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Synopsis

This thesis is divided into two parts: Part-A and Part-B. Part-A deals with the following
topics: (i) Palladium catalyzed nitrile insertion followed by cyclization into 2,3'-biindole
to yield indole fused a-carboline scaffolds and cyanation of biindoles, (ii) Cyclization and
cycloaddition reactions of phosphorus based allenes in the presence of [Pd]-catalyst to
yield Pd-incorporated metal complexes and P-containing naphthalenes respectively, and
(iif) Phosphine catalyzed cycloaddition of allenes with enynones followed by gold
catalyzed intramolecular cyclization to yield furan fused polycycles. Overall, this part
deals with the chemistry of compounds involving an sp-hybridized carbon (e.g., nitrile,
allene, enynone). Part-B deals with Cu(l)-catalyzed ligand-free tandem one pot or
sequential annulation via Knoevenagel intermediate that affords multifunctional
naphthalenes, phenanthrenes, quinolines and benzo[b]carbazoles.

Each part is subdivided into three chapters: (a) Introduction (literature survey), (b)
Results and Discussion, and (c) Experimental Section. The prepared compounds in the
present study are, characterized by MP, IR and NMR (*H, C and 3!P) techniques
followed by HRMS. X-ray structure determination is undertaken wherever required.

Summary as well as references are given at the end of each part.

PART A
In Chapter 1, a review of literature on aspects relevant to this part is presented. In
Chapter 2, the results obtained on these aspects are discussed while in Chapter 3, the
experimental details are described. The precursors used in the present study are shown in
Chart 1 [Note: The numbering of compounds given here is different from that in the main
part of the thesis]. Compounds other than la-l are prepared by methodologies available

(with modifications where necessary) in the literature.
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Ph

R—=N P \: _ﬂ'/
R =Ph (1a), 4-Me-CgH, (1b)
4-Cl-CgH,  (1¢), 4-Br-CgH, (1d)
3-MeO-CgH, (1e), 3-CI-CgH,  (1f) R'=Ph (3a, 5(P): 29.1)
1-napthyl  (1g), 2-furyl  (1h) B2 R'=4-Me-CgHy  (3b, 8(P): 27.1)
2-pyridyl  (1i), 4-MeO-CeHy (1)  R'=H,R2=-Me (2a) R"=4-MeO-CgH, (3c, 5(P): 29.3)
4-CN-CgH, (1K), EtO,.CCH, (1) Ri=p R2=-Et (2b) R1 =4-Cl-CgHy  (3d, 8(P): 29.0)
= CoLEt R' = -OMe, R? = Me (2¢) R = 2,4-Me,-CgHj (3e, 8(P): 27.5)
2 R'=-Br R2=Me (2d) R" = C4H;3S (3f, 5(P): 28.4)
o)
><:O\P//O R \"/COZEt O N 0 R'=R2=H (6a)
07 >=e=< . I , R'= 4-Me,R2=H (6b)
R H I R® R1=4.Me0, R2=H (6¢)
R=Ph,R'=H [4a, 5(P): 6.6] 5 R'= 3-F, R?=H (6d)
R =H, R'=Me [4b, 5(P): 7.6] [3] Q R' = H; R? = 2-OMe (6e)
R1

Chart 1: Precursors used in this study (part A).

(i)(a) [Pd]-catalyzed insertion of nitriles in to 2,3’-biindoles followed by cyclization to
yield indole fused a-carbolines (pyridodiindoles)

We treated biindoles aromatic nitriles 1a-k with 2a-d in the presence of Pd(OAc)2
(5 mol%), and Cu(OAc)2 (equiv) in DMF at 110 °C for 12 h (Scheme 1). We obtained
indole fused a-carbolines (e.g., 7-9), which are likely to be formed by double C-H
activation and cyclization of 2,3’-biindoles with nitriles via C-C and C-N bond formation
in a single step.

R O R!
RN

Pd(OAc), (5 mol%)
Cu(OAc), (2 equiv)  R!

2
o \ R
DMF, 110 °C

N 12 h
1a-k R 2a-d R (18 examples)

| Representative compounds |

h»

) l % MeN OO
j\r W

\"‘\l;:/l"« 5

c1s, N
3/ c17 ¢ C14
(I() (l.!
] X % Me 0

Scheme 1: Synthesis of indole fused a-carbolines (pyridodiindoles) from nitriles and 2,3'-

biindoles

(1)(b) Pd(OAC): catalyzed C-3 cyanation of 2,3’-biindoles using ethyl cyanoacetate

XVviii



We treated ethyl cyanoacetate 11 with biindole 2a-d using Pd(OAc). (5 mol%) and
Cu(OAcC)2 (equiv) in DMF at 110 °C for 12 h (Scheme 2). Interestingly, this reaction led
to C-3 cyano-biindoles (e.g., 10-11) via a retro-Mannich pathway with the elimination of
ethyl acetate; in some cases, there is a possibility of formation of isomeric mixture.

R O R?
RN

Pd(OAc), (5 mol%)
Cu(OAc), (2 equiv.) R!

DMF, 110 °C O AR
N

12 h
R (4 examples)

[Representative compounds)

10 11, X-ray (major Isomer)

Scheme 2: Pd(OAC), catalyzed C-3 cyanation of 2,3'-biindoles using ethyl cyanoacetate.

(i)(a) [Pd]-mediated synthesis of P-containing complexes from allenylphosphine
oxides and their utility

Allenylphosphine oxides of type 3 react with 0.5 mole equiv of Pd(OAc): in the
presence of Ag.COz (1 equiv) and PPhs (1 equiv) in CH3CN solvent at reflux for 12 h
afford P-containing [Pd]-complexes (e.g., 12-13; Scheme 3). This reaction may proceed
through [Pd]-mediated intramolecular cyclization. The 1:2 [Pd: allene] reaction mixture
indicated the formation of at least a couple of more [Pd]-complexes. So far, we have been

successful in isolating only the major [Pd]-allene complex in each case.

Ph. 4/ \Pd/ \ Ph

ph\ //O Pd(OAc), / PPh3 Ph/P P~pnh
Ph/P (st0|ch|ometr|c)
e O e
; CH3CN, reflux
R 12 h R? .
R2 3a-e 5 examples (45-52 A;

[ Representative compoundsj

Ph
Ph. / O /\\
g/ Pd Papy

13, 5(P) 51.9

Scheme 3: Synthesis of Pd-incorporated complexes from allenylphosphine oxides
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In order to check any possible catalytic activity of [Pd]-allene complexes prepared
as above, we treated allenylphosphonate 4b with 2-iodophenol (1.2 equiv) in the presence
of [Pd]-complex 12 (2.5 mol%) and CsF (base) in PEG-400 solvent at 90 °C for 12h
(Scheme 4). Satisfyingly, we obtained phosphano-benzofuran 14 in moderate yields.
When we repeated the same reaction by using allenylphosphine oxides 3a-b, we were
able to isolate phosphano-benzofurans 15-16 (minor) and 15’-16° (major). Some more

compounds have also been synthesized.

o. O o™ =i
N /7
P CHs OH OJT
><:o/ N==( ©i(1_2 o) [

H H
|
4b Pd-complex 12 (2.5 mol%) 14 ;64%; 3(P) 23.1
CsF (2 equiv) o)
or (0]
Ph\ //O H PEG-400 ‘ +
P 90°C,12h
P’ == 0 —’ R Ph\\ R
R H O # O Ph Ph—p_ P
Ph. %/ Pd pL P=q 7N
3a-c, 3f - Ph / pn O
g Ph
~229%, ~30%
8(P) 30-32 3(P) 29-30

md  Pd-complex 12 Me
(more examples)

[ Representative compoundsj

Scheme 4: Synthesis benzofurans and dihydro-benzofurans from P-allenes using complex
12 as the catalyst

(ii)(b) Pd(OACc)2-catalyzed transformations of allenylphosphine oxides leading to P-
containing naphthalenes

When we treated allenylphosphine oxides 3 with Pd(OAc). (10 mol%), PhsP (1
equiv) and EtsN (1 equiv) in THF solvent at 60 °C in 12 h, we observed the formation of
compounds of type 17-18 (Scheme 5). The 3P{*H} NMR spectra of 17-18 showed two
peaks of equal intensity indicating that two molecules of allenylphosphine oxide are
involved in the reaction. Based on the NMR data, we surmised that the formed product
was an unsymmetrical dimer in which (f,y)-double bond of one allene and («,5)-double
bond of another allene moiety are involved, which means intramolecular [4+2]
cycloaddition of two allenylphosphine oxides has taken place to yield a new six-
membered ring to afford P-containing naphthalene derivatives as shown in scheme 5. The

structure of compound 18 was proven by single crystal X-ray crystallography.
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Pd(OAc), (10 mol%) B CH3

Y

PPh3 (1.0 equiv.) a B

Et3N (1.0 equiv.) Q e
o« B v

THF, 60 °C, 12 h

= Phy,P(O)

5 examples (36-64%)

[Representative compounds}

17 5(P): 32.9 & 29.4 18, 5(P): 32.1 & 30.7

Scheme 5: Synthesis of P-containing naphthalenes from allenylphosphine oxides

(iii)(a) Phosphine catalyzed cycloaddition reaction of allenoates with enynones to
yield cyclohexene carboxylates

Multifunctional cyclohexene carboxylates (e.g., 19-22) were obtained by treating
alkyl-2-methyl-2,3-butadienoate 5 with enynones 6 in the presence of tris(4-
methoxyphenyl phosphine) as catalyst with toluene as the solvent at rt (25 °C) (Scheme
6). This reaction involves phosphine catalyzed intermolecular [4+2] cycloaddition
pathway. The purity was only ~90% in these cases, probably because of the stereo- as

well as regio-isomers. These details also are discussed in the thesis.

(4-MeO-CgH,)sP
_ PR _ @omork) Ph
.
OR Il " PhMe 0.1M) (0.1M)
1,12 h

(ma]or 60-70%)

0 0 0 f
OEt
N ‘ ] OEt N ‘ ] OEt OEt
/; E % % 4 S
O 19 O zo \o 21 22

Scheme 6: Phosphine catalyzed synthesis of cyclohexene carboxylate
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(iii)(b) [Au]-catalyzed reactions of cyclohexene carboxylates to yield furan fused
cycloheptene carboxylates

Treatment of cyclohexene carboxylates 19-22 with the gold catalyst, PhsPAuCI (5
mol%) and AgOTT (5 mol%) in toluene solvent at 100 °C for 12 h afforded furan fused
cycloheptene-carboxylates 23-26 (Scheme 7). The mechanistic pathway probably
involves intramolecular cyclization and ring opening/ expansion followed by

aromatization.

0O

i
OEt
‘ PhsPAUCH (5 mol%) OFt
Ph o AgOTf (5mol%) Ph

V4 Ph PhMe (0.1M) ( 3

O 100°C, 12 h O o~ “Ph
3

Scheme 7: Synthesis of furan fused cycloheptene-carboxylates through [Au]-catalysis

PART-B
In this part, reactions utilizing active methylene compounds are explored. Chapter
4 deals with a review of literature on transition metal catalyzed
cyclizations/transformations by using active methylene compounds. Chapter 5 delves
upon the results obtained on these aspects. Chapter 6 is the experimental section for this
part. The main precursors used are shown in Chart 2. Important results of this part are

discussed below.
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o | O Br
; H = H
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H
0
R2 O

Substituted 2-bromo- 1-bromo-2- 2-bromopyridine-3- 2,7-dibromo-9-ethyl-9H-carbazole
aryl aldehydes naphthaldehyde (27g) carbaxaldehyde (27h) -3-carbaldehyde (27i)
R1 H,R2=H,R%=H 27a o i1
= OMe, R? = H, R® = OMe ((27b)) NC\)J\Oth R5O)J\/U\OR5 Ne N
R1 OMe,R2=H,R®=H (27c) alkyl cyanoacetates  dialkyl malonates  malononitrile (30)
Rj F, R22- H, Rz =H (27d) RY=Et (28a) R5=Et (29a)
R'=H,R*=F R®=H (27e) R*=Me (28b) R5=Me  (29b)

1= 2 _ 3=
R'=Me R%=H R'=H  (27f) R‘=nBu (28c) RS=iPr (29c)
R* = n-octyl (28d)

Chart 2: Precursors used in this work (part B)

(iv)(a) [Cu]-catalyzed ligand-free synthesis of multifunctional naphthalenes,
phenanthrenes, quinolines, benzo[b]carbazoles by using 2-bromo aryl aldehydes and
active methylene compounds

Here, the reactions of 2-bromobenzaldehyde 27a-f with alkyl 2-cyanoacetate 28a-
d in the presence of Cul (10 mol%) and K2COz (3 equiv) in DMSO at 120 °C for 3 h
afforded the multisubstituted naphthalenes (e.g., 31-35). We extended our methodology
for the synthesis of phenanthrene 36 from 1-bromo-2-naphthaldehyde 279 as the
precursor (Scheme 8). The mechanism of this conversion involves Knoevenagel

condensation, C-arylation, and decarboxylation followed by aromatization.

ne AL
OR* R

R3 Br O Br 28a-d NH» O
o or O — (2 equiv) OO e
R’ o Cul, K,CO3 R’

DMSO, 120 °C, 3h
27a -f (72-85%)

NH, NH, NH, NH;
00 e o 00 e OO
MeO NH, O
MeO nOctyI

Scheme 8: Synthesis of multifunctional naphthalenes/ phenanthrenes

(more examples) F
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(iv)(b) Cu(l)-Catalyzed tandem synthesis of multifunctional quinolines and
benzo[b]carbazoles

Continuing our above studies, we examined the reaction of 2-bromo-3-
pyridinecarboxaldehyde 27h with alkyl cyanoacetates 28 in presence of above optimized
conditions. Satisfyingly, the reaction led to the desired products (e.g., 37-38) in moderate
to good yields 72-52%. We have successfully extended this chemistry to the synthesis of
alkyl 7-amino-8-cyano-5-ethyl-5H-benzo[b]carbazole-9-carboxylate 39 (Scheme 9).

CN
N Br /N NH,
’ ‘ = 4
x o NG X OR
O
H 37-38 (66 72°/)O
- - 0
27h or OR*
—1 2 (2 equiv) or
Et Et
N CUl, K2003 !
Br gr| DMSO
120 °C, 3h
H
R* = Et
27i 0
‘ N NH, N
= OMe ‘ _

(more examples)

Scheme 9: Synthesis of multifunctional quinolines and benzo[b]carbazoles

(iv)(c) Cu(l)-catalyzed one-pot sequential synthesis of dialkyl-2-aminonaphthalene
from (E)-alkyl 3-(2-bromophenyl)-2-cyanoacrylate |

To extend our concept by expanding the scope of substrates, we treated 2-
bromobenzaldehyde 27a (1.0 mmol) with alkyl cyanoacetate 28a-b (1.0 mmol) and
K2COs3 (1.0 mmol) in DMSO at rt for 1 h to generate intermediates 39a-b; then Cul (10
mol%), K>COz (2.0 mmol) and diethylmalonate (29a, 1.0 mmol) were added and the
contents heated at 120 °C for 2 h. The overall reaction proceeded smoothly to afford
diethyl 2-aminonaphthalene-1,3-dicarboxylate 40-41 in 68% yield (Scheme 10). This new
one-pot sequence also allowed for the synthesis of polysubstituted phenanthrene 42 in
80% yield from 1-bromo-2-naphthaldehyde 27g (Scheme 10).
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6N NC\)kOR4 [ M .~ O OR®
i Br 28 ¢ Br R°O” 7 TOR® Y
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R ! ot R DMSO A
27 39 © 120 °C 40-42 g
one pot
Oy OFEt O Oy, -OFEt Os_OMe -
c9
OGS Y o Rerh
OEt OEt OO OMe */‘} c1oyct
112 Loy
le) (0] o) o3 < N
40: 80% 41; 80% 42;: 68%

(more examples)
Scheme 10: Cu(l)-catalyzed one-pot sequential synthesis of amino-
naphthalene/phenanthrene-dicarboxylates

(iv)(d) Cu(l)-catalyzed one-pot sequential synthesis of 2-aminonaphthalene-1,3-
dicarbonitriles

In order to explore the above one-pot sequential method further, malononitrile
(30; 1 mmol) was used to replace dialkyl malonates 29. Very interestingly, this reaction
afforded 2-aminonaphthalene-1,3-dicarbonitriles 43-45 in 67-82% yield (Scheme 11).

o)
Nc\)J\oR4
NC._CN
; 29 ~ CN
r Br 30
NH
KCOs CN Cul/K,CO4 ?
R' © 1 A ort| /=
A DMSO gt CN
re,
27 39 © 120 °C 43-45 (67-82%)
N3
CN CN CN /;:lz
NH, NH, NH, csl oo
I I I s
CN F CN  MeO CN s
43 44 45 “Cc1¥ s 42 N

Scheme 11: Cu(l)-catalyzed one-pot synthesis of 2-aminonaphthalene-1,3-dicarbonitrile
(iv)(e) Utilization of the multifunctional naphthalenes
To demonstrate the utility of the present protocol, further structural elaboration of

compounds 31 and 33 was performed via the reaction with formamide in the presence of
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K2COs to give the corresponding benzo[g]quinazoline 46-47. Later, compound 46 was
converted to 4-oxo-3-phenyl-3,4-dihydrobenzo[g]quinazoline-10-carbonitrile 48 by using
[Cu]-mediated C-N bond forming reaction (Scheme 12).

HO. -OH
Ioce
NH —_—
K
Sf\:ﬂ? Cu(OAC),/Et:N \©
31,33 DCM rt 2h
150 °C. 4h 46:R1 = H, 919 48; 72%

47;R'=F, 87%
Scheme 12: Synthesis of 4-0x0-3-phenyl-3,4-dihydrobenzo[g]quinazoline-10-carbonitrile

from prepared multifunctional naphthalenes
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PART A

CYCLIZATION/CYCLOADDITION REACTIONS
OF NITRILES AND ALLENES






Chapter 1

INTRODUCTION

1.1 General Introduction

Organic substrates with an sp-hybridized carbon such as alkynes, nitriles and allenes
(1.1-1.6) are valuable precursors for numerous synthetic transformations.* Although many
nitriles are normally used as solvents, they do possess an sp-hybrid carbon and hence may
be utilized for addition/insertion into acyclic compounds via transition metal catalyzed C-
H activation.? Thus transformations of nitriles into versatile N-heterocycles has been of
some utility in organic synthesis.>® Allenes, due to the presence of cumulative double
bonds with a central sp-hybridized carbon, are quite reactive and are versatile synthons in
organic reactions in the synthesis of highly functionalized complex molecules, natural
products and active metal complexes.® They are also useful substrates in C-C bond
formation, C-H functionalization, cyclization, cycloaddition, dimerization and addition
reactions.”® Allenylphosphonates, allenylphosphine oxides and allenoates can be
synthesized easily using low cost materials; hence these also have proven to be valuable
precursors for privileged transformations.'® Structural representation for all of these is
shown in Chart 1.1. Numerous heterocycles like pyrazolines,*'® pyrrolo-indoles,!®
chromenes,**¢ quinolines,**? sultams,*!® furans,**" naphthalenes,**¢ indoles,**" benzofurans,

benzopyrans and isocoumarins'*' can be synthesized via allenes.

1 3 RO, 2° R, O RO.C
R R RO/P /P 2
R-GED—R' RN =0 == RN S
R2 R4 R1 R'I Me
1.1 1.2 1.3 1.4 1.5 1.6
Alkynes Nitriles Allenes Allenyl Allenylphosphine a-methyl
phosphonate oxide allenoates

Chart 1.1: Basic structures of sp-hybridized precursors discussed in this chapter

In this chapter, literature relevant to (i) transition metal catalyzed
addition/insertion of nitriles to yield heterocycles, (ii) transition metal catalyzed/mediated
intramolecular cycloaddition/ cyclization reactions of allenes, (iii) intermolecular
cycloaddition /annulation reactions of allenoates, (iv) cycloaddition and/ or cyclization

reactions of enynones/enynols, where enynone/enynol acts as a 2C synthon, and (V)



synthesis of substituted furan fused polycyclic compounds from [Au]/[Ag] catalysis and

will be covered.

1.2 Transition- metal catalyzed insertion of nitriles followed by cyclization to
yield heterocycles

In the year 2015, our group reported the Pd(OAc).-catalyzed generation of
indolocarbolines 1.8 in moderate yields from indole-2-carboxylic acids via
decarboxylative dual C-H activation of indole-2-carboxylic acids 1.7 followed by nitrile
insertion 1.2 (Scheme 1.1).1? This conversion involved (i) coordination of Pd-with
carboxylic acid group (ii) carbopalladation at C3- position of indole (iii) decarboxylation,
(iv) transmetalation, (v) reductive elimination [Pd]-catalyst followed by nitrile insertion,

intramolecular C-H activation and subsequent cyclization.

Pd(OAc), (10 mol%)

Ag,CO3 (2 equiv.
mcozH + Ri—czn 29280s (equlv)
N 80°C, 12 h

\

R NTON
1.7 1.2 R 18 (48-65%)

Scheme 1.1: [Pd]-catalyzed insertion of nitriles to indole substrates

In the year 2018, Kumar’s group reported the synthesis of multisubstituted
phenanthrenes 1.10 by using aryl iodides 1.9 and alkyl or aryl nitriles 1.2 via [Pd]-
catalysis (Scheme 1.2).2 This conversion involves [Pd]-catalyzed nucleophilic addition of
aryl iodides to nitriles, formation of C-C and C-N bonds followed by imine directed

double C-H activation.

R R2

|
Pd(OAc), (10 mol%) ‘ ‘
@/CN @ AgBF, (3 equiv.) 7
+ N _—
Johnphos (20 mol%) Q
DCE, 130 °C, 48 h )
1.2 1.9 110 (50-80%) R

Scheme 1.2: [Pd]-catalyzed reaction of nitriles with aryl iodides

Very recently, Chen’s group developed a protocol for the synthesis of functionalized
oxazoles 1.13 by using arenes 1.12 and functionalized nitriles (cyanomethyl carboxylates)
1.11 via Pd-catalysis (Scheme 1.3).2® This reaction involved [Pd]-catalyzed C-H



activation, carbopalladation of arene group followed by coordination with nitrile moiety
then protonation of in situ formed imine species to give products after regenerating the

catalyst.
R1
Rz~ ~07 “CN ,  DMSO (2 equiv) ZJQN RS
R TFA (1 mL) R
1.11 1.12 113 (45-91%)

Scheme 1.3: [Pd]-catalyzed insertion of cyanomethyl carboxylates into arenes

Liao et al demonstrated [Pd]-catalyzed synthesis of B-carbolines 1.15 and y-carbolines
1.17 through C-H addition of C-3 substituted and C-2 substituted indole moieties 1.14
and 1.16 (respectively) to the nitrile 1.2 followed by cyclization (Scheme 1.4).'* This
conversion from indoles to carbolines proceeded through direct palladation, coordination
to nitrile followed by C-H addition with indole moieties and protonolysis, and finally
aromatization followed by regeneration of catalyst obtained desired products.

o)
i Pd(OAc), (10 mol%) R® R2
3 bpy (12 mol%) —
(a) R A\ ., R'—=N \ N
N THF/AcOH, 120 °C N
\
R1 $1 R4
1.14 1.2 1.15 (34-62%)
R 0 - Pd(OAC); (10 mol%) g3 R*
N\ . RA-=N bpy (12 mol%) =N
(b) - R2
N R NMA/ACOH, 120 °C \
R’ N
R' R
1.16 1.2 1.17 (40-92%)

Scheme 1.4: [Pd]-catalyzed insertion of nitriles into indole substrates leading to

carbolines

The same group of Liao in 2019 reported the synthesis of multifunctional
trisubstituted oxazoles 1.19 and 1.21/21" from [Pd]-catalyzed C-H addition of
polysubstituted heteroarenes 1.18 or 1.20/1.20’ to the cyano moiety of cyanohydrins 1.11
(Scheme 1.5).%° Initial reaction between heteroarene with [(bpy)Pd(TFA)2] generates a

palladium complex, which undergoes coordination with cyano group of cyanohydrins



followed by addition with heteroarene and subsequent intramolecular cyclization,

protonolysis, elimination and aromatization to form the oxazoles.

R4
~o
- 0 N
)
o PR , PATFAR (Bmol%) oo =
A j)\ R bpy (6 mol%) N
+ 52-88%
N\ R® “CN TFA(20 mol%) N ( 2
1.18 R’ 1.1 NMA. 120 © \ L 1.19
1207C R’ Ph
Ph Ph N= 5
o 0 S
= PA(TFA), (5 mol%) @
= Ph
P~ N O)J\Ph bpy (6 mol%) ph)\N
(b) 1.20 + )\ TFA(20 mol%) 1.21
mol% (62-85%)
(o) P N NMA, 120 °C o "o,
\ 1.11 (R®=Ph)
LD X
. N=
20" 1.21
1.20 o

Scheme 1.5: [Pd]-catalyzed insertion of cyanohydrins to form oxazoles

Park’s group reported a regio-controlled synthesis of substituted 4-aminoquinolines
1.25-1.26 by [Cu]-catalyzed three component reaction of diaryliodoniums 1.22, ynamides
1.23 and nitriles 1.2. Here, [1,3] N to C shift to quinolin-4-ylmethanesulfonamide
followed by deprotection of benzyl group, sulfonamide moiety are involved. This
approach was also extended to synthesize the antimalarial compound CK-2-68 (Scheme
1.6).16

KOt-Bu
DMSO, THF
rt, 1h

CuTc (10 mol% ;
S B SO.RY ( %) LIHMDS 0
OoTf o N7 2 EtOAc, MS 4 A DMSO, THF Bn_ _S
! 75°C, 3 h N
T
(L o

rt, 1h

R? R*
1.22

1.23 1.2

——> antimalarial compound
CK-2-68

Scheme 1.6: [Cu]-catalyzed insertion of nitriles to form aminoquinolines

Schmitt and colleagues employed anilines 1.27 and benzonitrile to obtain

benzimidazoles 1.28 via amidine formation followed by oxidative cyclization of anilines



using [Cu]-catalysis (Scheme 1.7a).1” This concept was also extendable to the synthesis of
azabenzimidazoles and purines. Earlier in 2019, Cai et al reported [Cu]-catalyzed
synthesis of 1,2,4-triazoles 1.30 by using 2-amino pyridines 1.29 upon reaction with
nitriles via heterogeneous addition-oxidative cyclization (Scheme 1.7b).'® Nucleophilic
attack of pyridine moiety on nitrile promoted by copper catalyst with the formed
intermediate undergoing proton-transfer followed by [Cu]-catalyzed intramolecular
oxidative cyclization affords products 1.35. Formation of 1,2,4-triazoles from amidines

follows a similar pathway.

1
R2 NH
D
@ o u(OAc),/ air
a) R >—< >
R4 LiIHMDS DMSO/ACOH (
1.27 THF, 23 °C 110 °C
1.28 (9-46%)
NH, Phen-MCM-41-CuBr
| A (5 mol%) N
® L_N + N=R? - RN R
o Znl, (10 mol%), DCB N
1.29 air, 130°C, 24 h 1.30 (65-92%)

Scheme 1.7: [Cu]-catalyzed insertion of nitriles to form benzimidazoles and 1,2,4-

triazoles

Phenanthridines 1.32 can be obtained by reacting diaryl-iodonium salts 1.31 with
nitriles via a copper catalysis as shown by Li et al. (Scheme 1.8).1° This conversion
involves oxidative addition of [Cu]-catalyst to diaryliodonium salt, addition of nitrile to

the formed complex followed by electrophilic annulation.

OTf
I+
Jﬁj\ + N=RS

Scheme 1.8: [Cu]-catalyzed insertion of nitriles to form phenanthridines

R1

R3
Cu(0TH), (10 mol%) |

N
DCE, 150 °C Q
1.32 (30-80%)

R2

Wang, Hashmi and colleagues demonstrated a gold catalyzed synthesis of substituted
oxazoles 1.34 by using diyne 1.33 and nitriles through 1,6-carbene transfer (Scheme

1.9).2% This conversion involves m-activation of terminal alkyne in the presence of [Au]-



catalyst to generate a-0X0 gold carbene through oxidation of alkynes by N-oxides. The
formed gold carbene undergoes intramolecular cyclopropenation followed by ring
opening to form vinyl carbene which subsequently gives the desired product by the

reaction with nitriles.

+ R3-=N (5 mol%)
R2 AgOTf (5 mol%), 60 °C
1.33 8-Ethylquinoline N-oxide

o (1 2 equiv.)

1
R =z Me,'BuXPhosAuCl
X

v Pr iPr

; o2 1.34 (44-82%)

Scheme 1.9: [Au]-catalyzed insertion of nitriles to diynes to form substituted oxazoles

In the year 2019, Srimani et al reported Mn-pincer complex (Cat-1) catalyzed
synthesis of quinazolines 1.36 and 2-aminoquinolines 1.37 through dehydrogenative
cyclization by using 2-aminobenzyl alcohol 1.35 upon reaction with nitriles (Scheme
1.10).2! The synthesis of quinazolines took place via dehydrogenation and formation of
C-C and C-N bonds whereas formation of 2-(alkylamino)quinolines 1.37' proceeded
through sequential dehydrogenative annulation followed by N-alkylation with the

alcohols.

NC
N1 R
O o e
N” O NH, Cat-l/KOH 135 "2 " Cat1/BuOK )\©'

1.37 140°C, 36 h xylene, 140 °C

Cat 1/KOH | Cat-1/ 'BuOK

toluene HO/\

A~ R2 H
NC~ "R! A N
. CNCMQSH
R? ~
CO

Scheme 1.10: [Mn]-catalyzed insertion of nitriles to aminobenzyl alcohol

Jeganmohan et al synthesized 3-methyleneisoindolinones 1.39 and 1.41 with Z-
selectivity by using activated alkenes 1.38 and 1.39 (alkyl acrylates or phenyl vinyl

sulfone) by the reaction with aromatic nitriles via [Ru]-catalysis (Scheme 1.11).2



O
Z COR? ™ Z80,Ph 2
N—H 1.38 @ 1.40 N—H
R’ o \ {RuCly(p-cymene)},] (56 mol%) _7 [{RuCly(p-cymene)},] (5 mol%) / \ /(/)
) AgSbFg (20 mol%) AgSbFg (20 mol%) R ,S:O
OR Cu(OAc),.H,0 (2 equiv.) Cu(OAc),.H,0 (2 equiv.) Ph
1.39 (61-74%) AcOH, 120 °C, 36 h AcOH, 120 °C, 36 h 1.41 (41-75%)

Scheme 1.11: [Ru]-catalyzed reaction of nitriles with acrylates

Buchwald et al developed [Cu]-catalyzed synthesis of multisubstituted pyrroles 1.43
by using enynes 1.42 and nitriles (Scheme 1.12)2® which follows reductive coupling

followed by intermolecular cyclization.

;
- Cu(OAC), (5 mol%) /L_QR
DTBM-SEGPHOS (6 mol%) 1\
/V Alkyl /Ar R

+ R——=N
Alkyl /Ar DMMS (4.0 equiv) N
1.42 1,4-dioxane, 50 °C 1.43

(NH4F work up)

Scheme 1.12: [Cu]-catalyzed reaction of nitriles with enynes

1.3.  Transition-metal catalyzed/mediated intramolecular cyclization/
cycloaddition reactions of allenes

Recently, Shi and co-workers reported catalyst controlled cycloaddition reaction of
bis-(indol-3-yl)-allenes. This reaction led to different spiroindolines with a spiro-
quaternary center (Scheme 1.13).2* [Au]-catalysis afforded asymmetric desymmetrization
product 1.45 with good regioselectivity, whereas [Pt]-catalysis in the presence of P(CeFs)3
provided enantiomeric products 1.46-1.47 in good yields. They proposed a mechanism,
with assistance from DFT- calculations, in which nucleophilic attack on compound 1.44,
and then reaction with the allene to indole moiety gave cyclized intermediate producing
[Pt] or [Au]-carbenoid. This would undergo [1,2]-proton transfer followed by release of

catalyst leads to products 1.45 and 1.46-1.47 respectively.



BuBrettphosAuNTf,
(2.0 mol%)
toulene, 70 °C
N
(\-\/Rs 12h-3d
| |
N N\
R/1 R'
1.44 PtCl, (5.0 mol%)

P(CeFs)3 (5.5 mol%
anisole, 70 °C

R2

R Intermediate
metal-carbenoid
species

Scheme 1.13: Intramolecular reaction leading to spiroindolines using [Au] or [Pt]

catalysis

In the year 2018, Ma et al reported [Rh]-catalyzed intramolecular cycloaddition of
allene moiety with 1,3-diene group in 1.48 to yield diastereoselective cis-5,6-fused
bicyclic compounds 1.49 having an exocyclic double bond (Scheme 1.14).%° This
conversion proceeded through cyclometalation and allylic rearrangement followed by

reductive elimination.

R3

\
/_//_Q‘R2 RhCI(PPhs3)3 (2 mol%) X

X
\_\\ Toluene, 40-80 °C
‘\\_R ] 3-24 h
1.48 1.49
X = NTs, C(CO,Me), (39-87%)

Scheme 1.14: [Rh]-catalyzed intramolecular cycloaddition of allene-dienes



Toste’s group has discovered a gold catalyzed [2+2] cycloaddition reaction of
allenenes 1.50 to produce substituted cyclobutanes 1.51 (Scheme 1.15).26 The mechanism
of this conversion involves the formation of carbocation via nucleophilic attack of alkene
moiety to the Au(l)-activated allene, then formed vinyl [Au]-species attacks the benzylic
carbocation generating cyclobutane compound 1.51. The presence of external nucleophile
like MeOH opposes the intermediate regioselectivity and generates trans-cyclopentane.
They also demonstrated enantioselective [2+2] cycloaddition adduct 1.51 in the presence

of Au(l)-biaryl complex I.

(a) R
5 mol% Ph3PAuCI H
5 mol% AgBF, /R
R X
A CH,Cly, t, 2 h-24 h
X/\/' R H Ar
1.51 (57-92%) — -
\ Ar
1.50 ©) R © Ar
. 3 mol% | v /R <o b Auc
X=NTs 6 mol% AgBF, " u
= C(CO4R), 0 P-AuCI
= (SOzPh), CH,Cly. 4-25 °C Y, { O A
0
1.51 i |
70-92% (54-97% ee))  Ar = 3,5-t-Buy-4-(CH3)-CgH,
|

Scheme 1.15: Gold(l)-catalyzed [2 + 2]-cycloaddition of allenenes

In the year 2008, Mascaefias and his co-workers described platinum [4+3]-
cycloaddition of allene-diene 1.52 within the molecule (Scheme 1.16).2” They constructed
bicyclic system 1.53 which has seven membered carbocycle as one of the moieties. In this

conversion, allene serves as 3C source and the diene source serves as 4C source.

R R
.)\R R
~ PtCl, (10 mol%) X
X
Toluene
\ | / [4+3], A H R
1.52 ’ 1.53
R
X = C(CO,E), (62-98%)
=NTs

Scheme 1.16: [Pt]-catalyzed [4 + 3]-cycloaddition of allene-dienes




In the year 2016, Mukai’s group reported intramolecular hetero-[6+2] cycloaddition
of allenylazetidine moiety with alkyne group in 1.54 in the presence of a [Rh]-catalyst.
This reaction proceeded via metal coordination with allene moiety and alkyne moiety of
starting material, C-C bond cleavage of azetidine ring followed by [6+2] type ring closing
reaction to yield azabicyclo[6.4.0]dodecatrienes 1.55 (Scheme 1.17).%

[RhCI(CO)dppp]2

NTs
PhO,S R;;)
2:.— (5 mol%)

X Toluene, 80 °C
N—=— R2 R2
1.54 1.55
X =0, NTs, C(COzMe),, C(SOzPh),, (66-96%)

so,ph R

X
X A\ NTs

CH2, C(CHzo)ZCMez

Scheme 1.17: [Rh]-catalyzed intramolecular [4+3] cycloaddition of allene-ynes

In the year 2018, Yu et al reported intramolecular [3+2] cycloaddition reaction of 1-
allenyl-vinylcyclopropanes 1.56 to construct 5/5 or 5/6 fused bicycles 1.57 with
quaternary stereo-center at bridgehead position as shown in Scheme 1.18.%° This [3+2]
cycloaddition involves the binding of the catalytic rhodium species to alkene group of
vinylcyclopropane ring, followed by cleavage of the ring to give reactive intermediate.
The inner double bond of allene gets inserted to Rh-C bond, and finally reductive

elimination of intermediate may generate fused bicycle 1.57 by regenerating the catalyst.

R1

)R
/_//
X \—&
R3
1.56
X = NTs, NBs

R! R?
5 mol% RhCO(PPhs),Cl N
6 mol% AgSbFg X
Toluene, 100 °C
4h 1.57
(76-90%)

Scheme 1.18: [Rh]-catalyzed [3 + 2]-cycloaddition of allenyl-vinylcyclopropanes

Shi and co-workers demonstrated catalyst

dependent stereo-divergent and

regioselective synthesis of indole fused heterocyclic compounds 1.59 via intramolecular
[3+2] cycloaddition pathway using indolylallenes. In the presence of other gold or

platinum catalysts, they obtained different diazabenzo[a]cyclopenta[cd]azulenes (1.59,
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1.59') as epimers. They obtained 1.60 in the presence of IPrAuCl/ AgNTf, by highly
regioselective [2+2] cycloaddition (Scheme 1.19).%°

PLCI, (5 mol%), 4 A MS R!

DCE, 70 °C, 12h 5 R2
O Ts
[IPrAuCl] N/

AgNTH,
_ (5mol%) \T [3+2] 1.59 (54-85%)
4AMS DCE \
TS 70°c, 12n ,
[JohnPhosAuINTY, (5 mol%) ‘ R
1.60 (74-94%) 1.58 4 A MS DCE, 70 °C, 6h O i
Ei
\J

1.59" (13-54%)

Scheme 1.19: [Au]- or [Pt]-catalyzed [3 + 2] or [2+2] cycloaddition of indolylallenes

In the year 2017, Zhang and co-workers reported intramolecular cyclization of N-
allenamides 1.61 by using [Au]-catalysis to yield tetrahydrocarbolines 1.62 in the
presence of a chiral sulfonamide ligand (Scheme 1.20).3! The practicality of this reaction
was shown by the total synthesis of (R)-desbromoarborescidine A and formal synthesis of

(R)-desbromoarborescidine C.

R2 R? R2 R?
(R,Rs)-PC1 (5 mol%)
- . )
&\z_i{\l TRIS  Me,S+AuCl (5 mol%) %\N\TRIS
RN \ AGNTf, (5 mol%e) R N
CH,Cly, -50 °C, 24 h
1.61 1.62(86-99%)

Scheme 1.20: [Au]-catalyzed cyclization of N-allenamides

In the year 2009, Liu et al reported [3+2] intramolecular cycloaddition reaction of 1-
aryl-1-allen-6-enes of type 1.63 in the presence of [PPhsAuCl]/ AgSbFe catalyst to
generate cis-fused dihydrobenzo[a]fluorenes of type 1.64 (Scheme 1.21)%* via 6-endo-dig
cyclization. This reaction proceeded with the formation of trans/cis mixtures of

substituted naphthalenic cations, which were further converted into desired products.
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R'  [PPhsAuCY AgSbFg

(5 mol%
TfOH (in some cases)
DCM, 25 °C

0.3 h-0.5 h 164 R?
(45-82%)

Scheme 1.21: [Au]-catalyzed cyclization of allenenes

In the year 2013, Wu’s group developed a methodology of [Cu]-catalyzed
intramolecular cyclization and dimerization of 3-cyclopropylideneprop-2-en-1-one 1.65
to synthesize benzofuran-7(3aH)-one derivatives 1.66 with a spirocyclopropane ring and
a bridged four membered ring (Scheme 1.22).3* The mechanistic pathway for this
conversion involves (i) intramolecular cycloisomerization, (ii) sequential [4+2]
cycloaddition (after dimerization) followed by (iii) opening of oxa-bridge, and then the

ring.

o)
R1
[ :2‘ CuClI (10 mol%)
[ ]
R2 THF, 50 °C R
1.65 10-12 h 1.66 °©
(61-93%)

Scheme 1.22: [Cu]-catalyzed cyclization of allenones

In the year 2015, Torres et al reported gold catalyzed synthesis of benzo[b]pyrrolo-
napthridine-1-ones via intramolecular cyclization of indolizidinone-tethered S-amino
allenes. The syn isomer 1.67 gave simple cycloisomerization product 1.68 (Scheme
1.23a) whereas anti-isomer 1.67' afforded enantiopure fused spiranic azapolycycles 1.69

via dimerization and spirocyclization pathway (Scheme 1.23b).3*
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IPrAuCl (5 mol%)
AgSbFg (5 mol%) N

DCE, rt, 12-48 h H\
RO
1.68 (62-88%)

IPrAuCI (5 mol%)

) AgSbFg (5 mol%)

DCE, rt, 7-48 h

(34-45%) O OR'

Scheme 1.23: [Au]-catalyzed cyclization of f-amino allenes

Wu and co-workers reported palladium catalyzed intramolecular cyclization of P-
allenes (allenylphosphine oxides) 1.70 to obtain 3-alkenyl benzo[b]phosphole oxides 1.71
(Scheme 1.24).%° This conversion involves oxidative addition, immediate cleavage of C-O
bond leading to form II, followed by C-H activation in the presence of pivalate to
generate 111, which upon eliminating pivalic acid produces six membered palladium
complex 1V. This by reductive elimination gave isomer 1.71' of product, which in the

presence base produced product 1.71 along with regenerated Pd(0) catalyst.
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R2 R1 R2 R1
—</ 2 — 7
R ;/—o 5 mol% Pd(PPh3),Cl, % + Q:Q/
== PivONa, Cs,CO5 R : %
R?2 Ph,P=0 - 0 ©
2 dioxane, reflux

1.70 1.70 1.71 1.71
Pd(ll)
O‘Ar
Pd Pd(0)
R1W
R2 OEPhZ isomerization reductive
[n 1.1 ——————1.71 elimination
PivONa -NaOAr CSZCO3
Bu
) @ﬁ*
H /
! Pd
O
P

[ [IV]

-[Base-H*|
-PivO”

Scheme 1.24: Intramolecular [Pd]-catalyzed cyclization of allenylphosphine oxides

Ma’s group demonstrated the synthesis of dihydrofuran fused bicyclic compounds
through [Pd]-catalyzed intramolecular cyclization of bisallenols. Between two -OH
groups, one was protected with acetate (Scheme 1.25).%¢ Mechanism of this conversion
involves oxy-palladation of allene 1.72, generating intermediate V. Then intramolecular
carbopalladation of another allene moiety in V produces P-allylic palladium intermediate

V1. Further, elimination of acetate group leads to the furan fused bicyclics 1.73.
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%2 oy PdX, 1.72
Wln < PdCh (5 mol%) g
X
\_/f.é DMF (0.1 M) n
oY
R" “OH R2
1.73

1.72 XPd(QY) j}:.:<
X

CHy, NTs, O, SO, h

H, Ac PdX

1,2 —\ v
gﬁ/

173

X
Y
n

Scheme 1.25: Intramolecular [Pd]-catalyzed cyclization of bis-allenols

In the year 2012, Sato et al developed a methodology for intramolecular [2+2+2]
cyclization of allene-ene-ynes 1.74 via [Ru]-catalysis (Scheme 1.26) through a
ruthenacyclopentane intermediate.®” Initially, allene and alkyne groups of the starting
material coordinates with the active site of catalyst to give an intermediate which upon
oxidative addition of alkyne with internal double bond of allene affords
ruthenacyclopentane species. Further, insertion of alkene generates ruthenacycloheptane,

followed by reductive elimination affords tricyclic compounds 1.75.

%R1 R2

R X
Toluene, 50 °C, 1 h MeO,C
Ré~( Single diastereomer
5
174 R 1.75
X = C(CO,Me),
= NTs (59-93%)
=0

Scheme 1.26: Intramolecular [Rh]-catalyzed cyclization of allenynes

Ma and colleagues reported a rhodium(l)-catalyzed synthesis of 3,4-fused bicyclic
furans 1.77 by intramolecular cycloisomerization using 1,5-bis(1,2-allenylketone) 1.76
(Scheme 1.27).38 The conversion involves cyclic oxymetalation of the starting material

1.76 with rhodium, generating intermediate VII. Carbometalation of another unreacted
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allene unit leads to an intermediate VIII with oxygen-bound rhodium dienolate, which

upon protonolysis may generate product 1.77.

X

o)
R__O
R
I~ [RhCI(CO)l, (5 mol%) \
\—/\lf'j acetone, 25°C, 1 h 7\
R
R0 ©
1.76 1.77 (44-84%)
R_o L,RhO
R
x/< XN
RhL,
/A ]\
R™ ™o R™ ™o
VI Vil

Scheme 1.27: Intramolecular [Rh]-catalyzed cyclization of bis-allenes

Hashmi et al reported gold catalyzed synthesis of 1,3-oxazines 1.79-1.81 by

cyclization of allenamides 1.78; along with oxazines they also obtained dihydropyrroles

and N-acylpyrrolines 1.81 as minor products (Scheme 1.28).%° Mechanistic studies by in

situ 3P NMR spectroscopy suggested only one additional species during the conversion

in each case.
_~ 5mol% PhPAUCI
o ¥ 5 mol% AgX
)]\ o + OO | R
R” N 5 mol% TsOH R)\\N R)\\N
H DCM. 60 °C, 24 h
1.78 1.79 1.80

Scheme 1.28: Intramolecular [Au]-catal

1.4.

allenoate as 4C-synthon)

In the year 2016, Guo’s group developed a methodology for the synthesis of

quinazoline-fused tricyclic heterocycles 1.84 with good enantio- as well as diastereo-

selectivity by using allenoates 1.83 via [4+3] cyc

1.82 through chiral phosphine catalysis (Scheme 1.29).% Plausible pathway for this

conversion is shown below.
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1.83

Ts
L e
@—/ Co,Et _(20mol%)Ph_ mol%) Ph

THF, 0°C

R H Z>co,Et

(60-98%) 1.84
96% ee and dr 33:1

Possible mechanistic pathway

Ts
N—
’ COQCEBt COEL, ; 7% 1.82 _\N—N/ R!
; PR3 » R Xx_ PR3 R N PRs R © PR3
1.84

Scheme 1.29: Phosphine-catalyzed cyclization of allenoate with azomethine imines and
a possible mechanistic pathway

Recently, Miao, Ren and co-workers reported gold-catalyzed [4+3] cycloaddition
reaction of allenyl ketones 1.85 having a cyclopropyl moiety with nitrones 1.86 to
produce furan fused heterocycles 1.87-1.88 with good stereo- as well as regio-selectivity
(Scheme 1.30).*' Initially, double bond of allenone moiety induces nucleophilic
cyclization leading to a spirocyclic oxonium/carbene. Ring-expansion followed by
elimination of metal occurs in the presence catalytic t-BuXPhosAuCl/ AgSbFg; the
cationic gold moiety might predominantly react with strained C-C double bond with ring
opening, which further could cyclize with nitrone species to give cycloadduct 1.87. In the

presence of PPhsAuOTTf, ring opening followed by intermolecular [4+3] cycloaddition

gives product 1.88.
S Q‘R‘

e ROR2 1.85 t-BuXPhosAuCI (2 mol%) R’

\ [ .

N - PPh3AuOTf (10 mol%) N AgSbFg (15 mol%) K N\ g
0 S R* 4 AMS, cHCly, -5 °C R‘iﬁ,oe 4AMS, TCE, 120°C N o

/,
L il
RS
1.88 (39-99%) 1.86 1.87 (40-93%)

Scheme 1.30: [Au]-catalyzed cyclization of allenyl ketones

Voituriez, Marinetti and co-workers reported PhsP mediated synthesis of spirocyclic
oxindoles 1.92 by the reaction between substituted d-aryl penta-2,3-dienoates 1.89 and 3-
arylideneoxindoles 1.90 via [4+2] annulation. Here, allenoate serves as a 4-C source

(Scheme 1.31a).%%% A plausible pathway for the conversion involves phosphine addition to
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the B-position of allenoate to produce IX; 1,4-H-shift moves negative charge to the 6-
position. The phenyl ring present favors this rearrangement to stabilize X. Species X
undergoes addition to olefinic moiety to produce XI, which undergoes immediate
cyclization to give XII; then H-shift and elimination of phosphine gives 1.92. in a
somewhat similar report, Li et al reported a methodology for the construction of
substituted spiro[4.5]dec-6-enes 1.93 by the reaction between y-substituted allenoates
1.89 and 2-arylidene-1H-indene-1,3(2H)-diones 1.91 (Scheme 1.31b).“?® The mechanism
for the formation of 1.93 is similar to that for reaction shown in Scheme 1.31a. The
allenoates act as 4-carbon synthons in this annulation process.

(a) Ar
COzEt
1.90 BZ
PPh; (20 mol%)
0 Toluene, rt 1.92 48 89%)
OEt o
— o CO,Et
Ar1_/—1.89 (b)

nlfoe

PPh3 (10 mol% O Ar1 Ar

THF, 60 °C 1.93 (64-98%)
®PPh ®PF’hs
Mechanism: 3 H shift @ P
X E
Ph—/—{ }/ @fL
PPh3 Pph3
Ph
A\ E ““ E
XI
XIl ©\N Q ©\N o
Ac \_/ Ac

Scheme 1.31: Phosphine-catalyzed spirocyclization of allenoates

Guo et al demonstrated a methodology for the synthesis of 1,2,3,5,10b-
hexahydropyrazolo[5,1-a]isoquinolines 1.95 and 1,4,5,7,8,12b-
hexahydro[1,2]diazepino[7,1-a]isoquinoles 1.96 through [3+2] and [4+3] cycloaddition

reactions of cyclic azomethine imines 1.93 with allenoates 1.94 respectively via
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phosphine catalysis (Scheme 1.32).%% In all these phosphine catalyzed reactions, initially,

the phosphine attacks the sp-hybridized carbon.

R1
R1 R1
. ;/*RZ PR3 (20 mol%)
—_— +
/+N\ — —

NBz CO,Et CHyCly, rt, 24 h N

| Bz
1.94 1.83 J NBz
EtOZC EtOZC RZ
R2
1.95 up to 93% 1.96

Scheme 1.32: Phosphine-catalyzed cyclization of allenoates with azomethine imines

Our group has reported Lewis base catalyzed [4+2] annulations between cyclic N-
sulfonyl imines 1.97 and &-acetoxy allenoates 1.98. In the presence of phosphine, imines
acts as C/C donors and generate terphenyls 1.99-1.100 through Sn2’-attack, Michael

addition, Mannich coupling and C-N bond cleavage/aromatization (Scheme 1.33).4

X R
R N
/) Ar/HetAr
Ar/HetAr R
PPh3 (20 mol%) 1.97 R' PPh- (20 mol%
T X=50,/050, 3 (20 mol%) 1 HIOH
1O\S/NH2 toluene, 25 °C + toluene, 80 °C COLEL
7N, 2
Co,et O 0 AcO e
riHetAr 1.100(65-85%
1.99 (65-76%) == 00( °)
EtO,C 41.98

Scheme 1.33: Phosphine-catalyzed cyclization of acetoxy allenoates with sulfonylimines

Recently, Zhou’s group obtained azepine-2,2,4-tricarboxylates 1.103 from aldimine
esters 1.101 and p’-acetoxy allenoates 1.102 by using phosphine catalysis. The formation
of 1.103 using catalytic PPhs or [4+3]/1,5-ethoxycarbonyl migration/lactonization for the
formation of chromeno[4,3-b]azepin-6(1H)-ones 1.104 when the reaction was performed

in the presence of PPhs and Cs,CO3 as shown in Scheme 1.34.%°
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Scheme 1.34: Phosphine-catalyzed cyclization of acetoxy allenoates with aldimine esters

In the year 2012, Kwon’s group developed [4+2] annulation of the indolyl imine
1.105 with a-methyl allenoate 1.106. This application was a key step in the total synthesis
of hirsutine 1.108 from 1.107, which is an indole alkaloid (Scheme 1.35).4¢

NN 4°§<Co Et TsN
S 2 S steps
1.1 p
©\/\>_// _ 11ee 7 N )—COsEt—>
N N R

Boc cat.PBuj Boc

1.105 1.107 (up to 73%) 1108 MeO,C
Hirsutine

Scheme 1.35: Phosphine-catalyzed cyclization of allenoates with aldimines

In the year 2007, Kwon’s group developed a methodology for the synthesis of
polysubstituted cyclohexenes (1.110-1.111) from allenoates 1.94 by the reaction with
benzylidene malononitrile groups (1.109, 1.109") by means of phosphine catalysis.*” The
reaction proceeded via [4+2] annulation (Scheme 1.36a-b). In contrast to this, Lu and co-
workers reported a methodology for the synthesis of 3-spirocyclohexene-2-oxindoles
1.114 through amino acid-phosphine catalysis by using allenoates 1.112 and activated
alkenes 1.113 (with malononitrile type moiety) via [4+2] cycloaddition pathway (Scheme

1.36¢).48
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NC CN Ne R
)
" :.:( .\ R/\/CN PR (20 mol%) R\é\ . NCO
CO,Et
2 CN benzene, reflux CO,Et CO,Et
1.106 1.109 1110 (93-98%) 1.111
R2 NC CN
— N 2
_.:(7 . Ph/\/C HMPT (20 mol%) Ph R
(b) COZEt CN b " >
enzene, reflux CO,E
1.94 1.109' 1.110' (77-98%)
NC . .
CN aminoacid based
COMe / phosphine/s
(c) —= (5 mol%)
+ O
COtBu N toluene, rt
R \Bn N
1.112 1.113 1.114 ‘Bn (83-96%)

Scheme 1.36: Phosphine/aminophosphine catalyzed cyclization using allenoates and

benzylidene or indole based malononitriles

Phosphine catalysis has also been widely used for many other reactions of allenoate
chemistry. Ye et al reported a methodology for the preparation of 6-trifluoromehyl-5,6-
dihydopyrans 1.116 from benzyl allenoates 1.83’ and trifluoromethyl ketones 1.115 by
using posphine catalysed [4+2] annulation pathway (Scheme 1.37a).° Guo’s group
reported tributylphosphine catalyzed synthesis of nitrogen fused heterocycles 1.118-
1.118" from allenoates 1.83 by reaction with azomethine imines 1.117 via [4+3]
cycloaddition (Scheme 1.37b).%°

Ar.
Ar © PPhs (20 mol%) = O AT
@ = L e
CO,Et Ar” "CF3  GH,CI,, reflux CO,Et
1.83' 1115 3-4d 1.116 (4-85%)

2 ©© PBu3 (30 mol%)
N. .
CO,Et AN\ -AC CHZCIZ tt, 48 h
1.117 1.118 CO.Et 1.118' CO,Et
(70-90% overall)

Scheme 1.37: Phosphine catalyzed [4 + 2] and [4 + 3] cyclization/annulation of

allenoates

Kwon, Guo and co-workers also reported phosphine mediated [3+3] and [4+3]-

annulations of allenoate 1.119 with aziridines 1.120 with for the synthesis of
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functionalized tetrahydroazepines 1.122 in excellent diastereoselectivity, along with a 6-
membered N-heterocycles 1.121 (Scheme 1.38).°! While PPhs preferentially led to 1.121
via intramolecular desulfonylation, alkyl substituted phosphines R’PPh> led to 7-
membered ring compounds 1.122. This methodology is the first phosphine-promoted

[4+3]-annulation involving aziridines and allenoates.

; 3

R ' y R Ozs\:o O:S‘ZO
COzEt _ ! _ R PPhZ N N N
O—?—O (1 equiv) | + +
* N — / /
7 TCOEt /A DCM, 48 h Ar CO,Et Ar Ar
Ar CO,Et CO,Et
, CO,Et EtO, C EtO,C |
R =p-NO,CgH, R'=Etorn-Pr trans cis
1.119 1.120 1.121 1.122a 1.122b

Overall: 42-93%; 1.122a: 1.122b ratio 7:93 to 40:60

via o Ar
R\S’N CO,Et
3, 2
CO,Et
(for 1.122) ® PR'Ph,

Scheme 1.38: Intermolecular cyclization/annulation of allenoates with aziridines

In the year 2014, Sasai and group reported an organocatalytic and enantioselective
synthesis of tetrahydropyridines 1.123 from allenoate 1.106 and saccharin derived
ketimines 1.124 via [4+2] cycloaddition (Scheme 1.39).52

................

O,
o Me S°  (R)-SITCP (20 mol%)
—c=< + \N
CO,Et ¢ DCM,25°C,3h, Ms 4 A / CO,Et

R
1.106 1.123 major 1.124
(23.88%) ; (R) SITCP

Scheme 1.39: Phosphine catalyzed reaction of allenoate with a ketamine
It is clear from the above examples that allenoates function as good substrates in

multitudes of cyclization/annulation reactions, especially under phosphine catalysis. This

is an aspect we wanted to explore in the current work.

22



1.5.  Cycloaddition and/or cyclization reactions involving enynones/enynals (where
enynone/enynal acts as a 2C synthon)

Enynones and enynals consist of three different functional groups and are powerful
building blocks for the synthesis of diverse polycyclic compounds.®® These precursors
readily undergo cycloaddition reactions, which subsequently can undergo chemical
transformations in the presence of transition metal catalysis.>* Since our group is working
on allenes/allenoates, we were curious to check the reactivity of allenoates with enynones.
A few reports on reactions of enynones where enynones/enynals acted as a 2C synthon
are given below. We ourselves reported a PhsP catalyzed [3+2]-cycloaddition between
allenoates 1.125 and enynals 1.126 to obtain functionalized cyclopentenes 1.127 (major),
which under [Au]/[Ag] catalysis led to benzofurans 1.128 through 1,2-alkyl migration

and aromatization (Scheme 1.40).%

o)
H PPhsAuCl/ COEt
CO,Et A 3
”/ __ PPhs (10 mol%)  EtO,C ' AgOTf N\
) Ar _— H —mM Ar'
T AN 1,4-dioxane A o
12 h, rt 0
Ar' major Ar
1.125 1.126 1.127 (55-88%) 1.128

Scheme 1.40: Phosphine catalyzed reaction of allenoate 1.125 with enynal 1.126

In the year 2009, Zhang’s group developed a methodology for the synthesis of
multifunctional cyclopentanes 1.131-1.131' by using enynones 1.129 upon reaction with
malonate derived o,B-unsaturted substrates 1.130 by using base catalysis (Scheme
1.41a).° Later in 2018, Luo, Deng and their coworkers reported a methodology for the
synthesis of dihydrothiphenes 1.134 and multifunctionalized fully substituted thiophenes
1.135 via [Cu]-catalysis by reacting thioamides 1.132 with enynones 1.133 where
enynone acted as a 2C synthon. This conversion proceeded through Michael addition and
cyclization followed by protonation (Scheme 1.41b).>” Although there are several other
reports on the reactivity of enynones/enynals,>® they are not related to the present work

and hence are not elaborated here.
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Scheme 1.41: Examples showing reactivity enynones (as 2C-synthons)

1.6 Synthesis of substituted furan fused polycyclic compounds from [Au]/[Ag]
catalysis

Furan is an important scaffold in many natural products, pharmaceuticals; it is also a
fundamental unit in organic molecular electronics.®® Synthesis of multisubstituted
polycyclic furans utilizing gold catalysis by activation and functionalization of alkynes/
alkenes has drawn much attention.® Since a part of our work deals with [Au]-catalysis, a
few relevant literature reports that feature synthetic methods for polycyclic furan-fused
compounds via [Au]-catalysis are described below.

In the year 2012, Zhang and co-workers developed a synthetic methodology for furan
fused heterocyclic compounds 1.137 from substituted ring-fused tetrahydroquinolines
1.136 using IPrAuCl/ AgOTf catalyst combination (Scheme 1.42a).5! The precursors
underwent C-C bond cleavage and cyclization followed by 1,2’-alkyl migration to yield
furan fused tetrahydroazepines 1.137. In the year 2017, Zhu et al developed synthesis of
furan fused polycyclics 1.139 via gold and silver catalyzed ring expansion of alkynones
1.138 as shown in Scheme 1.42b.%2 This reaction proceeded through ring fragmentation

with [Au]-protodeauration, then aromatization followed by Friedel-Crafts reaction.
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(@) IPrAuCIl/AgOTf (5 mol%) —
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Me DCE, rt N R
N" 'R k R
kR-", R’
1.136 1.137 (64-99%)
R2
0}

0 _——R® PPhsAUCI (5moI%) .--.
R AgNTf, (5 mol%) .
(b) toluene, 100°C ~ “.__. ]
N (0] 15hor12h R
1.138 1.139 (42-86%)

Scheme 1.42: [Au]-catalyzed reaction of enynones leading to fused furan scaffolds

Zhang and co-workers reported the synthesis of polysubstituted furan-fused azepines
1.142 in excellent diastereoselectivity from 2-(1-alkynyl)-2-alkene-1-ones 1.140 by
reacting with hetero-dienes 1.141 using [Au]/[Ag] catalysis (Scheme 1.43a).%® The
reaction involves (i) cyclization of ketone in the presence of [Au]-catalyst, (ii) addition of
imine species to the formed carbocation, (iii) intramolecular 2,7-spirocyclization followed
by 1,2-alkyl migration. The same group reported the synthesis of furan-fused
polycyclic compounds 1.145a-b  from enynones 1.143 and 1,3-
diphenylisobenzofurans 1.144, by cycloisomerization/[4+3] cycloaddition using
gold catalysis (Scheme 1.43b).%* Zhang et al also developed a methodology for the
synthesis of furan fused heterocyclic compounds 1.148 by using 1-(1-alknyl)cyclopropyl
ketone 1.146 and nitrones 1.147 via gold catalyzed [4+3] cycloaddition as shown in
Scheme 1.43c.%®
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Scheme 1.43: [Au]-catalyzed reaction of enynones to obtain fused furan scaffolds

The above discussion makes it clear that compounds with an sp-hybridized carbon

have versatile reactivity with much current interest. Specific topics to be investigated in
this work are delineated under the objectives section.
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OBJECTIVES OF THE PRESENT WORK - PART A

The main motto of this part of the present work was to study cyclization and or

cycloaddition reactions of nitriles, allenes, and allenoates, (all of which possess a sp-

hybridized carbon) via transition metal catalysis. It was planned to study

(i)

(if)

(iii)

[Pd]-catalyzed reaction of 2,3'-biindoles by the reaction with nitriles to see if
a general method can be found to obtain fused a-carbolines (pyridodiindoles)

and cyanation of 2,3'-biindoles

Cyclization and cycloaddition reactions of allenylphosphine oxides in
presence of [Pd] obtained [Pd] incorporated complexes and phosphorus-
containing naphthalenes,

[4+2]-Cycloaddition reaction between allenoates and enynones followed by
[Au]-catalysis that could afford multifunctional cyclohexenes and

cyclohepteno-furan carboxylates.
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Chapter 2

RESULTS AND DISCUSSION

In this part, we shall discuss transition metal catalyzed cyclization/ cycloaddition
reactions of nitriles, allenylphosphine oxides, and allenoates. Precursors used along with
their synthesis will be presented in section 2.1. In section 2.2, [Pd]-catalyzed nitrile
insertion into 2,3’-biindoles with C-H activation and cyclization to obtain indole fused a-
carbolines (pyridodiindoles) as well as cyanation of biindoles from ethyl cyanoacetate are
presented. In the next section 2.3, unusual behavior of allenylphosphine oxides in the
presence of different amounts of Pd(OAc)2 loading will be discussed. This aspect refers to
the formation of Pd-incorporated allene complexes in the presence of stoichiometric
amount of [Pd]-catalyst. Thus prepared complex could itself be used as a catalyst for
nucleophilic addition reactions of phosphorus based allenes. This is followed by
intramolecular cycloaddition of allenes in the presence of catalytic Pd(OAc)2 to generate
multifunctional P-containing naphthalenes. In the last part of this chapter (section 2.4),
phosphine catalyzed cycloaddition reactions of a-methyl allenoate with enynones will be
discussed; the products so obtained were utilized in [Au]-catalyzed cyclization/
rearrangement to yield multisubstituted dihydrocyclohepta-furan carboxylates.
Characterization of the obtained products has been done by using mp (for solids), IR,
NMR, LCMS, and HRMS/CHN analyses along with single crystal X-ray structure

determination for illustrative compounds.

2.1 Precursors and their synthesis
2.1.1 Nitriles 1a-1 and 2,3'-biindoles 2a-d

Nitriles la-lI are available commercially. 2,3'-Biindoles 2a-d were prepared by
using a known literature procedure (Scheme 1).% The yields of 2,3"-biindoles were in the

range of 60-70% after purification by column chromatography.
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R—=N

R =Ph (1a), 4-Me-CgH4 (1b)
4-CI-CgH,  (1c), 4-Br-CgH, (1d)
3-MeO-CgH, (1e), 3-CI-CgH,  (1f)
1-napthyl (19), 2-furyl (1h)
2-pyridyl  (1i), 4-MeO-CgH,4 (1)
4-CN-CgH4 (1K), EtO,C-CH, (11)
R1
R1
Brz CH3CN
\(j\/> \®E> R'=H,R?=Me (2a)
KOH, DMSO R1 H, R2 = Et (2b)
FEIZ = OMe, R? = Me (2c)
R1—Br RZ=Me (2d)

Scheme 1: Nitriles and 2,3'-biindoles used in the present study; also shown is the

synthetic route to 2,3’-indoles

2.1.2 Propargylic alcohols 3a-f
The propargylic alcohols 3a-f, which were used as starting materials for the
synthesis of allenes, have been prepared by Sonogashira cross-coupling between aryl

iodides and propargylic alcohol (Scheme 2) by following a literature procedure.®’

OH
1 R? — H
R I H
R? _ " snee
R'=H R?=H 4 H

R'=H,R?=H  (3a)

1= 2 _
R l\éls/l RR2 HH PdCIy(PPhj),, Cul R1 Me,RZ=H (3b)
e, = 2 _
= CLR2=H EtsN, CHCN, rt =OMe,R°=H (3c)

R1 Cl,R?=H (3d)
R'=Me.RZ=Me (3e)

[ — - =

S 3f H

R1 Me. RZ = Me

Scheme 2: Synthesis of propargylic alcohols 3a-f

2.1.3 Allenylphosphine oxides 4a-f and allenylphosphonates 5a-b

Allenylphosphine oxides 4a-f and allenylphosphonates 5a-b were prepared by
following a method which was reported from our laboratory (Scheme 3).%8¢ The
synthesis involves the reaction of P"-Cl precursor R,PCI [R = Ph or Ry =
(OCH.CMe,CH20)] with the propargylic alcohols 3 in the presence of triethylamine.
Allenylphosphine oxides or allenylphosphonates are formed via a pseudo-Claisen

rearrangement of the initially formed P'"' intermediate 1. The 3P NMR spectra of
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allenylphosphine oxides 4a-f and allenylphosphonates 5a-b exhibit a characteristic peak

in the ranges 6 27-30 and & 6-8, respectively.

R? )
- Hol = Rt - (H R o R\ 0 i
o I RO
EtsN, 0-60 °C R I R' 405 1
(via Pseudo-Claisen rearrangement)
Ph.___O o o
P, H >C N R2
Ph” /\=P:z< o/P%P v/
R'" 4y H R H
R'=Ph (4a, 3(P): 29.1) 5
R'=4-Me-CgH, (4b, 8(P): 27.1) . ) _
R' = 4-MeO-CgH, (4c, §(P): 29.3) R1 =H, Rf Me 133, 3(P): 8.2]
R'=4-Cl-CqH,  (4d, 5(P): 29.0) RI=Ph,RT=H  [3b,3(P): 6.6]
R' =2,4-Me-C¢H; (4e, 3(P): 27.5)
R'=C4H;S (4F, 5(P): 28.4

Scheme 3: Synthesis of allenylphosphine oxides 4a-f and allenylphosphonates 5a-b from

propargylic alcohols

2.1.4 a-Methyl allenoate 6

Allene 6 was prepared by controlled addition of acetyl chloride in DCM to a
solution of the phosphorus ylide in DCM and EtsN (Scheme 4).68¢

)

)J\ CH3 Et3N CH3
+ PhsP > =
e G CO,Et DCM CO,Et

Scheme 4: Synthesis of a-methyl allenoate 6

2.1.5 Functionalized enynones 8a-e

Functionalized enynone substrates 8a-e were synthesized from the Grignard
reaction of corresponding enynals (which were prepared by corresponding 2-iodo-
cinnamaldehydes 7 with various phenylacetylenes)®¥¢ with aryl/alkyl halides, followed

by oxidation by using MnOz (Scheme 5).5%
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PdCl,/ PPhy/ Cul X H
N H + R—= _—
| Diisopropylamine ‘ ‘
THF, 0 °C-rt

OH
O = H Mg, THF O X O MnO,
—_—
H 0°C-rt & H THF, rt, 12 h R2
Br

R'=R?=H
O R! =4-Me, R2=H (8b)

R' =4-OMe, R? = H (8c)
R? R R' =3-F, R2=H (8d)
R' = H, R? = 2-OMe (8e)

R
8a-e

Scheme 5: Synthesis of enynones 8a-e from 2-iodo-cinnamaldehydes 7

2.2 [Pd]-Catalyzed reaction of 2,3'-biindoles with nitriles: Synthesis of indole fused
a-carbolines (pyridodiindoles and cyanated biindoles

As our research group has been working on transition metal catalyzed reactions of
molecules possessing sp-hybridized carbon, we became interested to check the reactivity
of nitriles towards 2,3'-biindoles in the presence of [Pd]-catalysts. In such an attempt, we
treated benzonitrile 1a with biindole 2a in the presence of Pd(OAc). (5 mol%) and
Ag2COs3 (2 equiv) in DMF at 110 °C for 12 h (Scheme 6; entry 1 in Table 1). We obtained
the desired product 9 in 64% yield along with 15% of unreacted starting material. Next,
we examined the reaction with different oxidants such as AgOAc, Ag.O, Cu(OTf), and
CuCl; (entries 2-5). No product was observed by using CuCl, as the oxidant and only
traces of product 9 was formed by using Cu(OTf)2. Use of AGQOAc or Ag-0 as an oxidant
afforded a lower yield of the a-carboline 9. Satisfyingly, we observed an yield of 86%
when we used Pd(OAc)2 (5 mol%) as the catalyst with Cu(OAc)2 (2 equiv) as the oxidant
in DMF solvent at 110 °C for 12 h (entry 6). Use of PdClI; as catalyst did not enhance the
amount of product 9 (entry 7). The reactions by using other Pd-catalysts like Pd(TFA)2 (5
mol% or 2.5 mol%), PdCIx(PPhz)2 (5 mol% or 2.5 mol%) or Pd(dppf)Cl.sDCM (5 mol%)
did not improve the yield of product (entries 8-10). Changing the solvent from DMF to
xylene, acetonitrile, or toluene also did not increase the yield (entries 11-13). There was
no product formation when THF and nitromethane were used as solvents (entries 14-15).
Also, we did not observe any product formation in the absence of the catalyst (entry 16).

Finally, addition of 20 mol% of PPhs only slightly increased the yield (Entry 17). Hence,
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we chose the conditions in entry 6 to study the scope of this reaction. It should be noted

that the isomeric B-carboline 9a” was not observed in this reaction.

Pd(OAc), (5 mol%)
Ag,CO3 (2 equiv.)

DMF, 110 °C, 12 h

1a

Not observed

Scheme 6: Synthesis of indole fused a-carbolines (pyridodiindoles) from 2,3'-biindole

and nitrile

Table 1. Optimization of the reaction conditions for the synthesis of indole fused a-

carbolines.?
Entry Pd-catalyst Oxidant Solvent Yield
9 (%)°

1 Pd(OAC), Ag:CO;3 DMF 64

2 Pd(OAC), AgOAC DMF 60

3 Pd(OAC), Ag.0 DMF 58

4 Pd(OAC), Cu(OTf): DMF 70

5 Pd(OAC), CuCl, DMF nd
6° Pd(OAC); Cu(OAc): DMF 86

7 PdCl. Cu(OAc). DMF nd

8 Pd(TFA) 2 Cu(OAc): DMF 79(359)
9 PdClx(PPhs), Cu(OAc): DMF 22(129
10 Pd(dppf)Cl2 Cu(OAc). DMF nd
11 Pd(OAC):2 Cu(OAc). Xylene 48
12¢ Pd(OAC), Cu(OAc): CHsCN 25
13 Pd(OAC):2 Cu(OAc). Toluene 36
14¢ Pd(OAC), Cu(OAc): THF nd
15¢ Pd(OACc): Cu(OAc)2 CH3NOz nd
16f - Cu(OAc), DMF nd
179 Pd(OAC), Cu(OAc): DMF 88
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#Reagents and conditions: 2,3'-biindoles (0.38 mmol), nitrile (0.38 mmol), Pd(OAc)2 (5
mol%, 0.019 mmol), Cu(OAc)2 (0.76 mmol, 2 equiv), solvent (2 mL), 110 °C (oil bath),
12 h. PIsolated yield. “The optimized conditions are given in bold. 9Reaction performed by
using 2.5 mol% of catalyst. ®Reaction performed at reflux. "No catalyst was used; nd = not

detected. 9Reaction performed by adding 20 mol% of PPhs.

The substrate scope for the palladium-catalyzed reaction is presented in (Table 2).
Initially, we examined the reaction of biindole 2a with various nitriles by changing the
substituents on the phenyl ring (H, 4-Cl, 4-Br, 3-Cl, Me, OMe) and obtained good to
excellent yields of products 9-14. 1-Naphthyl derivative 15 could also be obtained in high
yield. Even heterocycle-containing nitriles such as 2-furonitrile and 2-cyanopyridine
reacted well to give the respective a-carbolines in good yields (16-17). Similar results
were obtained by replacing N-Me with N-Et. Thus N-ethyl biindole 2b reacted with aryl
cyanides to afford the respective a-carbolines (18-21, 23-25) in excellent vyields.
Interestingly, only one cyano group of 1,4-dicyanobenzene 1k reacted to give product 22
in high yield. a-Carbolines 26-27 were obtained upon using substituted biindoles 2c-d
and benzonitrile 2a. However, reactions using aromatic nitriles bearing nitro, amino and
aldehyde functional groups were unsuccessful. Unexpectedly, we obtained C-3 cyano
biindoles 28-31 via a retro-Mannich pathway with the elimination of ethyl acetate in the
reaction of biindoles 2a-d with ethyl cyanoacetate 1l (Scheme 7); details are given in
(Table 3).”* In the case of 30-31, an isomeric mixture was observed. The structures of
compounds 10, 14, 19 and 30 were further confirmed by single crystal X-ray analysis
(Figures 1-2).

Table 2. Substrate Scope for the synthesis of indole fused a-carbolines from

biindoles via [Pd] catalysis®

yield

Entry 2,3'-biindole Nitriles Indole fused a-carbolines
(%)°

o .
MeN
! — O 92
N > N/

1a
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2a 81
2a 84
2a 84
2a 81
2a 82
6a 81
6a 80




6a

NC

= Z
_.\/

80

10

CN

-

1a

86

11

6b

CN

)

1b

89

12

6b

CN

ava

Br
1d

82

13

6b

88

14

6b

- O O
—< >—C27 == < > >
(0]

CN

-
=

81

15

6b

CN

Cl

88




16 6b 80
17 6b 82
18 81
Br
o O
MeN
19 Br — 84
© Da¥aV,
12 "N"e 27

#Reaction conditions: 2 (0.38 mmol), 1 (0.38 mmol), Pd(OAc). (5 mol%, 0.019 mmol)
and Cu(OAc). (2 equiv) in DMF (2 mL) at 110 °C (oil bath) for 12 h. "Isolated yield.

C25 Vs

Ci7

Figure 1: Molecular structures of compounds 10, 14 and 19. Selected bond lengths [A]
with esds: Compound 10 C(8)-C(7) 1.423(2), C(7)-C(12) 1409(2), C(12)-N(3) 1.343(2),
N(3)-C(11) 1.333(2), C(11)-C(10) 1.406(2), C(10)-C(8) 1.410(2). Compound 14 C(8)-
C(9) 1.408(6), C(9)-C(10) 1.402(6), C(10)-C(11) 1.427(5), C(11)-C(12) 1.404(5), C(12)-
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N(3) 1.342(5), N(3)-C(8) 1.334(5), C(12)-C(13) 1.488(5). Compound 19 C(8)-C(7)
1.423(2), C(7)-C(24) 1.410(2), C(24)-C(17) 1.412(2), C(17)-N(3) 1.334(2), N(3)-C(9)
1.346(2), C(9)-C(8) 1.404(2), C(8)-C(7) 1.423(2), C(9)-C(10) 1.481(2).

Pd(OAc), (5 mol%)
Cu(OAc), (2 equiv)
DMF, 110 °C
12 h

28-31

Scheme 7: Pd(OAC), catalyzed C-3 cyanation of 2,3'-biindoles using ethyl cyanoacetate.

Table 3. Substrate scope for C-3 cyanation of 2,3’-biindoles via [Pd] catalysis®

Entr . o . yield
Biindolyls Nitriles C-3-Cyanated 2,3’-biindole
y (%)"
1 NZ CO,Et 86
2 NZ CO,Et 89
3 NZ CO,Et 86
4 NZ “CO,Et 81
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#Reaction conditions: 2 (0.38 mmol), 1l (0.38 mmol), Pd(OAc). (5 mol%, 0.019 mmol)
and Cu(OAc)2 (2 equiv) in DMF (2 mL) at 110 °C (oil bath) for 12 h. °Isolated yield.

Figure 2: Molecular structure of compound 30. Selected bond lengths [A] with esds:
N(1)-C(9) 1.149(3), C(9)-C(8) 1.413(3), C(8)-C(10) 1.387(3), C(10)-C(12) 1.456(3),
C(12)-C(15) 1.446(3), C(15)-C(19) 1.393(3).

Based on a few literature reports’*’?> we propose that the formation of a-
carbolines from 2,3'-biindoles and nitriles proceeds through palladium catalyzed double
C-H activation of biindoles followed by nitrile insertion leading to new C-C and C-N
formation simultaneously as shown in (Scheme 8; path a). It is likely that the nitriles that
we have used are at least weakly coordinated to the palladium [cf. PACI,(PhCN): is
known]. Initially, in the presence of Pd(OAc)., biindole generates Pd(ll) complex I,
followed by insertion of nitrile group giving species Il, which upon second C-H
activation generates IlIl. This upon reductive elimination of [Pd]-catalyst affords a-
carboline 9. In the presence of Cu(OAc)2, the catalyst may be regenerated. In the
formation of the cyanated product 28,%"! intermediates of types I and Il (with R being
CH,COEt) may still be involved; species I, upon reacting with the previously generated
AcOH may lead to species IV that could then lead to C3-cyano biindole 28 by the
elimination of ethyl acetate via retro-Mannich pathway (Scheme 8; path b). The role of

copper acetate in this case may just to facilitate exchange of acetate groups.
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O _— R = Ph R =CH,CO,Et
Cu(OAc), + AcOH
| Ph ACOH

N
Me P4 (NCR
U(OAC),/AcOH

d(OACc),(NCR),

MeN

\\

~
N Ph
Me N 9

Scheme 8: Plausible pathways for the formation a-carbolines and 3-cyano-biindoles

Photophysical properties of 18, 21, 20 and 24:

Since a-carbolines as prepared above possess conjugated fused nitrogen
heterocyclic motifs, we expected that they will show some fluorescence properties. Hence
preliminary UV—visible and fluorescence spectra for compound 18, 21, 20, and 24 were
recorded. As expected, these compounds are fluorescence active (cf. Figure 3). The
absorption peak wavelengths (Aabs), molar extinction coefficient (€), and emission peak
wavelengths (Aem) in solution are summarized in Table 4. We think that with suitable

substitution, the products may become useful for further applications.

e 1.0 —3ba 1.0 .
S ——3bj — 3
= ——3bd —3bg
2. 0.8 3bg ~ 084 ——3bd
2 & —3ba
@ s
< 0.6 ‘% 0.6
T 04+ E 0.4
£ "
S 0.2 £ o
e Zz o
0.0 T
300 400 0.0

T T T T T T
300 350 400 450 500 550 800
wavelength (nm)

Wavelength(nm)

Figure 3: Absorbance and fluorescence emission spectra of 18, 21, 20 and 24 in CHCI;
(10° M) at rt (25 °C). (3ba, 3bj, 3bd and 3bg in the figure are compounds 18, 21, 20 and
24).
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Table 4: UV—Visible absorption and fluorescence emission data for 18, 21, 20 and 242

Compound Aabs(NM) € (10*°M1cm?) Aem(NM)
18 356 4.1 432
21 358 11.3 440
20 305 8.5 447
24 284 27.3 303

2 Data in solution were collected in CHCIs (10° M) 25 °C

To check whether 2,3'-biindoles can act as a dienophile in [4 + 2] cycloaddition or
not (and also to check the reactivity of 2 and 3’ positions), we performed the reaction
between biindole 2b and diethyl acetylene dicarboxylate 32 in toluene solvent at 110 °C
for 48 h and isolated the carbazole 33 in good yield (Scheme 9). This reaction involves
the sp-hybridized acetylenic carbons. However, as this type of compound was reported

earlier,”? we did not explore it further.

CO,Et EtN O

I PhMe, 110°C
T [es
CO,Et 48h
-Hy N CO,Et

(as H,O; aerial oxidation?) Et

2b (0.38mmol) 32 (0.38mmol) 33 (75%)

Scheme 9: Synthesis of indolocarbazole from biindole and diethyl acetylene
dicarboxylate

2.3 [Pd]-catalyzed/mediated cyclization/ cycloaddition reactions of allenylphosphine
oxides to yield Pd-incorporated complexes and P-containing naphthalenes
Cyclization as well as cycloaddition reactions of allenes have drawn much attention in
the synthesis of multifunctional organic compounds. By using phosphorus based allenes,
our research group has explored several new reactions that have generated diverse homo-
and heterocycles via transition metal catalysis.”®> However, the intramolecular
dimerization-cum-cyclization/ cycloaddition of allenylphosphinates and allenylphosphine
oxides are rather rare. In the current work, we serendipitously discovered the formation of
Pd-incorporated complexes and P-containing naphthalenes from allenylphosphine oxides
by varying the quantities of [Pd]-catalyst (stoichiometric/catalytic) in a single synthetic

operation.
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2.3.1 Formation of Pd-incorporated complexes from allenylphosphine oxides and
stoichiometric amount of Pd(OAc):

Initially we were curious to check intramoecular cyclizations and/ or
cycloadditions of P-allenes (especially allenylphosphine oxides) in the presence of [Pd]-
catalyst. In such an attempt, when we treated allenylphosphine oxide 4a with a little
excess of Pd(OAc)2 (more than 20 mol%) in the presence of Ko.COs and PPhz in CH3CN
solvent for 48 h, to our delight, upon checking 3P-NMR of reaction mixture, we observed
traces of left over P-allene along with peaks which had significant downfield 3P chemical
shift compared to P-allene 4a. This gave us indication of the formation of metal
incorporated product. Next, we treated allenylphosphine oxide 4a with Pd(OAc). (0.5
equiv), KoCOs (1 equiv) and PPhz (0.5 equiv) in CH3CN solvent at reflux for 48 h, we
could isolate the palladium incorporated complex 34 in 30% yield (Scheme 10). In order
to improve the yield, we performed the reaction by using different bases like t-BuOK,
Cs2C03, Ag2COs3, and Na2CO3z. Among these, Ag.COs gave good yield (41%) of 34
(major) in 12 h. We were able to synthesize different substituted Pd-incorporated
complexes 34-38 in moderate yields by changing the alkyl groups on the a-phenyl ring of
allenylphosphine oxide 4. Details are given in Table 5. The structure of compound 35 was
further confirmed by single crystal X-ray analysis (Figure 4). When we performed the
reaction with thiophene ring containing P-allene 4f, we observed the formation of Pd-
complexes (through 3P NMR spectra) but could not isolate the required product in a pure
state; the corresponding spectra are shown in Figure 5. Interestingly, though, when we
performed a similar reaction using allenyl phosphonates 5b, we did not observe any Pd-
complex formation [ 3P NMR evidence]. This may be due to the lower donating ability

from oxygen in the phosphonates relative to phosphine oxides.

(0] (0]

Phe O Pd(OAc), / PPhy P /7 py #7 RPN
NP SeRITn >F P
_P (stoichiometric) Ph _ _

Ph o— —

4a CH?(;I:, reflux 34
5(P) 28.8 5(P)51.9 (major)

Scheme 9: Synthesis of Pd-incorporated complex 34 from allenylphosphine oxide 4a
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Table 5. Synthesis of Pd-incorporated complexes from allenylphosphine oxides and

Pd(OAc),?
Allenylphosphine o yield
Entry ] P- containing naphthalenes .
oxide (%)
Ph\P//O Ph\P//O\Pd /O\\P/Ph
Ph” — PhN_/ \_ Ph
1 O = O 41
4a 34
8(P) 29.1 5(P)51.9
Ph_ _0
_P
Ph o—
2 45
4b
Me’
5(P) 27.1
Ph__ _0O
_P
Ph o—
3 51
4c
~0
3(P) 29.3 8(P) 51.3
Ph @)
\P// Ph\ //O\Pd/o\\ /Ph
Ph”” -— R
4 26
ad
Cl
5(P) 29.0 Cl 5(P) 51.9
o)
Ph\ //O Ph\ 7 \pd/o\\ /Ph
P Ph—
Ph
5 Mo 35
de Mé 38 Me
3(P) 27.5 8(P) 51.6

aStandard conditions: allenylphosphine oxide (0.316 mmol) in dry CH3CN, Pd(OAc):
(0.158 mmol), PPhs (0.158 mmol) and Ag.COs (0.316 mmol) at reflux for 12 h. PIsolated
yields.
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Figure 4: Molecular structure of compound 35. Selected bond lengths [A] with esds:
P(1)-O(1) 1.5109(19), O(1)-Pd(1) 2.1671(18), Pd(1)-C(24) 1.949(3), C(24)-C(25), C(25)-
P(1), C(24)-C(8) 1.465(4), C(8)-C(9) 1.341(4), C(9)-C(10) 1.456(4), C(10)-C(11)
1.356(4), C(11)-P(2) 1.796(3), P(2)-O(2) 1.510(2), O(2)-Pd(1) 2.1630(18).

aug @@
ang 88
N/ V]

MNWJJI‘WWM

B 70 &5 60 55 50 45 40 3 2 20 15 10 5 0 10 pem

Figure 5: 3P NMR spectra of crude reaction mixture (left) and allene 4f (right)

—28.376

Formation of [Pd]-complexes 34-38 takes place by the elimination of two
molecules of acetic acid per complex. However, these data do throw up challenges while
rationalizing the mechanism of [Pd]-catalyzed reactions of
allenylphosphonates/allenylphosphine oxides with aryl iodides or iodophenols.”* Since
the complexes have a stoichiometry of 1:2 [Pd: allene], and in the catalytic reactions we
use only 2.5-10 mol% of the palladium catalyst/precatalyst, it appears likely that
complexes of type 34-38 may actually take part in the catalysis. Even more challenging is
the fact that the 1:2 [Pd: allene] reaction mixture indicates the formation of at least a
couple of more [Pd]-complexes (shown in figure 6b). So far we have been successful in
isolating only the major [Pd]-allene complexes 34-38. This aspect perhaps would require

more investigation.
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(c) Ph”

Pd (I1)
complex

515 | slo 4|5 | 4;) 3% 3‘0 ppL’n
(b) Ag,CO3, MeCN ppy_ O
reflux, 12h R
<« Ph + Pd(OAc),
2:1 mol equiv
Me

55 50 45 40 35 30  ppn

(a) ph_ 0
OF
Ph
R R R
55 50 45 40 35 30 nppm

Figure 6: 3P NMR spectrum of the 1:2 [Pd:allene] reaction mixture using 4b (b); also
shown are the 3P NMR spectra of 4b (a) and 35 (c).

2.3.2 Utility of [Pd] incorporated complex 35 in the reaction of phosphorus based
allenes with 2-iodophenol

In order to check any possible catalytic activity for [Pd]-allene complexes prepared
as above, we treated allenylphosphonate 5a with 2-iodophenol in the presence of [Pd]-
complex 35 and CsF (base) in PEG-400 solvent at 90 °C for 12h (Scheme 10). This is
based on a previous report from our laboratory.’* Satisfyingly, we obtained phosphano-
benzofuran 39 in moderate yields. When we repeated the same reaction by using
allenylphosphine oxides 4a-c and 4f, to our delight we could able to isolate phosphano
benzofurans 40-41 and 43 like above (as minor products) along with one more product in
each case that showed the same mass (HRMS), but different H/*3C/'P NMR spectra.

Notably, in the reaction of 4a with 2-iodophenol, the second product 40’ showed two
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doublets at & 5.78 (2H, *J ~ 4.5 Hz) and 5.99 (1H, 2J = 8.0 Hz) in the *H NMR;
compound 40, by contrast, exhibited only a doublet at § 4.93 (1H, 2J = 9.5 Hz.). In the
BC{'H} NMR spectrum, product 40’ exhibited a doublet at & 75.3 [3J (3C-3IP= 4.6 Hz]
which corresponded to a CH, carbon (DEPT). Product 40 exhibited a doublet at & 42.7 (1J
= 63.0 Hz). After complete analysis of *H/®C/3'P spectra and single crystal X-ray
structure, the compound has been confirmed as dihydro phosphano-benzofuran 40’ (major
product; Figure 7). We could also isolate similar products 41'-42’ (Table 6). In a few
reactions, we isolated only one of the two isomers due to close Rs values. Thus it is
possible that complexes of type may actually be involved in our reactions reported
earlier’ since these complexes are formed in 1:2 ([Pd]: allene) ratio. i.e.,
stoichiometrically there was more of allene compared to Pd(OAc).. Although yields are
only moderate, the results show that our [Pd] complexes are catalytically active. When we
performed the same reaction of allenyl phosphine oxides by using Pd(OAc). as the
catalyst, we had to use 10 mol% of Pd(OAc). for 24 h to obtain the products in decent

yields.
><:O\P//o CHs ©:in " O\ 0
— 2equiv) mm>
O/ /\=.:<H I d >Co/ﬁ X
H o]
5a, 3(P) = 8.2 Pd-complex (35; 2.5 mol%) 39, 64%, 5(P) 23.1
CsF (2 equiv)
or
PEG-400
g H 90°C, 12 h o O
P’ §=:< L~ | R ¥ N
R H Ph. /R
da-c, 4f 3(P) = 27-30 Ph~p<q A
/ PR O
40-41,43 Ph
~ 229, 40"-42'
3(P) 30-32 ~30%
3(P) 29-30

Scheme 10: Synthesis benzofurans and dihydrobenzofurans from phosphorus-based

allenes (P-allenes) in the presence of complex 35
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Table 6. Utility of Pd-complex 35 for the synthesis of benzofurans and dihydro-

benzofurans from phosphorus-based allenes (P-allenes)

Allenylphosphine .
Entry ) Benzofuran Dihydro benzofuran
oxide
o]
o}
Ph\P//O O N\ ‘I‘;rPh
~
Ph o— Ph
1
4a 40°
5(P) 28.8 5(P)29.5
(X-ray)
0
Ph
~p O Q
Ph/ N\ F{/Ph
2 Ph
» O
Me a4
3(P) 28.8 3(P) 29.5
o)
Ph 0] O
N~
P Nk
Ph Ph
3 Not isolated O
-5 4c
MeO
3(P) 27.5 4z C
8(P) 29.7
o)
Ph\P//o /
Ph” — F/?
4 = —( o ~Ph Not isolated
\_-S af S
5(P) 28.3 43
5(P) 30.6
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C13
Cc12
¢

c11
C20 c21

Figure 7: Structure of Compound 40’. Selected bond lengths [A] with esds are given in
parentheses: O(1)-C(7) 1.426(17), C(7)-C(8) 1.54(2), C(8)-C(9) 1.325(19), C(9)-C(10)
1.50(2), C(9)-P(1) 1.830(15), P(1)-O(2) 1.473(9), P(1)-C(22) 1.790(17), P(1)-C(16)
1.825(17).

On the basis of literature reports,” we propose the formation of intermediate V
from allenes and iodophenol in the presence of Pd(OAc).. The formed intermediate V in
the presence of base, undergo elimination of HI/[Pd] to form VI. Attack of the phenolic
oxygen at terminal carbon gives dihydrobenzofuran 40’ that may undergo proton shift

leading to the formation of benzofuran 40.

OH &)

O (0]
Ph—F P H
; [ d] complex CsF
Ph >io: + ( ®H
Ph 4 O\ Pd |- -HI o |
a Ph—P S
PH Ph - [Pd] E;Phph
Vv Vi
Ph. P//O\Pd/‘ \\p\P:h
Ph”
Pd (Il) o< f\ 0= g
P~ P\
M complex Me Ph
40 40

Scheme 11: Plausible pathway for the formation of 40/40’

2.3.3 Pd(OAc),-catalyzed transformations of allenylphosphine oxides leading to P-
containing naphthalenes

Initially, we performed a reaction using allenylphosphine oxide 4a and Pd(OAc):
(catalytic amount)/ PhsP/EtsN. Serendipitously, this reaction afforded compound 44
(Scheme 12). The *P{*H} NMR spectrum of 44 showed two peaks of equal intensity at &

32.2 and 30.6 indicating that two molecules of allenylphosphine oxide are involved in the
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reaction. Based on these NMR data, we ascertained that the formed product was an
unsymmetrical dimer in which (5,y)-double bond of one allene and («,5)-double bond of
another allene were involved. Similar products 44-48 could also be obtained in moderate
yields (Table 7). We could obtain single crystal structure of compound 45 (Figure 8)
which was crystallized from ethyl acetate/hexane (2:1) mixture. It may be noted that here
intramolecular [4+2] cycloaddition of two allenylphosphine oxides has taken place to
yield a new six-membered ring as shown in (Scheme 12). This reaction was performed
because in an earlier reaction, we had noticed that, in addition to the dimers, the reaction
mixture exhibited other peaks in the 3P NMR spectra of the reaction mixtures about
which we were curious about. This part of the work was done in conjunction with another
colleague in the laboratory wherein several other similar products were also obtained by
using allenes of type (OCH2CMe,CH,0),P(0)(C(Ar)=C=CH,."®

Oy __Ph oh
0,
oh o LB o P\Ph Pd(OAc), (10 mgm) Ph__O 7 BMap,
NpA — PPh; (1.0 equiv.) _P | _pn

P — EtsN (1.0 equiv.) Ph '\3\

ap vy > o]
THF, reflux, 12 h

4a 44
5(P) 29.1 8(P) 32.1 and 30.7

Scheme 12: Synthesis of P-containing naphthalenes from allenylphosphine oxides

Table 7. Synthesis of phosphorus based naphthalenes from allenylphosphine oxides?

Allenylphosphine o yield
Entry ) P- containing naphthalenes
oxide (%)°
Ph\P//O Ph\P//O CH, }Dh
Ph” -— Ph O P—Ph
H 1)
1 SO &
4a 44
3(P) 29.1 5(P) 32.1 and 30.7




©>1

o4
=28.8 3(P) =32.1and 30.7
Ph
Ph |
H
(J"¢) ° “
\ \O
=275
8(P)=32.3and 31.0
Ph\P//o
v
Ph
44
Cl
Cl
8(P)=29.3
8(P) =31.7 and 30.7
Ph\ //o
/P
Ph
45
4e
8(P)=275

8(P) =

32.9and 29.4
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aStandard conditions: allenylphosphine oxide (0.316 mmol) in dry THF, Pd(OAc). (0.032
mmol), PhsP (0.316 mmol) and EtsN (0.316 mmol) at reflux for 12 h. Plsolated yield.

Although phenyl rings in principle can participate in [4+2]-cycloaddition reactions in
which the aryl ring contributes a part of the diene component, they are not that common.
The role of Pd(OAc). and PPhs here is perhaps to activate the allenic double bonds
leading to species VII-VIII since the reaction does not occur (or negligible) in the
absence of the [Pd]-catalyst or PPhs. The formed intermediate upon intramolecular [4+2]

cycloaddition gives IX. This is followed by aromatization to afford naphthalenes (Scheme




13). Although we have not studied the mechanism in detail, coordination of the allene
double bond to [Pd] is known.”* The phosphoryl bond is itself capable of coordinating
(vide supra). Also, the sp-hybridized central carbon of the allene is quite nucleophilic and

hence is susceptible for attack by the phosphine.”

Pd(OAc), PPhs PhsP—[Pd] (exact nature unknown)
Ligand
exchange
2x4a
PhsP
¢ ~ * FI’Pha
Ph, .0 PhszP—[Pd] [P

Ph/P 9 Ph o |
@ R
PPhy  + Ph i:-='

zwitterionic species
Vil VIl

-[Pd]-PPhs

_
[4+2]
Cycloaddition

Scheme 13. A possible pathway for the formation of the dimer 44 from 4a.

/CZO
c17 _C3p

“
C18 W C28c29
C19 ¢2 s
. czecz C30
Cc2

Figure 8: Molecular structure of compound 45. Selected bond lengths [A]: C(13)-C(21)
1.526(3), C(21)-C(22) 1.361(3), C(22)-C(23) 1.407(3), C(23)-C(24) 1.397(3), C(24)-
C(25) 1.429(3), C(21)-C(26) 1.441(3), C(26)-C(27) 1.410(3), C(27)-C(28) 1.374(4),
C(28)-C(31) 1.499(4), C(28)-C(29) 1.404(4), C(29)-C(30) 1.352(4), C(30)-C(25)
1.432(3).
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2.4 Phosphine catalyzed [4+2] cycloaddition reactions of a-methyl allenoates with
enynones
In this section, we shall discuss [4+2] cycloaddition reactions of allenoates with
multisubstituted enynones in the presence of phosphine. Although we had faced
difficulties in obtaining analytically pure samples in most cases (due to
diastereomers/isomers), the spectroscopic data along with the X-ray structure of the

product confirms the novel reactions encountered in this section.

2.4.1 Phosphine catalyzed cycloaddition reaction of allenoates 6 with enynones 8
Initially, when we treated enynone (8a, 1.0 equiv) with allenoate (6, 0.5 equiv) in
the presence of PhsP (0.5 equiv) in toluene for 48 h at rt (25 °C), we isolated the
multisubstituted cyclohexene carboxylate 49 in 32% yield based on the enynone (entry 1;
Table 8). Since allenoate is less stable than the enynone and could decompose over the
reaction time, for the subsequent reaction we used 1.0 equiv of allenoate and obtained 49
in 56% vyield (entry 2). To increase the yield further, we marginally increased the
stoichiometry of the allenoate to 1.2 equiv; the yield was better (62%, entry 3). We then
performed the reaction using the phosphine P(4-MeOCsH4)s (0.1 equiv) which gave
yields (24% and 48%, entries 4-5) in the reaction time from 24 h to 36 h. We performed
the reaction using P(4-MeOCsHa)3 (0.2 equiv) for different duration of time (12 h- 36 h;
entry 6), and observed 82% yield of compound 49 in 48 h duration (entry 7). We also
checked other phosphines/ bases like PPhs, P(n-Bu)s, BINAP, P(o-tol)s, and P(4-Cl-
CsHa)3 (entries 8-11), but P(4-MeOCsHa)3 was still the best. No product was observed in
the absence of base or by using BINAP (entries 17 and 9). Among the solvents toluene,
THF, 1,4-dioxane, MeCN, nitromethane, Me>COz (entries 12-16) tested, toluene was
found to be the solvent of choice. Best conditions (82% vyield) for obtaining
multisubstituted cyclohexene carboxylate 49 were by treating allenoate (1.2 equiv) and
enynone (1 equiv) in the presence of P(4-MeOCsHa4)3 (0.2 equiv) in toluene for 48 h at rt
(entry 7). There is a possibility of formation of two regio-isomers (49 and 49') for the
product; data analysis suggested the possibility of having 4-possible stereo-isomers
(Figure 9). Hence purity of the isolated compounds was only up to 90% for the major

product 49.
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Figure 9: Possible isomers for the cyclohexene carboxylate 49/49’

Table 8. Optimization of conditions for the synthesis of cyclohexene carboxylate 49.

SN
° +
g>foa I
@)
6

Base, solvent

rt, time
8a O O 49
‘ (major)
Entry Phosphine/base Allene Solvent Ti Yield (%)°
ime
(equiv) (equiv) major isomer
1 PPhs (0.5) 0.5 Toluene 48 h 328
2 PPhs (0.5) 1.0 Toluene 48 h 56
3 PPhs (0.5) 1.2 Toluene 48 h 62
P(C6H4-4-OME)3
4 1.2 Toluene 36h 24
(0.2)
P(C6H4-4-0Me)3
5 1.2 Toluene 48 h 48
(0.2)
P(CeHs-4-OMe)3 12 h (or
6 1.2 Toluene 35 or 62
(0.2) 36 h)
P(CeH4-4-OMe)3
7 ) 1.2 Toluene 48 h 82
(0.2 equiv)
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12 h Traces (12h)
8 PBus 1.2 Toluene
or48h or 28 (48h)
BINAP
9 1.2 Toluene 48 h NR
(0.5)
10 P(o-tol)3 (0.5) 1.2 Toluene 48 h 60
P(CsH4-4-Cl)3
11 1.2 Toluene 48 h 35
(0.5)
P(CsH4-4-OMe)s 1,4-
12 1.2 _ 48 h 64
(0.2) dioxane
P(CeHs-4-OMe)3
13 1.2 THF 48 h 52
(0.2)
P(CeHs-4-OMe)3
14 1.2 MeCN 48 h 41
(0.2)
P(CeHs-4-OMe)3
15 1.2 MeNO; 48 h NR
(0.2)
P(CsH4-4-OMe)s
16 1.2 Me2CO3 48 h NR
(0.2)
17 - 1.2 Toluene 48 h NR

#Reaction conditions: Enynone (8a; 1.0 equiv), allenoate (6; 0.5 equiv), phosphine (0.5
equiv), solvent (2 mL) at rt for the stipulated time. PIsolated yield of 49. Optimized
conditions: Enynone (8a; 1.0 equiv), allenoate (6; 1.2 equiv), phosphine (0.2 equiv), and
toluene (2 mL) at rt (25 °C) for 48 h. NR = No Reaction.

After having optimized conditions in hand, we moved to the substrate scope as
shown in Table 2. Enynones having different functional groups (OMe, F, Me) on the
phenyl ring successfully gave good yield of cyclohexene carboxylates 50-52 via [4+2]
annulation in ~78% yields. Although we performed many more reactions, purity of the
products has not been satisfactory. Interestingly, though, we were able to isolate another
isomer 53 in case of the reaction with 8e; we could not isolate this isomer as yet in other
cases. The X-ray structure of compound 53 is shown in Figure 10. Thus it appears that

both isomers are possible in this reaction.
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Table 9. Synthesis of cyclohexene carboxylates from allenoates and enynones?

Yield of
S.No Allenoate Enynone Cyclohexene carboxylate | major isomer
(%)°
(0]
‘ OEt
Ph 0
1 6 8a Y. 82
& QO
(6]
‘ OEt
2 6 8b o 7 ¥° 75
o5e
0
‘ OEt
Ph 0
3 6 8c Vi 74
—0
0
‘ OEt
Ph 0
4 6 8d Vi 72
52
F
0
‘ OEt
5 6 8 o © 72
e
// OMe
53 (X-ray)

aStandard conditions: allenoate (0.389 mmol), enynone (0.324 mmol), phosphine (0.065

mmol) in toluene at rt (25 °C) for 48 h. Plsolated yield of the major isomer.
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In accordance with the literature reports, 8 a plausible pathway for the formation
of polysubstituted cyclohexene carboxylate is shown in Scheme 14. Initially, allenoate in
the presence of phosphine generates zwitterionic form X which is in equilibrium with X’;
this may attack the enynone to generate intermediate XI. Proton shift (cf. XII),
cyclization and elimination of phosphine may generate the required cyclohexene
carboxylate 49’, which further upon isomerization of double bond may give compound
49_78b

o
OEt
Ph 0
V

o Z 7 pnag

Ph

OEt

PR3

Ph o)
OR! Q
ares }J\/o — \)\CozEt
Ph PR; O ®pR,
— _ X X
R3P® CO,Et
= o)
Ph™ Ph
P
" - I e
Ph
Ph
k H
\ Q
o)
7 PH
.3
Hspm V4

Scheme 14: Probable pathway for the formation of cyclohexene carboxylates 49/49’ (and

J

50-53 from allenoate 6 and enynones 8a-e.

Figure 10: Molecular structure of compound 53. Selected bond lengths [A] with esds are
given in parentheses. C(17)-C(28) 1.544(2), C(25)-C(24) 1.505(2), C(17)-C(24) 1.570(2),
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C(25)-C(26) 1.485(2), C(26)-C(27) 1.323(2), C(27)-C(28) 1.506(2), C(17)-C(8) 1.549(2),
C(17)-C(16) 1.474(2), C(24)-C(23) 1.505(2).

2.4.2 Gold-catalyzed transformation of cyclohexene carboxylates to furan fused
cycloheptene carboxylates

From the literature, it is expected that if groups like ketone (or aldehyde) and
alkyne are present on same atom, they may undergo catalytic self-cyclization to yield
heterocycles.® %! Having this in mind, we wanted to explore the reactivity of the above
compounds. For this purpose, we treated our cyclohexene carboxylate 49 with PhsPAuCI
(10 mol%) and AgSbFs (5 mol%) at rt/100 °C for 24 h. Pleasingly, we obtained 32%/
48% of furan fused functionalized cycloheptene carboxylate 54 (entries 1-2, Table 10).
When we compared the *C{*H} NMR spectra of cyclohexene carboxylate 49 and the
obtained product 54, we observed that the ketone carbonyl peak as well as the alkyne
peaks were absent in the product. The IR/NMR and HRMS data were consistent with the
ring expanded product as shown in Table 10. In order to increase the yield of the product
54, we checked THF [80 °C (oil bath); entry 3], toluene [100 °C (oil bath); entry 4] and
found that there was no improvement in the yield. However, when we performed the
reaction by changing catalyst combination to PhsPAuCI/AgOTTf in toluene at 100 °C for
24 h, we obtained 82% vyield of product 55 (entry 5). There was no product formation in
the absence of silver salt (entry 6). Other gold catalysts like AuCl, AuBr3, and IPrAuCl,
even in the presence of AgOTT, did not give the expected product (entries 7, 8 and 10).
No improvement in the yield of compound 54 was observed using PhsPAUCI/NaOTf or
by using PhsPAUCI/AgOTf in CH3:CN solvent (entries 9 and 10). Fortunately, we
observed 80% vyield in presence of PhsPAUCI (5 mol%)/AgOTf (5 mol%) in toluene at
100 °C in 48 h (entry 11). Since the catalyst loading was less here, we chose this

condition for further work.

Table 10: Optimization study for the synthesis of furan fused heterocycle 542

O

‘ OEt L ot
conditions
)5 ()
4 O8s
5 AL

49 54
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Catalyst Temp Time Yield of
Entry Solvent
(10 mol%/ 5 mol%) (°C) (h) 54 (%)°
1 PhsPAuUCI/ AgSbFe 1,4-dioxane rt 24 32
2 PhsPAuUCI/ AgSbFe 1,4-dioxane | 100°C 24 48
3 PhsPAuCI/ AgSbFe THF 80 24 34
4 PhsPAuCI/ AgSbFe PhMe 100 24 53
5 PhsPAuCI/AgOTf PhMe 100 24 82
6 PhsPAuCI PhMe 100 24 (or 48) NR
7 AuCl/AgOTf PhMe 100 72 NR
8 AuBra/AgOTf PhMe 100 48 NR
9 PhsPAuUCI/NaOTf PhMe 100 48 24
10 IPrAuCI/AgOTf CHsCN reflux 24 30
PhsPAUCI/AgOTf
11 PhMe 100 48 80°
(each 5 mol%)

8Reaction conditions: cyclohexene carboxylate (49, 1 equiv), PhsPAuCI (5 mol% ),

AgOTTf (5 mol%), solvent (2 mL) at specified temperature/time. lsolated yield of 54.

Having these optimal conditions in hand, we explored the substrate scope by using
substituted cyclohexene carboxylates to obtain dihydro-4H-cyclohepta[c]-furan
carboxylates 54-57 under the above mentioned optimized conditions. These data are

presented in Table 11. X-ray structure of the product 55 is shown in Figure 11.

Table 11: Substrate scope for the synthesis of dihydro-4H-cyclohepta[c]furan
carboxylates

sl No Cyclohexene Dihydro-4H-cyclohepta[c]- Yield (%)°
carboxylates furan carboxylates
0 o)
‘ OEt OEt
Ph 0
1 Ph ‘ 822
4 [ D—pn
oy T
49 54
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o o)
Ph 0
2 Ph ‘ 72
7 | S—ph
() (y°
50 5 (X-ray)
0 0
‘ OEt OEt
3 o ° Ph ‘ 79
7 | d—pn
() (J w
51 ~o 56
—0
o o)
OEt
‘ OEt
Ph e} Ph ‘
4 VA4 [ 8
oje L °
52
. I 57

aStandard conditions: Cyclohexene carboxylates (0.230 mmol), PhsPAuCI (0.012 mmol),
AgOTf (0.012 mmol) in toluene at rt (100 °C) for 48 h. PIsolated yield of the product.

Figure 11: Molecular structure of compound 55. Selected bond lengths [A] with esds:
0(1)-C(12) 1.387(3), C(12)-C(8) 1.364(3), C(8)-C(9) 1.444(3), C(9)-C(11) 1.377(3),
C(11)-O(1) 1.364(3), C(8)-C(7) 1.507(3), C(7)-C(6) 1.540(4), C(6)-C(5) 1.511(3), C(5)-
C(4) 1.501(4), C(4)-C(10) 1.343(3), C(10)-C(9) 1.445(3).

Based on the available literature,>%! we propose a plausible pathway for the gold

catalyzed formation of furan fused functionalized cycloheptene carboxylate 54 from
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cyclohexene carboxylates in Scheme 15 [Note: The best condition for the conversion of
49' to 49 is still under investigation]. Initially, [Au] coordinates with the alkyne group of
compound 49 and also activates carbonyl group to give XIIl which generates the
spirocyclic intermediate XIV. Species XIV may undergo ring expansion in either of the
two pathways a or b, followed by elimination of gold catalyst to generate the furan-fused

compounds 54-57.

COR CO,R CO,R
RZ - R ., R R2
RS R3 \ [Au] | @
o 5 -0
N 1
di a9 L A® x Rixn
R CO,R
COR CO,R
path a @ -[Au]” R3
R3 2 R°) A R? N2
R A R
Au—; A= R0
{0 R 55-58
RYxu COR
CO,R COR 2
R® - R
3 th b -[Au
A= R == [Au]:g\ A, \
1 1 2
AO@ R ’(\\(g R2 R7™0” R
R i 54-57

Schemel5: Plausible pathways for the formation of tetrahydrocyclohepteno-furan

carboxylates via [Au] catalysis.
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SUMMARY

1. We have demonstrated a simple and high yield methodology for the synthesis of
indole fused a-carbolines via [Pd] catalysis from 2,3'-biindoles by treating the latter
with carbo/heterocyclic nitriles. This reaction involves C-H activation and the
formation of new C-C and C-N bonds. Under the same conditions, interestingly, 2,3'-
biindoles react with ethyl cyanoacetate to effect cyanation at the 3'-position of one of

the indole moieties.

2. [Pd]-Catalyzed cycloaddition reactions and [Pd]-mediated cyclization reactions of
allenylphosphine oxides afford P-containing naphthalenes and [Pd]-P complexes,
respectively. The [Pd]-P complex so obtained could be used as a catalyst in the

reaction of allenylphosphonates/ allenylphosphine oxides with 2-iodophenols.

3. We have developed phosphine-catalyzed synthetic route to multifunctional
cyclohexene carboxylates through [4+2] cycloaddition of a-methyl allenoate with
enynones. Thus prepared cyclohexene carboxylates produced trisubstituted furan

fused cycloheptene carboxylates under [Au]-catalysis.
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Chapter 3

EXPERIMENTAL SECTION

General information: Chemicals and solvents were purchased from Aldrich and used
without further purification.

Melting point: Melting points were determined using a SUPERFIT hot stage apparatus
and are uncorrected.

Elemental analyses: Elemental analyses were carried out on a Perkin-Elmer 240C CHN
or Thermo Finnigan EA1112 CHNS analyzer.

Infrared spectroscopy: IR spectra were recorded on a JASCO FT/IR 5300
spectrophotometer.

NMR spectroscopy: From sections 3.1-3.14 'H, 3C NMR spectra were recorded using 5
mm tubes on a Bruker 400 MHz NMR spectrometer (unless specified otherwise) [field
strengths: 400 and 100 MHz respectively] in CDCls solution (unless specified otherwise)
with shifts referenced to SiMes (*H, 3C: § = 0). From sections 3.15-3.20 H, *C and %P
NMR spectra were recorded using 5 mm tubes on a Bruker 500 MHz NMR spectrometer
(unless specified otherwise) [field strengths: 500, 125 and 202 MHz respectively] in
CDCls solution (unless specified otherwise) with shifts referenced to SiMes (*H, °C: & =
0) and ext. 85% H3sPO4 (*!P: & = 0) respectively. All J values are in Hz.

LC-MS and HRMS: LC-MS equipment was used to record mass spectra for isolated
compounds where appropriate. LC-MS data were obtained using electrospray ionization
(positive mode) on a C-18 column. Mass spectra were recorded using HRMS (ESI-TOF
analyzer) equipment.

UV-Visible and Emission: Absorption spectra were recorded on a Varian model Cary
100 UV-Vis spectrometer. Absorption spectra of solution samples were recorded in
transmission mode and solid samples in diffuse reflectance mode and fluorescence
emission spectra were recorded on a Jobin-Yvon Spex Fluoromax-4 spectrometer coupled

with a Peltier device.

The precursor nitriles 1a-l are available commercially. 2,3'-Biindoles 2a-d,%® aryl

substituted  propargylic  alcohols  3a-f.®” allenylphosphine oxides 4a-f,%8¢
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allenylphosphonates 5a-b,%%¢ g-methyl allenoate 6°¢ and enynones 8a- e%%*¢ were
synthesized by following literature procedures. Aryl iodides, propargylic alcohols, acetyl
chloride and 2-iodophenol are commercially available. Compound 2b is new.

Compound 2b

Yield: 1.92 g (77%).

Mp: 134-138 °C.

IR (neat): 3049, 2974, 2931, 1613, 1589, 1459, 1376, 1337, 1264, 1157, 1013, 781, 733
Cm-l.

IH NMR (500 MHz, CDCl3): § 7.72 (d, J = 8.0 Hz, 1H)), 7.68 (d, J = 7.5 Hz, 1H), 7.47 -
7.43 (m, 2H), 7.39-7.31 (m, 1H), 7.28-7.23 (m, 2H), 7.22-7.19 (m, 1H), 7.18-7.15
(m, 1H), 6.63 (s, 1H), 4.32-4.25 (m, 4H), 1.58 (t, J = 7.2 Hz, 3H), 1.32 (t, J = 7.2
Hz, 3H).

BC{'H} NMR (125 MHz, CDCl): & 136.9, 136.1, 134.4, 128.9, 128.2, 126.5, 122.3,
121.0, 120.5, 120.3, 120.2, 119.6, 109.8, 109.7, 107.6, 102.2, 41.3, 38.8, 15.6.

HRMS (ESI): Calcd. for C2oH2:N2 (M* + H): m/z 289.1704. Found: 289.1705.

3.1  General procedure for the synthesis of a-carbolines (9-27):

To a Schlenk tube was added biindole 2 (0.38 mmol), one of the nitriles la-k (0.38
mmol), Pd(OAc)2 (5 mol%), Cu(OAc)2 (0.77 mmol) and DMF (2 mL). The contents were
stirred at 110 °C (oil bath temperature) overnight. After completion of the reaction as
monitored by TLC, the crude reaction mixture was passed through a pad of celite and
washed with ethyl acetate (20 mL) and concentrated in vacuum. The resulting solution
was washed with water (3 x 15 mL) followed by brine solution (25 mL), dried over
anhydrous Na»SQOs, and concentrated in vacuum. The crude product was purified by using
silica gel column chromatography to obtain the pure desired compound by using hexane-

ethyl acetate as the eluent.
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Compound 9

Yield: 0.106 g (92%)

Mp: 191-195 °C.

IR (neat): 3050, 2921, 1591, 1462, 1353, 1264, 733, 703 cm™*

IH NMR (500 MHz, CDCls): & 8.57 (d, J = 8.0 Hz, 1H), 7.91-7.89 (m, 2H), 7.64-7.56 (m,
5H), 7.54-7.51 (m, 2H), 7.48-7.44 (m, 1H), 7.38-7.34 (m, 1H), 7.13-7.09
(m, 1H), 4.57 (s, 3H), 4.12 (s, 3H).

BC{'H} NMR (125 MHz, CDCl3): & 152.3, 150.5, 143.4, 141.3, 140.9, 139.3, 129.4,
128.6, 128.5, 124.8, 124.6, 123.1, 122.6, 121.4, 120.1, 119.6, 119.1, 111.6,
109.3, 108.7, 97.9, 34.0, 28.4.

HRMS (ESI): Calcd. for C2sH20N3 (M* + H): m/z 362.1657. Found: 362.1659.

Compound 10

Yield: 0.116 g (81%)

Mp: 232-235 °C.

IR (KBr): 3053, 2920, 2851, 1591, 1477, 1323, 1268, 730, 550 cm

IH NMR (500 MHz, CDCls) 5 8.57 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.0 Hz, 2H), 7.61 (d,
J=8.0 Hz, 1H), 7.58-7.51 (m, 3H), 7.47-7.42 (m, 3H), 7.37-7.34 (m, 1H),
7.14-7.11 (m, 1H), 4.57 (5, 3H), 4.11 (s, 3H), 2.55 (s, 3H).

13C{'H} NMR (125 MHz, CDCls): § *C NMR{*H} (100 MHz, CDCls) & 151.5, 149.6,
142.4, 139.9, 138.3, 137.43, 137.30, 128.3, 128.2, 123.7, 123.6, 122.1,
1215, 120.4, 119.1, 118.6, 118.2, 110.5, 108.3, 107.7, 96.7, 33.1, 27.4,
205

HRMS (ESI): Calcd. for CosH2zNs (M* + H): m/z 376.1814. Found: 376.1819.

This compound was crystallized from CHCIs-hexane (2:1) mixture at room temperature.
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Compound 11

Yield: 0.128 g (84%)

Mp: 180-186 °C.

IR (neat): 3063, 2920, 2851, 1619, 1592, 1464, 1322, 1262, 1092, 1023, 798, 733
cm?

IH NMR (500 MHz, CDCls): & 8.56 (d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.5 Hz, 2H), 7.60-
7.56 (m, 5H), 7.53-7.51 (m, 1H), 7.49-7.46 (m, 1H), 7.38-7.34 (m, 1H),
7.16-7.13 (m, 1H), 4.54 (s, 3H), 4.09 (s, 3H).

BC{'H} NMR (125 MHz, CDCl3): & 151.0, 150.6, 143.6, 141.1, 139.9, 139.5, 134.8,
131.0, 128.8, 125.1, 124.9, 122.9, 122.7, 121.3, 120.4, 119.8, 119.2, 111.6,
109.5, 108.9, 98.1, 34.2, 28.4.

HRMS (ESI): Calcd. for CxsH19CINs (M* + H) and (M™ + H + 2): m/z 396.1268,
398.1238. Found: 396.1262, 398.1235.

Compound 12

Yield: 0.142 g (84%)

Mp: 180-184 °C

IR (neat): 3050, 2921, 2851, 1589, 1461, 1264, 741, 675 cm™.

IH NMR (500 MHz, CDCls): & 8.57 (d, J = 8.5 Hz, 1H), 7.80-7.74 (m, 4H), 7.59-7.36 (m,
5H), 7.36-7.35 (m, 1H), 7.16-7.13 (m, 1H), 4.57 (s, 3H), 4.10 (s, 3H).

BBC{'H} NMR (125 MHz, CDCL,): & 150.9, 150.5, 143.5, 141.0, 140.2, 139.4, 131.7,
131.2, 125.0, 124.8, 122.9, 122.8, 122.6, 121.2, 120.3, 119.8, 119.1, 111.4,
109.4, 108.8, 98.1, 34.1, 28.4.

HRMS (ESI): Calcd. for CxsHioBrN3 (M* + H) and (M* + H + 2): m/z 440.0762,
442.0742. Found: 440.0761, 442.0742.
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Compound 13

Yield: 0.122 g (81%)

Mp: 210-214 °C

IR (neat): 3003, 2920, 2851, 1590, 1461, 1323, 736, 730 cm™,

'H NMR (500 MHz, CDCl3): & 8.56 (d, J = 8.0 Hz, 1H), 7.59-7.54 (m, 4H), 7.52-7.44
(m, 4H), 7.38-7.35 (m, 1H), 7.15-7.12 (m, 2H), 4.54 (s, 3H), 4.10 (s, 3H),
3.92 (s, 3H).

BC{'H} NMR (125 MHz, CDCl,): & 159.8, 152.1, 150.5, 143.4, 142.6, 140.9, 139.3,
129.6, 124.8, 124.7, 123.0, 122.6, 121.9, 121.5, 120.2, 119.7, 119.1,
114.9, 114.4, 111.5, 109.4, 108.7, 98.0, 55.5, 34.1, 28.4.

HRMS (ESI): Calcd. for CzsHi9BrNs (CosH22N3O (M* + H): m/z 392.1763. Found:

392.1762.

Compound 14

Yield: 0.124 g (82%)

Mp: 172-174°C

IR (neat): 3003, 2920, 2851, 1590, 1461, 1323, 736, 730 cm™.

IH NMR (500 MHz, CDCls): & 8.58 (d, J = 8.5 Hz, 1H), 7.91 (d, J = 0.5 Hz, 1H), 7.80-
7.78 (m, 1H), 7.59-7.53 (m, 6H), 7.50-7.47 (m, 1H), 7.39-7.36 (m, 1H),
7.17-7.14 (m, 1H), 4.59 (s, 3H), 4.13 (s, 3H).

BBC{'H} NMR (125 MHz, CDCL,): & 150.5, 150.4, 143.5, 143.0, 141.0, 139.4, 134.5,
129.7, 129.6, 128.7, 127.7, 125.0, 124.9, 122.7, 121.2, 120.3, 119.8,
119.0, 111.5, 109.4, 108.8, 98.2, 34.1, 28.4.

HRMS (ESI): Calcd. for CzsH19CIN3 (M* + H) and (M* + H + 2): m/z 396.1268,

398.1238. Found: 396.1269, 398.1240.

67



This compound was crystallized from CHCIs-hexane (2:1) mixture at room temperature.

Compound 15

Yield: 0.128 g (81%)

Mp: 180-186 °C

IR (neat): 2922, 2852, 1591, 1255, 1097, 782, 749 cm™™,

IH NMR (500 MHz, CDCls): & 8.63 (d, J = 8.0 Hz, 1H), 8.10 (d, J = 8.0 Hz, 1H), 8.02
(d, J = 8.0 Hz, 1H), 7.79-7.78 (m, 1H), 7.74-7.71 (m, 1H), 7.62-7.57 (m,
3H), 7.52-7.48 (m, 2H), 7.41-7.34 (m, 2H), 7.31-7.27 (m, 1H), 6.89-6.85
(m, 1H), 6.56 (d, J = 7.5 Hz, 1H), 4.61 (s, 3H), 4.11 (s, 3H).

BC{'H} NMR (125 MHz, CDCl,): & 151.1, 150.7, 143.0, 140.9, 139.3, 138.7, 133.9,
131.9, 128.8, 128.2, 127.0, 126.3, 126.1, 126.0, 125.7, 124.8, 124.7,
122.9, 122.6, 121.3, 120.3, 119.7, 119.2, 113.3, 109.4, 108.5, 98.2, 34.1,
28.6.

HRMS (ESI): Calcd. for CooH22N3 (M* + H): m/z 412.1814. Found: 412.1812.

Compound 16

Yield: 0.108 g (80%)

IR (neat): 3050, 2922, 2853, 1579, 1467, 1404, 1358, 1258, 1164, 1013, 798, 743

cmt.

IH NMR (400 MHz, CDCls) & 7.81-7.77 (m, 2H), 7.68 (d, J = 3.6 Hz, 1H), 7.57-7.46 (m,
3H), 7.37-7.33 (m, 4H), 7.29-7.28 (3, 1H), 3.95 (s, 3H), 3.80(s, 3H).

13C{'H} NMR (100 MHz, CDCls) & 150.6, 146.9, 143.6 , 137.2, 137.1, 130.7, 128.0,
126.6, 123.3, 122.8, 122.1, 121.0, 120.0, 119.2, 117.5, 110.3, 110.1,
103.3, 85.3, 33.3, 32.0.

HRMS (ESI): Calcd. for C23H1sN3O (M* + H): m/z 352.1450. Found: 352.1449.
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Compound 17

Yield: 0.108 g (80%).
Mp: 153-159 °C.
IR (neat): 2958, 2922, 2852, 1461, 1264, 742, 560 cm.

IH NMR (500 MHz, CDCls): & 8.89(s, 2H, ), 8.55 (d, J = 8.0 Hz 1H), 7.84 (d, J = 5.0 Hz,
2H),7.59-7.53 (m, 3H), 7.51-7.48 (m, 2H), 7.39-7.35 (m, 1H), 7.17-7.13
(m, 1H), 4.52 (s, 3H), 4.07(s, 3H).

BC{*H} NMR (125 MHz, CDCly): 6 150.4, 150.1, 149.0 , 148.9, 143.5, 141.0, 139.5,
125.3, 125.1, 124.3, 122.8, 122.2, 121.1, 120.4, 119.9, 118.9, 111.3
109.4, 190.0, 98.5, 34.1, 28.3.

HRMS (ESI): Calcd. for C2sH19N4 (M* + H): m/z 363.1603. Found: 363.1609.

Compound 18

Yield: 0.128 g (86%).
Mp: 158-162 °C.
IR (neat): 3051, 2975, 2930, 1614, 1585, 1473, 1326, 1191, 1028, 796, 733 cm™,

1H NMR (500 MHz, CDCls): & 8.38(d, J = 8.0 Hz, 1H), 7.89 (dd, J =1.5 Hz, 2H), 7.64-
7.55 (m, 6H, ), 7.51 (d, J = 8.0 Hz, 1H), 7.45-7.38 (m, 1H), 7.12-7.09 (m,
1H), 7.12-7.08 (m, 1H), 5.05 (g, J= 7.0 Hz, 2H), 4.75 (g, J= 7.0 Hz, 2H),
1.83 (t, J= 7.5 Hz, 3H), 1.53 (t, J= 7.2 Hz, 3H).

13C{!H} NMR (125 MHz, CDCL,): 152.4, 149.9, 142.6, 141.5, 139.8, 138.2, 129.4,
128.55, 128.4s, 124.7, 124.5, 123.2, 122.5, 1215, 120.1, 119.7, 119.4,
111.5, 109.4, 108.5, 97.5, 40.6, 36.6, 16.2, 14.1.

HRMS (ESI): Calcd. for Co7H2sNs (M* + H): m/z 390.1970. Found: 390.1972.
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Compound 19

Yield: 0.147 g (95%).
Mp: 150-156 °C.
IR (KBr): 3051, 2975, 2930, 1614, 1585, 1473, 1326, 1191, 1028, 796, 733 cm™.

1H NMR (500 MHz, CDCls): & 8.37 (d, J = 8.0 Hz, 1H), 7.79 (d, J =8.0 Hz, 2H), 7.63-
7.58 (m, 2H), 7.56-7.53 (m,2H), 7.46-7.42 (m, 3H), 7.39-7.36 (m, 1H),
7.13-7.10 (m, 1H), 5.04 (g, J= 7.2 Hz, 2H), 4.75 (q, J=7.2 Hz, 2H), 2.55
(s, 3H), 1.82 (t, J= 7.2 Hz, 3H), 1.52 (t, J= 7.2 Hz, 3H).

BC{'H} NMR (100 MHz, CDCl3) & 152.6, 149.9, 142.6, 139.7, 138.6, 138.4, 138.2,
129.3, 129.2, 124.6, 124.4, 123.3, 122.5, 121.5, 120.0, 119.7, 119.4,
111.5, 109.4, 108.5, 97.4, 40.6, 36.6, 21.6, 16.2, 14.1.

HRMS (ESI): Calcd. for CosH26N3 (M* + H): m/z 404.2125. Found: 404.2121.

This compound was crystallized from CHClsz-hexane (2:1) mixture at room temperature.

Compound 20

Yield: 0.150 g (82%).
Mp: 160-165 °C.
IR (neat): 3063, 2973, 2927, 1613, 1587, 1466, 1347, 1226, 742, 579 cmL,

1H NMR (500 MHz, CDCls): & 8.34 (d, J = 8.0 Hz, 1H), 7.80-7.75 (m, 4H), 7.62 (d, J =
8.0 Hz, 1H), 7.58-7.55 (m, 3H), 7.48-7.45 (m, 1H), 7.40-7.37 (m, 1H),
7.16-7.13 (m, 1H), 5.03 (q, J = 7.2 Hz, 2H), 4.73 (g, J = 7.2 Hz, 2H), 1.82
(t, J=7.2 Hz, 3H), 1.52 (t, J = 7.2 Hz, 3H).

13C{*H} NMR (100 MHz, CDCls) & 150.9, 149.8, 142.6, 140.4, 139.8, 138.3, 131.7,
131.3, 124.9, 124.7, 122.9, 122.6, 121.3, 120.2, 119.8, 119.3, 111.4,
109.5, 108.7, 97.7, 40.7, 36.7, 16.2, 14.1.
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HRMS (ESI): Calcd. for C27H23BrNs (M* + H) and (M" + H + 2): m/z 468.1075.,
470.1058. Found: 468.1073, 470.1056.

Compound 21

Yield: 0.141 g (88%).

Mp: 210-214 °C.

IR (neat): 3053, 2983, 2932, 1584, 1471, 1326, 1264, 1236, 736, 738 cm™.

1H NMR (500 MHz, CDCls): & 8.37 (d, J = 8.0 Hz, 1H), 7.85-7.83 (m, 2H), 7.64-7.61
(m, 2H), 7.56-7.53 (m, 2H), 7.46-7.43 (m, 1H), 7.39-7.36 (m, 1H), 7.16-
7.11 (m, 3H), 5.04 (g, J = 7.2 Hz, 2H), 4.75 (g, J = 7.2 Hz, 2H), 3.98 (s,
3H), 1.82 (t, J = 7.2 Hz, 3H), 1.52 (t, J = 7.0 Hz, 3H).

13C{*H} NMR (100 MHz, CDCl) & 160.0, 152.2, 149.9, 142.6, 139.7, 138.2, 134.0,
130.8, 124.6, 124.4, 123.4, 122.5, 1215, 120.0, 119.7, 119.4, 113.9,
111.5, 109.4, 108.5, 97.3, 55.5, 40.6, 36.6, 16.2, 14.1.

HRMS (ESI): Calcd. for CasH2sN30 (M* + H): m/z 420.2076. Found: 420.2077.

Compound 22

Yield: 0.141 g (88%).

Mp: 180-184 °C.

IR (neat): 2921, 2851, 2210, 1963, 1589, 1370, 1217, 816, 686 cm™.

1H NMR (500 MHz, CDCls): & 8.37 (d, J = 8.0 Hz, 1H), 7.85-7.83 (m, 2H), 7.64-7.61
(m, 2H), 7.56-7.53 (m, 2H), 7.46-7.43 (m, 1H), 7.39-7.36 (m, 1H), 7.16-
7.11 (m, 3H), 5.04 (g, J = 7.2 Hz, 2H), 4.75 (q, J = 7.2 Hz, 2H), 3.98 (s,
3H), 1.82 (t, J = 7.2 Hz, 3H), 1.52 (t, J = 7.0 Hz, 3H).
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13C{*H} NMR (100 MHz, CDCl3) & 8.39 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.0 Hz, 2H),
7.92 (d, J = 8.5 Hz, 2H), 7.64 (d, J = 7.5 Hz, 1H), 7.59-7.57 (m, 2H),
7.50-7.47 (m, 2H), 7.42-7.38 (m, 1H), 7.16-7.13 (m, 1H), 5.05 (q, J = 7.2
Hz, 2H), 4.74 (q, J= 7.2 Hz, 2H), 1.83 (t, J= 7.2 Hz, 3H), 1.52 (t, J= 7.0
Hz, 3H).

HRMS (ESI): Calcd. for CasH2sN3O (M* + H): m/z 415.1922. Found: 415.1921.

Compound 23

Yield: 0.143 g (88%).
Mp: 200-204 °C.
IR (neat): 3063, 2973, 2927, 1613, 1587, 1466, 1347, 1226, 742, 579 cm..

1H NMR (500 MHz, CDCls): 6 8.38 (d, J = 8.0 Hz, 1H), 7.88 (s, 1H), 7.79-7.77 (m, 1H),
7.64- 7.62 (m, 1H), 7.58-7.52 (m, 4H), 7.48-7.45 (m, 1H), 7.40-7.38 (m,
1H), 7.16-7.13 (m, 1H), 5.04 (q, J=7.2 Hz, 2H), 4.75 (q, J= 7.2 Hz, 2H),
1.82 (t, J=7.2 Hz, 3H), 1.53 (t, J= 7.2 Hz, 3H).

BC{*H} NMR (125 MHz, CDCl3) § 150.6, 149.8, 143.2, 142.6, 139.8, 138.3, 134.4,
129.7, 129.6, 128.6, 127.7, 124.9, 124.7, 122.9, 122.6, 121.3, 120.3,
119.8,119.2, 111.4, 109.5, 108.7, 97.8, 40.6, 36.7, 16.2, 14.1.

HRMS (ESI): Calcd. for Cy7H2sCIN3z (M* + H): m/z 424.1580, 426.1551. Found:

424.1581, 426.1553.

Compound 24

Yield: 0.134 g (80%).
Mp: 190-195 °C.
IR (neat): 3063, 2973, 2927, 1613, 1587, 1466, 1347, 1226, 742, 579 cmL.
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1H NMR (500 MHz, CDCls): & 8.44 (d, J = 8.0 Hz, 1H), 8.11 (d, J = 8.0 Hz, 1H), 8.03 (d,
J =8.0 Hz, 1H), 7.78-7.71 (m, 2H), 7.67-7.64 (m, 2H), 7.60-7.57 (m, 1H),
7.53-7.50 (m, 2H), 7.44-7.41 (m, 1H), 7.37-7.28 (m, 2H), 6.87 (t, J= 7.5
Hz, 1H), 6.58 (d, J = 8.0 Hz, 1H ), 5.07 (g, J = 7.0 Hz, 2H), 4.74 (q, J=
7.0 Hz, 2H), 1.87 (t, J = 7.0 Hz, 3H), 1.51 (t, J = 7.2 Hz, 3H).

BC{'H} NMR (100 MHz, CDCl3) & 151.1, 149.9, 142.2, 139.8, 138.8, 138.2, 134.0,
132.0, 128.8, 128.2, 127.1, 126.3, 126.1, 126.0, 125.7, 124.7, 124.6,
123.1, 122.6, 121.4, 120.3, 119.8, 119.4, 113.2, 109.5, 108.4, 97.8, 40.7,
36.8, 16.3, 14.2.

HRMS (ESI): Calcd. for C31H2sNs (M* + H): m/z 440.2127. Found: 440.2126.

Compound 25

Yield: 0.128 g (81%).

Mp: 180-184 °C.

IR (neat): 2921, 2851, 2210, 1963, 1589, 1370, 1217, 816, 686 cm'™.

1H NMR (500 MHz, CDCls): 5 8.39 (d, J = 8.0 Hz, 1H), 8.04 (d, J = 8.0 Hz, 2H), 7.92 (d,
J=8.5Hz, 2H), 7.64 (d, J = 7.5 Hz, 1H), 7.59-7.57 (m, 2H), 7.50-7.47 (m,
2H), 7.42-7.38 (m, 1H), 7.16-7.13 (m, 1H), 5.05 (q, J = 7.2 Hz, 2H), 4.74
(q, J= 7.2 Hz, 2H), 1.83 (t, J= 7.2 Hz, 3H), 1.52 (t, J= 7.0 Hz, 3H).

1BC{!H} NMR (100 MHz, CDCls) & 149.7, 146.1, 142.7, 139.9, 138.4, 132.3, 130.4,
125.2, 125.0, 122.7, 122.5, 121.0, 120.3, 120.0, 119.1, 119.0, 112.2
111.4, 109.5, 108.9, 98.0, 40.7, 36.7, 16,1, 14.0.

HRMS (ESI): Calcd. for CasH2sNsO (M* + H): m/z 415.1922. Found: 415.1921.

Compound 26

Yield: 0.129 g (81%).
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Mp: 155-160 °C.

IR (neat): 2925, 2852, 1594, 1547, 1488, 1264, 1147, 1036, 733, 703 cm™

1H NMR (500 MHz, CDCly): & 8.05 (d, J = 2.0 Hz, 1H), 7.88-7.86 (m, 2H), 7.63-7.60
(m, 2H), 7.58-7.56 (m, 1H), 7.45 (d, J = 9.0 Hz, 1H), 7.36 (d, J = 9.0 Hz,
1H), 7.19 (dd, J = 9.0 Hz, 1H), 7.05 (dd, J = 9.0 Hz, 1H), 6.95 (d, J = 2.5
Hz, 1H), 4.49 (s, 3H), 4.07 (s, 3H), 4.0 (s, 3H), 3.67 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3) & 154.2, 153.8, 152.5, 150.9, 143.7, 141.1, 135.7,
134.5, 129.5, 128.7, 128.5, 123.7, 119.6, 113.2, 112.2, 111.2, 109.6,
109.3, 107.6, 104.8, 97.8, 56.4, 55.6, 34.2, 28.5.

HRMS (ESI): Calcd. for C27H2sN302 (M* + H): m/z 422.1868. Found: 422.1870.

Compound 27

Yield: 0.165 g (84%).

Mp: 152-156 °C.

IR (neat): 2925, 2852, 1594, 1547, 1488, 1264, 1147, 1036, 733, 703 cm™

1H NMR (500 MHz, CDClz): & 8.58 (d, J = 1.5 Hz, 1H), 7.86-7.84 (m, 2H), 7.67-7.60
(m, 5H), 7.53 (dd, J = 2.0 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 7.35 (d, J =
8.5 Hz, 1H), 4.46 (s, 3H), 4.06 (s, 3H).

BC{*H} NMR (100 MHz, CDCl3) § 153.3, 150.8, 143.5, 140.4, 139.5, 137.9, 129.2,
128.7, 127.6, 127.5, 125.0, 124.7, 124.0, 120.6, 113.5, 112.6, 110.9, 110.8,
110.2,97.1, 34.3, 28.5.

HRMS (ESI): Calcd. for CasHigBraN3 (M* + H) and (M* + H + 2): m/z 517.9867,
519.9845, 521.9823 Found: 517.9864, 519.9849, 521.9830.

3.2  General procedure for the synthesis of 3-cyano-2,3’-biindoles (28-31)

A procedure similar to that for 9 was used using the same molar quantities of the 2,3'-

biindole and ethyl cyanoacetate 1l1; the eluent was ethyl acetate (1:9)

74



Compound 28

Yield: 0.092 g (86%).

Mp: 140-144 °C.

IR (neat): 2922, 2851, 2211, 1470, 1370, 1218, 771, 748 cm™.

1H NMR (500 MHz, CDCl): & 7.69-7.67 (m, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.37-7.33
(m, 3H), 7.28-7.24 (m, 2H), 7.23-7.21 (m, 1H), 7.17-7.14 (m, 1H), 3.81 (s,
3H), 3.67 (s, 3H).

BC{'H} NMR (125 MHz, CDCls) & 143.6, 137.14, 137.10, 130.7, 128.0, 126.6, 123.3,
122.8, 122.1;, 121.1, 120.5, 119.2, 117.4, 110.3, 110.1, 103.2, 85.2, 33.3,
32.0.

HRMS (ESI): Calcd. for C19H16N3 (M™ + H): m/z 286.1344. Found: 286.1340.

This compound was crystallized from ethyl acetate-hexane (2:1) mixture at room

temperature.

Compound 29

Yield: 0.106 g (89%).

Mp: 141-144 °C.

IR (neat): 2923, 2852, 2210, 1571, 1460, 1386, 1227, 1134, 1015, 741, 700 cm.

1H NMR (500 MHz, CDCls): & 7.81 (d, J = 7.5 Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.51-
7.49 (m, 3H), 7.39-7.35 (m, 2H), 7.33-7.32 (m, 1H), 7.28-7.24 (m, 1H),
4.35-4.29 (m, 4H), 1.61 (t, J = 7.0 Hz, 3H), 1.29 (t, J = 7.2 Hz, 3H).

13C{'H} NMR (125 MHz, CDCls) § 142.8, 136.2, 135.8, 128.5, 128.4, 126.8, 123.2,
122.7, 122.0, 120.8, 120.0, 119.4, 117.2, 110.7, 110.1, 103.4, 86.1, 41.5,
39.9, 15.4, 15.2.

HRMS (ESI): Calcd. for Ca1Hz0Ns (M* + H): m/z 314.1657. Found: 314.1650.
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Compound 30

O OMe
MeO MeN\
O DR\
N N
Me

Yield: 0.112 g (86%).
Mp: 164-168 °C.

IR (neat): 2922, 2852, 2210, 1620, 1579, 1488, 1367, 1292, 1175, 1033, 832, 798
cm.

1H NMR (500 MHz, CDCls): (major isomer) & 7.41 (s, 1H), 7.34 (dd, J = 1.7 Hz, 2H),
7.23 (d, J = 2.5 Hz, 1H), 7.02-7.0 (m, 2H), 6.97 (d, J = 2.0 Hz, 1H), 3.93
(s, 3H), 3.90 (s, 3H), 3.86 (s, 3H), 3.76 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): (mixture of isomers) & 156.1, 155.2, 143.6, 132.3,
132.0, 130.8, 128.9, 127.1, 117.6, 113.6, 113.2, 111.2, 110.9, 103.0, 101.7,
100.7, 84.7, 55.95, 55.91, 33.5, 32.1.

HRMS (ESI): Calcd. for C2:H20N302 (M* + H): m/z 346.1555 . Found: 346.1556. A small

amount ( < 5%) of a minor isomer was shown in the *H NMR spectrum.

Compound 31

O Br
Br MeN\
O Yoo
N N
Me

Yield: 0.137 g (82%).

Mp: 188-192 °C..

IR (neat): 2982, 2851, 2212, 1599, 1446, 1366, 1122, 1071, 1015, 862, 739 cm™.

1H NMR (500 MHz, CDCls): (major isomer) (mixture of isomers ratio) 1:56 7.89 (d, J =
1.0 Hz, 1H), 7.62 (d, J = 1.5 Hz, 1H), 7.48 (s, 1H), 7.46-7.42 (m, 2H),
7.35-7.30 (m, 2H), 3.91 (s, 3H), 3.74 (s, 3H).
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13C{'H} NMR (100 MHz, CDCls): (mixture of isomers) 8 143.6, 135.9, 131.9, 130.3,
129.4, 128.1, 127.7, 126.6, 126.0, 123.6, 122.4, 121.9, 116.8, 116.4, 115.8,
114.7, 112.5, 112.2, 111.84, 111.8, 102.4, 85.2, 33.6, 32.6, 32.3, 32.2.

HRMS (ESI): Calcd. for CioHuNsBra (M* + H) and (M* + H + 2): m/z 441.9558,
443.9529 . Found: 441.9551, 443.9535.

3.3 General procedure for the synthesis of carbazole 33

To ascertain the reactivity of the 2- and 3’-positions of the 2,3'-biindoles, we examined
the reaction between biindole 2b and diethyl acetylene dicarboxylate 32 in toluene at 110
°C for 48 h. The [4 + 2] cycloaddition product (after aromatization, removal of hydrogen)
carbazole 33 was obtained in good yield.

Compound 33

EtN O

O O CO,Et

N CoEt
Yield: 0.131 g (75%).
Mp: 180-184 °C.
IR (neat): 2979, 2934, 1723, 1611, 1573, 1475, 1368, 1273, 1225, 1191, 1055, 1022,
746 cm™,

1H NMR (500 MHz, CDCls):5 8.41 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.59-
7.54 (m, 3H), 7.50-7.47 (m, 1H), 738-7.35 (m, 1H), 7.31- 7.26 (m, 1H),
4.97 (q, J=7.0 Hz, 2H), 4.60 (q, J = 7.0 Hz, 2H), 4.52- 4.45 (m, 4H), 1.70
(t, J=7.0 Hz, 3H), 1.48 (t, J = 7.0 Hz, 6H), 1.43 (t, J = 7.0 Hz, 3H).

BC{*H} NMR (100 MHz, CDCls): & 160.1, 168.6, 141.3, 141.2, 138.4, 136.4, 125.7,
125.4, 125.1, 122.82, 122.77,121.0, 120.8, 120.3, 120.1, 112.9, 109.8,
109.6, 108.9, 62.0, 61.9, 41.3, 40.1, 15.9, 14.2, 14.1, 13.7.

HRMS (ESI): Calcd. for C2sH2sN204 (M* + H): m/z 457.2127. Found: 457.2126.

3.4 General procedure for the synthesis of Pd-P complexes 34-38
To an oven dried Schlenk tube, allenylphosphine oxide 4a (0.316 mmol), Pd(OAc).
(0.158 mmol), Ag2COs (0.316 mmol), PPhs (0.158 mmol) and dry CHsCN (2 mL) were

added. The contents were sealed under nitrogen atmosphere and stirred at reflux for 12 h.
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After completion of the reaction as monitored by TLC, the crude reaction mixture was
cooled to room temperature, ethyl acetate (20 mL) was added to the mixture, filtered and
the filtrate concentrated under vacuum. The residue was then purified by using silica gel
column chromatography using hexane-ethyl acetate (7:3) as the eluent to afford Pd-
complex 34. Compounds 35-38 were prepared by following the same procedure and by

using the same molar quantities.

Compound 34

Ph /P py < QPR

Yield: 42 mg (36%, Rt =0.65 (7:3 hexane + ethyl acetate)).

Mp: 200-204 °C.

IR (KBr): 3055, 2922, 2851, 2161, 1736, 1520, 1435, 1366, 1264, 1123, 1062, 942,
737,699, 609 cm™.

'H NMR (500 MHz, CDCls): & 7.77-7.73 (m, 8H), 7.57-7.53 (m, 4H), 7.45-7.41 (m, 8H),
7.20-7.15 (m, 6H); 6.85 (d, J = 8.0 Hz, 4H), 6.41 (s, 2H)

BBC{*H} NMR (125 MHz, CDCl3): & 180.6 (J = 12.5 Hz), 147.1 (J = 18.7 Hz), 135.6 (J =
18.6 Hz), 133.3 (J = 117.7 Hz, P-C ), 132.3 (J = 9.6 Hz), 131.9 (J = 2.1
Hz), 131.4, 130.1 (J = 4.5 Hz), 128.2 (J = 11.9 Hz), 128.1. 126.8.

31p NMR(162 MHz, CDCl) & 32.7, 29.3.

HRMS (ESI): Calcd for CasHaz02P2 (M*+H): m/z 689.2738. Found 689.2736.

Compound 35

0 o)
Ph— —Ph

Me Me
Yield: 46.8 mg (45%, Rf = 0.58 (7:3 hexane + ethyl acetate)).
Mp: 185-191 °C.
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IR (KBr): 3055, 2922, 2851, 2161, 1736, 1520, 1435, 1366, 1264, 1123, 1062, 942,
737,699, 609 cm™.

'H NMR (400 MHz, CDCl): & 7.77-7.72 (m, 8H), 7.54-7.52 (m, 4H), 7.45-7.40 (m, 8H),
6.97 (d, J = 8.0 Hz, 4H), 6.73 (d, J = 8.0 Hz, 4H), 6.40 (s, 2H), 2.29 (s,
6H).

BC{*H} NMR (125 MHz, CDCls): & 180.5 (J = 13.4 Hz), 147.0 (J = 19.2 Hz), 136.4 (J =
1.5 Hz), 132.2 (J = 8.5 Hz), 132.5, 132.3, 132.2, 132.0 (J = 99.1 Hz),
131.8 (J = 2.1 Hz), 129.9 (J = 4.5 Hz), 128.8, 128.2 (J = 11.7 Hz), 21.1.

31p NMR (162 MHz, CDCl3) & 51.6.

HRMS (ESI): Calcd for CasaH3702P2Pd (M*+H): m/z 765.1303. Found 765.1302.

This compound was crystallized from ethyl acetate-hexane (2:1) mixture at room

temperature.

Compound 36

@] 0]
Ph— Ph

Yield: 56 mg (51%, R = 0.68 (7:3 hexane +ethyl acetate)).

Mp: 210-214 °C.

IR (KBr): 3002, 2923, 2852, 1603, 1570, 1519, 1461, 1436, 1285, 1246, 1177, 1123,
1062, 1029, 948, 922, 749 cm™™,

'H NMR (400 MHz, CDCls): § 7.77-7.72 (m, 8H), 7.56-7.52 (m, 4H), 7.45-7.41 (m, 8H),
6.78-6.70 (m, 8H), 6.40 (s, 2H), 3.77 (s, 6H).

BC{'H} NMR (125 MHz, CDCls): § 180.3 (J = 13.7 Hz), 158.4, 146.8 (J = 18.7 Hz),
132.9 (J = 118.4 Hz), 132.3 (J = 9.7 Hz), 131.9 (J = 2.0 Hz), 131.5, 131.1
(J=4.4Hz),128.2

3P NMR (162 MHz, CDCls) §51.3.

HRMS (ESI): Calcd for CasH3z704P2Pd (M*+H): m/z 797.1202. Found 797.1203.
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Compound 37

0 o)
Ph\P// ~apg « A Ph

of o]
Yield: 46 mg (41%, R¢=0.68 (7:3 hexane +ethyl acetate).
Mp: 200-204 °C.

IR (KBr): 3055, 2921, 2851, 1738, 1625, 1589, 1520, 1481, 1435, 1366, 1262, 1216,
1120, 1089, 1063, 1313, 952, 928, 829, 748 cm™.

IH NMR (500 MHz, CDCls): ) & 7.75-7.71 (m, 8H), 7.58-7.55 (m, 4H), 7.47-7.43 (m,
8H), 7.15 (d, J = 8.3 Hz, 4H); 6.77-6.75 (m, 4H), 6.37 (s, 2H).

BC{'H} NMR (125 MHz, CDCl3): 6 181.1 (J = 12.8 Hz), 147.1 (J = 18.5 Hz), 134.0 (J =
18.9 Hz), 132.8, 132.7, 132.2, 132.1, 131.8, 131.3, 131.2, 131.3 (J = 100.0
Hz, P-C), 128.5, 128.4.

31p NMR(162 MHz, CDCl3) §51.9.

HRMS (ESI): Calcd for CaH31CLO.P:Pd (M*+H) and (M*+H+2): m/z 805.0211,
807.0215. Found 805.0218, 807.0209.

Compound 38

O 0]
Ph\P// \Pd £ /Ph
Ph— ~Ph

Yield: 44 mg (40.3 %, Rs = 0.65 (7:3 hexane + ethyl acetate)).

Mp: > 200 °C.

IR (KB): 3055, 2969, 2922, 2852, 1437, 1367, 1216, 1119, 901, 753 cm™,

'H NMR (500 MHz, CDCl3): ) § 7.77-7.72 (m, 8H), 7.64-7.61 (m, 2H), 7.55-7.53 (m,
4H), 7.50-7.41 (m, 10H), 6.82 (s, 2H), 6.43 (d, J = 7.0 Hz, 4H), 2.13 (s,
12H).
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B3C{'H} NMR (125 MHz, CDCls): & 180.2 (J = 13.4 Hz), 147.0 (J = 19.0 Hz), 137.3,
135.3 (J = 18.5 Hz), 133.9 (J = 118.8, P-C Hz), 132.9, 132.7, 132.5, 132.4,
132.3,131.8, 131.7, 128.5, 128.3, 127.9, 126.2, 126.1, 21.2.

31p NMR(162 MHz, CDCls) 851.6.

HRMS (ESI): Calcd for CasHa102P2Pd (M*+H): m/z 793.1616. Found 793.1612.

3.5  General procedure for the synthesis of P-benzofurans and dihydro-
phosphano benzofurans (39-41, 43 and 40’-42")

In an oven dried Schlenk tube, allenylphosphonate 5a (64 mg, 0.316mmol), 2-
iodophenol (0.38 mmol), [Pd]-complex 35 (0.008 mol, 2.5 mol%) and CsF (0.632 mm)
were taken in PEG-400 solvent (2 mL) and the contents stirred at 90 °C (oil bath) for 12h.
After completion of the reaction as monitored by TLC, the crude mixture was passed
through a pad of celite, washed with ethyl acetate (20 mL). The resulting solution was
washed with water (3 x 15 mL) followed by brine solution (25 mL), dried over anhydrous
Na>SO4, and concentrated in vacuum. The crude product was purified by using silica gel
column chromatography to obtain phosphano-benzofuran 39. When we repeated the same
reaction by using allenylphosphine oxides 4a-c and 4f with same molar quantities, we
isolated phosphano benzofurans 40-41 and 43 (as minor products) along with dihydro-
phosphano-benzofuran 40'-42' (major). Compounds 40-41 (higher Rf) moved faster
compared to 40’-42' (lower Ry).

Compound-39

Yield: 38 mg (40 %, Rs = 0.55 (7:3 hexane + ethyl acetate)).

Mp: 141-145 °C.

IR (KBr): 2965, 1631, 1474, 1455, 1405, 1370, 1268, 1126, 1060, 1009, 918, 819
cmt.
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IH NMR (500 MHz, CDCls): § 7.52-7.50 (m, 1H), 7.40-7.38 (m, 1H), 7.24-7.22 (m, 2H),
4.20-4.17 (m, 2H), 3.64-3.59 (m, 2H), 3.27 (d, J = 20.5 Hz, 2H), 2.46 (d, J
= 4.5 Hz, 3H), 0.89 (s, 3H), 0.74 (s, 3H).

13C{*H} NMR (100 MHz, CDCls): ) & 153.8, 152.9 (J = 9.9 Hz), 128.9, 123.5, 122.5,
119.0, 110.6, 104.8 (J = 11.4 Hz), 74.9 (J = 6.5 Hz), 32.4 (J = 5.9 H2),
21.4 (J = 142.0 Hz, P-C), 21.3, 21.1, 12.1.

31p NMR (162 MHz, CDCls) 5 23.1.

HRMS (ESI): Calcd for C1sH2004P (M*+H): m/z 295.1099 Found 295.1101.

Compound 40

Yield: 32 mg (22 %, Rs = 0.58 (7:3 hexane + ethyl acetate)).

Mp: 138-144 °C.

IR (neat): 2921, 2852, 1453, 1436, 1173, 1099, 719, 697 cm™,

'H NMR (500 MHz, CDCls): § 8.26 (s, 1H), 7.86-7.82 (m, 2H), 7.48- 7.44 (m, 3H), 7.42-
7.39 (m, 4H), 7.32-7.28 (m, 6H), 7.26-7.23 (m, 1H), 7.17-7.14 (m, 3H),
4.93 (d, J=9.5 Hz, 1H).

BC{'H} NMR (125 MHz, CDCls): § 154.6, 144.4 (J = 6.0 Hz), 134.8 (J = 5.5 Hz), 1325
(J =8.8 Hz), 131.8 (J = 2.5 Hz), 131.7, 131.5 (J = 2.5 Hz),131.2 (J = 8.8
Hz), 131.1 (J = 8.4 Hz), 129.8 (J = 5.3 Hz), 128.6 (J = 11.3 Hz), 128.3 (J =
1.6 Hz), 128.1 (J = 11.8 Hz), 127.5 (J = 9.4 Hz), 127.2 (J = 2.4 Hz), 124.4,
122.5, 119.1, 116.3 (J = 4.4 Hz), 111.5, 43.2 (J = 66.0 HZz). The phenyl
groups attached to P probably show some inequality.

3P NMR (162 MHz, CDCls) & 31.7.

HRMS (ESI): Calcd for C27H220.P (M*+H): m/z 409.1357. Found 409.1354.
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Compound 41

Yield: 25 mg (20 %, Rs =0.58 (7:3 hexane + ethyl acetate)).

Mp: 145-152 °C.

IR (KBr): 3339, 2924, 2832, 1979, 1702, 1589, 1466, 1115, 1020, 904, 747, 696 cm"
1.

'H NMR (500 MHz, CDCls): & 8.21 (s, 1H), 7.84-7.80 (m, 2H), 7.51- 7.36 (m, 8H), 7.33-
7.29 (m, 2H), 7.25-7.22 (m, 1H), 7.19-7.13 (m, 3H), 6.96 (d, J = 8.0 Hz,
2H), 4.91 (d, J = 9.5 Hz, 1H), 2.23 (s, 3H).

BC{'H} NMR (125 MHz, CDCls): & 154.6, 144.3 (J = 6.0 Hz), 136.8, 132.7, 132.6, 131.7
(J = 15.0 Hz), 131.5 (J = 18.6 Hz), 131.3 (J = 8.7 Hz), 131.1 (J = 8.4 Hz),
129.7, 129.6, 129.0, 128.6 (J = 11.3 Hz), 128.1 (J = 11.7 Hz), 1275 (J =
9.2 Hz),124.3, 122.5, 119.1, 116.4 (J = 4.5 Hz), 111.5, 42.7 (J = 66.4 Hz),
21.0.

31p NMR (162 MHz, CDCl3) § 31.6.

HRMS (ESI): Calcd for C2sH2402P (M*+H): m/z 423.1514 Found 423.1515.

Compound 43

)

Yield: 28 mg (22 %, Rs = 0.58 (7:3 hexane + ethyl acetate)).

Mp: 148-153 °C.

IR (neat): 2922, 1452, 1367, 1215, 1173, 1100, 745, 718, 695 cm™.

'H NMR (500 MHz, CDCls): § 8.11 (d, J = 1.5 Hz, 1H), 7.79-7.75 (m, 2H), 7.69-7.65 (m,
2H), 7.51-7.47 (m, 2H), 7.44-7.38 (m, 4H), 7.37-7.33 (m, 2H), 7.27-7.24
(m, 1H), 7.20-7.17 (m, 1H), 7.09-7.08 (m,1H), 6.99-6.98 (m, 1H), 6.83-
6.81 (m, 1H), 5.28 (d, J = 10.0 Hz, 1H).
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BBC{'H} NMR (125 MHz, CDCL): § 154.6, 144.5 (d, J = 5.6 Hz), 137.0 (d, J = 5.8 Hz),
132.0 (d, J = 10.5 Hz), 131.8 (t = 2.6 Hz), 131.4 (d, J = 8.8 Hz), 131.2,
131.1 (d, J = 8.9 Hz), 128.6 (d, J = 11.6 Hz), 128.3 (d, J = 11.9 Hz), 127.8
(d, J = 6.0 Hz), 127.1 (d, J = 7.6 Hz), 126.9 (d, J = 2.3 Hz), 125.2 (d, J =
2.5 Hz), 124.5, 122.6, 119.3, 116.4 (d, J = 4.0 Hz), 111.5, 38.3 (d, J =71.1
Hz).

1P NMR (162 MHz, CDCls) § 30.6.

HRMS (ESI): Calcd for C2sH2002PS (M*+H): m/z 415.0926. Found 415.0926.

Compound 40°

0
(L 3
\__p-Ph

\
Ph

C

Yield: 39 mg (30 %, Rs = 0.64 (7:3 hexane + ethyl acetate)).

Mp: 185-192 °C.

IR (neat): 3057, 2922, 2852, 1465, 1437, 1184, 1116, 990, 722, 700 cm™,

'H NMR (500 MHz, CDCls): & 7.63-7.60 (m, 4H), 7.50-7.48 (m, 2H), 7.40-7.36 (m, 4H),
7.24-7.18 (m, 4H), 6.92-6.88 (m, 3H), 6.54-6.51 (m, 1H), 5.99 (d, J = 8.0
Hz, 1H), 5.78 (d, J = 4.5 Hz, 2H).

BC{'H} NMR (125 MHz, CDCl): § 165.4, 152.7 (d, J = 7.5 Hz), 136.7 (d, J = 9.6 H2),
132.5, 132.1 (d, J = 9.8 Hz), 132.0, 131.8 (d, J = 2.6 Hz), 131.2, 130.2 (d,
J = 3.9 Hz), 129.1, 129.0, 128.2 (d, J = 11.9 Hz), 127.6 (d, J = 1.9 Hz),
125.7, 124.9 (d, J = 15.0 Hz), 121.7, 121.0, 120.4, 111.0, 75.3 (d, J = 4.6
Hz).

3P NMR (162 MHz, CDCls) & 29.5.

HRMS (ESI): Calcd for C27H220.P (M*+H): m/z 409.1357. Found 409.1353.

This compound was crystallized from chloro benzene-hexane (2:1) mixture at room

temperature.
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Compound 41’

0]
(L %
N\, RPN

\

Ph
Yield: 38 mg (29 %, Rt = 0.62 (7:3 hexane + ethyl acetate)).
Mp: 178-184 °C.

IR (neat): 2918, 1590, 1465, 1439, 1215, 1100, 904, 749 cm-*.

IH NMR (500 MHz, CDCls): § 7.62-7.58 (m, 4H), 7.51-7.48 (m, 2H), 7.40-7.36 (m, 4H),
7.22-7.19 (m, 1H), 7.0 (d, J = 8.0 Hz, 2H), 6.91 (d, J = 8.0 Hz, 1H), 6.74
(d, J = 6.5 Hz, 2H), 6.56-6.53 (M, 1H), 6.03 (d, J = 8.0 Hz, 1H), 5.77 (d, J
= 4.5 Hz, 2H), 2.23 (s, 3H)

3C{*H} NMR (125 MHz, CDCls): & 165.4, 152.7 (d, J = 8.1 Hz), 137.4 (d, J = 2.1 Hz)
133.4 (d, J = 9.5 Hz), 132.4, 132.1 (d, J = 9.4 Hz), 131.7 (d, J = 2.1 Hz),
131.3, 130.0 (d, J = 4.1 Hz), 129.7, 128.2 (d, J = 11.9 Hz), 125.8, 125.0 (d,
J=14.6 Hz), 121.7, 120.3, 111.0, 75.3 (d, J = 4.5 Hz), 21.2.

31p NMR (162 MHz, CDCls) § 29.5.

HRMS (ESI): Calcd for CagHasO2P (M*+H): m/z 423.1514 Found 423.1515.

Compound 42'
o]
O ) —Ph
N-R
Ph
MeO

Yield: 38mg (32 %, Rf = 0.64 (7:3 hexane + ethyl acetate)).
Mp: 169-175 °C.
IR (neat): 3056, 2922, 2852, 1509, 1465, 1437, 1249, 1176, 1116, 991, 903, 748, 696

cmt.
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IH NMR (500 MHz, CDCls): & 7.63-7.59 (m, 4H), 7.51-7.48 (m, 2H), 7.41-7.38 (m, 4H),
7.22-7.19 (m, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.77-6.73 (m, 4H), 6.57-6.54
(m, 1H), 6.08 (d, J = 8.0 Hz, 1H), 5.78 (d, J = 4.5 Hz, 2H), 3.79 (s, 3H).

13C{*H} NMR (100 MHz, CDCls): § 165.4, 159.0, 153.2 (d, J = 8.3 Hz), 132.5, 132.2 (d,
J=9.1Hz), 131.8, 131.4, 131.1, 128.6 (d, J = 10.0 Hz), 128.3 (d, J = 11.7
Hz), 125.7, 125.0 (d, J = 15.1 Hz), 121.3, 120.4, 114.5, 111.0, 75.3 (d, J =
4.3 Hz), 55.3.

31p NMR (162 MHz, CDCls) § 29.7

HRMS (ESI): Calcd for CosH2402P (M*+H): miz 439.1463. Found 439.1466.

3.6  General procedure for Pd(OAc).-catalyzed transformations  of
allenylphosphine oxides leading to P-containing naphthalenes (44-48)

To an oven dried Schlenk tube, allenylphosphine oxide 4a (100 mg, 0.316 mmol),
Pd(OAC)2 (7.2 mg, 0.032 mmol), PPhs (82.9 mg, 0.316 mmol) and EtsN (32.0 mg, 0.316
mmol) in dry THF (2 mL) were added. The contents were sealed under a nitrogen
atmosphere and stirred at reflux for 12 h. After completion of the reaction as monitored
by TLC, the crude reaction mixture was cooled to room temperature, ethyl acetate (20
mL) added, filtered and the filtrate concentrated under vacuum. The residue was then
purified by using silica gel column chromatography using hexane-ethyl acetate (4:6) as
the eluent to afford Naphthalenes (44). Compounds 45-48 prepared following the same

procedure and by using the same molar quantities.

Compound 44

Yield: 64 mg (64%).

Mp: 140-144 °C.

IR (KBr): 3056, 2929, 2847, 2223, 1591, 1492, 1436, 1414, 1320, 1170, 1115, 1100,
1028, 998, 908, 751, 723, 696, 645, 593 cm™*
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'H NMR (500 MHz, CDCls): § 8.62 (d, J = 8.5 Hz, 1H), 8.39 (d, J = 2.5 Hz, 1H), 8.06
(d, J = 8.5 Hz, 1H), 7.66-7.59 (m, 4H), 7.58-7.46 (m, 7H), 7.43-7.34 (m,
10 H), 7.31-7.29 (m, 2H), 7.22-7.19 (m, 4H), 5.55 (d, J = 10.5 Hz, 1H),
2.12 (d, J=0.5 Hz, 3H).

13C{*H} NMR (100 MHz, CDCls): § 143.1 (J = 8.8 Hz), 138.4, 136.3, 135.8, 135.7 (J =
8.7 Hz), 135.3, 1349 (J = 5.3 Hz), 133.0, 132.8, 132.7, 132.6, 132.2,
132.1, 132.0, 131.7, 131.5, 131.4, 131.3, 131.1 (J = 8.5 Hz), 130.9, 130.8,
130.7, 130.2 (J = 5.4 Hz), 128.8, 128.74, 128.67, 128.6, 128.5, 128.4,
128.3,128.2, 127.3,125.9 (J = 6.7 Hz), 124.9, 123.9, 122.7, 48.1 (J = 65.8
Hz), 24.9 (J = 5.2 Hz).

1P NMR(162 MHz, CDCls) § 32.2, 30.6.

HRMS (ESI): Calcd for C42H3502P2 (M*+H): m/z 633.2112. Found 633.2112.

Compound 45

Yield: 54 mg (52%).

Mp: 164-168 °C.

IR (KBr): 3054, 2922, 2854, 1712, 1590, 1510, 1483, 1437, 1380, 1173, 1115, 1101,
1025, 997, 751, 720, 696, 605 cm™

'H NMR (500 MHz, CDCls): & 8.46 (d, J = 8.5 Hz, 1H), 8.29 (s, 1H), 7.74 (s, 1H), 7.63-
7.58 (m, 6H), 7.54-7.48 (m, 5H), 7.40-7.39 (m, 7H), 7.28-7.26 (m, 4H),
7.02-7.00 (m, 3H), 5.50 (d, J = 10.0 Hz, 1H), 2.38 (s, 3H), 2.27 (s, 3H),
2.10 (s, 3H).

BC{'H} NMR (100 MHz, CDCls): & 142.1 (J = 8.9 Hz), 137.8, 136.9, 136.4, 135.9,
135.3, 134.9, 133.9, 133.8, 133.2, 132.9, 132.7, 132.2, 132.0, 131.9,
131.8s, 131.6, 131.5;, 131.47, 131.4, 131.1 (J = 8.3 Hz), 130.1 (J = 5.3
Hz), 129.1, 128.7s5, 128.70, 128.62, 128.5, 128.4, 128.3, 128.2, 128.0,
124.4,123.4,121.9,47.7 (J =66.4 Hz), 24.7 (J = 4.7 Hz), 21.8, 21.1.

3P NMR(162 MHz, CDCl3) § 32.1, 30.7.
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HRMS (ESI): Calcd for CasH3902P2 (M*+H): m/z 661.2425. Found 661.2427.
This compound was crystallized from ethyl acetate-hexane (2:1) mixture at room

temperature.

Compound 46

Yield: 50 mg (48%).

Mp: 175-180 °C.

IR (KBr): 3054, 2928, 2836, 2360, 1673, 1608, 1508, 1461, 1437, 1301, 1250, 1219,
1175, 1071, 1031, 828, 792, 720, 696 cm™

'H NMR (500 MHz, CDCls): & 8.62 (d, J = 9.5 Hz, 1H), 8.26 (s, 1H), 7.66-7.59 (m, 4H),
7.54-7.49 (m, 7H), 7.43-7.38 (m, 7H), 7.31-7.28 (m, 3H), 7.25-7.23 (m,
2H), 6.90 (d, J = 9.0 Hz, 1H), 6.74 (d, J = 8.0 Hz, 2H), 5.32 (d, J = 10.0
Hz, 1H), 3.80 (s, 3H), 3.75 (s, 3H), 2.02 (s, 3H).

BC{'H} NMR (125 MHz, CDCls): & 158.8, 157.0, 140.2 (J = 8.8 Hz), 137.4, 136.1,
135.7, 135.3, 134.8, 133.1, 132.8, 132.3s5, 132.29, 132.0, 131.57, 131.5,
131.5, 131.43 (J = 1.4 Hz), 131.3, 131.2g, 131.2, 131.1 (J = 8.6 Hz), 130.1
(J = 6.0 Hz), 128.73, 128.67, 128.64, 128.5g, 128.45, 128.35, 128.3, 128.2,
126.6 (J = 5.1 Hz), 124.5, 123.7, 116.7, 113.8, 103.3, 55.19, 55.17, 48.0 (J
= 65.8 Hz), 24.5 (J = 5.1 H2).

3P NMR(162 MHz, CDCl3) § 32.3, 31.0.

HRMS (ESI): Calcd for CasHzs0sP2Na (M*+Na): m/z 715.2143. Found 715.2142.

Compound 47
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Yield: 89 mg (44%).

Mp: 156-160 °C.

IR (KBr): 3054, 2928, 2836, 2360, 1673, 1608, 1508, 1461, 1437, 1301, 1250, 1219,
1175, 1071, 1031, 828, 792, 720, 696 cm™™.

'H NMR (500 MHz, CDCls): § 8.73 (d, J = 9.5 Hz, 1H), 8.32 (s, 1H), 7.86 (s, 1H), 7.63-
7.58 (m, 6H), 7.55-7.49 (m, 5H), 7.45-7.41 (m, 7H), 7.32-7.31 (m, 4H),
7.20-7.19 (m, 2H), 7.17 (s, 1H), 5.38 (d, J = 9.5 Hz, 1H), 2.06 (s, 3H).

13C{*H} NMR (100 MHz, CDCl3): & 143.0 (J = 8.9 Hz), 137.0, 136.9, 135.7, 135.2,
134.7, 134.2, 134.1, 133.9, 133.8, 133.7, 133.5, 133.3 (J = 5.6 Hz), 132.3,
132.2,132.1, 132.0, 131.8, 131.5, 131.3, 131.0 (J = 8.8 Hz), 130.3 (J = 5.8
Hz), 128.9, 128.8, 128.6, 128.5, 126.7, 125.5, 124.5, 121.6, 47.5 (J = 65.0
Hz), 29.7.

1P NMR (162 MHz, CDCl3) 6 31.7, 30.7.

HRMS (ESI): Calcd for C42H32Cl,02P, (M*+H): m/z 701.1333. Found 701.1332.

Compound 48

Yield: 91mg (45%).

Mp: 140-144 °C.

IR (KBr): 3015, 2969, 2924, 2853, 1698, 1437, 1367, 1215, 1116, 953, 753, 702 cm"
1.

'H NMR (500 MHz, CDCls): & 8.29 (d, J = 2.5Hz, 1H), 8.00 (s, 1H), 7.68-7.64 (m, 2H),
7.54-7.50 (m, 9H), 7.48-7.38 (m,7H), 7.37-7.22 (m, 2H), 6.98 (s, 1H), 6.84
(s, 1H), 6.67 (s, 2H), 5.91 (d, J = 12.0 Hz, 1H), 2.79 (s, 3H), 2.15 (s, 9H),
2.07 (s, 3H).

BC{'H} NMR (100 MHz, CDCls): § 143.2 (J = 7.9 Hz), 137.6, 137.4, 137.3 (d, J = 8.0
Hz), 136.9, 136.3, 136.1, 135.5, 135.1, 135.0, 134.3, 133.9 (J = 6.3 Hz),
133.4, 132.6, 132.5, 131.64, 131.56, 131.3, 131.2, 131.15, 131.0¢, 130.9,
130.8, 130.3, 128.8, 128.6, 128.5, 128.4, 128.3, 128.14, 128.05, 126.9 (J =
7.6 Hz), 50.9 (J = 65.8 Hz), 26.7, 24.3 (J = 5.1 Hz). 21.4, 21.0.
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3P NMR(162 MHz, CDCl3) § 32.7, 29.3.

HRMS (ESI): Calcd for CseHa302P2 (M*+H): m/z 689.2738. Found 689.2736.

3.7  General procedure for phosphine-catalyzed cycloadditions of allenoate with
enynone leading to cyclohexene carboxylates (49-53)

To an oven dried Schlenk tube, allene 6 (0.389 mmol), phosphine (0.065 mmol) and
enynone (0.324 mmol) in dry toluene (2 mL) were added. The contents were sealed under
a nitrogen atmosphere and stirred at rt (25 °C) for 48 h. After completion of the reaction
as monitored by TLC, the crude reaction mixture was cooled to room temperature, ethyl
acetate (20 mL) added, filtered and the filtrate concentrated under vacuum. The residue
was then purified by using silica gel column chromatography using hexane-ethyl acetate
(19:1) as the eluent to afford compound 49. Compounds 49-53 prepared following the

same procedure and by using the same molar quantities.

Compound 49 (semisolid; purity ca. 90%; diastereomers may be present along with

residual solvent)

Yield: 0.114 g (82%)

IR (neat): 2983, 1707, 1681, 1598, 1490, 1237, 1087, 762 cm™™,

'H NMR (500 MHz, CDCls): § 7.71-7.69 (m, 2H), 7.49-7.47 (m, 2H), 7.45-7.41 (m, 1H),
7.32-7.27 (m, 9H), 7.25-7.22 (m, 2H), 4.25 (g, J = 7.0 Hz, 3H), 3.66-3.63
(m, 1H), 3.19- 3.16 (m, 1H), 3.01-2.95 (m, 2H), 2.67-2.61 (m, 1H), 1.34 (t,
J = 7.0 Hz, 3H). Other minor peaks were also present.

13C{*H} NMR (100 MHz, CDCl,): & 201.8, 166.6, 140.8, 138.6, 137.7, 131.7, 131.3,
129.1, 128.5, 128.3, 128.2, 123.0, 89.3, 88.9, 60.7, 52.0, 45.5, 37.0, 31.1,
14.3 (a few peaks were merged).

HRMS (ESI): Calcd. for C3oH2703 [M*+H] m/z 435.1960, found 435.1959.
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Compound 50 (semisolid; purity ca. 90%; diastereomers may be present along with

residual solvent)

]

‘ OEt
Ph

(0]

O

Yield: 0.108 g (75%)
IR (neat): 2981, 1706, 1680, 1597, 1491, 1445, 1378, 1264, 1239, 1179, 1092, 1028,
733 cm™.

IH NMR (400 MHz, CDCls): § 7.74-7.67 (m, 2H), 7.50-7.49 (m, 2H), 7.46- 7.40 (m, 1H),
7.32- 7.23 (m, 9H), 7.14 (d, J = 8.0 Hz, 1H), 4.26 (q, J = 7.2 Hz, 2H),
3.68-3.64 (m, 1H), 3.21-3.01 (m, 3H), 2.99-2.95 (m, 1H), 2.38 (s, 3H),
1.35 (t, J = 7.2 Hz, 3H).

BC{!H} NMR (125 MHz, CDCL,): (major component) & 201.9, 166.6, 140.9, 138.6,
138.5, 137.7, 131.7, 131.2, 129.2, 129.1, 128.5, 128.2, 127.5, 127.2, 119.9,
89.0, 88.6, 60.7, 52.1, 45.5, 37.0, 31.1, 21.5; 14.1.

HRMS (ESI): Calcd. for CaiHagO3 [M*+H] m/z 449.2118, found 449.2118.

Compound 51 (semisolid; purity ca. 90%; diastereomers may be present along with

residual solvent)

0O

‘ OFEt
Ph

Yield: 0.108 g (74%)

IR (neat): 2924, 1712, 1610, 1512, 1490, 1377, 1248, 1177, 1073, 1025, 759 cm_.

IH NMR (500 MHz, CDCls): & 7.72-7.70 (m, 2H), 7.48-7.44 (m, 2H), 7.42-7.41 (m, 1H),
7.31-7.23 (m, 8H), 6.84 (d, J = 8.8 Hz, 2H), 4.25 (q, J = 7.2, 2H), 3.82 (s,
3H), 3.65-3.61 (m, 1H), 3.18-3.13 (m, 1H), 3.03-2.92 (m, 2H), 2.65-2.59
(m, 1H) 1.33 (t, J = 7.2, 3H).
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13C{lH} NMR (125 MHz, CDCl,): (major peaks) & 201.9, 166.6, 159.6, 140.9, 138.6,
137.7, 132.7, 131.7, 129.1, 128.5, 128.1, 127.2, 115.1, 114.0, 88.7, 87.8,
60.6, 55.3, 52.0, 45.5, 36.9, 31.1, 14.3.

HRMS (ESI): Calcd. for C31H2904 [M*+H] m/z 465.2066, found 465.2067.

Compound 52 (semisolid; purity ca. 90%; diastereomers may be present along with
residual solvent)
o}

‘ OEt
Ph

O

Yield: 0.104 g (72%)

IR (neat): 2926, 1709, 1682, 1613, 1589, 1489, 1446, 1247, 785, 693 cm™,

'H NMR (400 MHz, CDCls): & 7.87-7.81 (m, 2H), 7.47-7.44 (m, 1H), 7.37-7.25 (m,
11H), 6.96-6.92 (m, 1H), 4.26 (g, J = 7.2 Hz, 2H), 3.72-3.68 (m, 1H),
3.20-3.11 (m, 2H) 2.98-2.90 (m, 1H), 2.68-2.64 (m, 1H), 1.34 (t, J = 7.2
Hz, 3H).

13C{*H} NMR (100 MHz, CDCl,): (major peaks) & 200.9, 166.4, 162.6 (d, J = 243.7 Hz),
143.7, 143.6, 138.3, 137.3, 132.1, 132.0, 129.5 (d, J = 8.3 Hz), 128.5,
128.3,127.8, 125.0 (d, J = 2.7 Hz), 122.7, 115.8 (d, J = 21.7 Hz), 114.0 (d,
J=20.8Hz), 89.2, 88.9, 60.7, 51.7, 44.7, 37.0, 31.2, 14.3.

HRMS (ESI): Calcd. for C3oH26FO3 [M*+H] m/z 453.1861, found 453.1862.

Compound 53

OO OMe
Yield: 0.100 g (75%)
M.P: 134-139 °C
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IR (neat): 2922, 2852, 1710, 1655, 1598, 1507, 1452, 1263, 1235, 1094, 1027, 817,
699 cm™,

'H NMR (500 MHz, CDCls): § 7.45-7.43 (m, 2H), 7.30- 7.20 (m, 8H), 7.10- 7.07 (m,
2H), 6.80 (d, J = 8.5 Hz, 1H), 6.67-6.64 (m, 1H), 5.80 (dd, J = 1.5, 7.0 Hz,
1H), 4.28 (g, J = 7.0 Hz, 2H), 3.78 (s, 3H), 3.51-3.47 (m, 1H), 3.25-3.22
(m, 1H), 3.09-3.0 (m, 1H), 3.0-2.93 (m, 1H), 2.62-2.56 (m, 1H), 1.36 (t, J
= 7.0 Hz, 3H).

BBC{'H} NMR (125 MHz, CDCl,): & 207.6, 166.8, 156.3, 140.4, 138.5, 131.3, 130.6,
129.6, 128.3, 128.2, 128.1, 127.9, 127.3, 126.0, 123.3, 120.1, 110.0, 89.5,
85.9, 60.5, 55.4, 54.6, 46.6, 37.3, 31.7, 14.3.

HRMS (ESI): Calcd. for C31H2904 [M*+H] m/z 465.2066, found 465.2063.

This compound was crystallized from ethyl acetate-hexane (2:1) mixture at room

temperature.

3.8  General procedure for [Au]-catalyzed cyclizations of cyclohexene
carboxylates to yield furan fused cycloheptene carboxylates (54-57)

To an oven dried Schlenk tube, compound 49 (0.230 mmol), PhsPAuCI (0.012
mmol) and AgOTf (0.012 mmol) in dry toluene (2 mL) were added. The contents were
sealed under a nitrogen atmosphere and stirred at rt (oil bath temperature) for 24 h. After
completion of the reaction as monitored by TLC, the crude reaction mixture was cooled
to room temperature, ethyl acetate (20 mL) added, filtered and the solution concentrated
under vacuum. The residue was then purified by using silica gel column chromatography
using hexane-ethyl acetate (19:1) as the eluent to afford compound 54. Compounds 55-57

prepared following the same procedure and by using the same molar quantities.

Compound 54 (semisolid; purity ca. 90%; stereoisomers may be present)

o)
OEt
Ph
=
(J°
Yield: 0.82 g (82%)).

93



IR (neat): 2923, 2852, 1718, 1664, 1596, 1449, 1260, 1024, 760, 698 cm™,

'H NMR (400 MHz, CDCls): & 8.06 (br, 1H), 7.80 (d, J = 6.8 Hz, 2H), 7.56-7.46 (m,
6H), 7.37-7.33 (m, 4H), 7.30-7.23 (m, 3H), 4.66 (d, J = 4.0 Hz, 1H), 4.21-
4.19 (m, 2H), 2.84-2.80 (m, 1H), 2.39-2.37 (m, 1H), 2.30-2.24 (m, 1H),
2.18-2.14 (m, 1H), 1.30-1.29 (m, 3H).

3C{*H} NMR (100 MHz, CDCl,): & 168.6, 153.9, 148.5, 143.3, 130.43, 130.35, 130.1,
129.6, 128.7s, 128.77, 128.5, 128.0, 127.9, 127.6, 126.4, 126.2, 124.3,
120.3,60.7, 41.2, 31.4, 26.1, 14.3.

HRMS (ESI): Calcd. for C3oH2703 [M*+H] m/z 435.1955, found 435.1565.

Compound 55

o
OEt
Ph ‘
I N—ph

e
Yield: 0.74 g (72%)
Mp: 146-148 °C
IR (neat): 2924, 1699, 1602, 1506, 1447, 1256, 1218, 1092, 1049, 1018, 819, 735,

697 cm™.

IH NMR (400 MHz, CDCls): § 8.05 (m, 1H), 7.79-7.77 (m, 2H), 7.55-7.51 (m, 2H), 7.45-
7.41 (m, 1H), 7.37-7.32 (m, 4H), 7.24-7.20 (m, 3H), 7.16-7.14 (m, 2H),
4.62 (d, J = 3.6 Hz, 1H), 4.21-4.16 (m, 2H), 2.81 (dd, J = 18.8, 3.6 Hz,
1H), 2.40-2.37 (m, 1H), 2.35 (s, 3H), 2.29-2.22 (m, 1H), 2.18- 2.07 (m,
1H), 1.31-1.27 (m, 3H).

13C{!H} NMR (125 MHz, CDCL,): & 168.7, 153.7, 148.7, 143.4, 137.6, 130.5, 129.9,
129.7,129.2, 128.8, 128.7, 128.4, 128.0, 127.9, 127.6, 126.3, 126.2, 123.6,
120.2, 60.7, 41.2, 31.4, 26.1, 21.2, 14.3.

HRMS (ESI): Calcd. for CaH2003 [M*+H] m/z 449.2116, found 449.2113.

This compound was crystallized from ethyl acetate-chloroform (2:1) mixture at room

temperature.

94



Compound 56 (semisolid; purity ca. 90%; stereoisomers may be present)

0
OEt
Ph ‘
| N—pn
J°
o
Yield: 0.79 g (79%)

IR (neat): 2927, 1705, 1660, 1597, 1448, 1254, 1170, 1027, 736 cm™.

IH NMR (400 MHz, CDCls):  8.06 (m, 1H), 7.80-7.78 (m, 2H), 7.55-7.52 (m, 2H), 7.45-
7.39 (m, 3H), 7.37-7.33 (m, 2H), 7.29-7.22 (m, 3H), 6.89-6.87 (m, 2H),
4.60 (d, J = 4.4 Hz, 1H), 4.21-4.19 (m, 2H), 3.82 (s, 3H), 2.82 (dd, J =
18.8, 4.0 1H), 2.39-2.10 (m, 3H), 1.32-1.29 (m, 3H).

13C{*H} NMR (125 MHz, CDCIL,): (major peaks) & 168.7, 159.2, 153.4, 148.7, 1435,
130.5, 129.9, 129.7, 128.7, 128.3, 128.0, 127.9, 127.8, 127.7, 126.3, 123.2,
122.8, 120.2, 114.0, 60.7, 55.3, 41.2, 31.5, 26.0, 14.2.

HRMS (ESI): Calcd. for CaiHa904 [M*+H] m/z 465.2066, found 465.2061.

Compound 57 (semisolid; purity ca. 90%; stereoisomers may be present)

0
OEt
Ph ‘
| d—pn
O °
F
Yield: 0.78 g (78%)

IR (neat): 2923, 2852, 1711, 1667, 1593, 1448, 1256, 1177, 1094, 788, 695 cm™.

IH NMR (400 MHz, CDCls): & 8.05 (m, 1H), 7.80-7.78 (m, 2H), 7.57-7.53 (m, 2H), 7.47-
7.45 (m, 2H), 7.38-7.30 (m, 5H), 7.04-7.02 (m, 1H), 6.99-6.92 (m, 2H),
4.65 (d, J = 4.4 Hz, 1H), 4.23-4.18 (m, 2H), 2.84 (dd, J = 18.8, 2.8 Hz
1H), 2.41-2.36 (m, 1H), 2.31-2.24 (m, 1H), 2.18-2.09 (m, 1H), 1.32-1.29
(m, 3H).

B3C{'H} NMR (125 MHz, CDCl,): & 168.5, 163.2 (d, J = 244.5 Hz), 154.1, 148.7, 146.0s,
145.96,130.4, 130.3, 130.2, 129.7 (d, J = 35.4 Hz), 128.8, 128.64, 128.61,
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127.9 (d, J = 12.7 Hz), 126.2, 123.60, 123.5g, 120.0, 115.0 (d, J = 21.4 Hz),
113.4 (d, J=21.1 Hz), 60.8, 41.0, 31.2, 26.1, 14.3.
HRMS (ESI): Calcd. for C31H26FO3 [M*+H] m/z 453.1866, found 453.1868.

3.9  X-ray crystallography

A suitable crystal was mounted on a glass fiber (for 10, 14, 19, 30, 35, 40’, and 45, 53
and 55) and X-ray data were collected at 298 K on a Bruker AXS-SMART or on an
OXFORD diffractometer using Mo-Ky, radiation (A = 0.71073 A) or Cu- Ko (A = 1.54184
A). Structures were solved and refined using standard methods.’® Absorption corrections
were done using SADABS program, where applicable. All non-hydrogen atoms were
refined anisotropically; hydrogen atoms were fixed by geometry or located by a
Difference Fourier and refined isotropically. Crystal data are summarized in Tables 12-
14. The quality of data for compound 40’ was not great since the crystal quality was not
good; hence an ‘A’ alert is there. However structure solution and refinement could be

done satisfactorily.
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Table 12: Crystal data for compounds 10, 14, 19 and 302

Compound 10 14 19 30

Emp. formula  CazsH21Ns CasH18CIN3 CogH2sN3 C21H19N302
Formula 375.46 395.87 403.51 345.39
weight

Crystal system Monoclinic ~ Monoclinic Monoclinic Monoclinic
Space group 12/a P21/cl Cl2/cl P21/n

alA 18.3117 (7)  12.9840(9) 43.5216(11) 13.631(5)
b /A 14.1566 (4)  20.7822(14) 6.03172(14)  7.505(2)
c/A 16.2686 (7)  7.2865(5) 16.5557(4) 17.609(6)
aldeg 90 90 90 90

pfldeg 115.467(5) 104.647(7) 98.612(2) 98.672(14)
ydeg 90 90 90 90

VA3 3807.6 (3) 1092.3(2) 4297.04(18) 1780.8(10)
Z 8 4 8 4

Dcalc /g cm®]  1.310 1.382 1.247 1.288
/mm? 0.078 0.218 0.074 0.085
F(000) 1584.0 824.0 1712.0 728.0
Data/ 3970/0/266  3358/0/265 3777/0/284 3126/0/239
restraints/

parameters

S 1.075 0.922 1.065 0.992
R1[I>25(1)] 0.0633 0.0662 0.0504 0.0705
wR2 [all data] 0.1875 0.2083 0.1560 0.1646
Max./min. 0.902/-0.971 0.415/-0.402 0.158/-0.162 0.385/-0.353
residual

electron dens.

[eA?]

R1 = 3||Fo| - |Fc||/Z|Fo| and wR2 = [Ew(Fo2-Fc?)?/ZwFo*]%°

97



Table 13: Crystal data for compounds 35, 40", and 45 @

Compound 35 40' 45

Emp. Formula CasH3602P2P Ca7H2102P CaaH3903P
d

Formula 765.07 408.41 677.69

weight

Crystal system Orthorhombic Triclinic Triclinic

Space group Pbca P-1 P-1

alA 21.918(3) 10.001(7) 11.478(3)

b /A 15.241(2) 11.138(6) 12.334(3)

c/A 22.159(4) 11.888(12) 14.871(4)

aldeg 90 102.420(14) 107.993(10)

fldeg 90 105.022(19) 111.95(1)

deg 90 115.73(3) 94.357(10)

VA3 7402.3(19)  1066.9(15) 1812.9(8)

VA 8 2 2

Dcalc /g cm®] 1.373 1.271 1.382

2 fmm? 0.624 0.150 0.160

F(000) 3136.0 428.0 714.0

Data/ 6489/0/444  3003/0/271 6388/0/453

restraints/

parameters

S 1.092 0.855 1.101

R1[I>25(l)]  0.0309 0.0992 0.0621

wR2 [all data] 0.0900 0.4027 0.1776

Max./min. 0.371/-0.622 0.381/-0.365 0.733/-0.886

residual

electron dens.

[eA?]

R1 = 3||Fo| - |Fc||/Z|Fo| and wR2 = [Ew(Fo2-Fc?)?/ZwFo*]%®
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Table 14: Crystal data for compounds 51, 552

Compound 51 55

Emp. Formula  CaiH2803 C31H2504
Formula weight  448.53 464.53
Crystal system  Monoclinic Monoclinic
Space group P21/n 12/a

alA 11.6905(5) 19.7177(5)
b /A 8.2792(4) 7.8743(2)
c/A 25.1517(8) 32.7285(9)
aldeg 90 90

Aldeg 97.733(3) 90.299(2)
yldeg 90 90

VA3 2412.24(17) 5081.5(2)
Z 4 8

Dcalc /gcm®]  1.235 1.214

2 /mm? 0.078 0.079
F(000) 952.0 1968.0
Data/ restraints/ 4234/1/313 4480/0/322
parameters

S 1.092 1.080

R1 [1>25(1)] 0.0309 0.0419
WR2 [all data] ~ 0.0900 0.1197
Max./min. 0.179/-0.505 0.315/-0.527

residual electron

dens. [eA?]
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Chapter 4

INTRODUCTION

41  General Introduction: Synthesis and utility of multifunctional
carbo/heterocycles from active methylene precursors

Multifunctional naphthalenes, phenanthrenes, qunolines and carbazoles have diverse
applications in pharmaceutical industry, nanotechnology, electronic materials, and chiral
catalysis.>? A few of these are also present as basic scaffolds in natural products as well.®
Among the methods available for the synthesis of such molecules, transition metal
catalysis is an important one.* Though a wide number of approaches are present in the
literature, Cu(l) catalyzed synthetic routes,® especially by using active methylene
compounds in a single step, are limited. Active methylene compounds are readily
available and amenable to various synthetic transformations.® This aspect prompted us to
explore these precursors for the synthesis of multifunctional carbocycles (e.g.,
naphthalenes, phenanthrenes) and heterocycles (e. g., quinolones, benzo(b)carbazoles).
Selected natural products and bio-relevant molecules possessing naphthalene, quinoline,
phenanthrene and benzo(b)carbazole skeletons are depicted in Figure 4.1.7%9 The
compounds from literature are labeled as 4.1, 4.2 etc. in this chapter so as to distinguish

them from those prepared in the present study (cf. chapter 5).

Cl H H
N\"/N
OH O Q o
0 o)
OMe

H,N N

HO B

OH OMe MeO N i

Parvinaphthol B Lenvatinib
OMe o

=y
S

(-)-R-antofine Benzocarbazole (antitumor activity)

Figure 4.1: Selected natural products/ bio-relevant molecules possessing naphthalene,

quinoline, phenanthrene and benzo(b)carbazole scaffolds
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4.2 Introduction: Active methylene compounds

Active methylene compounds 4.1 are those in which a methylene group present in
between two electron withdrawing groups; in most cases the electron withdrawing group
is the carbonyl functionality. Representative structural types (4.2-4.7) are shown in Figure
4.2. These precursors are widely utilized in numerous synthetic transformations.®
Examples include the synthesis of functionalized cyclopentenes from enynes,® indenes
from gem-dibromo olefins,®® isoquinolines/ isoindolinones®V/ indazolones from aromatic
propargyloxy aldehydes,® benzopyrano pyridines from 2-amino-3-formyl chromones,®’
spirooxindoles from isatins,® furans from gem-difluoro alkenes,® and perillyl-4H-pyran
hybrid molecules from B-diketones.® Illustrative reactions to generate bio-relevant
products (cf. Figure 4.3, compounds 4.8-4.10) like pyrimidine analogues 4.8),1%
dihydropyrano indoles (4.9),'® spiroindoline pyrrolidines (4.9),}° and pyrano
chromenes'® are shown in Scheme 4.1. In this chapter, literature on the [Cu]-catalyzed
synthesis of carbo- and heterocycles by using active methylene compounds will be

covered.

EWG EWG

e

41
Active methylene compound: General representation

o
NC._COOR RrooC._COOR R,)K/COOR
4.4

4.2 4.3 .
alkyl cyanoacetate dialkyl malonate alkyl aceto-alkanoate
R R'
O,N._COOR NC._CN
o 0
4.5 4.6 4.7
1,3-dicarbonyl nitroacetate malononitrile
compound

Figure 4.2: Representative structural types for active methylene compounds

Ar
H 0}
O
NH
o™\ O =0
Br 0 N
H2 Ar H
4.9

4.10

4.8

benzothiazole-pyrimidines dihydro-pyrano indoles spiro-indoline pyrrolidines
Ar = 3,4-(MeO)2C6H3
Ar = biphenyl

Figure 4.3: Selected compounds (building blocks) synthesized using active methylene

compounds
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V,0s/Fluorapatite
N R! .
\ +
S%NH2 ’/Ko Ethanol, rt
CHO  ¢CN H, (83%)

benzothlazole pyrimidines

R2
Al El [ N R®
N ectrolysis P
RS ——™ o
R3O0
R! . 49 R (78%)

3
R dihydro-pyrano derivatives o Ar

(6]
0 aq. ethanol Ar'
NH
@[f}o * Ar-MAr + H,N coon —I8) o
H

N

H
4.10
spiro-indoline pyrrolindines

C J

Scheme 4.1: Synthesis of a few biologically relevant products from active methylene

compounds

4.3  Cu-catalyzed synthesis of carbocycles and heterocycles by using active
methylene compounds

Cai et al reported copper catalyzed synthesis of aza-fused polycyclic quinolines 4.13
from o-halo-aromatic aldehydes 4.12 from the reaction with active methylene group
containing benzimidazole moiety (4.11) via intermolecular condensation and C-N
coupling reaction in the presence of Cul/ L-proline (Scheme 4.2).1! For this conversion,
electron deficient substrates were favored compared to electron rich groups in delivering

the corresponding products.

Cul (10 mol%)
N EWG @:CHO L- prolme (20 mol%
\>_d
©EN + X K,CO3, DMSO
H R rt, to 80 °C
4.11 4.12 4.13
EWG = -CN, -CO5R (47-91%)
-C(O)R, -SO,Ph

Scheme 4.2: [Cu]-catalyzed synthesis of benzimidazo[1,2-a]-quinolines

In the year 2012, Fu’s group demonstrated one-pot copper catalyzed synthesis of H-
pyrazolo[5,1-a]isoquinolines 4.16 and 4.17 from substituted 1-(2-bromophenyl)-3-
phenylprop-2-yn-1-one 4.14, hydrazine hydrochloride 4.15 and active methylene group

possessing compounds 4.2 or 4.7 (alkyl cyanoacetate or malononitrile) (Scheme 4.3).1?
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This conversion involves initial reaction between bromo substituted alkyne moiety and
hydrazine in the presence of K3PO4 or CsCOs, then coupling (C-arylation) between
formed intermediate species and active methylene compound, followed by intramolecular
nucleophilic attack of NH (of formed pyrazolo group) to cyano group. Isomerization of
the imine to amine gives the desired products.

4.2
CUI, K3PO4
0 100°C, N, 24 h

R DMF
@\)\ +  HoN-NHy-HCI ]
8 R? NC_ CN

r \/
4.14 4.15 4.7

CUl, K3PO4 or CSzCO:; NH2
80 °C, Ny, 24 h CN (52-79%)
DMF 417

Scheme 4.3: [Cu]-catalyzed one-pot synthesis of H-pyrazolo[5,1-a]isoquinolines

In the year 2013, Singh and co-workers developed a methodology for the synthesis of
2H-chromen-3-yl derivatives 4.20 from substituted o-propargyl salicylaldehyde 4.18 by
reaction with malononitrile, alkyl cyanoacetates or cyanoacetamide (4.19) via a copper-
catalyzed [2+2] cycloaddition and cyclo-reversion followed by condensation (Scheme
4.4)13

1

R’ R
CHO CN CN
@: ./\ Cull (NH,),HPO, W
. ;

CH3CN, reflux
4.18 4.19 4.20 (59-90%)

X =-CN, -COOR, CN

Cul -CONH,
./\4.19
| X o)

® Cu

/ O
(0] 2+2

Y oyclenddit g 122 Ny H

ycloaddition cycloreversion
H) oycloreversion
ul 0o

(0]

-C o)

Scheme 4.4: Synthesis of 2H-chromen-3-yl derivatives by using o-propargyl
salicylaldehyde

A copper catalyzed three component reaction between various oximes 4.21,
substituted aldehydes 4.22 and 1,3-dicarbonyl compounds/ alkyl aceto-alkanoates 4.4/4.5

for the synthesis of functionalized pyridines 4.23 has been reported by Jiang et al
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(Scheme 4.5).1* In the presence of copper salt, cleavage of N-O bond in oxime occurs
generating Cu(Il) enamide complex I; it will react with the imine moiety generated by the
reaction between aldehyde and active methylene compound. Then the formed complex
will undergo intramolecular tautomerization followed by nucleophilic attack and

subsequent aromatization to give the desired products 4.23.

R2
NOAc CuBr (10 mol%)
l 2 o Li,CO3 (20 mol% o~ EWG
I\ + R1JJ\ + )I\/EW 2 3( °) N |
Ho R DMSO, 120 'C,N, X R!
4.21 4.22 4.414.5 423
(47-84%)
CuBr ‘
R2
1
_Cu'Br NH R' O
HN | N EWG
RZ — >
AR O e
) EWG TR
R "R? H,0 ;
EWG
|

Scheme 4.5: Multi-component Cu-catalyzed synthesis of functional pyridines

In the year 2015, Kumar et al synthesized n-extended naphtho-fused imidazo [1,2-
a]pyridines 4.25 by using 2-(2-bromophenyl)imidazo[1,2-a]pyridine-3-carbaldehyde 4.24
and 4.2/4.3/4.5 in the presence of CuCl. (Scheme 4.6)."> The mechanism of this
conversion may involve Knoevenagel condensation and chemoselective cross-coupling
followed by C-C bond cleavage (cf. species Il). The obtained compounds were

fluorescent with high quantum yields.

Br CuCl, (10 mol%)

NN EWG'  L-proline (20 mol%) Z 2N

D904 LD [
5 K,COj3 (2 equiv.) O

R cHO DMF, 110 °C, 2 h ne—4 .

4.24 4.2/4.3/4.5 4.25 EWG'/ EWG2 oN
EWG'/ EWG? = -CN, -COOR, (35-91%) I

-COR, when , EWG'/ EWG? = -CN

Scheme 4.6: CuCl>-Catalyzed synthesis of naphtho-fused imidazo [1,2-a]pyridines

Xie et al reported a methodology for the synthesis of multi-functional sulfonyl-
substituted furans by using copper catalyzed intermolecular coupling between acetylenic
sulfones 4.26 and 1,3-dicarbonyl compounds, alkyl cyanoacetate or p-carbonyl ester (4.2-
4.4, 45, 4.27)) (Scheme 4.7).1® The mechanism of this conversion involves Michael-type
addition, isomerization of Michael-addition adduct, SET of isomerized intermediates

followed by intramolecular radical cyclization and oxidation gives the products 4.28-4.30.
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1.6 eq Cu(OAC),H,0 45 | )—R
R'-=—50,R? : R
DMF, 100 °C, air R
4.26 429 g
0 (62-86%)
cN  RPOS_ ¢
RS 4.27 | R®
R']
430 CN
(70-87%)

Scheme 4.7: Cu-catalyzed Synthesis of multifunctional sulfonyl-substituted furan
compounds
In the year 2019, Wang and co-workers reported a copper-catalyzed synthetic route to
trisubstituted imidazoles 4.33 via [3+2] cycloaddition by the formation of new C-C, C-N
and C-S bonds in a single step (Scheme 4.8).17 The initial reaction between active
methylene compound 4.2 and CuO gives intermediate I11. Nucleophilic attack of aryl
isocyanide 4.31 then gives species I11’; intramolecular addition, followed by reaction of

the obtained intermediate with benzene sulfonothioate 4.32 gave the desired product.

€
R1©\ N g2 Cu,0 (15 mol%) N
N

~S.__R3 N
c Ph™ s CH4CN, 80 °C R3 )Q<
s ,
4.31 4.2 4.32 4.33(54-83%)
Ar
PN N Cu(l
N7 >co,Me x-Cu(l)
(hcu”

R2 = CO,Me NC”™ ~CO,Me
n n

Scheme 4.8: Cu-catalyzed synthesis multisubstituted imidazoles

In the year 2014, Reddy et al demonstrated Cu(l)-catalyzed synthesis of substituted
alkylidene cyclopentenes 4.36 by using Morita-Baylis-Hillman (MBH) acetates 4.34 with
active methylene compounds 4.35 through cascade allylic substitution followed by 5-exo-
dig-carbocyclization (Scheme 4.9).28 The mechanism of this conversion involves initial
base mediated monoalkylation of 4.34 in the presence of active methylene compound

followed by Cul promoted 5-exo-dig carbocyclization, and anti-addition of alkyne.
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COzMe
OAc Cul (30 mol%)
K>CO3 (2 equiv)
P CO,Me EWG VEWG —— = T L R EWG
R =z + DMF, rt, 48 h EWG
R = H, alkyl, aryl
4.34 4.35 4.36 (59-86%)

Scheme 4.9: Synthesis of substituted alkylidene cyclopentenes from MBH-acetates

Recently, Punniyamurthy and co-workers reported copper-mediated synthesis of
dihydrobenzoindoles 4.38 and isoindolinones 4.40 by using 1-napthylamides 4.37 or 8-
aminoquinolinamides 4.39 and malonates (Scheme 4.10).}° This reaction proceeded
through (i) cupration of active methylene compound in the presence of Cu(OAc)2, (ii)
ligand exchange with starting material 4.37/4.39, (iii) Cu(OAc). mediated oxidation and
(iv) reductive elimination followed by intramolecular dehydrogenative coupling.

CO,R E :
NHPA CO,R  Cu(OAc), (1 equiv) 2 ' | X!

q NaOPiv*H,0 (2 equiv) O \NgZ :
+ CO.R i
DMSO, 120 °C, 4 h, air , (PA)

4.37 4.3 .38 (51-63%) '_'_'_'_'_'_'_'_'_'_'_'_'_'_"_
o Cu(OAc), 0 mol%) g1 @ ! |
R’ Q qCOzR Ag,CO3 (1 equiv) N E N
N+ i :
H COR  Na,COs (2 equiv) COR ! N A
DMSO, 80 °C, 3 h, air COR @
4.39 43 4.40 (55.65%)

Scheme 4.10: Copper-mediated synthesis of dihydrobenzoindoles and isoindolines

In the year 2016, Jiang et al reported copper catalyzed synthesis of multifunctional
isoquinolines 4.42-4.44 by using the reaction of 2-haloaryloxime acetates 4.41 with p-
diketones 4.5, p-ketonitriles 4.27, or alkylcyano acetates 4.2 (Scheme 4.11).%° Initially,
halo-aryloxime acetate couples with the active methylene compound. This is followed by
cleavage of N-O bond in the presence of Cul generating copper enamide. Subsequent
intramolecular nucleophilic attack followed by regeneration of copper catalyst leads to

multifunctional isoquinolines.
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4.5
g2
3
Q Me
R NOAc  cul (10 mol%), NCJJ\Rzl R' Q
Me KCOs(2eauv)| 427 )
2
B DMF, 120 °C R(ss 70%)
4.41 N, 4.43 CN °
\)(J)\ RS R Me
NC /
O \N
4.2
NH,
4.44 RS
07 07 (70-85%)

Scheme 4.11: Synthesis of multifunctional isoquinolines by using 2-haloaryloxime
acetates

In the year 2013, Ila’s group reported the synthesis of multisubstituted bisoxazoles
4.47 by the reaction of 2-(2-thienyl)-4-[(aryl/heteroaryl)-methylene]-5-oxazolones 4.45
with active methylene compounds having isocyanides (4.46) in the presence of Cul via
formation of one C-C and two C-O bonds (Scheme 4.12).?r The mechanism of this
conversion involved (i) coordination between activated methylene isocyanide and Cul,
(i) nucleophilic ring opening of oxazolone 4.45 in the presence of cupriomethylene

isocyanide followed by (iii) sequential construction of two oxazole rings to give
bisoxazoles 4.47.

_N._X N

MeS .c— ™ X \V
JHetAr 4.46 \ g
N Cul (10 mol%) N
Ph/-2Thi |/( o i /Q \
-ethieny 0 Cs,CO3 (1 equiv)  Ph/-2Thienyl™ N~ Het/Ar
4.45 DMF, 90 °C, Ny, 4-6 h 4.47

0 — (67-94%)
X = -CO,Et, -Ts, >_N’ o m—@— NQ—
/o :

Scheme 4.12: Synthesis of multisubstituted bisoxazoles through [Cu]-catalysis

A copper catalyzed domino method for the synthesis of multifunctionalized
dihydrofurans 4.49 from ethynyl epoxides 4.48 and malononitrile via [3+2] annulation

pathway was developed by Lin’s group (Scheme 4.13).%2
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Copper bis(2-ethylhexanoate)

O A~ 10 mol% o) Ar orTTTTmTmmmmTemes :
QT: + NC CN (10 mol™) — 1bpy = 2,2'- bipyridine:
47 bpy (10 mol%) HoN D\ T ;
Ar DIPEA (2.0 equiv), DCM, rt CN
4.48 4.49 (37-87%)

Scheme 4.13: Synthesis of multifunctionalized dihydrofurans from ethynyl epoxides

Recently, Ghomi et al developed a methodology for the synthesis of multifunctional
benzo[g]chromenes 4.52 through a multi component reaction among aromatic aldehydes
4.50, malononitrile or ethyl cyanoacetate and 2-hydroxy-1,4-naphthaquinone 4.51 by
using the heterogeneous catalyst, amino-substituted CeO,/CuO@graphene quantum dot
nanocomposite material. Formation of chromene derivatives involves initial condensation
reaction between aldehydes and active methylene compounds to give Knoevenagel
intermediate. This will react with naphthogquinone moiety to generate active species,
which undergoes imine to amine tautomerization followed by aromatization to form the
desired products 4.52 (Scheme 4.14).%

O<_H o
CN OH  Ce0,/CUO@GQDs-NH,
C o )

é X * EtOH, reflux

R X = CN, CO,Et o

4.50 4.51
4.2/4.7

Scheme 4.14: Multi-component reaction for the synthesis of benzo[g]chromenes

Multifunctional indoles 4.54 have been prepared by Ma and co-workers via a copper
catalyzed cascade reaction of 2-halotrifluoroacetanildes 4.53 with active methylene
compounds 4.4. This conversion proceeds through a coupling reaction and condensation
followed by deacylation mechanism (Scheme 4.15).%* A plausible mechanism involving

intermediates 1V- VI is also shown in the scheme.
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R 0 Cul(10 mol%) R CO,R3

X OR®  L.proline (20 mol%)
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NHCOCF, R2 Cs,CO3; (4 equiv) ”
0

DMSO, 40-80 °C

X =1,Br R? = Me, Ph, i-Pr
4.53 4.4 4.54 (54-93%)
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R302C R302C R3Ozc R?’O C Y
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CF3 N CF3 N CF3
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Scheme 4.15: Synthesis of multifunctional indole derivatives via [Cu]-catalysis

In the year 2011, Fu et al reported a methodology for the synthesis of
benzimidazoisoquinolines 4.56 via a copper catalyzed cascade reaction of 2-(2-
halophenyl)benzoimidazoles 4.55 with alkyl cyanoacetates 4.2 under mild conditions
(Scheme 4.16).%° This methodology provides benzimidazoisoquinolines having amino and
carboxylate groups in good to excellent yields. Initially, Cul catalyst reacts with the
ligand and generates a complex in the presence of a base. The generated complex reacts
with substituted benzoimidazole. Then oxidative addition followed by C-arylation with
active methylene compound and intramolecular nucleophilic attack of NH of imidazole

moiety to alkyl cyanoacetate gives the desired products.

R2 R2
N
R’ N@ Cul (10 mol%) R' /’Q
i : 1 N pipecolinic acid (20 mol%)
Br

N NC” T CO,R

KQCO3 (2 equiv)
DMSO, N,
4.55 4.2 80°C, 12 h R%0

NH,

o 4.56
(71-95%)

Scheme 4.16: Synthesis of multifunctional benzimidazoisoquinolines via [Cu]-catalysis

Beifuss and coworkers developed a copper catalyzed domino method for the synthesis
of naphthalene derivatives 4.58 and substituted chromenes 4.59 via the reaction of bromo
benzylbromide 4.57 upon reaction with active methylene compound 4.4. This protocol
involves f-keto ester and two equivalents of methylene moiety to give naphthalene
derivatives 4.58 through intermolecular coupling reaction between two starting materials,
intermolecular C-arylation, intramolecular 1,2-addition, cleavage of carboxylic acid and

aromatization; one equivalent of S-keto ester upon reaction with bromobenzyl bromide
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through C-benzylation followed by O-arylation gives 4H-chromenes 4.59 (Scheme
4.17).%

o) o
(0] o R? Br 1) R3 OO OR?2
2 4.4
OR 4.4 R R3
0o R3 Cul(20 mol% ) / Br Cul(10 mol% ) o OR?
! 4.59 K3POy4(4 equiv ) R 457 30 mol% 2-p|col|n|<.: acid 4.58
(65-88%) DMF/ DMA CSZCO3(": equiv) (65-80%)
110 °C, 24 h NMP, 100 'C, 24 h

Scheme 4.17: Cu-catalyzed synthesis of multifunctional naphthalenes and chromenes

Ma’s group reported the synthesis of 2,3-disubstituted benzofurans 4.61 through

copper catalysis by using 1-bromo-2-iodobenzene 4.60 and p-keto ester 4.4 via

intermolecular

C-C bond formation (copper

intramolecular C-O bond formation (Scheme 4.18).%

catalyzed coupling) followed by

R | o o Cul (umol) gt COzR?
K,CO3 (3 equiv)
+ >~ N__R3
@i RSH\/U\ORZ THF, 100 °C, 24 h R
Br ’ ’ 0
4.60 4.4 4.61 (48-88%)

Scheme 4.18: Synthesis of disubstituted benzofurans from 1-bromo-2-iodobenzene

In the year 2014, Lv et al developed a copper catalyzed cascade method for the
synthesis of poly substituted benzo[4,5]imidazo[1,2-a]indoles derivatives 4.63 via the
reaction of bis-(o-haloaryl)carbodiimides 4.62 with active methylene compounds
(Scheme 4.19).2 This conversion involves C-N coupling, C-C coupling followed by

decarboxylation and isomerization to obtain the desired products (Scheme 4.19).

1 Cul (10 mol%) H EWG

X R2 EWG 8-hydroxyquinoline N __

Ny (20 mol%) \
C\\ + < .
1 N EWG' K3POy4 (4 equiv.) R2

¢ a62 X DMSO ]I 463
' 50-100 °C, 24 h .

EWG/ EWG' = CN, CO,R, COR (61-88%)

Scheme 4.19: Synthesis of polysubstituted benzo[4,5]imidazo[1,2-a]indoles from bis-(o-
haloaryl)carbodiimides
A few very recent literature reports wherein [Cu]-catalyzed transformations by using

active methylene group compounds are available, but these do not involve cyclization.

Thus Knoevenagel condensation between different aldehydes and active methylene

119



compounds by using Cu(l) chalcogenones (cf. products 4.64-4.65; Scheme 4.20) has been
reported by Mannarsamy et al.?® This condensation process may involve the coordination

of oxygen atom of aldehyde moiety with Cu(l) center. Similar reactions though, are well-

precedent. Maruoka et al. developed monoalkylation of active methylene compounds by

using alkylsilyl peroxides via copper catalysis (product 4.67; Scheme 4.21).% Initially,

alkylsilyl peroxide in the presence of Cu-catalyst gives alkoxy radical VIII along with

[Cu]-complex IX. Base (DMAP) removes a proton for the active methylene compound to

give enolate X. Species VIII generates XI by ring opening. Ligand exchange between X

and silanoxide IX to lead to XII, followed by coupling of alkyl radical XI with copper

complex XI1 affords the desired product 4.67.

NC/\

EWG —

o<

Catalyst (5 mol%)
reflux in MeOH, 4 h

4%1'
e

X=NHor$S

(68 -99%) ,}/ \N/ Q
C[N%E\@) E/Q\Nj\
( Cu
en v S N
\EO (91-95%) | ,\j>_ E BF? E%N/\IO
= -
I A a0

4.65

Scheme 4.20: Cu(l)-chalcogenone catalyzed Knoevenagel condensation

EWG'
+
EWG?2
00SiMeg
4.66
vm

Vil — Ph)J\/\/\ .
X1

Cul (5 mol%) (0]
DMAP (1 equiv) EWG'
>~ Ph
DMF. rt, 1 h EWG?
4.67
R = CO,Me, CgHy-4-CO,Me, SO,Ph
EWG' EWG'
[CU]\OS'M _DMAP _ o
| Mes Ewg2  H' EWG?
X
_[cu EWG'
IX+X—— | )
-Me3SiO” Xl EWG

Xl + Xl ——> 4.67 + Cul

Scheme 4.21: Monoalkylation of active methylene compounds with alkylsilyl peroxides
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OBJECTIVES OF PRESENT WORK - PART B
The literature survey, as discussed above, is not exhaustive but does suggest room for
exploiting the reactivity of active methylene compounds. The motto of the present work
was to explore the synthesis of multifunctional and polysubstituted naphthalenes,
phenanthrenes, quinolines as well as benzo[b]carbazoles by using aromatic o-halo
aldehydes upon reaction with active methylene group possessing compounds, (alkyl
cyanoacetates, dialkyl malonates and malononitrile) via [Cu]-catalysis.
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Chapter 5

RESULTS AND DISCUSSION

In this chapter, we will discuss in detail on the transformation involving 2-bromo-aryl
aldehydes and active methylene compounds via copper catalysis. Information about the
precursors that are used in this chapter is presented in section 5.1. After this, synthesis of
multifunctional carbo/heterocycles (naphthalenes, phenanthrenes, quinolines and
benzo[b]carbazoles) by making use of active methylene group containing compounds
(alkyl cyanoacetates, dialkyl malonates and malononitrile) in the presence of Cul as the
catalyst is discussed. In the last section, structural elaboration of prepared compounds to
yield dihydrobenzo[g]quinazolines followed by photophysical properties of prepared
phenanthrene derivatives is also delved into.3! The obtained products were characterized
by mp (for solids), NMR, IR and HRMS (or LCMS/CHN). The relative positions of

functional groups are assigned in representative cases by single crystal X-ray analysis.

5.1  Precursors used in the present study

The precursors that include substituted 2-bromo-benzaldehydes (la-f), 1-bromo-2-
naphthaldyde (1g), 2-bromopyridine-3-carboxaldehyde (1h), alkyl cyanoacetates (2a-d),
dialkyl malonates (3a-c) and malononitrile (4) are available commercially and are
purchased from Aldrich (cf. Chart 1). 2,7-Dibromo-9-ethyl-9H-carbazole-3-carbaldehyde

1i was prepared by using a literature method.32

o oS g o

Substituted 2-bromo- 1-bromo-2- 2-bromopyridine-3- 2,7-dibromo-9-ethyl- 9H carbazole
aryl aldehydes naphthaldehyde (1g) carbaxaldehyde (1h) -3-carbaldehyde (1i)

R'=H,RZ=H,R*=H 1a Q 29

R1 OMe, R? = H, R® = OMe ((1b)) NC\)KOR‘i R5OM0R5 NC._-CN
=OMe, R?=H,R%®=H (1¢) alkyl cyanoacetates  dialkyl malonates  malononitrile (4)

R1 =F, R?=H,R®=H (1d) RY=Et (2a) R°=Et (3a)

R1 H, R22 F, R33 H (1e) Ri=Me (2b) RS = Me (3b)

R'=Me, R2=H,R3=H (1) R'=n-Bu (20) R°=iPr  (3¢)

R* = n-octyl (2d)

Chart 1: Precursors used in the present work
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5.2  Copper-catalyzed transformation of o-bromoaryl aldehydes into
multifunctional carbo/ heterocycles by using active methylene group
containing compounds
Synthesis of various carbo/ heterocycles by using active methylene compounds as

one of the precursors is well explored (as shown in the introduction). But, most of the

reactions involved usage of complex starting materials, multiple step conversions and
used additional ligand along with catalyst. In this section, we report copper catalyzed
synthesis of polysubstituted aromatic compounds with multiple functional groups

(naphthalenes, phenanthrenes, quinolines and benzo[b]carbazoles) by using readily

available o-bromoaryl aldehydes and active methylene compounds in a single synthetic

operation without using any additional ligand.

5.2.1 [Cu]-catalyzed ligand-free synthesis of multifunctional naphthalenes,
phenanthrenes, quinolines, benzo[b]carbazoles by using 2-bromo aryl
aldehydes and active methylene compounds
Initially, 2-bromobenzaldehyde 1a was treated with ethyl 2-cyanoacetate 2a in the

presence of CuBr (10 mol%) and K>COs (3.0 equiv) in DMSO at 120 °C for 3 h. TLC

analysis showed complete consumption of 1a gave ethyl 3-amino-4-cyano-2-naphthoate 5

in 74% vyield (Scheme 1). We next moved to improve the yield of the product by

screening different parameters of reaction. Details are given in Table 1.

Br CN
CuBr, KCO3. NH;
Ht 2
G © DMS0. 120 °C
1a © 2a 5(74%) O

Scheme 1: Reaction of 2-bromobenzaldehyde (1a) with ethyl 2-cyanoacetate (2a)

First, we checked the reaction by using 0.1 equiv of copper catalysts CuBr, CuCl,
Cul, CuCl,, Cu(OAc). and Cu(OTf) in the presence of 3.0 equiv of K.COz as the base
and DMSO as the solvent at 120 °C (Table 1, entries 1-6). Among these, Cul provided the
highest yield and the target product 5 was isolated in 81% yield (entry 4). In the absence
of copper catalyst, product 5 was not at all observed (entry 7). Lowering of catalyst
quantity to 5 mol % decreased the yield (entry 8) whereas increasing the catalyst loading

to (20 mol %) did not improve the yield of the reaction (entry 8). Among the bases
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K2CO3, Cs2C0O3, NaxCO3, K3POs, t-BuOK, EtsN and DBU (entries 4 and 9-14) tested,
highest yield was observed using K:COz. Among the solvents DMSO, N,N-
dimethylacetamide (DMA), 1,4-dioxane, toluene and PEG-400 tested (entries 4, 16-19),
DMSO was found to be the solvent of choice, although DMF (entry 15) also gave a
comparable yield. Conducting the reaction at 70 °C/10 h or 150 °C/ 3 h afforded 5 in
nearly the same yield (entry 20). It is also noteworthy that this reaction required neither
an inert atmosphere nor any additional ligand to produce alkyl 3-amino-4-cyano-2-
naphthoate 5 in good yield (entry 22). So, reaction conditions in entry 4 was determined
as optimal condition [1a (1.0 mmol), 2a (2.0 mmol), Cul (10 mol %), and K>CO3 (3.0
mmol) in DMSO at 120 °C/ 3 h].

Table 1. Optimization of the Reaction Conditions?

Entry Catalyst Base Solvent | yield of 5 (%)°

1 CuBr K2CO3 DMSO 74

2 CuCl K2CO3 DMSO 52

3 CuCl: (anh.) K2CO3 DMSO 47

4 Cul K2COs3 DMSO 81°

5 | Cu(OAc)z(anh.) | K2COs3 DMSO 54

6 Cu(OTf): K2CO3 DMSO 52

7 - K>COs3 DMSO E

8 Cul K2CO3 DMSO 54 (80)¢
9 Cul Cs2C0Os3 DMSO 76
10 Cul Na>COs DMSO 71
11 Cul K3POg4 DMSO 60
12 Cul t-BuOK DMSO 42
13 Cul EtsN DMSO 14
14 Cul DBU DMSO 25
15 Cul K2CO3 DMF 75
16 Cul K2CO3 DMA 37
17 Cul K2COs Dioxane 10
18 Cul K2COs Toluene 11
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19 Cul KoCOs | PEG-400 7
20 Cul K2COs DMSO 77 (80)"
21 Cul - DMSO 9

22 Cul K.CO3 DMSO 80(77)"

#Reaction conditions: 1a (0.54 mmol), 2a (1.09 mmol), base (1.62 mmol), catalyst (0.054
mmol), solvent (2 mL), 120 °C (oil bath) for 3 h in a stoppered Schlenk tube in air.
bIsolated yield of 5. ‘Reaction performed under nitrogen gave the same yield but under
oxygen (balloon) the yield was only 45%. “No catalyst was added. 5 mol % and 20 mol
% of Cul were used. "The yields are for the reactions performed at 70 °C/10 h (77%) and
150 °C/ 3 h (80%) respectively. INo base was added. "10 mol % of L-proline (or 1,10-

phenanthroline) as ligands were used.

When we moved to substrate scope (Table 2), 2-bromobenzaldehydes la-1f
possessing electron-neutral, electron rich or electron-withdrawing substituents and the
nitriles 2a-d containing CO,R* [where, R* = Et, Me, n-Bu, n-octyl] smoothly converted to
the corresponding products 5-21 in good vyields. X-ray single crystal structure of
compound 16 shown in Figure 1 (left). We were pleased to find that the tandem reaction
of 1-bromo-2-naphthaldehyde 1g with different alkyl-2-cyanoacetates (2a-b and 2d)
afforded the alkyl 3-amino-4-cyanophenanthrene-2-carboxylates 22 (X-ray structure

shown in Figure 1, right), 23 and 24 in good yields.

2a- 2d OR* g3 NH, O CN
Br 2eqU|v OO NH,
" Cul, KiCO, R! or OO OR*
DMSO, 120 °C, 3h I
1a-1f 521 22,23, 24

Scheme 2: Substrate scope for the synthesis of multifunctional naphthalenes/

phenanthrenes
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Table 2. Substrate Scope for [Cu]-Catalyzed Tandem Synthesis of Multifunctional

Naphthalenes and Phenanthrenes 5-242

2-bromoaryl Naphthalene/ phenanthrene | yield
Entry Alkyl cyanoacetate X
aldehydes products (%)
Br CN
o NG o NH,
1 SO UTINE"
H 2a OFEt “Et
1a 5 )
Br CN
o NG o NH,
’ I . 7
H 2b OMe “Me
1a 6 O
Br CN
o NC o NH,
: ~ U, 2
H 2¢ n-Bu “n-Bu
1a 7 (0]
Br CN
NG o NH,
4 °l L, 68
H 2d n-Octyl 8 “n-Octyl
1a o
MeO Br CN
MeO
5 H \\( OO O 85
1b 2a OFEt MeO “Et
9 o)
MeO Br CN
ﬁfo NG o MeO NH,
MeO
: H '~ PO a0
1b 2¢c n-Bu MeO “n-Bu
10 o
MeO Br CN
NC MeO NH
Meoﬁfo ) e 2
7 I o 82
1b 2d n-OctyI MeO \n-OctyI
11 0
CN
Br NH
NC 2
Meo/@fo o
8 ! O. 79
1c 22 OEt MeO Et
0]
12
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o NH,
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1c 2b OMe MeO Me
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Br CN
NC NH,
10 I o 68
1c 2c n-Bu MeO \n-Bu
(0]
14
Br CN
NC NH,
11 o) 73
H MeO \
1c 2d n-Octyl n-Octyl
15 ©
Br CN
O.
1d H 2a OEt F Et
16 (X-Ray) O
Br CN
13 F@ifo NC\\{O OO NH2 67
1d H 2¢ n-Bu F 17 O\n-Bu
(0]
Br CN
F©i]¢o NG 0 OO NH;
14 \\( 65
0
1d H 2d n-Octyl F “n-Octyl
18 o)
Br CN
o NC o NH;
15 o 61
F H 2a OEt Et
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o NC o NH,
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B
NC NH
0 0 2
o |l T g (L o, | ®

28 OEt H3C Et
21 0
(e ()5
;
NG o NH,
1 of A L o, | 7
1 2a OEt “Et
9 H 22, (X-ray) O
o .
' NG o NH,
s | | | T |
2b OMe “Me
9 H 23 o

C .

Br NC o NH,

| Lo o0 e
1g \ 2d n-Octyl I \n-OctyI

24

#Reaction conditions: 1 (0.5 mmol), 2 (1.0 mmol), K-CO3 (1.6 mmol), Cul (0.05 mmol),
DMSO (2 mL) in a stoppered Schlenk tube in air at 120 °C (oil bath) for 3h.
bYield of the product 5-24.

Cc17

N1

Figure 1. Molecular structures of compouds 16 (left) and 22 (right). Selected bond
parameters: Compoud 16 C(4)-C(7) 1.427(3), C(7)-C(8) 1.399(3), C(8)-C(9) 1.437(3),
C(9)- C(11) 1.487(3), C(9)-C(10) 1.372(3), C(5)-C(10) 1.408(3), C(8)-N(2) 1.355(3) ,
C(7)-C(14) 1.416(3) [A]. Compoud 22 C(1)-C(11) 1.426(2), C(2)-C(14) 1.406(2), C(11)-
C(12) 1.414(2), C(12)- C(13) 1.420(2), C(13)-C(14) 1.370(2), C(11)-C(15) 1.427(3),
C(12)-N(2) 1.360(2), C(13)-C(16) 1.486(2) [A].
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In a manner similar to above, we subsequently examined the reaction of 2-bromo-3-
pyridinecarboxaldehyde 1h with alkyl cyanoacetates 2a, 2b and 2d. Satisfyingly, the
reaction furnished the desired products 25-27 in moderate to good yields of 52-72%
(Table 3) along with < 17% yield of 25a' and 27a’. X-ray structures of compounds 25a'
are 26 shown Figure 2 (left and center, respectively). We successfully extended this
methodology to the synthesis of alkyl 7-amino-8-cyano-5-ethyl-5H-benzo[b]carbazole-9-
carboxylate 28 (X-ray; Figure 2, right), 29 and 30 by using precursor 1i (Table 3).

CN CN
/N | Br /N NH, . N\ NH,
x o NG OR? = OR*
1h H 25-27 (0] 25a',27a" O
or OR* or (< 20%)
~—|2a, 2b and 2d (2 equiv)

Et

N Cul, K,CO4
BI’ Br DMSO
| 120°C. 30 _ O NH,
28-30
1i o

Scheme 3: Synthesis of poly functionalized quinolines and benzo[b]carbazoles

Table 3. [Cu]-Catalyzed Tandem Synthesis of Quinolines and Benzo[b]carbazoles
25-302

2- Alk Quinolines/ Quinolines/
Entry | Bromoaryl y Benzo[b]carbazoles Benzo[b]carbazoles
cyanoacetates D S h
aldehydes (yield) (yield)
/N Br CN CN
| . NC o N NH, N NH,
\ N
1 | P OEt = OEt
H 2a OEt \ o
1h 25a,66% 0 25a', 12% (X-ray)
N_ _Br N
2 X o _ OMe Not formed
2b OMe
TR 26 0
, 712% (X-ray)
CN
N_ Br CN N._ _NH,
| 0 Ny NH, P o
3 X O | P o “n-Octyl
2d n-Octyl “-Octyl 27a',17% O
T Y 27a,61% oty
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Br
Et

O o) N CN

e | O
4 O \\( Not formed

_ OEt

1i 2a OEt 28, 68% (X-ray) d

;

Br
Et
O o) N CN
e |
5 \\( Not formed
O 1 2b OMe 29,64% oMe
(]
r

Br H
Et
O ¢} N CN
e OO
6 5 Not formed
O 1i 2d n-Octyl 30,55% I nocy

#Reaction conditions: 1 (0.5 mmol), 2 (1.0 mmol), K-COz (1.6 mmol), Cul (0.05 mmol),
DMSO (2 mL), in a stoppered Schlenk tube in air at 120 °C (oil bath) for 3 h.
bYield of product 25-30.

Figure 2. Molecular structures of compouds 25a’, 26 and 28. Selected bond parf:\meters:
Compoud 25a" C(5)-N(1) 1.343(7), C(1)-C(11) 1.489(8), C(3)-C(10) 1.405(7), C(10)-
C(9) 1.365(8), C(9)-C(8) 1.402(8), C(8)-C(6) 1.378(7), C(6)-C(7) 1.440(8), C(6)-C(4)
1.415(8) [A]. Compoud 26 C(5)-C(9) 1.430(11), C(5)-C(6) 1.410(12), C(5)-C(4)
1.420(11), C(4)- N(2) 1.374(12), C(4)-C(3) 1.433(12), C(3)-C(7) 1.366(12), C(7)-C(8)
1.440(12) [A]. Compoud 28 C(11)-C(17) 1.424(5), C(17)-C(18) 1.436(6), C(17)-C(16)
1.387(5), C(16)- N(3) 1.341(5), C(16)- C(15) 1.444(6), C(15)- C(14) 1.379(5), C(14)-
C(12) 1.389(5) [A].
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5.2.2 Plausible pathway for the formation of products 5-30

In order to decipher the reaction pathway, we performed the reaction of 2-
bromobenzaldehyde 1a (1.0 mmol) with ethyl cyanoacetate 2a (1.0 mmol) using K>COs
(1.0 mmol) in DMSO at rt (25 °C) for 1 h that provided the Knoevenagel adduct I in 82%
yield (Scheme 5, eq 1). In the absence of K>COs, only the Knoevenagel adduct I was
obtained in 38% vyield, along with unreacted starting material 1a (Scheme 4, eq 2). When
we treated I (1 mmol) with ethyl cyanoacetate 2a (1 mmol), Cul (0.1 mmol), and K>COs
(2.0 mmol) at 120 °C for 2 h, the desired product 5 was obtained in excellent yield
(Scheme 4, eq 3). In the absence of Cul, the reaction did not proceed (Scheme 4, eq 4).
These simple observations clearly showed that copper mediated C-arylation is the key
step in this tandem process.

2a

K,COj Bren
= (1)
DMSO _\__OEt
B
r th 1(82%) O
H
0O Br
CN
1a 2
L =od P @
DMSO
0,
120°C, 3 h 1(38%) O
2a CN

Cul, K,CO4 “1:142
owe I g
DMSO OEt
Bren 120°C, 2 h 5(75%)
@(/k’(oa -

1 lo) 2a

K,CO

L s No reaction 4)
DMSO

120°C,2h

Scheme 4: Control experiments for ascertaining the mechanism

On the basis of the above control experiments and literature reports, a plausible
pathway for the formation of 5-30 is illustrated in Scheme 5. Initially, the reaction of 2-
bromobenzaldehyde 1 and alkyl cyanoacetate 2 in the presence of base generates
Knoevenagel adduct 1. Copper-catalyzed coupling of I with 2 leads to C-arylation product
Il. Then, the base abstracts a proton from an active methine carbon of Il forming the
highly nucleophilic carbanion 11l that attacks the nitrile leading to the cyclized
intermediate 1V which undergoes hydrolysis to give V. Decarboxylation, followed by

aromatization of V affords alkyl 3-amino-4-cyano-2-naphthoate (5). We wish to
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emphasize here that (i) the later stages of this reaction pathway as well as the resulting
products differ from the one reported using S-keto-esters wherein an oxetane intermediate
and elimination of carboxylate species is proposed*® and (ii) the formation of 25a’ and
27a’ albeit in very low yields perhaps offers a different type of mechanism for their

formation but currently it is a puzzling observation.

]

K,COs o, Bren KZCO CN
I N —> CN
-H,0
Knoevenagel J\/CN
condensation
C -arylation
KZCO3l -H*

(o)

dﬁ; = R'—Eifi@r @@Q

C02 Aromatization

Scheme 5: Probable pathway for the formation of multifunctional naphthalenes

To extend our concept by expanding the scope of substrates, we treated 2-
bromobenzaldehyde 1a (1.0 mmol) with methyl cyanoacetate 2b (1.0 mmol) and K>COs3
(2.0 mmol) in DMSO at rt for 1 h to generate intermediate I; after consumption of all of
la (TLC), Cul (10 mol%), K2COs3 (2.0 mmol) and diethylmalonate (3a, 1.0 mmol) were
added and the contents heated at 120 °C for 2 h. The overall reaction proceeded smoothly
to afford diethyl 2-aminonaphthalene-1,3-dicarboxylate 31 in 68% yield (Table 4). The
scope of this protocol was examined using diverse 2-bromobenzaldehydes (1a, 1c, 1d and
19), alkyl 2-cyanoacetates (2a-b) and dialkyl malonates (3a-c; R® = Et, Me, i-Pr). The
corresponding products 31-37 were isolated in good yields (Scheme 6; Table 4). X-ray
structure of compound 34 shown in Figure 3. This new one-pot sequence also allowed for

the synthesis of polysubstituted phenanthrene 37 in 80% yield (Table 4).
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o Br 2 U Br
o K2COs N oR2| _ Cul/KzCOs
R! A '?':"SO R DMSO
1 | o 120 °C
| one pot

Scheme 6: Cu-catalyzed one- pot synthesis of dialkyl-2-aminonaphthalene-1,3-
dicarboxylates

Table 4. Cu(l)-Catalyzed One-Pot

naphthalene/phenanthrene-dicarboxylates 31-372P

Sequential  Synthesis of Amino-

Amino-
2-bromoaryl | Alky cyano _ naphthalene/phenanthre
Entry Dialkylmalonate )
aldehydes acetates ne-dicarboxylates
(yield)®
O._ OEt
Br
NG 4 O O NH,
0]
1 M OO OEt
EtO OEt
H 2a OEt 3a
1a O
31; 80%
O._OMe
Br
@i’& NC O O NH,
0 99
2 MeOMOMe OFt
H 2a OFEt 3b
1a o
32; 79%
O~ O—i-Pr
o o | ipr, I iA NH,
3 o 0
3c OEt
H 2a OEt
1a 33;74% O
O._OMe
Br
@ NG o o o NH,
o | iy A
4 MeOMOMe OMe
H 2b OMe 3b
1a 34,68% O
(X-ray)
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1c 2b OMe 3b OMe
35:87% O
Br O-_OMe
6 MeO OMe OO OEt
1d H 2a OEt 3b F
36;87% O

(@) OEt
|‘ NC O O O
Br O )J\/U\ NH2

EtO OEt
© 2a OFEt 3a Ot

19 37;80% O

#Reaction conditions: 1 (~0.5 mmol), 2 (0.5 mmol), K2CO3 (0.5 mmol), DMSO (2 mL), at
rt for 1 h in a stoppered Schlenk tube in air; then Cul (0.05 mmol), 3 (0.5 mmol), and
K>CO3z (1.0 mmol) were added in air and contents heated at 120 °C (oil bath) for 2 h.
bYield of products 31-37.

Figure 3. Molecular structure of compoud 34. Selected bond parameters: C(8)-C(9)
1.405(3), C(9)-C(10) 1.360(3), C(10)-C(11) 1.490(3), C(10)-C(1) 1.441(3), C(1)- N(1)
1.352(3), C(1)-C(2) 1.406(3), C(2)-C(3) 1.432(3) [A].

In order to explore the above one-pot sequential method further, malononitrile (4;
1 mmol) was used to replace dialkyl malonate 3. Very interestingly, this reaction afforded
2-aminonaphthalene-1,3-dicarbonitriles 38-40 (X-ray structure of 38 in Figure 4) in 67-
82% yield (Scheme 7 and Table 5).
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(0]

NI e

NC CN
2 ~ CN
Br BrCN 4 NH,
| @o K00, _ P o] o0 Y
R 1
DMSO | R DMSO Rt CN
H rt, O o
1 | 120 °C 38-40

Scheme 7: [Cu]-catalyzed synthesis of 2-aminonaphthalene-1,3-dicarbonitriles

Table 5. Cu(l)-Catalyzed One-Pot Sequential Synthesis of 2-Aminonaphthalene-1,3-
dicarbonitriles 38-40*°

] 2-Aminonaphthalene-
2-bromoaryl Alky cyano Other active ) o
Entry 1,3-dicarbonitriles
aldehyde acetate methylene compd )
(yield)®
5 CN
r o)
NH,
! 2a 4 CN
1a 38; 70%
(X-ray)
Br 0 CN
NH
2 Meo/@fo NC\)J\OE’[ NC._CN ?
o M 2a 4 MeO CN
39: 82%
CN
Br 0 NH
2
3 F/©;(O NC\)J\OEt NC._CN
2a 4
40: 67%

#Reaction conditions: 1 (0.5 mmol), 2 (0.5 mmol), K2COs (0.5 mmol), DMSO (2 mL), at
rt for 1h, in a stoppered Schlenk tube in air; then Cul (0.05 mmol), 4 (0.5 mmol), and

K2COs3 (1.0 mmol) were added in air and the contents heated at 120 °C (oil bath) for 2h.
bYield of products 38-40.
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c1a
A’“
cd oo

c11 012 C

Figure 4. Molecular structure of compoud 38: Selected bond parameters: C(4)-C(3)
1.408(4), C(3)-C(2) 1.369(4), C(2)-C(7) 1.424(4), C(7)- N(2) 1.354(4), C(7)-C(6)
1.386(4), C(5)-C(6) 1.425(4), C(2)-C(13) 1.423(4), C(6)-C(14) 1.413(4) [A].

5.2.3 Plausible pathway for the formation of products 38-40

Mechanistically, the reaction seems to involve an initial C-arylation via copper-
catalyzed coupling of I with 4 to give intermediate VI (Scheme 8). Hydrolysis of ester on
VI leads to VII. Decarboxylation followed by cyclization of VII leads to intermediate
VI11. Finally, aromatization of V111 afforded products 38-40. Thus the later stages of this
pathway appears to be slightly different from that shown in Scheme 6 or the one

involving S-ketoesters.32

O
OR4
Br NH
@lﬁ K2003 CN cm/Kgco3 “: 2
DMSO | DMSO
0,
1 120%C Aromatization
C._CN cu'
C-arylation | K2CO3
H_ CN
gm Decarboxylatlon \le
R4OH
CN

Vi

Scheme 8: Plausible mechanism for the formation of products 38-40

5.2.4 Utilization of the multifunctional naphthalenes

To demonstrate the utility of the present protocol, further structural elaboration of
compounds 5 and 16 was performed via the reaction with formamide 41 in the presence
of K>COs to give the corresponding benzo[g]quinazoline 42-43. Later, the compound 42
was converted to 4-oxo-3-phenyl-3,4-dihydrobenzo[g]quinazoline-10-carbonitrile 45 by
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using a reported Cu-mediated C-N bond forming reaction (cf. Scheme 9);3 there was no
perceptible reaction using Cul under the conditions given in Table 2.

HO.  -OH
CN
KS;% Cu( OAC)Z/EtsN R N\©
5,16 150 °C. 4h 42: R = H, 91% DCM, _” 2h 45 R = H. 72%

43; R" =F, 87%
Scheme 9: Synthesis of 4-0xo-3-phenyl-3,4-dihydrobenzo[g]quinazoline-10-carbonitrile
from prepared multifunctional naphthalenes

5.2.5 Gram-Scale Transformation
To examine the scalability of the optimized method, the tandem reaction between 2-
bromobenzaldehyde l1a and ethyl cyanoacetate 2a was carried out under standard
conditions on a gram scale. To our delight, the expected product ethyl 3-amino-4-cyano-
2-naphthoate 5 could be obtained in 62% isolated yield (Scheme 10).
CN

Br CN
" NH;
+ 2 Standard conditions
o o OEt
E

5,0.819,62%

Scheme 10: Gram-scale synthesis of ethyl 3-amino-4-cyano-2-naphthoate under

optimized conditions

5.2.6. Photophysical properties of the obtained phenanthrenes 22, 24 and 37

We expected phenanthrene-2-carboxylates 22, 24 and 37 to be photochemically active
and perhaps could be used later. Hence the UV-visible and fluorescence spectra were
recorded. The emission spectra of compounds 22, 24, and 37 were recorded upon
excitation at 330 nm. As expected, these compounds show moderate fluorescence
emission intensity (cf. Figure 5). The absorption peak wavelengths (Aabs), molar extinction
coefficient (€), emission peak wavelengths (Aem) in solution are summarized in Table 6

and Figure 5.
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Table 6. UV—Visible Absorption and Fluorescence Emission Properties of

Phenanthrene Carboxylates 22, 24 and 37

entry compound habs (NM)?2 € (10*Miem?) Aem (NM)P
1 22 435 1.0 461
2 24 435 3.3 467
3 37 427 1.9 488

aUV-visible absorption wavelengths, PEmission wavelengths at rt in toluene at

concentration of 1 x 10°M.

3.0
— 3gd
1.0- —3gd ——3ga
(0] : —— 5gaa| ~—~ 25+ ——5gaa
2 20 &
(0] B ~
[3) () 2.0
S > e
g E © 15
Ko}
= C —
o] 8 o 1.04
O c 0
n — o]
© < 0.5
£ -
) 0.0
- T 7 T 7
z 250 300 350 400 450 500

400 450 500 550 600

Wavelength (nm) Wavelength (nm)

Figure 5. (A) Absorbance and (B) Fluorescence emission spectra of compounds 22, 24
and 37 in toluene (10° M) at rt (25 °C). (3gd, 3ga and 5gaa in figure refers to compounds
22, 24 and 37)

SUMMARY

We have developed a simple and highly efficient ligand-free one pot Cu(l)-mediated
tandem or sequential protocol for the synthesis of multifunctional naphthalenes,
phenanthrenes, quinolines and benzo[b]carbazoles. The protocol entails readily
available substrates such as o-bromoarylaldehydes, alkyl cyanoacetates,
dialkylmalonates and active methylene nitriles. The developed methodology was
utilized further for the synthesis of 4-oxo-3-phenyl-3,4-dihydrobenzo[g]quinazoline-
10-carbonitrile. The photophysical properties of phenanthrene carboxylates reveal

possible applications as highly fluorescent materials.

139



140



Chapter 6

EXPERIMENTAL SECTION

Details of equipment used for most of the measurements have already been given in
Chapter 3

The precursors, 2-haloarylaldehydes 1a-h, alkyl cyanoacetates 2a-d, dialkylmalonates
3a-c and malononitrile 4 are commercially available, and 2,7-dibromo-9-ethyl-9H-
carbazole-3-carbaldehyde, 1i 3! was prepared following literature reports.

6.1  Synthesis of Multifunctional Naphthalenes and Phenanthrenes 5-30

To an oven dried Schlenk tube equipped with a magnetic stirrer bar was added 2-
bromobenzalaldehyde 1a (0.1 g, ~0.5 mmol, 1 equiv) Cul (0.103 g, 0.05 mmol, 10 mol
%), K2COs (0.220 g, 1.6 mmol, 3 equiv), ethyl cyanoacetate 2a (0.115 mL, 1.0 mmol, 2
equiv) and DMSO (2 mL). The tube with the contents was stoppered and heated at 120 °C
(oil bath) for 3h. After completion of the reaction as monitored by TLC, the crude
reaction mixture was cooled to rt (25 °C), diluted with ethyl acetate (20 mL) and passed
through a short celite column. The resulting solution was washed with water (2 x 20 mL)
and the aqueous part extracted twice with ethyl acetate (20 mL). The combined organic
layer was washed with brine solution (2 x 20 mL), dried over anhydrous Na.SQOs, and
concentrated in vacuum. The residue was then purified by using silica gel column
chromatography using hexane-ethyl acetate (9:1) as eluent to afford the pure desired
compound 5. Compounds 5-30 were prepared from the appropriate o-bromoaryl aldehyde
1 and alkyl cyanoacetate 2 by using the same procedure using same molar quantities.

Compound 5

CN

C ‘ “ 2
O\
Et

0]

Yield: 0.106 g (81%).

Mp: 146-148 °C.

IR (Neat): 3427, 3327, 2967, 2926, 2203, 1739, 1613, 1366, 1210, 1072, 1029, 787,
747 cm™,
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IH NMR (400 MHz, CDCl3): & 8.68 (s, 1H), 7.90 (d, J = 8.4 Hz, 1H ), 7.79 (d, J = 8.0
Hz, 1H ), 7.66-7.63 (m, 1H), 7.34 (t, J = 7.4 Hz, 1H), 6.71 (br s, 2H), 4.46
(9, J = 7.2 Hz, 2H), 1.48 (t, J = 7.2 Hz, 3H).

BC{'H} NMR (100 MHz, CDCls): & 166.7, 151.0, 138.8, 136.1, 131.5, 130.1, 124.8,
123.8, 122.9, 116.9, 114.1, 88.9, 61.6, 14.3

HRMS (ESI): Calcd. for C14H12N2NaO> [M*+Na] m/z 263.0796, found 263.0792.

Compound 6

CN

Crx s
O\Me

)

Yield: 0.095 g (77%).

Mp: 152-154 °C.

IR (Neat): 3440, 3337, 3015, 2962, 2218, 1739, 1625, 1366, 1213, 1076, 790, 744

cm.

IH NMR (400 MHz, CDCls): 5 8.69 (s, 1H), 7.91 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 8.0Hz,
1H), 7.68-7.64 (m, 1H), 7.36 (t, J = 8.0 Hz, 1H), 6.70 (br s, 2H), 4.01 (s,
3H).

BC{*H} NMR (100 MHz, CDCls): § 167.1, 151.0, 138.9, 136.2, 131.6, 130.1, 124.8,
123.9,123.0, 116.8, 113.8, 89.0, 52.5.

HRMS (ESI): Calcd. for C1sH1:N202 [M*+H] m/z 227.0821, found 227.0815.

Compound 7

CN
NH,
(L .

O]

n-Bu

Yield: 0.105 g (72%).

Mp: 142-144 °C.

IR (Neat): 3433, 3330, 2957, 2927, 2864, 2207, 1695, 1613, 1455, 1304, 1210, 1077,
794, 750cmL.

IH NMR (400 MHz, CDCls): & 8.65 (s, 1H), 7.89 (d, J = 7.6 Hz, 1H), 7.79 (d, J = 8.4
Hz, 1H), 7.66-7.62 (m, 1H), 7.35-7.31 (m, 1H), 6.70 (br s, 2H), 4.40 (t, J =
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6.4 Hz, 2H), 1.87-1.80 (m, 2H), 1.58-1.49 (m, 2H), 1.04 (t, J = 7.6Hz,
3H).

13C{*H} NMR (100 MHz, CDCls): & 166.8, 151.1, 138.7, 136.1, 131.5, 130.1, 124.8,
123.8,122.9, 116.9, 114.1, 89.0, 65.4, 30.7, 29.7, 19.3, 13.8.

HRMS (ESI): Calcd for C1sH16N202 [M*+H] m/z 269.1290, found 269.1283.

Compound 8

CN

NH,
OO 0]
~n-Octyl

O]

Yield: 0.120 g (68 %).

Mp: 149-151 °C.

IR (Neat): 3436, 3334, 2924, 2857, 2208, 1737, 1699, 1616, 1573, 1456, 1367, 1303,
1211, 1170, 1083, 794, 755 cmrL.

IH NMR (400 MHz, CDCls): & 8.67 (s, 1H), 7.90 (d, J = 8.4 Hz, 1H), 7.80 (d, J = 8.0
Hz, 1H), 7.67-7.63 (m, 1H), 7.36-7.32 (m, 1H), 6.71 (br s, 2H), 4.40 (t, J =
6.8 Hz, 2H), 1.88-1.81 (m, 2H), 1.53-1.32 (m, 10H), 0.92 (t, J = 6.4 Hz,
3H).

BC{'H} NMR (100 MHz, CDCls): & 166.8, 151.1, 138.8, 136.1, 131.6, 130.1, 124.8,
123.9, 123.0, 116.9, 114.2, 88.9, 65.8, 31.8, 29.3, 29.2, 28.6, 26.1, 22.7,
14.1.

HRMS (ESI): Calcd for C2oH2sN20, [M*+H] m/z 325.1916, found 325.1917.

Compound 9
CN
MeO ! NH2
MeO l O\Et
o)
Yield: 0.104 g (85%).
Mp: 161-163 °C.
IR (Neat): 3481, 3352, 2924, 2854, 2214, 1673, 1614, 1435, 1323, 1295, 1013, 814
cmt.
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IH NMR (500 MHz, CDCls): § 8.01 (s, 1H), 7.96 (s, 1H), 6.96 (s, 1H), 6.28 (s, 2H), 4.53
(g, J = 7.0 Hz, 2H), 4.02 (s, 3H), 3.98 (s, 3H), 1.53 (t, J = 7.0 Hz, 3H).

13C{*H} NMR (100 MHz, CDCls): & 168.5, 153.2, 147.7, 147.3, 137.8, 131.8, 121.6,
117.3, 107.6, 105.1, 104.9, 98.4, 61.2, 55.9, 55.8, 14.5.

HRMS (ESI): Calcd for C1sH1sN204 [M*+H]: m/z 301.1188, found 301.1189.

Compound 10

CN
MeO NH,
OO (@)
MeO “n-Bu
0]

Yield: 0.107 g (80%).

Mp: 157-159 °C.

IR (Neat): 3437, 3336, 2959, 2926, 2873, 2203, 1686, 1614, 1461, 1299, 1094, 1039,
974,752 cmr™.,

IH NMR (500 MHz, CDCls): & 8.48 (s, 1H), 7.15 (s, 1H), 7.06 (s, 1H), 6.57 (s, 2H), 4.38
(t, J = 6.5 Hz, 2H), 4.07 (s, 3H), 3.99 (s, 3H), 1.85-1.79 (m, 2H), 1.57-1.50
(m, 2H), 1.03 (t, J = 7.5 Hz, 3H).

13C{*H} NMR (100 MHz, CDCls): & 167.0, 154.3, 150.3, 147.9, 136.3, 133.3, 119.9,
117.3, 111.5, 108.2, 102.0, 88.4, 65.0, 56.2, 56.0, 30.7, 19.3, 13.8.

HRMS (ESI): Calcd for CisH20N204 [M*+H] m/z 329.1501, found 329.1502.

Compound 11

CN
MeO NH,
OO (0]
MeO \n-OctyI
0]
Yield: 0.129 g (82%);
Mp: 149-151 °C..

IR (Neat): 3440, 3343, 2955, 2925, 2855, 2204, 1688, 1611, 1509, 1331, 1298, 1039,
1022, 787, 754 cm,
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'H NMR (500 MHz, CDCls): & 8.48 (s, 1H), 7.15 (s, 1H), 7.06 (s, 1H), 6.57 (s, 2H), 4.36
(t, J = 6.5 Hz, 2H), 4.07 (s, 3H), 3.99 (s, 3H), 1.85-1.80 (m, 2H), 1.51-1.32
(m, 10H), 0.91 (t, J = 7.0 Hz, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 167.0, 154.3, 150.3, 147.9, 136.4, 133.3, 119.9,
117.3, 111.6, 108.3, 102.1, 88.4, 65.4, 56.3, 56.0, 31.8, 29.3, 29.2, 28.7,
26.1,22.7, 14.1.

HRMS (ESI): Calcd for C22HagN204 [M*+H] m/z 385.2127, found 385.2128.

Compound 12

CN
DO
MeO O\Et
O
Yield: 0.100 g (79 %).
Mp: 165-167 °C.
IR (Neat): 3429, 3329, 2979, 2205, 1739, 1614, 1366, 1211, 1074, 1031, 787, 749
cmt,

IH NMR (400 MHz, CDCls): & 8.60 (s, 1H), 7.83 (d, J = 8.8 Hz, 1H), 7.33 (dd, J = 8.8,
2.4 Hz, 1H), 7.11 (d, J = 2.8 Hz, 1H), 6.54 (s, 2H), 4.46 (g, J = 7.2 Hz,
2H), 3.91 (s, 3H). 1.49 (t, J = 7.2 Hz, 3H).

13C{!H} NMR (100 MHz, CDCls): & 166.7, 155.9, 150.1, 137.8, 131.3, 125.5, 124.6,
123.7,117.2, 114.7, 109.3, 88.0, 61.8, 55.8, 14.5.

HRMS (ESI): Calcd for CisH1sN2Os [M*+H] m/z 271.1083, found 271.1077.

Compound 13

CN
l l NH,
MeO O\Me
(@]

Yield: 0.085 g (71 %).

Mp: 170-172 °C.

IR (Neat): 3446, 3345, 2959, 2922, 2209, 1738, 1704, 1617, 1505, 1374, 1289, 1215,
1142, 1089, 1012, 824, 787 cmL.

145



IH NMR (500 MHz, CDCls): & 8.59 (s, 1H), 7.83 (d, J = 9.0 Hz, 1H), 7.33 (dd, J = 9.0,
2.5 Hz, 1H), 7.10 (d, J = 3.0 Hz, 1H), 6.52 (br s, 2H), 3.9 (s, 3H), 3.91 (s,
3H).

BC{!H} NMR (100 MHz, CDCls): § 167.2, 156.2, 149.5, 137.3, 131.5, 125.7, 124.5,
124.3,116.9, 114.2, 108.0, 89.5, 55.4, 52.4.

HRMS (ESI): Calcd for C1aH13N203 [M*+H] m/z 257.0926, found 257.0929.

Compound 14

CN
CIx .
(0]
MeO “n-Bu
(6]

Yield: 0.085 g (71 %).

Mp: 170-172 °C.

IR (Neat): 3437, 3335, 2925, 2858, 2207, 1738, 1691, 1609, 1459, 1375, 1227, 1080,
1024, 799 cm'L.

IH NMR (400 MHz, CDCls): & 8.57 (s, 1H), 7.82 (d, J = 9.2 Hz, 1H), 7.33 (dd, J = 9.2,
2.4 Hz, 1H), 7.11 (d, J = 2.8 Hz, 1H), 6.53 (br s, 2H), 4.40 (t, J = 6.4 Hz,
2H), 3.92 (s, 3H), 1.87-1.80 (m, 2H), 1.57-1.49 (m, 2H), 1.05 (t, J = 7.2
Hz, 3H).

13C{!H} NMR (100 MHz, CDCls):  166.8, 156.1, 149.6, 137.1, 131.4, 125.7, 124.4,
124.2,117.0, 114.5, 107.9, 89.5, 65.3, 55.4, 30.7, 19.3, 13.8.

HRMS (ESI): Calcd for C7H10N203 [M*+H] m/z 299.1396, found: 299.1390.

Compound 15

CN
X
0
MeO “h-Octyl
o)
Yield: 0.121 g (73%).
Mp: 153-155 °C.
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IR (Neat): 3440, 3337, 2924, 2854, 2207, 1694, 1611, 1505, 1463, 1380, 1296, 1233,
1184, 1170, 1086, 1005, 818, 731 cm™ cm™.

'H NMR (400 MHz, CDCls): & 8.56 (s, 1H), 7.82 (d, J = 9.2 Hz, 1H), 7.33 (dd, J = 8.8,
2.4 Hz, 1H), 7.10 (d, J = 2.4 Hz, 1H), 6.53 (br s, 2H), 4.39 (t, J = 6.8 Hz,
2H), 3.92 (s, 3H), 1.88-1.81 (m, 2H), 1.53-1.27 (m, 10H), 0.92 (t, J = 6.8
Hz, 3H).

13C{*H} NMR (100 MHz, CDCl): & 166.8, 156.1, 149.6, 137.1, 131.4, 125.6, 124.4,
124.2, 117.0, 114.4, 107.9, 89.4, 65.7, 55.4, 31.8, 29.24, 29.15, 28.6, 26.0,
22.6, 14.1.

HRMS (ESI): Calcd for C21H26N203 [M*+H] m/z 355.2022, found 355.2019.

Compound 16

CN
e
O.
F Et
0)

Yield: 0.089 g (70 %).

Mp: 161-163 °C.

IR (Neat): 3429, 3330, 2958, 2922, 2858, 2209, 1739, 1696, 1616, 1506, 1372, 1281,
1220, 1162, 1087, 1025, 823, 794 cm™,

'H NMR (400 MHz, CDCls): & 8.59 (s, 1H), 7.90-7.86 (m, 1H), 7.45-7.40 (m, 2H), 6.65
(brs, 2H), 4.46 (g, J = 7.2 Hz, 2H), 1.49 (t, J = 7.2 Hz, 3H).

BC{'H} NMR (125 MHz, CDCls): & 166.4, 159.0 (J = 243.6 Hz), 150.5, 137.6 (J = 5.0
Hz), 132.9, 125.2 (J = 8.3 Hz), 125.1,121.6 (J = 25.2 Hz), 116.6, 115.2,
113.1 (J =20.8 Hz), 89.2, 61.7, 14.3

HRMS (ESI): Calcd for C14H11FN2NaO2 [M*+Na] m/z 281.0697, found 281.0696.

Compound 17

CN
POy
F O\n-Bu
(@]
Yield: 0.095 g (67 %).
Mp: 154-156 °C.
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IR (Neat): 3440, 3338, 2961, 2208, 1738, 1609, 1506, 1373, 1297, 1225, 1082, 1036,
818, 740 cm™.

'H NMR (400 MHz, CDCl3): & 8.60 (s, 1H), 7.92-7.88 (m, 1H), 7.46-7.41 (m, 2H), 6.67
(s, 2H), 4.41 (t, J = 6.8 Hz, 2H), 1.87-1.80 (m, 2H), 1.56-1.48 (m, 2H),
1.04 (t, J = 7.2 Hz, 3H).

BC{'H} NMR (100 MHz, CDCls): & 166.5, 159.0 (J = 243.7 Hz), 150.5, 137.6 (J = 5.1
Hz), 132.9, 125.2 (J = 8.2 Hz), 125.1 (J = 8.8 Hz), 121.6 (J = 25.3 Hz),
116.7, 115.2, 113.2 (J = 20.1 Hz), 89.2, 65.6, 30.6, 19.3, 13.8.

HRMS (ESI): Calcd for CisH16FN202 (M* + H) m/z 287.1196, found 287.1183.

This compound was crystallized from dichloromethane—hexane (1:4) mixture by slow

evaporation at room temperature. X-ray structure has been determined for this compound.

Compound 18

CN
CCL.
F O\n-OctyI
@)
Yield: 0.110 mg (65 %).
Mp: 149-151 °C.

IR (Neat): 3483, 3363, 2958, 2927, 2856, 2204, 1796, 1693, 1609, 1572, 1376, 1279,
1216, 1157, 1077, 1024, 831, 732 cm'™.

IH NMR (500 MHz, CDCls): & 8.59 (s, 1H), 7.91-7.88 (m, 1H), 7.45-7.41 (m, 2H), 6.66
(s, 2H), 4.40 (t, J = 6.5 Hz, 2H), 1.87-1.81 (m, 2H), 1.51-1.45 (m, 2H),
1.43-1.31 (m, 8H), 0.92 (t, J = 7.0 Hz, 3H).

13C{H} NMR (100 MHz, CDCls): & 166.5, 159.0 (J = 243.6 Hz), 150.5, 137.6 (J = 5.0
Hz), 132.9, 125.2 (J = 8.4 Hz), 125.1 (J = 8.8 Hz), 121.6 (J = 25.1 Hz),
116.7, 115.2, 113.2 (J = 20.1 Hz), 89.2, 65.9, 31.8, 29.24, 29.2,, 28.6, 26.0,
22.7,14.1.

HRMS (ESI): Calcd for CooH24FN2O, [M*+H] m/z 343.1822, found 343.1814.
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Compound 19

CN
CrxCe
O\Et
F (0]
Yield: 0.078 g (61%).
Mp: 160-162 °C.

IR (Neat): 3429, 3327, 2984, 2926, 2207, 1735, 1696, 1616, 1574, 1438, 1376, 1273,
1181, 1122, 1048, 866, 796, 747 cm™.

'H NMR (400 MHz, CDCl): & 8.95 (s, 1H), 7.68 (d, J = 8.4 Hz, 1H),7.61-7.55 (m, 1H),
7.01-6.97 (m, 1H), 6.83 (s, 2H), 4.48 (q, J = 7.2 Hz, 2H), 1.50 (t, J = 7.2
Hz, 3H).

BC{'H} NMR (125 MHz, CDCls): & 166.5, 160.0 (J = 254.2 Hz), 151.6, 137.3 (J = 3.4
Hz), 132.0 (J = 9.3 Hz), 131.5 (J = 5.6 Hz), 118.8 (J = 4.1 Hz),116.5,
115.1, 114.3, 107.5 (J = 19.6 Hz), 88.9, 61.8, 14.3.

HRMS (ESI): Calcd for C14H11:FNaN202 [M*+Na] m/z 281.0702, found 281.0700.

Compound 20

CN
CIOCx
O‘Me
F 0]
Yield: 0.082 g (68 %).
Mp: 165-167 °C.

IR (Neat): 3440, 3335, 2960, 2922, 2846, 2215, 1710, 1624, 1571, 1443, 1365, 1306,
1208, 1077, 791cm™,

IH NMR (400 MHz, CDCls): & 8.95 (s, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.61-7.55 (m, 1H),
7.01-6.97 (M, 1H ), 6.81 (s, 2H), 4.02 (s, 3H).

13C{'H} NMR (125 MHz, CDCls): § 166.9, 160.0 (J = 254.5 Hz), 151.5, 137.3, 132.1 (J
= 9.3 Hz), 131.7 (J = 5.8 Hz), 118.8 (J = 4.2 Hz),116.5, 115.2 (J = 17.2
Hz), 114.0, 107.1 (J = 19.6 Hz), 88.9, 52.6.

HRMS (ESI): Calcd for Ci3H10FN2O2 [M*+H] m/z 245.0726, found 245.0726.
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Compound 21

CN
CUr
o.
HsC Et
o

Yield: 0.103 g (80 %).

Mp: 140-142 °C.

IR (Neat): 3427, 3328, 2974, 2931, 2203, 1739, 1705, 1612, 1572, 1366, 1209, 1151,
1071, 1030, 786, 749 cm™,

'H NMR (400 MHz, CDCls): & 8.63 (s, 1H), 7.69-7.67 (m, 2H), 7.17(dd, J = 8.4, 1.6 Hz,
1H), 6.68 (s, 2H), 4.44 (q, J = 7.2 Hz, 2H), 2.54 (s, 3H), 1.48 (t, J = 7.2
Hz, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 166.8, 151.2, 142.4, 138.5, 136.4, 129.9, 126.2,
123.1,122.2,117.1,113.1, 88.4, 61.4, 22.2, 14.3.

HRMS (ESI): Calcd for C1sH1sN202 [M*+H] m/z 255.1134, found 255.1137.

Compound 22

CN
NH,

(0]
Yield: 0.089 g (72%).
Mp: 176-180 °C.

IR (Neat): 3427, 3328, 2974, 2931, 2203, 1739, 1705, 1612, 1572, 1366, 1209, 1151,
1071, 1030, 786, 749 cm™,

'H NMR (400 MHz, CDCls): § 9.74-9.71 (m, 1H), 8.61 (s, 1H), 7.87-7.85 (m, 1H), 7.70-
7.66(m, 2H), 7.59-7.54 (m, 2H), 7.00 (br s, 2H), 4.47 (q, J = 7.2 Hz, 2H),
1.49 (t, J=7.2 Hz, 3H).

BC{'H} NMR (100 MHz, CDCls): & 166.8, 153.1, 138.5, 134.9, 134.3, 128.9, 127.5,
127.3, 126.6, 125.3,123.2, 119.9, 112.3, 88.7, 61.5, 14.3.

HRMS (ESI): Calcd for C1gH14N2NaO, [M*+Na] m/z 313.0953, found: 313.0945.

This compound was crystallized from chloroform-hexane (1. 4) mixture by slow

evaporation at room temperature. X-ray structure has been determined for this compound.
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Compound 23

CN
oY
O.
Me

0]
Yield: 0.073 g (62%).
Mp: 178-182 °C.

IR (Neat): 3447, 3339, 2958, 2921, 2010, 1702, 1610, 1459, 1609, 1459, 1316, 1279,
1260, 1219, 1092, 1026, 909, 803, 748, 563 cm™.,

IH NMR (400 MHz, CDCls): § 9.74-9.72 (m, 1H), 8.61 (s, 1H), 7.88-7.86 (m, 1H), 7.71-
7.68 (M, 2H), 7.56 (s, 2H), 6.99 (br s, 2H), 4.01 (s, 3H).

13C{*H} NMR (100 MHz, CDCls): & 167.2, 153.0, 138.5, 134.9, 134.3, 128.9,, 128.9,
127.4,127.2, 126.6, 125.34, 125.25, 123.2, 120.0, 111.9, 88.7, 52.4.

HRMS (ESI): Calcd for C17H13N202 [M*+H] m/z 277.0977, found 277.0979.

Compound 24

CN
NH,
UL

\n-OctyI
Yield: 0.104 g (65%).
Mp: 120-124 °C.

IR (Neat): 3453, 3335, 2923, 2851, 2193, 1737, 1692, 1608, 1581, 1517, 1313, 1282,
1217, 1199, 1122, 1094, 1024, 971, 807, 752, 729, 682, 659 cm™.

IH NMR (500 MHz, CDCls): & 9.75-9.74 (m, 1H), 8.61 (s, 1H), 7.89-7.87 (m, 1H), 7.71-
7.69 (m, 2H), 7.61-7.57 (m, 2H), 7.02 (br s, 2H), 4.41 (t, J = 6.5 Hz, 2H),
1.89-1.83 (m, 2H), 1.54-1.48 (m, 2H), 1.44-1.32 (m, 8H), 0.93 (t, J = 7.0
Hz, 3H).

13C{'H} NMR (125 MHz, CDCls): & 166.8, 153.1, 138.4, 134.9, 134.3, 128.9, 127.4,
127.3, 126.6, 125.3, 123.2, 120.0, 112.3, 88.6, 65.7, 31.8, 29.3, 29.2, 28.7,
26.1,22.7, 14.1.
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HRMS (ESI): Calcd for CaaHz27N20, [M*+H] m/z 375.2073, found: 375.2091.

Compound 25a

CN
Ny NH,
| / OFEt
0
Yield: 0.086 g (66%) [Rf 0.3 (ethyl acetate: hexane 1:9)].
Mp: 151-153 °C.

IR (Neat): 3416, 3325, 3301, 2215, 1738, 1628, 1581, 1565, 1370, 1310, 1206, 1083,
1033, 924, 794, 727, 510 cm™,

IH NMR (500 MHz, CDCls): & 8.98 (dd, J = 4.0, 1.5 Hz, 1H), 8.65 (s, 1H), 8.08 (dd, J
= 8.0, 1.5 Hz, 1H), 7.29-7.26 (m, 1H), 6.95 (v br, 2H), 4.48 (g, J = 7.0 Hz,
2H), 1.48 (t, J = 7.0 Hz, 3H).

BBC{*H} NMR (125 MHz, CDCls): & 166.2, 155.0, 153.2, 151.3, 138.1, 137.6, 119.5,
119.4, 116.2, 114.8, 92.0, 61.8, 14.2.

HRMS (ESI): Calcd for CisHi12N3O, [M*+H] m/z 242.0930, found 242.0930.

Compound 25a’

CN
Ny -NH,
_~__OEt
0
Yield: 0.015 g (12%) [Rf 0.5 (ethyl acetate: hexane 1:9)].
Mp: 142-145 °C.

IR (Neat): 3416, 3294, 3183, 2906, 2221, 1696, 1607, 1564, 1478, 1305, 1281, 1203,
1100, 1020, 795, 755 cm.

IH NMR (500 MHz, CDCls): & 8.74 (s, 1H), 8.01 (dd, J = 7.0, 1.0 Hz, 1H), 7.90 (dd, J =
8.0, 1.5 Hz, 1H ), 7.28 (t, J = 6.0 Hz, 1H), 5.88 (s, 2H), 4.46 (g, J = 7.0
Hz, 2H), 1.48 (t, J = 7.0 Hz, 3H).

13C{'H} NMR (125 MHz, CDCls): 8 165.9, 157.6, 150.2, 142.5, 137.9, 133.8, 122.4,
121.6, 117.6, 111.8, 109.0, 61.8, 14.2.
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HRMS (ESI): Calcd for C13H12N302 [M*+H] m/z 242.0930, found 242.0930.

This compound was crystallized from chloroform-hexane (1: 4) mixture by slow
evaporation at room temperature. X-ray structure has been determined for this compound.

Compound 26a

CN
Ny NH,
| = OMe
O
Yield: 0.088 g (72%).
Mp: 134-141 °C.

IR (Neat): 3479, 3410, 3299, 2949, 2210, 1701, 1619, 1581, 1562, 1488, 1428, 1310,
1197, 1071, 1020, 918, 794, 698, 605 cm™.

'H NMR (500 MHz, CDCl): & 8.97 (dd, J = 4.5, 1.5 Hz, 1H), 8.65 (s, 1H), 8.07 (dd, J =
8.0, 1.5 Hz, 1H), 7.29-7.26 (m, 1H), 6.94 (v br, 2H), 4.01 (s, 3H).

BC{'H} NMR (125 MHz, CDCl): & 166.7, 155.0, 153.2, 151.2, 138.3, 137.7, 119.5,
116.2, 114.5, 91.8, 52.7.

HRMS (ESI): Calcd for C12H1oN3O2 [M*+H] m/z 228.0773, found 228.0774.

This compound was crystallized from chloroform—hexane (1:4) mixture by slow

evaporation at room temperature. X-ray structure has been determined for this compound.

Compound 27a

CN
‘N\ NH,
= O,
n-Octyl
0
Yield: 0.107 g (61%) [Rf 0.3 (ethyl acetate:hexane 1:9)].
Mp: 162-164 °C.

IR (Neat): 3425, 3310, 3059, 2961, 2227, 1702, 1628, 1566, 1488, 1463, 1439, 1278,
1198, 1015, 966, 755, 691 cm™.

IH NMR (400 MHz, CDCls): & 8.99-8.98 (m, 1H), 8.63 (s, 1H), 8.10-8.08 (m, 1H), 7.30-
7.27 (m, 1H), 6.92 (v br, 2H), 4.41 (t, J = 6.8 Hz, 2H), 1.88-1.81 (m, 2H),
1.49-1.32 (m, 10H), 0.91 (t, J = 6.0 Hz, 3H).
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BC{!H} NMR (125 MHz, CDCls): § 166.3, 155.0, 153.2, 151.3, 138.1, 137.7, 119.5,
119.4, 116.3, 114.8, 91.9, 66.0, 31.8, 29.25, 29.1, 28.6, 26.0, 22.7, 14.1.
HRMS (ESI): Calcd for C1eH24NsO2 [M*+H] m/z 326.1869, found 326.1869.

Compound 273’

CN
Ny NH2
Z O\n-OctyI
o)
Yield: 0.030 g (17%) [Rf 0.5 (ethyl acetate:hexane 1:9)].
Mp: 169-171 °C.

IR (Neat): 3426, 3311, 2954, 2919, 2868, 2226, 1701, 1628, 1565, 1458, 1377, 1305,
1278, 1197, 1081, 966, 892, 799, 758, 590 cm™.

'H NMR (500 MHz, CDCl): 6 8.71 (s, 1H), 8.00 (dd, J = 7.5, 1.5 Hz, 1H), 7.93 (dd, J =
8.0, 1.5 Hz, 1H), 7.29-7.26 (m, 1H), 5.95 (s, 2H), 4.38 (t, J = 6.5 Hz, 2H),
1.86-1.80 (m, 2H), 1.50-1.45 (m, 2H), 1.40-1.31 (m, 8H), 0.91.

BC{*H} NMR (125 MHz, CDCls): § 166.0, 157.6, 150.2, 142.5, 138.0, 133.9, 122.3,
121.6, 117.7, 111.8, 108.9, 66.0, 31.8, 29.24, 29.19, 28.6, 26.0, 22.7, 14.1.

HRMS (ESI): Calcd for C19H24N302 [M*+H]: m/z 326.1869. Found: 326.1869.

Compound 28

Et
N CN
Br
O NH,
OEt
o)

Yield: 0.078 g (68%).

Mp: 208-210 °C.

IR (Neat): 3343, 2921, 2852, 2203, 1734, 1682, 1460, 1254, 1084, 799, 582 cm..

IH NMR (500 MHz, CDCls): & 8.77 (s, 1H),8.34 (s, 1H),7.86 (d, J = 8.0 Hz, 1H),7.52 (s,
1H),7.44 (d, J = 1.5 Hz, 1H), 7.31 (dd, J = 8.0, 1.5 Hz, 1H), 6.68 (br,
2H),4.38 (q, J = 7.0 Hz, 2H), 4.27 (g, J = 7.0 Hz, 2H), 1.42 (t, J = 8.0 Hz,
6H).
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BC{'H} NMR (125 MHz, CDCls): § 166.9, 151.3, 143.8, 143.1, 139.9, 135.1, 122.93,
122.89, 122.3, 121.70, 121.66,121.0, 119.8, 118.0, 111.8, 111.3, 98.5, 86.9,
61.3, 37.9, 14.4, 13.3.

HRMS (ESI): Calcd for C22H1s"°BrNsO2 and Cz2H1g8BrNzO, [M*+H] m/z 436.0661 and
438.0661, found 436.0658 and 438.0640.

This compound was crystallized from dichloromethane—hexane (1:4) mixture by slow

evaporation at room temperature. X-ray structure has been determined for this compound.

Compound 29

I'Et
N CN
Br
e
OMe
(0]

Yield: 0.071 g (64%).

Mp: 195-197 °C.

IR (Neat): 3427, 3338, 2921, 2852, 2207, 1707, 1632, 1517, 1433, 1332, 1216, 1187,
1060, 827, 582 cm™.

'H NMR (500 MHz, CDCls): & 8.80 (s, 1H), 8.35 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.56
(s, 1H), 7.51 (d, J = 1.5 Hz, 1H), 7.38 (dd, J = 8.0, 1.5 Hz, 1H), 6.73 (br,
2H), 4.32 (t, J = 7.0 Hz, 2H), 4.01(s, 3H), 1.49 (t, J = 7.0 Hz, 3H).

BC{*H} NMR (125 MHz, CDCls): & 167.3, 151.2, 143.8, 143.1, 139.9, 135.2, 128.8,
123.0, 122.2, 121.7, 121.6, 121.1, 119.8, 117.8, 111.8, 111.0, 98.5, 87.0,
52.2,37.9, 13.2.

HRMS (ESI): Calcd for C21H17BrN3O2 [M*+H] and Ca1H172'BrNsO; m/z 422.0504 and
424.04, found 422.0505 and 424.0470.

Compound 30

IIEt
N CN
Br
T
(@)
(0]

\n-OctyI
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Yield: 0.075 g (55%).

Mp: 229-231°C .

IR (Neat): 3349, 2923, 2854, 2195, 1699, 1608, 1460, 1332, 1193, 1057, 586 cm™.

'H NMR (500 MHz, CDCls): & 8.85 (s, 1H), 8.45 (s, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.62
(s, 1H), 7.54 (d, J = 1.0 Hz, 1H), 7.40 (dd, J = 8.0, 1.5 Hz, 1H), 6.77 (s,
2H),4.41-4.35 (m, 4H), 1.89-1.83 (m, 2H), 1.52-1.49 (m, 4H), 1.44-1.27
(m, 9H), 0.93 (t, J = 7.0 Hz, 3H).

BC{*H} NMR (125 MHz, CDCl): & 167.0, 151.4, 143.9, 143.2, 139.9, 135.2, 123.0,
122.3, 121.7, 121.0, 119.9, 118.0, 111.8, 111.4, 98.6, 87.0, 65.5, 38.0,
31.8,29.3,29.2, 28.7, 26.1, 22.7, 14.1,13.3.

HRMS (ESI): Calcd for CasH31BrN3O2 [M*+H] and CasH3:8'BrNsO2 m/z 520.1600 and
522.1579, found 520.1600 and 522.1585.

6.2  Synthesis of Multifunctional Amino-naphthalene/phenanthrene-
dicarboxylates 31-37 and 2-Aminonaphthalene-1,3-dicarbonitriles 38-40

To an oven dried Schlenk tube equipped with a magnetic stirrer bar was added o-
bromo aldehyde 1 (~0.5 mmol), K.COz (0.5 mmol), alkyl cyanoacetate 2 (0.5 mmol) and
DMSO (2 mL). The contents were sealed and heated at rt for 1h. Then Cul (0.05 mmol),
K>COz (1.0 mmol) and 3 or 4 (0.5 mmol) was added and the reaction was performed at
120 °C for 2 h. After completion of the reaction as monitored by TLC, the crude reaction
mixture was cooled to rt. The mixture was diluted with ethyl acetate (20 mL) and passed
through celite. The resulting solution was washed with water and the aqueous part
extracted twice with ethyl acetate (20 mL). The combined organic layer was washed with
brine solution, dried over anhydrous Na>SOs, and concentrated in vacuum. The residue
was then purified by using silica gel column chromatography using hexane-ethyl acetate
(9:1) as eluent to afford the pure compounds 31-37 and 38-40.
Compound 31

O._OEt

NH,
I e

O]

Yield: 0.125 g (80%).
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IR (Neat): 3453, 3352, 2926, 1702, 1621, 1561, 1366, 1264, 1204, 1160, 1074, 1027,
804, 747 cm™.

IH NMR (500 MHz, CDCl3): & 8.62 (s, 1H), 8.32 (d, J = 9.0 Hz, 1H), 7.77 (br s, 2H),
7.71 (d, J = 8.0 Hz, 1H), 7.53-7.50 (m, 1H), 7.23 (t, J = 7.0 Hz, 1H), 4.52
(g, J = 7.0 Hz, 2H), 4.43 (g, J = 7.0 Hz, 2H), 1.51-1.45 (m, 6H).

BC{'H} NMR (100 MHz, CDCl3): § 169.2, 167.4, 149.8, 139.0, 135.7, 130.3, 130.2,
125.1, 124.5, 122.4, 114.9, 105.6, 61.2, 60.8, 14.4, 14.3.

HRMS (ESI): Calcd for C1sH1sNO, [M*+H] m/z 288.1236, found 288.1238.

Compound 32

0] OMe
NH,
L e
(0]
Yield: 0.117 g (79%).

IR (Neat): 3450, 3347, 2981, 2950, 2203, 1697, 1619, 1601, 1556, 1260, 1201, 1158,
1071, 1018, 802, 744 cm™.

IH NMR (500 MHz, CDCls): & 8.63 (s, 1H), 8.29 (d, J = 9.0 Hz, 1H), 7.84 (br s, 2H),
7.71 (d, J = 8.0Hz, 1H), 7.54-7.51 (m, 1H), 7.25 (¢, J = 7.5 Hz, 1H), 4.44
(g, J = 7.0 Hz, 2H), 4.04 (s, 3H), 1.48 (t, J = 7.0 Hz, 3H).

13C{!H} NMR (100 MHz, CDCls): § 169.7, 167.4, 150.1, 139.3, 135.7, 130.4, 130.3,
125.1, 124.5, 122.4, 114.8, 105.0, 61.2, 51.7, 14.3.

HRMS (ESI): Calcd for CisH16NO4 [M*+H] m/z 274.1079, found 274.1078.

Compound 33

Oy_O—i-Pr

NH,
LI o

0]

Yield: 0.121 g (74%).
IR (Neat): 2981, 2936, 2203, 1728, 1703, 1622, 1561, 1381, 1204, 1145, 1098, 1018,
805, 750 cmL.
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'H NMR (500 MHz, CDCls): & 8.62 (s, 1H), 8.31 (dd, J = 8.5, 0.5 Hz, 1H), 7.73-7.71 (m,
1H), 7.68 (br s, 2H), 7.53-7.50 (m, 1H), 7.25-7.22 (m, 1H), 5.48-5.43 (m,
1H), 4.44 (q, J = 7.0 Hz, 2H), 1.50-1.46 (m, 9H).

BC{'H} NMR (100 MHz, CDCls): & 168.8, 167.5, 149.4, 138.8, 135.6, 130.2, 125.1,
124.3,122.4, 114.8, 106.1, 68.6, 61.2, 22.2, 14.3.

HRMS (ESI): Calcd for C17H19NO4 [M*+H] m/z 302.1392, found 302.1393.

Compound 34

O.__OMe
NH,
L one
O)
Yield: 0.118 g (87 %).

IR (Neat): 3391, 3337, 3181, 2918, 2848, 2360, 1692, 1645, 1608, 1560, 1467, 1428,
1259, 1191, 1038, 950, 824 cm™.

'H NMR (500 MHz, CDCl): & 8.57 (s, 1H), 8.22 (d, J = 9.5 Hz, 1H), 7.63 (br s, 2H),
7.22 (dd, J = 9.5, 2.5 Hz, 1H), 7.04 (d, J = 3.0 Hz, 1H), 4.03 (s, 3H), 3.97
(s, 3H), 3.90 (s, 3H).

BC{*H} NMR (100 MHz, CDCls): & 169.6, 167.9, 154.9, 148.5, 137.9, 131.1, 126.3,
126.0, 122.8, 114.9, 108.0, 105.8, 55.3, 52.2, 51.7.

HRMS (ESI): Calcd for C1sH1sNOs [M*+H] m/z 290.1028, found 290.1027.

This compound was crystallized from chloroform—hexane (1 : 4) mixture by slow

evaporation at room temperature. X-ray structure has been determined for this compound.

Compound 35

(0] OMe
4o
MeO OMe
(0]
Yield: 0.118 g (87 %).
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IR (Neat): 3391, 3337, 3181, 2918, 2848, 2360, 1692, 1645, 1608, 1560, 1467, 1428,
1259, 1191, 1038, 950, 824 cm™.

'H NMR (500 MHz, CDCl): & 8.57 (s, 1H), 8.22 (d, J = 9.5 Hz, 1H), 7.63 (br s, 2H),
7.22 (dd, J = 9.5, 2.5 Hz, 1H), 7.04 (d, J = 3.0 Hz, 1H), 4.03 (s, 3H), 3.97
(s, 3H), 3.90 (s, 3H).

BC{'H} NMR (100 MHz, CDCl3): § 169.6, 167.9, 154.9, 148.5, 137.9, 131.1, 126.3,
126.0, 122.8, 114.9, 108.0, 105.8, 55.3, 52.2, 51.7.

HRMS (ESI): Calcd for C1sHi1sNOs [M*+H] m/z 290.1028, found 290.1027.

Compound 36

0] OMe
s
F OEt
o]
Yield: 0.125 g (87%).

IR (Neat): 3451, 3348, 2923, 2852, 1704, 1612, 1568, 1504, 1462, 1371, 1264, 1222,
1204, 1136, 853, 731 cm™.

IH NMR (500 MHz, CDCls): & 8.56 (s, 1H), 8.30 (dd, J = 9.5, 5.0 Hz, 1H), 7.77 (br s,
2H), 7.36 (dd, J = 8.5, 2.5 Hz, 1H), 7.32-7.30 (m, 1H), 4.44 (q, J = 7.0 Hz,
2H), 4.03 (s, 3H), 1.48 (t, J = 7.0 Hz, 3H).

13C{'H} NMR (125 MHz, CDCls): & 169.4, 167.2, 158.1(J = 242.3 Hz), 149.5, 138.0 (J
= 4.8 Hz), 132.5, 127.0 (J = 7.5 Hz), 1255 (J = 8.3 Hz), 120.0 (J = 24.1
Hz), 116.1, 112.8 (J = 20.0 Hz), 105.4, 61.3, 51.7, 14.3.

HRMS (ESI): Calcd for CisH1sFNO4 [M*+H] m/z 292.0985, found 292.0982.

Compound 37

O._ OEt
L w
LI o

0

Yield: 0.115 g (80%).
IR (Neat): 3646, 2919, 2850, 1738, 1608, 1367, 1260, 1216, 1023, 799, 750 cm..
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IH NMR (500 MHz, CDCls): & 8.57 (s, 1H), 8.11 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.0 Hz,
1H), 7.60-7.58 (m, 2H), 7.53-7.46 (m, 2H), 7.03 (br s, 2H), 4.45 (q, J =
7.0 Hz, 2H), 4.37 (q, J = 7.0 Hz, 2H), 1.48 (t, J = 7.0 Hz, 3H), 1.18 (t, J =
7.5 Hz, 3H).

13C{*H} NMR (100 MHz, CDCls): & 171.5, 167.5, 147.6, 135.9, 134.7, 134.0, 128.3,
128.2, 127.8, 127.6, 127.0, 125.0, 124.3, 123.4, 113.3, 110.9, 61.5, 61.1,
14.4, 13.8.

HRMS (ESI): Calcd for C2oH20NO4 [M*+H] m/z 338.1392, found 338.1394.

Compound 38

CN

CN
Yield: 0.073 g (70%).
Mp: 140-142 °C.
IR (Neat): 3473, 3359, 3242, 2923, 2853, 2349, 2229, 2208, 1638, 1504, 1220, 770

cm,

IH NMR (500 MHz, CDCls): & 8.24 (s, 1H), 7.97 (dd, J = 8.5, 0.5 Hz, 1H), 7.79 (d, J =
8.0 Hz, 1H), 7.74-7.71 (m, 1H), 7.46-7.43 (m, 1H), 5.30 (br s, 2H).

BC{*H} NMR (100 MHz, CDCls): & 148.8, 139.9, 135.2, 132.3, 129.3, 125.4, 125.2,
123.6, 115.60, 115.57, 99.8, 89.5.

HRMS (ESI): Calcd for C1oH7Ns [M*] m/z 193.0640, found 193.0642.

This compound was crystallized from chloroform—hexane (1 : 4) mixture by slow

evaporation at room temperature. X-ray structure has been determined for this compound.

Compound 39

CN
MeO CN

Yield: 0.085 g (82%).
Mp: 147-149 °C.
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IR (Neat): 3450, 3320, 3240, 2923, 2850, 2221, 2217, 1680, 1612, 1243, 1093, 1020,
792 cm,

'H NMR (500 MHz, CDCl): & 8.50 (s, 1H), 7.69 (d, J = 9.0 Hz, 1H), 7.43-7.38 (m, 2H),
6.74 (br s, 2H), 3.84 (s, 3H).

BC{'H} NMR (100 MHz, CDCls): § 156.3, 149.2, 140.5, 130.8, 126.0, 124.9, 124.3,
116.55, 116.46, 108.6, 100.6, 87.7, 55.9.

HRMS (ESI): Calcd for C13H10N3O [M*+H] m/z 224.0824, found 224.0826.

Compound 40

CN
F CN

Yield: 0.070 g (67%).

Mp: 165-169 °C.

IR (Neat): 3472, 3348, 3247, 3050, 2211, 2207, 2027, 1983, 1601, 1224, 1181, 1147,
967, 816, 721 cm™,

'H NMR (500 MHz, CDCls): & 8.18 (s, 1H), 7.99-7.96 (m, 1H), 7.53-7.49 (m, 1H),7.44
(dd, J =8.5, 2.5 Hz, 1H), 5.28.

BC{'H} NMR (100 MHz, CDCl3): & 159.7 (J = 246.5 Hz), 148.3, 138.7 (J = 5.1 Hz),
132.0, 126.0 (J = 8.6 Hz), 125.9 (J = 9.3 Hz), 122.5, 122.3,115.3 (J =114
Hz), 112.7 (J = 21.6 Hz), 101.2, 89.9.

HRMS (ESI): calcd for C12H7FNs [M*+H] m/z 212.0624, found 212.0624.

6.3  Synthesis of Benzo[g]quinazoline 42, 44 and 4-Oxo-3-phenyl-3,4-

dihydrobenzo[g]quinazoline-10-carbonitrile 45

The compounds 42, 44 and 45 were prepared by using literature reports.®*

Compound 42

CN

OOy
NH

0]

Yield: 0.083 g (91%).
Mp: 176-178 °C.
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IR (Neat): 3480, 2923, 2853, 2159, 2030, 1976, 1453, 1367, 1228, 1216, 798 cm™.

'H NMR (500 MHz, CDCls): & 12.52 (s, 1H), 9.13 (s, 1H), 8.40 (d, J = 8.5 Hz, 1H),
8.31(s, 1H), 8.20 (d, J = 8.5 Hz, 1H), 7.97-7.93 (m, 1H), 7.77-7.74 (m,
1H).

BC{'H} NMR (125 MHz, CDCl3): § 160.7, 149.1, 148.7, 135.9, 133.8, 132.4, 131.2,
130.6, 127.9, 124.7, 121.9, 116.2, 105.2.

HRMS (ESI): calcd for C13HsNsO [M*+H] m/z 222.0667, found: 222.0663.

Compound 43

CN
0
r NH
O

Yield: 0.077 g (87%).
Mp: 185-187 °C.
IR (Neat): 3390, 3057, 2920, 2222, 1701, 1609, 1482, 1302, 1231, 1166, 1102, 866,

799, 556 cm™.

IH NMR (500 MHz, CDCls): & 12.55 (s, 1H), 9.14-9.08 (m, 1H), 8.31-8.19 (m, 3H),
7.88-7.87 (m, 1H).

13C{H} NMR (125 MHz, CDCls): & 161.0 (J = 246.2 Hz), 159.7,148.6, 148.5, 133.0 (J
= 6.1 Hz), 132.9, 131.4 (J = 10.2 Hz), 127.9 (J = 9.0 Hz), 122.9 (J = 26.4
Hz), 122.7, 116.0, 113.9 (J = 21.5 Hz), 105.6.

HRMS (ESI): calcd for C13H/FNsO [M*+H] m/z 240.0568, found 240.0541.

Compound 45

CN
"
C

Yield: 0.096 g (72%).
Mp: 146-148 °C .
IR (Neat): 3066, 2916, 2214, 1691, 1606, 1581, 1259, 1017, 935, 796 cm_.

162



IH NMR (500 MHz, CDCls): & 9.17 (s, 1H), 8.44 (d, J = 8.5 Hz, 1H), 8.31(s, 1H), 8.18
(d, J = 85 Hz, 1H), 7.92-7.89 (m, 1H),7.75-7.72 (m, 1H), 7.64-7.61(m,
2H), 7.58-7.55 (m, 1H) 7.50-7.48 (m, 2H).

1C{*H} NMR (125 MHz, CDCls): & 160.1, 148.2, 147.3, 137.0, 136.3, 134.0, 131.7,
131.2, 130.3, 129.9, 129.5, 127.9, 126.9, 125.6, 120.6, 115.5, 107.2.

HRMS (ESI): Calcd for C1oH12NzO [M*+H] m/z 298.0980, found 298.0974.

6.4  X-ray crystallography

A suitable crystal was mounted on a glass fiber (for 16, 22, 25a’, 26a, 28, 34, and 38)
and X-ray data were collected at 298 K on a Bruker AXS-SMART or on an OXFORD
diffractometer using Mo-K,, radiation (A = 0.71073 A) or Cu- K, (A = 1.54184 A).
Structures were solved and refined using standard methods.®® Absorption corrections
were done using SADABS program, where applicable. All non-hydrogen atoms were
refined anisotropically; hydrogen atoms were fixed by geometry or located by a
Difference Fourier and refined isotropically. Crystal data are summarized in Tables 7-8.
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Table 7: Crystal data for compounds 16, 22, and 25a"

Compound 19 22 25a’

Emp. Formula C14H11FN202  Ci1sH14N20; C13H11N302
Formula 258.25 290.31 241.25
weight

Crystal system Monoclinic  Triclinic Triclinic
Space group P21/c P-1 P-1

alA 8.2304(11)  7.300(2) 7.6992(12)
b /A 13.6434(17)  9.493(4) 8.7622(4)
c/A 10.9178(12) 10.119(5) 9.7258(6)
aldeg 90 103.93(12) 66.365(5)
pfldeg 91.930(4) 98.12(12) 74.766(11)
ydeg 90 97.41(16) 84.533(8)
VA3 1225.3(30) 707.32(50) 579.93(11)
Z 4 2 2

Dcalc /g cm®]  1.400 1.363 1.382
/mm? 0.106 0.090 0.097
F(000) 536.0 304.0 252.0
Data/ 2145/0/181  2407/0/208 2033/0/164
restraints/

parameters

S 1.042 1.133 1.244
R1[I>25(1)] 0.0363 0.0448 0.0934
wR2 [all data] 0.1043 0.1591 0.3186
Max./min. 0.511/-0.591 0.166/-0.193 0.284/-0.262
residual

electron dens.

[eA?]

R1 = 3||Fo| - |Fc||/Z|Fo| and wR2 = [Ew(Fo2-Fc?)?/ZwFo*]%°
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Table 8: Crystal data for compounds 26a, 28, 34 and 38?2

Compound 26a 28 34 38

Emp. formula  C12H9N3O2 C2oH18BrN3O2  Ci14H13NO4 C12H7N3
Formula 227.22 436.30 259.25 193.21
weight

Crystal system Monoclinic ~ Orthorhombic  Triclinic Monoclinic
Space group  Pc Pbca P-1 P2i/c

alA 10.1364 (8)  20.5404(6) 7.7957(2) 3.8196(5)
b /A 30.3806 (19) 8.9927(3) 8.5442(3) 16.069(2)
c/A 7.3026 (5) 20.6948(6) 10.0862(3) 15.350(2)
aldeg 90 90 68.141(3) 90

pfldeg 106.248(7) 90 83.048(3) 92.66(1)
ydeg 90 90 88.471(3) 90

VA3 2159.9 (3) 3822.61(20) 618.81(3) 941.12(20)
Z 8 8 2 4

Dcalc /g cm®]  1.403 1.516 1.391 1.364
/mm? 0.099 2.174 0.103 0.086
F(000) 944.0 1776.0 272.0 400.0
Data/ 7033/2/617  3379/0/255 2177/0/182 1664/0/142
restraints/

parameters

S 0.861 1.057 1.058 1.069
R1[I>25(1)]  0.0697 0.0547 0.0535 0.0433
wR2 [all data] 0.1615 0.1170 0.1784 0.1072
Max./min. 0.275/-0.215 0.422/-0.303 0.216/-0.296 0.438/-0.549
residual

electron dens.

[eA?]

R1 = 3||Fo| - |Fc||/Z|Fo| and wR2 = [Ew(Fo2-Fc?)?/ZwFo*]%°
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APPENDIX

Compounds 9, 18, 30, 35, 41, 40',45, 51, 53, 55
Part B: Compounds 5, 22, 25a, 28, 31, 38, .

Copies of 'H/**C NMR spectra for representative compounds
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B) Publication numbers and checkcif for X-ray structures reported in this thesis

l. Publication numbers for the published compounds

PART A:

Compounds 10, 14, 19, and 30 Publication no. 1 (Contents, p. xii)

Compounds 35, 40', 45, 53 and 55

PART B:
p. Xii)

checkCIF/PLATON report

Compounds 16, 22, 25a, 26, 28, 34 and 38 Publication no. 2 (Contents,

Structure factors have been supplied for datablock(s) kck94 a

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW

PROCEDURE FOR PUBLICATION,

IT SHOULD NOT REPLACE THE

EXPERTISE OF AN EXPERIENCEDCRYSTALLOGRAPHIC REFEREE.

No syntax errors found.

Datablock: kck 35

CIF dictionary

Interpreting this report

Bond precision:

Cell:

Temperature:

Volume Space
groupHall
group

Moiety formula
Sum formula

Mr

Dx,g cm-3
Z

Mu (mm-1)
FO00

F000’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

C-C=0.0050 A

a=21.918(3)
alpha=90
301 K

Calculated

7402.3(19)

Pbca

-P 2ac 2ab
C44H3602 P2 Pd
C44 H36 02 P2 Pd
765.07

1.373

8

0.624

3136.0

3130.68

26,18,26

6512

XVII

Wavelength=0.71073

b=15.241(2) c=22.159(4)
beta=90 gamma=90
Reported
7402(2)
Pbca

?

?

C44 H36 02 P2 Pd
765.07

1.373

8

0.624

3136.0

26,18,26
6489


http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html

Correction method= Not given

Data completeness= 0.996 Theta(max)= 25.000
R(reflections)= 0.0309( 5189) wR2(reflections)= 0.0900( 6489)
S =1.092 Npar= 444

The following ALERTS were generated. Each ALERT has the
format

test-name_ALERT _alert-type_alert-level.
Click on the hyperlinks for more details of the test.

Alert level B
PLAT919 ALERT_3 B Reflection # Likely Affected by the Beamstop ... 1

Check

Alertlevel C
PLATO053 ALERT_1_C Minimum Crystal Dimension Missing (or Error) ...  Please
Check PLATO054 ALERT 1 C Medium Crystal Dimension Missing (or Error) ...
Please Check PLATO055 ALERT 1 C Maximum Crystal

Dimension Missing (or Error) ... Please Check PLAT220 ALERT 2 C
Non-Solvent Resd1 C  Ueq(max)/Ueq(min) Range 3.3
Ratio PLAT241 ALERT 2 C High "MainMol’ Ueq as Compared to
Neighbors of C40 Check
PLAT910 ALERT_3_C Missing # of FCF Reflection(s) Below Theta(Min). 6
Note PLAT911 ALERT_3 C Missing FCF Refl Between Thmin & STh/L=  0.595
18

ReportPLAT918 ALERT 3 C Reflection(s) with I(obs) much Smaller I(calc) . 1

Check PLAT934 ALERT_3_C Number of (lobs-Icalc)/Sigma(W) > 10 Outliers ..

1 Check PLAT977_ALERT 2 C
Check Negative Difference Density on H16 -0.36
eA-3
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http://journals.iucr.org/services/cif/checking/PLAT919.html
http://journals.iucr.org/services/cif/checking/PLAT053.html
http://journals.iucr.org/services/cif/checking/PLAT054.html
http://journals.iucr.org/services/cif/checking/PLAT055.html
http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT241.html
http://journals.iucr.org/services/cif/checking/PLAT910.html
http://journals.iucr.org/services/cif/checking/PLAT911.html
http://journals.iucr.org/services/cif/checking/PLAT918.html
http://journals.iucr.org/services/cif/checking/PLAT934.html
http://journals.iucr.org/services/cif/checking/PLAT977.html
http://journals.iucr.org/services/cif/checking/PLAT977.html

< Alertlevel G
PLATO005_ALERT_5_G No Embedded Refinement Details Found in the CIF Please
Do ! PLAT093_ALERT_1_ G No s.u.’s on H-positions, Refinement Reported as
mixed Check PLAT720 ALERT 4 G Number of

Unusual/Non-Standard Labels .......... 5
Note PLAT793_ALERT_4 G Model has Chirality at PO03 (Centro SPGR) R
VerifyPLAT794_ALERT_5_ G Tentative Bond Valency for Pd1 ().
1.83 Info
PLAT899 ALERT_4 G SHELXL97 IS Deprecated and
Succeeded by SHELXL 2018 Note

PLAT909_ALERT_3_G Percentage of 1>2sig(l) Data at Theta(Max) Still
63% Note PLAT913 ALERT_3_G Missing # of Very

Strong Reflections in FCF .... 2 Note
PLAT978_ALERT_2_ G Number C-C Bonds with Positive Residual Density. 2
Info PLAT992_ALERT 5 G Repd & Actual _reflns_number_gt Values Differ by

1 Check

o ALERT level A = Most likely a serious problem - resolve or explain
1 ALERT level B = A potentially serious problem, consider carefully
10 ALERT level C = Check. Ensure it is not caused by an omission or oversight

10 ALERT level G = General information/check it is not something unexpected

4 ALERT type CIF construction/syntax error, inconsistent or missing data
4 ALERT type . Indicator that the structure model may be wrong or deficient
7 ALERT type ' Indicator that the structure quality may be low

3 ALERT type - Improvement, methodology, query or suggestion

3 ALERT type ! Informative message, check
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http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT093.html
http://journals.iucr.org/services/cif/checking/PLAT720.html
http://journals.iucr.org/services/cif/checking/PLAT793.html
http://journals.iucr.org/services/cif/checking/PLAT794.html
http://journals.iucr.org/services/cif/checking/PLAT899.html
http://journals.iucr.org/services/cif/checking/PLAT909.html
http://journals.iucr.org/services/cif/checking/PLAT913.html
http://journals.iucr.org/services/cif/checking/PLAT978.html
http://journals.iucr.org/services/cif/checking/PLAT992.html

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure refinements.
However, the purpose of your study may justify the reported deviations and the more serious of
these should normally be commented upon in the discussion or experimental section of apaper or in
the "special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and
unusual parameters, but every test has its limitations and alerts that are not important in a particular
case may appear. Conversely, the absence of alerts does not guarantee there are no aspects of the
results needing attention. It is up to the individual to critically assess their own results and, if
necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 07/08/2019; check.def file version of 30/07/2019
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Datablock kck 35_a - ellipsoid plot
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) KCK028 0m_a

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE FOR
PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: KCK 40’ Om_a

Bond precision: C-C=0.0332A Wavelength=0.71073

XXI



Cell:

Temperature:

Volume Space
groupHall

group
Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FO00

F000’
h,k,Imax
Nref

Tmin, Tmax
Tmin’

a=10.001(7)
alpha=102.420(14)
298 K

Calculated
1066.9(15)

P-1

P1
C27H2102 P
C27H2102 P
408.41

1.271

2

0.150

428.0

428.38

12,14,15

4680

0.968,0.973
0.968

b=11.138(6)
beta=105.022(19)

c=11.883(12)
gamma=115.73(3)

Reported
1066.9(15)
P-1

-P1
C27H2102P
C27H2102P
408.44

1.271

2

0.150

428.4

12,13,14
3003
0.388,0.746

Correction method= # Reported T Limits: Tmin=0.388 Tmax=0.746AbsCorr = CYLINDER

Data completeness= 0.642

R(reflections)= 0.0992( 612)

S=0.855

Npar= 271

XX

Theta(max)= 27.050

wR2(reflections)

0.4027( 3003)



The following ALERTS were generated. Each ALERT has
the format

test-name_ALERT _alert-type_alert-level.
Click on the hyperlinks for more details of the

test.

@& Alertlevel A
RINTAO1_ALERT 3 A The value of Rint is
greater than 0.25Rint given  0.400
PLAT020_ ALERT_3 A The Value of Rint is Greater Than 0.12 ...
0.
400 Report PLAT026_ALERT_3_A Ratio Observed / Unique Reflections (too)
Low ..
20
% Check PLATO029 ALERT 3 A _diffrn_measured fraction theta full value
Low .
0.
641 Why?

PIEIA}T213_ALERT_2_A Atom C24 has ADP max/min Ratio ..... 6.2
oblate

@ Alertlevel B
DIFMNO2_ALERT 2 B The minimum difference density is < -0.1*ZMAX*1.00

refine_diff_density_min given = -1.574Test value = -1.500

PLAT084 ALERT_ 3 B High wR2 Value (i.e. > 0.25) ................... 0.40
Report

PLATO097 ALERT_2 B Large Reported Max. (Positive) Residual Density
158 eA-3 PLAT098 ALERT 2 B

Large Reported Min. (Negative) Residual Density -1.57 eA-3
PLAT213 ALERT_2 B Atom C26 has ADP max/min Ratio .....
4.1 prolat PLAT234 ALERT 4 B
Large Hirshfeld Difference C1 --C6
0.28 Ang.
PLAT234 ALERT_4 B Large Hirshfeld Difference C23 --C24 .
0.30 Ang.
PLAT340 ALERT_3 B Low Bond Precision on C-C Bonds ............... 0.03321
Ang. PLAT911 ALERT_3 B Missing FCF Refl Between Thmin & STh/L=
0.600 977
ReportPLAT919 ALERT_3_B Reflection # Likely Affected by the Beamstop ...
1 Check

XX



Alert level C
DIFMNO3_ALERT_1 C The minimum difference density is < -
0.1*ZMAX*0.75 The relevant atom site should be
identified.
DIFMX02_ALERT_1 C The maximum difference density is >
0.1*ZMAX*0.75 The relevant atom site should be
identified.
PLAT148 ALERT 3 Cs.u.onthe ¢ - Axisis(Too) Large.... 0.012
Ang. PLAT213 ALERT_2_C Atom C9 has ADP max/min Ratio .....
3.2 prolat PLAT213 ALERT 2 C Atom
C23 has ADP max/min Ratio .....
3.3 prolat PLAT234 _ALERT 4 C Large
Hirshfeld Difference P1 -C9 . 0.17 Ang.
PLAT234 ALERT_4 C Large Hirshfeld Difference C17 --C18 :
0.24 Ang. PLAT241 ALERT 2 C High
"MainMol’ Ueq as Compared to Neighbors of
C7 Check PLAT241 ALERT 2 C High
"MainMol’ Ueq as Compared to Neighbors of
C25 Check PLAT242_ALERT 2 C Low
"MainMol’ Ueq as Compared to Neighbors of
C16 Check PLAT331 _ALERT 2 C Small Aver

Phenyl C-C Dist C16 --C21 :

1.37 Ang. PLAT334 ALERT 2 C Small Aver.
Benzene C-C Dist C1 -C6

1.37 Ang. PLAT905 ALERT_3_C Negative K value
in the Analysis of Variance ... -1.862 Report

PLAT906 ALERT_3 C Large K Value in the Analysis of Variance ...... 12.786
Check PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ......
3.068 Check PLAT918 ALERT_3 C Reflection(s)
with I(obs) much Smaller I(calc) . 1
Check PLAT924 ALERT 1 C The Reported and Calculated Rho(min) Differ by .
1.16 eA-3 PLAT925 ALERT_1 C The Reported and
Calculated Rho(max) Differ by . 1.27 eA-3
PLAT934 ALERT_3_C Number of (lobs-Icalc)/Sigma(W) > 10 Outliers ..1 Check

Alert level G
PLAT072_ALERT_2 G SHELXL First Parameter in WGHT Unusually Large 0.14

Report

XXIV



PLATO73_ALERT_1 G H-atoms ref, but _hydrogen_treatment Reported as
constr  Check PLAT398 ALERT 2 G

Deviating C-O-C Angle From 120 for O1 .
108.3 Degree PLAT767_ALERT 4 G
INS Embedded LIST 6 Instruction Should be LIST 4 Please
Check PLAT883_ALERT_1 G No Info/Value for _atom_sites solution_primary .
Please Do !
PLAT908 ALERT_2_G Max. Perc. Data with I > 2*s(l) per Res.Shell
63.87% Note
PLAT912 ALERT_4 G Missing # of FCF Reflections Above STh/L= 0.600
670 Note
PLAT941 ALERT_3 G Average HKL Measurement Multiplicity ...........
1.7 Low
PLAT960_ALERT_3_G Number of Intensities with I < - 2*sig(l) ... 8

Check PLAT978_ALERT 2 G Number C-C Bonds with Positive Residual
Density.0 Info PLAT980_ALERT_1 G No Anomalous Scattering Factors Found
in CIF ... Please Check

5 ALERT level A = Most likely a serious problem - resolve or explain
10 ALERT level B = A potentially serious problem, consider carefully

19 ALERT level C = Check. Ensure it is not caused by an omission or oversight

11 ALERT level G = General information/check it is not something unexpected

( ALERI1 type CIF construction/syntax error, inconsistent or missing data
16 ALERT type.Indicator that the structure model may be wrong or deficient
16 ALERT type: Indicator that the structure quality may be low

6 ALERT type-Improvement, methodology, query or suggestion

0 ALERT type!Informative message, check

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problemsit may be necessary to carry out additional measurements or structure refinements.
However, the purpose of your study may justify the reported deviations and the more serious of
these should normally be commented upon in the discussion or experimental section of a paper or in
the "special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and
unusual parameters, but every test has its limitations and alerts that are not important in a particular
case may appear. Conversely, the absence of alerts does not guarantee there are no aspects of the
results needingattention. It is up to the individual to critically assess their own results and, if
necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied

XXV



Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
arerun on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIFsubmission.

PLATON version of 19/02/2022; check.def file version of 19/02/2022

Datablock KCK 40°_0m_a - ellipsoid plot
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) kck92a_0m_a

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.
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http://journals.iucr.org/services/cif/checking/checkform.html

No syntax errors found. CIF dictionary Interpreting this report

Datablock: kck45 Om_a

Bond precision: C-C =0.0047 A Wavelength=0.71073

Cell: a=11.478(3) b=12.334(3) c=14.871(4)
alpha=107.993(10) beta=111.95(1) gamma=94.357(10)
Temperature: 300 K
Calculated Reported
Volume Space 1812.9(8) 1813.0(7)P-
groupHall P-1 1
group -P1 ?
Moiety formula ~ C44H3702 P2 H2O ?
Sum formula C44 H39 03 P2 C44H39 03 P2
Mr 677.69 677.69
Dx,g cm-3 1.242 1.241
Z 2 2
Mu (mm-1) 0.160 0.160
FO00 714.0 714.0
F000’ 714.68
h,k,Imax 13,14,17 13,14,17
Nref 6395 6388
Tmin, Tmax
Tmin’

Correction method= Not given
Data completeness= 0.999 Theta(max)= 25.000
R(reflections)= 0.0621( 5343) wR2(reflections)= 0.1776( 6388)

S=1.101 Npar= 453

The following ALERTS were generated. Each ALERT has the
format

test-name_ALERT _alert-type_alert-level.
Click on the hyperlinks for more details of the test.
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http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html
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@ Alertlevel B
RINTAO1_ALERT 3 B The value of Rint is greater

than 0.18Rint given 0.222

EIHA‘Il;919_ALERT_3_B Reflection # Likely Affected by the Beamstop ... 1
ec

< Alertlevel C
PLATO053_ALERT_1_C Minimum Crystal Dimension Missing (or Error) ...  Please
Check PLAT054_ALERT_1_C Medium Crystal Dimension Missing (or Error) ...
Please Check PLAT055 ALERT_1 C Maximum Crystal
Dimension Missing (or Error) ... Please CheckPLAT220_ALERT 2 _C
Non-Solvent Resd1 C  Ueq(max)/Ueq(min) Range 4.0
RatioPLAT241_ALERT 2 C High "MainMol’ Ueq as Compared to
Neighbors of C35 Check
PLAT340_ALERT_3_C Low Bond Precision on C-C Bonds ............... 0.0047 Ang.
PLAT355 ALERT_3 _C Long O-H (X0.82,N0.98A) O3 - H1B
: 1.04 Ang.

PLAT906_ALERT_3_C Large K Value in the Analysis of Variance ...... 2.217
Check PLAT910_ALERT_3_C Missing # of FCF Reflection(s) Below Theta(Min).

5 Note
PLAT911 ALERT_3_C Missing FCF Refl Between Thmin & STh/L= 0.595

3

ReportPLAT918 ALERT_ 3 C Reflection(s) with I(obs) much Smaller I(calc) . 1
Check PLAT934_ALERT_3 C Number of (lobs-Icalc)/Sigma(W) > 10 Outliers ..

1 Check
PLAT975 ALERT_2 C Check Calcd Resid. Dens. 1.02A From C13

0.74 eA-3

< Alertlevel G
PLATO005 ALERT_5 G No Embedded Refinement Details Found in the CIF Please

Do ! PLAT020 ALERT_3 G The Value of Rint is Greater Than 0.12 ......... 0.222
ReportPLAT154 ALERT 1 G The s.u.’s on the Cell Angles are Equal ..(Note) 0.01
DegreePLAT343_ALERT 2 G Unusual sp? Angle Range in Main
Residue for C13
Check PLAT367_ALERT_2_ G Long? C(sp?)-C(sp?) Bond C13 -Cl4 .

1.52 Ang.
'Iz\lr_]é\T%?_ALERT_Z_G Long? C(sp?)-C(sp?gJ Bond C13 -Cc21 : 1.53

PLAT899 ALERT 4 G SHELXL97 is Deprecated and Succeeded by SHELXL
2018 NotePLAT909 ALERT_3_G Percentage of 1>2sig(l) Data at Theta(Max) Still
65% Note PLAT978 ALERT 2 G Number C-C Bonds with Positive Residual
Density. 3 Info

0 ALERT level A = Most likely a serious problem - resolve or explain
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http://journals.iucr.org/services/cif/checking/RINTA_01.html
http://journals.iucr.org/services/cif/checking/PLAT919.html
http://journals.iucr.org/services/cif/checking/PLAT053.html
http://journals.iucr.org/services/cif/checking/PLAT054.html
http://journals.iucr.org/services/cif/checking/PLAT055.html
http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT220.html
http://journals.iucr.org/services/cif/checking/PLAT241.html
http://journals.iucr.org/services/cif/checking/PLAT340.html
http://journals.iucr.org/services/cif/checking/PLAT355.html
http://journals.iucr.org/services/cif/checking/PLAT906.html
http://journals.iucr.org/services/cif/checking/PLAT910.html
http://journals.iucr.org/services/cif/checking/PLAT911.html
http://journals.iucr.org/services/cif/checking/PLAT918.html
http://journals.iucr.org/services/cif/checking/PLAT934.html
http://journals.iucr.org/services/cif/checking/PLAT975.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT020.html
http://journals.iucr.org/services/cif/checking/PLAT154.html
http://journals.iucr.org/services/cif/checking/PLAT343.html
http://journals.iucr.org/services/cif/checking/PLAT367.html
http://journals.iucr.org/services/cif/checking/PLAT367.html
http://journals.iucr.org/services/cif/checking/PLAT899.html
http://journals.iucr.org/services/cif/checking/PLAT909.html
http://journals.iucr.org/services/cif/checking/PLAT978.html

2 ALERT level B = A potentially serious problem, consider carefully
13 ALERT level C = Check. Ensure it is not caused by an omission or oversight

9 ALERT level G = General information/check it is not something unexpected

4 ALERI type CIF construction/syntax error, inconsistent or missing data

7 ALERT type . Indicator that the structure model may be wrong or deficient
11 ALERT type : Indicator that the structure quality may be low

1 ALERT type - Improvement, methodology, query or suggestion

1 ALERT type ' Informative message, check

XXX
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It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed owversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure refinements.
However, the purpose of your study may justify the reported deviations and the more serious of
these should normally be commented upon in the discussion or experimental section of apaper or in
the "special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and
unusual parameters, but every test has its limitations and alerts that are not important in a particular
case may appear. Conversely, the absence of alerts does not guarantee there are no aspects of the
results needing attention. It is up to the individual to critically assess their own results and, if
necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 07/08/2019; check.def file version of 30/07/2019
Datablock kck 45_0m_a - ellipsoid plot
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) kck65

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW
PROCEDURE FOR PUBLICATION, IT SHOULD NOT REPLACE THE
EXPERTISE OF AN EXPERIENCEDCRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: kck53

Bond precision: C-C =0.0026 A Wavelength=0.71073

Cell: a=19.7177(5) b=7.8743(2) c=32.7285(9)
alpha=90 beta=90.299(2) gamma=90

Temperature: 293 K
Calculated Reported

Volume 5081.5(2) 5081.4(2)

Space group | 2/a 12/a

Hall group -1 2ya ?

Moiety formula C31 H28 O4 ?

Sum formula C31 H28 O4 C31 H28 O4

Mr 464.53 464.53

Dx,g cm-3 1.214 1.214

Z 8 8

Mu (mm-1) 0.079 0.079

FO00 1968.0 1968.0

F000’ 1968.93

h,k,Imax 23,9,38 23,9,38

Nref 4482 4480

Tmin, Tmax 0.981,0.986 0.634,1.000
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http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html

Tmin’ 0.981

Correction method= # Reported T Limits: Tmin=0.634 Tmax=1.000 AbsCorr
= MULTI-SCAN

Data completeness= 1.000 Theta(max)= 25.000
R(reflections)= 0.0447( 3358) wR2(reflections)= 0.1377( 4480)
S=0.987 Npar= 313

The following ALERTS were generated. Each ALERT has the format
test-name_ALERT alert-type_alert-level.
Click on the hyperlinks for more details of the test.

@ Alertlevel B
PLAT201_ALERT_2_B Isotropic non-H Atoms in Main Residue(s) ....... 2
ReportC12 C22

Alertlevel C
ABSTY02 _ALERT 1 C An _exptl _absorpt_correction_type has been given without a
literature citation. This should be contained in the

_exptl_absorpt_process_details field.

Absorption correction given as multi-scan
PLAT199 ALERT 1 C Reported _cell measurement temperature ... (K) 293 Check
PLAT200 ALERT 1 C Reported _diffrn_ambient temperature  ..... (K) 293 Check

PLAT906_ALERT 3 C Large K Value in the Analysis of Variance ...... 2.491 Check

Alertlevel G
PLATO002 ALERT 2 G Number of Distance or Angle Restraints on AtSite 2 Note
PLATO005 ALERT 5 G No Embedded Refinement Details Found in the CIF Please Do !
PLAT230_ALERT_2_G Hirshfeld Test Diff for C9 --C10 . 6.0 s.u.PLAT371_ALERT 2 G

Long C(sp2)-C(spl)Bond Cl1l1 -C12 . 1.44 Ang.

PLAT793_ALERT 4 G Model has Chirality at C9 (Centro SPGR) S
VerifyPLAT793_ALERT _4_G Model has Chirality at C22 (Centro SPGR) R
VerifyPLAT860_ ALERT 3 G Number of Least-Squares Restraints ............. 1
Note PLAT899 ALERT 4 G SHELXL97 is Deprecated and Succeeded by SHELXL/ 2018

Note PLAT909 ALERT 3 G Percentage of I>2sig(l) Data at Theta(Max) Still 42%
Note PLAT910_ALERT_3_G Missing # of FCF Reflection(s) Below Theta(Min). 1
Note PLAT978 ALERT_2_G Number C-C Bonds with Positive Residual Density. 2

Info

o ALERT level A = Most likely a serious problem - resolve or explain

1 ALERT level B = A potentially serious problem, consider carefully
4 ALERT level C = Check. Ensure it is not caused by an omission or oversight
11 ALERT level G = General information/check it is not something unexpected

3 ALERT type 1 CIF construction/syntax error, inconsistent or missing data

5 ALERT type 2 Indicator that the structure model may be wrong or deficient
4 ALERT type 3 Indicator that the structure quality may be low
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http://journals.iucr.org/services/cif/checking/PLAT200.html
http://journals.iucr.org/services/cif/checking/PLAT906.html
http://journals.iucr.org/services/cif/checking/PLAT002.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT230.html
http://journals.iucr.org/services/cif/checking/PLAT371.html
http://journals.iucr.org/services/cif/checking/PLAT371.html
http://journals.iucr.org/services/cif/checking/PLAT793.html
http://journals.iucr.org/services/cif/checking/PLAT793.html
http://journals.iucr.org/services/cif/checking/PLAT860.html
http://journals.iucr.org/services/cif/checking/PLAT899.html
http://journals.iucr.org/services/cif/checking/PLAT909.html
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3 ALERT type 4 Improvement, methodology, query or suggestion
1 ALERT type 5 Informative message, check
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It is advisable to attempt to resolve as many as possible of the alerts in all
categories. Often the minor alerts point to easily fixed oversights, errors and
omissions in your CIF or refinement strategy, so attention to these fine details can
be worthwhile. In order to resolve some of the more serious problems it may be
necessary to carry out additional measurements or structure refinements. However,
the purpose of your study may justify the reported deviations and the more serious
of these should normally be commented upon in the discussion or experimental
section of a paper or in the "special_details" fields of the CIF. checkCIF was
carefully designed to identify outliers and unusual parameters, but every test has its
limitations and alerts that are not important in a particular case may appear.
Conversely, the absence of alerts does not guarantee there are no aspects of the
results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals
Please refer to the Notes for Authors of the relevant journal for any special
instructions relating to CIF submission.

PLATON version of 05/12/2020; check.def file version of 05/12/2020
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Datablock kck 53 - ellipsoid plot
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checkCIF/PLATON report

Structure factors have been supplied for datablock(s) kck47a

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
FOR PUBLICATION, IT SHOULD NOT REPLACE THE EXPERTISE OF AN EXPERIENCED
CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: kck55

Bond precision: C-C =0.0040 A Wavelength=0.71073
Cell: a=11.6905(5) b=8.2792(4) c=25.1517(8)
alpha=90 beta=97.733(3) gamma=90
Temperature: 203 K
Calculated Reported
Volume 2412.24(17) 2412.24(16)
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http://www.iucr.org/iucr-top/cif/cif_core/definitions/index.html
http://journals.iucr.org/services/cif/checking/checkcifreport.html

Space group P 21/n P2(1)/n

Hall group -P 2yn ?

Moiety formula C31 H28 O3 ?

Sum formula C31 H28 O3 C31 H28 O3
Mr 448.53 448.53

Dx,g cm-3 1.235 1.235

Z 4 4

Mu (mm-1) 0.078 0.078

FO00 952.0 952.0

F000’ 952.42

h,k,Imax 13,9,29 13,9,29
Nref 4236 4234

Tmin, Tmax 0.983,0.988 0.483,1.000
Tmin’ 0.981

Correction method= # Reported T Limits: Tmin=0.483 Tmax=1.000AbsCorr = MULTI-
SCAN

Data completeness= 1.000 Theta(max)= 25.000

R(reflections)= 0.0606( 2426) wR2(reflections)= 0.1912( 4234)

S=1.063 Npar= 313

The following ALERTS were generated. Each ALERT has the
format

test-name_ALERT alert-type_alert-level.
Click on the hyperlinks for more details of the test.
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Alertlevel B

PLAT230_ALERT_2 B Hirshfeld Test Diff for 02 --C1 . 188 s.u.
PLAT230_ALERT_2 B Hirshfeld Test Diff for Cl1 --C31 . 122 s.u.
PLAT360_ALERT_2 B Short C(sp3)-C(sp3) Bond C1 -C31 . 1.29 Ang.

Alertlevel C
ABSTY02_ALERT_1 C An _exptl_absorpt_correction_type has been
given withouta literature citation. This should be contained in
the
_exptl_absorpt_process_details field.
Absorption correction given as multi-
scan
PLAT199 ALERT_1 C Reported _cell_measurement_temperature ..... (K)
293 Check  PLAT200 ALERT 1 C Reported

_diffrn_ambient_temperature ..... (K) 293
CheckPLAT220_ALERT_2 C Non-Solvent Resd1 C

Ueg(max)/Ueg(min) Range 3.7 Ratio
PLAT222 _ALERT_3 C Non-Solv. Resd 1 H Uiso(max)/Uiso(min) Range 4.4
RatioPLAT230_ALERT_2_C Hirshfeld Test Diff for 01 --
Cl1 . 55 s PLAT230_ALERT_ 2 C
Hirshfeld Test Diff for C3 --C4 : 55
s.u. PLAT230 ALERT 2 C Hirshfeld Test Diff for Cc12 --
C13 5.5 s.u. PLAT241 ALERT_2_C High

’MamMol’ Ueq as Compared to Neighbors of

C1 CheckPLAT242_ALERT 2 _C Low "MainMol’
Ueq as Compared to Neighbors of 02 Check PLAT906 ALERT 3 C
Large K Value in the Analysis of Variance ...... 5.488 Check

Alertlevel G
PLAT002_ALERT_2_ G Number of Distance or Angle Restraints on AtSite 2
Note PLATO005 ALERT 5 G No Embedded Refinement Details Found in the CIF
Please Do ! PLATO072_ALERT 2 G
SHELXL First Parameter in WGHT Unusually Large 0.10
ReportPLAT398 ALERT 2 G Deviating C-O-C Angle From 120 for O1
107.8 DegreePLAT432_ALERT_2_G Short
Inter X...Y Contact C14 .Cl4 3.12
Ang.
2-x,1-y,2-z = 3_767
Check PLAT793_ALERT_4_G Model has Chirality at C6 (Centro SPGR) S
VerifyPLAT860 ALERT_3 G Number of Least-Squares Restraints .............
1 Note PLAT899 ALERT_4_G SHELXL97 is
Deprecated and Succeeded by SHELXL 2018 Note
PLAT910 ALERT_3_G Missing # of FCF Reflection(s) Below Theta(Min).
2 Note PLAT978 ALERT_2 G Number C-C Bonds
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http://journals.iucr.org/services/cif/checking/PLAT230.html
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http://journals.iucr.org/services/cif/checking/PLAT002.html
http://journals.iucr.org/services/cif/checking/PLAT005.html
http://journals.iucr.org/services/cif/checking/PLAT072.html
http://journals.iucr.org/services/cif/checking/PLAT072.html
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http://journals.iucr.org/services/cif/checking/PLAT899.html
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http://journals.iucr.org/services/cif/checking/PLAT978.html

with Positive Residual Density. 1

PLAT992_ALERT_5_G Repd & Actual _refins_number_gt Values Differ by
1 Check

Info

0 ALERT level A = Most likely a serious problem - resolve or explain
3 ALERT level B = A potentially serious problem, consider carefully

11 ALERT level C = Check. Ensure it is not caused by an omission or oversight

11 ALERT level G = General information/check it is not something unexpected

3 ALERT type CIF construction/syntax error, inconsistent or missing data
14 ALERT type  Indicator that the structure model may be wrong or deficient

4 ALERT type Indicator that the structure quality may be low

2 ALERT type: Improvement, methodology, query or suggestion

2 ALERT type ' Informative message, check
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http://journals.iucr.org/services/cif/checking/PLAT992.html

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure refinements.
However, the purpose of your study may justify the reported deviations and the more serious of
these should normally be commented upon in the discussion or experimental section of apaper or in
the "special_details" fields of the CIF. checkCIF was carefully designed to identify outliers and
unusual parameters, but every test has its limitations and alerts that are not important in a particular
case may appear. Conversely, the absence of alerts does not guarantee there are no aspects of the
results needing attention. It is up to the individual to critically assess their own results and, if
necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 07/08/2019; check.def file version of 30/07/2019
Datablock kck 55 - ellipsoid plot
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