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ABSTRACT: Axially chiral atropisomers have energetic barriers to
rotation, ΔGrot, that prevent racemization of the respective
enantiomers. We used computational modeling to develop a
suite of 10 bio-inspired 1-aryl-β-carbolines with varying ΔGrot,
from which a strong structure−activity relationship was observed
for 2-substituted-1-naphthyl substituents. We then synthesized two
of these atropisomers, 1d and 1f, by a four-step racemic synthesis
and resolved the enantiomers via chiral chromatography.
Racemization studies revealed experimental ΔGrot values of 39.5
and 33.0 kcal/mol for 1d and 1f, respectively, which were consistent with our computational results. These atropisomers exhibited
long half-lives, which allowed for their physicochemical characterization and stereochemical assignment via UV−vis spectroscopy,
fluorescence spectroscopy, electronic circular dichroism, and vibrational circular dichroism.

■ INTRODUCTION
Axial chirality is an important source of stereochemical
handedness in small molecules that occurs when a defined,
nonsuperimposable arrangement of atoms or groups exists
about a central axis.1−3 Small molecules such as allenes,
spiranes, helicenes, and atropisomers are all axially chiral and
constitute a wide range of spatially diverse molecules with
important spectral, photophysical, and biological properties.
Unique to this group, atropisomers form when molecules have
a σ bond that cannot undergo full rotation, usually due to a
steric or electronic effect (Figure 1a). When appropriately
substituted, atropisomers can become enantiomeric, but their
configurational stability is time-dependent. The magnitude of
the barrier to rotation (ΔGrot) determines the rate of
racemization, with half-lives ranging from seconds to
millennia.4 Because of this, configurationally stable atro-
pisomers are a privileged scaffold for organic chemists.5 For
example, chiral atropisomeric ligands enjoy a rich history in
asymmetric catalysis,6 and many natural products contain an
atropisomeric axis.7 Chiral atropisomers are further found in
molecular devices, molecular machines, and luminescent
sensors.8 Finally, harnessing restricted bond rotation has
become a common tool in drug discovery in the quest for
more potent and selective small molecules.9

Typical biaryl atropisomerism exploits the geometrical
constraints inherent to a biaryl axis containing two six-
membered aromatic rings with several ortho substituents.
Substituting an all-carbon aromatic ring for a pyridine or
isoquinoline heterocycle would make the isolation of stable
atropisomers much more challenging (Figure 1b). Replacing

carbon with nitrogen removes the possibility of ortho-
substitution and would decrease the barrier to rotation
substantially. For example, the common asymmetric ligand
BINOL has a barrier to rotation of 37.8 kcal/mol, which is
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Figure 1. (a) Atropisomerism as a unique source of axial chirality, (b)
our design of atropisomeric 1-aryl-β-carbolines.
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configurationally stable (t1/2 = 1.7 × 107 years).4b,10 By
contrast, replacing one of the naphthol rings in BINOL with an
isoquinoline ring to produce 1-(1′-isoquinolyl)-naphthol
reduces the barrier to rotation to 26.4 kcal/mol and results
in more rapid racemization (t1/2 = 690 h).11 Thus, harnessing
atropisomerism in nitrogen-containing heterocycles is a unique
challenge for synthetic chemists.
Several research groups have developed elegant catalytic

asymmetric strategies toward a wide range of heteroaromatic
atropisomeric scaffolds, including pyridyl systems.5c,12 Techni-
ques for the preparation of atropisomers containing a 2-pyridyl
or 1-isoquinolyl functional group have been incredibly
impactful but have relied heavily on the isoquinolyl system
to restrict rotation.13 Our approach has been to use the β-
carboline scaffold, which has a fused pyrido[3,4-b]indole ring
system with potential for atropisomerism if arylation occurs at
the 1-position of the core scaffold. While the pyridoindole
skeleton is a 5,6-ring framework that nominally decreases steric
encumbrance near the atropisomeric axis, we sought to
functionalize the indole ring via alkylation to insert steric
bulk closer to the axis of interest. Such a functionalization is
only available in this privileged heterocycle. Combined with
our long-standing interest in the chemical biology of the β-
carboline natural products, we hypothesized that atropisomer-
ism could be introduced into the β-carboline scaffold with high
barriers to rotation, thus giving us entry into a new area of
molecular space.

β-Carbolines that contain aryl groups at the 1-position of the
core scaffold are incredibly rare in nature.14 Of the hundreds of
β-carboline-containing natural products, only a few contain
different aryl or heteroaryl functionality at the 1-position,
including eudistomins A, M, and U, nitraridine and
nitramarine, and chaetogline F (Figure 2).15 However, it is

unclear what role these groups play in their observed biological
activity. We have shown that eudistomin U has weak unspecific
binding to DNA, but no detailed studies of this substitution
pattern and its effect on bioactivity have been performed.16

This is striking since one of the unique features of 1-aryl-β-
carbolines is their potential for atropisomerism. For example,
in eudistomin U and chaetogline F, the β-carboline scaffold

and appended aryl ring can only lie coplanar in a high energy
transition state. This leads to a sizable barrier for rotation
around the biaryl axis and can result in atropisomeric (or
proatropisomeric) binding to a biological target. Indeed, many
groups have shown that atropspecific binding to macro-
molecular targets can be a useful design tool in chemical
biology and drug discovery.17 However, isolating the individual
enantiomers of axially chiral β-carbolines has never been
achieved. We report herein the discovery of a new class of
atropisomers based on the β-carboline scaffold that exhibit
remarkable configurational stability. We combine computa-
tional modeling with synthetic and physicochemical studies to
demonstrate that atropisomeric β-carbolines are stable species
worthy of continued study.

■ RESULTS AND DISCUSSION
We began our study by designing a small library of 1-aryl-β-
carbolines and using density functional theory (DFT) to
determine which functional groups gave high barriers to
rotation. As guidance, we relied on the work of LaPlante and
co-workers, who set a standard of 30 kcal/mol as the minimum
barrier for the development of atropisomeric drug candidates
as single enantiomers.9b−d Since we suspected that rapid
isomerization would occur with an unsubstituted indole N−H,
our initial work was performed with a methyl group on the
indole nitrogen to increase steric bulk around the Caryl−Caryl
bond. Using Gaussian 16, we assembled ten different
molecules with aromatic rings at the 1-position of the β-
carboline. Compound 1a was used as a reference compound
since it was unable to exhibit atropisomerism. Compounds
1b−1j contained either substituent groups at the ortho
position, a fused ring, or both (Figure 3).
To determine the barrier to rotation of these molecules

computationally, we calculated the geometry-optimized
equilibrium free energy and then determined the two transition
states that arose upon rotation about the Caryl−Caryl bond. The
difference between the free energy of the lowest transition state
and the equilibrium free energy gave us the calculated barriers
to rotation (ΔGrot) shown in Figure 3. The ΔGrot of the mono-
ortho-phenyl- (1b) and naphthyl-substituted (1c) compounds
were higher relative to reference compound 1a. However,
additional steric bulk would still be needed to access stable
atropisomers. While many 2,6-disubstituted phenyl rings could
be imagined that have sufficient steric bulk, we chose to focus
on the naphthyl series due to its rigidity and ease with which
the 2-position could be modified computationally to provide
useful structure−activity data. As expected, the remaining
compounds 1d−1j each gave high calculated ΔGrot, consistent
with configurationally stable atropisomerism. In most cases,
the lower energy transition state occurred when the substituent
group at the 2-position was syn to the methyl group on the
indole. The exceptions were compound 1d, in which the
tetrahedral methyl groups occlude each other, compound 1e,
in which the two transition states were about equal, compound
1j, which has an sp2-hybridized atom, and compound 1g, in
which an intramolecular hydrogen bond is observed. The two
highest calculated ΔGrot values were observed for 1d and 1e,
which have methyl and chloro groups that are known to have
large steric interference values in biaryl systems.18 By contrast,
the 2-methoxy (1f) and 2-hydroxy (1g) derivatives were closer
to 30 kcal/mol, which is consistent with smaller effective radii
for these groups. The analogous nitrogen derivatives 1h and 1i
each gave calculated ΔGrot values higher than 1f and 1g, which

Figure 2. β-Carboline natural products containing 1-aryl or 1-
heteroaryl groups.
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can be explained by a combination of larger steric interference
and effective radii values compared to their oxygen-containing
isosteres. The presence of a 2-nitro group (1j), which is similar
in size to a dimethylamino group, did not impact the barrier to
rotation despite the change in hybridization at the nitrogen
atom.
With strong evidence that 2-naphthyl substituents were the

best candidates to induce atropisomerism experimentally, we
embarked on the synthesis and resolution of two compounds
in this series, 1d and 1f. These compounds were chosen as
model atropisomers with ΔGrot near or above 30 kcal/mol.
The synthesis of these substrates was accomplished according
to Scheme 1. Commercially available N-methylindole-2-
carboxylic acid 2 was treated with aminoacetaldehyde dimethyl
acetal 3 and carbonyldiimidazole to give the coupled amide
product 4.19 Acid-promoted deprotection, cyclization, and
dehydration of 4 was accomplished in neat TFA.20 This was

followed by direct conversion of the resulting pyridone to the
triflate 5 in excellent yield. Triflate 5 was then subjected to
Suzuki cross-coupling conditions with the appropriate boronic
acid to give the racemic 1-aryl-β-carbolines 1d and 1f in good
yields.
To determine the experimental ΔGrot, the enantiomers of 1d

and 1f were separated by chiral HPLC, and a thermal

racemization kinetics study was performed.21 The individual
enantiomers proved to be very stable at room temperature, so
the racemization kinetics study was performed at elevated
temperatures to give the experimental barriers to rotation and
half-lives shown in Table 1 (see the Supporting Information
for full experimental details). At a value of 39.5 kcal/mol, the
experimental ΔGrot for compound 1d is approaching the limits

of detection for such species, confirming that it is configura-
tionally inert (t1/2 = 1.5 × 108 years at room temperature).
Very few experimentally determined barriers to rotation have
been reported in the literature with such high configurational
stability, but we should note that compound 1d has a ΔGrot
that is 1.7 kcal/mol higher than the commonly used
asymmetric ligand BINOL.10a In addition, the experimental
results in Table 1 are consistent with our computational data,
which show that the presence of a methoxy group reduces the
barrier to rotation compared to a methyl group on the
naphthyl ring. Interestingly, when we prepared an analogue of
1d that did not have a methyl group on the indole nitrogen
(compound 7), we measured an experimental barrier to
rotation of 29.5 kcal/mol (calculated ΔGrot = 27.9 kcal/mol),
consistent with slow racemization. This suggests that the
development of configurationally stable molecules of this type
does not require substitution on the indole nitrogen.

Figure 3. Calculated barrier to rotation (ΔGrot, kcal/mol) of 1-aryl-β-carbolines.

Scheme 1. Synthesis of Racemic 1-Aryl-β-carboline
Atropisomers via Suzuki Cross-Coupling

Table 1. Experimental Barriers to Rotation of β-Carboline
Atropisomers
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β-Carbolines are known to have interesting photophysical
properties, and we sought to characterize this behavior using
compounds 1d and 1f. The electronic absorption and
fluorescence emission spectra are shown in Figure 4. While

these compounds were only weakly fluorescent, a Stokes shift
was observed for both 1d and 1f (117 and 120 nm,
respectively). Low fluorescence quantum yields for 1d (ϕF =
0.15) and 1f (ϕF = 0.09) were observed relative to the known

Figure 4. Electronic absorption spectra (solid lines, 10 μM 1d and 1f in EtOH) and fluorescence emission spectra (dashed lines, 20 μM 1d and 10
μM 1f in EtOH, λex = 345 nm) of atropisomeric β-carbolines.

Figure 5. Calculated and experimental circular dichroism spectra of 200 μM 1d-entA (R-1d) and 1d-entB (S-1d) in EtOH.
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β-carboline standard harmane (ϕF = 0.83), which is indicative
of conformational flexibility in the system.22

Finally, we turned our attention to the way in which the
individual enantiomers of 1d and 1f interacted with polarized
light. The circular dichroism spectra for 1d-entA and 1d-entB,
the first and second compounds that eluted from the chiral
HPLC column, respectively, are shown in Figure 5. The typical
mirrored pattern is observed for the pair of enantiomers, and
the helicity of these compounds is consistent with other biaryl
atropisomers, with the strongest signal observed at 222 and
245 nm. To determine the absolute configuration of these
compounds, we calculated the electronic circular dichroism
(ECD) spectrum of R-1d using Gaussian ‘09 (Wallingford,
CT) and compared it to the experimental data shown in Figure
5.23 From this, we were able to identify that 1d-entA has the R-
configuration. The same analysis was performed for the
enantiomers of 1f, which indicated that the first compound
to elute from the chiral HPLC column (1f-entA) had the S-
configuration (see Figure S7 in the Supporting Information).
In both cases, the substituent group on the naphthyl ring is
positioned above the plane of the β-carboline ring, as depicted
in Figure 5.
Vibrational circular dichroism (VCD) was employed as a

complementary method for confirming the absolute config-
urations of atropisomers 1d and 1f.24 Despite the relatively
small amounts of material available (∼5 mg each), the spectra
obtained were of excellent quality (Figure 6). Optimal signal-
to-noise levels for VCD are achieved when IR absorbance is in
the range of 0.2−0.8 Å for bands of interest. While the
absorbances for these compounds were relatively low (0.24
and 0.32 Å max, respectively, for 1d and 1f), the VCD

intensities were nonetheless impressive, in line with previously
published VCD of atropisomers.25 In particular, compound 1f
had a very intense couplet (1.5 × 10−4 peak to peak) centered
at 1260 cm−1, resulting from C−O−C asymmetric stretching
coupled with aromatic ring stretching. These two compounds
exist primarily in a single conformation, enabling multiple DFT
methods to be run without a high cost of computing resources.
Two different functionals (B3LYP and B3PW91) each were
utilized with two basis sets (6-31G(d) and cc-pVTZ) in
Gaussian ‘09 to produce four sets of theoretical IR and VCD
spectra for each compound. Each calculation produced results
that could be matched to the experimental spectra to assign the
absolute configuration, with the combination of cc-pVTZ/
B3PW91 giving the closest agreement. These results were
quantified using BioTools (Jupiter, FL) CompareVOA
software, with high neighborhood similarity and ESI values
for both compounds.26 As expected, the VCD results aligned
with those from ECD, thus confirming the absolute
configurations as R for 1d-entA and S for 1f-entA.

■ CONCLUSIONS
In summary, we have described the computational design,
experimental synthesis, stereochemical resolution, and absolute
configuration determination of configurationally stable atro-
pisomers containing the β-carboline scaffold. With a
remarkably inert chiral axis (up to ΔGrot = 39.5 kcal/mol),
this skeleton has great potential in the synthesis of
atropisomeric natural products, drug-like probe molecules,
chiral ligands or organocatalysts, and functional materials.
Much more work still needs to be done to fully harness this
potential, including the development of catalytic asymmetric

Figure 6. Comparison of the experimental and DFT-calculated IR and VCD spectra for 1d-entA (R-1d).
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methods toward these molecules. Given that this is the first
time molecules of this type have been prepared enantiomeri-
cally pure, our calculations and associated experimental spectra
give us confidence that we will be able to identify the absolute
configuration of similar scaffolds in the future more rapidly.

■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed in single-neck,

oven-dried, round-bottomed flasks unless otherwise noted. Each
reaction flask was fitted with a rubber septum under a positive
pressure of nitrogen and charged with a magnetic stir bar. Air- and
moisture-sensitive liquids were transferred via a syringe. For reactions
that required heating, a mineral oil bath was heated to the appropriate
temperature using a thermocouple. Organic solutions were con-
centrated by rotary evaporation at 30−33 °C. Automated flash-
column chromatography was performed on a Biotage Isolera One
using Biotage SNAP Ultra and Sfar̈ cartridges prepacked with 25 mm
Biosphere silica gel, Sfar̈, or KP-Sil silica gel. Analytical thin-layered
chromatography (TLC) was performed using plastic plates precoated
with silica gel (0.25 mm, 60 Å pore size) impregnated with a
fluorescent indicator (254 nm). TLC plates were visualized by
exposure to ultraviolet light (UV). Microwave-accelerated reactions
were performed using sealed vessel, oven-dried, glass microwave tubes
in a single-port Discover System (908005) from CEM Corporation
set to a maximum power of 300 W and a maximum pressure of 280
psi. The reaction mixture temperature was monitored using the built-
in calibrated infrared sensor.
Materials. Chromatography solvents were used as received from

Greenfield Global. All other commercial reagents were used as
received from Sigma-Aldrich. VCD experiments were performed in
CDCl3 (w/silver foil) from Cambridge Isotope Labs and used as
received. Compound 7 was prepared according to a literature
procedure.27

Instrumentation. Proton nuclear magnetic resonance spectra (1H
NMR) were recorded on a Bruker NEO Nanobay 400 MHz
spectrometer at 24 °C. Chemical shifts are expressed in parts per
million (ppm, δ scale) downfield from tetramethylsilane and are
referenced to residual protium in the NMR solvent (CHCl3, δ 7.26;
DMSO, δ 2.51). Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet and/or multiple resonances, br = broad, app = apparent),
integration, and coupling constant in Hertz. Proton-decoupled carbon
nuclear magnetic resonance spectra (13C NMR) were recorded on a
Bruker NEO Nanobay spectrometer at 100 MHz at 24 °C. Chemical
shifts are expressed in parts per million (ppm, δ scale) downfield from
tetramethylsilane and are referenced to the carbon resonances of the
solvent (CDCl3, δ 77.16; DMSO-d6, δ 39.51). Decoupled fluorine
nuclear magnetic resonance spectra (19F NMR) were recorded on a
Bruker NEO Nanobay spectrometer at 101 MHz at 24 °C. Chemical
shifts are expressed in parts per million (ppm, δ scale). All NMR data
were processed using MestReNova 14.2.3 software. All IR spectra
were measured with a Nicolet iS5 FT-IR spectrophotometer with
ATR diamond. Data are represented with frequency of absorption in
cm−1. High-resolution mass spectrometry (HRMS) data were
acquired on an Agilent 6530 Q-TOF mass spectrometer in positive
ESI and processed with Agilent MassHunter software at Brown
University. UV−vis spectra were recorded on a Shimadzu UV-2600i
spectrometer in 10 mm quartz cuvettes at 23 °C. Spectra were
processed using LabSolutions 1.10 software. Emission spectra were
recorded on a Horiba Scientific Fluoromax Plus in 10 mm quartz
cuvettes at 23 °C. Spectra were processed using FluorEssence 3.9
software. All CD measurements were recorded on a Jasco J-1100 CD
spectrometer under a constant flow of nitrogen at 23 °C and
processed using Spectra Manager software at the University of Rhode
Island. Melting points were taken on a Stanford Research Systems
DigiMelt MPA160 melting point apparatus. VCD (with correspond-
ing IR collected simultaneously) spectra were recorded on a BioTools
ChiralIR 2X DualPEM FT-VCD at 4 cm−1 resolution, with PEM

maximum frequencies at 1400 cm−1 in a 100 μm BaF2 SL4 heavy duty
IR cell from International Crystal Laboratories.

Synthetic Procedures. Synthesis of N-(2,2-Dimethoxyethyl)-1-
methyl-1H-indole-2-carboxamide (4). 1-Methyl-1H-indole-2-carbox-
ylic acid (5.0 g, 29 mmol, 1.0 equiv) was dissolved in dioxane (57
mL) in an oil bath at 60 °C in an oven- and flame-dried round-bottom
flask equipped with a nitrogen balloon. Once dissolved, carbon-
yldiimidazole (CDI, 4.62 g, 28.5 mmol, 1.0 equiv) was added
portionwise, and the mixture was purged with nitrogen for 10 min.
2,2-Dimethoxyethan-1-amine (3.73 mL, 34.2 mmol, 1.2 equiv) was
added via a syringe, and the resulting mixture was purged with
nitrogen for another 10 min. The mixture was then refluxed in an oil
bath at 60 °C overnight under a nitrogen atmosphere. After cooling to
room temperature, water was added dropwise until the reaction was
quenched. Ethyl acetate (200 mL) was added, and the organic layer
was washed with water (3 × 100 mL). The combined aqueous layers
were washed with ethyl acetate (1 × 100 mL). The organic layers
were combined and dried over anhydrous magnesium sulfate, filtered,
and concentrated to yield a beige solid (7.31 g, 98%) that was used
without further purification. Analytical data for 4 was consistent with
reports from the literature.18

Synthesis of 9-Methyl-9H-pyrido[3,4-b]indol-1-yl Trifluorome-
thanesulfonate (5). N-(2,2-Dimethoxyethyl)-1-methyl-1H-indole-2-
carboxamide (7.31 g, 27.9 mmol, 1.0 equiv) was dissolved in
trifluoroacetic acid (28 mL) in an oven- and flame-dried round-
bottom flask. The solution was stirred vigorously under a nitrogen
atmosphere at room temperature overnight. The solution was diluted
with methanol (55 mL), and the precipitate was collected by filtration
and washed with water. The solid was transferred to a beaker and
basified with K2CO3. The mixture was filtered and washed with water
to provide a white solid (4.61 g, 83%) that was used without further
purification. Analytical data for 5 was consistent with reports from the
literature.19 9-Methyl-2,9-dihydro-1H-pyrido[3,4-b]indol-1-one (106
mg, 0.50 mmol, 1.0 equiv) was dissolved in pyridine (5 mL) in an
oven- and flame-dried round-bottom flask and cooled to 0 °C.
Trifluoromethanesulfonic anhydride (171 μL, 1.00 mmol, 2.0 equiv)
was added dropwise over 1 min at 0 °C, and then the mixture was
warmed to room temperature and stirred for 4 h. The product was
diluted with water (50 mL) and extracted with ethyl acetate (3 × 50
mL). The organic layer was washed with 1 M hydrochloric acid (3 ×
50 mL), dried over anhydrous magnesium sulfate, filtered, and
concentrated on silica gel. The product was then purified via
automated flash-column chromatography using ethyl acetate and
hexanes, resulting in a white powder (171 mg, 96%). Rf = 0.52 (10%
ethyl acetate-hexanes; UV), mp = 148−150 °C. 1H NMR (400 MHz,
CDCl3) δ (ppm) 8.14 (ddd, J = 8.0, 1.2, 0.7 Hz, 1H), 8.10 (d, J = 5.1
Hz, 1H), 8.00 (d, J = 5.2 Hz, 1H), 7.69 (ddd, J = 8.4, 7.1, 1.2 Hz,
1H), 7.53 (dt, J = 8.5, 0.8 Hz, 1H), 7.37 (ddd, J = 8.0, 7.1, 0.9 Hz,
1H), 4.13 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm) 142.6,
141.0, 135.5, 134.4, 129.6, 126.0, 121.9, 120.90, 120.88, 118.8 (q, J =
321.2 Hz), 116.0, 110.0, 31.7. 19F NMR (376 MHz, CDCl3) δ (ppm)
−72.61. IR (FT-IR) cm−1: 2948, 1697, 1636, 1550, 1468, 1410, 1322,
1135, 1075, 925, 802, 763. HRMS (m/z): [M + H]+ calcd for
C13H10F3N2O3S, 331.0364; found, 331.0371.

Synthesis of 9-Methyl-1-(2-methylnaphthalen-1-yl)-9H-pyrido-
[3,4-b]indole (rac-1d). 9-Methyl-9H-pyrido[3,4-b]indol-1-yl trifluor-
omethanesulfonate (90 mg, 0.27 mmol, 1.0 equiv), (2-methylnaph-
thalen-1-yl)boronic acid (109 mg, 0.580 mmol, 2.0 equiv), tetrakis-
(triphenylphosphine)palladium(0) (31 mg, 0.027 mmol, 0.1 equiv),
and potassium carbonate (75 mg, 0.54 mmol, 2.0 equiv) were
dissolved in a 95:5 mixture of dioxane (2.57 mL) and water (0.43
mL). The reaction mixture was stirred in a microwave tube and
purged with nitrogen gas for 10 min and then heated in this sealed
tube in the microwave at 130 °C for 30 min. The product mixture was
diluted with ethyl acetate (50 mL) and washed with water (3 × 50
mL). The organic layer was dried over anhydrous sodium sulfate,
filtered, and concentrated on silica gel. The product was then purified
via automated flash-column chromatography using ethyl acetate and
hexanes, resulting in a yellow solid (51.8 mg, 59%). Rf = 0.11 (33%
ethyl acetate-hexanes; UV), mp = 73.4−75.6 °C. 1H NMR (400 MHz,
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CDCl3) δ (ppm): 8.83 (t, J = 5.6 Hz, 1H), 8.51 (d, J = 6.1 Hz, 1H),
8.38 (dt, J = 8.0, 1.0 Hz, 1H), 8.06 (d, J = 8.8 Hz, 1H), 7.95 (dt, J =
8.6, 1.1 Hz, 1H), 7.82 (ddd, J = 8.4, 7.1, 1.2 Hz, 1H), 7.58 (d, J = 8.6
Hz, 1H), 7.53 (ddd, J = 8.0, 7.1, 0.8 Hz, 1H), 7.50−7.46 (m, 2H),
7.33 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 6.89 (dq, J = 8.4, 0.9 Hz, 1H),
3.13 (s, 3H), 2.41 (s, 3H). 13C{1H} NMR (101 MHz, DMSO-d6) δ
(ppm): 141.9, 141.6, 138.5, 135.2, 134.7, 134.3, 132.7, 131.3, 128.6,
128.5, 128.43, 128.37, 128.04, 126.6, 125.2 (2C), 121.7, 120.4, 119.7,
114.1, 110.2, 30.0, 19.8. IR (FT-IR) cm−1: 3050, 2923, 2853, 1738,
1620, 1558, 1439, 1402, 1348, 1283, 1228, 1130, 1044, 813, 740.
HRMS (m/z): [M + H]+ calcd for C23H19N2, 323.1548; found,
323.1547.
Synthesis of 1-(2-Methoxynaphthalen-1-yl)-9-methyl-9H-pyrido-

[3,4-b]indole (rac-1f). 9-Methyl-9H-pyrido[3,4-b]indol-1-yl trifluor-
omethanesulfonate (70 mg, 0.21 mmol, 1.0 equiv), (2-methoxynaph-
thalen-1-yl)boronic acid (85 mg, 0.42 mmol, 2.0 equiv), tetrakis-
(triphenylphosphine)palladium(0) (23 mg, 0.021 mmol, 0.1 equiv),
and potassium carbonate (58 mg, 0.42 mmol, 2.0 equiv) were
dissolved in a 95:5 mixture of dioxane (2.0 mL) and water (0.1 mL).
The reaction mixture was stirred in a microwave tube and purged with
nitrogen gas for 10 min and then heated in this sealed tube in the
microwave at 130 °C for 30 min. The product mixture was diluted
with ethyl acetate (50 mL) and washed with water (3 × 50 mL). The
organic layer was dried over anhydrous sodium sulfate, filtered, and
concentrated on silica gel. The product was then purified via
automated flash-column chromatography using ethyl acetate and
hexanes, resulting in a yellow solid (66.0 mg, 93%). Rf = 0.18 (33%
ethyl acetate-hexanes; UV), mp = 120−123 °C. 1H NMR (400 MHz,
CDCl3) δ (ppm) 8.66 (d, J = 5.4 Hz, 1H), 8.26 (dt, J = 7.9, 1.1 Hz,
1H), 8.17 (d, J = 5.4 Hz, 1H), 8.05 (dd, J = 9.2, 0.8 Hz, 1H), 7.89−
7.86 (m, 1H), 7.63 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H), 7.44 (d, J = 9.1 Hz,
1H), 7.38−7.32 (m, 3H), 7.31−7.27 (m, 1H), 7.09−7.05 (m, 1H),
3.85 (s, 3H), 3.22 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ
(ppm) 155.5, 143.0, 138.1, 136.5, 136.2, 134.1, 131.6, 131.6, 130.7,
129.3, 128.8, 128.3, 127.5, 124.5, 124.1, 122.0, 120.8, 120.3, 114.3,
113.2, 109.8, 56.6, 30.42. IR (FT-IR) cm−1: 2936, 1621, 1592, 1456,
1439, 1330, 1264, 1252, 1147, 1064, 909, 810, 779, 657. HRMS (m/
z): [M + H]+ calcd for C28H19N2O, 339.1497; found, 339.1493.
Chiral HPLC Resolution. The enantiomers of 1d, 1f, and 7 (10 mg/

mL in EtOH) were separated on a Rigol 3000 HPLC system with a
single-wavelength UV detector (λ = 254 nm). Sample injections of
25−50 μL were separated on a Chiral Technologies Daicel IA (1d
and 7) or IA-3 (1f) column with hexanes/isopropanol/diethylamine
(96:4:0.5 and 80:20:0.5, respectively) as eluent. Data were analyzed
and processed using Clarity 6.0 software. See the Supporting
Information for full details and HPLC traces (Figures S1−S3).
Racemization Kinetics. Enantiomerically pure samples of 1d and

1f were incubated in DMSO in an oil bath at 135 °C, and aliquots
were taken at various time intervals and injected onto a chiral HPLC
column. The enantiomeric ratio was plotted as a function of time to

obtain a rate constant (kobs) using the equation: = ( )
k

tobs

ln 1
% ee . The

rate constant, kobs, was then used to determine the experimental
barrier to rotation (ΔGrot) by substitution into the Eyring−Polanyi

equation: = ( )G RT ln Tk
k hrot
2 b

obs
, where kb is the Boltzmann

distribution constant and h is Planck’s constant. The racemization
kinetics experiments were performed in duplicate. See the Supporting
Information for full details (Figures S4−S6 and Tables S1−S3).
Ground-State and Transition-State Calculations. 1-Aryl-β-

carbolines 1a−j were assembled in GaussView 6.1.1, and the
equilibrium geometry was optimized at the B3LYP/6-31G(d) level
of theory in the gas phase at 298.15 K using Gaussian 16. A frequency
calculation was performed to obtain the ground-state energy. The two
transition states, resulting from the two coplanar orientations of the
aryl rings, were determined by rotation about the Caryl−Caryl bond,
followed by geometry optimization and frequency calculation using
the QST3 function. Several iterations were needed to optimize the
bond angles, bond lengths, and dihedrals. These calculations were also
performed at the B3LYP/6-31G(d) level of theory in the gas phase. In

each case, the number of imaginary frequencies was 1. The calculated
barrier to rotation (ΔGrot, kcal/mol) was determined by subtracting
the ground-state free energy from the lower of the two transition-state
free energies.

VCD Measurements. A 5 mg sample of atropisomer (1d-entA,
1d-entB, 1f-entA, 1f-entB) was dissolved in 120 μL of CDCl3 and
transferred to a BaF2 IR cell with path length of 100 μm. The
instrumentation used for this experiment was a BioTools (Jupiter,
Florida) ChiralIR 2X DualPEM FT-VCD, resolution 4 cm−1, PEM
maximum frequency 1400 cm−1. The samples were measured for 6
blocks of 1 h each while being purged with dry air to remove water
vapor. The IR spectra were processed by solvent subtraction and
offset to zero at 2000 cm−1. The VCD blocks were averaged, then
enantiomer-corrected ( )Ent Ent

2
A B to produce the final spectra.

VCD Calculations. An attempted molecular mechanics search
resulted in only one conformer for each compound 1d or 1f. Each
structure (R-configuration for d and S-configuration for 1f) was
minimized, and the frequencies were calculated using four different
DFT methods (6-31G(d)/B3LYP, 6-31G(d)/B3PW91, cc-pVTZ/
B3LYP, cc-pVTZ/B3PW91) using Gaussian ‘09. In each case, the
CPCM (chloroform) solvent method was used. The resulting IR and
VCD spectra were x-axis-scaled and plotted with a line width of 5
cm−1 for comparison to the experimental spectra. The best results
were achieved with the combination of cc-PVTZ/B3PW91 in both
cases.

ECD Calculations. The optimized structures taken from the VCD
calculations at the 6-31G(d)/B3LYP level were used to calculate the
UV/ECD spectra at the same level using the time-dependent method.
A total of 500 excited states were calculated, which was more than
necessary to capture the UV/ECD spectra down to the experimental
cutoff of ∼200 nm. The results were x-axis-scaled and plotted at peak
half-width at half-height of 0.333 eV for comparison to the
experimental spectra.
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