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a b s t r a c t

Hexahydro-1,3,5-triazines are often used as formaldimine precursors. The recent success of Sun et al.
(Angew. Chem. Int. Ed., 2016, 55, 11867) in achieving gold-catalyzed [4 þ 1]/[4 þ 3] annulations of hex-
ahydro-1,3,5-triazines with diazo esters, in which the hexahydro-1,3,5-triazine is directly used as the 1,4-
dipole in the annulation, represents a breakthrough in mechanistic studies. In the present work, density
functional theory (DFT) calculations were used for detailed investigation of possible catalytic mecha-
nisms. The proposed catalytic cycle involves five major stages: dinitrogen elimination to form a gold
ecarbene intermediate; diazoacetateehexahydro-1,3,5-triazine CeC coupling to give an ammonium
ylide; ring opening of the hexahydro-1,3,5-triazine via CeN single-bond cleavage; a second CeN single-
bond cleavage; and CeC-bond-forming reductive elimination. The regioselectivities of the cycloaddition
of hexahydro-1,3,5-triazines with enol diazoacetates differ from those of cycloadditions with vinyl
diazoacetates. The calculations also clarified the origins of the substrate-controlled regioselectivity.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Diazo compounds are essential reactants in various organic
transformations [1]. In recent years, transition-metal-catalyzed
intermolecular reactions of diazo compounds with readily avail-
able substrates have provided a powerful strategy for constructing
various carbocycles and heterocycles [2]. Diazo compounds can
serve as efficient one-to three-carbon synthons, mainly through
metallocarbene formation [3]. Metal-mediated carbene transfer
reactions from diazo reagents are generally catalyzed by rhodium
[4] or copper [5]. However, the use of gold complexes in such re-
actions has been less well investigated, although the reactivities
and selectivities of gold-mediated carbene transfer reactions often
differ greatly from those of similar reactions catalyzed by copper,
rhodium, and other metals [6].

Hexahydro-1,3,5-triazines have been used as stable precursors
of formaldimines in aminomethylation and hydro-
aminomethylation reactions by incorporating the aminomethyl
group into a functionalized molecule [7]. Sun and coworkers have
reported a novel gold-catalyzed [4 þ 1]/[4 þ 3] annulation of
hexahydro-1,3,5-triazines with diazo esters in which the hexahy-
dro-1,3,5-triazine is directly used as the 1,4-dipole in the annula-
tion (Scheme 1) [8]. Their work represents a breakthrough in
mechanistic investigations. The hexahydro-1,3,5-triazines react
directlywith gold carbenes rather than as formaldimine precursors.
Sun et al. also showed that cycloaddition of hexahydro-1,3,5-
triazines with diazo esters proceeds with high regioselectivity,
despite the existence of competing carbenic and vinylogous posi-
tion (Scheme 2).

The theoretical studies of the reaction mechanism of gold(I)-
catalyzed carbene transfer from diazo compounds are rare.
Recently, a combined theoretical and experimental study on the
mechanism of the gold-catalyzed [2þ 2þ1] annulation of aryldiazo
nitriles and two imines was reported [9]. DFT calculations have
been conducted to unravel the mechanisms and chemoselectivities
of Au(I)-catalyzed couplings of phenyl diazoacetate with phenyl
unsaturated aliphatic alcohols [10]. However, the detailed mecha-
nism of hexahydro-1,3,5-triazine as the 1,4-dipole to couple with
diazo compound have not yet been reported. Consequently, we
used DFTcalculations to clarify themechanism and the origin of the
regioselectivity of gold-catalyzed [4 þ 1]/[4 þ 3] annulation of
hexahydro-1,3,5-triazines with diazo esters.
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Scheme 1. Gold-catalyzed [4 þ 1]/[4 þ 3] annulation of hexahydro-1,3,5-triazine with diazo ester.

Scheme 2. Regioselectivity of gold-catalyzed [4 þ 1]/[4 þ 3] annulation.
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2. Computational details

All stationary points were optimized without any constraints in
the solvent phase at the B3LYP level of theory [11], which has been
shown to describe Au-catalyzed organometallic systems reasonably
well [10,12]. Solvent effects were treated with the SMD solvation
model [13], with tetrahydrofuran as the solvent. All calculations
were performed with the Gaussian 09 quantum chemical program
[14]. Frequency calculations at the same level of theory were also
performed to identify all the stationary points as minima (zero
imaginary frequencies) or transition states (one imaginary fre-
quency), and to calculate the free energies at 333.15 K. Intrinsic
reaction coordinate calculations were performed to verify the
transition-state structures [15]. In this analysis, the Au atom was
described by the LANL2DZ basis set, including a double-valence
basis set with the Hay and Wadt effective core potential [16]. Po-
larization functions were added for Au (zf¼ 1.050) [17]. The 6-31G*
[18] basis set was used for other atoms. This basis set combination
will be referred to as BS1. To obtain more accurate energy infor-
mation, all energies were corrected by single-point calculations at
the M06 level with a larger basis set (BS2) [19]. Empirical D3
dispersion corrections were included for the M06 functional [20].
BS2 utilizes LANL2TZ(f) [21] for Au and 6e311þþG** for other
atoms.

To assess how sensitive our results are to the dispersive effects
for geometry optimizations, the structures of some key transition
states were reoptimized at the B3LYP-D3/BS1 level, and then their
relative energies were re-evaluated with single-point calculations
using the M06-D3/BS2 level of theory. Using the M06-D3/BS2//
B3LYP/BS1 calculations, the relative energies of TS2B, TS3B′, TS3C,
and TS5C′ are�38.0,�35.4,�27.1, and�24.2 kcal/mol, respectively.
Using the M06-D3/BS2//B3LYP-D3/BS1 calculations, the relative
Gibbs energies are �37.2, �34.6, �26.7, and �23.5 kcal/mol,
respectively. Our calculations indicate that M06-D3/BS2//B3LYP/
BS1 and M06-D3/BS2//B3LYP-D3/BS1 predicted similar results and
led to the same discussion and conclusions.
3. Results and discussion

Widenhoefer and co-workers [22] suggested that only cationic
gold intermediates were involved in gold-carbene related trans-
formations by the comprehensive NMR study. Furthermore, DFT
calculations [9,10,12,23] offer strong support for gold cation taking
part as active catalyst in the gold(I)-catalyzed reactions. Therefore,
it should be reasonable for us to consider the [tBuXPhosAu]þ as the
active species that coordinates to the substrate initiating the reac-
tion. We used hexahydro-1,3,5-triazine 1 with phenyl diazoacetate
(2a) as a representative system (Scheme 1) for clarifying the novel
reaction mechanism (section 3.1). On the basis of the established
mechanism, we investigated the regioselectivities for enol and vi-
nyl diazoacetates (sections 3.2 and 3.3). For each transition state
and intermediate, we searched all possible conformers by adjusting
the flexible rotating bonds and minimizing them to the lowest
conformers, while fixing the rigid backbone of the molecule.
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3.1. Mechanism of direct reaction of hexahydro-1,3,5-triazine with
metal carbene

As shown in Scheme 3, phenyl diazoacetate (2a) initially co-
ordinates to the gold center of the active catalyst, i.e.,
[tBuXPhosAu]þ, via carbon to form intermediate 1A, which is
exergonic by 5.2 kcal/mol. The 1A C1eN bond is longer than that in
the isolated diazo compound 1 (i.e., 1.317 Å for 1 versus 1.388 Å for
1A; atom numbering is shown in the schemes and figs.). This in-
dicates that the diazo compound is weakly coordinated to the Au
center in 1A. The following step is formation of the goldecarbene
2A via dinitrogen elimination. The free energy of the denitroge-
nation transition state TS1A was determined to be 1.4 kcal/mol
(Scheme 3). Formation of Auecarbene 2A increases the exer-
gonicity to 27.4 kcal/mol, which indicates that the dinitrogen
elimination steps are highly energetically favorable. The geometries
show that the AueC1 distance in TS1A is only slightly shorter, by
0.116 Å, than that in 1A, and is further shortened to 2.033 Å in 2A.

Fig. 1 shows the pathways starting from 2A, together with the
energetic results. Fig. 2 shows the optimized structures of the key
stationary points labeled in Fig. 1. As shown by the red line in Fig. 1,
hexahydro-1,3,5-triazine 1 first approaches 2A to give 3A′. Diazo-
acetateehexahydro-1,3,5-triazine CeC coupling then takes place
via TS2A′ and leads to 4A′. The calculated free energy of transition
state TS2A′ is �31.5 kcal/mol. We then performed calculations for
CeN bond formation with the assistance of a second gold atom
(black line in Fig. 1). Hexahydro-1,3,5-triazine 1, which is coordi-
nated to a second Au, becomes involved, to afford intermediate 3A.
Then 3A completes the CeN bond via transition state TS2A, with a
small energy barrier of �0.7 kcal/mol (Fig. 1). The free energy of
TS2A, which is formed with the assistance of a second gold, is
1.3 kcal/mol lower than that of TS2A′, which is formed via a mono-
gold pathway. This shows the importance of the second gold in
facilitating the reaction. In 4A, the C1eN1 distance of 1.658 Å in-
dicates C1eN1 bond formation. The C2eN1 and C4eN1 bonds in 4A
are longer than those in hexahydro-1,3,5-triazine 1 (i.e., 1.462 and
1.468 Å for 1 versus 1.549 and 1.535 Å for 4A). This confirms that 4A
has ammonium ylide characteristics. This is further supported by
natural bond orbital (NBO) charge analysis. The calculated atomic
charge on the N1 atom in 4A (�0.317) is more positive than that on
N1 in 1 (�0.510).

The gold atom then undergoes ligand exchange to give 5A. In 5A,
the C1eN1, C1eC5, and C5eO1 distances are 1.594, 1.492, and
1.251 Å, respectively; compared to those in 4A, the C5eO1 distance
is longer, and the C1eN1 and C1eC5 distances are shorter. These
distance changes indicate that isomerization of 4Ae5A facilitates
Scheme 3. Mechanism for formation of 2A
the next step, i.e., CeN single-bond cleavage. The next step is ring
opening of the hexahydro-1,3,5-triazine via CeN single-bond
cleavage to give 6A, which has an energy barrier of 6.2 kcal/mol
(TS3A) relative to 4A. In TS3A, the C2eN2 and C1eN1 distances are
changed to 1.335 and 1.534 Å, respectively, and that of the breaking
C2eN1 bond is 2.079 Å. We also performed calculations for ring
opening of the hexahydro-1,3,5-triazine with a mono-gold catalyst.
The DFT calculations show that the mono-gold pathway has an
energy barrier of 8.4 kcal/mol (TS3A′), which is 2.2 kcal/mol higher
than that for the di-gold pathway. This suggests that ring opening
of the hexahydro-1,3,5-triazine with a mono-gold catalyst is still
unfavorable.

The iminium ylide 6A is more stable than the ammonium ylide
5A by 11.1 kcal/mol. In 6A, the C2eN2 and C3eN2 distances are
1.280 and 1.581 Å; this provides direct evidence of an iminium
ylide. The isomerization of iminium ylide 6A to 6A-iso by coordi-
nation of the C2 atom to one gold center is impossible because 6A is
22.8 kcal/mol more stable than 6A-iso. This implies that the pres-
ence of the ylide intermediate in the reaction pathway is essential.
The iminium ylide 6A is then converted to the ylide intermediate
7A via a second CeN single-bond cleavage, with dissociation of
formaldimine 4. The process 6A / 7A is facile and has an energy
barrier of 9.8 kcal/mol (TS4A). The geometric structure of the TS4A
transition state indicates C3eN2 single-bond cleavage, with a
calculated C3/N2 distance of 2.128 Å. The di-gold and mono-gold
mechanisms were compared to assess the favorability of the di-
gold mechanism for the second CeN single-bond cleavage. The
results show that the energy of TS4A′ is higher than that of TS4A, by
about 1.6 kcal/mol, therefore in the preferred reaction the second
CeN single-bond cleavage involves the di-gold catalyst rather than
the mono-gold catalyst.

The second Au catalyst then dissociates to afford 8A. The C1eC5
distance decreases from 1.488 to 1.383 Å and the C5eO1 distance
increases from 1.254 to 1.294 Å from 7A to 8A; this suggests that the
binding of gold with the O1 atom switches from the h [2] to the h
[1] mode. The shortening of the distance between the C1 atom and
C5 atom from 7A to 8A promotes subsequent formation of the
C1eC3 bond. Then CeC-bond-forming reductive elimination takes
place, leading to intermediate 9A. The located transition state
(TS5A) shows that the C1/C3 distance is 2.417 Å. The predicted
energy barrier for this step is 23.4 kcal/mol relative to 7A. Finally,
the catalyst is regenerated with concomitant release of the desired
product 3a. From point of view based on an energetic span model
[24], 6A is the TOF-determining intermediate (TDI) and TS5A is the
TOF-determining transition state (TDTS), which results in an en-
ergetic span of 27.8 kcal/mol.
(free energies are given in kcal/mol).



Fig. 1. Calculated free-energy profiles for steps starting from 2A for substrate 2a. Values shown are relative free energies in kcal/mol. Favored pathway is shown in black; other, less
favorable, pathway is shown in red. TDI and TDTS are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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For the two CeN bond cleavage steps (4A / 7A), a concerted
process is also possible, in which both steps occur simultaneously
(Scheme 4). However, the free energy of the concerted transition
state TS6A is much less favorable, by 35.0 kcal/mol, than that of
TS3A, which is the highest energy point along the two-step suc-
cessive process. A concerted process (4A / 9A) is also possible in
which two CeN bond cleavage steps and CeC bond formation occur
simultaneously (Scheme 4). However, the energy barrier (83.9 kcal/
mol) for the concerted process via TS7A is too high to be accessible.
3.2. Computational investigation of regioselectivity

The starting point for the various mechanistic options that give
products 3b or 3b′ is the goldeenolcarbene intermediate 2B. The



Fig. 2. Optimized structures of key transition states labeled in Fig. 1. Key bond lengths are given in Å; trivial H atoms are omitted for clarity.

Scheme 4. Structures of concerted transition states TS6A and TS7A with free energies in kcal/mol.
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addition of hexahydro-1,3,5-triazine 1e2B can take place on either
the carbenic ([4 þ 1] annulation) or vinylogous ([4 þ 3] annulation)
position. The NBO charges on the carbenic C1 and vinylogous C3 in
2B are �0.141 and �0.242, respectively. It can be concluded that C1
is more electrophilic than C3 in 2B, therefore the difference be-
tween the charge distributions does not control the regioselectivity.
We therefore decided to explore the factors that control the
regioselectivity. Fig. 3 compares the structural evolutions along the
two potential regiodivergent pathways. The black line leads to
[4þ 3] annulation via attack at the vinylogous position, and the red
line generates a [4 þ 1] annulation product via attack at the car-
benic position. The calculated energy profiles along other possible
pathways are given in Fig. S1 in the electronic supplementary
information.
Along the black line, the first step is an intermolecular nucleo-
philic process, in which the nitrogen atom in the hexahydro-1,3,5-
triazine nucleophilically attacks the C3 atom in 2B. The process via
TS2B is facile with a free-energy barrier of 0.8 kcal/mol; it provides
the stable ammonium ylide 4B, in which the positive charge on the
gold is transferred to the hexahydro-1,3,5-triazine nitrogen atom.
This is supported by the NBO charge on the N1 atom, which in-
creases to�0.315 in 4B from�0.461 in 3B. Step 4B/ 5B involves a
simple conformational change from h [2]-N2 coordination with
Au(I) (the AueN2 bond length is 2.296 Å) to h [2]-O1 coordination
(the AueO1 bond length is 2.189 Å). This step is necessary for
subsequent ring opening of the hexahydro-1,3,5-triazine. The
transition state for breakage of the CeN bond is TS3B, in which the
N1/C4 distance increases to 2.301 Å. The calculated free-energy



Fig. 3. Calculated free-energy profiles for steps starting from 2B for substrate 2b. Values shown are relative free energies in kcal/mol. Major [4 þ 3] annulation pathway is shown in
black; regioisomeric [4 þ 1] annulation pathway is shown in red. TDI and TDTS are also shown. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Calculated free-energy profiles for steps starting from 2C for substrate 2c. Values shown are relative free energies in kcal/mol. Major [4 þ 1] annulation pathway is shown in
black; regioisomeric [4 þ 3] annulation pathway is shown in red. TDI and TDTS are also shown. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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barrier for the ring-opening reaction is 11.4 kcal/mol. After forma-
tion of 6B, a second CeN bond breakage occurs via transition state
TS4B, with a free-energy barrier of 7.4 kcal/mol. This leads to the
ylide intermediate 7B, which is unstable (�54.3 kcal/mol) relative
to 6B. This iminium ylide can evolve into the stable seven-
membered heterocyclic intermediate 8B via TS5B, with an
activation-energy barrier of 14.1 kcal/mol with respect to 7B.

Along the red line, the [4þ 1] annulation reaction for 2b follows
similar mechanisms to those for 2a, which were discussed in sec-
tion 3.1. The relevant mechanistic details are therefore not dis-
cussed again, for simplicity. The reaction involves four elementary
steps: diazoacetateehexahydro-1,3,5-triazine CeC coupling (3B′/
4B′) via transition state TS2B′; ring opening of the hexahydro-1,3,5-
triazine through CeN single-bond cleavage (4B′/ 6B′) via TS3B′; a
second CeN single-bond cleavage (6B′ / 8B′) via TS4B′; and CeC-
bond-forming reductive elimination (8B′ / 9B′) via TS5B′. The
TS2B and TS3B′ transition states correspond to the highest energy
points along the [4 þ 3] and [4 þ 1] annulation reactions, respec-
tively. TS3B′ is energetically less favorable, by 2.5 kcal/mol, than
TS2B. In kinetic terms, it is therefore understandable that no [4þ1]
annulation was observed for enol diazoacetates by Sun and co-
workers [8]. Although nucleophilic attack of the carbenic C1 (TS2B′)
is favored over attack of the vinylogous C3 (TS2B), which is sup-
ported by the NBO charge analysis, the following ring-opening
transition state TS3B is more favorable than TS3B′. This can be
explained by the presence of an important conjugation effect in
TS3B, which is absent in TS3B′.

Next, we performed calculations on the regioselectivity of the
vinyl diazoacetate substrate. The potential energy profiles for
forming the [4 þ 1] annulation product 3c and [4 þ 3] annulation
product 3c′ are shown in Fig. 4; these are all based on the optimal
reaction pathway. The calculated energy profiles along other
possible pathways are given in Fig. S2 in the electronic supple-
mentary information. Fig. 4 shows that once the goldecarbene
species 2C is obtained, the 1,2,3-triazole attacks the carbenic cen-
ter of 2C or the vinylogous C3, via TS2C or TS2C′, to form a C1eN1 or
C3eN1 covalent bond, respectively. The diazoacetate-hexahydro-
1,3,5-triazine CeC coupling spans an energy barrier of 3.7 or
3.5 kcal/mol and gives nitrogen ylide 4C or 4C′, respectively. Ring
opening of the 1,2,3-triazole occurs by spanning a low barrier, i.e.,
7.9 or 5.0 kcal/mol (TS3C or TS3C′), leading to 6C or 6C′, respec-
tively. A second CeN breakage through TS4C or TS4C′ results in
formation of ylide species 7C or 7C′ and release of formaldimine 4.
The steps following formation of intermediate 7C or 7C′ are asso-
ciated with generation of a five-membered or seven-membered
heterocycle. The transformation from 7C to 8C involves ligand ex-
change from h [1]-C1 coordination with Au(I) to h [2]-C2¼C3 co-
ordination with Au(I); this favors subsequent C1eC4 bond
formation. Finally, reductive elimination gives the five-membered
or seven-membered heterocycle 3c or 3c′ via transition state
TS5C or TS5C′, respectively. The overall reaction free-energy profile
indicates that TS3C and TS5C′ are the regiodivergence-determining
transition states, and their calculated relative energies are �27.1
and�24.3 kcal/mol, respectively. The energy of TS5C′ is higher than
that of TS5C for the CeC-bond-forming step. This can be attributed
to h [2]-C2¼C3 coordination with Au(I) in TS5C, which is absent in
TS5C′.

On the basis of the energy profiles shown in Fig. 3, we can
conclude that the [4 þ 3] annulation pathway for enol diazoacetate
is kinetically favored over the [4 þ 1] annulation pathway. For the
vinyl diazoacetate, as shown in Fig. 4, the [4 þ 1] annulation
pathway is kinetically favored over the [4þ 3] annulation pathway.
These results are consistent with experimental observations [8],
which showed that the enol diazoacetate gave mainly the [4 þ 3]
annulation product, whereas the vinyl diazoacetate gavemainly the
[4 þ 1] annulation product. The difference between the enol diaz-
oacetate and vinyl diazoacetate systems can be attributed to the
significant differences between the CeC-bond-forming reductive
elimination steps. The energy barrier in the reductive-elimination
step for the vinyl diazoacetate is much higher than that for the
enol diacetate; this ultimately makes [4 þ 3] annulation unfavor-
able. The electron-donating eOTBS substituent on the enol diazo-
acetate lowers the reductive-elimination barrier and makes [4 þ 3]
annulation favorable. The presence of theeOTBS substituent on the
enol diazoacetate is therefore crucial to the feasibility of the [4 þ 3]
annulation.

4. Conclusions

The gold-catalyzed [4 þ 1]/[4 þ 3] annulation of hexahydro-
1,3,5-triazines with diazo esters, which was reported by Sun and
coworkers, represents a breakthrough in mechanistic in-
vestigations. In their reaction, the hexahydro-1,3,5-triazine is
directly used as a 1,4-dipole for the annulation rather than as a
formaldimine precursor. We performed a DFT study to determine
the novel reaction mechanism. Our results show, for the first time,
that the annulation of hexahydro-1,3,5-triazines with diazo esters
involves five steps: (a) dinitrogen elimination to form a
goldecarbene intermediate; (b) diazoacetateehexahydro-1,3,5-
triazine CeC coupling to give an ammonium ylide; (c) ring open-
ing of the hexahydro-1,3,5-triazine via CeN single-bond cleavage;
(d) a second CeN single-bond cleavage; and (e) CeC-bond-forming
reductive elimination.

The other significant insight provided by the result so of this
work is the origin of the regioselectivities for enol diazoacetates
and vinyl diazoacetates. The experimental results, which show that
regiodivergent annulation can give two different products with
highly selectivity, were reasonably reproduced by the DFT calcu-
lations. The regioselectivity for [4 þ 3] annulation of the enol
diazoacetate is controlled by the conjugation effects in the ring
opening of the hexahydro-1,3,5-triazine. The coordination of a
double bond to gold in the reductive elimination step plays an
important role in the regioselectivity for the [4 þ 1] annulation of
vinyl diazoacetate.
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