Development of New Methods for the
Transition Metal -Catalyzed Synthesis of
Annulated Pyrans

Dissertation for Obtaining the Doctoral Degree

of Natural SciencegqDr. rer. nat.)

Faculty of Natural Sciences

University of Hohenheim

Institute of Chemistry

submitted by

Mehran Khoshbakhsh Foumani

FromRasht
205



Dean Prof. Dr. Jan Frank

1% reviewer Prof. Dr.Uwe Beifuss

2" reviewer Prof. Dr.Walter Vetter
Examiner Assoc.Prof. Dr. Claudia Bizzarri
Submitted on 20/09/2023

Oral examination 26/03/2024

This work was accepted by the Faculty of Natural Sciences at the University of Hohenheim on
(0502/20249 as nDissertation for Obtaining the Do



Preliminary remarks

The work presented in this thesis was carried out under the supervision of Prof. Dr. Uwe Beifuss
at the Institute of Chemistry, University of Hohenheim, from September 2015 to September

2023. Part othe results hae already been published aminternational peer reviewed journal

A Mehran Khoshbakhsh Foumani, Jiirgen Convdifgang FreyandUwe Beifuss
fiFlexible Approach for the Synthesis of Annulated-Byrans Based on &u(l)-
Catalyzed GAllylation/O-Vinylation Reaction of Cyclic -Bromoallyl Tosylates with

Cyclic and Acyclic 1,3Dicarbonyl®, J. Org. Chem2022 87, 8316 8341



Table of Contents

[ I ntroducti on

1 Geneantarloducti on

2 Th
2.

22 Photophysical

e

Bi ol ogi cal

structure and

3 Synthesis of annul

3.
3.

4 Ai

properties of py

properties
and photochemical

ated pyrans

Some general symattheds sf of tameul at

Transit-canaimgz atd

3.
3.

m

2 Copgart al yzed

synthesis of an
synthesis of an

2 Rut hematuanl yzed synthesis of &

owo rtkh e

[ Results and Discussi o

1 Cuc(clat al yzed Hpyyrtahressi s of 4

1.

N T

2 Ruc

Optimization of

cy c |-bdre & 2a]
1.
1.

1 I nfluence of
1 I nfluence of

Optimization of

sul f
Synt

Synt hesi s Xfahc hr
Synthesis of doubl3ekcal kyl ated co

Mechani sm
Structure i3I ame?®atyi)ldn b aly-8adth
1-0 n &2 6

Concl usi on

t h eb rmam (@bl r orneoantetti

andydl hexasa di one (

additives and s
bases, reacti on
t h eb rmoid@daie r eyalclh @

onat e melehny® Bpfc yacntdoyhdd, x8 h e xa 5 & d i
hesaing laefde 3 el at e dH-pbyirshadalsp u |l at «

omenes

atalyzed HpynriZbmmebss of 2

Mo del reactions

CiH alkenyl ati on

2 .

1 Optimizati on

fcart at lye etdr amg ir tair

o f-[ (tir'ed moycorlcH théhtei

yl ) met hoxy8gaken zZ7e-t8e t9¢, abHdy d r o

bend achr on@hne

(

N 3 NN FP P O O & WO N B
wWw O W w

N DN

33
37
40
41
4 3

4 6

54

55

55

57



3

2.1 Optimization of the ddmi@mBe c
hydr7,x8,t9 t1lr0a6H-p d N ¢y c | d) lpg-Bb-eame
(13 B)

Synt hesamsnuwlfatdedl3@k umar i ns

Synt hasinsiihnafpédd hoply8abthnones

Mechani sm

Struct ur e 3hl yudcrifodxaytridohoyHtoef old ey c | dlp

p y r-6aonmn &3 ¢

2. Conclusi on

N N N DN

Zusammenf assmmamgy and
3. Zusammenfassung
3. Summary
I Il Experi ment al Part
Geneemdr ks
Cutclagt al yzed synthesis of X@&ntchemnes
12 and double alByl ated compounds
2. Synt he-bri s-inmiear baBag hydes
2.1 Gener al procedure |
2-Br o mo ¢ y-kel noehceaxr b d3 @ e hy de (
Et hylr o@foor my | c3recnileo h e b 0 X138 at e
t h e sgir v-opfc |-leedrl-\kl ) metlRB @8g ol s

N

<

1
1
n
2 Gener al procedure 11
.2 (-Br omoc y-kd mbyhle)xmetlr@nol (
2 (Bromocy-t-ém-pkpmetlBBnol (
2 (Br o#met hyl clecrl-yolh)eme t12 & n o | (
2 (Br o ebut yl ) elyeellyd h ene t1 @n o |
2 Et hylr oohydr oxy met-Jweynk) cycl oh
carboxzadat e (
2.2 (Bromocy-teédnwkepmetldBnol (
2.2 (-Br omoc yleelfeyo c)tme t12 @ n o | (
2. Synt he-br s-Holir dmomet h-§-¢n&2ac!| ohex
2. Synt he-br s-tln041e?2 hyl benzenesul flenat
e n & 8abg

N NN D N NN NN OO DN

2.4 Gener al procedure |11

67
75
80

© © O © O O © O © ©Oo ©
© 00 00 N N N o ot g o o1

00
01
02

N N

=

03
03

=



N

N NN NN WD

o o1 o1 01 o1 S

2Br omp 4iet hyl benzenesul f-benmad e
(1 3a)

2Br omp4riet hyl benzenesul f-Gemae¢ e
(1 3b)

2-Br odme t A-¢ iiet hyl benzenesul f-b
e n & Bc|

2Br omb el u tly l4iet hyl benzenesul f
cy c | -bére & 3dj

Et Myplr o-Ba04Met hyl benzenesul f-&na
enkcar boxXlyd) at e (

2Br omp4riet hyl benzenesul f-Gemae¢e
(1 3f)
2Br oo 4riet hyl benzenesul fleemaet e
(1 29)

t hesi s aofd xraen taht eetlesp o mpounds
Gener al procedure 1|V
2,3,4,Bcb6ahld o tlloenrd2 &

2, 3, 4H ebx, abh, y7d r o b]yccH rodrigihot naéR B

2, 3, 4Hebx arh, y8d r o b]yccH rodrghot naép 6f

6 -06i meL h B 4h ex arh y8d r o lo] ycchlr cdpfEdmt
on &2 dj

5 3,-3Bi mehwyl 4, 65c6 akFlh8adtlloanm2 §

a1

ol

3, 3ri met, By, 14, 65 ¢c6 aFi-8adtllonm2 §

7-t eBut-g}ddi me-2 h§) 4, 5¢c6 aFi-8adtlh
on &2 gj

Et hy-Hi Be-Bdvyd, 3, 4, bcb6baHri-8adt-he
carboxX¥h)at e (

3,08 met3h yal, 6, 7-p8t ahgydr dold ¢ & Ir @ me
1 (Hxon(@2 p

3,8 met2h y3l, 4, 6, 7 d8cahlfdyodl djp2t
c hr oolrem@2 p

3Met 2y 13, 4, 5 ¢c 6 a Fily-8 a B tLoenrd2 K

3( Fuk-ghl, 3,4, H5c6aFh8antlloenm2 g

3Phe®2y B, 4, b5c6 aHly-&antlloenrd2 6

1

N N

N N

03

04

04

05

06

06

07

08

08

08

09

10

10

11

12

13

14

14

15

16

17
18



ol

62

(o]

\‘

\‘

\‘

(0]

3(4Lhl oroha8nwvl c6akFlh=8adtloere
(12 6)

3[ 4'Di met hyl ari, B8q)4p HoecrbyalFil-8 r &
X a n tlloenrk2 6§

3( Bedz-dBi o-%yH2), 3, 4, b5c6aHly-8adtlhe
o n &2 B

thesi s Xfadbhchr omenes

Met hmmet By 6t €t 8 dHydr ofBemae boxy
(12 @)

Met Rydoi me-b h§-t ét 8 adH-gdr oBeae b o x
(12 B)

Met h-ft lelr @ t-2rnhe)t By I6-1 ¢f 8 adH-g O r ofBer
carboxXxzdate

6-Et hynet h-mét By l6-1t ¢t 8 adH-g O r o fBe-rbe
di carbaxadyl at e (

Et hynetBbylb-f €t 8 adH-ydr oBemae boxyl
(12 @

(2Met hoxyeehdplyp-t 2t 8adHygydr oBene
car boxXxzfate (
Ben2métbhylb-t ¢t 8 adH-gdr ofBemae boxy
(12 9

Et hypt o25y,16)-f ¢t 8 adH-gydr ofBemae boxy
(12 ®)

thesis of doubl3ecal kyl ated co

3 -Bi s-h { @mo c yleelfloyhle)xme t h y4 Jdd emtec
(13 §)

2 -Bi s-h( @mo c yleelfloyhl ) xme2Hn y Idf pdBi o n
(13 b)

5 ,-Bi s-h { @mo ¢ yleelfivyhl €) xmelt 43y Imle t hy | |
acillp (

eriments towards the reaction
Synt h&Fp tb& oonio c yleelfieyhl ) xme3thhyydlr-po,x!
di me-2-dhywd | o-breerx 43 1]

Synt hd®afs déé

iv

=

L

19

20

21
22

22

23

23

24

25

26

26

27
29

29

30

31
33

33
34



3 Rucatal yzed saymnuleasti esdld@domeBmedul ased

napht hoplgBanones 135
3. Synt he-br s-tr0dr 2| oxy meil-kyn i Babopn[d( 2 |
br omocy-@k dkydx methlenly]l &) f ane 135
3.1 General procedure V 135
3.1 1] (-RBromocykdmhexmet hoxi2l8&enze 135
3.1 3] (-RBromocykdmheyxmet hoX3B)pheno 136
3.1 3] (BRBro#&gt ebut yl ) eélyectl-yolh)emet hoxy
(12 8) 136
3.1 Et Mplr o-Bo(-By dr oxyphenoxyBmaekhy

carboxzf@)at e ( 137
3 (BRromocy-t-edgydntmet hoXl¥§ phenc 138
1

3.1
3.1 3] (-Rromocy-t-bdlydptmet hoX¥® phenc 39
3.1 3] (-BRromoc yleelsbplct met hoX¥§ pheno 139
3.1 3] (-Rromocy-t-bdgydntmetctmex nly | azhBdr 140
3.1 3 (Bromocykdm-hiexmetShimexnwly | pzhBen 141
3.1 3] (-RBromocykdmheyxmet hoxlyJdhbeadhg ¢ 141
3.1 1] (-RBromocykdmheyxymetdmexnlyl bRz 142
3.1 1] (-RBromocykédm-hexmetddmex wWpxyben

(12 B 143
3.1 1] (-RBromocykém-hexmetddobkpfy obenz

(12 &) 143
3.1 1] (-RBromocykdwm-he)x met3h-dbix gy hl or ob

(12 8) 144
3.1 1] (-BRromoc ykdm-he)x met2h @&xnd]lchl or

(12 8) 145
3.1 [ ((RBromocykdwm-gexmet hyl ] plagnyl s 145
Synt hesi st etfr aH-iBd 8@ @0 r o m@an e ( 146
Synt hesamnuwlfatdedl3@k umar i ns 147
3.3 Gener al procedure VI 147
3.3 7, 8, tlrOabHybcerntd @ly c | d) Ipe6-aamé3 & 147
3.3 3Hydr-06x§ ,-t9¢ tlrOa6H-p d Ny c | d) peg-6-a|r

o n &3 B 148



N b b~ O

8(t eBut-$Hy dr7,x8 ,-t9 tlrOabH-y d r o
bendalycl dhexpoa a3 ¢

Et hayhly d3-Goxxyd, 8 ,-t9e tlrOabH-y d r o
benddalycl dipg8Bampr boXJd)at e (
3Hy dr-o x&,r9 hejHth e ol @y c | d] ppeyrbi@an[e
(13 @

SHydr-ox§&, 9p d 10t a&éHybcernty @[y c | d] hpeypr
6-0 n &3 7

3Hydr-6x§, 9,-héex ahbapHt 2 o

bend a¢ly c |db p g-6-arpn &3 g

SHy dr-bmgtfiy @,r9 heiHdr o

bend @y c | d]ppeyrbi@an[@&3 ]

3Hy dr-bmegt iy B ,-t9¢ t1rOabH-y d r o

bend @y c | d Ipe6-ame3 i)

3 ,-Bli hy d#,0 39 tlrOs6H-p d n® |y c | d) Ipegx .
6-0 n &3 j\

2-Me t ¥y 18 ,-t9¢ t1rOabH-p d n® @[y c | d) Ip e6-aam ¢
(13 K)

t he-br s-lnoda@ht hal enox--ene &¢2s8Whl ) c
1-{ (BRromocy-t-edgdntmet hoxy]ld@pht
1 (BRromocykdmlhexmet hoxyl]laBpht
1 (Bro®df@t ebrut yl ) elyecll-'o h e X

yl )met hoxyl]la@pht hal ene (

Et Miyblr o mo ¢ y3d | ( nhaepxkltyH aolxeyn) -Bie b-dd y |
carboxzf@at e (

1-{ (BRromocy-t-edydptmet hoxyJla@pht
1-[ (-Br omoc ylecelfbyplct met hoxy |12 8 pht
1 (-Bro®mft ebut yl ) elyecil-yolh)eme t4h o x y
chl oronap2hgg hal ene (

5[ (-Bromoc ykd - bx metlh @2x V3], 4
tetrahydrold8@)pht hal ene (

Synthaeasnsl at ed nal@3l@thhopyranones

3.

5

7, 8r9 h-gHdcryoc | od) e tp & [tbh p y/-6-ca 1 &3 &)

Vi

N N =

49

50

50

51

52

53

53

54

55

56

56

56

57

58

59

59

60

61

6 2
6 2



N

~N o o~ oW

3.5 7, 8, tlrOabHycd/rcd ahe a pf tbh p y-6aie
(13 B)

3.5 8(t eBut-y] § ,-t9¢ t1lrOa6H-g gy c b odh e & p h tbh o
p y r-6aonn &3 §f

3.5 Et hylIx-06 8 ,-t9¢, t1rOa6H-g y c b adhe & p h tbh o |
pyr8&cmr boxXyad)at e (

3.5 7,8, 9Rdlmt, d6Hycdyrcd odi e@tp & [tbh p {-6@a

(13 8
3.57,8,9,-Héex ab6HLyac | dorca pH tbh p -6 a |
on &3 §

3.5 8t eBut-Yykhl!l-0r 8 ,-t9¢ tlrOa6H-g gy c b adh e x a
napht dod yt6-@2m &3 §j
3.5 1, 2, 3, 4QcT7t, a8hoyed ylddl adhe a plp tbh p -6 a
o n &3 B)
I V Appendi X
References
Xray crystal |l30q3% angeBh®) dabaé6hndl-8r o
X an tlhoenr2 §f
Abbreviations
Li stabdfs
Li s¢ hefme s
Li sti gafres
Acknowl edgment s

vii

163

163

164

165

166

167

168

170

179

191

194

196

199
20



| Introduction



1 Generalintroduction

Organic chemistry explores tii@scinating world from the simplest hydrocarbons to the most
complex biomolecules. In recent decades, organic synthesis has made significant progress and
has become a versatile tool not only for organic chemistry but also for the life and materials
science™ Through the further development of known synthetic methods and the invention of
new ones, organic synthesis has now reached a very high level of performance. This has led to
the fact that today almost any molecule, regardless of whether it is alrgtistance or not,

can be made synthetically accessible. Peidormancéras had a lasting impact on the design

and synthesis of organadompound$? Nevertheless, there is of course still a great need for the
development of novel synthetic methods that can be used to carry out transformations that are
not yet possible today. In the advancement of organic synthesis, the sustainability of reactions
has beome acrucialfactor that goes far beyond traditional parameters such as selectivity and
yield. Atom-efficient reactions, catalytic approaches, enazfficient transformations, the use

of renewable raw materials, the use of safer solvents and reagehtseaavoidance of waste

are all important aspects in the development of sustainable chemical retudiaytd Due to

their efficiency and, in many casesnvironmental friendliness, transition metatalyzed
reactions are becoming increasingly popiiaihe potential of transition metahtalyzed
reactions can be further exploited by using them in domino and multicomponent reactions. This
often greatly simplifies the synthesis of both carbocyclic and heterocyclicsyistgms®!
Transition metataalyzed reactions have expanded the possibilities of chemical design and
integrated sustainable practices into modern organic synthesis.

In organic chemistry, cyclic compounds are divided into carbocycles and heterocycles.
Heterocycles are characterized by the presence of at least one heteroatom within their ring
structure, most commonly nitrogen, oxygen, or sulfur. Heterocycles are contraotursl

motifs in natural products that often have interesting pharmacological properties. Many non
natural heterocycles are also of great interest due to their often pronounced biological activities,
e.g. for medicinal chemistry and agricultucakemisty.©!

Oxygencontaining heterocycles, such as furans and pyrans, and their derivatives are commonly
found as structural motifs in a large number of natural products, such as furan fatty acids,
lignans, coumarins, flavonolignans, flavonoids, isoflavonoids, ugloivitamins and
carbohydrates, as well as in many syntheliiogsl? An example of a synthetic drug is
laninamivir (1), a compound with a 5,@ihydro4H-pyran skeleton used to treat influenza
(Figure 2.8



laninamivir
(4S,5R,6R)-5-acetamido-4-guanidino-6-((1R,2R)-2,3-dihydroxy-1-methoxypropyl)-
5,6-dihydro-4 H-pyran-2-carboxylic acid

Figure 1. Structure ofaninamivir(1), a pyrancontaining marketed drug.

Among theO-heterocycles, compounds with a pyran skeleton are widely distributed in nature.
Pyrans are characterized by a remarkably rich and divehsenistry!® The abundant
occurrence of pyran rings in bioactive compounds makes them attractive synthetic targets and
continues to stimulate the development of novel synthetic approaches. Although many
traditional methods for the synthesis of pyrans are still oft g/@dae, the development of new

synthetic methods is also opening access to new biologically activespyra

2 The structure and properties of pyrans and related ring systems

Pyrans, a®-heterocycles contain a sikembered ring with one oxygen and five carbon atoms.
The different representatives of the fanmoflyunsaturated pyrarean all be traced back to four
parentcompounds®d 2H-pyran @), 4H-pyran @), 2H-pyran2-one @) and 4-pyran4-one 6)
(Figure 2).

(0]
AN X
O O 0. O
O (6] (e (6] O
2 3 4 5

2H-pyran 4H-pyran 2H-pyran-2-one 4H-pyran-4-one

Figure 2. Structure of the parent pyrans.

The bt, tri-, and polycyclic pyrans, such as the chromed)es chromone §), coumarin 9),
xanthene 10), xanthone 11), 6H-dibenzop,d]pyran (2), 6H-dibenzop,d]pyran-6-one (3),
6H-benzof]naphtho[1,2b]jpyran (@4), and 6d-benzofljnaphtho[l,2b]pyran-6-one (5)
(Figure 3) can be derived from the parent compo@b8gFigure 2).
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0 0 O OO
O o] O o O
6 7 8 9

2H-chromene 4H-chromene chromone coumarin
O
O 0] ‘ (0] (0]
10 1 12 13
xanthene xanthone 6H-dibenzo[b,d]pyran 6H-dibenzo[b,d]pyran-6-one

J
14 15

6H-benzo[d]naphtho[1,2-b]pyran 6H-benzo[d]naphtho[1,2-b]pyran-6-one

Figure 3. Structures of bj tri-, and tetracyclic pyrargs15.

2.1 Biological properties

The presence of a pyran nucleus in numerous naturally occurring and synthetic compounds with
biological activities has been well establishEmyjure 4 shows selected synthetic biologically
active compounds with a pyran core, includitgwith antioxidantactivity!*®! and 17 with
antitumor activity against numerous human tumor cell liHé$n addition 18, an O-linked
coumarinmonoterpene conjugate shows antiviral activity and cytotoxicity against respiratory
syncytial virus (RSV}*? CompoundL9 has been used as a potent inhibitor of steroid sulfatase
(STS), an enzyme involved in the biosynthesis of estrogen in the mammary*§landustat

(20) shows efficacy as a glucosinolate sulfatase (GSS) inhibitor, which could be a promising
benign insecticide by exploiting the plant glucosinolatgosinase systebf! Among the
naturally occurring pyrangannabitrio(21), b e | o n §'$2tetrabydrochnmabigol (THC)

category, and has been isolated fréannabis sativa..*®!



(0]
CN CN
| >
(@] NH» NH, e} 0 o)
R = OH, CHz, CH(CHs),
16 17 18
antioxidant NO, antitumor anti-RSV HO/’
HOW >
OH
HO OH N 0 0 N
W2 Y72
- P< .S
0o O (0] (0] H,oN (0] (0] (0]
19 20 irosustat 21
STS inhibitor GSS inhibitor cannabitriol (CBT-Cg)

Figure 4. Selected examples of biologically active syntheti@&20) and naturalZ1) pyrans.

2.2  Photophysical and photochemical properties

Fluorescence bioimaging is a powerful method for observing the production, trafficking, and
biological functions of biomolecules in living systems. Pytantaining fluorophores, such as
rhodamine 6G&hloride (22) and fluorescein23), have been used as fluorescent markers and
smalkmolecule detectors in living cells for biotechnology and medieakarch® Their
popularity in fluorescence imaging is due to their water solubility, their high stability, and their
brightness. (Figure 5).

23
rhodamine 6G chloride fluorescein

Figure 5. Structures of rhodamine 6¢hloride(22) and fluoresceinZ3).

An example of the interesting photochemical properties of coumarins is the photochemical
[2+2]-cycloaddition of two coumarir4, in which the corresponding cyclobutateis formed
under UV irradiation (Scheme 1). The productnisuseto align liquid crystal molecules in

liquid crystal displays to ensure optinrformanceé”
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(0] 0] 5O (0] (0] (0] 5O (0]

O O O O

OYQ/ \©YO UV light > Oﬁ/ \©YO
> 300 nm
(0] 0] (0] (0]
;o ) ; w I
(0] (0] (0] (0]
24 25

Schemel. Photochemical [2+2cycloaddition of two coumarin4.



3 Synthesis of annulated pyrans

3.1 Some general methods for the synthesis of annulated pyrans

The biological angharmacological activities oft2 and 4H-pyran containing heterocycles,
including HIV proteasénhibiting '8! antimicrobiall*® and antitumor propertié€) make this
scaffold an important chemical entity. A number of methods have been published for the
synthesis of B- and 4-chromene&?! °l As an example, Cossy et al. have demonstrated that
2H-chromene®9 canbe synthesized by an aetdtalyzed intramolecular cyclization of(2-
hydroxyallyl)phenol28. The required precursors could be obtained from salicylaldel@les
and vinyl organometallic27 (Scheme 21!

R3 5 mol% FeCl3
e} OH RS 15 mol% 2,2'-bipyridine
e Y P THF
Z H 27 = | RZ MW, 80°C,5h -7 | \
—_— = 3
s _ . S 22 examples > R
P M=Li,M P Py
R OH PM9 R OH 19-99% R’ 0" R2
26 28 29

R' = H, Me, OMe, F, CI, Br, I, NO,
R2=R3%=H, Me

Scheme2. Acid-catalyzedsynthesis of B-chromene&9 according taCossy et al.

Shi and Shi have reported an interesting method for the synthedisafrdmenes32 based
onaDABCO-catalyzed reaction of salici)-tosylimines30 with allenic esters and ketong$
(Scheme’).1?2

10 mol% DABCO

CH,CI 2
R2 2Ll R
=z
. —— rt, 5h - | |
15 examples S
54-99% R’ O
30 31 32

R =H, OMe, CI
R? = CO,Et, COMe

Scheme3. DABCO-catalyzed synthesis ofH4chromene82 according to Shi and Shi

The threecomponent reaction between an aldeh$8emalononitrile 84) and acyclic 1,3
dicarbonyl35has been reported for the synthesis of partially saturdtezthdfomenes$6. It has

been found that a wide range of catalysts can be employed to catalyze this transformation
(Scheme 4¥3



O CN R’
_——
R1JI\H * < "R R? =
CN (@] @) NH»
R? R?
33 34 35 36
R' = aryl, alkyl aR?=H
b R2=Me

Schemed. Threecomponent reaction for tteynthesis opartially saturated M-chromenes
36.

For the synthesisf substitutedchromonest244 numerous classical methods are available
which make use ai-hydroxyarylalkylketone87 and phenold5 assubstrate&* The methods
starting fromo-hydroxyarylalkylketonesS7 include the Claisen condensatiéi the Baker
Venkataramarrearrangement® the KostaneckRobinson reactidff! and the Vilsmeier
Haack reactid®®! (Scheme 5).

2
Acylation

R3 = Me, alkyl
e, aky R1/ (e
O
R? 38 R3J§o 40 R3'§O
Z | | R'=R2 = H, alkyl
b on Baker-Venkataraman R3 = alkyl
R‘]
37 _ . O
Claisen R R2
condensation .
R3 = Me, alkyl 1= =
y S R2 H, alkyl, CH=CHPh 07 R3
R =H, Me, OMe 42
39

R3 = CO,Me, CO,Et

CHO

R'=H, alkyl
R?=H

Vilsmeier-Haack

Y

R' = H, alkyl
R? = alkyl, allyl, benzyl

Schemeb. Some classical methods for the synthesisubstitutecchromonesi2b44 starting

from o-hydroxyarylalkylketone87 according tdBorges etl 24"



For the synthesis dfubstitutedchromonesb0, 51 that make use of pheno#6 as starting
materials, the Simonigactiof?**?° and the Ruhemann reactitfi-**! haveproven successful
(Scheme 6).

O o

Rzlj\/u\ R3 46

P4019 b
Simonis reaction

R? = R3 = alkyl

> ~on o cl

OR?
45 R3O)%( p 0
=H, OH, alkyl 3
Yy K,COs 0o N % | | COOR H@ =
Ruhemann reaction S ) A | |
R’ 0] COOR R o) COOH
49 51

R']

R? = R3 = alkyl

Scheme6. Synthesisof substitutedchromonesb0, 51 starting from phenolgd5 according to
Borges eal [?49

The Pechmanpondensatidf betweenphenols45 or naphtols52 and acyclic46 as well as

cyclic b-keto esters53, has been widely used for the successful synthesiano@lated
coumarinss4, 55 (Scheme 7§21 However, the classical Pechmann procedure has a number of
drawbacks, including harsh reaction conditions, long reaction times, large excess of acid, and

the formation of salt waste due to acid neutralization.

'r"("‘)n
R! 0 R1 L :)
NG . NG N
L o+, Ly — []
& Y oH et YN0 N0
Sy OFt SRS
45, 52 46, 53 54, 55

R'=H, OH, OMe, Me
n=1,2,34

Scheme?7. The Pechmann condensation for the synthesisamiulatedcoumarins54, 55

according to Samant at*2

One of the first strategies for the synthesisarfthenel$® has been reported by Sen et al., who,
for example, were able to obtainh§droxyxanthene 57) through the condensation of
resorcinol 45a) with saligenin $6) (Scheme 8l30l



OH

ZnCl,
. @\/\OH 140-180 °C,2-4h _
OH OH HO 0
45a 56 57

Scheme8. Synthesis oB-hydroxyxanthene57) by Sen et al.

Only a limited number of methods have been reported for the synthgsastiafly saturated
xanthenes. Brase et al. have disclosed an interesting method for the synthesis of
tetrahydroxanthenonds® that is based on a domino eklichael addition/aldol condensation
reaction between salicylaldehyd28 and 2cyclohexerl-one (58) (Scheme 954 Based on

this domino process, a modular strategy for the synthesisbstituted tetrahydroxanthenones

has been developed that is suitdbleapplication to the total synthesis of secalonic acids,
natural products with a tetrahydroxanthenone backBéne.

0 (0] 50 mol% DABCO (0]
dioxane/water 1:2
=z H sonication, 2 d 2 X
| * 10 | > |
> examples <
R”S0H 25-93% R 0
26 58 59

R = H, OH, OMe, NO,

Scheme 9. Synthesis of tetrahydroxanthenon®&® based on a domino oxichael

addition/aldol condensation reaction.

A one-pot threecomponent reaction using 1 equivalent of an aromatic or an aliphatic aldehyde
33 and 2 equivalents d,5dimethyt1,3-cyclohexanediong€35b) has shown success in the

synthesis of partially saturated xanthem®@sunder different reaction conditionScheme

10).5¢

0 ) R 0

@)

Lo, — 00

R H o

o
33 35b 60

R = alkyl, aryl

Schemel0. Onepotthreecomponent synthesdf partially saturated xanthen@é8.

The synthesis of xanthon@Sis well established’”! Typical routes for their preparation involve
the synthesis of benzophenor&sor diaryl ether$3 as intermediates, which are suitable for

subsequent cyclization. Benzophenof@sare accessible by Fried€lrafts acylatioR®! and

9



diaryl ethers63 can be obtained by Ullmann condensation. The xanthone skeleton can also be
elaborated from aryl benzoat@4followed byphotoFriesrearrangemef#! to benzophenones
62 or by Smiles rearrangeméfitto diaryl ether$3 (Scheme 11).

7 A
| +
R1/4‘5 OH R X

Friedel-Crafts acylation
X =H, OH, OMe

Ullmann condensation
X=F, Cl,Brl

Y = CO,H, COCI, CN X = OH Y = CO,H, COs,Me
Y = CO,Me
O
photo Fries N Smiles
=z | | Ny rearrangement O\ \ rearrangement O\ ji/\J
RIZ0H xR
62

O

R‘l/\ (0] '\Rz
65

R', RZ = alkyl, aryl
Schemell Some classical methods for the synthesis of xanth@®mascording tdSousa and
Pintal3"

Tsuji et al., have published a study on BaCb-catalyzedintramolecularC-arylation of 2
bromobenzyloxy benzenég and 2bromobenzyloxy naphthalen&gusing a bulky carboxylic
acid adigand*¥ Theyhave shown that tirereaction conditions allowed the synthesi$ofh

6H-dibenzop,d]pyrans68 and6H-benzofllnaphtho[1,2b]pyrans69 (Scheme 12)

5 mol% PdCl,
30 mol% tri(cyclohexylmethyl)acetic acid
1.5 equiv Rb2C03
DMI
XX Br 25°C, 24 h

. 83-99%

66, 67
R =H, OMe, Cl, COOMe, COMe,CHO, CN, CF3, NO,

Scheme 12 Pdcatalyzed intramolecularC-arylation for the synthesis of6H-
dibenzop,d]pyrans68 or 6H-benzofllnaphtho[1,2b]pyrans69.
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A catalystfree intramoleculabDiels-Alder reaction under microwave irradiation in water also

allows the formation of B-dibenzop,d]pyrans71 (Scheme 13}

R
\ MW
Yk
Pz o 150 °C o
10 examples
R1‘/~ o0 \F 45-85%
70
R' = H, alkyl, CI, Br, NO,
R?=H, Me

Schemel3. IntramoleculaDiels-Alder reaction for synthesis @H-dibenzop,d]pyrans71.

Several approaches, suchtlas BaeyewVilliger oxidation of fluorenones2 (Scheme 1A4)43!
and the intramoleculari@ crosscoupling reaction of aryb-benzoate§3 (Scheme 1B)[“4
have been developed for the synthesig-btibenzop,d]pyran-6-ones/7. Alternative methods
include theCi H activatiorllactonizationof 2-arylbenzoicacids74 (Scheme 1@)“%! and the
domino SuzikiMiyaura crosscoupling/lactonization betweemhydroxyarylboronic acid35
and 2halobenzaldehydez6 (Scheme 1B).146]

O
2% CU%
R1/\ /\RZ
=

72 x Br, |
R'=R2=H R'=H, OMe
R2 = OMe
=z
p | B(OH), NANR2
+
> a ~ - O
1/ OH R1/ OH
75 74
R'=H, OH, OMe R' = H, alkyl, CO,Me,Cl, CFj
R? =F, Me, OMe R2 = H, alkyl

Schemel4. Classical methods for the synthesis Bf@ibenzop,d]pyran-6-ones77.

Despite the significant progress that has been made in the efficient synthedit of 6
dibenzop,d]pyran6-ones77, only a limited number of reactions are known for slgathesis
of partially saturated annulatedcoumarins, in particular 7,8,9,48trahydre6H-

benzof]chromen6-ones80. A couple of years ago it has been reported804R* = R? = H)
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can be synthesized by the iodine@thtalyzed lactonization af8that is based on a C&pH

functionalization/@ O bond formation(Schemel5).#” Scope and limitations have not been

studied so far. It has also been found that 7,8;&t@hydre6H-benzof]chromen6-ones80

could be synthesized when carboxylic es#3F were reacted under microwave conditions in

the presence of a large excess o€&s (Scheme 158!

20 mol% 4-iodotoluene
2.2 equiv AcOOH
HFIP R1
rt, 12 h
88%
HO (0]

78

Y

80
R' = H, Me, Ph
RZ2 = H, Me, OMe, CI

RZ
10 equiv K,CO3
DMF
MW, 120 °C, 2 h & \Br
9 examples 2 |
26-72% R’ 0 O
79

Schemels. Two methods fothesynthesis of 7,8,9, 2 etrahydre6H-benzof]chromen6-ones

80.
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3.2  Transition metal-catalyzed synthesis of annulated pyrans

Transition metatatalyzed reactions have become one of the most powerful tools in organic
synthesis in recent decades, playing an important role in the synthesasbotyclic and
heterocyclic scaffolds vi€T C as well as CTO, G N and G S bondformation!* %! A variety
of transition metalfiave been used for the synthesis of complex organic molecules, including
biologically active compounds and natural produatthe following sections, the use of copper
and ruthenium catalysts for the synthesisrofudated pyrans will be discussed.

3.2.1 Copper-catalyzed synthesis of annulated pyrans

Copper has different oxidation states {Qou, Cu', Cu") and can be involved in oredectron
as well as tweelectron processeSince the beginning of the 2@entury, considerable progress
has been made in @atalysisSome of the most iconic examples for coppediatedeactions
have been reported by Fritz Ullmakifi.Iit has beeriound thatthe synthesis ofliphenylether
(84), diphenylamine(85) and dphenylthioether(86) can be achieved when an aryl halgie
is reacted with one of the corresponding nucleopHitis 82, 83 as a coupling partner in the

presence of stoichiometric amountsdaf (Scheme 161

X Y Y.
s OO0
+ -

81 45b Y = OH 84Y=0
X = Hal 82Y = NH, 85Y =NH
83 Y =SH 86Y =S

Schemel6. Ullmann condensations.

Over the years, coppeatalyzed interand intramoleculacouplingsof awide range ofc-,1%2

N-,531 054 and S-nucleophile8® with aryl and vinyl halides as substrates, which are also

known as Ullmann condensations, have been developed as powerful tools in organic

synthesig®® The increase in the importance of coppatalyzed reactions in ongia synthesis

has been driven by a number of factors:

1 Copper and its salts are readily available, and much cheaper than other transition metals

such as palladium, rhodium, iridium or gold.
1 Usually, there is no requirement to use preformed Cu(l) complexes incaiglyzed
reactions.

1 Simple and inexpensive bases and ligands are commonly sufficient forc@ialyzed

reactions.
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1 Many Cu(l}catalyzed reactions can be run under mild reaction conditions.

1 Most Cu(l}catalyzed reactions are robust and scalable.

Figure 6 displays four common structures that are appropriate substrates for the copper
catalyzed intramolecular 1® bond formation in the synthesis of pyrans and related
compounds. Compared to aryl halides of typeand B, only a limited number of vinylic
compounds of type€ andD have been utilized as substrates for the syrglad€)-containing

ring systems via copp@atalyzed intramoleculari© couplings.

- O
X HO
) m
X = Hal

X HO X HO

%z
— OO

Figure 6. Suitable aryl halidesA, B) and vinyl halides @, D) for coppercatalyzed

intramoleculaiCt O bond formation.

As anexample for the use of structur® (Figure 6) Fang and Li have reported thseof b-
ketoester87 as substrates in Cu{tatalyzed intramolecul@-vinylations. This method allows
for theefficient access to both annulated pyr@8and 5 and fmembered cyclic alkenyl ethers

(Scheme 17§71
5 mol% Cul

, O 10 mol% DMEDA O
R 4 equiv K,CO4 R2
3
10 examples o 1
R" "Br O
r 83-99% RO
n=0,1,2 87 88
R' = H, alkyl, aryl
R2 = H, Br, alkyl, aryl
R3 = Me, Et
...................... g7
- 0
OO O O
o) o) o) 0\
99% 86% 83%

Schemel?. Cul-catalyzed intramoleculd@-vinylation of 87 according td~ang and.i.
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The authors have also reported a single intramole€@#anylation reaction using a ketone
instead of &-ketoester to synthesize the annulated p@@m 94% vyield. The reaction was
performed using 20 mol% Cul as catalyst, 40 mol% phenanthroline as ligand &k @s

base in dioxaneScheme 18%8 Scopeand limitations of this approach to annulated py@an

20 mol% Cul
40 mol% phenanthroline
2 equiv Cs,CO;4
‘ dioxane, reflux | |
>
Br O 94% 0

89 90

have not been studied.

Schemel8. Cul-catalyzed intramolecul@-vinylation of 89 according to Li et al.

The Li group has extended their research to coppesitdlyzed intramolecul&-arylations. In
2006, they have reported that annulated pyg@end93 could be synthesized with an overall
75% vyield and a ratio dD1:1 by reacting arybromide91lawith 10 mol% Cul and 20 mol%
DMEDA (Schemel9)5 Furthermorethe replacement &fla by aryl iodide91b under the
same conditions led to the formation of o8Bin yield of 70 %.

10 mol% Cul

20 mol% DMEDA
2 equiv Cs,CO;3
dioxane, reflux

X 0O o aX=Br(r5%) o o o o
| bX=1(70%) | I
91 92 93

Schemel9. Cul-catalyzed intramoleculd@-arylation of91 according tdcang and.i.

In addition, they have expanded the scope of the intramoleCuéaylation using readily
availableU-(2-bromobenzybb-keto estes 94 as substrates to yield severél-éhromene®5.

With 96 as substrate, 2,3,4t8trahydrelH-xanthenl-one @7) was formed (Scheme 26

10 mol% Cul
O 20 mol% DMEDA
R3 2 equiv Cs,CO4

THF, reflux
/A 2 7 examples

Br 07 R

R’ ' 80-99%
10 mol% Cul
O 20 mol% DMEDA o

2 equiv Cs,CO3
THF, reflux o |
Br O 89% 0]

96 97

R' = H, OMe, Ac
R? = alkyl, aryl
R3 = Me, Et

Scheme20. Cu(l)-catalyzed intramoleculd-arylation for the synthesis dH-chromene$5
and2,3,4,9tetrahydrelH-xanthenl-one Q7).
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There is no doubt that the use of intramolecular copptalyzed arylations and vinylations of
O-nucleophiles offers excellent opportunitfes the synthesis of-ehembered-heterocycles.
However, this approach has limitations because it is restricted formation obnly one new

bond per reactiorit would be more efficient to form multiple bonds in a single synthetic step
without isolating intermediategistby altering reaction conditions or adding reagents. Domino
reactions, which are also known as tandem or cascade reactions, involve a series of consecutive
steps without isolating intermediates. Such reactions progress through multiple reaction
stepd®° Whetheror not a domino reaction takes place depends largely on the presence of
sufficiently reactive functionalities in the substrates or the intermediates that are passed through
in the course of a domino reaction. The importance ot&alyzed crossouplings forthe
synthesis of cyclic compounds in one synthetic step can be significantly increased when they
are embedded in domino processdsis can, for example, be achieved by using
bisfunctionalized substrates, such as biselectrophiles, bisnucleophiles andl mixe
electrophiles/nucleophiles. Regarding the synthesis of annulated pyrans, in Figure 7 some
typical 1,3bisfunctionalized mixed electrophiles/nucleophilds B) and 1,3biselectrophiles

(C, D) are shown.

Y Y Z Z X = Hal
I I Y = OH
X X X X Z = Hal, OTs

A B C D

Figure 7. 1,3Bisfunctionalized mixed electrophiles/nucleophileg\, (B) and 1,3

biselectrophiles, D) for the synthesis of-ehembered ring systems.

As an examplefor a Culcatalyzed domino reaction,-l#omobenzoic acid98 as 1,3
bisfunctionalized substrategere reactedvith cyclohexanel,3-diones35 in the presence of
Cul, L-proline and C££0z in N,N-dimethylformamide(DMF). When the reactions were
performed under argon, the correspondirdrlkienzof]chromenel,6(2H)-diones 99 were
formed. In the presence ob(a subsequent aromatization took place to deliver-tigdioxy-
6H-dibenzop,d]pyran6-ones100 (Scheme 211
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Ar

-

5 mol% Cul —
0 10 mol% L-proline 12762)(_6:;21388 R
O 1 equiv Cs,CO4 ° R2
DMF 99
= OH 100 °C, 20 h
| *+* R2
VS (o) R1
R Br ; Ny
R OH 2
98 35 |
AN
R'=H, Me, OMe, F aR?=H O .
b R? = Me 11 examples
72-82% o 70
100

Scheme 21. Synthesis of 1H-benzof]chromenel,6(2H)-diones 99 and Xhydroxy-6H-
dibenzop,d]pyran6-ones100.

The Cu(l}catalyzed annulation of vinylic/allylic 1;BiselectrophilesC (Figure 7) for the
synthesis of pyrans has not yet been reported. For the first time, this dissertation will address
the use of 1,disfunctionalized substrates of ty@ein Cu(l)-catalyzed reactions with cyclic

and acyclic 1,3-dicarbonyls as 1;Bisnucleophiles for the synthesis of annulated and
bisannulated B-pyrans However, the reaction between aromatic/benzylieblsglectrophiles

D (Figure 7) and 1®isnucleophiles can be carried suiccessfully®? For exampleBeifuss

and coworkers have reported that the Goéifalyzed domino reaction betweeb@mobenzyl
bromides101 and acyclicb-ketoestersA6 delivers 4H-chromene95 in yields up to 88%
(Scheme 228" The group also succeeded in synthesizityciromenes95 using the
corresponding -halobenzyl tosylate$02 as substrateScheme 222

0 0

ﬁ\OR?’ r‘\ORa
07 "R? 46 07 "R? 46
20 mol% Cul O 10 mol% CuBr

~/ | Br gvalE or DMA Z | | OR3 ?;?42?;?\1 @\/\OTS
SR RS e e
95 102
R'=H,F

R2, R3 = alkyl, aryl
Scheme22. Synthesis of B-chromene®5 usingl,3-aromatic/benzylic biselectrophilé§1
and102 as substrates.
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Some examples are known where researchers have identified limitations using
bisfunctionaized substrates in Cu@g¢atalyzed domino reactions for the synthesisOsf
heterocycles, such as the competition betwgesndO-nucleophiles in the cyclization step of

the domino reaction. For example, both Beifuss et al. and the Mao group reported the
competition betweerC- and O-benzylation in the coppearatalyzed reaction between 2
halobenzyl bromide$01, 103and cyclic 1,adicarbonyls35, 104 Therefore, the corresponding
annulated M-chromenesl06 have been synthesized using a 4step processScheme
23)[620.0]

10 mol% CuO
0] 20 mol% oxalyldihydrazide

KOH 2 0.5 mL KOH (2 M) R2
Ho £ | >R q00°C, 12 Z >
P 19 examples > )
0 R X0 n 40-83% R © n
R2 105 106
=4 | Br el
< +
Ky >)—Le))n
R 0
0.5 mol% CuCl
101 X =Br 35, 104 (0] 1 equiv 082C03 O
103 X =Cl, | NaOH = R2 1.2 equiv pivalic acid Z R2
n=1,2 [HO | 5 DMF 130°C,7h 1>
12 S = K
R'=H, OH, OMe R’ X 0O hn 13 examples R o )
R? = H, alkyl, aryl 105 54-99% 106

Scheme23. Coppercatalyzed synthesis ahnulated Bl-chromened06in two steps.

Fang and Li have reported that refluxing methyPSromophenyh3-oxopentanoatelQ7) in

the presence of 10 mol% Cul, 20 mol% DMEDA and(I3% in dioxane leads to the
unexpected formation of methytdko-1,2,3,4tetrahydronaphthalentcarboxylate 108) via
intramolecularC-arylation rather tha®-arylation. The scope of the reaction has been studied
to some extent (Schenad).>%

o o 10 mol% Cul O O\
20 mol% DMEDA
- 2 equiv Cs,CO;3 (0]
0 dioxane, reflux
S r
Br 90%
107 108

Scheme24. Cul-catalyzed synthesis of@o-1,2,3,4tetrahydronaphthalerkcarboxylate
(108).

Beifuss andcoworker€2?" have also reported th@tarylation took place in a Cu¢batalyzed
domino reaction betweentomobenzyl bromide$01 and two molecules of rketoested6
to give the corresponding naphthaled®9 (Scheme 25However,by changingthe ratio of

18



the substrates and the reaction condititimsy were able to switch the direction of the reaction

from C- to O-arylation. Under these conditions, odid-chromene®5were obtained (Scheme

22)62hl
10 mo% Cul e}
o 30 mol% 2-picolinic acid

4 Br 4 equiv Cs3COy4 =z OR3

o . 2 OR® NMP, 100 °C, 24 h k 1
R1/\ Br 5 9 examples 'R1/\ R2 R'=H, F, OMe

0~ R 65-80% R2 = Me, Et
3 3 _
101 46 109 (0] OR R = alkyl, ally, benzyl

Scheme25. Cu(l)-catalyzed synthesis of naphthaledé9.
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3.2.2 Ruthenium-catalyzed synthesis of annulateg@yrans

Ruthenium complexes are widely studied as catalysts for important synthetic
transformation&€? including reduction®* oxidation®® and metathesis reactiol§¥. In
organic synthesis, metathesis reactions have become a powerful and valuable icGldon@
formation®”! A variety of catalysts have shown efficacycatalyzing metathesis reactiomsit

the most commonly employed catalysts are ruthenium complexes, due to their pronounced
stability and high functional group tolerarié®.

Otterlo and coworkers have reported a +ohgsing metathesis (RCM) for the synthesis igf 4
chromened.14, with a focus ori14a, which occurs naturally as a fragrance component of the
plant Wisteria sinensi$®! As shown in Scheme 26, phendl$0were first converted to their
corresponding aryl allyl ethetkl1 using allyl bromide as reagent. The aryl allyl ethkr4

were then subjected to thermal Claisen rearrangement to give the phihdlsder copper
catalyzed conditions, vinylation afforded theallyl-2-vinyloxy benzenesl13. Finally, the
rutheniumcatalyzed RCM ofl13 afforded the #-chromened 14 in yields ranging between

63 and 98%.

K,CO3 R* RS
allyl bromide 5 3
acetone 60 °C i/R R
R? o]
1
110a d 111a-d R 114a-d
a:R' R* R®=H: R2 R% = OMe A 5 mol% Grubbs catalyst
1 o3 "2 o4 o5 180-240 °C toluene
b:R', R°=0Me; R4, R*, R°=H 60 °C
c:R", R*=0Me; R?,R3, R®=H
d: R, R* = H; R2, R3, RS = phenyl Cu(OAc),
’ A pheny R* RS Sn(vinyl)4 R¥ RS
CH3CN 3
R3 o 02, rt R Z
—_—
R? OH R 0N
R’ R’
112a-d 113a-d

Scheme26. Ru-catalyzed RCM for the synthesis di4€hromened.14

Direct O H bond functionalization catalyzed by ruthenium complexes has been extensively
studied’® However, only a few examples ofitheniumcatalyzedsyntheses of annulated
pyrans have been published. Among them, Ackermann’s group has reported an isocoumarin
synthesis vigdhe Ru-catalyzed annulation of substituted benzoic aditis with alkynes116
(Scheme 27¥% The reactiorstarts with arortho-Ci H bond cycloruthenation to form a five
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membered ruthenacycle intermediate, followed by regioselective alkyne insertion. Subsequent
reductive elimination gives the desired isocoumafiid and regenerates the active ruthenium
species fothe next catalytic cycle using copper acetate. Later on, Wu et al. have performed the
same transformation using 5 mol% [Ru@cymene)} and 2 equivalents of pivalic acid in

water at 80 °Qinder aift’?

2.5 mol% [RuCl,(p-cymene)], R1\,

R2 20 mol% KPFg - |
1.5 equiv Cu(OAc),-H,0 R3 ™

Il tert-AmOH, 120 °C, 16 h |

+ '
3 26 examples R2" N0 o
R 46-87%
115 116 117
R' = alkyl R?, R® = alkyl, phenyl

Scheme27. Ru-catalyzed synthesis of isocoumariis.

Lam and coworkers have reported the-datalyzed annulation of -&ryl-3-hydroxy-2-
cyclohexenone$18 with alkenesl19 (Scheme28).[”®! TheresultingO-heterocycle420 were
formed in a reaction between 1 equival@h8 and 2 equivalent&l9, in the presence of 2.5
mol% [RuCh(p-cymene)}, 2.1 equivalents Cu(OAgand 2.0 equivalents K Os.

R’ 2.5 mol% [RuCl,(p-cymene)], R
0 = 2.1 equiv Cu(OAc),
| 2 equiv K,CO;5
N A~ tert-AmOH, 90 °C, 2-24 h
+ =z R3
R? 6 examples
R? OH 45-74%
118 119
R' = alkyl R3 = CO,Me, CONMe,

RZ=H, Me

Scheme28. Ru-catalyzed synthesis @£3,4,6tetrahydrelH-benzof]chromenl-onesl120.

Multicomponent reactions (MCRs) can be defined aspwmiechemical reactions among more

than two substrate molecules that produce a single organic molecule that retains all or most of
the atoms of theeactants’* Theyavoid the isolation and purification of reaction intermediates

and are therefore preferred over multistep synthesis. Their operational simplicity, high bond
forming efficiency, high atom economy, and low waste production minimize the cost, time and
energyrequired to perform chemical synies. The use of the ineri B8 bond as a coupling

site in multicomponent reactissignificantly expands the range of applications of Wcith

bond functionalizations and multicomponent reactid@everal reports have been devoted to
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the development of the implementation of HCbond functionalization in multicomponent
reactiond’® Recently, a Ricatalyzed multicomponent reaction between phetflaldehydes

33 and 4-(1-cyclohexenel-yl)morpholine (121) has been developed for the synthesis of
xanthenesl22 (Scheme 29Y¢ The reactiortakes place using the tetranuclear Ru complex
[(PCys)(CO)RUHL(O)(OH), as catalyst and 3,4,5t6trachlorel,2-benzoquinone as ligand.

o)
[ ] 1 mol% [(PCy3)(CO)RUH],(O)(OH),
N

20 mol% 3,4,5,6-tetrachloro-1,2-benzoquinone R?
Z o DCM
| Jl\ 110 °C, 12 h =
S + o + el | |
4 OH R H 28 examples s o
R 34-97% R
45 33 121 122

R', R? = aryl, alkyl

Scheme29. Ru-catalyzed MCRor the synthesis of xdhenesl22.
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4 Aim of the work

Transition metatatalyzed reactions have become essential tools in the preparation of
heterocyclesOxygencontaining heterocycles are of particular inteeeshey are ubiquitous

in various naturally occurring and synthetic compounds such as natural products,
pharmaceuticals, and agrochemicals. Am@nlgeterocycles, pyrans have attracted significant
attention due to their numerous versatile biological properties and diverse applications in the
synthesis of various classes of compounds, including chromenes, flavonoids, coumarins,
xanthenes, and xanthones

Although transition metatatalyzed reactions have been successfully employed to synthesize
numerous classes of heterocycles, there is still great potential to be explored in this field of
research. In addition, only a limited number of methods are knomthd synthesis of partially
saturated pyrans and annulated pyrans. Therefore, there is a significant need for the
development of new synthetic methods for the efficient preparation of annulated and
bisannulated pyrans.

In organic synthesis, the efficiency of synthetic methods can be significantly increased by using
domino reactions, in which multiple bonds are formed in one reaction step, instead of forming
one bond after the othefhis can be delivered for example fiye use of bisfunctionalized
substrates, which have not yet received sufficient attention.

The present work aims to develop novel transition neatdlyzed synthetic methods for the
preparation of annulated as well as bisannulated partially saturated pyrans. To achieve these
transformations, the first goal is to synthesize newbis8lectrophilic substrates. the first
approach, suitable-iromoallyl bromided.24 had to be synthesized. However, sindadmo
2-(bromomethyl)cyclohexd-ene (24a) (n =2, R = H) was found to be skin and eye irritating,

it was decided to test whether thebrbmoallyl bromidesl24 could be replaced by the
corresponding -bromoallyl tosylatesl25. Both the ibromoallyl bromidesl24 and the 1
bromoallyl tosylated25 should be synthesizétbm the corresponding-firomoallyl alcohols

123 (Scheme 30).
R
q\Br
R n Br
%\;\/"\/\OH 124
n Br R OT:
123 q\ S
n=1,2,3,4 n Br
R = H, alkyl, CO,Et 125

Scheme30. Proposed synthesis of Hsselectrophilic substratd®4 and125.
23



The first objective of this thesis was to study whetlisannulategndannulated pyran$26,

127 can be made available frombtomoallyl tosylatesl?25 as biselectrophiles and 1,3
dicarbonyls35, 46, 104 as bisnucleophiles under Cu@iatalyzed reaction conditions by means

of a Cu(l}catalyzed transitiommetaldomino C-allylation/O-vinylation (Scheme 31). For this
purpose, it was planned to optimize the reaction conditions of a model reaction, followed by

studying scope and limitations of the method.

0 0
2 1
R1\ OTs L/ R R N N R?
| + | | R = H, alkyl, CO,Et
n Br m A n YO )Jm  R2=H, alkyl, aryl
o

Y

125 35,104 126
n=1,234 m=1,2
@] (@]
R' 1=
R1\ OTs OR3 N OR3 R2 H, alkyl, COzEt
| + | | R< = alkyl, aryl
n "Br 0% R2 B n 07 "R? R® = Me, Et
125 46 127
n=1,23,4

Scheme31 Proposedynthesis obisannulateéindannulated B-pyrans126 127 based on a
domino C-allylation/O-vinylation between cyclic -bromoallyl tosylated 25 1,3-dicarbonyls
35, 104 (reactionA) and46 (reactionB).

In pursuit of the main objective of developing new synthetic methods for the formation of
annulated and bisannulated pyrans, the second objective of this thesis was established. Initially,
novel substrates, namel®-bromo1-(aryloxymethyl)cycloalkl-enes 128 and 2bromo1-
(naphthalenoxymethyl)cycloalk-enes 129 should be prepared by the reaction between
phenolsA5 or naphthol$2 and the previously synthesizeébfiomoallyl tosylate425 (Scheme

32).
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O\ q\ —> 0\9 R = H, OH, OMe, alkyl,Cl
OH n Br R? = H, alkyl, COEt

n=1,2,3,4

R‘l
/ —>
m ESJ\ R'=H, Cl

R2 = H, alkyl, CO,Et
52 125
n=1,23,4
Scheme32. Proposed synthesis oft#oma1-(aryloxymethyl)cycloalkl-enes128 (reaction

A) and2-bromao-1-(naphthalenoxymethyl)cycloalk-enes129 (reactionB).

Subsequently, the substrafi@8and129were to be efficiently and selectively converted to the
corresponding,4-annulated2H-chromeres 130 and 3,4-annulated Bi-naphtho[1,20]pyrars

131 by transition metatatalyzed intramolecular aromati¢ B alkenylation respectively For

this purpose, it was planned to optimize the reaction conditions of a model reaction employing
a range of transition metal catalysts, such as Pd(f)&c)acac) and RuCi(PPh)s, followed

by studying scope and limitations of the newly developed method (Sctgme 3

R2
>
= \Br N )n
| - = H, OH, OMe, alkyl,CI
R1/~ o A R? = H, alkyl, CO,Et
128
n=1,234
R2
1 >
R/\ Br In
| > R'=H, CI
N O B 2 _
R? = H, alkyl, CO,Et
129
n=1,2234

Scheme33. Proposed synthesis 8f4-annulated BI-chromene 130 and 3,4-annulated Bi-
naphtho[1,2b]pyrars 131 based on &ansition metakatalyzed intramolecular aromatic &
alkenylation of2-bromo1-(aryloxymethyl)cycloalkl-enes128 (reactionA) and 2bromo1-

(naphthalenoxymethyl)cycloalk-enes129 (reactionB).
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I Results andDiscussion



1 Cu(l)-catalyzed synthesis ofiH-pyransl’”]

Previous studies performeal the research group of Beifuss on Cw@talyzed reactions for
the synthesis of carb@nd heterocycles*® 6249 provided significant insightstowardsthe
development of aewstraightforward synthetic approathvarious annulated and bisannulated
4H-pyrans. Along these lines a synthetic method was designed for the preparation of
bisannulatecandannulated H¥-pyrans126, 127 that is based on theaction of ibromoallyl
bromides 124 as biselectrophiles with cyclic and acyclic ig&arbonyls35, 46, 104 as
bisnucleophile¢Scheme3 A It is assumed that the annulations start with an intermoleCular
alylation which is followed by a Cu(iratalyzed intramolecular Ullmann ty@evinylation. A

detailed account of the findings from this research is presented in this chapter.

(@) O
2 1
R'<Z Br /R R\ /R2
| + - 5 | | R' = H, alkyl, CO,Et
n Br )m n 0 m R? = H, alkyl, aryl
O
124 35,104 126
n=1,2,3,4 m=1,2
o) (@)
R' 1=
R1_s . - v OR? R2 H, alkyl, CO,Et
| + >~ | | R? = Me, Et
n “Br Rt n 07 "R® R3 = alkyl, aryl
124 46 127
n=1,23,4

Scheme34. Synthesis obisannulatedandannulated B-pyransl126, 127 based orthe Cu(l)-
catalyzedC-allylation/O-vinylation reaction of cyclic <bromoallyl bromides124 with cyclic
and acyclic 1,3licarbonyls35, 46, 104

1.1  Optimization of the model reactionbetween tbromo-2-(bromomethyl)cyclohex1-
ene (124a) and 1,3cyclohexanedione 353

In order to assess theasibility of the proposedC-allylation/O-vinylation sequence, the
reaction betweet-bromao2-(bromomethyl)cyclohex-ene (24a) and 1,3cyclohexanedione
(359 t0 2,3,4,5,6,7,8,DctahydrelH-xanthenl-one(126a) was chosen as a model reaction.
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o 10 mol% Cul o

3 equiv Cs,CO;
Br DMF, 120°C, 2 h
| + = > ||
Br o) ° o)

124a 35a 126a

Scheme35. Initial experimentfor the Cu(l}catalyzedsynthesisof 2,3,4,5,6,7,8,%ctahydre
1H-xanthenl-one (126a) from 1-bromo-2-(bromomethyl)cyclohex-ene (124a) and 1,3
cyclohexanedion€35a).

In the initial experimentl equiv of Xbromo2-(bromomethyl)cyclohex-ene (24a) and 2
equiv of 1,3cyclohexanedione36a) were reacted in the presence of 10 mol% Cul as catalyst
and 3 equiv G&£ Oz as bas€éSchemed5). The transformation was run in DMF at 120 °C for 2
h. Gratifyingly, the initial attempt furnished 2,3,4,5,6,7-8¢®ahydrelH-xanthenrl-one
(126a) asthe product of the envisage@-allylation/O-vinylation sequence in 55% vyieldt.
should be mentioned that the reaction was performed in the absence of any additive.

1.1.1 Influence of additives and solvents

With this promising result in hand, the most important aims were to optimize the model reaction
and to study scope and limdf this new methodor thesynthesi®f bisannulated and annulated
4H-pyrans To optimize the reaction conditions, thefluence of additives, solvents, bases,
reaction temperature, substrate concentrationthe yield of the model reaction was studied.

To study scope and limitation of the new method, the reaction was performed with a number of
different1l-bromoallyl tosylated25andanumber of different 1 8licarbonyls35, 46, 104. The
resultsconcerning the optimizaticare disclosed ifiables 1 3 and the results concerning scope

and limitation are shown in Tableg@l
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Table 1. Influence ofadditivesandsolventson theoutcomeof themodelreaction?

10 mol% Cul
3 equiv Cs,CO3
@) 10 mol% additive O
solvent
O\/\ Br | b 120°C, 2h _ Ol\/ﬁ
Br o 5-69% o
124a 35a 126a
entry additive solvent yield 126a (%)
1 acetic acid H20 5b
2 isovaleric acid DMF 37
3 tartaric acid DMF 52
4 phenanthroline DMF 53
5 8-hydroxyquinoline DMF 54
6 L-proline DMF 54
7 acetic acid i-PrOH 55°
8 2-picolinic acid DMSO 55
9 2-picolinic acid CHsCN 56°
10 acetic acid NMP 56
11 pivalic acid DMF 56
12 propionic acid DMF 57
13 citric acid DMF 59
14 bipyridine DMF 60
15 acetic acid DMF 64
16 2-picolinic acid NMP 67
17 2-picolinic acid DMF 69

aThe reactions were performed using 1 mmdfla and 2 mmol35ain a
roundbottomed flask under argoft. = 90 °C.T = 70 °C).

First, he impact ofadditives and solvents on the yiedfl the model reactiorwas explored

(Table ). The findings provide valuable insights for optimizing the reaction conditions and
selecting the most suitable additives and solvents to achieve high yields of model compound
126a. The experiments revealed that the reactions could be carried out in the presence of various

additivesin various solventsvith yields ranging frononly 5% with acetic acid in O (Table
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1, entry 1) to 69% using-gicolinic acidas additive andMF as solven{Table 1, entry 17).
Among all additives used, only two acidic additives exhibited yields surpassing 60%. Acetic
acid led to the isolation of compou@d6a in 64%yield (Table 1, entry 15), while-Ricolinic

acid resulted in the formation ©26a in 67%yield in N-methyl2-pyrrolidone(NMP) and 69%

yield in DMF (Table 1, entries 16, 17). To further optimize the reaction conditions, subsequent
experimentsvere conducted using different solvents with acetic acid apid@®inic acidas
additives Notably, these investigations demonstrated that the reaction could be successfully
conducted in alternative solvents, including NNHPrOH, dimethyl sulfoxide(DMSO) and
CHsCN (Table 1, entriesi7Z10, 16). However, it was observed that the highest yieldZ6a,
utilizing 10 mol% of 2picolinic acidas additive wasachieved when DMF was employed as
the solven(Tablel, entry17). Hence, all subsequent reactions were causgsag 2picolinic

acid as additive anBMF as the solvent

1.1.2 Influence of bases, reaction temperature and substratoncentrations

Next, the mpactof different bases, reaction temperatsiend substrate concentrations on the
outcome of the model reactiomwere addressedThese discoveries are valuable for
understanding the factors affecting the efficacy of the model readt@obtainedyieldsare
displayedn Table 2, arranged in ascending order from lowest to higiedds.
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Table 2. Influence ofdifferent bases thereactiontemperatureand theamountsof 124a, 35a

and CsCOs on theoutcomeof themodelreaction?

o ; 2Srre10I% Cul o
10 mol% 2-picolinic acid
Of\Br . b DMF, 80 °C, 2 h . Ol\/ﬁ
Br o 29-78% 0
124a 35a 126a

entry molar ratiol24a: 35a Baseglequiv) yield 126a (%)

1 1:1 CsCO0:(2) b

2 1:2 NaHCGQ; (3) 2%

3 1:2 K2CGs (3) 3F

4 1:2 C2CO0s (3) 419

5 1:2 KsPQx (3) AT

6 1:2 CCOs (3) 61¢

7 1:2 C2CGs (3) 66

8 1:2 C2CGs (3) 69

9 1:1 CCO:(2) 70

10 1:1 CCO:(2) 74

11 1:1.2 CeCOs (2.4) 75

12 1:1.2 C2C0s(2.2) 77

13 1:1.2 CC0s3(2.2) 789

2The reactions were performed in a rotattom flask under argofiThe reaction wa
performed in the absence of a Cu souffes 120 °C.9T = 70 °C.°T = 90 °C."The
reaction was performed in the presence of 70 mg molecular sieves"fhdjeaction

was performed in a sealed vial under argon.

First of all,howevertheimportanceof thepresence of &u(l) saltfor the successful course of
the reaction was demonstraté&ar this purposea control experimenwas run It was found
that n the absence of any copm®urce no productvas formedTable 2, entry 1)Next, the
reaction was performed with a number of different bagdsen CCOs was replaced with
NaHCG as the base, the yielof 126a dropped to 29%Table 2, entry 2)Similarly, the
substitution ofCsCOs with KoCOs resulted in adecrease of thgield to 39% (Table 2, entry

3). WhenCsCOz wasreplace with KsPQy 126a was isolatedn a yield of 479%Table 2, entry
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5). These experiments showed tR#COs can be replaced by other bases; however, they also
demonstrated that the yields were significantly lower with all other b&mssequently,
C=2CG0Os was chosen as the base for all subsequent reactions due to its relatively higher yield
compared to the other bas&gext, the influence of the reactisemperature was addressed.
When the reaction temperature was lowdreth 120°C to 70°C, the yield ofl26a decreased
from 6% to 41%(Table 2,entries8, 4). However, the transformation could be successfully
conducted at 80C without any significant loss of yiel@lTable 2, entry 7)Therefore, it was
decided to carry out all further reactions af80In all previous reaction$ equiv ofl-bromo
2-(bromomethyl)cyclohexd-ene (124a) was reacted witha twofold excess ofl,3
cyclohexanedione36a) and three equiv &@$CQOs as a basdlo address the potential influence

of the waterthat is formed during the reaction on enolate formation and yield, the model
reaction was run in the presence of molecular sieves (4 A) (Table 2, enirid).1Due tathe
increase in yield observed when the reactions were run in the presence of moleculaalsieves
subsequent reactions were carried out in the presence of 70 mg of molecular sieves (4 A) per
mmol of substratel24. Surprisingly, it was found that reducing the amount36& to 1
equivalent andeducing the amoumif CeCOs to 2 equivalents resultéd a slight improvement

in the yield of126a to 74% (Table 2, entry 10)To furtheroptimize the reaction conditions,
some additionahdjustments in the molar ratio t24a/35aand the amount of base were made.
These modifications led to a slight increase in yieldb% and77% resp. (Table Zntries 11

12). Similar results were obtained when tmedel reaction vas performed in a sealed vial
instead of an open flagkable 2, entry 13).

During the course athe optimization 1-bromo2-(bromomethyl)cyclohex-ene (24a) was
found to beirritating to both skin and eyes. In order avoid these undesirable effects, an
alternative compound, nameBtbromao1-(4-methylbenzenesulfonatemethyl)cyclokiene
(125a), was synthesized following the synthetic pathway outlined in ScBémied used as the
starting material for subsequent experimelmtsaddition to125a a number oR-bromao1-(4-
methylbenzenesulfonatemethbBenesl25 were synthesized
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p-TsCl
R-Z PBr3 R~ H NaBH; R~ OH KOH R~ OTs
@ DMF/CHCI | MeOH | EL,O |
n >0 ’ n “Br n “Br — > n “Br

132a-g 133a-g 123a-g 125a-g
n=1,234
R = H, alkyl, CO,Et

O(\OTS <I\OTS \O(\OTS ﬂ\O(\OTS
Br Br Br Br

125a 125b 125¢ 125d

@)

EtoJ\(j(\OTs Q\/\ OTs O\/\OTS
Br Br Br
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Scheme36. Synthesis of the-Bromo-1-(4-methylbenzenesulfonatemetmibenesl 25akbg.

According to Arnold et al. the-iromoallyl tosylated25abg were synthesized in thregeps ™
In the first step, theFmethylene ketonek32abg were subjected tailsmeierHaackconditions.
This reaction led to the formation ofl2omao 1-enecarbaldehydek33abg. The reduction of
thesealdehydes resulted in the formation ofb@mao1-en-1-yl)methanolsl23abg. A final
tosylation of123abg furnished the required-Bromo 1-(4-methylbenzenesulfonatemethyh
enesl25abg (Scheme36).

1.2  Optimization of  the model reaction between 2Dromo-1-(4'-

methylbenzenesulfonatemethyl)cycloheg-ene (25a) and 1,3cyclohexanedione 353

With 2-bromo1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) in hand this
compound was reacted with,3-cyclohexanedione 368 under the reaction conditions
previously optimized for the synthesisl@6a usingl-broma2-(bromomethyl)cyclohexd-ene
(124a) as substratéTable 2, entry 18 The experimenshowedthat the repla@ment ofl-

bromo2-(bromomethyl)cyclohex-ene (24a) with the corresponding tosylat25a increased
the yield of126a from 78 to 87% (Table 3, entry 1). Subsequentlpuanberof additional

optimization reactionsaing 125a as the substrateesecarried oufTable 3.
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Table 3. Optimizationreactionsvith 2-bromo-1-(4-methylbenzenesulfonatemethgi)clohex
1-ene (25a) assubstrate

Cu source
Cs source
O 10 mol% 2-picolinic acid O
70 mg MS (4 A)
@\/\OTS .\ b DMF, 80 °C, 2 h . Ol\/\/lij
Br o 19-87% o
125a 35a 126a
entry Cu source (mol%) base (equiv) yield 126a (%)
1 Cul (10) CsCOs (2.2) 87
2 Cul (10) CsCOs (1.1) 19
3 Cul (10) C2C0s3(3.3) 84
4 CuCl (10) CeC03(2.2) 77
5 CuBr (10) CsCOs (2.2) 73
6 Cul (5) CsC0s (2.2) 46
7 Cul (10) C2C0:(2.2) 41°
8 Cul (10) CsF (2.2) 43
9 Cul (10) CsOAc (2.2) 28

aThe reactions were performed in a sealed vial with 0.5 mmb2%d and
0.6 mmol of35aunder argon’Thereaction was performed using 5 mol%

picolinic acid.

First, the mpactof the amount ofCCOs was studied As expectedwhen the amount of
CsCOswas decreased froth2 equivalentso 1.1 equiv, a notable decline in the yieldl@éa
was observed. Under these conditidi®6a was formed in only19% (Table 3, entry 2). This
reduction in yielkemphasizethe importance of an adequate amount ef0Cx in the reaction.
On the other hand, increasing the amount @0Cxs to 3.3 equiv, had only a negligible effect
on the yield of compound26a (Table 3, entry 3)This indicatesthat beyond garticular
threshold additionalamouns of CeCQOz do notsignificantlycontribute to theverallyield. To
explore alternative Cu(latalysts sourceshemodel reaction was performed using 10 mol%
CuCl and 10 mol% CuBr (Table 3, entrieshd, It was found that the yieldsbtainedwith 10
mol% CuCl and 10 mol% CuBresp.wereinferior tothose achieved with 10 mol% Cul. This

suggestshat Cul isamore effcient catalyst for the synthesis d26a.

34



Furthermoreywhenthe amount of Culvas reducetb 5 mol% there was significantdecrease

in the yield of126a from 87% to 46% (Table 3, entry 6). This decrease emphasizes the
significanceof maintaining an appropriate concentration of Cul for optimal yleléddition,

a reduction in the amount offcolinic acid from 10 mol% to 5 mol%roppedthe yield of
126ato 41%(Table 3, entry 7). Tetudytheimpactof different anions of the cesium base, the
modelreaction was conducteudth 2.2 equiv of CsF and CsOAc, respectiv@iable 3entries

8, 9). However, these experimertaveconfirmed that C£L£O;s still remains theptimalbase

for thismodelreaction, as it yielded higher amountd®6a ascompared to other cesium base
In conclusion themostfavorablereaction conditions established for substd#tda werealso
found to beideal for substratel25a. Therefore all subsequent annulations were performed
using tbromoallyl tosylated25abg as substrate$ollowing the conditions outlined in Table
3, entry 1.

With the optimized conditionat hand, the applicability of theew synthetic method for the
preparatiorof 4H-pyran derivatives has been studied. For this purpose, a collectidfeoént
1,3-dicarbonyls35abh, 104, 46abe, 134abc was choseras substrate@-igure 8). Reactions
between Ibromoallyl tosylates125abg as biselectrophiles and cyclic and acyclic-1,3
dicarbonyls35abh, 104, 46abe as bisnucleophilesorfirmed the successf@pplicationof the
optimized synthetic methoir the synthesis of Broadrangeof annulated and bisannulated
4H-pyrans. The resulisbtainedaredisplayedn Tables 4 6.
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Figure 8. Selected 1,&licarbonyls useds substrates fdhe synthesis ofH-pyrans
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1.3  Synthesis of xantheneand related bisannulated 41-pyrans 126abp

The scope of theewly developedCu(l)-catalyzed process was initiakgudiedby performing
reactiors between dbromoallyl tosylated25atg and cyclic 1,3dicarbonyls35abh, 104. The

results are summarized Trable 4.

Table 4. Reaction ofl-bromoallyl tosylatesl 25abg with cyclic 1,3-diketones35abh, 104.2

10 mol% Cul
2.2 equiv Cs,CO;4
10 mol% 2-picolinic acid

(0]
1 R?2 70 mg MS (4 A) R 0 )
_ 090,
o > Br m 52-92% "N )m
(0]
(0]
(0]

125 35,104 126

n=1,2,3,4 m=1,2
R' = H, alkyl, CO,Et R? = H, alkyl, aryl

1263, 87% 126, 78% 126c, 76%
(0] (0] (0]
a0 OO )
(0] (0] (0]
126d, 81% 1266, 92% 126, 79%
(0] (0] (0] (0]
/\O
@] @) (0]
126y, 89% 1260, 52% 126, 64%
(0] (@)
O oo
(0] (0]
o)
12§, 71% 126k, 83% 126, 79%
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10 mol% Cul

2.2 equiv Cs,CO;5

10 mol% 2-picolinic acid
70 mg MS (4 A)

o)

1 R2 R' 2

R q\oﬁ . %S DMF, 80 °C, 2 h o ~ ) \_R
. )m 52-92% N fon

O
125 35,104 126
n=1,23,4 m=1,2

R' = H, alkyl, CO,Et R? = H, alkyl, aryl

0 0 O
| | ] ||
0 0 0
Cl NMe,
126m, 74% 126n, 72% 1260, 86%
0
|
(0] O\
/
o
126p, 54%

2All reactions were performed using 0.5 mmollab and 0.6 mmol 085, 104 in a sealed via

under argon

The successful reaction betweerbrdmo1-(4-methylbenzenesulfonatemethyl)cyclokhkx
ene (25a) and cyclohexané,3-dione 85a), whichresuledin the formation of a ®-6-system,
prompted furthemvestigationto determinevhetherthe novel transformatioallowed for the
synthesis of other skeletal structures, such-&64 56-6-, 7-6-6- and 86-6-systemsFor the
synthesis of a-&-5-system 125a was reacte@vith cyclopentanel,3-dione (L04). The reaction
was arried out under standard conditions and vyieldeexclusively 2,3,4,5,6,7
hexahydrocyclopenthlchromenl1(9H)-one (@26b) in 78% yield. Subsequently, it was
successfully demonstrated that the reactiorthefive-membered bromoallyl tosylatel25b
with cyclohexanel,3-dione @58 and dimedone 36b), respectively, delivered the
corresponding bisannulated6s skeletos, namely126c and 126d, with yields of 76% and
81%, respectivelyThe successful reaction betwektbb and dimedone3bb) prompted us to

study the transformation of 5dimethytcyclohexanel,3-dione @5b) with the sixmembered
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1-bromoallyl tosylatel25a. It was found that the reaction proceeded readilygitee the
corresponding,3-dimethyt2,3,4,5,6,7,8,%ctahydrelH-xanthenl-one (26€) in 92%yield,
surpassing the yield obtained f@R6a. The excellentyield for the reaction betweethe
unsubstituted sknembered -bromoallyl tosylatel25a anddimedone 35b) encouragedsto
studythe transformation of th& substituted dbromoallyl tosylate425c, 125d and125e with
dimedone 85b). Using tbromoallyl tosylates25c and 125d carryingan electrordonating
groupat G4, the annulation produci®6f and126g were isolated with yields of 79% and 89%,
respectively.To study the effect of an electravithdrawing groupat G4 of the bromoallyl
tosylate on the course of the annulation processthyl 4bromo3-(4-
methylbenzenesulfonatemethyl)cyclorgenel-carboxylate 125) was reacted with
dimedone 385b). The experimentclearly demonstrated thahe expected annulation product,
namelyethyl 3,3dimethyl1-ox0-2,3,4,5,6,7,8,%ctahydrelH-xanthene7-carboxylate 126h)
was formed. However, thsolatedyield was only52%. Further experiments between dimedone
(35b) and the seven and eightmembered “bromoallyl tosylates125f and 1259, were
performed.The reaction of theeveamemberedl-bromoallyl tosylatel25f yielded the 76-6-
system126i in 64%, while thereaction with theeightmemberedl-bromoallyl tosylatel25g
provided the &-6-systeml126j in 71%yield. Although the yields af26i and126] were lower
than that of126e, these two experimentdemonstratedhe broad applicability of the new
transformation. At last,-bromoallyl tosylated25a wasreacted with various-Bnonosubstituted
cyclohexanel,3-diones, namely 5-methyll,3-cyclohexanedione 360, 5 (2-furyl)-1,3
cyclohexanedione 36d), 5-phenytl,3-cyclohexanedione 366, 5-(chlorophenyhl1,3
cyclohexanedione 36f), 5-[4-(dimethylamino)phenyi]L,3-cyclohexanedione36g, and 5
[3,4-(methylenedioxy)pheny],3-cyclohexanedione 36h) under the optimized reaction
conditions. The annulation produdi2ekbp were formedn yields ranging from 54 to 86%.

It has been demonstrated that @h€l)-catalyzedeaction of cyclic 1,3licarbonyls35, 104and
1-bromoallyl tosylatesl25 described here provides access to a nurnbéisannulatediH-
pyranderivatives,ncluding 66-6-, 6-6-5-, 5-6-6-, 7-6-6- and 86-6-skeletonsThe exclusive
formation ofthe bisannulationproducs 126 that arederived froma domino intermolecula€-
allylation/intramoleculaO-vinylation, is remarkablelmportant tonote that he formation of
byproducts resulting from an intermolecul@+allylation ha notbeen observed. Thesults
presentedlemonstratéhat the first step of the domipoocessthe intermolecula€-allylation,

is completelychemaelective
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1.4  Synthesis of chromene&27abh

To further study the scope of the newCu(l)-catalyzed domino intermolecula€-
allylation/intramolecular O-vinylation domino process reactions between -iromoallyl
tosylatesl25a,chbe and acyclid-ketoesterg6abe were performedThe results of this study are

summarized in Table 5.

Table 5. Reaction ofl-bromoallyl tosylatesl 25a,cbe with acyclic b-ketoestergl6abe.?

10 mol% Cul

2.2 equiv Cs,CO;4

10 mol% 2-picolinic acid o)
70 mg MS (4 A)

o)
R1 R'I
\O\/\OTS OR2 DMF, 80 °C, 2 h . ) OR?
+
. PR 36-59% 0~ Rs

125a,c-e 46a-e 127a-h
R' = H, alkyl, CO,Et R? = Me, Et, CH.CH-OMe, CHzPh
R3 = Me, aryl
0 O
7 O/
o0 o
0 (@]
1273, 43% 127, 46% 127c, 52%
(0] (@] 0 0
SO0 O™ Coc™
o o) o)
12, 38% 127e, 57% 127, 36%
o)
o)
S8 CAS
o)

1279, 58% 12/, 59%

aAll reactions were performed using 0.5 mmoll@6 and 0.6 mmol o046 in a sealed via

under argon
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To start withmethyl acetoacetatdfa) was reacted with-bromoallyl tosylatel25a underthe
standard reaction conditions outlined in Table 3, entryfHis reaction furnished a single
productthat wasdentified agmethyl2-methyt5,6,7,8tetrahydre4H-chromene3-carboxylate
(127a), in 43 % vyield Methyl acetoacetatelfa) wasalso reactedvith the 4substitutedl-
bromoallyl tosylated25cke to delivermethyl 2,6-dimethyt5,6,7,8tetrahydre4H-chromene
3-carboxylate (127b), methyl 6(tert-butyl)-2-methyt5,6,7,8tetrahydre4H-chromenes-
carboxylate (127c) and 6-ethyl 3methyl 2methyt5,6,7,8tetrahydre4H-chromene3,6-
dicarboxylatg127d) with yieldsranging from 38 to 52%As already observeddr the reactions
between bromoallyl tosylate¥25a,cbe and dimedone 35b), the yieldsof the annulation
productswere dependerdn thestructural characteristics of theomoallyl tosylates, i.e., the
nature of the €l substituentTo study the influence of the structure of firetoestert6 on
the annulationadditional experiments were performeding ethyl acetoacetate4@b), 2-
methoxyethyl acetoaceta#6(), benzyl acetoacetatédd) and ethy(4-methylbenzoyl)acetate
(46e) as substratesThe resultobtained showethat thetype of b-ketoester employelasa
significant influence on bottthe yield and stability of the resulting Hichromene3-
carboxylates. Thbest resultivasobtainedwhen bromoallyl tosylatel25a was reacted with
46e to give ethyl 2(p-tolyl)-5,6,7,8tetrahydre4H-chromene3-carboxylate(127h) in 59%
yield. So far,only one examplef a5,6,7,8tetrahydre4H-chromene3-carboxylatels known
in the literature This compound,e. 127a, has been synthesized by Fang anbdyLineans of a

Cu(l)-catalyzed intramoleculdd-vinylation 5]

1.5 Synthesis of double alkylated compound$35abc

The Cu(l}catalyzedintermolecularC-allylation/intramolecularO-vinylation was shown to
allow the reaction of -bromoallyl tosylated25abg with cyclic 1,3diketones35abh, 104 and

acyclic b-ketoestes 46abe, leading to the formation of a wide range of annulated and

bisannulated H-pyrans 126abp and 127abh. Nonetheless, it is essential to note that this

methodology exhibits some limitations, which will be discussed in this chapter.
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Table 6. Reaction ofl-bromoallyl bromide 124a/1-bromoallyl tosylatel25a with dicarbonyls
134akc.?

10 mol% Cul
2.2 equiv Cs,CO4 Br Br
0 10 mol% 2-picolinic acid
70 mg MS (4 A)
(j(\x . r‘\R DMF, 80 °C, 2 h
Br o 27-49%
124a X = Br 13
125a X = OTs
Br Br
Br Br ‘ ‘
0 o 0 0
o X o @
N N
7 \n/ ~
W, !
135a, 279 | 38%F 135h, 3798 / 49% 135¢c, 3698 / A7%

aAll reactions were performed using 0.5 mmoll@fla/125a and 0.6 mmol o134in a sealec
vial under argon®Yield refers to reaction usintR4a as substrat€Yield refers to reactior

using125a as substrate.

The expectedannulation products were nédrmed when Xbromoallyl tosylatel25a was
reacted with acetylacetoné&3da), 1,3indanedione X34b) and 1,2dimethylbarbituric acid
(134c) under standard conditions. Surprisingly, the reaction yielded symmetrical compounds
instead, namely 3;Bis[(2-bromocyclohexl-en1-yl)methyl]pentane2,4-dione (35a) in 38%,
2,2-bis[(2-bromocyclohexl-en1-yl)methyl]-2H-indenel,3-dione (@35b) in 49% and 5,5
bis[(2-bromocyclohexi-en-1-yl)methyl]-1,3-dimethylbarbituric acidi35c) in 47%(Table §.
It is evident that these products arise from a double alkylation process. Howeveasthéor
this unexpected reaction behavior remainslesr. To further investigate the possibility of
achieving the desired annulation, an alternative substrate, narhedynballyl bromidel24a,
was tested. The reactions betweda and 134akc were carried out using the successful
reaction conditions deloped for the model reaction witR5aas substrate (Tabk entryl).
However no annulatiorproducts were observed in any of the cases. Instead, the identical
double alkylation productsl85abc) were consistentlysolated It should be noted that the
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yields obtained usingj24aas the substrate were slightly lower compared to those obtained with
125a(27 37%).As a result, it has beasstablishedhat the reactions of bottR4aand125a

with the dicarbonyld 34&.c under standard conditions do not produce the expected annulation
products.

1.6 Mechanism
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L

R'] Trees Br 3
125 :
082003 \R2
? C-allylation
Enolate
. C32003 formation °
/_‘ R” o
O o R2 : IN (?I-H CSHCO 3 mmmei : IN ocs
35,104, 46 HaCO3
P HCO,  —m cO, + HO
R'] --'\RZ R2
A 4
Oxidative : 5
(@) addition > A <
\\ . Cul 041/\0 Cs
A ; B
: | \ —R2 Reductive : |
1"),_ Cu'o elimination / R
R17 .
|
E |
(0]
CsO 1 N .
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Scheme 37. Plausible reaction mechanismfor the Cu(l)-catalyzedreaction of cyclic 1-
bromoallyl tosylatesl25 with the 1,3-diketones 35, 104 andb-ketoestergl6.
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In accordance with previous research conducted iBéiissgroup!®?9 a plausiblereaction
mechanism for the annulations based arCu(l)-catalyzed domino intermoleculat-
allylation/intramolecula©-vinylation processs illustratedin Scheme37.

It is assumed that the reaction starts withimermolecularC-allylation betweena 1,3
dicarbonyl35, 104, 46 anda 1-bromoallyl tosylatel25. This reaction yields an intermediate of
type 136. Subsequentlyin the second stepn intramolecularO-vinylation takes place. It is
initiated by thedeprotonation ointermediatel36 with CCQOs to form the corresponding
cesium enolatéA along with CsHC@ Upon reacttn of CsHCQ with 2-picolinic acid,
carbonic acid and cesium picolinate are generated. The decomposition of carbonie@Ow) (H
results in the liberation of G&nd HO. Thelatter isremoved from the reaction fagdsoption
usingmolecular sieves 4 By means ofin oxidative addition proceske Cu(lll) species is
generated by the reactidretweenvinyl bromide A and thecopper(l) salt. The exchange of
bromide with picolinate induces the formation of copper com@ewhich is facilitated by
cesium picolinate. Subsequently, an intramolecular attack of cesium enolate on the chelated
copper center furnishes intermediBXeThis process results in the release of cesium picolinate,
ultimately generatindge. Finally, the generation of annulation produdf?6 or 127 occurs

through the reductive eliminah of E, which is accompanied by the formationGail.
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10 mol% Cul
2.2 equiv Cs,CO3
10 mol% 2-picolinic acid

B (e (6]
2 equiv NaH ' 70 mg MS (4 A)
(I\ THF rt, 12 h DMF, 80°C, 2 h )
68% . 94% o
125a 35b 136a 126e

Scheme38. Synthesis othe proposedintermediatel36a and its Cu(BHcatalyzedconversion
into 126e.

As depictedn Schemed7, it is assumed that intermediai86 is formed aghe result ofan
intermolecular allylation. In order to provide evidence for the proposed mechanisas
studiedwhetherl36acan act as a substrate fbe Cu(l)-catalyzed intramolecul&@-vinylation.
To accomplish tb synthesis of the proposed intermediai86a 2-bromol-(4-
methylbenzenesulfonatemethyl)cyclohkene (25a) and dimedone36b) were reacted under
basic conditions (NaH). As expected|(2-bromocyclohexl-en1-yl)methyl]-3-hydroxy-5,5
dimethyt2-cyclohexerl-one (136a) was formed with a yield of 68% (Schen3s).62d
Subsequentlyl36a underwent a successful intramolecularinylation reactionwhen it was
reacted withLO mol% Cul as catalyst, 2.2 equiv.C&s as base and 10 mol%jitcolinic acid
as ligand in the presence of molecular sieves (4 A) in DMF at 80 °C f¢Beheme38). The
annulation produci26e was obtained exclusively in 94%6eld. This finding indicates that
compoung of type 136 can effectively function as intermediafer the synthesis of annulated
4H-pyrans 126 and 127. Furthermore, it provides substantial evidence in support of the

proposed reaction mechanism depicted in ScH&me
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1.7  Structure elucidation of 3,3dimethyl-2,3,4,5,6,7,8,%ctahydro-1H-xanthen-1-one
(126e)

A thorough investigation based on dabdainedrom 2DNMR spectroscopyiR spectroscopy

and mass spectrometriias been conducted to elucidate the structureteoi-bromoallyl
tosylatesl25, the annulation product®6 and127 as well as thelouble alkylated compounds
135 synthesizedn this work. Nevertheless, to attain accurate structural elucidation of newly
discovered compounds, 2BMR analysis was further complemented by performing spectral
simulations using NUMMRIT algorithm implemented in SpinWoskdtwarel’”¥ To provide

an illustrative examplein this chapterthe structural elucidation process ®f3-dimethyt
2,3,4,5,6,7,8DctahydrelH-xanthenl-one(126g) is illustrated

092°L
— €9
i LS2
052
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90

' [ ' I ' I ' I ! [ ' [ ' I ' I ' I ! I ! I
PPM 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Figure 9. 'H NMR spectrum (CDG| 600 MHz) of compound26e.

Figure 9 presents theH NMR spectrum of126e, which was recorded on a 600 MHz
spectrometer using deuterated chloroform as the solvent. In this spectrum, a total of seven

hydrogen peaks were observed anlsequently integrated.
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Figure 10. *C NMR spectrum (CDGJ 150 MHz) of compound?26e.

In the'3C NMR spectrum, a total of fourteen signals were detected (Figrémong them,

C-1 exhibited the highest chemical shifflueatlt=198.4 ppm, indicative for a carbonyl group.
Four signals, namely = 165.3, 143.1, 108.6 and 108.5 ppm, represent olefinic carbons and
nine carbonsesonatén the regiorii= 207 55 ppm. ThéH and**C NMR data were completely
assignedisingCOSY, HSQC and HMBGpectra
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Figure 11 *H-1H COSY spectrum (CDG| 500 MHz) of compound?26e.

In the COSY spectrum d26e (Figurell), hydrogens 81> resonatingatti= 2.07 ppm show a
cross correlation with protonst; resonatingtti=1.71 ppm (Figurd1). A further correlation
of the latter with H> at i = 1.61 ppm, which itself shows an additional correlation with,8

ati=1.92 ppm, established the proton spin systef? ® 8-Ha.
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Figure 12. *H-13C HSQC spectrum (CDg1500, 125 MHz) of compountR6e.

The carbons of the above spin systei.F0 8H> were identified by HSQC as-Eatl=25.9,
C-6 atli=22.9, G7 atti=22.3 and €8 atti= 28.2 ppm (Figuréd.2).
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Figure 13. Full *H-13C HMBC spectrum (up) and expansion (down) of compdiate (CDCls,
500, 125 MHz)

In the HMBC experiment (Figurg3) the quaternary carbon-& atti = 108.6 ppm exhibited

H-13C longrange correlations with-Az, 8-Hz and 9H: atli= 2.64 ppm (G9 atli=22.8 ppm).

The signal ati=143.1 ppm was attributed to1Da because of its HMBC correlations with 9

Ha, 8-Ha, 6-H2 and 5Hz. A 3Ju.c coupling of 9H; along with &2Ju c coupling of 4Hz (Uric =

2.26/50.6 ppm) to oxygebearing quaternary carbon @at= 165.3 ppm indicates the-&a
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position of the latter. A sharp proton singletlat 1.07 ppm integrating for 6 hydrogens
represents the moshielded methyl group® (x 3-CHz at il = 28.4 ppm). The € position of

both methyl groups was established by the HMBC correlations between the methyl protons and
C-4 atu = 41.3 ppm, @ atld = 50.6 ppm and quaternary carbor3Gtd = 31.9 ppm.
Furthermore, a strong HMBC correlation betweeH,2at i = 2.25 ppm and®C signal atli =

198.4 ppm indicates the-Cposition of the carbonyl group. Finally, the quaternary carbdn at

= 108.5 ppm was assigned a€9& by the observed twiinc couplings to 2H2 and 4H.. In
accordance with the observed mass of 232 amu an ether linkage betd®ara@d &a in

126e was established.
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Figure 14. Important HMBC correlationfHz C) for 126e.

Important HMBC correlations foB,3-dimethyt2,3,4,5,6,7,8,%ctahydrelH-xanthenl-one
(126e) arepresented ifrigure14.

Figure 15. X-ray crystal structure of 3;@imethyt2,3,4,5,6,7,8,%ctahydrelH-xanthenrl-one
(126e). The probability of the ellipsoid contour on the plots is 50%.

As shown in Figurd5, X-ray crystallography provided conclusive confirmation of the structure

of the annulation produdi26e.
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Figure 16. The simulated (a) arntleexperimental (b)H NMR spectra (600 MHz) of the region
betweend= 1.50 andd'= 2.70 ppm forl26e. The expansions of the regions A and B show the
protonsattached to €& and G7 (A) and G5 and CG8 (B), resgctively.
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NMR spectroscopy was employed to unambiguously determine the structures of pt@@ucts
127, and135. A comprehensive analysis of the COSY, HSQC, and HMBC spectra facilitated
the full assignment of atH and**C chemical shiftslt should be mentioned that thid NMR
spectra of compound®6abp and127abh exhibit very similar splitting patterns fi26e for the
protons resonating within h e r @+n Xg5@ 2.80ppm.However, the direct determination
of coupling constantsli,+) for 5-Hz, 6-Hz, 7-Hz, and 8H2 on 126e was not possible due to the
complexity of assigning secoradder multiplet patterns. Consequently, a spectral simulation
and analysis program was utilized. Fig@iieshows théH NMR spectra of both simulated (a)
and experimental (b) signals withihe range o= 1.50 2.70 ppm forl26e. The expanded
regions provide a more detailed depiction of the protons attache® #n@ CG7 (Figurel6A)

and G5 and G8 (Figurel6A). Based on the computational study, prepvaton coupling
constantsJu,+) were measured for-Hy, 6-H2, 7-H2, and 8H.. The findings indicate that the
geminal protons on 6 as well as on @ exhibit a coupling constantJin) of | 13| Hz.
Additionally, the vicinal coupling®gx+) between B4 and 6H is measured at 6.3 Hz, while
3Jn,1 betweeri7-H and8-H is found to be 5.9 Hz. However, the calculation of vicinal coupling
(3JuH) between éH and 7H resulted in two distinct coupling constants: 8.9 and 2.9 Hz.
Furthermore, two longange coupling constant)+) were obtained for the protons orR5C

one with 8H and another with-#.
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1.8 Conclusion

In summary,a novel andstraightforward regioselective methbds been developddr the
synthesis of annulated and bisannulatdepgrans. This method involves the reaction between
cyclic I-bromoallyl tosylatesand 1,3dicarbonylsusing 10 mol% Cul as catalyst, 2.2 equiv
C=2CQ0s as base and 10 mol%jpicolinic acid as ligand in the presencenadlecular sieves (4

A) in DMF at 80 °C for 2 h in a sealed vi&y employing this methodjisannulated M-pyrans
126abp were successfully synthesized with excellent yields of up to 92%. The significance of
this approach lies in its ability to provide accesdive different heterocyclic frameworks
These includethe 2,3,4,5,6,7,8;8ctahydrelH-xanthenl-one (66-6), the 2,3,4,5,6;7
hexahydrocyclopenthlchromen1(9H)-one (66-5), the 2,3,4,6,7:8
hexahydrocyclopenthlchromen1(9H)-one (56-6), the 3,4,6,7,8,9,10,11
octahydrocyclohepta]Jchromenl(2H)-one (7-6-6) and the2,3,4,6,7,8,9,10,11,1@ecahydre
1H-cyclooctap]chromen1-one(8-6-6) ring systemsThe high efficiency, the great flexibility

and the easy feasibility make this new synthetic route a particularly valuabléotatble
preparation ofamulated and bisannulate@yrans.By proposing a reaction mechanism and
conducting control experiments it was assumed that the annulations proceed via an
intermolecularC-allylation, followed by a Cu(kcatalyzed intramolecular Ullmann tyge
vinylation. The reactions not limited to cyclic 1,3dicarbonylsas substrate$§Six-membered 41
bromoallyl tosylatesould also beeacted with acyclib-ketoesters. These experiments yielded
exclusively the corresponding 5,6,#&rahydre4H-chromene3-carboxylates127abh in

yields up to 59%.
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2 Ru-catalyzedsynthesis of2H-pyran-2-ones

Given the progress made in the synthesis of annulated and bisannutkigdahsvia Cu-
catalyzeddomino intermoleculalC-allylation/intramolecularO-vinylation, the aim of this
projectwasto expand thescope ofresearch by explorinthe feasibilityof transition metal
catalyzed intramol ecul ar saffbpacyctization oZ-hald-1-al keny
(aryloxymethyl)cycloalkl-enesl28to 7,8,9,10tetrahydre6H-benzof]chromenesnd related
compoundd4.30. Using a model reaction,wtasdemonstrated th#tis type of cyclizationauld

be realizedHowever, the cyclization produt80a could not be obtained in analytically pure

form.

Therefore, the transition metat at al yzed i ntramol ecul ar ar oma
combined with an allylic oxidation to a new domino process for the synthesmimofated B-
pyran2-ones. The results ofboth approacks are based on transition metatalyzed
intramol ecul ar ar omat i chavasignifimantipaentialltosadvanoen r e a
the field of G H activation A detailed account of the findings from this research is presented

in this chapter.

2.1 Model reactiors for the transition metal-c at al yzed i ntramol ecul a

alkenylation

As already pointed ouhé project initially focused on finding an efficient method tloe

synthesis 0f7,8,9,10tetrahydre6H-benzof]chromens and related compounds30 by a

cyclization of an2-bromo1-(aryloxymethy)cycloalk1-enes128. To study the feasibility of
this approachthe cyclization ofl-[(2-bromocyclohexl-en-1-yl)methoxy]benzenel@8a) was

chosen as a model reacti@ubstratel28a could be synthesized bgactionbetweenphenol

(45b) and 2-bromao1-(4-methylbenzenesulfonatemethyl)cyclohkene(125a) in 91% yield

(Scheme 39).

3 equiv K,CO3

0.5 equiv Nal
acetone
@\ O(\oTs 60 °C, 18 h @i
+
OH Br 91% o
45b 125a 128a

Scheme39. Synthesis of th&-[(2'-bromocyclohexl-en-1"-yl)methoxy]benzen€l28a).

Since the transformation d28a into 130a involves G H activation it was assumed that the

reaction could be achieved by using combinations of a transition metal catalyst and an oxidant.
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To either promote the reactivity of the bromoalkene moiety or facilitate the metalation of the
arene moiety 0128a, a broad spectrum of transition metal complexes, oxidants, bases, solvents,
reaction temperatures, and reaction tinvese screened he findings of these experiments are
presented in Tableg T0.

8 mol% RuCl,(PPh3)s
1 mL 1,5-pentanediol

Br 140 °C, 18 h N
89 %
o) o)

128a 130a

/

Scheme40. Synthesis 0f7,8,9,106tetrahydre6H-benzof]jchromene 130a) via ruthenium
catalyzedntramolecularcyclization

Finally, it was established thahe cyclization of 128a to 130a can beperformed under
optimizedconditionsusing 8 mol%RuCk(PPh)s as catalyst, 1 mL 1;pentanedio(9.54 mM
as both solvent and ligand at 140 °C for 18 h in a sealed vial undertargioe 130a with a
yield of 89% (Scheme 40)It was assumed thamploying 1,5pentanediolenhances the
efficiency of RUChL(PPh)s as a catalyst fathe reactionHowever, thepresencef impurities
of unknown structure causing broad band in thin layer and column chromatography
prevented theadequate purification of 130a. Despite several attemptdo improve the
purification, 130a could not be obtaineid high purity. Therefore it was decidedo include an
additional oxidation stepresulting in thetransformation of the project into a domino
cyclization/oxidatiorprocessTo study the feasibility of this approach the transformatids: of
[(2-bromocyclohexi-en-1-yl)methoxy]phenol 128b) into 3-hydroxy-7,8,9,16tetrahydre6H-
benzop]cyclohexafllpyran6-one (37b) waschosen as a model reactiddcheme 4)1 The

optimizationof this model reaction is summarizedTablel11.

1) 5 mol% Ru source
2 equiv additive
2 mL solvent
/@3 100 °C, 18 h
HO 0 2) 4 equiv TBHP

100°C, 6 h
128b 137b

Scheme 41. Model reaction for the synthesis of 3-hydroxy-7,8,9,10tetrahydre6H-
benzop]cyclohexaflpyran6-one L37b) from 3[(2-bromocyclohexi-en-1-
yl)methoxy]phenol 128b).
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2.1.1 Optimization of the cyclization of 1-[(2'-bromocyclohex1'-en-1'-
yl)methoxy]benzene {28a) to 7,8,9,10tetrahydro-6H-benzolc]chromene (130a)

Initially , however, théocus was on theptimization of the intramolecular cyclization £i28a.
Firstly, the mpactof variouscatalysts and oxidants dhe yield of 7,8,9,10tetrahydre6H-
benzof]chromene 130a) was studied The main objective was to identify theptimal

combination of catalysindoxidantfor achievinghigh yieldsof 130a.

RuChk(PPh)s
Ru(acaq

Rulz
Co(acac) IrCls AgOTf AgSbFs

Co(BA) Ru (powder) 1.4 5.cop)clp,

Catalyst EeC
Pd(OAC) 4 =l AgPFs  Oxidant AgBF:

Pd(acag) CU(OACE  [Rh(OAc]

PdCh Cu(acac) Rh(acac)

Benzo
Cu(OTf) L K25:0s
CuCh

Figure 17. Selected atalysts and oxidants usém theoptimization ofthe cyclization of128a
to 130a.

A rangeof transitionmetal complexes and oxidants was chosershasvnin Figurel?. The
catalystsselectedincluded a variety of metal complexesparticulaty ruthenium, iridium,
rhodium, copperpalladiumand cobalt compound3he oxidantschoseninclude some Ag(l)
speciesas wellasK>$0g and benzoquinond.o identify optinal conditions, each catalyst was

subjected tandividual reactions with each oxidant.
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Table 7. Influence of catalystsand oxidants on the synthesisof 7,8,9,16tetrahydre6H-
benzof]chromene 130a).2

10 mol% catalyst
2 equiv oxidant

1 mL DMSO
@i 130 °C, 24 h X
L.
o) 0
128a 130a
entry catalyst oxidant yield 130a (%)
1 Pd(OAc) AgOTf 36
2 Pdacac) AgOTf 23
3 Pd(OAc) benzoquinone 41
4 Pdacac) benzoquinone 19
5 RuCh(PPh)s benzoquinone 16

aThe reactions were performed in a sealed vial with 0.5 mi2®s# under argon.

In all reactions0.5mmol 128a was added to a sealed vial containing 10 mol%aaitalyst and

2 equiv of an oxidant. The reactions weaered ouin 1 mL DMSO at B0 °C for24 h. Despite
conducting a total of 108 reactions, only 5dgwoeddesirable results, wist the remaining
experiments failed to yield trexpected produdfTable?). It was found that the combination
Pd(OAc) / AgOTTf produced a greater yield (36%) than the combination Pd¢acAgOTf
(23%) (Table 7, entries, 2). Similarly, comparing entries 3 andb# Table7, Pd(OAc» (41%)
performedbetter thanPd(acac) (19%) when benzoquinone was used as the oxidant. These
results indicate that Pd(OAc)js more effective than other selected metal complexes in
facilitating the transformation df28a to 130a. Interestinglythe combination oRuChk(PPh)3

and benzoquinone also yield&d80a, albeitat a lower yield (16%; Tabl&, entry 5).These
unsatisfactory results underlitiee challengethat have beeancounteredh the investigation

of theoptimum conditions for the catalygbxidant combinationgzurther experimesttionwas
required to uncover the underlying factors affecting the transformatimerefore, the
efficiency of various transition metal complexes as catafgstthe transformation ofi28a to
130a under basic conditions wasudied.In addition,the mpactof varioussolvents on the
reaction outcomef the model cyclizatiomas exploredTable 8)
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Table 8. Influence of catalystsand solvents on the synthesisof 7,8,9,16tetrahydre6H-

benzof]chromene 130a) underbasicconditions?

10 mol% catalyst
2 equiv K2CO3

@ 130,24 h N
>
0 0
128a 130a
entry catalyst solvent yield 130a (%)
1 Pd(OAc) DMA 88
2 Pd(OAc) NMP 87
3 Co(acag) NMP N.R.
4 NiCl2(PPh)2 NMP N.R.
5 CuBr, DMA N.R.
6 CuwO DMA N.R.
7 CuOAc DMA N.R.
8 Cu(acag) DMA 9
9 Cu(acac) DMF 18°
10 RuChk(PPh)s DMF N.R.
11 RuCh(PPh)3 toluene N.RS
12 RuCh(PPh)s3 CHzCN N.RY
13 RuCh(PPh)s3 DCE N.RY
14 RuChk(PPh)s THF N.RE
15 RuChk(PPh)s NMP 32
16 RuCh(PPh)s DMSO 38
17 RUCh(PPh)s DMSO 409h

®The reactions were performed in a sealed vial with 0.5 ni284 under argon.

®The reaction was performed in the presence of 1 mol% Pd¢OAG 100 °C.9T
=70 °C.°T =60 °C."T =120 °C % = 18 h."K,COs was replaced bgthylene glycal

Table 8 summarizeghe results that were obtained when the reaction was performed using

different catalyss and solvens under basic conditiong he experimentsvere performed in

sealed viad charged withlO mol% catalyst, 2 equivdCOz; and 1 mL solvent at 130 °C for 24
h. 1t was found that the use B(OAc) as catalyst itN,N-dimethylacetamidé€DMA) delivered
the product in88%, whilethe use ofNMP resulted in87% yield (Table 8,entries 1, 2).
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Obviously, both solvents are viable optionalthoughDMA appearsto be slightly more
favorable In contrast, the use of Co(acaahdNiClo(PPh), as catalystsn NMP failedto yield
any ofthe cyclzation produci(Table 8,entries 3, 4). Similadisappointing outcomes were
observedwhen using CuBr, CwO, andCuOAc as catalyst and DMA as solven (Table 8,
entries 57). Among the copper sourcesjlp Cu(acac) in DMA delivered the product, albeit
in a low yield of 9% Table 8,entry §. A furtherexperimentevealed thatheyield could be
improved to 18% by adding 1 mol®d(OAc) to the reaction catalyzed by Cu(acdn)DMF
(Table 8,entry 9. Next, RuCH(PPh)s was employeds the catalyst in various solvengsich
as DMF, toluene, acetonitriledichloroethane CE) and tetrahydrofuran THF) (Table 8,
entries 1014). However none of these combinatiolesl toproduct formationThese findings
suggest that the selected conditions were not suitabl®&dQ@b(PPh)s to be an effective
catalystHowever, when the reaction wiRuCk(PPh)s as catalyst was performedNMP and
DMSO, respectivelythe product was formedhe yield in NMP was moderate (32%able 8,
entry 15, while DMSOas solvenshowed aslightly betteryield (38%; Table 8,entry 16).
Interestingly it was discovered th#fte use okthylene glycol instead of IOz in the reaction
catalyzed byRuChk(PPh)s in DMSO further increased the yietsf 7,8,9,10tetrahydre6H-
benzof]chromene 130a) to 40% (Table 8,entry I7).

In conclusion, despite theery promisingresults obtained witiPd(OAc) and KCOs as
catalyststhe methodology is wekstablishedf? It is evident thatheexploration ofalternative
catalysts could lead to exciting advasice order to discover a noveynthetic methodnd
replacepalladium with acheapercatalyst, recentesults withRuChk(PPh)s have provided
valuable inspiration. Thability to replace the base witkthylene glycol opened up new
possibilities and encouragedto furtheroptimize the modeteaction.
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Table 9. Influence ofsolventsand Ru-sources orthe synthesisof 7,8,9,16tetrahydre6H-
benzof]chromene 130a).2

10 mol% catalyst

g S S
0 TN 0

128a 130a
entry catalyst solvent yield 130a (%)
1 RuCh(PPh)s 1,5pentanediol 82
2 RuCb(PPh)3 1,4-butanediol 68
3 RuCh(PPh)s ethyleneglycol 63
4 RuCk(PPh)3 glycerol N.R.
5 RuCk(PPh)s PEG400 trace
6 RuCb(PPh)3 1,3-propanediol trace
7 RuCb(PPh)4 1,5pentanediol 51
8 RuH(PPh)4 1,5pentanediol N.R.
9 RuUuCk(NHz)e 1,5pentanediol N.R.
10 Ru(acaq 1,5pentanediol trace
11 Ruls 1,5pentanediol N.R.
12 RuCk Tx H20 1,5pentanediol N.R.
13 RuQ; Tx H20 1,5pentanediol N.R.
14 Ru 1,5pentanediol N.R.

aThe reactions were performed using 0.5 mi&#a in a sealed vial under argon.

Table 9summarizeghe results of a study on the influence of different solvents and different
Ru-sources on the yield df30a. The role ofdiols assolvensis particularlyimportantin the
formation ofthe desirel product.Among allsolvents tested, 1jpentanediolemonstratethe
most favorable outcome resulting in 82% yield ofl30a when usedn combinationwith
RuCk(PPh)s as catalyst{able 9,entry 1).The reactiorwith RUCk(PPh)s as catalyst could
also be carried ouin 1,4butanediol and ethylene glycelith yields of 68% and 63%,
respectively Table 9,enties2, 3.

In contrast, glycerol, PE@OO and 1,3ropanediolwere found to be unsuitable solvents for
the RuC}(PPh)s-catalyzed model reactidifable 9,entries4i 6). As a result, all subsequent
experiments were carried out using-pdntanediol as the solvent. Furtleeperiments on the

effect of different Ru catalysts on theoutcome of the formatiorof 130a revealed that
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RuChk(PPh)s exhibited higheryields compared to other Ru sources suchRakCh(PPh)a,
RuHx(PPh)s, RUCk(NH3)s, Ru(acac), Ruk, RuCk Tx H2O, RuQ Tx H20, and Repowder
(Table 9,entries71 14). While the use oRuChk(PPh)4 in 1,5pentanediol resulted in %1%

yield of 130a, the other Ru compounddid not catalyze the transformation in questitm.
conclusion, the choice of both the solvent #re@Ru catalyst significantlgffectedthe yield of

130a. Theseresultscontributed to a better understanding of the factors affecting the synthesis
of 130a and served as a basis for furtsardies.

Table 10. Influence ofreactiontemperaturgreactiontime and theemountof RuCh(PPh)s on
the synthesisof 7,8,9,16tetrahydre6H-benzof]chromene 130a).2

X mol% RUC|2(Pph3)3
1 mL 1,5-pentanediol

@ T (°C), t () _ S
O O

\

128a 130a

entry mol% RuChk(PPh)s T (°C) t (h) yield 130a (%)

1 10 160 18 69

2 10 140 18 87

3 10 100 18 N.R.

4 10 80 18 N.R.

5 10 60 18 N.R.

6 10 rt 18 N.R.

7 10 140 24 85

8 10 140 12 38

9 10 140 6 29

10 8 140 18 89

11 6 140 18 71

12 4 140 18 23

13 2 140 18 trace

14 --- 140 18 N.RS

15 8 140 18 N.Rd

aThe reactions were performed using 0.5 mi@#a in a sealed vial under argo
‘Thereactionwas performed in the absenceanfy catalyst.“The reaction wa

performed in the absence of fpBntanediol.
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The results of the study concerning the influenciefeaction temperaturéje reactiortime

and the amount of RugPPh)3 on the synthesis of 7,8,9Aétrahydre6H-benzof]chromene

(130a) are presenteth Table10. In the first set of experiments, the impacttioé reaction
temperature waaddressed-or this purpose, the precursk®8a was reacted in the presence of

10 mol% RuCl(PPh)s for 18 h at different temperatures. At 160 °C and 140 °C, the yields
were 69% and 87%, respectively (Table 10, entries 1, 2). However, at lower temperatures (100
°C, 80 °C, 60 °C and room temperature), the reaction did not proceed at all (Table 18, entrie
3i 6). These findings showed that a certain minimum temperature is required to facilitate the
conversion. he influence othereaction time otheproduct yield washen investigatednhile
keepingthe temperatureat 140 °C andthe catalyst loading &0 mol% constantWhen the
reaction time was extended to 24 h, the yield remained relatively 8&§f; Table 10.entry

7). However, significantly lower yields of 38% and 29% were obtained when the reaction time
was reduced to 12 and 6 h, respectivébhle 10entries 8, 9). This observation suggested that
areaction time ofL8 h is favorable for obtaining high yields1§0a.

Further experiments were performed to study the impact of varying the amount of
RuChk(PPh)s. For this purpose xperiments were carried owtith catalyst loadings cdt8, 6,

4 and 2 mol%, respectively, 440 °C for 18 H(Table 10,entries10r 13). The results showed

that aslightdecrease in catalyst loadifrgm 10 mol% to 8 mol%esulted in a slight increase

in yield of 130a to 89% (Table 10,entry 10). However, as the catalyst loading was reduced to

6 and 4 mol%theyields decreased to 71% and 23%, respectiVEfple 10.entries 11, 12).
When the catalyst loading wastherreduced to 2 mol%, only tragef 130a wereobserved
(Table 10,entry 13).Finally, some ontrol experiments were conducteddefinethe role of

the catalyst anthe 1,5-pentanediolWhen the reaction was performedthe absence cdny
catalyst, naransformatioroccurred This confirmed the importantrole of the catalysin the
reaction Table 10,entry 14).Similarly, no reaction took place in the absence of 1,5
pentanediol, highlighting the importance of this diol as a key component in the reaction (Table
10, entry 15)In conclusion, the reaction conditionsthe model reactiowere optimized to
react0.5 mmol of128a in the presence @ mol% RuCi(PPh)s as catalyst in 1 mL 1;5
pentanediol as solvent. The reactwas performedn a sealed vial under argon at 140 °C for
18 h to yield 7,8,9,1@etrahydre6H-benzof]chromene 130a) in 89%.

63



2.1.2 Optimization of the domino cyclizationfoxidation of 128bto 3-hydroxy-7,8,9,10
tetrahydro-6H-benzolp]cyclohexad]pyran-6-one (L37b)

During our attempts to obtalkBCa in analytically pure form, spdtiling was observed during

the chromatographic purification proce$ailing during chromatgraphic separations is often

an indicator of impurities of the compounds to be separated and can lead to inadequate
separatioa Despite numerous attempts parify compound130a by PTLC and column
chromatography omilica gel and aluminum oxidethe compound could not be isolated in
analytically pure formand the nature of the impuritgmained unknownFaced with tts

challenge,it was decidedo slightly changethe direction ofthe project bycombining the
rutheniumc at al yzed i ntramol ecul ar aromatic CITH
Although this modification could naolve the purification problem df30a, it opened ughe

possibility for the synthes of 3,4-annulated coumarins and annulated naghttenonevia a
rutheniumc at al yzed domino intramolecul ar aromat.i
Consequently, to fullyxplore the potential of this new approach to-&8whulated coumarins
andannulated naphtipyranonesit was decided to optimize the new domino reaction.
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Table 11. Optimization reactionsfor the synthesisof 3-hydroxy-7,8,9,10tetrahydre6H-

benzop]cyclohexafllpyran6-one

L37b) using 3-[(2-bromocyclohexl-en1-

yl)methoxy]phenol 128b) as thesubstrate

1) 5 mol% Ru source
2 equiv additive
2 mL solvent

Oi 100°C, 18 h _ 2
HO o 2) 4 equiv TBHP Ho” NN
128b 100°C. 6 h 137b
entry Ru source additive solvent yield 137b (%)
1 Ru(acaq DMSO 19
2 RUCh(PPh)4 DMSO 16
3 RuCk(PPh)3 DMSO 42
4 RuHx(PPh)a DMSO N.RP
5 Rulz DMSO N.R.
6 RuChk(PPh)3 glycerol DMSO N.R.
7 RuCk(PPh)3 polyethylene glycol 400 DMSO N.R.
8 RuCh(PPh)3 ethylene glycol DMSO 41 /39
9 RuCh(PPh)3 1,3-propanediol DMSO 53
10 RuCb(PPh)3 1,5pentanediol DMSO 72
11 RuCh(PPh)s 1,5pentanediol DMA 76
12 RuCh(PPh)s 1,5pentanediol NMP 69
13 RuCh(PPh)3 1,5pentanediol DMF 62
14 RUCkL(PPh)s 1,5-pentanediol THF N.RY
15 RuCh(PPh)s 1,5pentanediol DMA N.RS
16 RuCk(PPh)3 1,5-pentanediol DMA 28
17 RuCk(PPh)3 1,5pentanediol DMA 76°

@The reactions were performed using 1 mig8b in a sealed vial under argdiN.R. =No
ReactionThe reaction was performeging8 mol%RuCk(PPh)s.%T = 60 °C.°The reaction

was performed in the absence of anitiolaal oxidantin an open vialfTBHP was replace
by H.O». STBHP was replaced by DTBP.

As a model reaction for thproposedrutheniumcatalyzed dominaeaction involving an

intramol ecul ar

a r oamdaanallydic ogidatibn tadcdnvensigndf 8-f(F o n
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bromocyclohexi-en-1-yl)methoxy|phenol (128b) into 3-hydroxy-7,8,9,10tetrahydre6H-
benzop]cyclohexafllpyran6-one (37b) was choser(Table 11) It was assumed that the
i ntramol ecul ar ar oosars firstto yizidhe cyalization prgducavhich o n
subsequentlyunderges allylic oxidation toform 137b. To find out the optimal reaction
conditiors, 128b wasstirredwith of 5 mol%of arutheniumcompoundhs the catalyst in DMSO
at 100 °C.After complete consumption of the substrait8 @, TLQ an excess ofert-butyl
hydroperoxidg TBHP) as armoxidant (4 equiv) was adddxy syringe within 10 mir(Table 11,
entries 15). It was found thatthe desired product could be isolatadth Ru(acac,
RuChk(PPh)s andRuChk(PPh)s as catalystsvith yields of 19, 16 and 42% respectively (Table
11, entries 13). Howeverno transformation was observed wheuH(PPh)s and Rug were
used as ruthenium sour€Eable 11, entries 4, 5)Based orthese results, all further reactions
were carried out with5 mol% of RuChk(PPh)s as the catalystAs a general trend, we have
alreadyobservedhatthey i el d of the product of the intran
increased with thase of 1,5pentanediol, a hydroxgroupcontaining additivesuggestinghat
more reactive catalysts were generated in Bitwas assumed that aliphatic diols as additives
could act either &D-monodentate oas O,0-bidentate ligands$o effectively coordinatewith
ruthenium.Therefore, aseriesof model reactions were carried out in the presencabus
hydroxyl groupcontaining compounds as additiveSpecifically, the effect ofglycerol,
polyethylene glycol 40CGthylene glycol, 1,3ropanediobndl,5pentanediobn the outcome

of theRuCh(PPh)z-catalyzeddominoreaction was studiedt. was established that the reaction
did not take place whegitherglycerol or polyethylene glycol 408ere employed as additives
(Tablel11l, entries 6, 7)Running the reaction in the presemdesthyleneglycol had no effect
on the outcome of the reactioeven when the amount &uChk(PPh)s was increased to 8
mol%. Under these condition$37b was isolated in #and39%yield, respectivelyTablel1,
entry 8) However, the combinations & mol% RuChk(PPh)s with 2 equivalents ofl,3
propanediol or 1pentanediol were remarkalsyccessful in increasing the yield of the desired
product. Under these conditiod87b wasformedin 53 and 72%ield, respectively (Tabl&1,
entries 9, 1P All further reactions were performed using -péntanediol as additive.
Subsequentlythe influence of different solvents on the outcome of the model reaction was
studied.These experiments revealed that the reaction couddrbedoutsuccessfully in DMA,
NMP, and DMF (Tablell, entries11i 13), but not in THF (Tablell, entry 14).Since the
highest yield ofL37b was obtained with DMA as solverat] further reactions wengerformed

in DMA. In an attempt toeplace TBHP with atmospheric oxygen as the axicthe model

reaction was performed in an open viabwever the desired product wasot formed even in
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tracegTablell, entry 15). Furthermord, was studied whether TBHP could be replaced with

H O . 't was f difmwhsradicedt o t D&% ywleée d 1o f&@the was
oxidant (Table 11, entry 16).In another experiment it was demonstrated that the allylic
oxidation could also be performed usitigert-butyl peroxidg DTBP) as the oxidant to deliver
137b in 76% (Table 11, entry 17¥pince the yieldsf 137b obtained with TBHP and DTBP are
identical it was decided run all further reaction in DTBP which has a number of advantages
over TBHP, including its higher stability at higher temperatures

2.2  Synthesis of3,4-annulated coumarins137abk

Having established optiah reaction conditions, scope and limitations of tieav synthetic
method werestudied in orderto expand the acces® 3,4-annulated coumaring37 and
annulated naphtipyranonesl38. The findings are summarized in Tablsand14. For this
purpose, a number @bromao 1-(aryloxymethy)cycloalk1-enesl28abo were synthesized by
reactionbetween ghenol45 and a2-bromo-1-( 4réghylbenzenesulfonatemetmtbene125
in the presence & equiv KCOz and 0.5 equiv Nal in acetone. The requiadigil aryl ethers
128 were isolated with yields betwe&8 and91% (Tablel12, entriesli 15). In a similar way,
theallyl aryl thioether128p wassynthesized (Tabl&2, entry16).
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Table 12. Synthesis of th@-bromao 1-(aryloxymethylcycloalk 1-enesl28ako and[(2'-
bromocyclohexd'-en1-yl)methyl]phenylsulfan€128p).

3 equiv KzCO:;

0.5 equiv Nal /R2
R2 acetone )
7 | . q\OTs 60°C,18h 7 |Br XA
R1\/\ ” g, 68-91% R1\/\ y
45, 83 125 128
45X =0 n=1,234 R'=H, OH, OMe, alkyl, Cl
83X=8 R? = H, alkyl, CO,Et
entry 45, 83 125 128 yield (%)
OTs
1 @ O\/\ Br 01
OH Br
o)
459 125a 128a
OTs
2 Br 87
HO OH Br
HO o)
45a 125a 128b
el .
HO OH /@i
Br
HO o)
453 125 128c
o)
0
o™
4 /\O OTs 73
HO OH Br
Br
HO o)
45a 125e 128d
OT:
HO OH Br
HO o)
453 125b 128e
OTs
HO OH Br
HO o)

45a 125f 128f
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3 equiv K,CO4

OH

0.5 equiv Nal /R2
2 acetone )
7 | ?\’:l(\ms 60 °C, 18 h 7 |Br X7
R > i g, 68-91% P “
45,83 125 128
45X =0 n=1,23,4 R'=H, OH, OMe, alkyl, CI
83X=S R? = H, alkyl, CO,Et
entry 45, 83 125 128 yield (%)
OT:
! Q ) Br 68
HO o)
45a 1259 128g
8 Br 79
HO OH HO ©
45c 125b 128h
OTs
Br
HO OH HO 0
45c 125a 128
OT: B
10 HOQ\OH O\/\ s ‘ a1
OH Br HO 0
OH
45d 125a 128]
OTs
11 \©\ (j(\ Br 88
OH Br
o)
45¢ 125a 128k
/O OTs [0)
12 e Br 84
Br
0

45f

125a
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3 equiv K2003

0.5 equiv Nal /R2
2 acetone )
7 | q\OTs 60 °C, 18 h Z |Br XA
R‘l\/\ XH n Br 68-91% R‘]\/\ X
45,83 125 128
45X =0 n=1,234 R'=H, OH, OMe, alkyl, Cl
83X=S R? = H, alkyl, CO,Et
entry 45, 83 125 128 yield (%)
A OTs o
13 - | =z | Br 78
OH Br
X 0
459 125a 128m
Cl Cl
OTs
< A, LTy o
Br
Cl OH Cl o)
45h 125a 128n
o Cl
OT: B
15 O\/\ ) r 69
Cl OH o cl ©
& Cl
45 125a 1280
OTs
e (I O . 7
SH Br
S
83 125a 128p

aAll reactions were performed usidgnmol of45, 83 and2 mmol of 125 in aroundbottomed

flask.

To broaden access to &#nulated coumarirk37, the 2bromeo 1-(aryloxymethy)cycloalk-1-

enes128abo andthe corresponding thioethd28p were used to investigate the scope and

limitations of the new synthesis methdde findings are summarized in Tablss
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Table 13. Synthess of 3,4-annulatedcoumarinsl37abk underoptimizedreactionconditions?

R? 1) 5 mol% RuCly(PPhs);

e
< P) 2 equiv 1,5-pentanediol
Z | Br " 2mLDMA
> . 100 °C, 18 h o

R! 0 .
128 2) 4 equiv DTBP 137
100 °C, 6 h ;
n=1,23,4 R" = H, OH, OMe, alkyl, Cl
R? = H, alkyl, CO,Et
entry 128 137 yield (%)
g o
o 0~ o
128a 137a
HO 0 HO 0o~ o
128b 137b
3 83
HO o HO 0~ o
128c 137c
e} (0]
O/\ O/\
4 68
I .
HO o) HO 0~ o
128d 137
HO o HO 0~ o
128e 137e
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R? 1) 5 mol% RuCly(PPhs)s
2 equiv 1,5-pentanediol

= 2 mL DMA
R1~/\ o 100 °C, 18 h .
128 2) 4 equiv DTBP 137
100°C, 6 h ]
n=1,23,4 R' =H, OH, OMe, alkyl, CI
R? = H, alkyl, CO,Et
entry 128 137 yield (%)
HO o HO 0~ ~o
128f 137f
HO o HO 0~ o
128y 1379
A
HO o~ Yo
HO 0
128h 137h
HO 0 HO 0" Yo
128i 137
N
10 o 67
HO 0 HO o~ Yo
OH OH
128 137
0 o~ 7o
128k 137k
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R? 1) 5 mol% RuCly(PPhs)s

S /) 2 equiv 1,5-pentanediol
Z\Br n 2 mL DMA
S | 100 °C, 18 h
R O g
128 2) 4 equiv DTBP 137
100 °C, 6 h ;
n=1,23,4 R' = H, OH, OMe, alkyl, Cl
R? = H, alkyl, CO,Et
entry 128 137 yield (%)
12 /Oj::ji /OW[:jjgi? N.R.
0 0o~ 7o
128 137
13 Cl \@i Cl \©f§ N.R.
0 0~ ~o
128m 137m
Cl Cl
14 /J:i:]f: X N.R.
Cl 0 Cl 0o~ ~o
128n 137n
Cl Cl
B IS
15 ' N.R.
cl 0 cl o~ 7o
Cl Cl
1280 1370
16 Br N.R.

-

S

128p

83
o

137p

®The reactions were performed using 1 mdi@8in a sealed vial under argon.

With the allyl aryl (thio)ethers128 in hand, the domino reactions were performed under

standard conditions. Following the reaction1@Ba, which gavel37ain 61% isolated yield

(Table B, entry 1) the reaction withthe resorcinolderived allyl aryl ether 128b was

investigatedinterestingly, because the OH group isnetaposition to the ether bridge, there
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are twoortho-positions and onpara-position where CH activation and thus ring closure can
occur.lt is noteworthy that the ring closure occesclusivelyat the Gatom that is irortho-
position to the ether bridge and jara-position to the OH group, yielding produt87b
exclusively in 76% (Table3 entry 2).To determine the effects of electrdonating (ert-
butyl) and electromwithdrawing (etlmxycarbony) substituents on the cyclohexenyl moiety of
the starting material on the outcome of the danreaction, compound®8c and128d were
reactedunder standard conditions to delid&7c in 83% andl37d in 68% yield, respectively
(Table B3, entries 34). It turned out that thelectrondonatingtert-butyl substituent led to an
increase othe yield,while theelectronwithdrawing ethoxycarbonyl substituent dropped the
yield when compared with thgeld of 137b. The successful synthesis 37ebg with yields
ranging between 69 and 72% clearly demonstrated that the domino reaction is not only useful
for the preparation of 3;4nnulated skmembered coumarins but also valuable or the
preparation of 34&nnulated five seven, and eightmembered coumarin@able 13, entries
51 7). Compared to the conversions of resorcibated substrate$28e and 128b, the
intramolecular domino annulationAdic oxidation of the orcinebased substratel28h and
128 yielded the corresponding produdi3/h and137i in slightly higher yields of 72 and 78
%, respectively (Table 13, entries 8, Bje next experiment demonstrated thatordy allylic
ethers derived from phenaksorcinolandorcinol can undergo the domino reaction, but also
an ethederived frompyrogallol. When g (2-bromocyclohexl-en1-yl)methoxy]benzend,, 2-

diol (128) was reactedunder standard condition8,4-dihydroxy-7,8,9,10tetrahydre6H-
benzop]cyclohexafllpyran6-one (137)) was formed exclusively(Table B, entry 10)
However, the yield ofl37] did not exceed 67%l0 study the impact of substituents on the
aromatic ring of the reactant8k with a methyl group128 with a methoxy group ant28m
with a chlorine atom ipara-position to the ether bridge were synthesizedsasjected to the
standard reaction conditionis.was found that the substeawith the methyl group irpara-
position delivered the expected prodwidk in 62% yield (Tablel3, entry 11) However, the
domino reaction could not be achieved with subsiri28 and128m carryingoneelectron
withdrawing substituenin para-position to the ether bridg@able 13, entries12, 13). For
substrated428n and128o with more than one chlorine atom on the aromatic tivggdomino
reactioncould not be accomplisheas well(Table 13, entries14, 15). Finally, the thioether
128p was reacted under standard condition. Again, tmairm reaction could not be achieved
(Tablel3, entry 16).

To summarize, the rutheniuoatalyzed domino reaction involving an intramolecular aromatic

CiH alkenylation and an allylic oxidation
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annulated coumarink37 with yieldsup t091%. It is clear that the outconaf the cyclizations
based on TH activationdepends on the substituent pattern of the aromatic dimgghenot,
resorcinol and pyrogallolderived substrates the cyclizations are highly selective. The ring
closure occurs only at the-&om that is inortho-position to the ether bridge and para-
position to the OH group. It should be mentioned that the reaction can be perfarmed
comparab} low temperatures andeither introduction nor removal of directing groups is

necessarto achieve high regioselective cyclizations.

2.3  Synthesis ofannulated naphthopyranones138abh

Further studies on the scope of the new method should determine whether it is also suitable for
the synthesis o&nnulated naphtlpyranonesl38 and similar compounds. The findings are
summarized in Tablé5. For this purpose, a number of alljinaphthyl etherd29bg were
synthesized by reaction between an Unaphthol 52 and a 2-bromol-( 4 Nj
methylbenzenesulfonatemethyBenel25in the presence & equiv KCOz and 0.5 equiv Nal

in acetone. The required all#naphthyl etherd29abg were isolated with yields betwe&d

and92% (Tablel4, entriesli 7). In a similar way the tetrahydronaphthaledexived ethet2%h

was prepare@Table 14, entr 8).
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Table 14. Synthesis of th@-bromao 1-(naphthalenoxymethyl)cycloalk-enes129abg and5-
[(2'-bromocyclohexi-en-1-yl)methoxy}1,2,3,4tetrahydronaphthalen&Zh).

3 equiv K2C03

R2
~
OH 0.5 equiv Nal O/\/{J
1 2 acetone R!
R\-’ R q\OTs 60 °C, 18 h O@Bf In
—_—
. 74-92%
n Br
52 125 129
n=1,234 R'=H, CI
R? = H, alkyl, CO,Et
entry 52 125 129 yield (%)
OH O/\Q
OTs
1 @\A Br 81
o 90
52a 125b 12%a
OH
JNCOING Gy p .
o 90
52a 125a 12%
OH
3 “ OTs o 92
90 o
.
52a 125d 129¢c
o)
OH o o’
4 /\O OTs O 79
o
I
52a 125e 129d
OH O/\@
OTs
5 Q\/\ Br 83
o 90
52a 125f 129
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3 equiv K,CO3 . R?
OH 0.5 equiv Nal 1 (@) \
R’ R2 acetone R )n
NG Y | OTs 60 °C, 18 h NG Br

+ e
.. g 74-92%
S r
52

125 129
n=1,2234 R'=H, CI
R2 = H, alkyl, CO,Et
entry 52 125 129 yield (%)
OH
o)
OTs
6 (X - RO
Br
N
52a 1259 129
OH
o)
7 OO OTs Br 77
Br OO
Cl
Cl
52b 125d 129
o o g
Br
52c 125a 12%h

aAll reactions were performed using 4 mmokBk&and 2 mmol ofl25in a roundbottomed flask.
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Table 15. Synthesizedannulated naphthopyranon&83atg and 1,2,3,4,7,8,9,1@ctahydre
6H-cyclohexafllnaphtho[1,2b]pyran-6-one (38h) under theoptimizedreactionconditions?

2 1)5mol% RuCI,(PPh)y

o A 2 equiv 1,5-pentanediol
R \ )n 2 mL DMA
NG Br 100 °C, 18 h

2) 4 equiv DTBP

Y

100 °C, 6 h

129 138
n=1,223,4 R'=H, ClI
R? = H, alkyl, CO,Et
entry 129 138 yield (%)
o)
o)
) ) 9 79
o se
129 138a
o)
o) o)
2 “ i ) I‘ 88
99 I
12% 138b

90

129¢c 138c
O — o) o)
© 0 o
o)
4 78
Br =
99 S

129d 138d

78



1) 5 mol% RuCly(PPhs)s

R2
o \ A 2 equiv 1,5-pentanediol
R /ﬁ])n 2 mL DMA
NG Br 100 °C, 18 h

2) 4 equiv DTBP

Y

100°C, 6 h 138
129
n=1,23,4 R'=H, Cl
R? = H, alkyl, CO,Et
entry 129 138 yield (%)

O
@) O
5 /\@ I 82
o OO -
129% 138
O
O ﬂ; s O
0 l )
0 OO -
129f 138f

(o]

(@]
7 Br 81
Cl
129
(@]
(@) (e
Br
129n 138n

aThe reactions were performed using 1 mi#9in a sealed vial under argon.

To start with substratel29a was successfully synthesizég reaction betweed-naphthol
(52a) and2-bromeo1-(4-methylbenzenesulfonatemethyl)cyclopéréne (25b) in 81% yield
and characterized using standard techniqiable 14, entry1). Theannulationreaction was

conducted under standard conditions, yielding compdil8& in a remarkable 79% vyield
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(Tablel5, entryl). It should be noted thaB88a can be regarded as a heterocyclic derivative of
the steroid equilenif¥ a naturally occurring steroidal estrogen found in the urine of pregnant
mares.In this sensel38a can be considered as an-dxasteroid®? Heterosteroidswhich
include aza oxa, and thiasteroids, are of great importance in medicinal chemistry due to their
diverse biological activities, which are quite different from those of carbocyclic stefdies.
successful transformation ©29a, which resulted in the formation tife 6-6-6-5-systemil38a,
prompted further investigation to determine whether the novel transformation allowed for the
synthesis of other skeletal structures, such-&$6®-, 6-6-6-7- and 66-6-8-systems. For the
synthesis of a-6-6-6-system 129% was reacted under standard condititmgiveexclusively
7,8,9,10tetrahydre6H-cyclohexafllnaphtho[1,2b]pyran6-one (38b) in 88% vyield (Table

15, entry2). Subsequently, it was successfully demonstrated that the reactiit®e ahd129d

also delivered the corresponding®-6-skeletons, namel§{38c and138d, with yields of 90%

and 78%, respectivelffable B, entries 34). The reaction 0129 yielded thes-6-6-7-system
138ein 82% yield, while the reactiof 129f provided thes-6-6-8-system138f in 84% yield

(Table B, entries 56). Finally, two experiment&ere conducted utilizing29g and12% as
starting material$o producel38g and138h with yields of 81% and 74%, respectivelyaple

15, entries 7, B The results presented show that the ruthenigatalyzed domino
intramol ecul ar aromatic CiH alkenyl ation/ al

of annulatechaphthopyranonek38 with yields up to 90%.

24 Mechanism

Several studies have supported the significance of the concerted meiddgirotonation

(CMD) process for the diXtf%®%® Agaimstthislbackgioond, aof Ar
plausible reaction mechanism for the ruthenmwmat al yz ed i ntramol ecul
alkenylation reaction has been developed which is outlined in Sct&msing thecyclizaion

of 128ainto 130a as an examplé&ubsequentlyl 30a undergoes allylic oxidatidif! to 137b.

80



RUCL(PPh);  + HO™ N"N"on

—2HCI
Br
o r
Yo 07 128a

“Ru(PPha); = [Ru]
7/
i+ O I Oxidati
HO X1 a ve
Addition
Reductive \ e
Elimination \ .77 T e
,'-' ~*.".‘ BI
[Ru] ;
Q p X Allylic Oxidation X : Q[R”]
' e e :
o o o7 o o
v .. 130a 137a .

Br Concerted

] Metalation Deprotonation

HBr 'g'—'[REO (CMD)
0

Schemed2. Plausiblemechanisnfor therutheniumcatalyzeddominointramoleculaaromatic
C1 H akenylationalylic oxidation reaction of  1-[(2-bromocyclohexl-en1-
yl)methoxy]benzene 1@8a) to 7,8,9,1@etrahydre6H-benzop]cyclohexafl]pyran6-one
(137a).

It is assumed that the cataly&Ch(PPh)z initially reacts withl,5-pentanedioto produce the

active ruthenium complelx It must be pointed out that it remains unclear whether the diol acts

as anO,0O-bidentate or as a@-monodentate ligand as shown hégpon oxidative addition of

the alkenyl halidel28a to complex|, an alkenylruthenium intermediatdl | is formed.
Subsequently, ruthenium interacts with tdrého-carbon atonof the aromatic ringhrough a
concerted metalatied e pr ot onat i on process. Thi s active
intermediatdll . Cleavage of therthoCT H bond and eli mination of
IV. The final stepof the catalytic cycle involvethe reductive elimination reaction of the 7
membered ruthenacycle intermedidie, resulting in the formation of compouri@0a and
regeneration ofatalystl. Subsequentlyoxidation of the allylicydrogens of the pyran coren
compoundl30a using DTBPas reagenyields the final product37a.
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2.5  Structure elucidation of 3-hydroxy-7,8,9trihydro -6H-
benzop]cyclopentald]pyran-6-one (137¢€)

The structures of all product$37 and 138 were unambiguously established by NMR
spectroscopy, IR spectroscopy and mass spectroratign illustrative example, thhapter
describes the analysis tdfe 'H NMR-, 13C NMR-, COSY-, HSQG and HMBC spectra to

elucidate the structure of-I8/droxy-7,8,9trihydro-6H-benzop]cyclopentafljpyran-6-one
(137e).
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|
|
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o | 000T <
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! |
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N epoz——

Figure 18. H NMR spectrum (DMS@ls, 600 MHz) of 3-hydroxy-7,8,9trihydro-6H-
benzop]cyclopentafljpyran6-one (37¢).

Figure B presents the¢H NMR spectrum ofl37e, which was recorded on a 600 MHz
spectrometer using deuterated DMSO as the solvent. In this spectrum, a total of seven hydrogen
peaks were observed and subsequently integrated. In theafainges.50 7.50 ppm a typical

pattern for d@risubstituted phenyl ring is observable.
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Figure 19. ®*C NMR spectrum (DMS@, 150 MHz) of 3-hydroxy-7,8,9trihydro-6H-
benzop]cyclopentafljpyran6-one (37€).

In the®3C NMR spectrum, a total of 12 signals were dete(fégure B). Nine signals in the
regionti= 100 165 ppm stand for phenolic and olefinic carbons and three carbons in the region
U = 20i 35 ppm represent the remaining alicyclic carbons. ffhand*C NMR data were
completely assigned by COSY, HSQC a&tdBC.
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Figure 20. H-1H COSY spectrum (DMS@s, 500 MHz) of 3-hydroxy-7,8,3trihydro-6H-
benzop]cyclopentafljpyran6-one (37¢).

In the COSY spectrum df37e two cross correlations of hydrogensi8 at i = 2.05 ppm with
7-Hz atli=2.68 ppm and with-$, atl = 2.97 ppm established the proton spin syste?
9-H> on the cyclopentene ring. The typical 1;3matic proton coupling pattern was
confirmed bythe COSY spectrum showim Figure20.
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Figure 21. *H-13C HSQC spectrum (DMS@s, 500, 125 MHz) of3-hydroxy-7,8,9trihydro-
6H-benzop]cyclopentafljpyran6-one (37¢).

The proton bearing carbons of the cyclopentene and aromatic ring were distinguishkdtas C
U=126.5, G2 atli=110.7, G4 atti=102.1, G7 atli=31.6, C8 atli=29.9 and & atli=
22.0 ppm by HSQC (Figur2l).

85



o

|

100

120

140

160

7.5

7.0

6.5

6.0

5.5

5.0

4.5

T
4.0

T
3.5

3.0

T
2.5

T
2.0

T
1.5

T
1.0

ppm

Figure 22. *H-3C HMBC spectrum (DMS@ls, 500, 125 MHz) oB-hydroxy-7,8,9trihydro-
6H-benzop]cyclopentafljpyran6-one (37€).

In the HMBC experiment (Figur2?) carbons €7a {i=122.0 ppm) and ®a {i=156.7 ppm)
demonstrate HMBC correlations with-H2, 8-H> and 9H,. Carbon 9a shows an extra
correlation with 1H. The carbon @b atti= 110.7 ppm exhib#'H-°C correlations with -H

ati=7.37 ppm, 2H atli=6.76 ppm, 4H atti=6.71 ppm, Hz and #H>. The hydroxyl group

appears as a broad singlefiat 10.43 ppm. The phenoltarbon C3 atii= 160.5 ppm shows
HMBC correlatioswith 1-H, 2-H and 4H. Long range correlations betweeidland 4H with

the carbon signal afi = 155.3 ppm assigns-&a. In agreement with mass of 202 amu, the

observed chemical shift of the remaining carbain=a159.4 ppm was attributed to tbarboyl

C-6 of an unsaturated lactone iti37e.
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Figure 23. Important HMBC correlations(Hz C) for 3-hydroxy7,8,9trihydro-6H-
benzop]cyclopentafljpyran6-one (37€).

Important HMBC correlationsfor 3-hydroxy-7,8,9trihydro-6H-benzop]cyclopentafl]pyran
6-one(137e) arepresented in Figurgs,

2.6 Conclusion

In conclusiona novel andstraightforward regioselective methtat the efficient synthesis of
annulated B-pyran2-oneshas been developed. The initial goal was to develop a new approach
to 7,8,9,16tetrahydre6H-benzof]chromenes130 based on a transition metzdtalyzed
intramolecular aromaticiCH alkenylation of zhalo-1-(aryloxymethyl)cycloalkl-enesl28. As

a result of extensive optimization work using the transformatidi2& as a model reaction, it

was shown that the cyclization to 7,8,9{#@rahydre6H-benzof]chromene 130a) could be
achieved in 89% yield whet28a was reacted with 8 mol% Ru{lPPh)sz as catalyst in 1;5
pentanediol at 140 °C for 18 h. Not only is it remarkable that the reaction proceeds in the
absence of any base, but also that thepgfganediol plays an important role in achieving a
high yield. Although the desired cyclization colle realized, it was not possible to isolate the
productl3Cain analytically pure formThereforethetransition metakatalyzed intramolecular
aromatic CiH alkenyl ation was combined with
for the synthesis ainnulated BI-pyran2-onesl37 and138.

Optimization of the reaction conditions using the conversioi?8b to 137b as an example
showed that the highest yidior 137b was obtained when the first step was performed with 5
mol% RuCh(PPh)s as catalyst and 1-pentanediol as additive in DMA at 100 °C for 18 h and

an excess of DTBP was used for the second step. After demonstrating thatdhtalized
intramolecular aromaticiCH alkenylation can be combined with an allylic oxidation to form a
new domino process, the scope and limitations were studied. Using the optimized reaction

conditions, it was possible to synthesize a great variety edtdylated coumarink37 with
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yields up t083% by reacting 2broma 1-(aryloxymethyl)cycloalkl-enes128abk. The high

selectivity of the cyclization is worth to be mentioned. In phemebkorcinol and pyrogallol

derived substrates the ring closure occurs only at taeof that is inortho-position to the

ether bridge and ipara-position to the OH group of the substrate. It was also demonstrated
thatthe Rec at al yzed domino intramolecul ar aromat.i
allows the regioselective synthesis of a numbempiulatechaphthopyranonek38 with yields

up to 90% using2-bromo1-(naphthalenoxymethyl)cycloalk-enes 129abg and 5[(2-
bromocyclohexl-en1-yl)methoxy}1,2,3,4tetrahydronaphthalen&Z%h).

88



3 Zusammenfassungand summary
3.1 Zusammenfassung

Anellierte 4H-Pyrane sowianellierte H-Pyran2-one sind interessante Syntheseziele, jedoch
sind die bislang fur ihre Darstellung zur Verfigung stehenden Methoden beschrankt. Ziel der
Arbeit war es, neue Ubergangsmetallkatalysierte Reaktionen zum effizienten und selektiven
Aufbau von anellierte und bisanellierten partiell gesattigten Pyranend Pyranonen zu
entwickeln. Dabei sollten insbesondere-Bj8elektrophile als Substrate eingesetzt werden.

0
/RZ 10 Mol-% Cul, 2.2 Aquiv. Cs,CO3 o)
10 Mol-% 2-Picolinsaure R1\ R2
m  MS (4 A), DMF, 80°C, 2 h . |
’ O 35 104 16 BeiSpiele n O )m
R q\on . me12 54-92% 126
n SBr 0 10 Mol-% Cul, 2.2 Aquiv. Cs,CO3 O
10 Mol-% 2-Picolinsaure R!
OR3 3
. 1_215 034 r‘\ MS (4A).DMF, 80°C.2h (O || OR
T o) R2 8 Beispiele n >0 R2
46 36-59% 127

Schema43. Synthese vobisanellierten und anellierterH4Pyranernl26 und 127.

Der erste Teil der Arbeit ist der Entwicklung eines neuen Zugangd-Rydanernl26 und 127

durch Umsetzung von cyclischerBtomallyltosylaten125 mit 1,3-Dicarbonylen gewidmet.

Die Optimierung einer Modellreaktion ergab, dass man die héchsten Ausbeuten erhalt, wenn
man die beiden Substrate mit 10 MéICul, 2.2 Aquiv. C£Os und 10 Mot% 2-Picolinséure

in Gegenwart von Molekularsieb (4 A) in DMF bei 80 °C fiir 2 h umsetzt. Durch Umsatz von
125 mit cyclischen 1,Dicarbonylen35, 104 liel3en sich so die bisanelliertehl4Pyranel26

in Ausbeuten von bis zu 92% synthetisieren (SchéBaDie Bedeutung der Methode liegt
darin, dass sie funf verschiedene heterocyclische Geriliste zuganglich macht. Die neue
Dominoreaktion ist nicht auf cyclische i[Bcarbonyle35, 104 als Substrate beschréankt.
Sechsgliedrige-Bromallyltosylatel25lieRen sich mit acyclischdnKetoesterm6 erfolgreich

zu den 5,6,7,8Tetrahydred4H-chromen3-carboxylaten127 in Ausbeutenvon bis zu 59%
umsetzen(Schema 43)Die hohe Effizienz, gepaart mit grof3er Flexibilitat und einfacher
Durchfuhrbarkeit machen diese neuethbde zu einem wertvollen Werkzeug fur die Synthese.

Es wird angenommen, dass die Anellierung als Dominoreaktion aufzufassen ist, die aus einer
intermolekularerC-Allylierung und einer nachfolgenden Culatalysierten intramolekularen
O-Vinylierung vom UllmanrTyp besteht.
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8 Mol-% RuCly(PPh3)3
1 mL 1,5-Pentandiol

Br 140°C, 18 h X
89 %
0 o}

128a 130a
Schemad4. Synthese voi7,8,9,10Tetrahydre6H-benzof]chromen (30a).

Y

Im zweiten Teil der Arbeit wurde eine neuartige regioselektive Methode fir die effiziente
Synthese voranelierten 2H-Pyran2-onen entwickelt. Urspriingliches Ziel war ein neuer
Zugang zu 7,8,9,10etrahydre6H-benzof]chromenenl30, der auf einekibergangsmetall
katalysierten intramolekularen aromatischeni HEAlkenylierung von leicht aus -1
Bromallyltosylaten125 zuganglichen Halo-1-(aryloxymethyl)cycloalkl-enen128 basiert.
Obwohl die gewlinschte Cyclisierung vb28a zu 130a realisiert werden konnte, liel3 sich das

Produkt130a nicht in analytisch reiner Form gewinnen (Scheia

g2 1)5Mol-% RuCL(PPhy)y -\ R?
R! ) 2 Aquiv. 1,5-Pentandiol R )
'\O\l&/gﬁ) " DMA, 100 °C, 18 h < " 11 Beispiele
- - 61-83%
D TN 2) 4 Aquiv. DTBP ) 2 °
128 n=1,23,4 100°C, 6 h 137

Schemad5. Synthese von 3;4neliertenCumarinenl37.

r2  1)5 Mok% RuCI,(PPhy);
R’ s P 2 Aquiv. 1,5-Pentandiol o
DMA, 100 °C, 18 h 8 Belsploele
o 2) 4 Aquiv. DTBP - 74-90%
100°C,6 h
129 n=1,23,4

Schemad6. Synthese voranelliertan Naphthopyranomel138.

Daher wurde die Ruatalysierte intramolekulare aromatischeHzAlkenylierung mit einer
allylischen Oxidation zu einer neuen Dominoreaktion fur die Syntheseanelfierten M-
Pyran2-onen 137 und 138 kombiniert. Die Optimierung der Reaktionsbedingungen am
Beispiel einer Modellreaktion ergab, dass die héchste Ausbeute erzielt wurde, wenn der erste
Schritt mit RUC}(PPh)s als Katalysator und 1;Bentandiol als Additivin DMA bei 100 °C fur

18 h durchgefiihrt und fir den zweiten Schritt ein Uberschuss an DTBP verwendet wurde.
AnschlieRend wurde die Anwendungsbreite der Methode untersucht. Unter den optimierten
Reaktionsbedigungen war es moglich, durch Umsetzung vo@-Brom-1-
(aryloxymethyl)cycloalkl-enen 128 eine Vielzahl von 3 &anelliertenCumarinen137 mit
Ausbeuten von bis zu 83% zu synthetisie(&thema 45) Bemerkenswert ist die hohe
Selektivitat der Cyclisierung. In Substraten, die sich von Phenol, Resorcin und Pyrogallol

ableiten, erfolgt der Ringschluss nur an demAt@m, das sich inortho-Position zur
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Etherbricke und impara-Position zur OHGruppe des Substrats befindet. Es wurde auch

gezeigt, dass die

Rkatalysierte

intramolekulare aromatische T1TH:

Alkenylierung/Allyloxidation von Ally+U-(tetrehydronaphthyletherrl29 die regioselektive

Synthese voranellierten Naphthopyranone138 mit Ausbeuten von bis zu 90 % ermdglicht

(Schema 46)

3.2 Summary

Annulated #-pyrans as well as fusetiZyran2-ones are interesting synthetic targets, but the

available methods for their preparation are limited. The aim of this work was to develop new

transition metatatalyzed reactions for the efficient and selective construction of annulated and

bisannlated partially saturated pyrans and pyranones. In particulabpjseictrophiles should

be used as substrates.

2
/R
m

10 mol% Cul, 2.2 equiv Cs,CO3

@)
10 mol% 2-picolinic acid R1\ R2
MS (4 A), DMF, 80 °C, 2 h _ || =
16 examples o n O )m

O 35,104
R1§I\OTS 12 54-92% 126
+ —————————————————
n CBr O 10 mol% Cul, 2.2 equiv Cs,CO3 0o
10 mol% 2-picolinic acid R1
OR3 3
1215 ) s r‘\ Ms @A).omF 8o°c.2h ¢ | F
n=1,24,9, -
o R2 8 examp())les n >0 R2
46 36-59% 127

Schemed7. Synthesis obisannulated and annulateti4yrans126 und127.

Thefirst part of the work is devoted to the development of a new accebkpgrdans126 and

127 by reacting cyclic dbromoallyl tosylatesl25 with 1,3-dicarbonyls.Optimization of a

model reaction revealed that the highest yields were obtained when the two substrates were
reacted with 10 mol% Cul, 2.2 equiv.£LL€s, and 10 mol% zicolinic acid in the presence of
molecular sieve (4 A) in DMF at 80 °C for 2 h. Reactiod25 with cyclic 1,3dicarbonyls35,
104allowed the synthesis of bisaulaed H-pyransl26in yields up to 92% (Schend&). The
significance of this method is that it provides access to five different heterocyclic scaffolds. The
new domino reaction is not limited to cyclic iJ&arbonyls35, 104 as substrates. Six
membered ‘bromoallyl tosylatesl25 could be successfully reacted with acydliketoesters

46 to give the 5,6,78etrahydredH-chromene3-carboxylates127 in yields up to 59%
(Scheme %). The high efficiency coupled with great flexibility and easy feasibility make this
new method a valuable tool for synthesis. The annulation is assumed to be a domino reaction
consisting of an intermoleculaE-allylation followed by a Cu(kcatalyzed intramolecular

Ulimanntype O-vinylation.
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8 mol% RUClz(PPh3)3
1 mL 1,5-pentanediol

Br 140 °C, 18 h . N
89 %
o) o)

128a 130a
Scheme48. Synthesis o¥,8,9,10tetrahydre6H-benzof]chromene 130a).

In the second part of the work, a novel regioselective method for the effsgietitesis of

annulated B-pyran2-ones was developed. The initial goal was a new approach to 7;8,9,10
tetrahydre6H-benzof]chromens 130 based on a transition metztalyzed intramolecular
aromatic @ H alkenylation of zhalo-1-(aryloxymethyl)cycloalkl-enesl28, which are readily
accessible from-bromoallyl tosylate425. Although the desired cyclization @28a to 130a
was achieved, the produt30a could not be obtained in analytically pure form (Schd@)e

- _R? 1) 5mol% RuCly(PPhs);

R1\, P 2 equiv 1,5-pentanediol
@ DMA, 100°C, 18 h
X o 2) 4 equiv DTBP

11 examples

61-83%
128 n=1,23,4 100 °C, 6 h
Scheme49. Synthesis of 3 &nnulated coumarink37.
- _R? 1) 5mol% RuCly(PPh3)s ~_R?2
R’ . Mn 2 equiv 1,5-pentanediol n g |
o examples
DMA, 100°C, 18 h 74 90%

o 2) 4 equiv DTBP
100 °C, 6 h

129 n=1,2,3,4
Schemeb0. Synthesif annulated naphthopyranont3s.

Therefore, th&ru-catalyzed intramolecular aromati@ B alkenylation was combined with an
allylic oxidation to form a new domino reaction for the synthesenollatedH-pyran2-ones
137 and 138. Optimization of the reaction conditions using a model reaction as an example
showed that the highest yield was obtained when the first step was carried out with
RuChk(PPh)s as catalyst and 1 pentanediol as additive in DMA at 100 °C for 18 h and an
excess of DTBP was used for the second step. Then, scope and limitatiansnethiod was
investigated. Under the optimized reaction conditions, it was possible to synthesize a series of
3,4annulated coumarins137 with vyields up to 83% by reacting -ltomol-
(aryloxymethyl)cycloalkl-enes128 (Scheme 9). The high selectivity of the cyclization is
remarkable. In substrates derived from phenol, resorcinol, and pyrogallol, ring closure occurs
only at the C atom that is mrtho-position to the ether bridge andpara-position to the OH
group of the substrate. It has also been demonstrated that tbatdRtzed intramolecular
aromatic @ H alkenylation/allylic oxidation of allylJ-(tetrahydropaphthyl etherd29 allows
the regioselective synthesisafnulatechaphthopyranonek38 with yields up to 90%Schene
50).
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Ill Experimental Part



1 Generalremarks

All commercially available reagents were purchased from Sigldiach, ABCR, Alfa Aesar

or Merck and were used without further purification. Glassware was dried overnight at 120 °C
in an oven. Solvents used in reactions, extractions, and purifications were distilled pser
Reaction temperatures are reported as oil bath temperatures. For the synthesis in a vial, glass
vials (L0mL) sealed by aluminum crimp tops with PT-E&ated silicone septa were used. FThin
layer chromatography (TLC) was performed on TLC silica gel & Eompounds were
visualized with UV lidit I = 254 nm) and by immersion in a 5% solution of vanillin in
ethanolic sulfuric acid followed by heating. Products were purified by column chromatography
onsilicage(0 . 0 41 0 .).0/6ltthg puints (M.p.) were determined on a Biichi melting point
apparatus E545 with open capillary tubes and are uncorrected. IR spectra were measured on a
Bruker Alpha FTIR spectrometer. NMR spectra were recorded on a VARIAN Inova 300, a
VARIAN Inova 500 or a Bruker AVANCE IIl HD 600 MHz spectrometer using CRCI
CD:Cl,, and DMSGds as the solvents. THe&l- and'3C NMR chemical shifts were referenced

to residual solvent signals (CDCHH NMR U = 7.26 ppmC NMR i = 77.02 ppm; CBCl:

'H NMR 1= 5.32 ppm*C NMR Ui = 53.84 ppm; DMS@ls: *H NMR i = 2.50 ppm*3C NMR

U= 39.52 ppm). Structural assignments of all starting materials and all produbtsaccon
additional information from COSYHSQG and HMBC experiments. Chemical shift§ are

given in parts per million (ppm), coupling constadsafe reported in Hertz (Hz), and splitting
patterns are designated as s (singlet), d (doublet), t (triplet), g (quartet), quint (quintet), m
(multiplet), dd (doublet of doublet), dt (doublet of triplet), tt (triplet of triplet), qd (quartet of
doublet),ddd (doublet of doublet of doublet), tdd (triplet of doublet of doublet), dddd (doublet
of doublet of doublet of doublet) and br (brpatD- and 2D homonuclear NMR spectra were
measured with standard pulssguences. SpinWotk3 was usedor the evaluation of coupling
constants of secorarder spin multiplets. This software employs the Nummrit algorithm to
enhance the accuracy of chemical shifts, coupling constamiglitude, and linewidth. It
accomplishes this by minimizing the square difference bawlee experimental and calculated
spectra, utilizing initial assumptions of coupling constants and chemical shifts taken from the
NMR spectra. Lowesolution mass spectiaRMS) and highresolution mass spectra (HRMS)
were obtained at 70 eV using a doufdeusing sector field Finnigan MAT 95 or a Bruker
DaltonicsmicrOTORQ mass spectrometer. Intensities are reported as percentages relative to
the base peak (I = 1009@ingle crystal Xray data focompoundL26e weremeasured using a
Bruker Kappa APEXII Duo Xay singlecrystal diffractometer.
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2 Cu(l)-catalyzed synthesis of xanthenesnd related compounds126,

chromenesl27, and double alkylated compound43577

2.1 Synthesis of 2boromo-1-enecarbaldehyded33abg
2.1.1 General procedure "8 &l

A solution of dryN,N-dimethylformamidg4.62 mL, 60 mmol, 3 equiv) and dry chloroform

(40 mL) was prepared. Subsequengigosphorus triboromid€PBrs) (4.70 mL, 50 mmol, 2.5
equiv) was added dropwise to tbired mixture. The resulting mixture was then stirred for 1

h at 0 °C. Afterwards, a solution of ketoi®2 (20 mmol, 1 equiv) in dry chloroform (10 mL)

was added dropwise to the formylation reagent with stirring. The solution turned dark brown
and was stirred at room temperature overnight. Then, the reaction mixture was poured onto 100
g crushed ice and neutiz@d with a saturated solution of NaH&@he solution was warmed

up to room temperature and the aqueous phase was extracted with diethyl ether (3)x 50 mL
The organic phases were combined and washed with a saturated solution ofdNakC0O0

mL), brine (2 x 100 mL) and water (2 x 100 mL). The resulting solution was dried overqMgSO
filtered and concentrateid vacuo Due to their instability, the-Bromo1-enecarbaldehydes

133 were used for the reduction to the corresponding alcd@8lsvithout further purification.

2.1.2 2-Bromocyclohex1-enecarbaldehyde 133a)

Following general procedure 2;bromocyclohexl-enecarbaldehydel83a) was synthesized
by reaction oPBr3 (4.70 mL, 50 mmol)DMF (4.62 mL, 60 mmqglandcyclohexanonel32a)
(2.77 mL, 20 mmol). Analytically pur#33a was obtained as a pale yellaw (1.21 g, 6.39
mmol, 32%) after subjecting the crude product to column chromatography over silica gel
(hexane/ethyl acetate = 40:1).

Rr = 0.76 (petroleum ethathyl acetate 15:0.5).

IR (ATR): 3 [cm!] = 2924 (HbCB0), 2852, 1670 (80), 1602 (&C), 1386, 749.

IH NMR (300 MHz, CDC}): ti[ppm] =10.01 (s, 1H, 1H), 2.77 2.71 (m, 2H3-H), 2.30 2.24
(m, 2H,6-H2), 1.79 1.63 (m,overlapped4H, 4H> and 5H>).

13C NMR (75 MHz, CDC#): U [ppm] =193.7(C-1"), 143.6(C-1), 135.3(C-2), 38.8(C-3), 24.9
(C-6), 24.2(C-4), 21.1(C-5).
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LRMS (El, 70 eV):m/z(%) = 188 (100) [M], 173 (16), 159 (16), 109 (58) [MBr]*, 53 (24).
HRMS (EI): m/z[M] * calcd. for [GHeBrO]" 187.9837; found 187.9834.
Molecular weight: C7HeBrO (189.0520 g x mol).

2.1.3 Ethyl 4-bromo-3-formylcyclohex-3-ene 1-carboxylate (133e)

O O

° Y 4 Br
Following general procedure éthyl 4bromo3-formylcyclohex3-enel-carboxylate 133¢)
was synthesized by reaction ®Br: (4.70 mL, 50 mmol)DMF (4.62 mL, 60 mmqgl and4-
ethoxycarbonykyclohexanon132e) (3.4 g, 20 mmol). Analytically pur&33e was obtained
as a colorless oil (0.47 g, 1.79 mmol, 9%) after subjecting the @ratkict to column
chromatography over silica gayclohexangethyl acetate = 5:1).
Rr = 0.58 (cyclohexanethyl acetate 3:2).
'H NMR (600 MHz, CDC#): U [ppm] = 10.02 (s, 1H, 1H), 4.15 (q,J = 7.1 Hz,2H, 2"-H>),
2.85 2.81 (m, 2H5-Hy), 2.71 2.67 (m, 1H1-H), 2.63 2.61 (m, 1H2-Ha), 2.42 2.37 (m, 1H,
2-Hb), 2.11 2.06 (m, 1H, 6Ha), 1.94 1.88 (m, 1HB-Hb), 1.25 (t,J = 7.1 Hz,3H, 3"-H3).
13C NMR (150 MHz, CDC#): U [ppm] = 192.9(C-1'), 173.9(C-1"), 142.2(C-3), 133.5(C-4),
60.8(C-2"), 37.9(C-1), 37.6(C-5), 27.2(C-2), 26.4(C-6), 14.2(C-3").
HRMS (ESI): m/z[M + Na]" calcd. for [GoH13BrOsNa]" 282.9940; found 282.9939.
Molecular weight: C10H13BrOs (261.1150 g x mof).
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2.2  Synthesis of (2bromo-cycloalk-1-en-1-yl)methanols 123akg
2.2.1 General procedure I

A solution of the crude-Broma 1-enecarbaldehydE83, obtained from the reaction of 20 mmol

of ketonel32following general procedure |, was stirred in 40 mL of methanol at 0 °C. NaBH
(832 mg, 22 mmol, 1.1 equiv) was added portionwise and the resulting mixture was stirred at
room temperature for 1 h. Next, water (60 mL) and dichloromethane (40 mL) were added and
the reaction mixture was stirred for an additional 10 min. After phaseatem, the aqueous
phase was extracted wihCM (3 x 40 mL). The organic phases were combined and washed
with brine (2 x 40 mL), dried over MgS(Qfiltered and concentratad vacuo Analytically

pure product was obtained after subjecting the crude product to column chromatography over

silica gel.

2.2.2 (2-Bromocyclohex1-en-1-yl)methanol (123a)

561(1'\OH

) Y 27 Br

Following general procedure [R-bromocyclohexi-en1-yl)methanol {23a) was synthesized
by reduction otrude 2bromocyclohexl-enecarbaldehydd33a) that has been obtained from
reaction of 20 mmol of cyclohexanonk8@a) according to general proceduraising NaBH
(832 mg, 22 mmol). Analytically pur&23a was obtained as a pale yellow oil (1.18 g, 6.20
mmol, 31% for two steps) after subjecting the crude product to column chromatography over
silica gel (petroleum ether/ethyl acetate = 10:1).

Rr = 0.34 (petroleum ethathyl acetates 10:1).

IR (ATR): 3 [cm!] = 3301 (OH), 2930, 1657, 143#331, 1006, 969, 795.

'H NMR (300 MHz, CDC#): G[ppm] =4.22 (s, 2H1-Hy), 2.53 2.47 (m, 2H3-H2), 2.28 2.22
(m, 2H,6-H2), 1.69 (quirntlike, J= 3.1 Hz,4H, 4-H> and 5H>), 1.63 (br s, 1HOH).

13C NMR (75 MHz, CDC}): U [ppm] = 1353 (C-1), 121.4(C-2), 66.3(C-1'), 36.6(C-3), 29.1
(C-6), 24.6(C-4), 22.3(C-5).

LRMS (El, 70 eV):m/z(%) = 190 (14) [M], 111 (68) [Mi Br]*, 93 (56), 67 (100), 53 (24).
HRMS (El): m/z[M] * calcd. for [GH9BrO]* 189.9993; found 189.9979.

Molecular weight: CsHoBrO (191.0680 g x mol).
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2.2.3 (2-Bromocyclopentl-en-1-yl)methanol (123b)

3 2 Br
Following general procedure II,(2-bromocyclopentl-en-1-yl)methanol (123b) was
synthesized by reduction ofude 2bromocyclopentl-enecarbaldehyd@33b) that has been
obtained from reaction of 20 mmol of cyclopentanal®) according to general procedure
I, using NaBH (832 mg, 22 mmol). Analytically purE#3b was obtained as a pale yellow oil
(849 mg, 4.79 mmol, 24% for two steps) after subjecting the crude product to column
chromatography over silica gel (petroleum ether/ethyl acetate = 15:1).
Rr = 0.48 (petroleum ethathyl acetate= 10:1).
IR (ATR): 3 [cm!] = 3298 (OH), 2919, 1654, 1442, 1317, 1089, 1000, 956.
H NMR (500 MHz, CDC}): U [ppm] =4.24 (s, 2H1-Hy), 2.65 (M, 3J (3-H, 4-H) = 7.7 Hz,
43 (3-H, 5H) = 2.3 Hz,*J (3-H, 5-H) = 1.1 Hz,2H, 3Hy), 2.46 M, 3] (4-H, 5-H) = 7.4 Hz,*J
(3-H, 5H) = 2.4 Hz,*J (3-H, 5-H) = 1.1 Hz,2H, 5H,), 1.96 (quintike, J= 7.5 Hz,2H, 4-Hy),
1.64 (s, 1HOH).
13C NMR (125 MHz, CDC#): G [ppm] =139.7(C-1), 117.9(C-2), 60.4(C-1"), 40.3(C-3), 32.4
(C-5),21.7(C-4).
LRMS (El, 70 eV):m/z(%) =176 (14) [M], 97 (100) [M1 Br]*, 67 (45).
HRMS (EI): m/z[M] " calcd. for [GHeBrO]* 175.9837; found 175.9812.
Molecular weight: CsHgBrO (177.0410 g x mol).

2.2.4 (2-Bromo-5-methylcyclohex1-en-1-yl)methanol (123c)

6 1
N oH

2
3 Br

Following general procedure I{2-bromo5-methylcyclohexl-en1-yl)methanol 123c) was
synthesized by reduction ofude 2bromo5-methykyclohex1-enecarbaldehyd@33c) that

has been obtained from reaction of 20 mmol -ohethylcyclohexanonel82c) according to
general procedure lising NaBH (832 mg, 22 mmol). Analytically purE3c was obtained as

a colorless oil (1.56 g, 7.60 mmol, 38% for two steps) after subjecting the crude product to
column chromatography over silica gel (petroleum ether/ethyl acetate = 12:1).

Rr = 0.36 (petroleum ethathyl acetates 10:1).

IR (ATR): 3 [cm!] = 3212 (OH), 2923, 1656, 1438331, 1057, 1026, 993, 928.

98



IH NMR (600 MHz, CDC}): Ui [ppm] =4.25 (dd 2] (1-Ha, 1-Hb) = 12.2 Hz;3J (1-Hb, OH)

= 5.8 Hz,1H, 1-Hb), 4.19 (dd2J (1-Ha, 1-Hb) = 12.2 Hz,3J (1-Ha, OH) =5.9 Hz,1H, 1-

Ha) , 2. 6071 23H4)92.36 (dd,2] (&Hd, 6Hb) = 13.6 Hz3J (6-Hb, 5H) = 3.2 Hz,

1H,6Hb) , 1. 897 16H8)3, (Im,8 OLIHIZH} 4 (@ m7 31 H4AHB)BL.49 m, 1 H
(t,J=6.2Hz1H,OH , 1. 4817 14H3)40.98 (dV,= 6.5 Hz,3H, 5-CHs).

13C NMR (150 MHz, CDCH): i [ppm] =134.7(C-1), 121.1(C-2), 66.3(C-1)), 37.4(C-6), 36.5

(C-3), 32.6(C-4), 28.4(C-5), 21.1(5-CHs).

LRMS (El, 70 eV):m/z(%) =204 (27) [M], 125 (59) [Mi Br]*, 107 (100), 6726), 55 (35).

HRMS (EI): m/z[M] " calcd. for [GH13BrO]* 204.0150; found 204.0147.

Molecular weight: CsH13BrO (205.0950 g x mo).

2.2.5 (2-Bromo-5-(tert-butyl)cyclohex-1-en-1-yl)methanol (123d)

Following general procedure I(2-bromao5-(tert-butyl)cyclohexl-en1-yl)methanol (23d)
was synthesized by reduction ofude 2bromo5-(tert-butyl)cyclohexl-enecarbaldehyde
(133d) that has been obtained from reaction of 20 mmd&ht-butylcyclohexanonel32d)
according to general procedurei$ing NaBH (832 mg, 22 mmol). Analytically pur23d was
obtained as a white solid (2.126 g, 8.601 mmol, 43% for two steps) after subjecting the crude
product to column chromatography over silica (@eltroleum ether/ethyl acetate = 12:1).
M.p.: 431 44°C.

Rr = 0.39 (petroleum ethathyl acetate 10:1).

IR (ATR): 3 [cm!] = 3306 (OH), 2951, 2866, 1662, 141864, 1019, 972.

H NMR (600 MHz, CDC}): Ui [ppm] =4.26 (dd,2] (1-Ha, 1-Hb) = 12.0 Hz3J (1-Hb, OH)
= 4.9 Hz,1H, 1-Ha), 4.20 (dd2J (1-Ha, 1-Hb) = 12.1 Hz2J (1-Ha, OH) =5.1 Hz,1H, 1-
Hb) , 2. 5771 23Hp)12.33 (dd,2) (6&2H4d, 6Hb) = 15.3 Hz23J (6-Hb, 5H) = 3.1 Hz,
1H, 6-Ha) , 2. 0271 16Hby1.(8n21 11.H7 &Hal, n53 (t,0 & 6.0, 1H, OH),
1. 397 1 ovarlappddaH,4-Hb and 5H), 0.89 (s, 9H3 x CH).

13C NMR (150 MHz, CDC4): G [ppm] =135.3(C-1), 121.2(C-2), 66.5(C-1"), 43.9(C-5), 37.7
(C-3), 32.2(C-7), 30.9(C-6), 27.2 (3 xCHs), 26.0(C-4).

LRMS (EI, 70 eV):m/z(%) =246 (7) [M]', 167 (31) [MT Br]*, 149 (30), 93 (27), 57 (100).
HRMS (El): m/z[M] " calcd. for[C11H19BrO]* 246.0619; found 246.0590.

Molecular weight: C11H19BrO (247.1760 g x mo).
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2.2.6 Ethyl 4-bromo-3-(hydroxymethyl)cyclohex3-ene1-carboxylate (123e)

(0]

2" 2 1
N0 o
° 4 Br

5

Following general procedure Il,ethyl 4bromao3-(hydroxymethyl)cyclohex3-enel-
carboxylate 123e) was synthesized by reductionatide ethyl 4oromo-3-formylcyclohex3-
enel-carboxylate(133e) that has been obtained from the reaction of 100 mmol of ethyl 4
oxocyclohexanecarboxylat&32e) according to general procedure |, using NaH16 g, 110

mmol). Analytically purel23e was obtained as a colorless viscous oil (3.52 g, 13.37 mmol,
13% for two steps) after subjecting the crude product to column chromatography over silica gel
(cyclohexane/ethyl acetate = 7:3).

Rr = 0.35 (cyclohexaneethyl acetate= 3:2).

IR (ATR): 3 [cm] = 3413 (OH), 2934, 1726, 1436174, 1023, 924,

IH NMR (600 MHz, CDC$): ti [ppm] =4.27 (d,J = 12.4 Hz,1H, 1-Ha), 4.22 (d,J = 12.3 Hz,

1H, 1-Hb), 4.14 (qJ=7.1 Hz2H,2"Hy) , 2. 6571 2I:Hp 1 @Emb591 B5HH,6 ( m,
2. 551 2. 53Ha)(,m, 2.1H81 26H®3, (2n,0 3ATHL2-HH)9, (In,8 7ATHL . 81
2H, 6-Hb and OH, 1.25 (t,J=7.1 Hz,3H, 3"-H3).

13C NMR (150 MHz, CDC#): U [ppm] = 174.6(C-1"), 133.7(C-3), 120.0(C-4), 65.9(C-1),
60.6(C-2"), 38.9(C-1), 35.5(C-5), 30.9(C-2), 26.8(C-6), 14.2(C-3").

HRMS (ESI):m/z[M + Na]" calcd. for GoH1sBrOsNa 285.0097; found 285.0096.

Molecular weight: C10H1sBrOs (263.1310 g x mof).

2.2.7 (2-Bromocycloheptl-en1-yl)methanol (123f)

6 1
CI\OH
5
4 + 2 "Br
Following general procedure [R-bromocyclohepil-en1-yl)methanol {23f) was synthesized
by reduction otrude 2bromocycloheptl-enecarbaldehydd33f) that has been obtained from
reaction of 20 mmol of cycloheptanori82f) according to general procedure |, using NaBH
(832 mg, 22 mmol). Analytically pur&23f was obtained as a pale yellow oil (1.52 g, 7.40
mmol, 37% for two steps) after subjecting the crude product to column chromatography over

silica gel (petroleum ether/ethyl acetate = 15:1).
Rr = 0.41 (petroleum ethathyl acetate 10:1).
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IR (ATR): 3 [cni!] = 3303 (OH), 2919, 1648, 1445, 1085, 1024, 993, 746.
IH NMR (500 MHz, CDCH): Ui [ppm] =4.24 (s2H, 1-Hy), 2.76 (ddd2J (3-Ha, 3Hb) =11.1
Hz,3J (3-H, 4H) = 5.4 Hz,2H, 3-H,), 2.37 (ddd2J (7-Ha, 7Hb) =11.1 Hz,3] (6-H, 7-H) =

5.6 Hz,2H, 7-Hy), 1.75 (quint,d = 6.1 Hz,2H, 5Hy), 1.64 (br s1H, OH) , 1. 6071 1. 52

overlapped 4H, 4-H, and 6Hy).

13C NMR (125 MHz, CDCH): Ui [ppm] =140.6(C-1), 124.6(C-2), 68.4(C-1), 41.4(C-3), 31.3
(C-7), 31.2(C-5), 25.9(C-6), 25.3(C-4).

LRMS (El, 70 eV): m/z(%) =204 (13) [M], 125 (54) [Mi Br]*, 107 (39), 91 (27), 81 (100),
67 (19), 57 (23), 55 (31).

HRMS (El): m/z[M] * calcd. for [GH13BrO]" 204.0150; found 204.0148.

Molecular weight: CsH13BrO (205.0950 g x mo).

2.2.8 (2-Bromocyclooct1-en-1-yl)methanol (123g)

Following general procedure [R-bromocyclooctl-en-1-yl)methanol {23g) was synthesized

by reduction otrude 2bromocyclooctl-enecarbaldehyd@33g) that has been obtained from
reaction of 20 mmol of cyclooctanon&3@g) according to general procedure |, using NaBH
(832 mg, 22 mmol). Analytically pur&3g was obtained as a pale yellow oil (745 B0
mmol, 17% for two steps) after subjecting the crude product to column chromatography over
silica gel (petroleum ether/ethyl acetate = 12:1).

Rr = 0.41 (petroleum ethathyl acetate 10:1).

IR (ATR): 3 [cm!] = 3309 (OH), 2919, 1646, 1446, 1226, 1059, 1004, 952.

IH NMR (600 MHz, CDCH4): ti[ppm] =4.27 (d,J = 6.2 Hz,2H, 1-H>), 2.69 (ddd?J (3-Ha, 3

Hb) =12.4 Hz 3] (3-H, 4-H) =5.2 Hz,2H, 3-H>), 2.40 (ddd?J (8-Ha, 8Hb) =12.3 Hz 3 (7-
H,8H)=54Hz2H,8H) , 1. 671 14H)3, (1Im,6 22IH 7-Hp)81.58 (tW,= 2 H
6.2,1H,0OH) , 1. 5 1avdrlappefidH( 52, 6-H>).

13C NMR (150 MHz, CDC#): Ui [ppm] =137.9(C-1), 123.6(C-2), 66.4(C-1"), 37.3(C-3), 30.2
(C-8), 29.7(C-7), 28.0(C-4), 26.6(C-5), 25.8(C-6).

LRMS (El, 70 eV):m/z(%) =218 (26) [M], 139 (67) [MI Br]*, 121 (75), 95 (100), 67 (69),

55 (50).

HRMS (El): m/z[M]* calcd. for [GH1sBrO]" 218.0306; found 218.0295.

Molecular weight: CoH1sBrO (219.1220 g x mol).
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2.3 Synthesis of 1Ibromo-2-(bromomethyl)cyclohex1-ene (1249

4@\/1‘\&

) < 1 Br

A solution of (2-bromocyclohext-en1-yl)methanol(1239 (0.95 mg, 5 mmol, 1 equivn

diethyl ether25 mL) was stirred at 0 °@2hosphorus tribromid®.52 mL, 5.5 mmol, 1.1 equiv)

was added dropwise, and the resulting mixture was stirred for 2 h. The reaction mixture was
poureddropwiseinto ice water (50 mL) antthe aqueous phase was extracted diigthyl ether

(2 x 50 mL).The organic phases were combined and washed with a saturated solution of
NaHCQ (2 x50 mL). The resulting solution was dried over MgS@ltered and concentrated

in vacuo Analytically purel-bromo2-(bromomethyl)cyclohex-ene(124a) was obtaineds

a pale yellow oil (1.09 g, 4.30 mmo86%) after subjecting the crude product ¢olumn
chromatography over silica ggletroleum ethediethyl ether=4:1).

Rr = 0.58 (petroleum ethathyl acetate 4:1).

IR (ATR): 3 [cm!] = 2932, 1646, 14311,207, 973, 629.

IH NMR (300 MHz, CDC}): ti[ppm] =4.11(s,2H1*Hz) , 2. 551 6HH5 Q0 (@m3 1312 .
(m, 2H 3-H>), 1.71 (quirndlike, J = 3.1 Hz,4H, 4-H2 and 5H>).

13C NMR (75 MHz, CDC¥): U [ppm] =135.5(C-1), 124.7(C-2), 36.9(C-1"), 36.6(C-6), 29.3
(C-3), 24.5(C-5), 22.3(C-4).

LRMS (EI, 70 eV):m/z(%) =254 (33) [M], 173 (55) [Mi Br]*, 93 (100) [MI Bra]*, 74 (41),
65 (11), 53 (37).

HRMS (EI): m/z[M] * calcd. for[C7H10Br2]* 253.9129; found 253.9101.

Molecular weight: C7H10Br2 (253.9650 g x mof).
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2.4  Synthesis of 2bromo-1-(4'-methylbenzenesulfonatemethyl)cycloalkl-enes125abg
2.4.1 General procedure llI

A solution of(2-bromaocycloalk1-en1-yl)methanol123 (3.5 mmol, 1 equiv) in diethyl ether

(15 mL) was prepared and stirredatC. To this solutionp-toluene sulfonyl chloridep(TsCl)

(787 mg, 4.13 mmol, 1.18 eqyiwas addedfollowed by freshly powdered KOHL(96 g, 35
mmol, 10 equiy. The mixture was stirred at room temperature for 4 h. Then, water (20 mL)
was added and the reaction mixture was stirred for an additional 18fteinphase separation,

the aqueous phase was extracted with diethyl €8er 10 mL) The organic phases were
combined and washed with brin@0(mL), dried over MgSQ filtered and concentrated
vacua Analytically pure product was obtained after subjecting the crude product to column

chromatography over silica gel.

2.4.2 2-Bromo-1-(4'-methylbenzenesulfonatemethyl)cycloheg-ene (25a)

Following general procedure IIR-bromo1-(4-methylbenzenesulfonatemethyl)cyclohkx
ene (25a) was synthesized by reactirig-bromocyclopentl-en-1-yl)methanol(123a) (697
mg, 3.5 mma), para-toluenesulfonyl chloridép-TsCl) (787 mg, 4.13 mmol) andOH (1.96
g, 35 mmo) in diethyl ether (15 mL)Analytically purel25a was obtained as a pale yellow oll
(942 mg, 2.73 mmol, 78%) after subjecting the crude product to column chromatography over
silica gel (petroleum ether/ethyl acetate = 10:1).

Rr = 0.44 (petroleum ethathyl acetate 10:2).

IR (ATR): 3 [cm!] = 2934, 1597, 1358 @0), 1172 (¥0), 928, 811, 659, 551.

IH NMR (300 MHz, CDC#): Ui [ppm] = 7.81 (d,J = 8.2 Hz,2H, 2H and 6'H), 7.34 (d,J =
8.1 Hz,2H, 3-H and 5H), 4.68 (s,2H, 1-Hz) , 2. 4 5 overlapgpe5H( 3, and 4
CHs) , 2. 133H26:H®5 (1m 6 6avdrlappetid4H( 4, and 5Hy).

13C NMR (75 MHz, CDC}): U [ppm] =144.8(C-4"), 133.1(C-1), 129.7 (G3' and G5'), 129.2
(C-19, 128.0 (G2' and G6"), 125.3(C-2), 73.2(C-1"), 36.7(C-3), 28.5(C-6), 24.2(C-4), 21.7
(4'-CHs), 21.6(C-5).

LRMS (El, 70 eV):m/z(%) =344 (1) [M], 172 (92) [GH10Br]", 155 (12) [GH;O2ST", 93
(100) [1721 Br]*, 91 (39) [GH7]*, 77 (18), 65 (8).

HRMS (EI): m/z[M] " calcd. for[C14H17BrOsS]™ 344.0082; found 344.0088.

Molecular weight: C14H17BrOsS (345.2510 g x mof).
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2.4.3 2-Bromo-1-(4'-methylbenzenesulfonatemethyl)cyclopert-ene (25b)

Following general procedure IIR-bromo1-(4-methylbenzenesulfonatemethyl)cyclopént
ene (125b) was synthesized by reactiig-bromocyclopentl-en1-yl)methanol(123b) (620
mg, 3.5 mma), p-TsCI (787 mg, 4.13 mmol) andOH (1.96 g, 35 mmqglin diethyl ether (15
mL). Analytically purel25b was obtained as a pale yellow oil (792 mg, 2.39 m6&$p) after
subjecting the crude product to column chromatography over silica gel (petroleum ether/ethyl
acetate = 15:2).

Rr = 0.38 (petroleum ethathyl acetate 10:2).

IR (ATR): 3 [cm!] = 2953, 1597, 1358 @0), 1173 (®0), 931, 811, 662, 552.

IH NMR (300 MHz, CDC}): ti [ppm] =7.80 (d,J = 8.4 Hz,2H, 2-H and 6'H), 7.34 (d,J =
8.1 Hz,2H, 3-H and 5H), 4.67 (s2H, 1"-Hy) , 2 . 6 2 2H23:HY),2.45 (3BH, 4-CHj3),
2. 3571 2 2H28BH,)(1r86 (quintJ = 7.5 Hz,2H, 4-Hy).

13C NMR (75 MHz, CDC}): G [ppm] =144.8(C-4"), 133.7(C-1), 133.1(C-1"), 129.7 (G3' and
C-5Y, 127.9 (G2' and G6'), 123.1(C-2), 67.5(C-1"), 40.3(C-3), 32.3(C-5), 21.6(4-CHy),
21.5(C-4).

HRMS (El): m/z[M] * calcd. for[C13H1sBrOsS]* 329.9925; found 329.9926.

Molecular weight: C13H1sBrOsS (331.2240 g x mof).

2.4.4 2-Bromo-5-methyl-1-(4'-methylbenzenesulfonatemethyl)cyclohet-ene (25¢)

6 1" O\\ / 2
5 1 O/S 1| \3'
4 6 = >
p 2 Br . 4
Following general procedure [, 2-broma5-methyt1-(4*-

methylbenzenesulfonatemethyl)cyclohbxne (25¢) was synthesized by reactinglffomo
5-methylcyclohexl-en-1-yl)methanol (123c) (718 mg, 3.5 mmg¢| p-TsCl (787 mg, 4.13
mmol) andKOH (1.96 g, 35 mmglin diethyl ether (15 mL)Analytically pure125c was
obtained as a pale yellow oil (842 mg, 2.34 mmol, 67%) after subjecting the crude product to
column chromatography over silica gel (petroleum ether/ethyl acetate = 10:1).

Rr = 0.46 (petroleum ethathyl acetate 10:2).

IR (ATR): 3 [cm!] = 2951, 1597, 1358 (30), 1173 (®0), 924, 811, 660, 551.
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IH NMR (300 MHz, CDC#): Ui [ppm] =7.81 (d,J = 8.2 Hz,2H, 2-H and 6H), 7.34 (d,J =
8.0 Hz 2H, 3*H and 5'H), 4.67 (s2H, 1-Hz) , 2 . 5 0 overlappe&i5H( 3, and 4
CHs) , 2. 23,718,.6H8 , ( M . 7 6 foderlabped,31d, M-Hb, 5H and 6Ha),
1. 3371 1, 1H.®BHa)( 081 (dJ = 6.1 Hz,3H, 5-CHba).

13C NMR (75 MHz, CDC}): Ui [ppm] = 144.8(C-4), 133.1(C-1), 129.7 (G3' and G5, 128.7
(C-1), 128.0 (G2' and G6'), 124.9(C-2), 73.1(C-1"), 36.7(C-3), 36.6(C-6), 32.1(C-4), 27.9
(C-5), 21.6(4-CHs), 20.9(5-CH).

HRMS (El): m/z[M] * calcd. for[C1sH19BrOsS]* 358.0238; found 358.0233.

Molecular weight: C1sH19BrOsS (359.2780 g x mof).

2.4.5 2-Bromo-5-tert-butyl-1-(4'-methylbenzenesulfonatemethyl)cyclohef-ene (25d)

Following general procedure [, 2-bromo5-tert-butyl-1-(4*
methylbenzenesulfonatemethyl)cyclohkrene (25d) was synthesized by reactingl{ffomo
5-(tert-butyl)cyclohex1-en-1-yl)methanol(123d) (865 mg, 3.5 mmg] p-TsCI (787 mg, 4.13
mmol) andKOH (1.96 g, 35 mmglin diethyl ether (15 mL)Analytically pure125d was
obtained as a pale yellow oil (1.18 g, 2.94 mmol, 84%) after subjecting the crude product to
column chromatography over silica gel (petroleum ether/ethyl acetate = 12:1).

M.p.: 561 57 °C.

Rr = 0.46 (petroleum ethathyl acetate 10:2).

IR (ATR): 3 [cm!] = 2955, 1595, 1362 @0), 1176 ($0), 916, 805, 654, 550.

IH NMR (300 MHz, CDC#): ti [ppm] = 7.82 (d,J = 8.1 Hz,2H, 2-H and 6'H), 7.34 (d,J =

8.0 Hz,2H, 3-H and 5H), 4.71 (dd2J (1"-Ha, 1"Hb) = 11.3 Hz2H, 1"Hz) , 2. 5171 2. 41
overlapped5H, 3-H; and 4'CHs), 2.06 (dd 2] (6-Ha, 6Hb) = 14.8 Hz,*J (6-Hb, 5H) = 3.4
Hz,1H,6Hb) , 1. 8 12Hl4H6andgHAE) , 1. 2 81 l1l4-Ha &nd FHN0.81 2sH

9H, 3 x CH).

13C NMR (75 MHz, CDC}): ti [ppm] = 144.8(C-4"), 133.3(C-1), 129.7 (G3' and G5'), 129.1

(C-19, 128.1 (G2' and G6"), 125.2(C-2), 73.5(C-1"), 43.3(C-5), 37.8(C-3), 32.1(C-7), 30.2

(C-6), 27.1 (3 x CH), 25.5(C-4), 21.6(4'-CHsa).

HRMS (EI): m/z[M] " calcd. for[C1sH25BrOsS]™ 400.0708; found 400.0709.

Molecular weight: C1gH2sBrOsS (401.3590 g x mo).
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2.4.6 Ethyl 4-bromo-3-(4'-methylbenzenesulfonatemethyl)cycloheg8-ene 1-carboxylate

(125¢)
" \\ l/
A o)f\@(\

Following general procedure I, ethyl 4bromo3-(4-
methylbenzenesulfonatemethyl)cyclokgenel-carboxylate 125) was synthesized by
reacting ethyl 4romo3-(hydroxymethyl)cyclohex3-enel-carboxylate (123¢) (1.33 g, 5
mmol), p-TsCl (1.12 g, 5.9 mmol) ané&KOH (2.80 g, 50 mmglin diethyl ether (15 mL).
Analytically pure125e was obtained as a colorless liquid (1.14 g, 2.73 mmol, 55%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 4:1).

Rr = 0.42 (cyclohexanethyl acetate 3:2).

'H NMR (600 MHz, CDC#): U [ppm] =7.82 (d,J = 8.3 Hz,2H, 2-H and 6H), 7.35(d, J =

8.2 Hz,2H, 3*H and 5'H), 4.74 (dJ = 11.4 Hz,1H, 1"-Ha), 4.65 (dJ=11.5 Hz,1H, 1™-Hb),

413 (9J=7.2Hz,2H,2"Hy) , 2. 5 5ave&lappeRi3H( 1hl,and 5H>), 2.45 ($3H, 4-

CHa), 2.39 (ddJ = 17.1, 5.6 Hz1H, 2Ha),2 . 327 2. 2@Ha(,m, 1 AH7IHI293 ( m

Hb) , 1. 7671 16:HB)01.2% (hd,= 7.1 H&,3H, 3"-Hy).

13C NMR (150 MHz, CDC#): U [ppm] =174.0(C-1"), 144.9(C-4"), 132.9(C-3), 129.8 (G3'
and G5, 128.1 (G2' and G6'), 127.8(C-1), 124.4(C-4), 72.6(C-1"), 60.7(C-2"), 38.5(C-
1), 35.6(C-5), 30.5(C-2), 26.5(C-6), 21.6(4-CHs), 14.2(C-3").

HRMS (ESI): m/z[M + Na]* calcd. for[C17H21BrOsSNg* 439.0185; found 439.0188.
Molecular weight: C17H21BrOsS (417.3140 g x mof).

2.4.7 2-Bromo-1-(4'-methylbenzenesulfonatemethyl)cyclohept-ene (25f)

5
27 Br ¢ 4
4 3 5'
Following general procedure IIB-bromo1-(4-methylbenzenesulfonatemethyl)cyclohépt
ene (25f) was synthesized by reactingl§fomocycloheptl-en1-yl)methanol123f) (718 mg,
3.5 mmo), p-TsCl (787 mg, 4.13 mmol) andOH (1.96 g, 35 mmalin diethyl ether (15 mL).
Analytically purel25f was obtained as a yellow oil (667 mg, 1.86 mmol, 53%) after subjecting
the crude product to column chromatography over silica gel (petroleum ether/ethyl acetate =
15:1).
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Rr = 0.41 (petroleum etherthyl acetate 10:2).

IR (ATR): 3 [cm!] = 2923, 1597, 1357 @0), 1173 (¥0), 923, 811, 667, 552.

IH NMR (300 MHz, CDC}): Ui [ppm] = 7.81 (d,J = 8.3 Hz,2H, 2-H and 6'H), 7.34 (d,J =
8.1 Hz,2H, 3-H and 5H), 4.70 (br s2H, 1"-H), 2.78 (ddd?2J (3-Ha, 3Hb) =12.1 Hz,3] (3-
H, 4-H) =5.3 Hz,2H, 3-H>), 2.58 (s3H, 4-CHs), 2.36 (ddd2J (7-Ha, #Hb) =11.8 Hz,3J (6-
H,7-H)=5.3Hz2H,7-Hz) , 1. 7 82aH14H7) 1 (1 m 6 2dverlappeB4H 5, and
6-Hy).

13C NMR (75 MHz, CDC}): G [ppm] =144.3(C-4"), 132.6(C-1), 131.3(C-1"), 129.3 (G3' and
C-5', 127.6 (G2' and G6'), 127.4(C-2), 72.8(C-1"), 36.9(C-3), 29.4(C-7), 28.9(C-4), 27.4
(C-5), 25.9(C-6), 21.2(4"-CHa).

HRMS (El): m/z[M] * calcd. for[C1sH19BrOsS]" 358.0238; found 358.0234.

Molecular weight: C1sH19BrOsS (359.2780 g x mof).

2.4.8 2-Bromo-1-(4'-methylbenzenesulfonatemethyl)cyclooet-ene (1259)

Followinggeneral procedurel|l2-bromao 1-(4-methylbenzenesulfonatemethyl)cyclodeene
(1259) was synthesized by reacti@bromocyclooctl-en-1-yl)methanol(123g) (767 mg, 3.5
mmol), p-TsClI (787 mg, 4.13 mmol) angOH (1.96 g, 35 mmqlin diethyl ether (15 mL).
Analytically pure 1259 was obtainedas apale yellow oil (811 mg, 2.17 mmob2%) after

subjecting the crude product ¢olumn chromatography over silica gpketroleum etheethyl

acetate = 15)1

Rr = 0.51 (petroleum ethathyl acetate 10:2).

IR (ATR): 3 [cm!] = 2924, 1597, 1359 (0), 1173 (®0), 926, 812, 670, 552.

IH NMR (300 MHz, CDC#): ti [ppm] = 7.81 (d,J = 8.3 Hz,2H, 2-H and 6'H), 7.34 (d,J =

8.1 Hz,2H, 3-H and 5H), 4.70 (br s2H, 1"-H>), 2.63 (ddd?2J (3-Ha, 3Hb) =12.2 Hz,3] (3-

H, 4-H) =5.2 Hz,2H, 3-Hy), 2.45 (s3H, 4-CHs), 2.27 (ddd?2J (8-Ha, 8Hb) =11.9Hz, 3J (7-

H,8H)=53Hz2H,8Hz) , 1. 642H14HH8 (Im562aHI7-HY8 (Im4671 1. 39

overlapped4H, 5-H2 and 6Hy).

13C NMR (75 MHz, CDC}): ti [ppm] =144.8(C-4), 133.0(C-1), 131.8(C-1), 129.8 (G3' and
C-5, 128.0 (G2' and G6Y), 127.8(C-2), 73.2(C-1"), 37.4(C-3), 29.8(C-8), 29.4(C-7), 27.8
(C-4), 26.4(C-5), 25.5(C-6), 21.6(4-CHba).

HRMS (El): m/z[M]* calcd. for[C16H21BrOsS]" 372.0395; found 372.0394.

Molecular weight: C16H21BrOsS (373.3050 g x mof).
107



2.5 Synthesis ofxanthenes and related compoundsl26abp
2.5.1 General procedure IV

Cul (10 mg, 0.05 mmol, 0.1 equiv), £ (358 mg, 1.1 mmol, 2.2 equiv), a ig&arbonyl

35, 46, 104, 134(0.6 mmol, 1.2 equiv),-picolinic acid (6 mg, 0.05 mmol, 0.1 equiv), and 70
mg molecular sieves (4 A) were added to an estéed 10 mL vialequippedwith a magnetic

stir bar. Subsequently, the vial was sealed, evacuated, and backfilled with argon three times.
Next, 2bromao1-(4-methylbenzenesulfonatemetiibene 125 (0.5 mmol, 1 equiv) and dry
DMF (2 mL) were added. The reaction mixture was stirred at 80 °C for 2 h in an oil bath. After
cooling to room temperature, the vial was opened, and the reaatiture was poured into
water (20 mL). The mixture was extracted with diethyl ether (3 x 20 Tig.organic phases
were combined and washed with brig® (nL), dried over MgSQ filtered and concentrated

in vacuo Analytically pure product was obtained after subjecting the crude product to column
chromatography over silica gel.

2.5.2 2,3,4,5,6,7,89Dctahydro-1H-xanthen-1-one (126a)
0

8 9 1
8a 9a 2

6 3
10a (O 4a

10
Following general procedure 1\2,3,4,5,6,7,8,%ctahydrelH-xanthenl-one (26a) was
synthesized by reactin@ul (10 mg, 0.05 mmol), GEOG; (358 mg, 1.1 mmol), 1;3
cyclohexanedione3ba) (67 mg, 0.6 mmol), -picolinic acid (6 mg, 0.05 mmol) artdbromo
1-(4-methylbenzenesulfonatemethyl)cyclokkene (25a) (173 mg, 0.5 mmol)nh DMF (2

mL). Analytically purel26a was obtained as a pale yellow oil (89 mg, 0.43 mmol, 87%) after
subjecting the crude product to column chromatography over silid@efebleum ether/ethyl
acetate = 20:1).

Rr = 0.44 (petroleum ethathyl acetates 10:1).

IR (ATR): 3 [cm!] = 2937, 1622 (©0), 1387, 1175, 1125, 1098, 997, 658.

IH NMR (500 MHz, CDC#): U [ppm] =2.61 (br s, 2H, H2), 2.37 (tlike, J = 6.2 Hz,4H, 2
Hzand 4Hy) , 2. 0 81 B-H,064) =618 Hz,°J (5-H, 8H) = 2.2 Hz,%J (5-H, 9-H) =

2.2 Hz,2H, 5Hy), 1.96 (quint3J=6.4 Hz,2H,3H,) , 1. 9 4% (I-H,8-89) = 6.21Hz,%J
(5-H, 8H) = 1.1 Hz3J (5-H, 8H) = 2.2 Hz2H, 8H2) , 1. 7 33 (B-H& @Hb)=rh2.3
Hz,3J (5-H, 6H) = 6.2 Hz3J (6-H, 7-H) = 2.5 Hz3J (6-H, 7-H) = 8.7 Hz2H,6H2) , 1. 6371 1.
(m, 2J (7-Ha, 7-Hb) = 11.9 Hz3J (6-H, 7-H) = 2.4 Hz3J (6-H, 7-H) = 8.4 Hz 3J (7-H, 8-H) =
6.0 Hz,2H, 7-H>).
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13C NMR (125 MHz, CDC¥): ti [ppm] =198.6 (G1), 167.1 (G4a), 142.9 (€10a), 109.8 (€
9a), 108.6 (€Ba), 36.7 (€2), 28.2 (G8), 27.5 (G4), 25.8 (C5), 22.9 (G6), 22.8 (C9), 22.3
(C-7), 20.7 (G3).

LRMS (El, 70 eV):m/z(%) =204 (71) [M], 203 (100) [Mi H]*, 176 (7) [MT CzH4]*, 148
(10) [1767 COJ', 111 (13), 91 (11), 67 (16).

HRMS (El): m/z[M] * calcd. for[C13H1602]" 204.1150; found 204.1139.

Molecular weight: C13H1602 (204.2690 g x mol).

2.5.3 2,3,4,5,6,/Hexahydrocyclopentap]chromen-1(9H)-one (126b)
0
8 9

8a 9a 1

| I )2

4a "7 3a 75

5 4

Following general procedure 1V2,3,4,5,6,7hexahydrocyclopentBjchromenl1(9H)-one
(126b) was synthesized by reacti@ml (10 mg, 0.05 mmol), GEOz (358 mg, 1.1 mmol), 1;3
cyclopentanedionel04) (59 mg, 0.6 mmol), picolinic acid (6 mg, 0.05 mmol) ardbromo
1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a) (173 mg, 0.5 mmol)n DMF (2
mL). Analytically pure126b was obtained as a viscous pale yellow oil (74 mg, 0.39 mmol,
78%) after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 15:1).

Rr = 0.48 (petroleum ethathyl acetate 6:1).

IR (ATR): 3 [cm!] = 2927, 1660 (©0), 1384,1255, 1088, 657.

'H NMR (300 MHz, CDC¥): U [ppm] = 2.63 (br s, 2H, H>) , 2.5812 .- (m,
2. 4571 2. 4 1Hy)(2m4 (mAIKb;H, 6H) = 6.2 Hz,%J (5-H, 8H) = 2.2 Hz,%J (5-H, &

H) = 2.2 Hz,2H, 5H>), 1.94 (m3J (7-H, 8-H) = 6.1 Hz,3J (5-H, 8-H) = 1.1 Hz,%J (5-H, 8-H)

= 2.2 Hz,2H, 8Hy), 1.72 (m2J (6-Ha, 6Hb) = 11.3 Hz3J (5-H, 6-H) = 5.7 Hz,2J (6-H, 7-H)

= 3.2 Hz3J (6-H, 7-H) = 8.9 Hz 2H, 6H>), 1.63 (m2J (7-Ha, 7-Hb) = 11.6 Hz3J (6-H, 7-H)

= 3.1 Hz3J (6-H, 7-H) = 8.9 Hz 3J (7-H, 8H) = 5.8 Hz,2H, 7-H,).

13C NMR (75 MHz, CDC}): Ui [ppm] = 204.2 (G1), 179.9 (G4a), 144.5 (€l0a), 114.2 (€
9a), 108.1 (€8a), 33.1 (€2), 28.6 (C8), 26.2 (C5), 25.7 (C3), 22.8 (C8), 22.5 (C6), 22.3
(C-7).

LRMS (EI, 70 eV):m/z(%) =190 (75) [M], 189 (100) [Mi H]*, 162 (12) [Mi CzH4]*, 161

(17) [1891 CoH4]*, 111 (6), 91 (5), 79 (6).

HRMS (EI): m/z[M] * calcd. for[C12H1402]" 190.0994; found 190.0992.

Molecular weight: C12H1402 (190.2420 g x mof).
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2.5.4 2,3,4,6,7,8Hexahydrocyclopentap]chromen-1(9H)-one (126c)
o)

9
8 8a 9a 1
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3

Following general procedure 1V2,3,4,6,7,8hexahydrocyclopentBjchromenl(9H)-one

(126c) was synthesized by reacti@gl (10 mg, 0.05 mmol), GEOs (358 mg, 1.1 mmol), 1;3
cyclohexanedione3ba) (67 mg, 0.6 mmol), -dicolinic acid (6 mg, 0.05 mmol) arfdbromo
1-(4-methylbenzenesulfonatemethyl)cyclopdrtne (25b) (166 mg, 0.5 mmoljn DMF (2

mL). Analytically purel26c was obtained as a pale yellow oil (72 mg, 0.38 mmol, 76%) after
subjecting the crude product to column chromatography over silica gel (petroleum ether/ethyl
acetate = 15:1).

Rr = 0.41 (petroleum ethathyl acetate 6:1).

IR (ATR): 3 [cm!] = 2931, 1666 (©0), 1602, 1385, 1238, 1090, 1043, 659.

'H NMR (300 MHz, CDC#): U [ppm] =2.75 (brs,2H,H>) , 2. 45712.37 (m, oV
2-H2,4-Ho, and 6Hy), 2.26 (tlike, 3J (7-H, 8-H) = 6.3 Hz,2H, 8H,), 1.98 (quint3J = 6.4 Hz,

2H, 3-Hy), 1.90 (quintike, 3J = 7.1Hz, 2H, 7-Hy).

13C NMR (75 MHz, CDC}): t[ppm] =198.9 (G1), 167.9 (G4a), 146.3 (€5a), 112.2 (9a),

110.2 (G8a), 36.9 (C2), 31.4 (C8), 29.5 (G4), 27.8 (C6), 20.8 (G9), 20.7(C-3), 19.2 (C7).

LRMS (El, 70 eV):m/z(%) =191 (100) [M + HY, 177 (6).

HRMS (ESI): m/z[M + H]* calcd. for[C12H1502]" 191.1066; found 191.1066.

Molecular weight: C12H1402 (190.2420 g x mo).

2.5.5 6,6-Dimethyl-2,3,4,6,7,8hexahydrocyclopentap]chromen-1(9H)-one (126d)

Following general procedure 1\g,6-dimethyt2,3,4,6,7,8hexahydrocyclopentB]chromen
1(9H)-one (26d) was synthesized by reacti@yl (10 mg, 0.05 mmol), GEOs (358 mg, 1.1
mmol), 5,5dimethyt1,3-cyclohexanedione3bb) (84 mg, 0.6 mmol), -dicolinic acid (6 mg,
0.05 mmol) and2-bromao1-(4-methylbenzenesulfonatemethyl)cyclopdrene (25b) (166
mg, 0.5 mmol)jn DMF (2 mL). Analytically pure126d was obtained as a pale yellow oil (88
mg, 0.40 mmol, 81%) after subjecting the crude product to column chromatography over silica
gel (petroleum ether/ethyl acetate = 15:1).
Rr = 0.43 (petroleum ethathyl acetate 6:1).
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IR (ATR): 3 [cm!] = 2931, 1666 (©0), 1606, 1385, 1239, 1089, 1044, 658.

'H NMR (300 MHz, CDC}): U [ppm] =2.76 (br s, 2H, H>) 2.451 2 H3)R3 m, 2H
(S, 2H, 4H2), 2.27 (s, 2H, H2),2 . 261 2. 2 2H,)(1181 (quihike, 3J& 7.1Hz, 2H, 7-
Hy), 1.08 (s, 6H2 x CHb).

13C NMR (75 MHz, CDC}): ti[ppm] =198.8 (G1), 166.2 (C4a), 146.4 (C5a), 112.2 (Da),
108.9 (G8a), 50.8 (€2), 41.6 (G4), 32.0 (G3), 31.4 (G8), 29.5 (G6), 28.3 (2 x CH), 20.6
(C-9), 19.2 (G7).

LRMS (El, 70 eV):m/z(%) =219 (100) [M + HJ, 190 (5) [Mi CoHa]*, 161 (5) [Mi CaHq]",
111 (12), 91 (8), 67 (16).

HRMS (EI): m/z[M] " calcd. for[C14H1802]* 218.1307; found 218.1286.

Molecular weight: C14H10, (218.2960 g x mof).

2.5.6 3,3Dimethyl-2,3,4,5,6,7,8,®ctahydro-1H-xanthen-1-one (126e)

Following general procedure IV3,3-dimethyt2,3,4,5,6,7,8,%ctahydrelH-xanthenrl-one
(126e) was synthesized by reacti@gl (10 mg, 0.05 mmol), GEOz (358 mg, 1.1 mmol), 5;5
dimethyl1,3-cyclohexanedione3bb) (84 mg, 0.6 mmol), Picolinic acid (6 mg, 0.05 mmol)
and2-bromo-1-(4-methylbenzenesulfonatemethyl)cyclohiene (25a) (173 mg, 0.5 mmol)

in DMF (2 mL). Analytically purel26e was obtained as a pale yellow oil (107 mg, 0.46 mmol,
92%) after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 20:1). Single crystals suitable foayXanalysis were obtained from a
solution in diclhoromethane bglow evaporation at room temperature.

Rr = 0.46 (petroleum ethathyl acetates 10:1).

IR (ATR): 3 [cm!] = 2924, 1623 (©0), 1378, 1191979.

'H NMR (600 MHz, CDC#): U [ppm] =2.64 (br s, 2H, H), 2.26 (s, 2H, 4>), 2.25 (br s,
2H, 2-Hy), 2.07 (m3J (5-H, 6-H) = 6.3 Hz,%J (5-H, 8H) = 2.2 Hz%J (5-H, 9-H) = 2.2 Hz,2H,
5-H,), 1.92 (m3J (7-H, 8-H) = 5.9 Hz,°J (5-H, 8H) = 2.2 Hz,’J (5-H, 8H) = 2.07 Hz2H, &

H2), 1.71 (m?2J (6-Ha, 6Hb) = 13 Hz2J (5-H, 6-H) = 6.3 Hz,2J (6-H, 7-H) = 2.9 Hz3J (6-H,
7-H) = 8.9 Hz 2H, 6H>), 1.61 (m2J (7-Ha, %Hb) =13 Hz,3J (6-H, 7-H) = 2.9 Hz3J (6-H, 7-

H) = 8.9 Hz 3J (7-H, 8-H) = 5.9 Hz,2H, 7-H>), 1.07 (56H, 2 x CH).
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13C NMR (150 MHz, CDC#): ti [ppm] =198.4 (G1), 165.3 (G4a), 143.1 (€10a), 108.6 (€
9a), 108.5 (€8a), 50.6 (€2), 41.3 (G4), 31.9 (C3), 28.4 (2 x CH), 28.2 (C8), 25.9 (C5),
22.9 (G6), 22.8 (G9), 22.3 (G7).

LRMS (El, 70 eV):m/z(%) =232 (100) [M], 217 (42) [Mi CHa]*, 189 (14) [217 C:H4]*,
175 (17) [189 CHg]*, 91 (12).

HRMS (El): m/z[M] * calcd. for[C1sH2002] " 232.1463; found 232.1473.

Molecular weight: C1sH2002 (232.3230 g x mol).

2.5.7 3,3,FTrimethyl -2,3,4,5,6,7,8,%ctahydro-1H-xanthen-1-one (L26f)

Following general procedure N\3,3,*trimethyl2,3,4,5,6,7,8,%ctahydrelH-xanthenrl-one

(126f) was synthesized by reacti@gl (10 mg, 0.05 mmol), GEOz (358 mg, 1.1 mmol), 5;5
dimethyl1,3-cyclohexanedione3bb) (84 mg, 0.6 mmol), Picolinic acid (6 mg, 0.05 mmol)

and 2-broma5-methyt1-(4-methylbenzenesulfonatemethyl)cyclohkxene (25¢) (180 mg,

0.5 mmol)in DMF (2 mL). Analytically purel26f was obtained as a pale yellow oil (97 mg,
0.40 mmol, 79%) after subjecting the crude product to column chromatography over silica gel
(petroleum ether/ethyl acetate = 20:1).

Rr = 0.42 (petroleum ethathyl acetates 10:1).

IR (ATR): 3 [cm!] = 2959, 1623 (©0), 1390, 1193, 1137, 1089.

'H NMR (300 MHz, CDC}$): U [ppm] =2.62 (tlike, 2H, 9H>), 2.25 ($4H, 2H> and 4H),

2. 2071 2 2H) FHo)( 192 (dlike, 2J (8-Ha, 8Hb) = 16.4 Hz1H, 8Ha ) , 1.7911.57
overlapped3H, 6Ha, FfHand8Hb ) , 1 . 4, 1H, 8Hb)21507 (s6H,2 x CHs), 0.97 (d,
3J=6.1Hz, 3H, 7-CHa).

13C NMR (75 MHz, CDC#¥): U [ppm] =198.5 (G1), 165.4 (G4a), 142.8 (€1l0a), 108.5 (€

9a), 107.9 (€8a), 50.6 (€2), 41.3 (G4), 36.6 (C8), 31.9 (C3), 30.9 (C6), 28.5 (C7), 28.4

(2 x CHp), 25.8 (GH), 22.8 (G9), 21.2 (¥CHsa).

LRMS (El, 70 eV):m/z(%) =246 (100) [M], 231 (30) [M1 CHjs]*, 203 (10) [23T CoH4]",

176 (14) [203 CoHa]*, 162 (7), 91 (4).

HRMS (EI): m/z[M] " calcd. for[C1eH2202]* 246.1620; found 246.1628.

Molecular weight: Ci6H220, (246.3500 g x mol).
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2.5.8 7-(tert-Butyl)-3,3-dimethyl-2,3,4,5,6,7,8,%ctahydro-1H-xanthen-1-one (126g)

Following general procedure IV7-(tert-butyl)-3,3-dimethyt2,3,4,5,6,7,8,%ctahydrelH-
xanthenl-one (126g) was obtained by reactir@ul (10 mg, 0.05 mmol), GEOz (358 mg, 1.1
mmol), 5,5dimethyt1,3-cyclohexanedione3bb) (84 mg, 0.6 mmol), -picolinic acid (6 mg,
0.05 mmol) and2-bromo5-tert-butyl-1-(4'-methylbenzenesulfonatemethyl)cyclokiene
(125d) (201 mg, 0.5 mmol)n DMF (2 mL). Analytically purel26g was obtained as a pale
yellow oil (128 mg, 0.44 mmol, 89%) after subjecting the crude product to column
chromatography over silica gel (petroleum ether/ethyl acetate = 30:1).

Rr = 0.41 (petroleum ethathyl acetate: 14:1).

IR (ATR): 3 [cm!] = 2954, 1659 (©0), 1606, 1365, 1216, 1143, 985.

H NMR (300 MHz, CDC}): ti [ppm] =2.69 (d,2J (9-Ha, 9Hb) = 19.2 Hz 1H, 9Ha), 2.58
(d,2J (9-Ha, 9Hb) = 19.1 Hz,1H, 9Hb), 2.25 (s4H, 2H,and 4H;) , 2. 1 72H5 06 ( m
H) , 1. 9QIHlI6HZS ,( mM . 8 3H, &H2)6,9 1 .mi 1 ovérlapped2H( &hib

and #H), 1.07 (s6H, 2 x 3CHa), 0.88 (s9H, 3 x CH).

13C NMR (75 MHz, CDC#}): U [ppm] =198.4 (G1), 165.3 (G4a), 143.0 (€l0a), 108.5 (€

9a), 108.3 (8a), 50.7 (€2), 44.1 (C7), 41.3 (C4), 32.1 (G1)), 31.9 (C3), 29.7 (C8), 28.4
(3-CHs), 28.3 (3CHg), 27.2 (3 x CH), 27.0 (G5), 24.1 (G6), 23.0 (G9).

LRMS (El, 70 eV):m/z(%) =288 (100) [M], 273 (19) [M1 CHjz]*, 231 (6) [M1 CasHg]*, 91

(6), 57 (8).

HRMS (EI): m/z[M] " calcd. for[C1eH2602]* 288.2084; found 288.2096.

Molecular weight: C1gH250, (288.4310 g x mol).
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2.5.9 Ethyl 3,3dimethyl-1-0x0-2,3,4,5,6,7,8,%ctahydro-1H-xanthene 7-carboxylate
(126n)

Following general procedure IVethyl 3,3dimethytl-oxo-2,3,4,5,6,7,8,DctahydrelH-
xanthene7-carboxylate 126h) was synthesized by reacti@ul (19 mg, 0.1 mmol), GEOs3

(717 mg, 2.2 mmol), 5;8imethy}1,3-cyclohexanedione8gb) (168 mg, 1.2 mmol),-picolinic

acid (12 mg, 0.1 mmol) anethyl 4bromao3-(4-methylbenzenesulfonatemethyl)cyclokgx
enel-carboxylate 125e) (417 mg, 1 mmoln DMF (4 mL). Analytically pure126h was
obtained as a colorless liquid (157 mg, 0.52 mmol, 52%) after subjecting the crude product to
column chromatography over silica gey¢lohexanéethyl acetate = 10:1).

Rr = 0.27 ¢yclohexandethyl acetate 5:1).

IR (ATR): 3 [cm!] = 2957, 1727, 1635, 1390, 1221, 1166, 1028.

IH NMR (600 MHz, CDC#): Ui [ppm] =4.15 (q,J = 7.1 Hz,2H, 2'Hy), 2.70 (d,J = 18.6 Hz,

1H, 9Ha), 2.63 (dJ=18.9Hz1H,9Hb ) , 2. 62H, 2H)5 7 2(.n2 BoveRlapE® ( m
5H, 5H2, 4Hand 8Ha ) , 2. 1 ®verlpp&daH, gHnand2H2) , 1. 8 1IHL. 80
8-Hb), 1.26 (tJ = 7.1 Hz,3H, 3-CHs), 1.07 ($6H, 2 x 3:CHa).

13C NMR (150 MHz, CDC#): U [ppm] =198.3 (G1), 174.8 (G1'), 165.1 (G4a), 142.4 (€

10a), 108.4 (Qa), 107.0 (€Ba), 60.5 (€2, 50.6 (G2), 41.2 (G4), 39.1 (G7), 32.0 (C3),

30.3 (G9), 28.5 (3CHg), 28.4 (3CHj3), 25.2 (G8), 25.0 (C5), 22.6 (C6), 14.2 (C3)).

HRMS (ESI): m/z[M + H]* calcd. for[C1gH2504]* 305.1747; found 305.1739.

Molecular weight: C1gH2404 (304.3860 g x mof).

2.5.10 3,3-Dimethyl-3,4,6,7,8,9,10, -bctahydrocycloheptap]chromen-1(2H)-one (1261)

f1a~0 4a
5 1

Following general procedure v, 3,3-dimethy}3,4,6,7,8,9,10,11
octahydrocyclohepta]chromenl(2H)-one (126i) was synthesized by reactiigul (10 mg,
0.05 mmol), CsLOs (358 mg, 1.1 mmol), 5;8imethyt1,3-cyclohexanedione3gb) (84 mg,
0.6 mmol), 2picolinic acid (6 mg, 0.05 mmol) and 2-bromcl-(4-
methylbenzenesulfonatemethyl)cyclohdptne (25f) (180 mg, 0.5 mmol)n DMF (2 mL).

Analytically pure126i was obtained as a pale yellow oil (79 mg, 0.32 mmol, 64%) after
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subjecting the crude product to column chromatography over silica gel (petroleum ether/ethyl
acetate = 30:1).

Rr = 0.43 (petroleum ethathyl acetate 15:1).

IR (ATR): 3 [cm!] = 2982, 1736 (©0), 1371, 1234, 1043.

H NMR (300 MHz, CDC}): Ui [ppm] =2.73 (s 2H, 10-H2), 2.26 (tlike, %] (5-H, 6-H) = 5.6
Hz,2H,5H2) , 2. 2 3 dv&lappetdH( 2Hl; and 4Hy), 2.01 (tlike,3J (8-H, 9-H) =5.5
Hz,2H,9H2) , 1. 7Q2H17Hg),2 . 5@ 1 1, overlappéda, 6-H> and 8H>), 1.05
(s, 6H, 2 x CHb).

13C NMR (75 MHz, CDC¥): U [ppm] =198.3 (G1), 165.5 (G4a), 147.5 (€lla), 112.5 (€
10a), 108.3 (Da), 50.6 (€2), 41.2 (G4), 31.9 (C3), 31.7 (G9), 31.6 (Gb), 30.9 (C7), 28.4
(2 x CHp), 25.9 (G6), 25.2 (C10), 24.9 (G8).

HRMS (ESI): m/z[M + H]* calcd. for[C1eH2302]" 247.1693; found 247.1693.

Molecular weight: C16H220- (246.3500 g x mof).

2.5.11 3,3-Dimethyl-2,3,4,6,7,8,9,10,11,1@ecahydro-1H-cyclooctap]chromen-1-one
(126)

Following general procedure IV, 3,3dimethy}t2,3,4,6,7,8,9,10,11,1@ecahydrelH-
cyclooctap]chromenl-one (126)) was synthesized by reactingul (10 mg, 0.05 mmol),
C=2CQ0s (358 mg, 1.1 mmol), 5;8imethyt1,3-cyclohexanedione3gb) (84 mg, 0.6 mmaol), 2
picolinic acid (6 mg, 0.05 mmol) arfibromeo 1-(4-methylbenzenesulfonatemethyl)cyclooct
1-ene (259) (187 mg, 0.5 mmol)n DMF (2 mL). Analytically pure126] was obtained as a
pale yellow oil (92 mg, 0.35 mmol, 71%) afteubjecting the crude product to column
chromatography over silica gel (petroleum ether/ethyl acetate = 30:1).

Rr = 0.46 (petroleum ethathyl acetate 15:1).

IR (ATR): 3 [cm] = 2924, 1632 (©0), 1390, 1187, 1165, 1142, 1042, 659.

'H NMR (300 MHz, CDC#): G[ppm] =2.72 (s2H,11-Hy) , 2. 2 §averlappetloH(2m
Ho, 4-Hz and 5Hy), 2.08 (tlike,®J (9-H, 10H) =5.6 Hz2H, 10H2) , 1 . 6 4dvdrlapped, ( m
4H,6Hzand 9H2) , 1. 5 4 dvérlappesidH( 7l and 8H2), 1.07 (S6H, 2 x CH).

13C NMR (75 MHz, CDC#¥): U [ppm] =198.5 (G1), 165.9 (G4a), 145.0 (€l2a), 109.8 (€
11a), 108.4 (€10a), 50.6 (), 41.3 (C4), 31.9 (C3), 30.1 (C10), 28.7 (G5), 28.5 (G9),
28.4 (2 x CH), 27.8 (G6), 26.5 (C7), 26.3 (G8), 22.1 (C11).
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HRMS (ESI): m/z[M + H]* calcd. for{Ci7H2507]* 261.1849; found 261.1848.
Molecular weight: C17H2402 (260.3770 g x mo).

2.5.12 3-Methyl-2,3,4,5,6,7,8,Dctahydro-1H-xanthen-1-one (126k)

O

8 9
8a 9a 1

2
| L
10a"() 4a
10

Following general procedure 1\3;methyt2,3,4,5,6,7,8,9ctahydrelH-xanthenrl-one (126k)
was synthesized by reacti@ul (10 mg, 0.05 mmol), GEOs (358 mg, 1.1 mmol), Bnethyt
1,3-cyclohexanedione36¢ (67 mg, 0.6 mmol), -picolinic acid (6 mg, 0.05 mmol) ang
bromo1-(4-methylbenzenesulfonatemethyl)cyclokikene (25a) (173 mg, 0.5 mmol)n
DMF (2 mL). Analytically purel26k was obtained as a pale yellow oil (90 mg, 0.41 mmaol,
83%) after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 20:1).

Rr = 0.46 (petroleum ethathyl acetate 10:1).

IR (ATR): 3 [cm!] = 2927, 1629 (©0), 1390, 1189, 1098, 1012, 673.

H NMR (500 MHz, CDC}): ti [ppm] =2.64 (d,2J (9-Ha, 9Hb) = 19.9 Hz1H, 9Ha), 2.60
(d,2J (9-Ha, 9Hb) = 19.9 Hz,1H, 9Hb), 2.46 (dd2J (2-Ha, 2Hb) = 16.5 Hz3J (2-Ha, 3H)
= 4.3 Hz,1H, 2-Ha), 2.39 (dd%J (4-Ha, 4Hb) = 16.2 Hz3J (3-H, 4-Ha) = 4.0 Hz1H, 4Ha),
2.26 2.18 (m, 1H, 3H), 2.17 2.11 (m, 1H4-Hb), 2.10 2.03 (m, overlapped, 3H;R@b and 5
Hy), 1.91 (tlike,3J (7-H, 8-H) = 6.1 Hz,2H, 8H,), 1.70 (m,2J (6-Ha, 6Hb) = 12.3 Hz3J (5
H, 6-H) = 6.2 Hz,3J (6-H, 7-H) = 2.4 Hz3J (6-H, 7-H) = 8.7 Hz 2H, 6Hy), 1.60 (m2J (7-Ha,
7-Hb) = 11.9 Hz3J (6-H, 7-H) = 2.4 Hz23J (6-H, 7-H) = 8.4 Hz 3J (7-H, 8H) = 6.0 Hz,2H,
7-H), 1.07 (d2J (1'-H, 3-H) = 6.2 Hz,3H, 3-CHy).

13C NMR (125 MHz, CDC#): Ui [ppm] =198.6 (G1), 166.5 (G4a), 142.9 (€10a), 109.4 (€
9a), 108.6 (Ba), 45.0 (€2), 35.6 (G4), 28.3 (C3), 28.2 (C8), 25.9 (C5), 22.9 (C6), 22.8
(C-9), 22.3 (G7), 21.0 (3CHa).

LRMS (El, 70 eV):m/z(%) =218 (100) [M], 203 (18) [M1 CHz]*, 176 (5) [203 CH3]™,
148 (11) [176 COJ, 91 (9).

HRMS (EI): m/z[M] * calcd. for[C14H1802]* 218.1307; found 218.1317.

Molecular weight: C14H180, (218.2960 g x mo).
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2.5.13 3-(Furan-2'-yl)- 2,3,4,5,6,7,8,%ctahydro-1H-xanthen-1-one (126l)

Following general procedure N\3-(furan2'-yl)- 2,3,4,5,6,7,8,%ctahydrelH-xanthenl-one

(126l) was synthesized by reacti@ul (10 mg, 0.05 mmol), GEOz (358 mg, 1.1 mmol), b
(2-furyl)-1,3-cyclohexanedione3bd) (107 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05 mmol)
and2-bromo1-(4-methylbenzenesulfonatemethyl)cyclohiene (25a) (173 mg, 0.5 mmol)

in DMF (2 mL). Analytically purel26 was obtained as a pale yellow oil (107 mg, 0.40 mmol,
79%) after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 25:1).

Rr = 0.43 (petroleum ethearthyl acetates 10:1).

IR (ATR): 3 [cm!] = 2943, 1626 (©0), 1394, 1191, 1118, 1003, 730, 673.

IH NMR (500 MHz, CDC}): i [ppm] =7.33 (dd3J (4-H, 5-H) = 1.9 Hz,AJ (3-H, 5-H) = 0.8

Hz, 1H, 5-H), 6.30 (dd3J (3-H, 4-H) = 3.2 Hz3J (4-H, 5-H) = 1.8 Hz,1H, 4H), 6.05 (dt3J
(3-H,4-H)=3.2Hz%(3-H,5-H) =0.9 Hz1H,3'H) , 3. 4 81H,3B-H)42278 (dddJ

(2-Ha, 2Hb) = 16.3 Hz3J (2-Ha, 3H) = 4.3 Hz}J(2-Ha, 4H) = 1.2 Hz1H,2Ha ) , 2. 731 2.
(m, overlappet4H, 4-H, and 9H,), 2.58 (dd?J (2-Ha, 2Hb) = 16.4 Hz3J (2-Hb, 3H) = 11.3
Hz, 1H, 2Hb), 2.07 (m3J (5-H, 6-H) = 6.7 Hz,3J (5-H, 8-H) = 2.2 Hz,5J (5-H, 9-H) = 2.3 Hz,
2H, 5Hy), 1.92 (m3J (7-H, 8-H) = 6.2 Hz,°J (5-H, 8H) = 1.2 Hz,5J (5-H, 8-H) = 2.4 Hz 2H,
8-H,), 1.72 (m2) (6-Ha, 6Hb) = 12.3 Hz2J (5-H, 6-H) = 6.2 Hz,2J (6-H, 7-H) = 2.5 Hz23J]
(6-H, 7-H) = 8.8 Hz 2H, 6H>), 1.62 (m2J (7-Ha, 7-Hb) = 11.8 Hz3J (6-H, 7-H) = 2.4 Hz3J
(6-H, 7-H) = 8.4 Hz 3J (7-H, 8-H) = 6.0 Hz,2H, 7-H>).

13C NMR (125 MHz, CDC#): U [ppm] = 196.8 (G1), 165.4 (G4a), 156.0 ('), 143.1 (G
10a), 141.6 (5", 110.1 (G4, 109.8 (G9a), 108.7 (€8a), 104.6 (€3"), 40.9(C-2), 32.3 (C
4), 32.2 (G3), 28.2 (G8), 25.8 (C5), 22.9 (C6), 22.8 (G9), 22.3 (C7).

LRMS (El, 70 eV):m/z(%) =270 (100) [M], 189 (18) [Mi CsHsO]*, 175 (11), 162 (19), 148
(32), 91 (7).

HRMS (EI): m/z[M] * calcd. for[C17H1803]* 270.1256; found 270.1235.

Molecular weight: C17H1603 (270.3280 g x mo).
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2.5.14 3-Pheny}2,3,4,5,6,7,8, ®ctahydro-1H-xanthen-1-one (126m)

Synthesis using 0.5 mmol &bromo1-(4-methylbenzenesulfonatemethyl)cyclohbxene
(125a) as substrate

Following general procedure 1V,3-phenyt2,3,4,5,6,7,8,%ctahydrelH-xanthenrl-one
(126m) was synthesized by reactityl (10 mg, 0.05 mmol), GEO; (358 mg, 1.1 mmol), 5
phenyt1,3-cyclohexanedione3bg (113 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05 mmol)
and2-bromo1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a) (173 mg, 0.5 mmol)

in DMF (2 mL). Analytically purel26m wasobtained as a pale yellow oil (104 mg, 0.37 mmol,
74%) after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 25:1).

Synthesis using 1 mmol of-l&omo1-(4-methylbenzenesulfonatemethyl)cyclokkene
(125a) as substrate

Following general procedure 1V,3-phenyt2,3,4,5,6,7,8,%ctahydrelH-xanthenrl-one

(126m) was synthesized by reacti@yl (19 mg, 0.1 mmol), GEOs (717 mg, 2.2 mmol), 5
phenyt1,3-cyclohexanedione366 (207 mg, 1.2 mmol), -picolinic acid (12 mg, 0.1 mmol)
and2-bromo1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a) (344 mg, 1 mmolin

DMF (4 mL). Analytically pure126m was obtained as a pale yellow oil (206 mg, 0.73 mmol,

73%) after subjecting the crude product ¢olumn chromatography over silica gel
(cyclohexandethyl acetate = 20:1).

Rr = 0.41 (petroleum ethathyl acetate 12:1).

IR (ATR): 3 [cm] = 2927, 1631 (©0), 1391, 11841120, 762, 698.

IH NMR (500 MHz, CDC#): ti[ppm] =7 . 3671 7. 3 3-H,(amd,5HR H, 73281 7. 2 4
overlapped, 3H, 24, 4-H, and 6H ) 3. 417 3-HR 3.72(dod2) (24HH, ,2Hb3 =

16.4 HzJ (2-Ha, 3H) = 4.2 Hz}J (2-Ha, 4H) = 1.2 Hz1H,2Ha) , 2. 7071 2H2)68 ( m,
2.66 (dd3J(3-H, 4-H) = 12.2 Hz*J (2-H, 4-H) = 1.6 Hz,2H, 4H,), 2.61 (dd2J (2-Ha, 2HDb)

=16.2 Hz3J (2-Hb, 3H) = 12.6 Hz,1H, 2Hb), 2.09 (m3J (5-H, 6-H) = 6.4 Hz%J (5-H, 8H)

= 2.1 Hz,%J (5-H, 9-H) = 2.1 Hz,2H, 5H>), 1.95 (ddlike, 2 (8-Ha, 8Hb) = 11.5 H, 3J (7-H,
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8-H) = 6.2 Hz,2H, 8Hy), 1.72 (m2J (6-Ha, 6Hb) = 12.4 Hz3J (5-H, 6-:H) = 6.3 Hz,2J (6-H,
7-H) = 2.5 Hz3J (6-H, 7-H) = 8.8 Hz 2H, 6H>), 1.63 (m2J (7-Ha, %Hb) = 11.9 Hz3J (6-H,
7-H) = 2.4 Hz3J (6-H, 7-H) = 8.4 Hz 3] (7-H, 8-H) = 6.1 Hz,2H, 7-H>).

13C NMR (125 MHz, CDC¥): ti [ppm] =197.7 (G1), 166.2 (G4a), 143.1 (€10a), 142.8 (€
1, 128.8 (G3'and G5Y), 127.0 (G4, 126.7 (G2'and G6'), 109.7 (G9a), 108.7 (C3a), 43.8
(C-2),38.8 (G3), 35.1 (G4), 28.2 (G8), 25.9 (G5), 23.0 (G9), 22.9 (C6), 22.3 (C7).

LRMS (El, 70 eV):m/z(%) =280 (100) [M], 189 (27) [MT CsH7]", 162 (43), 148 (23), 88
(35), 70 (71).

HRMS (EI): m/z[M] " calcd. for[C1eH2002]* 280.1463; found 280.1445.

Molecular weight: C1gH200, (280.3670 g x mof).

2.5.15 3-(4'-Chlorophenyl)-2,3,4,5,6,7,8,%ctahydro-1H-xanthen-1-one (126n)

Following general procedure 1\3;(4-chlorophenyh2,3,4,5,6,7,8,®ctahydrelH-xanthenrl-

one (126n) was synthesized by reacti@yl (10 mg, 0.05 mmol), GEOs (358 mg, 1.1 mmol),
5-(chlorgphenyl}1,3-cyclohexanedione3ff) (134 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05
mmol) and2-bromao 1-(4-methylbenzenesulfonatemethyl)cyclohkxene (25a) (173 mg, 0.5
mmol)in DMF (2 mL). Analytically purel26n was obtained as a pale yellow oil (113 mg, 0.36
mmol, 72%) after subjecting the crude product to column chromatography over silica gel
(petroleum ether/ethyl acetate = 25:1).

Rr = 0.41 (petroleum ethathyl acetate 12:1).

IR (ATR): 3 [cm!] = 2930, 1627 (©0), 1391, 1185, 1120, 1090, 1012, 821.

H NMR (300 MHz, CDC$): ti [ppm] =7.31 (dd3J (2-H, 3-H) = 8.4 Hz,AJ (3-H, 5-H) = 2.0
Hz,2H, 3:H and 5'H), 7.17 (dd3J (2-H, 3-H) = 8.4 Hz*J (2-H, 6-H) = 2.0 Hz,2H, 2"H and

6-H) , 3. 4171 3-HBD71 (dehd?I (2-H&J 2HbB= 16.2 Hz3J (2-Ha, 3H) = 4.3 Hz,
4J(2-Ha, 4H) =09 Hz,1H,2Ha ) , 2. 6 91 2H6 Z62 (ddike, 3JZ3HH, 4-H) =

11.5 Hz,%J (2-H, 4-H) = 1.8 Hz,2H, 4H,), 2.56(dd,?J (2-Ha, 2Hb) = 16.3 Hz3J (2-Hb, 3

H) = 12.1 Hz,1H, 2-Hb), 2.08 (m3J (5-H, 6-H) = 6.1 Hz,%J (5-H, 8H) = 2.0 Hz,%J (5-H, 9

H) = 2.2 Hz,2H, 5Hy), 1.95 (tlike,®J (7-H, 8H) = 6.2 Hz2H,8H,) , 1. 7671 1-68 ( m,
H) , 1.6711:H)8 (m, 2H, 7
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13C NMR (75 MHz, CDCH): ti[ppm] =197.7 (G1), 165.9 (C4a), 143.1 (€10a), 141.2 (€1),
132.7 (G4, 128.9 (G3'and G5, 128.0 (G2' and G6), 109.8 (C9a), 108.7 (€8a), 43.6 (€
2), 38.2 (G3), 34.9 (G4), 28.2 (C8), 25.8 (C5), 22.9(C-9), 22.8 (C6), 22.3 (C7).

LRMS (El, 70 eV):m/z(%) =314 (100) [M[, 189 (25) [Mi C/HeCI]*, 162 (24), 148 (19), 57
(14).

HRMS (EI): m/z[M] * calcd. for[C19H19CIO2]" 314.1074; found 314.1054.

Molecular weight: C1sH19CIO2 (314.8090 g x mol).

2.5.16 3-[4'-(Dimethylamino)phenyl]-2,3,4,5,6,7,8,%ctahydro-1H-xanthen-1-one (1260)

Following general procedure 1\3;(4-(dimethylamino)phenyi®,3,4,5,6,7,8,9ctahydrelH-
xanthenl-one (260) was synthesized by reacti@l (10 mg, 0.05 mmol), GEOs (358 mg,
1.1 mmol), 5[4-(dimethylaminophenyl}1,3-cyclohexanedione3gg (139 mg, 0.6 mmol),-2
picolinic acid (6 mg, 0.05 mmol) arfdbromao 1-(4-methylbenzenesulfonatemethyl)cyclohex
1-ene (25a) (173 mg, 0.5 mmol)n DMF (2 mL). Analytically purel26o was obtained as a
pale yellow oil (139 mg, 0.43 mmol, 86%) after subjecting the crude product to column
chromatography over silica gel (petroleum ether/ethyl acetate = 25:1).

Rr = 0.40 (petroleum ethathyl acetate 12:1).

IR (ATR): 3 [cm!] = 2937, 1632 (©0), 1521, 1392, 1182, 1121, 812.

H NMR (500 MHz, CDC}): ti [ppm] =7.12 (dd3J (2-H, 3-H) = 8.6 Hz,*J (2-H, 6-H) = 2.1
Hz,2H, 2:H and 6'H), 6.72 (dd3J (2-H, 3-H) = 8.7 Hz,*J (3-H, 5-H) = 2.1 Hz,2H, 3"H and
5-H) , 3. 341 3-HR2B94 (s,/6H2 xICH), 2.73 (ddd?J (2-Ha, 2Hb) = 16.4 Hz3J
(2-Ha, 3H) = 4.4 Hz}J (2-Ha, 4H) =1.1Hz1H,2Ha ) , 2. 691 2H»)6,6 2(.n6 2122H,5
(m, 2H, 4Hy), 2.55 (dd2J (2-Ha, 2Hb) = 16.4 Hz3J (2-Hb, 3H) = 12.7 Hz,1H, 2Hb), 2.09
(m,3J (5-H, 6-H) = 6.2 Hz,%J (5-H, 8H) = 2.2 Hz,%J (5-H, 9-H) = 2.1 Hz,2H, 5H,), 1.95 (m,
33 (7-H, 8-H) = 6.1 Hz,%J (5-H, 8-H) = 1.0 Hz,3J (5-H, 8-H) = 2.3 Hz,2H, 8Hy), 1.72 (m2J
(6-Ha, 6Hb) = 12.3 Hz3J (5-H, 6-H) = 6.2 Hz,2J (6-H, 7-H) = 2.4 Hz2J (6-H, 7-H) = 8.7 Hz
2H, 6-H2), 1.63 (m 2] (7-Ha, 7Hb) = 11.8 Hz3J (6-H, 7-H) = 2.4 Hz3J (6-H, 7-H) = 8.5 Hz

33 (7-H, 8-H) = 6.1 Hz,2H, 7-H>).

13C NMR (125 MHz, CDC#): U [ppm] = 198.2 (G1), 166.5 (G4a), 149.6 (&4), 143.1 (G
10a), 130.7 (€1, 127.2 (C2' and G6), 112.8 (G3' andC-5'), 109.5 (G9a), 108.6 (€33,
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44.1 (G2), 40.6 (2 x CH), 37.9 (G3), 35.4 (G4), 28.2 (G8), 25.9 (GC5), 23.0 (G9), 22.9 (G
6), 22.3 (G7).

LRMS (El, 70eV): m/z(%) =324 (77) [M + HI, 189 (21) [Mi CoH1.N]*, 161 (85), 148 (91),
134 (100).

HRMS (ESI): m/z[M + H]* calcd. for[C21H26NO,]* 324.1958; found 324.1957.

Molecular weight: C21H2sNO2 (323.4360 g x mol).

2.5.17 3-(Benzo 1,3-dioxol-5-yl)-2,3,4,5,6,7,8,Dctahydro-1H-xanthen-1-one (126p)

Following general procedure 1V, -(®enzel,3-dioxol-5-yl)-2,3,4,5,6,7,8,DctahydrelH-
xanthenl-one(126p) was synthesized by reacti@yl (10 mg, 0.05 mmol), GEOs (358 mg,

1.1 mmol), 5[3,4-(methylenedioxyphenyl}1,3-cyclohexanedione3bh) (139 mg, 0.6 mmol),
2-picolinic acid (6 mg, 0.05 mmol) and 2-bromcl-(4-
methylbenzenesulfonatemethyl)cyclohkene (25a) (173 mg, 0.5 mmol)n DMF (2 mL).
Analytically pure126p was obtained as a pale yellow oil (87 mg, 0.27 mmol, 54%) after
subjecting the crude product to column chromatography over silica gel (petroleum ether/ethyl
acetate = 25:1).

Rr = 0.41 (petroleum ethathyl acetate 12:1).

IR (ATR): 3 [cm!] = 2951, 1616 (©0), 1488, 1393, 1245, 1188, 1038, 807, 634.

IH NMR (300 MHz, CDC4): ti[ppm] =6.77 (d3J (6-H, 7-H) = 7.9 Hz, H, 7-H), 6.73 (d4J

(4-H, 6-H) = 1.9 Hz,1H, 4H), 6.68 (dd3J (6-H, 7-H) = 7.9 Hz,*J (4"-H, 6-H) = 1.8 Hz,1H,
6-H),5.95(s,2H,2H,) , 3. 3 41 3 :Hp 3.70(doo?] (24HHE, 2Hb3= 16.1 Hz3J (2-

Ha, 3H) =4.2Hz}J(2-Ha, 4H)=1.1Hz1H,2Ha) , 2. 681 2Hy)6,6 2(.n®,17122H,5 79
2H, 4H>), 2.53 (dd2J (2-Ha, 2Hb) = 16.3 Hz3J (2-Hb, 3H) = 12.5 Hz,1H, 2Hb), 2.08 (m,

3J (5-H, 6-H) = 6.2 Hz,%J (5-H, 8-H) = 2.3 Hz,%J (5-H, 9-H) = 2.2 Hz,2H, 5H,), 1.94 (tlike,
8J(7-H,8H)=6.2Hz2H,8H,) , 1. 7671 1:HH)8 (Im,662ZH,-HH® (m, 2H,
13C NMR (75 MHz, CDC4): ti[ppm] =197.6 (G1), 166.1 (G4a), 147.9 (€3'a), 146.5 (C7'a),

143.1 (G10a), 136.8C-5), 119.7 (C6), 109.7 (G9a), 108.7 (€8a), 108.4 (G7"), 107.1 (C
4",101.1 (G2, 44.1 (G2), 38.6 (G3), 35.4 (G4), 28.2 (G8), 25.9 (C5), 22.9 (G9), 22.8 (C

6), 22.3 (C7).
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LRMS (El, 70 eV):m/z(%) =324 (100) [M], 189 (38) [Mi CsH7O2]", 162 (17), 148 (32), 91
(12).

HRMS (El): m/z[M]* calcd. for[C2oH2004] " 324.1362; found 324.1356.

Molecular weight: CzoH2004 (324.3760 g x mo).

2.6  Synthesis of chromene&27abh

2.6.1 Methyl 2-methyl-5,6,7,8tetrahydro-4H-chromene3-carboxylate (127a)17]

Following general procedure IVmethyl 2-methy}5,6,7,8tetrahydredH-chromenes-
carboxylate 127a) was synthesized by reacti@il (10 mg, 0.05 mmol), GEOz (358 mg, 1.1
mmol), methyl acetoacetatégq) (70 mg, 0.6 mmol), -picolinic acid (6 mg, 0.05 mmol) and
2-bromao1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a) (173 mg, 0.5 mmol)n
DMF (2 mL). Analytically purel27awas obtained as a colorless oil (45 mg, 0.22 mmol, 43%)
after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 50:1).

Rr = 0.59 (petroleum ethathyl acetates 20:1).

IR (ATR): 3 [cm] = 2932, 1711 (©0), 1633, 1382, 1263, 1173, 1144, 1063, 766.

'H NMR (500 MHz, CDC4): U [ppm] =3.71 (s 3H, 2-H3), 2.73 (br s2H, 4-Hy), 2.23 (s 3H,
2-CHs), 2.01 (m2J (7-H, 8-H) = 6.2 HzJ (5-H, 8H) = 2.2 Hz ) (4-H, 8H) = 2.2 Hz2H, &

Hz), 1.87 (m3J (5-H, 6-H) = 6.3 Hz2J (5-H, 8-H) = 1.1 Hz,3J (5-H, 8-H) = 2.1 Hz,2H, 5H>),

1.69 (m,2J (7-Ha, 7Hb) = 12.1 Hz3J (7-H, 8-H) = 6.1 Hz3J (6-H, 7-H) = 2.3 Hz3J (6-H, 7-

H) = 8.5 Hz 2H, %Hy), 1.61 (m2J (6-Ha, 6Hb) = 11.7 Hz3J (6-H, 7-H) = 2.2 Hz2J (6-H, 7-

H) = 8.2 Hz3J (5-H, 6-H) = 5.9 Hz,2H, 6-H>).

13C NMR (125 MHz, CDC4): ti[ppm] =168.7 (G1), 160.9 (G2), 142.9 (C8a), 106.9 (G4a),
100.1 (G3), 51.1 (G2, 27.8 (G8), 26.7 (C5), 25.7 (G4), 22.9 (G7), 22.4 (G6), 19.1 p-
CHs).

Molecular weight: C12H1603 (208.2570 g x mof).
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2.6.2 Methyl 2,6-dimethyl-5,6,7,8tetrahydro-4H-chromene 3-carboxylate (127b)

Following general procedure IVinethyl 2,6dimethyt5,6,7,8tetrahydre4H-chromenes-
carboxylate 127b) was synthesized by reacti@ul (10 mg, 0.05 mmol), GEOz (358 mg, 1.1
mmol), methyl acetoacetatéga) (70 mg, 0.6 mmol), -dicolinic acid (6 mg, 0.05 mmol) and
2-broma5-methyt1-(4-methylbenzenesulfonatemethyl)cyclorkexne (25c) (180 mg, 0.5
mmol) in DMF (2 mL). Analytically purel27b was obtained as a colorless oil (51 mg, 0.23
mmol, 46%) after subjecting the crude product to column chromatography over silica gel
(petroleum ether/ethyl acetate = 50:1).

Rr = 0.58 (petroleum ethathyl acetates 20:1).

IR (ATR): 3 [cm!] = 2954, 1717 (©0), 1436, 1239, 1160, 1056, 771.

H NMR (300 MHz, CDC#): ti[ppm] =3.70 (s 3H, 2-H3), 2.72 (tlike, 2] (4-Ha, 4Hb) = 21.3
Hz, 2H, 4H), 2.26 ($3H,2-CHs),2 . 1 51 1, 2H) &FHy)( 188 (ddlike, 2] (5-Ha, 5Hb) =
15.6 Hz,%J (5-Ha, 6H) = 3.9 Hz,1H, 5Ha ) , 1. 7, 8verlappédgH, ¢Hrand 7Ha),
1.637 L1H%HbO)m 1. 3 8H, 2HbR B97 (dfd= 6.3Hz, 3H,6-CHy).

13C NMR (75 MHz, CDC#¥): Ui [ppm] =168.7 (G1), 160.9 (G2), 142.6 (G84a), 106.4 (G4a),
100.1 (G3), 51.2 (G2, 36.3 (G5), 30.9 (C7), 28.6 (CG6), 26.7 (G4), 25.6 (G8), 21.3 (6
CHz), 19.1 (2CHy).

LRMS (El, 70 eV):m/z(%) =222 (17) [M], 207 (100) [Mi CHz]", 191 (9) [MT OCH;s]™,
163 (6) [MT COOCH]".

HRMS (EI): m/z[M] " calcd. for[C13H180s]* 222.1256; found 222.1232.

Molecular weight: C13H1503 (222.2840 g x mol).

2.6.3 Methyl 6-(tert-butyl) -2-methyl-5,6,7,8tetrahydro-4H-chromene3-carboxylate
(227c)

Following general procedure IVmethyl 6(tert-butyl)-2-methyl5,6,7,8tetrahydre4H-
chromene3-carboxylate {27c) was synthesized by reacti@gl (10 mg, 0.05 mmol), GEQs
(358 mg, 1.1 mmol), methyl acetoacetat@ea] (70 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05
mmol) and2-bromao5-tert-butyl-1-(4-methylbenzenesulfonatemethyl)cyclohbene (25d)
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(201 mg, 0.5 mmolin DMF (2 mL). Analytically purel27c was obtained as a colorless oil (69
mg, 0.26 mmol, 52%) after subjecting the crude product to column chromatography over silica
gel (petroleum ether/ethyl acetate = 50:1).

Rr = 0.56 (petroleum etharthyl acetate 20:1).

IR (ATR): 3 [cm!] = 2952, 1713 (©0), 1435,1177, 1073, 767.

IH NMR (500 MHz, CDC}): U [ppm] = 3.70 (s 3H, 2-Hzg), 2.74 (dd?J (4-Ha, 4Hb) = 18.9

Hz, 2H, 4H,), 2.23 (s, 3H, Hs) , 2. 12RR 88, (in. 90 1H, .77Ba4, ( m
1. 7971 L2H{®H,)(,m 1. 3 5avdrlappeti?H(6M and 7Ha), 0.88 (s9H, 3 x CHb).

13C NMR (125 MHz, CDC#$): t[ppm] =168.7 (G1'), 160.8 (G2), 142.8 (C8a), 106.7 (G4a),

100.1 (G3), 51.1 (G2), 44.1 (G6), 32.1 (C1"), 29.4 (G5), 27.3 (3 x CH), 26.9 (G8), 26.8

(C-4), 24.1 (G7),19.1 (2CHa).

LRMS (El, 70 eV):m/z(%) =264 (15) [M], 249 (100) [Mi CHa]".

HRMS (EI): m/z[M] " calcd. for[C16H2405]" 264.1720; found 264.1700.

Molecular weight: C16H2403 (264.3650 g x mol).

2.6.4 6-Ethyl 3-methyl 2-methyl-5,6,7,8tetrahydro-4H-chromene3,6-dicarboxylate

(127d)
(@] (@]

Ao
Following general procedure 1\6;ethyl 3methyl 2methyt5,6,7,8tetrahydred4H-chromene
3,6-dicarboxylate 127d) was synthesized by reacti@ul (19 mg, 0.1 mmol), GEOs (717
mg, 2.2 mmol), methyl acetoacetatsq) (140 mg, 1.2 mmol), -picolinic acid (12 mg, 0.1
mmol) andethyl 4-bromo-3-(4-methylbenzenesulfonatemethyl)cyclok&ene 1-carboxylate
(125e) (417 mg, 1 mmolin DMF (4 mL). Analytically purel27d was obtained as a pale yellow
liquid (106 mg, 0.38 mmol, 38%) after subjecting the crude product to column chromatography
over silica gel ¢yclohrexandethyl acetate = 10:1).
Rr = 0.46(cyclohexandethyl acetate = 5:1)
IR (ATR): 3 [cml] = 2949, 1729, 1710, 1634, 1434, 1174, 1067, 766.
'H NMR (600 MHz, CDC%): U [ppm] =4.14 (q,J = 7.2 Hz,2H, 2'-H>), 3.70 ($3H, 2-H3),
2.78 (d,J = 17.6 Hz,1H, 4Ha), 2.70 (dJ = 18.2 Hz,AH, 4Hb ) , 2. 6,AH,BH)55 ( m
2. 231 2 overappédaH, 5Ha and 2CHs) 2 . 14 overlapgpeddH( 8> and 7
H) , 1. 8 41IH15HB)61.2% (W =7.2 Hz,3H, 3"-CHg).
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13C NMR (150 MHz, CDCH): Ui [ppm] =174.9 (G1"), 168.4 (G1), 160.7 (G2), 142.2 (C84),
105.4 (G4a), 100.1 (€3), 60.4 (G2"), 51.2 (G2, 39.2 (C6), 29.9 (G4), 26.5 (C5), 25.2 (C
8), 24.9 (G7), 19.0 (2CHs), 14.2 (G3").

HRMS (El): m/z[M T H]" calcd. for[C1sH190s] " 279.1227; found 279.1224.

Molecular weight: C1sH200s (280.3200 g x mo).

2.6.5 Ethyl 2-methyl-5,6,7,8tetrahydro-4H-chromene 3-carboxylate (127€)
0

o
Following general procedure IV,ethyl 2methyt5,6,7,8tetrahydre4dH-chromenes-
carboxylate 127€) was synthesized by reacti@ml (10 mg, 0.05 mmol), GEO; (358 mg, 1.1
mmol), ethyl acetoacetatégp) (78 mg, 0.6 mmol),-dicolinic acid (6 mg, 0.05 mmol) arid
bromo1-(4-methylbenzenesulfonatemethyl)cyclokkene (25a) (173 mg, 0.5 mmol)n
DMF (2 mL). Analytically purel27e was obtained as a colorless oil (63 mg, 0.28 mmol, 57%)
after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 50:1).
Rr = 0.58 (petroleum ethathyl acetates 20:1).
IR (ATR): 3 [cm] = 2924, 1717 (©0), 1449, 1322, 1168, 1128, 1067, 750.
'H NMR (300 MHz, CDC}): ti[ppm] =1.27 (t23J(2-H,3-H)=7.1Hz3H,3-H3) , 1. 5671 1. 6
(m2H,6H2) , 1. 6 42H]7-H,21.87 (M3 (5-H, 6H) =59 HzJ(5-H, 8H) = 1.2
Hz,5J (5-H, 8-H) = 2.4 Hz,2H, 5Hy), 2.01 (m2J (7-H, 8H) = 6.3 Hz°J (5-H, 8- H) = 2.2 Hz,
°J (4-H, 8-H) = 2.2 Hz,2H, 8H), 2.22 ($3H, 2-CHs), 2.72 (br s2H, 4-H>), 4.16 (q3J (2-H,
3-H) = 7.1 Hz 2H, 2:H>).
13C NMR (125 MHz, CDC}$): t[ppm] =168.3 (G1), 160.6 (G2), 142.8 (C8a), 106.9 (G4a),
100.3 (G3), 59.8 (G2, 27.8 (G8), 26.7 (C5), 25.7 (G4), 22.9 (C7), 22.4 (G6), 19.1 p-
CHs), 14.4 (G3)).
HRMS (El): m/z[M] * calcd. for[C13H1s803] " 222.1250; found 222.1234.
Molecular weight: C13H103 (222.2840 g x mof).
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2.6.6 (2'-Methoxyethyl) 2-methyl-5,6,7,8tetrahydro-4H-chromene 3-carboxylate (127f)
o)

7 p 8a (1) 2
Following general procedure 1¥2'-methoxyethyl) 2methy}5,6,7,8tetrahydredH-chromene
3-carboxylate 127f) was synthesized by reacti@ul (10 mg, 0.05 mmol), GEOs (358 mg,
1.1 mmol), 2methoxyethyl acetoaceta#6) (96 mg, 0.6 mmol), -picolinic acid (6 mg, 0.05
mmol) and2-bromao 1-(4-methylbenzenesulfonatemethyl)cyclohkrene (25a) (173 mg, 0.5
mmol) in DMF (2 mL). Analytically purel27f was obtained as a colorless oil (45 mg, 0.18
mmol, 36%) after subjecting the crude product to column chromatography over silica gel
(petroleum ether/ethyl acetate = 45:1).
Rr = 0.55 (petroleum ethathyl acetates 20:1).
IR (ATR): 3 [cm!] = 2930, 1708 (©0), 1632, 1383, 1262, 1174, 1145, 1061, 765.
H NMR (600 MHz, CDC}): U [ppm] =4.26 (tlike,3J (2-H, 3-H) = 4.8 Hz,2H, 2-H,), 3.61
(t-like, 3 (2-H, 3-H) = 4.8 Hz,2H, 3-H>), 3.38 (br $3H, 4-H3), 2.75 (br s2H, 4-Hy), 2.23 (s
3H, 2-CHs), 2.01 (m23J (7-H, 8-H) = 6.2 Hz,%J (5-H, 8-H) = 2.2 Hz,5J (4-H, 8-H) = 2.2 Hz,
2H, 8Hy), 1.87 (m3J (5-H, 6-:H) = 6.0 HzJ (5-H, 8-H) = 1.2 Hz3J (5-H, 8H) = 2.3 Hz,2H,
5-H,), 1.69 (M2 (7-Ha, 7-Hb) = 12.3 Hz2J (7-H, 8H) = 6.2 Hz,3J (6-H, 7-H) = 2.5 Hz23]
(6-H, 7-H) = 8.8 Hz 2H, 7H>),1.60 (m 2] (6-Ha, 6Hb) = 11.9 Hz3J (6-H, 7-H) = 2.4 Hz3J
(6-H, 7-H) = 8.4 Hz 3J (5-H, 6-H) = 6.0 Hz,2H, 6:H>).
13C NMR (150 MHz, CDCH4): ti [ppm] =168.2 (G1), 161.1 (G2), 142.8 (G8a), 107.0 (G4a),
100.1 (G3), 70.7 (C3"), 62.9 (G2, 58.9 (G4, 27.8 (C5), 26.6 (C4), 25.7 (C8), 22.8 (C7),
22.4 (G6), 19.2 (2CHsa).
LRMS (El, 70 eV):m/z(%) =252 (8) [M]", 193 (100) [Mi CH.CH>OCHg]*, 148 (21) [M1
COOCHCH0OCH;z]*, 91 (5).
HRMS (EI): m/z[M] * calcd. for[C14H2004]" 252.1362; found 252.1367.
Molecular weight: C14H2004 (252.3100 g x mof).

2.6.7 Benzyl2-methyl-5,6,7,8tetrahydro-4H-chromene 3-carboxylate (1279)

Following general procedure IV,benzyl 2methyt5,6,7,8tetrahydre4dH-chromenes-
carboxylate 127g) was synthesized by reacti@l (10 mg, 0.05 mmol), GEOz (358 mg, 1.1
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mmol), benzyl acetoaceta#&l) (115 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05 mmol) and
2-broma 1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) (173 mg, 0.5 mmol)n

DMF (2 mL). Analytically pure1l27g was obtained as a paellow oil (82 mg, 0.29 mmol,

58%) after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate = 45:1).

Rr = 0.49 (petroleum ethathyl acetate 20:1).

IR (ATR): 3 [cm!] = 2931, 1707 (©0), 1630,1383, 1260, 1171, 1144, 1049, 696.

'H NMR (300 MHz, CDC4): U [ppm] =7 . 3971 7,.48,44*H,(5¥H, 7-H and 8&H),

7. 331 7. 28H),(5rm8 (s2HH2:-H,),&2:78 (br s2H, 4-Hy), 2.25 (s 3H, 2-CHg), 2.02

(m,3J (7-H, 8H) = 6.1 Hz,3J (5-H, 8H) = 2.1 Hz,%J (4-H, 8- H) = 2.1 Hz,2H, 8H,), 1.87 (m,

3 (5-H, 6-H) = 5.9 Hz3J (5-H, 8H) = 1.1 Hz3J (5-H, 8H) = 2.3 Hz2H,5Hy) , 1. 641 1.
(m2H,6H2) , 1. 7 32H17ZHB.5 ( m

13C NMR (75 MHz, CDC¥): Ul [ppm] =168.0 (G1'), 161.3 (G2), 142.9 (C8a), 136.7 (GC3)),
128.5 (G4'and G8), 127.9 (CG6'), 127.8 (C5'and G7'), 107.0 (G4a), 100.0 (€3), 65.6 (G
2", 27.9 (G5), 26.7 (G4), 25.7 (C8), 22.8 (G7), 22.4 (C6), 19.2 (2CHa).

LRMS (El, 70 eV):m/z(%) =284 (4) [M]", 193 (83) [M1 C7H-]", 105 (100), 91 (60), 77 (28).
HRMS (EI): m/z[M] " calcd. for[C1gH200s]* 284.1412; found 284.1401.

Molecular weight: C1gH2003 (284.3550 g x mo).

2.6.8 Ethyl 2-(p-tolyl)-5,6,7,8tetrahydro-4H-chromene3-carboxylate (127h)

Following general procedure IV,ethyl 2(p-tolyl)-5,6,7,8tetrahydredH-chromenes-
carboxylate 127h) was synthesized by reacti@ul (10 mg, 0.05 mmol), GEOz (358 mg, 1.1
mmol), ethyl (4methylbenzoyl)acetatelée) (124 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05
mmol) and2-bromao 1-(4-methylbenzenesulfonatemethyl)cyclohbxene (25a) (173 mg, 0.5
mmol) in DMF (2 mL). Analytically pure127h was obtained as a colorless oil (88 mg, 0.29
mmol, 59%) after subjecting the crude product to column chromatography over silica gel
(petroleum ether/ethyl acetate = 45:1).

Rr = 0.46 (petroleum ethathyl acetates 20:1).

IR (ATR): 3 [cm!] = 2929, 1722 (©0), 1677,1606, 1368, 1250, 1176, 1023, 814.
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IH NMR (600 MHz, CDC}): i [ppm] =7.27 (dd3J (2"-H, 3"-H) = 8.1 Hz,%J (2"-H, 6"-H) =
1.9 Hz,2H, 2"H and 6:H), 7.18 (dd3J (2"-H, 3"-H) = 7.8 Hz,*J (3"-H, 5"-H) = 2.1 Hz,2H,
3"H and 5%H), 3.99 (q3J (2-H, 3-H) = 7.1 Hz,2H, 2:H>), 2.93 (br s2H, 4-H>), 2.38 (s3H,
4"-CHs), 2.10 (m3J (7-H, 8H) = 6.3 Hz,5J (5-H, 8H) = 2.2 Hz %) (4-H, 8H) = 2.2 Hz,2H,
8-Hy), 1.96 (M3 (5-H, 6-:H) = 6.2 Hz,5J (5-H, 8H) = 1.1 Hz,5J (5-H, 8H) = 2.1 Hz,2H, 5
Hy), 1.75 (m2J (7-Ha, 7-Hb) = 12.3 Hz3J (7-H, 8H) = 6.2 Hz,3] (6-H, 7-H) = 2.3 Hz3J (6-
H, 7-H) = 8.7 Hz 2H, 7H>), 1.67 (m2J (6-Ha, 6Hb) = 11.9 Hz3J (6-H, 7-H) = 2.4 Hz3J (6-
H, 7-H) = 8.3 Hz 3] (5-H, 6-H) = 6.0 Hz,2H, 6-Hy), 1.01 (t3J (2-H, 3-H) = 7.1 Hz,3H, 3-
Ha).

13C NMR (150 MHz, CDCH): ti [ppm] =168.2 (G1), 159.2 (G2), 143.8 (C84), 138.9 (C4"),
133.0 (G1"), 128.4 (G3"and G5"), 128.3 (G2"and G6"), 106.6 (G4a), 101.8 (€3), 59.9 (G
2, 27.9 (G5), 27.5 (G4), 25.9 (G8), 22.9 (G7), 22.4 (CB), 21.4 4"-CHs), 13.8 (C3).
LRMS (El, 70 eV): m/z (%) = 298 (12) [M], 269 (100) [MT CzHs]*, 225 (11) [MT
COOCH.CH]*, 181 (73), 153 (38), 135 (22), 107 (17), 93 (33), 79 (12).

HRMS (El): m/z[M] * calcd. for[C1oH2203] " 298.1569; found 298.1569.

Molecular weight: C19H2203 (298.3820 g x mof).
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2.7  Synthesis of double alkylated compound$35abc

2.7.1 3,3Bis[(2-bromocyclohex1-en-1-yl)methyl]pentane-2,4-dione (135a)

Synthesis using-bromao2-(bromomethyl)cyclohex-ene(124a) as substrate

Following general procedure 1V3,3-bis[(2-bromocyclohexl-en1-yl)methyl]pentane?,4-

dione (35a) was synthesized by reactirigul (10 mg, 0.05 mmol), GEOs (358 mg, 1.1
mmol), acetylacetoné 84a) (60 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05 mmol)-dromo
2-(bromomethyl)cyclohexd-ene(124a) (127 mg, 0.5 mmol) iDMF (2 mL). Analytically pure
135awas obtained as a colorless oil (60 mg, 0.13 mmol, 27%) after subjecting the crude product

to column chromatography over silica gey¢lohexandethyl acetate = 20:1).

Synthesis using2-bromao1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) as

substrate

Following general procedure 1V3,3-bis[(2-bromocyclohexl-en1-yl)methyl]pentane?,4-
dione (135a) was synthesized by reactir@ul (10 mg, 0.05 mmol), GEOs (358 mg, 1.1
mmol), acetylacetonel84a) (60 mg, 0.6 mmol),-picolinic acid (6 mg, 0.05 mmol®-bromo
1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a) (173 mg, 0.5 mmol) iDMF (2
mL). Analytically pure135a was obtained as a colorless oil (84 mg, 0.19 mmol, 38%) after
subjecting the crude product to column chromatography over silica gel (petroleum ether/ethyl
acetate 2 ).
Rr = 0.46 (cyclohexanethyl acetate 5:1).
'H NMR (600 MHz, CDC}): Ui [ppm] =3.08 (s4H, 2 x 1"-Hy), 2.49 (tlike,J= 6.0 Hz,4H, 2
x 3-Hy), 2.24 ($6H, 2 x CH), 1.86 (tlike,J = 6.0 Hz,4H, 2 x6-H>), 1.60 (m?2J (5-Ha, 5-
Hb) = 11.5 Hz3J (4-H, 5-H) = 2.5 Hz23J (4-H, 5-H) = 8.2 Hz 3J (5-H, 6-H) = 6.2 Hz,8H,
2 x 4*Hz and 2 x 5H>).
13C NMR (150 MHz, CDC#): U [ppm] =207.2 (2 xC-1), 13 B (2 x C-1), 1 2.2 x C-2),
6 (C-2),3 D(2xC-1",3 4 (2xC-3),3® (2xC-6), 27.8 (2 x Ch), 24.4 (2 xC-4),
2 5 (2 xC-5).
HRMS (ESI):m/z[M + Na]* calcd. for[C1oH26Br-02Na]* 469.0172; found 469.0182.
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Molecular weight: C1gH26Br20, (446.2230 g x mof).

2.7.2 2,2-Bis[(2-bromocyclohex1-en-1-yl)methyl]-2H-indene-1,3-dione (135b)

Synthesis using-bromao2-(bromomethyl)cyclohex-ene(124a) as substrate

Following general procedure IV, 2tfis[(2-bromocyclohexi-en-1-yl)methyl]-2H-indenel,3

dione (135b) was synthesized by reacti@ul (10 mg, 0.05 mmol), GEOs (358 mg, 1.1
mmol), 1,3indandione 134b) (88 mg, 0.6 mmol), -picolinic acid (6 mg, 0.05 mmol),-1
broma2-(bromomethyl)cyclohed-ene (124a) (127 mg, 0.5 mmol) inDMF (2 mL).
Analytically purel35b was obtained as a white solid (91 mg, 0.18 mmol, 37%) after subjecting
the crude product to column chromatography over silica gel (cyclohexane/ethyl a&#fe =

Synthesis using2-bromo1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) as

substrate

Following general procedure 1\2,2-bis[(2-bromocyclohexl-en-1-yl)methyl]-2H-indenel,3
dione (135b) was synthesized by reactif@ul (10 mg, 0.05 mmol), GEOs (358 mg, 1.1
mmol), 1,3indandione 134b) (88 mg, 0.6 mmol), -picolinic acid (6 mg, 0.05 mmolR-
bromo1-(4-methylbenzenesulfonatemethyl)cyclohkene @25a) (173 mg, 0.5 mmol) in
DMF (2 mL). Analytically purel35b was obtained as a white solid (120 mg, 0.24 mmol, 49%)
after subjecting the crude product to column chromatography over silica gel (petroleum
ether/ethyl acetate Z (1).

M.p.: 1531 155°C.

Rr = 0.3 qcyclohexanedthyl acetate 5:1).

IR (ATR): 3 [cm!] = 2935, 1705 (©0), 1588, 1431, 1350, 1233, 973, 803, 745.

H NMR (600 MHz, CDC}): Ui [ppm] =7.97 (dd2J (4-H, 5-H) = 8.9 Hz,*J (4-H, 5H) = 5.5

Hz, 2H,2 x 4-H), 7.83 (dd2J (4-H, 5-H) = 8.8 Hz,J (4-H, 5-H) = 5.7 Hz, 2H?2 x 5-H), 2.90

(s, 4H, 2 x 1:Hy), 2.38 (tlike, J = 5.8 Hz, 4H, 2 x 3H,), 1.75 (tlike,J = 5.9 Hz, 4H, 2 x €'
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H2), 1.39 (m?2J (5-Ha, 5*Hb) = 11.3 Hz3J (4-H, 5-H) = 2.5 Hz2J (4-H, 5-H) = 8.1 Hz,3J
(5-H, 6-H) =5.9 Hz, 8H, 2 x 4H> and 2 x 5H>).

13C NMR (150 MHz, CDC#): U [ppm] =201.8 (2 xC-1), 141.9 (2 xE3), 135.5 (2 xC-1)),
131.1 (2 x G5), 124.2 (2 x €4),123.1 (2 xC-2'), 57.8 (C2), 42.7 (2 xC-1"), 36.9 (2 xC-3),
32.2 (2 xC-6"), 245 (2 xC-4),2 24 (2 xC-5).

HRMS (ESI): m/z[M + Na]* calcd. for[Co3H24Br0O2Na]* 515.0008; found 515.0016.
Molecular weight: Ca3H24Br20, (492.2510 g x mof).

2.7.3 5,5Bis[(2-bromocyclohex1-en-1-yl)methyl] -1,3-dimethylbarbituric acid ( 135c)

Synthesis using-bromao2-(bromomethyl)cyclohex-ene(124a) as substrate

Following general procedure IV, 5Hbs[(2-bromocyclohexl-en1-yl)methyl]-1,3
dimethylbarbituric acid135c) was synthesized by reacti@yl (10 mg, 0.05 mmol), GEOs

(358 mg, 1.1 mmol), 1;8imethylbarbituric acid¥34c) (94 mg, 0.6 mmol),-picolinic acid (6

mg, 0.05 mmol), bromeo2-(bromomethyl)cyclohed-ene(124a) (127 mg, 0.5 mmol) iDMF

(2 mL). Analytically purel35c was obtained as a white solid (90 mg, 0.18 mmol, 36%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate 2 ).

Synthesis using2-bromo1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) as

substrate

Following general procedure IV, 5IBs[(2-bromocyclohexl-en1-yl)methyl]-1,3
dimethylbarbituric acid135c) was synthesized by reacti@yl (10 mg, 0.05 mmol), GEO3

(358 mg, 1.1 mmol), 1;8imethylbarbituric acid¥34c) (94 mg, 0.6 mmol),-picolinic acid (6

mg, 0.05 mmol),2-broma1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) (173

mg, 0.5 mmol) ilDMF (2 mL). Analytically purel35c was obtained as a white solid (118 mg,
0.23 mmol, 47%) after subjecting the crude product to column chromatography over silica gel

(petroleum ether/ethyl acetate2=1).
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M.p.: 1471 149°C.

Rr = 0.3 &cyclohexanedthyl acetate 5:1).

IR (ATR): 3 [cm!] = 2943, 1680 (©0), 1433, 1373, 1078, 968.

IH NMR (600 MHz, CDC}): Ui [ppm] =3.30 (s 6H, 2 x CH), 3.01 (54H, 2 x1"-Hy), 2.47 (t
like,J = 5.9 Hz, 4H, 2 x 3Hy), 1.81 (tlike,J = 5.8 Hz, 4H, 2 x 6H2), 1.57 (m2J (5-Ha, 5
Hb) = 11.6 Hz3J (4-H, 5-H) = 2.5 Hz3J (4-H, 5-H) = 8.1 Hz,3J (5-H, 6-H) = 6.2 Hz, 8H,
2 x 4*Hz and 2 x 5H>).

13C NMR (150 MHz, CDC#): ti [ppm] =170.1 (2 xC-3), 151.3 (G2), 130.1 (2 xC-1), 124.6
(2 xC-2), 54.4 (G4), 46.2 (2 xC-1"), 37.1 (2 xC-3), 31.1 (2 xC-6), 29.1 (2 x CH), 24.4 (2
x C-4),2 5 (2 xC-5).

HRMS (ESI): m/z[M + Na]* calcd. for[CooH26BraN20OsNa]* 525.0180; found 525.0183.
Molecular weight: C2oH26Br2N2.Os (502.2470 g x mol).
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2.8  Experiments towards the reaction mechanism

2.8.1 Synthesis of 2[(2-bromocyclohex1-en-1-yl)methyl]-3-hydroxy-5,5-dimethyl-2-
cyclohexenl-one (136a)

An ovendried 25 mL rounébottomed flask equipped with a magnetic bar was charged with

a solution of 5,&imethyt1,3-cyclohexanedion€35b) (0.56 g, 4 mmol, 2 equjvin 5 mL
freshly dried THF under argoithe mixture was cooled to 0 °C and NaH (60% dispersion in
mineral oil) (155 mg, 4 mmol, 2 equiv) was added portionwigkin 15 min Afterwards, 2
bromo1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a) (0.69 g, 2 mmol, 1 equiv)
was added at room temperature, and the resulting mixture was stirred foll i@ teaction
mixture was poured into saturated M solution and extracted with EtOAc (3 x 30 mhe
combined organic phases were dried over MgSitered and concentrateth vacuo
Analytically pure  2-[(2-bromocyclohexl-en1-yl)methyl]-3-hydroxy-5,5-dimethy}2-
cyclohexerl-one (136a) was obtainedas a white solid0.42 g, 1.36 mmol, 68%after
subjecting the crude product tmlumn chromatography over silica gel (cyclohexatis/
acetate= 8:1).

M.p.: 1761 177°C.

Rr = 0.21 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] = 2933 (OH), 1638 (€0), 1560, 1352, 1255, 884, 622.

'H NMR (500 MHz, DMSQd): U [ppm] =10.49 (s, IHOH), 3.06 (s, 2H1"H>) , 2. 4371 2. 3
(m, 2H,3-Hy), 2.22 (br s, 4H4H, and 6Hy) , 1. 8471 16“HH, (m, 59HL. 47
overlapped4H, 4-H, and 5'Hy), 0.98 ($6H, 2 x CH).

13C NMR (125 MHz,DMSO-de): U [ppm] =196.6(C-1), 171.4(C-3), 134.9(C-1"), 117.7(C-

2", 109.9(C-2), 49.2(C-6), 44.5(C-4), 36.4(C-3"), 31.5(C-5), 29.1(C-1"), 28.8(C-6", 28.1

(2 x CH), 24.4(C-4"), 22.0(C-5)).

HRMS (ESI):m/z[M + Na|* calcd. for[C1sH21BrO2Na]* 335.0617; found 335.0619.

Molecular weight: C1sH21BrO, (313.2350 g x mo).
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2.8.2 Synthesis ofl26e from 136a

An ovendried 10 mL vial equipped with a magnetic stir bar wlaarged with Cul (19 mg, 0.1
mmol, 0.1 equiv), G&£Osz (717 mg, 2.2 mmol, 2.2 equiv),-[2-bromocyclohexl-en1-
yl)methyl]-3-hydroxy-5,5-dimethyt2-cyclohexenl-one (36a) (313 mg, 1 mmol, 1 equiv);2
picolinic acid (12 mg, 0.1 mmol, 0.1 equiv) and 140 mg molecular sieves (4 A). Subsequently,
the vial was sealed, evacuated, and backfilled with argon three time®NIFy4 mL) was
added and the reaction mixture was stirred at 80 °C for 2 h in an oil bath. After cooling to room
temperature, the vial was oph and the reaction mixture was poured into water (30 mL). The
mixture was extracted with diethyl ether (3 x 30 nile organic phases were washed with
brine 2 x 50 mL), dried over MgSQ filtered and concentrated vacuo Analytically pure3,3-
dimethyl2,3,4,5,6,7,8,%ctahydrelH-xanthenl-one (126e) was obtained as a pale yellow oll
(218 mg, 0.94 mmol, 94%) after subjecting the crude product to column chromatography over

silica gel ¢€yclohexandethyl acetate = 10:1).
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3 Ru-catalyzed synthesis of 3;4nnulated coumarins137 and annulated

naphthopyranones138

3.1 Synthesis of 2bromo-1-(aryloxymethyl)cycloalk-1-enes 128abo and [(2'-
bromocyclohex1'-en-1'-yl)methyl]phenylsulfane(128p)

3.1.1 General procedure V

An ovendried 100 mL roundbottomed flask equipped with a magnetic stir bar was charged
with K2COzs (3 equiv, 6 mmol), Nal (0.5 equiv, 1 mmol) and an appropriate ph&nor
naphthol 52 (2 equiv, 4 mmol) in acetone (30 mL). 2-bromol-( 4 Nj
methylbenzenesulfonatemethyiBene 125 (1 equiv, 2 mmol) was added and the resulting
mixture was stirred in a preheated oil bath at 60 °C for 18 h. The reaction mixture was cooled
to room temperature, poured into water (30 mL) atided for an additional 10 min. After
extraction withdichloromethane (3 x 20 mL) the combined organic phases were washed with
brine (60 mL), dried over MgSffiltered and concentrated vacuo Analytically pure128 or

129was obtained after subjecting the crude product to cokhmamatography over silica gel.

3.1.2 1-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]benzene {28a)

Following general procedure Mi-[(2'-bromocyclohexl-en1-yl)methoxy]benzene 1¢8a)
was synthesized by reactikgCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), phentbl)
(376 mg, 4 mmol), an@-bromo1-(4'-methylbenzenesulfonatemethyl)cyclokiene (25a)
(690 mg, 2 mmolin acetone (30 mL)Analytically purel28awas obtained as a colorless liquid
(486 mg, 1.82 mmol, 91%) after subjecting the crude product to column chromatography over
silica gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.27 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm] =2 92, 1493, 1215, 1030, 750.

'H NMR500 MH2 fl[p @ In§7i28(dddJ=8.3,7.8, 1.3 HZH, 3-H and 5H), 6.96
(dt,J=7.3, 1.1 Hz1H, 4-H), 6.93 (dd,J = 8.8, 0.9 Hz2H, 2-H and 6H), 4.69 (s, 2H1"-H,),
2. 571 2. 53H) m, 2. 2H61 26-H)3, (Im, 7 LovHrlappedldH( 44H2 and
5-Hy).
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13C NMR (125 MHz,C D G)t i [ppm] =158.6(C-1), 132.4(C-2'), 129.5 C-3 and G5), 121.9
(C-1), 120.8(C-4), 114.7 C-2 and G6), 70.9(C-1"), 36.7(C-3), 28.3(C-6)), 24.6(C-5'), 22.0
(C-4).

HRMS (EI): m/z[M] * calcd. for [G3H1sBrO]" 266.0306; found 266.0309.

Mol ecul ar1BwvRri @ht267. I'$60 g | mol

3.1.3 3-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]phenol (128b)e®l

HO” Y
Following general procedure V;[8'-bromocyclohexl'-en-1'-yl)methoxyphenol(128b) was
synthesized by reactinpCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), resorcirdis) (440

mg, 4 mmol) and-bromao1-(4-methylbenzenesulfonatemethyl)cyclohbene (25a) (690

mg, 2 mmol)in acetone (30 mL)Analytically pure128b was obtained as a colorless liquid

(493 mg, 1.74 mmol, 87%) after subjecting the crude product to column chromatography over
silica gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.35 (cyclohexanethyl acetate 5:1).

IH NMR6 00 DWS@ds) U[p p mJ7.12#, J=8.1 Hz,1H, 5-H), 6.44(dd,J=8.3, 2.2

Hz, 1H, 6-H), 6.34(dd, J = 8.3, 2.3 Hz1H, 4-H), 6.32 (t-like, J = 2.2 Hz,1H, 2-H), 4.64 (s,

2H,1"Hy) , 2. 5971 2B-H2)5 (2m,2 72IH%:H2)3, (1m,7 42HL,. 6 54H( m, oV
4'-Hz and 5'Hy).

13C NMR (150 MHz,DMSO-dg): U [ppm] =1 159.5(C-3), 158.6(C-1), 132.5(C-27), 129.9(C-

5), 121.7(C-1", 108.2(C-6), 105.1(C-4), 101.8(C-2), 70.4(C-1"), 36.3(C-3), 28.2(C-6"),

24.2(C-5, 21.6(C-4").

HRMS (ESI): m/z[M + Na]* calcd. for [GsH1sBrO2Na]" 305.0148; found 305.0144.

Mol ecul aCisH@r®,¢B83. 165H. g I mol

3.1.4 3-[(2'-Bromo-5'-(tert-butyl)cyclohex-1'-en-1'-yl)methoxy]phenol (128c)

HO™ %
Following general procedure V, -[8'-broma5-(tert-butyl)cyclohexl'-en1'-
yl)methoxyphenol(128c) was synthesized by reactikgCOz (829 mg, 6 mmol), Nal (150 mg,
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1 mmol), resorcinol 45a) (440 mg, 4 mmol) and2-bromo5-tert-butyl-1-(4*-
methylbenzenesulfonatemethyl)cyclohkene (25d) (803 mg, 2 mmol)n acetone (30 mL)
Analytically pure128c was obtained as a colorless liquid (604 mg, 1.78 mmol, 89%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 5:1).

Rr = 0.29 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] = 3384(0OH),2 9 8165 912, 1142, 761.

'H NMR500 MH32 ,[p®Dng7l12t, J=7.9 Hz,1H, 5-H), 6.54(ddd,J = 8.4, 2.2,

1.8 Hz,1H, 6-H), 6.46(t-like, J = 2.5 Hz,1H, 2-H), 6.44 (ddJ = 8.4, 2.3 Hz1H, 4-H), 4.66
(d,J=11.5 Hz,1H, 1"-Ha), 4.62 (d,J = 11.6 Hz,1H, 1"-Hb), 2.25(t-like, J = 4.4 Hz,2H, 3-

Ho), 2.32 (ddJ=16.3, 4.4 Hz1H,6-Ha) , 1. 9 9IH16-H®)2, (Im 8 3IHI5:H},8 ( m
1. 417 12H38H)( 87 ($9H, 3 x CH).

13C NMR (125 MHz,C D G)t U [ppm] =159.9(C-3), 156.6(C-1), 132.0(C-2), 130.1(C-5),
122.1(C-1), 108.0(C-6), 107.2(C-4), 102.3(C-2), 71.4(C-1"), 43.5(C-5"), 37.8(C-3), 32.2
(C-6, 30.2(C-1"), 27.1 (3 x Ei3), 25.9(C-4).

HRMS (ESI):m/z[M + Na&* calcd. for [G7H23BrOzNa]" 361.0774; found 361.0774.

Mol ecul aCiHuR®,¢BB9. 273. g T mol
3.1.5 Ethyl 4-bromo-3-[(3'-hydroxyphenoxy)methyl]cyclohex3-ene 1-carboxylate
(128d)

Following general procedure \&thyl 4bromo3-[(3'-hydroxyphenoxy)methyljcyclohe3-

enel-carboxylate 128d) was synthesized by reactiKgCOs (829 mg, 6 mmol), Nal (150 mg,

1 mmol), resorcinol 45a) (440 mg, 4 mmol) and ethyl 4-bromo3-(4-

methylbenzenesulfonatemethyl)cyclokHgene 1-carboxylate 1256 (835 mg, 2 mmol)in

acetone (30 mL)Analytically pure128d was obtained as a colorless liquid (518 mg, 1.46

mmol, 73%) after subjecting the crude product to column chromatography over silica gel

(cyclohexane/ethyl acetate = 5:1).

Rr = 0.38 (cyclohexanethyl acetate 5:1).

IR (ATR): 3[cm?] =3384(0OH),2 976 17 0 3 16 18331145, 763.

'H NMR600 MH3,i[p®DQa.11t, J=28.1 Hz,1H, 5-H), 6.48(dd,J = 8.4, 2.1

Hz, 1H, 4 H), 6.45(dd,J = 7.9, 2.3 Hz1H, 6-H), 6.43(t-like, J = 2.3 Hz,1H, 2-H), 6.17 (br
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s, 1H, OH)4.67 (d,J = 11.9 Hz,1H, 1"-Ha), 4.62 (dJ = 12.3 Hz,1H, 1"-Hb), 4.15 (qJ= 7.2
Hz,2™Hy) , 2. 6771 2.59 (5handlHp 2.564q p=eld.1, 5.BHz1H, 2-
Ha) , 2. 461 22H#)0, (2m,0 11THL6:HE)9, (1m,8 9IUHLE:HB)21.25 (td =
7.1 Hz,3H, 3"-Hs).

13C NMR (150 MHz,C D G)t Ui [ppm] = 159.7(C-1Y), 157.0(C-1"), 156.9(C-3)), 130.6(C-
4), 130.0(C-5Y), 120.9(C-3), 108.2(C-4Y), 106.8(C-6), 102.3(C-2)), 70.7(C-1"), 60.9(C-2"),
38.7(C-1), 35.5(C-5), 30.3(C-2), 26.7(C-6), 14.1(C-3™).

HRMS (ESI): m/z[M + H]* calcd. for [GeH20BrO4]* 355.0539; found 355.0535.

Mol ecul aCieHuRr®:¢BB5. 228H. g I mol

3.1.6 3-[(2'-Bromocyclopent1'-en-1'-yl)methoxy]phenol (128e)

HO” %
Following general procedure V5[8'-bromocyclopentl'-en1'-yl)ymethoxyphenol(128e) was
synthesized by reactinpCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), resorcirtis) (440

mg, 4 mmol) an®-bromao1-(4-methylbenzenesulfonatemethyl)cyclopdréne (25b) (662

mg, 2 mmol)n acetone (30 mL)Analytically purel28ewas obtained as a colorless liquid (419

mg, 1.56 mmol, 78%) after subjecting the crude product to column chromatography over silica
gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.34 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] = 3369 (OH), 2945, 1593, 1281, 1142, 761.

'H NMR (600 MHz,C D G)t ti[ppm] =7.13(t-like, J= 8.2 Hz,1H, 5-H), 6.52(ddd,J = 8.3,

2.3, 0.9 Hz,1H, 6-H), 6.45(dd, J = 6.4, 2.4 Hz1H, 4-H), 6.43(t-like, J = 2.3 Hz,1H, 2-H),

5.02 (br s, 1HOH), 4.63 (s, 2H1"-H>), 2.69 (t-like, J= 7.4, 1.5 Hz2H, 3-H>), 2.46 (t-like,

J=7.3, 1.1 Hz2H, 5-H>), 1.97 (quintJ = 7.2 Hz, 2H4-H>).

13C NMR (150 MHz,C D G)t ti [ppm] =11 159.8(C-3), 156.6(C-1), 136.8(C-2"), 130.2(C-5),
119.6(C-1"), 108.1(C-6), 107.1(C-4), 102.2(C-2), 65.6(C-1"), 40.3(C-3"), 32.5(C-5", 21.6

(C-4).

HRMS (ESI):m/z[M + Na|* calcd. for [G2H13BrO2NaJ" 290.9991; found 290.9983.

Mol ecul aCHuRr®,¢B69. 138H. g I mol
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3.1.7 3-[(2'-Bromocycloheptl'-en-1'-yl)methoxy]phenol (128f)

4 5'

HO 3 O
Following general procedure V;[8'-bromocycloheptl’-en1'-yl)methoxyphenol(128f) was
synthesized by reactinpCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), resorcirdis) (440
mg, 4 mmol) and-bromao1-(4-methylbenzenesulfonatemethyl)cyclohdptne (25f) (718
mg, 2 mmol)n acetone (30 mL)Analytically purel28f was obtained as a colorless liquid (469
mg, 1.58 mmol, 79%) after subjecting the crude product to column chromatography over silica
gel (cyclohexane/ethyl acetate = 5:1).
Rr = 0.31 (cyclohexanethyl acetate 5:1).
IR (ATR): 3[cm?] =3 85 (OH),2 92,1 5 91284, 1144, 761.
'H NMR500 MH 3 ,t[p® Dnd71134t-like, J= 8.5 Hz,1H, 5-H), 6.52(ddd,J = 8.2,
2.3,0.8Hz1H,6-H) , 6. 4 61 62-H4aBd 4K)n5,48 (8, HiH, OH), 4.64 (s, 2H"™H>),
2.79 (ddlike, J= 9.6, 5.5 Hz2H, 3-H,), 2.35 (ddlike, J=10.7, 5.6 Hz2H, 7-H>), 1.73 (quint
like, J = 5.9 Hz, 2H 4"-Hy), 1.58 (quintike, J = 5.9 Hz, 2H 5-H,), 1.46 (quintike, J = 6.2
Hz, 2H, 6-H>).
13C NMR (125 MHz,C D G)t U [ppm] =159.8(C-3), 156.5(C-1), 137.5(C-2), 130.1(C-5),
125.6(C-1", 108.0(C-6), 107.3(C-4), 102.4(C-2), 72.4(C-1"), 41.5(C-3", 31.4(C-7"), 30.0
(C-4), 25.3(C-5), 25.2(C-6").
HRMS (ESI):m/z[M + Na|* calcd. for [G4H17BrOz2Na]" 319.0304; found 319.0304.
Mol ecul aCiHwRrO,¢BO 7. 192%. g T mol

3.1.8 3-[(2'-Bromocyclooctl'-en-1'-yl)methoxy]phenol (128g)

5

HO™ %
Following general procedure V;[8'-bromocyclooctl'-en1'-yl)methoxyphenol(128g) was
synthesized by reactin¢pCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), resorciris) (440

mg, 4 mmol) and2-bromo1-(4-methylbenzenesulfonatemethyl)cyclodeene (259 (747

mg, 2 mmol)in acetone (30 mL)Analytically purel28g wasobtained as a colorless liquid
(423 mg, 1.36 mmol, 68%) after subjecting the crude product to column chromatography over
silica gel (cyclohexane/ethyl acetate = 5:1).
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Rr = 0.31 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm}] = 3372 (OH), 29211 5 91284, 1142, 761.

'H NMR6 00 MH 32 ,i[p®Dng7l12t, J=8.0 Hz,1H, 5-H), 6.51(ddd,J = 8.3, 2.8,
08 Hz,1H, 6-H), 6.44(t-like, J= 2.2 Hz,1H, 2-H), 6.42(dd,J = 7.4, 2.3 Hz1H, 4-H), 4.67 (s,
2H, 1'-Hy), 2.73 (ddlike, J = 12.1, 5.9 Hz2H, 3-H>), 2.39 (ddlike, J= 12.2, 6.0 Hz2H, 8"
Ho), 1.67 (quintike, J = 6.1 Hz, 2H4"H,), 1.57 (quintike, J=5.9Hz, 2H7-Hz) , 1. 5271 1. 4
(m, overlapped, 4H*-H2 and 6°Hy).

13C NMR (150 MHz,C D G)t ti[ppm] =11 159.9(C-3), 156.7(C-1), 134.8(C-2’), 130.1(C-5),
124.3(C-1"), 107.9(C-6), 107.2(C-4), 102.3(C-2), 70.6(C-1"), 37.4(C-3"), 29.5(C-8), 29.2
(C-7), 28.1(C-4"), 26.5(C-5'), 25.8(C-6").

HRMS (ESI): m/z[M + Na]* calcd. for [GsH19BrO-Na]" 333.0461; found 333.0454.

Mol ecul aCisHu@®O,¢BL1. 2199.g I mol

3.1.9 3-(2'-Bromocyclopent1'-en-1'-yl)methoxy]-5-methylphenol (128h)

3 4

HO” % 0
Following general procedure \B-[(2'-bromocyclopentl-en1-yl)methoxy}5-methylphenol

(128n) was synthesized by reactikgCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), orcinol

(45c) (248 mg, 4 mmol) an@-bromao1-(4-methylbenzenesulfonatemethyl)cyclopénene

(125b) (662 mg, 2 mmol)n acetone (30 mL)Analytically pure128h was obtained as a

colorless liquid (443 mg, 1.57 mmol, 79%) after subjecting the crude product to column
chromatography over silica gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.33 (cyclohexanethyl acetate 5:1).

IR (ATR): 3[cm?] =3 83 (OH),2 98,1 5191141, 828.

'H NMR6 00 MH2 ji[p® mMmEBI35tdd-like, J=2.3, 2.1 Hz1H, 6-H), 6.28(dd-like,
J=23,2.2Hz1lH,4-H), 6.24(t,J=2.2 Hz,1H,2-H),4.60 (s,2H1"H,) , 2. 711 2. 67 (
3-Hz) , 2. 4771 25-H)42.27 (3 BHS5ZHE), 1.97 (quintlike, J= 7.5 Hz, 2H4"-H>).

13C NMR (150 MHz,C D G)t Ui [ppm] =11 159.6(C-3), 156.4(C-1), 140.6(C-2"), 136.8(C-5),

119.5(C-1), 108.8(C-6), 108.1(C-4), 99.2(C-2), 65.6(C-1"), 40.3(C-3), 32.5(C-5)), 21.6

(C-4"), 21.5(5-CHj).

HRMS (ESI):m/z[M + H]* calcd. for [G3H1eBrOz]* 283.0328; found 283.0327.

Mol ecul aCisH@®,¢B83. 165H. g I mol

140



3.1.10 3-[(2'-Bromocyclohex1'-en-1'-yl)ymethoxy]-5-methylphenol (128i)

4

HO™ %
Following general procedure \B-[(2'-bromocyclohexi-en1-yl)methoxy}5-methylphenol
(128i) was synthesized by reactikgCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), orcinol
(45c) (248 mg, 4 mmol) an@-bromao1-(4-methylbenzenesulfonatemethyl)cyclohbene
(125a) (690 mg, 2 mmolin acetone (30 mLANalytically purel28 was obtained as a colorless
liquid (523 mg, 1.76nmol, 88%) after subjecting the crude product to column chromatography
over silica gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.33 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm] =3 35 (OH),2 91,1 5191142, 828.

'H NMR6 00 MH32 bi[p® IEI35¢brs, 1H6-H), 6.26(br s, 1H 4-H), 6.24(t-like,

J = 2.3 Hz,1H, 2-H), 4.63 (s, 2H 1"Hy) , 2. 5671 23-HB 2.27 ts, 3H3-EHa),
2.2471 2. 26kH)(,m,1.2H31 1. 65 (4handbvHe).r | apped, 4H,
13C NMR (150 MHz,C D G)t U [ppm] =159.8(C-3), 156.4(C-1), 140.6(C-2), 132.3(C-5),
121.9(C-1), 108.7(C-6), 108.2(C-4), 99.2(C-2), 71.0(C-1"), 36.7(C-3"), 28.3(C-6"), 24.6
(C-5", 21.9(C-4), 21.6(5-CHy).

HRMS (ESI): m/z[M + Na]* calcd. for [G4aH17BrO2Na]" 319.0304; found 319.0303.

Mol ecul aCiHwRrO,¢BO 7. 192%. g T mol

3.1.11 3-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]benzenel,2-diol (128))

4

Following general procedure V-[@'-bromocyclohexi-en-1-yl)methoxy]benzend,2-diol

(128)) was synthesized by reactiKgC0Os (829 mg, 6 mmol), Nal (150 mg, 1 mmol), pyrogallol
(45d) (504 mg, 4 mmol) an@-bromao1-(4-methylbenzenesulfonatemethyl)cyclohkene

(125a) (690 mg, 2 mmoljn acetone (30 mLANalytically purel28 was obtained as a colorless
liquid (485 mg, 1.62 mmol, 81%) after subjecting the crude product to column chromatography
over silica gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.42 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] = 3405 (OH),2 83, 1605, 1315, 1172, 776.
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IH NMR500 MH32 [p@Dngisst, J=8.4 Hz,1H, 5-H), 6.50(d,J = 8.2 Hz,2H,

4-H and 6H), 5.53 (br s, 2H2 x OH), 455 (s, 2H1"Hz) , 2. 601 23:H5)6, (2m,3 52iH2,. 3

(m, 2H,6%-Hy), 1.73 (m, overlapped, 4H4-H, and 5'H>).

13C NMR (125 MHz,C D G)t Ui [ppm] =149.4 €-1 and G3), 133.1(C-2), 131.9(C-5), 126.0
(C-2Y), 125.0(C-1Y), 108.1(C-4 and G6), 76.2(C-1"), 36.7(C-3), 30.4(C-6"), 24.3(C-5), 22.2
(C-4).

HRMS (ESI): m/z[M + Na]* calcd. for [GaH1sBrOsNa]" 321.0097; found 321.0097.

Mol ecul aCisHeRrOs¢BO9. 164H. g T mol

3.1.12 1-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]-4-methylbenzene(128k )]

Following general procedure \I;[(2'-bromocyclohexl-en-1-yl)methoxy}4-methylbenzene
(128k) was synthesized by reactipCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol); 4
methylphenol 45e) (432 mg, 4 mmol) and 2-bromol-(4-
methylbenzenesulfonatemethyl)cyclohkene (25a) (690 mg, 2 mmol)n acetone (30 mL)
Analytically purel128k was obtained as a colorless liquid (496 mg, 1.76 mmol, 88%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 5:1).

Rr = 0.28 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] =2 80, 1508, 1215, 1014, 806.

'H NMR6 00 MH32,l[p®D]7.08<(d,J = 8.4 Hz,2H, 3-H and 5H), 6.83 (ddJ =

8.5, 2.2 Hz2H, 2-H and 6H), 4.66 (s, 2H1"Hy) , 2. 561 23-Hp)32.20 (®,,3HA2 H,
CHy)) , 2. 261 26-H)3, (1m,7 321HL, . 6 64H(4hHand5He)r | apped,
13C NMR (150 MHz,C D G)t ti[ppm] =156.5(C-1), 132.6(C-2"), 130.1(C-4), 129.9 C-3 and

C-5), 121.8(C-1", 114.5 C-2 and G6), 71.1(C-1"), 36.7(C-3"), 28.3(C-6"), 24.6(C-5"), 22.0
(C-4"), 20.5(4-CHs).

HRMS (EI): m/z[M] * calcd. for [G4H17BrO]" 280.0457; found 280.0440.

Mol ecul aCuHwRrO@h81. 193%9.g I mol
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3.1.13 1-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]-4-methoxybenzene 128/)"

4

Following general procedure V, 1-[(2'-bromocyclohexl-en1-yl)methoxy}4-
methoxybenzenelR8l) was synthesized by reactikgCOs (829 mg, 6 mmol), Nal (150 mg,

1 mmol), 4methoxyphenol 45f) (497 mg, 4 mmol) and 2-bromol1-(4-
methylbenzenesulfonatemethyl)cyclohkxne (25a) (690 mg, 2 mmol)n acetone (30 mL)
Analytically pure128 was obtained as a colorless liquid (499 mg, 1.68 mmol, 84%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 5:1).

Rr = 0.28 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] =2 92, 1504, 1224, 103821.

'H NMR500 MH3 li[p® Dngl86«ddJ=19.2,2.6 Hz2H, 3-H and 5H), 6.83 (dd,
J=9.3,2.7 Hz2H, 2-H and 6H), 4.64 (s, 2H1"Hz),3.77 (5,3HCH3) , 2. 561 2B-52 ( m,
Hy) , 2. 261 26-H)2, (1m, 7 3VwlappedldH( 4k, and 5Hy).

13C NMR (125 MHz,C D G)t U [ppm] =153.9(C-4), 152.9(C-1), 132.6(C-2"), 121.9(C-1),

115.6 C-3 and G5), 114.6 C-2 and C6), 71.7(C-1"), 55.7(CHz), 36.7(C-3"), 28.4(C-6",
24.6(C-5"), 22.0(C-4).

HRMS (EI): m/z[M] " calcd. for [G4H17BrO2]* 296.0406; found 296.0423.

Mol ecul aCiHwRrO,¢BO 7. 192%. g T mol

3.1.14 1-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]-4-chlorobenzene {28m)&’

4

Following general procedure \i;:[(2'-bromocyclohexl-en-1-yl)methoxy}4-chlorobenzene
(128m) was synthesized by reactikpCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol); 4
chlorophenol 459) (514 mg, 4 mmol) and 2-bromol1-(4-
methylbenzenesulfonatemethyl)cyclohkbxne (25a) (690 mg, 2 mmol)n acetone (30 mL)
Analytically pure128m was obtained as a colorless liquid (470 mg, 1.56 mmol, 78%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 5:1).
IR (ATR): 3 [cm] = 2 93, 1488, 1235, 1002, 821.
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IH NMR600 MH3 u[p®mIn(7I23(ddJ= 6.8, 2.3 Hz2H, 3-H and 5H), 6.85 (dd,
J=6.7,2.2Hz2H,2-Hand 6H), 4.66 (s, 2H1"“H;) , 2. 561 2-H5)3, (2m,2 221H,. 19
2H,6-Hy) 1.7271 1. 654H(4handSHe)r | apped,

13C NMR (150 MHz,C D G)t ti[ppm] =157.2(C-1), 132.0(C-2), 129.3 C-3 and G5), 125.7

(C-4), 122.4(C-1), 116.1 C-2 and G6), 71.3(C-1"), 36.7(C-3), 28.3(C-6"), 24.6(C-5), 21.9

(C-4).

HRMS (EI): m/z[M]* calcd. for [GaH14BrCIO]* 301.9889; found 301.9859.

Mol ecul a€CisHuRCI@h301. 608P.g I mol

3.1.151-[(2'-Bromocyclohex1'-en-1'-yl)methoxy]-3,5-dichlorobenzene 128n)

4

Cl

Following  general procedure V, 1-[(2'-bromocyclohexl-en1-yl)methoxy}3,5
dichlorobenzenel@8n) was synthesized by reactikgCOs (829 mg, 6 mmol), Nal (150 mg,

1 mmol), 3,5dichlorophenol 45h) (652 mg, 4 mmol) and 2-bromo1-(4-
methylbenzenesulfonatemethyl)cyclohkene (25a) (690 mg, 2 mmol)n acetone (30 mL)
Analytically pure128n was obtained as a yellow liquid (484 mg, 1.44 mmol, 72%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 5:1).

Rr = 0.36 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm] =2 91, 1569, 1334, 1022, 796.

'H NMR500 MH3 li[p® DnGlo6Lt, J=1.8 Hz,1H, 4-H), 6.83(d,J= 1.8 Hz,2H,

2-H and 6H), 4.64 (s, 2K 1-H>) , 2. 5712384, (2, 22H2 6“HF, ( m,
1.7411.67 (4 4-HbandBsH)apped,

13C NMR (125 MHz,C D G)t ti [ppm] =159.6(C-1), 135.4(C-4), 131.3(C-2), 123.1(C-1),

121.2 C-3 and G5), 113.9 C-2 and G6), 71.6(C-1"), 36.7(C-3"), 28.4(C-6"), 24.5(C-5),
21.9(C-4)).

HRMS (EI): m/z[M] " calcd. for [GsH13BrCl20]* 335.9498; found 335.9468.

Mol ecul aCisHuRCL,OhB836. 050HW. g 1 mol
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3.1.16 1-[(2'-Bromocyclohex1'-en-1'-yl)ymethoxy]-2,3,5trichlorobenzene (1280)

4

Following general procedure V, 1-[(2'-bromocyclohexl-en1-yl)methoxy}2,3,5
trichlorobenzenell80) was synthesized by reactifkgCOs (829 mg, 6 mmol), Nal (150 mg,

1 mmol), 2,3&richlorophenol 45) (790 mg, 4 mmol) and 2-bromo1-(4*-
methylbenzenesulfonatemethyl)cyclohbxene (25a) (690 mg, 2 mmol)n acetone (30 mL)
Analytically pure 1280 was obtained as a yellow liquid (511 mg, 1.38 mmol, 69%) after
subjecting the crude product to column chromatography over silica gel (cyclohexane/ethyl
acetate = 5:1).

Rr = 0.35 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm] =2 90, 1563, 1257, 1011, 822.

IH NMR600 MH2 f[p®mnl10xd,J=2.2 Hz,1H, 4-H), 6.89 (dJ = 2.2 Hz,1H,

6-H), 4.75 (s, 2H1"H,) , 2. 581 23-Hp)4, (2n, 2 R1H26-)4, (In, 7 RTHL . 6 8
overlapped4H, 4-H, and 5Hy).

13C NMR (150 MHz,C D G)t U [ppm] =155.4(C-1), 134.2(C-4), 132.8(C-2), 131.0(C-5),
123.0(C-3), 122.2(C-2), 120.8(C-1"), 112.5(C-6), 72.6(C-1"), 36.7(C-3"), 28.1(C-6"), 24.5

(C-59, 21.9(C-4)).

HRMS (El): m/z[M] " calcd. for [GsH12BrClsO]* 369.9107; found 369.9085.

Mol ecul aCisHuRCl:0hB870. 492. g 1 mol

3.1.17[(2'-Bromocyclohex1'-en-1'-yl)methyl]phenylsulfane (28p)

4

Following general procedure V, [{Bromocyclohexl-en1-yl)methyl]phenylsulfang128p)

was synthesized by reactikgCOs (829 mg, 6 mmol), Nal (150 mg, 1 mmol), thiopherg&8)(

(441 mg, 4 mmol) an@-bromo1-(4-methylbenzenesulfonatemethyl)cyclohkene (25a)

(690 mg, 2 mmol)n acetone (30 mL)Analytically purel28p was obtained as a pale yellow
liquid (442 mg, 1.49 mmol, 78%) after subjecting the crude product to column chromatography
over silica gel (cyclohexane/ethyl acetate = 5:1).

Rr = 0.26 (cyclohexanethyl acetate 5:1).
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IR (ATR): 3 [cm!] = 2 99,1 B3, 1435, 972, 736.

IH NMR600 MH3 fi[p®h@i39<ddd,)=8.2,7.8, 1.3 HZH, 3-H and 5H), 7.28
(tdd,J=7.7, 2.4, 0.8 HZH, 2-H and 6H), 7.21 (ttJ=8.1, 1.7 Hz1H, 4-H), 3.74 (s, 2H1™
H2) , 2. 497 23-HY)6, (2m,2 &iH26-H)3, (1m, 7 40wilappesl4H( 4aH;
and 5'Hy).

13C NMR (150 MHz,C D G)t ti [ppm] =136.0(C-1), 131.8(C-2), 130.6 C-3 and G5), 128.7
(C-2 and GB), 126.5(C-1), 122.6(C-1), 41.0(C-1"), 36.8(C-3), 30.2(C-6"), 24.7(C-5), 22.5

(C-4).
HRMS (EI): m/z[M] * calcd. for [G3H1sBrS]* 282.0078; found 282.0075.
Mol ecul aCisHeRr$(g2h&t3. 2279 . g 1 mol

3.2  Synthesis of 7,8,9,1@etrahydro-6H-benzofc]jchromene (130a)

An ovendried 10 mL vial equipped with magnetic stir bar was charged with Ry(EPh)s
(77 mg, 0.08 mmol). The vial was sealed, evacuated, and backfilled with argon three times.
Next, X:[(2-bromocyclohexl-en1-yl)methoxy]benzenel@8a) (1 equiv) and 1 fpentanediol
(2 mL) were added. The reaction mixture was stirred in a preheated oil bath at 140 °C for 18 h.
After cooling to room temperature, the vial was opened and the reaction mixture was poured
into water (10 mL). The mixture wasteacted with ethyl acetate (2 x 10 mL) and the combined
organic phases were washed with brine (25 mL), dried over Mgf8tered and concentrated
in vacuo Analytically pure 7,8,9,1fetrahydre6H-benzof]chromene 130a) was obtained as
a colorless liquid (83 mg, 0.45 mmol, 89%) after subjecting the crude product to column
chromatography over silica gel impregnated with 4% oxalic acid (cyclohexane/methanol =
10:1).
Rr = 0.17 (cyclohexane/ethyl acetate = 6:1).
IR (ATR): 3 [cm] =2 98, 1489, 1227, 1024, 747.
'H NMR (500 MHz, CDC#): U[ppm] =7.08 (dddJ=7.6, 7.5, 1.6 Hz, 2H-H and 4H), 6.88
(td,J=7.5,1.1 Hz, 1H3-H), 6.78 (ddJ= 7.9, 0.9 Hz, 1H1-H), 459 (s,2H6H,) , 2. 3471 2. 3
(m2H10H2) , 2. 0171 17-H98 (1m,812HOHAGE (1Im,7 3AHEHH.8 ( m,
13C NMR (125 MHz, CDCH): ti [ppm] = 153.2 (G4a), 127.7 (€10a), 127.6 (€3), 124.5 (C
2), 124.4 (G1), 121.9 (C7a), 121.0 (€10b), 115.4 (&4), 68.7 (CG6), 26.2 (C7), 23.6 (C10),
22.6 (G8), 22.0 (CG9).

146



HRMS (EI): m/z[M] " calcd. for[C13H140]" 186.1045; found 186.1048.
Molecular weight: C1aH140 (156.2540 g x mof).

3.3  Synthesis of 3,4annulated coumarins137abk
3.3.1 General procedure VI

An ovendried 10 mL vial equipped with a magnetic stir bar was charged with.fRRZ3)3 (5

mol%) and 1,5entanediol (2 equiv) under argon. The vial was sealed, evacuated, and
backfilled with argon three times. DBMA (2 mL) and starting materidR8 or 129 (1 mmol)

were added with stirring. The reaction mixture was stirredgrebeated oil bath at 100 °C for

18 h. Subsequently, DTBP (4 equiv) was added within 10 min using a syringe and the reaction
mixture was stirred at 100 °C for an additional 18 h. After cooling to room temperature, the vial
was opened and the reaction mnetwas poured into water (20 mL). The mixture was extracted
with ethyl acetate (2 x 20 mL) and the combined organic phases were washed with brine (50
mL), dried over MgSQ@ filtered and concentrated vacuo Analytically purel37 or 138 was

obtained aftesubjecting the crude product to column chromatography over silica gel.

3.3.2 7,8,9,10Tetrahydro-6H-benzop]cyclohexald]pyran-6-one (L37a)

Following general procedure VI7,8,9,16tetrahydre6H-benzop]cyclohexaf]pyran-6-one
(137a) was synthesized by reacting Re@®@Ph)s (48 mg, 0.05 mmol)1,5pentanedio(208
mg, 2 mmol) and-[(2-bromocyclohexl-en1-yl)methoxylbenzenel@8a) (267 mg, 1 mmol)
in DMA (2 mL), followed by addition oDTBP (0.7 mL, 4 mmol)Analytically purel37awas
obtained as a white solid (122 mg, 0.61 mmol, 61%) after subjecting the crude product to
column chromatography over silica gel (dichloromethane/methanol = 20:1).

M.p.: 1187 120°C.

Rr = 0.17 (cyclohexanethyl acetate= 5:1).

'H NMR6 00 MH2 i[p® mMm{l54¢dd,J=7.9, 1.4 Hz1H, 1-H), 7.44(ddd,J= 7.7,
1.5, 0.8 Hz1H, 4-H), 7.28(dd,J= 8.3, 1.2 Hz1H, 3-H), 7.25(ddd,J = 7.8, 7.3, 1.2 HZlH,
2-H), 2.77 (ttlike, J = 6.2, 2.1 Hz,2H, 10-H)), 2.57 (ttlike, J = 6.2, 2.2 Hz,2H, 7-H>),
1.8711. 8¥H)(,m,1 .28271 18&HH.8 (m, 2H
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13C NMR (150 MHz,C D G)t i [ppm] = 161.7(C-6), 151.9C-4a), 146.9(C-10a) 130.2(C-
3), 123.9(C-2), 123.7(C-1), 123.1(C-7a), 120.1(C-10b), 116.6(C-4), 25.1(C-7), 24.0(C-10),
21.5(C-8), 21.3(C-9).

HRMS (ESI):m/z[M + H]* calcd. for [GsH1:0,]* 201.0910; found 201.0910.

Mol ecul aCisHw@{( gB0. 2379.g T mol

3.3.3 3-Hydroxy-7,8,9,16tetrahydro-6H-benzop]cyclohexald]pyran-6-one (137b)e8l

Following general procedure Vi, 3-hydroxy-7,8,9,106tetrahydre6H-
benzop]cyclohexafl]pyran-6-one (137b) was synthesized by reacting Ru®@Ph)s (48 mg,
0.05 mmol), 1,5pentanediol (208 mg, 2 mmol) and -F2-bromocyclohexi-en1-
yl)methoxyphenol(128b) (283 mg, 1 mmol)n DMA (2 mL), followed by addition oDTBP
(0.7 mL, 4 mmol) Analytically purel37b was obtained as a pale yellow solid (164 mg, 0.76
mmol, 76%) after subjecting the crude product to column chromatography over silica gel
(dichloromethane/methanol = 20:1).

M.p.: 2221 224°C.

Rr = 0.15 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] = 3207 (OH),2 91, 1679 CS0), 1614,1563, 1148, 709.

'H NMR (500 MHz, DMSQds): U [ppm] =7.48(d,J = 8.8 Hz,1H, 1-H), 6.76(dd,J= 8.7, 2.4
Hz, 1H, 2-H), 6.66(d, J = 2.4 Hz,1H, 4-H), 4.98 (br s, 1H, OH), 2.69-like, J = 6.1 Hz,2H,

10-Hy), 2.35 (tlike, J=5.8 Hz2H, 7-H2),1 . 757 1. 66 ( m,8Hean@9H).apped,

13C NMR (125 MHz,DMSO-ds): U [ppm] =161.1(C-6), 159.9(C-3), 153.1 (C-4a), 147.7(C-
10a), 125.1(C-1), 118.4(C-7a), 112.7(C-10b), 111.9(C-2), 101.9(C-4), 24.6(C-7), 23.5(C-
10), 21.3(C-8), 20.9(C-9).

HRMS (EI): m/z[M] " calcd. for [GsH1203]* 216.0786; found 216.0788.

Mol ecul aCisHw®&{( gat. 236%H.g 1T mol
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3.3.4 8-(tert-Butyl)-3-hydroxy-7,8,9,106tetrahydro -6H-benzop]cyclohexad]pyran-6-
one (37¢c)

Following general procedure VI, 8-(tert-butyl)-3-hydroxy-7,8,9,106tetrahydre6H-
benzop]cyclohexafl]pyran-6-one (137c) was synthesized by reacting Ru@Ph)s (48 mg,

0.05 mmol),1,5pentanediol208 mg, 2 mmol) and-R2-bromo5-(tert-butyl)cyclohexl-en
1-yl)methoxy|phenol(128c) (339 mg, 1 mmoljin DMA (2 mL), followed by addition oDTBP

(0.7 mL, 4 mmol) Analytically purel37c was obtained as a white solid (226 mg, 0.83 mmol,
83%) after subjecting the crude product to column chromatography over silica gel
(dichloromethane/methanol = 20:1).

M.p.: 2281 230°C.

Rr = 0.15 (cyclohexanethyl acetate 5:1).

IR (ATR): 3 [cm!] = 3396 (OH),2 91,1677 CB0), 1615 1576, 1147, 642.

'H NMR (600 MHz, DMSGQGdg): U [ppm] =10.32 (s, 1H, OH), 7.4&l,J = 8.7 Hz,1H, 1-H),
6.76(dd,J = 8.7, 2.4 Hz1H, 2-H), 6.66(d, J = 2.4 Hz,1H, 4-H), 2.94 (ddJ = 18.3, 4.9 Hz,
1H,7-Ha) , 2. 5871 21062 , (@, 02H1. 95 (#AHbam%Hay 1. pped,
(tdd,J = 12.8, 4.8, 2.1 HZlH, 8H), 1.19 (qdJ = 12.5, 5.2 Hz1H, 9-Hb), 0.91 ($9H, 3 x

CHs).

13C NMR (150 MHz,DMSO-dg): U [ppm] =1612 (C-6), 159.9(C-3), 153.0 (C-4a), 1476 (C-

10a), 125.1(C-1), 1186 (C-7a), 112.7(C-10b), 1118 (C-2), 101.9(C-4), 4 B (C-8),3 D (C-

19, 27.1 (3 x Ei3), 26.1(C-10), 25.2(C-7), 22.3(C-9).

HRMS (ESI): m/z[M + H]* calcd. for [G7H2103]* 273.1485; found 273.1489.

Mol ecul aCiHw®( gAR2. 344D . g T mol
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