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Abstract

Stable axial conformations generally exist only whie single bond's (axis’) rotation was
sterically hindered in solution. Herein, we firsghow that two stable conformations could be
observed in solution bjH and**C NMR experiments when the single bond rotateslyfrets
coalescence temperature was measured up t8Clahen we took compount as an example.
The ratio of the two stable conformations was caepwsing quantum methods. The predicted
results matched with the experimental results we&he conversion barrier between two
conformers was estimated by potential energy se&%) and transition state (TS) calculations at
the B3LYP/6-311+G(d) level. Furthermore, its stetsmistry was also well studied by
comparing theoretical electronic circular dichroi@CD) spectra with the experimental one.
Keywords: axial conformations, biscarboline amides, expeniaeinvestigation, theoretical

investigation



Introduction

Conformational distributions of chiral compoundssoiution contribute significantly to their
functions like catalysis in enantioselective addisi’ bioactivitie$ and the otherd.In terms of
bioactivities, atropisomer chirality of anthranikcid derivatives can lead to distinct entitieshwit
specific property. In many cases, it is difficudtrecord the NMR signals of two different stable
conformations in solution since the exchange ratevéen two conformations is very fast. Many
valuable studies reported conformational convessatvery low temperatures, such-& °C, *
because of the low conversion barriers like 12.4l/kwl>® It is also difficult to observe the
isolated'H NMR spectra at room temperature. Taking compolias an exampléjn order to
record two sets oH NMR clearly, the temperature was cooled as low&s°C. If the substituent
is bulky enough to block the single bond’s rotatitinis possible to isolate the atropisomers and
use one of them, such ass a chiral auxiliary in asymmetric reacti§r@aryophyllene C3) was
isolated from the fungus dfrichodermap., which has two sets 4fi NMR at room temperature
with the calculated transition barrier being 19dalkmol at the B3LYP/6-311+G(d) level in the
gas phase at room temperature. This energy bawcard restrict 9-membered ring
interconversiori. Indeed, the temperature in NMR spectrometers dfigen 95 K to 450 K. In
this study, we report thied NMR study of biscarboline amides at room tempegatn chloroform
and the results that the single bond (axis) caatedteely. Two sets of recordéd and™*C NMR

spectra exhibit that there are two stable confosrirechloroform.
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Results and Discussion

Synthesis of chiral biscarboline derivatives lgsirated below on the basis of our previous
10,11

reports.” " The reaction condition is mild, and the over yisldip to 60% (Scheme 1).
0
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Scheme 1. Synthesis of biscarboline amitigto 19.

Chiral biscarboline amided43 to 19 may have one set dH and **C NMR spectra
theoretically since there is no any atom or grodja@ent to the single bond (C1-C1") to sterically
hinder its rotation. However, two sets'sf and**C NMR spectra were recorded in CR&i room
temperature (Fig. 1). For example, the methyNMR signals of -OMe and >NMe displayed two
sets of signals. Mostly, other protons also exibitwo sets of signals although sotheNMR
signals overlapped severely. Majority of carbong fveo sets of’C NMR signals too. There were
likely two main chiral isomers in solution.
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Fig. 1 The recorded partial two sets'BfNMR and™*C NMR spectra for -OMe and >NMe 8
to 19, respectively. The data listed near the protonaigof'H NMR spectra are the integration
value of this signal. The green lines that crogsptoton signals are the integration linestn
NMR spectra

To investigate the phenomena, compodi®dwas chosen as a typical example for further
study. One HPLC peak df3 was recorded through chiral columns (Chiralceleseof -OB-H,
-OD-H, -IA, -IB, -IC and —ID) and diethyl pyridineolumn (see Sl for details). Only single peak
was recorded. Therefore, it may be only one pro@xéted in solution instead of two stable
epimers or two compounds.

Theoretically, the two sets oH and *C NMR spectra might be caused by partial
racemization of the L-alanine ester. To exclude ghssibility, racemic L-alanine was used for
esterification firstly. The racemic esters thencted with 12. Compound12 had two-CO,H
groups which could react with either single L-atenester (Lt3) or D-alanine ester (I23), or the
complex of one L-alanine ester and one D-alaniter €BD,L-13 or L,D-13). Thus, it afforded a
mixture (M-13) of three diastereomeric compounds. Theoreticalye ratio of the three
compounds of Lt3: (D,L)/ (L,D)-13:D-13 should be 1:2:1. Indeed, this was confirmed by HPLC
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analysis using Chiracel IC column (Fig. 2). Onc&3was added into the racemic sample 1BJ;
the relative area of the third signal increaseds Tonfirmed that the samplE3 obtained in
Scheme 1 was an optically pure L-type structurehtiwed the reaction condition is quite mild.
No partial racemization df3 happened when the corresponding L-amino acid eséeted with
the intermediaté2 under the reaction conditions we used.

L-13

19 21 23 25
Retention time (min.)

Fig. 2 HPLC analyses for IL3, mixture (M-13) of products derived from racemic L-alanine ester
reacted withl2 and a mixture of Mt3 and L43. The mixture of CHCIl, and EtOH (v/v=70:30)
was used as an eluent by Chiracel IC column. Ugpet:C signals of the obtained pure product
L-13 in experiment. Only one signal was recorded atention time of 23.9 min. Middle: HPLC
signals of the mixture (M-3) of racemic L-alanine ester reacted with compol&drhree signals
(a, b, andc) were recorded with a relative area ratio name®yl1 The retention times were 20.8,
21.9 and 23.5 min., respectively. Bottom: HPLC sigrof the mixture of Mt3 and L43. The
retention times were 20.6, 21.7 and 23.2 min.,eetyely. The relative area of sigraincreased
when L-13was added.

As a typical characteristic of the two stable confations in solution, the temperature
(coalescence temperature) can be raised to “fuse'two sets of NMR into one. Solvent was
replaced then by DMSO-d6 since it needed a highpéeature to “fuse” them. When the
temperature was 5%, the'H NMR signals of —-OMe contained two isolated peakse two
signals gradually became one peak till the measemetemperature raised up to 8D (Fig. 3,
TMS as an internal standard)(Fig. 3), but the fesmy differences between the two
conformations decreased from 49.2 Hz at°8B0to 43.8 Hz at 80C, while the frequency
differences of protons was 51.6 Hz at room tempegatWhen the temperature raised to°@)0
the'H NMR signal became sharp. However, the protonadigof >NMe were still a bit wide.
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Fig. 3 Chemical shift changes of protons of -OMeemfH NMR measurement temperature
raised from 298 K (25C) to 323 K (50°C), 353 K (80°C), 373 K ( 108C) and 393 K (12(T),
respectively.

Most reports about conformational studies wereiedout at low temperatures as mentioned
above®* and in those cases low transition state energy1& 4 kcal/mol could be computed by
Eyring equatior:*? In our case, the coalescence temperature wasghsaki about 86C. The
computed transition barrier in free energy3{) was 18.4 kcal/mol when the frequency difference
of-OMe protons changed from 16.2 Hz (room tempegitio 0 Hz (80C) in DMSO-d6. Eyring

equation is listed as following:

AG*=RT,(In T In k. +23.76)

WhereT. is the coalescence temperature {5, mv/27Y2 | Av is difference in the chemical shift
of the —OMe protons between two conformations.

However, the protons of >NGHilso exhibited two signals when the temperature 3&8 K
(80°C) (Fig. 3C). FurthefH NMR experiments were performed at higher tempeeat like 373
K and 393 K. The results are illustrated in Fig8i2 and 3E. It showed that the sharp signal
of >NCH; was recorded at 393 K. It exhibited that the T8ibawas about 20.6 kcal/mol at 393
K.

To our best knowledge, both two stable confornmstiobserved at very low temperatures are
caused by single bond’s (axis’) rotation restrictiblowever, in our case, the rotation resistance is
not caused by atom(s) or group(s) near the axis.recessary and important to investigate this
case carefully. Therefore, conformational searevere performed by using MMFF94S force field
via two different packages.All the conformations were optimized at the B3L8R1G(d) level
in the gas phase. The optimized conformers withrggneithin 0-2.5 kcal/mol were selected for
re-optimization at the B3LYP/6-311+G(d) level iretgas phase. The geometry with the lowest
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energy was selected for potential energy scan (PdE®) transition state (TS) calculations,
respectively* PES was performed firstly via rotation around CII-6t the B3LYP/6-311+G(d)
level ™ The energy reached up to 26.6 kcal/mol via oveiegrthe conversion barrier from$a)

to (aR,S). The PES curve is illustrated in Fig. 4A. Thigiraation of rotation resistance around
C1-C1'is higher than the free energy barrier (2@&/mol) using Eyring equation.

-2095.330 -
-2095.340 26.6 1
—_ . kcal/mol
=}
S -2095.350 A
S T (aR,S)-
2 conformer
[N}

-2095.360 1 (aS,5)-
| conformer

-2095.370 A

-2095.380 -

120 160 180 220 260 300

B: Orthographic TS views
Fig. 4 (A) The PES scan curve via C1-C1' rotatismg B3LYP/6-311+G(d) method. (B) The
orthographic TS views obtained at the B3LYP/6-31(d)Glevel using the lowest energy
conformation as an initial TS structure in compota, and the up-right is its planar TS structure.

Meanwhile, TS barrier energy for conversion frae§,9)-13 to (aR,S-13 was calculated at
the B3LYP/6-311+G(d) level in the gas phase. Thedigted barrier was 24.4 kcal/mol in total
electron energy at the B3LYP/6-311+G(d) level. Gdeisng the computed barrier in the gas
phase is different from that in liquid by about-@.%cal/mol using PCM model, or by about 3-6
kcal/mol through adding specific polar solvent i Btructures® we did single point energy
computations at the B3LYP/6-311++G(2d,p) level in H@; using the
B3LYP/6-311+G(d)-optimized TS structure and PCM wlodThis barrier decreased to 23.9
kcal/mol. We then re-computed its barrier at th&\8¥6-311+G(d,p) level in CHGlusing PCM
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model, and the geometries were then used for sipgliet energy computations at the

B3LYP/6-311++G(2d,p) level in liquid using PCM mad&he predicted barrier decreased from
24.4 kcal/mol to 24.0 kcal/mol. The difference & Bbarrier between the computed barrier using
Eyring equation (based on experimental results)thedpredicted barrier using quantum theory
was about 4 Kcal/mol. Therefore, the barrier neab Xcal/mol predicted by Eyring equation

should be reasonable. The TS structure is illuedrat Fig. 4B. All the TS structures at different

basis sets just contained single imaginary frequeneigenvalue.

In order to explain the ratio O NMR of L-13in CDCl, stable conformations of L3 were
obtained using MMFF94S force field. After B3LYP/&G(d)-optimized geometries were
obtained, further accurate geometries were recongsidg three methods. Method 1. The
optimization was performed at the B3LYP/6-311+Gl@lel in the gas phase. Method 2: The
optimization was carried out at the B3LYP/6-311+2¢&p) level in the gas phase. Method 3: The
optimization was calculated at the B3LYP/6-311+@)devel in CHC} using PCM model.
Different energy data for all geometries are sunedrin Table 1. The most stable conformation
of (aR,9-13 obtained at B3LYP/6-311+G(d) level in the gas ghasst occupied about 3%,
namely, the ratio of @9-13 to (dR9-13 was about 27.8:1. It was also 27.8:1 at the
B3LYP/6-311++G(2d,p) level in the gas phase. Howetre experimental ratio was 2.22:1 using
the methyl protons integration of —-OMe, or 2.32sing the methyl protons integration of >NMe,
or 2.27:1 using their averaged value in experimedtsviously, both predicted results in the gas
phase had big differences from the experimentalltte$hus, all the geometries were further
optimized at the B3LYP/6-311+G(d,p) level in sadmiusing PCM model. The predicted ratio of
(8S9-13 to (eR,9-13 turned to be 4.8:1 via the relative energy valusayses. Apparently, the
calculated ratio 4.8:1 in solution is close to theperimental result compared to the calculated
ratio in gas phase.

Table 1 The conformational structures (franto h) for (859-13 and (froma to f) for (aR,9-13
obtained at different levels.

Method 1° Method 2° Method 3°
Conformer (in the gas phase) (in the gas phase) (in liquid)
AE ° Rel. Fre AE Rel. Fr. AE Rel. Fr.
(8S9-a 0.000 1.000 0.000 1.000 0.000 1.000
(@S9-b 2.066 0.0304 2.061 0.0306 0.938 0.204
(8S9-c 1.743 0.0524 1.567 0.0707 0.981 0.190
(8s9-d 4.221 0.0008 4.206 0.00081 1.886 0.0412
(8S9-e 3.852 0.0015 3.636 0.0021 1.952 0.0368
(aS9)-f 3.580 0.0023 3.203 0.0044 2.046 0.0314
(@S9-9 3.588 0.0023 3.300 0.0037 2.117 0.0279
(aS9-h 4.145 0.0009 4.091 0.00099 s X
Sum of fractions = 1.091 1.113 1.532
@R 9-a 3.386 0.0032 3.368 0.0033 1.092 0.157
(@R,9-b 2.514 0.0142 2.585 0.0126 - -
@R 9-c 2.456 0.0157 2.336 0.019 1.283 0.114

(arR9-d 3.870 0.0014 3.514 0.0026 2.179 0.025




(aR9-e 3.862 0.0014 3.652 0.0021 2.256 0.022

(aR,9)-f 3.406 0.0031 - - - -
Sum of fractions = 0.0393 0.0400 0.3192
Ratio of (&9):(aR,9 27.8:1 27.8:1 4.8:1

% Method 1: optimization at the B3LYP/6-311+G(d) dévin the gas phasé’. Method 2:
optimization at the B3LYP/6-311++G(2d,p) level lretgas phasé.Method 3: optimization at
the B3LYP/6-311+G(d,p) level in CHEUsing PCM model® Unit: Kcal/mol for allAE data.®
The relative fraction (Rel. Fr.) means treative ratio based on their energies. The lowest
energy conformation hae?095.3774786 a.u. for &5)-13 using method 172095.4772563 a.u.
using method 2, ane2095.444776 a.u via using method 3. These data weed as the
reference zero for relative ratio calculatibthe conformation had energy degeneration with
others.

The lowest energy geometrie§@-13aand (&,5-13¢ are illustrated in Fig. 5. It is clearly
found that the ester moiety (red moiety, Fig. 5t) lef (aR,9-13c tended to block the indole
moiety rotation (red section, right figure) arouhé C1-C1' axis. This sterically hindered rotation
leads two results. One is the rotation rate is gow. This is valid for NMR machine determining
the shielding constants. The second is leadingel@dtation energy barrier increase.

dihedral angle N2-C1-C1'-N' dihedral angle N2-C1-C1'-N'
in the gas phase: 122.4 ° In liquid: 112.6 ° in the gas phase: -115.7 ©

Fig. 5 The most stable conformations dd&-13aand (&,S-13c The big repulsive between the
indole moiety and the ester moiety sterically hiedets rotation around C1-C1".

Electronic circular dichroism (ECD) spectra wellsoainvestigated for13%'*¢ All the
B3LYP/6-311++G(2d,p)-optimized geometries were uded their ECD calculations at the
B3LYP/6-311+G(d) level in the gas phase and initlguespectively (Fig. 6). Firstly, the
simulated ECD spectra for single conformatio®,$13a (geometry number in Table 1) and
single conformation @95)-13¢ which both had the lowest energy in each sefiesmfigurations,
were compared to each other. They had almost thieominage-like curves (Fig. 6A-C). It
seemed that the effect of the stereogenic centamirio acid moiety had very small effect on its
ECD curve in single conformation even if this sterenic center was close to the chromophore
of >C=0. The ECD curve of single conformation degseion each single conformation’s axial
chirality (aSor &R).
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(aS,9)-13a

Caled ECD for (aS,S)-13a Caled ECD for (aR,S)-13¢ (@R.S)y-13¢
T T T T T T T T T T T T
200 300 400 200 300 400 200 300 400
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(A) (B) ©)

Ae Calcd ECD in liquid

A

R Exp ECD
for (-)-13

. Calcd ECD in the
gas phase

\
Exp ECD for (-)-13

200 300 400 200 300 400
Wavelength (nm) Wavelength (nm)
(D) (E)

Fig. 6(A) Predicted ECD for single conformatiors@-13awith the lowest energy. (B) Predicted

ECD for single conformation RS-13c with the lowest energy. (C) Comparison of the ECD
spectra between the§&)-13a and (&,9-13c (D) Comparison of the predicted ECD spectrum
using all geometries in the gas phase and the iexgetal ECD spectrum. (E) Comparison of the
predicted ECD spectrum using all geometries inidicand the experimental ECD spectrum. The
standard derivation is 0.25 eV.

Finally, the simulated ECD spectra using all comfations in the gas phase was compared
with the experimental ECD spectrum in Fig. 5(D).efmhthe B3LYP/6-311+G(d)-optimized
conformations in CHGlwere used in ECD simulations again at the B3LYPI6+G(d) level in
liquid using PCM model. Both ECD spectra were comgavith each other (Fig. 5(E)). The ECD
curve predicted that3 in the gas phase (Fig. 5(D) has less similarigntthe one in liquid (Fig. 5
(E)) when they were compared to the experimengllig

Conclusion

We showed two stable chiral axial conformationshigfcarboline amides without single
bond’s (axis’) rotation restriction at room temgera. The results had been confirmed'Hyand
13C NMR spectra respectively, variable temperatureRN&hd HPLC analyses taking compound
13 as an example. Furthermore, the conversion TSebawas obtained. Its ECD was also
investigated experimentally and theoretically, andood agreement between the predicted and
experimental ECD spectra was obtained.

Experimental details

General methods

All reactions were monitored by Gz thin layer chromatography (TLC). Flash
chromatography was performed using silica gel (200-mesh). Optical rotations were performed
on an Optical Activity AA-55 polarimeter using a téh cell with a Na 589 nm filter. HPLC
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analysis was performed with chiral columns and rdyphase chromatographic columH. NMR
and *C NMR were recorded on a Bruker AV-600 spectrométe€DCkL or DMSO-d6 with
tetramethyl-silane (TMS) as a reference. All sotsdor the reactions were of reagent grade and
were dried and distilled before used.
General procedure for preparation of 13-19

To the solution ofLl2 (0.45 g, 1 mmol) and Bl (0.41 ml, 3.0 mmol) in anhydrous GEl,,
isobutyl-chloroformate was added drop-wisely (0031 2.4 mmol) at 8C. Amino acid ester (2.4
mmol) was added after 30 mins. The reaction wasnedrto room temperature slowly and
detected by TLC until the reaction finished. Thagueous HCI solution (1 M) was added to
guench the reaction. Aqueous saturated Nagi€iution was used to adjust pH to 7-8 and the
mixture was washed with brine, dried over anhydrbiasSO,. The solution was concentrated
under reduced pressure and the residue was punifieasilica gel.
Compoundl3: Following the general procedure mentioned abowead obtained as yellow solid,
yield of 85%. MS-ESI, m/z 620.2 [M+H][0]®-77.52 (c 2.37, CkCl,). 13A: 'H NMR (600 MHz,
CDCly) 6 9.12 (s, 2H), 8.42 (dl = 8.4 Hz, 1H), 8.33 (J = 7.5 Hz, 2H), 7.68 (ddd, = 11.1, 8.2,
1.0 Hz, 2H), 7.52 (d] = 8.3 Hz, 1H), 7.44 — 7.40 (m, 2H), 4.94 — 4.88 2id), 3.73 (s, 4H), 3.46
(s, 5H), 1.47 (dJ = 7.2 Hz, 4H)*C NMR (151 MHz, CDG)) 6 173.47, 164.71, 143.16, 138.45,
137.97, 137.36, 131.21, 129.34, 122.05, 121.43,9620114.94, 110.13, 52.34, 47.97, 32.67,
18.4313B:'H NMR (600 MHz, CDC}) § 9.12 (s, 2H), 8.37 (d] = 7.7 Hz, 1H), 8.33 () = 7.5
Hz, 2H), 7.68 (ddd) = 11.1, 8.2, 1.0 Hz, 2H), 7.46 (@z= 8.3 Hz, 1H), 7.44 — 7.40 (m, 2H), 4.84
—4.81 (m, 1H), 3.71 (s, 2H), 3.29 (s, 1H), 1.52J)(d 7.2 Hz, 2H)-*C NMR (151 MHz, CDG)) 6
173.17, 165.00, 142.96, 138.50, 138.23, 137.30,883029.30, 122.13, 121.46, 120.96, 115.03,
109.92, 52.38, 48.33, 32.15, 18.29. Elemental aimafpr G4H3,NsOs: calcd. C: 65.80, H: 5.20,
N: 13.54, found: C:65.70, H:5.31, N:13.47.
Compound14Yellow solid, yield of 89%. MS-ESI, m/z 676.5 [M+H][o]y -27.66 (c 2.41,
CH,Cl,). 14A: 'H NMR (600 MHz, CDC}) § 9.12 (s, 1H), 8.49 (dl = 9.3 Hz, 1H), 8.34 (d] =
2.9 Hz, 1H), 7.71 - 7.66 (m, 2H), 7.52 (& 8.3 Hz, 1H), 7.45 — 7.41 (m, 2H), 4.82 (dd&; 9.3,
5.3 Hz, 1H), 3.72 (s, 4H), 3.48 (s, 4H), 2.30 —-12(&, 2H), 0.97 (dJ = 6.8 Hz, 4H), 0.88 (d,
J=6.8Hz, 4H)."*C NMR (151 MHz, CDG)) § 172.53, 165.17, 143.26, 138.53, 138.02, 137.48,
131.32, 129.31, 121.99, 121.47, 120.92, 114.94,181057.46, 52.02, 32.81, 31.48, 19.18,
18.0514B:'H NMR (600 MHz, CDC}) ¢ 9.13 (s, 1H), 8.39 (dl = 9.1 Hz, 1H), 8.33 (d] = 2.9
Hz, 1H), 7.71 - 7.66 (m, 2H), 7.47 @z 8.3 Hz, 1H), 7.45 - 7.41 (m, 2H), 4.78 (d& 9.1, 5.6
Hz, 1H), 3.69 (s, 2H), 3.39 (s, 2H), 2.30 — 2.2] 2iH), 1.01 (dJ = 6.8 Hz, 2H), 0.91 (d] = 6.8
Hz, 2H),"*C NMR (151 MHz, CDGJ)) 6 172.14, 165.17, 143.09, 138.51, 138.22, 137.44,283
129.33, 121.12, 121.53, 121.00, 115.08, 109.875%752.08, 32.46, 31.26, 19.27, 18.17.
Elemental analysis for gH4NgOe: calcd. C: 67.44, H: 5.96, N: 12.42, found: C:&7.B:6.11,
N:12.36.
Compound15. Yellow solid, yield of 86%. MS-ESI, m/z 704.6 [M+H][o]> -56.80 (c 2.47,
CH,Cl,). 15A: 'H NMR (600 MHz, CDC})s 9.12 (s, 2H), 8.48 (d] = 9.2 Hz, 1H), 8.34 (d] =
3.3 Hz, 1H), 7.71 — 7.66 (m, 2H), 7.52 §d; 8.3 Hz, 1H), 7.43 (td] = 7.5, 2.4 Hz, 2H), 4.86 (dd,
J=9.2,5.3 Hz, 1H), 3.72 (s, 4H), 3.49 (s, 4HY9L- 1.94 (m, 1H), 1.50 — 1.40 (m, 2H), 0.92 (d,
J = 6.9 Hz, 4H), 0.84 (1) = 7.4 Hz, 4H)*C NMR (151 MHz, CDGJ) § 172.50, 165.02, 143.29,
138.55, 138.09, 137.48, 131.36, 129.29, 121.96,4821120.91, 114.87, 110.12, 56.74, 51.92,
38.02, 32.84, 25.18, 15.64, 11.868: 'H NMR (600 MHz, CDC}) 69.12 (s, 2H), 8.39 (d] = 9.0
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Hz, 1H), 8.33 (dJ = 3.4 Hz, 1H), 7.71 — 7.66 (m, 2H), 7.46 Jc& 8.3 Hz, 1H),7.43 (td] = 7.5,
2.4 Hz, 2H), 4.84 — 4.80 (m, 1H), 3.68 (s, 2H),03(4, 2H), 2.05 — 2.00 (m, 1H), 1.20 — 1.13 (m,
2H), 0.97 (d,J = 6.8 Hz, 2H), 0.88 (tJ = 7.4 Hz, 2H).”*C NMR (151 MHz, CDG)) ¢ 172.02,
165.02, 143.12, 138.30, 138.09, 137.45, 131.28,28294.22.10, 121.56, 120.99, 114.97, 109.82,
56.82, 51.98, 37.82, 32.49, 25.35, 15.71, 11.4&émeEhtal analysis for gH44NgOs: calcd. C:
68.16, H: 6.29, N: 11.92, found: C:68.04, H:6.381N91

Compound 16. Yellow solid, yield of 84%. MS-ESI, m/z 772.6 [M+H][o]> +48.25 (c
2.28,CHCL). 16A: '"H NMR (600 MHz, CDC})59.09 (s, 1H), 8.44 (d] = 8.8 Hz, 1H), 8.34 (dd,
J=7.8, 4.6 Hz, 2H), 7.71 (d,= 15.3, 7.7 Hz, 2H), 7.46 (d,= 1.9 Hz, 1H), 7.41 (d] = 8.3 Hz,
1H), 7.00 (dJ = 7.4 Hz, 2H), 6.96 () = 7.4 Hz, 1H), 6.75 () = 7.7 Hz, 2H), 5.10 (df] = 8.8,
5.9 Hz, 1H), 3.72 (s, 3H), 3.11 (s, 3H), 3.29 (@d; 14.1, 5.4 Hz, 1H), 3.09 (dd,= 8.0, 6.2 Hz,
2H). **C NMR (151 MHz, CDG)) 6 172.03, 164.89, 143.20, 138.40, 137.66, 137.18,173
131.27, 129.19, 129.02, 129.00, 128.24, 128.22,852621.89, 121.44, 120.93, 114.63, 110.33,
52.87, 52.19, 37.92, 32.776B:'H NMR (600 MHz, CDC}) 69.07 (s, 1H), 8.34 (dd} = 7.8, 4.6
Hz, 2H), 8.29 (dJ = 7.6 Hz, 1H), 7.71 (df] = 15.3, 7.7 Hz, 2H), 7.45 (s, 1H), 7.44 Jc& 4.2 Hz,
1H), 7.04 (dJ = 7.2 Hz, 2H), 6.89 (1) = 7.5 Hz, 2H), 6.57 () = 7.4 Hz, 1H), 5.05 (td] = 7.7,

5.5 Hz, 1H), 3.68 (s, 3H), 3.32 (s, 3H), 3.23 (@d; 13.9, 5.8 Hz, 1H), 3.09 (dd,= 8.0, 6.2 Hz,
2H). **C NMR (151 MHz, CDG)) 6 171.89, 164.95, 142.95, 138.33, 137.76, 137.18,5835
131.03, 129.27, 129.04, 129.04, 128.40, 128.40,8826.22.10, 121.42, 121.00, 114.79, 109.95,
53.35, 52.34, 37.68, 32.41. Elemental analysi<lgsNgOe: calcd. C: 71.49, H: 5.22, N: 10.87,
found: C:71.35, H:5.33, N:10.83.

Compound17. Yellow solid, yield of 65% (0.55g). MS-ESI, m/z 88#+H]". [a]> -28.35 (c
3.65,CHCL,). 17A: 'H NMR (600 MHz, CDC}) 6 9.10 (s, 1H), 8.58 (d = 8.8 Hz, 1H), 8.38 (d,
J=7.9 Hz, 1H), 8.34 — 8.28 (m, 2H), 7.74 — 7.69 {iH), 7.49 (tJ = 7.5 Hz, 1H), 7.38 (d] = 8.3

Hz, 1H), 7.14 (s, 1H), 6.94 (dd,= 5.8, 3.1 Hz, 1H), 6.78 (dd,= 17.3, 8.3 Hz, 2H), 6.71 (d,=

1.6 Hz, 1H), 5.15 (dt) = 10.3, 5.3 Hz, 1H), 3.67 (d,= 7.6 Hz, 3H), 3.45 (df] = 12.3, 5.9 Hz,
2H), 3.31 (s, 3H), 3.26 (dd,= 15.0, 5.1Hz, 1H)**C NMR (150 MHz, CDGJ) § 172.42, 165.41,
142.88, 138.41, 137.24, 136.04, 130.59, 129.27,1127122.58, 122.31, 121.99, 121.41, 121.05,
119.00, 117.99, 114.57, 111.17, 110.31, 109.95,770%2.39, 52.31, 31.48, 26.87B:'H NMR
(600 MHz, CDC}) 69.07 (s, 1H), 8.55 (d] = 7.1 Hz, 1H), 8.38 (d] = 7.9 Hz, 1H), 8.34 — 8.28
(m, 2H), 7.67 (tJ = 7.6 Hz, 1H), 7.43 (t) = 7.8 Hz, 3H), 7.32 (d] = 8.3 Hz, 1H), 7.14 (s, 1H),
6.87 (t,J = 7.5 Hz, 1H), 6.74 (dd] = 6.0, 3.0 Hz, 2H), 6.68 (d,= 1.7 Hz, 1H), 5.04 (dd] = 12.4,
5.5 Hz, 1H), 3.81 (s, 3H), 3.45 (dt= 12.3, 5.9 Hz, 2H), 3.36 (dd,= 15.0, 5.3 Hz, 1H), 2.88(s,
3H). **C NMR (150 MHz, CDG)) 6 173.06, 164.92, 143.15, 138.44, 137.90, 137.24,2031
129.31, 127.20, 122.11, 121.97, 121.84, 121.36,982119.31, 118.34, 114.62, 111.17, 110.90,
109.75, 109.08, 52.56, 52.29, 32.82, 27.57. Eleah@malysis for ¢sH4NgOg: calcd. C: 70.57, H:
4.98, N: 13.17, found: C:70.38, H:5.13, N:13.14.

Compound18.Yellow solid, yield of 54% (0.43g). MS-ESI, m/z BqM+H]+. [0]> -5.34 (c
6.87,CHCL,). 18A: 'H NMR (600 MHz, CDCJ)d 8.91 (s, 2H), 8.42 (d] = 8.3 Hz, 1H), 8.12 (1]

= 7.6 Hz, 2H), 7.53 (dt) = 19.6, 7.7 Hz, 2H), 7.35 (dd,= 8.3, 4.5 Hz, 2H), 7.27 (di,= 17.1,
7.5 Hz, 2H), 6.74 (ddJ = 16.6, 8.4 Hz, 4H), 6.34 (d,= 8.4 Hz, 2H), 6.27 (d] = 8.3 Hz, 2H),
4.92 (ddJ = 13.3, 7.3 Hz, 1H), 3.67 (s, 3H), 3.26 (s, 3H)S- 3.06 (M, 1H), 3.05 (d,= 5.9 Hz,
2H), *C NMR (150 MHz, CDGJ) ¢ 171.65, 164.19, 153.96 , 141.80, 137.33, 136.85,193
130.02, 129.06, 128.26, 126.31, 120.26, 120.3,9419.14.5, 113.7, 108.9, 52.13, 51.54, 35.37,
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31.5318B: 'H NMR (600 MHz, CDC}) 6 8.91 (s, 2H), 8.30 (dl = 7.6 Hz, 1H), 8.12 (1) = 7.6
Hz, 2H), 7.53 (dt) = 19.6, 7.7 Hz, 2H), 7.35 (dd,= 8.3, 4.5 Hz, 2H), 7.27 (di,= 17.1, 7.5 Hz,
2H), 6.34 (d,J = 8.4 Hz, 2H), 6.27 (d] = 8.3 Hz, 2H), 4.87 (dd] = 13.3, 5.8 Hz, 1H), 3.63 (s,
3H), 3.05 (dJ = 5.9 Hz, 2H), 2.99 (s, 3H), 2.98 — 2.95 (m, 1HE NMR (150 MHz, CDG)) 6
171.10, 164.39, 154.42 , 141.99, 137.40, 136.48,113 129.61, 129.19, 128.26, 125.61, 120.90,
120.28, 119.96, 114.5, 113.7, 108.9, 52.65, 5135480, 30.91. Elemental analysis: calcd. C:
68.65, H: 5.01, N: 10.44, found: C:68.52, H:5.1310N40.

Compound19.Yellow solid, yield of 50% (0.35g). MS-ESI, m/z 7QBI+H]+. [a] -72.32 (c
2.95,CHCL,). 19A: '*H NMR (600 MHz, CDC}) ¢ 9.13 (s, 1H), 8.34 — 8.30 (m, 3H), 7.69 J&;
7.2 Hz, 2H), 7.53 (dJ = 8.3 Hz, 1H), 7.43 () = 7.5 Hz, 2H), 4.97 (td] = 9.4, 4.4 Hz, 1H), 3.73
(s, 4H), 3.48 (s, 4H), 1.76 (ddl= 11.5, 6.3 Hz, 1H), 1.72 — 1.66 (m, 4H), 0.9 &,5.4 Hz, 6H),
3¢ NMR (150 MHz, CDGJ) 6 173.56, 165.11, 143.20, 138.49, 138.19, 137.41,283 129.34,
122.13, 121.49, 121.02, 115.03, 110.18, 52.26,85140.67, 32.78, 25.15, 22.87, 22.09B: 'H
NMR (600 MHz, CDC}) 6 9.12 (s, 1H), 8.24 (dl = 8.5 Hz, 1H), 7.69 (q] = 7.2 Hz, 2H), 7.47 —
7.45 (m, 1H), 7.43 (t) = 7.5 Hz, 2H), 4.86 (dd] = 8.7, 5.2 Hz, 1H), 3.71 (s, 2H), 3.34 (s, 2H),
1.72 — 1.66 (m, 4H), 1.65 — 1.60 (m, 1H), 0.92Xd, 6.2 Hz, 2H), 0.88 (d] = 5.9 Hz, 4H)**C
NMR (150 MHz, CDC})) 6 173.08, 165.06, 143.02, 138.47, 137.92, 137.38,083 129.34,
121.99, 121.46, 120.99, 114.98, 109.84, 52.23, %04.30, 32.31, 24.85, 22.85, 21.69.
Elemental analysis for gH44NgOe: calcd. C: 68.16, H: 6.29, N: 11.92, found: C:63.61:6.42,
N:11.89.

Variable temperaturtH NMR

Compoundl3 (298 K, 25C) 13A: 'H NMR (600 MHz, DMSO)Y 9.11 (s, H), 8.85 (d] = 8.1 Hz,
1H), 8.59 (dJ = 2.5 Hz, 1H), 7.79 — 7.69 (m, 4H), 7.43 (ds 7.2, 2.7 Hz, 2H), 4.70 — 4.62 (m,
2H), 3.64 (s, 3H), 3.43 (s, 3H), 1.38 (& 7.2 Hz, 3H)13B: *H NMR (600 MHz, DMSO) 9.12

(s, H), 8.88 (tJ = 8.2 Hz, 1H), 8.57 (d] = 2.5 Hz, 1H), 7.79 — 7.69 (m, 4H), 7.43 (dd; 7.2, 2.7
Hz, 2H), 4.70 — 4.62 (m, 2H), 3.61 (s, 3H), 3.353(4), 1.40 (d,) = 7.2 Hz, 3H).

Compoundl3 (323 K50°C) 13A: 'H NMR (600 MHz, DMSO) 9.10 (s, H), 8.75 (d] = 8.0 Hz,
1H), 8.56 (s, 1H), 7.77 — 7.71 (m, 4H), 7.44 (¢ 9.8, 4.9 Hz, 2H), 4.67 (di,= 14.8, 7.5 Hz,
2H), 3.65 (s, 3H), 3.43 (s, 3H), 1.39 (& 7.2 Hz, 3H)13B: *H NMR (600 MHz, DMSO) 9.10
(s, H), 8.78 (dJ = 7.8 Hz, 1H), 8.57 (s, 1H), 7.77 — 7.71 (m, 4H}¥4 (dd,J = 9.8, 4.9 Hz, 2H),
4.67 (dt,J = 14.8, 7.5 Hz, 2H), 3.63 (s, 3H), 3.35 (s, 3H431— 1.40 (m, 3H).

Compound13 (353 K, 80C),'H NMR (600 MHz, DMSQ)s 9.09 (s, 2H), 8.65 (s, 2H), 8.54 (s,
1H), 8.53 (s, 1H), 7.72 (s, 4H), 7.44 (dt= 7.8, 3.8 Hz, 2H), 4.68 (s, 2H), 3.65 (s, 6HL3A(s,
3H), 3.36 (s, 3H), 1.42 (s, 6H).

Compoundl3 (373 K, 100°C ),*H NMR (600 MHz, DMSO) 9.07 (s, 2H), 8.64 (s, 2H), 8.51 (s,
2H), 7.70 (s, 4H), 7.42 (s, 2H), 4.69 (s, 2H), I$66H), 3.45 (s, 3H), 3.37 (s, 3H), 1.42 (s, 6H)
Compoundl3 (393 K, 120°C ),"H NMR (600 MHz, DMSOQ) 9.08 (s, 2H), 8.63 (s, 2H), 8.50 (s,
2H), , 7.70 (s, 4H), 7.43 (s, 2H), 4.68 (s, 2HBB3(S, 6H), 3.45 (s, 3H), 3.36 (s, 3H), 1.42 (s) 6H

Computational methods

Conformational searches were performed firstlyusing MMFF94S force field via two
different packages, respectively. The stable conétions were 27 using Barista and 97 using
Compute VOA, respectively. All the conformationsrev@ptimized at the B3LYP/6-31G(d) level
in the gas phase. Total 21 conformations in 0-2d/knol were selected for further optimizations
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at the B3LYP/6-311+G(d) level and the B3LYP/6-31&£2d,p) level in the gas phase and liquid,
respectively. The geometries were then used for, PES computations and conformational
analyses.
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