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Abstract

A novel synthetic approach to the preparation of N-aryl substituted azacycles from N-allyl and
N-tert-butyl protected arylamines is described. In this preparation, a metal free reagent system
utilizing POCIs and TBD proved to be an important contributor for reactions of N-allyl- and tert-
butyl-protected aryamines with cyclic ethers to generate the target azacycles. This protocol
provides a practical approach to high vyield, direct synthesis of N-aryl substituted five-

membered and six-membered azacycles from N-allyl arylamines and N-tert-butyl arylamines.
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Introduction

N-Substituted azacycles are widely used in organic chemistry and material science as
important building block motifs [1-6]. Additionally, these structures are frequently found in a

wide range of biologically active compounds and FDA approved drugs [7-11].
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Figure 1. FDA-approved novel drugs containing N-substituted azacycles
Due to their ubiquitous nature, synthetic studies of N-substituted azacycles have attracted
considerable interest in organic chemistry and drug discovery. Various synthetic methods
have been developed for preparation of N-substituted aryl azacycles: reduction of N-alkyl
substituted lactams to the corresponding azacycles or reductive amination of dicarbonyl
derivatives [12-14], formation of the C-N linkage by cross-coupling reactions between N-
heterocyclic compounds and aryl halides [15-16], and cyclization of aryl amines with diols or
dihalides [17-20]. Intramolecular protocols have also been developed to prepare N-substituted
azacycles: intramolecular C(sp®)-N coupling of N,N-dialkyl secondary amines, intermolecular

C(sp®)-H amination of alkyl bromide derivatives, and Mitsunobu cyclodehydration for formation

of azacycles from a,w-aminoalcohols [21-23].



In addition, reactions of various arylamines with cyclic ethers using metal-based reagents
including activated alumina, aluminum oxide, aluminum chloride, titanium (IV) chloride, and
trimethylaluminum were discovered to produce N-substituted azacycles [24-27]. Several
nonmetal reagent protocols have also been developed: B(CsFs)s and pTSA<H20 were reported
as key reagents for preparation of N-substituted azacycles from primary arylamines and cyclic
ethers via ring-opening of cyclic ethers followed by cyclization [29]. BFs*Et2O was also
employed as an active Lewis acid to assist in ring-opening of tetrahydrofuran for synthesis
of N-aryl-substituted pyrrolidines [30]. Hydrogen iodide has also been used for synthesis of N-
substituted azacycles [31]. However, most of the reported protocols require harsh reaction
conditions such as high temperature, making it difficult to expand the scope of this reaction
[32]. Moreover, most of the previously reported methods employed primary arylamines (highly
reactive free arylamines) as starting materials for production of N-substituted azacycles.
However, primary free amines are generally protected with a protecting group, and protected
forms of amines (secondary amines) are frequently employed in multistep organic syntheses
to prevent production of unwanted side products [33-40].

The allyl group is a commonly used protecting group for amines in organic and pharmaceutical
syntheses as various simple methods to prepare N-allylamines have been developed. They
are generally synthesized by reaction of the primary amine with allyloromide in the presence of
base; several metal complexes or ion liquids have been used as efficient reagents, and
microwave irradiation methods have also been employed for this purpose.

While direct transformation of N-allylamine derivatives to other useful structures would
constitute an attractive strategy, to our knowledge, direct synthesis of N-substituted aryl
azacycles from N-allyl protected amine derivatives have not been reported due to the low
reactivity of N-allyl protected amines (secondary amines). Herein, we describe a novel,

practical, metal-free, direct preparation of N-aryl substituted azacycles from N-allyl arylamine
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derivatives. In addition, this method was applied to direct conversion of N-tert-butyl protected

arylamines to azacycles.

Previous studies:

- N,N-dialkylation of primary arylamine with diols or dihalides
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Scheme 1: Synthesis of N-substituted azacycles.

Results and Discussion

In most previously reported methods, preparation of N-substituted azacycles was achieved by
employment of primary arylamines. Thus, synthesis of N-substituted azacycles from N-allyl
protected arylamines (secondary amines) and cyclic ethers would require two separate steps:
de-allylation of N-allyl arylamine to provide the free primary amine and then reaction of the
primary amine with a cyclic ether to form the azacycle. Direct preparation of azacycles from N-
allyl protected arylamines (secondary amines) would provide several benefits including fewer
reaction steps and reductions of cost and waste.

In this study, several types of reaction conditions were investigated to achieve direct
conversion of an N-allyl protected arylamine to N-substituted azacycle. Initially, new

combination reagent/base systems for synthesis of N-substituted azacycles from N-allyl
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arylamines and cyclic ethers were investigated. The reaction was conducted in the presence
of TBD as a base at 120 °C for 12 h, and N-allylaniline was used as a model substrate.

First, a variety of Lewis acids (metal-based reagents) including FeCls, InClz, and SnCls was
examined to find usable conditions. However, none of these reagents led to the desired
product. AlMes, which has previously been employed for synthesis of azacycles from primary
amines [28] was also examined and was found to provide the corresponding azacycle in poor
yield (8%). Employment of CaBrz and Calz likewise did not produce the target product. Other
metal-free reagents including BFs-OEtz, PCls, and PCIs were investigated for the reaction,
however, it provided similar negative results. It was reported that phosphoramidates can be
employed as useful intermediates in preparation of several types of cyclic structures [41-45].
Table 1. Screening of reaction conditions for conversion of N-allyl aniline to azacycle @

H

N\/\ Reagents,
O -0 —=— 00
xylene
1a 2s 120 °C, 12h 3a
Entry Reagents Time Temp. Yield ®
or Lewis acid (%)

1 FeCls 12 120 °C NR
2 InCl2 12 120 °C NR
3 SnCla 12 120 °C NRIC]
4 AlMes 12 120 °C 8
5 CaBr2 12 120 °C NRIC]
6 Calz 12 120 °C NRel
7 BF3-OEt2 12 120 °C NRIC]
8 PCls 12 120 °C NRel
9 PCls 12 120 °C NRel
10 POCIs 12 120 °C 95
11 None 12 120 °C NRC]




a Reaction conditions: compound 1a (2.0 mmol), THF 2a (50 mmol), TBD (3.0 mmol), 12 h. ®
Isolated yield after purification by flash column chromatography. ¢ No reaction.

Thus, phosphorus oxychloride (POCI3) was tested in the reaction of N-allyl protected aniline to
yield the N-aryl substituted azacycle, and the POCIs-mediated reaction delivered the desired
product in high yield (95%). The initial reagent screening led to the promising discovery that
POCI3 was an efficient reagent for direct conversion of N-allyl protected aniline to N-aryl

pyrrolidine.

Table 2. Screening of bases for preparation of azacycle?

H
N POCI,
@ + o) s (7)™
xylene

1a 2a 120 °C, 12h 3a
Entry Reagents Base Temp. Yield® (%)
1 POCIs NaOH 120 °C 7
2 POCIs NaHCOs 120 °C 2
3 POCIs K2CO3 120 °C 3
4 POCIs CsCOs 120 °C 9
5 POCIs EtsN 120 °C 12
6 POCIs DIEA 120 °C 14
7 POCIs DBN 120 °C 58
8 POCIs TBD 120 °C 95
9 POCIs DMAP 120 °C NRIc]
10 POCIs None 120 °C NRIc]

a Reaction conditions: compound 1a (2.0 mmol), THF 2a (50 mmol), POCIs (2.8 mmol), Base
(3.0 mmol), 12 h. b Isolated yield after purification by flash column chromatography. ¢ No

reaction.



Next, several kinds of bases were examined to find a suitable combined reagent system to
prepare N-substituted azacycles. As shown in Table 2, introduction of NaOH, NaHCOs,
K2COs, and Cs2COs into the reactions did not afford positive results (synthetic yields were less
than 10%). Liquid organic bases were also assessed for synthesis of azacycles. Employment
of trimethylamine (EtsN) and N,N-diisopropylethylamine (DIEA) also led to low yields of
azacycle. In addition, cyclic bases such as 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) and 1,5,7-
Triazabicyclo[4.4.0]dec-5-ene (TBD) were investigated. When DBN was used as the base,
conversion of N-allyl protected arylamine to pyrrolidine was enhanced to 58%, which was still
unsatisfactory. The reaction in the presence of TBD yielded the corresponding azacycle with a
significantly increased yield (95%).

Table 3. Screening of solvents for preparation of azacycle?

H POCl,

N
©/ ~ X + OQ TBD @
> N
solvent Q

temperature, 12h

1a 2a 3a
Entry Reagents Solvent Temp. Yield® (%)
1 POCIs MeCN reflux NR¢®
2 POCIs DCE reflux NR¢®
3 POCIs DMF 120 °C NR¢
4 POCIs DMSO 120 °C NR¢
5 POCls Toluene 120 °C 36
6 POCls PhCF3 reflux 39
7 POCIs Xylene 120 °C 95

a Reaction conditions: compound 1a (2.0 mmol), THF 2a (50 mmol), POClIs (2.8 mmol), TBD
(3.0 mmol), solvent (2 mL), 12 h. P Isolated yield after purification by flash column

chromatography. [°l No reaction.



The effect of reaction solvent on preparation of azacycles was investigated (Table 3).
Utilization of MeCN, DMF, or DCE solvent led to none of the azacycle, while toluene and
PhCFs gave modest synthetic yields (36% for toluene and 39% for PhCFs). However, when
xylene was used as solvent, the target cyclic amine was produced in high yield, suggesting
that xylene was a better solvent offor synthesis of azacycles.

Table 4. Screening of amount of reagents for preparation of azacycle?

H POCI,

©/ N TBD
Xe - O
xylene
1a 2a 120 °C, 12h 33
Entry N-ally-Amine THF POCIs TBD Yield®

(equiv.) (equiv.) (equiv.) (equiv.) (%)
1 1 40 1.4 1.5 95
2 1 30 1.4 1.5 95
3 1 25 14 15 95
4 1 20 1.4 1.5 90
5 1 15 1.4 1.5 83
6 1 10 14 15 55
7 1 5 14 15 16
8 1 25 3 1.5 69
9 1 25 2 1.5 95
10 1 25 1 15 78
11 1 25 0.5 15 42
12 1 25 0.1 1.5 8
13 1 25 1.4 3 95
14 1 25 14 2 70
15 1 25 14 1 53
16 1 25 1.4 0 NR¢

a Reaction conditions: compound 1a (2.0 mmol), 12 h, 120 °C. ® Isolated yield after purification

by flash column chromatography. ¢ No reaction.



Next, the amounts of cyclic ether and base used for the reaction were investigated to find
optimal reaction conditions (Table 4). N-Allyl protected aniline was treated with a series of
tetrahydrofuran (THF) equivalents. The yield of azacycle increased as amount of THF was
increased until reaching a plateau at 25 equiv. (55% for 10 equiv., 83% for 15 equiv., 90% for
20 equiv., and 95% for 25 equiv. of THF). Next, the effect of POCls and TBD amounts on the
reaction was examined. As shown in Table 4, several different amounts of POCIs (3.0, 2.0,
1.4, 1.0, 0.5, and 0.1 equiv. of POCI3) and TBD (3.0, 2.0, 1.5, and 1.0 equiv. of TBD) were
tested in reactions of N-allyl protected aniline with THF. The results indicated that employment
of 1.4 equiv. of POCIs and 1.5 equiv. of TBD provided a high synthetic yield of azacycle (95%).
However, greater amounts of POCI3 or TBD in the reaction did not lead to a significant
increase in synthetic yield. Reactions were carried out at several temperatures, and the target
product was successfully obtained via reactions at 120 °C (see Table S1 in Supporting
Information).

After determining optimized reaction conditions, the scope of this method for preparation of N-
aryl substituted azacycles was investigated with a variety of N-allyl protected arylamines and
cyclic ethers. First, different N-allyl protected arylamines were employed for the reaction with
THF to give N-aryl substituted pyrrolidines. All desired products were successfully prepared in
high yields via this novel synthetic method (Scheme 2). In this study, various substituents on
the aromatic ring of N-allyl arylamines were examined, and reaction yields were not
significantly influenced by electronic properties or position of substituents on the aromatic ring:
Generation of target N-aryl-substituted azacycles in high yield was achieved with N-allyl
protected arylamines bearing electron-withdrawing substituents (chloro-, fluoro-, nitrile-, and
nitro-) and electron-donating substituents (methyl-, ethyl-, and methoxy-) (Scheme 2, 3b-3m).

N-Allyl protected arylamines containing two electron-withdrawing groups were tolerated in this



protocol: synthetic yields were 91% for two chloro groups and 90% for two fluoro groups

(Scheme 2, 3d and 3e).

H POCl; R
~ X 1
RF@/ + OQ =, @NQ
120 °C, 12h
1 2 3
of
O O O D0
o]
3a, 95 3b, 94 3¢, 92 3d, 93
F
S w00 w00 00
3e, 91 3f, 77 39,75 3h, 93
00 Do Do G0
3i, 87 3j, 93 3k, 92 31, 92
S VatINNGSe
3m, 89 3n, 88

Scheme 2: Scope of synthesis of azacycloalkanes from various N-allyl arylamines. Reaction
conditions: compound 1 (1.0 mmol), THF 2 (50 mmol), POCIs (2.8 mmol), TBD (3.0 mmol), 12

h, 120 °C. All yields are isolated yields after purification by flash column chromatography.
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Moreover, while reactions of 2,6-disubstituted anilines with tetrahydrofuran were not previously
successful due to the steric effect, N-allyl 2,6-dimethylaniline readily reacted with

tetrahydrofuran under our reaction conditions to yield the target product 3l in good yield.

Y POCI; R
N\/\ R TBD R4 2
TN ) R )
n 120 °C, 12h n
] 9 4 n=1,2
HaC cl HsC HsC HaG
o0 OO OO ‘e
4a, 88 4b, 93 4c, 91 4ad, 82
Cl
OO O D) D)
4e. 90 af. 89 49, 91 4h, 88
Q T G Tl St
4i, 83 4j, 88 4k, 86 41, 85
/i“@@
4n, 90

Scheme 3. Scope of synthesis of azacycloalkanes from various cyclic ethers. Reaction
conditions: compound 1 (2.0 mmol), cyclic ether 2 (50 mmol), POCIs (2.8 mmol), TBD (3.0

mmol), 12 h, 120 °C. All yields are isolated yields after purification by flash column
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chromatography.

A variety of cyclic ethers was also surveyed to evaluate the scope of this protocol. Reactions
of 2-methyltetrahydrofuran with several N-allyl protected arylamines were performed (Scheme
3). 2-Methyltetrahydrofuran has greater steric hindrance than tetrahydrofuran; however, the
target N-aryl substituted azacycles were prepared in high yields from reactions of N-allyl
protected arylamines bearing either electron-withdrawing or electron-donating groups
(Scheme 3, 4b-4d).

It has been reported that reactions of six-membered cyclic ethers such as tetrahydropyran with
arylamines (primary amines) yielded N-aryl substituted azacycles in low yields. However,
tetrahydropyran was successfully treated with N-allyl protected aniline (secondary amine) via
our synthetic method, which resulted in high yield production of the target piperidine 4e.
Several nitrogen-containing fused heterocyclic ring structures such as tetrahydroisoquinoline
and isoindoline are found as important units in biologically active natural products and
pharmaceuticals, which are commonly used in various medical and biological studies [46-49].
Thus, the discovery of efficient reactions of N- allyl protected arylamines with benzene fused
cyclic ethers to give N-aryl substituted benzene-fused azacycles is valuable. Utilization of this
POCIs/TBD mediated protocol was further expanded to direct preparation of various nitrogen-
containing fused heterocyclic ring compounds from N-allyl protected arylamines. N-Allyl
protected arylanilines readily reacted with phthalan or isochroman to produce the desired
azacycles 4f and 4j in good yields. Of note, the yields of nitrogen-containing fused heterocyclic
ring compounds from N-allyl protected arylamines were not affected by different substituents
on the aryl amine, which suggests that electronic effects of substituent are not an important
factor for substrate reactivity. Treatment of N-allyl protected arylamines bearing electron-
withdrawing or electron-donating groups with phthalan or isochroman readily yielded the target

isoindolines and tetrahydroisoquinolines in high yields (Scheme 4, 4g-4i and 4k-4m).
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The scope of this method was extended to the reaction of N-tert-butyl arylamines to produce
azacycles since the tert-butyl group has been widely used for protection of amines. Several N-
tert-butyl arylamines were successfully employed in reactions with several types of cyclic
ethers to give the corresponding azacycles. In particular, N-tert-butyl arylamines containing
either electron-donating or electron-withdrawing groups were treated with tetrahydrofuran,
phthalan, or isochroman under the same reaction conditions using POCIs and TBD, and the
desired azacycles were synthesized in high yields. These results indicate that successful
direct conversion of N-tert-butyl arylamines to N-aryl substituted azacycles can be achieved

using the novel POCIs/TBD mediated reaction system.

N R, POCI, R, R,
O B O
- 120 °C, 12h n
5 2 6 "T 12
QNG { }NG L< }NG m{ }NG
6a, 88% 6b, 86% 6¢c, 85% 6d, 87%
00 Ob o P
6e, 84% 6f, 86% 69, 71% 6j, 90%

Scheme 4: Scope of synthesis of azacycloalkanes from N-tert-butyl arylamines: Reaction
conditions: compound 5 (2.0 mmol), cyclic ether 2 (50 mmol), POCIs (2.8 mmol), TBD (3.0
mmol), 12 h, 120 °C. All yields are isolated vyield after purification by flash column

chromatography.
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To obtain mechanistic insight into this transformation, we carried out control
experiments. Use of POCIs alone did not vyield the target intermediate
(phosphoramidic dichloride 7). Likewise, no product was observed when only TBD
was employed for the reaction. However, the reaction in the presence of both POCIs
and TBD successfully produced phosphoramidic dichloride 7. Next, THF was added
to the prepared phosphoramidic dichloride 7, which successfully generated the
desired product. Thus, based on the results from this study, a possible reaction
pathway is proposed, as shown in Scheme 5. Treatment of POCIls and TBD with N-
allylic arylamine 1a produces phosphoramidic dichloride 7. Next, reaction of
phosphoramidic dichloride 7 with THF followed by intramolecular phosphoryl transfer
generates intermediate 9. Finally, nucleophilic displacement of the phosphonate by

nitrogen generates the target product, 1-phenylpyrrolidine 3a.

; B WD

St
u
/\ ) ©</ O Cl

1a TBD  TBD-HCI

3a 9

Scheme 5: Proposed reaction pathway for azacycle from N-allylic arylamine

Conclusion

In conclusion, a novel facile method for reaction of N-allyl and N-tert-butyl protected

arylamines with cyclic ethers to give N-aryl-substituted azacycles has been reported.

14



In this study, POCIs and TBD were used as crucial reagents to convert N-allyl/N-tert-
butyl protected arylamines to the corresponding azacycles. Practical utilization of this
method was demonstrated from successful direct synthesis of N-aryl-substituted five-
and six-membered azacycles from reactions of various N-allylic and N-tert-butyl
arylamines with a variety of cyclic ethers. Moreover, this synthetic method uses
inexpensive and commercially available reagents, and reaction operation is simple.
With excellent results from a wide array of substrates, this novel synthetic method
provides an approach to direct generation of various azacycles from N-allylic and N-

tert-butyl arylamines.

Funding

This research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education

(2018R1D1A1B07047572).

Supporting Information

Screening of reaction conditions, experimental procedures, compound
characterisation data, and *H and *3C NMR spectra.

Supporting Information File 1:

File Name: Text

File Format: Text

Title: Screening of reaction conditions, experimental procedures, compound

characterisation data, and *H and **C NMR spectra.

15



Supporting Information File 2:
File Name: Text
File Format: Text

Title: Text

References

1. Ciufolini, M. A.; Hermann, C. W.; Whitmire, K. H.; Byrne. N. E. J. Am. Chem.
Soc. 1989, 111, 3473-3475. doi:10.1021/ja00191a078

2. Lu, X.; Peng, Y.; Wang, C.; Yang, J.; Bao, X.; Dong, Q.; Zhao, W.; Tan, W.;
Dong, X. Eur. J. Med. Chem. 2017, 138, 384-395.
doi:10.1016/j.ejmech.2017.06.031

3. Wang, C.; Zhu, M.; Lu, X.; Wang, H.; Zhao, W.; Zhang, X.; Dong, X. Bioorg.
Med. Chem. 2018, 26, 3308-3320. doi:10.1016/j.bmc.2018.04.058

4. Marsh, J. D.; Smith, T. W. Pharmacotherapy. 1984, 4, 170-178.
doi:10.1002/j.1875-9114.1984.tb03348.x

5. Hussein, Z.; Mulford, D. J.; Bopp, B. A.; Granneman, G. R. Br. J. Clin.
Pharmacol. 1993, 36, 357-361. do0i:10.1111/;.1365-2125.1993.tb00376.x

6. Zhanel, G. G.; Walkty, A.; Vercaigne, L.; Karlowsky, J. A.; Embil, J.; Gin, A.
S.; Hoban, D. J. Can. J. |Infect Dis. 1999, 10, 207-238.
doi: 10.1155/1999/378394

7. Hubbard, H.; Lawitz, E. Gastroenterol. Hepatol. 2018, 12, 9-17. doi:

10.1080/17474124.2018.1411802

16


https://doi.org/10.1021/ja00191a078
https://doi.org/10.1016/j.ejmech.2017.06.031
https://doi.org/10.1016/j.bmc.2018.04.058
https://doi.org/10.1002/j.1875-9114.1984.tb03348.x
https://doi.org/10.1111/j.1365-2125.1993.tb00376.x
https://dx.doi.org/10.1155%2F1999%2F378394
https://doi.org/10.1080/17474124.2018.1411802

8. Popovici-Muller, J.; Lemieux, R. M.; Artin, E.; Saunders, J. O.; Salituro, F. G;
Travins, J.; Cianchetta, G.; Cai, Z.; Zhou, D.; Cui, D.; Chen, P.; Straley, K.;
Tobin, E.; Wang, F.; David, M. D.; Penard-Lacronique, V.; Quivoron, C.;
Saada, V.; Botton, S. D; Gross, S.; Dang, L.; Yang, H.; Utley, L.; Chen, Y.;
Kim, H.; Jin, S.; Gu, Z.; Yao, G.; Luo, Z.; Xiao, Lv.; Fang, C.; Yan, L.;
Olaharski, A.; Silverman, L.; Biller, S.; Su, S.-S. M.; Yen, K. ACS Med. Chem.
Lett. 2018, 9, 300-305. doi:10.1021/acsmedchemlett.7b00421

9. Vangapandu, H. V.; Jain, N.; Gandhi, V. Expert Opin. Invest. Drugs. 2017, 26,
625-632. do0i:10.1080/13543784.2017.1312338

10.Camidge, D. R.; Kim, H. R.; Ahn, M.-J.; Yang, J. C.-H.; Han, J.-Y.; Lee, J.-S,;
Hochmair, M. J.; Li, J. Y.-C.; Chang, G.-C.; Lee, K. H.; Gridelli, C.; Delmonte,
A.; Garcia Campelo, R.; Kim, D.-W.; Bearz, A.; Griesinger, F.; Morabito, A.;
Felip, E.; Califano, R.; Ghosh, S.; A. Spira,; Gettinger, S. N.; Tiseo, M.; Gupta,
N.; Haney, J.; Kerstein, D.; Popat, S. N. Engl. J. Med. 2018, 379, 2027-2039.
doi: 10.1056/NEJM0al1810171

11.Fuentes de Arriba, A. L.; Lenci, E.; Sonawane, M.; Formery, O.; Dixon, D. J.
Angewandte Chemie, 2017, 129(13), 3709-3713.
doi:10.1002/anie.201612367

12.Collins, C. J.; Lanz, M.; Singaram, B. Tetrahedron Lett. 1999, 40, 3673-3676.
doi:10.1016/S0040-4039(99)00556-0

13.Shim, S. C.; Huh, K. T.; Park, W. H. Tetrahedron 1986, 42, 259-263.
doi:10.1016/S0040-4020(01)87426-3

14. Watanabe, Y.; Shim, S. C.; Uchida, H.; Mitsudo, T.; Takegami, Y.
Tetrahedron 1979, 35, 1433-1436. doi:10.1016/0040-4020(79)85039-5

15.Rout, L.; Jammi, S.; Punniyamurthy, T. Org. Lett. 2007, 9, 3397-3399.

doi:10.1021/0l0713887
17


https://doi.org/10.1080/13543784.2017.1312338
https://doi.org/10.1002/anie.201612367
https://doi.org/10.1002/anie.201612367
https://doi.org/10.1016/S0040-4039(99)00556-0
https://doi.org/10.1016/S0040-4020(01)87426-3
https://doi.org/10.1016/0040-4020(79)85039-5
https://doi.org/10.1021/ol0713887

16.Khatri, P. K.; Jain, S. L. Tetrahedron Lett. 2013, 54, 2740-2743.
doi:10.1016/j.tetlet.2013.03.062

17.Craig, L. C.; Hixon, R. M. J. Am. Chem. Soc. 1930, 52, 804- 808.
doi:10.1021/ja01365a054

18.Cui, X.; Dai, X.; Deng, Y.; Shi, F. Chem. Eur. J. 2013, 19, 3665-3675.
doi:10.1002/chem.201203417

19.Chamberlain, A. E. R.; Paterson, K. J.; Armstrong, R. J.; Twin, H. C;
Donohoe, T. J. Chem. Commun. 2020, 56, 3563-3566.
doil: 10.1039/d0cc00903b

20.Yang, P.; Zhang, C.; Gao, W. C.; Wang, Y. M. X.; Zhang, L.; Yue, J.; Tang, B.
Chem. Commun. 2019, 55, 7844-7847.d0i:10.1039/C9CC03975A

21.Jeffrey, J. L.; Bartlett, E. S.; Sarpong, R. Angew. Chem. Int. Ed. 2013, 52,
2194-2197. doi:10.1002/anie.201209591

22.Betz, K. N.; Chiappini, N. D.; Bois, J. D. Org. Lett. 2020, 22 (5), 1687-1691.
doi:10.1021/acs.orglett.9004096

23.Gill, D. M.; Iveson, M.; Collins, I.; Jones, A. M. Tetrahedron Letters. 2018, 59
(3), 238-242. doi:10.1016/].tetlet.2017.12.017

24.Walkup, R. E.; Searles, S. Tetrahedron. 1985, 41, 101-106.
doi:10.1016/S0040-4020(01)83473-6

25.0lsen, C. J.; Furst, A. J. Am. Chem. Soc. 1953, 75, 3026.
doi:10.1021/ja01108a511

26.Hargis, D. C.; Shubkin, R. L. Tetrahedron Lett. 1990, 31, 2991-2994.
doi:10.1016/S0040-4039(00)89006-1

27.Sun, Z.; Hu, S.; Huo, Y.; Wang, Z. RSC Adv. 2017, 7, 4363— 4367.

doi: 10.1039/C6RA27325D

18


https://doi.org/10.1016/j.tetlet.2013.03.062
https://doi.org/10.1021/ja01365a054
https://doi.org/10.1002/chem.201203417
https://doi.org/10.1039/d0cc00903b
https://doi.org/10.1039/C9CC03975A
https://doi.org/10.1002/anie.201209591
https://doi.org/10.1021/acs.orglett.9b04096
https://doi.org/10.1016/j.tetlet.2017.12.017
https://doi.org/10.1016/S0040-4020(01)83473-6
https://doi.org/10.1021/ja01108a511
https://doi.org/10.1016/S0040-4039(00)89006-1

28.Korbad, B. L.; Lee, S.-H. Chem. Commun. 2014, 50, 8985-8988.
doi:10.1039/C4CC04111A

29.Zhang, Z.; Miao, C.; Xia, C.; Sun, W. Org. Lett. 2016, 18, 1522-1525.
doi:10.1021/acs.orglett.6b00157

30.Hu, S.; Huo, Y.; Wang, Z. Chem. Heterocycl. Compd. 2017, 53, 1365-1368.
doi:10.1007/s10593-018-2220-3

31.Hou, T.; Zhang, C.; Wang, Y.; Liu, Z.; Zhang, Z.; Wang, F. Catal. Commun.
2017, 94, 56-59. doi:10.1016/j.catcom.2017.02.022

32.Bourns, A. N.; Embleton, H. W.; Hansuld, M. K. Can. J. Chem. 1952, 30, 1-8.
doi:10.1139/v52-001

33.M. Johannsen and K. A. Jgrgensen. Chem. Rev. 1998, 98, 1689-1708.
doi:10.1021/cr9703430

34.C. Chiappe and D. Pieraccini. Green Chem. 2003, 5, 193-197.
doi:10.1039/B211340F

35. Salvatore, R. N.; Yoon, C. H.; Jung, K. W. Tetrahedron. 2001, 57, 7785-7811.
doi:10.1016/S0040-4020(01)00722-0

36.Martinez, R.; Ramén, D. J.; Yus, M. Org. Biomol. Chem. 2009, 7, 2176-2181.
doi:10.1039/B901929D

37.Bartoli, G.; Marcantoni, E.; Bosco, M.; Dalpozzo, R. Tetrahedron Lett. 1988,
29, 2251-2254. doi:10.1016/S0040-4039(00)86724-6

38.Pace, V.; Martinez, F.; Fernandez, M.; Sinisterra, J. V.; Alcantara, A. R. Org.
Lett. 2007, 9, 2661-2664. doi:10.1021/0l0708900

39.Yadav, J. S.; Madhuri, Ch.; Reddy, B. V. S.; Kiran Kumar Reddy, G. S;
Sabitha. G. Synth. Commun. 2002, 32, 2771-2777. doi:10.1081/SCC-

120006459

19


https://doi.org/10.1039/C4CC04111A
https://doi.org/10.1021/acs.orglett.6b00157
https://doi.org/10.1007/s10593-018-2220-3
https://doi.org/10.1016/j.catcom.2017.02.022
https://doi.org/10.1139/v52-001
https://doi.org/10.1021/cr970343o
https://doi.org/10.1039/B211340F
https://doi.org/10.1016/S0040-4020(01)00722-0
https://doi.org/10.1039/B901929D
https://doi.org/10.1016/S0040-4039(00)86724-6
https://doi.org/10.1021/ol070890o
https://doi.org/10.1081/SCC-120006459
https://doi.org/10.1081/SCC-120006459

40.Marzaro, G.; Guiotto, A.; Chilin, A. Green Chem. 2009, 11, 774-776.
doi:10.1039/B900750D

41.Zwierzak, A.; Brylikowska-Piotrowicz, J. Angew. Chem. Int. Ed. 1977, 16, 107
-107. doi:10.1002/anie.197701071

42.Ciufolini, M.A.; Spencer, G. O. J. Org. Chem. 1989, 54, 4739-4741.
doi:10.1021/j000281a008

43.Yadav, L.D.S.; Rai, A.; Rai, V.K.; Awasthi, C. Tetrahedron Lett. 2008, 49,
687-690. doi:10.1016/j.tetlet.2007.11.130

44 Yadav, L.D.S.; Awasthi, C.; Rai, V.K.; Rai, A. Tetrahedron Lett. 2007, 48,
8037-8039. d0i:10.1016/j.tetlet.2007.09.044

45.Minicone, F.; Rogers, W.J.; Green, J.F.J.; Khan, M.; Smith, G.M.T.; Bray C. D.
Tetrahedron Lett. 2014, 55, 5890-5891. doi:10.1016/].tetlet.2014.08.009

46.Holzer, P.; Masuya, K.; Furet, P.; Kallen, J.; Valat-Stachyra, T.; Ferretti, S.;
Berghausen, J.; Bouisset-Leonard, M.; Buschmann, N.; Pissot-Soldermann,
C.; Rynn, C.; Ruetz, S.; Stutz, S.; Chéne, P.; Jeay, S.; Gessier, F. J. Med.
Chem. 2015, 58, 6348—-6358. do0i:10.1021/acs.jmedchem.5b00810

47. Johnson, C.N.; Ahn, J.S.; Buck, I.M.; Chiarparin, E.; Day, J.E.H.; Hopkins, A.;
Howard, S.; Lewis, E.J.; Martins, V.; Millemaggi, A.; Munck, J.M.; Page, L.W;
Peakman, T.; Reader, M.; Rich, S.J.; Saxty, G.; Smyth, T.; Thompson, N.T;
Ward, G.A.; Williams, P. A.; Wilsher, N.E.; Chessari, G. J. Med. Chem. 2018,
61, 7314-7329. doi:10.1021/acs.jmedchem.6b01877

48.Zhu, K.; Song, J.-L.; Tao, H.-R.; Cheng, Z.-Q.; Jiang, C.-S.; Zhang, H. Bioorg.
Med. Chem. Lett. 2018, 28, 3693—-3699. doi:10.1016/j.omcl.2018.10.026

49.Wang, A.; Huang, G.; Wang, B.; Lv, K.; Wang, H.; Tao, Z.; Liu, M.; Guo, H.;
Lu, Y. Bioorg. Med. Chem. Lett. 2018, 28, 2945-2948.

doi:10.1016/j.bmcl.2018.07.005
20


https://doi.org/10.1039/B900750D
https://doi.org/10.1002/anie.197701071
https://doi.org/10.1021/jo00281a008
https://doi.org/10.1016/j.tetlet.2007.11.130
https://doi.org/10.1016/j.tetlet.2007.09.044
https://doi.org/10.1016/j.tetlet.2014.08.009
https://doi.org/10.1021/acs.jmedchem.5b00810
https://doi.org/10.1021/acs.jmedchem.6b01877
https://doi.org/10.1016/j.bmcl.2018.10.026
https://doi.org/10.1016/j.bmcl.2018.07.005

	Cover
	Manuscript

