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Abstract

Mechanism of the oxidative nonpolar inversion reaction catalyzed by N-heterocyclic carbenes (NHCs) to achieve benzoxazoles

was investigated in very details. The reaction was revealed to occur through five processes, and for oxidation in the second pro-

cess, two successive tautomerizations followed by oxidation were demonstrated to be more energetically favorable than the other

two pathways. The rate-determining step was disclosed to be the oxidation by 3,3’-5,5’-tetra-tert-butyl-4,4’-diphenoquinone

(DQ). Afterwards, mechanism calculations to the non-catalyzed reaction was conducted and it was revealed that the excessive

exothermic property of the initial step should be the main reason for the extremely high barrier in the following step. While

with participation of NHC, this unfavorable transformation can be deftly prevented according to the specific sequence and

amount of reagents addition, and therefore to enable the reaction to occur under mild conditions.
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Introduction

Since the crystalline carbene 1,3-di-l-adamantyl-imidazol-2-ylidene was firstly isolated and characterized by
Arduengo et al.,1,2extensive researches emerge involving synthesis of more stable N-heterocyclic carbenes
(NHCs) and applications of NHC as ligand of metal-based catalyst or organocatalyst.3Particularly, the
success in catalytic benzoin condensations promotes the NHC catalysis as an important alternative in con-
structing new C-C bonds and C-X (X = N, O, S) bonds.4-9 Inspired by the ‘umpolung’ principle used
in this reaction,10,11the NHC-catalyzed Stetter reaction,12 benzoin reaction,13 homoenolate reaction, and
especially cycloaddition/annulation reactions14-18 have contributed a number of novel approaches to con-
structing various heterocyclic structures. Inversion of the conventional reactivity of substrates, typically
such as aldehyde, ketone, ketene, and so on, is the basic underline principle behind these reactions (Scheme
1).19-21 More interestingly, catalysis using this concept has been extended to the umpolung of Michael
acceptors22-25 and aldimines.26-33Detailed theoretical studies reported by our34-42 and other groups43-51 pro-
vide perspective at the molecular level to get insights into the catalytic mechanism and chemo-, regio-,
and/or stereoselectivities.52,53
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Scheme 1. Selected NHC-catalyzed reactions based on the umpolung strategy (left) or the oxidative nonpolar
inversion strategy (right).

The fact is ‘umpolung’ should not be the unique approach for NHCs as organocatalyst.54-57 As it is illustrated
in Scheme 1, in the normal way without polarity inversion under oxidative conditions, the reaction can be
initiated by conversion of aldehyde or aldimine to the Breslow or aza-Breslow intermediate,58respectively,
followed by a two electron oxidation to give azolium. Finally, an inter- or intramolecular nucleophilic attack
yields the final product. For these reactions, the roles of NHCs play in facilitating reactions to occur
and/or manipulation of various selectivities is an important issue that people are highly interested in. In
the ‘umpolung’ reactions, the main effect of NHCs has been demonstrated to be increasing nucleophilicity
of the substrate or determining the selectivities owing to diverse non-covalent interactions (NCIs) between
substituents of the catalyst and the substrate in different isomers. While for the nonpolar inversion pathway,
acts of the catalysts could be complicated, such as enhancing reducibility of the substrate or even shows
completely a diverse reaction route. Owing to our long interesting in the NHC-catalyzed reactions but
the lack of insights into the roles of NHC and the co-effect of the oxidant in reactions without polarity
reverse, we would like to present our recent theoretical study about the mechanism of an intramolecular
oxidative cyclization with NHC as the catalyst and 3,3’-5,5’-tetra-tert-butyl-4,4’-diphenoquinone (DQ)59 as
the oxidation reagent. More importantly, some insights about how the catalyst and DQ work together to
enable the reaction have also been achieved.

Scheme 2. Experimental details and the proposed tentative mechanism.

More details about the experimental results by Biju and co-workers60 were shown in Scheme 2. The aldimine
1 was treated with the carbene that is generated in situ from triazolium salt Pre-NHC using KOt -Bu as

2
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the base and DQ as the oxidant. The optimal solvent was demonstrated to be DMSO, and the temperature
was set at 30 °C. Various 2-arylbenzoxazole and 2-arylbenzothiazole were obtained with yield up to 99%.
The tentative mechanism indicates five steps for the whole catalytic cycle, namely absorption of NHC to the
substrate to give zwitterion A, followed by [1,2]-proton transfer to generate the aza-Breslow intermediate
B, oxidation by DQ, ring closure under assistance of the Lewis base, and finally desorption of the catalyst.
This cycle provides inspired perspectives to get better understanding to the general process of the catalytic
mechanism, but its rationality and feasibility still need to be verified. For example: since the [1,2]-proton
transfer usually difficult,61 is the one-step transformation from intermediate A to aza-Breslow intermediate
B feasible or not? Since the triazolium salt Pre-NHC and the base KOt -Bu were added in exactly equal
equivalent, how it can be used in proton abstraction from phenolic hydroxy group in compound D? What
kind of roles do the NHC catalyst play in enabling the reaction to occur? In order to pursue deep insights into
all above questions, we conducted detailed density functional theory (DFT)62 studies to the entire catalytic
cycle.

Computational Details

All theoretical calculations were carried out by using theGaussian09 suit of program.63 Structures of all
stationary points, including the reactants, products, transition states and intermediates, were fully optimized
by using the M06-2X functional64-66 and the 6-31G(d, p) basis set67,68under gas phase (Level A ). The
harmonic frequency calculations were performed at the same level with the temperature set as 303.15 K
and the pressure as 1 atm according to the experimental report. All reactants, products, and intermediates
were corroborated to have no imaginary frequency while each transition state to have one and only one
imaginary frequency. The same level of intrinsic reaction coordinate calculations (IRC)69,70were carried out
to confirm each transition state linked the expected reactant and product. Based on the optimized structures,
all energies were refined by single-point calculations at the M06-2X/6-311++G(d, p)71 level of theory, with
the solvent effects of DMSO simulated by Truhlar’s SMD72,73model (Level B ). All energies discussed in this
paper were calculated by adding the single-point energies obtained at Level B to the thermal corrections of
the Gibbs free energies calculated atLevel A .
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Scheme 3. The proposed mechanism of the title reaction.

Results and Discussion

3.1 Reaction Mechanism

The catalytic transformation of (E )-2-((4-methylbenzylidene)amino)phenol (denoted as R ) was selected
as the computational model because it gives 4-tolylbenzoxazole with excellent yield of 99%. We present
the entire catalytic cycle in Scheme 3 with more details considered, especially for the tautomerization from
zwitterion intermediate Int1 , which is generated by absorption of the NHC catalyst (denoted as Cat ) to the
aldimine R , to the imidoyl azolium Int4 . There are three possible pathways calculated and more discussions
will be given below. The following processes are successively deprotonation from the phenolic hydroxy group
under assistance of[DQH]–(4’-hydroxy-[1,1’-biphenyl]-4-olate), ring-closure, and finally desorption of the
product P from Cat . In the following part of this section, we will give detailed discussions about this
catalytic cycle step by step. The Gibbs free energy profiles of the whole reaction along with some key
geometry parameters of all transition states are presented in Figure 1. Unless otherwise stated, the energies
of Cat + R were set as the reference of 0.0 kcal/mol.

In the first process, the nucleophilic attack of the C1 atom inCat to the C2 atom in R may occur from
either theRe- or Si- face. The resulting transition stateRe-TS1 was predicted to locate 3.1 kcal/mol higher
thanSi-TS1 , and the corresponding absorption productSi-Int1 was found to be 8.3 kcal/mol more stable
than that Re-Int1 . Thus we abandoned all the following calculations related with Re-Int1 . Besides,
the barrier via Si-TS1 was calculated to be 20.3 kcal/mol, indicating that the absorption is able to occur
smoothly under the experimental conditions (30 °C).

4
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Given the zwitterion intermediate Si-Int1 , three possible pathways for its oxidation to generate the imidoyl
azoliumInt4 were calculated, in particular the direct oxidation byDQ via transition state TS2” (DOx), the
direct [1,2]-proton transfer of the H6 atom via TS2’ to give aza-Breslow intermediate Int3 and then followed
by oxidation byDQ to form Int4 (DPTOx), and the successive transformations of [1,4]-proton transfer of
the H5 atom viaTS2 /spontaneous [1,5]-proton transfer of the H6 atom/oxidation by DQ via TS3 to form
Int4(SPTOx).

In the DOx pathway, the hydride H6 was abstracted from the C2 atom inSi-Int1 to the O7 atom in DQ .
As shown by the optimized geometry parameters in Figure S1, the length of the C2–H6 bond is elongated
from 1.11 Å in Si-Int1 to 1.23 Å inTS2” , while distance between the H6 and O7 atoms is shortened from
1.27 Å in TS2” to 0.96 Å in [DQH]–, which clearly indicates formation of the new bond. The barrier of this
elementary step was predicted to be 41.0 kcal/mol (Figure 1), which is too high to be overcome under the
experimental conditions. Consequently, the reaction goes through the DOx strategy was excluded.

Figure 1. Gibbs free energy profiles of the whole reaction and some key geometry parameters of all transition
states involved. All bond lengths are given in angstrom (Å).

The DPTOx pathway assumes a typical [1,2]-proton transfer of the H6 atom from the C2 atom to the N3
atom so as to provide the aza-Breslow intermediate Int3 , which has been definitely verified to be difficult
under mild conditions due to the highly strained three-membered ring involved in the transition state (C2–
N3–H6 inTS2’ ). Not surprisingly, the Gibbs free energy barrier viaTS2’ was predicted to be 44.1 kcal/mol,
which is obviously an unreasonable obstacle for the mild experimental conditions.

In the SPTOx pathway, two successive proton transfers were proposed to give Int3 , in particular the proton
H5 shifted from the O4 atom to the negative N3 atom via transition state TS2 , followed by the migration of
the H6 atom from the C2 atom back to the O4 atom to generate intermediate Int3 . The energy barrier via
TS2was calculated to be 9.6 kcal/mol, and the tautomerization fromInt2 to Int3 was demonstrated to be
spontaneous via the flexible scanning of the O4–H6 bond length (Please see Figure S2 for more details). The
subsequent elementary step is to oxidateInt3 to Int4 via hydride transfer of the H5 atom from the N3 atom
to DQ . The gradual elongation of the N3–H5 bond length (from 1.02 Å in Int3 to 1.33 Å in TS3 , Figure
S1) and the continued shortening of the O7–H5 bond length (from 1.14 Å in TS3 to 0.96 Å in [DQH]–

, Figure S1) clearly indicated the abstraction of the hydride H5 byDQ . As shown in Figure 1, transition
state TS3 was predicted to locate 24.2 kcal/mol higher than the intermediateInt3 , which is much lower
than that goes through the DOx or DPTOx pathway. Taking all these discussions into consideration, the
SPTOx pathway was concluded to be most energetically favorable for oxidation from Si-Int1 to the imidoyl
azoliumInt4 .

The third process is to abstract the H6 atom from the phenolic hydroxy group by the [DQH]– to afford the
zwitterion intermediate Int5 . It was confirmed to be also barrierless by the flexible scanning of the O4–

5
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H6 bond length (Please see Figure S3 for more details). The fourth process is the ring closure undergoing
through nucleophilic attack of the O4 atom to the C2 atom to form intermediate Int6 via transition state
TS4 . The geometry optimizations indicates that the distance between the C2 and O4 atoms decreases from
2.39 Å in Int5 to 1.92 Å in TS4and finally become 1.44 Å in Int6 , which clearly demonstrates formation
of the C2-O4 bond. The energy barrier of this step was predicted to be 21.3 kcal/mol, indicating that this
intramolecular cyclization process can be accomplished under the experimental conditions. Finally, formation
of the C2=N3 double bond promoted release of the final product P from the catalyst. The very low energy
barrier via transition state TS5 (2.2 kcal/mol, shown in Figure 1) indicates that it is easy for the catalyst
to be recycled, which corroborates the potential for the NHC as a good leaving group.

3.2 Roles of NHC

As an organocatalyst, the NHC species work generally to enhance electrophilicity of the substrate, to mani-
pulate stereoselectivities by rational regulations of the non-covalent interactions between substituents of the
chiral catalyst and the substrate, or most importantly to inverse polarity of the ketene, ketone, or aldehyde
to expand applications of NHCs in synthesis of heterocyclic compounds. In regarding the title reaction we are
interested in, the experimental results from Biju and co-workers indicate that the yield can be dramatically
decreased to be 7% when all reagents were set under exactly the same conditions but with NHC absent
and the phenyl substituted aldimine replaced by benzyl substituted aldimine. Moreover, according to all
the above discussions about the catalytic cycle, it is easy to conclude that the reaction undergoes without
polarity reversal. So what kind of roles do the NHC catalyst act in this transformation from o-amino phenol
to benzoxazole? Why it is so important for promoting the transformation going efficiently?

In order to get some insights into these queries, we then conducted mechanism studies to the reaction without
participation of NHC. As illustrated in Figure 2(a), the whole reaction was proposed to occur through four
steps, namely deprotonation of the phenolic hydroxy group in Rnc to give ionic compoundInt1nc , followed
by a conformation isomerism of the aldimine group to give Int2nc . Subsequently, two possible transformation
pathways were considered, i.e. ring closure through nucleophilic attack of the O4 atom to the C2 atom followed
by oxidation by DQ , or the oxidation of the C2 atom goes first, followed by ring closure through bonding
of the C2 and O4 atoms. The predicted Gibbs free energy profiles of the whole reaction were presented in
Figure 2(b), and the energies ofRnc + KOt -Bu was set as the reference of 0.0 kcal/mol unless otherwise
specified.

6
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Figure 2. (a) The proposed mechanism for the reaction without NHC catalysis, and (b) the predicted Gibbs
free energy profiles along with some key parameters in each transition states (bond length in Å).

The computational results reveal that the initial step of the reaction is barrierless (See Figure S4 for more
details) and remarkably thermodynamically favorable, indicating strong preference of the proton transfer
from phenolic hydroxy group to the tert-butyl alcohol anion (t -BuO–). The energy barrier for the confor-
mational transformation via TS1nc was predicted to be 4.5 kcal/mol, which is very easy to be overcome
under mild conditions. However, the following conversion fromInt2nc to the benzoxazole productPnc was
demonstrated to be very difficult via neither of the two proposed pathways because of their extremely high
barrier (44.1 or 53.8 kcal/mol, respectively).

7



P
os

te
d

on
A

u
th

or
ea

17
F

eb
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

19
54

26
.6

16
90

64
9

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

Scheme 4. The main change in the initial step of the non-catalyzed reaction.

Taking all above discussions into consideration, for either the NHC-catalyzed or non-catalyzed reaction,
the oxidation by DQwas disclosed to be the rate-determining step (RDS), but the barrier of the latter
strategy (44.1 kcal/mol) is about 20 kcal/mol higher than the former one (24.2 kcal/mol). Actually, due to
participation of NHC, the reaction mechanism has been fundamentally altered, leading to the whole barrier
changes from the accumulate obstacles including the conformational isomerism, the ring closure and the
oxidation processes to the barrier of the elementary oxidation step. In addition, the energies of the highest
point in the two energy profiles (TS3and TS3nc , respectively) are almost equal (23.6 vs 23.5 kcal/mol),
indicating that it should be the excessive exothermic change in the initial deprotonation step that leads to
the unreasonable barrier of the non-catalyzed reaction. As illustrated in Scheme 4, it is no surprise that the
latter state locates more than 20 kcal/mol lower than the initial state because this is typically a displacement
reaction of strong acid with strong base to give relatively weak acid and weak base. While with participation
of NHC, this transformation is subtly prevented by controlling the reaction procedure. In particular, exactly
equal amount (20 mol%) of triazolium salt Pre-NHC and the baset -BuOK were firstly stirred in the DMSO
solvent for 15 min to yield the NHC catalyst in situ . Afterwards, there was littlet -BuOK left to react with
the substrate which was later added to the system along with the oxidant. In a word, by properly controlling
the order and amount of reagents added, the reaction mechanism is completely changed by use of NHC
catalyst. This strategy effectively prevents formation of the excessive stable intermediate, and thus resulting
in substantial reduction in energy barrier of the whole reaction.

Conclusions

The mechanism of the oxidative nonpolar inversion reaction catalyzed by NHC to achieve benzoxazoles and
roles of the NHC catalysis in facilitating the reaction were investigated in very details. It was revealed
that the reaction goes through generally five processes, i.e. absorption of the catalyst, oxidation of the
zwitterion intermediate to imidoyl azolium, deprotonation followed by ring closure, and finally desorption of
the catalyst. As for the oxidation process, the successive [1,4]-/[1,5]-proton transfers followed by oxidation
byDQ was demonstrated to be much more energetically favorable than the direct oxidation or the direct
proton transfer followed by oxidation pathway. Oxidation of the C2 atom was indicated to be the RDS,
and the barrier was predicted to be 24.2 kcal/mol, a reasonable value for experimental conditions (30 °C).
Mechanism of the non-catalyzed reaction was also calculated, and the excessive exothermic property of
the initial step was concluded to be the main reason for its extremely high barrier. In the NHC-catalyzed
reaction, this unfavorable transformation was subtly prevented due to the specific sequence and amount of
reagents addition. We conclude that the intrinsic requirement of NHC catalyst formation in situ and the
exactly equal amount of the Pre-NHC and t -BuOK are the two core factors that enable the reaction to
occur under mild conditions.
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