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Abstract :

We report the synthesis and characterisation of known and novel analogues of -carboline, a
naturally occurring alkaloid. Striving to induce changes in the optical properties of carboline, we first focus
on substitutions at position 1 before exploring other positions. The p-carbolines were synthesized using, on
the one hand, post-synthetic functionalization of biosourced products and, on the other hand, total synthesis
of the desired compounds. Our strategy mainly relies on the well-known Pictet-Spengler reaction, followed
by aromatization using different techniques. Post functionalization were performed by Knoevenagel
condensation or pallado-catalyzed cross-coupling. The measured UV-visible and fluorescence spectra show
unexpected results with large shifts obtained when changing a few substituents only. For instance, the
replacement of the aryl by a styryl substituent induces a bathochromic shift as large as 70 nm. This allowed
controlling the position of the emission on a broad range (from 370 and 650 nm). Additionally, protonation of
the compounds leads to profound changes in the spectroscopic properties. We indeed observe for some
compounds a bathochromic shift in the emission as large as 200 nm upon protonation. The main experimental

results are rationalized using theoretical calculations.
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Introduction

Indole alkaloids are the most widespread family of alkaloids, with more than a third of them derived
from this skeleton.™ B-carbolines belong to this group with a structure resulting from the fusion of a
six membered ring containing a nitrogen on the second position and an indole ring. There are different
degrees of saturation on the pyridinic ring, allowing access to diverse B-carbolines from the fully
insaturated ones to their dihydro and tetrahydro counterparts. This skeleton is widely distributed in
nature as a secondary metabolite of the plant kingdom."? Their use is ancestral, Amazonian tribes
using a B-carboline derivative as a hallucinogenic infusion for more than 3000 years.®! Another
application is Peganum Harmala seeds, which contain a high concentration of harmine, harmaline,
and harmol and has been used in the treatment of diabetes or hypertension.” Indeed, both synthetic
and natural B-carbolines show a wide range of biological properties with, e.g., interaction with
benzodiazepine receptors, ! intercalation in DNA,'® inhibition of monoamino oxidase,!” etc. In
addition, the skeleton is known for its numerous pharmaceutical properties.’® The majority of previous
investigations logically focussed on synthetic aspects as well as on the evaluation of the biological
responses of the obtained derivatives. For example, tadalafil,” cipargamine!® and abecarnil™ are

three drugs that contain the B-carboline skeleton (Scheme 1).
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Scheme 1 Different B-carboline derivates possessing bioactive properties



Beside their biological properties, B-carbolines exhibit intense blue fluorescence. It is notably
observed in scorpion cuticles, giving them their hallmark bright blue colour under UV light,*2
although some authors suggested that this blue emission might originate from coumarin derivatives.™*
“I An interesting feature of carboline fluorescence is the possible simultaneous presence of several
acid-base forms. Indeed, depending on the pH, the pyridine nitrogen is protonated or the indole
nitrogen is deprotonated.® We also underline that p-carboline possesses resonance structures that
may arise under polar and protic conditions, leading to a quinoid form of the molecule. This is due to a
hydrogen bonding complex that forms between the two nitrogen sites, producing a redshifted
intramolecular charge-transfer (ICT) emission.'®*") Carbolines have also been used as solid

emitters,*® water detectors™ or optical sensors for copper and fluorine./*”!

From this analysis, it turns out that the photophysical properties of p-carboline derivatives remain
mostly under investigated. In fact, only the simplest alkaloids of B-carboline such as harmane,
harmine, harmol, and some closely-related derivatives have been studied for their photophysical
properties.'® Reports on the photophysical properties of more substituted B-carbolines are rather
scarce in the literature.!> 2% Gijyen the lack of studies of p-carboline absorption and fluorescence,
we propose in the present work to explore the impact of the substitution at position 1 on the spectral
properties of neutral and protonated B-carboline derivatives. In more details, the substitution by two
electron donating groups (methoxy and dimethylamino), one accepting moiety (trifluoromethyl),

connected through three different spacers (aryl, styryl and ethynyl) are investigated.

Synthesis

To synthesize the 1-aryl-B-carbolines 2a-c we selected the Pictet-Spengler reaction?”! starting from
tryptophan 1 and substituted benzaldehyde under acidic conditions. The intermediate tetrahydro-f3-
carboline was used without further purification (Scheme 2) and treated with the NCS/TEA couple
followed by addition of hydrogen peroxide to promote a decarboxylation/aromatisation reaction to

obtain the compounds 2a-c with an overall yield between 15 and 43%.
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Scheme 2 Synthesis of 1-aryl-p-carbolines
To introduce a double bound spacer between the functional aryl group and the carboline, we started
from natural occurring p-carboline harmane 3 and harmine 3 (Scheme 3). Compound 3’ was used as
received from commercial sources and 3 was synthesized using the same reaction as for 2 with a yield
of 36 % over two steps, using acetaldehyde (Scheme 3)." Compounds 3 and 3’ were then reacted in a
Knoevenagel condensation in the presence of piperidine and p-toluenesulfonic acid to form the
corresponding 1-styryl-pB-carbolines 4a-b and 4‘b with various yields. The alkenes were more
problematic to purify likely due to easy isomerization of the double bond under light and
chromatography condition. The products 4a-b and 4‘b were obtained pure after multiple

recrystallizations.
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Scheme 3 Synthesis of 1-aryl-p-carbolines

The 1-bromo-B-carboline 5 was prepared according to literature report * and obtained with a yield of
59 % from 1-hydroxy-B-carboline (Scheme 4). The bromo derivative 5 was then reacted with various
alkynes under Sonogashira cross coupling condition to yield 1-ethynyl-p-carbolines 6a-b with good

yields (Scheme 4).
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Scheme 4 Synthesis of 1-aryl-p-carbolines
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The electronic absorption and emission spectra of the chromophores 2a, 2b, 2c 4a, 4b, 4°b, 6a, and 6b

were recorded in solvent of various dielectric constant and proticity. Solution in ethanol were recorded

with and without the addition of HCl,

. All the data can be found in Table I.

Xabs(l) 8(2) }\fem(3) q)f(4) ss(5) T(6) k(7) K @] Solvent

(nm) (Mtem?) | (nm) | (%) (cm™) | (ns) (1085 ) (1085 )
2a 354 7300 374 |21 1510 551 |0.38 1.43 Benzene

354 7700 374 |23 1510 5.81 |0.39 1.33 DCM

359 6900 381 |22 1608 1.74 | 1.26 4.48 EtOH

386 7100 445 |6 3435 15.1 | 0.04 0.62 EtOH + HCI
2b 359 16100 413 |52 3642 243 | 2.14 1.98 Benzene

362 16200 430 |61 4368 3.38 | 1.80 1.15 DCM

365 15600 442 | 48 4772 2.74 | 1.75 1.90 EtOH

418 21600 525 |15 4875 14.19 | 0.11 0.60 EtOH + HCI
2c 355 10100 384 |28 2262 1.25 |2.24 5.76 Benzene

354 9000 389 |22 2541 1.48 | 1.49 5.27 DCM

362 8800 402 |26 2748 3.09 |0.84 2.39 EtOH

387 6500 481 |13 5049 6.79 |0.19 1.29 EtOH + HCI
4a 376 17300 405 |38 1905 1.27 |2.99 4.88 Benzene

377 22300 408 |12 2015 3.40 |0.35 2.59 DCM

382 20500 413 |31 1964 1.64 | 1.89 421 EtOH

423 16800 nr EtOH + HCI
4b 396 20500 451 6 3079 3.84 |0.16 2.45 Benzene

394 18000 487 |5 4846 456 |0.11 2.08 DCM

396 16400 506 |9 5411 2.88 |0.31 3.16 EtOH




474 8800 623 23 4482 20.68 | 0.11 0.37 EtOH + HCI
4°b 397 28700 449 6 2917 0.28 | 214 3.36 Benzene

395 22400 479 5 4439 294 |0.17 3.23 DCM

397 27100 499 5 5148 433 |0.12 2.19 EtOH

473 11500 607 26 4667 11.85 | 0.22 0.62 EtOH + HCI
6a 386 18200 405 15 1215 1.56 0.96 5.45 Benzene

370 15300 385 24 1053 1.20 | 2.00 6.33 DCM

388 15700 425 5 2244 2.76 | 0.18 3.44 EtOH

421 10300 525 1 4705 11.32 | 0.009 0.87 EtOH + HCI
6b 375 26800 412 80 2394 243 |3.29 0.82 Benzene

387 31100 449 85 3568 155 |5.48 0.97 DCM

393 32000 471 60 4214 5.03 | 1.19 0.79 EtOH

457 36700 nr EtOH +HCI

Table 1 Optical properties of carbolines (1) Absorption wavelength (2) Molar extinction coefficient (3)
Emission wavelength (4) Quinine bisulfate (1.0 N H,SO4 ®= 0.55) and fluoresceine (0.1N NaOH ®=
0.90, were used as reference.® All ®; were corrected with the refractive index of the medium, error
+10%. (5) Stokes Shift (6) Lifetime, error £0.5 ns. (7) Calculated using the following equations: kr=
®; / T and knr = (1-®y)/ T, assuming that the emitting state is produced with unit quantum efficiency.

Let us first discuss the differences between the methoxy and dimethylamino substitutions using
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compounds 2a and 2b, considering both neutral and protonated dyes. The spectra are given in Figure

1.

Figure 1 Absorption (left) and emission (right) of compounds 2a and 2b. The dotted lines correspond

to the protonated forms.



For the absorption spectra, the differences between the two electrodonating groups is significant, with
a marked hyperchromic displacement when comparing 2b to 2a. In ethanol, a small band is also noted
at ca. 430 nm for compound 2b, which is likely due to traces of the protonated compound. For both
compounds, bathochromic and hyperchromic shifts are observed upon protonation, an effect which is
amplified for 2b. Measurement in other solvents show little solvatochromic shifts for the neutral form.
The fluorescence spectra for compound 2a exhibit a structured emission in benzene and a Stokes’ shift
roughly half of the one of 2b, which can be directly correlated to the smaller variation of dipole
moment between ground and excited states in 2a than in 2b. The quantum yields measured in ethanol
for the neutral compounds are 48% and 22%, respectively for 2b and 2a. Upon protonation, large
bathochromic shifts of the emission are observed, and the Stokes shift increases up to 4875 cm™ for
2b, which hints at a significant ICT effect. For practical applications, the most interesting features are
the bathochromic shifts observed upon protonation for emission, 3774 cm™ for 2a and 3576 cm™ for
2b. There is also a drop in quantum yields upon protonation with 6 % for 2a and 15 % for 2b. The
lifetimes of the protonated compounds are longer than their neutral counterparts, with a tenfold
increase. In the case of compound 2c¢ (Fig S28-S31), substitution with an electron-withdrawing group
shows behaviours close to that of 2a. The absorption spectra of 2c show a weak bathochromic shift
with increasing solvent polarity. Nevertheless, a clear red shift is observed in the emission spectra
compared to 2a, but not as pronounced as for 2b. Overall, 2c shows intermediate properties between
2a and 2b, whether in terms of absorption wavelength, emission or its particular behaviour during
protonation. From those data, we can conclude that the presence of the dimethylamino group greatly
impacts the spectral properties of the 1 substituted B-carboline, as it results in a bathochromic shift of
the emission and an increase of both the quantum yield and the molar extinction coefficient. We will

now focus only on dimethylamino-substituted B-carboline.

At this stage, we underline that the actual structure of the protonated molecule remains uncertain: is
the pyridine moiety, or the amino donor or both groups protonated? Experiments using acetic acid for
the protonation showed the same behaviour as protonation with HCl indicating that the protonation

site is most likely the pyridinic nitrogen. It was also observed that the compounds are partially



protonated in polar solvent, such as ethanol. It suggests that residual water molecules are sufficient to

protonate the pyridine ring in dissociative solvents. This experimental analysis is corroborated by

theoretical calculations (vide infra).

30000

23000

— 20000

Lem

£ [M

=" 15000

10000

5000

Intensity

0

1,2

1

2 2 g2
-

=
fo

0

Benzene
DM
EtOH

\ EtOH+ HCI

2753 325 375 425 475 525 575

Wavelength (nm}

f Y Banzene
! \ DCm
;| EtOH
v EtDH+ HCO

380 430 480 530 580 630 620 730
Wawelength (nm)

30000

25000

—20000

cm?

="15000

m

“10000

5000

Intensity
=2 2 o =
B < B S R

=
[

o

275 325 375 425 475 525 575
Wavelength (nm})

380 430 480 530 580 o030 680 730
Wavelength (nm})

Figure 2 Absorption of 4b in different solvents (top left); absorption of 4a, 4b, and 4°b in ethanol (top

right); emission of 4b in different solvents (bottom left); emission of 4b and 4°b in ethanol (plain) and

ethanol acidified with HCI, (dotted) (bottom right).

Figure 2 shows the emission spectra of 4b in different solvents. In benzene, a solvent with no dipole

moment, a structured emission is observed with a typical topology for a S;-Sy transition. A small



bathochromic shift is observed as the polarity of the solvent increases with a less structured emission,
typical of a shift to emissive ICT state. This observation is common to all the dyes considered herein.
As in the 2a, protonation induces a marked redshift, attributed to the protonation of the pyridyl moiety.
The two 4b molecules are therefore of interest as an emission that practically reaches in the red part of

the spectrum can be obtained in acidic ethanol.

Another interesting comparison with this molecule is displayed on the right-hand-side of Figure 2. The
comparison of the absorption and emission spectra of 4b and 4'b recorded in ethanol indicates that the
compound with the methoxy group in the 6 position undergoes a hypsochromic shift in both the
neutral and protonated forms. The same behaviour is noted with the solvent change and shows a

greater difference in the protonated form.

The difference between the protonated and neutral forms for both compounds may be the mark of a
structural change during protonation. The group of Sanchez-Coronilla “® hypothesized that this could

be due to the formation of the quinoid form of the molecule in the protonated state.
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Figure 3 Emission of 2b, 4b and 6b in ethanol (solid) and protonated ethanol (dotted)

The influence of position 1 on the spectral properties has further investigated by comparing the
fluorescence spectra of different spacers, all bearing a 4-dimethylamino phenyl moiety (Figure 3).

First, their absorption spectra are similar, with a bathochromic shift of ca. 30 nm for 4b and 6b as



compared to 2b. All compounds have in common an unusually large emission band, again indicative
of significant ICT. Relatively to their bathochromic shift, the styryl bridge produces the stronger
effect, followed by the alkyne and finally the aryl. Upon protonation, compound 6b becomes non-
fluorescent. An interesting effect is noted for 4b: the quantum yield increases from 9 to 23 % upon
protonation, which contrasts with all the other molecules presented here for which the opposite trend is
found. The styryl substitution shows interesting features and leads redshifted spectra as compared to
all other compounds with emission maxima at 623 nm. It also possesses the largest Stokes’ shift
recorded for the dyes treated here. Besides that, it’s also noted that unlike the other molecules, the
absorption spectrum of 4b undergoes a hypochromic shift upon protonation. This is likely due to the

poor solubility of this highly polar molecule in ethanol.

Theoretical modelling

To further characterize the synthesized dyes and rationalize their photophysical behaviour, we use
theoretical chemistry. The selected computational protocol, using the Time-Dependent Density
Functional Theory (TD-DFT) and second-order Coupled-Cluster (CC2) approaches is described in the
SI. The solvent effects are included using the recently-developed cLR*-PCM model.* Let us start by
considering the compounds in benzene, an apolar and aprotic solvent for which the applied continuum
model likely provides an accurate representation of solvation effects. For all compounds, we found a
bright So-S; transition, with a clear n—n* character. lllustratively, the electron density difference
(EDD) plots of 2a-2c are displayed in Figure 4 (see the Sl for other compounds). For 2a, one notices
only a slight contribution from the anisole moiety, and the alternation of density loss/gain, typical of
local excited-states. In 2b, the amino donor plays as expected a significant role and the ICT character
from the substituent towards the core is clear. In 2c, the impact of the trifluoromethyl group is also
significant with a reverse ICT, but with a smaller amplitude than in 2b. As can be seen in Figure S1,
when using a styryl linker, the trends noted above pertain, but the transition is more localized on the
substituent. One also notices than the additional methoxy group in 4’b has a very mild role, consistent

with the highly similar experimental signatures of 4b and 4°b.



2a 2b 2c
Figure 4: EDD plot for the absorption of dyes 2a, 2b, and 2c in benzene. Navy blue and crimson red

lobes correspond to decrease and increase of electron density upon photoexcitation, respectively.

Contour threshold: 1 x 10 au.

To have a more guantitative view we have computed the main photophysical parameters for all dyes in
benzene, and our results are given in Table 2. First, we note that consistent with the qualitative
analysis of the EDD, the ICT parameters as computed with Le Bahers” model,*" indicate that there is
no ICT in 2a, but a significant one in 2b (ICT distance of 2.24 A), and a moderate one in 2¢ (1.24 A).
We also note that it clearly appears that the NMe; group induces, irrespective of the linker, much more
significant ICT than its methoxy counterpart, consistent with the strong solvatochromic effects

observed in 2b, 4b, 4’b and 6b (see Table 1).

Table 2: Main theoretical results obtained in benzene for all dyes using a CC2/TD-DFT/cLR?
protocol. We report the vertical absorption and emission wavelengths (in nm), the 0-0 energies (in eV)

as well as the ICT distance (A) and charge (e).

}\‘vert—abs xvert—fl AEo.o dCT qCT

(hm)  (m) V) A (e)
2a 327 381 340 0.58 0.45
2b 340 404 3.21 2.24 0.55
2¢C 331 388 3.37 1.24 0.50
4a 362 425 3.01 0.75 0.45
4b 387 458  2.79 2.58 0.53
4’b 384 454 2.81 2.45 0.53
6a 342 381 3.26 0.60 0.47
6b 356 401  3.09 2.59 0.55




In Table 2, we list vertical absorption and fluorescence energies, that have no clear experimental
counterparts, but one nevertheless notices that their evolution parallels the positions of the
experimental maxima, with, e.g., the two most redshifted emissions for 4b and 4°b. Table 2 also
reports theoretical 0-O energies that can be directly compared to the experimental crossing point
between the absorption and emission curves.® The data of Table 2 yield a rather small mean absolute
error (MAE) of 0.09 eV, typical of the used level of theory.®**! Another property allowing direct
theory-experiment comparisons is the band shape. In Figure S2, we report the computed and measured

band shapes of the four amino-substituted dyes (2b, 4b, 4’b, and 6b), and the good match is obvious.

Looking at the experimental data of Table 1, one clearly notices differences between amino- and
methoxy-substituted dyes in terms of both radiative and non-radiative rates, the final quantum yields
obtained with the former group being notably larger. To understand the relatively poor photophysical
performance of the OMe-dyes, we have performed a relaxed scan of the S; potential energy surface of
6a and found that the 180° rotation of the methoxy group involves a barrier of 0.18 eV only, a small
value for an excited-state phenomenon. It is therefore likely that the “fan effect” of the methoxy group
is detrimental for obtaining large quantum yields. Indeed, in general, the lone pairs of the O atom of
the methoxy group are not conjugate with the pi-electrons of the dye, so that there is a fast rotation of
the methyl group in OMe-substituted systems, which increase the efficiency of non-radiative
deactivation. This contrasts with dialkylamino groups, in which the lone pair is generally fully
conjugated with the pi-electrons (and the NAIk, group planar). By using the computed vibrationally-
resolved spectra, one can determine theoretical radiative rates using a formalism detailed in the SI. For
2b, 2c, 4b, 4’b, and 6b ab initio calculations return 2.77, 1.44, 3.69, 3.01, and 4.87 10° s. This can be
compared to the experimental values of 2.14, 1.25, 3.84, 2.14, and 3.29 10% s, Obviously, both the
orders of magnitude and the most significant trends in the series are reasonably reproduced by the

calculations.



Let us now turn towards protonation effects that have been experimentally investigated in ethanol, a
protic solvent for which the selected solvent continuum model is less efficient, so that we describe
below the trends as obtained by TD-DFT rather than compare absolute values. First, one has to
establish what happens upon protonation. For 2a, 2c, 4a, and 6a, there is only one protonation site
available, the pyridyl. However, in all other compounds, one can envisage the protonation on either
the pyridyl, the amino donor, or both groups. In 2b, the difference between the (ground-state) Gibbs
free energy of the two putative mono-protonated structures, 8.5 kcal.mol™, clearly indicates that the
initial protonation takes place at the pyridyl, which follows chemical intuition. When comparing the
vertical absorption of this mono-protonated form to the original 2b (in EtOH), TD-DFT predicts a +67
nm bathochromic shift, well in line with the experimental value (+53 nm, see Table 1). The oscillator
strength also increases by ca. 20%, consistent with the observed hyperchromic shift (Figure 1). In
contrast, the mono protonation of the 2b on the amino group would deliver a joint
hypsochromic/hypochromic (-12 nm/-50%) evolution according to the simulations, clearly not fitting
the experimental trends. Finally, the protonation of both centres is predicted to induce a small
bathochromic displacement (+22 nm) but a very strong intensity decrease (-72%), which is clearly
inconsistent with the measurements. In short, the theoretical calculations indicate that in acidic
environment, single protonation of the carboline core takes place. To qualitatively understand this
impact of protonation, Figure 5 provides the EDD of 2b and 2b.H" in EtOH. The former strongly
resembles the one of Figure 4, though one can note a slightly stronger ICT character due to the
increased in polarity, the ICT distance being 2.32 A in ethanol as compared to 2.24 A in benzene. The
protonation leads to the creation of a strong accepting unit (pyridinium) and the ICT is obviously
greatly enhanced. According to Le Bahers’ model, 0.70 e are now transferred over 3.25 A, typical of

strong ICT transitions.



2b 2b.H"
Figure 5: EDD plot for the absorption of dyes 2b and 2b.H" in ethanol. See caption of Fig. 4 for more

details.

In Table S1 in the SI, we report the computed absorption and emission wavelengths in both neutral
and acidic ethanol for all compounds. As can be seen, protonation is systematically predicted to yield a
bathochromic displacement, in line with the experimental trends. In both theory and experiment, the

largest shifts are obtained for 4b and 4°b, as the linker obviously favours strong ICT.

Conclusion

To conclude, we synthetized and studied the photophysical properties of six different p-carboline dyes
substituted in the 1 position. The introduction of a strong mesomeric donor leads to a strong ICT
emissive system, the emission being clearly issued from an emissive ICT state, but for compounds 2a
and 4a that show emissive feature typical of a local excited state in benzene. All dyes are sensitive to
protonation, which unambiguously takes place on the pyridine and brings a notorious bathochromic
shift of both absorption and emission bands. The TD-DFT calculations provide data in good
agreement with the experimental observation and confirm the proposed photophysical mechanism
happening in these systems. The large redshifts between the neutral and protonated form of these
structures make them interesting starting blocks for developping new fluorochromic pH sensors.
Works are in progress to tune the pKa of the pyridine and to enhance the water solubility in order to

obtain useable biological pH probes.
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General procedure for synthesis of compounds 2.

Tryptophan (408 mg, 2.01 mmol) was suspended in DCM (5 mL), trifluoroacetic acid (0.5 mL) was
added and the solution became limpid. Benzaldehyde (2 eq) was added and the mixture was stirred at
room temperature for 1.5 hours. The solvent was removed by rotary evaporation, a saturated aqueous
solution of sodium bicarbonate was then added. The mixture was filtered and washed several times
with water, and was further dried with vacuum pump. After all water has been evaporated, the white
solid was dissolved in anhydrous DMF (15 mL) and triethylamine (0.6 mL, 4.82 mmol). A solution of
N-chlorosuccinimide (402 mg, 3.01 mmol) in DMF (15 mL) was added dropwise to the solution and
stirred 2 hours. After completion, water (50 mL) was added and the mixture was extracted with AcOEt
(5 X). The combined organic extract was washed several times with a saturated aqueous solution of
sodium carbonate and was dried over magnesium sulfate. The solvent was removed by rotary

evaporation and the residue was purified by column chromatography on silica gel to give 2a-2b.

1-(4-methoxyphenyl)-9H-pyrido[3,4-blindole (2a) yield: 221 mg (40 %) yellow powder 'H NMR
(500 MHz, CDCls): & = 8.58 (bs, 1 H), 8.54 (d, 3J = 5.3 Hz, 1H), 8.16 (dd, 3J = 7.8 Hz, *J = 1.0 Hz,
1H), 7.97 — 7.85 (m, 3H), 7.62 — 7.45 (m, 2H), 7.32 (ddd, %] = 7.8 Hz, ®J = 6.8 Hz, “J = 1.0 Hz, 1H),

7.12 (d, ®J = 8.7 Hz, 2H), 3.91 (s, 3H).

1-(4-dimethylaminophenyl)-9H-pyrido[3,4-b]indole (2b) yield: 83 mg (15 %) red powder ‘H NMR
(400 MHz, CDCLy): & = 8.60 — 8.48 (m, 2H), 8.15 (d, * J = 8.0 Hz, 1H), 7.93 — 7.83 (m, 3H), 7.58 —
7.47 (m, 2H), 7.30 (ddd, 3J = 8.0 Hz, %) = 6.7 Hz, “J = 1.1 Hz, 1H), 6.91 (d, ®J = 8.8 Hz, 2H), 3.06 (s,
6H). *C NMR (126 MHz, CDCls): § = 150.9, 140.5, 133.2, 129.7, 129.3, 129.1, 128.4, 122.5, 121.9,
121.7,120.1, 112.7, 112.6, 112.5, 111.4, 40.4. HRMS (ESI-TOF) C;oH;-N; found: 288.1503 [M+H]",
calculated: 288.1495.

General procedure for synthesis of compounds 4.

To a solution of 3 (100 mg, 0.55 mmol) or harmine 3> (100 mg, 0.47 mmol) and benzaldehyde (3 eq)
in toluene was added piperidine (1 mL) and catalytic amount of p-TsOH.H,O (1 to 5 mg). The flask
was equipped with a Dean-Stark apparatus and was then heated to 140 °C overnight in the dark. After

cooling the reaction was treated with a saturated aqueous solution of sodium carbonate and extracted



with DCM (3x). The organic layer was washed with a saturated agueous solution of sodium
bicarbonate then brine and the solvent was removed by rotary evaporation. The residue was dissolved
in EtOH, acidified with a 37% aqueous solution of HCI, evaporated, and then dissolved in 0.5 M HCI
solution and wash with DCM until DCM wash became colorless. The aqueous solution is then basified
with a saturated aqueous solution of sodium carbonate and extracted three times with DCM. The
combined DCM extracts were then evaporated with addition of ethanol. The product was then purified

by the suitable numbers of recristalisation from DCM)/cyclohexane to give 4a — 4b.

(E)-1-(4-methoxystyryl)-9H-pyrido[3,4-b]indole (4a) yield: 140 mg (84 %) yellow powder 'H
NMR (400 MHz, CDCls): 8 = 8.61 (s, 1H), 8.51 (d, *J = 5.2 Hz, 1H), 8.16 (d, ®J = 7.9 Hz, 1H), 7.91 —
7.81 (m, 2H), 7.65 — 7.55 (m, 4H), 7.43 (d, *J = 15.9 Hz, 1H), 7.34 (ddd, 3 = 7.9 Hz, 2 =5.8 Hz, J =

1.2, 1H), 6.95 (d, °J = 8.8 Hz, 2H), 3.87 (s, 3H).

(E)-1-(4-dimethylaminostyryl)-9H-pyrido[3,4-bJindole (4b) yield: 39 mg (22 %) red powder 'H
NMR (400 MHz, CDCls): & = 8.91 (bs, 1H), 8.48 (d, ®J = 5.2 Hz, 1H), 8.13 (d, *J = 7.8 Hz, 1H), 7.86
—7.80 (m, 2H including d, %J = 15.2 Hz), 7.60 — 7.43 (m, 2H), 7.45 (d, 3J = 8.4 Hz, 2H), 7.37 — 7.28
(m, 2H including d, ®J = 16 Hz), 6.67 (d, %] = 8.4 Hz, 2H), 2.99 (s, 6H). *C NMR (101 MHz, CDCls):
& = 150.6, 140.9, 140.2, 139.4, 133.7, 133.6, 129.5, 128.4, 128.3, 124.9, 122.1, 121.8, 120.2, 118.3,
112.8, 112.2, 111.6, 40.3. HRMS (ESI-TOF) CyHioN; found: 314.1645 [M+H]", calculated :

314.1652.

(E)-1-(4-dimethylaminostyryl)-7-methoxy-9H-pyrido[3,4-b]indole (4°b) yield: 142 mg (88 %) red
powder *H NMR (500 MHz, CDCl5): & = 8.66 (s, 1H), 8.43 (d, %) = 5.2 Hz, 1H), 7.97 (d, %) = 8.6 Hz,
1H), 7.77 (d, *J = 15.8 Hz, 1H), 7.70 (d, *J = 5.2 Hz, 1H), 7.49 (d, ®J = 8.8 Hz, 2H), 7.29 (d, *J = 15.8
Hz, 1H), 7.01 (d, “J = 2.1 Hz, 1H), 6.91 (dd, %J = 8.6 Hz, “J = 2.1 Hz, 1H), 6.68 (d, *J = 8.8 Hz, 2H),
3.92 (s, 3H), 2.99 (s, 6H). *C NMR (126 MHz, CDCls): & = 160.9, 150.6, 141.8, 140.2, 139.6, 133.6,
133.4, 129.7, 128.3, 125.0, 122.6, 118.4, 115.9, 112.2, 112.1, 109.6, 94.9, 58.5, 40.3. HRMS (ESI-

TOF) C,,H,:N30 found: 344.1744 [M+H]", calculated: 344.1757.



General procedure for synthesis of compound 6.

The bromine derivative 5 (40 mg, 0.16 mmol), ethynyl (3 eq) and Pd(dppf)ClI; (12 mg, 0.02 mmol) in
THF/Et;N (5/0.5 mL) were placed in a Schlenk tube. The solution was degassed with argon for 15
min, and Cul (5 mg, 0.02 mmol) was then added. The mixture was stirred at room temperature
overnight. The residue was washed with a saturated aqueous solution of sodium carbonate and
extracted with DCM (3x). The organic layer was dried over magnesium sulfate and the solvent was
removed by rotary evaporation. The product was purified twice by column chromatography on silica

gel (AcOEt/DCM/EP/Et;N, 10:30:60:1) then (AcOEt/toluene/PE/Et;N 20:50:30:1) to give 6a - 6b.

1-((4-methoxyphenyl)ethynyl)-9H-pyrido[3,4-b]indole (6a) yield: 46 mg (99 %) yellow powder

'H NMR (400 MHz, CDCls): & = 8.73 (bs, 1H), 8.49 (d, 3J = 5.2 Hz, 1H), 8.13 (d, *J = 7.9 Hz, 1H),
7.91 (d, 3J = 5.2 Hz, 1H), 7.65 — 7.54 (m, 4H), 7.38- 7.28 (m, 1H), 6.90 (d, *J = 7.0 Hz, 2H), 3.84 (s,
3H). ®C NMR (126 MHz, CDCl5): & = 160.2, 140.2, 139.8, 133.6, 129.1, 128.8, 128.3, 127.3, 125.3,
122.0, 121.9, 120.4, 114.4, 114.1, 111.8, 94.5, 84.1, 55.4. HRMS (ESI-TOF) CyH1sN,O found:
299.1165 [M+H]", calculated : 299.1179.
1-((4-dimethylaminophenyl)ethynyl)-9H-pyrido[3,4-b]indole (6a) yield: 40 mg (80 %) yellow
powder *H NMR (500 MHz, CDCls): & = 8.59 (bs, 1H), 8.47 (d, *J = 5.2 Hz, 1H), 8.13 (dd, *J = 7.9
Hz, “J = 0.9 Hz, 1H), 7.88 (dd, ] = 5.2 Hz, ®J = 0.7 Hz, 1H), 7.61 — 7.52 (m, 4H), 7.33 - 7.29 (m, 1H),
6.69 (d, % = 9.0 Hz, 2H), 3.03 (s, 6H). *C NMR (126 MHz, CDCly): & = 150.65, 139.97, 139.91,
136.98, 133.30, 128.66, 128.54, 127.96, 122.02, 120.40, 113.92, 111.77, 111.69, 108.63, 96.19, 83.51,

40.18. HRMS (ESI-TOF) Cy;Hy7N; found: 312.1484 [M+H]", calculated: 312.1495.
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