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Computational exploration for possible reaction
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The current work focuses on the DFT calculation of the rational mechanism and catalytic activity of the
gold(i)-catalyzed isotetradehydro-Diels—Alder cycloaddition of cyanamides and enamides to substituted
2,6-diaminopyridines. IPrAuCl is used as a model catalyst to catalyze cyanamide and enynamide
reactants with different substituents in DCM as a research system. DFT data indicates that the catalytic
cycle starts from the triple bond coordination between the catalyst's gold cation and the enamide to
obtain the gold m-complex, and the cyanamide attacks the alkynyl carbon atom from different directions
to generate two reaction channels of five-membered and six-membered heterocycles, respectively. The
calculation results show that the 2,6-diaminopyridine compounds produced by this catalytic reaction

have lower activation energy and higher reactivity, that is, the pyridine skeleton structure can be easily
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Accepted 18th July 2022 obtained under mild reaction conditions. At the same time, electron-withdrawing substituents in the
reactants are more helpful for the reaction. In addition to being in good agreement with the

DOI: 10.1039/d2ra02682a experimental data, the calculated results also provide an important contribution to the further
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1. Introduction

Diaminopyridine is an important organic synthesis interme-
diate, which is mostly used in the synthesis of medicines. It is
one of the important intermediates for the preparation of PDE4
inhibitors, anti-plasmodium falciparum drugs, iNOS/nNOS
inhibitors and protein kinase inhibitors, especially phenazo-
pyridine is produced as an analgesic. Furthermore, it can also
be used as an organic dye."” The Diels-Alder reaction is also
recognized as an ideal synthetic method to form the six-
membered ring structure of diaminopyridine. Although the
tetradehydrogen-Diels-Alder (TDDA) reaction is affected by
harsh conditions and functionalized substrates, it can still be
completed by the [4 + 2] cycloaddition reaction between enynes
and alkynes.® In particular, it is a better synthesis idea to
prepare aromatic heterocycles by hetero-TDDA reaction. There
are also some related reports on the formation of pyridine
compounds. Dubbaka and Xie's research team respectively
explored the use of functionalized alkynyl lithium and aryl
magnesium reagents and TfOH to promote the fusion of enynes
and nitriles into pyridine.*® At the same time, Barluenga et al.
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understanding of the mechanism of such reactions.

synthesized 2-methoxypyridine from diacetylene and nitrile in
a relatively mild environment under the catalysis of Et;PAuCl/
AgSbF." The hetero-TDDA reaction as a new synthetic method
under a single catalyst is more effective and has higher regio-
selectivity. Subsequently, some experimental and theoretical
studies have been reported on the gold-catalyzed carbo-TDDA
and hetero-TDDA reactions.”*™"’

Recently, Kukushkin and Dubovtsev et al. reported that
under the action of gold catalyst IPrAuCl/AgNTf,, enynamides
and cyanamides can undergo hetero-TDDA cycloaddition reac-
tion in DCM solvent to produce 2,6-diaminopyridine in higher
yield (70-99%), in which gold contributed the main catalytic
effect in this reaction system (Scheme 1).** According to the
experimental study of Dubovtsev and Kukushkin, a possible
synthesis mechanism is given in Scheme 2. For the gold-
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Scheme 1 Gold-catalyzed cycloadditions and

enynamides.
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Scheme 2 Plausible mechanism proposed by Kukushkin and
Dubovtsev et al.

catalyzed system, the enamide first reacts with the gold complex
[1PrAu]" to form the reaction precursor complex I. Subsequently,
cyanamide attacks the amino terminal carbon atom of inter-
mediate I to obtain intermediate II. Then, intermediate II
undergoes hetero-TDDA cycloaddition reaction to generate gold
pyridine complex III. Finally, the 2,6-diaminopyridine product
is obtained through the elimination of the gold intermediate III
and the gold catalyst is regenerated. In order to understand the
overall reaction mechanism of the hetero-TDDA cycloaddition
catalyzed by gold (Scheme 2), and to investigate the different
attack modes of cyanamide on the activated triple bond, a set of
more detailed steps are proposed as shown in Scheme 3. We
conduct an in-depth systematic density functional theory (DFT)
calculation study to study the experimentally observed mecha-
nism, selectivity and activity influencing factors.

Therefore, in this work, a computational study is carried out:
(1) determine the possible reaction pathways in the title reac-
tion corresponding to the experiment; (2) compare the catalytic
pathways and activities in detail by changing the different
substituents in the substrate; (3) analyze the gold-catalyzed

View Article Online
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hetero-TDDA cycloaddition reaction mechanism and regiose-
lectivity. It is believed that the data obtained by the computa-
tional research will help to better explain the different yields
formed by the gold-catalyzed cycloaddition reaction system, and
provide effective theoretical support for the gold-catalyzed
hetero-TDDA cycloaddition reaction.

2. Computational details

All quantum calculations are done using Gaussian 09 (ref. 19)
and B3LYP**** density functional theory (DFT).>>** All geometric
optimizations are performed using B3LYP/6-31G(d,p), SDD
theoretical level. In the basis set, except for Au atoms that use
effective core potential SDD,** all main group atoms are 6-
31G(d,p) basis set.*® All the minima and transition state struc-
tures are verified by the absence of negative eigenvalues or
a negative eigenvalue in the vibration frequency analysis and
the animation demonstration with negative vector coordinates.
In order to obtain more accurate energy and consider the
solvation effect, BBLYP-D3(BJ)*** is used to calculate the single
point energy of the optimized geometry, which is based on
B3LYP and includes the empirical D3 dispersion term proposed
by Grimme with Becke-Johnson damping. This method is also
a relatively recognized and reliable calculation method.***
Recently, there have also been some related reports on gold-
catalyzed DFT studies.***® Moreover, in the recalculation,
a larger basis set SDD with extra f*’/outer p*® functions for gold,
6-311++G(2d,2p) basis set for other atoms, with the experi-
mental system of dichloroethane (DCE) as the solvent based on
(IEFPCM- SMD) solvation model** is used. Intrinsic reaction
coordinates (IRC)*** are calculated for each transition state to
confirm the correct connection of the corresponding structures
in the two directions on the reaction path. The geometric
configurations in this study are all displayed and explained
through the CYLview program.**

3. Result and discussion

Based on the original study by Kukushkin and Dubovtsev et al.,
we propose several potential pathways for catalytic reaction
models (Scheme 3). In order to explore the more active
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Scheme 3 Proposed reaction pathways on the basis of Kukushkin and Dubovtsev's study.
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enynamide reactants in this model reaction, the substituents
Ms, Me, Ph and thienyl were used as enynamide reactants as
several reaction models in the DFT study. The three systems
correspond to A, B and C series, respectively.

3.1 Computational results for [IPrAu]'-catalyzed reaction
(series A)

The first step in the series A starts with the coordination of the Au
atom with the 7 bond of the alkyne moiety of enynamide to form
a stable intermediate A-rl. The frontier molecular orbital
diagram and orbital energy of A-r1 are shown in Fig. 1. The energy
difference between the two molecular orbitals of HOMO and
LUMO is 4.19 eV, and the coordination of the C-C triple bond
with gold enhances the electrophilicity of this C-C bond. The
Condensed Fukui functions (") of the C' and C* atoms of A-r1 are
0.057 and 0.085, respectively, where the C? atom is 0.028 larger
than the C' atom, indicating that the C* atom is the more easily
attacked active site. Fig. 2 and 3 show the energy profiles of the A
series and present the selected structure and key geometric
parameters. Further details for all structures are provided in ESL.f
From Fig. 3, where the bond lengths of the two Au-C bonds in A-
r1 are 2.130 and 2.780 A, respectively. Structural and electronic
features show that C*> atoms are more prone to nucleophilic
reactions. Then, the terminal N atom in dimethylcyanamide is
nucleophilically attacked to the C* atom of A-r1 through A-tsal to
form the intermediate A-al. The activation free energy of this step
is 11.0 keal mol " (Fig. 1 pathway a). Besides, for an intermediate
A-al, free energy of the reaction is 1.7 kcal mol ' related to
reactants A-rl1 + r. In A-a1, the C' and C> atoms have fully char-
acterized the hybridization mode of sp®. Subsequently, the sp-
carbon atom (C*) of cyanamide and the alkenyl C* atom in A-a1
undergo electrophilic hetero-TDDA cycloaddition to obtain
a sixxmembered ring product. The activation free energy of A-
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r -0.15144

4.19¢V

;Ig

-0.30555

HOMO
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Fig. 1 Frontier molecular orbitals and orbital energies of A-rl.
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TSa2 is 11.7 keal mol™*, while the reaction energy of A-a2 is
35.8 keal mol ™" relative to that of A-al, and this step is also
a strongly exothermic process. The next step is that (Tf),N~ in the
solution attacks the hydrogen atom attached to C* through A-tsa3
to obtain the skeleton geometry of gold-2,6-diaminopyridine
compound (A-a3) and release the (Tf),NH molecule. This step
requires a relatively low activation energy of 4.0 kcal mol " and
releases an energy of 15.1 kcal mol ™. Finally, The gold atom of
the intermediate A-3a was attacked by (Tf),NH through a catalytic
reduction process (A-tsad) to regenerate the catalyst (Cat: [IPrAul]
N(Tf),) and obtain the final product A-pa. The barrier for this step
is 14.1 keal mol ', and the results show that the entire process is
strongly exothermic with an energy of —76.4 kcal mol " relative
to the reactants.

Starting with the reactants, if the terminal N atom of dime-
thylcyanamide is nucleophilic to the C' atom of A-r1, the reac-
tion pathway b can be formed. Since N attacks another alkynyl
carbon atom connected to the styryl group through A-tsb1l to
generate the intermediate A-b1, its activation free energy is
20.7 kecal mol ™, while free reaction energy for A-bl is
0.7 keal mol™" with regard to A-al (Fig. 1). Compared with A-
tsb1, A-tsal has a relatively lower barrier indicating that cyan-
amide attacks the amino carbon atom of the carbon-carbon
triple bond in A-r1 more easily than the alkenyl carbon atom.
This fact also suggests that amino groups are more conducive to
nucleophilic attack than alkenyl groups. For the next intra-
molecular electrophilic addition reaction, the subsequent step
will be to generate the five-membered ring intermediate A-b2
with the free activation energy of 8.5 kcal mol '. The free
energy of reaction of A-b2 is —26.6 kcal mol ™" related to A-b1.
The activation energies of the two channels in this step are
close to each other, but the exothermic energy of pathway b is
20.9 keal mol * less than that of pathway a. The activation free
energy of (Tf),N~ attacking A-b2 to remove (Tf),NH molecules
through A-tsb3 is only 6.1 kcal mol™", and the energy of
generating 2H-pyrrole skeleton A-b3 is 11.5 kcal mol " lower
than that of A-b2. The activation energy of the last step to
generate the product A-pb and release the -catalyst is
18.1 kecal mol ™', which is 4.0 kcal mol™* higher than that of A-
tsa4. The free reaction energy of A-pb is —60.2 kcal mol ™"
related to the starting reactants.

Compared with pathways a and b, channel a has a lower
activation free energy than channel b, indicating that this gold-
catalyzed hetero-TDDA cycloaddition is more inclined to
generate six-membered pyridines rather than five-membered
2H-pyrroles derivatives, the difference in the activation energy
value of the first step reaction between the two is
10.7 kcal mol '. According to the experimental results, the
hetero-TDDA cycloaddition of enamide A-r1 and dimethylcya-
namide catalyzed by gold catalyst IPrAuCl can generate 2,6-
diaminopyridine derivatives in 81% yield. According to our
results, the catalyst [IPrAu]CI play an important role in obtain-
ing the six-membered ring product in the title reaction. DFT
calculations clearly show that in the gold-catalyzed hetero-
TDDA cycloaddition, the barrier of path a is lower than that of
path b. At the same time, the calculation results show that
obtaining the pyridine derivative configuration is a strongly
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Fig. 2 Full energy profile for Au-catalyzed cycloaddition of dimethylcyanamide and enynamide A-rl (R1 = Ph, R2 = Ms, R3 = Me). Relative

energies are in kcal mol™.

exothermic process. From these data we can conclude that if
[IPrAu]Cl is used as the catalyst, this reaction prefers to give the
cyclized product of pyridine.

3.2 Reaction for reactant enynamide B-rl (series B)

Based on series A, the gold-catalyzed reaction in which the
methyl substituent on the amino group in A-r1 is replaced by
a phenyl group is series B, and the initial reactant is marked as
B-r1. For the two different reaction pathways, the energy profiles
are given in Fig. S1 (ESIt), while the geometry of the channel
a selected for the different species is shown in Fig. S2 (ESIT).
Similar to series A, The first is that the terminal N atom of
cyanamide attacks two alkynyl carbon atoms in B-r1 in different
directions to obtain intermediates B-al and B-b1, respectively.
The activation free energies required by these two channels for
B-tsal and B-tsb1 in this step are 13.9 and 23.5 kcal mol *,
respectively, and the energy difference between the two is
9.6 kcal mol ™. Computational results also indicate that the first
step is high regioselectivity for the formation of two different
five- and six-membered ring products. Then two reaction

22942 | RSC Adv, 2022, 12, 22939-22945

channels with a reaction trend similar to series a were found.
Channel a generates six-membered ring pyridine derivatives
with lower activation energy than channel b generates pyrrole
derivatives, that is, gold-catalyzed reactions of this type are
more active along channel a, tending to obtain pyridine core.
The activation free energy for B-tsa2, B-tsa3, B-tsa4 is 11.5, 5.1
and 17.0 kcal mol ™, respectively. The products B-pa and B-pb
are both strongly exothermic processes, and free energy values
relative to the reactants are —80.2 and —65.4 kcal mol™?,
respectively. Compared with series A, the two channels of series
B are also strongly exothermic, and their values are increased by
3.8 and 5.2 kecal mol™" compared with series A, respectively.
Moreover, the free energies of B-tsal and B-tsb1 were increased
by 2.9 and 2.8 kcal mol ™, respectively, compared with A-tsal
and A-tsb1 of series A, and the reactivity is slightly decreased.

3.3 Reactivity and regioselectivity for enynamide

In order to further explore the influence factors of unsubstituted
groups on the reactivity and stereoselectivity, the phenyl group in
the reactant A-r1 is substituted with a thienyl group based on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Selected key intermediates and transition states for the series A (enynamide A-rl). Representative bond lengths are in A.

experimental data to obtain the series C(C-r1). The reactant C-r1  free energies for nucleophilic attack and hetero-tetradehydro-
first interacts with cyanamide to form two different reaction Diels-Alder cycloaddition are 15.3 and 11.5 kcal mol *, respec-
channels of five-membered ring and six-membered cycloaddition tively, for the six-membered ring main product, while the by-
through two different attack modes (Fig. S3, ESIt). The activation ~ product five-membered ring corresponds to the first-step

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 22939-22945 | 22943
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nucleophilic reaction and the activation free energies of the
second-step electrophilic addition were 26.7 and 8.1 kcal mol ™,
respectively. The DFT results clearly show that the reaction
energy of the two channels in the first step is higher than that of
series A and series B, and their energy difference is
11.4 keal mol ™. The free energies relative to the reactants along
channel a and channel b are —76.7 and —60.4 kcal mol™*,
respectively, during the entire catalytic reaction process. It can
also be clearly seen from Fig. S3t that the pathway for generating
pyridine derivatives from channel a is the main reaction channel,
which is also consistent with the experimental facts and proves
the rationality of the mechanism prediction of Scheme 2. From
the structures of the ynamides in the three reaction systems, it
can be seen that the reactants with electron-withdrawing N-
formyl substituents have good reactivity and good yields. Also,
alkyl reactants attached to N are more reactive than aryl reac-
tants. The effect of different substituents on the vinyl group on
the reactivity is investigated. Compared with the phenyl group,
the thienyl group is not conducive to the reaction of the system,
and only 71% of the yield is obtained in the experiment.
Computational study found that the reaction series A is one of
the most ideal reactants, that is, a phenyl group is attached to the
vinyl group of the reactant, and the amine substituents are
methylsulfonyl and methyl, respectively.

4. Conclusion

In conclusion, the gold(i)-catalyzed hetero-TDDA cycloaddition
reaction mechanism and regioselectivity of cyanamides and
enynamides are investigated by DFT calculations. Based on our
calculation results, the following conclusions can be obtained:
(1) it is easy to see from the calculation results that cyanamide
attacks different alkynyl carbon atoms to form two different
reaction channels. (2) The main product is to attack the carbon
atom connected to the amino group to generate 2,6-dia-
minopyridine instead of the other direction to obtain five-
membered ring pyrrole derivatives. (3) Reactants with
electron-withdrawing substituents can further reduce the acti-
vation free energy of the reaction and increase its reactivity. (4)
This computational study provides a good complement to the
experimental report by Shcherbakov et al., which also provides
an important reference for mechanistic studies of other gold(1)-
catalyzed cycloaddition reaction systems.
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