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Abstract

Indolines, characterized by their diverse biological activities and structural significance, have garnered
considerable attention in the realms of natural product synthesis and drug discovery. Concurrently, the
incorporation of fluorine atoms into organic molecules has emerged as a powerful strategy to enhance their
pharmacological properties. Herein, we report a robust and diastereoselective approach for the synthesis of
2,3-difluorinated indolines through the iodine(l/I11)-catalyzed dearomatization of readily available indoles. The
protocol operates under mild conditions, displaying excellent functional group tolerance and remarkable
diastereoselectivity. By employing this developed protocol, vicinal-difluorinated analogues of indole-containing
drugs can be efficiently accessed. Theoretical calculations have shed light on the underlying reaction
mechanism, proposing the formation of a B-fluorine-substituted carbocation intermediate. It is postulated that
the observed high diastereoselectivity can be attributed to the dipole-dipole interactions facilitated by the C-F
bond. Crystallographic analysis has revealed the profound impact of fluorine atom introduction on the
conformational preferences of the indoline core. Given the unique structural characteristics and
pharmacological significance of 2,3-difluorinated indolines, we anticipate their widespread application in

medicinal chemistry and drug discovery endeavors.
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Introduction

Indolines serve as the predominant frameworks in a diverse range of natural products, pharmaceuticals, and
biologically active molecules (Scheme 1A).12 Given the ubiquitous nature of this structure, numerous synthetic
approaches have been developed for the construction of indolines.> Among these, direct dearomative
difunctionalizations of indoles have emerged as an appealing and potent synthetic method due to the abundant
supply and synthetic accessibility of indoles.*® The intramolecular version of this strategy has been explored in
a lot of elegant studies. Furthermore, numerous intermolecular variations that offer enhanced synthetic
versatility have also been developed, including metal-mediated,”° photochemical,!1* electrochemical, > as
well as nucleophilic'® or electrophilic!®?? dearomatization reactions (Scheme 1C). These diverse approaches
enable the transformation of a planar 2D structure into a saturated 3D scaffold, thereby altering the molecular
spatial arrangement. This aspect holds significant importance for achieving clinical success, as the increased 3D

complexity has the potential to enhance the binding affinity of small molecules to target proteins.?3-2*

In another context, organofluorine compounds have gained increasing prominence in the field of medicinal and
agricultural chemicals.?> Of particular interest are the vicinal difluoroethane units, which possess distinctive
steric and electronic properties. These units serve as bioisosteres of ethyl, vicinal diols, or trifluoromethyl
groups,?® making them attractive for enhancing the bioactivity and pharmacokinetics of target molecules
(Scheme 1B).?28 Notably, the incorporation of the vicinal difluoro motif can significantly influence the
conformational properties of parent molecules due to the fluorine gauche effect.?® Consequently, there has
been significant research focus on the synthesis of vicinal difluoroalkanes in recent years.3° Among the various
synthetic methodologies, the direct difluorination of olefins using iodine(l)/(lll) catalysis stands out as a

particularly appealing approach.31-3’
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Scheme 1. Bioactive indolines and their synthesis.

Taking into account the extensive applications of the indoline skeleton and vicinal difluoroalkanes, we
hypothesize that the incorporation of a vicinal difluoro unit into indoline could provide two notable advantages:
the desired three-dimensional configuration and improved pharmacokinetic stability.3¥*° To the best of our
knowledge, however, only scattered examples for the construction of vininal difluoro-doped indolines have

been reported. In 1977, Hesse and co-workers reported the first difluorination of indole derivatives using CF;OF
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in Freon at -78 °C, resulting in cis-2,3-difluoro adducts with low yields.*! Subsequently, more than 30 years later,
Fuchigami and co-workers achieved the synthesis of 2,3-difluoro-2,3-dihydroindoles through electrochemical
methods. However, drawbacks such as limited substrate scope, harsh reaction conditions, and poor
diastereoselectivity were observed.*? Consequently, there is a pressing need to develop more effective methods
for accessing 2,3-difluorinated indolines under mild conditions with high stereoselectivity. In light of recent
advancements in fluorination reactions utilizing hypervalent iodine reagents,**¢ and in line with our ongoing
research endeavors in hypervalent iodine-mediated fluorination reactions,””®° we postulated that this
particular strategy may also be amenable to the difluorination of indoles. Of note, previously, the hypervalent
iodine-mediated alkene vicinal difluorination has thus far been restricted to substituted styrene,3l 33 36-37
terminal alkenes31-3% 3> 61 gr acrylamide derivatives.3* Moreover, in the absence of a neighboring participating
group, the formation of cis-difluorination products has typically been observed.3! The vicinal difluorination of
double bonds within aromatic systems remains unexplored. In this study, we present an iodine(l)/(lll)-catalyzed,
diastereoselective dearomative difluorination of indoles, leading to the formation of trans-2,3-difluorinated
indolines (Scheme 1D). Significantly, this transformation takes place under mild reaction conditions, displaying

a broad substrate scope, excellent functional group tolerance, and remarkable diastereoselectivity.

Experimental Methods

A 10 mL low density polyethylene tube equipped with a stir bar was charged with catalyst Ph-I (8.2 mg, 0.04
mmol, 20.0 mol%), m-chloroperbenzoic acid (95% by weight, 54.6 mg, 0.3 mmol, 1.5 equiv) and
dichloromethane (2.0 mL). The reaction mixture was cooled to -15 °C. Py-9HF (0.17 mL, 6.0 mmol, 30.0 equiv)
was added via plastic syringe, and the resulting mixture was vigorously stirred. A solution of the indole substrate
(0.2 mmol, 1.0 equiv) in dichloromethane (2 mL) was added dropwise to the reaction mixture through plastic
syringesyringe pump over 2 hours. The reaction mixture was added slowly to 6.0 mL cold saturated aqueous
solution of NaHCOs3 until the complete consumption of indoles as monitored by TLC analysis. The organic phase

was separated and the aqueous layer was extracted with dichloromethane (4 mL) for three times. The
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combined organic layer was dried over anhydrous Na,SO4 and concentrated under reduced pressure. The
resulting crude product was purified by flash chromatography on silica gel with an appropriate solvent as eluent

to afford the pure products. (See Supporting Information).

Results and Discussion

Optimization of Reaction Conditions. To start, we examined the feasibility of this dearomative difluorination
reaction by employing differently protected 3-methylindoles under the conditions of iodobenzene (20 mol%),
mCPBA (1.5 equiv.), and Py-9HF (30.0 equiv.) in DCM at -15 °C (Table 1). In the initial trials, the oxidative
fluorination of N-H or N-Me-3-methylindole did not yield the desired products, and instead, an inseparable
mixture was obtained (entries 1-2). However, when N-Boc-3-methylindole was used as the substrate, the
desired trans-2,3-difluorinated indoline was formed with good diastereoselectivity (>20:1), although the yield
was low at 15% (entry 3). Encouragingly, the efficiency of the reaction significantly improved with N-SO,Ph-3-
methylindole, resulting in the formation of the corresponding trans-2,3-difluorinated indoline 1 with excellent
diastereoselectivity (>20:1) and a good yield of 66% (entry 4). The structure and stereochemistry of the product
were confirmed through X-ray diffraction analysis of products 2 and 18 (see below). Subsequently, N-SO,Ph-3-
methylindole was chosen as the model substrate to investigate the impact of various reaction parameters.
When 4-iodobenzoate was used instead of iodobenzene as the iodine(l) catalyst, the yield decreased to 20%
(entry 5). Changing the solvent to DCE or CHCl5 resulted in slightly lower yields of the desired product (entries
6-7). Lowering the amount of mCPBA to 1.2 equivalents led to a moderate yield (entry 8). We also explored
different temperatures and found that -15 °C was the optimal choice (entries 9-10). Modifying the equivalent
amount of Py-9HF, either by increasing or reducing it, resulted in diminished yields of 51-60% (entries 11-12).
Additionally, other anionic fluorine sources were found to be ineffective in this reaction (entry 13). Using
Selectfluor as the oxidant provided an acceptable yield, although the diastereomeric ratio decreased to 6:1

(entry 14). As expected, the transformation did not proceed in the absence of the iodine catalyst (entry 15).
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Table 1. Optimization of the reaction conditions?®

Me mCPBA (1.5 equiv) F
I-Ph (20 mol%) o Me
@ PyOHF (30.0 equv) @F
N DCM (0.05 M), -15 °C R
RY >20:1d.r.

Entry R? Changes from above conditions Yield [%]
1 -H none 0
2 -Me none 0
3 -Boc none 15
4 -SO,Ph none 66 (64%")
5 -SO,Ph methyl 4-iodobenzoate as catalyst 20
6 -SO,Ph DCE 46°¢
7 -SO,Ph CHCl3 56¢
8 -SO;Ph 1.2 equiv. mCPBA 54
9 -SO2Ph 0°C 54
10 -SO,Ph -20°C 40
11 -S0,Ph 20.0 equiv. Py*9HF 60
12 -SO,Ph 40.0 equiv. Py*9HF 51
13 -SO2Ph EtsNe3HF or AgF or CsF 0
14 -S0,Ph Selectfluor as oxidant 499
15 -SO,Ph without iodobenzene 0

aReaction conditions: substrate (0.1 mmol, 1.0 equiv), Ph-l (20 mol%), mCPBA (1.5 equiv), Py*9HF (30.0 equiv), DCM (2.0 mL), -15
°C. Reactions were conducted with slow addition of substrates over 2 h. Yields were determined by H NMR analysis using p-
iodoanisole as an internal standard. Diastereomeric ratios (d.r.) were determined by 1°F NMR of crude reaction mixtures. ?Isolated

yield. ¢Yield was based on recovered starting material. “Product was formed in 6:1 d.r.

Scope. Having established the optimized conditions, we proceeded to investigate the substrate scope of the
diastereoselective difluorination reactions of indoles. We first examined the compatibility of different
functional groups and substitution patterns at the benzene ring. As shown in Scheme 2, halides (Br, F, Cl)
positioned at the 5-position of the indole were well-tolerated, affording the desired products with good yields

(2-4). Furthermore, N-SO,Ph-3-methylindoles bearing both electron-neutral (7) and electron-withdrawing
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groups (5-6 and 8) underwent the dearomative difluorination with moderate to good yields ranging from 40%
to 72%. 3-Methylindoles carrying a trifluoromethyl or carbonyl substituent at the 6-position were generally
compatible with the reaction conditions (9-10). Disubstituted 3-methylindoles yielded the corresponding
products in good yields (11). Notably, indoles featuring different N-acyl protecting groups such as benzoyl,

pivaloyl, or acetyl underwent the reaction smoothly, leading to good yields of the desired products (12-14).

mCPBA (1.5 equiv)

Ph-I (20 mol%) £
= Py-9HF (30.0 equiv) = @
oL [ oZ I 5,
XN DCM (0.05 M), -15 °C N F
R R
3-methylindoles .
F F F F
NC
M
N N = N N N\ F
L F L F L , F \ F SO,Ph
SO,Ph SO,Ph Y SO,Ph SO,Ph
1, 64%, > 20:1 d.r. 2,74%,>20:1d.r. CCDC: 2244795 3, 56%, (66%7), > 20:1 d.r. 4,71%, > 20:1 d.r. 5, 58%P, (77%7), >20:1 d.r.
F F MeO,S F F £ 9 f
N Ve N meSoN e o o
SO,Ph SO,Ph SO,Ph SO,Ph o SO,Ph Cl SO.Ph
6, 67%P, > 20:1d.r. 7,40%, > 20:1 d.r. 8,72%, > 20:1 d.r. 9, 61%P?, > 20:1d.r. 10, 71%P®, > 20:1 d.r. 11, 65%°, >20:1 d.r.
protecting groups indoles
F F F E F NO, F
N ///F N I”F N ///F N\ //F 02N N\ //F N\ //F
COoPh Piv Ac SO,Ph SO,Ph SO,Ph
12, 70%, > 20:1 d.r. 13,74%, > 20:1 d.r. 14,71%, > 20:1 d.r. 15, 55%¢, 11:1 d.r. 16, 41%7, (46%°), 13:1d.r. 17, 45%9, (53%°), 16 :1 d.r.
F F
CN F F F AN : J R
NC MeO,C N e N e
: "{%F N\>~/F N>o/F 028\©\ OQS\©\
SO,Ph = SO,Ph SO,Ph R! CFs
21,R" =NO,, 42%7, > 20:1 d.r. 23, R? = Br, 48%7, > 20:1 d.r.
18, 63%7, (74%°), > 20:1 d.r. CCDC: 2244798 19, 49%7, (58%°), > 20:1 d.r. 20, 47%7, (54%°), > 20:1 d.r. 22, R' = CF3, 44%, > 20:1 d.r. 24, R? = Cl, 46%°, > 20:1 d.r.

Scheme 2. Scope of indoles with substituents on aromatic ring. Conditions: substrate (0.2 mmol, 1.0 equiv), Py*9HF (30.0 equiv),
mCPBA (1.5 equiv), Ph-I (20 mol%), DCM (4.0 mL), -15 °C. Reactions were conducted with slow addition of substrate over 2 h.
aYield based on recovered starting material. 20 °C, 40.0 equiv. Py*9HF. <Yields determined by H NMR analysis using p-iodoanisole

as an internal standard. 9Py*9HF (60.0 equiv) was used.

Importantly, the protocol was not limited to 3-methylindoles alone. A series of N-SO,Ph-indoles bearing

electron-withdrawing substituents, including nitro, ester and cyano at various positions, were also amenable
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to the reaction conditions, albeit with slightly reduced yields (15-20). Encouragingly, by introducing stronger
electron-withdrawing N-protecting groups, even weakly electron-poor 2,3-dihydroindoles were tolerated,

providing moderate yields of the desired products (21-24).

mCPBA (1.5 equiv)

Ph-I (20 mol%) E
Z Py-9HF (30.0 equiv) @
® m > .—i >,
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SO,Ph SO,Ph $0,Ph N\ F SO,Ph N F
SO,Ph SO2Ph
25,60%, 17:1 d.r. 26, 60%2, >20:1 d.r. 27, 61%, >20:1 d.r. 28, 55%, 1:1 d.r. 29, 61%, 14:1 d.r. 30, 63%, 16:1 d.r.
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31, 56%, >20:1 d.r. 32, 50%, >20:1 d.r. 33,64%, 16:1 d.r. 34, 36%, (50%P), 1:1 d.r. 35,64%, 17:1 d.r. 36, 54% (65%”), 17:1 d.r.
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Scheme 3. Scope of indoles with substituents on 3-position. Conditions: substrate (0.2 mmol, 1.0 equiv), Py*9HF (30.0 equiv),
mCPBA (1.5 equiv), Ph-l (20 mol%), DCM (4.0 mL), -15 °C. Reactions were conducted with slow addition of substrate over 2 h. 20

°C, 40.0 equiv. Py*9HF. ®Yield determined by 'H NMR analysis using p-iodoanisole as an internal standard. “Yield based on

recovered starting material.

Subsequently, we investigated the applicability of the method to indoles with substituents at the C3 position

(Scheme 3). The length of the alkyl chain did not significantly affect the reaction efficiency, as demonstrated by
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the successful transformation of indoles with varying alkyl chain lengths (25, 29). Furthermore, protected
tryptamine and tryptophan were successfully converted into the corresponding dearomative products (27, 28)
with moderate yields. Notably, a wide range of functional groups (FGs), including bromo (26, 30), phthalimide
(27, 28), sulfonate ester (31, 32), benzoate (33), sulfonic ester (34), phenyl ether (35), methyl ester (36), and
chloro (38) on the alkyl chain, remained unreacted, indicating the high chemoselectivity and mild reaction
conditions of the protocol. To further assess the compatibility of this method in more structurally complex
contexts, several natural products and biologically active compounds containing indoles were subjected to the
reaction. Functionalized indoles derived from febuxostat (40), probenecid (41), epiandrosterone (42),
dehydrocholic acid (43), and L-menthol (44) were all suitable substrates, affording the corresponding trans-2,3-
difluorinated indolines with good efficiency. These results underscored the robustness and versatility of the

method.

Scale-up experiments and asymmetric synthesis. To evaluate the synthetic utility of the developed protocol,
scale-up experiments were performed to demonstrate its practical application. As depicted in Scheme 4A, the
desired trans-2,3-difluorinated indoline 2 was obtained with high yields of 78% and 85% when starting from
1.0 and 2.0 mmol scales of S-2, respectively. This showcases the scalability and efficiency of the reaction on a
larger scale. Additionally, we explored the possibility of catalytic asymmetric synthesis using a chiral iodine(l)
catalyst (see supporting information for details). As shown in Scheme 4B, the use of CIC1 as catalyst gave the
desired chiral difluorinated indoline 1 with excellent diastereoselectivity (>20:1 d.r.), but with moderate

enantioselectivity (49% e.e.) and yield (35%).

Derivatization. To highlight the significance of the developed methodology in drug discovery, two fluorinated
drug analogues were synthesized, as depicted in Scheme 4C. The transformation of product 26 resulted in the
synthesis of an analogue of Indoramin, an antihypertensive agent,®? through the nucleophilic attack of
secondary amine 45. Similarly, a difluorinated derivative of Vilazodone, an antidepressant,®® was obtained in

an excellent yield of 82% via a simple Sn2 reaction starting from product 38. These examples demonstrate the
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versatility of the methodology in the synthesis of fluorinated drug analogues, which may possess enhanced

pharmacological properties.

A) Scale-up synthesis B) Asymmetric synthesis
Me F . )Ol\/ I o
Br Me o
standard Br. - CIC1 (20 mol%) O. O\HJ\
N\ conditions N F N —_— N l/'F Bn Bn
\
SO,Ph DCM, -15 °C \
s2 , SOoPh 50,Ph SO,Ph CO,Me
303 mg, 78%, > 20:1 d.r. (1 mmol scale) 35% yield, 49% e.e., > 20:1 d.r. cic1
660 mg, 85%, > 20:1 d.r. (2 mmol scale)

C) Synthesis of indole-containing drug analogues
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dHeer

Scheme 4. Synthetic utility and conformational analysis

Conformational analysis. Furthermore, we investigated the conformational effects of the vicinal-difluoro motif
in the indoline core. A non-fluorine-containing indoline 49 was synthesized to compare its conformation with
that of trans-2,3-difluorinated indoline 2. X-ray crystallographic analysis revealed that the introduction of two
vicinal fluorine atoms led to a significant decrease in the dihedral angle (dnccc) within the indoline skeleton,

from 29.5° to 17.4°. Similarly, the dihedral angle (¢nccn) decreased from 33.6° to 26.6° upon introduction of the

10
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fluorine atoms. These observations highlight the conformational impact of the vicinal-difluoro motif on the

indoline core, which may have implications for the design and optimization of new drug candidates.

AG (kcal/mol)
¢ ki mE mk
FH
Q Q FH\F'HF r--HF
P R LT ) Me
: Me Ve wi=F M MO Cef
: : N HF NH  HF N\ A
' "S- -F. DG
an I o N R A
3 N 50,ph SO,Ph HF SO,Ph SO,Ph
' s SO,Ph
[ TS-1
E L
18.7 FH L en. AF
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N F \ \
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‘J ,)/f;L N F
> SO,Ph -
280 .:» 3.08 . o
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\ \
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INT-7 1

I Activation i 1,2-Fluoroiodinati I lodobenzene reductionA’i Fluorinati I

Scheme 5. DFT calculations study.

DFT calculations. To gain a deeper understanding of the reaction mechanism and the factors contributing to
diastereoselectivity, density functional theory (DFT) calculations were performed by selecting PhIF; formed in
situ as the starting point in combination with two HF molecules as activators.®* As depicted in Scheme 5, the
reaction between HF and PhIF; generates the active species INT-2, which subsequently coordinates with the

indole substrate (S-1) to form the iodonium ion intermediate INT-3 (AG = 3.8 kcal/mol). Next, nucleophilic attack
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of (HF)2F on the C2 position of indole S-1 via transition state TS-1 is found to be energetically favorable, with a
barrier of 14.9 kcal/mol, compared to nucleophilic attack on the C3 position via TS-1a, which has a higher
barrier of 21.5 kcal/mol. Energy decomposition analysis®® reveals that the stability of fluorination at the C2
position in TS-1 is determined by a lower distortion energy (AAEgist = 3.9 kcal/mol) and a larger interaction
energy between (HF);F and the indole-iodobenzene complex (AAEin = 1.1 kcal/mol) compared to TS-1a. In
comparison, the syn 1,2-fluoroiodination from INT-3 proceeds through syn-TS-1 with a higher barrier of 26.2
kcal/mol and syn-TS-1a with a barrier of 22.8 kcal/mol. These barriers are higher than those of the anti 1,2-
fluoroiodination TS-1 and TS-1a. The formation of the C-I bond in INT-4 weakens the I-F bond, resulting in
elongation from 1.96 A to 2.11 A. Consequently, the C-I bond is prone to dissociation under the activation of
HF, leading to the formation of a more stable complex INT-6, involving a carbenium ion intermediate with
iodobenzene. The energy difference from INT-4 to INT-6 is highly exergonic, with a release of 39.2 kcal/mol.
Upon the departure of iodobenzene, further energy is released, resulting in the formation of the carbenium
ion intermediate INT-7 (AG = -31.6 kcal/mol). Subsequent fluoride attack on INT-7 proceeds through the trans-
TS-2 pathway to afford the trans-difluorinated indoline product 1 with a barrier of 10.6 kcal/mol. In contrast,
the cis-difluorinated indoline product 1' is obtained via the cis-TS-2 pathway, which has a higher energy barrier
probably due to dipole-dipole interactions. The difference in activation energy (AAG* = 2.0 kcal/mol)
corresponds to diastereomeric ratio of 97:3, which is consistent well with our experimental observation that

the trans-selective products are obtained predominately in good diastereoselectivity.

Conclusion

In conclusion, we have successfully developed a highly efficient and diastereoselective dearomative
difluorination method for indoles, facilitated by iodine(l)/(Ill) catalysis. This methodology offers several notable
advantages, including mild reaction conditions, broad substrate scope encompassing diverse functional groups
and substitution patterns, and excellent diastereoselectivities. Importantly, the facile derivatization of the

trans-2,3-difluorinated indolines enables rapid access to vicinal-difluorinated analogues of indole-containing
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drugs. Theoretical calculations employing density functional theory (DFT) have provided valuable insights into
the reaction mechanism. Additionally, crystal structural analysis has revealed the significant impact of fluorine
atom incorporation on the conformation of the indoline core. These findings underscore the potential
significance of the novel structural scaffold comprising both vicinal-difluoro and indoline motifs, suggesting

promising opportunities for its application in modern drug discovery efforts.

Supporting Information

Supporting Information is available and includes general experimental procedures and characterization spectra.
CCDC 2244795, 2244798 and 2263992 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.ca-m.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road,

Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

Conflict of Interest (required)

The authors declare no competing financial interest.

Funding Information (required)

This work was supported by the National Natural Science Foundation of China (22022114, 21971261 and
22171293), the Local Innovative and Research Teams Project of the Guangdong Pearl River Talents Program

(2017BT01Y093) and the Science and Technology Program of Guangzhou (202201011609).

References

1. Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the structural diversity, substitution patterns, and
frequency of nitrogen heterocycles among U.S. FDA approved pharmaceuticals. J. Med. Chem. 2014, 57, 10257-
10274.

2. Saya, J. M.; Ruijter, E.; Orru, R. V. A. Total synthesis of aspidosperma and strychnos alkaloids through indole
dearomatization. Chem. Eur. J. 2019, 25, 8916-8935.

13

https://doi.org/10.26434/chemrxiv-2023-kd4f3 ORCID: https://orcid.org/0000-0002-9648-6759 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-kd4f3
https://orcid.org/0000-0002-9648-6759
https://creativecommons.org/licenses/by-nc/4.0/

3.Silva, T. S.; Rodrigues, M. T.; Santos, H.; Zeoly, L. A.; Almeida, W. P.; Barcelos, R. C.; Gomes, R. C.; Fernandes,
F. S.; Coelho, F. Recent advances in indoline synthesis. Tetrahedron 2019, 75, 2063-2097.

4. Zi, W.; Zuo, Z.; Ma, D. Intramolecular dearomative oxidative coupling of indoles: A unified strategy for the
total synthesis of indoline alkaloids. Acc. Chem. Res. 2015, 48, 702-711.

5. Abou-Hamdan, H.; Kouklovsky, C.; Vincent, G. Dearomatization reactions of indoles to access 3D indoline
structures. Synlett 2020, 31, 1775-1788.

6. Zhu, M.; Zhang, X.; Zheng, C.; You, S.-L. Energy-transfer-enabled dearomative cycloaddition reactions of
indoles/pyrroles via excited-state aromatics. Acc. Chem. Res. 2022, 55, 2510-2525.

7. Beaud, R.; Guillot, R.; Kouklovsky, C.; Vincent, G. FeCls-mediated Friedel-Crafts hydroarylation with
electrophilic N-acetyl indoles for the synthesis of benzofuroindolines. Angew. Chem., Int. Ed. 2012, 51, 12546-
12550.

8. Zeidan, N.; Lautens, M. Migratory insertion strategies for dearomatization. Synthesis 2019, 51, 4137-4146.
9. Liu, J.; Fang, Z.; Liu, X.; Dou, Y,; Jiang, J.; Zhang, F.; Qu, J.; Zhu, Q. Diastereoselective 2,3-diazidation of indoles
via copper(ll)-catalyzed dearomatization. Chin. Chem. Lett. 2020, 31, 1332-1336.

10. Trammel, G. L.; Kuniyil, R.; Crook, P. F,; Liu, P.; Brown, M. K. Nickel-catalyzed dearomative arylboration of
indoles: Regioselective synthesis of C2- and C3-borylated indolines. J. Am. Chem. Soc. 2021, 143, 16502-16511.
11. Zhang, Y. T.; Ji, P,; Gao, F,; Dong, Y.; Huang, H.; Wang, C. Q.; Zhou, Z. Y.; Wang, W. Organophotocatalytic
dearomatization of indoles, pyrroles and benzo(thio)furans via a Giese-type transformation. Commun. Chem.
2021, 4, 20.

12. Tan, G.; Das, M.; Kleinmans, R.; Katzenburg, F.; Daniliuc, C.; Glorius, F. Energy transfer-enabled
unsymmetrical diamination using bifunctional nitrogen-radical precursors. Nat. Catal. 2022, 5, 1120-1130.

13. Tan, G.; Das, M.; Keum, H.; Bellotti, P.; Daniliuc, C.; Glorius, F. Photochemical single-step synthesis of B-
amino acid derivatives from alkenes and (hetero)arenes. Nat. Chem. 2022, 14, 1174-1184.

14. Mikhael M., Alektiar S.N., Yeung C.S., Wickens Z.K., Translating planar heterocycles into 3D analogs via
photoinduced hydrocarboxylation. Angew. Chem., Int. Ed. 2023, e202303264

15. Wu, J;; Doy, Y.; Guillot, R.; Kouklovsky, C.; Vincent, G. Electrochemical dearomative 2,3-difunctionalization
of indoles. J. Am. Chem. Soc. 2019, 141, 2832-2837.

16. Liu, K.; Song, W.; Deng, Y.; Yang, H.; Song, C.; Abdelilah, T.; Wang, S.; Cong, H.; Tang, S.; Lei, A.
Electrooxidation enables highly regioselective dearomative annulation of indole and benzofuran derivatives.
Nat. Commun. 2020, 11, 3.

17. Wu, J.; Guillot, R.; Kouklovsky, C.; Vincent, G. Electrochemical dearomative dihydroxylation and

hydroxycyclization of indoles. Adv. Synth. Catal. 2020, 362, 1712-1719.

14

https://doi.org/10.26434/chemrxiv-2023-kd4f3 ORCID: https://orcid.org/0000-0002-9648-6759 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-kd4f3
https://orcid.org/0000-0002-9648-6759
https://creativecommons.org/licenses/by-nc/4.0/

18. Abe, T.; Kosaka, Y.; Kawasaki, T.; Ohata, Y.; Yamashiro, T.; Yamada, K. Revisiting 2-alkoxy-3-bromoindolines:
Control C-2 vs. C-3 elimination for regioselective synthesis of alkoxyindoles. Chem. Pharm. Bull. 2020, 68, 555-
558.

19. Liu, Q.; Zhao, Q. Y.; Liu, J.; Wu, P.; Yi, H.; Lei, A. A trans diacyloxylation of indoles. Chem. Commun. 2012, 48,
3239-3241.

20. Alam, R.; Diner, C.; Jonker, S.; Eriksson, L.; Szabo, K. J. Catalytic asymmetric allylboration of indoles and
dihydroisoquinolines with allylboronic acids: Stereodivergent synthesis of up to three contiguous stereocenters.
Angew. Chem., Int. Ed. 2016, 55, 14417-14421.

21. Cerveri, A.; Bandini, M. Recent advances in the catalytic functionalization of “electrophilic” indoles. Chin. J.
Chem . 2020, 38, 287-294.

22. Chen, N.; Deng, T. T,; Li, J. Q.; Cui, X. Y.; Sun, W. W.; Wu, B. Hypervalent iodine(lll)-mediated umpolung
dialkoxylation of N-substituted indoles. J. Org. Chem. 2022, 87, 12759-12771.

23. Lovering, F.; Bikker, J.; Humblet, C. Escape from flatland: increasing saturation as an approach to improving
clinical success. J. Med. Chem. 2009, 52, 6752-6756.

24. Lovering, F. Escape from flatland 2: complexity and promiscuity. Med. Chem. Commun. 2013, 4, 515-519.
25. Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Fluorine in medicinal chemistry. Chem. Soc. Rev. 2008,
37, 320-330.

26. Molnar, I. G.; Thiehoff, C.; Holland, M. C.; Gilmour, R. Catalytic, vicinal difluorination of olefins: creating a
hybrid, chiral bioisostere of the trifluoromethyl and ethyl Groups. ACS Catal. 2016, 6, 7167-7173.

27. Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.; Meanwell, N. A. Applications of fluorine in medicinal
chemistry. J. Med. Chem. 2015, 58, 8315-8359.

28. Huchet, Q. A.; Kuhn, B.; Wagner, B.; Kratochwil, N. A.; Fischer, H.; Kansy, M.; Zimmerli, D.; Carreira, E. M.;
Muller, K. Fluorination patterning: A study of structural motifs that impact physicochemical properties of
relevance to drug discovery. J. Med. Chem. 2015, 58, 9041-9060.

29. Meanwell, N. A. Fluorine and fluorinated motifs in the design and application of bioisosteres for drug design.
J. Med. Chem. 2018, 61, 5822-5880.

30. Doobary, S.; Lennox, A. J. J. Alkene vicinal difluorination: from fluorine gas to more favoured conditions.
Synlett 2020, 31, 1333-1342.

31. Banik, S. M.; Medley, J. W.; Jacobsen, E. N. Catalytic, diastereoselective 1,2-difluorination of alkenes. J. Am.
Chem. Soc. 2016, 138, 5000-5003.

32. Molnar, I. G.; Gilmour, R. Catalytic difluorination of olefins. J. Am. Chem. Soc. 2016, 138, 5004-5007.

33. Scheidt, F.; Schafer, M.; Sarie, J. C.; Daniliuc, C. G.; Molloy, J. J.; Gilmour, R. Enantioselective, catalytic vicinal

difluorination of alkenes. Angew. Chem., Int. Ed. 2018, 57, 16431-16435.

15

https://doi.org/10.26434/chemrxiv-2023-kd4f3 ORCID: https://orcid.org/0000-0002-9648-6759 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-kd4f3
https://orcid.org/0000-0002-9648-6759
https://creativecommons.org/licenses/by-nc/4.0/

34. Haj, M. K.; Banik, S. M.; Jacobsen, E. N. Catalytic, enantioselective 1,2-difluorination of cinnamamides. Org.
Lett. 2019, 21, 4919-4923.

35. Doobary, S.; Sedikides, A. T.; Caldora, H. P.; Poole, D. L.; Lennox, A. J. J. Electrochemical vicinal difluorination
of alkenes: Scalable and amenable to electron-rich substrates. Angew. Chem., Int. Ed. 2020, 59, 1155-1160.
36. Meyer, S.; Hafliger, J.; Schafer, M.; Molloy, J. J.; Daniliuc, C. G.; Gilmour, R. A chiral pentafluorinated isopropyl
group via iodine(1)/(Ill) catalysis. Angew. Chem., Int. Ed. 2021, 60, 6430-6434.

37. Martin-Heras, V.; Daniliuc, C. G.; Gilmour, R. An [(1)/I{lll) catalysis route to the heptafluoroisopropyl! group:
A privileged module in contemporary agrochemistry. Synthesis 2021, 53, 4203-4212.

38. Yamamoto, |.; Jordan, M. J.; Gavande, N.; Doddareddy, M. R.; Chebib, M.; Hunter, L. The enantiomers of syn-
2,3-difluoro-4-aminobutyric acid elicit opposite responses at the GABA(C) receptor. Chem. Commun. 2012, 48,
829-831.

39. Hu, X. G.; Thomas, D. S.; Griffith, R.; Hunter, L. Stereoselective fluorination alters the geometry of a cyclic
peptide: exploration of backbone-fluorinated analogues of unguisin A. Angew. Chem., Int. Ed. 2014, 53, 6176-
6179.

40. Xu, R.; Wang, K.; Rizzi, J. P.; Huang, H.; Grina, J. A.; Schlachter, S. T.; Wang, B.; Wehn, P. M.; Yang, H.; Dixon,
D. D.; Czerwinski, R. M.; Du, X.; Ged, E. L.; Han, G.; Tan, H.; Wong, T.; Xie, S.; Josey, J. A.; Wallace, E. M. 3-
[(1S,25,3R)-2,3-difluoro-1-hydroxy-7-methylsulfonylindan-4-ylJoxy-5-fluorobenzonitrile (PT2977), a hypoxia-
inducible factor 2a (HIF-2a) inhibitor for the treatment of clear cell renal cell carcinoma. J. Med. Chem. 2019,
62, 6876-6893.

41. Barton, D. H. R.; Hesse, R. H.; Jackman, G. P.; Pechet, M. M. Fluorination of benzofuran and of N-acylindoles
with trifluorofluorooxymethane. J. Chem. Soc., Perkin Trans. 1, 1977, 2604-2608.

42.Yin, B.; Wang, L.; Inagi, S.; Fuchigami, T. Electrosynthesis of fluorinated indole derivatives. Tetrahedron 2010,
66, 6820-6825.

43. Kong, W.; Feige, P.; de Haro, T.; Nevado, C. Regio- and enantioselective aminofluorination of alkenes. Angew.
Chem., Int. Ed. 2013, 52, 2469-2473.

44. lichenko, N. O.; Tasch, B. O.; Szabo, K. J. Mild silver-mediated geminal difluorination of styrenes using an air-
and moisture-stable fluoroiodane reagent. Angew. Chem., Int. Ed. 2014, 53, 12897-12901.

45. Kitamura, T.; Muta, K.; Oyamada, J. Hypervalent iodine-mediated fluorination of styrene derivatives:
stoichiometric and catalytic transformation to 2,2-difluoroethylarenes. J. Org. Chem. 2015, 80, 10431-10436.
46. Geary, G. C.; Hope, E. G.; Stuart, A. M. Intramolecular fluorocyclizations of unsaturated carboxylic acids with
a stable hypervalent fluoroiodane reagent. Angew. Chem., Int. Ed. 2015, 54, 14911-14914.

47. Kohlhepp, S. V.; Gulder, T. Hypervalent iodine(lll) fluorinations of alkenes and diazo compounds: new

opportunities in fluorination chemistry. Chem. Soc. Rev. 2016, 45, 6270-6288.

16

https://doi.org/10.26434/chemrxiv-2023-kd4f3 ORCID: https://orcid.org/0000-0002-9648-6759 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-kd4f3
https://orcid.org/0000-0002-9648-6759
https://creativecommons.org/licenses/by-nc/4.0/

48. Banik, S. M.; Medley, J. W.; Jacobsen, E. N. Catalytic, asymmetric difluorination of alkenes to generate
difluoromethylated stereocenters. Science 2016, 353, 51-54.

49. Zhao, Z.; Racicot, L.; Murphy, G. K. Fluorinative Rearrangements of substituted phenylallenes mediated by
(difluoroiodo)toluene: Synthesis of a-(difluoromethyl)styrenes. Angew. Chem., Int. Ed. 2017, 56, 11620-11623.
50. Ning, Y.; Sivaguru, P.; Zanoni, G.; Anderson, E. A.; Bi, X. Synthesis of B-difluoroalkyl azides via elusive 1,2-
azide migration. Chem 2020, 6, 486-496.

51. Zhang, B.; Li, X.; Guo, B.; Du, Y. Hypervalent iodine reagent-mediated reactions involving rearrangement
processes. Chem. Commun. 2020, 56, 14119-14136.

52. Levin, M. D.; Ovian, J. M.; Read, J. A.; Sigman, M. S.; Jacobsen, E. N. Catalytic enantioselective synthesis of
difluorinated alkyl bromides. J. Am. Chem. Soc. 2020, 142, 14831-14837.

53. Wang, C.; Tu, Y.; Ma, D.; Bolm, C. Photocatalytic fluoro sulfoximidations of styrenes. Angew. Chem., Int. Ed.
2020, 59, 14134-14137.

54. Wang, Q.; Lubcke, M.; Biosca, M.; Hedberg, M.; Eriksson, L.; Himo, F.; Szabo, K. J. Enantioselective
construction of tertiary fluoride stereocenters by organocatalytic fluorocyclization. J. Am. Chem. Soc. 2020, 142,
20048-20057.

55. Ren, J.; Du, F. H.; Jia, M. C.; Hu, Z. N.; Chen, Z.; Zhang, C. Ring expansion fluorination of unactivated
cyclopropanes mediated by a new monofluoroiodane(lll) reagent. Angew. Chem., Int. Ed. 2021, 60, 24171-
24178.

56.Zhu, W.; Zhen, X.; Wu, J.; Cheng, Y.; An, J.; Ma, X.; Liu, J.; Qin, Y.; Zhu, H.; Xue, J.; Jiang, X. Catalytic asymmetric
nucleophilic fluorination using BFs*Et,0 as fluorine source and activating reagent. Nat. Commun. 2021, 12,
3957.

57.Lv, W. X,; Li, Q.; Li, J. L,; Li, Z.; Lin, E.; Tan, D. H.; Cai, Y. H.; Fan, W. X.; Wang, H. gem-Difluorination of alkenyl
N-methyliminodiacetyl boronates: Synthesis of a- and B-difluorinated alkylborons. Angew. Chem., Int. Ed. 2018,
57,16544-16548.

58. Li, C,; Liao, Y.; Tan, X.; Liu, X.; Liu, P.; Lv, W.-X.; Wang, H. Hypervalent iodine-mediated gem-difluorination of
vinyl halides enabled by exclusive 1,2-halo migration. Sci. China: Chem. 2021, 64, 999-1003.

59.Tu, F-H.; Wang, Y; Li, Z.; Yang, S.; Li, Y.; Tan, D.-H.; Li, Q.; Gao, H.; Wang, H. Synthesis of B-tosyloxylated gem-
difluoroalkanes via sulfonyloxy migration. Cell Rep. Phys. Sci. 2022, 3, 101194.

60. Lv, W. X.; Li, Y,; Cai, Y. H.; Tan, D. H.; Li, Z,; Li, J. L,; Li, Q.; Wang, H. Hypervalent iodine-mediated -
difluoroalkylboron synthesis via an unusual 1,2-hydrogen shift enabled by boron substitution. Chem. Sci. 2022,
13,2981-2984.

61. Hara, S.; Nakahigashi, J.; Ishi-i, K.; Sawaguchi, M.; Sakai, H.; Fukuhara, T.; Yoneda, N. Difluorination of Alkenes
with lodotoluene Difluoride. Synlett 1998, 1998, 495-496.

17

https://doi.org/10.26434/chemrxiv-2023-kd4f3 ORCID: https://orcid.org/0000-0002-9648-6759 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-kd4f3
https://orcid.org/0000-0002-9648-6759
https://creativecommons.org/licenses/by-nc/4.0/

62. Pierce, V.; Shepperson, N. B.; Todd, M. H.; Waterfall, J. F. Investigation into the cardioregulatory properties
of the alpha 1-adrenoceptor blocker indoramin. Br. J. Pharmacol. 1986, 87, 433-441.

63. Zhou, Z.; Feng, Y.; Xu, Y.; Wu, S.; Kou, J.; Hu, Y.; Zhang, M.; Ling, W.; Zhang, L.; Wang, Z. Development of a
robust and scalable process for the large-scale preparation of vilazodone. Org. Process Res. Dev. 2022, 26, 2855-
2863.

64. Zhou, B.; Xue, X.-S.; Haj, M. K.; Jacobsen, E. N.; Houk, K. N.; Xue, X.-S. Mechanism and origins of chemo- and
stereoselectivities of aryl iodide-catalyzed asymmetric difluorinations of B-substituted styrenes. J. Am. Chem.
Soc. 2018, 140, 15206-15218.

65. Bickelhaupt, F. M.; Houk, K. N. Analyzing reaction rates with the distortion/interaction-activation strain

model. Angew. Chem., Int. Ed. 2017, 56, 10070-10086.

Table of Contents Graphic (required)

1(1)/1(11) catalysis F
oL N\ (Y @
! L
=
= N L % > .@
R trans-selective N °F
R
indoles 44 examples 2,3-difluorinated indolines
2D framework d.r. > 20:1 3D framework
metal-free diastereoselective DFT calculation
good FG tolerence 3D drug-like skeleton comformational analysis

18

https://doi.org/10.26434/chemrxiv-2023-kd4f3 ORCID: https://orcid.org/0000-0002-9648-6759 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-kd4f3
https://orcid.org/0000-0002-9648-6759
https://creativecommons.org/licenses/by-nc/4.0/

