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Abstract

The addition of electron deficient radicals to the C2 position of indoles has been described in the 

literature as opposed to electrophilic addition at the C3 position. Density functional theory 

calculations were used to understand the switch in regioselectivity from C3 to C2 for indole to 

undergo radical additions. Electron deficient radicals have a lower barrier for reaction at C2 and a 

lower energy radical intermediate that benefits from benzylic radical stabilization. Trifluoromethyl 

radical addition has a lower energy barrier than acetonitrile radical, and the C3 addition transition 

state is just 0.8 kcal/mol higher than C2. This is supported by experimental observations.

Graphical Abstract

Computational methods are used to model the addition of electron deficient radicals (•CH2CN or 

•CF3) at 2 or 3-positon of indoles. Lower reaction barriers are found for reaction at C2 rather than 

C3. The resulting C2 substituted indole radical intermediate is also lower in energy leading to the 

experimentally observed C2 selectivity. This is in contrast to long established C3 selectivity for 

indole reactions with electrophiles.
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Introduction

Indole is one of the most common heterocycles found in nature. A review article has 

estimated that over 80,000 papers have been published describing the synthesis or 

modification of indole, a structural element in tryptophan, serotonin and many alkaloids.[1] 

Indoles are well-described carbon nucleophiles participating in polar 2 e− additions by 

electrophiles at the C3-position.[2] While there is HOMO character at C3 and C2 (Figure 

1A), there is a higher natural charge from natural population analysis at C3 (Figure 1B: C3, 

−0.32 vs C2, −0.04). When both C2 and C3 are unsubstituted, reaction proceeds at C3 and 

as early as 1952 has been exploited by organic chemists.[3] This reactivity has led to the 

invention of widely used transformations including Friedel-Crafts,[4] conjugate addition, 

Mannich,[5] Tsuji-Trost allylation[6] or direct arylation[7] reactions. Enantioselective 

alkylations are known using Cu-H,[8] iminium[9] or thiourea catalysts[10] (Figure 1C). 

Alternatively, direct reaction with electrophiles at C2 in preference to C3 can be 

accomplished with an N-protecting group metallation via deprotonation[11] or copper 

catalysis.[12]

In contrast, electron deficient radicals are reported to react directly and selectively at the C2 

position of unprotected or unsubstituted indoles (Figure 1D). Bromoacetonitrile[13] or 

bromomalonates[14] activated with Ir or Ru based photocatalysts provide the C2 addition 

products in high yield (Figure 2). Trifluoromethylation has been accomplished using 

CF3SO2Cl photoredox catalysis,[15] CF3I with Pt(ppy)(acac) as photocatalyst,[16] CF3I with 

Fe(II) peroxide,[17] photoactivation of a Co-CF3 reagent,[18] TMSCF3 with copper catalyst 

(with N-methylindole),[19] or bistrifluoroacetyl peroxide.[20] To understand this switch in 

regioselectivity, we carried out quantum mechanical calculations to describe the factors that 

determine the C2 selectivity in radical addition reactions to indoles.

Results and Discussion

For both bromoacetonitrile[13] and trifluoromethylation[15], the mechanism has been 

described to first involve photocatalyst quenching to reduce the precursor (bromoacetonitrile 

or CF3SO2Cl) to generate radical. The electron deficient radical then adds to indole, and the 

indole is subsequently oxidized by single electron transfer back to the photocatalyst. The 

resulting cation is deprotonated to return aromaticity to afford the substituted product. This 

mechanism is supported experimentally by Stern-Volmer quenching studies where either 

CF3SO2Cl or bromoacetonitrile quench photocatalyst emission while indole does not. To 

understand the C2 selectivity of these reactions, we performed calculations[21] on the radical 

addition to either the indole 2 or 3 position using M06-2X density functionals[22] with the 

CC-PVQZ(-g) basis set.[23] The M06-2X method with large basis set has been shown to 

perform well on prediction of transition state geometries and the energetics of radicals.[24] 

Since secondary derivatives cannot be calculated with an f-basis function, the changes of 

free energies ΔGf° at the M06-2X/CC-PVQZ(-g) level were estimated by frequency 

calculations using CC-PVTZ(-f) basis function on the M06-2X/CC-PVQZ(-g) optimized 

structures. For comparison we also provide calculations using B3LPY//6-311G**[25] in 

Table 1.
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The transition state for addition of •CH2CN to C2 was lower by 2.9 kcal/mol via 2a with an 

energy barrier ΔGf°of 11.1 kcal/mol (2a) compared to ΔGf° 14.1 kcal/mol for C3 addition 

(3a, Figure 3). The resulting radical addition intermediate was significantly lower in energy 

for addition to C2 (2b, −7.4 kcal/mol) vs C3 (3b, −1.9 kcal/mol, Figure 3). For comparison, 

the Hansen group has computed the energy barrier for the addition of malonate radical to N-

methyl indole C2 to be 4.5 kcal/mol lower than for addition at C3.[26]

Shown in Table 1, the energetics of the indole addition transition states for positions 4 

through 7 were also computed. The resulting dienyl radicals 4b and 7b were lower in energy 

than for addition at C3. Addition to the 5- and 6-positions was found to be slightly 

endothermic. The transition state energies follow the trend for radical intermediates 

2a<<7a<3a, 4a<6a<5a. The lower energy found for reaction at the 2-position correlates 

with the experimentally observed selectivity for C2 functionalization.

Trifluormethylation of indoles at the 2-position has been well described using many different 

sources of •CF3 in the literature[15–20], and in most cases, C3 alkylation is observed as a 

minor product. Calculations at the M06-2X/CC-PVQZ(-g) level of theory reveal a small 

difference in energy barrier between addition at the 2-position (2e) compared with the 3-

position (3e) (ΔGf° 4.2 kcal/mol vs 5.0 kcal/mol for reaction, respectively). Of note is the 

reduced energy barrier as compared to •CH2CN (11.2–14.1 kcal/mol). Shown in Figure 4, 

the transition state is earlier with a C…C bond length of 2.26 Å (•CF3 addition, 2e) vs 2.16 

Å (•CH2CN addition, 2a). The resulting C2 adduct is lowest in energy (2f, –26.1 kcal/mol) 

compared to C3 (3f, –22.2 kcal/mol). Exergonic trifluoromethyl radical addition to C3 of 2-

phenyl-N-methyl-indole has also been described (–8.9 kcal/mol).[27] Houk and co-workers 

have also computationally studied the •CF3 addition to enolates. They concluded that 

addition is near barrierless, as transition states could not be optimized and the product 

formation is exergonic (–24.9 kcal/mol).[28] Addition of •CF3 to other indole positions was 

found to have a slightly higher energy barrier (4.8–6.5 kcal/mol) (Table 1, 4e–7e). The lower 

barriers and small difference (0.8 kcal/mol) in transition state energies for 2e and 3e explain 

the formation of the experimentally observed C3 regioisomer (C2: C3, 4:1).[15],[20] The 

radical intermediate 2f (–26.1 kcal/mol) is lowest in energy followed by 4f (–24.5 kcal/mol), 

7f (–23.1 kcal/mol) and then 3f (–22.2 kcal/mol).

The next step in the reaction involves oxidation of the radical intermediate to cation Figure 

5. This process is more endothermic for C2 adduct 2b to 2c compared to 3b to 3c. 

Deprotonation then returns aromaticity and reaction products 2d and 3d. Loss of proton to 

return aromaticity in an analogous malonate system has been calculated to be exothermic.
[26]

We also calculated the spin density and relative energies in solution for intermediates 2 and 

3 (Figure 6). In structures 3b and 3f radical character is mostly localized on C2 (3b, 0.71; 3f, 
0.71). In structures 2b and 2f the radical is conjugated to the aromatic system and the radical 

spin density is delocalized from C3 (2b, 0.56; 2f, 0.57). Radicals 2b and 2f were found to be 

lower in energy than 3b,f in either gas, or using Poisson Boltzmann Finite element method 

(PBF)[29] with water or DMSO as solvent. Delocalization of the radical spin density 

correlates with the benzylic stabilization[30] of intermediates 2 vs 3.
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For comparison trifluoromethyl cations are lower in energy when substituted at the 3-

position. Shown in Figure 7 benzylic cation 2g is 7.0 kcal/mol higher in energy than 

aromatic iminium 3g. It requires breaking aromaticity for the amine lone pair electrons in 2g 
to stabilize the cation resulting from electrophilic addition at the 2-position. This is in 

contrast to the radicals 2b/2f which are lower in energy than 3b/3f. Further the C2 product 

2h is higher in energy than the C3 product 3h by 3.6 kcal/mol. For comparison indole 

protonation with addition of H+ to C3 (Figure 7B, 9) is 7.1 kcal/mol lower in energy than the 

corresponding H+ addition to C2 (8). Placing the cation in the benzylic position is less 

advantageous than the cation stabilized by the nitrogen lone pair (iminium 9).

Conclusions

In conclusion, we have performed density functional theory calculations that explain the 

regioselectivity in the addition of electron deficient radicals to indoles. Despite greater 

nucleophilicity at the 3-position of indoles, the barrier is lower for radical additions at the 2-

position. This is in part due to the increased stability of the radical addition products for 2 

versus 3. The very low reaction barriers for •CF3 additions also explain why, depending on 

the synthetic method, regio-isomers are reported, whereas for •CH2CN, the higher reaction 

barrier and greater separation in transition state energies imparts greater selectivity.

Experimental Section

Optimized structures in SDF format are provided in the supporting information. Jaguar 

(https://www.schrodinger.com/jaguar) was used for all calculations[21] using M06-2X or 

B3LYP/6–311G** density functionals with the CC-PVQZ(-g) basis set.[22] Solvation Model 

using Poisson-Boltzmann Finite element method (PBF) in Jaguar was applied to model the 

solvent effect in water or DMSO.[29] Free energies ΔGf° at the M06-2X/CC-PVQZ(-g) level 

were estimated by frequency calculations using CC-PVTZ(-f) basis function on the 

M06-2X/CC-PVQZ(-g) optimized structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by a grant from the National Institutes of Health (AG002132), as well as by support from 
the Brockman Foundation, the Oak Meadow Foundation, and the Sherman Fairchild Foundation.

References

[1]. Bandini M, Eichholzer A, Angew. Chem. Int. Ed 2009, 48, 9608–9644.

[2]. a)Lakhdar S, Westermaier M, Terrier F, Goumont R, Boubaker T, Ofial AR, Mayr H, J. Org. Chem 
2006, 71, 9088–9095; [PubMed: 17109534] b)Sundberg R, The Chemistry of Indoles, Academic 
Press, Inc., New York, New York, 1970.

[3]. Tyson FT, Shaw JT, J. Am. Chem. Soc 1952, 74, 2273–2274.

[4]. Ottoni O, Neder A. d. V. F., Dias AKB, Cruz RPA, Aquino LB, Org. Lett 2001, 3, 1005–1007. 
[PubMed: 11277781] 

Li et al. Page 4

European J Org Chem. Author manuscript; available in PMC 2021 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.schrodinger.com/jaguar


[5]. Wang Y-Q, Song J, Hong R, Li H, Deng L, J. Am. Chem. Soc 2006, 128, 8156–8157. [PubMed: 
16787078] 

[6]. Bandini M, Melloni A, Umani-Ronchi A, Org. Lett 2004, 6, 3199–3202. [PubMed: 15330622] 

[7]. Stuart DR, Fagnou K, Science 2007, 316, 1172–1175. [PubMed: 17525334] 

[8]. Ye Y, Kim S-T, Jeong J, Baik M-H, Buchwald SL, J. Am. Chem. Soc 2019, 141, 3901–3909. 
[PubMed: 30696242] 

[9]. Austin JF, MacMillan DWC, J. Am. Chem. Soc 2002, 124, 1172–1173. [PubMed: 11841277] 

[10]. Peterson EA, Jacobsen EN, Angew. Chem. Int. Ed 2009, 48, 6328–6331.

[11]. Katritzky AR, Akutagawa K, Tetrahedron Lett 1985, 26, 5935–5938.

[12]. Phipps RJ, Grimster NP, Gaunt MJ, J. Am. Chem. Soc 2008, 130, 8172–8174. [PubMed: 
18543910] 

[13]. O’Brien CJ, Droege DG, Jiu AY, Gandhi SS, Paras NA, Olson SH, Conrad J, J. Org. Chem 2018, 
83, 8926–8935. [PubMed: 29940725] 

[14]. Furst L, Matsuura BS, Narayanam JMR, Tucker JW, Stephenson CRJ, Org. Lett 2010, 12, 3104–
3107. [PubMed: 20518528] 

[15]. Nagib DA, MacMillan DWC, Nature 2011, 480, 224. [PubMed: 22158245] 

[16]. Choi WJ, Choi S, Ohkubo K, Fukuzumi S, Cho EJ, You Y, Chem. Sci 2015, 6, 1454–1464. 
[PubMed: 29560234] 

[17]. Kino T, Nagase Y, Ohtsuka Y, Yamamoto K, Uraguchi D, Tokuhisa K, Yamakawa T, J. Fluorine 
Chem 2010, 131, 98–105.

[18]. Harris CF, Kuehner CS, Bacsa J, Soper JD, Angew. Chem. Int. Ed 2018, 57, 1311–1315.

[19]. Chu L, Qing F-L, J. Am. Chem. Soc 2012, 134, 1298–1304. [PubMed: 22145831] 

[20]. Yoshida M, Yoshida T, Kobayashi M, Kamigata N, J. Chem. Soc., Perkin Trans 1 1989, 909–914.

[21]. Bochevarov AD, Harder E, Hughes TF, Greenwood JR, Braden DA, Philipp DM, Rinaldo D, 
Halls MD, Zhang J, Friesner RA, Int. J. Quantum Chem 2013, 113, 2110–2142.

[22]. Zhao Y, Truhlar DG, Theor. Chem. Acc 2008, 120, 215–241.

[23]. Dunning TH, J. Chem. Phys 1989, 90, 1007–1023.

[24]. a)Zhao Y, Truhlar DG, J. Phys. Chem. A 2008, 112, 1095–1099; [PubMed: 18211046] b)Xu X, 
Alecu IM, Truhlar DG, Chem J Theory Comput 2011, 7, 1667–1676.

[25]. a)Becke AD, J. Chem. Phys 1993, 98, 5648–5652;b)Lee C, Yang W, Parr RG, Phys. Rev. B 1988, 
37, 785–789;c) Krishnan R, Binkley JS, Seeger R, Pople JA, J. Chem. Phys 1980, 72, 650–654.

[26]. Demissie TB, Ruud K, Hansen JH, Organometallics 2015, 34, 4218–4228.

[27]. Miller SA, van Beek B, Hamlin TA, Bickelhaupt FM, Leadbeater NE, J. Fluorine Chem 2018, 
214, 94–100.

[28]. Itoh Y, Houk KN, Mikami K, J. Org. Chem 2006, 71, 8918–8925. [PubMed: 17081023] 

[29]. Tannor DJ, Marten B, Murphy R, Friesner RA, Sitkoff D, Nicholls A, Honig B, Ringnalda M, 
Goddard WA, J. Am. Chem. Soc 1994, 116, 11875–11882.

[30]. Anslyn EV, Dougherty DA, Modern Physical Organic Chemistry, University Science Books, 
Sausalito, CA, 2006.

Li et al. Page 5

European J Org Chem. Author manuscript; available in PMC 2021 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
A) Diagram of indole HOMO. B) Natural population analysis charges for indole. C) 

Divergent addition regiochemistry for electrophiles (C3) and D) electron deficient radicals 

(C2).
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Figure 2. 
Examples of photoredox-mediated radical addition to the 2-position of indoles.
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Figure 3. 
Transition state and intermediate energies (estimated ΔGf°) for the addition of acetonitrile 

radical to indole at either the C2 (2) or C3 (3) position using the M06-2X/CC-PVQZ(-g) 

method.
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Figure 4. 
Transition state and estimated intermediate energies (estimated ΔGf°) for the addition of 

trifluoromethyl radical to indole at either the C2 (2) or C3 (3) position using the 

M06-2X/CC-PVQZ(-g) method.
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Figure 5. 
Oxidation of radical intermediates to M06-2X/CC-PVQZ(-g) fully optimized cations 

followed by deprotonation and rearomatization to provide indole addition products 2d,h or 

3d,h.
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Figure 6. 
Spin density and relative energies in solution for 2b,f and 3b,f using the M06-2X/CC-

PVQZ(-g) method.
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Figure 7. 
A) Comparison of C2 or C3 trifluoromethyl substituted cations. B) Comparison of C2 or C3 

protonation using the M06-2X/CC-PVQZ(-g) method.
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