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Abstract
We present a computational mechanistic study on the copper(III)-catalysed carboarylation–ring closure reactions leading to the for-

mation of functionalised heterocycles. We have performed DFT calculations along selected routes and compared their free energy

profiles. The calculations considered two viable options for the underlying mechanism which differ in the order of the oxazoline

ring formation and the aryl transfer steps. In our model transformation, it was found that the reaction generally features the aryl

transfer–ring closing sequence and this sequence shows very limited sensitivity to the variation of the substituent of the reactants.

On the basis of the mechanism the origin of the stereoselectivity is ascribed to the interaction of the Cu ion with the oxazoline

oxygen driving the ring-closure step selectively.
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Introduction
Recently a very efficient synthetic strategy has been developed

where diaryl iodonium salt 1 [1-8] and copper(I) catalyst 2 are

employed together to produce in situ Ar–Cu(III) species 3 for

the carbofunctionalisation of appropriate substrates 4 [9-28]. In

particular, the arylation–cyclisation reactions promoted by the

highly electrophilic Cu(III)–aryl intermediates 3 can allow

access to aryl-functionalised carbocyclic and heterocyclic mole-

cules 8 with valuable functionalities [9,29-44]. The mechanistic
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Scheme 1: Possible intermediates of the interaction of alkynyl compounds with Ar–Cu(III) species.

details of these cascade reactions are not clear as evidenced by

the different mechanistic proposals (see, e.g., [18,30,40,44]).

These mechanisms suggest the presence and existence of vinyl

cation 7, alkynyl–Cu(III) 5, or alkenyl–Cu(III) complexes 6

before the C–O bond formation in the ring closing step (see

Scheme 1).

As an example of the catalytic arylation–cyclisation strategy, an

efficient procedure to form substituted oxazoline derivatives

from alkyl and aryl propargylamides has been developed. The

process involves a 5-exo-dig cyclisation and an aryl group

transfer step affording a wide range of oxazoline derivatives

[44]. An intriguing issue is the order of the arylation and ring-

closure steps and whether this sequence can be affected by the

electronic or steric properties of the ligands. Although these

mechanistic variations have been postulated in the literature, the

exact sequence remained unclear. In this article we report our

theoretical studies addressing the mechanism of this reaction,

which could provide valuable information for other, analogous

copper-catalysed arylation–cyclisation reactions.

Results and Discussion
First, we explain our computational strategy and discuss the

possible reaction paths leading to the formation of 5-(diphenyl-

methylene)-4,5-dihydrooxazole in the reaction of propargylic

amides and diaryliodonium salts in the presence of a Cu(I) cata-

lyst. This is a simplified model of the original reaction scheme

[44] and allows the exploration of the possible reaction routes

of the carboarylation–ring-closure reactions in a computation-

ally efficient manner. As the first step of the reaction we consid-

ered the formation of the key Ar–Cu(III) species, followed by

the interaction of this intermediate with the alkyne (Scheme 2,

step 1). In the next step we compared the energetics of two dif-

ferent paths (paths A and B), to get insight into the order of the

arylation and cyclisation steps. Additionally, the relevance of

vinyl cation formation and the stereoselectivity were examined.

The energy profiles start with the interaction of the reactant

with the catalyst complex formed in the EtOAc medium. In this

process the complexing EtOAc ligand leaves and the reactant

N-(3-phenylprop-2-yn-1-yl)acetamide binds to the Cu(III) ion in

an η2 mode with its triple bond yielding I1. The process occurs

via an associative substitution route often observed for the

16 electron metal complexes. We could locate a crucial struc-

ture (Ic) where the incoming reactant and the leaving solvent

molecule occupy the equatorial position of the trigonal

bipyramid formed by the five ligands of the Cu(III) ion. We

decided to characterise this step by the free energy level of the

intermediate: 17.6 kcal/mol. There are two reasons behind this

choice: i) the preceding and subsequent barriers were computed

to be very close in energy to that of this structure; ii) one of the

participants of this step is the solvent EtOAc molecule, i.e., the

solvent plays a two-fold role: it is a reactant and a solvating

agent; as it is known, such situations are difficult to describe by
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Scheme 2: Two possible reaction routes for the oxazoline formation explored by computations. The schemes indicate the possible stereochemical
outcomes. For the definition of the labels of intermediates and transition states see Scheme 3.

implicit solvent models [45]. The intermediate formed in this

step (I1) is stabilised at 5.7 kcal/mol.

From this intermediate, the two reaction paths diverge. On path

A (blue in Scheme 2 and Scheme 3) the ring formation takes

place with an activation free barrier of 22.6 kcal/mol (TSrc
A).

Along this path this is the rate determining step. The calcula-

tions revealed that once the ring is formed, the aryl transfer

spontaneously occurs and a significant amount of free energy is

released (more than 70 kcal/mol) by the formation of the adduct

of the protonated product and the catalyst (free energy level of

−50.5 kcal/mol, not shown in Scheme 3).

In contrast the route starting with the aryl transfer from Cu(III)

to the activated reactant features a two-step mechanism (red in

Scheme 2 and Scheme 3): the aryl-transfer leads to the forma-

tion of a quite stable intermediate I2
B with a ca. −20 kcal/mol

exergonicity with respect to the first intermediate (I1). We can

also notice that this step requires a smaller, 18.9 kcal/mol acti-

vation free energy (TSar
B) as compared to TSrc

A. The aryl

transfer is followed by the O–C bond formation which results in

the oxazoline ring. This step requires a moderate 6.5 kcal/mol

activation energy (TSrc
B) which indicates that this step is very

fast under the reaction conditions. After the ring is formed the

system is stabilised by releasing a large amount free energy to

arrive at the same state as postulated for path A.

Comparison of the two free energy profiles indicates that the

preferred route is the one where the aryl transfer precedes the

oxazoline ring formation. On the other hand, the calculated acti-

vation free energy barriers are compatible for both routes with

the experimental conditions and indicate that both mechanisms

can operate at the relatively low, 50 °C temperature.

As the reaction profiles indicate the final state is highly stable.

Further stabilisation is expected when the product is formed by

deprotonation (presumably at the work-up stage). However, de-

protonation may occur earlier if this is thermodynamically

favourable in the presence of a suitable base. In the reaction

mixture such potential bases are the triflate anion and the reac-

tant. As they are very weak bases we can expect that deproton-

ation does not take place before the final product formation.
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Scheme 3: Free energy profiles for the possible reaction routes. The final energy state (−50.5 kcal/mol) is not shown. Red profile: first the aryl transfer
occurs followed by the oxazoline ring closure; blue profile: ring closing takes place first followed by spontaneous aryl transfer. The dashed lines are
only guides to the eyes. Colour code for the structures: green: C; red: O; light green: Cl; blue: N; yellow: S; violet: F; bronze: Cu.

Indeed, the calculations show that none of the reactants and

intermediates is strong enough acids to deprotonate:

+55 kcal/mol, +18 kcal/mol and +25 kcal/mol of free energy are

required to deprotonate the reactant and intermediates I1 and

I2
B, respectively.

As Scheme 2 indicates the products oxazoline can be cis- or

trans-isomers regarding the relative positions of the oxazoline

oxygen and the incoming aryl group at the double bond. Forma-

tion of a vinyl cation would imply a non-stereospecific oxa-

zoline formation. The calculations, however, revealed that its

formation requires ca. 3 kcal/mol more free energy investment

than the barrier toward the intramolecular ring closure (TSrc
B).

Therefore, we can exclude that the reaction path goes through a

vinyl cation intermediate. In contrast, the mechanism obtained

from the calculations shows that the catalyst steadily interacts

with the substrate via Cu–C bonds along the full path. Further

inspection reveals a crucial interaction between the carbonyl

oxygen and the catalyst Cu ion (see, e.g., I2
B in Scheme 3

where the Cu–O bond length is 1.87 Å). In fact, this coopera-

tion drives selectively the reaction toward the formation of the

cis-isomer, which is consistent with the experimental results.

Although the above 3 kcal/mol energy difference is large

enough to guide the reaction toward the intermolecular ring

closure, it is important to note that this also indicates an oppor-

tunity to influence the reaction mechanism: stabilisation of the

vinyl cation [17,42] may induce a deviation toward a path with

less efficient stereocontrol.

To obtain further insight into the mechanism we have calcu-

lated these paths for a large number of reactions where the R1,

R2 and R3 substituents of the reactants are varied (see reaction

scheme in Table 1). A selection of these routes is summarised in

Table 1 whereas the data of the full set of reactions are given in

Supporting Information File 1. The reactions collected in

Table 1 represent the scope of the methodology [44]. Inspec-

tion of Table 1 shows that the aryl transfer route is always

preferred to the one where the oxazoline ring formation occurs

first (the barriers of the ring closure are consistently higher than
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Table 1: Effect of the substituents on the barrier heights (kcal/mol). Selection of the substituents is based on [44].

barrier of (kcal/mol)

R1 R2 R3 complex formation aryl transfer first ring closure first

Ph t-Bu Ph 16.9 17.6 19.8
o-Me-Ph t-Bu Ph 19.4 18.8 21.3
p-Me-Ph t-Bu Ph 15.4 17.5 20.9

p-OMe-Ph t-Bu Ph 15.8 17.7 20.3
p-COOEt-Ph t-Bu Ph 18.5 18.8 21.7

p-Ac-Ph t-Bu Ph 18.6 18.9 20.3
p-Cl-Ph t-Bu Ph 16.6 17.8 19.1
m-Br-Ph t-Bu Ph 17.0 18.7 20.3

Ph Ph Ph 16.5 18.5 21.9
Ph p-MeO-Ph Ph 12.3 11.8 16.1
Ph p-NO2-Ph Ph 17.0 19.5 23.9
Ph t-Bu m-Br-Ph 18.8 17.1 19.4
Ph t-Bu p-Ac-Ph 18.1 17.6 18.8

2-thiophene t-Bu Ph 16.9 18.5 18.5
Ph Et Ph 18.0 18.6 21.0
Et t-Bu Ph 17.9 17.2 19.5

those of the aryl transfers). It is also interesting to note that in

some cases the initial complex formation is the rate deter-

mining step along the aryl-transfer path although in most cases

the differences in the two barrier heights are very small.

The full set of reactions also shows that the aryl transfer as the

first step after the complex formation with the catalyst is

preferred over the route where the ring closure precedes the aryl

transfer. Only three cases from the calculated ca. fifty reactions

show a reverse trend. We could not identify a common motif

behind this discrepancy; instead we attribute these exceptions to

the limitations of the methodology.

Conclusion
In summary, we have shown with the selected model reaction

that the above copper-catalysed carboarylation–ring closure

reaction of alkynyl substrates with diaryliodonium salts can be

depicted as follows: first the Cu(III)–aryl electrophile forms an

intermediate with the triple bond of the reactant, then the aryl

moiety migrates to the activated triple bond which is followed

by a fast ring-closing step. The calculations provided several

new chemical insights: deprotonation can take place only after

the tandem arylation–cyclisation sequence; the mechanism

shows a very limited sensitivity in a wide range of substituents

installed on the reactants; a crucial copper–oxygen interaction is

responsible for the very high stereoselectivity of the reaction

and it also excludes the formation of vinyl-cation intermediates.

The obtained results could serve as a useful and more general

description of the mechanism of the carboarylation–ring closure

strategy based on the utilisation of alkynes and diaryliodonium

salts, beyond the selected and studied oxazoline synthesis.

Experimental
The calculations have been performed using the Gaussian 09

program package [46]. The M06 exchange–correlation func-

tionals have been employed to solve the Kohn–Sham equations

[47]. For the geometry optimisations, transition state searches

and vibrational calculations the 6 31G* basis set was used. All

the stationary structures obtained by the optimisation proce-

dures were further recalculated using the 6 311++G(3df,3pd)

basis set and the SMD implicit solvent model [48] employing

ethyl acetate as solvent. The equilibrium structures of the reac-

tant, product and intermediate states had only positive frequen-

cies. The transition states have been verified having a single

imaginary frequency and connecting the corresponding interme-

diate structures. The discussions are based on Gibbs free ener-
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gies obtained within the ideal-gas model using the rigid-rotor

harmonic-oscillator model for 323.15 K (experimental condi-

tion). The present methodology and its close variants have been

successfully applied to explore the mechanisms of Cu-cata-

lysed organic reactions [49-51].

Supporting Information
Supporting Information File 1
Full version of Table 1, total energies and Cartesian

coordinates of all stationary points.

[https://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-14-148-S1.pdf]

Acknowledgements
This work was supported by NKFI (Grant No. K116034 and

K125120). This project was supported by the János Bolyai

Research Scholarship of the Hungarian Academy of Sciences.

COST-CHAOS (CA15106) Action is also acknowledged.

ORCID® iDs
Zoltán Novák - https://orcid.org/0000-0001-5525-3070
András Stirling - https://orcid.org/0000-0002-1696-7932

References
1. Stang, P. J.; Zhdankin, V. V.; Tykwinski, R.; Zefirov, N. S.

Tetrahedron Lett. 1992, 33, 1419–1422.
doi:10.1016/S0040-4039(00)91636-8

2. Merritt, E. A.; Olofsson, B. Angew. Chem., Int. Ed. 2009, 48,
9052–9070. doi:10.1002/anie.200904689

3. Bouma, M. J.; Olofsson, B. Chem. – Eur. J. 2012, 18, 14242–14245.
doi:10.1002/chem.201202977

4. Bielawski, M.; Olofsson, B. Chem. Commun. 2007, 2521–2523.
doi:10.1039/b701864a

5. Yusubov, M. S.; Maskaev, A. V.; Zhdankin, V. V. ARKIVOC 2011, No. i,
370–409. doi:10.3998/ark.5550190.0012.107

6. Silva, L. F., Jr.; Olofsson, B. Nat. Prod. Rep. 2011, 28, 1722–1754.
doi:10.1039/c1np00028d

7. Zhdankin, V. V. Hypervalent Iodine Chemistry: Preparation, Structure,
and Synthetic Applications of Polyvalent Iodine Compounds; Wiley:
Chichester, U.K., 2013. doi:10.1002/9781118341155

8. Olofsson, B. Top. Curr. Chem. 2015, 373, 135–166.
doi:10.1007/128_2015_661

9. Aradi, K.; Tóth, B. L.; Tolnai, G. J.; Novák, Z. Synlett 2016, 27,
1456–1485. doi:10.1055/s-0035-1561369

10. Ryan, J. H.; Stang, P. J. Tetrahedron Lett. 1997, 38, 5061–5064.
doi:10.1016/S0040-4039(97)01105-2

11. Phipps, R. J.; Grimster, N. P.; Gaunt, M. J. J. Am. Chem. Soc. 2008,
130, 8172–8174. doi:10.1021/ja801767s

12. Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593–1597.
doi:10.1126/science.1169975

13. Bigot, A.; Williamson, A. E.; Gaunt, M. J. J. Am. Chem. Soc. 2011, 133,
13778–13781. doi:10.1021/ja206047h

14. Allen, A. E.; MacMillan, D. W. C. J. Am. Chem. Soc. 2011, 133,
4260–4263. doi:10.1021/ja2008906

15. Phipps, R. J.; Mc Murray, L.; Ritter, S.; Duong, H. A.; Gaunt, M. J.
J. Am. Chem. Soc. 2012, 134, 10773–10776. doi:10.1021/ja3039807

16. Xu, Z.-F.; Cai, C.-X.; Liu, J.-T. Org. Lett. 2013, 15, 2096–2099.
doi:10.1021/ol4003543

17. Suero, M. G.; Bayle, E. D.; Collins, B. S. L.; Gaunt, M. J.
J. Am. Chem. Soc. 2013, 135, 5332–5335. doi:10.1021/ja401840j

18. Walkinshaw, A. J.; Xu, W.; Suero, M. G.; Gaunt, M. J.
J. Am. Chem. Soc. 2013, 135, 12532–12535. doi:10.1021/ja405972h

19. Casitas, A.; Ribas, X. Chem. Sci. 2013, 4, 2301–2318.
doi:10.1039/c3sc21818j

20. Cahard, E.; Bremeyer, N.; Gaunt, M. J. Angew. Chem., Int. Ed. 2013,
52, 9284–9288. doi:10.1002/anie.201303724

21. Peng, J.; Chen, C.; Chen, J.; Su, X.; Xi, C.; Chen, H. Org. Lett. 2014,
16, 3776–3779. doi:10.1021/ol501655g

22. Fañanás-Mastral, M.; Feringa, B. L. J. Am. Chem. Soc. 2014, 136,
9894–9897. doi:10.1021/ja505281v

23. Bukšnaitienė, R.; Čikotienė, I. Synlett 2015, 26, 479–483.
doi:10.1055/s-0034-1379320

24. Cahard, E.; Male, H. P. J.; Tissot, M.; Gaunt, M. J. J. Am. Chem. Soc.
2015, 137, 7986–7989. doi:10.1021/jacs.5b03937

25. Beaud, R.; Phipps, R. J.; Gaunt, M. J. J. Am. Chem. Soc. 2016, 138,
13183–13186. doi:10.1021/jacs.6b09334

26. Teskey, C. J.; Sohel, S. M. A.; Bunting, D. L.; Modha, S. G.;
Greaney, M. J. Angew. Chem., Int. Ed. 2017, 56, 5263–5266.
doi:10.1002/anie.201701523

27. Fañanás-Mastral, M. Synthesis 2017, 49, 1905–1930.
doi:10.1055/s-0036-1589483

28. Kumar, D.; Arun, V.; Pilania, M.; Mehra, M. K.; Khandagale, S. B.
Chem. Biol. Interface 2016, 6, 270–281.

29. Cao, C. K.; Sheng, J.; Chen, C. Synthesis 2017, 49, 5081–5092.
doi:10.1055/s-0036-1589515

30. Zhang, F.; Das, S.; Walkinshaw, A. J.; Casitas, A.; Taylor, M.;
Suero, M. G.; Gaunt, M. J. J. Am. Chem. Soc. 2014, 136, 8851–8854.
doi:10.1021/ja504361y

31. Li, X.; Xu, J.; Zhang, P.; Gao, Y.; Wu, J.; Tang, G.; Zhao, Y. Synlett
2014, 25, 2009–2012. doi:10.1055/s-0034-1378354

32. Yang, Y.; Han, J.; Wu, X.; Mao, S.; Yu, J.; Wang, L. Synlett 2014, 25,
1419–1424. doi:10.1055/s-0033-1339004

33. Shi, L.; Wang, Y.; Yang, H.; Fu, H. Org. Biomol. Chem. 2014, 12,
4070–4073. doi:10.1039/C4OB00576G

34. Pang, X.; Chen, C.; Su, X.; Li, M.; Wen, L. Org. Lett. 2014, 16,
6228–6231. doi:10.1021/ol503156g

35. Pang, X.; Lou, Z.; Li, M.; Wen, L.; Chen, C. Eur. J. Org. Chem. 2015,
15, 3361–3369. doi:10.1002/ejoc.201500161

36. Yang, Y.; Han, J.; Wu, X.; Xu, S.; Wang, L. Tetrahedron Lett. 2015, 56,
3809–3812. doi:10.1016/j.tetlet.2015.04.082

37. Wu, X.; Yang, Y.; Han, J.; Wang, L. Org. Lett. 2015, 17, 5654–5657.
doi:10.1021/acs.orglett.5b02938

38. Minami, H.; Sueda, T.; Okamoto, N.; Miwa, Y.; Ishikura, Y.; Yanada, R.
Eur. J. Org. Chem. 2016, 3, 541–548. doi:10.1002/ejoc.201501330

39. Oh, K. H.; Kim, J. G.; Park, J. K. Org. Lett. 2017, 19, 3994–3997.
doi:10.1021/acs.orglett.7b01701

40. Wang, Y.; Chen, C.; Peng, J.; Li, M. Angew. Chem., Int. Ed. 2013, 52,
5323–5327. doi:10.1002/anie.201300586

41. Aradi, K.; Bombicz, P.; Novák, Z. J. Org. Chem. 2016, 81, 920–931.
doi:10.1021/acs.joc.5b02490

42. Sinai, Á.; Mészáros, Á.; Gáti, T.; Kudar, V.; Palló, A.; Novák, Z.
Org. Lett. 2013, 15, 5654–5657. doi:10.1021/ol402600r

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-148-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-148-S1.pdf
https://orcid.org/0000-0001-5525-3070
https://orcid.org/0000-0002-1696-7932
https://doi.org/10.1016%2FS0040-4039%2800%2991636-8
https://doi.org/10.1002%2Fanie.200904689
https://doi.org/10.1002%2Fchem.201202977
https://doi.org/10.1039%2Fb701864a
https://doi.org/10.3998%2Fark.5550190.0012.107
https://doi.org/10.1039%2Fc1np00028d
https://doi.org/10.1002%2F9781118341155
https://doi.org/10.1007%2F128_2015_661
https://doi.org/10.1055%2Fs-0035-1561369
https://doi.org/10.1016%2FS0040-4039%2897%2901105-2
https://doi.org/10.1021%2Fja801767s
https://doi.org/10.1126%2Fscience.1169975
https://doi.org/10.1021%2Fja206047h
https://doi.org/10.1021%2Fja2008906
https://doi.org/10.1021%2Fja3039807
https://doi.org/10.1021%2Fol4003543
https://doi.org/10.1021%2Fja401840j
https://doi.org/10.1021%2Fja405972h
https://doi.org/10.1039%2Fc3sc21818j
https://doi.org/10.1002%2Fanie.201303724
https://doi.org/10.1021%2Fol501655g
https://doi.org/10.1021%2Fja505281v
https://doi.org/10.1055%2Fs-0034-1379320
https://doi.org/10.1021%2Fjacs.5b03937
https://doi.org/10.1021%2Fjacs.6b09334
https://doi.org/10.1002%2Fanie.201701523
https://doi.org/10.1055%2Fs-0036-1589483
https://doi.org/10.1055%2Fs-0036-1589515
https://doi.org/10.1021%2Fja504361y
https://doi.org/10.1055%2Fs-0034-1378354
https://doi.org/10.1055%2Fs-0033-1339004
https://doi.org/10.1039%2FC4OB00576G
https://doi.org/10.1021%2Fol503156g
https://doi.org/10.1002%2Fejoc.201500161
https://doi.org/10.1016%2Fj.tetlet.2015.04.082
https://doi.org/10.1021%2Facs.orglett.5b02938
https://doi.org/10.1002%2Fejoc.201501330
https://doi.org/10.1021%2Facs.orglett.7b01701
https://doi.org/10.1002%2Fanie.201300586
https://doi.org/10.1021%2Facs.joc.5b02490
https://doi.org/10.1021%2Fol402600r


Beilstein J. Org. Chem. 2018, 14, 1743–1749.

1749

43. Chi, Y.; Yan, H.; Zhang, W.-X.; Xi, Z. Org. Lett. 2017, 19, 2694–2697.
doi:10.1021/acs.orglett.7b01025

44. Sinai, Á.; Vangel, D.; Gáti, T.; Bombicz, P.; Novák, Z. Org. Lett. 2015,
17, 4136–4139. doi:10.1021/acs.orglett.5b01860

45. Stirling, A.; Nair, N. N.; Lledós, A.; Ujaque, G. Chem. Soc. Rev. 2014,
43, 4940–4952. doi:10.1039/C3CS60469A

46. Gaussian 09, Revision E.01; Gaussian, Inc.: Wallingford, CT, 2013.
47. Zhao, Y.; Truhlar, D. G. Theor. Chem. Acc. 2008, 120, 215–241.

doi:10.1007/s00214-007-0310-x
48. Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009,

113, 6378–6396. doi:10.1021/jp810292n
49. Funes-Ardoiz, I.; Maseras, F. ACS Catal. 2018, 8, 1161–1172.

doi:10.1021/acscatal.7b02974
50. Tran, A. T.; Liu, P.; Houk, K. N.; Nicholas, K. M. J. Org. Chem. 2014,

79, 5617–5626. doi:10.1021/jo5005907
51. Jover, J. Phys. Chem. Chem. Phys. 2017, 19, 29344–29353.

doi:10.1039/C7CP05709A

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.14.148

https://doi.org/10.1021%2Facs.orglett.7b01025
https://doi.org/10.1021%2Facs.orglett.5b01860
https://doi.org/10.1039%2FC3CS60469A
https://doi.org/10.1007%2Fs00214-007-0310-x
https://doi.org/10.1021%2Fjp810292n
https://doi.org/10.1021%2Facscatal.7b02974
https://doi.org/10.1021%2Fjo5005907
https://doi.org/10.1039%2FC7CP05709A
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.148

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	ORCID iDs
	References

