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This chapter was published inOrg. Biomol. Chem2012, 10, 904179044 by Hung,T. Q.; DangT. T.;
Villinger, A.; Sung, T. Van, Langer, P.

Abstract Heteroacenes (thieno[3;8:4,5-b"ldiindoles and benzothieno[3{dindoles) were efficiently
synthesized from tetrabromothiophene anddiBomobenzothiophene in two stepsspectively. In the firs
step, a siteselective Petatalyzed &C coupling is carried out, followed by a tvfiold C-N coupling with

aromatic and aliphatic amines.
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Abstract: A series of indolo[2,]quinoxaline derivatives were efficiently synthesized fr@&1s-

dibromoquinoxaline by two pathways. A epat approachusing Pdcatalyzed twefold C-N coupling and €H

activation reactionsgave indolo[2,3b]quinoxaline derivatives in good yields, but with limited substrate sc
In addition, a twestep approacthio indolo[2,3b]quinoxalines was developed which is based orc&dlyzed
Suzuki coupling reactions and subsequent annulation byakadyzed tweold C-N coupling with aromatic anc
aliphatic amines. The electrochemical and photochemical properties ofojadb]quinoxaline derivatives
were investigated. These studies show td#-methoxypheny§H-indolo[2,3-b]quinoxaline showed th

highest HOMO energy level and lowest band gap.
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Abstract A new and efficient S B n d t -Bispafbézblesrwastdavelopedy
strategy relies on the cyclization of tihiphenyi2,2-diyl bis(trifluoromethanesulfonate) with 4r 3-anisidine,
transformation of the methoxy #atriflate group and subsequent oxidative-&atalyzed cyclization with variou

anilines.
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Abstract Xl

Abstract

The dissertation deals withe synthesis ofused-heterocyclering-system which arpotential
candidatesfor applicatiors in organic materials and pharmalogy. Site-selective Suzuki
reactiors of polyhalogenated substrates witbromophenylboronic acid folload bytwo-
fold C-N crosscoupling reactionsaffordedthe final products. The physical properties were
investigated and expladéd based on DFT theoretical calculatioMost compounds exhibit

high quantum yields and narrow lohgaps.

Moreover,biscarbazoles were synthesized vilN€oupling and €H bond activation as key
steps.A highly efficient strategy is developedquiringonly four steps from simple starting
materialsto affordboth3 , -@ @ d -hilscafhdrols.

Zusammenfassung

Diese Arbeit behandelt die Synthese von kondensierten, heterozyklischen Ringsystemen, die
potentiell fir Anwendungen in den Materialwissenschaften sowie der Pharmazie in Frage
kommen. Positionsselektive Suzuki Reaktionen an polyhalogenierterm&tenialien 2
Bromphenyl Boronsaure, gefolgt von einer zweifacheN-&upplungsreaktion lieferte das
Zielprodukt. Die physikalischen Eigenschaften wurden untersucht und durch theoretische
DFT-Rechnungen unterstiutzt. Viele Verbindungen besitzen hohe Q@aasteeuten und
geringe HOMGLUMO-Abstande.

Weiterhin wurden Dicarbazole mittels-KG-Kupplung und einer @&H-Aktivierung als

Schlisselreaktion synthetisiert. Eine sehr effiziente Methodik wurde entwickelt, welche in

nur 4 Stufen, ausgehend von einfachen Ausgg s ver bi ndungen, zu den

und -DicarBagolen fuhrt.



General introduction 1

1 General introduction

1.1 Pd-Catalyzed Cross-coupling reactions

SincePalladium catalyzedrosscoupling reactionsverefirstly applied in organic synthesis
over last 40 yearghey have played important roles synthesis of pharmaceuticals, natural
produds and novel materialsLocakdin the second row of transition mesand belonging
to the Ni triad, Pdhasthe tendency of transferringwo electrors to afford complexes in
oxidative state 0 and"2Due tothe important feature ofjuite high electronegativity2.2
according to Pauling scafelthe Pd-C bond is relatively stable, ngolar and useful for
synthetic procegs Due to thenteractive ability of Pd with nepolar " -bonds, heteroatom
containing lone pair electrons readdgtinvolved in the oxidative addition, transmetalation
and reductive elimination processwhich make Pdoecomean optimal metal to be used in
organic transformatiorrs

1800 1810 1820 1830 1840 1850 1860 1870 1980 1980 2000
Cu : : ; :  Discovery Phase :
Glaser :.l?lﬂ' 1001 i i : | Cadiot-Chofkiewiz 1955 : :
mann ¥ i i P i
! ! Moarwein 1538 I.T-a:i-tro-slephans 1963 Sohogashira 1975
Ni E
Job 1924 Kharagch 1941 !
: : i 18t Wave
Grighard 1900 : |
: ' : : i : i Negishl 1976
: : : : : Benefits of Pd ;
Pd i : ; i aver G o M Sohogashira 1075
H i i i i H Murahashi 1975
C-X AlkenadAllyl ""'"“"'_;ﬁc!"; ?-;;2
) Warkrr Process 1959 Tsuji 1985 : ;
Vatal Catalvet o Bestigm GG
R-%x + RLY Tat Wave R-R? oX B i Megishi 1978 | 2nd Wava
v Suzuki and Miyauia 1979 : .
Halige Coupling Ligand Cross-Coupling H 4 4
. Partnar Frd Wave Product oX Snn ¢ Eaborn 1976
Sed W End Wvn R = Alkyl, Aryl, Alkynyl il ol Migita 1977
R = Alkyl, Aryl, Alkynyl i Stille {578
: P H S | Hiyama 1988 :
X ?!" i ! ‘Denmark 1999
; : : ; : H Syzukl and MI]I:-IIJTH 1993 :
; i i ; i G MR — CMpeR Huehwald 1965
: : : : : : : : : Hartwig 1998
1 1 l | 1 '* i b |
1900 1810 1820 1930 1940 1850 1960 1970 1980 1880 2000

Figure 1.1 Timeline of discovery and development of cressipling reaction(This picture
was copied fronrAngew. Chemnint. Ed.2012,51, 5062 5085)

Notably, for their very important contributiondileck, Suzuki and Negishi were pioneers in
the development of glladium catalyzed crossoupling reactionsand receivedthe Nobel
Prize in 2010.In addition, nany effors of chemiss have been madé& investigatethe

mechanismand broadethe scope of substraten this field overthe last decadeThe term of
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cross couplingmplies reactios between two different partners with the aid of metal catalyst.

The general cross coupling reacs@medepicted in figure 1.2.

Tsuji-Trost reaction

Heck reaction

R4 R4
cat. Pd
X H-ND s /\/@ Sy H%Rs czt. Pd R%Ra
X = Br, Cl, OCOR, OCO,R, SO,R R2 ase R2

Kumada reaction . .

Li Sonogashira reaction

i

cat. Pd or Ni REX + p—=— catPd | Ri—= @
RI-X + . RIHRD cat. CuX
XMg—@ ase base

Suzuki-Miyaura reaction
Y23_® cat. Pd or Ni
—_—

Negishi reaction
cat. Ni or Pd
XZn—@ >

R1—@

RI+-x +

R1—@

R-X +

base
5

Buchwald-Hartwig reaction

Stille reaction
cat. Pd
—_—
R*-X + (a|ky|)33n—®

R1—@

cat. Pd
base

RI-N-R3
R1—O—@

HzN—@
HO—R?

R+-X +

Hiyama reaction
cat. Pd
R3SI—R ————>

1 (é?
F- or base R

R-Xx +

Figure 1.2. Palladiumcatalyzed cros

s coupling react&in organic synthesis

8000
] B Suzuki
B Heck
CKumada
00 .
L1Megishi
W Sonogashira
B Sile
B Buchwald-Harhwig
bt CIHiyarna
W Alpha kelane angation
Eleet)
2000
1000
0 Je - - _[I-].._ 1 .
Pre-1971 18714880 168611980 1991.2000 2001-2010

Figure 1.3. The development of crogoupling reactiong the number of publications and

patent$ (This picture was copied frorn

gew. Chemint. Ed.2012,51, 5062 5085)
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1.1.1 General mechanism of crosscoupling reactions

Oxidative addition mechanism
R1_R2

Concerted mechanism

L,Pd° A

-
-

A .
L,Pd® + é—» LPd.

~

w---->>

+
7
— L,Pd"
~
Reductive Oxidative B

elimination addition

Nucleophilic mechanism

Lpd + & & &) v
R! R’ n X T |LPd---A---X | 7 [L,Pd'-A] "+ X
Ly—Pd" Ly—Rd"
R2 X Radical mechanism

L,Pd® + N l'— _ b i
¢ Pd—A+C | — LyPd
B

Transmetalation R30

MX R2M

Figure 1.4. General mechanism of cross coupling reastion

A palladium(0) complexcontaining18 electrons irthe outer shell (stable staté3 in situ
activated to afforda Pd0) specieswith 14 electrons irthe outer shell bya dissociation
procesof ligands Oncetheactive Pd(0)s formed, the combinationwith electrophile RX in

the oxidative addition stageffords the complex LR-Pd(ll)-X. This stageis slow and
regarded as rate determingtiof the reaction.The oxidative addition followed three general
mechanism including concerted (for nepolar substrate), nucleophile displacement (for
polar substrate)and radical (for both polar and n@olar substrate) mechanism.
Subsequentlythe organic group B derived from on organometallic compouisiransferred

to palladium (1) center with no change the oxidation state, namelthe transmetalation
stage. Tk last stage reductive elimination affords the corresponding product and

regeneratethe Pd(0) complexor a new catalytic cycle

The electrophilic substrate have significant influence on the rate and selectivity tbé
reaction. The activity of halidein crosscoupling reactionfollowsthe rule:R-1 > ROTfa R-
Br >> R-Cl >>> R-F (nearly umeactive).The bond dissociation energy ofICC-Br, C-Cl is
65+1, 804 + 1.5, 95+ 1.5kcal/mol,respectively'

When inactive palladium precurso(Pd (Il) sals) such as Pd(OAg) PdC}, NaPdCl, is
employed, reduction of Pd(Il) to Pd(0) is requinedor to enterthe catalytic cycle’ The
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reductionmechanisms still unclear in some reactions. Some gensrathanismnvolving

reduction ofthe Pd(Il) reagent may includeertiary aliphatic amines, phosphisgusing as
ligand), ethylenereagens® or the actionof solvens, such asl,4dioxane, THF, DME
DMSO, toluene, etcAlternatively, Pd nanoparticlésyalladium suppoed on solid supports

couldbecome highly activeatalystsn some cass®

Reduction by tertiary aliphatic amines
p-hydride X reductive
X EtzN L H elimination / elimination 0
Pl Pdl--—1 > LnPd\ L.Pd
¥ i X NG Me \' ’ \
- +
X RTI - HX
/N:/
R2
Reduction via transmetalation
transmetalation .
) reductive
X 2 equiv. BrMgR R elimination
/Pd”l_n f’ /Pd”Ln - LnPdO
X MgBrXx R
Reduction by electron rich phosphines and base PPh
ligand ®  reductive 0
exchange  PhsP 0 CPd ~ elimination ~ PhsP—Pd
Pd(OAc), ————>» @/PdOAc » © ZP7 0Ac ———> + Ac,0
PhsP AcO \_~ Phs
O 0] +PhsP=0
OAC
Reduction by ethylene
= migratory p-hydride reductive
I
| /nsemon elimination elimination
PdL2X2 /K/Pdl_2x f’ HPC”_ZX f» szdo

Figure 1.5. Mechanism of reductiofrom Pd(ll) to Pd(0)

The employmentof ligands in combination with Pd is believed to stabilize Pd complex
center. Moreover, electron rich phosphine ligapdomote the oxidative addition stage.
Conversely, sterity hindered ligandsacceleratethe reductive elimination stage bieir
large cone angle effetBecause of competition with-hydride elimination, dster reductive
elimination processs minimize sideproducs in thesereactions Triphenyl phosphineas
known as the mst common ligand in crosoupling reaction® As early as 1979, ppf was

usedby Kumadaand gave benefit It is noteworthy that monodentatbiaryl phosphine
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ligands developed byBuchwald and coworkers showed significant advantagesPd
catalyzed crossoupling reactionsUntil now, a lot ofefficient monodentate and bidentate
ligands were invered and successfullyapplied in Pecatalyzed cross coupling reactson
under mild conditio.*®*? It showed advantagsin crosscoupling reactions ofnactive aryl
chlorides, highly steric substrates and heterocydibe features of dialkylbiarylphosphme
ligands are depicted in figure 1.5According to theory, the ratio of metal and ligaisd
expectedo bel:1. Butin case binactivesubstratg difficult andslow reactios, an excess
amount ofligandis required Additionally, an additionaamountof ligand assiss$ to activate
catalyst andstabilizes thePd metal centeto give high turn-overnumbes (TON). Besides,
Fub Bgands including PCy, P¢Bu)s, also prove beneficialin some reactiom Especially in
the case of dss active aryl chlorides, these ligands givehigh yield andshow high
selectivity?* Notably, Beller et al. developeddiadamantylalkylphosphaneBataCXium A
which showedhighly efficient catalytic activitywith very low catalyst loading anasulting
in high yield®® In addition to phosghe ligands,N-heterocyclic carbeneNHCS) exhibit a
wide rangeof application incross coupling reactieundermild condition and allowthe
usage ofwater as solverit** NHCs, regarding sitertiary phosphine mimics, hairaproved
catalyst performance (depéctin figure 1.5).NHCs in salt form and phosptes sharehe
point of easy haniflg. However in the case of NH@&X, the useof a base is required to
liberate free NHC to thereaction.Comparing to phosphine ligands, NH@ee binding to

metal formingmore stable NH@Vetalcomplees

Increase catalyst
stability by preventing
cyclometalation

Encourage formation

of L4Pd )
Large substituents

i-Pr i-Pr P promote reductive
elimination

Prevent oxidation

P
MR Electron-rich groups

enhances rate of

Accelerates reductive B -
oxidative addition

elimination

Figure 1.6. Feature of dialkylbiarylphosphane ligands struct@his picture was copied
from Chem. Sci2011,2, 27 50)
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Steric of NHC vs PR;
T\ R,N\JN\R Y R\? iR
@ kS Q 4 "Fi
IMe R = Me | |
‘ ItBu R =Bu M , M .
(S)IPr  R1='Pr,R2=H ICy R = cyclohexyl el e el
(S)IMes R1=R?=Me IAd R = 1-adamantyl

(S) denotes saturated imidazolium backbone

Figure 1.7. CommonNHC ligandsand feature.

In cross coupling reactianthe solvent plays dual roles. Firstly, theolventchoice bases on
high solubility of components in reactiprlow solubility of inorganic byproduct and
effectively allows respective temperature range reactiors. Secondly, it stabilizes
intermediates inthe catalytic cycle.Both single solvent and mixture of two solvenin
homogenous oheterogeneouphase (monophase or biphasgre employed in vaous
reactiors.'®*® The most common solvesiinclude toluene, 1:4lioxane, THF, DMF, DMA,
DMSO. Water is the ideal solvent, but until now the applicatamestill limited.® Solvens

have tobedeoxygenateto avoidimpact on theatalyst system.

Temperature influeres on the rate of the reaction and formation ofide producs. Ided
conditiors canbe obtaired by optimizationof some factors, such as, Pd source, ligéade,
solvent and temperature in orderachieve the highest yield of desired product

1.1.2 Suzuki-Miyaura Cross-coupling reactions

Beginning withthe first report of Miyaura’ in 1979, palladiuncatalyzed crossoupling
reactionsbetween aryl halide and-dlkenylboranes, Suzukiliyaura reactios (SMR), had
become extremely popular ihelast decade (depidin figure 13).298 Today the Suzuki
Myaura reaction concept is the crassipling reaction of alkenyl, aryl halis€or pseude
halides) with a variety oforganoboron reagentborares, boronic acids, boroniesters).
Many papes and patert regarding theSuzukiMyaura reaction were reported to improve
site-selectivity, chemeselectivity low catalystloading expansionof substratescope and
applicatiors of greerer processconditions (green solvent, low catalyst loadinggcycling

catalyst low temperature, minimizing sieroducts)-*+*°
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The toron electrongativity is rdative small (2.0 according to Pauling sc#l@nd makethe
C-B bondratherunpolar and more stabbs comparedio the bond ofother metalC bonds,
such as Mg, Li, Zr, Al, Cu, SiSn Thereby, ogartworanes are nontoxic, air and moisture
stable and easy to handWith suchadvantageof mild and convenient conditigntolerarce
to functional group and facile removabf toxic inorganic byproducs, SMR becane the

most useful and versatile methiodindustrial applicatiosn®

Initially, alkenylboranesas starting materia for SMR, were synthesized by reaction of
termind alkynes with catecholborane. The reaction of Grignard or Lithium reagerth
boronic estefis also wicely employedto construct organoboran&sin 1993, Miyaura and
Suzuki reported a novelethod to add boron ester to triple bond Platinum catalgisunder
convenient condition. Two year later;, Miyaura found that the Bjy(pin),
(bis(pinacolato)diboron) reagenindergoes coupling with aryl halide the present of

[Pd(dppfCly] as catalyst? Nowadays,B,(pin), or HB(pin) are widely employed to form

organoborane&3%3
R'-R? 1 R-R2
L,Pd°® R L,Pd® R" = aryl, vinyl, alkylnyl
X = 1>0T{~Br>>Cl
Reductive Oxidative Oxidative Reductive R? = alkylnyl, aryl, vinyl, alkyl
elimination addition addition elimination
R’ R’ R
L,—Rd" A L,—Pd" B L,—Pd"
R2 X R2
Intramolecular
transmetalation 3
B(OH),(R*0)
Transmetalation R%0 R
L,—Rd"
OR® 2
- - )
[BX(OH),(R°0)]”  [R®B(OH),(R0)| X R7B(OH),
3 ©
RO
R?B(OH),
Path A o Path B ,
3 RS RS o "B-R2 L@
7 (0] \ S \ > v !
,"Q—RZ —> 087 — -8~ Rao@ R 70 R'Pd{OR®
0O OR2 . rR2]|R'"L,PdX —> R'L,Pd—0 ——— > N
R'L,Pd@® R“-B(OH),
boron ate-complex e)

Figure 1.8. General mechanism of SuztiMiyaura crosscoupling reactiorand role of base in
SMR*

Similar to the mechanism other cross coupling reactigrthe SMR mechanisnbegirs with
the oxidative additionstep followed by the transmetadtion step and finishes with the
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reductive eliminatiorstep Here, the role of the base ag importarce In most organoboron
species, lte carbonboronbond is highlycovalent. Thereforehe complexdoesnot readily
involve atransmetalationlt is noteworthy that the role dhe base in SMRactivates the
organoboronderivative by forming a hypervalet, anionic borofiat e 0 compl e X
representsa better leavinggroup and readily underges transmetalationAn dternativdy
proposed mechanism involvéee displacement of halide ithe [PAXR'L,] complexby base

to form a [Pd(OR)R'L,] complex The most common employed base SMR are K,CO;,

K3PQy, N&COs;, NaOH, NaHCQ. In some substrasecontaining fragile functional grosp

andlarge molecular weight, SMBannotoccur without the preserof TIOH.?®

The most common catalgsused in SMR are Pd(PRkh PdCh, Pd(OAc), Pddba in
combination with variouphosphine ligangl The Pd(PPh), catalystk nown e&a s aii T s 0
cheap anckasy to handle bwxhibitslow activity andis unstable under aitJsingPd(OAc)
in the combinatin with phosphine ligandsould significantly improveselectivity and
activity.>*** pd nanoparticles, Pd supporteth inorganic solid materialsor polymers

showed many advantagesvarious case™®

SMR can be performed in various solvents. Solvemtiuences on the activity and the
selectivity ofthe reaction. Toluene, 1;dioxane,benzene, DMF, THFMeCN are he most
common solens.**!8 A mixture of organic solverandwaterwas used timprove the yield

of coupling produciand its high selectivity in SMR’ The biphasic media (organic/aqua)
affords high solubility ofboth boron partner and inorganic salt. Additionally, the mixture of
organic solverst is an alternative choice tamake reaction occur fasterThese mixture
generally include two organic solventith very different in polaties such agolueneEtOH,
tolueneMeOH, dioxanetoluene®® Recently PEG!??° neat watef®®° or ionic liquids™®
were used instead of classicablvens. The advantages of these solwste low cost, non

toxic, thermal stability and feasible to recycle

SMR plays an important role in the synthesis of many natural products, drugs such as
Crizotinib (a potent anitancer agent): Yuehchukenglbisindole alkaloid isolated from
Murraya paniculata (L.)),*> Michellamine B (strong antilV-1, antiHIV-2 agent)®
Ribisins A, B and D(bioactive polyoxygenerated benzofuranéd)iazonamide A* Vitamin

A* (figure 1.8 and many others



General introduction 9

F N
\©\)\O S

NH

o] 2

Crizotinib®

Michellamine B diazonamide A

Figure 1.9. SMR as key step in natural product and drug synthesis.

1.1.3 Buchwald-Hartwig amination reactions (BHAR)

BuchwaldHartwig aminationis one of mostmportantreactiondn modernorganic synthesis,
in which GN bondsformedby Pd-catalyzedcrosscouplingof amines with aryl halides. This
reaction was independently developedtbg group ofStephen L. Buchwald and John F.
Hartwig in 199.3" The development of thBHAR showsmany advantageis the efficient
synthesis of aryl aminegeplacing he conventional methods (theGoldberg reaction
nucleophilic aromatic substitutipmeductive aminationetc.) while significantly expanding

substratescope and functional groups tolerance.


http://en.wikipedia.org/wiki/Palladium
http://en.wikipedia.org/wiki/Catalysis
http://en.wikipedia.org/wiki/Palladium-catalyzed_coupling_reactions
http://en.wikipedia.org/wiki/Goldberg_reaction
http://en.wikipedia.org/wiki/Nucleophilic_aromatic_substitution
http://en.wikipedia.org/wiki/Reductive_amination
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AR LPd° ArX
product

ArH

side products

Reductive Oxidative
elimination addition

LnPdO
R2 X R2
N B-hydride R? Lyl ' 1
H.o AR elimination N. R LPd~—HN__R
Pdll LPdll/ ~~ Ar ||/X
VRN ~N LPd
L Ar Ar N
ButOH Ar
+
MX
MOtBu
R? MO?Bu
|
]
ButOH HN. R
_OtBu
NHR; LPd" MX
AN
Ar

Figure 1.10. Mechanism of Buchwalkiartwig reactiof®24%

Initially, the formation of active catalytic species is required. In the case of monodentate
ligands, for example (BBu)s;, the active monophosphine complex[RtBu)s] is formed
(depicted inFigure 1.1).% In the case of bidentate ligands, such as BINAP, the active

complex formof PdL is generated frorthe PdPL, precusor via ligandissociation.

Pd(PtBUg)z

l

Pd(dba), + PtBu; — > Pd(dba)(PtBuz) —>Pd(PtBu;) —> |Catalytic
cycle

!

Br
/
lfBU:sF’—>Pc{ \Pd<— PtBus

Br

Figure 1.11. Forming of active actalytic species of monodentate
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In the first stagethe active catalytic specieBdL readily entes the catalytic cyclevia
oxidative additionwith an aryl halideas inall crosscoupling reactioa Then, the amine
binds to this Pd(ll) species to form aaordination bondThe deprotonation with the aid of
base resudtin the formation of[PALAr((NCH;R;)Ry)]. Alternatively, the replacement of
halide by base, subsequent with amine binding affedLAr((NCH.R;)R,)]. At the endof
the catalytic cycle the reductive eliminatiorstepcomplets the catalytic cycle to regenerate
the Pd(0) species Besides,if amines possess hydrogen atoat the U-position to nitrogen
atom, the [PdLAr((NCH,R;)R,)] complex can underga b-hydride elimination reaction to

generatenimine asside-product.

When palladium sat as Pd(OAg) is employed, reduction of Pd(Il) to Pd(0) is required.
Amines containingU-hydrogen atoramayreduce Pd(l1) to Pd(0) to enter catalytic cycle aby
b-hydride elimination reactiarBesides primary amines, primary amides need areductant
suchasa phosphine liganda tertiary amine (NEJ). Because of difficultiesn the reduction
from Pd(ll) to Pd(0), the employment Bd(0) stable comples candirectly coordinateto
dialkylbiaryl ligands generatingactive LPd complexo enterthe catalytic cycle.

(:(\] L : ligand
NH: 1. BrettPhos 4. RuPhos

Pd 2. XPhos 5. 'BuXPhos

/7 \

L cl 3. Sphos etc.
Precalyst

Figure 1.12. Precatalyst of Buchwaltlartwig amination reaction

For BHAR media, toluene and tdioxanesolventsare commonly used baase of their high
boiling point and thesolubility property of many organic compounds in these solvents
Moreover ethereal solvemtsuch as THF and BO are alternative chois*?* Some
reactons require more polar solvensjch asDMSO, DMF andDMA. **!1%% The solvent
plays the role ofdissolvingcomponerg in reaction, acceleratingaction by poor solubility

of inorganic byproducs, eliminating sideproducts The solvent must be drie@and
deoxygenate A mixture of two solverg(polar mixing with unpolar solventjas also known
asgood idedor BHAR. 4*11P

Strong bassaregenerallyemployed in BHAR The choiceof basemay influence omeaction
rate, functional grouptolerance andside product formation. Because of significanKp

changingof nucleophileby bindng with Pd the choice of base is not merely based iéa.{f
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NaQBu or KOtBu in tolueneare generallyemployed in BHARto afford high yields, high
reaction rateandlow catalyst loading Due to the pplicationof relativdy strong basg(pKa
a 17.0), reactons with electrophilic group, such asketones and estes, may occur aside
reactiors. Some weakebass, suchas NaOMe, NaOH, KOH showed benefitfunctional
groups tolerance.In the casethat substrate contain sensitive functional groups, weak

inorganicbases such as £30;, K,CO;, K3PO, arealternativechoices.

BHARs found many applications in the synthesis of natural products, bioactive compounds
and drugs. For example,-266833, a selective neuronal nicotinic receptor agonist was
prepared by @\ coupling as the key stéf Federsekt al. successfully synthesizedHT 15
receptor antagonist using (@63-/BINAP.** Many important drugs wersynthesized using
BHAR. Imatinib, a tyrosine kinase inhibitor, is used for treatment of chronic myeloid
leukaemia and gastrointestinal stromal tunmrdwas developed by Norvartis AiG 2003"

Chida et al. finished the total synthesis of Murrayayoline (a carbazole alkaloid isolated from
genus Murraya) using twild BHAR as key stef® Very recently, Piersanti used

intramolecular BHAR for the total synthesis ef€piIndolactam \/**

W'Y

dictyodendrin B
A-366833 (-)-epi-Indolactam V Murrazoline

Figure 1.13. Some total synthesis natural products and bioactive compounds used BHAR as
key step
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1.2 Pd-catalyzed G-H bond activation reactions

Recently, GH bond activation reacti@nhave been receivinguchattention C-H activation
provides many direct routes to form € and CHeteroatom bondswithout need of
prefunctionalization of starting materials leadingléov costand environmerslly friendlier

procedures
1.2.1 GX/C-H coupling reactions

Overthelast decde, GX/C-H bond activations havieeen prove to be one of théhe most
efficient methodlogies to functionalize and construct polycyclic (hetero)aromatic

compounds?

Even though, the efficiency of-8 activation reactiosihas beerdramaticallyimproved in
recent yearsThe mechanism of €1 bond activation reactiarns still unclearto date They

are divided intothree general mechanisms: elechitip substitution, i-bond metathesjs
oxidative addition (Figure .14). The catalytic cycle is believed to undergo in three main
steps firstly, Pd(0) coordinatego anaryl halide ina oxidative additionstep resultingin the
formation of ArPd(I)X complex followed by C-H bond activationof Ph-H to form
PHPd(I)Ar speciesandsubsequentlfinishing with a reductive elimination spto afford the
product and regenerated(0) Recent researchshowed that caboxylate assist he C-H
activation in manycass and are involved in several spsof the catalytic cycle’® The
mechanism otarboxylateassistedC-H bond activationis also proposé with assisting by

pivalic acid?’
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e

ArBr
[Pd]
Ar—[Pd]
K,CO3 KHCO; Ar—[Pd]—Br
/ﬂ j])\ KBr
t-Bu OH t-Bu” OK
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1
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Ar
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[Rd]""1
d F PhH
YO
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KBr + KHCO;
-0 ArBr + K,CO
[Pd]_ >—t-Bu R
q

\C])//HO
©/Af

Figure 1.14. Proposed €H bond activation reaction mechanigtiis picture was copied
from Chem. Re\2011,111, 1315 1345

The GH activations have been applied in the synthesis of natural products and drugs as well
as advanced organic materidlsOne of the most notable examples is the formation of
heterocycles including, pyrroles, indoles, carbazoles, quinazoline§™€t@ne interesting
example includes synthesis ofibddelone, a potent nematocidal, antibiotic and anticancer
reagent by intramolecular -C-H annulations byPd-catalysis’® Functionalizatio of
cyclobuane in the total synthesis ofperarborenine B and ,Dusing GH activation is
another important example. The reaction could give desired products in high stereo

selectivity>*

Me l\ MeO

l MeO
— . OMe N OMe
Me N._O 0 j) @ 0 //? @
/SN OMe /AN OMe
oH dN ¢ dN o ¢

~OH AN N/ 20 N
MeO N MeO e
\\\O o \\\ o
o l MeO I

OMe OH Me

(-)-kibdelone C piperarborenine B piperarborenine D

Figure 1.15. Some total synthesa natural products and bioactive compoundagi€-X/C-
H coupling reactionas key step
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1.2.2 GH/C-H coupling reactions (Oxidative CH bond activation)

The direct C-C bond formationby oxidative GH/C-H coupling using nontoxic and
inexpensive oxidastis an ideal strategyn the development of green and sustainable
processesOne of themost important applicatiain C-H/C-H coupling reaction igo form

the GC bond withheteroaromatic compoun®

H

H>0,
HO-O
’Pd(”) PdOAc
AcO @/
AcOH AcOH ©/ H

Pd(OAc),

AcOH
Pd(0)

AcOH

o\ 0, ©/Pd©
O/Pd(ll)

Figure 1.16. Proposed catalytic cycle of oxidativetChond activation reactidh

The catalytic cycle of @4/C-H coupling is assumed f@roceed irthree steps including two
C-H activation steps to afforéh Pd(ll) intermediate species followed hy reductive
elimination step to fon the product and generatePd(0) speies (Figure 1.16). With the aid
of oxygen or any other oxidafsuch as C{DAc),, AgOAc, AgO0), this Pd(0) species is
reoxidized to Pd(Il) and begma new catalytic cycle.

Many natural carbazoles were synthesizied the employment ofPd(OAc) in the

combinationwith Cu(OAc) or oxygen as oxidant reagent in acetic aciddia®*®*® It is
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noteworthy that pivalic acjda convenient solventould acceleate to givehigher yield of

cyclized productd®* Many natural carbazote for examplesMukonine* and Gausine 2
weresuccessfullysynthesized. Eagmacidin D, an important drdgrtreat i ng Paki nson¢
Al zhei mer 6s deseas+GH coupmgandsCHiCHkemiigZed by C

~ NH,

! COOMe i ©

AR ; NH

OMe vy N \

N n N X

H \ JI j\[ \\\ Br
1-OMe mukonine | \ ” o\

\\

2-OMe clausine L HO N .
— C-H/C-H coupling

C-1I/C-H coupling

Dramacindin D

Figure 1.17. Some total synthesaf natural products andrugsusedC-X/C-H coupling
reactionsas key step

In 2009, Watanabet al. proposé some possible oxidative coupling mechargsmdetailby
trapping and deuterium experiments (Figlire6).>? The first GH coupling may undergby
three different mechanism including electrophilic substitution, U-bond metathesis or
oxidative additionfollowed byreductive elimination to afford complex A or B. Afterward,
the second @1 coupling may occur byfour different possibilities includingthe three
mechanisra mentioned abover carbopalladation followed Hy-hydride elimination to give

thecyclizedproduct.



General introduction 17

electrophilic

o subtitution ©:Pd/© deprotonation
OAc >

A (
cO, ) H QAC reductive
Pd<OAc
e - elimination
- —> {oph 7] ‘O
NH - AcOH ” 5
Ph F’d
electrophilic subtitution W Pd @[
AO O\( @N\ o-bond
bd—0Ac H A Ph metathesis reductive O O
elimination —>
"Pd —1» and/or |
Ph > N\ AcO /H N
” - AcOH Ph PdOAc Pd H
o-bond metathesis ©: ox1dat/ve©1
’\.IH addition reductive
AcO, B Ph elimination
Pd—OAc H.p g OAC
’ — OAC_ 4\PdOAc
_Ph . H
N NH  reductive >
H Ph  elimination = O O —h dride eliminati
oxidative addition carbopalladatio N pefivdride elimination
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Figure 1.18. Possible mechanism okidative GH bond activation in detafl

1.3 Ligands employed in this dissertation

Monodentate and bidéate phosphine diands were utilized inthe combinationwith
palladiumprecursorssuch as Pd(OAg) Pd(dba)s; during the optimizatiors of Buchwald
Hartwig reactions.In most casedyidentate ligands with large bite anglesich asBINAP,
XantPhos, DPEPhos or Dpgfficiently influent onBuchwaldHartwig amination reactions.
It canbe explaired by therigid five membeed ring complex of two phosphiseocordinating
to Pd and diphosphine backbond influencdse wider backbone results in therger angle of
P-Pd-P and itinfluents on steric and electronic properties of bidentate ligands. Wide bite
angles increase steric bulk and favor or disfavor certaomgéies of transition metal
complex. For example, square planar comgdestabilize bite angle around ©0rhe wider
bite angls favor zerevalent complexes arnttigonal or tetrahedral geometriddhose ligands
accelerate reductive eliminati@and hence redudehydride eliminationwhich leads tdy-

productsin BuchwaldHartwig aminatiors.*®
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The utility of tetrakis(triphenylphosphine)palladium(0OYPd(PPhk)s) is successfully
demonstrated in Suzuki reamt with heterocyclic substrates such as thiophene, indole,
pyridine, quinoxaline. The using of other Pd preciusssuch as Pd(OAg) Pd[Cl,(MeCNY)],
Pd[CI(PPh),], accompanyingother phosphineligands gave lower yield and complex

reaction mixture.

O PCyz

O P(t-BU)z
O O _N O MeO O OMe

XPhos XPhos(tBu), DavePhos SPhos

O PCy, Ph,R \’/ \+ -

’ %—PJF—H BF =\
o o 4
i-Pr” ~i-Pr /i\
PPh,

RuPhos Dppe PtBuzHBF, PCy3HBF,
Fe
° ° -
PPh PPh
PPh, PPh, PPh, PPh, — 2 OO 2
Xantphos DpePhos Dppf BINAP

Figure 1.19. Monodentate and bidentate phosphine ligands.
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2 Synthesis of thieno[3,2 -b:4,5-AJdiindoles and benzothieno[3,2 -

blindoles

Bj{ = /S\

2) R-NH,

2.1 Introduction

Thiophenecontaining fused acendsave found many applicatioria organic fieldeffect
transistors (OFETs) as well @sganic lightemitting diods (OLEDs)>® Especially great
effort has been devoted to studypeintacenes, their heterocyclic derivatives amktended
laddertype analoguesiue totheir excellent charge carrier mobilty.Some heteroatom
containing pentacenesplay an important role in OFETs applications, such as
anthradithiophen&  tetraceno[2,3j]thiophene’®  indole[3,2b]carbazoleé® 5,7,12,14
tetraazapentacefig, pentathieoacen®,and dibenzof,dNj] t h i -b:45bRjj3d i2t h®f op he n«
The first introduction of both sulphur and nitrogen atomsmialti-cycle-structures was
developed by Liu and eworkers®® 5,6-Disubstituted thien@®,2-b:4,5b Jdiindoles 3,
containing one thiophene ring and two pyrrole ringgere synthesizedfrom the
corresponding indoles. Later, L&t al. developedhe synthesis of dibenzothiemofpyrroles

4 from benzothiophen®. The electronic transporincreaseddue to intermoleculasulfur-
sulfur interactionsbetween two neighbouring molecules. In 2009, Balaji Watlyaveettil
reported the synthesis of symmetrical amsymmetrical dibenzothieqmyrroles2 and 3.%°
Their studiesshowedthat intermolecular sulfusulfur interactions; -“ stacking and van der
Waals interactions play an important role to provide high intermolecular charge mdébility.
In 2010, withthe same method, thegynthesized a molecule wiieven fused ringaffording
diindolodithienopyrroles4.®® Thesecompoundsexhibited lower HOMO energy level and

larger band gap affording environmental stability.
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CsH13 CeH13

afets mm

CeH13
dibenzo[d,d']thieno[3,2-b:4,5-b"|dithiophene 2

N N N

Me R Me
4a: R = 4-hexylphenyl
4b: R = phenyl

Figure 2.1. Organic semiconductors based on fused pentacenes

Likewise, tetracenes and their heterocyclic analoguese broadly applied in material
chemistry>®®” but also in medicinal chemistry. In 2005, Waetgal. synthesteda seres of
estrogen receptor ligandspenzothieno[3,blindole scaffold which showed a high binding
affinity for estrogen receptor subtypes (ERnd ERb) in comparison with the Raloxifene

drug®®

Due to theinteresting propertieof 5,6-disubstituted thieno[3;B:4,5b Jaiindoles and
benzothieng3,2-blindoles in material and medicinal chemistryl, was interested in
developing an independent and efficient strategy for their syntHad@st, currentsynthetic
approaches are often complicated and require sestpk. Recentlythe group of Prof.
Langerreported the synthesis of tetrasubstituted thiophenes bgeldetive SuzukMiyaura
reactions of tetrabromthiophene’”®® During my thesis| studieda concise and efficient
two-step synthesis of thieno[3[24,5b Jdiindoles and benzothieno[3[8indoles by site
selective SuzukMiyaura reactions of tetrabrontbiophene and 2;8ibromobenzothiophene,
respectively, and subsequepalladium catalyzed twofold ® coupling®*?#%¢7° with

amines’!

2.2 Results and Discussion

The siteselectiveSuzukiMiyaura reaction of tetrabromothiopher® ith 2.2 equivalents

of o-bromophenylboronic aci®, in the presence of 5 mol% of Pd[RRh afforded the
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tetrabrominated compoundin 91% vyield. The Paatalyzed twefold cyclization reactions
of 7 with aminesBa-s gave the desirethieno[3,2b:4,5-b Jdliindoles2a-s (Scheme2.1).

RNH,

R R
| |
r 8as N N
T B(OH
2a-s

7 (91%)

Scheme2.1. Synthesis of 5@lisubstituted thieno[3;P:4,5-b Jdiindoles2a-s.

Conditions: i,2.2 equiv. of6, 5 mol% ofPd(PPh), catalyst, NaCOs (2 M, 10 mL), dioxane 110 °C, 6fi, 3
equiv. of8, 6 equiv. ofNaOQtBu, 5 mol% ofPd,(dba), ligand (method A: 10 mol% d?({Bu)s-HBF4;, method B:
5 mol% BINAP).

The cycliczation reaction af with 4-methoxyaniline8b was chosen for optimizationsing
1,4dioxane as an internal standgiable 2.1). The bidentate ligands, such agppe and
DPEPhos, gaveexcellent yieldof 88% and 93%, respectively (entries 10 and 11). Some
bulky monodentatgphosphine ligands, e. g. SPhos andBR), also exhibited suitable
ligands for this reaction (entries6).*> Up to 98% vyield of2b was achieved by employment
of P{Bu); as the ligand in combination with fdba} as the catalyst (method A). Theeld

was significant decreasedvhen Pd(OAc) instead of Pgdba)l was usedas palladium

precursor
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.Table 2.1. Optimization for the synthesis @b

Entry Catalyst Ligand Base Yield (%)?
1 Pd,(dba) P(tBu);-HBF, NaOBu 98
2 Pd(OAc) P(tBu);-HBF, NaOBu 58
3 Pdy(dba) P(tBu)s-HBF, KOtBu 63
4 Pdy(dba) P(Cy)-HBF, NaOBu 52
5 Pd,(dba) SPhos NaQBu 92
6 Pd,(dba) XPhos NaOQBu 61
7 Pd,(dba) DavePhos NaOQBu 76
8 Pdy(dba), BINAP NaOBu 12
9 Pd,(dba) XantPhos NaQBu 52
10 Pdy(dba) DPEPhos NaOBu 88
11 Pd,(dba) Dppe NaOQBu 93
12 Pd,(dba) Dppf NaOQBu 73

2 Yields were calculated BYi-NMR of the crude product using dioxane as internal stand

With optimized conditions in hand,studied the scope of the cyclization reactior? afith
different amines. The employment of various anilines afforded the corresponding products
2a-m in good to excellent yields (Tab®2). Themethod A has failed tapply with alkyl
amines Only very low yields of the desired productsvere obtained With further
optimization,| found that the use of the bidentate ligand BINAP allowed the synthesis of
products 2n-s in acceptable yields (method B). The structures of the products were
establishedy spectroscopic methods. The structure®ipPk and 2p were independently

confirmed by Xray crystal structure analysis.
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Table 2.2. Synthesis oRar

2 R Conditions  Time (hours) Yield (%)?
a Ph A 14 83
b 4(MeO)CH, A 14 94
c 4-MeCeH,4 A 14 90
d 3,5Me,CsH4 A 14 89
e 3.5(MeO)yCeHs A 14 95
¢ 3,4,5(MeO)CH, A 14 92
g 4-FCiH, A 14 94
h 4-CICH, A 14 86
i 4-+-BUCeH, A 14 86
j 3-CRCeH4 A 14 88
Kk 4-(Et;N)CeHy A 14 59
| I A 14 90
m 4(MeS)GH, A 14 91
n n-CzH, B 14 46
0 N-CsHy, B 14 45
p n-C;Hys B 14 44
q PhCHCH, B 14 62
; Bn B 14 53
s c-Pr B 14 33

?|solated yields
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Figure 2.3. Ortep plot of2k
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Figure 2.4. Ortep plot of2p

Besides, benzothieno[3,d]indole 9 showed a highly binding affinity to BER(ICso = 2.84

nmol) and made a strong increase of the bone mineral density of ovariectomized mice (Figure

2.3).%% Therefore,| appliedmy methodology for the synthesis of benzothienolgj@doles

from 2,3dibromobenzothiophend0. During the preparation of thithesis the Suzuki

reaction ofLl0to give11was reported for the synthesis®Rbridgedtransstilbenes?> The

Pdcatalyzed cyclization af1 with amines has not been reported so far. Prodias were

synthesized in excellent yields using eithethmnd A or method B.

oo

Figure 2.5. Potent estrogen receptor liga@d
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Qrfl tom @ O o

S
10 (94%)
Scheme2.2. Synthesis 0b,6-disubstituted thieno[3;B:4,5-b Jdiindoles12ac.

Conditions: i,2.2 equiv. of2, 5 mol% ofPd(PPh), catalyst, NaCGO; (7 mL, 2M), dioxane, 110 °C, 6fi, 3
equiv. of8, 6 equiv. oNaQBu, 5 mol% ofPd,(dbay), ligand (method A: 10 mol% of Bu);ABF,, method B:
5 mol% BINAP).

Table 2.3. Synthesis of tetracend2ac

12 R Conditions Time (hours) Yield (%)?
a 4-MeOCH, A 8 96
b n-C7H15 B 8 92
c Bn B 8 95

%|solated yields

2.3 Conclusion s

| described a highly efficient and convenient procedure for the synthesis of substituted
thieno[3,2b:4,5-b Jdiindoles and benzothieno[3lgindoles based on a new tvetep
strategy which involves Rdatalyzed G@C and GN coupling reactions. Tlse resultsare of

considerable interest for applications in material sciences and medicinal chemistry.
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3 Synthesis and  physical properties of  5-methyl -5,10-
dihydroindolo[3,2 -bJindole s

Br

0O ;
Br
s, Q S0
l 2) Me
Me

R-NH,

— el v

3.1 Introduction

Acenes and heteroacenae widely known for their applications inrganic lightemitting
diodes (OLEDs), organic fieldffect transistors (OFETs) and organic photovoltaic c&lfs.
Tetracene, which representp-éype semiconductor, isne of the most studied acenesisT
moleculein the form of single crystal devicg®ssesses hole mobilities as high as 1.3/%&m
1. The introduction of heteroatoms into acersignificantly modifies the electronic
properties and crystal packing of the molecules as well as improving thktystabthe
materials’>® Therefore, the preparation péw heterotetracenesre atractingnuch attention.

In 2009, Liu and coworkeneportedthat tetrathienoaces€TTAS) could be used ipotential
OFETs applicatins, due to their high hole mobilities and on/off current ratiRecently,
Takimiya and ceworkersprepared and investigatékde synthesis and interesting electronic
properties of naphthodithiophenes (NDTs) and other chalcogenotetrdtdiessynthesis
and physical properties of series of highly substituted benzothienofB]@enzothiophenes
and benzoselenopheno[3[gbenzoselenophenes wemeported b y Taki mi yaods
Recently, parenb,10-dihydroindob[3,2-bJindole was found to be a promising candidate for
OFET applicationé® Functionalized 5,10-dihydroindolo[3,2b]indoles are known as

gr
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important heterotetracenes which represent core building blocks in OLED polymers and

high-spin organic polymer§.

Tetracene
S S ﬂ
R X
LS. T
S S X
Tetrathienoacene (TTA) X=S (NDT)
X= 0 (NDF)
R X=Se (NDS)
N
O
N
R
Target of this work X= S, Se

Figure 3.1. Molecular structures of tetracene and heterotetracen&HBiT applications

Several synthetic approaches to 5¢llydroindolo[3,2b]indoles have beereportedso far.
Most of the conventional methotimse ona GN bond formation as the key st&pHeller
reported the first synthesis db,10-dihydroindolo[3,2b]jindole by reduction ofo , -0 6
dinitrobenzil with zincin the present ofcetic acid' Reduction of 2o-nitrophenyl)indole
with P(OEt) was describedto give the product in moderate yield&Then Grinyov et al.
reportedan efficient synthesis o6,10-dihydroindolo[3,2b]indoles by Fischer condensation
of indolones with hydrazine derivative§Recently, Liuet al.reported a interestingmethod
for the preparation of 5,10-dihydroindolo[3,2bjindoles by reduction of 6,12
dichlorodibenzdj,f[1,5]diazocines by using an excess of zinc under acidic conditfons.
Generaly, most of therepated syntheses of highly functionalized 5;lthydroindolo[3,2
blindoles are difficult toperform low yielding orrequire many synthetic steg8ecause of
their potential application ofmaterial sciencel was interestedin developng a new and
convernient two-step strategy for the synthesis of highly functionaliz&ll0
dihydroindolo[3,2bjindoles. My strategybases on the first site-selective Petatalyzed
SuzukiMiyaura reaction olN-methyt2,3-dibromoindoleand subsequent cyclization by-Pd
catalyzed twefold C-N coupling with aminesSite-selective SuzukMiyaura reactions ob-

bromophenylboronic acid witlseveralsubstratesfor example 2,3-dibromopyridine, 2,3
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dibromothiophene, 2,3;8ibromothiophene, 2;:8ibromobenzothiophene,-Bfomo4*-iodo-

2-nitro-1,1*biphenyl, have been previously reporféd
3.2 Result and discussion

2,3-Dibromo-N-methylindole 13 was prepared from N-methylindole in 72% vyield by
bromination ofN-methylindole with bromine af78 °C% The siteselective SuzukMiyaura
reaction of 2,adibromoN-methylindole 13 with o-bromophenylboronic acid using a

reported proceduref the group ofProf Langef® gave 2-aryl-3-bromoindole14 in 72 %

yield.
HO.__OH
B
©/ Br Br RNH, R
N
8a-o
\>—Br —>‘ >—b . \\ .

N

Me Me
13 ( 2%) 15a-0

Scheme3.1. Synthesis 0b,10-dihydroindolo[3,2b]indoles 0.

Conditiont (i) 1.2 equiv. of6, 5 mol% of PdPPhy), catalyst 3 equiv. of NaOH, THF, D, 70 °C, 4h. (ii) 3
equiv. of8, 3 equiv. of Na@Bu, 5% mol of Pg(dba), 10 mol% of XantPhos, toluene, 90 °C1@h.

For the optimization of this step,chose the reaction df4 with p-toluidine 8b (Table 3.1).
Some importantparameterswhich can affect the reaction including ligand, palladium
source, solvent and temperatuneere examined. Interestinglyp to 89% yield of 15b was
achievedvhenXantPhosas ligandin combindion with Pd,(dbgs, was employedTheyields
decreased wheRd(OAc) was usedas thepalladium sourceand whenthe solventswere
changedWhenthe temperaturevasdecreasg to 90 °C, the yield increased to 91&a6dthe

reaction mixture containem smallemmount ofside products.
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Table 3.1. Optimizations for the synthesis d8b

Entry Catalyst Ligand Solvent Temperature (°C) Yield (%) ?
1 Pd,(dba) BINAP Tol 100 11
2 Pd(dba) XantPhos Tol 100 89
3 Pd,(dba) DPEPhos Tol 100 -
4 Pd,(dba) Dppe Tol 100 7
5 Pd,(dba) Dppf Tol 100 -
6 Pdy(dba), PCy,.HBF, Tol 100 -
7 Pdy(dba) PBW.HBF, Tol 100 4
8 Pd,(dba) XPhos Tol 100 79
9 Pd,(dba) XPhostBu, Tol 100 -
10 Pdy(dba) SPhos Tol 100 72
11 Pd,(dba) DavePhos Tol 100 4
12 Pd,(dba) RuPhos Tol 100 11
13 Pd(OAc) XantPhos Dioxane 100 57
14 Pdy(dba} XantPhos DMF 100 20
15 Pd,(dba) XantPhos Tol 90 91
16 Pd,(dba) XantPhos Tol 80 82

2Yjeld was calculated byH-NMR ofthe crude product using-nitroacetophenone as an internal standard

With the optimized conditios in hand,| studiedthe scope othe two-fold C-N coupling
reaction ofl4 with variousaniline derivativesThe productsl5a-o wereobtainedin good to
excellent yields withdifferentanilines Table3.2). Very good yields werechieved for both
aniline derivatarves bearing electron donating and withdrawing substituents. On the other
hand,the cyclization of3 with aliphatic aminesffordedlower yields(productsl5-o, Table

3.2).
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Table 3.2. Synthesis ofl5a-t

15 R Time (h) Temperature (°C) Yield (%)?
a Ph 6 90 80
b 4-(t-Bu)CeH, 6 90 84
c 4-MeCgH, 6 90 81
d 4-FCgH, 6 90 82
e 3-(CFs)CeH4 6 920 84
f 4-(MeO)CiH, 6 90 76
g 4-(MeS)GH, 6 920 83
h (4-CN)CeH, 6 90 82
i n-CzH; 10 920 86
i Allyl 10 90 84
k Bn 10 920 72
' 4-(MeO)GeH,CH, 10 920 79
m (4-FCeH4)CH, 10 80 64
n 3-(CFs)CeH4CH, 10 80 60
0 PhCHCH, 10 920 83

®Yield of isolated products

The structures of produci$a-o weredeterminedy spectroscopic methods. The structure of
15b was independently confirmed by-rdy crystal structure analysig-igure 3.2). As

expected, the heterocyclic core structure is planar. The aryl group is twisted out of plane.
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Figure 3.2. Ortep plot of15b

3.3 Absorption and Fluorescence Properties

Some selected,10-dihydroindolo[3,2bjindoles 15 which beardifferent types of substituents

located at the nitrogen aterwere investigatk by UV-VIS and fluorescencanalysis The

measurements wengerformedin acetonitrileas shown inFigure 3.3. The corresponding

spectraldata are summarized in Tald&. The UV-VIS absorption spectra of the compounds

showthree #&sorption bands around 361,135824 and 26Inm with increasing absorption

strength.The spectra of all derivativeks are quite similarindicaing that the substituent

located at the nitrogen atom has only a weak influeBee to the conjugative effecthe

bands of derivativd5 shift a little to thelonger wavelengh®erivative 15a, containinga

phenyl group at Nposition exhibits asmallblue-shift.



Synthesis of 8nethyt5,10dihydroindolo[3,2b]indoles 33

Table 3.3. Spectroscopic data characterizing the absorption and emission propetées of

POfPy LogWy, 1off. LogWy, 1°F, LootGfy, (°Ff, Logdy,

Comp.
[nm] [nm] [nm] [nm]
1% 361 4.49 349 4.51 324 4.86 260 5.23
1% 363 3.56 351 3.57 324 3.93 260 4.33
1 362 3.34 351 3.35 324 3.73 261 4.15
15f 363 3.65 352 3.64 324 4.02 261 4.47
159 363 3.43 351 4.05 323 4.08 259 3.6
15 365 3.34 354 3.35 325 3.83 263 3.28
15 363 3.41 351 3.42 325 3.89 262 4.3
1%k 363 3.24 351 4.10 323 4.10 259 4.02
13 362 4.29 351 4.28 325 4.75 262 5.18
15m 363 3.49 351 3.53 325 4.02 262 3.57

The fluorescence spectra wexgainmeasured in actonitrile with excitation at 3. The
fluorescence quantum vyields were determined by comparison to the standarce quinin
hemisulfate salt monohydrat@gn 0.05M HSQ,) which exhibits a fluorescence yield of
529%.8° All emission spectra have their maximum around A@0and exhibit atwulder at
around 363 nm.Derivatives15a and 15b containingan aromatic sushituent locatecat the
nitrogen atonmexhibit themostblue-shiftedemission with a maximum at 398n, while 15,
containinga 4methoxybenzyl groupexhibitsa slight redshift (404nm). The Stokes shift is
similar for all compounds and varies omtythe range o9 nm and 25 m. It is important to

note that he quantum yields of th® 10-dihydroindolo[3,2b]indoles 15 are quite highThe
highest quanturgield (47%) wasobservedor 15m.

The band gapsletermined from the crossing of the absorption and fluorescence spacyra
againonly slightlyamong thestudiedcompoundsDerivative 15a, containinga phenyl group
has the largest band gap of 3.2V while the smallest band gap of 3.34\8 is observed for

15 which containsa 4methoxybenzyl group abke substituent.
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Figure 3.3. Normalized absorption and emission spectra of selected compbbini=asured
in acetonitrile. Emission spectra were recorded with excitation at 340 nm.

Table 3.4. Spectroscopic data characterizing the absorption and emission propetées of

)4 D++++‘ v I D_+D' )4 D_+D' Stokes shift g Band gap$ oo
Comp.

[nm] [nm] [nm] [nm] [nm] (eV) Quantum yield
15 361 382 398 21 3708 3.344 46%
1% 363 383 398 20 372.6 3.328 46%
1 362 382 400 20 372.6 3.328 44%
15f 363 387 403 24 374.0 3315 43%
15 363 382 399 19 3728 3.326 30%
15 365 388 403 23 377.0 3.289 41%
15 363 385 400 22 374.0 3.315 42%
13k 363 383 399 20 372.6 3.328 31%
13 362 387 404 25 374.2 3.313 43%
15m 363 386 403 23 3734 3.320 47%

2 a0 is determined from the crossing point of the normalized absorption and emission &pectra.

Poptical band gapspiWere calculated from &
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3.4 Conclusions

In conclusion,| reported aconcise practical and efficient strategy prepare highly
functionalized 5,10-dihydroindolo[3,2b]indoles in very good vyields. The reactions
proceeded with very good sigelectivity in favour of positions 2 and 6. The stdectivity

of the reaction of the-Bromophenylboronic acid witN-mettyl-2,3-dibromoindole can be
explained by the fact that position 2 is less electron rich than position 3. It has been
previously reported that the oxidative addition of Pd(0) catalysed-congsing reactions of
polyhalogenated substrates proceed by prédamh attack at the more electron poor
position®® Absorption and fluorescence propertigshe 5,10-dihydroindolo[3,2b]indoles

were studial. Although the substituents have only a small influence on the absorption and

fluorescence, very good quantum yields were generally observed.
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4 Synthesis of | - and ) -carbolines
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4.1 Introduction

Carbolines (pyridmdoles) are widely spreadn many natural products angynthetic
bioactive molecule®’ Among the class ofcarbolines, especially b-carbolines ando-

carbolinesare the most preseint nature A smaler number ofU-carbolineswerealsoisolated
as natural alkaloids.Examples ofU-carboline include Grossularinel and 2, anticancer
compounds isolated fronDendrodoa grossularid® and Mescengricin whichexhibit an
inhibitor of L-glutamate excitotoxicityisolated fromStreptomyces griseofladt A few
researcheseportedon U-carbolines such asQuindoline, Cryptolepine, Cryptoquindoline,
Cryptomisrine and Jusbetonirt? All of these alkaloids were isolated fro@ryptolepis
sanguinolentaand Justica bentonicavhich have been traditionally used for the treatinan
malaria and several infectious diseases in Central and West Kfffcavious researchsin

medicinal chemistrydemonstrated thatJ and -carboline derivativepossessedmportant
biological propertiessuch asantitumor® antimalarial®® antimicrobial®® antiviral * and anti

inflammatory® activities. Inthe context of drug discoverymplitapide, a potential drug
containingan U-carboline moietywas usedor the treatment of atherosclerosis clinical

trials 2°
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Structure of carbolines

Figure 4.1. Same bioactive compouna®ntainingl- andii-carboline substructures.

Current research indicatethat @rbolines not onlyplay an important role in many
applications in medicinathemistry, but also in materigtience. For example carbolines

and their derivatives were commongynployedas electron transport unit in bipolar host

materials'®® The introduction ofa carboline unitinsteadof the carbazoleimproved the
electron carrier mobility® In 2013,CzBPCb and CbBPCb, which weresynthesizedy Lee

et al, reachedabove 30% external quantum efficiency in blue phosphorescence organic light

emitting diodes® Thetrimer TATA exhibiteda 200 times longer lifégime thanthe analogue

carryingthree carbazolanits'®
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Figure 4.2. Some organic marialscontainU-carbolinesstructure.

Due tothe importance of carbolines in botredicinal chemistry and materiatiencs, the
synthesis of carbolinetas been attracted much attentiom developng new synthetic
methodologies U-Carbolines were synthesized byarious ¢assic methods,including
intramolecular DielsAlder reactios, ' GraebeUllmann reactior of triazoles:**annulations
of azaindole¥” and mult-component reactiort§® In 2011, Kumar and Nagarajaprepared
U-carbolinesvia two-step Pd-catalyzedamidation of 3acetyt2-chloroindoles followed by a
VilsmeierHaack reactiort®” Recently,severalsynthess of carbolinesn onepot procedurs
based onPd-catalyzed aryl aminatienand subsequentintramolecular arylation were
reported®® In 2013, Moodyet al. developeda new methodor the synthesis dffcarbolines
by -efectrayclizatiors of indole3-alkenyl oximes?® Very recently, Yangt al. described
a convenient approach td-carbolines by a onpot tandem reaction of ,-umsaturated

ketones with zhitrophenylacetonitriles in theresencef zinc dust*°

In contrast td}, -, &ndo-carbolines only afew procedures for theynthesis ofi-carbolines
have been developed so.far 1997, Yanget al. synthesizedi-carboline derivativerom U-
(o-bromoanilino)alkenenitriles by domino fdtalyzed cyclizationS' Dupas et al.
successfully synthesizedj4-disubtitutedt-carbolinesby cyclizatiors of indole amines with
1,3-dicarbonyl compoursf**? In the effort tosynthesizebioactive analogues of Eudistomin
D, Kobayashi and coworkersleveloped thephotocyclizatios of N-(4-methoxy3,5
dimethylphenyl)pyridiR3-amine which gave mixtures of regioisomeric b- and Ui
carbolines*® In 2011, Ablordeppet al. describeda shortpathwayfor the formation ofi-
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carboline derivatives in moderate yields by anothec#dlyzed intramolecular arylation of
N-aryl-3-aminopyridine*™* Recently, Kundtet al. synthesizedicarbolines in good yieldsy
an efficient onegpot multicomponent reation using-Boc-3-amido indoles, aryl aldehydes
and terminal alkynes under microwave condiibi t-Carbolines could also bereparecby
intramolecular reductive ring closure of-n8ro-2-phenylpyridines using phosphine
reagents® In 2012, the group of Detertsynthesizedi-carboline in 6 steps starting from 2
chloro-3-nitropyridine!*’ Very recently, Cacet al. reportedan interesting synthesis o
carbolines by a Rdatalyzed cascade reaction efogloanilines andN-tosylenynamines®®
Although,all four types ofcarbolinescan bepreparedy general method$ut thesemethods
still have limitationsin the preparation o$tarting materia andthe tolerance of substrates
scope Sakamoto and coworkefsstly reported a very convenienand general methotb
access allfour regioisomericcarbolines in 3%61% yield by Pd-catalyzed intramolecular
arylation of ortho-bromosubstituted anilinopyridines? Recently, Cuny and coworkers
describea generamethodfor the selectivesynthesis ofJ, b-, o-, andtii carbolines in good

yieldsemploying photostimulated cyclization @fnilinohalopyridines?°

In fact, the currentsynthetic methods are often complicated, low yielding or require many
synthetic steps to prepathe starting materialsDuring my thesis| studieda new and
efficient twostep strategy fothe chemoselective synthesis &f and U carbolines from
readily availablestarting materialsMy synthesis isbased onwhat are, to the best ahy
knowledge, the firssite-selective Suzuki reactigrof o-bromophenylboronic acid with 2,3
dihalopyridines 1-chloro-2-bromopyridineor 2,3-dibromopyriding and subsequemivo-fold

C-N coupling reactions.

4.2 Results and discussion

The chemoselective SuzuMliyaura reaction of commercially available -2hloro-3-
bromopyridinel6a with 1.2 equivalents ob-bromophenylboronic aci@ in the presenceof
5% mol of Pd(PPh), as catalyst affordegroductl7ain 85% isolated yieldThe reaction
proceeded chemoselectively at positionfdbromide atom which is a better leaving group
than chloride.The subsequentyclization of 17a with different amines4, by two-fold Pd
catalyzed @N coupling resulted inthe formation ofthe desired} carbolines18 (Scheme
4.1).
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Schemed.1. Synthesis of ot+carbolines.

Conditions: {) 1.2 equiv. of6, 5.0 mol% ofPd(PPh), catalyst, 3 equiv. of NaOH, THF,,B, 70 °C, 4h.i{) 1.5
equiv. of8, 3 equiv. of Na®Bu, 5 mol% of Pgdba), ligand (method A: 10% obppf, method B: 10% of
DPEPhos), toluene, 100 °C, 7h.

The cyclization of 17a with tert-butylaniline 8c was chosen foroptimizations usingd-
nitroacetophenonas an internal standard (Takld). Important factors including palladium
source, ligand, solvent and temperature were examimeedtail The screening of different
monodentate phosphine ligandis; example XPhos, XPos(Bu),, SPhos, DavePhos, P{y
P(Bu); gave 18c in up to 93% vyield (Entries-&1). In order to investigate the effect of
bidentate ligands in this cyclizatiohcarried out some further optimizations using bidentate
phosphine ligandsuch as XantPhos,AEPhosand Dppf. Underoptimized condition, using
Dppf asligand in combination with Rdba (method A) affordedup to 97%yield. The
replacement oPd(OAc) aspalladiumprecursorresulted ina lower yield (85%). During the

optimizations, toluenavasthe most suitable solvent for this cyclization.
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Table 4.1. Optimizations for the synthesis d8c

Entry Catalyst Ligand Solvent Time (h) Temperature (°C) Yield (%)?
1 Pd(dba) BINAP Tol 7 100 56
2 Pd(dba) XantPhos Tol 7 100 93
3 Pd(dba) DPEPhos Tol 7 100 95
4 Pd(dba) Dppe Tol 7 100 81
5 Pd,(dba) Dppf Tol 7 100 97
6 Pdy(dba), PCy-HBF, Tol 7 100 64
7 Pdy(dba) P({t-Bu)s-HBF, Tol 7 100 79
8 Pdy(dba) XPhos Tol 7 100 87
9 Pdy(dba) XPhostBu, Tol 7 100 35
10 Pdy(dba) SPhos Tol 7 100 93
11 Pd,(dba) DavePhos Tol 7 100 88
12 Pd(OAc) Dppf Tol 7 100 85’
13 Pdy(dbay Dppf Dioxane 7 100 87
14 Pd(dba) Dppf DMF 7 100 53
15 Pd,(dba) Dppf Tol 7 110 82
16 Pd,(dba) Dppf Tol 7 80 77

2 Yield was calculated b}H-NMR of crude product using-ritroacetophenone as an internal standatd.O
mol% of Pd(OAg)was used.

With the optimized conditios in hand (method A) | was interestedin extending the
substrate scope ofthe cyclization of17a with a variousamines. The cyclization products
18a-h, depicted in Table 4.2, were isolated &3-98% vyields. The reactionshowed
compatbility with a variety of functional groupsAll the products wereproven by
spectroscopic methodhe structure ofl8d was independently confirmed by singlgystal
X-ray diffraction Figure 43).*2 Unfortunately, the Pdatalyzed cyclization of.7a with
aliphatic amines using method A resdltin unsatisfctoryyields due to the formation of
side products. After someptimization studiesusing different conditiond, found thatthe
employment othe DPEPhosas theligand (method Ballowedimprovementthe yield. Up to
90% isolated yielglof the cyclizaton productswere achieve@productsl8i-l).
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Figure 4.3. Ortep plot of18d

Table 4.2. Synthesis of}carbolinesl 8a|

18 R Method?  Yield (%)?
a Ph A 92
b 4-MeCgH, A 95
¢ 4-(-Bu)CeHs A 94
d 4-FCH, A 89
€ 3-(CF3)CeHq A 88
f 4-(MeO)CeH, A 08
9 4-(MeS)GH. A 92
h 4-(CN)CeHs A 83
i Bn B 88
J (4-FCH,)CH, B 87
K 3-(CF5)CeHACH; B 90
! n-CaHy B 01

?|solated yields
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With an optimal procedurein hand | was interestedto extendng the synthesisto
bis(carbolines)Producs 20a and20b were preparedh 46 and 506 yields, respectively, by
the Pd-catalyzed cyclization of7a with diaminesl9a and19. It is notevorthy that product
20b represents amnalogue ofthe recently developedNinp ligand®*® Thus, my method

allows for a convenieraccess to this type of molecule.

N7
S
O
N 20a

Z — /\ |
H,N lN\ NH, _ e LI
Br ~ 19b NT NN —
17a > — ~ N N
50 % ~~ N N/ \_/
N \_/
20b

dNinp ligand

/©/NH2
HoN 19a

-

N Cl 46 %

/

Schemed.2. Synthesis of bisfarboline$ 20a,h

Conditions: 2.2 equiv. 0f7a 1 equiv. ofl9a (19b) 6 equiv. of Na@u, 5% mol of Peldba), 10% ofDppf,
toluene, 110 °C, 10h.

My next goal was to applgny methodology to the synthesis tfcarbolines.The Suzuki
Miyaura coupling ofb-bromghenyboronicacid 6 with 2,3-dibromopyridinel6b proceeded
following my optimized procedure,with very goodregioselectiity at the more electron
deficient2-position ofthe pyridine ringand afforded produdt7b in 96% isolated yieldwith
intermediatel7b in hand,| prepared a series Gfcarbolines?1a-j, using either method A or
method B in moderate to excellent yield§he yields were moderate in case of less
nucleophilic amines carrying an electron withdrawing substituent located at the aryl group.
The structue of 21b was independently confirmed by-rdy crystal structure analys(&igure
4.4.1%
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Br

1o, RNH,

Br
Br HO 8a|

16b 21a-i
17b (96%)

Scheme4.3. Synthesis ofi-carbolines 2&i

Conditions: {) 1.2 equiv. 0%, 5% of PdPPhy), catalyst, 3 equiv. of NaOH, THF,,B, 70 °C, 4h.i{) 3 equiv. of
8, 6 equiv. of Na@Bu, 5% mol of Pgdba), ligand (method A: 10 mol% of Dppf, method B: 10 mol% of
DPEPhos), toluene, 100 °C, 7h.

Table 4.3. Synthesis ofi-carboline®21ai

21 R Conditions Yield (%)
a Ph A 83
b 4-FC4H, A 73
¢ 3-(FsC)CeH, A 64
d 4-(MeO)CsH, A 94
e 3,5(MeO),CqsH, A 75
f 4-(NC)CgH4 B 42
g Bn B 92
h 4-(MeO)CgH4CH; B 65

i PHCH,CH, B 77
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C14 c16
cogm SOA
o e’ c17
. [

Figure 4.4. Ortep plot of21b.

The bis(carboling 22 was synthesizeth 40% isolated yieldy thecyclization of 17b with
diaminel%a (Scheme 4.4)

NH,
BT Q N
» HN 192 NON
N - =

ii N
17bBr \ /

Schemed.4. Synthesis of big@arboling 22

Condition 2.5 equiv. of 17b, 1 equiv. 0f19a 6 equiv. of Na@Bu, 5% mol of Peldba), 10% ofDppf, toluene,
100 °C, 10h.

4.3 Conclusion

In conclusion,| have successfullglevelopedan efficient two-step synthesis ofJ- and &+
carbolines fom readily available chemicals. Teaccess of synthesbase on siteselective
SuzukiMiyaura reaction and subsequent tfotd C-N coupling reactionsMy results would

be interesting for further apphtions in both medicinal chemistry and materials science.



Synthesis angroperties of 5,/Dihydropyrido[3,2b:5,6-bldiindoles 46

5 Synthesis and physical properties of 5,7 -Dihydropyrido[3,2 -b:5,6-
b']diindoles

HO Br
1) HOB R R
\ i
N N
Br N Br | X
- [Pd] >
Br N Br
2) R-NH,

51 Introduction

Carbolines (pyridoindoles) and their derivatives emgloyedas electronic transport units in
host materiald®%%*2% The replacement of the carbazole unit by a carboline improves the
electron mobility. The carbazole ring assumed to accelerate the electaonepting
properties owing to its electrafeficient ring systent**?¢19192 The high quantum efficiency

was achieved by the combination of the carbazole and carboline wviiich improves the
triplet energy. The materials containingcarboline moiges have been studied for the
development of novel bipolar host materials. In 2013, éteal. preparedbi- and triphenyl
derivatives whichcontaincarbazole and carboline moieties (via the nitrogen atom). These
compound®xhibit30% external quantum efficieneyd high triplet energy (2.90 eV) in blue
phosphorescence organic light emitting diot?&%:** Kwon et al. reported thesynthesisof

the novel compoundsontaining threé+carbolinyl substituents attached to a triphenylamine
moiety, which show a longer lif¢ime than related derivatives containing three carbazole
moieties'® Recently, Leeet al. demonstrate that relatedJ- and b-carbolines possess a
higher quantum efficiency and a higher triplet energy than isomerérbolines®® The

quantum efficiencyre up tad22.1 %%
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The organicmaterials containing acenes and heteroacenes have found many applications in
organic photovoltaic cell§® light-emitting diodes (OLEDs)® and especially in organic
field-effect transitors (OFEJsdue to their optical properti8®™3'?* |n this context,
pentacene and its heterocyclic derivatisgsctedmuch attention in current research, due to
their excellent charge mobility. In fact, pentacérmsed OFET®xhibit very high charge
mobilities in the range of -B0 cnf/(Vs).”** However, pentacene derivatives are gasil
oxidized by airt?* which limits their practical applicians. The replacement of heteroatoms

in pentaceneresultsin tuning the electronic propertiéke solubility, stability and molecular
packing®®®733124 For example, indolocarbazol®s,  pentathienoacenés,
dibenzothienopyrrole¥? tetraazapentacen&s,N-heteropentacene$*31%4 and thiophene

benzene annulated pentacefs 2314 offer excellent OFE properties

Due tothe importance of botiN-heteropentacenesnd carbolines in the field of organic
materials, | was interested in developing a novel class Mfheteropentaceness,{-
dihydropyrido[3,2b:5,6-b|diindoles) which combine the core structures of indoles and
carbolines. My approach to5,7-dihydropyrido[3,2b:5,6-b’]diindoles relies on the Pd
catalyzedtwo-fold C-N coupling of 3,5dibromo2,6-bis(2bromophenyl)pyridinewith 2
equivalents of arresponding aminessroups ofNozaki, Chida and Verkadeublished the
prepaation ofc ar b a z o | edihaldbiphemyl derivafives and amineSchemes.1).1%°

My work herein based on the first s#dective Suzuki reaction of 2,3,5,6
tetrabromopyridine withortho-(bromophenyl)boronic acid and subsequent cyclization by
two-fold palladium catalyzedC-N coupling which is, to the best of my knowledge, not
reported so farThe productsshow excellent fluoescence properties with good quantum
yields. The photophysical and electronic properties were studied in detail experimentally and

theoretically byDFT calculations.
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R
-
O

+ RNH,
carbazoles ® X =1, Br, OTf (Chida, Nozaki, Verkade groups)
Br N Br
[Pq] »
— O N O + 2 RNH,
Br Br
carboline moiety ® This work

Schemeb. 1. Retrosynthetic analysis 6f7-dihydropyrido[3,2b:5,6-bldiindoles

The 5,7dihydropyrido[3,2b:5,6b"]diindole core structure is rather new. To the bestnyf
knowledge, only theN-hydrogen substituted parent molecule,-&@iydropyrido[3,2b:5,6
b'ldiindoles, has been reported so far. The compounds pdslshedin a patent in Korean
language using a different and more complicated synthetic methoddlogiowever,
compound characterization, details of the synthesis and the physical properties were not
provided in the patent which is, therefore, of limited utility for the chemical community.

5.2 Result and discussion

2,3,5,6 Tetrabromopyridine 43) was synthesizedfrom 2,6diaminopyridine according to
Fl ower 86s % o The dsitesetective SuzukiMiyaura reactn of 2,3,5,6
tetrabromopyridine with 2.2 equivalents ofbromophenylboronic acidé, using 5% mol
Pd(PPh), as catalystgave adduct?4 in 80% isolated yield. Theite-selectivity of the
reactionis excellent. Thawofold C-N couplingcyclization of24 with differentamines8a-t
afforded the desired,7-dihydropyrido[3,2b:5,6-bldiindoles in good to excellent yields
(Scheme 5.2
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Br
HO
) Br Br
HdB@ = RNH, R R
Br N Br | _ 8a-t N N
| 6 > N — > |
— N/
Br N Br i Br Br ii
23 24 (80%) 25a-t

Schemeb.2. Synthesis of 57disubstituted, 7-dihydropyrido[3,2b:5,6-bldiindoles 25a-t.

Conditions: (i) 2.2 equiv. 08, 5% of Pd(PP¥),, 3 equiv. of NaOH, THF, D, 70 °C, 4 h. (ii) 3 equiv. &, 6
equiv. of Na@Bu, 5% mol of Pgdba), ligand (method A: 10% oDppf, method B: 10% of DPEPhoSs),
toluene, 100 °C, 7h.

The conditions of the annulation reaction 2% with tert-butylaniline 8c were optimized
(Table5.1). The ligand, palladium precursor, solvent and temperature exarained The
monodentate phosphine ligands, such &hos, XPostBu,, SPhos, DavePhos, RuPhos,
PCy-HBF,4, or P(tBu);-HBF,; afforded 25c in unsatisfactory yields.The optimization
indicated thathe employment of bidentate phosphine ligands, such as BINAP, XantPhos,
DPEPhos, Dppeyr Dppf, give significantly improvedyields The bidentate ligands with bite
angles higher than 9@ave the best yields. For examphlhen Dppf was employed as the
ligand in combination with Pdba (method A),product25c was isolated in up to 90% vyield.
The change toPd(OAc) as the palladium source resulted in lower yields. Toluene was
demonstratedo be the best solvent. The success of BINAP, XantPhos, DPEPhosobppe
Dppf can beassumedby their rigid structure and their bidentate charattend the influence

of diphosphane baebonding™*° Thedissociation of oned bond (arroff mechanismhas
been previously reportedhich leads to an acceleration of the reductive elimination with

respect td-hydride emilination.*3!
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Table 5.1. Optimization for the synthesis ob2

Entry Catalyst Ligand Solvent  Time (h) Temperature (°C) Yield (%)
1 Pd(dba) BINAP Tol 7 100 73
2 Pd(dba) XantPhos Tol 7 100 84
3 Pd,(dba) DPEPhos Tol 7 100 52
4 Pd,(dbay Dppe Tol 7 100 40
5 Pd,(dba) Dppf Tol 7 100 90
6 Pd,(dba) PCy;-HBF, Tol 7 100 13
7 Pd(dbay  P(Bu)s-HBF, Tol 7 100 35
8 Pay(dba) XPhos Tol 7 100 31
9 Pay(dba) XPhostBu, Tol 7 100 37
10 Pay(dba) SPhos Tol 7 100 12
11 Pd,(dba) DavePhos Tol 7 100 45
12 Pd,(dba) RuPhos Tol 7 100 32
13 Pd(OAc) Dppf Tol 7 100 34
14 Pd(dba) Dppf Dioxane 7 100 25
15 Pdy(dba), Dppf DMF 7 100 0
16 Pd(dba) Dppf Tol 7 110 82
17 Pd,(dba) Dppf Tol 7 80 77

2Yijeld calculated byH-NMR of crude product using tdloxane as an internal standard

With the optimized conditions (method A) in hardstudiedthe scope ofubstratesThe
reaction of24 with differentaniline derivatives afforded produ@$a-h in good to excellent
yields (Table5.2). Generdly, the electron rich (more nucleophilic) dimes gave higher
yields of corresponding produstompared to electron poor anilines. An exception was the
use of 4(N,N-diethylaminoaniline), presumabtiue tointeraction of the diethylamino group

with the catalyst.



Synthesis angroperties of 5,/Dihydropyrido[3,2b:5,6-bldiindoles 51

Table 5.2. Synthesis of 2&t

25 R Method Yield (%)
a Ph A 83
b 4tBUCgH, A 84
¢ 3,5Me,CeH, A 85
d 4-FCeH, A 66
e 3-(CFs)CeH4 A 70
f 4-(MeO)CH, A 93
g 3,5-(MeO),CeH, A 95
h 4-(Et,N)CgH, A 69
i n-CyHys B 80
j n-CsHy B 86
k N-CroHas B 71
' Allyl B 84
m Bn B 70
n 4-(MeO)GsH,CH, B 60
0 (4-FCH,)CH, B 53
p 3-(CFs)CeH4CH, B 52
q PhCHCH, B 75
r 3,4-(MeO),CeH,CH,CH, B 56
s PhCHCH,CH, B 68
t Cyclohexyl B 55

# compound®5j-0 were prepared by my colleague Ngo Ngoc The

Encouraged by the the successful result above, | applied the method A to alkyl amines and
only obtainedn low yields. Therefore, furthesptimizationfor the synthesis of derivatizol

was carried outTable5.3). Among different tested ligands, DPEPlgz/e the best yields of

alkyl substituted products whehused in combination with Bdba (method B, Table 5.3).

Only bidentate ligands catalyzed these reactions, but no obvious correlation between their
bite angle and yields was observEd*? The application of method Bllowed the synthesis

of desired product®5i-t in good yields Table 5.3.
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Table 5.3. Optimization for the synthesis of 25I

Entry Catalyst Ligand Solvent Time (h) Temperature (°C) Yield (%)
1 Pd,(dba) BINAP Tol 7 100 11
2 Pd(dba} XantPhos Tol 7 100 17
3 Pdy(dba), DPEPhos Tol 7 100 74
4 Pd(dba) Dppe Tol 7 100 58
5 Pd,(dba) Dppf Tol 7 100 41
6 Pd(dba) PCy-HBF, Tol 7 100 0
7 Pd,(dba) PBu-HBF, Tol 7 100 6
8 Pd,(dba) XPhos Tol 7 100 4
9 Pdy(dba) XPhostBu, Tol 7 100 7
10 Pdy(dba) SPhos Tol 7 100 8
11 Pd,(dba) DavePhos Tol 7 100 7
12 Pdy(dba) RuPhos Tol 7 100 5

2Yijeld calculated byH-NMR of crude product using tdloxane as an internal standard

The structurs of product25at were determined by spectroscopic methdde structures of

25g and 25 were independently confirmed by-rdy crystal structure analyseBSidures 51

and 52).'* Moreover, DFT calculations were performed to compare the geometric
parameters of theoretical arekperimental structuresThe experimentaland calculated

results indicatehat the heterocylac core structure is planar. Sorimeportant calculated bond
lengths and bond angles 86j (as an example) are compared with those of the crystal
structure (Tablé&.4). A maximum difference of 0.008A in bond lengths is observed between
theoretical and experimental structures, whereas the difference in bond angles reaches to a
maximum of 0.7 degrees. A good correlation between the theoretical and experimental

geometic parameterglustrates the validity of theppliedcomputational method.
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Figure 5.1. Ortep plot of25g
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Figure 5.2. Ortep plot 0f25j
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Table 5.4. Comparison of bond lengths and bond angleézbpbased on DFT calculations
and Xray crystal structure analysis

Bond length Experimental Theoretical Bond Angle Experimental Theoretical
N1-C1 1.335 1.335 N1-C1-C8 124.7 124.3
C1C8 1.427 1.433 N1-C1-C2 128.31 129.08
N2-C8 1.387 1.386 N2-C2-C6 128.82 129.37
N1-C17 1.339 1.338 N2-C7-C2 109.55 109.30
N3-C10 1.380 1.386 C9-C8N2 130.42 130.12

Cl6C17 1.444 1.447 C12C10N3 108.46 108.85
C9-C10 1.387 1.395 N3-C11-C12 128.56 129.30
N2-C7 1.392 1.397 N3-C11-C16 109.78 109.31

5.3 Electrochemical properties

Electrochemical propertiesf someti-carbolines with three different concentrations (1 ;10

3 x 10% 6 x 10° mol-L™) using DMF as solvent were studiietluding Cyclic Voltammetry

(CV) and Differential Pulse Voltammetry (DPV)Figure 53). Tetrabutylammonium
hexafluorophosphaté TBAPFs;) was used asupporting electrolytein 0.01 mol-L* of
concentrationAll potentials were calibrated with the ferrocene/ferrocenium couple (Fc/Fc

as internal standard. Oxidation and reduction energy levels were determined from the better
resolved DPV measurementEaple 5.5. The formal potential of Fc/Foss. vacuum was
assumed to bet.8 eV.
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Figure 5.3. Cyclic Voltammogramsand Differential Puls&oltammagrans of 25
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Table 5.5. Cyclic Voltammetry and Differential Puls€éoltammetryparameters and
calculated energy values 25

Comp. Wj..u(\/ vs R (V) (Vs [ EE R -1 (V) aEg (eVf  aEgcal. (eV)

Fc/Fc+f FclFc+) (ev)y

25a -2.167 1.4 -6.250 -2.683 3.567 4.107
25b 2171 1.407 -6.207 -2.629 3.578 4.096
25¢ -2.143 1.376 -6.176 -2.657 3.519 4.057
25d -2.056 1.421 -6.221 -2.744 3.477 4.112
259 -2.07 1.37 -6.170 -2.730 3.440 4.117
25i -2.268 1.263 -6.063 -2.532 3.531 4.103
25k -2.35 1.265 -6.065 -2.450 3.615 4.102
25 -2.197 1.312 -6.112 -2.603 3.509 4.124
25m -2.003 1.657 -6.457 -2.797 3.660 4.132
25n -2.256 1.312 -6.112 -2.544 3.568 4.123
25¢ -2.254 1.267 -6.067 -2.546 3.521 4.107
251 -2.264 1.241 -6.041 -2.536 3.505 4.07
25s -2.299 1.254 -6.054 -2.501 3.553 4.105
25t -2.191 1.304 -6.104 -2.609 3.495 4.105
CBP -5.91 -2.51 3.40

a7 = Eredoxt (Eampi/2). Eampli = 0.0501 (V). Eyoxvalues were determined by DPV in Acetonitrile.
bo T = Eox + (Eampi/2).Exx values were determined by DPV in Acetonitrile.V vsFCiR®.1 M TBABE.
“The HOMO levels were estimated fr@n = -(O 7 +4.8) (eV).

“The LUMO levels were estimated frén = - (O 7 +4.8) (eV).

°Electrochemical bandapseeEg wer e esti nated@ f.rom &Eg =

"The band gapee E g were estimated from computational DFT calculation method.

Figure 53 depicts voltammograms @b with reversible and welllefined redox peaks around
-2.2 'V for the formation and +exidation of the reduced forms a25 However,
corresponding redegeaks for the oxidized form are hardly visible in the CVs due to the
overlapping background current. Tetore, the DPV method was chosen for electrochemical
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investigations and revealed the redox signals of the oxidized for@saifca. +1.3 V. The
resultsindicatedthat the band gaps were indadent from the structure. It suggelsat the
5,7-dihydropyrdo[3,2b:5,6-b'ldiindole core plays the key role for the electrochemical
properties. Compared td,4-bis(N-carbazolyl}1,1-biphenyl (CBP), which is commonly
used in the host materie25 possesgower HOMO and lower LUMO levels and slightly
bigger band gps. Phenyl substituted derivati&saand25d showthe lowest HOMO energy
levels and band gaplin contrastthe highest HOMO level and highest LUMO leweére
foundin the case ofubstrate®25r and 255 presumably cause by thialiphatic subtituents
The band gaps ofhenyl substituted groups located in tigpositionshowsmallerband gaps
than those of derivatives containing aliphatic substitudmdst likely this fact is attributed to
some electronic interaction of the central heterocyclic coré wie phenyl substituents.
However, it can be anticipated that this interaction is small because of orthogonal twisting of

the aryl groups.
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HOMC LUMO

HOMO LUMO

Figure 5.4. Isodensity plot of HOMO and LUMO orbitals of 2325 and 25n

Density functional theory (DFT) calculations have also leseied outfor the determination

of HOMO-LUMO band gapd®® The differenceof theoretical and experimental values is
given in Table55 (vide suprd. The calculated band gaps are slightly higher than the
experimental values. Theomparationbetween theoretical and experimental band gaps has
already been discussed in the literattfeThe energy of the virtual orbitals (LUMO) is not
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properly capired by DFT methods, which leads to eestimated theoretical band gaps. The
resultsshownin Table5.5 demontratehat theoretical and experimental band gaps are only
slightly influenced bystructural modificationsThe substituentsat nitrogen positioncan be
mainly categorized as aliphatic, benzylic and phenyl moigd@MO-LUMO gaps have o
significant differencesamong various substituents whictcan concludethat HOMOs and
LUMOSs are not much influenced by the substituents. Towards thisteedHOMO and
LUMOs of 253, 25 and25m were analyze@nd the orbital diagrams adepitedin Figure

5.4. As expected, the HOMOs and LUM@ee not extended to the nitrogen substituents and
only spread over the pyriddiindole skeleton. The highesalculatedHOMO-LUMO band
gap is for25m (4.132 eV) which correlateiith the highest experimental band gap for the
same compound (3.66 eV).

Molecular orbitals and iso density plots of HOMXOand LUMO+2 forN-phenyl pyride
diindoles 25a are shown as a representative exampld-igure 5.5 The HOMQG1, and
HOMO-2 are almost equal in energy and lie about 0.13 eV lower in energy relative to the
HOMO. The HOMQO1 and HOMGQG2 are mainly centered on the pyridondole skeleton.
LUMO+1 and LUMO+2 orbitals, on the other hand, havedsaosities mostly located on the
N-phenyl substituents. They atecated about 0.36 eV and 0.66 eV higher in energy,

respectively, than the respective LUMOs.
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Figure 5.5. Iso density plot of HOM& to LUMO+2 of 24

54 Absorption and Fluorescence Properties

The optical properties weravestigatedby UV-VIS and fluorescence spectroscopy in

acetonitrile and the dats sumarized inTable 5.6 The UV-VIS spectra of variou$,7-
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dihydropyrido[3,2b:5,6-bldiindoles 25 as main chromophaseare shown in Figur&.6. The
UV-VIS spectrgpossesshreeabsorption bands around 290, 310 and 380Mmnsignificant
influence caused by the substituent located at the nitrogen atom, was obs&hed
absorption band of theompounds25j, 25k and 25t, containingaliphatic subtituents, are
slightly redshifted, presumably due to the positive inductive effect of the alkyl gFarphe
compoundscontainingelectron withdrawing group$or example 25d, the absorption bands

are somewhat shifted to shorter wavelengths.

Wavenumber [10° cm’']

5
0.0025
0.0020

0.0015

4.5 4.0 3.5 3.0 25 2.0
T T T —

0.8

r0.6

5.0
0.0025

4.5
T

4.0
T

Wavenumber [10° cm™]
35 3.0 25
\ T T

2.0 15
T

0.0020

— 25l
25n

——25p

250 |

—1.0
—25k |

ros8

0.6

00015 | o5t

0.0010 0.4 0.0010 \ 04

Normalized Absorption [a.u.]
Normalized Emission [a.u.]
Normalized Absorption [a.u.]
Normalized Emission [a.u.]

0.0005 ~ F0.2 0.0005 o o2
Y

0.0000
200

0.0 0.0000
200

-~ — 0.0
400
Wavelength [nm]

T T
400 300

Wavelength [nm]

T
300

Figure 5.6. Normalized absorption and emission spectrasaheasured in acetonitrile.
Emission spectra were recorded at an excitation of 360 nm.

The fluorescence spectra were measured in acetonitrile (excitation at 360 nnytaisdayd

guinine hemisulfate salt monohydrate 0.05M HSO, which has a fluorescenogeld of

52%.%¢ The spectra showed emission bands around 400 nm. The Stokes shifts are in the range
of 20 nm. The UWIS and fluorescence spectra show a similar pattern, but the quantum
yields vary depending on the type of substituents. DerivaB%eand25k exhibit the largest

Stokes shifts, but lowest quantum yield. Compou8s and 25p, containingfluorine or

trifluoromethyl substituentgossesshe highest quantum yields 44% and 47%, respectively.
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Table 5.6. Absorption and emission spectroscopic datasof

25 f°Ffy LogU yofp. LogU f°fp, LogWy, rof® Stockes o

ml fOffe ml fOFFy [om] [nm]  shift bm] (%)
a 290 4.557 310 4.569 379 4.381 402 23 42
c 291 4.743 311 4.764 380 4.568 403 23 37
d 288 4.694 310 4.684 378 4.500 402 24 39
g 290 4.712 311 4.700 379 4.519 402 23 39
j 291 4.674 311 4.648 382 4.471 407 25 33
k 291 4.649 312 4.629 382 4.413 407 25 31
| 288 4.649 310 4.633 380 4.488 404 24 35
n 289 4.390 311 4.335 381 4.184 404 23 34
0 288 4.413 310 4.381 379 4.232 402 23 44
p 288 4.753 310 4.716 380 4575 402 22 47
t 292 4.511 312 4.496 383 4.245 407 24 34

55 Conclusion

In conclusion, | successfully synthesized a novel series Noheteropentacenes ,(®
dihydropyrido[3,2b:5,6-bldiindoles) using Pdcatalyzedsite-selective Suzuki reaction and
two-fold C-N coupling annulations. During the optimization of the reaction condition, the
employment of bidentate ligands proved to be importahhe electrochemical and optical
properties of the products were studied in detail. The results of DFT calculations and the
experimental stuésdemonstratehat N-phenytsubstituted derivatives possess smaller band
gaps as compared td-alkyl-substituted derivatives. The smallest band gaps were observed
for compound25d. All studied compound@5a-t exhibited high quantum yield&ba-t (¢, =
31-47%).The Stokes sfts of 25a-t are not much dependent on the substituents (variation in
the range of only 225 nm). Besides the new and interesting synthesis developed, the
electronic, optical and electrochemical properties herein might be used as an intbeesting

for further applications.
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6 Synthesis and physical properties of Indolo[2,3 -b]quinoxalines

S C-N coupling
N C-H activation

R'l
N\ Br N N/
L CED O
N~ Br O~ %
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6.1 Introduction

Indolo[2,3b]quinoxalines found many applications in organic ligleimitting diodes
(OLEDs)"*® and excitonic solar celf$’ Due to heir ability to harvest both singlet and triplet
energy for emissiqgrihe device efficiency wasproved.ln 2010 Thomaset al.reportedthat
indolo[2,3b]quinoxalines26 lead toa red-shift in absorption and emission spectra as well as
larger Stokes shifts’ The thermal stability wasncreased byintroduction of indolo[2,3
blquinoxaline segmentsvhich resulted in a higher glass transition temperaturke
introduction of bulky and nonplanar structural segments instead of tertiary amine groups
reduce - st acki ng which wwa rassenmed tndecrease luminescence and
propensity for crystal forming in the solid stat&" These novel materialexhibited good
guantum yields in solution and remarkable fluorescence in solid state. Tleborahsalso

fabricate electronic deviceswith electron transporting (ETLand emitting layers (EML)
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containing compoun@7b. These devicesxhibiteda maximum luminescena 3910 cd/m
and maximum external quantum efficiency of 0.46%. In 2@44 novel host material BIQS
28 was preparedby Chenget al. for deepred PhOLEDS** The BIQS material possess
relatively low LUMO eneryg that facilitates electron injecticallowing a significantly lower
voltageoperationand higher current densitpue to singlet and triplet energiebist material
provided an efficient energy transfer to deed emitting layers,. Two years later, threswv
host materials BIQF, BIQTP, BIQMCz with two indoloquinoline mi@stvere prepared by
Chenget al™*® The host layers in deepd devices containinchése materials exhibited

EQEnaxover 20% The operational lifetimes wemdsoincreasedand much longer than in the

CBP-based devices.
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Figure 6.1. Some materials based on indolofpJguinoxaline moieties.
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Indolo[2,3b]quinoxalines not onlyind many important applications in material sciences, but
also in medicinal chemistryMany reportsshow that indolo[2,2]quinoxaline derivatives

exhibit a wide range of interesting biological activities, such as antitAtwticancer:®
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antimicrobial®®® and antibacterial activitiés A series of indolo[2,3]quinoxaline
derivatives wereénvestigatedor bioactivity against Herpes virus. These resuticatedthat
B-220 exhibited potent antiviral activity against herpes simplex virus type 1 -HSV
varicellazoster vius (VZV) and cytomegalovirus (CMV) (Figure 6)2% In 2010, 6(2-
aminoethyl}6H-indolo[2,3-b]quinoxalines29 (Figure 6.2 were synthesized b8hibinskaya
et al 1*? The bioactive test showed that these compoantias potent interferon inducers and
antiviral agents with low toxicityFurthermore 7H-benzo[4,5]indolo[2,3]quinoxalines30,
modificaied fromthe structure oR9, bind to DNA more strongly (Igk= 6.236.87) than29
(IgKa = 5.575.89)1*° The antiviral activity is signifiantly reduced by the presence of an
annulated benzene ring present in compo8adin the antitumorresearch Deady et al.
indicated that quinoxaline derivatives exhibdt a broad range of cytotoxic activities
comparing to tetracyclic quinolifé® In 2001, Hirata et al. reported thatcompounds
NCA0424 and NCA0465 possesss antitumor activitytoward variougypes of blood cancer
(leukemia) fibrosarcomaand melanomaé®Recently, indolo[2,3]quinoxaline derivatives
31 were synthesizednd examined against three human cancer cell lines, namely cervical,
prostate and lung using an MTT asday Kanugulaet al'** The resultsindicate that 9
fluoroindolo[2,3b]quinoxalines containing Ck, Cl, H substituents located at thg8sition

of the arene attached to the triazole yimgpmotedtheir bioactivity.

Iifij sl @“

Me N H N
B-220 N~ 29 NR; 30 NR,
R
N F N\: { >
N
N N\ Z~N
Me N \ = R
Me _ ,N
NCA0424 NCA0465 31 N=N

R=CH,NHC(CH,0H),CH,

Figure 6.2. Somebioactive compounds containing the indolofB]guinoxaline moiety
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Due to the importance of indolo[2(8quinoxalines in both material sciences and medicinal
chemistry,| was interested in developing a new and efficient strategy for the synthesis of
indolo[2,3-b]quinoxalines. Until now, synthetic approaches to these molecules are often
complicated, low yielding and require several steps. Most ofréperted syntheses of
indolo[2,3b]quinoxalinesbaseon the cyclocondensation of isatin wibfphenylenediamme
derivatives. In 1895, Marchlewski firsty synthested of indolo[2,3b]quinoxaline by
condensation of isatin witlo-phenylenediaminen the present ofAcOH.}** In 1980,
Reisenauer and coworkerescribed the cyclization of carbodiimide compounds by
rearrangerant of nitrenes to giveindolo[2,3-bjquinoxalines in good yield¥® Indolo[2,3
blquinoxalinescould also besynthesizedby cyclization ofo-phenylenediaminwith 1-acetyt
2-bromo3-indolinone®*” Generally the synthesis of highly functionalizethdolo[2,3
blguinoxalinesis still limited, because starting materials are not readily avail&hleng my
thesis, | approadd to synthesizendolo[2,3b]quinoxalines by a onepot Pdcatalyzed
domino reaction of 1;A8ibromoquinoxaline with secondary aromatic amines. These reactions
also gavendolo[2,3b]quinoxaline derivatives in good yields, but with some limitations with
regard to the substratscope.l alsowant tointroduce asecondapproachby practical and
efficient two-step synthesis of indolo[2{§quinoxalinesbas& on a Pd-catalyzed Suzuki
Miyaura reaction of 2 8libromoquinoxaline and subsequent-d&dalyzed twefold C-N

coupling annulation with amines.
6.2 Resultsand discussion

| envisaged teynthesze theindolo[2,3-b]quinoxaline scaffoldelying on two retrosynthetic

strategies depicted iBchemeb.1. My first approacthaseo n Acker manndés proce
onepot Pdcatalyzed domino synthesis of carbazole derivatives from arytlihaides'*®

This approach direlst providesthe indolo[2,3b]quinoxaline core structure. The second
approach is based oa twostep synthesis using a {edtalyzed Suzuki reaction and
subsequent twéold C-N coupling annulation®®
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Scheme6.1. Retrosynthetic analysis of the synthesignoiblo[2,3bjquinoxalines

| first started to study the oot reaction of 2&libromoquinoxaline 32) with secondary

aromatic aminesusing Pd(OAcy/PCy'HBF, as cat al yst applying Ack
developed for other heterocyclic substrdféd.was pleased to find thahe reaction of32,
synthesizedin two steps from 121i ami nobenzene usmih Li 6s
diphenylamine affordedndolo[2,3-b]quinoxalines35a in 90% yield (Schemes.2). The
preparative scope was studidable6.1). The results showetthatindolo[2,3-b]quinoxalines

derived from sterically less bulky anei® afforded good yields. The unsymmetrical
diarylamine including33a, could be successfully prepared, albeit, in only moderate yield. In
contrast, the synthesis @&3e is unsuccessfulln general, sterically encumbered anilines
containing substituents lated at theortho-position providediow yields or the reactions
completely failed (formation of complex mixtureshfhe bis(adduct)33d instead of the

desired cyclization product was formed ¢ase of Zmethoxy)aniline. In additionall the

reaction of32 with amines such asN-alkylanilines or simple anilines ArNHfailed. The

failure in case ofN-alkylanilines was already reported by Ackermann for cyclization
reactions with other aromatic dihalid®d. have tried to vary the conditiotis optimize the

yieldsby changing the palladiumprecursorsn combination withvariousligands, butl was

not able to isolate the products in good yields.
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Scheme6.2. Synthesis ofndolo[2,3b]quinoxaline33a

Conditions (i) 1.5 equiv. of7, 1 equiv. ofsecondary amined equiv. of Na@Bu, 5% mol of Pd(OAg) 10% of
PCy-HBF,, toluene, 105 °C, 18h.

Table 6.1. Synthesis of product33a-f and35a following the domino @N/C-H bond
activation pathway

Entry Amine Product Yield (%)?
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Entry Amine Product Yield (%)?
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?|solated yields” formation of a complex mixture

In order toimprovethe yields and to develop a more efficient procedure for the synthesis of
indolo[2,3b]quinoxalines| studied a second approaatying on atwo-step synthesis. In the
first step, a SuzulMiyaura reaction isperformed,followed by a twofold @GN coupling
annulation $cheme6.3). The SuzukiMiyaura reaction 0f32 with 2-bromophenylboronic
acid in the presence of catalytic amounts of Pd{RRjaveintermediate34 in 87% isolated
yield. The Pecatalyzed twofold €N coupling annulation o84 with various amines 8a-t

affordedthe desired produc@&ba-t in good to excellent yieldS éble6.3).

HO.__OH
B
Br
H,N—R
N._ _Br 6 N._ _Br 2 R
| N o | X 8a-t - N l\i
_ o _ = | ~
N Br i N ii _
N
Br
32 34 (87%) 35a-t

Scheme6.3. Synthesis of indolo[2;B]quinoxalines 354.
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Conditions (i) 1.2 equiv. of2-bromophenylboronic acifl, 2.5 % of PdPPh), catalyst 3 equiv. of NaOH, THF,
H,0, 70 °C, 4h. (i) 3 equiv. a8, 3 equiv. of Na@Bu, 5% mol of Pg(dba}, ligand (method A: 10 mol% of
Dppf, toluene, 100 °C, 6 h; or method B: 10 maf#®PEPhos, toluene, 100 °C, 6h).

My optimizations started with the annulation reaction of ad@dawith p-toluidine 8b was
using 4-nitroacetophenonas an internal standardgble 6.2). Some important parameters
which can influencethe reaction outcome including ligand, Pd precursqr solvent and
temperaturewere investigatedThe results show that bidentate ligamqsvedto be better
ligandsthan monodentate ligands this annulatiorreaction In fact up to 2% yield of 35b
was achievedby employmen of Dppf as ligand in combination with Rdbg; as the Pd
source(method A).

Table 6.2. Optimization for the synthesis 8bb

Entry Pd precursor Ligand Solvent Temperature (°C) Yield (%)?

1 Pd,(dba) BINAP Tol 100 67
2 Pd,(dba) XantPhos Tol 100 84
3 Pdy(dba), DPEPhos Tol 100 76
4 Pd,(dba) Dppe Tol 100 62
5 Pd,(dba) Dppf Tol 100 92
6 Pdy(dba) PCy,-HBF, Tol 100 52
7 Pdy(dba), PBuw-HBF, Tol 100 61
8 Pd,(dba) XPhos Tol 100 36
9 Pd,(dba) XPhostBu, Tol 100 40
10 Pdy(dba), SPhos Tol 100 24
11 Pd,(dba) DavePhos Tol 100 15
12 Pd,(dba) RuPhos Tol 100 5

13 Pd(OAc) Dppf Tol 100 52
14 Pd,(dba) Dppf 1,4-Dioxane 100 85
15 Pdy(dba) Dppf DMF 100 14
16 Pdy(dba) Dppf Tol 110 83
17 Pdy(dba) Dppf Tol 80 75

2Yijeld calculated byH-NMR of the crude product usingmitroacetophenone as an internal standard

With the optimized conditions in hand studiedthe scope of the twofold -@ annulation
reaction of 34 with various amines. The employment different anilines afforded the

corresponding producB5a-i in good to excellent yields in 6 hours reaction tiomy (Table
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6.3). The results showed that the annulations gave high yields for substrates bearing both
electronwithdrawing and -donating suliguents. In contrastthe reactions o084 with alkyl
aminesusingmy optimized conditios (method A) resulted in the formation side products

which were difficult to separate fronthe main product.Therefore, furtheoptimizationfor

the synthesis oflerivative35n, derived frombenzyl aminewas carried outThe optimized
condition obtained with themployment of DPEPhos as ligand in combination witpdBal
(method B) resulted in the formation gfroduct35n in up to 96% vyield (Table 6.4). The
application of these conditions allowed for the synthesis of prodigts, derived from

aliphatic amines, in very good yieldBable6.3).

Table 6.3. Synthesis oB5at

35 R Method Yield (%)?
a Ph A 83
b 4-MeCgH, A 86
c 4-FCsH, A 80
d 3-(CF3)CeHa A 90
e 4-(MeO)CH, A 98
i 3,5(MeO),CeH, A 95
g 4-(MeS)GH,4 A 94
h 4-(Et,N)CgH,4 A 75
i (4-NC)CgH, A 83
j n-CzH-, B 96
K n-CsHiq B 93
I n-C;Hss B 85
m Ally! B 73°
n Bn B 94
0 4-(MeO)GsH,4CH, B 92
p (4-FCsH,)CH, B 87
q 3-(CF3)CeH,CH, B 84
r PhCHCH, B 89
S PhCHCH,CH, B 91
t Cyclohexyl B 74

%lsolated yields

®he product was -gprop-1-en1-yl)-6H-indolo[2,3-b]quinoxaline
formed by isomerization of the allylic double bond.

‘compound$5j-o were prepared by my colleague Do Huy Hoang.
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Table 6.4. Optimization for the synthesis 8bn

Entry Pd precursor Ligand Solvent Temperature (°C) Yield (%) ?
1 Pd,(dba) BINAP Tol 100 51
2 Pd,(dbay XantPhos Tol 100 63
3 Pd,(dbay DPEPhos Tol 100 96
4 Pd,(dba) Dppe Tol 100 14
5 Pd,(dba) Dppf Tol 100 73
6 Pd,(dba) PCy-HBF, Tol 100 -
7 Pd,(dba) PBu-HBF, Tol 100 15
8 Pd,(dba) XPhos Tol 100 61
9 Pay(dba) XPhostBu, Tol 100 59
10 Pay(dba) SPhos Tol 100 25
11 Pd,(dba) DavePhos Tol 100 34
12 Pd(dba) RuPhos Tol 100 39

2Yijeld calculated byHNMR of the crude product usingnitroacetophenone as an internal standard

The structures of producBba-t were provedby spectroscopic methods. The structures of

35e and 35r were independently confirmed by-fdy crystal structure analyseBidure 6.3

and 6.4).** The geometric parameters of theray structure for compoun8se were also
compared with those derived from the DFT calculations. The optimized geometry of
compound35e (from DFT calculations) shows a good correlation with thea¥ structure.

The quinoxahe scaffold is planar, whereas the methoxy phenyl ring has a dihedral angle of
52.3 degrees from the quinoxaline plane. A few important calculated bond lengths and bond
angles are compared with the experimental valdedlé 6.5. The differences between
theoretical and experimental bond lengths and bond angles are in the range of 0.015A and 2.1

degrees, respectively.

Table 6.5. Comparison of experimental bond lengths and bond angles with theoretical values,
calculated at BALYP/@B1G*

Bond Length Experimental Theoretical Bond Angle Experimental Theoretical
N3-C15 1.433 1.425 C1-N1-C5 113.1 114.0
N1-C5 1.380 1.370 C2-N2-C10 114.57 115.09
N2-C10 1.373 1.367 C1-N3-C3 108.15 108.09

N2-C2 1.314 1.314 C1-N3-C15 127.67 125.63
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Bond Length Experimental Theoretical Bond Angle Experimental Theoretical
N1-C1 1.306 1.308 C3N3-C15 124.18 126.25
N3-C3 1.401 1.407 C1801-C21 116.93 118.29
0-C18 1.369 1.363 N1-C1-N3 126.22 126.59
0O-C21 1.433 1.419 N1-C1-C2 125.21 124.60
N3-C1 1.379 1.389 N2-C2-C4 130.76 130.98

Figure 6.4. Ortep plot of35r
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6.3 Electrochemical properties

Electrochemical properties of some compounds weaduatedby Cyclic Voltammetry (CV)
and Differential Pulse Voltammetry (DPV) measuremavith three different concentrations
(1 x 10% 3 x 10% 6 x 10° mol-L'™Y) in DMF. These solutions also contained 0.01 mdl-L
tetrabutylammoniunmexafluorophosphat@ BAPFs) as supporting electrolytéll potentials
were calibrated with the ferrocenefferrocenium couple (FL/Fs internal standard.
Oxidation and reduction energy levels were determined fthen betterresolved DPV
measuremenfT@ble6.6). The formal potentiabf Fc/F¢ vs. vacuum was assumed to-deB
eVv.
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Figure 6.5. Electrochemical propertiedf some quinoxaline derivatives.
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Table 6.6. Electrochemical properties of some synthesized quinoxaline derivatives

Comp.  pla(y ELMNVvs Fpp Eotp  &EGEVS &Egea (V)
vs Fc/F¢)? Fc/Fch® (evy (eVv)’

35a -1.395 1.872 6.672  -3.405 3.267 3.707
350 -1.488 1.779 6579  -3.312 3.267 3.670
35¢ -1.456 1.910 6710  -3.344 3.366 3.704
35 -1.456 1.666 -6.466  -3.344 3.122 3.605
35 -1.496 1.819 6.619  -3.304 3.315 3.637
35 -1.508 1.813 6.613  -3.292 3.321 3.750
35m -1.545 1.787 6.587  -3.255 3.332

35n -1.512 1.874 6.674  -3.288 3.386 3.784
35t -1.512 1.813 6.613  -3.288 3.325 3.744

CBP 5.91 2,51 3.40

a W,T-.u:, Eredox + (Eampii /2). Eampli = 0.0501 (V). Euox vValues were determined by DPV in Dl\/i’lfﬁ 7,: Eox +
(Eampii /2).Eox values were determined by DPV in DMF.V vs Fé&/Rc0.1 M TBABE.

¢ The HOMO levels were estimated fram Ly 1= (R 7, +4.8) (eV).“The LUMO levels were estimated frc
[ |=:—(W,7..n+,4.8)(eV).eEI ectrochemical band gapspabg wer e

‘“The ban d.weseesimael flom computational DFT calculation method.

The voltammogram®f compound35 showed a reversibleycle and weltdefined redox
peaks aroundl.4 V for the formation and fexidation of the reduced forms 86 (Figure
6.5). However, corresponding redgeaks for the oxidized form are hardly visible in the
CVs, due to the overlappingackground curreniThus, the DPV method was chosen tloe
investigation of the electrochemical properties. The experinsgmwedthat the band gaps
were independent from the exact substitution pattersudgest that the quinoxaline core
plays the key role. Quinoxaline derivatives gave lower HOMO and LUMO levels and slightly
smaller band gapsompared to 4,4is(N-carbazolyl}1,1-biphenyl (CBP), which is
commonly used as host materiAimong derivativedearinga phenyl substituent located at
the nirogen atom, compoun85¢ containing an electron withdrawing grquypossessea
HOMO energy level lower than compou38a. In contrast, compound5e, containing an
electron donating grougrovideda shift to a higher HOMO level yielding a smaller band
gap.Compound35e,containing a 4methoxyphenyl substituent, displaydt tsmallest band
gap and highest HOMO energy level. It is noteworthy that compo@ddsand 35n,
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containing ad4-fluorophenyl anda benzyl substituent located at the nitrogen atom,

respectively, were found to exhibit the lowest HOMO as well as the biggest band gap.

Density functionatheory (DFT) calculations have also bexmried oufor the determination

of HOMO-LUMO band gaps>? Table 6.6 describe thedifference of theoretical and
experimental valueslhe results show the correlation betwékeoretical and experimental
band gaps. Theomparationof theoretical and experimental band gaps has already been
discusedin the literaturé>® The difference between theoretical and experimental HOMO
LUMO gaps decraseswith theincrease in the size of the hydrocartioh.

The results shown ifiable 6.6 indicate thatstructural modificdons insignificantly affected
the band gapsN-alkylindolo[2,3-b]quinoxalinespossessigher HOMGLUMO band gaps
compared to theiN-phenyl analogues. The highest HOMOMO band gap was calculated
for 35n (3.78 eV) whichcorrelats with the highest experimental band gap for this compound
(3.38 eV). N-phenylindolo[2,3b]quinoxalines exhibitlower band gag probably due to
extended conjugationThe electron delocalization iMN-phenylindolo[2,3b]quinoxalines
reducesthe band gap Among N-phenylindolo[2,3b]quinoxalines, 35a and 35c have
comparable bands gaps which indicate ttreg introduction of a fluorine atom has a
negligible effect. Thismight be explaired by attribuion to the high electronegativity of
fluorine which preventdsis | one pairs t o del oThaitioduaionov er
of a methyl group at thpara position of theN-phenyl groupresulting ina decreas of the
band gap by 0.037 eV whereas a methoxy group at the same patstoreducghe band
gap by0.1 eV.

Molecular orbitals and iso density plots of HOMXand LUMO+2 forN-phenylindolo[2,3
blquinoxalinesare shown in Figuré.6 as a representative example. The HOM@nd
HOMO-2 are situatedat 0.5 and 1.0 eV, respectively. The HOMGCand HOMQG2 are
mainly centered on the indolo[2(8quinoxaline skeleton whereas the HOMO is also
extended to thé&l-phenyl substituent. LUMO+1 and LUMO+2 orbitals atel.374 eV and
1.548 eV higher in energy, respectively. HOM&nhd LUMGs of quinoxalines35a, 35 and
35t were also analyzed and atepictedin Figure6.7. The eplacement of the phenyl ring of
35a with an aliphatic heptyl chain i85 and an alicyclic fragment (cyclohexyl) Bbt does
not affect the iso densities of the LUMOSs, however, a small effectooR@MO is observed.
In 35 and 35t, HOMOs are centered on thygiinoxaline corevhereas in35a it has some

density on théN-phenyl ring as well.
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Figure 6.6. HOMO-2 to LUMO+2 molecular orbitals of quinokae 35a
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Figure 6.7. HOMO and LUMO 0f35a, 35land35t calculated at BALYP/31G*
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6.4 Absorption and Fluorescence Properties

UV-VIS and fluorescence spectra of some selected indotb[giBnoxalines 35 were
performedin acetonitrile(Figure6.8) and the corresponding spectrdiata are summarized in
Table 6.7. The UV-VIS absorption spectra of the compourusssesghree bands around
400nm, 350nm, and 270m with increasing absorption strengirhe subtitueh groups at
nitrogeninsignificantly affectthe absoption spectra due to the similar WS band in all
guinoxalines35. Thecompound35 exhibits aband around 276m which seems to be spét
into two well separated contribution§he absorptionspectraof compounds35j, 359 and
35t, bearing an aliphatic group located at the nitrogen atomslightly shiftedto longer
wavelengh due to the positive inductive effedh contrast, the absoption bandre blue

shiftedin the case ofompounds35d and 35i, containing electron withdrawing groups.

Wavenumber [10° cm™]

5.0 45 4.0 35 3.0 25 2.0 1.5
1
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45
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Figure 6.8. Normalized absorption and emission spectra of selected comp8binmisasured
in acetonitrile. Emission spectra were recorded with excitation at 350 nm.

The emission spectra were measured using again acetonitrile as solvent and an excitation
wavelength of 35@m. The fluorescence quantum yields were determined by compaoiso

the standard quinine hemisulfate salt monohydra®05M HSQO, which has a fluorescence

yield of 0.52% The spectra provide emission bands aroundrdB0The bluest emission was
observed at 47am for the compoun@5d, containing a trifluormethyl group In contrast, the
compound3be, contaning a methoxy grougexhibitthe stronglest redhiftedto 538 nm. The

Stokes shifts show in medium size and in the range ain8@o 90nm. However, the
compound35e exhibits a large Stokes shift of 14t. The quantum yields of thedolo[2,3

blquinoxdines 35 are in the order of a few percent with the highest yield of 8.6% observed
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for 35. It is noteworthy that compour@be shows also an exceptionally low yield of only

1.1% which seems to correlate with the large red shift of its fluorescence

The weak dependence of the absorption and fluorescence spectra on the substituent are in line
with the small variation of the electrochemical properties and the band gap of the compounds
(see above). OnIg5e exhibits a significant higher HOMO level and aier band gap than

the other compounds which correlate to its red shifted fluorescence. The general behavior can
be explained by the involved orbitals. As shownFigure6.7 HOMO and LUMO, which
determine the fluorescence and the first absorption bamdm@re or less completely
restricted to theindolo[2,3b]quinoxaline core and therefore only little affected by the
substitutionpattern on the nitrogen. Since the energy differences between the HOMO and
HOMO-1 and HOMG2 are smaller than those betweer thUMO and LUMO+1 and
LUMO+2 the next higher lying electronically excited states should dominantly contain
configurations with excitations from HOM® and HOMQ2 to the LUMO. Since the former

two orbitals are again restricted to the indolofB]@uinoxaline core (see Fid.6), the
corresponding absorption bands around @®%0and 270im are also rather insensitive to the

substituent.
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Table 6.7. Spectroscopic data characterizing the absorption and emission propeses of

Comp. f°fe, LgU yofe, LgU yo%F, LgU yof*  Stokes shift o
[nm] )4 D+++F v [nm] )4 nyr' vy [nm] ¢ ‘34:': vy [nm] [nm] Quantum yield
3% 395 3.616 351 4353 270 4.696 484 89 59
350 396 3.738 351 4491 269  4.848 490 94 5.2
3% 394 3809 351 4547 268  4.903 482 88 59
35d 389 3684 350 4338 269 4.642 471 82 4.3
3% 398 3954 351 4795 269 5188 538 140 11
35 394 3387 351 4078 270 4.451 485 91 4.8
35 389  3.463 350 4133 262 4500 474 85 4.6
35 403 2827 352 3728 269 4126 484 81 6.7
39 404 3952 352 4939 269 5334 483 79 8.6
351 398 4220 351 4934 269 5.322 477 79 71
35p 396 3.615 351 4.278 269  4.672 475 79 74
35t 404 4144 352 5.005 270 5402 486 82 7.7

6.5 Conclusion

In conclusion,l developediwo strategiedor the synthesis ofindolo[2,3-bJquinoxalines.

The onepot approachusingdominoPd-catalyzed twefold C-N coupling and €H activation
reactions afforded indolo[2,3-b]quinoxalines in good yds However, the substrate
scopewerelimited. A two-stepapproachrelying on a Suzuki coupling reactiofollowed by

an annulationby Pd-catalyzed twefold C-N coupling afforded indolo[2,3b]quinoxalines in
very good Yvyields. The physical properties ofindolo[2,3b]quinoxalines including
electronic,electrochemical and opticplroperties were examinedexperimentally and by
DFT calculationslt turned out that the electronic and spectroscopic properties are quite
insensitive to the substituensince the relevant orbitals are restricted to itiaolo[2,3
blquinoxaline core. Thesubstituent might therefore be used to control and optimize the
solubility, the interaction with the environment, and the crystallization behavior in the solid

state without changing the electronic properties of the core.
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7 Synthesis of biscarbazoles
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7.1 Introduction

Carbazolesare presentedn a number ofalkaloids which possess various biological
properties such as antiumor, antibiotic, antinflammatory, antviral, and antimalarial
activity.**** Due tothe interestingiological activities of carbazole, manyefforts for their
synthesihave beemndertakeri®'** The literature on carbazoles synthesis shows a variety of
approachesA representative classic method for the synthesis of carbampessenthe
FischerBorsche reaction which relies on the dehydrogenation of 1,2,3,4
tetrahydrocarbazol€s® The DielsAlder reaction of pyrano[3:8]indoles with alkynes also
give a simple access tarbazole derivativeS® In addition, carbazoles are available by
metatlfree cyclizationsfor examplethe deoxygenative cyclization ofnitrobiphenyls in the
presence of triethyl phosph&téand the electrocyclizatidrf of 2,3-divinyl indoles. Knolker

et al. reported an efficient method to construct carbazoles by -imediated oxidative
cyclizations™® In recent yearsthe synthesis of carbazoles based on palladiatalyzed
cyclizations has attracted muchttemtion and a number of methods have been
developed 1481541601260 No7aki et al. described Pd-catalyzed twofold €N coupling
reactions of biphenyls containing leaving groupsated at € and G2".*®" A onepot
tandem synthesis of carbazoles, based orcafalyzed cross coupling reactions of
iodoanilines with silylated aryl triflates, was reportedilayock and coworker®* The group

of Prof. Langerhave reported the synthesis of- carba
el ectrocycl i zat i-dibrdnoindoledr®t Gatharsles baffe aBg Been

synthesizedby C-H activation reactions. For example, carbazolepeepaed by oxidative
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Pd-catalyzed cyclizations of diaryl aminéghe synthesis of carbazoles from aniline and 1,2
dihalobenzene derivatives by application of a domin®l/N-H activation strategywas

developed byhegroup of Ackermann®®

H
O S
NH
3,9'-Biscarbazole 2,9'-Biscarbazole

Figure 7.1. Structures of biscarbazasle

Four different core structures of biscarbazoles linked by a carbon and a nitrogen atom are
theoretically possible, which include8 , -9abd 2 %i&carbazols as most important
subgroups (Figuré&.l). Biscarbazolearepresentn natural products. For example, tBe -9 6
biscarbazole alkaloidsturastifoline A and B and the 2%biScarbazoléMurastifoline Fwere
isolatedfrom the plant specieslurraya euchrestifolisand M. koenigii which belongto the

1543 -arfil 2 Béscarbazole have been reported pwssess

élg.l26c154,163 | n

Rutaceadamily (Figure7.2).
wide range bpharmacological properti a d d i -biscaobazplesBes ,al900
reported as potenti@holecules in material science, due to theiotpemission properti€§*
Biscarbazole®8Cz1 andBCz2 exhibit high quantum efficiencies along with low voltagesl
provide maximum brightnss values (Figurd.2).**® Previously, iscarbazolepreparatio
was based onmethods developed for the synthesis of simple carbazd¥es. example,
Bringmannet al. describedhe total synthesis of Murastifoline F by oxidative dimerization of
the readily available carbazole alkaloiMurrayafoline A.***? In 2005, total synthesisof
Murrastifoline A was reportedy an efficientPd-catalyzed reaction based omofold C-N
coupling of a 2 , -@ikdomobiphenylderivative with 3-amino@rbazoleby the group of
Chida®®®#%% very recently Knolker et al. efficieny synthesizedMiurrastifoline using an
Ullmann reactionof the monecarbazol Murrayafoline A with a 3-bromocarbazole

derivative®3
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Figure 7.2. Some natural productsanda t er i al s c-bistdrbmzole maiety a 3, 9 C

Synthes e s oHisca®az@es8, despite their great usefulness and applicabil@ynot
general.The syntheses amdthercomplicatel and require many synthetic stepsaccess to
highly functionalizedderivatives is difficult to achieve In addition some syntheses are
limited by not readily availablestarting materialsThe method of oxidative dimerization is
limited to the production of dimers with identicalibstitution patternDuring my thesis|
dewelopeda new and convenient strategy which can be applied to the synthésthaf, -9 6
and -biscafbdrole. My strategy takes advantage of known palladium catalyzédand
C-C coupling reactions which were previously applied to the synthesis ofescafazoles,

but not for the synthesis of biscarbazoles.

7.2 Results and Discussion

The synthesis of carbazoles by twofold Pd catalyzéd ¢dupling of 1,tbiphenyt2,2-diyl
bis(trifluoromethanesulfonatgB6) with anilineswas describedy Nozaki et al.”®® At the
beginning,| was pleasé to apply this methodology to the synthesis of biscarbazoles. The
double CN coupling reaction 086 with p-diaminobenzenaffordedcarbazole37, albet, in
only 34% vyield (Schem&.1). Unfortunately, all attempts tsynthesizebiscarbazole38a
using Ackermanns method (i.e., th@dcatalyzed domin&-N/C-C coupling reactiorof 37

with variousl,2-dihalobenzenéerivatives)ailed.
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NH, R’
L,
O O R'=Br, Cl, | O
oTf NH, R2 = Br, CI
O oTf — > NONHz VA N O NH

Scheme7.l.Unsuccessful att e mpliscafbazol88a he synt he

In order to solve this problem, | had to change my stratégg twdold C-N coupling of
bistrifl ate 36 with anisidine, inthe employmentof Pd(dbg; and XantPhosas catalyst
afforded carbazoleg9a in 95% vyield (Scheme7.2). Treatment of39a with BBr3; gave
demethylated produetOa. The hydroxyl group iMt0awas convertednto a triflate group in
high yield by usingrifluoromethanesulfonic anhydridAfterwards,| attemptedhe synthess
of biscabazole 38a by C-N coupling of 4l1a with 2-iodo-, 2-bromo and zhloro-1-
amirobenzene and subsequent cyclization ®y4 activation'®*'®® However, all these
experiments were unsuccessfiiherefore,| decidedto performeda BuchwaldHartwig
amination of41awith aniline (GN coupling).In the presere of Pd(OAc) combinating with
XPhos affordedintermediateA in a clean transformatioisubsequently, intermediafewas
successfully transformed to thdesired biscarbazol&88a by Pdcatalyzed oxidative
intramolecular €H activation (using air as the oxidant). The transformatiodlafto 38a
could be successfullyperformedin a onepot reaction which gave 86% vyield*®” The
employmentof pivalic acidas the solvent proved to be importast employment o&cetc
acid resulted in a significant decrease of the yield to &98.During the optimization, |
studiedthe employmentof severalother oxidants, such as Cu(OAg)and Ag,O, but these
reactions resulted in complex mixtures. Likewise, the simple uncatalyzed reacAowithf

molecular oxygen under microwave conditions failed.
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NH,
o L —= O
O OTf : O :
36 39a (95%) 40a (95%)
NH2
38a (86%) A 41a (86%)

Scheme7.2.Sy nt h e s-biscartmzold8a, 9 6

Conditions: i,4-anisidine (1.2 equiv.), Bba) (2.5 mol %), XantPhos (5 mol %),3R0, (2.8 equiv.), toluene,
100 °C, 5 hji, 1) BBr3 (4.0 equiv.), CHCI,, -78 °C to 20 °C, 2) HO, NaHCQ; iii, pyridine, T§O, 0 °C;iv,
aniline (1.1 equiv.), Pd(OAg)(5 mol%), XPhos (10 mol %), @0; (1.5 equiv.), toluene, 116C, 6 h;v,

Pd(OACc) (5 mol%), KCOs (1.0 equiv.), pivalic acid]l10°C, air, 72 h.

With the optimized conditions in hand, | studied the scope of substrates (Scheme 7.2). The
reaction of4la with different aniline derivatives affordegl , -Bistarbazols 38a-e and 38g,

38h and38 in moderate to high yields. No clearrcgation of the yields and the substitution
pattern was observed. The employment -tfydroxyaniline and of €hloroaniline failed in

this reaction (formation of complex mixtures). It is assumed that the interaction of the free
hydroxyl group with the catyst might be the reason for the failure. The failure of reaction
with 4-chloroaniline is assumed by a competing oxidative addition and coupling reaction of
the carbon atom attached to the chlorine atom, although, | cannot provide experimental

evidence fothis assumption.
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38b (95%) NO, 38¢c (63%) F
N N O NH
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38e (50%) 38f (0%) oH

38d (53%) OMe

%

389 (34%) Me

&

38h (70%) tgu 38i (0%) ci

38 (42%

Scheme7.3.St r uct u rbiscarbaacie888j, 9 6

The structurs of products wer@leterminedoy spectroscopic methodshe structure o88b

was independently confirmed by-pdy crystal structure analysis (Figured).*®® The two

carbazole moieties are twisted out of plane, due to steric reasons.
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Figure 7.3. Ortep plot of38b

With the successfustrategyoutlined above for the synthesis of 3bidcarbazols | was
interested inapplying it this methodologt o t he sy nt he shissarbazdles.i s o me
Firstly, carbazole39b wasobtained in 95% vyield byhe Pdcatalyzed twofold €N coupling

of 36 with mmethoxyaniline (Schem&.4). Subsequentlythe transformation ofnethoxy
groupin 39binto triflate group in41b wasproducedvia two steps in high yieldThe reaction

of 41b with aniline by BuchwaldHartwig aminationand subsequent oxidative fedalyzed
cyclization afforded 2 , -Bistarbazoled42a in 77% vyield.l was also able tgerform the
reaction again i onepot process. The cyclization proceeded with excellent regioselectivity
Interestingly,regioisomeric product 2 avas notobservedas asideproduct (NMR of the
crude product). The reaction 80b with differentanilinesgave?2 , -Bistarbazoleg¢2ae and
42¢j in moderate to good yields (except #i) (Schemer.4). No clearcorrelation of the
substitution pattern and the yields of theguctswere observedThe structurs of products
were determinedby spectroscopic methodshe structure of42c was independently

confirmed by Xray crystal structure analysis (Figute).'®
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O OMe OMe
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36 39b (95%) 39b (92%)

NH2 l m
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41b (94%)

42a' (0%) Ma (77%)

Scheme7.4.Sy nt h e s-biscarlmiold2a, 9 0

Conditions: i,3-anisidine (1.2 equiv.), Bba) (2.5 mol %), XantPhos (5 mol %),3R0, (2.8 equiv.), toluene,
100 °C, 5 hji, 1) BBr; (4.0 equiv.), CHCI,, -78 °C to 20°C, 2) HO, NaHCQ; iii, pyridine, T$O, 0 °C;iv,
aniline (1.1 equiv.), Pd(OAg)(5 mol%), XPhos (10 mol %), @S0O; (1.5 equiv.), toluene, 116C, 6 h;v,
Pd(OAc) (5 mol%), KCOs3 (1.0 equiv.), pivalic acid, 112C, air, 72 h.

H OMe
42b (63%) 42c (51%) 42d (81%)

;ﬂ ;ﬂ ;nu

42e (63%) 42f (0%) 429 (60%)
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42h (51%) 42i (21%) 42j (47%)

Scheme75.St r u ct u rbiscarbaadied2pj, 9 6

Figure 7.4. Ortep plot of42c

7.3 Conclusions

In conclusion | developed a new and efficient strategy for the synthes& of\adhd -2, 96
biscarbazole. My strategy bases on the cyclization of 1,biphenyt2,2-diyl
bis(trifluoromethanesulfonateyith 4- or 3-anisidine, transformation of the methoxy to a
triflate group and subsequent oxidative-dadalyzed cyclization witldifferent anilines. The
strategy is highly efficient as it only requires four steps from sirsjalging materials and it

can be applied to the synthesis of b8th-@& & d -bscafhdrols.
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APPENDIX

8 Experimental section
8.1 General Remarks

The coupling reactions were carried out iregaure tube®r Schlenck flask under inert
atmosphere (Argon 4.6). The bafiked technique was applied to exclude oxygen. The
solvents forthe reactiors were purchased from Merck, Sigma Aldrich, Acros Organite

solvents for column chromatography aedction workup were distilled prior use.

8.2 Methods for Compound Characterization and Analysis
8.2.1 Melting Points

Micro heating table HMK 67/1825 Kuestner (Blchi apparatus); Melting points are

uncorrected.
8.2.2 Nuclear Magnetic Reasonance Spectroscopy (NMR)

Bruker: AM 250, (62.9 MHz); Bruker: ARX 300, (75.4 MHz), Bruker: ARX 500, (125
MHz). The chemical shifts are given prarts per million(ppm). Coupling constants are given

in Hz.

References fotfH NMR: TMS(i = 0.00) or residual deuterated solvent (CP@I= 7.2,

CsDs (U= 7.16), (CR)-,CO (i = 2.05), (CR)SO (i = 2.50), for **C NMR TMS(i = 0.00) or
residual deuterated solvent (CRQU = 77.16), GDs (U = 128.06), (CR).CO [ = 29.84;
206.26), (CR).SO @ = 39.52))were taken as internal standafdhe splitting pattern were
characterized by s: singlet, d: doublet, t: triplet, g: quadein: quintet, sex: sextem:
multiplet. More complicate coupling peaks are represented by combinations of the respective
symbol. For example, dt indicate to dosiblof triplet. Distortionless enhancement
polarization transfer (DEPTpectra were taken to determthe types of carbon signals.
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8.2.3 Mass Spectroscopy (MS)

AMD MS40, Varian MAT CH 7, MAT 731 (EI, 70 eV), Intecta AMD 402 (El, 70 eV and
ClI).

8.2.4 High Resolution Mass Spectroscopy (HRMS)
Finnigan MAT 95 or Varian MAT 311; Bruker FT CIR, AMD 402 (AMD Intectra).
8.2.5 Infrared Spectroscopy (IR)

Bruker IFS 66 (FT IR), Nicolet 205 FT IR; Nicolet Protege 460, Nicolet 360 Smart Orbit
(ATR); KBr, KAP, Nujol, and ATR;Peaks wereharacterized with abbreviatiow. = weak,

m = medium, s = strong, br = broad
8.2.6 X-ray Crystal Structure Analysis

Bruker X8 Apex di ffractometer wi t h CCD can
monochromat or , The sstruures/ Wée/ 3olvgd) by ditemethods and
refined by fullmatrix leastsquares procedures oR*with the SHELXTL software

package

8.2.7 UV/Vis spectroscopy

Lambda 5 (Perkin Elmer) ar&halytic Jena Specord 30V/VIS spectrometer in acetonitril.
8.2.8 Fluorescence spectroscopy

Fluoromax4P0759D0311:-FM. The samples were dissolved in acetonitrile. The quinine
hemisulfate salt monohydrate @05M HSO, which has a fluorescence yield @52 was

used as standard for the fluorescent quantum yield determination.
8.2.9 Electrochemical properties

Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV) measurement were
performed by mean of pAutolab Il potentiostat (Ecochemie, Utrecht, The Netherfands
three different concentrations (1 x %03 x 10% 6 x 10° mol-L™) in DMF. All potentials
were calibrated with the ferrocene/ferrocenium couple (F¥/Bs internal standardlhe

formal potential of Fc/Fcvs. vacuum was assumed to-de8 eV.
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8.3 Chromatographic Methods
8.3.1 Thin Layer Chromatography (TLC)

Merck Silica 60 F254 on aluminum aluminum foil from Machelggel. Detection under
UV light at 254 nm and/or 365 nm of wavelength and visudigealipping inTLC stains
solutionincludingconc.H,SOy/vaniline, Ceriumammoniummolybdate(CAM), ceric sulfag

and dragenddf reagent.
8.3.2 Column chromatography

Column chromatography was performed over Merck silica geR(&83um) as nomal column

and (4063 um) as flash column. All the solvent were distilled prior of use.

8.4 Computational Methods

DFT calculations were performed with the Gaussian9Revision C.0L* The
visualization of the results was performed with GaussView. The geometries of iB@olo[
b]quinoxalines wereoptimized using the hybrid functional B3LYMnethod, which
consi sts o f-paBmetek?gBBs hybrich exehange functional in conjunction
with the correlation functional of LeeYang and Parr ()¥Pmethodusing 631G* basis
set!’* The B3LYP/631G* method of DFT has been reliable for the prediction of
geometric and electronic properties méutrat®*>® and charged speci€s ranging from
simple molecular to polymer structuté$ Frequency calculations were performaithe
same methoth orderto confirmthese structures as true minimdgance of an imaginary
frequency). Moleular orbital calculations are also performedhst B3LYP/631G* level

of theory.
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8.5 General Procedures and spectroscopic data
8.5.1 Synthesis of thieno[3,2-b:4,5-A]diindoles and Benzothieno[3,2 -blindoles

General procedurel for preparation of 3,4-dibromo-2,5-di-(2-bromophenyl)thiophene?.

Br Br
Br Br (HO),B Pd(PPhg), Br Br
T, LK ~
Br S Br Br 2M N32003 O S O
Dioxane
Reflux

2,3,4,5Tetrabromothiophene (1.00 g, 2.5 mmol);bf@mophenyl)boronic acid (1.10 g, 5.5
mmol) and Pd(PR» ( 5 mo | %, 144 mg, 125 <ioxane 40 mig r e di
under argon atmosphere. Then, a degassed aqueous solution of,2KxNEO mL) was

added. The reaction mixtumeas heated under reflux for 6 fihe solvent was removed

vacua The residuevas extracted with dichloromethane and water. The organic layer was
dried over MgSQ filtered, and the solvent was evaporated. The yellow residue was purified

by column chromatography (silica gekptangto give7 as a white solid (1.26 g, 91%); mp
1327C;'H NMR (250 MHz, CDC}) U ¥ 7.50 (n§ 8H), 7.41 7.16 (m, 6H):*C NMR
(63MHz,CDC}) & = 137.6, 133.6, 133.1, 132%6, 130
3 = 602 (m), 627 (m), 648 (s), 6 7 Im),(108% , 708
(m), 1284 (m), 1417 (m), 1431 (m), 1456 (m), 3055 (w)-K&S (El, 70 eV):m/z(%) = 552

(100), 392 (67), 232 (68), 187 (37), 116 (35); HRMS (EI): calcd. faHBrS ((M]°):
547.70747; found: 547.708302; calcd. forddsBrs®'BrS ([M]"): 549.7058; found:
549.705972; calcd. for fHsBr"'Br,S ([M]"): 553.70133; found: 553.701289; calcd. for
C1eHg®'BrsS ([M]Y): 555.69929; found: 555.699282.

Br 3-bromo-2-(2-bromophenyl)benzo[b]thiophene 11 was prepared

following general procedurd. 2,3-Dibromobenzdj|thiophene (500
mg, 1.7 mmol), Zoromophenyl boronic acid (412.6 mg, 2.0 mmol) and
(5 mol%) Pd(PPYs( 99 mg, 85 emol ) -diemame0 L) wtndepdrgore d i n

atmosphere. Then, a degassed aqueous solution of 2RIy47 mL) was addedThe

reaction mixture was heated under reflux forr& Whe solvent was removed vacuo The
residue was extracted with dichloromethane and water. The ortgm@r was dried over
MgSQ,, filtered, and the solvent was evaporated. The yellow residue was purified by column

chromatography (silica gdheptangto givell as white solid (592 mg, 94 %); mp-78 C;
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'H NMR (300 MHz, CDC}) u % 7.73.(n8, 3H), %5 (dd,J = 7.9, 0.8 Hz, 1H), 7.46

7.21 (m, 5H);*C NMR (75 MHz, CDC)) a = 138. 4, 137.9, 137.3
130.6, 127.2, 125.7, 125.2, 124.6, 123.6, 122.3, 108.5; IR (ATR,cm 3 = 559 (w),
625 (m), 648 (s), 671 (m), 708 (m), 731 (s), 742 (vs), 856 (m), 872 (m), 943 (m), 984 (m),
1026 (s), 1053 (m), 1119 (w), 1161 (w), 1228 (m), 1261 (m), 1284 (m), 1302 (m), 1417 (m),
1431 (m), 1456 (s), 1560 (w), 1562 (m), 158x), 1888 (w), 1925 (w), 1957 (w), 3055 (m),

3109 (w); GCMS (El, 70 eV): m/z (%) = 368 (87), 208 (100), 163 (25), 104 (23); HRMS

(El): calcd. for G4HgBr.S ([M]*): 365.87080; found: 365.87074; calcd. fordsBr*'BrS

(IM]"): 367.86875; found: 367.86875; adicfor CiuHs 'Br,S ([M]*): 369.86670; found:
369.86651.

General procedure2 for double C-N coupling with aniline derivatives, exemplified by:
5,6-diphenyt5,6-dihydrothieno[3,2b:4,5-b']diindole 2a

Toluene

120°C
7 8a 2a

Br BF B g NH2  pg,dba, / PtBus HBF, ©
—>
/) * N N
S NaO'Bu O T\ O
S

Sodium tert-butoxide (105 mg, 1.1 mmol) was added to a pressure tube charged with
Pd(dba} (16.7 mg, 0.02 mmol) and ligandBrs-HBF, (5.3 mg, 0.2 mmol) undesrgon
atmosphereCompound? (100 mg, 0.18 mmol) and aniline (0.1 mL, 1.1 mmol) were added
to the mixture and the tube was backfilled watgon several times. The mixture was stirred

at 120 °C in anhydrous toluene (5 mL) for 14 hours. After cooling, the reaction mixture was
diluted wth dichloromethane (5 mL), filtered through a celite pad, and washed with
dichloromethane (20 mL). The filtrate was concentratedacuo The product was purified

by flash chromatographysi{ica gel, dichloromethane¢ptane= 1:10 to yield 2a (63 mg,

84%) as white crystalsnp 266 C; *H NMR (300 MHz, CDCJ) Ui = 7.767 7.67 (m, 2H),
7.221 7.03 (m, 10H), 6.99 6.92 (m, 6H);"*C NMR (75 MHz, CDC}) Ui = 142.3, 138.9,
130.2, 129.0, 127.2, 126.5, 123.3, 123.0, 121.6, 120.7, 118.2, 1R1(BTR, cni’): 3 =
565(m), 615 (m), 660 (s), 677 (s), 690 (vs), 729 (vs), 744 (s), 760 (m), 810 (m), 835 (m), 849
(m), 903 (m), 926 (m), 962 (m), 1003 (m), 1014 (m), 1072 (m), 1115 (m), 1149 (m), 1159
(m), 1215 (m), 1290 (s), 1308 (s), 1323 (s), 1363 (m), 1385 (m), 13504@5 (m), 1516

(m), 1593 (m), 1878 (w), 1886 (w), 1915 (w), 1942 (w), 1963 (w), 3034 (w), 3057 (w); GC
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MS (EI, 70 eV):m/z(%) = 414 (100), 308 (5), 207 (11); HRMS (El): calcd. fogHGaN,S
([M]"): 414.11852; found: 414.118357.

o~ o 5,6-Bis(4-methoxyphenyb5,6-dihydrothieno[3,2b:4,5

b'ldiindole 2b was prepared followingeneral procedure @sing

© © compound? (100 mg, 0.18 mmol) and-#hethoxyaniline (135 mg,
N N 1.1 mmol). The product was purified by flash chromatography

(slica gel, ethylacetate/heptane = 1:10) to y@dd81 mg, 94 %)

= as white crystals; mp 25XC; 'H NMR (250 MHz, CDC}) a =

7.881 7.56 (m, 2H), 7.20 7.01 (m, 6H), 7.00 6.88 (m, 4H), 6.56 6.39 (m, 4H, 3.75 (s,

6H); ®C NMR (63MHz,CDC}) & = 158.3, 142.6, 131.6, 130

120.3, 118.0, 114.2, 111.2,55.1; IR(ATR,9m: 3 = 563 (m), 580 (s),

(w), 741 (vs), 746 (s), 812 (s), 835 (s), 1014 (m), 10301(E)5 (M), 1169 (m), 1182 (m),

1225 (m), 1250 (vs), 1290 (m), 1300 (m), 1327 (m), 1362 (w), 1406 (w), 1444 (m), 1456 (m),

1510 (s), 1529 (s), 1606 (w), 1873 (vw), 1894 (vw), 1934 (vw), 2839 (w), 2914 (w), 2964

(w), 2995 (w), 3016 (w), 3047 (w); GMIS (EI, 70 eV): m/z (%) = 474 (100), 458 (8), 237

(6); HRMS (EI): calcd. for ggH220.N,S ([M]"): 474.13965; found: 474.139083.

prepared followinggeneral procedure @sing compound (100

mg, 0.18 mmol) and -fnethylaniline (117 mg, 1.1 mmol). The
N

m product was purified by flash chratography (silica gel,

Q S O dichloromethane/heptane = 1:10) to yiel@c (73 mg, 92 %) as

white crystals; mp 2:213°C; 'H NMR (250 MHz, CDCY) U ¥ 7.65.(m7, 8H), 7.22

7.08 (m, 6H), 6.98 6.86 (M, 4H), 6.77 (d] = 8.0 Hz, 4H), 2.25 (s, 6H}’C NMR (63 MHz,

CDCly) a = 142. 4, 136. 7, 136. 3, 130. 4, 129. 5,
21.1;IR(ATR,cm) : 3 = 559 (m), 586 (m), 640 (m), 6EF
(s), 831 (m), 964 (m), 1001 (m), 1016 (m), 1107 (m), 1&)31321 (s), 1389 (s), 1450 (s),

1506 (s), 1514 (s), 1605 (w), 1867 (w), 1878 (w), 1905 (w), 2351 (w), 2727 (w), 2856 (m),

2918 (m), 3030 (m), 3053 (w); GRS (El, 70 eV): m/z (%) = 442 (100), 221 (10); HRMS

(EN): calcd. for GoH2oNLS ([M]7): 442.14982found: 442.149965.

5,6-Di-p-tolyl-5,6-dihydrothieno[3,2b:4,5b']diindole  2c was
N
/J \
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5,6-Bis(3,5dimethylphenyl}5,6-dihydrothieno[3,2b:4,5
b'ldiindole 2d was prepared followinggeneral procedure 2
using compound7 (100 mg, 0.18 mmol) and 3,5

Q [\ O dimethylaniline (0.14 mL, 1.1 mmol). The product was
S purified by flash chromatography  (silica  gel,

dichloromethane/heptane = 1:10) to yield the indu€77 mg, 91 %) as white crystals; mp
258260 C;'H NMR (300 MHz, CDC}) U % 7.63.(n7, ZH), 7.26 (dd] = 6.8, 2.0 Hz,

2H), 7.207 7.05 (m, 4H), 6.73 (s4H), 6.56 (s, 2H), 2.10 (s, 12H)*C NMR (75 MHz,

cbC) 4 = 142.3, 139.0, 138.4, 130.3, 128.5,
21.2;IR(ATR,cit) : 3 = 544 (m), 650 (m), 685 (s), 7:
(s), 1012 (m),1036 (m), 1115 (m), 1219 (m), 1284 (m), 1298 (m), 1323 (s), 1377 (m), 1392

(m), 1454 (s), 1464 (m), 1525 (m), 1593 (m), 1867 (vw), 1907 (vw), 1934 (vw), 2854 (w),

2912 (w), 2943 (w), 3030 (w), 3049 (w); @a&s (El, 70 eV): m/z (%) = 470 (100), 235 (7);

HRMS (EI): calcd. for GoHo6NLS ([M]7): 470.18112; found: 470.181420.

\O O/ 5,6-Bis(3,5dimethoxyphenyh5,6-dihydrothieno[3,2
N o b:4,5b'ldiindole  2e was prepared followinggeneral
0 A\ procedure 2ising compound (100 mg, 0.18 mmol) and

Dam 3,5-dimethoxyaniline (167 mg, 1.1 mmol). The product was
Q s O purified by flash  chromatography (silica gel,

ethylacetate/heptane = 1:5) to yi€2é (93 mg, 97 %) as
white crystals; mp 232C; *H NMR (500 MHz, CDC})  .75% 7.66 (m, 2H), 7.30 (dd]
= 7.0, 1.8 Hz, 2H), 7.19 7.09 (m, 4H), 6.31 (d) = 2.3 Hz, 4H), 6.09 (t) = 2.3 Hz, 2H),
3.64 (s, 12H)®C NMR (126 MHz, CDG)) U = 160.6, 141.9, 140.8
121.4,120.7, 118.2, 111.5, 104.8, 99.8051R (ATR, cml) : 3 = 534 (m), 634
663 (M), 681 (s), 704 (m), 731 (s), 744 (vs), 814 (m), 825 (s), 849 (m), 877 (m), 928 (m), 970
(m), 987 (w), 1012 (m), 1038 (s), 1063 (s), 1155 (s), 1198 (s), 1203 (s), 1286 (s), 1319 (m),
1358 (m), 1371rf), 1431 (m), 1452 (s), 1477 (m), 1529 (m), 1593 (s), 1842 (vw), 1859 (vw),
1894 (vw), 1932 (vw), 2897 (w), 2935 (W), 2953 (W), 2993 (w), 3012 (w), 3049 (WVIMSC
(El, 70 eV): m/z (%) = 534 (100), 267 (4); HRMS (EI): calcd. fapHZsOsNLS ([M]Y):
534.160'8; found: 534.160294.
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N 7N 5,6-Bis(3,4,5trimethoxyphenyl}5,6-dihydrothieno[3,2
o P o P b:4,5bldiindole 2f was prepared followinggeneral
\OQ GO\ procedure 2using 7 (100 mg, 0.18 mmol) and 3,4,5
N N trimethoxyaniline (201 mg, 1.1 mmol). The product was
O ] s\ O separted via flash chromatography (elutant: 20 %

ethylacetaté heptane) to yield2f (99 mg, 92 %) as white

crystals; mp 21217 C;*H NMR (500 MHz, CDC}) U = J=6022.6¢Hd 2H), 7.31

(dd, J = 6.3, 2.7 Hz, 2H)7.21-7.15 (m, 4H), 6.37 (s, 4H), 36 (s, 6H), 3.68 (s, 12H}°C

NMR (126 MHz,CDC}) 4 = 152. 9, 142. 6, 136. 6, 134. 9,
118.4, 111.4, 103.8,60.8,55.9; IR(ATR,m: 3 = 567 (m), 611 (m),
(m), 677 (m), 698 (s), 715 (s), 729 (V&)1 (m), 829 (m), 910 (m), 999 (s), 1080 (m), 1124

(vs), 1225 (s), 1290 (s), 1323 (m), 1371 (m), 1417 (s), 1433 (m), 1454 (s), 1504 (s), 1591 (s),
1842 (vw), 1905 (vw), 2835 (w), 2931 (w), 2951 (w), 2995 (w), 3051 (w):MEC(EI, 70

eV): m/z (%) = 594 (100 297 (15), 69 (16); HRMS (EI): calcd. forsfEl3006N2S ([M]Y):
594.18191; found: 594.182214.

F F 5,6-Bis(4-fluorophenyl)-5,6-dihydrothieno[3,2b:4,5-b"]diindole
2gwas prepared followingeneral procedure @sing compound
(100 mg, 0.18 mmol) and-#uoroaniine (0.104 mL, 1.1 mmol).

N N The product was purified by flash chromatography (silica gel,
dichloromethane/heptane = 1:10) to yieRb (77 mg, 95 %) as
white crystals; mp 29230 C; 'H NMR (500 MHz, CDCY) a =
7.72 (d,J = 6.9 Hz, 2H),7.187.01 (m, 10H),6.75 (t,J = 8.5 Hz, 4H);"*C NMR (75 MHz,

CDCl) U = 16247.8Hz)(1d2.5, 135.0, 130.2, 128.7J¢; 8.7 Hz), 123.2, 121.7,
120.9, 118.3, 116.0 (d = 22.8 Hz), 111.1°%F NMR (282 MHz, CDC)) U = 114. 11 ;
(ATR, cmi) © 3 = 56 9644 (s) 712 (5),8783 (W), Ifs), 758 (M), 779 (m), 818 (s),

837 (m), 847 (m), 1001 (m), 1007 (m), 1011 (m), 1092 (m), 1113 (m), 1151 (s), 1209 (s),
1225 (s), 1267 (m), 1300 (m), 1323 (s), 1367 (m), 1392 (m), 1452 (m), 1506 (s), 1533 (m),
1606 (w), 1882 (w)3064 (w), 3115 (w); GeMS (El, 70 eV): m/z (%) = 450 (100), 225 (9),

60 (6); 43 (6); HRMS (EI): calcd. forsgH1eNoF>S ([M]7): 450.09968; found: 450.09984.
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5,6-Bis(4-chlorophenyl}5,6-dihydrothieno[3,2b:4,5-b"]diindole
2h was prepared followingeneral procedure @sing compound
(100 mg, 0.18 mmol) and-ehloroaniline (140 mg, 1.1 mmol). The

N N product was purified by ldsh chromatography (silica gel,

Q 7\ O dichloromethane/heptane = 1:10) to yielh (75 mg, 86 %) as
2 white crystals; mp 308C; '"H NMR (250 MHz, CDC) U % 7. 76
7.68 (m, 2H), 7.24 7.10 (m, 6H), 7.08 6.96 (m, 8H);'*C NMR (63 MHz, CDCJ) U =
142.20, 137.53133.48, 129.87, 129.33, 128.00, 123.35, 122.13, 121.11, 118.42, 111.09; IR
(ATR,cmd) : 3 = 569 (m), 615 (w), 634 (w), 652 (
(s), 1014 (m), 1090 (s), 1221 (m), 1269 (m), 1286 (m), 1302 (m), 1323 (s), 139065&)s),
1493 (s), 1520 (m), 1591 (w), 1890 (vw), 1900 (vw), 2322 (vw), 2351 (vw), 3053 (w), 3091
(w); GCG-MS (ElI, 70 eV): m/z (%) = 482 (100), 335 (7), 241 (10), 205 (9); HRMS (EI): calcd.
for CogH16N2ClS ([M]"): 482.04058; found: 482.040632; calcd. foetGeNLCIR'CIS ([M]Y):
484.03763; found: 484.038435; calcd. forgdieN,"'ClLS ([M]"): 486.03468; found:
486.034440.

Cl Cl

5,6-Bis(4-(tert-butyl)phenyl}5,6-dihydrothieno[3,2b:4,5

b'ldiindole 2i was prepared followingieneral procedure @sing
compound?7 (100 mg, 0.18 mmol) and-dert-butyl)aniline (0.17

N N mL, 1.1 mmol). The product wamurified by flash chromatography
Q ]\ O (silica gel, dichloromethane/heptane = 1:10) to yi2id83 mg, 87
= %) as white crystals; mp 28T; 'H NMR (250 MHz, CDCJ) U =
7.73i 7.67 (m, 2H), 7.22 7.05 (m, 6H), 7.05 6.98 (m, 4H), 6.95 6.89 (m, 4H), 1.21 (s,
18H)*C NMR (63 MHz,CDC}) & = 149.2, 144.0, 136.9, 131
122.2, 120.9, 118.3, 111.8, 34.4,31.3; IR (ATR'm 3 = 544 (s), 557 (
(m), 625 (w), 640 (w), 658 (w), 688 (m), 708 (m), 733 (vs), 800 (m), 83998 (w), 958
(w), 995 (m), 1014 (m), 1109 (m), 1194 (m), 1221 (m), 1265 (m), 1279 (m), 1290 (m), 1313
(s), 1362 (m), 1402 (m), 1450 (m), 1512 (s), 1547 (m), 1574 (w), 1601 (w), 1842 (vw), 1900
(vw), 2864 (w), 2901 (w), 2928 (w), 2958 (m), 3036 (w), 30&R GC-MS (El, 70 eV): m/z
(%) = 526 (100), 494 (13), 454 (15); HRMS (EI): calcd. fagHG4N2S ([M]7): 526.24372;
found: 526.243665.
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5,6-Bis(3-(trifluoromethyl)phenyl}5,6-dihydrothieno[3,2b:4,5

FsC CF3
\© ©/ b']diindole 2j was prepared followingeneral procedure @sing
N N compound? (100 mg, 0.18 mmol) and-@rifluoromethyl)aniline

O J \ O (0.14 mL, 1.1 mmol). The pduct was purified by flash
s

chromatography (silica gel, dichloromethane/heptane = 1:10) to

yield 2j (88 mg, 89 %) as white crystals; mp 2035 C; *H NMR (250 MHz, CDC}) a =
7.761 7.68 (m, 2H), 7.36 (s, 2H), 7.337.26 (m, 2H), 7.25 7.08 (m, 10H);*C NMR (75

MHz,CDCk) U = 142. 3,J=B30%Hz)8130.111296, 9.5 104q, J = 2.0
Hz), 123.7, 123.3 (q) = 272.5 Hz),1232 (q, J = 1.6 Hz),123.1, 121.6, 118.6, 1104
NMR (282 MHz,CDCY) U = 62. 739 : I R £ A&, 6381), 675 (S),

700 (v), (s), 735 (Vv), (s), 798 (s), 843 (w), 899 (m), 1011 (m), 1051 (s), 1068 (s), 1093 (s),
1117 (v), (s), 1165 (s), 1219 (m), 1263 (s), 1302 (s), 1317 (s), 1335 (s), 1392 (m), 1454 (s),
1495 (m), 1525 (w), 1593 (w), 1886 (\{v), 1929 (v), (w), 3032 (w), 3055 (w); GMS (EI,

70 eV): m/z (%) = 550 (100), 275 (14); HRMS (EI): calcd. fofoHGeNoFsS ([M]7):
550.09329; found: 550.093522.

L J L J 4,4'-(Thieno[3,2b:4,5-b'Jdiindole-5,6-diyl)bis(N,N-

N N diethylaniline) 2k was prepared followinggeneral procedure 2
using compound 7 (100 mg, 0.18 mmol) andN*N-
| diethylbenzend, ,4-diamine (0.18 mL, 1.1 mmol). The product

was purified by flash chromatography (silica gel,

S dichloromethane/heptane = 1:2) to yielgk (60 mg, 60 %) as
white crystals; mp 256C; 'H NMR (300 MHz, CDC}) U = 3= &% 1.6(Hz, 2N
7.171 7.01 (m, 6H), 6.81 (dJ = 8.9 Hz, 4H), 6.21 (d) = 8.9 Hz, 4H), 3.22 (q) = 7.0 Hz,
8H), 1.09 (t,J = 7.0 Hz, 12H)*C NMR (75 MHz, CDC}) U = 146.6, 143. 3,
126.8, 122.9, 122.3, 119.9, 117.8, 111.7, 111.3, 44.3, 12.8; IR (ATR, cm 3 = 565 ( m)
(m), 617 (m), 636 (M), 644 (m), 652 (m), 727 (s), 744 (vs), 787 (s), 798 (s), 822 (m), 1009
(s), 1080 (s), 1159 (m), 1184 (s), 1198 (s), 1267 (s), 1323 (s), 1352 (s), 1375 (s), 1387 (s),
1408 (m), 1450 (s), 1516 (vs), 1608 (m), 1842, (1857 (w), 1888 (w), 1932 (w), 2868 (m),
2891 (m), 2928 (M), 2966 (M), 3024 (W), 3047 (w), 3076 (W):NBE(El, 70 eV): m/z (%) =
556 (100), 512 (8), 97 (11), 83 (11), 57 (19); HRMS (EI): calcd. faHENLS (M]Y):
556.26552; found: 556.264565.
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5,6-Bis(2,3dihydro-1H-inden-5-yl)-5,6-dihydrothieno[3,2b:4,5
b']diindole 2| was prepared followingeneral procedure @sing
compound?7 (100 mg, 0.18 mmol) and 2dhydro-1H-inden5-
amine (145 mg, 1.1 mmol). The product was purified by flash
Q /s \ O chromatography (silica gel, dichloromethane/heptane = 1:10) to
yield 2| (81 mg, 91%) as white crystals; mp 246; ‘*H NMR
(300 MHz, CDC}) U * 7.4 .(nY, BH), 7.31 7.19 (m, 2H), 7.17 7.05 (m, 4H), 7.02
6.75 (m, 6H), 2.71 (t) = 7.3 Hz, 4H), 2.58 (s, 4H), 1.94 (p= 7.5 Hz, 4H):**C NMR (75
MHz, CDCk) a = 145. 0, 142. 5, 142. 3, 137. 3, 130. -
120.5,118.1, 111.4, 32.6, 32.5, 25.3; IR (ATR, m: 3 = 542 ( m), 575 (o
(m), 729 (vs), 781 (m), 820 (m), 918 (m), 1009 (m), 1115 (m), 1155 (m), 1215 (m), 1296 (m),
1321 (s), 1363 (m), 1390 (m), 1435 (m), 1452 (s), 1489 (m), 1520 (m), 1583609,(w),
1867 (w), 1888 (w), 2839 (w), 2929 (w), 3014 (w), 3043 (w)-K8 (El, 70 eV): m/z (%) =
494 (100), 464 (20); HRMS (EI): calcd. forzE¢N,S ([M]"): 494.18112; found:
494.180637.

~Ng s 5,6-Bis(4-(methylthio)phenyl}5,6-dihydrothieno[3,2b:4,5
b'ldiindole 2m was prepared followingeneral procedure @sing
compound? (100 mg, 0.18 mmol) and-@nethylthio)aniline (0.14
N N
o

mL, 1.1 mmol). The product was purified by flash chromatography
(silica gel, ethylacetate/heptane = 1:10) to yi€lah (82 mg, 90 %)
as white crystals; mp 26Z; *H NMR (300 MHz, CDGCJ) a =
7.757 7.66 (m, 2H), 7.22 7.07 (m, 6H), 7.01 6.90 (m, 4H), 6.9G 6.80 (m, 4H), 2.47 (s,
6H); *C NMR (75 MHz, CDC}) U = 131.9, 235.3, 130.2, 127.2, 126.3, 123.2, 123.0,
121.5, 120.7, 118.2, 111.3, 156; IR (ATR,dm: 3 = 569 (m), 638 ( m) ,
717 (s), 739 (vs), 795 (s), 835 (m), 918 (w), 958 (m), 1014 (m), 1095 (m), 1151 (w), 1176
(m), 1217 (m), 1292 (m),3D4 (m), 1319 (m), 1392 (s), 1454 (m), 1495 (s), 1531 (m), 1842
(vw), 1878 (vw), 2848 (w), 2918 (w), 2951 (w), 3047 (w); GIS (El, 70 eV): m/z (%) =
506 (100), 458 (11); HRMS (EI): calcd. forsd82oN,S; ([M]*): 506.09396; found:
506.09362.
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General procedure 3 for double C-N coupling with aniline derivatives, exemplified by:
5,6-dipropyt5,6-dihydrothieno[3,2b:4,5-b']diindole 2n

BrB_ Ber Pd,dba; / BINAP ? ?

/ \ LS
00 T e

1200C

Sodium tert-butoxide (105 mg, 1.1 mmol) was added to a pressure tube charged with
Pd(dba} (16.7 mg, 0.02 mmol) anBINAP (5.7 mg, 0.009 mmol) under argon atmosphere.
Compound?7 (100 mg, 0.18 mmol) and-propylamine (0.09 mL, 1.1 mmol) were added to

this mixture and the tube was backfilled with argon several times. The mixture was heated at
120 °C in anhydrous toluene (5 mL) for 14 hours. After cooling, the reaction mixture was
diluted with dichloromethane (5 mL), filtered through a celite pad, and washed with
dichloromethane (20 mL). The filtrate was concentratedacuo The product was puréd

by flash chromatography (silica gel, dichloromethhaptane= 1:10) to yield2n (29 mg,

46%) as white crystals; mp 18584 C;'H NMR (300 MHz, CDC§) U = JE7.B8Hz, ( d,

2H), 7.37 (dJ = 8.3 Hz, 2H), 7.30 7.03 (m, 4H), 4.49 4.31 (t,J = 7.7 Hz, 4H), 2.00i

1.80 (m, 4H), 0.94 (t) = 7.4 Hz, 6H)>C NMR (63MHz,CDC}) U = 141.1, 130.
122.3, 119.9, 119.6, 118.3, 110.1, 47.9, 23.9, 11.3; IR (ATR)cm 3 = 563 ( m) ,

658 (M), 723 (vs), 812 (m), 845 (w), 881 (m), 897 (m), @M%, 1012 (m), 1111 (m), 1153
(m), 1292 (m), 1319 (m), 1367 (m), 1381 (m), 1456 (m), 1520 (w), 1867 (vw), 1915 (vw),
2850 (W), 2872 (W), 2924 (m), 2953 (w); @S (El, 70 eV):m/z(%) = 346 (100), 317
(14), 275 (17); HRMS (El): calcd. for,@H2.N,S ((M]): 346.14982; found: 346.15023.

5,6-Dipentyt5,6-dihydrothieno[3,2b:4,5b'ldiindole 20 was
prepared followinggeneral procedure @sing compound’ (100
mg, 0.18 mmol) and -pentylamine(0.13 ml, 1.1 mmol). The

T product was purified by flash chromatography (silica gel,
Q S O dichloromethandieptane= 1:10) to yield 20 (33 mg, 45 %) as

white crystals; mp 10407 C; *H NMR (300 MHz, CDC}) i
7.717 7.61 (m, 2H), 7.36 (d) = 8.3 Hz, 2H), 7.18m, 4H), 4.41 (tJ = 7.8 Hz, 4H), 1.94
1.75 (m, 4H), 1.38 1.20 (m, 8H), 0.82 (t) = 7.0 Hz, 6H);*C NMR (75 MHz, CDC}) U
141.1, 130.1, 123.0, 122.3, 119.9, 119.6, 118.3, 110.1, 46.4, 30.4, 29.2, 22.5, 13.9; IR (ATR,
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cm') : 3 = 565 09 () 617 (M)B &4 (w690 (MB 731 (vs), 916 (W), 976 (W),
1014 (m), 1111 (m), 1138 (m), 1155 (m), 1173 (m), 1232 (m), 1321 (s), 1362 (m), 1377 (m),
1387 (m), 1456 (s), 1471 (m), 1520 (m), 1606 (w), 1747 (vw), 1790 (vw), 1834 (vw), 1867
(vw), 1907 (vw) 2858 (m), 2866 (m), 2922 (m), 2949 (m), 3026 (vw), 3055 (w), 3078 (vw);
GC-MS (El, 70 eV): m/z (%) = 402 (100), 275 (15); HRMS (El): calcd. fagHgoN2S
(IM]1): 402.21242; found: 402.21232.

5,6-Diheptyt5,6-dihydrothieno[3,2b:4,5-b"]diindole  2p was
prepared followinggeneral procedure @sing compound (100
mg, 0.18 mmol) and -heptylamine (0.16 mL, 1.1 mmol). The
product was purified by flash chromatography (silica gel,
dichloromethandleptane= 1:10) to yield2p (37 mg, 45 %) as
Q ! S ) O white crystals; mp 12229 C; 'H NMR (250 MHz, CDCY) a =
7.66 (d,J = 7.2 Hz, 2H), 7.35 (d) = 8.2 Hz, 2H), 7.29 7.06 (m,
4H), 4.40 (tJ = 7.9 Hz, 4H), 1.96 1.68 (m, 4H), 1.41 1.02 (m,16H), 0.79 (tJ = 6.7 Hz,
6H); ®CNMR (63MHz,CDC}) & = 141.1, 130.1, 123.0, 122
46.5, 31.6, 30.7, 29.0, 27.0, 22.5,14.0; IR (ATREm 3 = 550 (vw), 567 (
(w), 621 (w), 656 (W), 729 (vs), 756 (m), 808), 837 (w), 916 (w), 970 (w), 1012 (m), 1115
(m), 1157 (m), 1169 (m), 1221 (m), 1321 (s), 1373 (m), 1389 (m), 1458 (s), 1471 (m), 1522
(w), 1608 (w), 1790 (vw), 1830 (vw), 1867 (vw), 1907 (vw), 2852 (m), 2922 (s), 2947 (m),
3030 (vw), 3057 (w), 3074 (vwiGC-MS (El, 70 eV): m/z (%) = 458 (100), 275 (16); HRMS
(ESI): calcd. for GoHagN2S ([M + HJ"): 459.28285; found: 459.28189.

5,6-Diphenethyt5,6-dihydrothieno[3,2b:4,5-b"]diindole 2q was
prepared followinggeneral procedure @sing compound (100
mg, 0.18 mmol) and -phenylethanamine (0.14 mL, 1.1 mmol).
N N The product was purified by flash chromatography (silica gel,
O / s ) O dichloromethane/heptane = 1:7) to yielgl (53 mg, 62 %) as dark
brown crystals; mp 14IC; *H NMR (300 MHz,CDC}) U = 7. 68
(dd,J = 7.3, 1.0 Hz, 2H), 7.30 (&, = 8.0 Hz, 2H), 7.25 7.09 (m, 10H), 6.96 (dd] = 6.5,
3.0 Hz, 4H), 4.66 (t) = 8.0 Hz, 4H), 3.07 (t) = 8.0 Hz, 4H)"*C NMR (75 MHz, CDC}) U
= 140.9, 137.5, 130.0, 128.7, 128.5, 126.8, 123.2, 122.5, 120.3, 1198, 118.1, 47.7,
365 IR(ATR,c) : 3 = 538 (m), 557 (m), 567 (w), 5
731 (vs), 845 (w), 904 (w), 974 (w), 1014 (m), 1026 (m), 1076 (w), 1084 (w), 1159 (m), 1232
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(m), 1284 (m), 1315 (m), 1352 (m), 1387 (m), 1456 (s)5148), 1516 (W), 1531 (m), 1867
(vw), 1882 (vw), 2854 (W), 2872 (W), 2924 (w), 2966 (W), 3024 (w), 3055 (W)MSC(EI,

70 eV): miz (%) = 470 (100), 379 (24), 346 (10), 287(23), 275 (74), 207 (10); HRMS (EI):
calcd. for GoHo6N2S ([M]7): 470.18112; found470.180791.

5,6-Dibenzyt5,6-dihydrothieno[3,2b:4,5-bldiindole  2r was
prepared followinggeneral procedure 8sing compound’ (100
N N
/J \

mg, 0.18 mmol) and -Benzylamine (0.12 mL, 1.1 mmolThe
product was purified by flash chromatography (silica gel,
dichloromethandfeptane= 1:7) to yield2r (43 mg, 53 %) as dark
crystals; mp 22229 C; *H NMR (300 MHz, CDCJ) a % 7.67.(nd, 2H), 7.26 7.08

(m, 12H), 6.93 6.81 (m, 4H), 5.27 (s, " *C NMR (63 MHz, CDC}) U = 141. 4,
130.4, 129.0, 127.5, 125.1, 123.0, 122.8, 120.2, 120.0, 118.3, 110.1, 48.7; IR (AJI)R; cm3

= 557 (s), 592 (m), 609 (m), 652 (s), 690 (vs), 719 (vs), 737 (vs), 758 (m), 843 (m), 904 (m),
926 (m), 964 (m), 1014m), 1032 (m), 1072 (m), 1157 (m), 1167 (m), 1188 (m), 1259 (m),
1315 (s), 1321 (s), 1346 (s), 1381 (s), 1450 (s), 1495 (m), 1520 (m), 1605 (w), 1886 (w),
1927 (w), 2848 (w), 2918 (w), 3028 (m), 3063 (w), 3080 (w):KBE (El, 70 eV): m/z (%) =

442 (100),365 (12), 351 (60), 260 (7), 91 (9); HRMS (EI): calcd. fapHGN2S (IM]Y):
442.14982; found: 442.14992.

V V 5,6-Dicyclopropyt5,6-dihydrothieno[3,2b:4,5-bldiindole 2swas

N N prepared followinggeneral procedure 8sing compound (100
Q 1\ O mg, 0.18 mmol) and cyclopropylamine (0.08 mL, 1.1 mmol). The
2 product was purified by flash chromatography (silica gel,
dichloromethané¥eptane= 1:7) to yield2s (20 mg, 33 %) as a yellow by mp 222224 C;
'H NMR (300 MHz, CDC}) U 3 7.53.(m6, AH), 7.28 7.08 (m, 4H), 3.86 3.75 (m,
2H), 1.291 1.12 (m, 8H)*C NMR (63MHz,CDC}) & = 142.2, 130. 6,
119.5, 118.2, 112.1, 28.0, 10.1; IR (ATR, tm: 3 57 4nf, 646 (m), 696 (m), 735
(vs), 760 (m), 804 (m), 829 (m), 874 (m), 926 (m), 976 (m), 1011 (m), 1024 (s), 1055 (m),
1113 (m), 1151 (m), 1186 (m), 1223 (m), 1259 (m), 1309 (s), 1348 (s), 1394 (s), 1454 (s),
1531 (m), 1537 (m), 1606 (w), 1807 (w), 1849, 1884 (w), 1921 (w), 2850 (m), 2920 (m),
3003 (w), 3022 (w), 3049 (w), 3076 (w); @&S (El, 70 eV): m/z (%) = 342 (100), 313 (11),
299 (17), 268 (8); HRMS (EI): calcd. forgE1gNLS ([M]7): 342.11852; found: 342.11827.

]

12
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10-(4-Methoxyphenyl}10H-benzo[4,5]thieno[3,2b]indole 12a was

prepared following general procedureising compound.1 (200 mg,

0.54 mmol) and 4nethoxyaniline (401 mg, 3.3 mmol). The product
N was purified by flash clematography (silica gel, ethylacetate/heptane
O \ O = 1:10) to yield12a (172 mg, 96 %) as white crystals; mp 1B&0

S “C;'H NMR (300 MHz, CDCJ) U =m, 2H), 740 (dJ = 6.8
Hz, 2H), 7.26i 7.00 (m, 8H), 3.86 (s, 3H}*C NMR (75 MHz, CDC§) U = 14258 . 8,
142.3, 137.4, 129.9, 128.4, 126.2, 123.7, 123.3, 123.3, 122.6, 121.3, 119.8, 119.6, 118.6,
115.5, 114.2, 110.3,55.0; IR (ATR, &n: 3 = 575 (m), 596 (s), 64
806 (m), 827 (m), 858 (m), 1018 (s), 1028 (s), 1057 (m), 11031166 (m), 1182 (m), 1213
(s), 1248 (s), 1298 (m), 1346 (s), 1421 (m), 1437 (m), 1450 (s), 1512 (s), 1583 (w), 1591 (w),
1606 (w), 1867 (w), 1894 (w), 2833 (w), 2928 (w), 2955 (w), 3014 (w), 3049 (WIMSC
(El, 70 eV): m/z (%) = 329 (100), 314 (17), 2863), 165 (7), 142 (6); HRMS (EIl): calcd. for
C21H150NS ([M]"): 329.08689; found: 329.08677.

10-Heptyt10H-benzo[4,5]thieno[3,b]indole 12b was prepared
following general procedure 8sing compound 11 (200 mg, 0.54
mmol) and rheptylamine (0.16 mL, 3.3 mmol). The product was
purified by flash chromatography (silica gel, dichloromethaggtane

N = 1:10) to yield12b (160 mg, 92 %) as a colorless liquit§ NMR
s \ O (300 MHz, CDC}) 0 % 7.78.(n®, 2H), 7.69 (dd]l = 7.8, 0.9 Hz,
1H), 7.43i 7.19 (m, 4H), B1-7.82(m, 1H), 4.46 (tJ = 7.5 Hz, 2H),
1921 1.82(m, 2H), 1.41i 1.09 (m, 8H), 0.78 (1) = 6.8 Hz, 3H);**C NMR (75 MHz,
CDClk)y U0 = 143.2, 141. 4,12373122.84121.6, 19.9, 019.4,119.3,. 6 ,
115.3, 109.9, 45.0, 31.7, 30.5, 29.1, 27.0, 22.6, 14.0; IR (ATR)cm 3 = 586 ( w) ,
663 (m), 723 (vs), 731 (vs), 752 (m), 825 (w), 920 (w), 982 (w), 1020 (m), 1072 (m), 1115
(m), 1155 (w), 1171 (m), 125@v), 1271 (w), 1323 (m), 1346 (m), 1429 (m), 1454 (m), 1491
(m), 1591 (vw), 1608 (vw), 2852 (m), 2924 (m), 2953 (m), 3026 (vw), 3053 (WIMSCEI,
70 eV): m/z (%) = 321 (100), 236 (94), 222 (14), 165 (7); HRMS (ESI): calcd.,iorMIS
([M + H]™Y): 322.1624; found: 322.1623.
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10-Benzyt10H-benzo[4,5]thieno[3,blindole 12c was prepared

Q following general procedure 8sing compoundll (200 mg, 0.54

N mmol) and benzylamine (0.36 mL, 3.3 mimoThe product was

O . \ O purified by flash chromatography (silica gel, dichloromethaggtane

= 1:7) to yield12c (162 mg, 95 %) as white crystals; mp 1HR C;
'H NMR (300 MHz, CDC}) U % 7.77.(8, &H), 7.77 7.66 (m, 2H), 7.34 (d) = 8.2
Hz, 1H), 7.28i 7.10 (m, 7H), 7.08 (dd] = 4.6, 3.5 Hz, 2H), 5.70 (s, 2H)°C NMR (75

MHz,CDCk) U4 = 143.25, 141.89, 137.75, 137.39,
124.30, 123.91, 123.25, 121.91, 120.00, 119.92, 119.50, 115.88, 11041, IR (ATR, cm
%: 3 = 555 (m), 586 (m), 613 (m), 633 (s),

(m), 847 (m), 926 (m), 968 (m), 1018 (m), 1068 (m), 1119 (m), 1153 (m), 1174 (m), 1201
(m), 1257 (m), 1271 (m), 1321 (m), 1348 (s), 14271852 (m), 1495 (m), 1583 (W), 1605
(W), 1888 (w), 1923 (w), 3022 (w), 3053 (w); @aS (El, 70 eV): miz (%) = 313 (93), 222
(100), 91 (23); HRMS (El): calcd. for,@H1sNS ([M]*): 313.09197; found: 313.09228.

8.5.2 Synthesis of 5methyl -5,10-dihydroindolo[3,2 -b]indole

Procedure for prepared of2,3-dibromo-1-methyt1H-indole 13

78 °C Br
% " NBS ToE )
III III Br

To solution of tmethyt1H-indole (1 mL, 8 mmol) in 20 mL THF was added wisely NBS
(3.14 g, 17.6 mmol) at78 °C. Then the mixture was stirred for 5h at this temperature. The
reaction mixture was treated with water (20 mL). The solvent THF medscedby
evaporatorin vacuoand th@ extracted with dihloromethane (3 x 20 mL). The combined
organic layers were washed with saturated aqueous NgHf?i@d over MgS® and then
evaporatedin vacuo affording yellow syrup.The mixture was separated over column
chromatography (silica geheptang to yield 2,3dibromo1-methyt1H-indole 13 (2 g, 86%)

as white solid; m.p. 380°C;'H NMR (300 MHz, CDC) i 741 (dt,J= 7.6, 1.1 Hz, 1H),
7.15 (dd,J = 4.9, 1.2 Hz, 2H), 7.18 7.02 (m, 1H), 3.66 (s, 3H}’C NMR (75 MHz, CDCJ)

0 136.34, 126.96, 122.91, 120.81, 118.86, 114.90, 109.63, 92.68, I23MS (EI,
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70eV): m/z (%) = 289 (100), 291 (50), 288 (20), 274 (18), 129 (15), 114 (23), 88 (12);
HRMS (El): calculated for g4;Br.N; ([M™]): 286.89398; found: 286.89391, calculated for
CoH/Br.®'BriN; ([M*]): 288.89193; found: 288.89183, calculated faHE'BroN; ([M*]):
290.88988; found: 290.88980.

Procedure for prepared of3-bromo-2-(2-bromophenylj1-methyt1H-indole 14.

THF, H,0
70 °C

Br HO. g -OH Pd(PPhj),
D g
B NaOH
I
6

13

14

2,3-dibromoindolel3 (1 g, 3.46 mmol), 2romophenyl boronic acifl (0.83 g, 4.15 mmol),
Pd(PPh)4 (200 mg, 173 umol) and sodium hydroxide (415 mg, 10.38 mmol) were added to
500 mL Schlenk flask. The mixture was bdtled several times with Argon. To the mixture

70 mL THF ad 10 mL distilled water were added, then, bald several times. The
reaction was heated at 70 °C for 4h. The solvent was evaparataduo The residue was
extracted with dichloromethane and water. The organic layer was dried over,Mijigt2d

and the solvent was evaporatéd vacuo The yellow residue was purified by column
chromatography (silica gel, Heptane/ethylacetate/dichloromethane 3:1:1) t@-fardcho 2-
(2-bromophenybl-methyt1H-indole 14 (0.91 g, 72 %) as white solid; m.p.-835 HC;
NMR (300 MHz, CDC}) U 1 7.667(h, 1H), 7.59 7.52 (m, 1H), 7.44 7.12 (m, 6H),

3.50 (s, 3H)*C NMR (75 MHz, CDC}) i 137.12, 136.30, 133.29, 132.95, 132.20, 130.90,
127.43, 126.80, 125.52, 122,920.48, 119.46, 109.71, 90.75, 31.26; IR (ATR,'l):m 3 =
3053 (m), 3018 (w), 2939 (w), 2875 (w), 2833 (w), 1498 (m), 1473 (m), 1460 (s), 1427
(m), 1412 (m), 1356 (m), 1325 (s), 1319 (s), 1230 (s), 1201 (m), 1173 (w), 1153 (s),
1126 (m) 1105 (m), 1084 (m), 1009 (m), 947 (m), 922 (m), 808 (w), 729 (vs), 606 (m),
546 (m);GC-MS (El, 70 eV): m/z (%) =365 (100), 204 (82), 176 (22), 102 (26), 88 (13)
HRMS (El): calcd. for @H11BroN; ([M™]): 362.92528; found: 362.92484, calculatfet
C1sH11Br:¥'BriN; ([M*]): 364.92323; found: 364.92292, calculated feeHG,2'BroN; ([M1]):
366.92118; found: 366.92109.
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General procedure4 for double C-N coupling with aniline derivatives, exemplified by:
5-methyt10-phenyt5,10-dihydroindolo[3,2b]indole 15a

Br Br L Pd,dbas / Xantphos N
Ol S - O
Naog%lg;l'gluene N
Me
14 8a

Me
15a

Aniline (75 pL, 0.82 mmol) was added to pressure tube charged Mitfi00 mg, 0.27
mmol), Pd(dba} (12.5 mg, 14 pumol), liganXantphos (15.9 mg, 28 pmol) and sodidert-
butoxide (79 mg, 0.82 mmol) under Argon. The mixture was {iideld with Argon several
times. The mixture was dissolved in anhydrous toluene (10 mL) and he&edC for 6 h.

After cooling, the reaction mixture was diluted with dichloromethane (20 and)filtered
through a celite pad, washing with dichloromethane (40 mL). The filtrateevagsoratedn

vacuo The product was separated via flash chromatography (silica gel,
heptan&dichloromethane 5:1) to yieltiha (65 mg, 80 %) as a white solid; m.B8@131 °C;

'H NMR (300 MHz, CDC}) i 7887 7.81 (m, 1H), 7.66 7.41 (m, 6H), 7.37 7.26 (m,

2H), 7.247 7.08 (m, 3H), 6.97 (ddd] = 8.0, 7.1, 1.0 Hz, 1H), 4.03 (s, 3HJC NMR (75

MHz, CDCk) U 141.32, 140.72, 139.16, 129.64, 127.89, 126.44, 125.53, 125.25, 122.56,
121.96, 119.65, 118.46, 118.24, 117.63, 116.05, 114.67, 110.99, 109.57, 31.65; IR (ATR, cm
Y 3 = 3047 (w), 2928 (w), 1593 (rm,) , 157
1423 (m), 1398 (s), 1365 (m), 1340 (m), 1323 (m), 1309 (m), 1282 (m), 1267 (w), 1232
(s), 1174 (m), 1151 (m), 1126 (m), 1103 (m), 1076 (m), 1061 (m), 1028 (m), 1014 (m),
987 (w), 966 (w), 949 (m), 918 (w), 910 (m), 883 (w), §3d, 823 (m), 779 (w), 729

(vs), 700 (vs), 677 (s), 650 (s), 617 (m), 596 (m), 588 (s), 565 (m), S4LEMS (EI,

70 eV): m/z (%) = 296 (100), 281 (45); HRMS (EI): calculated foriBi6N2 ([M™]):
296.13080; found: 296.13042
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5-(4-(tert-butyl)phenyl)}10-methyt5,10-dihydroindolo[3,2b]indole

15b was prepared followingeneral procedure dsing compoundl4
(100 mg, 0.27 mmol) and-@ert-butyl)aniline (131 uL, 0.82 mmol).
The product was purified by flash chromatography (silica gel,
O { N O heptan&ichloromethane 5:1) to yieldi5b (81 mg, 84%) as a white

N solid; m.p. 218213 °C; *H NMR (250 MHz, GD¢) U 7997 7.89

Me (m, 2H), 7.84i 7.75 (m, 1H) 7.731 7.65 (m, 2H), 7.48 7.33 (m,
5H), 7.33i 7.18 (m, 2H), 3.56 (s, 3H), 1.36 (s, 9HIC NMR (63 MHz, GDg) Ui  149.25,
141.81, 141.43, 137.08,27.84,126.67, 125.43, 122.80, 122.22, 119.85, 118.92, 118.62,
117.99, 116.63, 115.39, 111.46, 109.82,59, 31.46, 30.98R (ATR, cnmi') : 3857 %w),
2960 (m), 2929 (w), 2901 (w), 2864 (w), 1516 (s), 1495 (m), 1471 (s), 1441 (m), 1423
(m), 1402 (s), 1365 (m), 1329 (m), 1309 (w), 1265 (w), 1234 (s), 1200 (m), 1184 (m),
1161 (w), 1151(w), 1136 (m), 1111 (m), 1030 (w), 1022 (w), 1012 (m), 955 (w), 922
(w), 833 (m), 823 (m), 775 (w), 729 (vs), 712 (m), 685 (m), 665 (w), 607 (w), 590 (m),
571 (w), 561 (w), 550 (jn GC/MS (El, 70eV): m/z (%) = 352 (100), 337 (22), 322
(19),155 (20); HRMS (EI): calculated for24N, ([M™]): 352.19340; found: 352.19295.

5-methyt10-(p-tolyl)-5,10dihydroindolo[3,2b]indole  15c  was
prepared followinggeneral procedure d4sing compound 14 (100
mg, 0.27 mmol) angb-toluidine (88 mg, 0.82 mmol). The product
O N was purified by flash  chromagraphy (silica  gel,
) O heptan&ichloromethane 5:1) to yieltlsc (69 mg, 81 %) as a white

Me solid; m.p. 146141 °C; *H NMR (300 MHz, Acetone)i 7921
7.85 (m, 1H), 7.48 7.29 (m, 7H), 7.14 7.00 (m, 3H), 6.87 (ddd] = 8.0, 7.1, 1.0 Hz, 1H),
4.02 (s, 3H), 2.31 (s, 3H¥’C NMR (63 MHz, Acetoneli 142.29, 141.63, 137.35, 137.20,
131.14, 128.45, 126.07, 125.85, 123.39, 122.75, 120.40, 118.99, 118.78, 118.71, 116.86,
115.37, 111.50, 110.69, 31.81, 21.15; IR (ATR;sm 3 = 3057 (w), 3036
1514 (s), 1487 (m), 1473 (m), 1454 (m), 1441 (m), 1421 (m), 1402 (m), 1365 (m), 1325
(m), 1304 (w), 1232 (m), 1174 (w), 1153 (m), 1126 (m), 1109 (m), 1063 (w), 1032 (m),
1012 (m), 968 (w), 951 (Mm9P18 (m), 822 (m), 796 (w), 760 (w), 748 (m), 727 (vs), 683
(m), 665 (w), 640 (w), 615 (w), 590 (m), 563 (m), 542 @E/MS (El, 70eV): m/z (%)
= 310 (100), 295 (40); HRMS (EI): calculated fop@1gN, ([M™]): 310.14645; found:
310.14704.
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E 5-(4-fluorophenyl}10-methyt5,10-dihydroindolo[3,2b]indole 15d
was prepared followingyeneral procedure dsing compound 14
(100 mg, 0.27 mmol) and-#uoroaniline (78 pL, 0.82 mmol). The

O N product was purified by flash chromatography (silica gelptané
N\ O dichloromethane 4:1) to yieldicsd (71 mg, 82 %) as a white solid;
Me m.p. 106108 °C;'H NMR (300 MHz, CDC§) i  7-82 (dd,J = 7.2,

1.4 Hz, 1H), 7.57 7.46 (m, 2H), 7.48 7.28 (m, 3H), 7.23 7.08
(m, 5H), 6.96 (dddJ = 8.0, 7.1, 1.0 Hz, 1H), 4.01 (s, 3HJC NMR (75 MHz, CDC}) i =
161.11 (d,J = 246.0 Hz), 141.28, 140.91, 135.18 Jd; 3.0 Hz), 127.75, 127.24 (d,= 8.4
Hz), 125.34, 122.62, 122.03, 119.72, 118.32, 118.12, 117.67, 116.53 2.8 Hz), 116.00,
114.49, 110.69, 109.64, 31.63; IR (ATR,®m: 3 = 3055 (w), 2922
1439 (m), 1423 (m), 1398 (s), 1367 (m), 1323 (m), 1281 (w) 123, 1217 (s), 1153
(m), 1134 (m), 1124 (m), 1095 (m), 1061 (m), 1032 (m), 1016 (m), 949 (m), 918 (m),
872 (m), 841 (m), 827 (s), 808 (s), 785 (m), 760 (m), 725 (vs), 710 (s), 679 (m), 636
(m), 611 (m), 588 (s), 565 (s), 542 (BC/MS (El, 70eV): m/z (%) = 314 (100), 299 (48),
157 (10); HRMS (EI): calculated for,@H1sF1N2 ([M*]): 314.12138; found: 314.12142.

FsC 5-methyt10-(3-(trifluoromethyl)phenyl}5,10-dihydroindolo[3,2
\© blindole 15 was prepared followinggeneral procedure 4ising
compound 14 (100 mg, 0.27 mmol) and-@rifluoromethyl)aniline

N
O { O (103 pL, 082 mmol). The pduct was purified by flash

N chromatography (silica geheptanéichloromethane 4:1) to vyield

= 15e (84 mg, 84 %) as a white solid; m.p.-88 °C; *H NMR (300

MHz, CDCkL) i 790 (s, 1H), 7.88 7.74 (m, 2H), 7.64 7.46 (m, 3H), 7.35 (dd] = 15.7,

8.2 Hz, 2H), 7.22 7.12(m, 3H), 6.99 (dddJ = 8.0, 7.1, 1.0 Hz, 1H), 4.00 (s, 3HJF NMR

(282 MHz, CDC}) i -62.54 (s);*C NMR (75 MHz, CDC}) U  141.29, 140.50, 139.84,
132.26 (qJ = 32.7 Hz), 130.29, 128.4@, J = 0.9 Hz), 128.33, 1243, 123.03, 122.79 (4,

= 3.8 Hz), 122.53 (q] = 272.7 Hz ), 122.52 (d,= 272.7 Hz), 122.17, 122.09 (3= 7.8, 4.1

Hz), 120.33, 118.59, 117.85, 116.55, 114.43, 110.61, 109.75, 31.60; IR (ATJR, cm 3 =
3061 (w), 2931 (w), 1612 (w), 1595 (m), 745 (w), 1514 (w), 1495 (s), 1471 (s), 1441

(s), 1421 (m), 1396 (m), 1373 (m), 1335 (s), 1321 (s), 1308 (s), 1286 (s), 1263 (m), 1232
(s), 1176 (s), 1163 (s), 1113 (vs), 1095 (s), 1066 (s), 1034 (m), 1020 (m), 1001 (m), 968
(m), 957 (m), 924 (m), 916 (m), 899 (m), 872 (w), 839 (s), 802 (s), 729 (vs), 706 (vs),
696 (s), 679 (m), 665 (s), 650 (m), 638 (m), 596 (m), 588 (m), 569 (m), 542 (mM);

( |
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GCIMS (El, 70eV): miz (%) = 364 (100), 349 (39); HRMS (EI): calculated faHGFsN,
([M*]): 364.11818; found: 364.11786.

- 5-(4-methoxyphenyB10-methyt5,10-dihydroindolo[3,2b]indole
15f was prepared followingeneral procedure dsing compoundl4
(100 mg, 0.27 mmol) ang-anisidine (101 mg, 0.82 mmol). The
N product was purified by ldsh chromatography (silica gel,
O \ O heptanéethylacetate 5:1) to yieltl5f (68 mg, 76 %) as a white solid,;
,\'T/lle m.p. 114116 °C;'H NMR (300 MHz, Acetone}li 7917 7.81 (m,

1H), 7.491 7.41 (m, 2H), 7.4G 7.32 (m, 2H), 7.31 7.26 (m, 1H),
7.141 7.00 (m, 5H)6.86 M, 1H), 4.01 (s, 3H), 3.75 (s, 3HIC NMR (75 MHz, Acetoneii
= 159.43, 142.28, 141.93, 132.64, 128.18, 127.70, 126.24, 123.28, 122.73, 120.23, 118.97,
118.65, 116.65, 115.78, 115.36, 111.40, 110.67, 55.95, 31.82; IR (ATJF)Z, cm3 = 3057
2955 (m), 2926 (m), 2912 (m), 2835 (m), 1510 (s), 1473 (s), 1464 (s), 1441 (s), 1421
(m), 1400 (s), 1367 (m), 1331 (m), 1296 (m), 1284 (m), 1234 (s), 1182 (m), 1169 (m),
1161 (m), 1151 (m), 1132 (m), 1124 (m), 11G), L065 (m), 1030 (s), 1018 (m), 968
(m), 953 (m), 947 (m), 931 (m), 914 (m), 870 (m), 827 (s), 806 (m), 795 (m), 756 (m),
742 (m), 723 (vs), 685 (m), 675 (m), 665 (m), 640 (m), 613 (m), 590 (s), 573 (s), 542
(m); GC/MS (EI, 70eV)m/z (%) = 326 (100), 311 (25), 268 (12); HRMS (EI): calculated for
C21H15N20; ([M™]): 326.14136; found: 326.14118.

g 5-methy}t10-(4-(methylthio)phenyl)5,10-dihydroindolo[3,2
blindole 159 was prepared followinggeneral procedure 4ising
compound 14 (100 mg, 0.27 mmol) and-@nethylthio)aniline (102
pL, 0.82 mmol). The product was purified by flash chromatography

N
O N\ O (silica gel,heptanéethylacetate 5:1) to yiel#i5g (78 mg, 83 %) as a
|

Me white solid; m.p. 107108 °C;'H NMR (250 MHz, CDC}) i 8:04i

7.95(m, 1H), 7.75 7.58 (m, 4H), 7.58 7.46 (m, 3H), 7.43 7.24 (m, 3H), 7.15 ()= 7.5

Hz, 1H), 4.17 (s, 3H), 2.64 (s, 3HYC NMR (63 MHz, CDC}) i 141.28, 140.71, 136.48,

136.32, 127.79, 125.92, 125.16, 122.57, 121.98, 119.68, 118.37, 118.28}, MIBA3,

114.59, 110.90, 109.59, 31.62, 16.23; IR (ATR;Sm 3 = 3057 (w), 291E¢€
1468 (s), 1439 (s), 1419 (m), 1396 (s), 1365 (m), 1323 (s), 1302 (m), 1284 (m), 1265

(m), 1228 (s), 1180 (m), 1161 (m), 1153 (m), 1132 BP0 (s), 1065 (m), 1030 (m),

1011 (m), 962 (m), 957 (m), 949 (m), 924 (m), 916 (m), 870 (w), 835 (w), 822 (s), 773
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(m), 735 (vs), 727 (vs), 700 (s), 687 (s), 679 (s), 634 (m), 602 (m), 588 (s), 569 (M), 544
(m); GC/MS (ElI, 70eV): nd (%) = 342 (100), 327 (35), 171 (8); HRMS (EI): calculated for
CooH18N>S; ([M +]): 342.11852; found: 342.11846.

5-methy}t10-(4-cyanophenyh5,10-dihydroindolo[3,2b]indole  15h

T was prepared followingyeneral procedure dsing compound 14
(100 mg, 0.27 mmol) and-@minobenzonitrile (97 mg, 0.82 mmol).
N The product was purified by flash chromatography (silica gel,
O \ O Heptane/ethylacetate 4:1) to yieldh (72 mg, 82 %) as a white
,ue solid; m.p. 158160 °C;'H NMR (250 MHz, CDC}) ti 7841 7.77

(m, 1H), 7.761 7.59 (m 4H), 7.58i 7.48 (m, 1H), 7.39 7.31(m,
2H), 7.261 7.13 (m, 3H), 7.00 (ddd] = 8.0, 7.1, 1.0 Hz, 1H), 3.98 (s, 3HJC NMR (63
MHz, CDCk) U  143.01, 141.20, 140.1033.63, 128.80, 124.97, 123.86, 123.27, 122.27,
120.85, 118.73, 118.66, 118.24, 117.98, 117.01, 114.32, 110.73, 109.85, 108.87, 31.55; IR
(ATR,cm) : 3 = 3055 (w), 2929 (w), 2218 (m),
1423 (m), 1396 (s),3r3 (m), 1346 (m), 1325 (s), 1308 (m), 1279 (w), 1230 (m), 1200
(w), 1174 (m), 1163 (m), 1155 (m), 1134 (m), 1059 (w), 1034 (m), 1024 (m), 949 (W),
872 (w), 843 (m), 831 (m), 741 (s), 729 (vs), 687 (w), 681 (w), 673 (w), 646 (W), 60
(w), 590 (m), 567 (w), 548 (MBC/MS (EI, 70eV): m/z (%) = 321 (100), 306 (36), 219
(12), 161 (10); HRMS (EI): calculated fopEl1sN3 ([M*]): 321.12605; found: 321.12595.

5-methyt10-propyt5,10-dihydroindolo[3,2b]jindole 15 was
H prepared followinggeneral procedure d4sing compound 14 (100
O )\ N O mg, 0.27 mmol) and-propylamine (68 pL, 0.82 mmol). The product
N was purified by flash  chromatography (silica  gel,
Me

heptan&ichloromehane 5:1) to yield5 (54 mg, 86 %) as a white

solid; m.p. 121122 °C;*H NMR (250 MHz, CDC}) ti 7817 7.71(m, 2H), 73671 7.02(m,

6H), 4.33 (s, 2H), 3.98 (s, 3H), 1.88ek J = 7.3 Hz, 2H), 0.86 (t) = 7.4 Hz, 3H)*C NMR

(63 MHz, CDC§) 0 H1.23, 140.63, 126.54, 125.81, 121.61, 118.15, 117.99, 117.66,
117.51, 114.73, 109.78, 109.53, 46.80, 31.59, 23.65, 11.68; IR (AT%, cm 3 = 3053
2960 (w), 2931 (m), 2874 (w), 1497 (m), 1475 (s), 1466 (m), 1439 (m), 1423 (m), 1406
(m), 1381 (m), 1363 (s), 1298 (m), 1267 (m), 1246 (w), 1225 (s), 1188 (m), 1151 (m),
1132 (m), 1119 (m), 1014 (m), 951 (w), 920 (m), 899 (m), 841 (m), 729 (vs), 675 (m),
660 (m), 644 (m), 590 (m), 575 (m), 567 (m), 544 @Q/MS (El, 70eV: m/z (%) =
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262 (100), 233 (89), 219 (48); HRMS (EI): calculated fagHzsN, ([M*]): 262.14645;
found: 262.14588.

| 5-methyt10-allyl-5,10-dihydroindolo[3,2b]indole 15 was prepared
H following general procedure dsing compound 14 (100 mg, 0.27

O \N O mmol) and allylamine (62 pL, 0.82 mmol). The product was purified

N by flash chromatography (silica géleptanéichloromethane 5:1) to

yield 15 (60 mg, 84 %) as a white solid; m25126 °C:'H NMR

(250 MHz, CDC}) ti  8:08i 7.65 (m, 2H), 7.62 6.95 (m,6H), 6.17i 5.90 (m, 1H), 5.20

4.95 (m, 4H), 4.03 (s, 3H}?*C NMR (63 MHz, CDC}) i 1#41.15, 140.60, 133.49, 126.68,
125.76, 121.75, 121.67, 118.35, 118.16, 117.79, 111.46,67, 115.03, 114.62, 109.84,
109.47, 47.49, 31.60; IR (ATR,¢th: 3 = 3063 (w), 2920 (m),
(m), 1475 (s), 1448 (m), 1433 (m), 1406 (s), 1367 (m), 1352 (m), 1294 (w), 1273 (m),
1246 (m), 1221 (s), 1174 (m), 114@), 1132 (m), 1119 (m), 1061 (w), 1041 (w), 1016
(m), 993 (m), 976 (m), 953 (w), 943 (w), 924 (m), 914 (m), 904 (m), 841 (m), 831 (m),
771 (w), 741 (m), 721 (vs), 663 (m), 598 (m), 584 (s), 565 (m), 544 GE@IMS (EI,
70eV): m/z (%)= 260 (47), 219 (100); HRMS (EI): calculated forg8ieN, ([M™]):
260.13080; found: 260.13081.

5-methyt10-benzyt5,10-dihydroindolo[3,2b]indole 15k  was
@ prepared followinggeneralprocedure 4using compound 14 (100
N mg, 0.27 mmol) and benzylamine (90 uL, 0.82 mmol). The product
O \ O was purified by flash  chromatography (silica  gel,
T heptan&ichloromethane 3:1) to yieltSk (61 mg, 72 %) as a white

solid; m.p. 151152 °C;'H NMR (250 MHz,CDCl) i 7=891i 7.80
(m, 1H), 7.5 7.52(m, 1H), 7.39 7.29 (m, 2H), 7.26 7.06 (m, 8H), 7.05 6.94 (m, 1H),
5.61 (s, 2H), 4.05 (s, 3H)°C NMR (63 MHz, CDCY) i  141.16, 140.87, 137.99, 128.7%
2C), 127.42, 126.58x 2C), 121.90, 121.67118.49, 118.20, 115.10, 114.67, 109.99, 109.46,
48.82, 31.62; IR (ATR, cif) : 3055 =w), 3030 (W), 2935 (w), 1603 (w), 1579 (w),
1495 (m), 1475 (s), 1448 (m), 1431 (m), 1406 (m), 1387 (m), 1360 (m), 1346 (m), 1340
(m), 1317 (m), 1300 (M)L288 (m), 1273 (m), 1246 (m), 1223 (m), 1171 (m), 1149 (w),
1132 (m), 1122 (m), 1099 (w), 1074 (w), 1028 (w), 1014 (m), 978 (m), 849 (w), 766
(W), 731 (vs), 694 (s), 658 (m), 594 (w), 584 (m), 569 (W), 535 GE/MS (El, 70eV):
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m/z (%) = 310 (49), 219 (100); HRMS (EI): calculated fogl@s N, ([M™]): 310.14645;
found: 310.14720.

_0 5-methyt10-(4-methoxybenzytp,10-dihydroindolo[3,2b]indole
Q 15 was prepared fadwing general procedure dsing compound
N 14 (100 mg, 0.27 mmol) and-dhethoxybenzylamine (107 uL, 0.82
O \ D mmol). The product was purified by flash chromatography (silica
T gel, heptanéethylacetate 5:1) to yieltld (74 mg, 79 %) as a white

solid; m.p. 161162 °C;*H NMR (300 MHz, CDC§) i 786
7.78 (m, 1H), 7.54 (d) = 7.9 Hz, 1H), 7.32 (dd] = 8.3, 4.0 Hz, 2H), 7.25 6.95 (m, 6H),
6.741 6.62 (m, 2H), 5.49 (s, 2H), 4.00 (s, 3H), 3.60 (s, 3f0;NMR (75 MHz CDCk) i =
158.98, 141.22, 140.86, 130.15, 128.44, 127.85, 121.91, 121.70, 118.48, 118.26, 117.77,
117.54, 115.14, 114.75, 114.20, 114.07, 110.09, 109.51, 55.26, 48.32, 31.63; IR (AlTR, cm
3 = 3047 (w), 2928 (w), 51(61LIA50 (h)wip37 ()5 1 2
1421 (w), 1404 (m), 1363 (m), 1342 (m), 1311 (w), 1300 (w), 1294 (w), 1271 (m), 1252
(m), 1221 (m), 1171 (m), 1149 (m), 1132 (m), 1120 (m), 1109 (m), 1030 (m), 1014 (m),
984 (w), 957 (w), 926 (w), 843 (n§31 (w), 823 (w), 810 (m), 768 (w), 752 (m), 742
(s), 727 (vs), 665 (w), 656 (w), 642 (m), 629 (w), 592 (m), 577 (w), 565 (w), 534 (m);
GC/MS (EIl, 70eV): m/z (%) = 340 (53), 219 (100), 121 (32); HRMS (EI): calculated for
Ca3H20N20; ([M™]): 340.15701 found:340.15763

5-methyt10-(4-fluorobenzyl}5,10-dihydroindolo[3,2b]indole 15m

F
@ was prepared followingeneral proceduredsing compoundL4 (100
mg, 0.27 mmol) and-fluorobenzylamine (94 uL, 0.82 mmol). The

O \N O product was purified by flash chromatography (silica gel,
heptan&ichloromethane 3:1) to yieltbm (58 mg, 64 %) as a white

solid; m.p. 153154 °C;*H NMR (300 MHz, CDC}) i 780 (d,J =

7.6 Hz, 1H), 7.46 (d) = 7.9 Hz, 1H), 7.28 (t) = 8.5 Hz, 2H), 7.22 6.92 (m, 6H), B3|

6.77 (m, 2H), 5.44 (s, 2H), 3.95 (s, 3H)F NMR (282 MHz, CDGJ) U -%£15.08 (s)°C

NMR (75 MHz, CDC}) Ui  162.20 (d,J = 245.5 Hz), 141.21, 140.8133.82 (dJ = 3.1 Hz),

128.22 (d,J = 8.1 Hz),126.89, 125.71122.06, 121.82, 118.70, 118.36, 117.65, 117.58,

115.72 (d,J = 21.6 Hz), 115.25, 114.64, 109.94, 109.62, 48.11, 31.61; IR (ATR)cm 3 =

3055 (w), 2926 (w), 1606 (m), 1508 (s), 1497 (m), 1473 (s), 1448 (m), 1433 (m), 1423

(m), 1406 (s), 1360n(), 1340 (m), 1296 (w), 1288 (m), 1271 (m), 1244 (m), 1221 (s),
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1171 (m), 1157 (s), 1132 (m), 1122 (m), 1092 (m), 1049 (w), 1014 (m), 978 (m), 957
(w), 930 (w), 920 (w), 843 (m), 814 (s), 779 (w), 729 (vs), 681 (m), 650 (m), 623 (M)
592 (m), 580 (m), 567 (m), 542 (w); GC/MS (El, 70eV): m/z (%) = 328 (44), 219 (100),
109 (9); HRMS (EI): calculated forgH;7NoF; (M *]): 328.13703; found: 328.13740.

CF; 5-methy}t10-(3-(trifluoromethyl)benzyl}5,10-dihydroindolo[3,2
blindole 15n was prepared followinggeneral procedure 4sing
compound 14 (100 mg, 0.27 mmol) and -3

O \N D (trifluoromethyl)benzylamine (118 pL, 0.82 mmol). The product was

N purified by flash chromatgraphy (silica gel,

heptan&ichloromethane 3:1) to yielti5n (62 mg, 60 %) as a white
solid; m.p. 153154 °C;*H NMR (300 MHz, CDC}) ti  7-90i 7.84 (m, 1H), 7.56 7.45 (m,

2H), 7.45i 7.09 (m, 8H), 7.01 (ddd] = 8.0, 7.1, 1.0 Hz, 1H), 5.63 (s, 2H)PA.(s, 3H):**F

NMR (282 MHz, CDCJ) i -62.55 (s);™*C NMR (75 MHz, CDC}) U  1#1.18, 140.83,
139.12, 131.12 (dJ = 32.3 Hz), 129.81, 129.47, 126.96, 125.65, 124.44) (¢,3.8 Hz),
123.99 (q,J = 274.3 Hz), 123.28 (q] = 3.8 Hz), 122.17, 121.85, 189, 118.39, 117.67,
117.35, 115.36, 114.51, 189, 109.6348.46, 31.64; IR (ATR,ci) : 3 = 3055 (w
(w), 1579 (w), 1497 (m), 1473 (m), 1446 (m), 1433 (m), 1406 (m), 1363 (w), 1346 (w),
1327 (s), 1288 (m), 1271 (m), 1246 (m), 1221), (86 (m), 1161 (s), 1153 (s), 1117
(vs), 1092 (s), 1072 (s), 1049 (m), 1014 (m), 1003 (m), 989 (m), 980 (m), 957 (w), 947
(w), 920 (m), 893 (m), 872 (w), 841 (m), 827 (m), 793 (s), 737 (s), 727 (vs), 700 (s),
677 (m), 665 (m), @& (m), 613 (m), 602 (m), 586 (m), 567 (m), 552 (m), 540 (m);
GC/MS (El, 70eV): m/z (%) = 378 (52), 219 (100), 159 (8); HRMS (EI): calculated for
CaaH17N2F3 ([M™]): 378.13383; found: 378.13375.

5-methyl10-phenethyt5,10-dihydroindolo[3,2b]indole 150 was
prepared followinggeneral procedure dsing compoundl4 (100 mg,
0.27 mmol) and phenethylamine (104 uL, 0.82 mmol). The product

N was purified by flash  dematography  (silica  gel,
O \ O heptan&ichloromethane 4:1) to yielti5o (74 mg, 83 %) as a white
| solid; m.p. 138139 °C;'H NMR (250 MHz, CDC}) i 7987 7.88

(m, 2H), 7.62i 6.96 (m, 11H), 4.83 4.59 (m, 2H), 4.15 (s, 3H), 3.34

i 3.15 (m, 2H);**C NMR (63MHz, CDCk) i 1#41.22, 140.46, 138.76, 128.87, 128.71,
126.78, 126.66, 125.39, 121.74, 121.69, 118.32, 118.23, 117.53, 117.46, 114.94, 114.73,
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109.65, 109.59, 47.13, 36.74, 31.63; IR (ATR,'m 3 = 3026 (w), 2929
1477 (s), 1450 (my439 (m), 1423 (m), 1406 (s), 1362 (m), 1348 (s), 1281 (m), 1228

(s), 1203 (m), 1167 (m), 1155 (m), 1132 (m), 1122 (m), 1082 (w), 1016 (m), 999 (m),

850 (w), 829 (w), 742 (s), 727 (vs), 694 (vs), 646 (m), 596 (m), 580 (m), 56B3Rv),

(m); GGMS (El, 70 eV): m/z (%) = 324 (54), 233 (100), 218 (42); HRMS (ESI): calcd. for
CasHaoN> ([M] 7): 324.16265; found: 324.16235.

8.5.3 Synthesis ofy -h -Carbolines

Procedure for prepar ation of 3-(2-bromophenylj2-chloropyridine 17a.

HO.__OH

AN Br B Pd(PPh3)4
| _ + Br > | X
N~ cl NaOH I Br
THF, H,0 N Cl
70 °C
16a 6 17a

3-bromao-2-chloropyridinel6a (1 g, 5.2 mmol), 2oromophenyl boronic aci@ (1.25 g, 6.2
mmol), Pd(PP¥, (300 mg, 260 umol) and sodium hydroxide (624 mg, 15.6 mmol) were
added to 500 mL Schlenk flask. The mixture was Hatdd several times with Argon. To

the mixture 70 mL THF and 10 mL distilled water were added, thenfileezk with argon
several times. The reaction was heated at 70 °C for 4h. The solvent was evaporated

The residue was extracted with dichlorethane and water. The organic layer was dried over
MgSQ,, filtered and the solvent was evaporategacuo The yellow residue was purified by
column chromatography (silica gel, Heptane/ethylacetate 4:1) to yi@dmophenyh2-
chloropyridine 17a (1.19 g, 85 %) as colorless syrdpt NMR (300 MHz, CDC}) i 838

(dd,J = 4.8, 1.9 Hz, 1H), 7.66 7.59 (m, 1H), 7.54 (dd] = 7.5, 2.0 Hz, 1H), 7.33 (td] =

7.6, 1.3 Hz, 1H), 7.29 7.13 (m, 3H);™®C NMR (75 MHz, CDC}) U  150.36, 149.18,
139.84, 18.41, 136.39, 132.88, 130.95, 130.07, 127.42, 123.40, 122.16; IR (AT, cm 3 =
3051 (w), 1576 (m), 1558 (m), 1479 (w), 1441 (m), 1427 (m), 1390 (vs), 1300 (w), 1255 (w),
1242 (w), 1207 (m), 1122 (m), 1103 (s), 1063 (s), 1053 (m), 1026 (m), 997 (s), 945 (w), 802
(m), 781 (m), 748 (vs), 723 (s), 694 (s), 654 (s), 615 (M), 569 (M)(MBEIZC-MS (El, 70

eV): m/z (%) =269 (59), 188 (100), 153 (58), 126(2BIRMS (EI): calcd. for ¢H;N;Br,Cl;
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(IM]1): 266.94449found: 266.94495¢calcd. for G;H/N:2'Br,Cl; ([M]*): 268.94244 found:
268.94288ralcd. for GiH/N1Br;*'Cly ([M] *): 270.93949found: 270.94012

General procedure5 for double C-N coupling with aniline derivatives, exemplified by:
9-phenyt9H-pyrido[2,3blindole 18a

X
Hy szdbaS / dppf EIQ
N N
(IQ © NaO'Bu,Toluene
100 ©C, 5h

17a 8a 18a

Aniline (52 L, 0.56 mmol) was added to pressure tube chargedlwdh(100 mg,0.37
mmol), Pd(dba} (17 mg, 19 umol), ligand ppf (21 mg, 37 umol) and sodiutart-butoxide

(207 mg, 1.12 mmol) under Argon. The mixture was Haldd with Argon several times.

The mixture was dissolved in anhydrous Toluene (10 mL) and heated at id07°G. After
cooling, the reaction mixture was diluted with dichloromethane (20 mL) and filtered through
a celite pad, washing with dichloromethane (40 mL). The filtrate was reduc@tuo The
product was separated via flash chromatography (silicdgptanéethylacetate 3:1) to yield
9-pheny}t9H-pyrido[2,3blindole 18a (84 mg, 92%) as a white solidy.p. 110-111 °C;*H

NMR (250 MHz, CDCY) 4 842 (dd,J = 4.9, 1.6 Hz, 1H), 8.31 (dd,= 7.7, 1.6 Hz, 1H),

8.05 (dt,J= 7.7, 0.9 Hz, 1H), 7.6B 7.48 (m, 4H), 7.47 7.33 (m, 3H), 7.33 7.22 (m, 1H),

7.201 7.10 (m, 1H);*C NMR (63 MHz, CDC) i 151.93, 146.47, 140.11, 136.26, 129.65,
128.28, 127.64, 127.38, 126.93, 120.91, 120.81, 120.71, 116.36, 116.04, 1IRQAIR,

cm?) ;3037 ém), 1591 (s), 1568 (m), 1504 (s), 1473 (s), 1452 (s), 1414 (vs), 1377 (m),
1354 (m), 1335 (s), 1309 (m), 1290 (s), 1228 (s), 1176 (m), 1167 (m), 1115 (s), 1074 (m),
1051 (m), 1026 (m), 997 (m), 970 (m), 958 (m), 951 (m), 937 (M),(36&56 (s), 748 (S),

735 (vs), 715 (m), 692 (vs), 636 (s), 617 (s), 579 (s), 569GEAMS (El, 70 eV): m/z (%) =

243 (100), 122 (17); HRMS (ESI): calcd. for gHNo (M + H]Y): 245.10732 found:
245.10756
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9-(p-tolyl)-9H-pyrido[2,3-b]indole 18b was prepared followinggeneral
procedure 4using17a (100 mg, 0.37 mmol) and-tluidine (60 mg, 0.56
mmol). The product was purified by flash chromatography (silica gel,

| NN heptam/ethylacetate 3:1) to yielti8b (91 mg, 95 %) as a white solid.p.

= 102-103 °C;'H NMR (250 MHz, CDC}) i 840 (dd,J = 4.9, 1.6 Hz,

1H), 8.29 (ddJ = 7.7, 1.6 Hz, 1H), 8.04 (d,= 7.7 Hz, 1H), 7.48 7.29

(m, 6H), 7.28 7.19 (m, 1H), 7.18 7.09 (m, 1H), 2.39 (s, 3H}’C NMR (63 MHz, CDCJ)

a 152.10, 146.50, 140.28, 137.60, 133.56, 130.30, 128.21, 127.25, 126.85, 120.87, 120.71,
120.54, 116.24, 115.87, 110.39, 21.88;(ATR, cm™) : 3839 fw), 2920 (w), 1589 (m),

1568 (m), 1514 (s), 1475 (m), 1456 (s), 1412 (vs), 1377 (m), 1354 (m), 1336 (s), 1311 (m),
1290 (s), 1228 (s), 1219 (s), 1200 (m), 1182 (m), 1169 (m), 1155 (w), 1120 (m), 1109 (m),
1051 (w), 1038 (w), 1018 (m), 99i), 966 (w), 951 (w), 941 (w), 924 (m), 841 (w), 812 (s),
798 (m), 771 (vs), 744 (s), 735 (vs), 714 (s), 702 (s), 646 (m), 633 (s), 617 (M), 577 (s), 571
(s); GC-MS (El, 70 eV): m/z (%) =258 (100), 242 17), 128(9); HRMS (ESI): calcd. for
CigH14N2 ([M + H]): 259.12297found:259.12331

/)

9-(4-(tert-butyl)phenyl}9H-pyrido[2,3blindole 18 was prepared
following general procedure &sing17a (100 mg, 0.37 mmol) and-trt-
butylaniline (83 mg, 0.56 mmol). The product was purified by flash
NoeN chromatography (silica geheptanéethylacetate 3:1) to yield8c (105

= mg, 94 %) as a white solid).p.147-148 °C;*H NMR (250 MHz, CDC})

U 841 (dd,J=4.9, 1.6 Hz, 1H), 8.29 (dd,= 7.7, 1.6 Hz, 1H), 8.06

7.99 (m, 1H), 7.58 7.32 (m, 6H), 7.23 (dddl = 8.1, 6.7, 1.6 Hz, 1H), 7.197.08 (m, 1H),
1.32 (s, 9H)*C NMR (63 MHz, CDC}) i  152.01, 150.43, 146.50, 140.26, 133.51, 128.22,
126.84, 126.77, 126.63, 120.84, 120.72, 3@0116.31, 115.87, 110.55, 34.76, 31.12,;
(ATR, cm?) 2960 £m), 2902 (w), 2868 (w), 1587 (m), 1568 (m), 1520 (s), 1475 (m),
1454 (s), 1414 (vs), 1360 (m), 1335 (s), 1288 (s), 1269 (m), 1228 (s), 1186 (m), 1169 (m),
1153 (w), 1119 (m), 1097 (w), 181m), 997 (m), 930 (m), 833 (m), 825 (m), 800 (w), 769
(vs), 748 (s), 739 (vs), 687 (m), 638 (s), 617 (m), 580 (m), 569 (m), 558Cs\MS (El, 70
eV): m/z (%) =300 (45), 285 (100), 128 (13); HRMS (EI): calcd. forCoHaoNo ([M]7):
300.16210found:300.16183

/
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F 9-(4-fluorophenyl»9H-pyrido[2,3b]indole 18d was preparedollowing
general procedure Bsing17a (100 mg, 0.37 mmol) and-#uoroaniline

(53 pL, 0.56 mmol). The product was purified by flash chromatography

| (silica gel,heptanéethylacetate 3:1) to yielti8d (87 mg, 89 %) as a white
solid; m.p.156-157 °C;*H NMR (300 MHz, CDCY) ti 838 (dd,J = 4.9,

1.6 Hz, 1H), 8.27 (dt) = 5.0, 2.5 Hz, 1H), 8.02 (d,= 7.8 Hz, 1H), 7.5%

7.46 (m, 2H), 7.42 7.29 (m, 2H), 7.28 7.10 (m, 4H) °F NMR (282 MHz, CDG)) ti -=
112.83 (s)°C NMR (75 MHz, CDCJ) i 181.79 (d,J = 247.2 Hz), 152.02, 146.54, 140.17,
132.23 (d,J = 3.1 Hz), 129.23 (dJ = 8.6 Hz), 128.39, 127.08, 121.04, 120.89, 120.83,
116.66 (d,J = 22.8 Hz), 116.35, 116.22, 110.1& (ATR, cni') : 3061 £w), 1589 (m),
1570 (m), 1510 (s), 1475 (s), 1456 (s}14 (s), 1356 (m), 1336 (s), 1294 (s), 1228 (s), 1213
(s), 1173 (s), 1151 (s), 1119 (s), 1092 (s), 1053 (m), 1020 (m), 1012 (m), 997 (m), 964 (m),
953 (m), 941 (m), 931 (m), 924 (m), 899 (w), 870 (w), 856 (w), 833 (s), 816 (s), 798 (m), 769
(vs), 762 (s)746 (s), 737 (vs), 715 (s), 704 (s), 665 (m), 644 (m), 629 (m), 617 (m), 579 (s),
569 (s); GC-MS (El, 70 eV): m/z (%) = 261 (100), 131 (9); HRMS (ESI): calcd. for
Ci7H11FiN, ([M + H]Y): 263.0979 found: 263.09813

F4C 9-(3-(trifluoromethyl)phenyl}9H-pyrido[2,3b]indole 18e was prepared

D following general procedure Gsing 17a (100 mg, 0.37 mmol) and-4
fluoroaniline (53 pL, 0.56 mmol). The product was purified by flash

| chromatography (silica geheptanéethylacetate 3:1) to yieldi8e (87 mg,

89 %) as a white solidn.p. 71-72 °C;'H NMR (300 MHz, CDC)) U =

8.38 (dd,J = 4.9, 16 Hz, 1H), 8.28 (dd) = 7.7, 1.6 Hz, 1H), 8.02 (df,= 7.8, 0.9 Hz, 1H),

7.87 (s, 1H), 7.84 7.76 (m, 1H), 7.68 7.59 (m, 2H), 7.41 7.35 (m, 2H), 7.26 (ddd] =

8.2, 5.4, 2.9 Hz, 1H), 7.207.13 (m, 1H) F NMR (282 MHz, CDGJ)) i -62.70 (s);**C

NMR (75 MHz, CDC) i 151.71, 146.56, 139.59, 136.99, 132.14)(g,32.8 Hz), 130.73

(d,J=1.0 Hz), 130.25, 128.49, 127.28, 124i4723.68 (m, 2xC), 123.83 (4,= 272.6 Hz),

121.31, 121.17, 121.14, 116.66, 116.57, 110IRO(ATR, cm') : 3051 &w), 1612 (W),

1591 (m), 1574 (m), 1497 (m), 1477 (m), 1458 (s), 1410 (s), 1358 (m), 1338 (m), 1321 (s),

1306 (s), 1290 (s), 1275 (s), 1228 (s), 1178 (m), 1167 (s), 1155 (s), 1119 (vs), 1103 (s), 1093

(s), 1068 (s), 1020 (m), 999 (m), 972 (s), 937 (m), @8}, 914 (m), 889 (m), 852 (m), 810

(s), 796 (s), 771 (s), 760 (m), 744 (s), 737 (vs), 715 (m), 694 (vs), 661 (s), 642 (s), 619 (s),

582 (m), 565 (m), 528 (s\3C-MS (El, 70 eV): m/z (%) =311 (100), 243 (11); HRMS

(ESI): calcd. for GgH11F3N2 ([M + H]™): 313.09471found:313.09460
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o—\ 9-(4-methoxyphenyh9H-pyrido[2,3b]indole 18 was  prepared
following general procedure Gsing 17a (100 mg, 0.37 mmol) ang-
anisidine (69 mg, 0.56 mmol). The product was purified by flash
NN chromatography (silica geheptanéethylacetate 2:1) to yield8f (100

= mg, 98 %) as a white solidn.p. 137-138 °C;'H NMR (250 MHz,
CDCl)u 840 (ddJ=4.9, 1.6 Hz, 1H), 8.30 (dd,=7.7, 1.6 Hz, 1H),

8.04 (d,J = 7.7 Hz, 1H), 7.51 7.41 (m, 2H), 7.40 7.30 (m, 2H), 7.29 7.19 (m, 1H), 7.18

i 7.09 (m, 1H), 7.09 7.01 (m, 2H), 3.82 (s, 3H}’*C NMR (63 MHz, CDC}) Ui  159.00,
152.24, 146.51, 140.55, 128.90, 128.73, 128.22, 126.86, 120.86, 120.60, 120.49, 116.17,
115.81, 115.00, 110.30, 55.9& (ATR, cm?’) : 3857 &), 2960 (w), 2935 (w), 2908 (w),
2835 (W), 1589 (m), 1570 (m), 1512 (s), 1477 (m), 1456 (s), 14411d4)p (s), 1358 (m),

1336 (m), 1298 (m), 1288 (s), 1230 (vs), 1190 (m), 1174 (s), 1149 (m), 1117 (s), 1103 (s),
1053 (w), 1028 (s), 999 (m), 962 (m), 951 (m), 939 (m), 930 (m), 918 (m), 847 (w), 827 (s),
814 (m), 798 (m), 769 (vs), 744 (s), 735 (vs), (D1 702 (m), 646 (s), 631 (s), 617 (m), 586

(s), 579 (s), 571 (m), 530 (VEC-MS (El, 70 eV): m/z (%) 274(100), 259(55), 231(25),

168 (10), 115 (9)HRMS (EI): calcd. forC1gH1401N2 ([M]7): 274.11006found:274.10996

S— | 9-(4-(methylthio)phenyl)9H-pyrido[2,3b]indole 18y was prepared
following general procedure Gsing 17a (100 mg, 0.37 mmol) and-4
(methylthio)aniline (69 pL, 0.56 mmol). The product was purified by

/

| flash chromatography (silica gdigptanéethylacetate 2:1) to yield8g

(99 mg, 92 %) as a white solidy.p. 136137 °C;'H NMR (250 MHz,
CDCl) i 840 (ddJ = 4.9, 1.6 Hz, 1H), 8.30 (dd,= 7.7, 1.6 Hz, 1H),

8.04 (dtJ= 7.7, 1.0 Hz, 1H), 7.52 7.36 (m, 6H), 7.31 7.21 (m, 1H), 7.15 (dd] = 7.6, 4.8

Hz, 1H), 2.48 (s, 3H)**C NMR (63 MHz, CDC}) U 150.92, 145.46, 139.03, 137.06,
132.25, 127.27, 126.7(x2C), 125.94, 119.92, 119.78, 119.73, 115.32, 115.05, 109.30,
15.00;IR (ATR, cm?®) : 3039 fw), 2960 (m), 2920 (m), 1626 (w), 1589 (m), 1568 (m),
1500 (s), 1475 (m), 1452 (m), 1437 (m), 1414 (s), 1356 (m), 1335 (m), 1309 (m), 1300 (m),
1290 (s), 1259r), 1228 (s), 1182 (m), 1169 (m), 1151 (m), 1117 (m), 1103 (m), 1090 (s),
1049 (m), 1014 (s), 997 (s), 980 (m), 970 (m), 953 (m), 933 (m), 924 (m), 858 (m), 814 (s),
798 (s), 769 (vs), 735 (vs), 714 (s), 679 (M), 642 (s), 629 (s), 617 (m), 580 (M), 5&m)

MS (El, 70 eV): m/z (%) 290 (100),275(50), 243 (24) HRMS (EI): calcd. foiC1gH14N»S,

(IM]1): 290.08722found:290.08702
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CN 9-(4-cyanophenyBl9H-pyrido[2,3b]indole 18h was preparedollowing
general procedure %using 17a (100 mg, 0.37 mmol) and -4

aminobenzonitrile (66 mg, 0.56 mmol). The product was purified by flash

z
/)
z

| chromatography (silica geheptanéethylacetate 1.5:1) to yieltigh (83

mg, 83 %) as a white solidn.p. 179180 °C;'H NMR (250 MHz,
CDCly) i 838 (dd,J = 4.9, 1.6 Hz, 1H), 8.29 (dd,= 7.7, 1.6 Hz, 1H),

8.03 (d,J = 7.7 Hz, 1H), 481 7.16 (m, 8H); *C NMR (63 MHz, CDC}) i 151.32,
146.45, 140.52, 138.85, 133.45, 128.58, 127.37, 127.28, 121.74, 121.45, 121.28, 118.52,
117.11, 116.85, 110.41, 110.2R (ATR, cm?) : 3057 £w), 2227 (m), 1603 (m), 1591
(m), 1574 (m), 1512 (m), 1487 (w), 1475 (w), 1450 (m), 1410 (s), 1356 (m), 1336 (m), 1311
(w), 1286 (m), 1228 (m), 1217 (m), 1184 (w), 1169 (m), 1155 (w), 1119 (m), 1103 (w), 1057
(w), 1020 (w), 1001w), 960 (w), 953 (w), 945 (w), 928 (w), 856 (m), 833 (m), 823 (m), 800
(W), 789 (w), 773 (m), 766 (s), 744 (m), 735 (vs), 694 (m), 656 (W), 631 (M), 619 (W), 577
(m), 569 (M), 550 (s), 532 (MBC-MS (El, 70 eV): m/z (%) =268 (100), 134 (7); HRMS

(EI): cdcd. for C1gH10N3 ([M] *): 268.08692found:268.08700

General procedure6 for double C-N coupling with chain amine derivatives, exemplified
by: 5-benzyt5H-pyrido[3,2b]indole 18

szdba3 / DPEPhos [ :
N\ N
NaO Bu,Toluene |
100 °C =

17a 18i

To pressure tube charged witida(100mg, 0.37 mmol), Pddba) (17 mg, 19 umol), ligand
DPEPhos (21 mg, 37 pmol) and sodident-butoxide (107 mg, 0.12 mmol) under Argon.
The mixture was backlled with argon several times. The mixture was dissolved in
anhydraus bluene (10 mL)Benzylaming(61 pL, 0.56 mmol) was added to the mixture and
heated at 100 °C for 7 h. After cooling, the reaction mixture was diluted with
dichloromethane (20 mL) and filtered through a celite pad, washing with dichloromethane
(40 mL). The filtrate was reduceth vacw. The product was separated via flash
chromatography (silica geheptanéethylacetate 3:1) to yieldi8 (85 mg, 88 %) as a white
solid; m.p. 98-99 °C;'H NMR (250 MHz, CDC}) ii 841 (dd,J = 4.9, 1.6 Hz, 1H), 8.20
(dd,J=7.7, 1.6 Hz, 1H), 7.98 7.92 (m, 1H), 7.36 7.20 (m, 2H), 7.19 7.01 (m, 7H), 5.58
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(s, 2H) ;°C NMR (63 MHz, CDC}) i 150.65, 145.10, 138.49, 136.25, 127.55, 127.08,
126.26, 125.88, 125.68, 119.92, 119.56, 118.93, 114.79, 114.24, 108.80)RIBVR, cm

) © 3628 @), 2960 (W), 2918 (w), 1626 (w), 1589 (m), 1568 (m), 1483 (s), 1466 (s), 1452
(m), 1431 (s), 1412 (s), 1356 (m), 1348 (m), 1333 (m), 1315 (w), 1292 (m), 1259 (s), 1211
(s), 1194 (m), 1155 (m), 1128 (m), 1119 (m), 1092 (m), 1078 1665 (m), 1053 (m), 1030

(s), 1020 (s), 995 (s), 970 (m), 947 (M), 928 (w), 906 (w), 870 (w), 850 (m), 839 (m), 800 (s),
791 (s), 773 (vs), 748 (s), 729 (vs), 694 (s), 652 (s), 619 (m), 606 (m), 582 (m), 569 (m), 555
(s), 528 (s);GC-MS (EIl, 70 eV): m/z(%) = 257 (100), 181 (34), 91 (45) HRMS (ESI):

calcd. for GgH14N2 ([M + H]¥): 259.12297 found: 259.12298

rl 5-(4-fluorobenzyl}5H-pyrido[3,2blindole 18 was prepared
K©/ following general procedure @6sing17a (100 mg, 0.37 mmol) and

N N 4-fluorobenzylamine (61 pL, 0.56 mmol). The product was purified
| _ by flash chromatography (&b gel, heptanéethylacetate 3:1) to
yield 18 (90 mg, 87 %) as a white solig.p. 103104 °C;'H NMR
(300 MHz, CDC}) 1 843 (dd,J =4.9, 1.6 Hz, 1H), 8.25 (dd,= 7.7, 1.6 Hz, 1H), 8.0R
7.96 (m, 1H), 7.36 (dddl = 8.3, 7.2, 1.2 Hz, 1H), 7.287.07 (m, 5H), 6.89 6.79 (m, 2H),

5.57 (s, 2H) °F NMR (282 MHz, CDGJ)) i -£15.23 (s)*C NMR (75 MHz, CDC) i =
161.07 (dJ = 245.4 Hz), 150.56, 145.15, 138.33, 132.02)(d,3.2 Hz), 127.62 (d]) = 8.1

Hz), 127.20, 125.77, 120.05, 119.63, 119.09, 114.85, 114.4%(d1.6 Hz), 114.39, 108.65,
43.24;IR (ATR, cm?) : 3053 fw), 3034 (w), 2935 (w), 1624 (w), 1587 (m), 1572 (m),
1508 (s), 1481 (m), 1464 (s), 1439 (m), 1416 (s), 1383 (w), 1354138p (m), 1294 (m),
1252 (m), 1217 (s), 1207 (s), 1163 (m), 1128 (m), 1119 (m), 1101 (m), 1061 (m), 1049 (m),
1030 (w), 1020 (m), 1001 (w), 987 (m), 966 (w), 928 (w), 862 (m), 849 (m), 823 (m), 800
(m), 791 (m), 777 (vs), 762 (s), 746 (s), 735 (vs), @), 665 (w), 638 (M), 629 (s), 619
(m), 609 (m), 580 (m), 565 (MBC-MS (EI, 70 eV): m/z (%) =276 (100), 181 (30), 109

(73), HRMS (ESI): calcd. for @H1aFiN2 ([M + H]"): 277.11355found:277.11394

5-(3-(trifluoromethyl)benzyl}5H-pyrido[3,2b]indole 18k was
(©\ preparedollowing general procedure @sing17a (100 mg, 0.37
N N CFs mmol) and 3(trifluoromethyl)benzylamine (80 uL, 0.56 mmol).
| /\ The product was purified by flash chromatography (silica gel,
heptanéethylacetate 3:1) to yieldi8k (109 mg, 90 %) as a white
solid; m.p.81-82 °C;*H NMR (300 MHz, CDC}) i 8=39(dd, J
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=4.9, 1.6 Hz, 1H), 8.21 (dd,= 7.7, 1.6 Hz, 1H), 7.96 (d,= 7.8 Hz, 1H), 7.49 (s, 1H), 7.39

i 7.30 (m, 2H),7.211 7.17 (n, 4H), 7.12i 7.03 (m, 1H), 5.60 (s, 2H}’F NMR (282 MHz,
CDClL) U -62.51 (s);**C NMR (75 MHz, CDC}) U  151.65, 146.29, 139.36, 138.47,
131.04 (qJ = 32.3 Hz), 130.30, 129.26, 128.36, 126.99, 124.38 {43.8 Hz), 124.06 (o]

= 272.4 Hz), 123.89 (q] = 3.8 Hz), 121.23, 120.81, 120.37, 115.99, 115.68, 109.55, 44.61;
IR (ATR, cm?) : 3853 @), 1628 (w), 1591 (m), 1572 (m), 1483 (m), 1466 (m), 1450 (w),
1433 (m), 1416 (s), 1325 (vs), 1296 (m), 1281 (m), 1261 (m), 1217 (m), 1205 (m), 1186 (m),
1157 (s), 1117 (vs), 1097 (s), 1072 (vs), 1022 (m), 1011 (m), 993 (m), 966 (m), 937 (m), 922
(m), 903 (m), 868 (m), 852 (m), 800 (s), 791 (s), 771 (s), 744 (s), 735 (s), 702 (vs), 671 (M),
646 (s), 619 (m), 600 (m), 575 (M), 559 (BC-MS (El, 70 eV): m/z (%) =326 (100),181

(62, 159 (20), 140 (13), 109 (L3HRMS (ESI): calcd. for GHisFsNo ([M + H]Y):
327.11036found:327.11066

N procedure @usingl17a(100 mg, 0.37 mmol) and-propylamine (46 pL,

% 0.56 mmol). The product was purified by flash chromatography (silica
gel, heptanéethylacetate 3:1) to yieltl8l (71 mg, 91 %) as a white liquid;

'H NMR (300 MHz, CDC}) i 838 (dd,J = 4.9, 1.6 Hz, 1H), 8.16 (dd,

J=17.6,1.6 Hz, 1H), 7.97 7.89 (m, 1H), 7.43 7.29 (m, 2H), 7.14 (ddd,= 8.0, 6.9, 1.4 Hz,

1H), 7.01 (dd,) = 7.6, 4.9 Hz, 1H), 4.37 4.26 (m, 2H), 1.90 1.73 (m, 2H), 0.86 () = 7.4

Hz, 3H); °C NMR (75 MHz, CDC}) i 151.61, 145.94, 139.71, 128.03, 126.61, 121.03,

120.44, 119.62, 115.83, 114.86, 109.38, 43.16, 22.32, IRGHTR, cni’) : 3849 &),

2962 (m), 2929 (m), 2874 (w), 1626 (w), 1589 (m), 1570 (m), 1481 (s), 1466 (s), 1443 (m),

1414 (vs), 1381 (m),371 (m), 1360 (m), 1342 (s), 1333 (s), 1313 (w), 1290 (s), 1255 (m),

1219 (s), 1157 (m), 1138 (m), 1128 (m), 1119 (s), 1090 (w), 1068 (m), 1049 (w), 1018 (w),

997 (m), 960 (w), 926 (w), 893 (w), 845 (w), 800 (w), 771 (vs), 748 (s), 733 (vs), 712 (m),

633 M), 619 (m), 580 (m), 561 (MBC-MS (EI, 70 eV): m/z (%) 210 (32),181(100),168

(82), 140 (12), 127 (14)HRMS (El): calcd. forCiHiN, ([M]¥): 210.11515 found:

210.11500

H 5-propyk5H-pyrido[3,2b]indole 18 was preparedfollowing general
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General procedure? for double C-N coupling with diamine derivatives, exemplified by:
1,4-bis(9H-pyrido[2,3b]indol-9-yl)benzenera

NH N
N._ _ClI 2
| A Br Pd,dbas / Dppf
= + —_— >
NaOt-Bu,Toluene
o N N
NH, 110 ~C, 10h =
W
17a 19a 20a

To pressure tube was charged witha (200 mg, 0.75 mmol), 1;diaminobenzen (37 mg,

0.34 mmol), Pgldba} (15 mg, 17 pmol), ligand ppf (19 mg, 34 umol) and sodiutert-
butoxide (195 mg, 2.0 mmol) under Argon. The mixture was {fidleld with Argon several

times. The mixture was dissolved in anhydrous Toluene (10 mL) and heated at 110 °C for 10
h. After cooling the reaction mixture was diluted with dichloromethane (20 mL) and filtered
through a celite pad, washing with dichloromethane (40 mL). The filtrate was renfuced
vacuo The product was separated via flash chromatography (silica gel,
heptan&dichloromethane/ethylacetate 1:1:1) to vyield -hig(9H-pyrido[2,3b]indol-9-
yl)benzene20a (64 mg, 46 %) as a white solidy.p. 307-308 °C; 'H NMR (300 MHz,

CDCl) i 846 (ddJ = 4.8, 1.4 Hz, 2H), 8.34 (di,= 9.4, 4.7 Hz, 2H), 8.09 (d,= 7.7 Hz,

2H), 7.87 (s, 4H), 7.62 (d,= 8.2 Hz, 2H), 7.50 7.37 (m, H), 7.30 (t,J= 7.5 Hz, 2H), 7.25

i 7.16 (m,2H). **C NMR (75 MHz, CDCJ) ii  151.90(x2C), 146.48(x2C), 139.94(x2C),

135.34 (x2C), 128.42(x2C), 128.32(x4C), 127.14(x2C), 121.02 (x4C), 116.61 (x2C),
116.37(x2C), 110.73(x2C); IR (ATR, cm?) : 3845 ém), 2922 (m), 1591 (m), 1572 (m),
1518 (s), 1481 (m), 1450 (s), 1406 (s), 1356 (m), 1338 (s), 1317 (m), 1290 (s), 1228 (s), 1173
(m), 1128 (m), 1120 (m), 1111 (m), 1051 (m), 1018 (m), @99 928 (m), 918 (m), 827 (m),

762 (s), 742 (s), 727 (vs), 700 (s), 642 (s), 619 (m), 579 (m), 567 (m), STAAMS (EI,

70 eV): m/z (%) =410 (100),242 (24), 205 (23), 191 (12)HRMS (El): calcd. forCagH1gN4

([M]7): 410.15260found:410.15147
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9-(6-(9H-indeno[2, Eb]pyridin-9-yl)pyridin-2-yl)-9H-

X
| _ pyrido[2,3blindole 20b was preparedfollowing general
N™ "N °N
_ __ procedure 7using 17a (200 mg, 0.75 mmol) and 2,6
A\ /N N\ y diaminopyridine (37 mg, 0.34 mmol). The product was

purified by flash  chromatography (silica  gel,
heptan&ichloromethane/ethylacetate 1:1:1) to yi@db (70 mg, 50 %) as a white solid;
m.p.236-237 °C;'H NMR (300 MHz, CDCY) i 851 (dd,J = 4.8, 1.5 Hz, 2H), 8.48 8.29

(m, 4H), 8.29 8.21 (m, 2H), 8.13 (dd] = 8.8, 7.1 Hz, 1H), 8.00 (§ = 9.9 Hz, 2H), 7.38

7.14 (m, 6H);*C NMR (75 MHz, CDC}) i 151.36, 149.76, 146.01, 140.02, 139.02,
128.26, 127.54, 121.79, 121.57, 120.37, 117.76, 117.15, 116.61, IR@&R, cm') : 3 =
3047 (w), 2922 (w), 1599 (m), 1591 (s), 1570 (m), 1485 (w), 1450 (vs), 1414 (m), 1400 (vs),
1362 (m), 1340 (m), 1331 (s)286 (s), 1242 (m), 1223 (m), 1209 (m), 1180 (s), 1165 (m),
1155 (m), 1120 (m), 1105 (m), 1095 (m), 1057 (m), 1039 (m), 1026 (m), 999 (m), 985 (w),
974 (w), 968 (w), 957 (w), 943 (m), 933 (M), 922 (m), 849 (w), 796 (m), 764 (vs), 744 (s),
727 (vs), 700 (m)683 (m), 658 (m), 634 (m), 619 (m), 611 (M), 579 (M), 567 (w), 559 (M);
GC-MS (El, 70 eV): m/z (%) =410 (100), 244 (28), 206 (89) HRMS (EI): calcd. for
C27H16N5 ([M]1): 410.14002found:410.13958

Procedure for preparation of 3-bromo-2-(2-bromophenyl)pyridinel7b.

HO.__OH
B B Pd(PPhg), B
N Br NaOH N
THF, H,0
70 °C
16b 6 17b

2,3-dibromopyridinelb (1 g, 4.2 mmol), 2oromophenyl boronic aci@ (1.0 g, 5.1 mmol),
Pd(PPh)4 (244 mg, 211 pmol) and sodium hydroxide (507 mg, 12.7 mmol) were added to
500 mL Sclenk flask. The mixture was badi#tled several times with Argon. To the mixture

70 mL THF and 10 mL distilled water were added, then, {idlekl with argonseveral times.

The reaction was heated at 70 °C for 4h. The solvent was evaporateclio The esidue

was extracted with dichloromethane and water. The organic layer was dried over,MgSO
filtered and the solvent was evaporaitedacuo The yellow residue was purified by column
chromatography (silica gel, Heptane/dichloromethane/ethylacetate thYit)d 3bromao2-
(2-bromophenyl)pyridine 17b (1.27 g, 96 %) as colorless syruftd NMR (300 MHz,
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CDCl) 0 857 (ddJ=4.7, 1.5 Hz, 1H), 7.93 (dd,= 8.1, 1.5 Hz, 1H), 7.6B 7.58 (m, 1H),

7.391 7.32 (m, 1H), 7.29 7.13 (m, 7H);"*C NMR (75 MHz,CDCl) i  147.84, 140.99,

140.46, 132.69, 130.23, 130.08, 127.34, 124.13, 122.46, 121.35; IR (ATRR,cm 3 = 305 ¢
(w), 2920 (w), 2850 (w), 1593 (m), 1568 (m), 1549 (m), 1479 (m), 1437 (m), 1412 (s), 1298

(w), 1269 (w), 1252 (m), 1230 (w), 1211 (w), 1200), 1159 (w), 1124 (m), 1093 (m), 1055

(m), 1024 (s), 1011 (vs), 943 (M), 793 (s), 777 (m), 748 (vs), 723 (s), 694 (m), 681 (s), 650

(m), 615 (s), 561 (m); GBS (El, 70 eV): m/z (%) = 313 (37), 234 (99), 233 (100), 153

(82), 126 (28), 99 (10), 75 (1493 (10), 50 (12); HRMS (EI): calcd. for;@N:Br, (M]"):

310.89398; found: 310.89479; calcd. forl&/N:Br.®Br; ([M]*): 312.89193; found:
312.89233; calcd. for GH/N.'Br, ([M] *): 314.88988; found: 314.89073.

General procedure8 for double C-N coupling with aniline derivatives, exemplified by:
5-phenyt5H-pyrido[3,2blindole 21a

Hy szdbag / dppf Q
N
NaO Bu,Toluene |
10 —
100 °C, 5h N
17b 8a 21a

Aniline (44 pL, 479 umol) was added to pressure tube charged With(100 mg, 0.32
mmol), Pd(dba} (15 mg, 16 umol), ligand ppf (18 mg, 32 umol) and sodiutart-butoxide

(92 mg, 0.96 mmol) under Argon. The mixture was bildd with Argon several times. The
mixture was dissolved in anhydrous Toluene (10 mL) and heated at 100 4Ch fakfter
cooling, the reaction mixture walluted with dichloromethane (20 mL) and filtered through
a celite pad, washing with dichloromethane (40 mL). The filtrate was reduc@tuo The
product was separated via flash chromatography (silica gel,
heptané&lichloromethane/ethylacetate 10:1:d)\ield Sphenyt5H-pyrido[3,2-bJindole 21a

(65 mg, 83%) as a white solidy.p.99-101 °C;:*H NMR (250 MHz, CDC}) ti 850 (ddJ =
4.7,1.3 Hz, 1H), 8.4D 8.30 (m, 1H), 7.60 7.12 (m, 11H)**C NMR (63 MHz, CDC}) i =
142.54, 142.26, 141.54, 136.84, 134.31, 130.04, 127.95, 127.80, 126.79, 122.45, 120.87,
120.83, 120.18, 116.72, 110.0&; (ATR, cmi') : 3853 &m), 1622 (m), 1593 (s), 1574 (m),
1502 (s), 1481 (s), 1452 (s), 1412 (vs), 1371 (m), 1340 (m), 1315 (m),(43QR82 (m),
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1234 (m), 1209 (s), 1178 (m), 1167 (m), 1147 (m), 1119 (m), 1107 (m), 1072 (m), 1026 (m),
1011 (m), 931 (m), 906 (m), 787 (m), 777 (s), 762 (s), 744 (vs), 727 (vs), 698 (vs), 665 (M),
642 (m), 633 (s), 615 (s), 582 (M), 567 (m), 534 @Q-MS (El, 70 eV): m/z (%) =244

(100), 216 (4), 189 (3), 167 (3), 152 (3), 140 (4), 122 (9), 88 (3), 77 (4), 63 (3), 51 (5), 39 (4);
HRMS (EI): calcd. foiCi7H1N2 ([M] ¥): 244.09950; found: 244.09922

F 5-(4-fluorophenyl}5H-pyrido[3,2b]indole 21b was preparedollowing
general procedure 8sing17b (100 mg, 0.32 mmol) and-#uoroaniline
(45 pL, 0.48 mmol). The product was purified by flash chromatography
| (silica gel, heptanédichloromethane/ethylacetate 8:1:1) to yieltb (61

N mg, 73 %) as a white solidn.p. 115117 °C; 'H NMR (250 MHz,
CDCl) u 849 (dd,J = 4.7, 1.3 Hz, 1H), 8.39 8.29 (m, 1H), 7.53
7.32 (m, 4H), 7.31 7.11 (m, 3H), 6.78 6.65 (m, 1H), 6.48 (dddl = 6.7, 5.2, 2.9 Hz, 1H);
% NMR (282 MHz, CDGJ) i -£12.83 (s)°C NMR (63 MHz, CDC}) i  161.79 (dJ =
248.2 Hz), 142.62, 141.6934.45, 132.77, 128.73 (d,= 8.6 Hz), 128.06, 122.38, 120.94,
120.27, 117.24, 116.88, 116.50, 115.61)d, 22.4 Hz), 109.80IR (ATR, cmi’) : 3855 =
(m), 3037 (m), 1620 (m), 1587 (m), 1506 (vs), 1477 (s), 1452 (s), 1412 (s), 1354 (m), 1342
(m), 1311 (¥ 1294 (m), 1281 (m), 1215 (s), 1207 (s), 1169 (s), 1151 (s), 1119 (m), 1105 (m),
1093 (s), 1049 (m), 1034 (m), 1028 (m), 1011 (m), 937 (m), 912 (s), 845 (s), 833 (s), 816 (s),
781 (s), 764 (m), 742 (vs), 727 (vs), 715 (s), 700 (s), 646 (m), 627 (mfsp575 (s), 534
(s), GC-MS (El, 70 eV): m/z (%) =262 (100), 261 (29), 131 (LOHRMS (EI): calcd. for
Ci7H11F1N2 ([M] ): 262.09008found: 262.08948

5-(3-(trifluoromethyl)phenyl}5H-pyrido[3,2b]indole  21c  was
Q/CFS preparedfollowing general procedure 8sing 17b (100 mg, 0.32
mmol) and 3(trifluoromethyl)aniline (60 pL, 0.48 mmol). The
| product was purified by flash chromatography (silica gel,
heptané&lichloromethane/ethylacetate 8:1:1)yield 21c (64 mg, 64
%) as a white solidn.p. 144-146°C; *H NMR (250 MHz,CDCl) U
= 8.54 (dd,J = 4.7, 1.3 Hz, 1H), 8.47 8.29 (m, 1H), 7.84 7.53 (m,5H), 7.52i 7.14 (m,
4H); %F NMR (282 MHz, CDG)) U -62.70 (s);**C NMR (63 MHz, CDC}) i  143.08,
142.52, 141.17, 137.65, 133.96, 132.76](g,33.2 Hz), 130.80, 130.03, 128.26, 124.44)(q,
= 3.6 Hz), 123.61 (q) = 3.6 Hz), 122.75, 121.41, 121.09, 120.39, 116.43, 1066 TR,
cm?) : 3855 &), 3041 (w), 1622 (m), 1606 (w), 1595 (m), 1579 (w), 1498 (m), 1481 (m),
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1456 (s), 1412 (s), 126(m), 1356 (m), 1333 (m), 1309 (s), 1292 (m), 1275 (m), 1232 (m),
1217 (m), 1207 (m), 1182 (s), 1163 (s), 1155 (s), 1117 (vs), 1095 (s), 1074 (s), 1028 (m),
1014 (m), 1001 (m), 966 (M), 945 (m), 935 (m), 928 (m), 918 (m), 906 (m), 854 (w), 810
(m), 802 (3, 791 (m), 781 (s), 760 (W), 744 (vs), 727 (s), 715 (s), 706 (vs), 673 (m), 663 (s),
638 (m), 621 (M), 607 (M), 582 (W), 563 (W), 536 (BC-MS (El, 70 eV): m/z (%) 312

(100), 242 (8)HRMS (EI): calcd. folC1gH11F3N2 ([M] *): 312.08688found:312.086@.

5-(4-methoxyphenyh5H-pyrido[3,2b]indole  21d was prepared
following general procedure 8sing17b (100 mg, 0.32 mmol) ang-

Q anisidine (59 mg, 0.48 mmol). The product was purified by flash

XN chromatography (silica geheptanédichloromethane/ethylacetate 5:1:1)

NG to yield 21d (88 mg, 94 %) as a white solidy.p. 128130 °C:'H NMR

(250 MHz, CDC}) 4 853 (dd,J = 4.7, 1.3 Hz, 1H), 8.48 8.30 (m,

1H), 7.55 (ddJ = 8.3, 1.4 Hz, 1H), 7.5D0 7.21 (m, 6H), 7.11 6.99 (m, 2H), 3.85 (s, 3H);

¥C NMR (63 MHz, CDC)) U 159.13, 142.22, 142.06, 134.81, 129.36, 128.30, 127.90,

122.13, 120.85, 120.59, 120.12, 116.685.22, 109.97, 55.62R (ATR, cm') : 2055=

(W), 2929 (w), 2837 (W), 1620 (m), 1510 (vs), 1479 (m), 1454 (s), 1441 (m), 1414 (s), 1385

(w), 1342 (m), 1313 (s), 1300 (m), 1286 (m), 1242 (s), 1209 (s), 1176 (s), 1149 (m), 1120

(m), 1107 (s), 1066 (m), 1028), 1012 (m), 937 (m), 912 (m), 860 (w), 829 (s), 812 (m), 791

(s), 748 (vs), 729 (vs), 700 (s), 667 (m), 646 (m), 629 (M), 617 (s), 584 (s), SEEAB)S

(El, 70 eV): m/z (%) =274 (100), 259 (55), 231 (13), 230 (15), 229 (14), 115 HRMS

(EI): calked. for C1gH1401N2 ([M] ¥): 274.11006found: 274.11009

/ 55-(3,5-dimethoxyphenyh5H-pyrido[3,2blindole 21e was prepared

o following general procedure 8sing 17b (100 mg, 0.32 mmol) and
Q/ A 3,5-dimethoxyaniline (73 mg, 0.48 mmol). The product was purified
XN by flash chromatography (silica gel,
N heptan&ichloromethane/ethylatate 3:1:1) toyield 21d (88 mg, 94
%) as a white solidm.p.150-152 °C;*H NMR (250 MHz, CDC}) U
=8.58i1 8.41 (m, 1H), 8.33 (dd] = 7.7, 0.7 Hz, 1H), 7.64 (dd,= 8.3, 1.3 Hz, 1H), 7.58
7.12 (m, 4H), 6.57 (d) = 2.2 Hz, 2H), 6.45 (t) = 2.2 Hz, 1H), 3.71 (s] = 9.9 Hz, 6H)*C
NMR (63 MHz, CDC}) U 1861.82, 142.55, 142.26, 141.37, 138.46, 134.17, 127.95, 122.48,
120.82, 120.20, 116.99, 110.33, 104.96, 99.76, 93.72, SREHKTR, cm’) : 3851 &m),
3007 (m), 2970 (m), 2945 (m)926 (m), 2841 (m), 1620 (m), 1605 (s), 1583 (s), 1495 (m),
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1475 (m), 1452 (s), 1425 (s), 1416 (s), 1367 (m), 1342 (m), 1331 (m), 1313 (s), 1296 (s),
1282 (s), 1252 (m), 1223 (m), 1194 (s), 1147 (vs), 1057 (s), 1009 (s), 991 (m), 928 (m), 906
(m), 868 (M),852 (m), 833 (s), 823 (s), 783 (s), 773 (S), 741 (s), 723 (vs), 696 (s), 690 (s),
675 (s), 660 (s), 621 (s), 607 (s), 573 (s), 557 (m), 532GBIMS (El, 70 eV): m/z (%) =

304 (100), 261 (8), 245 (10), 218 (HRMS (EI): calcd. foiCigH1602N, ([M]¥): 304.12063
found:304.12015

CN 5-(4-cyanophenyl5H-pyrido[3,2b]indole 21f was preparedollowing
Q general procedure &sing 17b (100 mg, 0.32 mmol) and -4
aminobenzonitrile (56 mg, 0.48 mmol). The product was purified by
| flash chromatography (st gel, heptan&ichloromethane/ethylacetate
N 4:1:1) toyield 21f (36 mg, 42 %) as a white solidy.p. 162-164°C; *H
NMR (250 MHz, CDC}) i 857 (dd,J=4.7, 1.3 Hz, 1H), 8.41 8.33
(m, 1H), 7.90i 7.81 (m, 2H), 7.71 7.60 (m, 3H), 7.52 7.23 (m, 4H)*C NMR (63 MHz,
CDCl) U 143.51,142.86,141.21,140.63,134.10, 133.45, 128.42, 126.86, 123.12, 121.88,
121.23, 120.49118.10,116.59, 111.02, 1097; IR (ATR, cmi') : 3051 £w), 3007 (w),
2226 (m), 1616 (w), 1601 (s), 1587 (m), 1558 (w), 1506 (s), 1489 (w), 1479 (m), 1454 (m),
1412 (s), 1373 (w), 1354 (m), 1340 (m), 1315 (s), 1290 (m), 1246 (w), 1234 (m), 1221 (m),
1207 (s), 1182 (m), 1169 (m)153 (m), 1136 (m), 1128 (m), 1117 (m), 1107 (m), 1053 (w),
1028 (w), 1014 (m), 978 (w), 968 (w), 953 (w), 935 (w), 916 (m), 885 (w), 841 (s), 783 (s),
748 (vs), 731 (vs), 723 (s), 667 (M), 656 (m), 631 (m), 619 (s), 582 (W), 567 (M), 552 (s), 528
(m); GC-MS (EI, 70 eV): m/z (%) 269 (100), 270 (25), 75 (7), 39 (HIRMS (El): calcd.
for C1gH1:N3 ([M]7): 269.09475found:269.09432

General procedure9 for double C-N coupling with chain amine derivatives, exemplified
by: 5-benzyt5H-pyrido[3,2b]indole 21g

szdba3/DPEPhos g :
x—N
NaO Bu,Toluene |
1) —
100 ~C N

21g

To pressure tube charged witlib (100 mg, 0.32 mmol), Bftba) (15 mg, 16 umol), ligand
DPEPhos (17 mg, 32 umol) and soditent-butoxide (92 mg, 0.96 mmol) under Argon. The
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mixture was bacHilled with argon several times. The mixture was dissolved in anhydrous
toluene (10 mL)Benzylaminedi (52 uL, 0.48 mmol) was added to the mixture and heated at
100 °C for7 h. After cooling, the reaction mixture was diluted with dichloromethane (20 mL)
and filtered hrough a celite pad, washing with dichloromethane (40 mL). The filtrate was
reducedin vacuo The product was separated via flash chromatography (silica gel,
heptan&dichloromethane/ethylacetate 5:1:1)yteld 21g (76 mg, 92 %) as a white soliaf.p.
137-139°C; *H NMR (250 MHz, CDCJ) ti 843 (dd,J = 4.7, 1.2 Hz, 1H), 8.32 (d,= 7.7

Hz, 1H), 7.45 7.30 (m, 2H), 7.28 7.01 (m, 6H), 6.93 (dd]) = 6.7, 2.6 Hz, 2H), 5.26 (s,
2H); C NMR (63 MHz, CDC)) i  #0.82, 140.75, 140.27, 135.40, 132.91, 127.78,
126.80, 126.62, 125.25, 121.08, 119.82, 119.07, 118.93, 114.75, 108.14)REASBR, cm

) © 3051 fw), 3028 (w), 2926 (w), 1622 (m), 1603 (w), 1589 (m), 1576 (w), 1558 (W),
1495 (m), 1483 (m), 1458 (s)1450 (s), 1414 (s), 1373 (m), 1356 (w), 1335 (s), 1319 (s),
1281 (w), 1263 (w), 1242 (m), 1211 (m), 1194 (s), 1178 (m), 1149 (m), 1132 (m), 1117 (m),
1080 (m), 1057 (w), 1047 (w), 1028 (m), 1012 (m), 999 (w), 972 (w), 962 (w), 937 (w), 912
(w), 845 (m),802 (w), 789 (m), 781 (s), 742 (vs), 731 (vs), 721 (vs), 694 (s), 644 (m), 621
(m), 600 (M), 584 (m), 567 (m), 557 (M), 536 (NGCMS (El, 70 eV): m/z (%) 258 (88),

181 (5), 167 (8), 91 (10039 (9); HRMS (EI): calcd. fo€1gH14N> ([M]7): 258.11515found:
258.11534

N 5-(4-methoxybenzytpH-pyrido[3,2blindole 21h was prepared

(©/ following general procedure @ing compoundl7b (100 mg, 0.32
mmol) and 4methoxybenzylamine (63 pL, 0.48 mmol). The

| > product was purified by flash chromatography (silica gel,
heptanéichloromethane/ethylacetate 3:1:1) yield 21h (60 mg,
65 %) as a white solidn.p.124-126°C; *H NMR (300 MHz, CDC}) i 842 (di, J = 4.7,
1.3Hz, 1H), 8.36i 8.28 (m, 1H), 7.48 7.31 (m, 2H), 7.30 7.07 (m, 3H), 6.88 (tJ=5.8
Hz, 2H), 6.68i 6.58 (m, 2H), 5.22 (s, 2H), 3.57 (s, 3HJC NMR (75 MHz, CDC) ti =
159.15, 141.92, 141.77, 141.37, 134.01, 128.51, 127.90, 127.71, 1220194,1120.12,
120.02, 115.94, 114.27, 109.30, 55.24, 46IBXATR, cm’) : 3 = 2931 (w), 28
(m), 1610 (m), 1583 (m), 1512 (s), 1485 (s), 1460 (s), 1443 (m), 1412 (s), 1377 (m), 1354
(w), 1323 (s), 1308 (s), 1246 (vs), 1211 (m), 1203 (m), A$941178 (s), 1155 (m), 1134
(m), 1113 (s), 1059 (w), 1034 (s), 1009 (m), 984 (m), 962 (M), 939 (w), 864 (w), 845 (s), 837
(m), 820 (m), 791 (s), 775 (s), 746 (vs), 727 (vs), 708 (s), 665 (m), 640 (m), 625 (s), 600 (s),
582 (m), 565 (m), 540 (si3C-MS (El, 70 eV): m/z (%) 288 (29), 242 (3), 167 (8), 140 (5),
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121 (100), 91 (7), 78 (10), 77 (9); HRMS (EI): calcd. ©rgH16N,0;1 ([M]): 288.12571
found:288.12541

5-phenethyt5H-pyrido[3,2b]indole 21i was preparedollowing general
procedure 9using compound 17b (100 mg, 0.32 mmol)and 2
phenylethylamine (60 uL, 0.48 mmol). The product was purified by flash
N chromatography {ca gel, heptané&dichloromethane/ethylacetate 5:1:1)

NT toyield 21 (67 mg, 77 %) as a white solid).p.61-63°C; 'H NMR (300

MHz, CDCkL) U 838 (dd,J = 4.7, 1.3 Hz, 1H), 8.29 (d,= 7.7 Hz, 1H),

7.38 (dddJ=8.2, 7.1, 1.2 Hz, 1H), 7.287.13 (m, 3H), 7.13 6.96 (m, 4H), 6.96 6.82 (m,

2H), 4.30 (t,J = 7.2 Hz, 2H), 2.93 (tJ = 7.2 Hz, 2H);"*C NMR (63 MHz, CDC)) i =
141.61, 141.46, 140.80, 138.37, 133.73, 128.73, 128.66, 127.66, 126.76, 122.05, 120.91,
119.88, 119.75, 115.45, 108.91, 44.82, 35IR7ATR,cmi’) : 3 = 3051 (w), 30
(w), 3001 (w), 2964 (w), 2939 (w), 2922 (w), 1622 (m), 1603 (w), 1587 (m), 1562 (w), 1483
(s), 1462 (s), 1452 (s), 1414 (vs), 1377 (m), 1360 (M), 1342 (s), 131248 (w), 1223 (s),

1200 (m), 1186 (s), 1151 (m), 1132 (m), 1122 (m), 1080 (m), 1065 (w), 1049 (w), 1028 (m),
1009 (m), 974 (w), 962 (w), 939 (w), 926 (w), 881 (w), 856 (w), 839 (w), 791 (m), 777 (m),
764 (w), 742 (vs), 727 (vs), 696 (vs), 642 (w), 6&8,(613 (m), 606 (m), 590 (m), 582 (w),

565 (w), 548 (m), 540 (MBC-MS (El, 70 eV): m/z (%) 272 (23), 181 (100), 154 (5), 127

(12), 91 (5), 78 (B HRMS (EI): calcd. foiCigH16N, ([M] *): 272.13080found: 272.13063

Synthesis ofl,4-bis(5H-pyrido[3,2b]indol-5-yl)benzene22

N=
i

N
Pd2dba3/ Dppf
NaO Bu,Toluene N
100 °C =
\
N
17b 19a 22

A pressure tube was charged withib (200 mg, 0.64 mmol), 1;diaminobenzea (34 mg,
0.32 mmol), Pd(dba} (12 mg, 13 pmol), ligand ppf (14 mg, 26 umol) and sodiutert-
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butoxide (147 mg, 1.53 mmol) under Argon. The mixture was-fileld with Argon several
times. The mixture was dissolved in anhydrtalsene (10 mL) and heated at 100 °C for 10

h. After cooling, the reaction mixture was diluted with dichloromethane (20amd filtered
through a celite pad, washing with dichloromethane (40 mL). The filtrate was renfuced
vacuo The product was separated via flash chromatography (silica gel,
heptan&dichloromethane/ethylacetate 1:1:1) to vyield -hig(5H-pyrido[3,2b]indol-5-
yl)benzene22 (52 mg,40 %) as a white solidn.p.277-279°C; *H NMR (250 MHz, CDC})

U 87671 8.33 (m, 4H), 7.96 7.06 (m, 14H):*C NMR (63 MHz, CDC}) U  142.02,
141.51, 140.20, 137.74, 132.99, 127.24, 124.84, 121.75, 120.36, 120.12, 119.37, 115.61,
108.83;IR (ATR, cmi') : 3953 fw), 1620 (w), 1595 (m), 1585 (m), 1576 (m), 1497 (s),
1475 (m), 1450 (s), 1408 (s), 1373 (w), 1362 (w), 1340 (m), 131536F (s), 1288 (m),
1263 (m), 1238 (w), 1215 (m), 1203 (s), 1178 (m), 1155 (m), 1120 (m), 1111 (m), 1101 (m),
1090 (m), 1049 (m), 1026 (m), 1012 (m), 968 (w), 922 (m), 903 (w), 877 (w), 850 (w), 810
(m), 800 (m), 779 (s), 742 (vs), 727 (vs), 700 (s), 67), 648 (m), 631 (m), 619 (s), 584
(m), 567 (m), 536 (M)C-MS (El, 70 eV): m/z (%) = 410 (100), 242 (28), 205)(HRMS

(ESI): calcd. for GgHigN4 ([M + H]"): 411.16042; found: 411.15977.

8.5.4 Synthesis and Properties of 5,7-Dihydropyrido[3,2 -b:5,6-b']diin doles

Procedure for preparation of 2,3,5,6tetrabromopyridine

Bry, AcOH
AN rz, AC Br XN Br NaNO,, HBr Br N Br
. — [ >
H,N™ "N” "NH, 0 °C to room temp. H,N~ N7 ONH, © °C to room temp. Br N" D Br

To solution of pyridine2,6-diamine (10.9 g, 100 mmol) in 200 mL glacial acetic acid was
dropwisedadded11.4 mL bromine (220 mmaj O °C. Therthe temperature was raised to
room temperature and the mixture was stirred for 5h. The reaction mixture was treated with
agueous N#&GO; solution to remove residaeof bromine. The mixture was neutralized with
NaOH to pH 89. The brown solid (22 g, 83%) wastaimed after filtering, washing with
water and dryingn vacuo



General procedures and spectroscopic data 133

To solution of 3,&dibromopyridine2,6-diamine (10 g, 37.5 mmol) in 30 mL 48 % HBr was
dropwisedaddedsaturate aqueous NaMN(@0.7 g, 300 mmol) solutionaB e C .warésf t e r
the reaction mixture was stirred the same temperature for 2h, then, the temperature was
raised to room temperature and keptddditional2h. The solution was neutralized to pF98

by NaOH then extracted with ethylacetate. The organic layer was edlledtied over
MgSQO,, filtered and evaporatedn vacuo The mixture was separated over column
chromatography (silica geheptanéichloromethane 5:1) to yield 2,3,5@trabromopyridine

23 (3 g, 20%) as white crysglm.p. 172174 °C:'H NMR (300 MHz, CCl3) 0 7599 (s,

1H); *3C NMR (63 MHz, CDC§) i  145.32 (s), 140.60 (s), 123.01 (s); IR (ATR,dm: 3 =
3084 (m), 3036 (m), 1529 (m), 1502 (s), 1362 (vs), 1352 (vs), 1288 (s), 1277 (s), 1238 (m),
1213 (m), 1149 (vs), 1136 (s), 1016 (vs), 945 (m), 93] &7 (vs), 833 (m), 806 (m), 798

(m), 781 (m), 704 (s), 656 (s), 648 (s); BLS (EIl, 70 eV): m/z (%) = 395 (100), 314 (42),

235 (26), 154 (13), 75 (42); HRMS (EI): calcd. fosHaN1Brs®'Br ([M] *): 392.6815; found:
392.68185; calcd. for 4E1N:Br.>'Br, ([M]*): 394.67961; found: 394.67983; calcd. for
CsH1N:Br:®'Brs ([M] 1): 396.67756; found: 396.67761.

General procedure for preparation of 3,5-dibromo-2,6-bis(2bromophenylpyridine 24.

HO.__OH
Bre_xBr B Pd(PPhs),
o -
Br” “N” “Br NaOH
THF, H,0
70 °C
23 6 24

2,3,5,6tetrabromopyridine23 (1 g, 2.5 mmol), zbromophenyl boronic acié (1.1 g, 5.5
mmol), Pd(PP$)4 (73 mg, 63 pmol) and sodium hydroxide (608 mg, 15.2 mmol) were added
to 500 mL Schlenk flask. The mixture was bditled several times with Argon. To the
mixture 70 mL THF and 10nL distilled water were added, then, bdiled several times
with argon The reaction was heated at 70 °C for 4h. The solvent was evaporagsuiio

The residue was extracted with dichloromethane and water. The organic layer was dried over
MgSQ,, filtered and the solvent was evaporategtacuo The yellow residue was purified by
column chromatography (silica gel, Heptane/ethylacetate 10:1) to $jBldibromo2,6-
bis(2-bromophenyl)pyridin@4 (1.1 g, 80 %) as white solid; m.p. 747 5 H NOMR (300
MHz, CDCE) U 824 (s, 1H), 7.58 (d] = 8.0 Hz, 2H), 7.37 7.25 (m, 4H), 7.20 (dd] =

8.4, 7.3 Hz, 2H)*C NMR (63 MHz, CDC}) i  156.75, 143.78, 139.78, 132.75, 130.33
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(x2C), 127.37, 122.50, 120.43; IR (ATR,&n: 3 = 2922 ( m) 1522@)50 ( m)
1477 (m), 1470 (m), 1441 (m), 1427 (m), 1406 (s), 1348 (m), 1329 (m), 1284 (m), 1275 (w),
1265 (m), 1240 (m), 1194 (m), 1117 (m), 1041 (s), 1024 (s), 1005 (s), 984 (m), 951 (m), 889

(s), 870 (m), 850 (m), 756 (vs), 725 (s), 692 (s), 683 (s),(8H0646 (M), 631 (S), 596 (M),

532 (m); GGMS (El, 70 eV): m/z (%) = 547 (21), 468 (73), 227 (100), 193 (10), 113 (13), 75

(11); HRMS (EI): calcd. for §HgN1Brs ([M]7): 542.74630; found: 542.74628; calcd. for
Ci7HoN1Bra*'Bry ([M]1): 544.74425; found: 3474445; calcd. for GHoN1Br.>'Bry (IM]™):
546.74221; found: 546.74277; calcd. for7duN:Bri®'Brs ((M]"): 548.74016; found:
548.74086; calcd. for GHoN.¥'Brs ([M] *): 550.73811; found: 550.73897.

General procedurel0 for double C-N coupling with aniline derivatives, exemplified by:
5,7-diphenyt5,7-dihydropyrido[3,2b:5,6-b']diindole 25a

Pd.dbas / dppf Q Q

— NN
NaO?Bu,Toluene |
—
D
24 8a 25a

Aniline (0.1 mL, 1.09 mmol) was added &pressure tube charged wig4 (100 mg, 0.18
mmol), Pd(dba} (8 mg, 9 pumol), ligand Ppf (10 mg, 18 pmol) and sodiutert-butoxide

(105 mg, 1.09 mmol) under Argon. The mixture was Héldd with Argon several times.

The mixture was dissolved in anhydrous toluene (10 mL) and heated at 100 °C for 7 h. After
cooling, the reaction mixture was diluted with dichloromethane (RPand filtered through

a celite pad, washing with dichloromethane (40 mL). The filtrate was reduc@tuo The
product was separated via flash chromatography (silica gel,
heptané&lichloromethane/ethylacetate 10:1:1) to yi2h (62 mg, 83%) as a whitsolide;

m.p. 298300 °C:*H NMR (300 MHz, CDCJ) i 869 (d,J = 7.2 Hz, 2H), B3i 7.55 (m,

9H), 7.501 7.38 (m, 8H);**C NMR (75 MHz, CDC}) ti 1#42.35 137.85 137.31 134.32
130.26 127.86 127.09 126.71 122.55 121.08 120.78 109.80 96.93; R (ATR, cnmi') : 3 =
3036 (M), 2926 (w), 2852 (w), 1591 (s), 1497 (s), 1479 (m), 1454 (s), 1435 (m), 1404 (s),
1387 (s), 1313 (m), 1242 (s), 1205 (m), 1188 (s), 1178 (s), 1155 (m), 1144 (m), 1103 (m),
1074 (m), 1039 (m), 1028 (m), 1011 (m), 939 (m), 924 @4y, (m), 829 (m), 760 (m), 739

(s), 729 (s), 692 (vs), 667 (M), 638 (s), 623 (m), 615 (s), 582 (s), 567 (M), SE(K)S

(El, 70 eV): m/z (%) =409 (100), 332 (8), 204 (LAMRMS (ESI): calcd. for HooN3 ([M +
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H]"): 410.16517; found: 4101651Ralcd. for GoHaoNsNa ([M + NaJ): 432.14712; found:
432.14744.

5,7-Bis(4-(tert-butyl)phenyl}5,7-dihydropyrido[3,2b:5,6-
b'ldiindole 25b was preparedfollowing general procedure 10
using compound 24 (100 mg, 0.18 mmol) and -dert-

N N butyl)aniline (118 mg, 1.09 mmol). The product was purified
O | N~ O by flash chromatography (silica gel,
heptan&ichloromethane/ethylacetate 8:1:1) to yi@gb (80
mg, 84%) as a white solide; m.p. 3379 °C; *H NMR (300 MHz, CDC§) i 864 (d,J =
7.5 Hz, 2H), 7.68 7.59 (m, 5H), 7.56 7.35 (m, 10H), 1.42 (s, 18H)*C NMR (63 MHz,
CDCl) U 150.65 142.37 138.0Q 134.61 134.27 126.96 126.72 126.46 122.68 120.65
120.37 109.76 96.77 34.80 31.39; IR (ATR,crif) : 3 = 2958 (m), 2902 (
(m), 1518 (m), 1479 (w), 1456 (s), 1408 (m), 1392 (m), 1363 (m), 1350 (w), 1325 (w), 1309
(m), 1290 (w), 1261 (m), 1242 (s), 1207 (m), 1188 (m), 1169 (m), 1153 (m), 1147 (m), 1105
(m), 1036 (m) 1011 (m), 951 (w), 937 (w), 928 (w), 893 (w), 850 (m), 841 (m), 822 (m), 800
(m), 785 (m), 741 (vs), 729 (vs), 706 (m), 660 (m), 640 (m), 625 (m), 592 (w), 561 (s); GC
MS (El, 70 eV): m/z (%) = 521 (100), 491 (9), 253 (15), 217 (93), 172 (21); HRMS (EI):
calcd. for G7HasN3 ([M] 1): 521.28255; found: 521.28186.

5,7-Bis(3,5dimethylphenyl}5, 7-dihydropyrido[3,2b:5,6-
b']diindole 25c was prepared followingeneral procedure
N N 10 using compond 24 (100 mg, 0.18 mmol) and 3,5
—

O | \ O dimethylaniline (175 pL, 1.09 mmol). The product was
purified by flash chromatography (silica gel,

heptan&ichloromethane/ethylacetate 8:1:1) to yi@et (72 mg, 85%) as a white solide;

m.p. 306308 °C; 'H NMR (300MHz, CDCk) i 853 (d,J = 7.6 Hz,2H), 7.48 (s,1H),

7.417 7.26 (m,6H), 7.11 (s4H), 7.00 (s2H), 2.32 (s12H); *C NMR (75 MHz, CDCY) ti =

142.23, 139.85, 138.03, 137.20, 134.29, 129.32, 126.73, 124.49, 122.76, 120.70, 120.38,
109.80, 96.90, 21.31R (ATR,cm’) : 3 = 3045 (w), 2914 (m), 28
1456 (s), 1435 (m), 1417 (m), 1404 (s), 1387 (m), 1373 (m), 1311 (m), 1298 (m), 1242 (s),

1190 (s), 1153 (m), 1138 (m), 1105 (m), 1011 (m), 916 (m), 864 (m), 843 (s), 785 (m), 741

(vs), 725 (vs), 708 (s), 698 (s), 631 (m), 588 (m), 575 (m), 557 (MMSCEI, 70 eV): m/z
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(%) = 465 (100), 233 (12), 79 (7); HRMS (EI): calcd. fogt@/Ns ([M]): 465.21995;
found: 465.21908.

F F 5,7-Bis(4-fluorophenyl)-5, 7-dihydropyrido[3,2b:5,6-b']diindole

Q 25d was prepared followinggeneral procedure 1Qusing

compound24 (100 mg, 0.18 mmol) and#uoroaniline (104 pL,

N N

1.09 mmol). The product was purified by flash chromatography

A
O N7 O (silica gel, heptan&dichloromethane/ethylacetate 8:1:1) to yield

25d (54 mg, 66 %) as a white solide; m.p. 3380 °C; 'H NMR

(300 MHz, CDC}) Ui = 8.53 (d,J = 7.3 Hz, 2H), 7.48 7.28 (m, 9H), 7.27 7.17 (m, 6H);

3¢ NMR (75 MHz, CDCY) 4 162.03 (dJ = 248.1 Hz), 142.62 , 138.39 , 134.62 , 133.36

(d,J = 3.1 Hz), 129.20 (d] = 8.6 Hz), 127.24 , 122.94 , 121.00 , 120.96 , 117.44 ¥22.8

Hz), 109.69, 96.18; IR (ATR,cm : 3 = 3053 (w), 2918 (w), 28.
1481 (m), 1456 (s), 1406 (s), 1390 (m), 1311 (s), 1244 (s), 1221 (s), 1192 (s), 1173 (s), 1155

(s), 1113 (m), 1101 (s), 1041 (m), 1011 (m), 935 (m), 889 &8H (s), 812 (s), 800 (m), 744

(vs), 723 (vs), 700 (m), 671 (m), 661 (M), 640 (m), 619 (m), 573 (s), 565 (s), 536 (B)SGC

(El, 70 eV): m/z (%) = 445 (100), 222 (10), 95 (8); HRMS (EI): calcd. fasHGN3F,

(IM]1): 445.13851; found: 445.13827.

CF3 5,7-Bis(3-(trifluoromethyl)phenyl)}5, 7-dihydropyrido[3,2
Q QCF3 b:5,6-bldiindole 25 was prepared followinggeneral
\ SN procedure 1@ising compound24 (100 mg, 0.18 mmol) and
| _ 3-(trifluoromethyl)aniline(137 pL, 1.09 mmol). The product
O N O was purified by flash chromatography (silica gel,

heptan&ichloromethane/ethylacetate 8:1:1) to yi2k (70
mg, 70 %) as a white solide; m.p. 2889 °C; 'H NMR (300 MHz, CDC}) i 849 (d,J =
7.7 Hz, 2H), 7.81 (s, 2H), 717 7.63(m, 6H), 7.47i 7.26 (m, 7H):**F NMR (282 MHz,
CDCl) U -62.78;°C NMR (63 MHz, CDC}) ii 141.71, 138.69, 137.91, 133.61, 132.80
(g, J = 33.2 Hz), 130.85, 129.97, 127.30, 124.35)¢; 3.6 Hz), 123.65 (q) = 3.9 Hz),
123.53 (q,J = 272.7 Hz), 123.01, 121.25, 120.92, 109.38, 96.01; IR (ATR)cm 3 = 30 6 1
(w), 2928 (w), 2854 (w), 1591 (m), 1495 (m), 1485 (m), 1460 (s), 1404 (s), 1387 (m), 1354
(m), 1344 (m), 1323 (s), 1309 (s), 1279 (m), 1271 (m), 1244 18P, {s), 1173 (s), 1155 (s),
1115 (vs), 1097 (s), 1070 (s), 1041 (m), 1012 (m), 1003 (m), 962 (m), 931 (w), 918 (m), 904
(m), 854 (m), 849 (m), 800 (s), 746 (s), 727 (s), 708 (vs), 700 (vs), 669 (m), 661 (s), 646 (M),
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609 (W), 582 (M), 538 (M): GEIS (EI, 70 eV): m/z (%) = 545 (100), 273 (22); HRMS (EI):
calcd. for GiH17N3 ([M] *): 545.13212; found: 545.13199.

O/ o— 5,7-Bis(4-methoxyphenyb5, 7-dihydropyrido[3,2b:5,6-
b'ldiindole 25f was prepared followingeneral procedure 10
Q using compound 24 (100 mg, 0.18 mmol) and-gnisidine
N XN (135 mg, 1.09 mmol). The product was purified by flash
O | NT O chromatography (silica gel,
heptan&ichloromethane/ethylacetate 5:1:1) to yiQ& (80

mg, 93 %) as white solide; m.p. 30802 °C; 'H NMR (300 MHz, CDC}) i 867i 8.58

(m, 2H), 7.49i 7.30 (m,11H), 7.14i 7.04 (m,4H), 3.90 (sgH); *C NMR (75 MHz, CDC})

0 159.19, 142.89, 138.11, 134.99, 130.05, 128.70, 126.91, 122.84, 120.81, 120.47, 115.51,
109.78, 96.35, 55.80; IR (ATR, ¢th: 3 = 3047 (m), 2951 (m), 2
(w), 1589 (m), 1510 (s), 1477 (m), 1456 (s), 1441 (s), 1408 (s), 1392 (m), 1315 (m), 1298

(m), 1279 (m), 1242 (vs), 1211 (m), 1190 (s), 1180 (s), 1144 (s), 1113 (3)()1Q032 (s),

1007 (m), 953 (m), 928 (m), 887 (m), 835 (s), 825 (s), 810 (m), 793 (m), 742 (vs), 733 (s),

727 (s), 671 (m), 660 (m), 642 (m), 619 (m), 584 (s), 575 (s), 542 (SMSCEI, 70 eV):

m/z (%) = 469 (100), 291 (27), 43 (57); HRMS (EI): calddr CzH,30:N3 ([M]7):

469.17848; found: 469.17813.

\ / 5,7-Bis(3,5dimethoxyphenyb5, 7-dihydropyrido[3,2
o ° © o b:5,6-bldiindole 253 was prepared followinggeneral
/ Q D/ h procedure 1@sing compound24 (100 mg, 0.18 mmol)
N x—N and 3,5dimethoxyaniline (168 mg, 1.09 mmol). The
O | NT O product was purified by flash chromatography (silica gel,
heptan&ichlorometlane/ethylacetate 4:1:1) to yielbf

(92 mg, 95 %) as a white solide; m.p. 2281 °C; *H NMR (300 MHz, CDC)) U 866 (d,J

= 6.6 Hz, 2H), 7.74 (s, 1H), 7.46 (dib>= 26.3, 6.9 Hz, 6H), 6.75 (d,= 1.9 Hz, 4H), 6.57 (s,

2H), 3.84 (s, 12H)**C NMR (75MHz, CDCkL) Ui 161.94, 142.13, 134.11, 127.38, 121.43,

120.89, 110.03, 105.08, 100.05, 55.67; IR (ATR;'tm 3 = 3066 ( w) , 2999
2841 (w), 1740 (w), 1595 (vs), 1477 (s), 1462 (s), 1446 (m), 1423 (m), 1404 (m), 1346 (m),
1311 (m), 1300 (m)1292 (s), 1234 (s), 1201 (vs), 1190 (s), 1151 (vs), 1142 (s), 1065 (s),

1055 (m), 827 (s), 741 (s), 733 (s), 708 (M), 690 (s), 579 (WMSGEI, 70 eV): m/z (%) =
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529 (100), 471 (10), 207 (6); HRMS (EI): calcd. foss@70sN3 ([M] ): 529.19961; found:
529.19898.

> < 5,7-Bis(4-(N,N-diethylamino)phenyh5, 7-
/N N=\ | dihydropyrido[3,2b:5,6-b']diindole 25h was prepared
Q following general procedure 10sing compound?24 (100
mg, 0.18 mmol) and NN-diethylbenzene,4-diamine
‘NIIN' (182 pL, 1.09 mmol). The product was purified by flash
O N O chromatography (silica gel,

Heptane/dichloromethane/ethylacetate 5:1:1) to yRdd
(70 mg, 69 %) as a brown solidy.p. 222223 °C;'H NMR (300 MHz, CDC}) i 8581
8.49(m, 2H), 7387 7.23(m, 11H), 6.72 (dJ = 9.0 Hz, 4H), 3.35 (q] = 7.0 Hz, 8H), 1.15 (t,
J=7.1 Hz, 12H);**C NMR (75 MHz, CDC}) ti  147.30, 143.08, 137.58, 135.22, 128.41,
126.38, 124.72, 122.48, 120.44, 119.79, 112.29, 109.75, 96.57, 44.50,IRAATR, cm):
3 = 3043 (w), 29638 (m), 2929 (m), 2897
1520 (vs), 1477 (m), 1460 (s), 1448 (m), 1394 (m), 1373 (m), 1354 (s), 1323 (m), 1309
(s), 1269 (s), 1240 (s), 1192 (s), 1149 (s), 1{)01119 (m), 1109 (m), 1097 (m), 1074
(m), 1047 (m), 1032 (m), 1007 (m), 930 (m), 922 (m), 885 (m), 841 (m), 823 (m), 812
(s), 793 (m), 785 (m), 750 (vs), 742 (s), 731 (vs), 725 (s), 696 (m), 656 (m), 640 (M),
621 (m), 561 (s)536 (s); GEMS (El, 70 eV): m/z (%) = 551 (100), 507 (15), 463 (13),
268 (7), 69 (20), 44 (59); HRMS (ESI): calcd. fog#3:Ns (M + H]"): 552.31217; found:
552.31208; calcd. for £Ha/NsNa ([M + NaJ): 574.29412; found: 574.2944.
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General procedure 11 for double C-N coupling with alkyl amine derivatives,
exemplified by: 5,7-dihepty}5, 7-dihydropyrido[3,2b:5,6-b"]diindole 25i

H,oN

Pd2db33 / DPEPhos

" — N NN
NaOtBu, Toluene |
=
e SO

24 8i 25i

To pressure tube charged wizd (100 mg, 0.18 mmol), Bba) (8 mg, 9 umol), ligand
DPEPhos(10 mg, 18 umol) and sodiutert-butoxide (105 mg, 1.09 mmol) under Argon.
The mixture was baeklled with Argon several times. The mixture was dissolved in
anhydroudoluene (10 mL)n-Heptylamine (0.2 mL, 1.09 mmol) was added to the mixture
and heatedat 100 °C for 7 h. After cooling, the reaction mixture was diluted with
dichloromethane (20 mL) and filtered through a celite pad, washing with dichloromethane
(40 mL). The filtrate was reduceth vacuo The product was separated via flash
chromatographysflica gel,heptané&ichloromethane/ethylacetate 5:1:1) to yi2hl (66 mg,

80%) as a white solid; m.p. 1454 °C;*H NMR (300 MHz, CDCJ) ti=8.58 (d,J = 7.4 Hz,

2H), 7.59i 7.46 (m, 2H), 7.39 7.28 (m, 5H), 4.16 (t) = 7.1 Hz, 4H), 1.97 1.78 (m, 4H),

1.417 1.19 (m, 16H), 0.86 (1) = 6.8 Hz, 6H) °C NMR (63 MHz, CDC}) U = 141.49,
136.62, 133.73, 126.41, 122.32, 120.76, 119.38, 108.60, 94.25, 43.08, 31.82, 29.19, 28.85,
27.43, 22.69, 14.18R (ATR, cm?) : 3 1 w), 3@G (w), 2953 (w), 2933 (w), 2877

(w), 2852 (w), 1595 (s), 1466 (s), 1454 (m), 1441 (m), 1410 (m), 1390 (m), 1352 (s),
1319 (s), 1257 (s), 1227 (m), 1203 (m), 1171 (s), 1124 (m), 1111 (m), 1080 (m), 1068
(m), 1012 (m), 827 nj), 742 (vs), 729 (vs), 698 (vs), 687 (s), 648 (m), 594 (m), 579
(m), 563 (m), 544 (s); G®IS (El, 70 eV): m/z (%) = 453 (100), 368 (40), 282 (12), 269
(25); HRMS (EI): calcd. for gHagNs ([M] ): 453.31385; found: 453.31353.
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5,7-Bis(3-(trifluoromethyl)benzyl}5, 7-
Q (Q dihydropyrido[3,2b:5,6b7]diindole  25p  was
FaC CFs] prepared followinggeneral procedure 1lsing
| t compound 24 (100 mg, 0.18 mmol) and -3
O N O (trifluoromethyl)benzylamine (157 pL, 1.09 mmol).

The product was purified by flash chromatography

(silica gel,heptanéichloromethane/ethylacetate 5:1:1) to yi2igh (54 mg, 52 %) as a white
solid; m.p. 229231 °C;*H NMR (300MHz, CDCk) i 853 (d,J = 7.6 Hz, 2H), 7.52 7.28

(m, 9H), 7.18 1, J = 6.9 Hz, 3H), 6.96 (dJ = 8.7 Hz, 3H), 5.24 (s, 4H)*F NMR (282

MHz, CDCk) U -62.70 (s);*C NMR (75 MHz, CDC}) i 141.50 (s), 137.49 (s), 133.54

(s), 131.24 (gJ) = 32.5 Hz), 129.46 (s), 129.42 (s), 126.95 (s), 124.53 3.4 Hz), 123.81
(g,J=272.5Hz), 123.12 (¢} = 3.7 Hz), 122.63 (s), 120.81 (s), 120.28 (s), 108.59 (s), 94.52
(s), 46.11 (s); IR(ATR,ci) : 3 = 3047 (w), 29263(mMwl4l0 1595
(m), 1327 (vs), 1315 (vs), 1254 (s), 1223 (m), 1182 (s), 1167 (s), 1111 (vs), 1097 (vs), 1070
(vs), 1007 (m), 968 (m), 949 (m), 937 (m), 930 (m), 916 (m), 881 (m), 862 (m), 823 (m), 804
(m), 789 (s), 744 (vs), 733 (s), 714 (m), 696 (vs), 661634 (m), 615 (m), 602 (m), 582

(m), 565 (s); GEMS (EI, 70 eV): m/z (%) = 573 (100), 414 (42), 255 (30), 159 (10); HRMS
(ED): calcd. for GaH21N3Fs ([M]7): 573.16342; found: 573.16519.

5,7-Diphenethyt5,7-dihydropyrido[3,2b:5,6-b']diindole 25
was prepared followingeneral procedure lidsing compound
24 (100 mg, 0.18 mmol) and phenylethylamine (138 puL, 1.09

N N mmol). The product was purified by flash chromatography
(silica gel, heptanédichloromethane/ethylacetate 5:1:1) to

yield 25q (64 mg, 75 %) as a white solid; m.p. 1226 °C;'*H

NMR (300 MHz, CDCY) 4 847 (d,J = 7.6 Hz, 2H), 7.38m, 2H), 7.30i 6.79 (m, BH),
4.19 (t,J = 6.9 Hz, 4H), 2.93 (&) = 6.9 Hz, 4H);"*C NMR (63 MHz CDCkL) ii 1#1.00,
138.83,136.22,133.46, 128.87, 128.59, 126.68, 126.422.10,120.70, 119.50, 108.35,
94.50, 44.77,34.96; IR (ATR,¢lh: 3 = 2951 (m), 2928 (m), 28
1591 (s), 1481 (m), 1470 (s), 1464 (s), 1412 (m), 138y 1371 (m), 1354 (m), 1319 (s),
1250 (s), 1230 (s), 1215 (m), 1201 (m), 1186 (m), 1174 (m), 1144 (s), 1124 (m), 1113 (s),
1070 (m), 1024 (w), 1011 (m), 903 (m), 847 (m), 744 (s), 725 (vs), 706 (s), 696 (m), 673 (m),
596 (m), 577 (m), 565 (m); G®IS (El, 70 eV): m/z (%) = 465 (35), 374 (100), 282 (42);
HRMS (EI): calcd. for GH,o7N3 ([M]7): 465.21995; found: 465.21945.
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5,7-Bis(3,4dimethoxyphenethytp, 7-dihydropyrido[3,2

o~ (|) o~ (|) b:5,6bdiindole 25 was prepared followinggeneral
procedure 1lusing compound24 (100 mg, 0.18 mmol) and
3,4-dimethoxyphenylethylamine (185 pL, 1.09 mmol). The
product was purified by flash chrorography (silica gel,
" | t § heptan&ichloromethane/ethylacetate 3:1:1) to yiekt (60
O N O mg, 56 %) as a white solid; m.p. 1665 °C;*H NMR (300

MHz, CDCk) Ui 845 (s, 2H), 7.42 7.34 (m, 2H), 7.28
7.16 (m, 4H), 6.72 6.50 (M, 5H), 6.19 (s, 2H), 4.29 (@= 6.4 Hz, 4H), 3.60 (s, 6H), 3.39
(s, 6H), 2.92 (s, 4H)*C NMR (75 MHz, CDC}) i 148.94, 147.90, 141.20, 133.51,
131.47, 126.39122.31,120.71, 120.56, 119.55, 112.48, 111.26, 108.52, 94.37, 55.78, 55.67,
45.07,3452; IR (ATR, cl) : 3 = DI 55, 29L6v(W), 2838 (W), 1597 (m), 1516
(s), 1464 (), 1454 (m), 1441 (w), 1435 (w), 1414 (m), 1387 (w), 1354 (m), 1327 (m), 1317
(m), 1261 (vs), 1236 (s), 1228 (s), 1211 (m), 1198 (m), 1190 (m), 1157 (s), 1136 (s), 1122
(m), 1041 (w), 1030 (m), 1018), 860 (m), 808 (m), 764 (m), 742 (vs), 727 (vs), 683 (m),
644 (m), 557 (m); GOIS (El, 70 eV): m/z (%) = 585 (45), 434 (100), 284 (27); HRMS
(ESI): calcd. for G7H3sN3O4 ([M + H]¥): 586.26276; found: 586.2700.

5,7-Bis(3-phenylpropyl}5, 7-dihydropyrido[3,2b:5,6-
b'ldiindole 255 was prepared followinggeneral
procedure 1lising compound4 (100 mg, 0.18 mmol)

N N and 3phenylpropylamine (156 pL, 1.09 mmol). The

product was pufied by flash chromatography (silica
gel, heptané&lichloromethane/ethylacetate 5:1:1) to
yield 25s (61 mg, 68 %) as a white solid; m.p. 1996 °C;*H NMR (300 MHz, CDC}) U =
8.46 (d,J = 7.6 Hz, 2H), 7.39 (ddd = 8.3, 7.3, 1.2 Hz, 2H), 7.286.97 (m, BH), 4.05 (t,J
= 7.3 Hz, 4H), 2.58 () = 7.5 Hz, 4H), 2.19 1.99 (m, 4H)*C NMR (63 MHz, CDC}) i =
141.30, 140.90, 136.80, 133.47, 128.54, 128.39, 126.34, 126.22, 122.38, 120.61, 119.41,
108.45, 93.98, 420, 33.11, 29.72; IR (ATR,c¢c) : 3 = 3024 (w), 2924
(m), 1464 (s), 1452 (s), 1435 (m), 1408 (m), 1387 (m), 1356 (m), 1315 (s), 1250 (s), 1227
(m), 1207 (m), 1194 (m), 1174 (m), 1163 (m), 1149 (m), 1124 (m), 1111 (m), 1088 (m), 1070
(m), 1028 (m), 1016 (m), 1009 (m), 928 (w), 831 (m), 768 (m), 742 (vs), 729 (vs), 694 (vs),
615 (m), 584 (m), 575 (m), 557 (m); @@S (El, 70 eV): m/z (%) = 493 (100), 388 (48), 269
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(18), 69 (23), 44 (38); HRMS (ESI): calcd. forsB3:N3 (M + H]™): 494.25907;found:
494.25922: calcd. for ££H3:NsNa ([M + NaJ): 516.24102; found: 516.2405.

5,7-Dicyclohexyt5,7-dihydropyrido[3,2b:5,6-b']diindole 25t
Q Q was prepared followinggeneral procedure ldsing compound
N | XN 24 (100 mg, 0.18 mmol) and cyclohexylamine (127 uL, 1.09
O NT O mmol). The product was purified by flash chromatography (silica

gel, heptanéichloromethane/ethylacetate 5 :1:1) to yi2hd (42

mg, 55 %) as a white solid; m.p. 2279 °C;*H NMR (300 MHz, CDC}) ti = 8.50 (d,J =

7.7 Hz, 2H), 7.58 (s,H), 7.471 7.36 (m, 4H), 7.23 (ddd] = 7.9, 6.0, 2.1 Hz, 2H), 5.19

5.03 (m, 2H), 2.42 1.63 (m,20H); **C NMR (75 MHz, CDC}) i 140.81, 137.05, 132.62,
126.12, 122.85, 120.83, 119.21, 109.65, 96.35, 55.93, 28968; IR (ATR, crl) : 3 =
2928 (m), 2854 (m), 1591 (m), 1485 (m), 1454 (m), 1416 (m), 1404 (m), 1377 (m), 1344 (m),
1327 (m), 1304 (m), 1250 (m), 1225 (s), 1188 (s), 1155 (m), 1142 (m), 1126 (m), 1117 (m),
1072 (m), 1057 (m), 1028 (m), 1012 (m), 968 (893 (m), 837 (m), 742 (s), 729 (vs), 700
(m), 658 (M), 594 (m), 577 (s), 532 (M); &CS (El, 70 eV): m/z (%) = 421 (100), 256 (31),

55 (22); HRMS (EI): calcd. for gH3:N3 ([M] *): 421.25125; found: 421.25089.

8.5.5 Synthedss and Physical Properties of Indolo[2,3-b]quinoxalines

Synthesis of 2,3dibromoquinoxaline

CUr o™ = O X @c T == CLX,

OEt

23Di bromoqui noxaline was synthesized in 94%
reflux of 1,2phenylenediamine with diethyl oxalate, to give -@lidydroqunoxaline2,3

dione, and subsequent reaction with £8tM.p. 179180 °C.*H NMR (300 MHz, CDG}) i

=8.087 8.01 (m, 2H), 7.86 7.78 (m, 2H);**C NMR (75 MHz, CDC}) ii  141.42, 140.97,

131.49, 128.57; IR (ATR,ch) : 3 =3097 (m), 3034 (m), 1564
(m), 1254 (s), 1169 (s), 1126 (m), 1107 (s), 1072 (m), 1059 (m), 957 (vs), 901 (m), 883 (m),

868 (s), 769 (vs), 692 (m), 677 (m), 621 (m), 582 (s):N&E (El, 70 eV): m/z (%) = 288
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(96), 209 (95) 128 (61), 102 (100), 75 (98), 50 (59); HRMS (EI): calcd. fgHABI,Br,
(IM]™"): 285.87357; found: 285.87325; calcd. faHaN.Br.*'Br; ([M]*): 287.87153; found:
287.87137; calcd. for E.N2'Br, ([M] 1): 289.86948; found: 289.86935.

General procedure for the preparation of 2-bromo-3-(2-bromophenyl)quinoxaline 34.

HO. _OH N. _Br
N_ _Br B Pd(PPhs), @ X Br
~

Ul e L
N Br NaOH

THF, H,0
32 6 70 °C 34

2,3-Dibromoquinoxaline32 (1 g, 3.5 mmol), zbromophenyl boronic acid (837 mg, 4.2
mmol), Pd(PP$)4 (100 mg, 87 umol) and sodium hydroxide (417 mg, 10.4 mmol) were
added to a 500 mL Schlenk flask. The mixture was {fidleki several times with Argon. To

the mixture 70 mL THF and 10 mL distilled water were added, then,-fileck several
times. The redmn was heated at 70 °C for 4h. The solvent was evaporateatuo The
residue was extracted with dichloromethane and water. The organic layer was dried over
MgSQ,, filtered and the solvent was evaporategacuo The yellow residue was purified by
column chromatography (silica gel, Heptane/ethylacetate 10:1) to ywdcbr2o3-(2-
bromophenyl)quinoxalin84 (1.1 g, 87 %) as white solid. M.p. 1429 °C;'H NMR (250

MHz, CDCE) i 8207 8.07 (m, 2H), 7.90 7.79 (m, 2H), 7.73 (dd] = 7.9, 0.8 Hz, 1H),
7.551 7.35 (m, 3H);*C NMR (63 MHz, CDC}) Ui 154.95, 142.47, 140.67, 140.11, 139.38,
132.99, 131.46, 131.01, 130.84, 130.49, 129.58, 128.57, 127.76, IR @SR, cm?) : 3
=3059 (w), 1610 (w), 1556 (m), 1535 (w), 1477 (m), 1433 (m), 1385 (w), 113331290

(m), 1273 (w), 1252 (m), 1236 (w), 1213 (w), 1167 (w), 1147 (m), 1132 (m), 1084, 1041,
1024 (m), 999 (w), 970, 955 (m), 943 (m), 885 (m), 870 (w), 862 (w), 752 (vs), 727, 715,
710, 690 (m), 652 (m), 638 (m), 613 (m), 588, 571 (m), 557 (M}MSBJEI, 70 eV): m/z

(%) = 364 (32), 285 (100), 102 (48), 75 (28), 50 (14); HRMS (EIl): calcd. fgisS,Br;
(IM]™"): 361.90488; found: 361.90467;calcd. forudsN,Br®Bry ([M] *): 363.90283; found:
363.90277; calcd. for GHsN22'Br, ([M] *):365.90078; found365.90082.
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General procedure 12 for double C-N coupling with aniline derivatives,exemplified by
the synthesis ofgphenyl-6H-indolo[2,3-b]quinoxaline(35a)

Ha szdba3 / dppf Q
NN
AN
NaOtBu ,Toluene @
~
100 °C N
35a

Aniline 8a (75 pL, 0.82 mmol) was added to a pressure tube chavged4 (100 mg, 0.28
mmol), Pd(dba) (12 mg, 14 umol), ligand ppf (15mg, 27 pmol) and sodiutert-butoxide

(79 mg, 0.82 mmol) under Argon. The mixture was bftdd with Argon several times. The
mixture was dissolved in anhydrous Toluene (10 mL) and heated at 100 °C for 7 h. After
cooling, the reaction mixture was diluted with dichloromethane (2Gnd)filtered through a
celite pad, washing with dichloromethane (40 mL). The filtrate was redonceacuo The
product was separated via flashchromatography (silicahgptanéethylacetate 5:1) to yield
6-phenyt6H-indolo[2,3b]quinoxaline35a (67 mg,83%) as a yellow solid; m.p. 2389 °C;

'H NMR (300 MHz, CDC}) ti 856 (d,J = 7.7 Hz, 1H), 8.4G 8.29 (m, 1H), 8.14 8.06

(m, 1H), 7.84i 7.59 (m, 7H), 7.59 7.38 (m, 3H);"*C NMR (75 MHz, CDCJ}) ti 146.00,
144.90, 140.72, 140.08, 139.69, 135.581.25, 129.92, 129.24, 128.99, 128.38, 128.13,
127.27, 126.71, 122.94, 122.02, 119.83, 110IR5(ATR, cm?) : 3@53 (m), 1608 (m),

1597 (m), 1581 (m), 1500, 1483 (m), 1470 (m), 1458, 1402, 1390, 1354 (m), 1336 (m), 1317
(m), 1304 (m), 1252 (m), 1227 (m)205, 1174 (m), 1147 (m), 1132 (m), 1126 (m), 1099
(m), 1072 (m), 1041 (m), 1024 (m), 1014 (m), 1007 (m), 955 (m), 924 (m), 779 (m), 766 (m),
748 (vs), 719 (m), 694, 687, 648, 590, 567 (BE-MS (El, 70 eV): m/z (%) =295 (100),

147 (9), 90 (6), 77 (6)HRMS (ESI): calcd. for gH14Ns (M + H]"): 296.11822; found:
296.11835.

6-(p-Tolyl)-6H-indolo[2,3-b]quinoxaline 35 was prepared
following general procedure 1sing compound34 (100 mg, 0.28
N N mmol) and toluidine (88 mg, 0.82 mmol). The product was
@ I@ purified by flash chromatography (s#icgel, heptanéethylacetate

N 5:1) to yield35b (73 mg, 86%) as a yellow solid; m.p. 2267 °C;
'H NMR (300 MHz, CDC§) i 85071 8.43 (m, 1H), 8.29 8.22
(m, 1H), 8.05 7.99 (m, 1H), 7.68 7.57 (m, 2H), 7.57 7.49 (m, 3H), 7.45 7.31 (m, 4H),
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2.43 (s 3H);13C NMR (75 MHz, CDC}) U 146.01, 144.99, 140.66, 140.06, 139.62, 138.04,
132.68, 131.06, 130.45, 129.17, 128.79, 128.27, 127.02, 126.46, 122.72, 121.73, 119.68,
110.62, 21.35IR (ATR, cmi®) : 3657 (w), 3034 (w), 2918 (w), 1606 (m), 1585 (514,

1485 (m), 1470 (m), 1460, 1404, 1354 (m), 1335 (m), 1317, 1304 (m), 1255 (m), 1227 (m),
1221 (m), 1205, 1182 (m), 1169 (m), 1130 (m), 1122 (m), 1099 (m), 1043 (m), 1016 (m), 955
(m), 924 (m), 816 (m), 764, 750 (vs), 721 (m), 710 (m), 673 (w), 633608),579, 567 (M),

559 (m); GGMS (El, 70 eV): m/z (%) = 309 (100), 293 (8), 154 (7), 90 (5); HRMS (El):
calcd. for GiH1sN3 ([M] 1): 309.12605; found: 309.12523.

F 6-(4-Fluorophenyl)}-6H-indolo[2,3-b]quinoxaline  35c  was
prepared followingyeneral procedure 1sing compound34 (100
mg, 0.28 mmol) and -fluoroaniline (78 pL, 0.82 mmol). The

NN

@ I@ product was purified by flash chromgtaphy (silica gel,
b
N

heptanéethylacetate 5:1) to yiel@85c (69 mg, 80 %) as a yellow

solid; m.p. 219220 °C;'H NMR (300 MHz, CDC}) i 855 (d,J
= 7.8 Hz, 1H), 8.37 8.30 (m, 1H), 8.12 8.04 (m, 1H), 7.78 7.61 (m, 5H), 7.50 7.41 (m,
2H), 7.417 7.30 (m, 2H);**F NMR (282 MHz, CDGJ) i -£13.01;**C NMR (75 MHz,
CDCl) U 182.08 (dJ = 247.9 Hz), 146.07, 144.90, 140.70, 140.01)(d,18.0Hz), 131.43
(d, J = 3.2 Hz), 131.32, 129.38, 129.18 M7= 8.4 Hz), 129.12, 128.32, 126.81, 122.98,
122.15, 119.92, 116.99 (d,= 22.9 Hz), 110.52IR (ATR, cm?) : 3@57 (m), 1608 (m),
1579 (m), 1574 (m), 1514, 1485, 1471 (m), 1460, 1402, 1356 (185, (8), 1313, 1292 (m),
1259 (m), 1223, 1203, 1171 (m), 1151 (m), 1130 (m), 1122, 1099, 1043 (m), 1012 (m), 1007
(m), 949 (m), 924 (m), 872 (m), 831, 812 (m), 800 (m), 764, 748 (vs), 723 (m), 710, 673 (m),
638 (m), 629 (m), 602, 579, 567 (m), 557 (m), $48; GGMS (El, 70 eV): m/z (%) = 313
(100), 156 (12), 75 (7); HRMS (EI): calcd. for,d@1NsF; ([M]7): 313.10098; found:
313.10007.

FAC 6-(3-(Trifluoromethyl)phenyl)}6H-indolo[2,3-b]quinoxaline 35d
@ was prepared followingeneral procedure liising compound34

N o] (100 mg, 0.28 mmol) and-@rifluoromethyl)aniline (103 pL, 0.82
@ h mmol). The product was purified by flash chromatography (silica
Nl@ gd, heptanéethylacetate 5:1) to yiel@5d (90 mg, 90 %) as a
yellow solid; m.p. 202202 °C:*H NMR (300 MHz, CDC}) ti =
8.46 (dddJ=7.7, 1.2, 0.7 Hz, 1H), 8.298.19 (m, 1H), 8.03 7.95 (m, 2H), 7.92 (ddd =
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3.7, 3.0, 1.9 Hz, 1H), 7.767.53 (m, 58, 7.48i 7.33 (m, 2H):*F NMR (282 MHz, CDG))

U -62.58;°C NMR (75 MHz, CDC}) ti 145.55, 144.00, 140.39, 140.07, 136.11, 132.31
(q,J = 33.0 Hz), 131.25, 130.40, 130.32, 130.31, 129.33, 129.11, 128.23, 126.90, 124.49 (q,
J=3.7 Hz), 123.85 (q] = 3.9 Hz), 122.92, 123.74 (4= 272.5 Hz),122.41, 120.16, 110.31;

IR (ATR, cm') : 3@51 (w), 3028 (w), 1608 (W), 1597 (w), 1579 (w), 1574 (w), 1495 (m),
1464 (m), 1446 (m), 1406, 1356 (m), 1329, 1308 (m), 1279 (w), 1250 (m), 1230 (m), 1205
(m), 1167,1134 (m), 1126 (m), 1113, 1105, 1095, 1068, 1045 (m), 1011 (m), 987 (w), 976
(w), 958 (m), 943 (m), 924 (w), 904 (m), 874 (w), 860 (w), 854 (w), 802 (m), 795 (m), 768
(m), 748 (vs), 719 (m), 700, 671, 656 (m), 631 (w), 615 (w), 588 (m), 567 (w), 546Cw);

MS (El, 70 eV): m/z (%) = 363 (100), 294 (9); HRMS (ESI): calcd. feiHZFsN3 (M +

H]"): 364.10561; found: 364.10566; calcd. foyls;NsNa ([M + NaJ): 574.29412; found:
574.2944.

N\ 6-(4-Methoxyphenyl)6H-indolo[2,3-b]quinoxaline 35  was
prepared followingyeneral procedure 1sing compound34 (100

mg, 0.28 mmol) and-pnisidine (101 mg, 0.82 mmol). The product

NN was purified by flash chromatography (silica gel,
@Nl@ heptanéethylacetate 3:1) to yiel@85e (88 mg, 98 %) as a yellow
solid; m.p. 226228 °C;'H NMR (300 MHz, CDC}) ti 857 (d,J
= 7.6 Hz,1H), 8.35 (dJ = 8.9 Hz, 1H), 8.15 8.05 (m, 1H), 7.84 7.55 (m, 5H), 7.44m,
2H), 7.217 7.13 (m, 2H), 3.94 (s, 3H)C NMR (75 MHz, CDC}) i  159.42, 145.47,
140.85, 139.42, 131.35, 129.13, 129.00, 128.72, 128.38, 128.02, 126.67, 123.02, 121.87,
119.53, 115.27, 113.39, 110.68, 55.TR;(ATR, cni') : 3@76 (w), 3053 (m), 3022 (m),

2956 (m), 2933 (m), 2912 (m), 2839 (m), 1606 (m), 1585 (m), 1578 (m), 1512, 1506, 1487
(m), 1464, 1446, 1406, 1356 (m), 1336 (m), 1313 (m), 1296, 1244, 1230, 1205, 1178, 1167,
1136, 1128, 1103, 1041 (m), 1026, 1009 (m), 968 @85 (m), 939 (m), 924 (m), 870 (m),

852 (m), 829, 820, 804 (m), 795 (m), 768, 748 (vs), 723, 715, 669 (m), 642 (m), 629 (m),
602, 579, 569, 550GC-MS (El, 70 eV): m/z (%) = 325 (100), 310 (39), 282 (18), 141 (8);
HRMS (ESI): calcd. for gH1sNzO ([M + H]"): 326.12879; found: 326.12858.
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/ 6-(3,5-Dimethoxyphenyh6H-indolo[2,3-b]quinoxaline 35f was
© o prepared followinggeneral procedure 1@sing compound 34
D/ N (100 mg, 0.28 mmol) and 3dimethoxyaniline (126 mg, 0.82

NN mmol). The product was purified by flash chromatography (silica
@Nl@ gel, heptanéethylacetate 2:1) to yiel@5f (93 mg, 95 %) as a
yellow solid; m.p. 188189 °C;'H NMR (300 MHz, CDC) ti =
8.45 (d,J = 7.6 Hz, 1H), 8.28 8.20 (m, 1H), 8.07 8.00 (m, 1H), 7.71 7.47 (m, 4H), 7.35
(ddd,J = 8.1, 6.9, 1.3 Hz, 1H), 6.81 (d= 2.3 Hz, 2H), 6.54m, 1H), 3.79 (s, 6H)**C NMR
(75 MHz, CDC}) i  ¥61.59, 145.81, 144.67, 140.60, 140.16, 139.77, 136.91.083
129.25, 128.83, 128.35, 126.55, 122.66, 121.86, 119.84, 110.92, 105.51, 100.33|R55.66;
(ATR, cm®) : 2993 (w), 2956 (w), 2926 (w), 1606 (m), 1591 (m), 1508 (w), 1491 (m),
1458, 1427 (m), 1404 (m), 1363 (w), 1325 (m), 1298 (m), 1257 (m), 12421@@Y (m),
1194, 1153, 1134 (m), 1124 (m), 1107 (m), 1066 (m), 1051 (m), 1039 (m), 1014 (m), 1003
(m), 993 (m), 953 (M), 933 (m), 912 (m), 877 (m), 860 (M), 847, 818 (m), 791 (m), 768, 735
(vs), 721, 688, 667 (m), 640 (m), 631 (m), 617 (m), 607 (m), 60084, 577 (m), 565 (m),

534 (m); GEGMS (ElI, 70 eV): m/z (%) =355 (100), 325 (13), 268 (12); HRMS (EI): calcd. for
C2oH170:N3 ([M]7): 355.13153; found: 355.13066.

N 6-(4-(Methylthio)phenyl}6H-indolo[2,3-b]quinoxaline 35 was
> prepared followingyeneral procedure 1&sing compound34 (100
mg, 0.28 mmol) and -dmethylthio)aniline (103 pL, 0.82 mmol).

N N The product was purified by flash chromatography (silica gel,
@ij/\@ heptanéethylacetate 3:1) to yiel85g (88 mg, 94 %) as a white

solid; m.p. 249250°C;'H NMR (300 MHz, CDC}) U 847 (d,J

= 7.4 Hz, 1H), 8.28 8.20 (m, 1H), 8.06 7.98 (m, 1H), 7.72 7.53 (m, 5H), 7.51 7.30 (m,
4H), 2.53 (s, 3H)*C NMR (75 MHz, CDCJ) i 1#45.88, 144.73, 140.58, 140.17, 139.82,
138.69, 132.30, 131.09, 129.28, 128.89, 128.23, 127.62, 127.52, 126.56, 122.73, 121.91,
119.85, 110.56, 15.92R (ATR, cmi®) : 2355 (m), 2920, 2850 (m), 1608 (m), 1579 (m),
1498, 1483 (m), 1460, 1431 (m), 1402, 1352 (m), 1335 (m), 1311, 1296 (m), 1252 (m), 1230
(m), 1203, 1184 (m), 1132 (m), 1124 (m), 1115 (m), 1103, 1090, 1041 (m), 1012 (m), 1003
(m), 984 (m), 970 (m), 955 (m)39 (M), 922 (m), 904 (w), 870 (m), 854 (w), 833 (m), 816,
768 (vs), 748 (vs), 719, 702, 661 (m), 634 (m), 625 (m), 590, 567, 54&@S (El, 70
eV): m/z (%) = 341 (100), 326 (36), 294 (20), 102 (6); HRMS (ESI): calcd. £¢t&N4 (M
+ HJ"): 342.09467found:342.10916
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5,7-Bis(4-(N,N-diethylamino)phenyh6H-indolo[2,3
N\ b]quinoxaline 35h was prepared followingeneral procedure 12

using compound 34 (100 mg, 0.28 mmol) and W
diethylbenzend ,4-diamine (137 pL, 0.82 mmol). The product

@N\ N was purified by flash chromatography (silica gel,
N/]/\Q Heptane/ethylacetate 3:1) to yié8h (76 mg, 75 %) as a yellow
solid; m.p. 22829 °C; *H NMR (300 MHz, CDCY) i 8501

8.39 (m, 1H), 8.26 8.19 (m, 1H), 8.0% 8.00 (m, 1H), 7.70 7.50 (m, 3H), 7.4% 7.27 (m,

4H), 6.84i 6.73 (m, 2H), 3.37 (qJ = 7.1 Hz, 4H), 1.17 (1) = 7.1 Hz, 6H);"*C NMR (75

MHz, CDCk) 0 147.61, 146.39, 145.80, 140.82, 140.23, 139.58, 130.90, 129.22, 128.57,
128.3, 128.29, 126.09, 122.55, 122.47, 121.29, 119.45, 112.09, 110.74, 44.55,I1R2.69;
(ATR, cm?) : 2370 (w), 2926 (w), 2866 (w), 1626 (W), 1608 (m), 1578 (w), 1522, 1489
(m), 1462 (m), 1446 (m), 1429 (w), 1404 (m), 1371 (m), 1352 (m), 1333 (m), 1315219,

(m), 1259 (m), 1228 (m), 1203, 1194, 1169 (m), 1157 (m), 1149 (m), 1134 (m), 1122 (m),
1101 (m), 1080 (m), 1041 (m), 1014 (m), 1003 (m), 978 (m), 953 (M), 924 (m), 864 (m), 849
(m), 814, 798, 758, 735 (vs), 723, 712, 667 (m), 640 (m), 631 (m), 596563 (m), 548

(m), 532 (m);GC-MS (ElI, 70 eV): m/z (%) = 366 (67), 351 (100), 322 (28), 294 (14), 243
(35), 194 (13), 165 (22); HRMS (ESI): calcd. fos8,N,4 (M + H]Y): 367.18780; found:
367.19184.

CN 5,7-Bis(4-cyanophenyB6H-indolo[2,3-b]quinoxaline 35 was
prepared followinggeneral procedure 1@sing compound 34
Ne A (100 mg, 0.28 mmol) and-@minobenzonitrile (97 mg, 0.82
@ I@ mmol). The product was purified by flash chromatography (silica

N gel, heptanéethylacetate 3:1) to yiel@5 (73 mg, 83 %) as a
yellow solid; m.p. 27273 °C;*H NMR (300 MHz, CDC})) U =
8.47 (d,J=7.7 Hz, 1H), 8.28 8.21 (m, 1H), 8.03 7.97 (m, 1H), 7.96 7.85 (m, 4H), 7.74
i 7.51 (m, 4H), 7.46 7.38 (m, 1H)*C NMR (75 MHz, CDC}) i  145.27, 143.33, 140.25,
140.17, 140.11, 139.68, 133.65, 131.31, 129.34, 129.32, 128.20, 127.20, 127.02, 123.06
122.85, 120.49, 118.40, 110.91, 110.B2,(ATR, cmi') : 2322 (m), 2852 (m), 2227 (m),
1601 (s), 1583 (m), 1506 (s), 1485 (m), 1456 (s), 1400 (s), 1354 (m), 1319 (s), 1304 (m),
1257 (m), 1238 (m), 1228 (m), 1219 (m), 1198 (s), 1169 (m), 1151 (m), (138124 (s),
1103 (s), 1043 (m), 1014 (m), 955 (m), 949 (m), 922 (m), 837 (s), 823 (m), 769 (m), 758 (s),
746 (vs), 725 (m), 715 (m), 698 (m), 669 (m), 631 (m), 598 (s), 571 (m), 555 (s), 538 (s);
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GC-MS (El, 70 eV): m/z (%) = 320 (100), 160 (9), 102 {RMS (El): calcd. for GH1oN,
([M]): 320.10565; found: 320.10491.

General procedure 13 for double C-N coupling with alkyl amine derivatives,
exemplified by 6-(4-fluorobenzyl}6H-indolo[2,3-b]quinoxaline 35p

To apressure tube charged wigd (100 mg, 0.28 mmol), B(dba) (13 mg, 14 umol), ligand
DPEPhos (15 mg, 27 pmol) and soditernt-butoxide (79 mg, 0.82 mmol) under Argon. The
mixture was bacHilled with Argon several times. The mixture was dissolved in arduysl
toluene (10 mL)p-fluorobenzylamine (94 uL, 0.82 mmoWas added to the mixture and
heated at 100 °C for 7 h. After cooling, the reaction mixture was diluted with
dichloromethane (20 mL) and filtered through a celite pad, washing with dichloromethane
(40 mL). The filtrate was reduceth vacuo The product was purified by flash
chromatography (silica gdheptanéethylacetate 4:1) to yield5p (78 mg, 87 %) as a yellow
solid; m.p. 176177 °C;*H NMR (300 MHz, CDC}) i 840 (d,J = 7.7 Hz, 1H), 8.24 (dd]

= 8.3, 1.5 Hz, 1H), 8.05 (dd,= 8.4, 1.3 Hz, 1H), 7.7R 7.48 (m, 3H),7.31i 7.17(m, 4H),

6.941 6.83 (m, 2H), 5.57 (s, 2H'F NMR (282 MHz, CDG)) ii -£14.59*3C NMR (75

MHz, CDCk) 0 162.30 (dJ = 246.1 Hz), 145.70144.08, 140.63, 140.01, 139.59, 132.30
(d, J = 3.2 Hz), 131.05, 129.39, 129.00 @= 8.2 Hz), 128.92, 127.88, 126.23, 122.82,
121.29, 119.74, 115.74 (d,= 21.6 Hz), 109.97, 44.36R (ATR, cm') : 357 (w), 3045

(w), 1632 (w), 1610 (m), 1581 (m), 18@s), 1489 (m), 1468 (s), 1443 (w), 1435 (w), 1406
(s), 1363 (m), 1344 (m), 1325 (m), 1309 (w), 1300 (w), 1267 (w), 1240 (m), 1230 (w), 1217
(s), 1200 (s), 1171 (w), 1157 (m), 1140 (w), 1126 (w), 1117 (m), 1097 (m), 1066 (w), 1039
(w), 1016 (w), 1007 (wW)984 (w), 955 (w), 939 (w), 858 (m), 850 (m), 825 (m), 768 (m), 762
(s), 746 (vs), 729 (m), 721 (m), 712 (m), 690 (m), 640 (m), 631 (w), 617 (m), 592 (m), 571




































































































































































































































