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Abstract: The mechanistic pathway of TEMPO/I-mediated oxidative cyclization of N,N-diaryl
amino alcohols 1 is investigated in this study. Based on our direct empirical experiments, three key
intermediates (the aminium radical cation 3, the a-aminoalkyl radical 4, and the iminium 5), four
kind reactive species (radical TEMPO, cationic TEMPO, TEMPO-I and iodo radical) and three kind
pathways (1. SET/PCET mechanism, 2. HAT/1,6-H transfer mechanism, 3. Ionic mechanism) were
assumed. Under the assumption, nine free energy diagrams are acquired through DFT calculation.
From the comparison of the solution phase free energy, some possibility can be excluded and then
the chosen plausible mechanisms are concretized with the more stable intermediate 7.
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1. Introduction

Due to several reasons like costs and toxicity, metal-free C-H activation has been developed. [1]
Even though iodine, itself is nonmetal, iodine can behave like a transition metal including ligand
exchange, oxidative addition, reductive elimination, and ligand coupling. When three-center-four-
electron (3c-4e) bond (L-I-L) (hypervalent bond) is formed by the overlap of the 5p orbital on iodine
atom with the orbitals on the two ligands L, the transition metal like property can be observed well.
Therefore, in the mostly reports, hypervalent iodine (III or V) were utilized for metal-free C-H
functionalization. In particular, recently metal-free cross-dehydrogenative coupling (CDC) are
feasible under hypervalent iodine (III). [2, 3] However, when compared with the versatile utilization
of the metal-free reaction, the mechanism of metal-free reactions was not enough investigated and
various plausible hypotheses has been reported with new reaction methodologies. Some papers
appealed ionic mechanism and other described SET mechanism. [4-6]

In the case of " TEMPO/BAIB’ or “TEMPO/I?’, they have been standard methods to oxidize alcohol
to an aldehyde. While several leading reports report iodine as a catalyst, [7, 8] iodine as a co-oxidant
is more general due to a cheap cost & benign byproduct. Recently, our research group published
oxidative cyclization of N,N-diarylamino alcohol 1 through a-C(sp®-H functionalization of amines
under the exact condition (Figl). [9] Based on a literature search, we could explain that the CDC
reaction resulted from the tert-amino effect. [10] However, in the study, we didn’t get the clear
conclusion on (1) ‘what is direct reactive species for the functionalization’, (2) ‘which kind
intermediate is dominant’, (3) "how the well-known radical trapping agent, TEMPO contribute to the
reaction — direct catalyst or pre-catalyst, radical trapper or radical initiator, accelerator or controller
to prevent undesired side reaction’.
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Fig 1. TEMPO/I. mediated oxidative cyclization of N,N-diarylamino alcohol 1

In this study, we considered three kind pathways: (1) the aminium radical cation 3 and the
SET/PCET mechanism, (2) the a-aminoalkyl radical 4 and the HAT mechanism, (3) the conventional
ionic mechanism under basic condition. DFT calculation proposes energy diagrams so that more
acceptable pathway among three mechanisms can be chosen. In addition, dominant reactive species
can be proposed in three energy diagrams.

2. Initial Assumptions and Theoretical Background

First of all, we considered plausible catalytic cycles for the cross dehydrogenative coupling of
amino alcohol using TEMPO catalyst in the combination with iodine as an oxidant/hydrogen
acceptor. In our previous study, the reaction of azole derivatives bearing a sp? hybridized nitrogen
(ex. benzimidazoyl amino alcohol or carbazoyl amino alcohol) couldn’t show the cyclization product
2 at all so that we proposed that the key intermediate in the reaction is the iminium 5 requiring the
loss of aromaticity of the azole ring in azole substrates. In sequence, how to generate the activated
iminium 5 was considered. If the reaction follows a non-ionic mechanism, oxidants or reactive species
from the oxidants can receive an e (via SET) or H*/e- (via radical transfer) from a substrate 1 to
produce intermediates 3 or 4 in Fig2. In the first case, oxidants or a species generated from the
oxidants (either TEMPO or BAIB) abstract an electron from nitrogen of the substrate (via SET) and
leave the aminium radical cation 3. Here, the radical cation 3 arising from the electron transfer must
be stable. In the second case, a free radical removes a hydrogen atom from the o carbon of the
substrate and produce the a-aminoalkyl radical 4. The conversion percent yield of cyclization product
2 depends on the stability of the aminium radical cation (RsN**) 3, and a-aminoalkyl radical
intermediate 4.
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Fig 2. Initial assumed key intermediates of the oxidative cyclization

A TEMPO has been explained to be the active catalyst for hydrogen transfer in an oxidation and
the radical scavenger in a radical chain reaction. [11-15] From the combination of TEMPO with iodine,
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the next reactive species were considered to generate intermediates 3 or 4 (two different mechanisms)

in Fig 3. In addition, the typical regeneration of TEMPO from TEMPO-H was not considered in the
ionic mechanism in Fig 4.
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Fig 3 Plausible reactive species generated from TEMPO/L»in non-ionic mechanism

If the reaction follows an ionic mechanism like typical oxidation of an alcohol to an aldehyde,
the next 4 kind ionic routes can be considered for the ionic mechanism in Fig4. The left cycle explains
the new bond formation between TEMPO and nitrogen and the right cycle explain the bond
formation between TEMPO and oxygen of the hydroxyl group in the substrate 2. Every ‘N-N’, ‘N-O’,
and ‘O-O’ formation commonly produce the activated iminium 5.
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Fig 4. Plausible ionic mechanism of the oxidative cyclization

3. Computational Methods

All calculations were carried out using Density Functional Theory [16] as implemented in the
Jaguar 8.0 suite of ab initio quantum chemistry programs. [17] Geometry optimizations were
performed using the B3LYP [18-22] functional and the 6-31G** basis set. The energies of the optimized
structures were reevaluated by additional single-point energy calculations of each optimized
geometry using Dunning’s correlation consistent triple- basis set cc-pVTZ(-f) that includes a double
set of polarization functions. [23] Solvation energies were evaluated using a self-consistent reaction
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field (SCRF) approach based on accurate numerical solutions of the Poisson-Boltzmann equation. [24-
26] Solvation calculations were carried out with the 6-31G**/LACVP basis at the optimized gas-phase
geometry employing a dielectric constant of € = 8.93 for dichloromethane. For all continuum models,
the solvation energies are subject to the empirical parameterization of the atomic radii which are used
to generate the solute surface. We employed the standard set of optimized radii in Jaguar for H (1.150
A), B (2.042 A), C (1.900 A), N (1.600A), O (1.550A), P (2.074A), and T (2.250A). Analytical vibrational
frequencies within the harmonic approximation were computed with the 6-31G*/LACVP basis set
to confirm proper convergence to well-defined minima or saddle points on the potential energy
surface. The electron attachment energy in solution, AGEA, was calculated by computing the energy

components:
AGEA(sol) = AGEA(GP) + AGsolv 1)
AGEA(GP) = AHEA(GP) - TAS(GP) (2)
AHEA(GP) = AEEA(SCF) + AZPE ©)]

AGEA(GP) is the free energy in gas phase; AGsolv is the free energy of solvation as computed
using the continuum solvation model; AHEA(GP) is the enthalpy in the gas phase; T is the
temperature (298K); AS(GP) is the entropy in the gas phase; AEEA(SCF) is the self-consistent field
energy, i.e. the “raw” electronic energy as computed from the SCF procedure; and ZPE is the zero
point energy. The ZPE and entropy were retrieved from the vibrational frequency calculation. Note
that by entropy we refer specifically to the vibrational/rotational/translational entropy of the
solute(s); the entropy of the solvent is incorporated implicitly in the continuum solvation model.

3. Result & Discussion

3.1. Pathway A: aminium radical cation 3 and SET/PCET mechanism

In general, aminium radical cations (RsN**), particularly from arylamines, are involved in a
proton-coupled electron transfer (PCET) reaction of amines to produce iminiums. [27-28] Therefore,
homolytic cleavage of the a-C-H bond of aminium radical cation 3 via PCET can yield iminium ion
5. From Fig. 3, TEMPO-I and iodo radical as well as TEMPO and cationic TEMPO (TEMPO-C) were
considered as electron acceptors. In Fig. 5-a, a TEMPO molecule makes the catalytic mechanism begin
through single electron transfer (SET) from the substrate, amino alcohol 1. For the first time, the
substrate forms a loosely bound complex 7-a to proceed via a transition state (*) and then to form an
adduct 7-b at a relative solution phase free energy of 14.55 kcal/mol. The complex 2 takes 21.80
kcal/mol to produce the aminium radical cation 3 together with TEMPO-A. The 1H*/1e- transfer
(PCET) from the aminium radical cation 3 into another TEMPO can produces the iminium 5 and
TEMPO-H with -27 kcal/mol of solution phase free energy, showing high stability. The intermediate
5 leads to a more stable and neutral oxyaminal 7 via a transition state 7-TS of 27 kcal/mol above the
starting complex. Finally, the resulting product 2 is readily formed in an exergonic reaction of -15.20
kcal/mol with a barrier of 14 kcal/mol. The PCET reaction can be theoretically explained by homolytic
bond dissociation free energy (BDFE). [21] The known BDFE from TEMPO-H into TEMPO is roughly
65 ~ 70 Kcal/moles according to deviation of solvent system. It seems that the decrease of the free
energy gap (64.34 kcal/mol) between the aminium radical cation 3 into the iminium 5 can barely
compensate the bond association energy from the second TEMPO into TEMPO-H.

In Fig. 5-b, TEMPO-C instead of free radical TEMPO in Fig. 5-a, initiated the SET from the
substrate, amino alcohol 1. As expected, rather than the complex of the substrate 1 and TEMPO (Fig.
5-a), the complex of the substrate 1 and TEMPO-C (Fig. 5-b) showed very smaller AAG (36.55 kcal/mol
in Fig. 5-a vs 5.11 kcal/mol in Fig. 5-b) between the aminium radical cation 3 and initial complex. In
Fig. 5-b, we also consider the formation of the oxyaminal aminium radical cation 8 as well as the
common key intermediate 5. The radical cation 8 just showed 10.19 kcal/mol above 8-c. Finally,
generation of product 2 showed 0.38 kcal/mol above the starting complex 1. In Fig. 5-c, iodo radical
accepted le from the substrate 1 to produce the aminium radical cation 3 with 5.11 kcal/mol above
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the complex 9-a. After gaining the iminium intermediate 5, the product 2 can be acquired through
the more stable oxyaminal intermediate 7 than the iminium 5. In Fig. 5-d, TEMPO-I initiated the
reaction through ET and the aminium radical cation 3 can be produced with the increase of 5.11
kcal/mol above the starting complex.
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Fig 5. Calculated energy profile diagram for metal-free CDC reaction through the pathway A: (a) the
intermediate 3 resulted from TEMPO, (b) the intermediate 3 resulted from TEMPO-C, (c) the
intermediate 3 resulted from iodine radical, (d) the intermediate 3 resulted from TEMPO-I; R-group
is phenyl; transition state marked by asterisk were not explicitly located.

3.2. Pathway B: a-aminoalkyl radical and HAT mechanism

The energy diagram of the second plausible mechanism was acquired, in which the imini
um intermediate 5 is produced from the a-aminoalkyl radical 4 (Fig. 6). In the diagram, the
a-aminoalkyl radical 4 is generated through 1,6-H transfer following iodo radical elimination (
‘I-O” bond homolytic cleavage). TEMPO or iodo radical can be the initiators of the catalytic ¢
ycle. In Fig. 6, an iodo radical makes the catalytic mechanism begin through HAT (hydrogen
atom transfer) from the hydroxyl group in the substrate 1. The O-radical 11-b is located 22.34

kcal/mol above the starting complex 11-a. The mechanism from the O-radical 11-b into the 5-
aminoalkyl hypoiodite 11-c can be explained by the 11-TS-a locating 15.52 kcal/mol above the
O-radical 2 and 63.83 Kcal/mol below the hypoiodite 11-c. The 11-TS-a was similar with p-o
xo-bridged iodo derivatives to show ‘I-O” bond length and angle of ‘O-I-O’ The stable and ne
utral hypoiodite 11-c can lead more stable a-iodo intermediate 11-d. In the path, we can find

that the location of the a-aminoalkyl radical 4 is 17.34 kcal/mol below the O-radical 11-b. Ev
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en though the solution phase free energy of the a-aminoalkyl radical 4 is close to the free en
ergy of 11-TS-b within a barrier of 1.5 kcal/mol, it is more stable than the O-radical 11-b. Thr
ough the 11-TS-b, the a-aminoalkyl radical 4 can abstract iodo radical from TEMPO-I generat
ed from TEMPO and iodine (Fig. 3). After acquiring the a-iodo intermediate 11-d, the reactio
n proceeds via a transition state (*) and then forms the key intermediate 5 at a relative soluti

on phase free energy of -68.39 kcal/mol.
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Fig 6. Calculated energy profile diagram for metal-free CDC reaction through the pathway B; R-group
is phenyl; transition state marked by asterisk were not explicitly located.

3.3. Pathway C: conventional ionic mechanism

According to our assumed 4 kind routes, the energy diagram of the ionic mechanism was
acquired. All catalytic cycles were proposed to be started from TEMPO-C approaching substr
ate, amino-alcohol 1. The each different colors in the fig 7 means four kind routes having fou
r kind initial intermediates after reacting TEMPO-C. The path C-a (A), as shown in red color
is initiated via approaching of TEMPO-C to yield 2-a with the free energy of -0.5 kcal/mol via
an uncalculated transition state, described with a symbol *. The intra-molecular cyclization of
the intermediate 2-a gives the unstable oxazepanium intermediate 6 having the ‘O-O’ bond b
reakage and the ‘N-O" bond formation and the overall barrier for the step is calculated to be
1.7 kcal/mol. And then the oxidative elimination of a-proton can produce the iminium key int
ermediate 5 locating 4.58 kcal/mol below the oxazepanium 6. Finally, intra-molecular cyclizatio
n of the resulting intermediate 5 for affording the 2-amino tetrahydropyran 2 was omitted in

the calculation. In the path C-b (B), the starting complex 1 generates the intermediate 2-b thro
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ugh the ‘N-O" bond formation between cationic TEMPO and the sunbstrate 1 rather than the
‘O-O’ bond formation between them in path C-a. The calculated barrier of 2.17 kcal/mol of th
e 2-b showed that the intermediate 2-b is more favored than the intermediate 2-a. The barrier
energy for the 2-b due to high stearic hindrance is supposed to present backward reaction of
the 2-b into the complex 1. Proposed path C-c and C-d also shows the less stable intermedia
te 2-c and 2-d than the 2-a but after the formation of them, the paths proceeds under lower f
ree energy level than the path C-a or C-b. Therefore, it is supposed that the path C-a is favo
red to form the first intermediate and in the thermodynamic equilibrium, existing ratio of 2-a
is largest among four intermediates (2-a, 2-b, 2-c¢, and 2-d) but forward reaction into the imini

um key intermediate 5 favor the path C-c.

H
A S, Ot :
—_a :N-O~
H e b R (22
Ne oo . 2 oH

(2.17) -c

H

R

A Gsol
(Kcal/mol)
)
(4]
|
(eon
°
=
N

I
o

=N
T

=

0.5—

0.00—

-0.5—

R\. .
4— N +
R
1.5— 1 .

-2—]

-2.5—

3—
Fig 7. Calculated energy profile diagram for metal-free CDC reaction through the pathway C (ionic
mechanism); R-group is phenyl; transition state marked by asterisk were not explicitly located.

3.4. Combined analysis of the mechanistic study

From the four kind path A, we can propose that the iminium intermediate 5 can be converted to
slightly the more stable oxyaminal intermediate 7 resulting from the addition of TEMPO to the
iminium 5. Among four kind reactive species (TEMPO, TEMPO-C, TEMPO-I and iodo radical),
despite comparative high energy transition state, TEMPO initiated cyclization shows the largest free
energy gap between the starting complex and the product 2. The result following commonly
proposed plausible routes is neither surprising nor unexpected. The TEMPO initiated mechanism
was described in fig. 8 (left side). In the mechanism, two TEMPO produced two TEMPO-H after the
dehydrogenative coupling and TEMPO radical can be regenerated under the BDFE from TEMPO-H
into TEMPO. In the case of path B, similar to the modified Sudrez hypoiodite oxidation, 1,6-H transfer
in 5-aminoalkyl hypoiodite 11-c can afford the a-aminoalkyl radical 4 with the increase of ca. 30
kcal/mol. [29] Although examples for the formation of aminoalkyl radicals by HAT are limited in
photoredox catalysis,[30] the stabilizing effect by the N,N-diarylamino group prompted us to propose
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the formation of the a-aminoalkyl radical 4 and the sequenced formation of the a-iodo intermediate
11-d showed -61.38 kcal/mol below the starting complex to support the possibility of the pathway.
The overall concrete pathway can be described in fig. 8 (right side). In addition, when TEMPO was
replaced with a  stable aminium  radical cation (TBPA; tris-4-bromophenyl
ammonium hexachloroantimonate) a reported initiator of the a-aminoalkyl radical, the
corresponding cyclization product was observed in our synthetic experiment. [9] When considering
three key intermediates (the aminium radical cation 3, the a-aminoalkyl radical 4, and the iminium
5), the cation 3 was more stable than our expectation due to hyper-conjugation of substituted aromatic
rings and free energy of the iminium 5 can explain why we didn’t observe the intermediate at all.
When comparing three paths, it seems that ionic pathway (path C) is more favored in the view of free
energy of TS but can’t exclude the possibility of two single electronic oxidations. In particular, the
free energy gap between a starting complex and the key intermediate iminium 5 was the largest in
the path B.
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>|\/j< >(j< 1/8:H transfer alpha-oxldatmn
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Fig 8. The plausible non-ionic mechanisms for metal-free CDC reaction of the compound 1:
pathway A & B

Conclusions

In summary, TEMPO/I> mediated oxidative cyclization of 1,5-amino alcohol 1 as a metal-free
CDC reaction was described with DFT calculated energy diagrams. As general expectations,
TEMPO showed more favored rather than TEMPO-I or iodo radical in SET/PCET pathway. With
the evidence of our catalytic radical reaction, iodo radical initiated HAT pathway showed larger
free energy gap between the starting complex and the iminium intermediate 5. The free energy of
TS was the lowest in ionic pathway. In the future, we hope to develop our metal-free CDC
methodology to other substrates based on our understanding acquired this study.

Acknowledgments: This study was supported by the Basic Science Research Program of the National Research
Foundation of Korea (NRF), which is funded by the Ministry of Education, Science and Technology (No.:
2012R1A6A3A04038302). The National Institute of Supercomputing and Network/Korea Institute of Science and
Technology Information provided supercomputing resources including technical support (No.: KSC-2014-C1-
019) with us.

Author Contributions: M.K. opened her research project and prepared funding source; as a part of the project,
M.K. proposed the idea; M.K. and Z.U. conceived and designed the experiments; Z.U. performed the
experiments; M.K. and Z.U. analyzed the data; M.K. and Z.U. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.


http://dx.doi.org/10.20944/preprints201702.0087.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 February 2017 d0i:10.20944/preprints201702.0087.v1

10 of 11

Abbreviations

CDC: Cross-dehydrogenative coupling

PCET: Proton-coupled electron transfer

SET: Single electron transfer

HAT: Hydrogen atom transfer

GEA: Electron attachment free energy

SCEF: Self-consistent field

ZPE: Zero point energy

BDFE: Homolytic bond dissociation free energy
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