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Abstract

The intramolecular radical addition to aniline derivatives was investigated by DFT calculations. The computational methods were
benchmarked by comparing the calculated values of the rate constant for the 5-exo cyclization of the hexenyl radical with the
experimental values. The dispersion-corrected PW6B95-D3 functional provided very good results with deviations for the free acti-
vation barrier compared to the experimental values of only about 0.5 kcal mol™! and was therefore employed in further calculations.
Corrections for intramolecular London dispersion and solvation effects in the quantum chemical treatment are essential to obtain
consistent and accurate theoretical data. For the investigated radical addition reaction it turned out that the polarity of the molecules
is important and that a combination of electrophilic radicals with preferably nucleophilic arenes results in the highest rate constants.
This is opposite to the Minisci reaction where the radical acts as nucleophile and the arene as electrophile. The substitution at the
N-atom of the aniline is crucial. Methyl substitution leads to slower addition than phenyl substitution. Carbamates as substituents
are suitable only when the radical center is not too electrophilic. No correlations between free reaction barriers and energies

(AGY and AGR) are found. Addition reactions leading to indanes or dihydrobenzofurans are too slow to be useful synthetically.
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Introduction

The development of efficient catalytic reactions is one of the
central issues of chemistry [1,2]. Radical-based transformations
are amongst the most attractive methods for the use in catalytic
cycles due to the ease of radical generation, high functional
group tolerance, and selectivity in C—C bond formation [3-5].
Recently, we have reported a novel catalytic reaction, a radical
arylation of epoxides [6-8] proceeding via catalysis in single
electron steps (for experimental results see Scheme 1) [9,10].
The C—C bond forming step of the catalytic cycle is an intramo-
lecular alkyl radical addition to substituted anilines. Even
though only rarely used, reaction sequences employing such
steps in an intermolecular or intramolecular manner have been
employed in some transformations that are highly useful.
Prominent examples are the Minisci reaction [11-15] for the
preparation of mainly nitrogen heterocycles and Zard’s
homolytic substitution reactions at nitrogen heterocycles with
xanthates as radical precursors [16-20].

5% Cp,TiCly
20% 2,4,6-MePy-HCI
20% Mn

(0]
N& THF, reflux
= X
X OH

>90% yield for X = H, CH,

Scheme 1: Experimental results for the radical arylation of epoxides.

Despite this usefulness only few studies have been concerned
with the determination of absolute rate constants of radical
additions to arenes. These were carried out in mechanistic
studies of the Minisci reaction [21,22]. It was found that
the butyl radical adds to benzene with a rate constant of
3.8 x 102 M ! s7! at 79 °C. In this study it was also demon-
strated that the rate constants for addition reactions to electron
deficient (protonated) heteroarenes can be much higher due to
polar effects. Despite these insightful investigations a more
general picture of the kinetics of radical addition to arenes is
still elusive and, to the best of our knowledge, thermodynamic
data (free energies) for radical additions to arenes are not avail-
able.

In this study, we have investigated the rate constants and free
energies of intramolecular radical addition to substituted
anilines that constitutes the C—C bond forming event of indo-
line synthesis via homolytic substitution with computational
methods. The results are of general interest for the under-
standing of radical addition to electron rich arenes and should

be helpful in the design of novel radical reactions.
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The aim of theoretical thermochemistry is to describe the ener-
getics of a chemical process with an accuracy of 1 kcal mol™! or
even better. At the same time, the methods applied should not
be too demanding in terms of computational costs in order to be
still applicable to chemically interesting systems. Kohn—Sham
density functional theory (KS-DFT) has been proven to yield
good accurate thermochemical properties within acceptable
computation times [23-25]. However, the number of the
proposed approximate exchange—correlation functionals to
choose from is huge and they can suffer from severe problems,
e.g., self-interaction error (SIE) leading to underestimated reac-
tion barriers and the lack of long-range electron correlation
(London dispersion) effects. Regarding the latter problem, one
of the most successful and widely used dispersion correction
schemes is DFT-D3, in which a damped, atom-pair wise poten-
tial is added to a standard DFT result [26]. A thorough energy
benchmark study of various density functionals for general
main group thermochemistry, kinetics and non-covalent interac-
tions (GMTKN30 benchmark set) [27] showed that Zhao and
Truhlar’s PW6B95 functional [28] in combination with DFT-
D3 (termed PW6B95-D3 from now on) is the most robust and
accurate general purpose hybrid functional and is therefore used
also in this work. As a meta-hybrid functional it partially avoids
the SIE by admixture of non-local Fock-exchange (28%)
leading to reasonable reaction barriers [27] which are normally
underestimated (in particular for radical species) with semi-
local GGAs.

We conducted a DFT study using the above mentioned state-of-
the-art quantum chemical methods which are applied success-
fully to various thermochemical problems in our group since
several years. This well established protocol consists of gas
phase structure optimization at the dispersion-corrected DFT-
D3 level using large triple-zeta AO basis sets (TPSS-D3/def2-
TZVP) followed by accurate single-point energy calculations at
the meta-hybrid level with a further extended AO basis set
(PW6B95-D3/def2-QZVP), thermo-statistical corrections from
energy to free energy at a given temperature and corrections for
solvation free energy by the reliable (DFT-based) COSMO-RS
continuum solvation model [29,30]. For recent applications
of this procedure see [31-33]. The estimated accuracy is
1-2 keal mol™! for absolute free enthalpies and relative values
for different compounds (trends) should have an error
<1 kcal mol™!,

Results and Discussion

Theoretical methods and benchmarking
Computational details

The quantum chemical calculations have been performed with
the TURBOMOLE 6.4 suite of programs [34]. All geometry
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optimizations were performed on the DFT level using the TPSS
density functional [35] along with the polarized triple-zeta def2-
TZVP basis set [36]. This choice avoids major basis set super-
position errors (BSSE) without employing counter-poise correc-
tions and gives theoretically consistent energies and structures.
Single point energies were obtained on the PW6B95 [28] level
together with the extended quadruple-zeta basis set def2-QZVP
[36]. For the small benchmark on the 5-exo cyclization of the
5-hexenyl radical the functionals BP86 [37,38] and B3LYP [39-
41] also have been applied together with the def2-QZVP basis
set. CCSD(T) calculations with the def2-TZVPP[36] basis set
have been performed and extrapolated to the complete basis set
limit (CBS) [42] via MP2 [43] calculations with the def2-
TZVPP and def2-QZVPP basis sets. CCSD-F12 [44] calcula-
tions with perturbative triples (CCSD-F12(T)) together with the
correlation-consistent basis set cc-pVDZ-F12 [43] for explic-
itly correlated wave function methods have been calculated
using TURBOMOLE 6.5 [45].

For all calculations the resolution-of-identity (RI) approxima-
tion for the Coulomb integrals [46] with matching default auxil-
iary basis sets [47] was applied. The numerical quadrature grid
m4 was employed for integration of the exchange-correlation
contribution. For all geometry optimizations as well as single-
point calculations the D3 dispersion correction scheme [26]
applying Becke—Johnson (BJ) damping [48-50] was used.

Computations of the harmonic vibrational frequencies were
performed analytically using the TURBOMOLE module
aoforce. Thermal corrections from energy to free enthalpy were
calculated within the standard harmonic-oscillator approxima-
tion for each molecule in the gas phase. The vibrational
frequencies were used unscaled. The HOMO-SOMO energy
gaps were evaluated using the TPSS-D3/TZVP orbitals. The
COSMO-RS model [29,30] was used as implemented in
COSMO therm [51] to obtain all solvation free energies. Single
point calculations employing the default BP86 [37,38]/def-
TZVP [52] level of theory were performed on the optimized gas
phase geometries. The solvation contribution was then added to
the gas phase free energies.

The 5-exo cyclization as benchmark

In order to find reliable computational methods for the descrip-
tion of the radical additions, we sought for systems for bench-
marking that are structurally related to our system and that are
experimentally well investigated. An ideal radical reaction in
this respect is the 5-exo cyclization (Scheme 2) of the 5-hexenyl
radical.

The reaction is preparatively highly important and has been

used in many syntheses of complex molecules [3-5]. Moreover,
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log k1o = (10.37 + 0.32) — (6.85 + 0.42)/©
®=2.3 RT/ kcal mol~!

Scheme 2: 5-exo cyclization of the hexenyl radical.

the kinetics of the 5-exo cyclization has been studied very thor-
oughly and the rate constant has been determined by a number
of approaches. The value currently accepted as ‘best’ for the
rate constant is k= 2.2 x 10° s7! at 25 °C [53]. The Arrhenius
equation for the 5-hexenyl cyclization has been determined
to be log kjo/s™! = (10.37 + 0.32) — (6.85 + 0.42)/0 with
0 = 2.3 RT/ kcal mol™!. This implies that k lies between
5.1x10*s7"and 9.3 x 103 s ' at 25 °C and 6.1 x 103 s™! and
8.2 x 105 57! at 100 °C.

Moreover, the geometry of the transition state of the 5-exo
cyclization has been the subject of investigation [54,55]. In the
transition state, the length of the forming C—C bond is assumed
to be 2.341 A and the attack of the radical at the olefin occurs at
an angle of 105.8°. This value is close to the tetrahedral angle
and the Biirgi-Dunitz angle [56].

In this study, the absolute free energy of activation as well as
the free energy of the 5-exo cyclization of the hexenyl radical
were calculated using the TPSS and PW6B95 functionals as
described in computational details. From these values the
absolute rate constants at 298 K (25 °C) in benzene were
computed as summarized in Table 1 together with the experi-
mental value for k at 25 °C. The experimental free enthalpy of
activation was derived from the rate constant. We furthermore

Table 1: Experimental and computed rate constants and free energies
of activation of the 5-exo cyclization of the hexenyl radical in benzene
at 25 °C.

AE AGH k

[kcal mol™"]  [kcal mol™"]  [s7"]
Experiment 10.18 2.20 x 10°
TPSS-D3 4.60 8.07 7.83 x 108
BP86-D3 4.05 7.52 1.99 x 107
B3LYP 9.81 13.28 1.18 x 103
B3LYP-D3 7.46 10.94 6.18 x 10%
PW6B95 7.86 11.33 3.19 x 104
PW6B95-D3 7.16 10.63 1.03 x 105
CCSD(T)/CBS  9.46 12.93 2.12 x 103
CCSD-F12(T)  9.51 13.02 1.83 x 103
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give zero-point and solvation exclusive pure electronic acti-
vation energies which are more convenient for a straightfor-

ward comparison of theoretical methods.

From our data it is clear that the semi-local TPSS and BP86
functionals strongly underestimate the activation energy of the
5-exo cyclization (by about 3 kcal mol™!) due to the SIE but this
behavior is as expected for functionals of this type. The hybrid
functional B3LYP slightly overestimates the activation barrier
when the D3 correction is used and highly overestimates the
barrier (by about 3 kcal mol™!) without the D3 correction. The
plain PW6B95 functional without the dispersion correction still
overestimates the barrier by 0.7 kcal mol™. However, the use of
PW6B95-D3 provided an energy of activation that differs from
the experimental value by only 0.5 kcal mol™!. This deviation
(about 5%) is within the typical error limits of DFT-D3 and the
experimental methods. In passing it is noted that the D3-disper-
sion correction to the barrier even for this relatively small mole-
cule is substantial (decrease by 0.7 kcal mol™! for PW6B95 and
2.4 kcal mol™! for B3LYP, respectively) and quantitative agree-
ment between theory and experiment cannot be obtained with
uncorrected standard density functionals. The encouraging
observation that two different hybrid density functionals yield
the same barrier to within 0.3 kcal mol™ is mainly an effect
of the D3-correction (plain PW6B95 and B3LYP differ by
2 keal mol™!). Although the stabilizing influence of intramo-
lecular London dispersion on the transition state due to its
‘closer’ (more dense) structure is partially quenched by solva-
tion, we think that reliable predictions (‘the right answer for the
right reason’) can only be achieved when both effects are
accounted for by, e.g., the D3 and COSMO-RS models.

Extrapolated CCSD(T)/CBS via MP2/CBS calculations and
estimating the basis set limit by explicitly correlated CCSD-
F12(T)/cc-pVDZ-F12 yield an almost identical energy of acti-
vation of 12.93 and 13.02 kcal mol™!, respectively, which is
very encouraging. Presently the origin of the difference to the
experimental barrier of 2.4 kcal mol™! is not clear to us. We
noted some spin contamination of the Hartee—Fock reference
wave function for the transition state structure (S2 =~ 1) but it
seems unlikely that this influences the highly accurate CCSD(T)
calculations so significantly.

We also investigated the influence of the choice of the geome-
tries and vibrations on the energy of activation and optimized
the 5-hexenyl radical as well as the transition state also on the
B3LYP-D3/def2-TZVP level. The obtained thermal correction
to the free energy of activation is 2.44 kcal mol™! compared to
the value based on TPSS geometries of 2.84 kcal mol ™. Single-
point calculations on the PW6B95/def2-QZVP level for the
electronic barrier show that this change by 0.4 kcal mol™! is
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compensated by a higher AE of 7.58 kcal mol™! compared to
7.16 keal mol™ for the TPSS geometries. With an almost iden-
tical solvation free enthalpy for the activation process (0.62 and
0.64 kcal mol™!) the free energy of activation is practically the
same for the TPSS structures (10.63 kcal mol™!) and the
B3LYP geometries (10.67 kcal mol™"). The total influence of
the geometries and vibrations on AG* is therefore small
(0.1-0.2 kcal mol™! at most) and this technical detail cannot
explain the discrepancy of the CCSD(T) barrier and the experi-

mental value.

The S5-exo cyclisation of 5-hexenyl has been studied before
using the G3-(MP2)-RAD protocol and a value of 7.6 x 10% 57!
was reported for the rate constant at 21 °C [57]. This high-level
composite method was designed to yield accurate gas-phase
thermochemical data for free radicals [58]. Nevertheless this
protocol does not include solvation effects, which might be an
explanation for the better agreement of the rate constant
presented in this work compared to the experimental value [53].
In order to increase the validity of the benchmarking, the rate
constants k£ were calculated for a number of temperatures and
compared to the values obtained from the Arrhenius equation
reported as most reliable (Table 2).

Table 2: Rate constants of the 5-exo cyclization of the hexenyl radical
in benzene at different temperatures calculated at the PW6B95-D3/
QZVP/ITPSS-D3/def2-TZVP level of theory.

T kez(ﬁ). kcglc.

[°C] [s7'] [s™

25 2.20 x 10° 1.02 x 108
40 3.83 x 10° 1.99 x 10%
60 7.43 x 10° 4.36 x 10°
80 1.34 x 108 8.76 x 10°
100 2.26 x 108 1.62 x 108

The results demonstrate that the agreement between calculated
and experimental values is becoming even better with
increasing temperature. This suggests that the (small) error in
the calculated values is due to a slight overestimation of the
enthalpy of activation. When employing the COSMO-RS model
to simulate different media (THF and benzene) we found that
the rate constant at 40 °C for the two solvents is almost iden-
tical (2.02 x 10° s7! and 1.99 x 10° s71). This is in agreement
with experimental results indicating the insensitivity of & to
solvent effects. On an absolute scale, however, inclusion of
these effects is important as the free energy barrier computed
for the gas phase is increased by about 0.6 kcal mol~! in THF or
benzene. This improves the agreement between theory and
experiment. As documented in the Supporting Information,

even the sign of solvent correction varies for different systems
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and differences on the order of 1 kcal mol~! are found and it
hence can be concluded that they should be included by default

in accurate computational work.

Finally, the literature transition state geometry and our geom-
etry are very similar. The length of the forming bond is 2.30 A
and the angle of attack to the double bond is 108.2° in our treat-
ment. These values are slightly different than the values used in
the modeling based calculations of radical cyclization (2.34 A
and 105.8°) that were derived from values of the attack of alkyl
radicals on ethane and propene, however [54,55].

In summary, it can be concluded that the calculations
employing the PW6B95-D3/QZVP//TPSS-D3/TZVP method on
the 5-exo cyclization of the hexenyl radical are in excellent
agreement with the experimental and previous computational
results. Therefore, this approach was employed in the investi-
gations of the following intramolecular radical additions to
arenes.

Investigation of the radical addition to substi-

tuted anilines

In our preparative work, we have been mostly concerned with
the catalytic synthesis of indolines via addition reactions of
epoxide derived radicals [59,60] and thus, radical additions to

substituted anilines are investigated in this study.

Substitution at nitrogen

Radicals 1-3 (Scheme 3) are simple models for the addition
steps of these sequences and were therefore studied first
(Table 3).

Q) — )

R=Ph:1 R=Ph: 4
R =CO,Me: 2 R =CO,Me: 5
R=Me:3 R=Me: 6

Scheme 3: Intramolecular radical additions of simple aniline deriva-
tives.
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Table 3: Calculated kinetic and thermodynamic data (on the PW6B95-
D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO-SOMO gap AE.s
(on the TPSS-D3/TZVP level) of the reactions of 1-3 in benzene at

40 °C.

Subst. k AGH AGR AEhs
s [kcal mol~"]  [kcal mol™"] [eV]

1 3.56 x 10°  13.3 -10.3 -0.77

2 562 x 103  13.0 -9.9 -1.40

3 3.88x102 147 -10.2 -1.14

Somewhat surprisingly for us, all addition reactions are consid-
erably exergonic and all AGR values are fairly similar. Thus,
radical stabilization in 4-6 provides a substantial thermody-
namic driving force for the addition. Despite the similarity of
the AGR values the rate constants of the addition differ signifi-
cantly. For 1 and 3 the difference in &k can be ascribed to the
lower HOMO-SOMO gap and hence more favorable polar
effects for 1. For 2 having the highest rate constant this is not
the case. We suggest that the electron withdrawing substituent
on N reduces the aromaticity of the aniline and hence facilitates
radical attack.

For 1 and 2 the addition is about as fast as the 6-endo cycliza-
tion of the hexenyl radical. Such reactions and other even
slower cyclizations are well documented in titanocene medi-
ated and catalyzed radical processes [61-69]. Therefore, the
relatively high computational rate constant for the addition of 1
readily explains the excellent synthetic results with epoxides
derived from aryl substituted anilines in the radical arylation of
epoxides. The reaction of 3 is too slow to be useful in typical
radical chain reactions. However, reactions under our catalytic
reaction conditions [6] with radicals similar to 3 were
successful, too (see Scheme 4). Nevertheless, the transforma-
tions are, in agreement with the calculations, clearly more
demanding than those with radicals similar to 1 and thus, more
elaborate catalysts and the use of additives to enhance catalyst

stability is essential.

In accordance with intuition, all transition states are ‘later’ than
that of the 5-exo cyclization as indicated by the shorter
distances between the radical center and the C-atom attacked for

5% (CsH4Cl), TiCly

20% 2,4,6-MePy-HCl N
20% Mn

L2
A

THF, reflux Br
2h

OH

92%

Scheme 4: Successful catalytic radical addition to an N-methyl substituted aniline.
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1-3 (2.15-2.17 A vs 2.30 in the 5-exo cyclization). Moreover,
the trajectory of attack on the arene is very similar for 1-3
(121-123°). This angle is substantially larger than for the 5-exo
cyclization (108.2°). This is shown for the addition of 1 in
Figure 1.

Substitution at the radical center

We investigated the influence of radical substitution on the rate
and the free energy of the addition reaction next. In order to
ensure comparability the examples were chosen with phenyl
substitution at N. They are shown in Scheme 5 and the results
are summarized in Table 4.

The notion that the radical acts as an electrophile and the arene
as nucleophile is further corroborated by the highest rate
constant for the addition reaction of 9 that has the most electro-
philic radical center due to ester substitution. The more nucleo-
philic radicals 8 and 10 react slower than 1. The -OMe group in
10 is a better electron donor than the -Me group in 8, which
should make it more nucleophilic and lead to a slower radical
addition. The calculated rate constant for 10 still is higher than
for 8, which leads to the conclusion that the electron with-
drawing inductive effect of the —OMe group overcomes its
+M-effect. However, the difference in AGY is below
0.5 kcal mol™! and thus within the error margin of the theoreti-
cal method. The addition of the stabilized benzyl radical is
slowest and also endergonic. As above, no correlation between
k and AGR is obvious. The polarity of the radical [70-72] and
the arene is reversed in comparison with the Minisci reaction
[11]. With alkyl substitution at N (as in 3) similar trends are
observed. This indicates that for compounds derived from 3 the

Beilstein J. Org. Chem. 2013, 9, 1620-1629.

R H R
At T

N N

Ph Ph
R=Ph:7 R =Ph: 11
R =Me: 8 R = Me: 12
R =CO,Me: 9 R =CO,Me: 13
R = OMe: 10 R = OMe: 14

Scheme 5: Intramolecular radical additions of simple aniline deriva-
tives.

Table 4: Calculated kinetic and thermodynamic data (on the PW6B95-
D3/QzVP/[TPSS-D3/def2-TZVP level) and HOMO-SOMO gap AEH.s
(on the TPSS-D3/TZVP level) of the reactions of 7-10 in benzene at
40 °C.

Subst. k AGH AGR AEhs
[s™" [kcal mol~"]  [kcal mol™"] [eV]

7 7 17.2 +2.7 -1.07

8 8.94x102 142 -6.7 -0.90

9 217 x 10 122 -3.3 -0.83

10 1.70 x 103 13.8 -3.9 -1.14

SOMO-HOMO interaction is decisive, too. Finally, care has to
be taken in transferring effects from one series of substrates to
another. As shown in Scheme 6, radical 15 adds to the arene to
give 16 substantially slower than 9. Thus, the combination of an
electron deficient radical with an electron withdrawing
substitution on N leads to a mismatching of polar effects with

respect to k.

Figure 1: Optimized structure of the transition state of the radical addition of 1 (left: spin density plot and atomic spin-density populations; right:

SOMO).
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H
©\ J/COQMG ' ,COQMG
N N

éOzMe (I:OzMe
15 16

kos = 5259 s~1: AG* = 13.0 kcal mol™!
AG, = 2.7 kcal mol™"

Scheme 6: Mismatching of polar effects.

Effect of arene substitution

The results obtained so far strongly suggest that a matching of
the nucleophilicity of the arene and the electrophilicity of the
radical center are decisive for the magnitude of k. We investi-
gated this issue by the introduction of substituents either in the
p-position or both m-positions of the anilines.

Effect of p-substitution
The examples of p-substitution investigated are summarized in
Scheme 7 and Table 5.

H
A i
\ N N - 7/ N
Ph Ph
X = C-CHg: 17 X = C—CHg: 22
X = C-OCHj: 18 X = C-OCHs: 23
X=C-F:19 X=C-F: 24
X =C-COCH3: 20 X =C-COCHj3: 25
X =NH*:21 X =NH*: 26

Scheme 7: Examples of p-substituted anilines investigated.

Table 5: Calculated kinetic and thermodynamic data (on the PW6B95-
D3/QzVP//TPSS-D3/def2-TZVP level) and HOMO-SOMO gap AEH.s
(on the TPSS-D3/TZVP level) of the reactions of 17-21 in benzene at
40 °C.

Subst.  k AGH AGRr AEy.s
s [kcal mol™"]  [kcal mol™"]  [eV]
17 252x104 121 -11.2 -0.77
18 7.25x10% 128 -9.4 -0.74
19 554 x 10%  13.0 -11.4 -0.70
20 9.04x102 141 -8.7 -0.89
21 544 x102 145 -8.9 -0.98

Methyl substitution in 17 leads by far to the highest value of k.
For 18 and 19 higher values than for 1 were obtained. However,

the effect of -OCHj and —F substitution is surprisingly small

Beilstein J. Org. Chem. 2013, 9, 1620-1629.

and within the error margin of the computational method. Elec-
tron withdrawing substituents (20 and 21) strongly retard the
addition. In these cases larger SOMO-HOMO gaps are
involved. The radicals act as electrophiles in all cases. Thus,
compared to the Minisci reaction our addition has a reversed
polar effect.

Changing the substituent at N from Ph to CHj leads to similar
trends with lower absolute values of & as expected. These

results are summarized in Supporting Information File 1.

Effect of m,m’-disubstitution

The second substitution pattern investigated is the m,m’-disub-
stitution. By adding both substituents, the problem of the
regioselectivity of addition to the arene is circumvented. The
examples and results are summarized in Scheme 8 and Table 6.

X X
Q OH
X I}IJ X N

Ph

Ph
X = CHg: 27 X = CHj: 30
X = OCHj: 28 X = OCHg: 31
X =F:29 X = F: 32

Scheme 8: Examples of m,m’-disubstituted anilines investigated.

Table 6: Calculated kinetic and thermodynamic data (on the PW6B95-
D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO-SOMO gap AEy.s
(on the TPSS-D3/TZVP level) of the reactions of 27-29 in benzene at
40 °C.

Subst. k AGI AGR AEy g
[s™" [kcal mol™"]  [kcal mol™"] [eV]
27 1.01x10* 126 -10.2 -0.80
28 546 x 102 145 -9.8 -1.46
29 1.62x102 152 -8.7 -1.30

As above, methyl substitution (in 27) leads to a higher value for
k. The introduction of two —OCHj (in 28) or two —F
substituents (in 29) results in a reduction of the value of &
compared to 1. While this could be indicative of a weak nega-
tive inductive effect, the differences in AG* are low and within

the errors of the computational method.

Radical additions leading to dihydrobenzofurans

and indanes

So far, all radicals investigated contained a substituted aniline
and the importance of the nucleophilicity of the arene has

become obvious for a number of examples. To conclude our

1626



study we therefore investigated an O atom and a CH;, group in
the chain linking the radical center and the arene as shown in

Scheme 9. The results are summarized in Table 7.

Q) — &

X=0:33
X = CH,: 34

X =0:35
X = CHy: 36

Scheme 9: Addition reactions leading to dihydrobenzofuran and an
indane.

Table 7: Calculated kinetic and thermodynamic data (on the PW6B95-
D3/QZVP//TPSS-D3/def2-TZVP level) and HOMO-SOMO gap AEy.s
(on the TPSS-D3/TZVP level) of the reactions of 33 and 34 in benzene
at 40 °C.

Subst.  k AGH AGR AEys
[s™" [kcal mol™"]  [kcalmol™"]  [eV]

33 51 15.9 -6.0 -1.61

34 2 17.9 -1.8 -2.22

For both 33 and 34 the calculated rate constants are substan-
tially lower than for 1 and 3. This can be attributed to the much
higher SOMO-HOMO gap that indicates much weaker polar
effects for the reactions of 33 and 34. Thermodynamically, both
addition reactions are favorable and once again, no correlation
between AG, and k is obvious. Thus, for our simple model
systems the combination of only weakly nucleophilic arenes
and an electrophilic radical center is disadvantageous. This is in
agreement with preliminary synthetic results that suggest that
dihydrobenzofurans and indanes are not accessible via the

titanocene catalyzed radical arylation.

Conclusion

The intramolecular radical addition to substituted anilines was
studied computationally with the aid of the PW6B95-D3 func-
tional in combination with the large quadruple-zeta basis set
def2-QZVP. This method was chosen after benchmarking on
the 5-exo cyclization of the hexenyl radical. It provides suffi-
ciently accurate values for the rate constant of the cyclization

over a wide range of temperatures.

For the radical addition to anilines it was found that polar
effects are highly important and a combination of electrophilic
radicals with preferably nucleophilic arenes results in the
highest rate constants. In general, the relative rates correlate
with a low SOMO-HOMO gap. Thus, the polarity of the radical

and the arene is reversed in comparison with the related Minisci

Beilstein J. Org. Chem. 2013, 9, 1620-1629.

reaction. The substitution at the N-atom of the aniline is crucial.
Methyl substitution leads to slower addition than phenyl substi-
tution. Carbamates as substituents are suitable only when the
radical center is not too electrophilic. Concerning the substitu-
tion pattern of the arene it was found that electron releasing
substituents accelerate the addition whereas strongly electron
withdrawing substituents like acyl groups retard the addition.
Para-substitution has a stronger influence than meta-substitu-
tion. Addition reactions leading to indanes or dihydrobenzofu-
rans are too slow to be useful.

Supporting Information

Supporting Information File 1

Energies and coordinates of all radicals and transition
states, tables with data on radicals with Me-substitution on
N analogous to Tables 4, 5, and 6.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-9-185-S1.pdf]

Acknowledgements
We thank the DFG (SFB 813, ‘Chemistry at Spin Centers’) and
the Jiirgen Manchot Stiftung (Fellowship to T. D.) for support.

References

1. Trost, B. M. Science 1991, 254, 1471-1477.
doi:10.1126/science.1962206

2. Trost, B. M. Angew. Chem., Int. Ed. Engl. 1995, 34, 259-281.
doi:10.1002/anie.199502591

3. Curran, D. P.; Porter, N. A.; Giese, B. Stereochemistry of Radical
Reactions; VCH: Weinheim, 1996.

4. Renaud, P.; Sibi, M. P., Eds. Radicals in Organic Synthesis;
Wiley-VCH: Weinheim, 2001.

5. Zard, S. Z. Radical Reactions in Organic Synthesis; Oxford University:
Oxford, 2003.

6. Gansauer, A.; Behlendorf, M.; von Laufenberg, D.; Fleckhaus, A;
Kube, C.; Sadasivam, D. V.; Flowers, R. A,, Il. Angew. Chem., Int. Ed.
2012, 51, 4739-4742. doi:10.1002/anie.201200431

7. Wipf, P.; Maciejewski, J. P. Org. Lett. 2008, 10, 4383—4386.
doi:10.1021/01801860s

8. Maciejewski, J. P.; Wipf, P. ARKIVOC 2011, No. (vi), 92-119.

9. Gansauer, A.; Rinker, B.; Ndene-Schiffer, N.; Pierobon, M.;

Grimme, S.; Gerenkamp, M.; Mick-Lichtenfeld, C. Eur. J. Org. Chem.
2004, 2337-2351. doi:10.1002/ejoc.200400001

10. Gansauer, A.; Fleckhaus, A.; Alejandre Lafont, M.; Okkel, A.;

Kotsis, K.; Anoop, A.; Neese, F. J. Am. Chem. Soc. 2009, 131,
16989-16999. doi:10.1021/ja907817y

.Duncton, M. A. J. MedChemComm 2011, 2, 1135-1161.

doi:10.1039/c1md00134e

12.Lynch, B. M.; Chang, H. S. Tetrahedron Lett. 1964, 5, 617—620.
doi:10.1016/0040-4039(64)83015-X

13. Minisci, F.; Galli, R.; Cecere, M.; Malatesta, V.; Caronna, T.
Tetrahedron Lett. 1968, 9, 5609-5612.
doi:10.1016/S0040-4039(00)70732-5

1

-

1627


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-9-185-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-9-185-S1.pdf
http://dx.doi.org/10.1126%2Fscience.1962206
http://dx.doi.org/10.1002%2Fanie.199502591
http://dx.doi.org/10.1002%2Fanie.201200431
http://dx.doi.org/10.1021%2Fol801860s
http://dx.doi.org/10.1002%2Fejoc.200400001
http://dx.doi.org/10.1021%2Fja907817y
http://dx.doi.org/10.1039%2Fc1md00134e
http://dx.doi.org/10.1016%2F0040-4039%2864%2983015-X
http://dx.doi.org/10.1016%2FS0040-4039%2800%2970732-5

14.Gagosz, F.; Zard, S. Z. Org. Lett. 2002, 4, 4345-4348.
doi:10.1021/0l0270024

15.Du, W.; Kaskar, B.; Blumbergs, P.; Subramanian, P. K.; Curran, D. P.
Bioorg. Med. Chem. 2003, 11, 451-458.
doi:10.1016/S0968-0896(02)00437-6

16. El Qacemi, M.; Petit, L.; Quiclet-Sire, B.; Zard, S. Z.
Org. Biomol. Chem. 2012, 10, 5707-5719. doi:10.1039/c20b25169h

17.Biechy, A.; Hachisu, S.; Quiclet-Sire, B.; Richard, L.; Zard, S. Z.
Angew. Chem., Int. Ed. 2008, 47, 1436-1438.
doi:10.1002/anie.200704996

18.Biechy, A.; Zard, S. Z. Org. Lett. 2009, 11, 2800—2803.
doi:10.1021/01900996k

19. Petit, L.; Botez, |.; Tizot, A.; Zard, S. Z. Tetrahedron Lett. 2012, 53,
3220-3224. doi:10.1016/j.tetlet.2012.04.020

20. Petit, L.; Zard, S. Z. Chem. Commun. 2010, 46, 5148-5150.
doi:10.1039/c0cc00680g

21. Citterio, A.; Minisci, F.; Porta, O.; Sesana, G. J. Am. Chem. Soc. 1977,
99, 7960-7968. doi:10.1021/ja00466a031

22. Citterio, A.; Arnoldi, A.; Minisci, F. J. Org. Chem. 1979, 44, 2674—-2682.
doi:10.1021/jo01329a017

23.Koch, W.; Holthausen, M. C. A Chemist's Guide to Density Functional
Theory; Wiley-VCH: New York, 2001.

24.Schwabe, T.; Grimme, S. Acc. Chem. Res. 2008, 4, 569-579.
doi:10.1021/ar700208h

25.Zhao, Y.; Truhlar, D. G. Acc. Chem. Res. 2008, 41, 157-167.
doi:10.1021/ar700111a

26.Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010,
132, 154104. doi:10.1063/1.3382344

27. Goerigk, L.; Grimme, S. Phys. Chem. Chem. Phys. 2011, 13,
6670-6688. doi:10.1039/c0cp02984j

28.Zhao, Y.; Truhlar, D. G. J. Phys. Chem. A 2005, 109, 5656-5667.
doi:10.1021/jp050536¢

29.Klamt, A. J. Chem. Phys. 1995, 99, 2224-2235.
doi:10.1021/71000072a062

30. Eckert, F.; Klamt, A. AIChE J. 2002, 48, 369-385.
doi:10.1002/aic.690480220

31.Grimme, S. Chem.—Eur. J. 2012, 18, 9955-9964.
doi:10.1002/chem.201200497

32.Greb, L.; Ofa-Burgos, P.; Schirmer, B.; Grimme, S.; Stephan, D. W.;
Paradies, J. Angew. Chem., Int. Ed. 2012, 51, 10164-10168.
doi:10.1002/anie.201204007

33. Sajid, M.; Klose, A.; Birkmann, B.; Liang, L.; Schirmer, B.; Wiegand, T.;
Eckert, H.; Lough, A. J.; Frohlich, R.; Daniliuc, C. G.; Grimme, S.;
Stephan, D. W.; Kehra, G.; Erker, G. Chem. Sci. 2013, 4, 213-219.
doi:10.1039/c2sc21161k

34. TURBOMOLE 6.4, Universitat Karlsruhe, 2012,
http://www.turbomole.com.

35.Tao, J.; Perdew, J.; Staroverov, V.; Scuseria, G. Phys. Rev. Lett. 2003,
91, 146401. doi:10.1103/PhysRevLett.91.146401

36. Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7,
3297-3305. doi:10.1039/b508541a

37.Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.
doi:10.1103/PhysRevA.38.3098

38.Perdew, J. P. Phys. Rev. B 1986, 33, 8822-8824.
doi:10.1103/PhysRevB.33.8822

39.Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
doi:10.1063/1.464913

40.Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
doi:10.1103/PhysRevB.37.785

Beilstein J. Org. Chem. 2013, 9, 1620-1629.

41, Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
J. Phys. Chem. 1994, 98, 11623-11627. doi:10.1021/j100096a001

42.Halkier, A.; Helgaker, T.; Jergensen, P.; Klopper, W.; Koch, H.;
Olsen, J.; Wilson, A. K. J. Chem. Phys. Lett. 1998, 286, 243-252.
doi:10.1016/S0009-2614(98)00111-0

43. Hattig, C.; Tew, D. P.; Kéhn, A. J. Chem. Phys. 2010, 132, 231102.
doi:10.1063/1.3442368

44 Peterson, K. A.; Adler, T. B.; Werner, H.-J. J. Chem. Phys. 2008, 128,
084102. doi:10.1063/1.2831537

45. TURBOMOLE V6.5 2013, a development of University of Karlsruhe
and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE
GmbH, since 2007; available from http://www.turbomole.com.

46. Eichkorn, K_; Treutler, O.; Ohm, H.; Haser, M.; Ahlrichs, R.
Chem. Phys. Lett. 1995, 242, 652-660.
doi:10.1016/0009-2614(95)00838-U

47.Weigend, F. Phys. Chem. Chem. Phys. 2006, 8, 1057—-1065.
doi:10.1039/b515623h

48.Grimme, S.; Ehrlich, S.; Goerigk, L. J. Comput. Chem. 2011, 32,
1456-1465. doi:10.1002/jcc.21759

49.Becke, A. D.; Johnson, E. R. J. Chem. Phys. 2005, 123, 154101.
doi:10.1063/1.2065267

50.Johnson, E. R.; Becke, A. D. J. Chem. Phys. 2005, 123, 24101.

doi:10.1063/1.1949201

.COSMOtherm, Version C3.0, Release 12.01; COSMOlogic GmbH &

Co. KG: Leverkusen, Germany, 2010.

52. Schafer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100,
5829-5835. doi:10.1063/1.467146

53. Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. Soc.
1981, 103, 7739-7742. doi:10.1021/ja00416a008

54.Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron 1985, 41, 3925-3941.
doi:10.1016/S0040-4020(01)97174-1

55. Spellmeyer, D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959-974.
doi:10.1021/j000382a001

56.Burgi, H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, G. Tetrahedron 1974, 30,
1563—-1572. doi:10.1016/S0040-4020(01)90678-7

57.Lobachevsky, S.; Schiesser, C. H.; Lin, C. Y.; Coote, M. L.
J. Phys. Chem. A 2008, 112, 13622—-13627. doi:10.1021/jp806535z

58.Henry, D. J.; Sullivan, M. B.; Radom, L. J. Chem. Phys. 2003, 118,
4849-4860. doi:10.1063/1.1544731

59.RajanBabu, T. V.; Nugent, W. A. J. Am. Chem. Soc. 1994, 116,
986-997. doi:10.1021/ja00082a021

60. Gansauer, A.; Bluhm, H.; Pierobon, M. J. Am. Chem. Soc. 1998, 120,
12849-12859. doi:10.1021/ja981635p

61. Gansauer, A.; Pierobon, M. Synlett 2000, 1357-1359.
doi:10.1055/s-2000-7133

62.Barrero, A. F.; Rosales, A.; Cuerva, J. M.; Oltra, J. E. Org. Lett. 2003,
5, 1935-1938. doi:10.1021/01034510k

63. Gansauer, A.; Lauterbach, T.; Geich-Gimbel, D. Chem.—Eur. J. 2004,
10, 4983—-4990. doi:10.1002/chem.200400685

64. Friedrich, J.; Dolg, M.; Gansauer, A.; Geich-Gimbel, D.; Lauterbach, T.
J. Am. Chem. Soc. 2005, 127, 7071-7077. doi:10.1021/ja050268w

65. Justicia, J.; Oller-Lopez, J. L.; Campania, A. G.; Oltra, J. E,;
Cuerva, J. M.; Buiiuel, E.; Cardenas, D. J. J. Am. Chem. Soc. 2005,
127, 14911-14921. doi:10.1021/ja0543160

66.Barrero, A. F.; del Moral, J. F. Q.; Sanchez, E. M.; Arteaga, J. F.
Eur. J. Org. Chem. 2006, 1627-1641. doi:10.1002/ejoc.200500849

67. Friedrich, J.; Walczak, K.; Dolg, M.; Piestert, F.; Lauterbach, T;
Worgull, D.; Ganséauer, A. J. Am. Chem. Soc. 2008, 130, 1788-1796.
doi:10.1021/ja077596b

5

a0

1628


http://dx.doi.org/10.1021%2Fol0270024
http://dx.doi.org/10.1016%2FS0968-0896%2802%2900437-6
http://dx.doi.org/10.1039%2Fc2ob25169h
http://dx.doi.org/10.1002%2Fanie.200704996
http://dx.doi.org/10.1021%2Fol900996k
http://dx.doi.org/10.1016%2Fj.tetlet.2012.04.020
http://dx.doi.org/10.1039%2Fc0cc00680g
http://dx.doi.org/10.1021%2Fja00466a031
http://dx.doi.org/10.1021%2Fjo01329a017
http://dx.doi.org/10.1021%2Far700208h
http://dx.doi.org/10.1021%2Far700111a
http://dx.doi.org/10.1063%2F1.3382344
http://dx.doi.org/10.1039%2Fc0cp02984j
http://dx.doi.org/10.1021%2Fjp050536c
http://dx.doi.org/10.1021%2Fj100007a062
http://dx.doi.org/10.1002%2Faic.690480220
http://dx.doi.org/10.1002%2Fchem.201200497
http://dx.doi.org/10.1002%2Fanie.201204007
http://dx.doi.org/10.1039%2Fc2sc21161k
http://www.turbomole.com
http://dx.doi.org/10.1103%2FPhysRevLett.91.146401
http://dx.doi.org/10.1039%2Fb508541a
http://dx.doi.org/10.1103%2FPhysRevA.38.3098
http://dx.doi.org/10.1103%2FPhysRevB.33.8822
http://dx.doi.org/10.1063%2F1.464913
http://dx.doi.org/10.1103%2FPhysRevB.37.785
http://dx.doi.org/10.1021%2Fj100096a001
http://dx.doi.org/10.1016%2FS0009-2614%2898%2900111-0
http://dx.doi.org/10.1063%2F1.3442368
http://dx.doi.org/10.1063%2F1.2831537
http://www.turbomole.com
http://dx.doi.org/10.1016%2F0009-2614%2895%2900838-U
http://dx.doi.org/10.1039%2Fb515623h
http://dx.doi.org/10.1002%2Fjcc.21759
http://dx.doi.org/10.1063%2F1.2065267
http://dx.doi.org/10.1063%2F1.1949201
http://dx.doi.org/10.1063%2F1.467146
http://dx.doi.org/10.1021%2Fja00416a008
http://dx.doi.org/10.1016%2FS0040-4020%2801%2997174-1
http://dx.doi.org/10.1021%2Fjo00382a001
http://dx.doi.org/10.1016%2FS0040-4020%2801%2990678-7
http://dx.doi.org/10.1021%2Fjp806535z
http://dx.doi.org/10.1063%2F1.1544731
http://dx.doi.org/10.1021%2Fja00082a021
http://dx.doi.org/10.1021%2Fja981635p
http://dx.doi.org/10.1055%2Fs-2000-7133
http://dx.doi.org/10.1021%2Fol034510k
http://dx.doi.org/10.1002%2Fchem.200400685
http://dx.doi.org/10.1021%2Fja050268w
http://dx.doi.org/10.1021%2Fja054316o
http://dx.doi.org/10.1002%2Fejoc.200500849
http://dx.doi.org/10.1021%2Fja077596b

68. Gansauer, A.; Worgull, D.; Knebel, K.; Huth, I.; Schnakenburg, G.
Angew. Chem., Int. Ed. 2009, 48, 8882-8885.
doi:10.1002/anie.200904428

69. Gansauer, A.; Knebel, K.; Kube, C.; van Gastel, M.; Cangéniil, A.;
Daasbjerg, K.; Hangele, T.; Hulsen, M.; Dolg, M.; Friedrich, J.
Chem.—Eur. J. 2012, 18, 2591-2599. doi:10.1002/chem.201102959

70.Giese, B. Angew. Chem., Int. Ed. Engl. 1983, 22, 753-764.
doi:10.1002/anie.198307531

71.Giese, B.; Lachhein, S. Angew. Chem., Int. Ed. Engl. 1982, 21,
768-769. doi:10.1002/anie.198207681

72. Aitken, H. M.; Hancock, A. N.; Schiesser, C. H. Chem. Commun. 2012,
48, 8326-8328. doi:10.1039/c2cc33856d

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), 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:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.9.185

Beilstein J. Org. Chem. 2013, 9, 1620-1629.

1629


http://dx.doi.org/10.1002%2Fanie.200904428
http://dx.doi.org/10.1002%2Fchem.201102959
http://dx.doi.org/10.1002%2Fanie.198307531
http://dx.doi.org/10.1002%2Fanie.198207681
http://dx.doi.org/10.1039%2Fc2cc33856d
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.9.185

	Abstract
	Introduction
	Results and Discussion
	Theoretical methods and benchmarking
	Computational details
	The 5-exo cyclization as benchmark

	Investigation of the radical addition to substituted anilines
	Substitution at nitrogen
	Substitution at the radical center
	Effect of arene substitution
	Effect of p-substitution
	Effect of m,m’-disubstitution
	Radical additions leading to dihydrobenzofurans and indanes


	Conclusion
	Supporting Information
	Acknowledgements
	References

