palladium catalysis using Pd(OAc)in combination with dppp (1;Bis(dipheny
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phosphino)propane) or dppf (ibss(diphenylphosphino)ferrocene) agand and ESIH
as hydride sourc€. This procedure was found to deoxygenate even stabilized triflates
while other reducile functional groups like esters, aldehydes, nitro or bromo groups and
olefins were unaffecteds¢chemel.4). A similar method with Pd(PBJa, NaBH,; and NE%

was used to deoxygenate vinyl triflates of nucleotfdes.

Et;SiH (2.5 eq.)
Pd(OAc), (2 mol%)

OTf dppp or dppf (2 mol%) H
/©/ DMF, r.t. - 100 °C /©/
R = R

(67 - 100 %)

R =Br, CHO, COOMe, NO,

0 R
R=OTf

CO oy~ T

N /
R i N" R R=H
(68 - 97 %)

Schemel.4. Aryl and vinyl triflates deoxygenated by homogeneous palladium catalysis.

Beside phenolic hydroxyl groups also allyl alcohols can be deoxygenated catalytically
with palladium?*3! Their alkoxyalkyl ethers (methoxymethyl MOM or ethoxyethyl EE)
can be deoxygenated selectively in the presence of other ethers, shown exemplary in the
synthesis of lavendulolSchemel.5).3? The ethoxy ethyl ether of the allyl alcohol was

removed selectively.

LiBHEt;
Pd(dppe)Cl, cat. )\/\A
OEEMOEE - N0k
2 (68 %) PN

Schemel.5. Chemoselective deoxygenation of allyl alcohol in the synthesis of laveridulol.

This reduction proceedda a p-allyl-palladium intermediate by hydride transfer. The
deoxygenation method was also successfully applied in the synthesis of desoxyribose

derivatives of pyrimidine nucleosid&s.
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Nickel catalyzed deoxygenations

Nickel is becoming more popular in recent years as a cheap and more available
alternative for palladium catalystsNickel(0) has & configuration that is often found to
be highly active in catalysis. And, like palladium, it is used as catalyst for cadsban

bond coupling reaction§:°

Already 1975, Lonskyt al.reported the use of Raney nickel for the deoxygenation of
potassium aryl sulfate¥. Later, the use of Raney nickel as catalyst for the transfer
hydrogenation of aryl and vinyl perfluoroalkyl sulfonates was compared with palladium
and PtQ catalysts and a very high poteh of this catalyst for the deoxygenation was
found® However, the substrates and the reductants for the deoxygemétionickel are
similar to the substrates for deoxygenations with palladium. Sataki have shown the
deoxygenation of aryl triflatésand mesylaté8 with NiBry(PPh)s/dppp catalyst, zinc as
reductant and methanol as hydrogen donor. Another commonly used homogeneous catalyst
for the deoxygenation is Ni(cog)it was used for the effective hydrogenolysis of alkyl aryl
ethers and benzyl ethers using hydro§féhput this is a very unselective protocol. More
interesting is the use of a different reductant resulting immedd chemoselectivity. With
silane hydride as reductant, alkoxy aryl ethers and, more easily, aryl pivaloates are

effectually deoxygenated without reduction of olefiBsi{emel.6).>

Ni(cod), (10 mol%)
PCy; (20 mol%)
HSiMe(OMe), (2 eq.)

/\Q/o\n/fsu toluene 80 - 120 °C /\/@
PN o PR

(93 %)

Schemel.6. Homogeneous catalyst for the chemoselective deoxygenatioyl etlaers and estef3.

Nickel on graphite was found to have several advantages like lower costs and higher
themal conductivity, which is important for microwave assisted reactions, and compable
with nickel on charcodf? In combination with M@NHABH; as reducing agent and RPh
K>CO; in DMF, it catalyzes the deoxygenation of aryl tosylates and mesylates in high
yields, while benzyl protecting groups and conjugated cadaoipon double bonds were

not removed $chemel.7).*®
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o)
|
MeO R R 0~ "Ph
OMe

Ni/C t.), PPhs, DMF
i/Cq (cat.) 3 o

K,COs3, Me,NH* BH
2 3 2 3 ,Ph
- N
H
A, 15 h (91 %) H

uW, 200 °C, 15 min (92 %)

Ni/Cgy (cat.),
PPh3, DMF,
KoCOs, A,
MezNH ° BH3

Schemel.7. Deoxygenation of aryl tosylates and mesylates catalyzed b)g.ﬁi/C

Rhodiumand Rutheniuncatalyzed deoxygenations

|: R =0Ts
R=H

(88 - 92 %)

While palladium and nickel catalysts are used fari© cleavage,rhodium, by

contrast, is mostly used for deoxygenations of allylic and benzylic alcohols. The well

known Wilkinson catalyst, RhCI(PB)s, catalyzes the deoxygenation of allylic and

benzylic alcohols $chemel.8). However, the usef a,b unsaturated esters as substrates

is essential, otherwise no deoxygenation was obséfved.

MeO

(Ph3P)3RhCI (20 mol%)
Et;SiH (8 eq.)
benzene, reflux

(65 %) Moo

R=H

R (57 - 95 %)

Ph

R=# 0P

Schemel.8. Deoxygenation of allylic and benzylic alcohols with Wilkinson’s catdfyst.

10
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Rh(cod)(cot) catalyzes the deoxygenation of allyl acetates with ,HC®d NE;.*’
Furthermore, Rhi{PPh), with ammonium formate was used for the deoxygenation of
allyl and propargyl carboxylates and carbon&fd3ue to thep-allyl ruthenium complex

that is formed during this reaction a shift of the double bond can dgéclieihel.9).

RhH,(PPh3)4 (5 mol%)
HCOzNH4 (3 eq)
THF, reflux OH

i
O\__QJ BHOM/
i _
OBn

(83 %)

+H/HY HO “Ru—L,

-CO,

Schemel.9. Rhodium catalyzed deoggnation of allyl carbonaté8.

Rhodium(l), like palladium(ll) and nickel(ll), were found suitable homogeneous
catalyst for deoxygenatiortheir d® configuration makesn oxidative ddition of C O
bondsto the metal centevia a &f octahedral intermediatgossible. Van de Boorat al.
studied the tendency for t h &oriQeir@®odelsystent t i on
they could demonstrateidsertion into C(sf) O b o n d suclebphilic rhodium(l)
catalyst while electrophilic palladium(ll) and nickel(ll) preferably inserted into 3(spO
bonds Scheme1.10).*° Nevertheless, all deoxygenations with palladium and nickel
catalyst led to the cleavage of thg,CO and not the Gy O bond. Consequently, the
observed tendency of seems ® ibd dependenbdn the medel C O

system, and may not be involved in the deoxygenation mechanism.

11
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PR,
aryl C-O actlvatlorl M-ORak!
Rh!
PR, PRy
O_Ralkyl JE—
PR
’ TNTL PR;
Pd", Ni
O_M_Ralkyl
alkyl C-O activation
PR,

Schemel.10. Model system for the study ofQ activation by transition mal catalysts?

1.2.1.2 Electrochemical deoxygenation

Using electrons as reductant is a very elegant possibility for reduttioxygenation of
alcohols. Such electroreductive deoxygenations of alcohols can be achieved after
conversion into the corresponding phosphates or phosphinates. In 1979, &halno
reported the deoxygenation of aryl diethylphosphates in a dividedeqgelipped with a
platinum anode and lead cathode, with a cathode potentialéofo-2.7 V vs. SCE. They
could apply this method successfully in the synthesis of olivetoh similar
electroreductive dexygenation was applied for the deoxygenation of diphenylphosphinate
esters of aliphatic alcohols. The mechanism of this deoxygenation consists of an initial
single electron transfer followed by decomposition of the resulting radical anion into the
diphenyphosphonic acid and the alkyl radic8ichene 1.11).>*

12
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2 4.6 -7.4 F/mol
o P(OE, Et,NOTSs, H

DMF

= . =

)

X (44 - 73 %) X
1.5 F/mol
33 mA/cm?
DMF, 60 °C

Q 0.15 M NBu4BF,
o-PPh; - H

(90 %)

O te o +H* 9
i ;
R_._._PPh, S R. __PL —> R+ ~R~ph
o o PP HO™ \5F

Schene 1.11. Electrochemical deoxygenation of diethylphosphates and diphenylphosphifftates.

Ohmori et al. demonstrated the possibility of estep electroreductive deoxygenation
without initial transformation by soal | ed #Adoubl e electrolysis
which undergo initially anodic oxidation, to form hgsphonium ion with the alcohol. The
phosphonium ion intermediates are subsequently reduced to the phosphinoxide and the

deoxygenation producSthemel.12).2

R3P,
5 F/mol,
2 mA/cm?,
Et,NBr, DMF
R-OH - R-H + O=PR,

R-O-P'R,

phosphonium intermediate

Schemel.12. Direct electroreductive deoxygenativimi d oub | e ef?ectr ol ysi so.

13
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1.2.1.3 Thiol-catalyzed radicalchain redox decomposition

A very interesting catalytic deoxygenation is the so called thiol catalyzed rateal
redox decomposition. With this method methoxymethyl ethers of seconddrtegiary
aliphatic alcohols can be deoxygenated. Datgal. reported the use of ttert-
butoxysilanethiol (TBST) as polarieversal catalyst for the deoxygenation of several
secondary and tertiary alcohols even in more complex sys@cherel.13).°%°* 2,2-Di-
tertbutylperoxybutane (DBPB) was used as initiator for the radical chaghanism.

(‘BuO)3SiSH (TBTS),

PION >< 0 (DBPB),

Bu” 07 ~O” Bu ><
collidine O‘llo)
> 'uqo

yield 90 %, ee 82 %

Schemel.13. Thiol catalyzed radicathain redox decompositiof>*

The polarity reversal catalyst enables this radical chain reaction by replacing the
unfavored hydrogen abstraction of the nucleophilic radiédidin ROCHOMe (Scheme
1.14, Equation 1) by a stepwise hydrogen transftechémel.14, Equation 3,4). This

stepwise hydrogen transfer is more favored due to polar e¥fects.

14
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cat. (tBuO);SiSH
radical initiator

R”"MOM R~ R =sek. C, tert. C

.00 —_— + O ©
RO R N @
H H
R * XS—H - R-H XS (3)
o__0O OO0 4
K5 v RO —_— Xs-H + RTY 4)
H H H

Schemel.14. Mechanism of the thiol catalyzed radiciiain redox decompositioi>®

1.2.2 Deoxygenationof alcoholsvia elimination-hydrogenation sequence

Dehydration followed by hydrogenation is a classical -st&p procedure for the
deoxygenation of alcohols. Both, the elimination of hydroxyl groups (dehydration) and the
hydrogenation of carbecarbon doule bonds are well studied reactions and excellent

reviews exist®®® We therefore will only discuss very few selected examples.

-H,O +H,
OH
R1)\/RZ - RV\/RZ - R1/\/R2
(Lewis) acid hydrogenation
catalyst catalyst

Schemel.15. Atom-economic twestep deoxygenation of alcohols employing a dehydrdtimirogenation
sequence.

In theory, the generation of waste can be limited to water when catalytic reactions are
used, vhile only hydrogen is needed as reactéthemel.15). Hence, this method is
desirable for industrial applications and frequently employed for the synthesis of platform

chemicals or biofuel from carbohydrates derived from biorfiagte catalysts for the

15
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industrial hydrodeoxygenation (HDO), i.e. CoM®&l,03; and NiMofAl,Os, remove
hydroxyl groups unselectively from biomass derivedbohydrate$*®® But also the
selective conversion of biomass derived platform chemicals by dehydhgtiivagenation
is possible. Leitneret al. showed theconversion of 42-tetrahydrofuryl)2-butanol
(THFA) into I-octanol (3OL) and 1,idioctylether (DOE) employing a ruthenium
hydrogenation catalyst under acidic conditi@w{emel.16).%’

Ru/C, H, (120 bar), 150 °C \/\/(>
acidic aditive [BSO3BIM][NTf,] 10
in fonic liquid [EMIM][NTF
Y\/D in fonic liquid [EMIMIINTE] 2-butyltetrahydrofuran (BTHF) (5 %)
0

OH
(ON
SN R

4-(2-tetrahydrofuryl)-2-butanol
(THFA) R=H (1-0OL); (49 %)
CgH47 (DOE); (44 %)

Schemel.16. Selective HDO o#l-(2-tetrahydrofuryl}2-butanol(THFA) with Ru/C in ionic liquid.

For chemoselective organicrgiiesis the catalytic processes must be chosen with care,
as the acidic conditions for the dehydrogenation as well as the catalytic hydrogenation can
cause undesirable side reactions. The acidic conditions for the dehydration can lead to the
generation okthers or the cleavage of acid sensitive protecting groups. Hydrogenation is
problematic, if other reducible functional groups aresent in the molecule, behoosing

the appropriate conditions these problems can be solved.

The dehydration is usually aelred under acidic conditions, i.e. with para
toluenesuflonic acid, but also solid acid catalysts, like heteropoly acids, or acid ion
exchange resins (Amberly&8, NafiornH), and basic catalysts can be appfiedi.For the
hydrogenation of carbecarbon double bonds a variety of catalyst is available, including
palladium, nickel, ruthenium, iridium, rheniuamd platinum metal catalystSPalladium,
as for the deoxygenation of ethers and esters, is the outstanding catalyst for the
hydrogenation of carbowarbon double bonds. Either homogenous or heterogeneous
catalysts can be used, but the functional groups within the molecule have to be
considered’? For example, the deoxygenation with Pd/C under hydrogen atmosphere is
not applicable for molecules containing benzyl or allyl ether moieties. Therefore, either the
catalyst or the hydrogen sourceush be changed. Using the palladium catalyst Pd/C(en),

poisoned with ethylenediamine, carbcerbon double bonds can be hydrogenated
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selectively while benzylethers, Cbz protection groups and TBDMS ethers are
unaffected’®>’* With 1,4cyclohexydiene as hydrogeamurce, even Pd/C can be used for

the hydrogenation of carbararbon double bonds without the clege@f benzylether§,

Pd/C(en)

H, (balloon), MeOH
P " OTBDMS

Ph” " OTBDMS

Bno\/\OTBDMS > no conversion

@ Pd/C (10 %)

EtOH, rt.
o) (@]
MO/V\OBH MOMOBH

(95 %)

Schemel.17. Chemoselective hydrogeman of carboncarbon double bonds with transfer hydrogenation
catalysts.

A metalfree hydrogenation method for ngolarized multiple bond employs diimide
as hydrogen source. As diimide is very unstable, it has to be genaras#d from
hydrazine hydrat or its derivative$® For example riboflavin catalysts are able to oxidize
hydrazine catalytically to diimide in the presence of-aaiygen and promotdhe

chemoselective reduction of ngolarized carbomarbon double bond$¢hemel.18).””

Flgat, (5 Mol%) H,N-NH, (10 eq.)
O, (air)
o HN=NH .
Sl o
ﬁ Fleat, = H
(99 %)

Schemel.18. Reduction of nonpolarized carbaarbon double bonds with organtalgtically generated
diimide.
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1.3 Direct reductive deoxygenation of alcohols

1.3.1 Direct deoxygenatiorwith hydrogenation catalysts

In the second part of this review we discuss direct deoxygenation methods of alcohols.
Being a onestep procedure the direct deoxpgéon saves time, chemicals and
consequently money and is therefore of great interest. While in the first parQHhso€ds
of the alcohols were activated by derivatization for the catalytic cleavage, the catalyst has
to achieve this activation for théreict deoxygenation. Indeed, the hydrogenation catalysts,
mentioned in the first part, are able to deoxygenate phenols as the study acétFabst
demonstrate& They studied the deoxygenation of polyhydroxybenzeBesdmel.19),
derived from glucose, by hydrogenation with supported rhenium, platinum and palladium
catalysts. But these special substrates cannot serve as general extonptes

chemoselective deoxygenation of phenols with these catalysts.

Rh/Al,O; (1.2 mol%)
OH H, 50 psi (3.5 bar)

/@\ 1M NaOH, 12 h @\
HO OH
HO OH (82 %)
OH R
OH [ R =0H
R i OH R = H
OH OH

(44 - 53 %)

Schemel.19. Direct deoxygenation of polyhydroxybenzers.

Raney nickel and Raney cobalt in refluxingp@panol were applied for the direct
deoxygenation of aliphatic alcohols substituteé jip, g, d or e position with an aromatic
ring (Schemel.20). Raney nickel gave very high yields in short reaction times of a few

hours while Raney cobalt suffered from low conversions even after 24 fours.
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Raney Nickel/Cobalt

R2 R 2-propanol, reflux R
OH R2

0-4 0-4

Schemel.20. Direct deoxygenation of aliphatic alcohols catalyzed by Raney nickel or édbalt.

The ruthenium catalyst [{CHRuU(CO}}2(u-H)]'OTf was found to deoxygenate
terminal diols partially by hydrogenatiorB¢hemel.21). The secondary alcohol was
remowed selectively due to the higher stability of the carbenium ion intermé&@iathaer

ruthenium and iridium catalysts have been investigated to catalyze this ré&&ion.

[{Cp*Ru(CO)a}y(p-H)"OTF

Schemel.21. Partial direct deoxygenation of a terminal diol using a ruthenium cafalyst.

The hydrido cobalt complex HCo(C&) was identified as catalyst for the
deoxygenation of allyl alcohof§.The complex is formeéh situ from cobalt(l)chloride
and potassium cyanide under hydrogen atmosphere. In a first study the hydridopentacyano
cobaltate anion was found to deoxygenate allyl alcohols by hydrogenation ofGhe C
double bond followedy an elimination of the hydroxyl group. This leads to the overall
deoxygenation of the allylic alcohol, but a -Efift of the double bond occurs, dependent

on the ratio of cyanide to cobalt, and yields a mixture of prod&ctsemel.22).
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Co
( o j o H-Co
A OH _— N __*CON >
A +CN- \6\ y i \K/\
v ‘f; -CN
Co—OH COH
Co—H co
X AN NN /ﬁ
CN/Co > 5:1 CN/Co <5:1 CN/Co > 5:1

Schemel.22. Direct deoxygenation of allyl alcohols wit situ formed HCo(CNy383

Leeet al.used the hydridopentacyarabaltate anion HCo(CNj for the deoxygenation
of allyl alcohols. Their improved ptocol deoxygenates allyl alcohols directly by
1,2-reduction applying-cyclodextrin as phase transfer cataf/sio hydrogenation and
no shift of the double bond was observed and catalytic deoxygenation of several allylic

alcohols was accomplished in high yields at room temper&BafeeMel.23).

CoCl, (30 mol%)
KCN, KCI
B-cyclodextrin (5.5 mol%)

0.4 M KOH
87 % (GC)
_ OH = 80 % (isolated)
R
R R=0H
©/\)\ X SR
R=H

(40 - 91 %)
)\/W X X OH =
R=H

no reaction in case of tri substituted
double bond or tertiary allyl alcohol

Schemel.23. Direct catalytic deoxygenation aflyl alcohols byin situformed HCo(CNy3.2*
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1.3.2 (Lewis) Acid catalyzed direct deoxygenations

1.3.2.1 Direct deoxygenation by activation of the @0 bonds with Lewis acids

Lewis acids are known to activate@ bonds for the deoxygenati with a hydride
source®™ They are used in sthiometric amounts and reveal selectivity for alcohols
following the trend tertiary> secondary>> primary. Gevorgyanet al. demonstrated
convincingly that the use of B{Es)s in catalytical amounts and HSgEs hydrid source
changes this order of readty completely toprimary >> secondary> tertiary®® Even the
chemoselective deoxygenation of a primary alcohol in the presence of a secondary alcohol
is possible $chemel.24) .2

B(CgF5)3 (5 mol%)
Et3SiH (10 eq.)

o,
(91%) Et;SiO

Schemel.24. Chemoselective deoxygenation of a primary alcohol in the presence of a secondaryalcohol.

Indium(lll) catalysts are used for carboarbon bond formations and as Lewis
acids®®° In combination with silanes as a hydride source trivalent indium halides are good
catalysts for the mild deoxygenation of secondary, tertiary and benzylic alcohols.
Babaetal. studied the deoxygenation of ketones using 41§&€Imol%) and MgSiCIH and
discovered that their protocol was applicable for alcoffdlster they refined this protocol
for the direct catalyticdeoxygenation of alcohols. The use of an inCatalyst in
dichloroethane with BBICIH as hydride source gave the best results for the
deoxygenation of secondary, tertiary and benzylic alcatiaiae mechanism involves an
initial formation of the silylether followed by the deoxygenation by hydride transfer.

Without catalyst the reaction yields the silylether.

InCl3 (5 mol%)
Ph,SiHCI (2 eq.)

DCE, 80 °C

R/OH - R/H R = sek. C, tert. C, benzylic

(68 - 99 %)

Schemel.25. Indium(ll) chloride catalyzed direct deoxygenatin.
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Recent examples also demonstrate the acid catalyzed chemoselectiywgedation of
allylic and propargylic alcohols with silane as reductant. The heteropolyacid
H3[PW12040] XnH,O deoxygenates allylic and propargylic alcohols under mild conditions
in high yields with E4SiH as reducing agens¢hemel.26).%

o R?
R1)\ H3[PW12040]XI7H2O (1 mOI%) R1J\
N Et3SiH (1.5 eq.) N

DCE or TFE

OHos (61 - 96 %)
RHQ/\ R6 ’ R4J\/ﬁ R6

Schemel.26. Direct deoxygenation of propargylic and allylic alcohols with the heteropolyacid catalyst
Ha[PW3,04¢ xnH,0.%

The Lewis acids Ca(N%)f, and Bi(OTfy deoxygenate propargylic alcoholstivEtSiH
as hydride source. The Ca(NJf catalyzed reaction was enhanced by,NBRFR; as
additive?® while the deoxygenation catalyzed by Bi(OiTfyas performed in the ionic
liquid [BMIM][BF 4.* The latter study explored several Lewis acids and the
bismute(Itriflate gave the best results. Furthermore, not only propargylic also allylic and

benzylic alcohols werdeoxygenated successfully.

Molybdenum hexacarbonyl, known for the cleavage ¢ Gonds, was also applied in
the catalytic deoxygenation of alcohols. In combination with Lawesson’s reagent, normally
used for the conversion of carbonyl compounds into #rtwanyls, Mo(COy deoxygenates
heterocyclic haldbenzyl alcohols in high yieldS¢hemel.27).%

Mo(CO)g (5 mol%),
Lawssons Reagent (0.5 eq)

o
S<.S. Ji ]
PP

(52 - 95 %)

Schemel.27. Molybdenum hexacarbonyl cagakd deoxygenation of heterocyclic hdlenzyl alcohols?
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1.3.2.2 Radical deoxygenation catalyzed by lowalent titanium

Low-valent titanium is long known for the activation ofCC bonds, not only in
McMurry reactions, but also for the deoxygenatiorbefizylic and allylic alcohol®. In
1980, Satcet al. described the catalytic deoxygenation of allyl and benzyl alcohols and
allyl ethers. They used LiAllHas reducing agent with catalytic amounts of TiGt
titanocene dichloride, GPiCl,.°" Recently, Dieguez studied the mechanism of the
deoxygenations of benzylic and allylic alcohols, diols and carbonyl compounds with
Nugent's Reagen€p,TiCl.®® The GO bond is cleaved homolytically by singiectron
transfer, SET, from CGiCl and generates a radical. This radical can either react with a
hydrogen donor under hydrogen abstraction, giving overall deoxygantion, or recombine
with a second radical. In the case of-dlid@ls the recombination of ¢hradical intermediate
leads to the generation of a double boBdhemel.28).

Cp,TiCl (nugent’s reagent)
Mn (reducing agent)

catalytic by using

Cp,TiCl,/TMSCI
oH Cp,TiCl -
2

Schemel.28. Deoxygenation of benzylic alcohols wi@p,TiCl, as cathyst.®’

Deoxygenation of allyl alcohols sometimes gave a mixture of products with different
positions of the double bond. Depending on the stability of the generated radical
intermediate, the double bond shifts to generate the mbét stalical Schemel.29).

Cp,TiCl
Cp, TiCl Tice,Cl H*

e : .
R/ﬁ/v\OH — R/ﬁ/ HRY - R)\[/ . RY

Schemel.29. Mechanism of the deoxygenation of allylic alcohols with Tapl. 8
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1.3.2.3 lodine/HI catalyzed deoxygenations

The deoxygenation of alcohols using refluxing hydriodic aod @d phosphorous was
invented by Kilianiet al. 140 years ago, is still used for industrial applications and was
reinvestigated as catalytic reductinThe mechanism of this reduction consists of two
steps, first the hydroxyl group is converted into the corresponding alkyl iodide that is
subsequently reduced by redox comproportionation with hydriodic &de(mel.30).

While the nucleophilic substitution as the first step is widely accepted, the second step is
controversially discussed in literatuf&1% Already in 1939, Mieschest al. described the
regeneration of HI from iodine by red phosphorous and the possibility of using iodine or

iodide instead of hydriodic acid®

Schemel.30. Mechanism of the deoxygenation of alcohols with hydriodic acid.

Robinsonet al. studied the deoxygenation of gols, i.e. Dsorbitol, with hydriodic
acid and the recycling of the acid for industrial applicati@chgeme 1.31). They
regenerated hydriodic acid either by chemical reduction withPQsl or
electrochemically®*'°® But the harsh conditions tiiese methodare still problematic for

the use in organic synthesis.

HI, H3PO4
OH OH 117 °C
HO\/'\E/\_:/\OH — > /\/\l/ + C'12H22 + C18H32
OH OH '
D-sorbitol

Schemel.31. Deoxygenation of Bsorbitol with catalytic amounts of hydriodic acit.

Kdnig et al. described the use of red phosphas and catalytic amounts of aqueous Hl
in a biphasic reaction media for the reduction of benzylic alcolsakemel.32).2°® The
cleavage of methyl ethers or dehalogenation reactions were not observed with this protocol

in contrast to the classic method.
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HI (cat.), Preg
OH toluene, 100 °C

0
R = OH
EtO R
R=H
cl

(74 - 98 %)

Schemel.32. Direct deoxygenation dfenzylic alcohols with hydriodic acid and red phosphor8us.

Another possibility is then situ generation of HI from another iodide source. Mibte
al. used sdium iodide in combination with phosphorous acid as stoichiometric reductant.
Under these conditiors-hydroxyphenylacetic acids could be deoxygenated successfully.
Furthermore, bromo substituents and ethers were tolerSemkrnel.33).2°"1% Using
hypophosphorous acid and catalytic amounts of iodine in acetic acid Getrdbrcould

deoxygenate benzhydrols without the cleavage of chloro and bromo substitathts.

HyPOs5
Nal (30 %)
OH
com MSA, H,0 CO,H
R—: X R 2 40-95°C R_l AN R
= |

=

Schemel.33. In situ generation of HI from sodium iodide and phosphorous acid for the deoxygenation of
a-hydroxyphenylacetic acids®"%®

Senet al. also used HI in catalytic amounts for the deoxygenationarhass derived
fructose to generate-fiethylfurfural MF.*° They applied a hydrogenation catalyst and
hydrogen for the regeneration of HI from iodine. The reaction could not be achieved
without hydriodic acid and provides another good opparguor the catalytic use and the
regeneration of hydriodic acid.

HI cat.
Pd/C cat.
HO O H,, 120 °C o
—=OH - > | p
HO\\\‘ —OH \O

OH

Schemel.34. Generation oMF from fructose with catalytic amounts of Hf’
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1.4 Conclusion

The Bartm McCombie deoxygenation has been studied and developed extensively over
more than 35 years. It is the first method that comes to most chemists mind thinking about
the chemoselective and mild removal of a hydroxyl group. In this review we have provided
a dort overview of catalytic alternatives for this method, including their scope and

limitations.

For the deoxygenation of aryl alcohols the currently best methods employ-siefwo
procedure transferring the alcohol first into an appropriate ester or thidtecan be
reductively cleaved catalytically with a palladium or nickel catalyst. The deoxygenation of
alkyl hydroxyl groups is more versatile; depending on the substrate even the direct
deoxygenation is possible. Mostly activated alkyl alcohols, likezyde allyl or propargyl
alcohols, are preferred for the direct deoxygenation. This substrates can stabilize a radical
or ionic intermediate by delocalizatiatia the neighbouring-system, thus the -© bond
is cleaved more easily. But also without this activation, the direct deoxygenation is
possible by activation of © bond with an appropriate Lewis acid. In the case of the
radical chain deoxygenation an external reductant isven needed, as the MOM ether

serves as internal reducing agent.

The direct deoxygenation will be the preferred method when more catalytic procedures
with improved chemoselectivity will become available. The increasing use of biomass
derived compounds itsad of fossil carbon for chemical synthesis will set a strong
demand for efficient, selective and catalytic defunctionalization methods.
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Chapter 2

Reduction of benzylic alcohols and}+hydroxycarbonyl
compounds by hydriodic acid in a biphasic reaction

medium

This chapter wasvritten in collaborationwith Michael Dobmeier and publisiént he fiBei | sf
Or gani ¢ Choermeiers ¥.r Hewmann, J. M.; Lenoir, D.; Konig, Beilstein Journal of Organ
Chemig¢ry 2012 8, 330 Michael Dobmeier and Josef Herrmann contributed equally to the written part
chapter.Table etriesbased onxperimentsperformed bylosef Herrmanmare marked with *The alcohol
1-(4-methoxyphenyl2-phenylpropafil-ol, 2-methytl-(thiophenr3-yl)propanl-ol, 4-methyt2-phenyt
pentan2-ol, 3-methyt1-phenylbutarnl-ol, (E)-6-methyt1-phenylhep#-en-3-ol, 6,6-dimethyl2-phenylhepi
4-yn-3-ol, ethyl 3(4-chlorophenyh3-hydroxybutanoatewere synthesized by Josef Herrmann. Ra
capure experimerstwith TEMPO were performed by Josef Herrmann.
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2 Reduction of benzylic alcohols and {-hydroxycarbonyl

compounds by hydriodic acid in a biphasic reaction medium

2.1 Introduction

The reduction of hydroxyl groups is a typical ameportant step in the synthesis of
complex natural products or druj§Functional group tolerance during this reduction step
is essential since various otherogps are usually present. A number of thgtic
procedures have been developed, which allow selective reduction, but only a fstepne
trandormations are known using either titani(ftl) >® or different metatomplexes™™
Most procedures require a sequence of steps, e.g. the conversion of hydroxyl groups into a
chloride or bromide substituent and sefuent catalytic reduction withA®t or the
conversion into a tosylate and reduction with LiAlR-The most commonly applied method
is the BartorMcCombie reaction? due to its versatility and its very high functional group
tolerance’>*® Although very general, the reaction has some drawbacks: the involved
organo tin hydrides are costly, highly toXi¢" and often difficult to separate from the
reacton products. Furthermore, secondary alcohols give best results, while others may

react less efficient.

We have reinvestigated the long known reduction of benzylic alcohola-tydroxy
carbonyl compounds by hydriodic aéff? First described by Kiliani more than 140 years
ago for the reduction of gluconic acid to hydrocarbtrtee method has been reported for
a variety of alcoholsbut typically proceeds in aqueous solution and reqainesxcess of
HI or strong mineral acids like phosphoric or sulfuric &&f.

We describe a biphasic reaction medium consisting of toluene and aqueous hydriodic
acid. The phase separation allows milder reactiorditons compared to the classic

Kiliani protocol and is more applicable to organic synthesis.
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2.2 Resultsand Discussion

2.2.1 Deoxygenationof benzylic alcohols

Initial investigations focused on simple bengyilcohols (Tabl.1, entry 13), which
were converted in high to quantitative yields into the corresponding alkanes. Carbonyl
groups or amides in benzylic position (TaBl&, entries 4 and 6) and aromatic hydroxyl
groups, (Table2.2, entry 7) or aromatt ethers (Table.1, entry 5) are not affected.
Moreover, heterocycles like thiophene (Taldd, entry 7) were stable under these
conditions whereas furans (Takel, entry 8) were decomposed due to ring opening.
Benzylic alcohols were converted in goéd high yields to alkanes with increasing
reactivity in the order primary (2 h) < secondary {0.B) < tertiary alcohol (15 30 min);
carbonyl groups and ethers are tolerated. Diethyl tartrate is converted into diethyl succinate
under the reaction condin (Table2.1, entry 12), but some of the material is lost due to

ester hydrolysis.

Table2.1. Reduction of benzylic alcohols to corresponding alkanes.

3 eqHI aq.» 0.4 eq Pyegq,

OH toluene, 80 °C H
Ar” "R Ar)\R
62 -96 %
Entry Alcohol Product Yield [%]
2 oH 96

o

3 OH

H
Ph/k Ph Ph);hph

Ph

100
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0 DR!
5 OH O O 92

6 OH 82
; Y
O

7* H 6%
%
8 decomposition

e o “
10* ©)O:/K @/\)\ 49

HO  OH
11 78
Ph
O O ol
O OH (0}
12 /\OMOV /\OJWO\/ 65
OH O (6]

2All products are known compounds described in the literature. Identity has been proven by proton
NMR and mass analysis, which mhatliterature data” The corresponding iodo compound was
identified as byproducf;the corresponding elimination product was obtained as byproduct.
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2.2.2 Deoxygenationof allylic and propargylic alcohols

Allylic alcohols are completely consumed, but the cgponding alkenes could not be
isolated as pure product (TablR Mixtures of eliminiation and deoggnation products,
in some cases also rearangement of the deoxygenated product into the higher substitued,
thermodynamical more stable, alkene occurRrdpargylic alcohols (Table2 entry 3,4)
showed elimination or decomposed. In the case of flavin (Talde entry 6), three

hydroxyl groups were reduced and one was converted into an iodo substituent.

Table2.2. Alcohols showing incomplete or unselective reaction with hydriodic acid and red
phosphorous (3.0 eqg. HI, 0.4 eGP

Entry Alcohol Product Yield [%]

mixture of several
1*
products

mixture of several

: 2
\ \

2*
products
3 oH Traces
Q)& s
4* Deconposition
Z
OH

Decomposition

@;o
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o) o)
6 N \N/go N \N/go 21
OH
HO OH
OH I
OH
7 | AN no conversion -
[ =

2.2.3 Conversion ofaliphatic alcohols withoutp-system ina-position

Others alcohols than benzylic arto carbonyl groups were not converted into the
corresponding alkane and the reaction stdppé the iodo alkanes (Tab@3). The
reactivity follows the order of primary < secondary < tertiary alcohols, as expected for an
Sy 1 reaction. The reduction potential of the flmenzylic iodo alkanes is not sufficient for

reduction by hydriodic acid.

Table 2.3. Alcohols yielding alkyl iodides with hydriodic acid and red phosphdrous

Entry Alcohol Product Yield [%]
1 OH | 98
2 83
HO |
3 oo R 81

33 eq. HI, 0.6 eq. B; 8 h;” single isomer®20 h; pralucts were analyzed by gas chromatography;
chlorobenzene was used as internal standard.
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2.2.4 Mechanismof the deoxygenation with hydriodic acid

The mechanism of reduction by hydriodic acid consists of two steps (Séhemé&he
nucleophilic substitution of theydroxyl group by iodide and the subsequent reduction of
the alkyl iodide by hydriodic acid. The iodine, generated in the second step, is recycled by
reduction with red phosphorous regenerating hydriodic acid.

OH )I\ H
R1)\R2 R{” "R, R1)\R2
step 2
HI
alkenes, ,'l
if [I]is H,O I
low -/
Pl; + P(red)
H3PO, Pls
Hs;PO,

Scheme2.1. Mechanism of the alcohol reduction and recycling of iodine

The mechaistic details of the redox compgportionation of alkyl iodides andiH are
controversially discussed in the literatdfé® However, the required benzylic or
a-cartonyl position for the redox compportionation indicates an intermediate with
mesomeric stabilization by the adjacgmsystem. In a trapping experiment, using H
without phosphorous, diphemgrbinol as substrate and TEMPO as trapping agent for
radical intermediate, the TEMPO adduct of diphewgrbinol was detected by mass
analysis §cheme2.2).

HI 10 eq. oH /gj<
' TEMPO 2.0 eq. N

Scheme?.2. Radical capture experiments with dgnylcarbinol and TEMPO.
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This indicates a radical mechanism of the redox comproportionation. We suggest a
stepwise reduction by single electron transfer (SET) accompanied by the oxidatitm of |
I,. The iodine, generated in the second step, is recygledduction with red phosphorous,
regenerating hydriodiecid. Admittedly, the abovmentioned TEMPO adduct could also
be generated by nucleophilic substitution of the alkyl iodide with reduced TEMPO. At

least this would be another proof for first readion step(Scheme2.3).

spachalvacias

e
b

Scheme2.3. Possible reaction pathways for the generation of the TEMPO adduct.

2.2.5 Deoxygenation with catalytic amounts of hydodic acid

According to the redox equations of the reaction between iodine and red phosphorous,

each mol of red phosphorous is able to reduce at least 1.5 mol of iodine.
3 + 2P + 6 HO Y 6 H + 2 H:PG;
5L + 2P + 8HO Y 10 HI + 2 H:PO,

Catalytic amants of hydriodic acid are therefore sufficient for the reduction of the
hydroxy group, when excess red phosphorous is added as terminal reducingr agkent (
24, entry 1, 36). However, depending on the amount of added hydriadid the
elimination of water may occur as an alternative reaction pathiabt€2.4, entry 2).Low

concentration of HI favors the elimination of water, while higher HI concentrations lead to
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deoxygenatior(Table 2.4, entry 1) But for substrates without a methyl, methylene of methine
group ina-position Table 2.4, entry 4- 6), even low concentration of HI were sufficient for

deoxygenation. In these cases dehydration coulthketplace as alternative reaction pathway.

Table2.4. Reduction of alcohols with catalytic amounts of hydriodic acid.

Entry Alcohol Product Yield [%]

HO
. RN AL
HO
A
o ©)<)\ @M -
o

3 Etoj:kb E 82
cl cl

74

o)

5 /(\)\H /T\ 98
NS N

20.6 eq. HI, 0.4 eq.,B; "0.1 eq. HI, 0.7 eq. R
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2.3 Conclusions

Toluene and aqueous hydriodic acid are a suitable biphasic reaction mixture for the
reduction of a range of benzylic alcohols. The fim@mse system makes the Kiliani
protacol easier applicable to organic synthesis, as organic substrates and products dissolve
in the organic phase and are separated from the mineral acids. The procedure allows the
use of catalytic amounts of hydriodic acid and red phosphorous as the teedunzthnt.

In the case of alcohols having no activation by adjacent benzylic or carbonyl groups the
reaction stops at the corresponding alkyl iodide. A quantitative mass efficiency dfalysis
of the reaction in comparisdo tosylatia/LAH, Ti(lll) -medated and BartoivicCombie

reduction revealed a better atom economy and mass efficiency.
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2.4 Experimental

General: All reagents and solvents used were of analytical grade, purchased from
commercial sources and used without further pwiion. Unless stated otherwise,
purification and drying of the solvents used was performed according to accepted general
procedures. All reactions were performed under an inert atmosphere by Nsing
standard Schlenk techniques, if not otherwise stafie@. analyses were performed on
silica-gelcoated alumina plates (F254 silica gel, layer thickness 0.2 mm). Visualization
was achieved by UV light at 254 nm/366 nm or through staining with ninhydrin dissolved
in EtOH. For preparative column chromatograps$ifica gels (70230 mesh and 23@00
mesh) were used. For chromatography commercially available solvents of standard quality

were used without further purification.

Representative experimental procedure: The alcohol (1 mmol, 1 eq.) is dissolved in 4
mL of toluene. Red phosphorus (0.4 mmol), followed by concentrated hydriodic acid
(57wt.-%; 3.0 mmol, 3 eq.) is added and the reaction mixture is heated to 127 °C for the
stated time, allowed to cool to room temperature and quenched wigNg10 mL;
10wt.-% ) solution. The aqueous phase is extracted with dichloromethane (3 x 10 mL), the
combined organic phases are dried over MgSilered and the solvent is removed. The
crude product is purified by chromatography and spectroscopically characterized.

For catalytic reactions of 1 mmol of the respective alcohol the following amounts of
hydriodic acid and Rq) were used: (a) 0.6 mmol HI / 0.4 mmqleR, (b) 0.2 mmol HI /
0.6 mmol Req) (c) 0.1 mmol HI / 0.7 mmol Rq)

E-6-Methyl1-phenylhepd-en3-ol: The reaction was carried out under dry nitrogen
atmosphere using standard Schlenk techniques. To a slurry of Mg powder (0.67 g, 28
mmol) in dry THF (4 mL), 2 mL of a solution of-@henytl-bromethane (3.0 mL, 28
mmol) in dry THF (10 mL) were added. &IGrignard reaction was initiated by addition of
iodine and sonication for several minutes. When the exothermic reaction had started the

rest of the Zohenyll-bromethane solution was added through a septum via syringe over
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15 minutes. After addition theaction solution was heated to reflux for 1 hour to complete
the reaction. The reaction solution was allowed to cool to room temperature before 4
methyl2-pentenal (2.3 mL, 20 mmol) was added dropwise. To complete the reaction the
solution was again heated reflux for 1 hour. The reaction was quenched by addition of
HCI (2 M, 25 mL). The agueous phase was extracted with diethyl ether (3 x 15 mL). The
combined organic phases were washed with saturated Nafd6@nL), HO (2 x 10 mL)

and dried with MgS@ The solvent was removed with a rotary evaporator. The crude
product was purified by flash chromatograpf®E(EtOAc4:1, Ry = 0.32, staining with
vanillin solution gave a blue spotE-6-Methyl-1-phenylhepé4-en3-ol was isolated as
yellow oil in 74 % yield(3.05 g, 14.9 mmol)*H NMR (300 MHz, CDC}) Ui 7.33i 7.14

(m, 5H), 5.63 (ddd) = 15.5, 6.4, 0.7 Hz, 1H), 5.44 (ddd= 15.5, 7.0, 1.2 Hz, 1H), 4.13

4.01 (m, 1H), 2.79 2.59 (m, 2H), 2.39 2.21 (m, 1H), 1.97 1.72 (m, 2H), 1.58 (d] =

2.7 Hz, 0.3H), 1.46 (d) = 1.8 Hz, 1H), 1.00 (dJ = 6.8 Hz, 6H). *C NMR (75 MHz,
CDCls) 1 139.6, 129.7, 128.5, 128.4, 125.8, 72.6, 38.8, 31.8, 30.7, 22.4, 22\M5:Fh/z

(%) = 91.1 (100) [@H-]", 161.1 (81) [M CsH-]", 186.1 (5) [MH.O]*, 204.2 [M] AHR-

MS: calcd. for GaH200 [M]* 204.1514; found 204.1511.

E- 1-Phenylhexd-en-3-ol: The reaction was carried out under dry nitrogen atmosphere
using standard Schlenk techniques. A solution (1 mL)glfienyt1-bromethane (1.35 mL,
10.0 mmol) in dry THF (10 mL) was added to dgwder (0.25 g, 10 mmol). The
Grignad reaction was initiated by addition of iodine and sonication for several minutes.
When the exothermic reaction had started the rest of-fifeefyl1-bromethane solution
was added through a septum via syringe over 15 minutes. After addition the reaction
solution was heated to reflux for 1 hour to complete the reaction. The reaction solution was
allowed to cool to room temperature before crotonaldehyde (0.74 mL, 9.0 mmol) was
added dropwise. To complete the reaction the solution was again heated tdorefiui
hours. The reaction was quenched by addition of HCI (2 M, 10 mL). The aqueous phase
was extracted with diethyl ether (2 x 15 mL). The combined organic phases were washed
with saturated NaHC£(5 mL), H,O (2 x 5 mL) and dried with MgSQOThe solventvas
removed with a rotary evaporatdt-1-Phenylhex4-en-3-ol was obtained in 96 % yield
(1.53 g, 8.69 mmol). Analytical data were identical with the literattfel NMR (300
MHz, CDCk) 0 7.341 7.06 (m, 5H), 5.63 (dq, J = 15.3, 6.2 Hz, 1H), 5.48 (ddd, J = 15.3,
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7.0, 1.4 Hz, 1H), 4.02 (q, J = 6.7 Hz, 1H), 2i73.56 (m, 2H), 1.67 (dd, J = 6.3, 0.7 Hz,
3H) , 1.52 (s, 0.3H), 1.40 (s, 0.7H3I-MS: m/z (%) = 71.1 (100) [§-O]", 91.1 (67)
[C;H4]*, 105.1 (19) [M CsH,O]*, 176.1 (50) [M] A

1-(4-MethoxyphenyiP-phenylproparl-ol: The reaction was carried out under dry
nitrogen atmosphere using standard Schlenk techniques. 1 mL of a solutinooha1-
methoxybenzene (0.62 mL, 5.0 mmol) ory THF (10 mL) was added to Mgpwder
(0.12 g, 5.0 mmol). The Grignard reaction was initiated by addition of iodine and
sonication for several minutes. When the exothermic reaction had started the restof the 4
bromo1-methoxybenzene solution was addédrough a septum via syringe over 15
minutes. After addition the reaction solution was heated to reflux for 1 hour to complete
the reaction. The reaction solution was allowed to cool to room temperature before 2
phenylpropionaldehyde (0.60 mL, 4.5 mmol) svadded dropwise. To complete the
reaction the solution was again heated to reflux for 2 hour. The reaction was quenched by
addition of HCI (2 M, 5 mL). The aqueous phase was extracted with diethyl ether
(2x5mL). The combined organic phases were washitha saturated NaHC£(3 mL),
HO (2x2.5mL) and dried with MgS@ The solvent was removed with a rotary
evaporator. The crude product was purified by flash chromatogr&#{£{OAc4:1, R =
0.3, staining with vanillin solution gave a blue spot):(4IMMethoxyphenybh2-
phenylpropari-ol was isolated as yellow oil in 57 % yield (0.62 g, 2.6 mmol). Analytical
data are identical with literatufé*H NMR (300 MHz, CDC}) 1 7.457 7.05 (m, 7H), 6.85
i 6.74 (m, 2H), 4.76 (d] = 6.1 Hz, 1H), 3.78 (s, 3H), 3.09 (= 6.9 Hz, 1H), 1.34 (d] =
7.0 Hz, 3H).EI-MS: m/z (%) = 137.1 (53) [MCsHg]", 224.1 (2) [MH.0]", 242.1 (1)
M+ 2

6,6-Dimethyt2-phenylhepé-yn-3-ol: The reaction was carried out under dry nitrogen
atmosphere using standard Schlenk techniques. The solution -ding&8yl1-butyne
(0.62 mL, 5 mmol) in dry THF (10 mL) was cooledité8 °C. rBuLi (1.6 M in hexane,
3.5 mL, 5.6 mmol) was added dropwise througlseptum via syringe. The reaction
mixture was allowed to warm to room temperature before the solution-of 2

propionaldehyde (0.68 mL, 5 mmol) in dry THF (5 mL) was added dropwise through a
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septum via syringe. This solution was stirred for 4.5 hours. Theioaavas stopped by
addition of HO (10 mL). The aqueous phase was extracted with diethyl ether (3 x 15 mL)
and the combined organic layers were dried with Mg9®@e solvent was removed with a
rotary evaporator. The crude product was purified by flasbnechtography RE/EtOAcC
4:1,R = 0.42, staining with vanillin solution gave a blue spot)-dtGethyt2-phenylhept
4-yn-3-ol was isolated as colorless oil in 46 % vyield (0.50 g, 2.3 mmid)NMR (300

MHz, CDCI3)t 7.4071 7.19 (m, 5H), 4.44 (dd, J =7.4, 5.4 Hz, 1H), 3.03 (dd,J=7.1,5.4
Hz, 1H), 1.67 (d, J = 5.4 Hz, 1H), 1.64 (d, J = 7.4 Hz, 1H), 1.39 (d, J = 7.1 Hz, 3H), 1.17
(s, 9H).*C NMR (75 MHz, CDCJ) 11 141.9, 128.8, 128.2, 127.0, 95.5, 78.1, 67.8, 67.5,
55.0, 46.1, 31.0, 30.0, 16.B]-MS: m/z (%) = 57.1 (36) [fHg]", 99.1 (100), 105.1 (20)
[CsHidl*, 216.2 (7) [M] A
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Chapter 3

Synthesis of novel natural prodts isolated from

butchers broom

The compoundsuscozepine A and B were isolatt?®dm Rusci rhizoman the working group of Prof. C
Jorg Heilmann at the University of Regensburg by Martej Barbie Syhthetic approackasperformedby
Josef Herrmann. Pharmaceutical testing was performedMmnika Untergehrer and Gabriele Bruni
coworkers of Prof. Dr. J6rg Heilmann.
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3 Synthesis of novel natural prodets isolated from butchers

broom

3.1 Benzoxepines isolated from butchers broom

RuscusaculeatusL. (Figure 3.2), also known as butchergdom, is a low evergreen
shrub native to Southand WesiCentral Europe, Asia Minor, Northern Africa and
Caucasus. The use of the plant for medical applications is long known, ancient Greek
physicians applied it as laxative or diuretic and in Europe it was added to wine as diuretic
to remove kidney stonésin a study on then vitro active compounds of the Rusci
rhizoma, the novel phemnllbenzoxepinols ruscozepine Aa and ruscozepine Hb
(Figure3.1) were isolated from the methanolic extract of the Rusci rhiZoma.

=\(s) HO =\ s
o o

HO (0) MeO (@)

1a Ruscozepine A 1b Ruscozepine B

Figure3.1. Phenyll-benzoxepinolssolated fromhe Rusci rhizoma

The plant and its constituents are of special interest as the Rusci rhizoma extract is
already used for the preparation of commercially available drivgin application of the
Rusci rhizoma preparations ke treatment of varicose veins and hemorrhoids, but the
antrinflammatory and vasoconstrictive activity is also of interest in recent studies, e.g. for
the treatment of venous insufficientyFurthermorea clinical trial indicated that the use

of Rusé rhizoma extract may prevent diabetic retinopdthy.
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Figure3.2., A: lllustrationof Ruscus aculeatus., B: Ruscus aculeatyslant, C:Ruscus aculeatusvig, D:
Rusci rhizomd.

All these effects are mostlyscribed to the steroidal saponins and ruscinodeigsire
3.3) being the main constituents of tReisci rhizoma extract. However, nothing is known
about the influence on the pharmacological effects of the newly found ruscozdpiges
to the limited availability of these substances by isolation a synthetic approach is needed to

provide enough material for pharmacological testing.

Ruscin

Deglucoruscine

Figure3.3. Constitients of Rusci rhizoma isolated besides ruscozepine A @nd B.
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3.2 Synthesis of the ruscozepines and analogous benzoxepines

The syntheses of the desired benzoxepines follows a known synthetic p&tivhiaf,
was improved for the ruscozepines. The carbarbon double bond of the 2dthydro
benzo[b]oxepinsl is gererated by a reduction and elimination sequence fromathe
unsaturated ester of theaByl-benzo[b]Joxepirb(2H)}ones2. The 7Zmembered ring is
closed by FriedeCrafts acylation of the compoun8swhich are generated by coupling of
a phenol derivativel with an allyl bromide5. For the synthesis of the benemines
containing methoxy ether beside a phenol hydroxyl group, it was essential to apply an

appropriate protection group strategy.

Scheme3.1. Retro synthetic analysis tife 2,3-dihydrobenzo[b]oxepis

In addition to the two isolated benzoxepines further analogous substances were
synthesizedRigure 3.4). The planned synthesis of a benzazepine analog was not possible
with the estalished synthetic protocol of the benzoxepines. The synthesized compounds
differ in the substitution pattern of the aromatic rings and the functional groups present in
the molecule and should help to broaden the knowledge of the pharmacological effects of

this substance class.
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OMe
4O N e aYa N e @A
HO o) HO o HO o)

1c 16a

OMe OMe
HO =
o~ A S Ao
L OO0 s 107"
MeO (o)
1d 16¢c

1b Ruscozepin B
pe®
MeO O
1e

Figure3.4. Synthesized compounds.

Aim of the study was the synthesis of the novel isolated pkebghzoxepinols
ruscozepine Alaand ruscozepine Bb to elucidate their pharmacological effects and their
role in the overall activity of the Rusci rhizoma extract. The synthesis was inevitable due to
the limited availability of these compounds by isolation. In addition to the isolated
substances further alogs were synthesized to broaden the knowledge on the

pharmacological effects of this substance class.
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3.2.1 Ruscozepine A, B and analogous benzoxepines

The Syntheses of the isolated ruscozepindsiAnd B1lb and the related benzoxepines
1c and 1d are shownin Scheme3.2. The 11 steps proceeded with yields ranging from

moderate to very good and provided the desired benzoxelaeeén overall yields from

1.5 % to 3.1 %, which means an average yield of 68 % to 73 % per step. kdletai

description of the synthetic approach including encountered difficulties is provided in the

following chapter.

o
BzCl EtO
P . NEt, THF 0 . p'II'SA
)ﬁR ' R! Zn, I, cat., dioxane R toluene
OH
(a: 96 %) OBz (a: 98 %) OBz (a: 84 %)
(c:99 %) (c: 98 %) (c: 78 %)
6a:R'=H; 7
6c: R' = OMe;
NBS, CCl,. OH
DBPO K,CO3, K, acetone R2
—_—
R3
(a: 80 Z/° (a: 64 %)
(c:82%) (b: 53 %)
(c: 58 %) 3a:R'=H,R2=0Bn,R®=H;
(d: 42 %) 3b: R' = H, R = OMe, R® = OBn;
3c: R' = OMe, R2= 0Bn, R® = H;
3d: R' = OMe, R? = OMe, R® = OBn;
) 0 . )
1. LiOH, THF/H,0 (3:1) 1. cyanuric chloride,
2. BnBr, K,CO4 HO pyridine, DCM , 0 R
3. LiOH, THF/H,0 | R 2. AICl, R \
- e AT
2 2
(a: 45 %) R o OBn (a: 64 %) R 0
(b: 50 %) (b: 48 %)
(c: 36 %) R® 10 (c: 67 %) 2
(d: 44 %) (d: 53 %)
over 3 steps
isolated by recrystallization
o} R
H,, Pd/iC R3 NaBH,, EtOH
—— O ——
R2 O
Ezﬂ gg Oﬁ; (a: 46 %)
(c:. 67 o/:) 11a:R'=H,R?=0H,R®= H; (b: 42 :/0) 1a Ruscozepine A: R' = H, R? = OBn, R® = H;
(d: 65 %) 11b: R = H, R? = OMe, R? = OH; Eg-_ po Of)) 1b Ruscozepine B: R' = H, R2 = OMe, R® = OBn;
11c: R' = OMe, R2= OH, R® = H; ’ ° 1c: R'=OMe, R2= OH, R3 = H;
11d: R' = OMe, R? = OMe, R® = OH 1d: R' = OMe, R? = OMe, R® = OH

Schemed.2. Synthess ofruscozepin@ and B and analamusbenzoxepies.
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3.2.1.1 Synthesisof the 4-bromo-but-2-enoic acid esters 5a and 5¢

In a first attempt benzyl was used as protection group for the aromatic hydroxyl groups
as it was considered to be stable towards the conditions throughout the whole synthesis.
Unfortunately, the benzyl group turned out is to be unstable during the allylic bromination.
This reaction not only brominates in allylic, but also in benzylic posiGmméme3.3). As
a similar method is already used for the cleavafgeenzyl groups using NBS in CGind
additional CsC@as basé&? it is not appropriate for the sgesis of the 4romobut-2-

enoic acid esters.

EtO | NBS, CCly,
DBPO
O/\©

Scheme8.3. Side reaction of the radical bromination.

Consequently, benzoyl was chosen as alternative protection group, wistdbie for
the first part of the synthesis. The benzoyl protection of the commercial available
acetophenonesa/cproceeded with excellent yield5The following Reformatsky reaction
of ethyloromo acetate with the benzoyl protected acetophenone derivatiesvas
accelerated in an ultrasonic bath and afforded the corresponding al@athois high
yields Schemes.4).*?

O

o B Ao 0

R Zn, |, cat., dioxane EtO
sonication OH 1
R
OBz

a:R'=H (98 %) OBz
7 b:R'=0Bz (98 %) 8

Scheme3.4. Reformatsky reaction with commercial availabinc powder accelerated by sonication.

The Reformatsky reaction, being the classical reaction for the synthdsikyoffoxy
esters, proceedgia a nucleophilic addition of an organo zinc reagent to a ketone or
aldehyde. The advantage of the Reformatskgction, in contrast to the Grignard
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approach, is the toleration of esters, which would be attacked by Grignard reagents. In
typical procedures activated zinc is prepared by reduction of zinc(ll) chloride with
potassium>*® Using such a procedutpnly a unsatisfactory yield of 43 % was obtained.
Therefore a simpler and faster procedure, accelerated by ultrasound, was chosen that could
even be performed with ommercially available zinc powder activated with catalytic

amounts of iodine.

The alcohols8a/c were dehydrated with catalytic amountspetbluenesulfonic acid by
continuous azeotropic removal of water in a D&aarkapparatus’ Allylic bromination
of the compound9a/c with N-bromosuccinimide and dibenzoylperoxide as radical starter
gave the dromobut2-enoic acid estersa/cin good yields $cheme.5).'

o) o
pTSA NBS, CCl,,
toluene EtO | DBPO EtO |
R’ _— = R!

(a: 84 %) OBz (a: 80 %) Br OBz
(c: 78 %) 0 (c: 82 %)

5a:R'=H;

5c: R' = OMe;

Scheme3.5. Synthesis of ethyl-bromobut2-enoate derivatives.

3.2.1.2 Synthesis ofselectivelyprotected phenol derivatives

The phenol derivatives were protected with benzyl groups, to guarantee the
regioselective coupling ith the allyl bromidea/c'* The protection of resorcindl2 with
one equivalent of benzyl bromide gave the mpratected resorcind.3in 32 % yield in a
1:1:1 mixture with the doublaund unprotected resorcinol, which could be easily separated
by flash chromatographys¢hemes.6).
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BnBr
K;COj3 acetone
IS N — (ol el
HO OH (32 %) BnO OH HO OH BnO OBn
12 4a

Schemed.6. Synthesis 08-(benzyloxy)phenol

The selectively protected phenyl derivatdie was generated by a twstep procedure
starting from vanillin13. The selective benzyl protection ofnZthoxybenzené,4-diol
would not have been possible dar knowledge. First, the hydroxyl group was protected
with benzyl bromide followed by conversion of the aldehyd¢o the hydroxyl group by a

Dakin reaction using boric acid and hydrogen perox&t#hémes.7).'*%

BnBr B(OH)3, H,0,,

HOQ chogy acetone BnO HZSO4, THF Bno@\
- - e
MeO MeO 59 % MeO OH
8 (92 %) 1 (59 %)
13 14 4b

Scheme3.7. Synthesis b4-(benzyloxy}3-methoxyphenaol

3.2.1.3 IntramolecularFriedetCrafts acylation

For the synthesis of thephenoxy3-phenybut-2-enoic acidslOad the 4bromobut-2-
enoic acid ester®a/c were coupled with the phenol derivativda/b under standard
conditions or the nucleophilic substitution. With potassium carbonate as base and
additional potassium iodide in refluxing acetone, the ethphdnoxy3-phenylbut2-
enoates3a-d could be obtained in moderate yields from 42 % to 645¢héme3.8). The
replacement of the base or the solvent with cesium carbonate or DMF, respectively, did not

show any improvement of the yields.
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R1

- 2 (0]
> R U OBz
Br
OBz R3

EtO

(a: 64 %) 3a:R"=H, R?=0Bn, R®=H;
Salc gb: 53 %) 3b: R' = H, R? = OMe, R® = OBn;

c: 58 %) . p1= 2 _ 3_ -

(d: 42 %) 3c: R'= OMe, R? = 0Bn, R® = H;

3d: R" = OMe, R? = OMe, R® = OBn;

Scheme 3.8. Nucleophilic substitutin of the 4-bromobut2-enoic acid esterdba/c with the phenol
derivatives4a/b.

One possible explanation for these moderate yields might be the debromination of the
4-bromobut-2-enoic acid ester$ by single electron transfer (SET) reductid®clieme
3.9).2! This theory is supported by the successful isolation of a significant amount of the
debrominateda,b-unsaturated estei® The phenyl derivativeda/b, being structurally

related to hydrquinone, might serve as electron donors in this debromination re&ction.

) (0] )
+e
E07 re E107 EtO s EOT
Rt Br . Ry =—~= Ry |7/~ Ri
Br OBz OBz OBz OBz
9
5
OH OH OH -2¢, 0 o
compare _oH*
[ m— 2 —— 2 E—— /go
-
(0] OBn
H
OBn OH OH o ©
4b 4a

Schemes.9. Possible mechanism for thebrominatiorof the allyl bromide$a/cby SET##
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Saponification of the esteBa-d was performed with lithium hydroxide in a THF/water
solvent mixture at 50 °C. Under these conditions both, the ethyl and benzoyl esters were
cleaved. Afterwards, the phenol mgayl group was protected with benzyl bromide and
potassium carbonate in refluxing acetone. The benzyl ether formation of the hydroxyl
group was accompanied by the simultaneous formation of the benzyl ester of the acid.
Hence, this ester has to be cleavatbsequently by saponification. These steps of
deprotection and protection could have been avoided if the benzyl group could have been
used from the beginning of the synthesis. ThEhénoxy3-phenylbut2-enoic acidslOa-d
could be isolated by crystallizah from ethyl acetate in 36 % to 50 % vyield over three

steps $chemed.10).
0 . )
1. LiOH, THF/H,0 (3:1)
EtO 2. BnBr, K,CO,4 HO
| R 3. LiOH, THF/H,0 | R
2 2 (@]
R2 : O OBz Rjg/ OBn
R3 (a: 45 %) R®
3 (b: 50 %)
(c: 36 %)
(d: 44 %) 10a: R'=H, R?=0Bn, R®= H;
over 3 steps 10b: R' = H, R2 = OMe, R® = OBn;

10c: R' = OMe, R2=0Bn, R® = H;
10d: R' = OMe, R2 = OMe, R® = OBn;

Schemed.10. Synthesis of thd-phenoxy3-phenybut-2-enoic acig 10ad.

The #Zmembered ring of the-Bhenytbenzo[b]oxepirb(2H)}ones2a-d was formed by
intramolecular FriedeCrafts acylation of the-phenoxy3-phenybut-2-enoic acidslOa-d.
Unfortunately, all attempts to perform this reaction under standard conditdesd. f
Applying polyphosphoric acid (PPAT? activation as acid chloride, with thionyl chloride
(either in excess or stoichiometric with DMAP as catalgs)xalyl chloride?®? followed
by AICI; or the use of Sc(OTf)Lewis acid in catalytic amount&* did not yield the
desired 3phenytbenzo[b]Joxepirb(2H)}one2b (Schemes.11).



(0]
Meojg/ OBn
BnO

10b

PPA
80 °C

/!

7

1. SOCly, reflux
2.4 eq. AICI3,
DCM, 0 °C

] -
1f

1. SOCl,, DMF cat.
DCM

2.1 eq. AlCl3,
DCM, -78 °C

Il -
1

1. 8OCl, DMF cat.

DCM, rt

2. Sc(OTf)3 20 mol%

MeNO, 350 °C

/]
/i
Sc(OTf); 5 mol%

chlorobenzene,
180 °C

/l
7
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(o]

L o

MeO (@)

BnO

2b

Scheme3.11. Unsuccessful sampts for thentramoleculaf-riedelCrafts acylation.

All of these procedures involve harsh acidic conditions, eithendded or Lewis acids

are employed or released during the reaction. These strong acids are frequently used for the

cleavage of etherrgups and may lead to the cleavage of one or more of the ether groups in

4-(4-(benzyloxy}3-methoxyphenoxyB-(4-(benzyloxy)phenyl)bu-enoic  acid 10b.*%%

Consequently, a milder procedure for the Frigdedfts acylation invented by Kangaet

al. was employed, activating the carboxylic acid with cyanuric chloride and pyridine

(Scheme3.12).3* These reagents avoid the excessive release birH&mbination with

AICl3 and thus serve as mild alternative for the classical procethifes.
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o
1. 1.6 eq. cyanuric chloride,
HO | 1 eq. pyridine, DCM (0]
2.1.2 eq. AlCl3 BnO \
oo - L Yo
BnO 10b (48 %) 2b
T X ®
N™>N =
N N N
| PRt H*
Cl)\N/)\CI CI” °N” "0
Cl
Cl
)\ N AICl5 4]\
g Q) — IR
PSS S o Sy o7 R
AICly

Schemed.12. Mild procedure fothe FriedelCraftsacylation invented by Kangamit al. employing cyanuric
chloride®*

Thus, the Pphenytbenzo[b]oxepirb(2H)-ones2a-d were obtained in 50 to 65 % yield.
Moreover, no problems concerning the regioselectivity could be obseSebdrie3.13).

O
1. cyanuric chloride,
HO™ pyridine, DCM 0 .
R’ 2. AICly R3 \
_—
oo S o
1o M e
R3
(a: 64 %) 2a:R'=H, R?= 0Bn, R®= H;
10 ﬁb: g? :5); 2b: R' = H, R2 = OMe, R® = OBn;
C: (] ol 2 N
(d: 53 %) 2c: R' = OMe, R? = OBn, R® = H;

2d: R' = OMe, R? = OMe, R® = OBn;

Schemed.13. Synthesis of th8-phenytbenzgb]oxepin-5(2H)-ones2a-d.
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3.2.1.4 Reduction of the 3phenylbenzo[b]Joxepirb(2H)-ones 2ad yielding the

desired 3phenyt2,3-dihydrobenzo[b]oxepins d

The final three steps of the synthesis include the reduction of the ezatdmom double
bond of thea,b-unsaturated keton2a-d and the simultaneous cleavage of the benzyl
protection groups with hydrogen and palladium on charcoal, the reduction of the k&tone

to the alcoholl5 and the subsequent elimination of this hydroxgup Schemes.14).

0 Ry N Ry
Ry Hy PAIC R, NaBH, EtOH
O Yo 7 MY Do
R2 O R2 (0]
2 1

R " A Rs = &

3

R2 O R2 (@]

15 1

Schemed.14. Reduction and dehydration sequence yieldingthhenyt2,3-dihydrobenzo[b]oxepinga-d.

The reduction of the choncarbon double bond and the deprotection of the benzyl
ethers in one step turned out to be problematic, because the complete reduction of the
a , -Unsaturated ketone®a/c occurred as side reaction vyielding theptgenyt2,3,4,5
tetrahydrdenzo[b]oxepinsl6a/c (Scheme3.15). High catalyst loading with 25 w0 of
Pd/C and low hydrogen pressure could reduce this siddiaeadhe 3,4dihydro
benzo[bJoxepirb(2H)-onesllad could be isolated in 58 to 85 % vyield.
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0 R Pd/C (10 %) o] R R
R3 \ H, (5 to 10 bar) R3 R
- Crom =2 Y Con IO
R? o R2 o R? )
2
(11a: 28 %) (16a: ca. 50 %)
E::zf gg ;o; (16c: ca. 90 %)
. 0
o R! Pd/C (25 %) ] R!
R3 \ H, (balloon) R3
o 2 Y o
RZ o) RZ
° a:R'=H,R?= OH, R® = H;
2alc (11a: 58 %) b: R'=H, R?= OMe, R® = OH;
(11c: 67 %) ¢: R'= OMe, R? = OH, R® = H;

d: R" = OMe, R2 = OMe, R® = OH;

Scheme3.15. Transfer hydrogenation ahe 3phenytbenzo[bloxepirb(2H)-ones 2a-d with Pd/C and
hydrogen.

The following reduction of the ketone using sodium borohydride gave thait®;8ro-
benzo[bloxepinslad as final products in about 40 % vyield. The alcohtBad
corresponding to the keton&%ad could not be isolated, as theneihation to the desired
product occurred by basic as well as acidic workup.

Q R! NaBH,, HO R
R EtOH R3
L o = " )l o
R2 (@] R2 )
1
1N HCI . R’
(workup) R =
L ) Don
R? 0
(a: 46 %) 1a Ruscozepine A: R' =H, R2= 0Bn, R® = H;
(b: 42 %) 1b Ruscozepine B: R' = H, R? = OMe, R® = OBn;
(c: 24 %) 1c: R! = OMe, R? = OH, R® = H;
(d: 37 %)

1d: R' = OMe, R? = OMe, R3 = OH

Scheme3.16. Synthesis ofthe 2,3dihydrdbenzgbloxepirs 1a-d.
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3.2.2 Synthesis of 8methoxy2,3-dihydrobenzo[b]oxepif7-ol

8-Methoxy-2,3-dihydrobenzo[b]oxepkY-ol le was synthesizedvia an analogous
synthesis $cheme3.17), starting with the coupling of-thenzyloxy}3-methoxyphenolib
with 4-bromaobutanoic acid ethyl ester undgiandard § reaction conditions. The closure
of the Zmembered ring gave only a poor yield of 15 %, even the increase of temperature
or reaction time couldn’t solve this problem. This poor yield of the ring closure might be
ascribed to the higher rotatian freedom of the <44-(benzyloxy}3-methoxy
phenoxy)butanoic acid8 compared to the -phenoxy3-phenylbut2-enoic acidsl0ad
containing an Econfigured carborcarbon double bond. The following steps were
performed similarly to the synthesis of previdghzoxepines.

o)
Br\/\)J\OEt LiOH
BHOD\ K,COs, acetone BnO THF/H,O (4:1)
- - e —
MeO OH MeO o/\/\n/OEt
0 o (95 %)
4b (65 %) 17
1. cyanuric chloride,
pyridine, DCM Q
BnO 2. AICI, BnO
OH >
MeO oY MeO o
o) (15 %)
18 19
o)
Pd/C, H, o m NaBH,, EtOH Hom
—_— —_—
MeO
MeO (o) 0

(87 %) (36 %)

20

Schemed.17. Synthesis 08-methoxy-2,3-dihydrobenzo[bloxepiY-ol 1e
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3.2.3 Nitrogen analogof ruscozepines benzazepine

In addition to the benzoxepines the swtit protocol was applied for the synthesis of a
benzazepin@6 (Scheme3.18), a nitrogen analog of the ruscozepines. Therefore the phenol
derivative for the coupling with the allyl bromide was replaced by the arfilin@ tosyl
group was used for the protection of the aniline to avoid the formation of an amide. The
synthesis proceeded well till the Fried&lafts acylation step. The tosyl group was not
stable towards the reaction conditions and was cleaved, resulting in theidarwfathe
5-memeberedrlactam27. Even the use of a milder Lewis acid, i.e. indium(lll) chloride
that is known not to cleave the tosyl protection grdugid not avoid the formation of the
lactam. For synthesis of the benzazepine a complete change of the synthetic plan would

have been required exceeding the time frame of the project.

(o}
o
EtO K,CO3 acetone EtO |
oL,/
—_—
MeO NH N.
| Br Ts OBz
Ts OBz
21 5a (61 %) 22
OMe
(0] (0]
) BnO | HO
1. LiOH, THF/H,0 (4:1) LiOH |
2. BnBr, K,CO3 acetone THF/H,0 (4:1)
N.
Ts OBn —— N\Ts OBn
(29 %)
over 2 steps OMe 23 OMe 24
o
1. cyanuric chloride, ==
pyridine, DCM O \ O OBn _ O Q OH
2. AICl3 or InCl MeO N MeO

N
H

7///\’ ! s 26

OBn

Schemed.18. Unsuccessfudynthesiof the benzazepiné.
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3.3 Pharmacology

3.3.1 Rhizomaextract of RuscusaculeatusL.

Ruscus aculeatuk. is long known for its medical use. In present times the alcoholic
extract of the Rusci rhizoma is mostlysed for the treatment of chronic venous
insufficiency (CVI) and hemorrhoids. As the amtflammatory activity of the extract is
mostly subscribed to the saponins and ruscog&nfre aim of this study was telucidate
the pharmacological effects tiferuscozepines A and B and if they contribute to the anti
inflammatory activity of the Rusci rhizoma extract. Therefore, the effect of the
ruscozepines on the TMNdinduced expression of ICAM (intercellular adhesion
molecule), besides cytotoxicity and antioxidant activity, was investigated. The
pharmacological testing was done by the working groufr@frmaceuticaBiology of
Prof. Dr. J6rg Heilmann at the Univégsof Regensburg.

3.3.2 MTT viability assay- cytotoxicity

The cytotoxicity of ruscozepine B was measured with the MT® (3 dimethythiazol
2-yl)-2,5-diphenytetrazolium bromide) viability assawith HMEC-1 (human micre
vascular endothelial cellghat ae used for the ICAML expression inhition assay.
Ruscozepine Bb had no effect on the viability of HMEC in the concentration range of
1-100uM (Figure3.5).
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120

100,0

e 100,7 13?,8
100 — = 95,8 9%1

80

viability [%]
(2]
o

40

20

Figure3.5. MTT viability assay after 24 of ruscozepindg on HMEC #24; n=3; meanzSD

3.3.3 ICAM-1 expressionnhibition assays anti-inflammatory activity

The ICAM-1 expression inhibition assay was used for the determination of the anti
inflammatory activity of ruscozepine B. For this assaya HMEG1 cell culture is treated
with TNF-a (tumor necrosis factor) to induce ICAMexpression via the NKB (nuclear
factor kappdight-chainenhancer of activated-8ells) signal transduction pathwayigure
3.6). The expression of ICAM is a good indicator for the geee of inflammation in the
endothelial cells andis determined by a fluorescence labeled antibody. An- anti
inflammatory compound leads to a decrease of the-dNkduced ICAM1 expression

indicated by a reduced fluorescence compared with a control.
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Figure3.6. Simplified signal transduction pathway of the TRfnduced ICAM1 expression.

Ruscozepine Blb shows no significant inhibition of the ICANI expression in the
concentations 1, 50 and 7AM (Figure3.7). The inhibition of 23 % at a concentration of
10 uM is not clear and might either be an outlier or an effect of the concentration or

solubility.
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Figure 3.7. Inhibition of TNFU induced ICAM1-expression ofuscozepineB 1b after 24h; Parthenolide
(5uM) is usedas positive control; HMEC#20; n=3 in duplicates; mean+SD
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3.3.4 ORACGC-Fluoresceinassays antioxidant activity

Antioxidants, especially phenolic antioxidants, are supposedexhibit antt
inflammatory activity by the down regulation of the TdFexpression by blocking the
LPS (lipgpolysaccharide) induced TN& production and the decrease of ROS (reactive
oxygen species) in the cell, respectivély* Furthermore, a direct radical scavenging
activity of various phenolics is discussed by a reaction with the RXOBsequently, the
antioxidant activity of the synthesized benzoxepits of great interest and was measured
with an ORAGFluorescein assay (oxygen radical absorbance cap&cityJherefoe a
fluorescent probe, containing fluorescein, is treated with an antioxidant to measure the
decrease of the fluorescein de¢kigure 3.9), induced by addition of AAPH (2,21zobis
(2-methylpropionamideflinydrochloride, Figure 3.8). The antioxidant activity is
referenced to Trolox (Bydroxy-2,5,7,8tetramethylchromarR-carboxylic acid, water
soluble derivative of vitamin E) equivalents, TEAC (trolox equivalent antioxidant

capacity).
NH 2 Hcl \/ : HO o
. HoN :
HoN NN NH, —_—> 2 2 c + Ny .
NH NH : O OH
AAPH : Trolox

Figure3.8. Radicalgeneratiorreaction from AAPH; the watesoluble vitamin E derivative trolox.

——compound la
——compound 1b
compound 1c
------ compound 1d
- = compound le
compound 16a

——Trolox

Relative fluorescence

r—

120 180 240 300
Time [min]

Figure 3.9. Fluorescenceuwves of compoundda-e, 16a and Trolox (concentration gM, each for the
ORAC-assay.
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Both isolated compoundsuscozepine Ala and ruscozepine Blb, showed ahigh
antioxidant activity of 3.740.2 and 4.2:0.3 TEAC (concentration range-3 uM),
respectively(Table3.1). These TEAC values amomparable with strong antioxidants like
ferulic acid (4.50.2 TEAC, concentration range 0143 uM) andp-coumaric acid (4£0.2
TEAC, concentration range 0M40 uM).*? The analogous2,3-dihydrabenzo[b]oxepins
1c/d have alsesshowna good antioxidant activity, but the additional methoxy substitution
of the second aromatic ring seems to decrease the activity. The big influence of the second
aromatic ring becomes clear lookirzg the TEAC value of compountle, where this
second aromatic ring is not present. The TEAC vatumwered by 1.8 Trolox units
compared touscozepinelb. Surprisingly, the compousd.6alc, having no carboftarbon
double bondhat was expected to increabe TEAC value by being involved in the radical
capture mechanisyshowa 0.8/1.2higher TEAC value compared witte/c. Consequently,
the anioxidant activity of the uscozepines is mostly caused by the phenolic rings and

influenced by the different sulitsttion patterns.

Table3.1. TEAC values of the compounds-e and16ain the concentration range of5luM.

compound TEAC = SD

OH 3.7+0.2

1b

la o O B O
L1 ) o 42+0.3

O

O

s .8
HO

1d " U o 3.2+0.2
HO =
le m 2.4%0.2
MeO (o)
OH +
16a HO 45%02

4+03
16¢c HooH 4.4+

oH 3.2+0.1
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3.4 Conclusion

We developed the racemic synthesis of novel ph&ignzoxepinols ruscozepinela
and ruscozepine Bb, analogous benzoxepinés-e and the 3phenylt2,3,4,5tetrahydre
benzo[bloxepinsl6a/c For the crucial step, the formation of thenémbered ring by
FriedelCrafts acylation, a mild procedure using cyanuric chloride for the activation of the
carboxylic acid had to be applied, while standard methods for the FGeaft$ acylation
failed, because of the harsh acidic conditions. Unfortiyatee synthetic protocol could
not be applied for the synthesis of an analogous benzazepine.

Pharmacological testingf ruscozepine Blb did not show an effect on the TNF
induced expression of ICANM on human microvascular endothelial cells (HMEC
Moreover, no cytotoxicity on the HMEC could be detected in a MTT viability assay.
However, the ORAEFIuorescein assay revealed a high antioxidant actifoty the
compoundslad and 16ac that could influence the arntiflammatory activityvia a
decreasing level of ROS in the cell, which play an important role in cell signaling,

including inflammation.

Consequently, the antflammatory effect of the Rusci rhizoma extraaght at least
partly be ascribed to the novel found pheiydenzoxepinols. The overall activity might
be a cooperative effect of the Rusci rhizoma tarents, as the amount of the
ruscozepines in the Rusci rhizoma extract is very low these compound®niyil
contribute a minor part of the pharmacological activity. Further investigations are needed
to provide clear evidence for the exact pharmacological effects of these compounds.
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3.5 Experimental

3.5.1 Preparationof compounds

General: Commercial reagents andading materials were purchased from Acros
Organics, AlphaAesar, Eurorad, Fluka, Merck or Sigmdrich and used without further
purification. 1,4Dioxane was dried with sodium and stored oveh 4nolecular sieves
according to common procedurés.Acetone, dichloromethane, dichloroethane and
dimethylformamide were dried by storage over molecular sieves for at least 24 hours. Zinc
dust was activated according to reports of Getval.*> Flash column chromatography was
performed onMerck silica gel (Si 60 483 em) either manually or on ®8iotage®
| soleraE flash purification system. TLC wa
Merck silica gel (60 Bs4, thickness 0.2 mm), compounds were detected bylight (I =
254 nm) and staining with common vanillin onhydrin stainingsolutions. Melting points
were measured on a SRS melting point apparatus (MPA100 Opti Melt) and are
uncorrected. NMR spectra were recorded on Bruker Avance 80300.13 MHz,*C
75.47 MHz, T= 300 K), Bruker Avance 400H 400.13 MHz,**C 100.61 MHz, T = 300
K), Bruker Avance 600'H 600.13 MHz,'*C 150.92 MHz, T = 300 K) and Bruker Avance
11l 600 Kryo (*H 600.25 MHz,**C 150.95 MHz, T = 300 K) instruments. Chemical shifts
are reported i [ppm] relative to external standards and coupling consthats given in
Hz. Abbreviations for the multiplet signals: s = singlet, d = doublet, t = triplet, g = quartet,
, qunit = quintet, m = multiplet, bs = broad singlet, dd = double doublet, dubletoof
triplets. The relative number of protons was determined by integration. Error of reported
values: chemical shift 0.01 pprtH NMR) and 0.1 ppm*fC NMR), coupling constant 0.1
Hz. The solvents used for the measurements are reported for eachirspéRtrspectra
were recorded with a BiRad FFIR-FTS 155 spectrometer and UV/Vis spectra with a
Cary BIO 50 UV/Vis/NIR spectrometer (Varian). Mass spectra were recorded on Finnigan
MATO5 (EI-MS), Agilent QTOF 6540 UHD (ESMS, APCFMS), Finnigan MAT SSQ
710 A (EFMS, CEMS) or ThermoQuest Finnigan TSQ 7000 {ES, APCIMS)

spectrometer.
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0]

4-Acetylphenyl benzoat& §) )J\©\OBZ

NEt; (3.8 mL, 28 mmol) was added to a solution dfymlroxyacetophenonga (3.40 g,
25.0 mmol) in THF (200 mL). The stirring solution wasoted with an icevater bath
while benzoyl chloride (3.1 mL, 27 mmol) was addeisyringe over 30 minutes. After 2
hours the cooling bath was removed and the solution stirred at room temperature for
additional 2 hours. The reaction solution was evapdrated the residue dissolved in
dichloromethane (150 mL). The organic layer was washed withiCl (50 mL), saturated
sodium chloride solution (50 mL) and water (50 mL). Afterwards the organic layer was
dried with MgSQ before the solvent was removed undEtuced pressure. The product, 4
acetylphenyl benzoatéa, was obtained as pale white solid in 96 % vyield (938@4.1
mmol). *H NMR (300 MHz, CDCJ): d = 8.21 (dt,J = 8.5, 1.6 Hz, 2H), 8.09 8.03 (m,
2H), 7.701 7.63 (m, 1H), 7.58 7.49 (m, 2H), 7.37 7.30 (m, 2H), 2.63 (s, 3H) ppm.
3C NMR (75 MHz, CDCh): U = 197.0, 154.7, 134.8, 134.0, 130.3, 130.0, 129.1, 128.7,
122.0, 26.7 ppmEI-MS: m/z (%) =77.1 (69), 105.0 (100), 240.1 (11) [M] HR-MS:
calcd. for GsH120; [M] *240.0786; found 240.079¢Ref. *°)

o}

OMe
4-Acetyt2-methoxyphenyl benzoat@ ¢ )J\CEOBZ

NEt; (14.7 mL, 105 mmol) was added to a solution of acetovaniltan@ 6.6 g, 100
mmol) in THF (700 mL). Thetsring solution was cooled with an iseater bath while
benzoyl chloride (12.1 mL, 105 mmol) was addea syringe over 30 minutes. After 2
hours the cooling bath was removed and the solution stirred at room temperature for
additional 2 hours. The reaaticsolution was evaporated and the residue dissolved in
dichloromethane (500 mL). The organic layer was washed with HCI (100 mL),
saturated sodium chloride solution (150 mL) and water (150 mL). Afterwards the organic
layer was dried with MgSpbefore tle solvent was removed under reduced pressure. 4
Acetyl-2-methoxyphenyl benzoaf& was obtained as pale white solid in 99 % yield (27.3
g, 99 mmol).*H NMR (300 MHz, CDC}): d = 8.22 (dt,J = 8.5, 1.7 Hz, 2H), 7.69 7.58
(m, 3H), 7.57 7.48 (m, 2H), 7.2%d, J= 8.1 Hz, 1H), 3.88 (s, 3H), 2.63 (s, 3H) ppriC
NMR (75 MHz, CDC}): d = 197.0, 164.3, 151.7, 144.1, 136.0, 133.8, 130.4, 129.0, 128.6,
123.0, 122.0, 111.5, 56.1, 26.6 priRef.*"*?)
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EtO
OH

4-(4-Ethoxy2-hydroxy4-oxobutan2-yl)phenyl benzoatéBa) 0Bz

The reaction was performed under inert nitrogen atmosphere using standard Schlenk
techniques. 4Acetylphenyl benzoatéa (5.13 g, 21.4 mmol) and ethyloromoacetate (2.8
mL, 26 mmol) were dissolved in dry dioxane (45 mL) and zinc dust (2.52 g, 38.5 mmol)
was added. Stirring of the solution was stopped before iodine (0.28 g, 1.1 mmol) was
added. The redion solution was then sonicated for 3 hours. Afterwards the reaction
mixture was cooled with an iegater bath and quenched addingi HCI| (50 mL). To
remove remaining iodine from the organic layer, potassium iodide (0.4 g) was added. The
aqueous layer vgaextracted with dichloromethanex@0 mL). The combined organic
layers were dried with MgS£and the solvent was removed under reduced pressure. The
crude product was purified by flash chromatography (PE/EtOAc 4:10.22). 4(4-
Ethoxy-2-hydroxy-4-oxobuan-2-yl)phenyl benzoat&a was obtained as white crystalline
needles in 98 % yield (6.88 g, 20.9 mm&lp 72i 76 °C. *H NMR (300 MHz, CDCJ): d
= 8.261 8.15 (m, 2H), 7.69 7.59 (m, 1H), 7.58 7.46 (m, 4H), 7.23 7.15 (m, 2H), 4.47
(s, 1H), 4.09 (qJ = 7.1 Hz, 2H), 2.98 (d] = 15.9 Hz, 1H), 2.80 (d] = 15.9 Hz, 1H), 1.56
(s, 3H), 1.17 () = 7.1 Hz, 3H) ppm**C NMR (75 MHz, CDC}): d= 172.7, 165.2, 149.8,
1445, 133.7, 133.6, 130.2, 129.6, 128.6, 125.8, 121.4, 72.6, 60.9, 46.4, 30.7, 14.0 ppm.
FT-IR: n (cmi!) = 707, 1024, 1062, 1171, 1205, 1244, 1267, 1708, 1731, 2903, 2959, 2984,
3071, 3543ESFMS: m/z (%) = 311.0 (18), 329.0 (36) [M+H]346.1 (100) [M+NH]",
370.1 (92) [M+H+MeCN], 388.1 (32).HR-MS: calcd. for GoHxoNaQ; [M+Na]*
351.1203; fand 351.1205.

EtO
OH
OMe

4-(4-Ethoxy2-hydroxy4-oxobutan2-yl)-2-methoxyphenyl benzoat&¢) OBz
The reaction was performed under inert nitrogen atmosphere using standard Schlenk
techniques. 4Acetyl-2-methoxyphenyl benzoate7c (27.3 g, 100 mmol) and
ethylboromoacetatél 3.3 mL, 120 mmol) were dissolved in dry dioxane (250 mL) and zinc
dust (11.8 g, 180 mmol) was added. Stirring of the solution was stopped before iodine
(1.27 g, 5.00 mmol) was added. The reaction solution was then sonicated for 20 hours.
Afterwards thereaction mixture was cooled with an da&ater bath and quenched adding

1N HCI (300 mL). To remove remaining iodine from the organic layer, potassium iodide
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(1.5 g) was added. The aqueous layer was extracted with dichlorometx25€ (8L).

The combined ayanic layers were dried with MgQ@nd the solvent was removed under
reduced pressure-(4-Ethoxy-2-hydroxy-4-oxobutan2-yl)-2-methoxyphenyl benzoatéc

was obtained as yellowish white solid in 98 % yield (35.2 g, 98.0 mmol). The crude
product was used triout further purificationMp 951 101 °C *H NMR (300 MHz,
CDCl): d = 8.24i 8.17 (m, 2H), 7.67 7.59 (m, 1H), 7.55 7.45 (m, 2H), 7.24 (d]= 2.1

Hz, 1H), 7.10 (dJ = 8.3 Hz, 1H), 6.96 (dd] = 8.3, 2.1 Hz, 1H), 4.53 (s, 1H), 4.11 (o=

7.1 Hz, H), 3.84 (s, 3H), 2.99 (d] = 15.9 Hz, 1H), 2.80 (d] = 15.9 Hz, 1H), 1.56 (s,
3H), 1.19 (t,J = 7.1 Hz, 3H) ppm*C NMR (75 MHz, CDC)): d = 172.8, 164.8, 151.1,
146.1, 138.7, 133.5, 130.3, 129.5, 128.5, 122.5, 116.7, 109.4, 72.8, 60.9, 56.0, 86.3, 30.
14.1 ppmFT-IR: n (cm™) = 708, 1022, 1065, 1172, 1268, 1714, 2968, 2986, 3080, 3508.
ESEMS: m/z (%) = 341.1 (35) [M+HH,0]", 376.2 (100) [M+NH]". HR-MS: calcd. for
C20H26NOg [M+NH4]* 376.1755; found 376.1752.

EtO |

4-(4-Ethoxy4-oxobut2-en-2-yl)phenylbenzoate(9a) o5
4-(4-Ethoxy-2-hydroxy-4-oxobutan2-yl)phenyl benzoat&a (6.9 g, 21 mmol), toluene
(40 mL) and ptoluenesulfonic acid (0.20 g, 1.1 mmol) were placed in a EBtark
apparatus and heated to reflux for 4 hours. The solvent was removed unaszdred
pressure and the crude product purified by flash chromatography (PE/EtOAC44). R
(4-Ethoxy-4-oxobut2-en-2-yl)phenyl benzoat®a was obtained as white crystals in 84 %
yield (5.46 g, 17.6 mmolMp 7771 80 °C.*"H NMR (300 MHz, CDC}): d = 8.27i 8.15
(m, 2H), 7.69 7.61 (m, 1H), 7.60 7.47 (m, 4H), 7.24 (dt] = 9.5, 2.6 Hz, 2H), 6.15 (4,
= 1.2 Hz, 1H), 4.23 (q) = 7.1 Hz, 2H), 2.59 (d] = 1.3 Hz, 3H), 1.33 (tJ = 7.1 Hz, 3H)
ppm. *C NMR (75 MHz, CDCJ): d = 166.8, 165.0, 154.5,51.5, 139.9, 133.8, 130.2,
129.3, 128.6, 127.6, 121.8, 117.4, 59.9, 18.0, 14.4 ppriR: n (cm™) = 717, 1164, 1211,
1252, 1703, 1726, 2903, 2961, 2989, 30#S}FMS: m/z (%) = 328.0 (100) [M+NH",
356.1 (40), 369.133) [M+NH;+MeCNJ", 638.2 (70) [2MNH4]". HR-MS: calcd. for
C1oH1804 [M+H] * 311.1278; found 311.1280.
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EtO
OMe

4-(4-Ethoxy4-oxobut2-en-2-yl)-2-methoxyphenyl benzoat@®c) o8
4-(4-Ethoxy-2-hydroxy-4-oxobutan2-yl)-2-methoxyphenyl benzoat8c (34.8 g, 97.2

mmol), toluene (200 mL) and-tpluenesulbnic acid (0.95 g, 5.0 mmol) were placed in a

DeanStark apparatus and heated to reflux for 4 hours. The solvent was removed under

reduced pressure and the crude product purified by flash chromatography (PE/EtOAc 4:1,

Rr 0.3). 4(4-Ethoxy-4-oxobut2-en-2-yl)-2-methoxyphenyl benzoatgéc was obtained as

pale white solid in 78 % yield (26.4 g, 77.6 mmafjp 887 91 °C.*"H NMR (300 MHz,

CDCl): d=8.291 8.15 (m, 2H), 7.71 7.60 (m, 1H), 7.57 7.45 (m, 2H), 7.19 7.07 (m,

3H), 6.14 (gJ = 1.2 Hz, 1H), 4.3 (q,J = 7.1 Hz, 2H), 3.85 (s, 3H), 2.59 @= 1.3 Hz,

3H), 1.33 (t,J = 7.1 Hz, 3H) ppm**C NMR (75 MHz, CDC)): d = 166.8, 164.7, 154.9,

151.2, 141.3, 140.6, 133.6, 130.4, 129.2, 128.6, 122.9, 119.0, 117.4, 110.6, 60.0, 56.0,

18.2, 14.40pm.FT-IR: n (cm?) = 707, 1155, 1235, 1262, 1709, 1741, 2980, 386:MS:

m/z (%) = 77.1 (26) [GH5]+/§ 84.0 (35), 105.1 (100) [PhC]340.3 (9) [M]‘A. HR-MS:

calcd. for GoH200s5 [M] +/3\340.1311; found 340.1312.

EtO |

4-(1-Bromao4-ethoxy4-oxobut2-en-2-yl)phenyl benzoat(5a) Br o5
The reaction was performed under inert nitrogen atmosphere using standard Schlenk

techniques. Dibenzoyl peroxide was dried on vacuum for 2 hours prior to 4(4e. 4

Ethoxy-4-oxobut2-en2-yl)phenyl benzoat®a (3.81 g, 12.3 mmol) was dissolved in dry

tetrachloromethane (40 mL). This solution was degassed using the-freepehaw

technique before NBS (2.58 g, 14.5 mmol) was added. The reaction mixture was then

heated to reflux and when refluxing started the radical starter dibenzoyl peroxide (0.13 g,

0.53 mmol) was added. Heating was continued for 24 hours. After the reaction mixture has

cooled down to room temperature, the succinimide was filtered off. The solvent was

removed under reduced pressure and the crude product purified by flash chrorhgtograp

(PE/EtOAc 4:1, R0.34). 4(1-Bromo-4-ethoxy4-oxobut2-en2-yl)phenyl benzoateba

was obtained as white solid in 80 % vyield (3.81 g, 9.82 mriw) 907 95 °C.'"H NMR

(300 MHz, CDC}): d = 8.257 8.16 (m, 2H), 7.7G 7.59 (m, 3H), 7.58 7.48 (m, 2H),

7.33i 7.23 (m, 2H), 6.23 (s, 1H), 4.98 (s, 2H), 4.27Xg,7.2 Hz, 2H), 1.35 (tJ = 7.1 Hz,

3H) ppm.**C NMR (75 MHz, CDC}): d = 165.5, 164.9, 152.3, 152.1, 136.1, 133.8, 130.3,
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129.2, 128.7, 127.9, 122.2, 120.0, 60.6, 26.4, 14.2 pntiR: n (cm*) = 540, 709, 1166,
1269, 1715, 2902, 2939, 2978, 30EL:-MS: m/z (%) = 77.1 (22) [§H5]+A, 84.0 (35),
105.1 (100) [PhCC] 388.1 (2) [M]”A. HR-MS: calcd. for GgH;17/BrO4 [M] *A 388.0310;
found 388.0315.

EtO

OMe
4-(1-Bromo4-ethoxy-4-oxobut2-en-2-yl)-2-methoxyphewl benzoatg5c) Br

The reaction was performed under inert nitrogen atmosphere using standar((;lBZSchlenk
techniques. Dibenzoyl peroxide was dried on vacuum for 2 hours prior to 4(4e. 4
Ethoxy-4-oxobut2-en-2-yl)-2-methoxyphenyl benzoat®c (24.0 g, 70.5 mmol)was
dissolved in dry tetrachloromethane (250 mL). This solution was degassed using the
freezepumpthaw technique before NBS (13.9 g, 78.3 mmol) was added. The reaction
mixture was then heated to reflux and when refluxing started the radical starteroglibenz
peroxide (0.59 g, 2.5 mmol) was added. Heating was continued for 48 hours. After the
reaction mixture has cooled down to room temperature, the succinimide was filtered off.
The solvent was removed under reduced pressure and the crude product pyriteth b
chromatography (PE/EtOAt1, R 0.32). 4(1-Bromo-4-ethoxy4-oxobut2-en2-yl)-2-
methoxyphenyl benzoatec was obtained as pale white solid in 82 % vyield (24.2g, 61.5
mmol). Mp 847 93°C.*H NMR (400 MHz, CDCY): d = 8.241 8.15 (m, 2H), 7.70 7.59
(m, 1H), 7.57 7.45 (m,2H), 7.19 (s, 3H), 6.21 (s, 1H), 4.96 (s, 2H), 4.28 (q, 7.1 Hz, 2H),
3.86 (s, 3H), 1.35 (t, 7.z, 3H) ppm **C NMR (75 MHz, CDCJ): d = 165.5, 164.6,
152.7, 151.5, 141.2, 137.6, 133.7, 130.4, 129.1, 128.6, 123.2, 120.1, 110, 60.7,

56.1, 26.7, 14.3 ppnkT-IR: n (cm®) = 669, 708, 1162, 1247, 1710, 1742, 2981, 3&I4.
MS: m/z (%) = 77.1 (13) [§Hs]*" 105.1 (100) [PhCO] 418.2 (4) [M[" HR-MS: calcd.
for CooH19BrOs [M] *418.0416; found 418.0418.

3-(Benzyloxy)phen@4a) HO\©/OBH
Benzylbromide (120 mmol, 14.2 mL) was added over 15 minutes to a slurry of
resorcinol (10.0 mmol, 1.10 g) and®0; (20.0 mmol, 2.76 g) in acetone (18 mL). The
slurry was heated to 60 °C for 4 hours. After completion of the reaction potassium
carborate was filtered off and washed with EtOAc. The organic layer was washed with
HCIl (1 N, 210 mL) and brine (10 mL). Afterward the organic layer was dried with
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anhydrous MgS@before the solvent was removed under reduced pressure with a rotary
evaporator. fie crude product was purified by flash chromatograptygEtOAc 4:1, R=

0.26). 3(Benzyloxy)pheno#ia was isolated as pale white solid in 32 % vyield (7.68 g, 38.4
mmol). '"H NMR (400 MHz, CDGJ): d = 7.461 7.29 (m, 5H), 7.14 (t) = 8.2 Hz, 1H),

6.57 (ddJ=8.3, 2.1 Hz, 1H), 6.49 (§,= 2.3 Hz, 1H), 6.44 (dd]= 7.9, 2.1 Hz, 1H), 5.04

(s, 2H)ppm ESFMS: m/z (%) = 91.1 (100), 200.1 (27.4) {1 (Ref.*)

l OMe
4-(BenzyloxyB-methoxybenzaldehyd@ 4) K@[

OBn
Vanillin 13 (3.8 g, 25 mmol) was dissolved in acetone (45 mL) and potassium carbonate

(6.9 g, 50 mmol) and benzyl bromide (4.45 mL, 37.5 mmol) were added. This slurry was
heated to 60C for 2 hours. Potassium carbonate was filtered off and washed with EtOAc
(100 mL). The organic phase was washed withHCI (50 mL), brine (40 mL) and dried

with MgSQ,. The solvent was removed under reduced pressw@erkzyloxy)3-
methoxybenzaldehyd®4 was obtained in 92 % yieldH NMR (300 MHz, CDCJ): d =

9.84 (s, 1H), 7.51 7.28 (m, 9H), 6.99 (d] = 8.2 Hz, 1H), 5.25 (s, 2H), 4.50 (s, 1H), 3.95

(s, 3H)ppm. °C NMR (75 MHz, CDC)): d = 191.0, 153.6, 150.1, 136.0, 128.8, 128.2,
127.2, 126.6, 112.4, 109.3, 70.9, 56.1, 33.6 pEBEMS: m/z (%) = 91.0X00), 242.1

(38) [M]*® (Ref.®®)

HO OMe
4-(BenzyloxyB-methoxypheno(4b) \C[

OBn

A solution of 4(benzyloxy}3-methoxybenzaldehyd®4 in THF (20 mL) was added to
the slurry of boric acid (7.02 g, 114 mmaBQ % aqueous #D; (7.5 mL, ), HSO, (3.2
mL) and THF (65 mL). This slurry was stirred for 5 hours at room temperature. The
mixture was neutralized with sat. NaHg6blution (150 mL) and extracted with EtOAc
(3x80 mL). The combined organic phases were dnigd MgSQ, and the solvent removed
under reduced pressure. The crude product was purified by flash chromatography
(PE/EtOAC 3:1). 4Benzyloxy)3-methoxypheno#tb was obtained as brownish solid in 59
% vyield.'"H NMR (300 MHz, CDCJ): d = 7.45i 7.28 (m, 6H), 6.73 (dJ = 8.6 Hz, 1H),
6.47 (d,J = 2.8 Hz, 1H), 6.26 (dd] = 8.6, 2.8 Hz, 1H), 5.06 (s, 2H), 4.67 (5 1.6 Hz,
1H), 3.84 (s, 3H) ppm3C NMR (75 MHz, CDCJ): d = 150.7, 142.2, 137.5, 128.5, 127.8,
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127.5, 127.0, 116.2, 10%.100.8, 72.3, 55.9 pprESFMS: m/z (%) = 91.1 (100), 139.1
(91), 230.1 (46) [M]> HR-MS: calcd. for GsH1403 [M]* 230.0943; found 230.094Ref.
*)

(0]

(0]
Bno\©/ OBz

4-(1-(3-(Benzyloxy)phenoxy}ethoxy-4-oxobut-2-en-2-yl)phenyl benzoaté3a)

EtO

3-(Benzyloxy)phenola (4.0 g, 20 mmol) and-#1-bromao4-ethoxy4-oxobut2-en-2-
yhphenyl benzoatéa (7.8 g, 20 mmol) were dissolved in dry acetone (90 mL) before
K2COs; (13.8 g, 100 mmol) and KI (0.16 g, 0.10 mmol) wadgled. The stirring reaction
mixture was heated to 60 °C for 8 hours. Subsequent® (5 mL) was added and
extracted with EO (3x100 mL). The combined organic phases were washed with brine
(25 mL) and dried with MgS®© The solvent was removed undedueed pressure. The
crude product was purified by flash chromatography on Bigagel sol er aE f | a
purification system(PE/EtOAc 4:1, R0.36). 4(1-(3-(Benzyloxy)phenoxyp-ethoxy4-
oxobut2-en2-yl)phenyl benzoata was obtained as slight yellow viscosi in 64 %
yield (6.52 g, 12.8 mmol)*H NMR (300 MHz, CDCY): d = 8.26i 8.16 (m, 2H), 7.70
7.61 (m, 1H), 7.60 7.49 (m, 4H), 7.47 7.31 (m, 5H), 7.26 7.21 (m, 2H), 7.20 7.12
(m, 1H), 6.62" 6.53 (m, 3H), 6.27 (s, 1H), 5.57 @@= 0.4 Hz, 2H), 5.02 (s, 2H), 4.25 (@,
= 7.1 Hz, 2H), 1.32 (1) = 7.1 Hz, 3H)ppm.**C NMR (75 MHz, CDC}): d = 165.8, 165.0,
160.0, 159.6, 152.8, 151.7, 137.0, 136.0, 133.8, 130.2, 129.9, 129.3, 128.7, 128.6, 127.9,
127.5,121.7, 120.5, 107.8, 107.4, 102.1, 70.0, 64.1, 60.6, 14.FPpiR: n (cm™) = 695,
1025, 1169, 1266, 1590695, 1726, 2933, 2985, 3036, 30&EEFMS: m/z (%) = 282.3
(100), 509.2 (93)M+H] ", 526.2 (69)M+NH,]*, 531.2 (84))M+Na]". HR-MS: calcd. for
CaoH2906 [M+H] * 509.1959; found 509.1962.

M60:©/O OBz
BnO
4-(1-(4-(BenzyloxyB-methoxyphenoxyf-ethoxy4-oxobut2-en-2-yl)phenyl benzoate3p)

4-(Benzyloxy)}3-methoxyphenolb (1.15 g, 5.0 mmol) and-@l-bromo4-ethoxy-4-
oxobut2-en2-yl)phenyl benzoat&a (1.94 g, 5.0 mmol) were dissolved in dry acetone (20

80
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mL) before KCO; (3.46 g, 25.0 mmol) and Kl (0.08 g, 0.5 mmol) wadeled. The stirring
reaction mixture was heated to 60 °C for 5 hours. Subsequen@y(¥ mL) was added
and extracted with EtOAc €15 mL). The combined organic phases were washed with
brine (10 mL) and dried with MgSOThe solvent was removed underueeld pressure.
The crude product was purified by flash chromatography (PE/EtOAc 4L2R 4(1-(4-
(Benzyloxy)3-methoxyphenoxyll-ethoxy4-oxobut2-en-2-yl)phenyl benzoate3b was
obtained as gurtike oil in 52 % vyield (1.73 g, 2.60 mmofH NMR (600 MHz, CDCE): d
=8.21 (ddJ = 8.3, 1.2 Hz, 2H), 7.6V 7.63 (m, 1H), 7.58 7.55 (m, 2H), 7.52 1) =7.8

Hz, 2H), 7.42 (dJ = 7.5 Hz, 2H), 7.35 (t) = 7.5 Hz, 2H), 7.29 (t) = 7.3 Hz, 1H), 7.25

7.22 (m, 2H), 6.77 (ddl = 8.8, 2.6 Hz, 1H), 6.49 (d,= 2.8 Hz, 1H), 6.40 (dd]= 8.8, 2.8

Hz, 1H), 6.26 (s, 1H), 5.53 (s, 2H), 5.07 (s, 2H), 4.231(9,7.1 Hz, 2H), 3.81 (s, 3H),
1.32 (t,J = 7.1 Hz, 3H) ppm**C NMR (151 MHz, CDCJ): d = 165.8, 164.9, 153.5, 152.9,
151.7, 150.7, 142.7, 137.5, 136.0318 130.2, 129.3, 128.6, 128.5, 128.4, 127.7, 127.4,
121.7, 120.4, 115.5, 104.7, 101.4, 72.0, 64.4, 60.5, 55.9, 14.2/FpiR: n (cm™) = 794,
1023, 1157, 1506, 1708, 1735, 2937, 2979, 388-MS: m/z (%) = 539.1 (10QM+H] ",
556.1 (74M+NH4]". HR-MS: calcd. for GsH3;0; [M+H] " 539.2064; found 539.2063.

o}

EtO |
OMe

Bn0\©/0 OBz

4-(1-(3-(Benzyloxy)phenoxy}ethoxy-4-oxobut2-en-2-yl)-2-methoxyphenyl benzoat&8¢)
3-(Benzyloxy)phenoMa (1.53 g, 7.65 mmol) and-d-broma4-ethoxy4-oxobut2-en
2-yl)-2-methoxyphenyl benzé@5c (3.2 g, 7.7 mmol) were dissolved in dry acetone (50
mL) before KCO; (5.3 g, 39 mmol) and Kl (0.12 g, 0.77 mmol) were added. The stirring
reaction mixture was heated to 60 °C for 8 hours. Subsequen@y(39 mL) was added
and extracted with ED (3x100 mL). The combined organic phases were washed with
brine (25 mL) and dried with MgSOThe solvent was removed under reduced pressure.
The crude product was purified by flash chromatography on Bibtagé s ol er aE f
purification system(PE/EtOAc4:1, R 0.3). 4(1-(3-(Benzyloxy)phenoxyy-ethoxy4-
oxobut2-en2-yl)-2-methoxyphenyl benzoate was obtained in 58 % vyield (2.40 g, 4.46
mmol). *H NMR (300 MHz, CDCJ): d = 8.261 8.18 (m, 2H), 7.68 7.60 (m, 1H), 7.56
7.48 (m, 2H), 7.46 7.31 (m, 5H), 7.18 7.09 (m, 4H), 6.62 6.54 (m, 3H), 6.27 (s, 1H),
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5.55 (s, 2H), 5.02 (s, 2H), 4.25 (q, J = 7.1 Hz, 2H), 3.79 (s, J = 8.2 Hz, 3H), 1.32 (dd, J =
9.2, 5.1 Hz, 3H) pm.*C NMR (75 MHz, CDC}): d = 165.8, 164.6, 160.0, 159.6, 153.0,
151.1, 140.8, 137.4, 137.0, 133.6, 130.4, 129.9, 129.2, 128.6, 128.0, 127.6, 122.9, 120.7,
120.0, 111.5, 107.8, 107.3, 102.1, 70.0, 64.3, 60.7, 56.0, 14.3F7piR: n (cm™) = 706,
1022,1146, 1251, 1590, 1708, 1741, 2873, 2937, 2980, 3031, EHMS: m/z (%) =

282.3 (50), 539.2 (100M+H] ", 556.2 (90)[M+NH,4]*, 561.2 (100)M+Na]*. HR-MS:

calcd. for GaHs107 [M+H] " 539.2064; found 539.2068.

OMe
4-(1-(3-(Benzyloxy}-methoxyphenoxy#-ethoxy-4-oxobut2-en

BnO o OBz

2-yl)-2-methoxyphenyl benzoat&d) Meoﬂ

4-(Benzyloxy)3-methoxyphenolb (4.60 g, 20.0 mmol) and-@-bromo4-ethoxy-4-
oxobut2-en2-yl)-2-methoxyphenyl benzoatgc (8.36 g, 20.0 mmol) were dissolved in
dry acetone (100 mL) before,&0; (13.1 g, 100 mmol) and KI (0.32 g, 2.0 mmol) were
added. The stirring reaction mixture was heated to 60 °C for 18 hours. Subsequgntly, H
(50 mL) was added and extracted with EtOAg1@0 mL). The combined organic phases
were washed with brine (50 mL) andetdt with MgSQ. The solvent was removed under
reduced pressure. The crude product was purified by flash chromatography on a@iotage
| sol eraE fl ash (PHEOAi4d,aR (0.28)n 4(143y(Behzglany)4-
methoxyphenoxy}-ethoxy4-oxobut2-en-2-yl)-2-methoxyphenyl benzoate3d was
obtained as yellow oil in 42 % yield (4.69 g, 8.46 mmt) NMR (300 MHz, CDC}): d =
8.267 8.18 (m, 2H), 7.69 7.60 (m, 1H), 7.56 7.47 (m, 2H), 7.46 7.40 (m, 2H), 7.39
7.32 (m, 2H), 7.32 7.28 (m, 1H), 7.16 7.10 (m, 3H), 6.78 (d] = 8.7 Hz, 1H), 6.51 (d]
= 2.8 Hz, 1H), 6.41 (dd] = 8.7, 2.8 Hz, 1H), 6.26 (s, 1H), 5.51 (s, 2H), 5.07 (s, 2H), 4.24
(q,J= 7.1 Hz, 2H), 3.82 (s, 3H), 3.79 (s, 3H), 1.32)(t 7.1 Hz, 3H) ppm**C NMR (75
MHz, CDCk): d = 1658, 164.6, 153.5, 153.2, 151.2, 150.7, 142.7, 140.9, 137.5, 137.5,
133.7, 130.4, 129.2, 128.6, 128.5, 127.8, 127.4, 122.9, 120.6, 120.0, 115.4, 111.5, 104.7,
101.4, 72.0, 64.7, 60.6, 56.0, 55.9, 14.3 ppifIR: n (cm) = 706, 1025, 1161, 1452,
1510, 1600 1625, 1704, 1728, 2904, 2939, 2985, 30BSFMS: m/z (%) = 568.2 (6)
[M] *A 569.2 (99]M+H] ", 586.2 (39]M+NH,]*, 591.2 (100]M+Na]*. HR-MS: calcd. for
Cs4H3205 [M] *A568.2097; found 568.2090.
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(0]

|

(0]
Meojg/ OBn
BnO

Benzyl 4(4-(benzyloxyB-methoxyphenoxyg-(4-(benzybxy)phenyl)bu-enoate

BnO

4-(1-(4-(Benzyloxy)3-methoxyphenoxylt-ethoxy4-oxobut2-en-2-yl)phenyl benzoate
(4.4 g, 8.1 mmol) was dissolved in THR®I (3:1, 80 mL) and cooled with an ie@ater
bath before LIOH (2.0 g, 82 mmol) was added. This slurry wazdtat 0 °C for 1 hour
and heated to 50 °C for 24 hours. Afterwards the reaction mixture was acidified with 1
HCIl to pH 1- 2 and extracted with EtOAc (8 100 mL). The combined organic phases
were dried with MgS®and the solvent was removed under redupressure. The residue
was used without further purification in the subsequent reactigd-(Benzyloxy)3-
methoxyphenoxyp-(4-hydroxyphenyl)bu2-enoic  acid was recrystallized from
PE/EtOAc(1:1). 'H NMR (300 MHz, DMSQds): d = 7.49i 7.27 (m, 7H), 6.89 (d] = 8.8
Hz, 1H), 6.78 (dJ) = 8.7 Hz, 2H), 6.55 (d] = 2.7 Hz, 1H), 6.41 (dd] = 8.7, 2.7 Hz, 1H),
6.18 (s, 1H), 5.48 (s, 2H), 4.97 (s, 2H), 3.71 (s, 3H) PPEINMR (75 MHz, DMSO)d =
167.1, 158.7, 153.1, 151.6, 150111.9, 137.4, 128.5, 128.2, 127.6, 118.0, 115.2, 114.9,
104.4, 100.9, 70.7, 63.1, 55.4 ppm.

4-(4-(Benzyloxy)3-methoxyphenoxyB-(4-hydroxyphenyl)bu2-enoic acid (4.05 g,
8.10 mmol) was dissolved in acetone (40 mL). Benzyl bromide (2.3 mL, 19.4 mmol),
K2CO; (2.24 g, 16.2 mmol) and KI (0.13 g, 0.8 mmol) were added to the stirring solution
before heating was initiated. The reaction mixture was heated to 60 °C for 24 h. After
K.COs; was filtered off, HO (20 mL) was added. The mixture was extracted with EtOA
(3x50 mL). The combined organic phases were washed with brine (20 mL) and dried with
MgSQO. The crude product was purified by flash chromatography (PE/EtOAc 5:1). Benzyl
4-(4-(benzyloxy}3-methoxyphenoxyB-(4-(benzyloxy)phenyl)buP-enoate was obtained
as colorless oil in 79 % vyield (3.78 g, 6.45 mmif).NMR (300 MHz, CDC}): d = 7.52i
7.27 (m, 17H), 6.96 (dl = 8.9 Hz, 2H), 6.75 (d] = 8.8 Hz, 1H), 6.49 (d] = 2.8 Hz, 1H),
6.37 (ddJ= 8.8, 2.8 Hz, 1H), 6.28 (s, 1H), 5.51 (s, 2H), 5.20 (s, 2H), 5.08 (s, 2H), 5.07 (s,
2H), 3.78 (sJ = 3.5 Hz, 3H) ppm™*C NMR (75 MHz, CD@): d = 166.0, 160.0, 153.8,
153.7, 150.8, 142.8, 137.7, 136.7, 136.0, 130.8, 128.9, 128.8, 128.7, 128.6, 128.4, 128.2,
127.9, 127.6, 127.5, 118.1, 115.6, 114.9, 104.9, 101.5, 72.1, 70.2, 66.4, 64.4, 56.0 ppm.
FT-IR: n (cm') = 695, 734, 794, 829, 1015149, 1508, 1600, 1707, 2875, 2936, 3033,
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3062.ESFMS: m/z (%) = 586.2 (15) [M]&, 587.2 (100) [M+H], 1195.5 (74) [2M+Nad]
HR-MS: calcd. for GgHas06 [M+H] " 587.2428; found 587.2429.

O

BnO

Bn0\©/0 OBn

Benzyl 4(3-(benzyloxy)phenoxy3-(4-(benzyloxy)phenyl)bt2-enoate
4-(1-(3-(Benzyloxy)phenoxyy-ethoxy4-oxobut2-en-2-yl)phenyl benzoate (1.2 g, 2.5
mmol) was dissolved in THFA®D (3:1, 30 mL) and cooled with an geaterbath before
LIOH (0.60 g, 25 mmol) was added. This slurry was stirred at 0 °C for 1 hour and heated
to 50 °C for 18 hours. The completion of the reaction was monitored by TLC. Afterwards
the reaction mixture was acidified withNLHCI to pH 1- 2 and extracted with EtOAc
(3x50 mL). The combined organic phases were dried with Mg8W@ the solvent was
removed under reduced pressure. The residue was used without further purification in the
subsequent reaction and dissolved in acetone (15 mL). Benzyl bromide (0.57 mL, 4.8
mmol), K;COs; (0.55 g, 4.0 mmol) and KI (0.03 g, 0.2 mmol) were added to the stirring
solution before heating was initiated. The reaction mixture was heated to 60 °C for 20 h.
After Ko,COs was filtered off, HO (10 mL) was added. The mixture was extracted with
EtOAc (3% 20 mL). The combined organic phases were washed with brine (10 mL) and
dried with MgSQ. The crude product was purified by flash chromatography (PE/EtOAc
4:1, R 0.34). Benzyl 4(3-(benzyloxy)phenoxyB-(4-(benzyloxy)phenyl)bu-enoate was
obtained as colorless oil in 73 % yield (1.02 g, 1.83 mmAINMR (300 MHz, CDCJ): d
= 7.527 7.28 (m, 17H), 7.20 7.11 (m, 1H), 7.00 6.91 (m, 2H), 6.62 6.52 (m, 2H),
6.29 (s, 1H), 5.55 (s, 2H), 5.21 (= 5.5 Hz, 2H), 5.08 (s, 2H), 5.00 (s, 2H) ppAT-
IR: n (cm™) = 694, 733, 829, 1015, 1144, 1248, 1599, 1707, 2872, 2934, 30RR.ES}
MS: m/z (%) = 557.2 (98) [M+H] 1135.4 (74) [2M+N&] HR-MS: calcd. for G/H330s
[M+H]* 557.2323; found 557.2327.
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O

BnO |
OMe

O
Bno\©/ oBn

Benzyl Y4-(benzyloxyB-methoxyphenyM-(3-(benzyloxy)phenoxy)b-enoate
4-(1-(3-(Benzyloxy)phenoxyj-ethoxy4-oxobut2-en-2-yl)-2-methoxyphenyl benzoate
(2.40 g, 4.46 mmol) was dissolved in THER(3:1, 50 mL) and cooled with an ieeater
bath before LiOH (1.07 g, 44.6 mmol) was added. This slurry was stirred at 0 °C for 1 hour
and heated to 50 °C for 20 hours. The cottnpteof the reaction was monitored by TLC.
Afterwards the reaction mixture was acidified withh HCI to pH 1- 2 and extracted with
EtOAc (3% 75 mL). The combined organic phases were dried with Mg®@ the solvent
was removed under reduced pressure fEsidue was used without further purification in
the subsequent reaction and dissolved in acetone (50 mL). Benzyl bromide (1.85 mL, 15.6
mmol), K;COs (1.2 g, 9.0 mmol) and KI (0.07 g, 0.44 mmol) were added to the stirring
solution before heating was iisited. The reaction mixture was heated to 60 °C for 24 h.
After K,COs; was filtered off, HO (20 mL) was added. The mixture was extracted with
EtOAc (3% 50 mL). The combined organic phases were washed with brine (20 mL) and
dried with MgSQ. The crude pragct was purified by flash chromatography on a
Biotage | sol er aE f | as h (PRREQAC #:1,ReD123).0Benzys F4s t e m
(benzyloxy}3-methoxyphenyb4-(3-(benzyloxy)phenoxy)buR-enoate was obtained as
yellow oil in 84 % yield (2.20 g, 3.75 mmofH NMR (300 MHz, CDCJ): d= 7.47i 7.28
(m, 15H), 7.18 7.11 (m, 1H), 7.04 (td] = 4.5, 2.1 Hz, 2H), 6.84 (d,= 9.0 Hz, 1H), 6.61
I 6.50 (m, 3H), 6.28 (s, 1H), 5.53 (s, 2H), 5.20 (s, 2H), 5.17 (s, 2H), 5.00 (s, 2H), 3.85 (s,
3H) ppm.FT-IR: n (cm™) = 695, 734, 1023, 1140, 1254, 1453, 1513, 1593, 1708, 2870,
2933, 3032, 306ESFMS: m/z (%) = 587.2 (100) [M+H] 604.3 (14) [M+NH]", 1195.5
(52) [2M+Na]". HR-MS: calcd. for GgHzs06 [M+H] * 587.2428; found 587.2430.

OMe
Benzyl 4-(benzyloxyB-methoxyphayl)-4-(3-(benzyloxyy- B"Ojijo OBn
methoxyphenoxy)bu2-enoate MeO
4-(1-(3-(Benzyloxy)}4-methoxyphenoxyll-ethoxy4-oxobut2-en-2-yl)-2-methoxy
phenyl benzoate (2.75 g, 5.00 mmol) was dissolved in THF/3:1, 50 mL) and cooled

with an icewaterbath before LiOH (1.20,d50.0 mmol) was added. This slurry was stirred

85
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at 0 °C for 1 hour and heated to 45 °C for 48 hours. The completion of the reaction was
monitored by TLC. Afterwards, the reaction mixture was acidified withh HCI to pH

1- 2 and extracted with EtOAc ¢450 mL). The combined organic phases were dried with
MgSO, and the solvent was removed under reduced pressure. The residue was used
without further purification in the subsequent reaction and dissolved in acetone (50 mL).
Benzyl bromide (1.90 mL, 15.6 mmolK,CO; (1.38 g, 10.0 mmol) and KI (0.08 g, 0.50
mmol) were added to the stirring solution before heating was initiated. The reaction
mixture was heated to 60 °C for 20 h. AfteiGO; was filtered off, IN HCI (50 mL) was

added. The mixture was extractedhwEtOAc (3% 75 mL). The combined organic phases
were washed with $#D (50 mL) and dried with MgS©OThe crude product was purified by

flash chromatography on a Biotdfle | sol er aE f | as hPEfEtDAG 41j c at i on
R 0.13). Benzyl 34-(benzyloxy}3-methoxyphenyh4-(3-(benzyloxy}4-methoxy
phenoxy)but2-enoate was obtained as yellow oil in 78 % vyield (2.39 g, Bu8ibl). *H

NMR (300 MHz, CDCYJ): d = 7.461 7.28 (m, 15H), 7.08 7.02 (m, 2H), 6.85 (dJ = 9.0

Hz, 1H), 6.75 (dJ = 8.8 Hz, 1H), 6.48d, J = 2.8 Hz, 1H), 6.37 (dd] = 8.8, 2.8 Hz, 1H),

6.27 (s, 1H), 5.49 (s, 2H), 5.20 (s, 2H), 5.17 (s, 2H), 5.07 (s, 2H), 3.86 (s, 3H), 3.78 (s, 3H)
ppm. 1*C NMR (75MHz, CDCk): d = 165.8, 153.8, 153.6, 150.6, 149.5, 149.3, 142.7,
137.5, 136.7, 135.8, 13, 128.6, 128.5, 128.4, 128.4, 128.1, 128.0, 127.8, 127.6, 127.4,
127.3, 120.3, 118.3, 115.4, 113.2, 110.7, 104.7, 101.3, 72.0, 70.8, 66.4, 64.4, 56.1, 55.9
ppm.FT-IR: n (cm™) = 695, 734, 1015, 1139, 1452, 1507, 1597, 1708, 2874, 2937, 3032,
3063.ESFMS: m/z (%) = 282.3 (36), 616.2 (21) [I\ﬁ] 617.3 (100) [M+H] 634.3 (27)
[M+NH4]". HR-MS: calcd. for GgHs;0; [M+H] " 617.2534; found 617.2526.

(0]
HO |

(0]
Bno\©/ OBn

4-(3-(Benzyloxy)phenoxydr(4-(benzyloxy)phenyl)bt2-enoic acid10a)

Benzyl 4(3-(benzyloxy)phenoxyB-(4-(benzyloxy)phenyl)buR-enoate (1.4 g, 2.5
mmol) was dissolved in THFA® (3:1, 30 mL) and cooled with an ieeaterbath before
LiOH (1.3 g, 55 mmol) was added. This slurry was stirred at 0 °C for 1 hour and additional
24 hours at 45 °C. Afterwards the reéan mixture was acidified with & HCI to pH 1- 2

and extracted with EtOAc &30 mL). The combined organic phases were dried with
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MgSO, and the solvent was removed under reduced pressure. The residue was
recrystallized from PE/EtOAC (2:2). -(@8-(Benzyloxy)phenoxy)3-(4-
(benzyloxy)phenyl)buR-enoic acidl0a was obtained as white crystalline solid in 61 %
yield (0.71 g, 1.5 mmolMp 1317 133 °C.*H NMR (300MHz, CDCk): d = 7.52i 7.28

(m, 12H), 7.16 (tJ = 8.3 Hz, 1H), 6.97 (d] = 8.8 Hz, 2H), 6.63 6.51 (m, 3H), 6.25 (s,

1H), 5.55 (s, 2H), 5.09 (s, 2H), 5.01 (s, 2H) ppi NMR (75 MHz, CDCY): d = 160.2,

160.0, 159.6, 156.0, 136.9, 136.6, 130.4, 129.9, 129.0, ,1P38/6, 128.2, 128.0, 127.5,
117.2, 114.8, 107.8, 107.4, 102.1, 70.1, 70.0, pBA.FT-IR: n (Cm'l) = 505, 697, 741,

998, 1172, 1593, 1687, 1738, 2873, 30BS+FMS: m/z (%) = 449.741), 467.2 (100)
[M+H] *. HR-MS: calcd. for GoH»70s [M+H]* 467.1853; dund 467.1856.

MeO 0} OBn
Bn0:©/
4-(4-(BenzyloxyB-methoxyphenoxy-(4-(benzyloxy)phenyl)bt2-enoic acid10b)
Benzyl 4(4-(benzyloxy}3-methoxyphenoxy)3-(4-(benzyloxyphenyl)but2-enoate
(3.2 g, 5.5 mmol) was dissolved in THR®I (3:1, 60 mL) and cooled with anetavater
bath before LIOH (1.3 g, 55 mmol) was added. This slurry was stirred at 0 °C for 1 hour
and additional 15 hours at 50 °C. Afterwards the reaction mixture was acidified with 1
HCI to pH 1- 2 and extracted with EtOAc ¥35 mL). The combined organphases were
dried with MgSQ and the solvent was removed under reduced pressure. The residue was
recrystallized from PE/EtOAc (1:1). -(@-(Benzyloxy)}3-methoxyphenoxyB-(4-
(benzyloxy)phenyl)buR-enoic acid10b was obtained as white crystalline solidG8 %
yield (1.77 g, 3.57 mmolMp 135- 138 °C.*H NMR (300 MHz, CDC}): d = 7.49 (d,J =
8.8 Hz, 2H), 7.45 7.29 (m, 10H), 6.98 (d] = 8.9 Hz, 2H), 6.77 (d] = 8.8 Hz, 1H), 6.48
(d,J=2.8 Hz, 1H), 6.39 (dd] = 8.7, 2.8 Hz, 1H), 6.25 (s, 1H), 5.51 (s, 2H), 5.09 (s, 2H),
5.07 (s, 2H), 3.79 (s, 3H) ppm°C NMR (75MHz, CDQs): d = 160.2, 156.1, 153.4,
150.6, 142.7, 137.5, 136.5, 130.4, 129.0, 128.7, 128.5, 128.2, 127.8, 127.5, 127.4, 117.2,
115.2, 114.8, 104.6, 101.4, 71.9, 70.1, 64.2, ppr@. FT-IR: n (cm™) = 695, 746, 999,
1178, 1510, 1595, 1673, 1738, 2875, 2946, 3ERA-MS: m/z (%) = 496.2 (9) [Mﬁ
497.2 (100) [M+H]. HR-MS: calcd. for GiH290s [M+H] " 497.1959; found 497.1961.
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3-(4-(Benzyloxy}3-methoxyphenyh4-(3-(benzyloxy)phenoxy)bu-enoic acid(10c)

Benzyl 3(4-(benzyloxy}3-methoxyphenyh4-(3-(benzyloy)phenoxy)bu2-enoate
(2.00 g, 3.41 mmol) was dissolved in THEH(3:1, 60 mL) and cooled with an ieeater
bath before LiOH (0.41 g, 17 mmol) was added. This slurry was stirred at 0 °C for 1 hour
and additional 20 hours at 50 °C. Afterwards the reactiotiure was acidified with N
HCI to pH 1- 2 and extracted with EtOAc x30 mL). The combined organic phases were
dried with MgSQ and the solvent was removed under reduced pressure. The residue was
recrystallized from EtOAc (15 mL) covered with a laydrhexane. g4-(Benzyloxy)3-
methoxyphenyb4-(3-(benzyloxy)phenoxy)bu2-enoic acid 10c was obtained as white
crystalline solid in 62 % vyield (1.05 g, 2.12 mmadljp 1187 120 °C.*H NMR (300 MHz,
CDCl): d=7.471 7.30 (m, 10H), 7.15 () = 8.2 Hz, 1H), 7.08 7.02 (m, 2H), 6.86 (d]
= 9.0 Hz, 1H), 6.62 6.50 (m, 3H), 6.24 (s, 1H), 5.52 (s, 2H), 5.18 (s, 2H), 5.00 (s, 2H),
3.86 (s, 3H) ppm**C NMR (75MHz, CDCk): d = 170.3, 160.0, 159.6, 155.9, 149.7
149.3, 136.9, 136.7, 130.9, 129.9, 128.6, 128.6, 128.0, 128.0, 127.5, 127.3, 120.6, 117.5,
113.2, 110.9, 107.8, 107.4, 102.2, 70.9, 70.0, 64.0, 56.1 BpiR: n (cm™) = 681, 743,
1020, 1146, 1590, 1686, 1738, 2874, 2941, 3EREMS: m/z (%) = 496.22) [M]*A,
497.2 (100) [M+H]. HR-MS: calcd. for GiH290s [M+H] " 497.1959; found 497.1963.

OMe

3-(4-(BenzyloxyB-methoxyphenyh-(3-(benzyloxy}- Bnojijo OBn
methoxyphenoxy)buf-enoic acid10d) MeO

Benzyl 3(4-(benzyloxy}3-methoxypheny-(3-(benzyloxy}4-methoxypheoxy)but
2-enoate (2.35 g, 3.80 mmol) was dissolved in THE/K3:1, 55 mL) and cooled with an
ice-waterbath before LiOH (0.46 g, 20 mmol) was added. This slurry was stirred at 0 °C
for 1 hour and additional 20 hours at 40 °C. Afterwards the reaction raiwias acidified
with 1N HCI to pH 1- 2 and extracted with EtOAc ¥30 mL). The combined organic

phases were dried with Mg@@nd the solvent was removed under reduced pressure. The
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residue was recrystallized from EtOAc covered with a layer of hexaffe(Benzyloxy)
3-methoxyphenyh4-(3-(benzyloxy}4-methoxyphenoxy)bu-enoic  acid 10d was
obtained as white crystalline solid in 57 % yield (1.14 g, 2.17 mrt@)104i 106 °C.’H
NMR (300MHz, CDCL): d = 7.477 7.27 (m, 11H), 7.09 7.02 (m, 2H), 6.87 (d] = 8.9
Hz, 1H), 6.77 (dJ) = 8.7 Hz, 1H), 6.48 (d] = 2.8 Hz, 1H), 6.38 (dd] = 8.7, 2.8 Hz, 1H),
6.24 (s,J= 7.0 Hz, 1H), 5.48 (s, 2H), 5.19 (s, 2H), 5.07 (s, 2H), 3.87 (s, 3H), 3.3%(s,
4.8 Hz, 3H)ppm. **C NMR (75 MHz, CDCJ): d = 170.5, 156.0, 153.5, 150.7, 149.7,
149.3, 142.8, 137.5, 136.7, 131.0, 128.7, 128.5, 128.0, 127.8, 127.4, 127.3, 120.6, 117.4,
115.3, 113.2, 110.8, 104.7, 101.4, 72.0, 70.8, 64.4, 56.1, 55.9§7pIR: n (cm*) = 698,
745, 1001, 1141, 1194, 1510, 1593, 1682, 1738, 2875, 2936, BEBMS: m/z (%) =
526.2 (6) [M] 527.2 (100) [M+H], 544.2 (24) [M+NH]*. HR-MS: calcd. for GH3:0;
[MH] * 527.2064; found 527.2064.

0]

L Yyoer

BnO o

8-(BenzyloxyB-(4-(benzyloxy)phenyl)benzo[b]Joxag(2H)one (2a)

4-(3-(Benzyloxy)phenoxyB-(4-(benzyloxy)phenyl)buR-enoic acid10a (0.23 g, 0.50
mmol) was dissolved in dry dichloromethane (10 mL). The solution was cooled with an
ice-waterbath before pyridine (4@i, 0.50 mmol) and cyanuric chloride (0.15 g, 0.80
mmol) were added. The reaction mixture was stirred at 0 °C for 0.5 hours, the cooling bath
was then removed and the mixture stirred for additional 3 hours at room temperature. After
cooling to-60 °C, AICk (80 mg, 0.60 mmol) was added in three portions. The mixture was
allowed to warm slowly up to 0 °C over a period of 4 hours, before the reaction was
guenched by adding icefB (5 mL). Phase separation could be enhanced by the addition
of saturated NaHC® solution (5 mL). The aqueous phase was exctracted with
dichloromethane (8.0 mL). The combined organic phases were dried with Mgs8d
the solvent was removed under reduced pres3imecrude product was purified by flash
chromatography on a Biota@elsd er aE f | ash p (REIEfOAc3lt Ron sy
0.28) 8-(Benzyloxy)}3-(4-(benzyloxyphenylbenzo[bloxepirb(2H)-one 2a was obtained
as slightly yellow solid in 64 % vyield (144 mg, 0.32 mmalp 1467 148 °C.*H NMR
(300 MHz, CDC}): d = 8.09 (d,J = 9.0 Hz, 1H), 7.53 7.47 (m, 2H), 7.45 7.31 (m,
11H), 7.07i 6.99 (m, 2H), 6.81 (dd] = 9.0, 2.5 Hz, 1H), 6.66 (s, 1H), 6.64 (& 2.5 Hz,
1H), 5.12 (s, 4H), 5.08 (s, 2H) ppMC NMR (75MHz, CDCL): d = 187.5, 164.0, 162.3,
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160.2, 150.0, 136.4, 135.133.5, 130.8, 130.2, 128.7, 128.6, 128.3, 128.2, 127.5, 127.5,
121.5, 115.4, 111.6, 105.0, 71.7, 70.3, 70.1 ppMIR: n (cm?) = 697, 827, 999, 1243,
1599, 1730, 2871, 2917, 2932, 3033, 3MESEMS: m/z (%) = 449.2 (100) [M+H] 919.3
(100) [2M+Na]. HR-MS: calcd. for GoHasO4 [M+H] * 449.1747; found 449.1746.

o}

Tgsas

MeO (0}

BnO

7-(BenzyloxyB-(4-hydroxyphenyiB-methoxybenzo[b]oxepi(2H}one @b)
4-(4-(Benzyloxy)3-methoxyphenoxyB-(4-(benzyloxy)phenyl)buR-enoic acid 10b

(0.50 g, 1.0 mmol) was dissolved in driclloromethane (20 mL). The solution was

cooled with an icavaterbath before pyridine (8@1, 1.0 mmol) and cyanuric chloride

(0.30 g, 1.6 mmol) were added. The reaction mixture was stirred at 0 °C for 0.5 hours, the

cooling bath was then removed and the mixture stirred for additional 2 hours at room

temperature. After cooling t&0 °C, AICk (0.16 g, 1.2 mmol) was added in three portions.

The mixture was allowed to warm slowly up-80 °C over a period of 2 hours, before the

cooling bath was removed. The reaction mixture was stirred at room temperature for 2

hours and then quenched by addiigd (5 mL). The aqueous phase was extracted with

dichloromethane (& 10 mL). The combined organic phases were dried with Mg®0

the solvent was removed under reduced pressure. The crude product was purified by

recrystallization from  PE/EtOAc  (1:2). 7-(Benzyloxy)3-(4-hydroxyphenyl)8-

methoxybenzo[bloxep#d(2H)one 2b was obtained as slightly yellow crystals in 48 %

yield (0.22 g, 0.46 mmol)Mp 137i 142 °C.’"H NMR (300 MHz, CDC}): d = 7.66 (s,

1H), 7.527 7.30 (m, 12H), 7.06 6.99 (m, 2H), 6.65 (slH), 6.58 (s, 1H), 5.16 (s, 2H),

5.12 (s, 2H), 5.05 (s, 2H), 3.92 (s, 3H) ppiC NMR (75 MHz, CDCJ): d = 187.2, 160.3,

156.9, 155.4, 150.2, 144.7, 136.8, 136.6, 130.8, 130.4, 128.8, 128.7, 128.5, 128.3, 128.1,

127.8, 127.6, 120.0, 115.4, 113.9, 10320771.2, 70.2, 56.4 pprAT-IR: n (cm™) = 695,

735, 830, 1001, 1220, 1450, 1605, 1691, 2937, 3032, IGEMS: m/z (%) = 479.2

(100) [M+H]". HR-MS: calcd. for GiH270s [M+H] " 479.1853; found 479.1849.
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8-(BenzyloxyB-(4-(benzyloxyB-methoxyphenibenzo[b]oxepirb(2H}one (20
3-(4-(Benzyloxy)}3-methoxyphenyb4-(3-(benzyloxy)phenoxy)buR-enoic  acid 10c

(0.25 g, 0.50 mmol) was dissolved in dry dichloromethane (10 mL). The solution was

cooled with an icavaterbath before pyridine (4@L, 0.50 mmd) and cyanuric chloride

(0.15 g, 0.80 mmol) were added. The reaction mixture was stirred at 0 °C for 0.5 hours, the

cooling bath was then removed and the mixture stirred for additional 4 hours at room

temperature. After cooling te60 °C, AICk (80 mg, 060 mmol) was added in three

portions. The mixture was allowed to warm slowly up16 °C over a period of 3 hours,

before the cooling bath was removed. The reaction mixture was stirred at room

temperature for 2 hours and then quenched by addi@g(5i mL) Phase separation could

be enhanced by the addition of saturated Naki§&tution (5 mL). The aqueous phase was

extracted with dichloromethanexB0 mL). The combined organic phases were dried with

MgSO, and the solvent was removed under reduced presshee.crude product was

purified by flash chromatography on a Biotkge | sol er aE fl ash puri

(PE/EtOACc 311, R 0.28) 8-(Benzyloxy)3-(4-(benzyloxy}3-methoxyphenyh

benzo[b]oxepirb(2H)}one2c was obtained as pale white solid in 67 % vyield (d®j, 0.34

mmol). Mp 1421 146 °C.*"H NMR (300 MHz, CDC}): d = 8.10 (d,J = 9.0 Hz, 1H), 7.48

i 7.31 (m, 10H), 7.06 (ddl= 7.2, 1.9 Hz, 2H), 6.95 6.89 (m, 1H), 6.81 (dd] = 9.0, 2.5

Hz, 1H), 6.67 (s, 1H), 6.63 (d,= 2.5 Hz, 1H), 5.21 (s, 2H), 5.18,(2H), 5.06 (s, 2H),

3.94 (s, 3H) ppm**C NMR (75 MHz, CDCJ): d = 187.6, 164.2, 162.5, 150.4, 150.0,

149.9, 136.7, 136.1, 133.6, 131.0, 130.8, 128.9, 128.8, 128.5, 128.2, 127.7, 127.3, 121.5,

120.0, 113.6, 111.8, 110.3, 105.1, 71.8, 71.0, 70.5, 56.3 BpiR: n (cm™) = 697, 735,

1023, 1145, 1248, 1514, 1593, 1738, 2875, 2935, 3031, EHEMS: m/z (%) = 280.3

(10), 479.2 (100) [M+H]. HR-MS: calcd. for GiH»;0s [M+H]* 479.1853; found

479.1849.
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7-(Benzyloxy)3-(4-(benzyloxyB-methoxypheny#s- MeOOB”
OMe

methoxybenzo[b]oxepd(2H}one (2d)
3-(4-(Benzyloxy}3-methoxyphenyb4-(3-(benzyloxy}4-methoxyphenoxy)buR-enoic
acid10d (0.26 g, 0.50 mmol) was dissolved in dry dichloromethane (10 mL). The solution
was cooled with an icwaterbath before pyridine (40, 0.50 mmol) and cyanuric
chloride (0.15 g, 0.80 mmol) were added. The reaction mixture was stirred at 0 °C for 0.5
hours, the cooling bath was then removed and the mixture stirred for additional 4 hours at
room temperature. After cooling t60 °C, AICk (80 mg, 0.60 mmol) was added in three
portions. The mixture was allowed to warm slowly up10 °C over a period of 3 hours,
before the cooling bath was removed. The reaction mixture was stirred at room
temperature for 1 hour and then quenched by addi(5 mL). The aqueous phase was
extracted with dichloromethaneXB0 mL). The combined organic phases were dried with
MgSO, and the solvent was removed under reduced presshee.crude product was
purified by flash chromatography on a BiotBge | s o Iflash puification system
(PE/EtOACc 21, R 0.32) 7-(Benzyloxy)3-(4-(benzyloxy}3-methoxyphenyhs-
methoxybenzo[b]oxepid(2H)-one2d was obtained as pale white solid in 53 % yield (135
mg, 0.27 mmol)Mp 821 85 °C.*H NMR (300 MHz, CDC}): d = 7.66 (s, 1H), 7.52
7.28 (m, 10H), 7.10 7.03 (m, 2H), 6.92 (d) = 8.9 Hz, 1H), 6.66 (s, 1H), 6.57 (s, 1H),
5.21 (s, 2H), 5.16 (s, 2H), 5.05 (s, 2H), 3.94 (s, 3H), 3.92 (s, 3H) PEANMR (75 MHz,
CDCly): d = 187.1, 156.8, 155.4, 150.2, 149.8, 74944.6, 136.7, 136.6, 130.8, 130.7,
128.7, 128.6, 128.0, 127.7, 127.2, 119.9, 119.8, 113.7, 113.5, 110.2, 103.0, 71.9, 71.1,
70.9, 56.3, 56.2 ppnET-IR: n (cm) = 695, 736, 1006, 1140, 1206, 1505, 1596, 1738,
2341, 2359, 2871, 2939, 3033, 30&BFMS: m/z (%) = 509.2 (100) [M+H], 567.2 (5)
[M+NH ;+MeCNJ’, 1039.4 (9) [2M+Na]. HR-MS: calcd. for G;H290s [M+H] * 509.19509;
found 509.1957.

(0]

OH
HO O

8-Hydroxy3-(4-hydroxyphenytB,4-dihydrobenzo[bJoxepHs(2H}one (14
8-(Benzyloxy)3-(4-(benzyloxy)phenyl)benzo]bxepin5(2H)one 2a (0.14 g, 0.32

mmol) was dissolved in EtOAc/MeOH (2:1, 35 mL) and Pd/C (35 mg) was added. The

reaction mixture was placed in flask equipped with a hydrogen filled balloon and stirred

for 6 hours under a Hatmosphere. The mixture wastdred through celite and the solvent
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removed under reduced pressure. The crude product was purified by flash chromatography
onaBiotage | sol er aE f | as HPEfEtDAC2f1,i RO.44). BHydroxys3y st e m
(4-hydroxyphenyl3,4-dihydrobenzo[bloxepib(2H)-one 11a was isolated in 58 % yield
(50mg, 0.11 mmol)*H NMR (300 MHz, MeOD):d = 7.67 (d,J = 8.7 Hz, 1H), 7.22

7.13 (m, 2H), 6.77 6.69 (M, 2H), 6.56 (dd] = 8.7, 2.3 Hz, 1H), 6.48 (d,= 2.3 Hz, 1H),

4.35 (dd,J = 12.2, 6.3 Hz, 1H), 4.19 (dd,= 12.2, 6.9 Hz, 1H), 3.56 3.43 (m, 1H), 3.08

(dd, J = 12.6, 7.7 Hz, 1H), 3.00dd, J = 12.6, 6.9 Hz, 1H) ppm-*C NMR (75 MHz,
MeOD): d = 200.2, 167.2, 164.8, 157.6, 134.5, 132.3, 129.5, 122.0, 116.5, 112.1, 107.5,
80.6, 45.1 ppmFT-IR: n (cm®) = 532, 737, 830, 1020, 1111, 1160, 1244, 1448, 1515,
1596, 1648, 2853, 2924, 3026, 328BPCI-MS: m/z (%) = 271.1 (100) [M+H] HR-MS:

calcd. for GgH1504 [M+H] " 271.0965; found 271.0969.

OH
HO (0]
3-(4-HydroxyphenylR,3,4,5tetrahydrobenzo[b]oxeph8-ol (16a)

8-(Benzyloxy)3-(4-(benzyloxy)phenyl)benzo[b]oxepid(2H)one 2a (54 mg, 0.12
mmol) was désolved in EtOAc/MeOH (2:1, 35 mL) and Pd/C (14 mg) was added. The
reaction mixture was placed in an autoclave under 5 hapréssure and stirred for 6
hours. The mixture was filtered through celite and the solvent removed under reduced
pressure. The cred product was purified by flash chromatography on a Bi®age
| sol er aE f | as h (PEMEOAc2il,dRE.32). J(ALHydroxyphieryR?,3,4,5
tetrahydrobenzo[b]oxepiB-ol 16a was isolated in 50 % yield (18 mg, 0.07 mmol) (in
addition 8hydroxy-3-(4-hydroxyphenyh3,4-dihydrobenzo[b]oxepib(2H)one 11a was
isolated in 28 % yield (9 mg, 0.03 mmoljH NMR (600 MHz, MeOD):d = 7.01i 6.98
(m, 2H, H2/6"), 6.94 (dJ = 8.0 Hz, 1H, H6), 6.72i 6.67 (m, 2H, H3'/5"), 6.43 (dd, =
8.0, 2.5 Hz, 1H, Hr), 6.42 (dJ = 2.4 Hz, 1H, H9), 4.21 (ddd,) = 12.0, 3.6, 1.7 Hz, 1H,
H-2A), 3.55 (ddJ = 11.9, 10.5 Hz, 1H, #B), 3.03 (ttJ = 11.0, 3.5 Hz, 1H, KB), 2.83 (t,
J=12.7Hz, 1H, H5B), 2.69 (ddd,) = 14.4, 6.3, 1.6 Hz, 1H,8A), 2.08i 1.98 (m, 1H,
H-4A), 1.65 (td,J = 13.5, 1.8 Hz, 1H, HIB) ppm.**C NMR (151 MHz, MeOD)d =
162.1 (G10), 157.8 (€8), 157.1 (G4°), 135.1 (G1°), 131.7 (G6), 129.4 (G2'/6"), 127.7
(C-11), 116.3 (€3°/57), 111.5 (€7), 109.0 (9), 79.2 (G2), 49.9 (C3), 35.5 (G4), 33.2
(C-5) ppm.FT-IR: n (cm!) = 830, 1006, 1114, 1153, 1234, 1361, 1448, 1514, 1615, 2927,
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3375.EI-MS: m/z(%) = 107.1 (19),123.1 (21), 149.1 (100), 256.1 (24) [I@I]HR-MS:
calcd. for GeH1603 [M] +A256.1099; found 256.1097.

o}
MeO o
7-Hydroxy3-(4-hydroxyphenytB-methoxy3,4-dihydrobenzo[b]oxepid(2H}Yone (L1b)
7-(Benzyloxy)}3-(4-hydroxyphenyh8-methoxybenzo[b]oxepi#d(2H)-one 2b (0.20 g,
0.42 mmol) was dissolved in MeOH/EtOAc (1:1, 20 mL) and Pd/C (0.05 g) was added.
The reaction mixture was placed in an autoclave under 20 bpredsure and stirred for
10 hours. The mixture was filtered through celite and the solvent remonded reduced
pressure. -Hydroxy-3-(4-hydroxyphenyh8-methoxy3,4-dihydrobenzo[b]oxepib(2H)-
one 11b was obtained as colorless oil in 85 % vyield (0.11 g, 0.37 mridINMR (600
MHz, MeOD):d = 7.20 (sJ = 4.6 Hz, 1H), 7.18 7.13 (m, 2H), 6.76 6.72 m, 2H), 6.71
(s, 1H), 4.33 (ddJ = 12.1, 6.6 Hz, 1H), 4.17 (dd=12.1, 7.2 Hz, 1H), 3.90 (§= 5.2 Hz,
3H), 3.501 3.44 (m, 1H), 3.12 (dd] = 12.9, 8.2 Hz, 1H), 3.00 (dd,= 12.9, 6.0 Hz, 1H)
ppm. °C NMR (151MHz, MeOD): d = 200.4, 159.8, 157.6,54.6, 143.6, 134.4, 129.4,
122.2, 116.5, 114.5, 104.8, 80.8, 56.6, 49.7, 44.9 pmiR: n (cm™) = 532, 834, 1209,
1267, 1445, 1515, 1613, 1699, 2963, 3087, 3EMEW-MS: m/z (%) = 272.6 (35), 301.0
(100) [M+H]’, 318.0 (60) [M+NH]*, 342.0 (50)[M+H+MeCN]". HR-MS: calcd. for
Cy7H1705 [M+H] " 301.1071; found 301.1070.

Q OMe

8-Hydroxy3-(4-hydroxy3-methoxypheny,4-dihydrobenzo[bJoxep-5(2H}one (10

8-(Benzyloxy)3-(4-(benzyloxy}3-methoxyphenyl)benzo[b]oxepiB(2H)one 2¢ (0.15
g, 0.31 mmol) was dissolved EtOAc/MeOH (2:1, 30 mL) and Pd/C (38 mg) was added.
The reaction mixture was placed in flask equipped with a hydrogen filled balloon and
stirred for 5 hours under a;ftmosphere. The mixture was filtered through celite and the
solvent removed under daced pressure. The crude product was purified by flash
chromatography on a Biotage | sol er aE f | as HPEfE#Or0il,fRI0.G.t i on sy
8-Hydroxy-3-(4-hydroxy-3-methoxyphenyh3,4-dihydrobenzo[b]Joxepib(2H)}one 11c
was isolated in 67 % vyield (63gn0.21 mmol)!H NMR (300 MHz, MeOD)d = 7.68 (d,

94
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J=8.7 Hz, 1H), 6.94 (d] = 1.8 Hz, 1H), 6.79 (dd] = 8.2, 1.8 Hz, 1H), 6.74 (d,= 8.1

Hz, 1H), 6.57 (ddJ = 8.7, 2.3 Hz, 1H), 6.49 (d,= 2.3 Hz, 1H), 4.37 (ddl = 12.2, 6.4 Hz,
1H), 4.19 (dd,J = 12.2, 7.1 Hz, 1H), 3.84 (s, 3H), 3.68.43 (m, 1H), 3.15 2.99 (m, 2H)
ppm. 3C NMR (75 MHz, MeOD):d = 200.3, 167.2, 164.8, 149.2, 146.7, 135.2, 132.3,
122.0, 120.9, 116.4, 112.2, 112.0, 107.5, 80.6, 56.4, 45.5FBpiR: n (cmi’) = 539, 735,
794, 819, 856, 1024, 1109, 1157, 1212, 123%8, 1449, 1467, 1517, 1576, 1598, 1651,
2844, 2938, 2966, 3062, 3345SFMS: m/z (%) = 301.1 (100) [M+H] HR-MS: calcd.

for C17H170s [M+H] * 301.1071; found 301.10609.

OMe

o
HO (0]

3-(4-Hydroxy3-methoxyphenytR,3,4,5tetrahydrobenzo[b]oxeph8-ol (160
8-(Benzylay)-3-(4-(benzyloxy)}3-methoxyphenyl)benzo[b]oxepiB(2H)-one 2¢ (0.16

g, 0.23 mmol) was dissolved in EtOAc/MeOH (2:1, 30 mL) and Pd/C (38 mg) was added.

The reaction mixture was placed in an autoclave under 5 ppareldsure and stirred for 6

hours. The nxture was filtered through celite and the solvent removed under reduced

pressure. The crude product was purified by flash chromatography on a Biotage

| sol eraE fl ash (PE/DCMIAICN &1, oRnN0.3)s ¥(4Hyerary-3-

methoxyphenyh2,3,4,5tetrahydrobenzo[b]oxepi8-ol 16cwas isolated in 90 % vyield (85

mg, 0.3 mmol)*H NMR (300 MHz, MeOD)d = 6.95 (d,J = 7.8 Hz, 1H, H6), 6.76 (dJ

= 1.2 Hz, 1H, H2"), 6.71 (dJ = 8.1 Hz, 1H, H5"), 6.62 (dJ = 8.1 Hz, 1H, HE"), 6.47i

6.39 (m, 2H, overlapping signalssHand H9), 4.24 (ddJ = 11.9, 2.2 Hz, 1H, RA),

3.80 (s, 3H, OCHh), 3.59 (ddJ = 11.8, 10.6 Hz, 1H, #2B),3.11i 2.99 (m, 1H, H3), 2.85

(t, J=12.8 Hz, 1H, H6B), 2.70 (ddJ = 13.8, 5.6 Hz, 1H, FbA), 2.12i 2.01 (m, 2H, H

4A), 1.68 (ddJ = 23.9, 11.9 Hz, 1H, HB) ppm.**C NMR (75 MHz, MeOD)d = 162.2

(C-10), 157.9 (€8), 149.0(C-3"), 146.2 (&4"), 135.9 (C1"), 131.7 (G6), 127.7 (C11),

120.9 (G6"), 116.3 (C57), 112.2 (G2"), 111.5 (G7), 109.1 (G9), 79.3 (G2), 56.4

(OCH), 50.5 (G3), 35.6 (G4), 33.3 (G5) ppm.FT-IR: n (cm!) = 734, 1023, 1112, 1150,

1228, 1267, 15151614, 2853, 2927, 3029, 338SkMS: m/z (%) = 123.1 (15), 137.1

(22), 149.1 (100), 176.0 (26), 286.1 (24) [M]HR-MS: calcd. for GHs04 [M]™

286.1205; found 286.1204.
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OMe
7-Hydroxy3-(4-hydroxy3-methoxyphenyhB-methoxy3,4- HO I )Xi i N
MeO o)

dihydrobenzo[bloxep#(2H-one (1d)
7-(Benzyloxy)}3-(4-(benzyloxy}3-methoxyphenyb8-methoxybenzo[b]oxep#d(2H)-

one2d (0.10 g, 0.20 mmol) was dissolved in EtOAc/MeOH (2:1, 30 mL) and Pd/C (10

mg) was added. The reaction mixture was placed in an autoclave under Sdrasstie

and stirred for 10 hours. The mixture was filtered through celite and the solvent removed

under reduced pressure. The crude product was purified by flash chromatography on a

Biotage | sol er aE f | as h(PEEtOAG X1 R0a2R)i Zlydroxs-§-@-t e m

hydroxy-3-methoxyphenyb8-methoxy3,4-dihydrobenzo[b]oxepib(2H)one 11d was

isolated in 65 % yield (42 mg, 0.13 mmdif NMR (300 MHz, CDCJ): d = 7.38 (s, 1H),

6.87 (d,J = 8.1 Hz, 2H), 6.87 (d) = 1.8 Hz, 1H), 6.82 (dd] = 8.2, 1.8 Hz, 1H), 6.62 (s,

1H), 5.60 (s, 1H), 5.45 (s, 1H), 4.35 (dds 12.1, 6.5 Hz, 1H), 4.26 (dd,= 12.1, 6.5 Hz,

1H), 3.93 (s, 3H), 3.89 (s, 3H), 3.48 (b= 6.5 Hz, 1H), 3.19 (ddJ = 12.6, 8.2 Hz, 1H),

3.09 (dd,J = 12.6, 6.4 Hz, 1H) ppm*C NMR (101 MHz, MeOD):d = 200.4, 159.8,

154.6, 149.2, 146.7, 143.6, 135.1, 122.2, 121.0, 116.4, 114.5, 112.0, 104.8, 80.8, 56.6,

56.4, 45.3 ppmFT-IR: n (cm?) = 827, 1031, 151, 1208, 1270, 1362, 1443, 1504, 1613,

1656, 2953, 3418&SFMS: m/z (%) = 331.1 (100) [M+H] HR-MS: calcd. for GgH14Os

[M+H]* 331.1176; found 331.1178.

3-(4-HydroxyphenylR,3-dihydrobenzo[b]JoxepH8-ol (1a) HO O 0 Q >
8-Hydroxy-3-(4-hydroxyphenyh3,4-dihydrdbenzo[b]Joxepir6(2H)one 1la (30 mg,

0.21 mmol) was dissolved in EtOH (15 mL). The solution was cooled to 0 °C before

NaBH, (31 mg, 0.55 mmol) was added. The reaction mixture was stirred for 3 hour at 0 °C

and additional 20 hours at room temperature. Tiogress of the reaction was monitored

by TLC. After the consumption of the substrate the reaction was quenched by addition of

1N HCI (2 mL) while cooling with an icevater bath and stirring over night. EtOH was

removed under reduced pressure before thieofethe reaction solution was extracted with

Et,O (4x10 mL). The combined organic phases were dried with Mg8@d the solvent

was removed under reduced pressufte crude product was purified by flash

chromatography on a Biotd§e | s ol er a E atibl system(PEgEIOAEC 2:1, R

0.24) 3-(4-Hydroxyphenyl}2,3-dihydrobenzo[b]oxepi8-ol 1a was obtained as white

solid in 46 % yield (13 mg, 0.058mol).*H NMR (600 MHz, MeOD)d = 7.10i 7.03 (m,
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3H), 6.76i 6.71 (M, 2H), 6.48 (dd] = 8.4, 2.5 Hz, 1H)6.41i 6.34 (m, 2H), 5.78 (dd] =
11.8, 4.1 Hz, 1H), 4.23 (ddd,= 11.7, 3.2, 0.8 Hz, 1H), 4.07 (ddi= 11.6, 6.7 Hz, 1H),
3.887 3.82 (m, 1H) ppm®C NMR (151 MHz, MeOD):d = 161.7, 158.8, 157.4, 134.8,
133.5, 131.1, 130.4, 128.9, 120.0, 116.2, 11107.3, 76.4, 50.7 ppnET-IR: n (cmi’) =
732, 820, 1115, 1161, 1248, 1511, 1611, 2923, 2957, 3066, BSHBIS: m/z (%) =
107.1 (49), 147.1 (100), 239.1 (24), 254.1 (41) TMHR-MS: calcd. for GgH1403 [M]
254.0943; found 254.094@Ref?)

BOGAT

MeO o)

3-(4-HydroxyphenyiB-methoxy2,3-dihydrobenzo[b]oxep#i-ol (1b)
7-Hydroxy-3-(4-hydroxyphenyh8-methoxy3,4-dihydrobenzo[b]oxepib(2H)}one11b

(0.11 g, 0.36 mmol) was dissolved in EtOH (15 mL) and Na&H)7 g,1.8 mmol) was

added. The reaction mixture was stirred for 24 hours at room temperature before aqueous

NaOH (5 %, 15 mL) was added. Ater stirring for an additional hour, the mixture was

extracted with EtOAc (820 mL), the combined organic phases were dwetd MgSQ,

and the solvent was removed under reduced pressure. The crude product was purified by

flash chromatgraphy (DCMACN/PE 1:1:1.5, R0.44).3-(4-Hydroxyphenyl}8-methoxy

2,3-dihydrdbenzo[b]oxepin7-ol 1b was obtained in 42 % vyield (44 mg, 0.15 oijn

'H NMR (300 MHz, MeOD):d = 7.07i 7.01 (m, 2H), 6.74 6.69 (m, 2H), 6.66 (s, 1H),

6.52 (s, 1H), 6.28 (dd} = 12.0, 1.9 Hz, 1H), 5.81 (dd,= 11.8, 4.1 Hz, 1H), 4.19 (dd,=

11.5, 3.1 Hz, 1H), 4.03 (dd,= 11.6, 6.6 Hz, 1H), 3.87 3.82 (m, 1H),3.80 (s, 3H) ppm.

3¢ NMR (75MHz, MeOD): d = 157.4, 154.3, 148.7, 142.5, 133.5, 132.6, 130.5, 128.6,

120.3, 119.1, 116.2, 104.7, 76.7, 56.4, 51.0 ppRCI-MS: m/z (%) = 191.0 (20), 285.0

(100) [M+H]". EI-MS: m/z (%) = 177.1 (100), 284.1 (27) [I\ﬁ] HR-MS: calcd. for

Ci7H1604 [M] *4284.1049; found 284.104Ref?)

OMe
HO O 0 Q >
3-(4-Hydroxy3-methoxyphenyR,3-dihydrobenzo[b]oxep#8-ol (1)
8-Hydroxy-3-(4-hydroxy-3-methoxyphenyh3,4-dihydrobenzo[b]oxepib(2H)-one 11c
(63 mg, 0.21 mmol) was dissolved in EtOH (15 mL). The solution was cooled to 0 °C

97
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before NaBH (40 mg, 1.05 mmol) was added. The reaction mixture was stirred for 2 hour
at 0 °C and additional 20 hours at room temperature. The progress of the reaction was
monitored by TLC. After the consumption of the substrate, the reaction was quenched by
the addition of IN HCI (3 mL) while cooling with an icevater bath. EtOH was removed
under reduced pressure before the rest of the reaction solution was extract&t,@vith
(4x10 mL). The combined organic phases were dried with Mg8Wd the solvent was
removed under reduced pressuree crude product was purified by flash chromatography
onBiotagE | sol er aE f | as HPEfEIDAC 2fl,i RO.A).t34(4dHpdrog/B-s t € m
methoxyphenyb8-methoxy2,3-dihydrobenzo[bJoxepkY-ol 1c was obtained in 15 %
yield (9 mg, 0.014 mmol). The unconverted substratbyd@oxy3-(4-hydroxy-3-
methoxyphenyb3,4-dihydrdoenzo[b]oxepirb(2H)-one 11c (25 mg, 0.08 mmol) could be
reisolatedand reused; the corrected yieldlafis 24 %.'"H NMR (600 MHz, MeOD) d =

7.05 (d,J = 8.4 Hz, 1H, H6), 6.79 (dJ = 1.9 Hz, 1H, H2), 6.73 (dJ = 8.1 Hz, 1H, H

57, 6.67 (ddJ = 8.1, 1.9 Hz, 1H, ¥6"), 6.45 (dd,) = 8.4, 2.5 Hz, 1H, H), 6.36 (dd,] =

11.8, 1.9 Hz, 1H, ¥5), 6.34 (dJ = 2.5 Hz, 1H, H9), 5.77 (dd,) = 11.8, 4.0 Hz, 1H, Hi),

4.22 (dddJ = 11.7, 3.2, 0.6 Hz, 1H, 13), 4.07 (ddJ = 11.6, 6.7 Hz, 1H, F2), 3.84 (m,

1H, H-3), 3.79 (s, 3H, OCE ppm.**C NMR (151 MHz, MeOD)d = 161.7(C-11), 158.8

(C-8), 148.9 (C3"), 146.5 (G4"), 134.9 (G6), 134.3 (C1"), 131.0 (G4), 129.0 (G5),

121.9 (G67), 120.0 (G10), 116.2 (€57), 113.1 (C2"), 111.1 (C7), 107.3 (€9), 76.4 (C

2), 56.3 (GOMe), 51.1 (G3) ppm.FT-IR: n(cm™) = 540, 736, 83, 854, 1023, 1110,
1158, 1236, 1268, 1517, 1598, 1651, 2841, 2939, 2964, 3065, BSFMS: m/z (%) =

161.1 (52), 182.5 (66), 284.1 (17) [M] 285.1 (100) [M+H]. HR-MS: calcd. for
Ci1/H1704 [M+H] * 285.1121; found 285.1120.

OMe
L o
MeO O

3-(4-Hydroxy3-methoxyphenyt8-methoxy2,3-dihydrobenzo[b]oxepHi-ol (1d)

HO

7-Hydroxy-3-(4-hydroxy-3-methoxyphenyb8-methoxy3,4-dihydrobenzo[b]oxepin
5(2H)one 11d (56 mg, 0.17 mmol) was dissolved in EtOH (15 mL). The solution was
cooled to O °C before NaBH32 mg, 0.85 mmol) waadded. The reaction mixture was
stirred for 1 hour at 0 °C and additional 6 hours at room temperature. The progress of the
reaction was monitored by TLC. After the consumption of the substrate the reaction was
quenched by the addition ofNLHCI (3 mL) whie cooling with an icevater bath. EtOH



Synthesis of novel natural products isolated from butchers broom

was removed under reduced pressure before the rest of the reaction solution was extracted
with ELO (4 x 10 mL). The combined organic phases were dried with Mg8@d the

solvent was removed under reduced pressline. crude product was purified by flash
chromatography on a Biotdl§e | sol er aE f | as (PE/REIQACI2M,iIR8.3t i on s
3-(4-Hydroxy-3-methoxyphenyb8-methoxy2,3-dihydrobenzo[b]JoxepiY-ol 1d was
obtained in 37 % yield (2hg, 0.063mmol). '"H NMR (600 MHz, CDC}): d = 6.87 (d,J =

8.0 Hz, 1H, H5"), 6.78 (s, 1H, kbB), 6.75 (ddJ = 8.0, 1.9 Hz, 1H, 6"), 6.73 (dJ=1.9

Hz, 1H, H2"), 6.54 (s, 1H, D), 6.33 (ddJ = 11.9, 1.9 Hz, 1H, Ib), 5.89 (ddJ = 11.8,

4.1 Hz, 1H, H4), 5.54 (s, 0.5H, OH), 5.25 (s, 0.5HHY 4.26 (ddJ = 11.7, 3.3 Hz, 1H,

H-2), 4.13 (ddJ = 11.7, 6.6 Hz, 1H, k2), 3.91i 3.87 (m, 1H, H3), 3.85 (s, 6H, OC}k)

ppm. *C NMR (151 MHz, CDGJ): d = 153.0 (G11), 146.5 (C3"), 146.4, 146.0 (B),

145.9, 144.6 (&), 144.5, 140.6 (), 140.5,133.0 (G1"), 131.4 (G4), 127.8 (G5),

121.1 (G67), 119.1 (C10), 117.0 (&6), 116.9, 114.3 (&), 114.3, 110.8 (), 103.2

(C-9), 75.5 (G2), 56.0 (GOMe), 55.9 (GOMe), 49.9 (G3) ppm.FT-IR: n (cm™) = 736,

776, 816, 843, 876, 1030, 1123, 1167, 3,20260, 1430, 1444, 1507, 1612, 2846, 2938,
2963, 3008, 3425EI-MS: m/z (%) = 177.1 (100), 314.2 (18) [M] HR-MS: calcd. for
C16H1403 [M] *A314.1154; found 314.1150.

OEt
MeO oY

Ethyl 4(4-(benzyloxyB-methoxyphenoxy)butanoatel () o
4-(Benzyloxy)}3-methoxyphenb4b (4.60 g, 20.0 mmol) and ethftbromaobutyrate

(3.0 mL, 20 mmol) were dissolved in dry acetone (150 mL). Anhydre@K(8.14 g, 60

mmol) and KI (0.16 g, 1.0 mmol) were added in one portion. This slurry was heated to 60

°C for 24 hours. KCO; was filtered off and washed with EtOAc (50 mL). The organic

phase was washed witNIHCI (20 mL) and the aqueous phase was extracted with EtOAc

(3x50 mL). The combined organic phases were dried with Mg8W@ the solvent was

removed under reduced pressure. Thuele product was purified by flash chromatography

on a Biotage | sol eraE f 1l ash (PEMEOAcf 4:1). aBthylodd- sy st e

(benzyloxy}3-methoxyphenoxy)butanoate/ was isolated as yellow oil in 65 % vyield

(4.52 g, 13.1 mmol):H NMR (300 MHz, CDC}): d = 7.46i 7.40 (m, 2H), 7.40 7.28 (m,

3H), 6.78 (dJ = 8.7Hz, 1H), 6.52 (tJ = 2.3 Hz, 1H), 6.32 (dd] = 8.7, 2.8 Hz, 1H), 5.07

(s, 2H), 4.15 (gJ = 7.1 Hz, 2H), 3.94 () = 6.1 Hz, 2H), 3.86 (s, 3H), 2.51 = 7.3 Hz,

2H), 2.141 2.02 (m, 2H),1.26 (t,J = 7.1 Hz, 3H) ppm**C NMR (75 MHz, CDC}): d =
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173.3, 154.1, 150.9, 142.5, 137.5, 128.7, 128.5, 128.2, 127.8, 127.6, 127.5, 115.7, 103.9,
101.0, 72.1, 67.1, 60.5, 55.9, 30.8, 24.7, 14.3 @gpmR: n (Cm'l) = 696, 736, 791, 834,

1025, 1196, 180, 1508, 1730, 2939, 3028SFMS: m/z (%) = 345.2 (100) [M+H] 362.2

(19) [M+NH,]*, 367.2 (25)[M+Na]*. HR-MS: calcd. for GeH240s [M+H]* 345.1697;

found 345.1705.

BnO

MeOD\O/\/\n/OH
4-(4-(BenzyloxyB-methoxyphenoxy)butanoic ac{8) o

Ethyl 4-(4-(benzyloxy}3-methoxypkenoxy)butanoatel7 (4.50 g, 13.0 mmol) was

dissolved in THF/HO (3:1, 130 mL) and cooled with an ieeaterbath before LIOH (3.13
g, 130 mmol) was added. This slurry was stirred at 60 °C for 20 hours. Afterwards the
reaction mixture was acidified with & HCI to about pH 2 and extracted with EtOAc
(3x100 mL). The combined organic phases were dried with Mg8@ the solvent was
removed under reduced pressurd44Benzyloxy)3-methoxyphenoxy)butanoic acit8
was obtained as white crystalline solid in 98yB#ld (4.03 g, 12.7 mmolMp 1117 113
°C. 'H NMR (300 MHz, CDC}): d = 7.46i 7.28 (m, 6H), 6.78 (dJ = 8.8 Hz, 1H), 6.52
(d,J=2.8 Hz, 1H), 6.31 (dd] = 8.7, 2.8 Hz, 1H), 5.08 (s, 2H), 3.96 {t= 6.1 Hz, 2H),
3.86 (s,J = 8.3 Hz, 4H), 2.58 (t) = 7.3 Hz, 2H), 2.14 2.03 (m, 2H) ppm**C NMR (75
MHz, CDCk): d = 179.2, 154.0, 150.9, 142.5, 137.5, 128.7, 128.5, 128.3, 127.8, 127.7,
127.5, 115.6, 103.9, 101.0, 72.1, 66.9, 55.9, 30.5, 24.4 pp#R: n (cm’) = 729, 1027,
1207, 1447, 1515, 1695, 1932889, 2948, 2970, 303ESIMS: m/z (%) = 317.1 (100)
[M+H]", 334.2 (11) [M+NH]", 655.3 (12)[2M+Na]". HR-MS: calcd. for GgH2Os
[M+H] " 317.1384; found 317.1390.

o)
MeO (o)

4-(4-(Benzyloxy}3-methoxyphenoxy)butanoic acidl8 (0.32 g, 1.0 mmol) was

7-(BenzyloxyB8-methoxy3,4-dihydrobenzo[b]oxein-5(2H}one (19)

dissolved in dry dichloromethane (10 mL). The solution was cooled with amaitexbath
before pyridine (80rL, 0.50 mmol) and cyanuric chloride (0.30 g, 1.6 mmol) were added.
The reaction mixture wasisted at 0 °C for 0.5 hours, the cooling bath was then removed
and the mixture stirred for additional 4 hours at room temperature. After coohg €,

AICI3 (0.16 g, 1.2 mmol) was added in three portions. The mixture was allowed to warm
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slowly up to 0°C over a period of 3 hours, before the cooling bath was removed. The

reaction mixture was stirred at room temperature for 2 days and then quenched by addition

of H,O (5 mL). The aqueous phase was extracted with dichlorometha@é (8L). The
combined orgnic phases were dried with Mgs@nd the solvent was removed under
reduced pressur@&he crude product was purified by flash chromatography on a B®tage
| sol eraE f | ash (AEEOAC2i1,dRa.3).i7-(Banzy®xy)simethoxy3,4-
dihydrobenzo[loxepin5(2H)}one 19 was obtained as colorless oil in 15 % yield (45 mg,
0.15 mmol).*H NMR (300 MHz, CDC}): d = 7.49i 7.29 (m, 6H), 6.59 (s, 1H), 5.12 (s,
2H), 4.21 (tJ = 6.8 Hz, 2H), 3.90 (s, 3H), 2.86 {t= 6.9 Hz, 2H), 2.16 (quint] = 6.8 Hz,
2H) ppm.**C NMR (75 MHz, CDC}): d = 199.1, 158.4, 154.5, 144.2, 136.7, 128.6, 128.0,
127.6, 120.9, 112.6, 104.2, 73.1, 71.2, 56.2, 40.5, 26.0 pp#R: n (cm') = 697, 746,
1148, 1198, 1262, 1381, 1444, 1504, 1606, 1664, 1732, 2927, 2959 AFI28B\VIS: m/z
(%) = 299.1 (100) [M+H]. HR-MS: calcd. for GgH1904 [M+H]" 299.1278; found
299.1279.

(0]
)
7-Hydroxy8-methoxy3,4-dihydrobenzo[b]oxepis(2H)one (20) MeO o
7-(Benzyloxy)8-methoxy3,4-dihydrobenzo[b]oxepib(2H)one 19 (62 mg, 0.21
mmol) was dissolved in EtGA (10 mL) and Pd/C (15 mg) was added. The reaction
mixture was placed in an autoclave under 5 baptdssure and stirred for 5 hours. The

mixture was filtered through celite and the solvent removed under reduced pressure. The

crude product was purified bffash chromatography on a Biotdfle | sol er a E
purification  system (PE/EtOAc 2:1, R 0.12). *7#Hydroxy-8-methoxy3,4-
dihydrobenzo[b]oxepitb(2H)-one 20 was isolated in 64 % vyield (28 mg, 0.13 mmodH.
NMR (300 MHz, MeOD)d=7.14 (sJ =4.5 Hz, 1H)6.64 (s,J=10.3 Hz, 1H), 4.14 (1]
= 6.9 Hz, 2H), 3.87 (s] = 4.1 Hz, 3H), 2.82 2.72 (m, 2H), 2.15 2.03 (m, 2H) ppm**C

NMR (75 MHz, MeOD):d = 201.9, 158.4, 154.6, 143.7, 122.9, 114.6, 105.3, 73.7, 56.6,

41.3, 26.7 ppmET-IR: n (cm') = 885, 937 1056, 1143, 1264, 1443, 1501, 1614, 1662,
2883, 2954, 340EI-MS: m/z (%) = 123.1 (38), 166.1 (47), 177.1 (27), 193.1 (11), 208.1
(100) [M]*A HR-MS: calcd. for GiH1,04 [M] 4208.0736; found 208.0734.

f
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HO =

8-methoxy2,3-dihydrobenzo[b]oxep#7-ol (1e) Meom

7-Hydroxy-8-methay-3,4-dihydrobenzo[b]Joxepid(2H)-one 20 (27 mg, 0.13 mmol)
was dissolved in EtOH (4 mL)he solution was cooled to 0 °C before NaBBE5 mg,
0.65mmol) was added. The reaction mixture was stirred for 5 hour at 0 °C and additional 3
hours &aroom temperature. The progress of the reaction was monitored by TLC. After the
consumption of the substrate the reaction was quenched by the additierHsZ1(1 mL)
while cooling with an icavater bath. EtOH was removed under reduced pressure before
the rest of the reaction solution was extracted widfOE@ x 10 mL). The combined
organic phases were dried with Mgs@nd the solvent was removed under reduced
pressure.The crude product was purified by flash chromatography on a B®tage
| s ol er a Epurifitatica s dystem (PE/EtOAc 2:1, R 0.34) 8-methoxy2,3
dihydrobenzo[b]oxepitY-ol 1e was obtained in 36 % yield (9rfig, 0.047 mmol).*H
NMR (600 MHz, CDCY): d = 6.70 (s, 1H, ), 6.52 (s, 1H, D), 6.18 (dtJ = 11.8, 1.7
Hz, 1H, H5), 5.84 (dtJ=11.7, 4.5 Hz, 1H, H}), 5.19 (s, 0.8H, OH), 4.20 @,= 4.9 Hz,
1H, H-2), 3.85 (sJ = 5.6 Hz, 2H, OCH), 2.64 (dddJ = 9.8, 4.7, 1.9 Hz, 1H, 13) ppm.
3¢ NMR (151 MHz, CDCJ): d = 152.7 (G10), 145.8 (G8), 140.4 (C7), 128.3 (G4),
128.0 (G5), 119.5(C-11), 117.0 (©6), 103.1 (€9), 69.9 (C2), 56.0 (OCH), 34.4 (G3)
ppm.FT-IR: n (cm™) = 800, 872, 1023, 1168, 1201, 1258, 1444, 1506, 1624, 2935, 3013,
3428.EI-MS: m/z (%) = 105.1 (13) [PhCO]162.1 (11), 177.1 (50), 192.1 (100) [¥1]
HR-MS: calcd for Ci1H1,05 [M] *4192.0786; found 192.0785.

MeO : ITIH

N-(3-Methoxyphenyb4-methylbenzenesulfonamid@l) Ts
m-Anisidine (1.12 mL, 10.0 mmol) was dissolved in dry THF (15 mL).JNE®%66 mL,
12.0 mmol) and tosylchloride (1.90 g, 10.0 mmol) were added and theosokas stirred
at room temperature for 28 hours. The reaction was quenched by adding water (5 mL). The
agueous phase was extracted with EtOA¢1(BmL) and the combined organic phases
were dried with MgSQ The solvent was removed under reduced pressurbtain N(3-
methoxyphenyb4-methylbenzenesulfonamid2l in 100 % vyield (2.8 g, 10 mmol).
'H NMR (300 MHz, CDC}): d = 7.70 (d,J = 8.2 Hz, 2H), 7.22 (d] = 8.1 Hz, 2H), 7.10 (t,
J=8.1Hz, 1H), 6.71 (t) = 2.2 Hz, 1H), 6.66 6.59 (m, 2H), 3.73 (dJ = 3.6 Hz, 3H),
2.37 (s, 3H) ppm®C NMR (75 MHz, CDCJ): d = 160.3, 143.9, 137.8, 136.0, 130.0,
129.7, 127.3, 113.3, 110.8, 106.8, 55.3, 21.6 gpet>?)
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EtO

4-(4-Ethoxy1-(N-(3-methoxypheny-methylpheny Meo\©/N‘Ts 0Bz
sulfonamido)4-oxobut2-en-2-yl)phenyl benzoaté2?2)
N-(3-Methoxypheny4-methylbenzenesulfonamide21 (2.27g, 8.20mmol) was
dissolved in acetone (50 mL) and cooled withwaterbath before 41-broma4-ethoxy
4-oxobut2-en-2-yl)phenyl benzoat&a (3.18 g, 8.20 mmol) and anhydrousGQO; (2.27 g,
16.4 mmol) vere added. This slurry was stirred at 0 °C fortrs and afterwards heated
to 50 °C for 40 hours. ¥CO; was filtered off and washed with EtOAc (50 mL). The
organic phase was washed witih HCI (10 mL) and water (16L). The agueous phase
was extracteavith EtOAc (20 mL). The combined organic phases were dried with MgSO
and the solvent was removed under reduced pressure. The crude product was recrystallized
from  EtOAc.  4(4-Ethoxy1-(N-(3-methoxyphenyb4-methylphenylsulfonamide-
oxobut2-en2-yl)phenyl benzoat®2 was obtained as colorless crystals in 61 % yield (2.93
g, 5.00 mmol)'H NMR (300 MHz, CDGJ): d = 8.27i 8.18 (m, 2H), 7.70 7.63 (m, 1H),
7.581 7.50 (m, 2H), 7.50 7.43 (m, 4H), 7.29 7.21 (m, 4H), 7.01 (t) = 8.1 Hz, 1H),
6.73 (dddJ = 8.3, 2.5, 0.7 Hz, 1H), 6.29 (ddd= 7.9, 1.8, 0.8 Hz, 1H), 6.22 d,= 2.2
Hz, 1H), 5.97 (s, 1H), 5.41 (d,= 0.8 Hz, 2H), 4.10 (q] = 7.1 Hz, 2H), 3.58 (s, 3H), 2.43
(s, 3H), 1.23 (t) = 7.1 Hz, 3H) ppm**C NMR (75 MHz, CDC}): d = 165.8, 168, 159.4,
152.9, 151.8, 143.6, 139.2, 135.7, 134.5, 133.7, 130.2, 129.5, 129.4, 128.8, 128.7, 127.9,
121.7, 121.2, 120.6, 114.7, 113.8, 60.3, 55.2, 47.0, 21.6, 14.2FIpIR: n (cm’) = 536,
579, 707, 816, 1053, 1154, 1248, 1348, 1599, 1705, 1737, 2932, 3004, 3065E=S}k
MS: m/z (%) = 586.2 (91) [M+H] 603.2 (81) [M+NH]*, 608.2 (41) [M+N&',
1193.4(100) [2M+Na]". HR-MS: calcd. for GzHzNO;S [M+H]" 586.1894; found
586.1899.

(0]

(Benzyl 34-(benzyloxy)phenyB-(N-(3-methoxypheny- Meo\©/N‘Ts 0Bn
methylphenylsulfoamido)but2-enoate £3)

BnO

4-(4-Ethoxy-1-(N-(3-methoxyphenyb4-methylphenylsulfonamided-oxobut2-en-2-
yhphenyl benzoat@2 (0.77 g, 1.32 mmol) was dissolved in THEOH(4:1, 30 mL) and
cooled with an icevaterbath before LiOH (0.32 g, 13 mmol) was adde€dis slurry was
stirred at 0 °C for 1 hour and heated to 55 °C for 44 hours. The completion of the reaction
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was monitored by TLC. Afterwards the reaction mixture was acidified withtHCI to pH

1- 2 and extracted with EtOAc X80 mL). The combined organphases were dried with
MgSO, and the solvent was removed under reduced pressure. The residue was used
without further purification in the subsequent reaction and dissolved in acetone (10 mL).
Benzyl bromide (0.77 mL, 6.5 mmol), ,&O; (0.36 g, 2.6 mmol)and KI (20 mg,
0.13mmol) were added to the stirring solution before heating was initiated. The reaction
mixture was heated to 60 °C for 40 h. AftesQQO; was filtered off and acidified with

1N HCI, the mixture was extracted with dichloromethang4(8 mL). The combined
organic phases were dried with MgSOThe crude product was purified by flash
chromatography on a Biotd§e | sol er aE f | as (PERtOACI4M,IRG.3).t i on
(Benzyl 3(4-(benzyloxy)phenybd-(N-(3-methoxyphenyB4-methylphenysulfonamido}
but-2-enoate23 was obtained as yellow oil in 29 % yield (0440.38 mmol)!H NMR

(300 MHz, CDC}): d = 7.511 7.23 (m, 20H), 7.00 6.92 (m, 3H), 6.71 (dd] = 8.2, 2.4

Hz, 1H), 6.24 (dJ = 7.7 Hz, 1H), 6.19 (t) = 2.1 Hz, 1H), 5.97 (s, 1H5.40 (s, 2H), 5.11

(s, 2H), 5.07 (s) = 5.0 Hz, 2H), 3.50 (s, 3H), 2.44 (5= 5.9 Hz, 3H) ppm**C NMR (75

MHz, CDCk): d = 165.8, 159.9, 159.2, 153.9, 143.6, 139.1, 136.7, 135.8, 134.6, 130.4,
129.5, 129.1, 128.8, 128.7, 128.6, 128.2, 128.1, 128.09,1227.6, 127.0, 120.8, 118.9,
114.6, 113.8, 70.1, 65.9, 55.1, 46.7, 21.6 pEBFMS: m/z(%)=634.2 (100) [M+H],

656.2 (33) [M+N4&', 1289.4 (63)[2M+Na]’. HR-MS: calcd. for GgHzeNOeS [M+H]"
634.2258; found 634.2256.

0}
HO

|
3-(4-(Benzyloxy)pheny-(N-(3-methoxypheny- MeO Norg OBn
methylphenylsulfonamido)bt2-enoic acid24) \©/

(Benzyl 3(4-(benzyloxy)phenyb4-(N-(3-methoxymenyl}4-methylpheny
sulfonamidgbut-2-enoate23 (0.23 g, 0.36 mmol) was dissolved in THEOH(4:1, 12 mL)
and cooled with an ieevaterbath bebre LIOH (43 mg, 1.8 mmol) was added. This slurry
was stirred at 0 °C for 1 hour and additional 30 hours at 60 °C. Afterwards the reaction
mixture was acidified with & HCI to pH 1- 2 and extracted with EtOAc ¥30 mL). The
combined organic phases werged with MgSQ and the solvent was removed under
reduced pressure. The residue was recrystallized from MeOH/dichloromethane (4:1,
2.5mL). 3-(4-(Benzyloxy)phenyh4-(N-(3-methoxyphenyb4-methylphenylsulfon

amido)but2-enoic acid24 was obtained as whiterystalline solid in 23 % vyield (44 mg,
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0.08 mmol)."H NMR (300MHz, CDCk): d = 7.501 7.34 (m, 9H), 7.24 (dJ = 8.2 Hz,

2H), 7.03i 6.95 (m, 3H), 6.72 (dd] = 8.0, 2.2 Hz, 1H), 6.27 6.19 (m, 1H), 6.16 (&) =

2.2 Hz, 1H), 5.94 (d, 2H), 5.36 (s, 2H),13 (s, 2H), 3.51 (s, 3H), 2.42 (s, 3H) ppm.

3C NMR (75 MHz, CDC}): d = 170.0, 160.2, 159.3, 156.5, 143.7, 139.2, 136.6, 134.4,
130.2, 129.4, 129.2, 128.9, 128.7, 128.2, 127.9, 127.6, 120.8, 117.8, 114.7, 114.6, 113.9,
70.1, 55.1, 46.9, 21.6 ppnESFMS: m/z(%)= 544.2 (100) [M+H], 561.2 (20)
[M+NH4]*. HR-MS: calcd. for GiH3oNOsS [M+H]" 544.1788; found 544.1791.

JOW
MeO N

/

OBn

4-(4-(Benzyloxy)pheny]-(3-methoxyphenyhLH-pyrrol2(5H}one (27)
3-(4-(Benzyloxy)phenyh4-(N-(3-methoxyphenyh4-methylphenyulfonanido)but2-
enoic acid24 (26 mg, 0.05 mmol) was dissolved in dry dichloroethane (1 mL). The
solution was cooled with an iegaterbath before pyridine (#L, 0.05mmol) and
cyanuric chloride (13 mg, 0.08 mmol) were added. The reaction mixture was dtiorégd a
for 0.5 hours, the cooling bath was then removed and the mixture stirred for additional 3
hours at room temperature. After cooling-89 °C, InC§ (11 mg, 0.05 mmol) was added
in three portions. The mixture was allowed to warm slowly up to 0 °C aeriod of 2
hours and was stirred additional 10 hours at room temperature before the reaction was
guenched by addingJ® (0.5 mL). The aqueous phase was extracted wiB EBx2 mL).
The combined organic phases were dried with Mg&@l the solvent wagmoved under
reduced pressur@&he crude product was purified by flash chromatography on a B®tage
| sol eraE f | as h (REMEOAC2i1,0r0.3). i4-GHiBerzyozy)pleenyBl-(3-
methoxyphenyblH-pyrrol-2(5H)}one 27 was obtained in 280 yield & mg, 0.013 mmol)
(when AICk was used as Lewis acid;(4-(Benzyloxy)phenybl-(3-methoxyphenyhlH-
pyrrol-2(5H)}one 27 was obtained in 8% yield (12 mg, 0.032 mmol) from-@-
(Benzyloxy)phenyh4-(N-(3-methoxyphenyb4-methylphenysulfonamido)buf-endc
acid 24 (20 mg, 0.037 mmol))*H NMR (600 MHz, CDCJ): d = 7.55 (t,J = 2.1 Hz, 1H),
7.531 7.50 (m, 2H), 7.46 7.42 (m, 2H), 7.42 7.39 (m, 2H), 7.37 7.33 (m, 1H), 7.29 (t,
J=7.9 Hz, 1H), 7.27 (t) = 1.5 Hz, 1H), 7.06 7.02 (m, 2H), 6.69 (ddd] = 7.8, 2.3, 1.3
Hz, 1H), 6.39 (s, 1H), 5.13 (s, 2H), 4.74 {cs 0.9 Hz, 2H), 3.85 (s, 3H) ppr’C NMR
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(151 MHz, CDC}): d = 170.9, 160.8, 160.4, 153.3, 140.8, 136.5, 129.9, 128.9, 128.4,
127.7, 127.6, 124.4, 119.5, 115.6, 110.7, 109.6, 104.8, 705,550 ppmFT-IR: n (cmi

) = 695, 765, 823, 1034, 1178, 1252, 1382, 1514, 1604, 1674, 2924, 3046 m/z

(%) = 91.1 (100) [GH/]*, 280.2 (7) [MCsH4]*, 371.2 (11) [M[* HR-MS: calcd. for
CaaH21NOs [M] 371.1521; found 371.1524.
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3.5.2 Pharmacologicakesting

Cytotoxicity

The influence of ruscozepine B on the viability of HMECL1 cells was determined
after 24 hours of incubation using an MTT assay atingrto Mosmarf (modified, n = 3

in sextuplicates).

ICAM-1

Confluent grown human microvascular endothelial cells (HMBC were pretreated
either with ruscozepine RBb, parthenoli de ©OC%,I5pM, pasitive m, pu
control), or medium (ECGM, endothelial cellogrth medium (Provitro) + 10 % F&; +
antibiotics, + supplements) as a negative control kw2l plates. Thirty minutes later,
10ng/mL TNFa (SigmaAldrich) were added to stimulate thEAM-1 expression. After
24 hours of incubation (New Brunswick Scientific, 37 °C, 5 %,)CCells were washed
with PBS, removed from the plate with trypsin/EDTA and fixed with formalin. After
incubating with a FIT@abelled mouse antibody against ICAM(Biozol) for 20 min, the
fluorescence intensity was measured by FACS:E

ICAM-1 expression of cells treated with TNFonly was set as 100 %.

ORAGFluorescein assay

The ORAGFI assay was performed according to Davatasl. *> and Vogel et al** in
96-well plates with fluorescein (final concentration 300 nM) as fluorescent probe and 75
mM phosphate buffeipH 7.4) for all dilution steps and as reaction milieu. The antioxidant
(compoundsla-e, 16ac or Trolox, 20 uL) was incubated in different concentrations
(compoundsla-e, 16ac 1.0-5.0¢M; Trolox, 1-8 eM) together with a fluorescein solution
(120¢L) at 37 °C for 15 min. The reaction was started by the addition afL66f AAPH
( 2 -azdg(2methybropioramide) dihydrochloride; final concentration, 12 mM),
yielding a final volume of 20@L. After the addition of AAPH, the fluorescence was
recorded everyninute in a Tecan 9flate readergy = 485 nm,an = 536 nm, 37 °C) for

300 min. Samples were measured at five different concentrations5(@.6M). Eight
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calibration curves using-8 eM Trolox as antioxidant were also carried out in each assay.
Contrds were measured without antioxidant as well as without AAPH and antioxidant.
ORAC values were express as Trolox equivalents (meeBD) by using the standard
curve calculated for each assay. The regression coefficient between AUC and antioxidant
concentrion was calculated for all samples® (¢ 0.93). Further positive control

measurements were performed with xanthohumol.
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Summary

4 Summary

The first part of this dissertation (chapter 1 and 2) deals with the deoxygenation of
alcohols. Chapter 1 reviews catalytic deoxygenation methods currently used in organic
synthesis. Recent examples are used to demongdimtifterent deoxygenation strategies
employing either a twastep procedure or the direct deoxygenation of alcohols. For the
commonly used twstep procedures the alcohols are transferred into a corresponding ester
or ether that can be cleaved reductiieyycommon palladium, nickel or rhodium catalysts.

The direct deoxygenation is the prefermreeéthod;while the catalyst activates the @
bond a conversion into an appropriate leaving group is not necessary. Lewis acids are

commonly used for this activati@nd silanes are typically used as reducing agents.

Chapter 2 reports the deoxygenation of benzylic alcohols with hydriodicimacad
biphasic mediaThis method using boiling hydriodic acid and red phosphorous for the
deoxygenation of gluconic acid to drpcarbonswas reported the first time by Killiani
140years ago. We reinvestigated this method by using hydriodic acid in toluene to
separate the organic molecules from the harsh acidic conditions in the aqueous phase and
allow milder reaction conditionsWith this method benzylic and-carbonyl alcohols are
deoxygenated successfully. Even catalytic amounts of hydriodic acid are sufficient for the

deoxygenation when excess of red phosphorous is used as terminal reducing agent.

In chapter 3 we describe thsgrthesis of the natural productascozepine A and B
isolated fromRuscus aculeatug. and analogous compoundAn existing synthetic
pathway for thebasic benzoxepine structure was imped for the synthesis of the
ruscozepines. Especially a mild proaeal for the intramolecular Fried€rafts acylation is
applied because typically used procedures were not favorable. Unfortunately the
developed synthesis was not applicable for the synthesis of an analogous benzazepine.
Pharmacological testing revealedhigh antioxidant activity by an ORA@uoresceine
assay, while no anthflammatory activity was observed in an ICAM expression

inhibition assay.
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5 Zusammenfassung

Der erste Teil dieser Dissertati(Rapitel 1 und 2) befassich mit der Deoxygenierung
von Alkoholen. Im ersten Kapitel sind katalytische Deoxygeniemmegsoden
zusammengefasst, dierzeit Anwendung inder organischen Chemie finden. Anhand
aktueller Beispiele werden die unterschiedlichen Strategien zur Deoxygenierung von
Alkoholen aufezigt, die entweder auf einer zweistufigen oder direkten Methode beruhen.
Bei den haufig genutzten zweistufigen Methoden werden die Alkohole ersiném
entsprechenden Ester oder Ether umgewandelt um dann reduktiv mit Hilfe eines
Palladium, Nickel oder Ridium Katalysators gespalten zu werden. Die direkten
Deoxygenierungen sindie bevorzugén Methoden da hierbei einKatalysator die €0
Bindung aktiviertist keine Umwandlung in eine geeignete Abgangsgruppe notwendig. Fur
gewohnlich werden Lewis Saurerr filiese Aktivierung genutztvobeiSilane als typische
Reduktionsmittekingesetzt werden

Kapitel 2 berichtet Gber die Deoxygenierung von Benzylalkoholen mit lodwasserstoff
saurein einem zweiphasigen Mediurdber die Verwendung von lodwassersséfiire ar
Deoxygenierung von Alkoholerberichtete erstmals Killiani vor 140 Jahrenum
Gluconsaure in kochendedwasserstoffauremit rotem Phosphor zu den entsprechenden
Kohlenwasserstoffemu deoxygeniegn Wir griffen diese Methode wieder auf indem wir
lodwasserstoffsaure in Toluol nutzten um organische Molekile von der starken
Mineralsaure in der wassrigen Phase zu separieren um somit mildere Reaktions
bedingungen zu erhalten. Unter diesen Bedingungen konnen Bemxykh-Carbonyt
alkohole erfolgreich deoxymiert werden. Wird roter Phosphor im Uberschuss eingesetzt
sind sogarkatalytische Mengen von lodwasserstoffsaure hinreichendBenzylalkohole

zu deoxygenieen

In Kapitel 3 wird die Synthese der Naturstoffe Ruscozepin A und B, isoliert aus dem
stechendn MausedornRuscus aculeatus.), und analogen Substanzen beschrieben. Fur
die Synthese der Ruscozepine wurde ein bekannter Syntheseweg fir die Berzoxepin
grundstruktur verbessert und auf analoge Substanzen ubertragen. Besonders die
Anwendung einer milde Variante der FriedeCrafts Acylierung war essentiell, da
etablierte Methoden dieser Reaktion nicht zum gewlnschten Ergebnis fuhrten. Allerdings

konnte die dabei etablierte Syntheseroute nicht digf Syntheseeines analogen
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Benzaepins angewandt werdenDie Pharmakologische Testung dieser Substanzen
offenbarte ein hohes antioxidatives Poteritiaéinem ORACFluorescein Assay, wahrend
keine entzindun@gemmenden Eigenschaften in einem ICAMEXxpression Inhibitions

Assaybeobachtet werden konmnte






6 Appendix

6.1 Abbreviations

[BMIM][BF 4]

[BSO:BIM]
[NT,]

[EMIM][NTf2]

°C
ML

MW

3¢ NMR
'H NMR
1-OL

AAPH
ACN
APCI

BzC
C(sK)

C(sp)

Ca(NTh),

calcd.

1-Butyl-3-methyt
imidazolium
tetrafluorborate

1-(4-Butylsulfonic
acid)3-
(n-butyl)imidazolium
bis(trifluormethyt
sulfonyl)imide

1-Ethyl-3-
methylimidazoliumbis(t
rifluormethylsulfonyl)i
mid

DegeeCelsius

Micro liter

Micro molar

Micro watt

Carbon NMR

Proton NMR

1-Octanol

Angstrom (10"° meters)

2,2-Azobis(2-
methylpropionamide)
dihydrochloride

Acetonitrile

Atmospheriepressure
chemical ionization

Benzoyl chloride

Carbon in sp
hybridization
Carbon in sp
hybridization

Calcium(ll)
bis(trifluoromethanesulf
onimide)

Calculated

Cbz
CDCl;
Cl

cC O
cod
cot
CVI

DBPB

DBPO
DCE
DCM
DMAP

DMF
DMSO
DMSO-ds

DOE
dppf

dppp

ECGM
EDTA

EE
El

eq.
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Carboxybenzyl
Deuterated chloroform
Chemical ionization
Carbon oxygen bond
1,5Cyclooctadiene
1,3,5Cyclooctatriene

Chronic venous
insufficiency

2,2-Di-
tertbutylperoxybutane

Dibenzoyl peroxide
1,2-Dichloroethane
Dichloromethane

4-Dimethylamine
pyridine

Dimethylformamide
Dimethyl sulfoxide

Deuterated dimethyl
sulfoxide

1,1-Dioctylether

(1,3Bis(diphenyt
phosphino)ferrocene)

(1,3Bis(diphenyt
phosphino)propane)

Electron

Endothelial cell growth
medium

Ethylenediamine
tetraacetic acid

Ethoxyethyl

Electron impact
lonization

Equivalent
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ES
ESI
Et,O
EtsSiH
EtOAC
EtOH
eV
F/mol
FACS

FITC

FCS
FT-IR

h
H+
HDO

HI
HMEC-1

HR-MS
ICAM-1
LAH
LIAIH 4
LIBHELt;

LPS
M
mA/cn?

mean+SD

MeNGO,

Electrospray
Electrospray ionization
Diethyl ether
Triethylsilane

Ethyl acetate

Ethanol

Electron volts

Farad per mol

Fluorescenceactivated
cell sorting

Fluorescein
isothiocyanate

Fetalcalf serum

Fourier transform
infrared spectroscopy

Hour

Proton
Hydrodeoxygenation
Hydriodic acid

Human microvascular
endothelial cells

High resolution mass
spectrometry

Intercellular adhesion
moleaile

Lithium aluminum
hydride

Lithium aluminum
hydride

Lithium
triethylborohydride

Lipopolysaccharide
Molar concentration

Milli ampere per square
centimetel(electric
current density)

Reference range
(standard devi#on)

Nitromethane

MeOD

MeOH
MgSO,
MHz

min

mL

mm
mmol
Mo(CO)

mol%
MOM
Mp
MS
Ms
MSA
MTT

NBS
n-BuLi
Nf
NF-kB

Ni(cod),

Ni/Cq
nm
NMR

ORAC

Pd/C
PE

Deuterated methanol,
MeOH-d,

Methanol
Magnesium sulfate
Mega hertz

Minute

Milli liter

Milli meter

Milli mole

Molybdenum
hexacarbonyl

Mole percent
Methoxymethyl
Melting point

Mass spectrometry
Mesylate
Methanesulfonic acid

3-(4,5Dimethyithiazot
2-yl)-2,5-diphenyt
tetrazolium bromide

Normal concentration
N-Bromosuccinimide
n-Butyl lithium

Nafion

Nuclear factor kappa
light-chainenhancer of
acivated Bcells

Bis(1,5
cyclooctadiene)nickel

Nickel on graphite
Nano meter

Nuclear magnetic
resonance

Oxygen radical
absorbance capacity

Tricyclohexylphosphine
Palladium on charcoal
petroleum ether



PPA
PPh
ppm
Pred
pPTSA

R
RhCI(PPh)s
ROS

Ru/C
sat.
SCE

SET

TBDMS
TBST

TEAC

Polyphosphoricacid
Triphenylphosphine
Parts per million
Red phosphorous

paraToluenesulfonic
acid

Retention factor
Wilkinson catalyst

Reactive oxygen
species

Ruthenium on charcoal
Saturated

Saturated calomel
electrode

Single electron
transfere

tert-Butyldimethylsilyl

Tri-tert-
butoxysilanethiol

Trolox equivalent
antioxidant capacity

TEMPO

Tt
TFE
THF
THFA

TLC

TMSCI
TNF-a

Trolox

Ts
uv

Vis

wt.-%
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(2,2,6,6 Tetramethy
piperidin-1-yl)oxyl

Triflate
2,2 2Trifluoroethanol
Tetrahydrofuran

4-(2-Tetrahydrofuryl}
2-butanol

Thin layer
chromatography

Trimethylsilyl chloride

Tumor necrosis factor
alpha

6-Hydroxy-2,5,7,8
tetramethylchromar-
carboxylic acid

Tosyl

Ultra violet
Volt

Visible light
Weight percent
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6.2 Copies of selected NMR Spectra

4-(1-Bromao4-ethoxy4-oxobut2-en-2-yl)phenyl benzoatésa)

'H-NMR (300 MHz, CDCI3) o)
4-(1-Bromo-4-ethoxy-4-oxobut-2-en-2-yl)phenyl benzoate EtO |
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5a OBz
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" C-NMR (75 MHz, CDCI3)

4-(1-Bromo-4-ethoxy-4-oxobut-2-en-2-yl)phenyl benzoate
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g
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4-(1-(4-(BenzyloxyB-methoxyphenoxyl-ethoxy-4-oxobut2-en-2-yl)phenyl benzoate3p)

"H-NMR (600 MHz, CDCI3)

4-(1-(4-(Benzyloxy)-3-methoxyphenoxy)-4-ethoxy-4-oxobut-2-en-2-yl)phenyl benzoate
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P C.NMR (151 MHz, CDCI3)

4-(1-(4-(Benzyloxy)-3-methoxyphenoxy)-4-ethoxy-4-oxobut-2-en-2-yl)phenyl benzoate

OBz
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4-(3-(Benzyloxy)phenoxyd(4-(benzyloxy)phenyl)bt-enoic acid10a)

"H-NMR (300 MHz,CDCI3)

4-(3-(Benzyloxy)phenoxy)-3-(4-(benzyloxy)phenyl)but-2-enoic acid
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4-(4-(BenzyloxyB-methoxyphenoxy3-(4-(benzyloxy)phenyl)bt2-enoic acid10b)

"H-NMR (300 MHz,CDCI3)

4-(4-(Benzyloxy)-3-methoxyphenoxy)-3-(4-(benzyloxy)phenyl)but-2-enoic acid
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"H-NMR (300 MHz,CDCI3)

3-(4-(BenzyloxyB-methoxyphenyhi-(3-(benzyloxy)phenoxy)b-enoic acid109

3-(4-(Benzyloxy)-3-methoxyphenyl)-4-(3-(benzyloxy)phenoxy)but-2-enoic acid
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3-(4-(BenzyloxyB-methoxyphenyhi-(3-(benzyloxy¥-methoxyphenoxy)buR-enoic acid

(10d)

"H-NMR (300 MHzCDCI3)

3-(4-(Benzyloxy)-3-methoxyphenyl)-4-(3-(benzyloxy)-4-methoxyphenoxy)but-2-enoic acid
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8-(Benzyloxyp-(4-(benzyloxy)phenyl)benzo[b]oxef(2H}one (2a)

"H-NMR (300 MHzCDCI3)

8-(Benzyloxy)-3-(4-(benzyloxy)phenyl)benzo[b]oxepin-5(2H)-one
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7-(BenzyloxyB-(4-hydroxyphenyiB-methoxybenzo[b]oxepib(2H}one @b)
"H-NMR (300 MHzCDCI3)

7-(Benzyloxy)-3-(4-hydroxyphenyl)-8-methoxybenzo[b]oxepin-5(2H)-one
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8-(BenzyloxyB-(4-(benzyloxyB-methoxyphenyl)benzo[b]Joxeps(2H}one (2¢)
"H-NMR (300 MHzCDCI3)

8-(Benzyloxy)-3-(4-(benzyloxy)-3-methoxyphenyl)benzo[bJoxepin-5(2H)-one
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7-(BenzyloxyJ3-(4-(benzyloxyB-methoxyphenyblB-methoxybenzo[bloxepib (2H}one
(2d)

"H-NMR (300 MHz, MeOD)

7-(benzyloxy)-3-(4-(benzyloxy)-3-methoxyphenyl)-8-methoxybenzo[bJoxepin-5(2H)-one
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