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A systemical computational study was performed to explore the
mechanism and origin of selectivities on the organocatalytic aryla-
tion of azonaphthalenes with a-chloroaldehydes. The calculated
results reveal that the nucleophilicity of active sites and the hydro-
gen bonds respectively regulate chemo- and stereoselectivities
and, for the first time, N-heterocyclic carbene (NHC) can act as a
multiple functional base (MFB) catalyst in one system.

Transition-metal-catalyzed inert aryl C-H activation/functionaliza-
tion has been widely investigated as a powerful method for carbon-
carbon (C-C) and carbon-heteroatom (C-X) bond formation. In
transition-metal-catalyzed aryl C-H activation and transformation,
aromatic rings generally act as formal electrophiles to react with
different nucleophiles."* However, nucleophilic aromatic substitu-
tion involving aryl C-H cleavage, especially organocatalytic aryla-
tion, has been rarely reported. Nicewicz and co-workers were the
first to report aryl C-H amination and cyanation by direct C-H
functionalization wusing an acridinium photoredox organo-
catalyst.>* Subsequently, owing to the advantages of high stereo-
selectivity and low toxicity, organocatalytic arylations have attracted
increasing attention and become one of the greatest challenges in
the organocatalysis field.>®

Organocatalytic arylation of azonaphthalenes has been reported
in a few experimental studies since 2017 (Scheme 1).°™ In a
pioneering study, Tan performed chiral phosphoric acid catalyzed
enantioselective [3+2] annulation of azonaphthalenes with 2-sub-
stituted indoles to construct benzindole derivatives (Scheme 1A).°
Independently, Shi et al. reported chiral phosphoric acid catalyzed
[3+2] annulation of azonaphthalenes with azlactones (Scheme 1B).'
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In addition, Li et al. found that a secondary amine can also catalyze
the [3+2] annulation of azonaphthalenes with enolizable carbonyl
compounds (Scheme 1C)."' Note that Wang et al reported
unexpected [4+2] rather than [3+2] annulation of azonaphthalenes
with o-chloroaldehydes catalyzed by N-heterocyclic carbene (NHC)
(Scheme 1D)."* Although these excellent experimental reports greatly
contributed to the determination of the possible mechanisms
of these types of organocatalytic annulation reactions of azon-
aphthalenes, to the best of our knowledge, no systematic
theoretical study of the possible mechanisms has been reported,
and the origin of chemoselectivity and stereoselectivity remains
unclear.

The above issue and our continuous interest in organocatalysis
prompted us to perform a theoretical study,”*° in which the
NHC-catalyzed [4+2] annulation reaction of azonaphthalene
with a-chloroaldehyde was selected as the computational model
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Scheme 1 Organocatalyst-mediated arylation reactions of azonaphthalenes.
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Scheme 2 Selected NHC-catalyzed reaction model with the unresolved questions.

(Scheme 2). In the present study, we aim to answer the following
questions: (1) what is the detailed mechanism of this reaction?
Four possible [n + 2] (n = 3, 4) annulation pathways were
considered for the chemoselective annulation step: two ring-
closure (RC) first and two proton transfer (PT) first mechanisms.
(2) What is the origin of the high stereoselectivity? The R- and
S-configured pathways in the stereoselective C-C bond formation
process were calculated. (3) What is the role of the NHC catalyst in
the whole reaction? For the first time, we propose that NHC can act
as a multiple functional base (MFB, i.e. Lewis base, Bronsted base
(BB) and hydrogen bond donor/acceptor) to promote the rearoma-
tization process, which is remarkably different from the traditional
role of the NHC catalyst as a Lewis base (LB) in one system. Due to

Gibbs free energies (kcalimol)

+

the reliability of density functional theory (DFT) on the mecha-
nistic studies of organocatalytic>* > and transition metal-catalyzed
reactions,”>° we performed DFT calculations at the M06-2X>"3%/
6-311++G(2df,2pd)/IEF-PCMy,>***//M06-2X/6-31G(d,p)/TEF-PCM 1y
level to investigate the detailed mechanism, the role of NHC, and
the origin of selectivities. More computational details and a bench-
mark study are provided in the ESL{

As shown in Fig. 1, the whole reaction is initiated by nucleo-
philic addition to a-chloroaldehyde R1 by the NHC obtained by
the deprotonation of pre-NHC to generate zwitterionic intermedi-
ate M1 viag the transition state TS1. With the aid of DIPEA-H",
intermediate M1 transforms to Breslow intermediate M2 through
[1, 2]-proton transfer via transition state TS2. Owing to the attack
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Fig. 1 Relative Gibbs free energy profiles for the adsorption of NHC and the formation of the C-C bond.
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direction, NHC can be divided into Re- and Si-faces, and both
cases are discussed in more detail in the ESLT The calculated
results show that the energy barrier through transition state
ReTS1 (AG* = 13.4 kcal mol™") is slightly higher than that
through transition state Si-TS1 (AG* = 12.0 keal mol ™), but the
energy barrier of Re-TS2 (AG* = 7.6 kcal mol™*) is much lower
than that of Si-TS2 (AG* = 24.5 kcal mol™%), so the pathway
associated with Re-face attack on R1 by NHC is more energetically
favorable. Subsequently, the C-Cl bond of Breslow intermediate
M2 is cleaved to afford enolate intermediate M3 via transition
state TS3 (AG* = 4.9 kcal mol ™). The enolate intermediate M3
can then be easily deprotonated by DIPEA to form acyl azolium
intermediate M4 via transition state TS4 (AG* = 4.1 kcal mol™%).

For the stereoselectivity-determining step, the nucleophilic
addition of M4 to azonaphthalene R2 first undergoes C-C bond
formation via four diastereoselective transition states TS5RR/
RS/SR/SS to generate intermediates M5RR/RS/SR/SS, respec-
tively. As shown in Scheme 2, the two letters after the names
represent the molecular chirality associated with the chiral C1
and C2 atoms, respectively. Inspired by the previous studies,
conformational searches of TS5RR/RS/SR/SS were performed to
ensure the optimized diastereoselective transition states asso-
ciated with the lowest energy configurations, and more discus-
sions can be seen in Scheme S3 of the ESI.1 The chiral C2 atom
will become the achiral one after the following rearomatization
process, so we only selected and discussed TS5RR/SS with
the lowest energies to represent TS5R and TS5S (Fig. 1 and 2).
The pathway associated with the R-configurational product
is the energetically favorable pathway, and the energy barrier
difference (AAG") between AG"rssg and AG*rsss is 3.9 keal mol ™,
which corresponds to an enantiomeric excess (ee) value of greater
than 99% according to the equations provided in the ESIL,{ which
is close to the experimental observation (99% ee)."”” Atom-in-
molecule (AIM) quantitative analysis®® (Fig. 2 and Table S1, ESI%)
indicates that a larger number of C-H:--O and C-H: - -« interac-
tions exist in TS5R than those in TS5S, and these interactions
are stronger in the favorable TS5R, so it can be concluded that the
C-H---O and C-H---m interactions are important in controlling
the stereoselectivity. It should be mentioned that the energy
barrier via TS5R (20.4 kcal mol ') can be overcome at room

TS5R TS5S

Fig. 2 Quantitative analysis and comparison of the non-covalent inter-
actions involved in TS5R and TS5S (distances in A and Laplacian of electron
densities in a.u.).
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Fig. 3 Relative Gibbs free energy profiles of the most energetically
favorable pathways for the possible [3+2] and [4+2] cyclization reactions.

temperature, and the following transformations continue to
happen to result in the final product P depicted in Fig. 3.

Two RC-first and two PT-first mechanisms were then con-
sidered for the chemoselective annulation step, and totally
more than 16 possible pathways had been considered in this
study (see Fig. S5-S8, ESIT). The highest energy barriers of the
best pathways of the RC-first and PT-first mechanisms corres-
ponding to the [4+2] cyclization are 10.2 and 26.7 kcal mol %,
whereas those of the [3+2] cyclization are 15.9 and 21.7 keal mol ",
respectively. Hence, it should be more favorable for the RC-first
mechanism regardless of the formation of the [3+2] or [4+2]
cyclization product under NHC catalysis. The most favorable
pathways associated with the RC-first mechanism for the [3+2]
and [4+2] cyclization reactions are shown and compared in
Fig. 3. It can be concluded that the local nucleophilicity of the N
atom close to the ester group is stronger than that of the other
N atom of the azo group (see Table S3 of ESIt), and thus the
[4+2] cyclization occurs more easily. This is also consistent with
the experimental observation,'> and we only considered the
[4+2] cyclization pathway in the following process.

Subsequently, we investigated two types of mechanisms for
the rearomatization of intermediate M6a, in which the NHC
acts as an LB and an MFB (Scheme 2). As shown in Fig. S5
(ESIY), we found that the energy barrier of the pathway in which
NHC acts as an LB is extremely high (37.6 kcal mol™") in the
rearomatization process. Therefore, we can safely exclude this
pathway. As shown in Fig. 3, ring-closure occurs via TS6a with
an energy barrier of 6.2 kcal mol™" to form Mé6a, which
dissociates the NHC to form intermediate M7a via TS7a with
an energy barrier of 6.5 kcal mol ™. The in situ generated NHC
can act as an MFB to realize C(sp*)-H deprotonation via TS8a
with an energy barrier of 10.2 kcal mol, which is followed by
final proton transfer for the formation of the final product and
regeneration of the NHC catalyst via TS9a with an energy
barrier of 3.4 kcal mol '. Other possible DIPEA-mediated
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deprotonation pathways were also considered and excluded
(see the ESIt). Considering the computational error reported
by Singleton and Plata,*® we have additionally calculated the
proton transfer processes by using different DFT methods and
explicit solvents to ensure the reliability of the conclusion, and
more details and discussions can be found in part 9 of the ESL.¥

Although the basicity of NHC should not be weaker than
that of the base additive such as DIPEA,**® NHC is not
proposed as the possible BB catalyst in most of the previous
experimental and theoretical studies. Thus, it should be very
important to further explore why the transition state has
relatively lower energy when the NHC rather than DIPEA
abstracts the proton. To uncover this puzzle, the additional
NCI analyses on the deprotonation transition state associated
with NHC or DIPEA as BB were further performed. As depicted
in Fig. S10 of the ESI,} the results indicate that the NHC mainly
provides LP---m and C-H---m interactions to stabilize the
deprotonation transition state, and thus we think that NHC
should be denoted as a multiple functional base rather than a
simple BB in this process. Based on the above results, the NHC
should act as an MFB catalyst in the rearomatization process,
which is remarkably different from the well-known LB role of
NHCs in previous reports.

In summary, the possible reaction mechanisms and selec-
tivities of NHC-catalyzed dearomatization/rearomatization of
azonaphthalene with a-chloroaldehyde have been systemati-
cally investigated by DFT methods. The C-C bond formation
step is determined to be the stereoselectivity-determining step,
and the pathway associated with the R-configurational product
is predominant in terms of both the kinetics and thermody-
namics. According to the energy profiles of different pathways,
the RC-first [4+2] annulation pathway is more favorable than
the [3+2] annulation pathway. All of the calculated results are in
agreement with the experimental results.'”> Furthermore, AIM
analysis shows that C-H---O and C-H: - -r interactions are the
key factors for controlling the stereoselectivity. Note that the
NHC was found to be an MFB in this special case for the first
time. The obtained mechanistic insight will guide the under-
standing of the new role of the NHC catalyst, and thus prompt
the development of new NHC catalytic strategies in the future.
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