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ABSTRACT

A contemporary and highly valued method for drug discovery involves the synthesis
of libraries or collections of novel compounds from interesting molecular scaffolds, often
inspired by biologically active, naturally occuring products. Such scaffolds that are unlike
those found in the National Institutes of Health PubChem and Molecular Libraries Small
Molecule Repository (MLSMR) are especially sought as they are considered more likely to
exhibit interesting or unknown modes of action, for example, as anticancer drugs . The
Buszek laboratories recently created a library of structurally unique polycyclic,
benzannulated indole compounds (i.e., those that have a ring fused on the benzene side of the
indole nucleus) that were inspired by the rare class of cytotoxic benzannulated indole
alkaloids, the trikentrins and the herbindoles.
This effort represented the first library of its kind based on this type of scaffold.
Subsequent biological screening of these compounds revealed high activity against L1210
leukemia and HL-60 promyelocytic leukemia cell lines, at concentrations of 0.5 µM and 10
µM, respectively.
The 5,6,7-tribromoindole was synthesized via Leimgruber-Batcho indole synthesis
iii

and was N-alkylated. This indole underwent selective metal-halogen exchange at C-7 and
subsequent elimination to give the 6,7-indole aryne which underwent Diels-Alder
cycloadditions with cyclopentadiene, furan give respective cycloadducts which were
subjected to give olefin reduction. The reduced cycloadducts which have bromine at C-5
intact were then employed in the Pd(0)-catalysed cross-coupling reactions such as the
Suzuki-Miyuara and Buchwald-Hartwig cross-coupling reactions to afford a novel suite of 5substituted libraries.
Related efforts to generate a new class of hetaryne, namely, the azaindole aryne, are
in progress. Azaindoles comprise important therapeutic agents such as vemurafenib
(melanoma). Novel libraries of azaindoles are unknown. Our initial attempts involved the
synthesis of the 4-aza-6,7-dibromoindole aryne precursor via the Bartoli route. So, we are
now looking into the different routes to synthesize these precursors.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Hetarynes and related natural products
Usually w h e n a t o m s l i k e nitrogen, oxygen or sulfur, become a part of the
aromatic core, a new class of arynes is generated, commonly known as heteroarynes (or
hetarynes). Some of the most commonly known arynes and hetarynes in the literature are
presented below (Figure 1.3): the pyridynes (2,3-pyridyne 1.2 and 3,4-pyridyne 1.3),1-3 the
thiophynes (2,3-thiophyne 1.4 and 3,4-thiophyne 1.5),4-5
quinolynes

(2,3-

didehydroquinoline

1.7,

1-Boc-3,4-pyryne 1.6,

3,4-didehydroquinoline

1.8,

6

the
5,6-

didehydroquinolyne 1.9, 7,8- didehydroquinoline 1.10),7-8 1,2-didehydrobenzothiophene
1.114, carbazolynes (1,2-carbazolyne 1.12 and 3,4-carbazolyne 1.13),9-10 indolynes (4,5indolyne 1.14, 5,6-indolyne 1.15 and 6,7-indolyne 1.16)11, 4,5-didehydrobenzofuran 1.1712,
2,3-didehydrobenzofuran 1.18,12 and 5,6-didehydrobenzofuran 1.19.12

Figure 1.1. Different hetarynes known in literature.
Many natural products have been constructed based on the aryne and hetaryne
chemistry. Here are some of the most recent examples: total synthesis of pseudopterisin
1

aglycone 1.20 by Buszek,13 the total synthesis of (-)-quinocarcin 1.21 by Stoltz group14 and ()-curvularin 1.22, a naturally occurring macrolactone, by Tadross group using benzyne as the
intermediate.15 (s)-macrostomine 1.2416 and ellipticine 1.2317 were synthesized via the 3,4pyridyne intermediate. The 4,5-indole aryne is also used as intermediate for the total
synthesis

of

N-methylwelwitindolinone

C

isothiocyanate,

1.25,18

(-)-N-

methylwewitindolinone B isothiocyanate, 1.2619 and N-methylwelwitindolinone D isonitrile
1.27.20 A carbazole containing alkaloid, (+)-tubingensin A 1.2810 was constructed using the
carbazolyne cyclization chemistry. The Buszek laboratories, successfully implemented the
6,7-indole aryne cycloaddition chemistry for the total synthesis of trikentrins (1.29 - 1.33)2123

herbindoles (1.51 - 1.52)

21, 24

two important members of a rare class of benzannulated

indole alkaloids, and represented the first example of natural product total synthesis using the
indole aryne cycloaddition methodology.

Figure 1.2. Different hetarynes known in literature.

2

1.2 Indole Arynes and their cycloaddition chemistry
Until 2007, heteroarynes derived from the ubiquitous indole nucleus 1.14 - 1.34 have
received almost no attention (Figure 1.3). With the quest to generate new chemical entities
via new methodologies, the Buszek laboratories first discovered and reported a general route
to all three indole arynes on the benzene ring via metal-halogen exchange and elimination of
o-dibromoindoles and their cycloaddition chemistry in 200713 (Scheme 1.1) and later with
fluoride-induced decomposition of o-silytriflates.25

Figure 1.3. Indole arynes.

Scheme 1.1. Indole aryne cycloaddition with furan.
Indoles having annulation at the benzene side of the indole nucleus are very
uncommon in nature and are highly underrepresented in the chemical property space when
compared to the indoles having pyrrole annulation which are highly represented in the
3

literature and are ubiquitous in nature (Figure 1.4).26 Hence, it is imperative to synthesize
novel scaffolds having benzannulation that will add to existing libraries.

Figure 1.4. Benzene and pyrrole annulated indoles.
The Buszek labs already completed the total synthesis of the biologically active, 6,7benzannulated indole alkaloid natural products (±)-cis-trikentrin A 1.29, (±)-cis-trikentrin B
1.30, (±)-herbindole A 1.31, (±)-herbindole B 1.32 and (±)-herbindole C 1.33 via the 6,7indole aryne cycloaddition methodology, the first applications of this reaction in total
synthesis (Figure 1.5).21-24

Figure 1.5. 6,7-benzannulated indole alkaloid natural products.
Encouraged by these results, and through strategic implementation of the unique
advantages of the indolyne cycloaddition chemistry, Buszek's group recently built the first

4

93-member library of polycyclic, 4-substitute-6,7-benzannulated indoles as described in
Figure 1.4.27

Figure 1.6. 93-member library of 4-substituted-6,7-benzannulated indoles.
The 4,6,7-tribromoindole scaffold, was synthesized via the Bartoli route, which was
published by our group previously.5 Here, the o-nitroaniline was first brominated via the in
situ generation of bromine at C2 and C-4 position (HBr, MeOH/H2O2, 90%), followed by
diazotization to afford the 2,3,5-tribromonitrobenzene. Application of the Bartoli reaction
conditions (vinylmagnesium bromide, 6.0 equiv, tetrahydrofuran (THF), -40 oC) consistently
gave the desired indole in 45% yield on up to more than 50 g scale.

Scheme 1.2. Synthesis of N-methyl-4,6,7-tribromoindole.
Alkylation on the indole nitrogen was accomplished by treating with methyl iodide to
give the desired N-methyl indole scaffold. Generation of indole aryne (n-BuLi, 1.2 equiv,
toluene, -78 oC to rt) followed by the cycloaddition with the diene partners, cyclopentadiene
5

and furan, yielded the corresponding cycloadducts in 72% and 84% yields respectively. The
olefin was reduced further via the in situ generation of the diimide because the presence of
the double bond greatly diminished the yields in the subsequent cross-coupling reactions.
The presence of increased sp3-hybridized content in the scaffolds correlates with an increased
number of hits for activity in certain cell-based assays, particularly but not exclusively, in the
area of CNS (e.g., histone deacetylase, or HDAC, inhibition).28

Scheme 1.3. Generation of N-methyl-4-bromo-6,7-indole aryne and its cycloaddition.
With the key scaffolds in hand, cross-coupling reactions such as the Suzuki-Miyuara
and Buchwald-Hartwig reaction were carried using a diverse collection of commercially
available boronic acids and the secondary amines to accomplish the first 93-member library
of structurally unique benzannulated indole compounds. Of the 93 members, 51 member sublibrary was from the Suzuki-Miyuara reaction and 42 member sub-library was from the
Buchwald-Hartwig reaction. These compounds were then submitted to the NIH Molecular
Libraries Screening Centers Network (MLSCN) for biological evaluation with a broad range
of biochemical and cell based assays. The significance of these libraries, i.e. using
benzannulated indole scaffolds as the most sought after structures in drug design and

6

development, was validated by the compelling biological results obtained from these various
efforts.
From the 93-member library, 66-member library subset of novel polycyclic 6,7annulated-4-substituted indole compounds were evaluated for their antiproliferative activity
against murine L1210 cells in vitro.29 Most compounds inhibited the metabolic activity of
L1210 lymphocytic leukemia cells in a time- and concentration dependent manner. Out of the
66 members, nine of them exhibited interesting antitumor activity with IC50 values ranging
from 0.5 to 4 µM (Figure 4.1). These concentrations were sufficiently potent to inhibit L1210
tumor cell proliferation. Surprisingly, all nine compounds with the exception of one came
from the Buchwald-Hartwig series of cross-coupled compounds. All 9 antiproliferative
compounds induced DNA cleavage at 24 h in L1210 cells that contained 3H-thymidine prelabeled DNA, suggesting that these antitumor-annulated indoles might trigger an apoptotic
pathway of DNA fragmentation.29

Figure 1.7. Nine most active members in L1210 cell-based assay.

7

Recently, 6,7-benzannulated-4-substituted library members were subsequently
studied for their antiproliferative activity, ability to disrupt the mitosis and cytokinesis, and
interference with tubulin and actin polymerization in human HL-60 tumor cells after they
elicited interesting results in the L1210 leukemia cells.30 Of the 9 most active members that
showed promising results in L1210 cells, six of them were selected for the human HL-60
studies.

Figure 1.8. Six most active members in human HL-60 cell-based assay .
The ability of annulated indoles to alter the polymerizations of purified tubulin and
actin were monitored in cell-free assays and were compared to the effects of commercially
available drugs such as jasplakinolide (JAS), taxol and vincristine (VCR), that are known to
disrupt the dynamic structures of the mitotic spindle and cleavage furrow. 11 Jasplakinolide is
a potent inducer of actin polymerization and stabilization that interferes with actomyosin ring
function and impedes cytokinesis. Vincristine and taxol are known microtubule (MT)
disrupting agents; where VCR blocks tubulin polymerization and MT assembly, and taxol

8

lowers the critical concentration (CC) of free tubulin required to promote polymerization and
blocks MT disassembly.
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CHAPTER 2
AZAINDOLES
2.1 Background
Indoles in which one of the carbon atoms on the benzene ring is replaced by the
nitrogen atom gives a new class of compounds known as azaindoles. Hence, considered as
indole bioisoteres. These azaindoles are also known as pyrrolopyridines since they possess
both the pyrrole and the pyridine ring fused together at the 8,9 position. Based on the position
of the nitrogen atom on the benzene ring, there are 4 different derivatives of azaindoles
namely, 4-azaindole, 5-azaindole, 6-azaindole, and 7-azaindole (Figure 2.1).

Figure 2.1. Azaindole derivatives.
Azaindoles have attracted much attention of the chemical and the medicinal
community, for they serve as potential templates for drug discovery, synthesis of natural
products and some key synthetic intermediates. They also found additional applications in
the fields of coordination chemistry and material sciences.31
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2.2 Azaindole containing natural products and clinically important drug candidates
Azaindole containing natural products are rare in nature. There are mostly the
synthetic derivatives of it. The classic example of the natural product that contains the
azaindole nucleus is family of variolins, which were isolated from an Antarctic Sponge,
Kirkpatrickia varialosa by Blunt and Munro co-workers (Figure 2.2).32-33 These alkaloids
possess important biological properties such as the antiviral and antitumour properties. Of the
three variolins, Variolin B is the most active. Hence, many research groups have successfully
carried out the total synthesis of Variolin B.34

Figure 2.2. Variolins.
In 2011, Vemurafenib (PLX-4032)35-36 (Figure 2.3) got FDA approval for treating the
late-stage melanoma. It was jointly developed by the Plexxikon and Genentech. This drug
falls under the class of B-Raf enzyme inhibitors. Vemurafenib blocks MEK step in the BRaf/MEK/ERK signaling pathway, thus causing the programmed cell death or apoptosis of
the melanoma cell lines down the pathway. Vemurafenib is marketed with the trade name
Zelboraf.
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Figure 2.3. Azaindole containing drugs.
Recently, in 2013, AstraZeneca team led by Chatterji and co-workers, developed a
novel series of 4-azaindole based compounds which act as DprE1 inhibitors
(decaprenylphosphoryl-β-D-ribose 2'-epimerase) whose mode of action is noncovalent
inhibition of these DprE1 enzymes.37 After the drug lead optimization, they found compound
4-azaindole to be a potential drug candidate for the treatment of tuberculosis (Figure 2.3).
Furthermore, in the field of drug discovery and development, the 4-aza-, 5-aza-, 6aza-, and 7-azaindole have gained enormous attention since these azaindole-containing
compounds exhibit a broad spectrum of biological properties such as factor Xa inhibitor,
protein kinase inhibitor, nicotinic acetylcholine receptor agonist and
inhibitors among many others (Figure 2.4).38
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JAK and kinase

Figure 2.4. Various azaindole containing members in different stages of drug development.
2.3 Previous synthetic efforts towards azaindoles
Several classic methods that are used for the indole synthesis are also used towards the
synthesis of the azaindoles. Romanelli and co-workers used Reissert synthesis for the
synthesis of ethyl-6-azaindole-2-carboxylate (Scheme 2.1).39 Here, the commercially available
2-nitro-4-picoline is treated with diethyl oxalate in the presence of sodium ethoxide to give
2.6 which undergoes hydrogenation and subsequent intramolecular cyclization to give the 2substituted-6-azaindole.

Scheme 2.1. Reissert synthesis.
Madelung synthesis is another classical method which was widely used for the
synthesis of azaindoles. Hand and group carried out the o-lithiation of 2-tertbutoxycarbonylamino-3-methylpyridine 2.8 to give the dilithiated species 2.9 which was
13

condensed with with DMF and further hydrolysis, cyclization and dehydration with HCl
afforded the 7-azaindole 2.10 (Scheme 2.2).40

Scheme 2.2. Madelung synthesis.
An extensively studied Bartoli cyclization, which is commonly used for the
preparation of indoles from nitrobenzenes, was also used in the synthesis of azaindoles.
Wang and co-workers41 first reported the examples of the 4-and 6-azaindoles synthesized
from various commercially available nitropyridines and the vinylmagnesium bromide
(Scheme 2.3). Although modest yields were achieved, the results were somewhat comparable
to the corresponding indoles.

Scheme 2.3. Bartoli cyclization.
Methyl-6-azaindole-7-carboxylate, a precursor of the HIV-1 integrase inhibitor, was
synthesized from the Leimgruber-Batcho method.38 Reaction of with DMF.DMA provided
the enamine intermediate which underwent Pd catalyzed reductive cyclization to give the
azaindole ester which upon further N-alkylation and coupling with hydroxamic acid resulted
in the desired target molecule (Scheme 2.4).

14

Scheme 2.4. Leimgruber-Batcho synthesis.
One more age-old method, Fischer indole cyclization reaction, which is one of the
versatile reactions used for the formation of indole rings, was successfully employed towards
the synthesis of 4- and 6-azaindoles by Suzenet group in 2009.42 Here, the pyridylhydrazine
that was synthesized from the corresponding diazonium salt by reduction was treated with
valeraldehyde under reflux conditions with 4wt% H2SO4 for 2 h to give the corresponding 4azaindole (Scheme 2.5).

Scheme 2.5. Synthesis of 4-azaindole via Fischer indole cyclization.
Under similar reactions conditions, treatment of 3-hydrazinyl-2-methoxypyridine
with cyclohexanone and protected phenylacetaldehyde gave the corresponding 6-azaindoles
(Scheme 2.6).42

Scheme 2.6. Synthesis of 6-azaindole via Fischer indole cyclization.
15

CHAPTER 3
SYNTHESIS OF POLYCYCLIC 6,7-BENZANNULATED-5-SUBSTITUTED
LIBRARIES
3.1 Targeted 60-member library of 5-substituted-6,7-benzannulated indoles
We saw compelling biological results obtained from the two cancer cell lines, i.e.,
L1210 and HL-60 of 4-substituted-6,7-benzannulated libraries recently in chapter 3. These
two cell lines represent the first-line analysis for gauging anticancer activity, since
compounds that do well in these assays form the basis for hit-to-lead development in other
human cancer cell lines. While the levels of activity exhibited here are very attractive, it is
highly desirable to have even higher activities in the single-digit or sub-nanomolar
concentrations in order to pursue further development. The compounds shown there show
substitution at the 4-position of the indole scaffold. So, the problem is to synthesize a related
series of compounds in which the same substitutents are moved to the 5-position, a classic
structure-activity-relationship (SAR) study (Figure 3.1). Substituents at this site would be
expected to interact differently with the molecular target, in this case tubulin or actin. These
new compounds will be tested in the same assays for activities that will be revealed to be one
of the following: (a) lower; (b) about the same; or (c) hopefully much higher. It is an
essential next step for further development of these compounds as potential anticancer drugs.

16

Figure 3.1. Most active compounds in the L1210 and HL-60 cell-based assays.
Hence, we decided to synthesize the 5-substituted libraries as shown below using the
protocol from the 4-substituted libraries (Figure 3.2).

Figure 3.2. Example of 5-substituted-6,7-benzannulated library members via cross-coupling
reactions.
3.2 Synthesis of 5,6,7-Tribromoindole via Bartoli approach
We viewed the Bartoli reaction protocol as the shortest and easiest pathway to access
the 5,6,7-tribromoindole 3.10. The 1,2,5-tribromo-3-nitrobenzene was subjected to Bartoli
reaction condition to afford 4,6,7-tribromoindole in a synthetically useful and scalable 50%
yield (at least 50 g scale). The scalability of the reaction which required the inexpensive and
commercially available starting materials made this approach a logical first choice.

17

Scheme 3.1. Bartoli synthesis of 5,6,7-tribromoindole.
Diazotization with t-BuONO (1.6 equiv) and bromination with CuBr2 (1.3 equiv)
(MeCN, 60 °C) gave 1,2,3-tribromobenzene 3.8 (80%). Nitration was achieved on 3.8 with
fuming nitric acid in 1,2-dichloroethane that gave exclusively 1,2,3-tribromo-4-nitrobenzene
3.9 in 82% yield (Scheme 3.1). Unfortunately, application of the Bartoli reaction conditions
(CH2=CHMgBr, 3.0 equiv, THF, -40 °C) provided the desired 5,6,7-tribromoindole 3.10 in
only 32% yield. Many attempts to increase the yield of 3.10 were unsuccessful. Hence we
shifted our attention to Leimgruber-Batcho indole synthesis.
3.3 Synthesis of 5,6,7-Tribromoindole via Leimgruber-Batcho approach
Commercially available and relatively cheap ($0.029/1g), p-toluidine was brominated
via the in situ bromination (HBr, 3.0 equiv; H2O2, 2.0 equiv; MeOH), to provide 3.12 in
nearly quantitative yield (Scheme 3.2).
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Scheme 3.2. Leimgruber-Batcho synthesis of 5,6,7-tribromoindole.
The aniline 3.12 was converted to 1,2,3-tribromo-5-methylbenzene 3.13 in 80% yield
via the diazotization and bromination protocol as shown earlier. Nitration was achieved, as
before, with fuming nitric acid (2.0 equiv) to give the 1,2,3-tribromo-5-methyl-4nitrobenzene 3.14. Reaction of 3.14 with tri(piperidin-1-yl)methane (1.5 equiv) 3.15 (105 °C,
15 torr) gave the enamine intermediate 3.16, which was used without purification in the iron
catalyzed reduction step to generate the desired indole 3.10 in 61% yield over 2 steps. The
Leimgruber-Batcho approach was found to be very useful as it was highly scalable at least to
30 g and consistently gave the desired indole in 60-61% yield.
3.4 Selective metal-halogen exchange and cycloaddition
In 2003, Li and his group previously carried the highly selective C-7 lithiation in the
4,7- dibromo and 5,7-dibromindoles.43-44 Also, the Buszek’s group already established the
selective metal-halogen exchange occurring at C-7 position in the 4,6,7-tribromoindole
systems in 2009. So, in N-methyl-5,6,7-tribromoindole scaffold, a question arises about the
site of metal-halogen exchange. For example, would metal-halogen exchange take place
exclusively at C-7, as was observed in the closely related 4,6,7-tribromoindole system, then
the generation of desired 5-bromo-6,7-indole aryne is virtually certain. Or else, if for some

19

poorly understood reason metal-halogen exchange instead occurred at C-6, then there exists
the possibility of forming a different indole aryne, the 7-bromo-5,7-indole aryne or even have
both 5,6- and 6,7-indole aryne found in some proportion. Finally, if metal-halogen exchange
takes place at C-5 then presumably the 7-bromo-5,6-indole aryne would be formed as the
sole aryne.

Figure 3.3. Selectivity of metal-halogen exchange in 5,6,7-tribromo indole systems
Hence, in order to clarify the ambiguity arised, N-alkylation was carried out on the
indole with MeI (2.0 eq.; NaH, 2.0 eq.; THF, 0 °C) and was subjected to the metal-halogen
exchange/elimination protocol with n-BuLi (2.0 eq.; PhMe, -78 °C). After 15 min at that
temperature the reaction mixture was quenched with water to give 5,6-dibromoindole 3.19
(55 %) and some unreacted starting material 3.15 (Scheme 3.4). This investigation confirmed
that in N-methyl-5,6,7-tribromoindoles the metal-halogen exchange takes place exclusively
at C-7.

20

Scheme 3.3. Metal-halogen exchange studies.
After these encouraging results, we carried out a [4+2] Diels-Alder cycloaddition
reaction using our intermolecular indole aryne cycloaddition methodology. Thus the Nalkylated indole was treated with n-BuLi (2.0 eq.; PhMe, -78 °C) in the presence of
cyclopentadiene and furan as the diene partners to to give the corresponding cycloadducts
(Scheme 3.4).

Scheme 3.4. Metal-halogen exchange/elimination and cycloaddition.
The olefin was reduced further via the in situ generation of the diimide from the 2nitrobenzenesulfonylhydrazine and triethylamine in CH2Cl2 to give respective reduced
cycloadducts, because the presence of the double bond greatly diminished the yields in the
subsequent cross-coupling reactions (Scheme 3.5).
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Scheme 3.5. Olefin reduction via in situ generation of the diimide.
It has been previously established by our Buszek’s group that the Stille – cross
coupling can effectively take place at C-5 position with C-Br intact at that position to install
the trans-butenyl side chain for the total synthesis of (±)-cis-trikentrin B. Having achieved a
huge success in carrying out cross-coupling reaction at C-5 as seen previously, and with the
two key scaffolds in hand, we then turned our attention towards the synthesis of the targeted
60-member library according to the protocol which our Buszek's group devised for the
synthesis of 4-substituted-6,7-benzannulated indole libraries. Thus, we elected to use SuzukiMiyuara and Buchwald-Hartwig cross-coupling reactions using a diverse collection of
boronic acids (15) and 2°amines (15) in order to achieve a 60-member library.

Scheme 3.6. Targeted 60-member library using Suzuki-Miyuara and BuchwaldHartwig cross coupling reactions.
In order to see if the proposed library could be synthesized as envisioned, we carried
few test reactions. We were infact delighted by the fact that the cross-coupling took place at
the C-5 position (Figure 3.3).
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Figure 3.4. Library members synthesized from Suzuki-Miyuara and BuchwaldHartwig cross coupling reactions.
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CHAPTER 4
DIFFERENT APPROACHES TOWARDS 4-AZA-6,7-INDOLE ARYNE PRECURSOR
SYNTHESIS
Azaindole arynes, is a new class of hetarynes, which are unknown in the literature so
far (Figure 4.1). This statement itself establishes the proof-of-concept for generating these
systems. As a result, generation and reactions of azaindole arynes will contribute
fundamental knowledge about their structure, bonding, and reactivity and is therefore
intrinsically important to the field of organic chemistry. This knowledge will in turn guide
the development of new approaches to complex natural products of biological interest and
the synthesis of novel libraries for drug discovery.

Figure 4.1. The structures of the four azaindoles and their associated arynes.
In my master’s thesis project, we are particularly interested in generating the 4-aza6,7-indole aryne precursor as we can compare results of the regioselectivity studies with the
ones which we already carried out previously. Once it has been established that the 4azaindole system can be generated, we will investigate the regioselectivity of its
cycloadditions with 2-substituted furans. The fundamental questions that we seek to answer
in this study, which is part of the broader overall objective of understanding the reactivity of
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these and other hetarynes, is how the aza substituent perturbs the electronic distribution in
these systems and thus affect the cycloaddition regiocontrol with 2-substituted furans.
The significance of this study originates in part from the observations made in Buszek
laboratories that 6,7-indole arynes which had C-3 position substituted with phenyl (Ph)
group, showed a remarkable preference for the constrasteric (i.e., more sterically crowded)
regioisomer upon cycloaddition with 2-substituted furans unlike the one which didn’t have
any substitution at C-3 position did not show any regioselectivity preference (Scheme 4.1).

Scheme 4.1. Regioselectivity in 6,7-indole aryne cycloadditions with 2-tert-butylfuran.
We are interested in learning how a change in the atom (i.e., from C-4 to N-4) would
affect the regioselectivity in otherwise identical systems.

Scheme 4.2. Regioselectivity in 4-aza-6,7-indole aryne cycloadditions with 2-tertbutylfuran.
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The 4-azaindole aryne can be viewed as a composite of both the 6,7-indole aryne and
a 3,4-pyridyne. The results of this study will contribute fundamental knowledge and
vertically elevate the field by demonstrating whether the 4-aza- will behave primarily as 6,7indole arynes, or as 3,4-pyridyne, or show no regiochemical preference whatsoever.

Figure 4.2. Behaviour of 4-aza-6,7-indole aryne.
Hence, our initial goal, was firstly to synthesize a suitable 4-aza-6,7-indole aryne
precursor and to establish the existence of 4-aza-6,7-indole aryne by trapping the putative
intermediate with furan using various different approaches which are described below.
4.1 Bartoli approach for the synthesis of 4-aza-6,7-indole aryne precursor
We adapted the procedure from Gilbert group45 for the synthesis of 3,4-dibromo-5nitropyridine. We elected this approach because it is indeed a very short route, just 4 steps to
get the 4-aza-6,7-dibromoindole. Hence, efforts to synthesize the Bartoli precursor, i.e., 3,4dibromo-5-nitropyridine started with the nitration of the commercially available 4hydroxypyridine 4.16 with KNO3. Bromination with molecular bromine in water afforded
the desired 3-bromo-4-hydroxy-5-nitropyridine 4.18. The modification which did in this
approach was that we used POBr3 instead of POCl3 in order to install the second bromine
atom at the C-4 position to get the desired intermediate, i.e., 3,4-dibromo-5-nitropyridine
419, which is totally a new compound in literature. With the desired key intermediate in
hand we attempted the Bartoli reation conditions (vinyl magnesium bromide 3.2 equiv, THF
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-78 °C to -20 °C) that were used by Wang and co-workers to synthesize various azaindoles
(Scheme 4.3).

Scheme 4.3. Bartoli route for the synthesis of 4-azaindole.
Despite several attempts, using different reaction conditions, we recovered only the
starting material. Hence, we envisioned a different approach, i.e., the Leimgruber-Batcho
approach.
4.2 Leimgruber-Batcho approach for the synthesis of 4-aza-6,7-indole aryne precursor
We adapted the first 3 steps from the patent literature.46 Synthetic efforts started with
the synthesis of amine-N-oxide 4.25, from commercially available 2-picoline 4.24. This
amine-N-oxide 5.10 was subjected to nitration in the presence of fuming nitric acid and conc.
sulphuric acid to give exclusively 4-nitro 4.26 in 84% yield. Reduction of 4.26 with Fe
powder in AcOH afforded 4-amino-2-picoline 4.27 in 72% yield. This intermediate 4.27 was
subjected to diazotization followed by hydrolysis to give 4-hydroxy-2-picoline 4.28 again in
quantitative yield. Nitration with fuming HNO3 and concentrated sulphuric acid on 4.28
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yielded 4-hydroxy-5-nitro-2-picoline 4.29 in quantitative yield. This was further subjected to
bromination via molecular bromine in water to give 4.30 in only 30% yield. This will be
treated with PBr3 to give the key intermediate 4.31 which will be subjected to LiemgruberBatcho conditions to give the desired 4-aza-6,7-dibromoindole scaffold. Subsequent Nalkylation will be achieved by treating it with methyl iodide and will be further subjected to
metal-halogen exchange and elimination protocol developed by our group to generated the 4aza-6,7-indole aryne which will be trapped with furan to generate the cycloadduct 4.23
(Scheme 4.4).

Scheme 4.4. Leimgruber-Batcho route for the synthesis of 4-azaindole.
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4.3 Fischer approach for the synthesis of 4-aza-6,7-indole aryne precursor
We simultaneously embarked upon the Fischer route, as this route will facilitate us to
install various electron-withdrawing and electron-donating groups on the pyrrole ring. The
precursor for the Fischer route, i.e., 3,4-dibromo-5-nitropyridine, is synthesized via the
Bartoli route as described in Scheme 5.1. This derivative, 4.19 will be subjected to reduction
in the presence of SnCl2.2H2O (5.0 eq) to get 3,4-dibromo-5-aminopyridine, 4.32. This will
further diazotized to give the hydrazine salt 4.33 and will be treated with various aldehydes
under Fischer conditions to give different substituted 4-azaindoles which again will be
subjected to metal-halogen exchange and elimination protocol developed by our group to
generated the 4-aza-6,7-indole aryne which will be trapped with furan to generate the
cycloadducts having different substituents at the 3-position (Scheme 4.5).

Scheme 4.5. Fischer route for the synthesis of 4-azaindole.
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4.4. Future directions
We are also looking into the generation of the 4-aza-6,7-indole aryne via different
method. Thus, we came up an idea to implement the fluoride-based generation of the aryne.
Here, we will be using the 2-bromo-4-hydroxy-5-nitropyridine 4.18 as the starting material
that was used in the Bartoli approach. This compound 4.18 will be treated with
hexamethyldisilazane and subsequently with n-BuLi to give 3-nitro-5-(trimethylsilyl)pyridin4-ol 4.36, which will then be treated with trifluoromethane sulfonic acid to give the desired
Bartoli precursor, 3-nitro-5-(trimethylsilyl)pyridin-4-yl trifluoromethanesulfonate 4.37.
Bartoli reaction will be attempted on this precursor 4.37 in order to get the 4-azaindole 4.38.
Aryne formation would be achieved readily by using mild fluoride-based conditions such as
CsF or TBAF and the aryne thus generated will be the trapped with a diene to give the
corresponding cycloadduct (Scheme 4.6).

Scheme 4.6. 4-aza-6,7-indolyne formation from o-silyltriflates.
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CHAPTER 5
EXPERIMENTAL SECTION
5.1 General Details
1

H-NMR (400 MHz) and

13

C-NMR (100 MHz) were performed in CDCl3 unless

otherwise noted with reference to residual solvent at  7.26 ppm and 77.0 ppm respectively.
H2O residual peak was at  1.56 ppm and 3.33 ppm in CDCl3 and DMSO-d6 respectively.
Melting points reported are uncorrected. Unless otherwise noted, all commercially obtained
starting materials were used as received. n-Butyllithium was titrated against 2-butanol in
anhydrous THF with 1,10-phenanthroline as an indicator prior to use. Tetrahydrofuran and
diethyl ether were distilled from sodium and benzophenone under nitrogen prior to use.
Toluene was distilled from calcium hydride under nitrogen prior to use. Temperatures of -78
C were obtained through use of a dry-ice acetone cold bath. Microwave reactions were
carried out using a Biotage Initiator microwave reactor at the times and temperatures
indicated.
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5.2. Experimental Procedures
Synthesis of 5,6,7-Tribromoindole via Bartoli Synthesis

1,2,3-Tribromobenzene (3.8): In a 500-mL round-bottom flask was dissolved 5.78 g (25.9
mmol) of CuBr2 in 200 mL of dry CH3CN and then the mixture heated to 60 °C. To this
warm solution was added 3.80 mL (31.9 mmol) tert-butyl nitrite, followed by a solution of
5.01 g (19.9 mmol) of 2,6-dibromoaniline 3.7 in 50 mL CH3CN. The mixture was further
stirred at 60 °C for 1 h, then cooled to rt and poured into 200 mL 20% aq ammonia. The
mixture was extracted with hexane (2 x 200 mL) and the combined organic phases were
washed sequentially with 20% aq ammonia (100 mL), water (100 mL), brine (50 mL), and
then dried over anhydrous magnesium sulfate, vacuum filtered and concentrated under
reduced pressure. The resulting crude material was recrystallized from ethanol to give 5.12 g
(80%) of 1,2,3-tribromobenzene 3.8 as an off-white solid, mp =

88-90 °C. 1H NMR

(CDCl3): d, J = 8.0 Hz, 2 H), 7.03 (t, J = 8.0 Hz, 1 H); 13C NMR (CDCl3):  132.6,
129.2, 127.7, 126.2. The physical and spectral data is consistent with that which was
previously reported for this compound: (1) Menzel, K.; Fisher, E. L.; DiMichele, L.; Frantz,
D. E.; Nelson, T. D.; Kress, M. H. J. Org. Chem. 2006, 71, 2188-2191; (2) Teclechiel, D.;
Sundstroem, M.; Marsh, G. Chemosphere 2009, 74, 421-427. The second reference includes
low resolution mass spectral data.
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1,2,3-Tribromo-4-nitrobenzene (3.9): In a 250-mL round-bottom flask was dissolved 5.00
g (15.9 mmol) of 3.8 in 100 mL of 1,2-dichloroethane and the mixture cooled to 0 °C. To the
vigorously stirred solution at 0 °C was added 7.0 mL (159 mmol) of fuming HNO3 dropwise
via the addition funnel over 15 min. The mixture was stirred at 0 °C for 1 h and then poured
over 500 mL of ice. After 30 min, 100 mL of CH2Cl2 was added and the organic layers were
washed with water (3 x 100 mL), saturated NaHCO3 (3 x 100 mL), brine (100 mL), and then
dried over anhydrous magnesium sulfate, vacuum filtered and concentrated under reduced
pressure. The crude material was recrystallized from hexanes to give 4.74 g (82%) of 2,3,4tribromonitrobenzene 3.9 as an off-white solid: mp = 82-84 °C. 1H NMR (CDCl3): d,
J = 8.6 Hz, 1 H), 7.51 (d, J = 8.6 Hz, 1 H); 13C NMR (CDCl3):  132.6, 132.5, 131.1, 130.1,
123.7, 118.7; HRMS (EI) m/e calcd for C6H2Br3NO2 356.7635, found 356.7633. This
compound has been reported in the literature, but no spectral or physical data except melting
point was given: Chen, G.; Konstantinov, A. D.; Chittim, B. G.; Joyce, E. M.; Bols, N. C.;
Bunce, N. J. Environ. Sci. Tech. 2001, 35, 3749-3756.
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5,6,7-Tribromoindole (3.10) via Bartoli route: In 250-mL round-bottom flask was
dissolved 2.01 g (5.55 mmol) of 3.9 in 20 mL of dry THF and cooled to -40 °C. To the
vigorously stirred solution was added 16.7 mL (16.7 mmol) of 1 M vinyl magnesium
bromide via syringe at once. The mixture was stirred for 1 h. The mixture was quenched with
100 mL saturated NH4Cl and then extracted with diethyl ether (2 x 100 mL) and the
combined organic phases were washed subsequently with water (100 mL), brine (50 mL),
and dried over anhydrous magnesium sulfate. The crude material was filtered and
concentrated under reduced pressure. The crude material was then purified via flash column
chromatography on silica gel using 10% EtOAc (ethyl acetate) in hexanes as the eluent to
give 0.628 g (32%) of 4.10 as a white solid, mp = 132-134 °C. 1H-NMR (CDCl3):  (bs,
1 H, NH); 7.89 (s, 1 H); 7.27 (dd, J = 3.3, 3.3 Hz, 1 H); 6.57 (dd, J = 3.3, 3.3 Hz, 1 H). 13CNMR (CDCl3):  134.8, 128.2, 126.4, 124.0, 119.2, 115.5, 107.9, 103.5; HRMS (EI) m/e
calcd for C8H4Br3N 350.7893, found 350.7891. This compound was reported in the literature,
but no spectral data was provided: Ohta, T.; Somei, M. Heterocycles 1989, 29, 1663-1667.
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Synthesis of 5,6,7-Tribromoindole via Liemgruber-Batcho Synthesis

2,6-Dibromo-4-methylaniline (3.12): In a 500-mL round-bottom flask was dissolved 10.7 g
(100 mmol) 3.11 in 300 mL of dry methanol. To the vigorously stirred solution was carefully
added 50.6 mL (300 mmol) of concentrated aq HBr (47% w/w) followed by 22.7 mL (200
mmol) 30% aq H2O2 dropwise over 15 min. The mixture was stirred overnight. The mixture
was poured into 1.0 L of 1 M NaOH and the resulting suspension was filtered and washed
with water until neutral, dried under vacuum at 50 °C to give 26.2 g (99%) of 3.12 as a
purple amorphous solid (mp = 74-76 °C) whose physical properties were identical to that of
the commercially available compound.

3,4,5-Tribromotoluene (3.13): In a 1-L round-bottom flask was dissolved 11.6 g (52.0
mmol) CuBr2 in 300 mL of dry CH3CN and heated to 60 °C. To the warm solution was added
7.6 mL (64 mmol) of tert-butyl nitrite followed by a solution of 10.6 g (40.0 mmol) of 3.12
in 100 mL of CH3CN. The mixture was stirred at 60 °C for 1 h. The solution was cooled to rt
and poured into 400 mL of 20% aq ammonia. The mixture was extracted with hexane (2 x
400 mL) and the combined organic layers were washed sequentially with 20% aq ammonia
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(200 mL), water (200 mL), brine (100 mL), and then dried over anhydrous magnesium
sulfate, filtered and concentrated under reduced pressure. The crude material was
recrystallized from ethanol to give 11.3 g (80%) of 4.13 as off-white needles, mp = 92-94 °C.
1

H-NMR (CDCl3):  7.38 (s, 2 H), 2.24 (s, 3 H); 13C-NMR (CDCl3):  139.4, 133.0, 125.4,

123.8, 20.4. This compound was consistent with the melting point and 1H NMR values
previously reported: Doyle, M. P.; Van Lente, M. A.; Mowat, R.; Fobare, W. F. J. Org.
Chem. 1980, 45, 2570-2575. This compound is also commercially available.

1,2,3-Tribromo-5-methyl-4-nitrobenzene (3.14): In a 250-mL round-bottom flask was
dissolved 10.0 g (30.9 mmol) of 3.13 in 100 mL of 1,2-dichloroethane and cooled to 0 °C. To
the vigorously stirred solution at 0 °C was added 13.5 mL (309 mmol) of fuming HNO3
dropwise over 15 min. The mixture was stirred at 0 °C for 1 h and then poured into 500 mL
of ice. After 30 min 100 mL of CH2Cl2 was added and extracted. The organic layer was
washed sequentially with water (3 x 200 mL), saturated NaHCO3 (3 x 100 mL), brine (100
mL), dried over anhydrous magnesium sulfate. The solution was filtered and concentrated
under reduced pressure. The crude material was recrystallized from hexanes to give 9.46 g
(82%) of 3.14 as off-white solid, mp = 106-108 °C. 1H NMR (CDCl3): 7.58 (s, 1 H), 2.26
(s, 3 H); 13C NMR (CDCl3):  151.6, 134.4, 130.8, 127.3, 126.7, 117.0, 17.1; HRMS (EI) m/e
calcd for C7H4Br3NO2 370.7791, found 370.7790.
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5,6,7-Tribromoindole (3.10) via Leimgruber-Batcho route: In a 50-mL round-bottom
flask a mixture of 6.52 g (17.4 mmol) 3.14 and 6.92 g (26.1 mmol) TPM was heated to 105
°C under water-aspirator vacuum with vigorous stirring. After 3 h an aliquot of the mixture
showed complete reaction by TLC (20% dichloromethane in hexane). Cooled to rt and
passed through a plug of silica gel eluting with 50% tert-butyl methyl ether in hexanes and
concentrated under reduced pressure to give 8.15 g of crude intermediate which was then
suspended in 150 mL methanol in a 250 mL round-bottom flask and heated to reflux. To the
red solution was added 0.305 g (1.13 mmol) FeCl3•6H2O and 0.689 g (57.4 mmol) activated
carbon. The mixture was refluxed for 5 min, and then 3.35 mL (68.7 mmol) NH2NH2•H2O
was added via a syringe over 10 min and refluxed for 1 h. The mixture was cooled to rt and
filtered through a 1-cm pad of Celite, washing with methanol. The filtrate was concentrated
under reduced pressure to about 5 mL, then diluted with 1M HCl (250 mL), extracted with
CH2Cl2 (3 x 75 mL). The combined organic phases were washed with water (2 x 100 mL),
brine (50 mL), and dried over anhydrous magnesium sulfate. The solution was filtered and
concentrated under reduced pressure. The crude material was then purified via column
chromatography on silica gel using 10% CH2Cl2 in hexanes as eluent to give 3.68 g (61%) of
3.10 as a white solid, mp = 132-134 °C. 1H-NMR (CDCl3): 8.36 (bs, 1 H, NH); 7.89 (s, 1
H); 7.27 (dd, J = 3.3, 3.3 Hz, 1 H); 6.57 (dd, J = 3.3, 3.3 Hz, 1 H).
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13

C-NMR (CDCl3): 

134.8, 128.2, 126.4, 124.0, 119.2, 115.5, 107.9, 103.5. HRMS (EI) m/e calcd for C8H4Br3N
350.7893, found 350.7891.

5,6,7-tribromo-1-methyl-1H-indole (3.17): In a 100 mL flame dried round bottom flask
under argon was added 35 mg (0.10 mmol) of 5,6,7-tribromoindole 3.10. This was dissolved
in 10 mL of dry THF and to this solution was added 5 mg (0.20 mmol) of dry sodium
hydride. The solution was stirred at rt for 30 min, and then 13 µL (0.20 mmol) of
iodomethane was added via syringe. The resulting solution was stirred for 1 h, and then
quenched by dropwise addition of aq NH4Cl (20 mL). The aqueous mixture was extracted
with diethyl ether (3 x 20 mL). The combined organic layers were dried over anhydrous
magnesium sulfate, filtered and concentrated under reduced pressure. The residue was
purified via flash column chromatography on silica gel using 1% TBME (tert-butyl methyl
ether) in hexanes as eluent to give 32 mg (86%) of 5,6,7-tribromo-1-methyl-1H-indole 3.17
as

a

white

solid,

mp

=

147-149°C.

1

H-NMR:

sdJHzdJHzs 13C-NMR: 
136.21, 131.70, 126.61, 123.98, 120.85, 120.63, 109.77, 99.13, 35.70.
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5,6-dibromo-1-methyl-1H-indole (3.19): In a flame-dried 50 mL round-bottom flask under
argon was added a solution of 30 mg (0.08 mmol) 3.17 in 10 mL dry toluene and cooled to 78 °C, then 64 µL (0.16 mmol) of a 2.5 M solution of n-butyllithium in hexanes was added
dropwise via syringe over 15 min. The solution was stirred at -78 °C for 30 min and
quenched with water (2 mL) then allowed to slowly warm to rt. The reaction the mixture was
diluted with water (5 mL) and extracted with diethyl ether (3 x 10 mL). The combined
organic phase was dried over anhydrous magnesium sulfate, filtered and concentrated under
reduced pressure. The crude material was then purified via column chromatography on silica
gel using 1% TBME in hexanes as eluent to give 13 mg of 4.19 as a yellow oil. 1H-NMR
(CDCl3):  7.88 (s, 1 H); 7.61 (d, J = 1.0 Hz, 1 H); 7.04 (d, J = 3.1 Hz, 1 H); 6.40 (dd, J =
1.0, 3.1 Hz, 1 H); 3.75 (s, 3 H).

5-bromo-1-methyl-6,9-dihydro-1H-6,9-methanobenzo[g]indole (3.3a): In a flame-dried
25 mL round-bottom flask under argon was added a solution of 30 mg (0.08 mmol) 3.17 in
10 mL dry toluene. To this was added 135 µL (1.6 mmol) of freshly cracked
cyclopentadiene. The resulting solution was cooled to -78 °C, then 64 µL (0.16 mmol) of a
2.5 M solution of n-butyllithium in hexanes was added dropwise via syringe over 15 min.
The solution was stirred at -78 °C for 30 min then allowed to slowly warm to rt. The reaction
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was then quenched by addition of saturated NH4Cl (10 mL). After stirring for 5 min, the
mixture was diluted with water (10 mL) and extracted with diethyl ether (3 x 20 mL). The
combined organic phases were dried over anhydrous magnesium sulfate, filtered and
concentrated under reduced pressure. The crude material was then purified via column
chromatography on silica gel using 1% TBME in hexanes as eluent to give 16 mg (72%) of
3.3a as a yellow oil. 1H-NMR (CDCl3):  7.34 (d, J = 0.6 Hz, 1 H); 6.98 (dd, J = 3.1, 5.3 Hz,
1 H); 6.90 (d, J = 3.1 Hz, 1 H); 6.88 (dd, J = 3.1, 5.3 Hz, 1 H); 6.33 (dd, J = 0.6, 3.1 Hz);
4.60 (m, 1 H); 4.26 (m, 1 H); 2.39 (m, 2 H).
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C-NMR (CDCl3):  145.7, 144.3, 143.1,

135.4, 131.95, 130.7, 129.9, 118.5, 108.8, 100.5, 71.0, 51.2, 49.4, 35.2.

5-bromo-1-methyl-6,9-dihydro-1H-6,9-methanobenzo[g]indole (3.21a): In a flame-dried
250 mL three-neck round-bottom flask under argon was added the compound 3.3a, 0.625g
(2.28 mmol) and NBSH (10 equiv) was suspended in dichloromethane with stirring. To this
mixture was added 7.95 mL of triethylamine (57mmol, 25 equiv) dropwise via syringe. The
mixture was stirred at rt overnight. The solution was then poured into 250 mL diethyl ether
and washed with water (2 × 200 mL), 1N HCl (2 × 100 mL) and dried over the magnesium
sulfate, filtered and concentrated in vacuo to afford 0.5445g of 3.21a in 86% yield as a pale
yellow oil which later turned to red color. 1H-NMR (CDCl3):  7.50 (s, 1 H); 6.92 (d, J = 3.1
Hz, 1 H); 6.36 (d, J = 3.1 Hz, 1 H); 4.06 (m, 1 H); 3.94 (s, 3H); 3.71 (m, 1 H); (m, 2 H); (m,
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2 H).

13

C-NMR (CDCl3):  141.3, 130.6, 130.6, 130.1, 130.0, 120.1, 108.1, 100.6, 49.3,

44.2, 42.7, 35.3, 26.9, 26.3.

5-bromo-1-methyl-6,9-dihydro-1H-6,9-epoxybenzo[g]indole (3.3b): In a flame-dried 250
mL round bottom flask under argon was added a compound 3.00 g of 3.17 (8.13 mmol) and
furan 3 mL in 60 mL dry toulene and cooled to -78 C using dry ice/acetone bath. After 30
min, at -78 °C was added n-butyllithium dropwise over 10 min and stirred for 30 min at -78
°C (followed by TLC). The ice bath was removed and the reaction mixture was warmed to rt
over 1 h. The reaction mixture was then quenched with saturated NH4Cl and extracted with
ethyl ether (2 × 100 mL). The combined organic phases were washed with water (2 × 100
mL) and brine (1 × 50 mL), dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo to give the title compound 4.3 . 1H-NMR (CDCl3):  7.34 (s, 1 H);
7.22 (dd, J = 1.8, 3.7 Hz, 1 H); 7.12 (dd, J = 1.8, 3.7 Hz, 1 H); 6.95 (d, J = 3.1 Hz, 1 H); 6.35
(d, J = 0.6, 3.1 Hz); 6.32 (m, 1 H); 5.96 (m, 1 H); 3.87 (s, 3 H).

13

C-NMR (CDCl3):  144.3,

143.8, 143.5, 133.4, 131.4, 131.0, 131.0, 119.4, 106.4, 101.0, 83.5, 82.0, 34.8.
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5-bromo-1-methyl-6,7,8,9-tetrahydro-1H-6,9-epoxybenzo[g]indole (3.21b): In a flamedried 250 mL three- necked round-bottom flask under argon, 3.3b and diimide reagent were
suspended in dichloromethane and stirred. To this mixture was added triethylamine dropwise
via syringe and stirred overnight at rt. The mixture was then poured into ethyl ether and
washed with water, 1N HCl, dried over anhydrous magnesium sulfate and filtered,
concentrated in vacuo to give compound 3.21b in 86% yield. 1H-NMR (CDCl3):  7.53 (s, 1
H); 6.98 (d, J = 3.5 Hz, 1 H); 6.40 (d, J = 3.1 Hz, 1 H); 6.00 (d, J = 4.7 Hz, 1 H); 5.63 (d, J =
4.7 Hz); 3.90 (s, 3 H); 2.12 (m, 2 H); 1.43 (m, 2 H).

13

C-NMR (CDCl3):  139.5, 131.1,

130.4, 129.1, 128.7, 121.3, 105.0, 101.1, 79.8, 78.4, 35.0, 26.6, 25.8.
General procedure for library synthesis: The library members were synthesized according
to the procedure in the literature as in Ref 8.

(E)-1-methyl-5-styryl-6,7,8,9-tetrahydro-1H-6,9-methanobenzo[g]indole

(3.24):

1

H-

NMR (CDCl3):  7.67 (s, 1 H); 7.56 (dd, J = 0.4 Hz, 1.4 Hz, 2 H); 7.45 (d, J = 16.2 Hz, 1 H);
7.36 (t, J = 7.6 Hz, 2 H); 7.21-7.26 (m, 1H); 7.05 (d, J = 16.2 Hz, 1 H); 6.92 (d, J = 3.1 Hz, 1
H); 6.43 (d, J = 3.1 Hz, 1 H); 3.99 (m, 1 H); 3.96 (s, 3 H); 3.83 (m, 1 H); 1.97 – 2.00 (m, 2
H); 1.84- 1.87 (m, 1 H); 1.61- 1.64 (m, 1H); 1.19 – 1.28 (m, 2H).
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13

C-NMR (CDCl3): 

141.7, 138.4, 131.4, 129.7, 129.0, 128.7, 128.6, 127.6, 126.9, 126.8, 126.2, 123.2, 114.2,
101.4, 49.5, 41.6, 41.2, 35.2, 27.1, 26.8.

5-(benzofuran-2-yl)-1-methyl-6,7,8,9-tetrahydro-1H-6,9-methanobenzo[g]indole (3.25):
1

H-NMR (CDCl3):  7.88 (s, 1 H); 7.58 (dd, J = 3.1, 5.3 Hz, 2 H); 7.21 – 7.28 (m, 2 H); 6.97

(d, J = 3.1 Hz, 1 H); 6.90 (d, J = 0.3 Hz, 1 H); 6.50 (d, J = 0.6 Hz, 1 H); 4.10 (m, 1 H); 4.03
(m, 1 H); 4.00 (s, 3 H); 2.04 – 2.07 (m, 2 H); 1.89 – 1.92 (m, 1H); 1.63-1.65 (m, 1 H), 1.31 –
1.35 (m, 2 H).

13

C-NMR (CDCl3):  157.5, 154.5, 140.1, 131.6, 130.1, 130.0, 129.7, 128.4,

123.3, 122.5, 120.3, 116.9, 116.7, 110.9, 101.7, 49.7, 42.7, 41.4, 35.4, 27.1, 26.6.

5-(4-methoxyphenyl)-1-methyl-6,7,8,9-tetrahydro-1H-6,9-methanobenzo[g]indole
(3.26): 1H-NMR (CDCl3):  7.34 (d, J = 0.6 Hz, 1 H); 6.98 (dd, J = 3.1, 5.3 Hz, 1 H); 6.90
(d, J = 3.1 Hz, 1 H); 6.88 (dd, J = 3.1, 5.3 Hz, 1 H); 6.33 (dd, J = 0.6, 3.1 Hz); 4.60 (m, 1 H);
4.26 (m, 1 H); 2.39 (m, 2 H).

13

C-NMR (CDCl3):  158.1, 140.8, 134.9, 133.4, 130.1, 129.4,

129.3, 128.4, 127.9, 127.7, 117.8, 114.1, 113.6, 101.2, 55.3, 49.8, 42.0, 41.8, 35.3, 27.1.
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5-(4-methoxyphenyl)-1-methyl-6,7,8,9-tetrahydro-1H-6,9-epoxybenzo[g]indole
1

(3.27):

H-NMR (CDCl3):  7.44 (d, J = 0.6 Hz, 1 H); 6.98 (dd, J = 3.1, 5.3 Hz, 1 H); 6.90 (d, J =

3.1 Hz, 1 H); 6.88 (dd, J = 3.1, 5.3 Hz, 1 H); 6.33 (dd, J = 0.6, 3.1 Hz); 4.60 (m, 1 H); 4.26
(m, 1 H); 2.39 (m, 2 H).

1-methyl-5-(pyrrolidin-1-yl)-6,7,8,9-tetrahydro-1H-6,9-methanobenzo[g]indole (3.2):
1

H-NMR (CDCl3):  6.85 (d, J = 3.1 Hz, 1 H); 6.82 (s, 1 H); 6.31 (d, J = 3.1 Hz, 1 H); 3.93

(s, 4 H); 3.74 (s, 1 H); 3.39 (m, 2 H); 3.13 (m, 2 H); 2.39 (m, 2 H), 2.03 - 1.95 (m, 8H), 1.84
(m, 1H), 1.56 (m, 1H).
5.3 Synthesis of 4-azaindole aryne precursor via Bartoli Synthesis

3-Nitropyridin-4-ol (4.17): To a round-bottom flask was added 2 mL of H2SO4 and cooled
to 0 ºC. Then, 260 mg of compound 4.16 (2.73 mmol) was added portionwise followed by
slow addition of 531 mg of KNO3 (5.26 mmol). The resulting mixture was heated to 100 ºC
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for 1 h and then cooled to 0 ºC and poured onto ice water (1 mL). The mixture was
neutralized with aq NH3 at 0 ºC. The yellow colored precipitate was filtered and dried in
vacuo to provide the desired product 4.17 in quantitative yield (400 mg) as off-white solid.
1

H-NMR (DMSO-d6):  8.78 (d, J = 1.6 Hz, 1 H); 7.77 (dd, J = 2.0, 5.9 Hz, 1 H); 6.47 (d, J =

7.4 Hz, 1 H).

13

C-NMR (DMSO-d6):  168.7, 140.3, 138.8, 138.5, 122.8.

3-Bromo-5-nitropyridin-4-ol (4.18): To a suspension of 3-nitropyridin-4-ol (558.5 mg,
3.96 mmol) in 6 mL of water was added 0.26 mL bromine (4.99 mmol, 1.26 equiv) dropwise
at rt. The resulting mixture was stirred for 1 h and then heated to 50 °C for 2 h. The reaction
was cooled to rt and further stirred for 1 h. The product was filtered off, washed with water
and dried under vacuum to afford the desired product 4.18 in 85% yield (743.3 mg) as beige
solid . 1H-NMR (DMSO-d6):  8.83 (d, J = 0.6 Hz, 1 H); 8.38 (d, J = 3.1 Hz, 1 H).
NMR (DMSO-d6):  164.0, 139.6, 139.3, 137.4, 119.2.
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13

C-

3,4-Dibromo-5-nitropyridine (4.19): In a flame-dried 100 mL round-bottom flask was
added 250 mg of 4.3 (1.14 mmol) and 2 mL of DMF and heated to 50 °C. To this stirring
solution was added 0.13 mL of PBr3 (1.26 mmol) at 50 °C and the reaction was slowly
heated to 70 °C. The reaction mixture was stirred 1 h followed by TLC. The reaction was
quenched with ice-cold water, neutralized with NaHCO3 extracted with EtOAc. The organic
layer was washed with NaHCO3 (3 × 3 mL), water, and brine and dried over MgSO4. The
resulting crude mixture was purified via column chromatography with 10% EtOAc in
hexanes to give the desired product 4.19 in 80% yield (257 mg). 1H-NMR (CDCl3):  8.95 (s,
1 H); 8.89 (s, 1 H).

13

C-NMR (CDCl3):  154.5, 148.0, 143.4, 128.0, 126.2.

Synthesis of 4-azaindole aryne precursor via Liemgruber-Batcho Synthesis

2-Methylpyridine-1-oxide (4.25): To a stirred solution of amine 4.24, 250 mg (2.68 mmol)
in CHCl3 (2 mL) was added mCPBA (695 mg, 4.02 mmol) portionwise at 0 °C. The resulting
mixture was stirred at rt for 12 h. The reaction mixture was diluted with CHCl3 and solid
K2CO3 (4 mol equiv) was added. The resulting mixture was stirred for an additional 10 min.
The solid was separated by filtration and the filtrate was dried over Na2SO4 and concentrated
under reduced pressure to afford the amine-N-oxide 4.25 in quantitative yield as pale yellow
oil. 1H-NMR (DMSO-d6):  8.25 (dd, J = 1.2, 6.3 Hz, 1 H); 7.47 (dd, J = 2.4, 5.1 Hz, 1 H);
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7.26 (m, 2 H); 2.34 (s, 3 H).

13

C-NMR (DMSO-d6):  148.3, 139.2, 127.1, 125.2, 124.6,

17.7.

2-Methyl-4-nitropyridin-1-oxide (4.26): Compound 4.25 (1.00 g, 9.16 mmol) was
dissolved in 3.0 mL of sulfuric acid (45.8 mmol) at 0 °C and 1.56 mL of fuming nitric acid
(45.8 mmol) was added dropwise at 0 ºC over 30 min. The reaction mixture was stirred for 2
h at 115 ºC After cooling, the reaction mixture was poured onto crushed ice. This slurry was
neutralized by portionwise addition of K2CO3 and filtered. The solid was washed with
chloroform (3 × 5 mL), the phases were separated and the aq phase was extracted with
chloroform (3 × 5 mL). The combined organic phases were dried over MgSO4 and
concentrated in vacuo to afford a yellow solid of 4.26 in 84% yield. 1H-NMR (CDCl3): 
8.30 (d, J = 7.0 Hz, 1 H); 8.13 (d, J = 2.9 Hz, 1 H); 7.99 (dd, J = 3.1, 3.9 Hz, 1 H); 2.56 (s, 3
H).

13

C-NMR (CDCl3):  150.6, 141.6, 140.0, 120.6, 118.1, 18.1.
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2-methylpyridin-4-amine (4.27): To a stirred solution of compound 4.26 (200 mg, 1.30
mmol) in AcOH (3 mL) was added Fe powder 402 mg (5.53 mmol) in one portion at rt. This
grey suspension was then gently heated to 100 °C and stirred for 2 h. The reaction mixture
was then filtered through Celite and the solids collected were washed with acetonitrile (100
mL). The dark brown filtrate was then reduced in vacuo, diluted with 6M NaOH (5 mL) and
extracted TBME (4 × 25 mL). The TBME phases were combined, dried over MgSO4 and
reduced in vacuo to afford the title compound 4.27 in 72% yield (108 mg, 0.996 mmol). 1HNMR (DMSO-d6):  7.80 (d, J = Hz, 1 H); 6.26 (d, J = Hz, 1 H); 6.23 (d, J = Hz, 1 H); 5.81
(s, 1 H); 2.17 (s, 3H).

13

C-NMR (DMSO-d6):  157.8, 154.9, 149.3, 107.9, 106.9, 24.5.

2-methylpyridin-1-ol (4.28): In 100 mL round-bottom flask was dissolved 100 mg (0.925
mmol) 4.27 in 0.3 mL of 15% H2SO4. To the vigorously stirred solution was carefully added
sodium nitrite solution dropwise at rt. After complete addition of sodium nitrite, the solution
was heated to 50 °C until no bubble evolution took place. Then, solid NaOH was added until
the solution turned strongly basic. The solution was then stirred at 60 °C for 40 min, then
25wt% HCl was added until neutral pH (7.5). The solution was then stirred for 20 min. The
reaction mixture was then concentrated in vacuo to give a dry solid which was extracted with
EtOH to give the title compound 4.28 in quantitative yield. 1H-NMR (CDCl3):  8.02 (dd, J =
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1.6, 4.3 Hz, 1 H); 6.56 (m, 2 H); 2.36 (s, 3 H).

13

C-NMR (CDCl3):  175.0, 151.9, 140.9,

114.8, 113.6, 19.4.

2-Methyl-3-nitropyridin-4-ol (4.29): Was prepared according to the procedure reported in
the literature.47 Quantitative yield.

5-bromo-2-methyl-3-nitropyridin-4-ol (4.30): Was prepared according to procedure for the
synthesis of 4.30. 30% yield as beige solid. 1H-NMR (DMSO-d6):  12.72 (bs, 1 H); 8.36 (s,
1 H); 2.30 (s, 3 H).

13

C-NMR (DMSO-d6):  164.0, 144.0, 140.8, 139.1, 114.3, 15.7.
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CHAPTER 6
CONCLUSIONS
The 5,6,7-tribromoindole, which served as a template for the key scaffolds, was
synthesized via two routes: Bartoli indole synthesis and Leimgruber-Batcho synthesis. The
Leimgruber-Batcho approach is more scalable when compared to Bartoli approach, and thus
results in higher material throughput (i.e., higher yielding). The key scaffolds were
synthesized via selective C-7 metal-halogen exchange and subsequent 6,7-indole aryne
cycloaddition with cyclopentadiene and furan afforded the two 5-bromo-6,7-annulated
indoles. The 5-bromoindole site was used for subsequent Pd(0)-catalyzed Suzuki-Miyuara
and Buchwald-Hartwig cross-coupling reactions. Several library compounds have now been
synthesized using both Suzuki-Miyuara and Buchwald-Hartwig conditions. This served to
establish proof-of-concept for the construction of 5-substituted indole libraries. The synthesis
of the full library is in progress using a diverse collection of boronic acids (15) and 2° amine
(15) sub-libraries. These sub-libraries will be paired with each scaffold to give a 60-member
library (2 x 15 + 2 x 15 = 60). As additional library members become available, biological
annotation will commence at the Anti-Cancer Drug Laboratory, Division of Biology, Kansas
State University, and other collaborators. These biological results will be compared with
those of the 6,7-annulated-4-substituted libraries for enhanced activities.
Related efforts to generate a new class of hetaryne, namely, the azaindole aryne, are
in progress. Our initial attempts involved the synthesis of the 4-aza-6,7-dibromoindole aryne
precursor via the Bartoli route. We are also attempting the different routes such as the
Liemgruber-Batcho and Fischer indole synthesis approach to synthesize these precursors.
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