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Abstract: A gold-catalyzed cycloisomerization of 2-indolyl-3-
[(trimethylsilyl)ethynyl)lquinoxalines with concomitant 1,2-
silyl shift forms 6-(trimethylsilyl)indolo[3,2-alphenazines in
moderate to excellent yield. These silylated heterocycles are
readily transformed into 6-aryl-indolo[3,2-alphenazines in
moderate to good yield by one-pot ipso-iodination Suzuki
coupling. The title compounds represent a novel type of
tunable luminophore. Structure-property relationships for 6-
aryl-indolo[3,2-alphenazines obtained from Hammett correla-

~

tions with g,,, substituent parameters indicate that emission
maxima, Stokes shifts, and fluorescence quantum yields can
be fine-tuned by the remote para-aryl substituent. Further-
more, indolo[3,2-a]lphenazines were found to exhibit interest-
ing activities against medically relevant pathogens such as
the Apicomplexa parasite Toxoplasma gondii with an ICg, of
up to 0.67 £0.13 pM. Thus, these compounds are promising
candidates for novel anti-parasitic therapies.

Introduction

Indolo[3,2-alphenazine (1; Figure 1) represents a highly interest-
ing fused pentaheterocyclic structure consisting of the angular
anellation of electron-rich indole to the electron-poor
phenazine, which has not been deeply explored in its properties
to date. By in silico docking studies indolo[3,2-alphenazine 2
was identified as a novel inhibitor of NAD(P)H quinone
oxidoreductase,””’ due to strong interaction with gene NQO1,
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Figure 1. 8H-indolo[3,2-alphenazine (1), a potentially potent anticancer
agent 2 (from in silico docking studies), and berberine hemisulfate (3).

which can be responsible for the overexpression of tumor cells
and inhibitors of this enzyme have been proposed as potent
anticancer agents.”? The pentacyclic structure with donor-
acceptor separation additionally resembles to that of berberine
hemisulfate (3), belonging to the protoberberine group of
benzylisoquinoline alkaloids with considerable pharmacological
applications in many different indications.”’ In particular,
berberine and derivatives are considered as alternative treat-
ment options against the parasite Toxoplasma gondii."*

T. gondii is an obligate intracellular parasite belonging to
the phylum Apicomplexa, which includes known human
pathogens such as the agent of tropical malaria Plasmodium
falciparum, with which it shares significant biological
similarities.”) T. gondii is the causative agent of toxoplasmosis
and is considered one of the world’s most successful parasites
due its ability to infect a wide range of warm-blooded
vertebrate intermediate hosts, including humans.® It is esti-
mated that one-third of the human population is chronically
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infected with T. gondii” which is acquired mainly through two

ways: by ingesting tissue cysts from raw or undercooked meat
or by ingesting oocysts shed from feline hosts (the definitive
hosts) with contaminated food or water.® In immunocompetent
individuals, the infection with T. gondii is usually inapparent
with minor or no symptoms, but it can be fatal in immunocom-
promised individuals due to reactivation of latent infections.”
In addition, early maternal infection during pregnancy may
result in fetal death, spontaneous abortion, and birth defects."”
Treatments of acute toxoplasmosis are largely limited to anti-
folate therapy, based on the combination of pyrimethamine
and sulfadiazine supplemented with folic acid. As the second-
line treatments, the antibiotics co-trimoxazole and clindamycin
are used."” These regimens have high rates of toxic side effects
leading to discontinuation of therapy. Thus, there is need to
develop well-tolerated and less or nontoxic treatments options
to improve the care of patients with toxoplasmosis.'”

While phenazines have found entry in various dyes, such as
induline™® neutral red"" or safranin T"¥ their indolo-fused
analogues have remained unknown as chromophores. In
synthetic chemistry only very few syntheses have been reported
so far (Scheme 1).

While the parent system 1 was already assessed in 1954 by
Teuber and Staiger by cyclocondensation of 3H-carbazol-
3,4(9H)-dione and ortho-phenylene diamine (Scheme 1A),"™
similarly to the Hinsberg synthesis of quinoxaline, the title
compounds remained unexplored. Only a few years ago, the
groups of Kurth and Haddadin presented an acid-catalyzed
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Scheme 1. Synthetic approaches to 8H-indolo[3,2-alphenazines.
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Friedlander  synthesis  with  2,3-dihydro-1H-cyclopental[b]
quinoxalinen-1-one and 2-aminobenzaldehyde furnishing a
mixture of 8H-indolo[3,2-alphenazine and quinolin[2,3-c]
cyclopentadienone[2,3-b]quinoxaline, however, with 8H-indolo
[3,2-alphenazine as the minor product."® Recently, Kumar and
Pal reported a general synthesis of indolo[3,2-alphenazines in
good yield by trifluoroacetic acid catalyzed cycloisomerization
of indole-substituted 3-ethynylquinoxalines (Scheme 1B)."” In-
terestingly, gold-catalyzed cycloisomerization of 3-ethynylqui-
noxalines was not reported in this study. Based upon our long
standing experience in consecutive multicomponent syntheses
of quinoxalines"® and their photophysical properties,"®*'¥ we
envisioned that our multicomponent access to 3-ethynylqui-
noxalines provides an excellent basis for developing syntheses
of specifically substituted 8H-indolo[3,2-alphenazines in the
sense of diversity-oriented level-2 transformations (Scheme 1C).
Here, we report on a novel synthesis of 6-trimethylsilyl 8H-
indolo[3,2-alphenazines, their one-pot ipso-iodination-Suzuki
coupling to 6-arylsubstituted 8H-indolo[3,2-alphenazines, the
photophysical characteristics of these novel systems as well as
the biological testing of their activity against the parasite
T. gondii.

Results and Discussion
Synthesis and structure

In past years, we have disclosed several consecutive multi-
component syntheses of various 2-indolyl-3-[(trimethylsilyl)
ethynyl)]lquinoxalines based upon glyoxylation-alkynylation-cy-
clocondensation (GACC) or activation-alkynylation-cycloconden-
sation (AACC) strategies furnishing 3-ethynyl quinoxalines as
key intermediates."”® To quickly provide suitable substrates
for testing the cycloisomerization of 3-ethynyl quinoxalines to
8H-indolo[3,2-alphenazines, we chose the GACC synthesis
starting from various indoles (4), oxalylchloride (5), (trimeth-
ylsilyl)acetylene (6), and ortho-phenylenediamine (7) to give 2-
indolyl-3-[(trimethylsilyl)ethynyl)]-quinoxalines 8 in good to
excellent yield (Scheme 2).

With 3-[(trimethylsilyl)ethynyl)lquinoxaline 8a and its desi-
lyated congener 3-(ethynyl)quinoxaline 81 in hand (compound
81 was prepared from compound 8a by desilylation with KF in
MeOH"), we set out with two model reactions to screen
conditions for the cycloisomerization to indolo[3,2-a]
phenazines 9a and 91 (Scheme 3, for details, see the Supporting
Information, Chapter 3, and Table S2). Among several carbo-
philic Lewis acids® only auric chloride (AuCl;) cycloisomerizes
alkyne 81 to indolo[3,2-alphenazine 91 in moderate yield and
NaAuCl, proves to be an inefficient catalyst for this substrate.
However, while for alkyne 8a Kumar's and Pal’'s conditions
(excess of trifluoroacetic acid)!'” failed NaAuCl, turns out to be
the catalyst of choice in toluene at 80°C for cycloisomerizing
compound 8a to indolo[3,2-alphenazine 9a. Most interestingly
the cycloisomerization proceeds with concomitant 1,2-silyl
migration.

© 2021 The Authors. Published by Wiley-VCH GmbH
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R2 (COCI), (5) (1.0 equiv) | N‘D substrate 8k with 100% deuterium at position 2 of the indole
\©j\> THE: BTG 41 - Ry N part to give 53% of indolo[3,2-alphenazine 9k containing 70%
M Then: 5 mol% Cul, . - . .
R =—TMS (6)(1.0 equiv) deuterium at position 7 (Scheme 4). Obviously not only the silyl
e ok il R o group undergoes a 1,2-shift but also 1,2-hydride shift occurs in
4 MeOH HOAGS G 1h 8 (10 examples, 45-89%) the sequence. This observation can be rationalized by two
8a (R' = Me, R? = H, 80%) alternative scenarios. Assuming an Au carbenoid pathway
:': E;“' =th; RF:; Hﬁ‘;’;ﬁij (Scheme 4, pathway A) after coordination of the catalyst to the
=%pr, RZ=H,
8d (R = allyl, R? = H, 66%) triple bond the 1,2-silyl shift generates gold vinylidene complex
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= n, = ' 4 . .
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8h (R' = Me, R? = CI, 60%) nishes the zwitterion 12a that produces the product upon
8i (R' = Me, R? = OMe, 80%) X .
8 (R" = Et, R = OMe, 67%) deauration. Alternatively, pathway B (Scheme 4) commences
with the intramolecular nucleophilic attack of the indole moiety
Scheme 2. Consecutive four-component GACC synthesis of 2-indolyl-3- at the Au-activated triple bond to give the cyclized zwitterionic
[(trimethylsilyl)ethynyl)]quinoxalines 8. vinyl-gold intermediate 13a according to Fiirstner’s rationale.?*
The subsequent 1,2-H(D) shift first generates the [-silyl
R R stabilized indoliminium intermediate 14a, which then under-
RS N KM N goes a 1,2-silyl shift maintaining the f-silyl cation stabilization
> toluene - \ :@ in intermediate 15a. Finally, deauration closes the catalytic
s O C.24h G H
80°C,
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Scheme 3. Test reaction for the cycloisomerization of compounds 8 to 80°C, 24 h
indolo[3,2-a]lphenazines 9. [a] 2 mol % NaAuCl,; [b] 40 mol% AuCl,. O

9k (53%)
A) Au carbenoid pathway

The structures of the cycloisomerization products 9a and ™S ™ .
9k are unambiguously supported by extensive NMR spectro- o AU :@ 1,2-silyl shift [au? ::Iij
scopy, and in addition the structure of indolo[3,2-a]lphenazine Me—n N-' N
9a was corroborated by an X-ray structure analysis (Figure 2).*" Me”
The crystal structure additionally reveals m-it interactions. 10a

The gold-catalyzed cycloisomerization of 3-[(trimethylsilyl)- lcvciizaticn
ethynyl)lquinoxaline 8a to furnish 8-methyl-6-(trimethylsilyl)- o™s ™
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Figure 2. Left: Molecular structure of compound 9a (thermal ellipsoids
shown at the 50% probability level). Right: Section of the packing diagram

of 9a showing significant mt-7 interactions (labeled with their centroid— Scheme 4. Cycloisomerization with concomitant 1,2-silyl migration of selec-
centroid distances; H atoms omitted for clarity). For further details, see tively deuterated compound 8k to give to give deuterated indolo[3,2-a]
Section 13 in the Supporting Information. phenazine 9k and two mechanistic scenarios.
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cycle and liberates the cycloisomerization product 9k. At this
stage, both scenarios are in agreement of the result of the
control experiment with the deuterated substrate 8k.

With optimal conditions for the cycloisomerization of 3-
[(trimethylsilyl)ethynyl)lquinoxalines 8 with concomitant 1,2-
silylmigration in hand (see the Supporting Information, Chap-
ter 3, and Table S2, entry 15) the stage was set for screening
scope and limitation with respect to the substitution pattern on
the indole moiety. Upon heating 3-[(trimethylsilyl)ethynyl)]
quinoxalines 8 in toluene to 80°C for 24 h in the presence of
catalytic amounts of sodium tetrachloroaurate various indolo
[3,2-alphenazines 9 were obtained in moderate to good yield
(Scheme 5). The proposed structures were unambiguously
supported by 'H and *C NMR spectroscopy, mass spectrometry,
IR spectroscopy, and combustion analysis. From the N-substitu-
tion pattern, it can be seen that increasing steric bulk (from Me
over Et, Pr, allyl, and hexyl to benzyl) causes a significant
decrease in yield. Substitution in position 11 of the indolo[3,2-d]
phenazine allows access to the electronically diverse derivatives,
that is, 11-halogen- or 11-methoxy-substituted molecules.

Silyl (hetero)arenes are perfectly suited for functionalization
by ipso-substitution,*” a particular case of electrophilic aromatic
substitution operating by efficient stabilization of [-silyl cation
o-complex intermediates. This transformation was probed by
converting compound 9a into 6-iodo-indolo[3,2-alphenazine
16 (Scheme 6), which could be favorably employed as a
substrate in subsequent coupling reactions. The optimal
conditions are the use of 1.7 equiv. of ICI in dichloromethane
and after stirring at —78°C for 5 min and at room temp for

™S
=N
(0
RSN
RZ
8

2 mol% NaAuCly

TMS
N
400
Ry i
D,

RZ
B (10 examples, 9-75%)
9a (R' = Me, R? = H, 75%)
9b (R! = Et, R = H, 63%)
9c (R' = "Pr, R® = H, 48%)
9d (R = allyl, R? = H, 47%)
9e (R' = "nexyl, R? = H, 15%)
of (R' = Bn, R = H, 8%)
9g (R' = Me, R? = Br, 37%)
9h (R = Me, R* = CI, 30%)
9i (R! = Me, R? = OMe, 50%)
9j (R = Et, R? = OMa, 46%)

toluene, 80 °C, 24 h

Scheme 5. Synthesis of indolo[3,2-alphenazines 9 by gold-catalyzed cyclo-
isomerization-1,2-silyl shift of 3-[(trimethylsilyl)ethynyl)lquinoxalines 8.

™S |
O N\D 78 °C, 5 min Ng
b - -
Me— N Then: 1.7 equiv ICl, CH,Clz s O /jij
N RT, 30 min Me~n N
9a 16 (76%)

Scheme 6. Synthesis of 6-iodo-8-methyl-8H-indolo[3,2-a]lphenazine (16) by
electrophilic ipso-iodination with iodine monochloride.
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30 min the 6-iodo-indolo[3,2-alphenazine 16 was obtained after
isolation in 76% yield (for details, see the Supporting
Information, Chapters 5 and 6, Table S4).

For arylation of iodo indolo[3,2-alphenazine 16 we selected
the Suzuki coupling.” In a quick optimization study with p-
methoxyphenylboronic acid (17a) as a coupling partner,
optimal conditions were identified with potassium carbonate as
a base in a 2:1 DMF/water mixture at 100°C for 18.5 h giving 6-
(p-anisyl)-8-methyl-indolo[3,2-alphenazine (18a) after isolation
by flash chromatography in 75% vyield (Scheme 7, for details,
see the Supporting Information, Chapter 7, Table S5, entry 3).

To establish a novel one-pot ipso-iodination-Suzuki syn-
thesis of 6-(p-anisyl)-8-methyl-indolo[3,2-alphenazine (18a)
starting from indolo[3,2-a]lphenazine 9a, a 'H NMR-based
optimization study was launched (for details, see the Support-
ing Information Chapter 8, Table S6). It is noteworthy to
mention that for the optimal conditions (see the Supporting
Information, Table S6, entry 10) the yield of compound 18a
after chromatography with this novel one-pot sequence (72 %)
is considerably higher than the combined yield (57%) of
stepwise ipso-iodination (76 %, Scheme 6) and Suzuki coupling
(75%, Scheme 7). Besides practicality, this also underlines the
superiority, efficiency and efficacy of one-pot processes over
stepwise transformations.

With these optimized conditions in hand the one-pot ipso-
iodination-Suzuki coupling synthesis of 6-aryl-indolo[3,2-a]
phenazines 18 was illustrated with indolo[3,2-alphenazine 9a
and boronic acids/boroate 17 in seven examples to give the
targeted products after chromatography in 35-74% yield
(Scheme 8).

The proposed structures were unambiguously supported by
'H and "*C NMR spectroscopy, mass spectrometry, IR spectro-
scopy, and combustion analysis, and in addition the structure of
6-aryl-indolo[3,2-alphenazine 18 e was corroborated by an X-ray
structure analysis (Figure 3).2" The structure elucidation of
compound 18e shows full planarity of the pentacyclic indolo
[3,2-alphenazine scaffold with a torsional angle of 54.3° of the
p-cyanophenyl substituent with respect to the indolo[3,2-a]
phenazine mean plane. The crystal structure additionally reveals
distinct dipolar -7t interactions (as low as 3.38 A).

10.0 mol% Pd(PPhs),

p-MeOCgH,B(OH); (17a)
K2C03 (2,50 equiv), DMF/H,0 (2:1)
100°C,185h

I
N
z
Y
Me~py N

18 18a (75%)

Scheme 7. Synthesis of compound 18a by Suzuki coupling of 6-iodo-indolo
[3,2-alphenazine 16 with p-methoxyphenylboronic acid (17 a).

© 2021 The Authors. Published by Wiley-VCH GmbH
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—78 °C, ICI {1.7 equivs)
CH,Clp, 5 min

then: RT, 30 min

then: 10.0 mol% Pd(PPhs),
p-R3CeH,BIOH); or
p-RECH,Bpin 17 (1.1 equiv)E
K2CO5 (5.0 equiv)
DMF/H,0 (2:1), 100 °C, 17 h

R3
N
z
L0
Me~py )

18 (7 examples, 35-74%)

18a (R® = OMe, 72%)

18b (R® = Me, 56%)

18c (R =H, 47%)

18d (R® = CI, 74%)

18e (R® = CN, 35%)

18f (R* = O-iPr, 63%)

18g (R® = O-n-pentyl, 53%)

Y

TMS
::N
=2
X0
Me~py M
9a

Scheme 8. One-pot ipso-iodination Suzuki coupling synthesis of 6-aryl-indolo
[3,2-alphenazines 18 from 6-(trimethylsilyl)indolo[3,2-alphenazine 9a.

[a] Boronate 17 was formed by bromine-lithium exchange and borylation,
then the solution formed in situ was transferred to the iodo compound 16
formed in situ by syringe.

37T41A  3TAIA 3TEIA 3TMIA
ISE0A 354TA 156IA
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L 3s2A  3WA 28824
e A500A 3ISM0A

Figure 3. Left: Molecular structure of compound 18e (thermal ellipsoids
shown at the 50% probability level). Right: Section of the packing diagram
of 18 e showing significant st-r interactions (with their centroid-centroid
distances given; H atoms omitted for clarity). For further details, see
Chapter 13 in the Supporting Information.

@ring centroid

Photophysical properties and electronic structure of
6-substituted Indolo[3,2-a]lphenazines

The luminescence of solutions of 6-substituted indolo[3,2-a]
phenazines 9 and 18 in dichloromethane after excitation under
a handheld UV lamp can be seen even by the naked eye (for a
detailed analysis, see the Supporting Information, Chapter 11).
The emission intensity of 6-(trimethylsilyl)indolo[3,2-a]
phenazines 9 grows with the increasing electron-donor charac-
ter of substituent R® to a maximum for the fluorescence
quantum yield @; of 28% (Table S8). The presence of two basic
nitrogen atoms in 6-(trimethylsilyl)indolo[3,2-alphenazine 9
suggests halochromicity of the underlying chromophore. In-
deed, protonation of indolo[3,2-alphenazine 9a with trifluoro-
acetic acid (TFA) gives a pK, of 5.60 for the protonated
chromophore 9a-H™, that is, about four orders of magnitude
less acidic than simple phenazine-H" (pK,=1.2).*" Upon
protonation the fluorescence signal is quenched (see the
Supporting Information, Figure S57B).

As found for compounds 9, 6-arylindolo[3,2-alphenazines
18 display an increase of the fluorescence quantum yield @,

Chem. Eur. J. 2021, 27, 9774-9781 www.chemeurj.org

9778

with increasing donor strength of substituent R® from 16%
(RP=CN) to 52% (R’=OMe; see the Supporting Information,
Table S9). Structure-property correlations based upon free
energy linear relationships (LFER) with Hammett parameters o*
were unanimously found for absorption maxima Amaaps
emission maxima Apy.em Stokes shifts Av (see the Supporting
Information, Figure S60A), and relative fluorescence quantum
yields @, (see the Supporting Information, Figure S60B). While
only a minor polarity effect on the electronic ground state
Amaxabs €aN be assigned from slope of the Hammett correlation,
all effects reflecting the excited state (A uem AV, D9 strongly
depend on stabilization of positive partial charges as supported
by the 0, , substituent parameter.

In addition, all compounds 18 are also luminescent in the
solid state, however, with variable emission color (Figure 4).
While compound 18a (R>=OMe) is yellow under the handheld
UV-lamp, electron-deficient substituted 18e (R*=CN) is orange.

A deeper understanding of the electronic transitions in the
absorption  spectra of selected 6-aryl-8H-indolo[3,2-a]
phenazines 18a, 18¢, and 18e was sought by calculating UV/
Vis absorption spectra on the DFT level of theory using
Gaussian09™” with CAM—B3LYP™ as a functional and the Pople
6-311+G(d,p) basis set.” Since the absorption spectra were
recorded in dichloromethane solutions, the polarizable continu-
um model (PCM) with dichloromethane as a solvent was
applied.B”

The experimentally determined longest wavelength absorp-
tion bands are reasonably well reproduced by the TD-DFT
calculations (see the Supporting Information, Table S10). As
expected, the longest wavelength absorption bands of all three
calculated 6-aryl-8H-indolo[3,2-alphenazines originate from
dominant contributions of HOMO-LUMO based transitions. In
the HOMO of structures 18 the coefficient density is predom-
inantly localized on the carbazole moiety of the indolo[3,2-a]
phenazine, while the coefficient density in the LUMO almost
exclusively is localized on the phenazine part (see the
Supporting Information, Figure S61). This is in agreement with
an angular charge transfer transition from donor (carbazole
moiety) to acceptor (phenazine moiety).

Biological properties and activity against T. gondii

Indolo[3,2-alphenazines are structurally related to the natural
product berberine hemisulfate, which demonstrated anti-

Figure 4. Solid state fluorescence of 6-aryl-8H-indolo[3,2-a]phenazines 18a
(left) and 18e (right; 1.,,=365 nm).

© 2021 The Authors. Published by Wiley-VCH GmbH
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toxoplasma activity.” Also in this study, an IC5, was determined
for berberine hemisulfate (3) of 0.94 uM against T. gondii ME49
(Table 1, for experimental details, see the Supporting Informa-
tion). The aim of this part of the study was to investigate the
anti-toxoplasma activities of seven selected synthetic indolo
[3,2-alphenazines (9a, 18a-d, 18f-g) and to compare them
with the anti-T. gondii activity of berberine hemisulfate. To
achieve this aim, T. gondii proliferation assays were performed.

Table 1. In vitro activity of the selected synthetic indolo[3,2-a]lphenazines
9 and 18 and berberine hemisulfate (3) against the T. gondii strain ME49.”!

Compound® IC504SD [uM] Compound® IC50 4+ SD [uM]
3 0.94+0.48 18c¢ 0.73+£0.27

9a 1.68£0.88 18d 2.38+0.86
18a 2.58+1.68 18f 3.3+2.29

18b 0.67+0.13 189 3.07+1.75

[a] Toxoplasma proliferation assays were performed to investigate the
activity of the selected synthetic indolo[3,2-alphenazines against the
T. gondii ME49 strain. Hs27 cells in a monolayer were cultured in 96-well
plates and infected with T. gondii (2x10%. Infected cells were treated
with indolo[3,2-alphenazines 9, 18a-d, 18f-g, and berberine hemisulfate
(3) at the concentration range of 0.15-20.00 uM at 37°C for 48 h.
Afterwards, the assays were labelled with *H-U (5mCi, diluted 1:30) at
37°C for 28-30 h. Based on the incorporation of *H—U into the parasite
nucleic acid, the parasite growth was quantified. As controls, uninfected
Hs27 cells without treatment, IFNy pre-stimulated infected cells and only
T. gondii infected cells were used (Figure S63). Three independent assays,
in duplicates, were performed. 1C;, values and mean+SD of each
compound of the three independent experiments are shown.

indolo[3,2-a]phenazines

All the tested compounds showed an anti-toxoplasma
activity with an ICs, lower than 3.5 uM (Table 1 and Figure S63).
The comparison with the ICs, value of berberine hemisulfate (3;
0.94 pM), demonstrated that 18b and 18c were slightly more
effective inhibitors than berberine hemisulfate (3) with 1Cs,
values 0.67 and 0.73 puM, respectively.

In order to evaluate whether the selected synthetic indolo
[3,2-alphenazines inhibit cell mitochondria of the host cell, MTT
assays were performed. The synthetic indolo[3,2-alphenazines 9
and 18 were, at the concentration range between 0.15-5.00 puM,
not cytotoxic to Hs27 cells comparable to berberine hemisulfate
(3). The synthetic indolo[3,2-a]phenazines 9, 18a-d, and 18f-g
showed moderate toxicity against Hs27 fibroblasts at concen-
trations starting at 10.00 pM (Figure 5). These results indicate
that indolo[3,2-alphenazines are effective inhibitors of T. gondii
proliferation, and compounds 18b and 18c¢ were found to be
most effective.

With regard to the anti-toxoplasma activity of indolo[3,2-a]
phenazines, compounds containing TMS-, phenyl, p-chloro-
phenyl, p-tolyl, p-methoxyphenyl, p-pentoxyphenyl and p-
isopropyloxyphenyl moieties bound to the phenazine core-
structure inhibited T. gondii (type Il, strain ME49) very efficiently
with 1C5, < 3.5 uM (Table 1). Interestingly, the activity of berber-
ine hemisulfate (3) in this study was very comparable to the
previous report by Kryvogorsky et al.” using the RH T. gondii
strain. Thus, promising leads of this study (18b and 18c) are
well suited for developing modified and even more active
analogues in the future.
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Figure 5. Effect of indolo[3,2-alphenazines and 9 and 18 and berberine hemisulfate (3) on the metabolic activity of Hs27 cells. Hs27 cells were plated in 96-
well plates and grown to confluence prior to incubation at 37 °C for 24 h with the selected synthetic indolo[3,2-a]phenazines and berberine hemisulfate at
concentrations of 0.15-20.00 uM. The cultures were incubated with 10 uL of the 12 mM MTT stock solution for approximately 4 h. Afterwards, 100 pL of SDS
dissolved in HCl was added to each well, and the plate was incubated again for 4 h at 37°C. Finally, the absorbance was measured at 570 nm by
spectrophotometry. Staurosporine (yellow) at concentrations of 0.0375-5.00 pL, Hs27 cells without treatment (blue) and DMSO (red) at the concentration of
20.00 uM were used as controls. Three independent assays were performed in duplicate; mean values + SD are shown.
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Conclusion

In summary, by gold-catalyzed cycloisomerization with a
concomitant  1,2-silyl  shift,  6-(trimethylsilyl)indolo[3,2-a]
phenazines have been synthesized in moderate to excellent
yield from  2-indolyl-3-[(trimethylsilyl)ethynyl)lquinoxalines,
which were obtained by consecutive four-component synthesis.
This novel type of indolo[3,2-alphenazine is readily transformed
in a one-pot ipso-iodination Suzuki coupling synthesis into 6-
aryl-indolo[3,2-alphenazines in moderate to good yield. Indolo
[3,2-alphenazines, as rigid pentaheterocyclic scaffolds consist-
ing of a fused carbazole (donor) and phenazine (acceptor)
moieties, represent an interesting novel type of luminophore
that can be tuned in their emission characteristics, such as
emission color and fluorescence quantum yield, by substituent
decoration. Structure-property relationships were obtained for
6-aryl-indolo[3,2-alphenazines from Hammett correlations with
0, substituent parameters, indicating that excited state
properties, such as emission maxima, Stokes shifts and
fluorescence quantum yields, in particular are affected and
tunable by the remote para-aryl substituent. Furthermore, none
of the synthetic indolo[3,2-alphenazines showed relevant
cytotoxicity against Hs27 cells over the concentration range
0.15-5.00 uM. Phenyl- and p-tolyl-substituted derivatives pos-
sess an intriguing Toxoplasma inhibitory effect with 1Cg, values
lower than berberine hemisulfate and therefore do not have a
relevant effect on the metabolic activity of Hs27 cells. This
establishes the phenyl and toluene moieties connected to the
phenazine core-structure as suitable substituents, with more
attractive structure-activity properties against T. gondii than the
other synthetic indolo[3,2-alphenazines tested in this study.
Therefore, the next step to be considered is the in vivo testing
of the lead indolo[3,2-alphenazines for toxicity and activity
against T. gondii infections.
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