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ABSTRACT: Gold-catalyzed regiodivergent cycloadditions of function- R R! ,
alized allenes with 1,3,5-triazines, providing diverse N-heterocycles in ; N}/N_R
moderate to excellent yields under mild reaction conditions, are N
reported. Importantly, different types of allenes exhibit distinct 5 PN : i ,?6 emimes
selectivity and reactivity for the reactions. Mechanistic investigations LJ . H/

reveal that all of the cycloadditions proceed through a stepwise [2 + 2 + N

2]-cycloaddition process.
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he soft carbophilic character of gold complexes enables

them to be ideal catalysts for activating carbon—carbon
multiple bonds for a wide range of organic transformations." In
particular, cycloadditions of two or more unsaturated
components under gold catalysis present important roles for
the construction of various cyclic compounds.”’ However, the
regioselective cycloaddition of the orthogonal 7-systems of
allenes remains challenging since different regioisomers form
during the addition process.* Nevertheless, since the properties
of allenes have been strongly influenced by the functional
groups located at one or both double bonds, the allene involved
cycloadditions might be controlled regioselectively.”

On the other hand, as stable and readily available surrogates
for aryl imines, 1,3,5-tris(aryl)hexahydro-1,3,5-triazines have
been utilized as effective reagents in aminomethylation and
hydroaminomethylation reactions by incorporating the amino-
methyl group into a functionalized molecule. For example,
Krische and co-workers described the hydroaminomethylations
of allenes and 1,3-dienes through ruthenium-catalyzed
processes (Scheme 1, a).” Feng and co-workers reported the
aminomethylation reaction of f-keto esters/amides by using
those triazines as excellent Mannich-type reagents (Scheme 1,
a).° Recently, Huang and co-workers developed an elegant
palladium-catalyzed aminomethylamination of allenes employ-
ing tetrabenzylmethanediamine as the key substrate.” Our
group discovered that 1,3,5-triazines can also serve as formal
1,4-dipoles in gold-catalyzed formal [4 + 1]/[4 + 3]-
cycloadditions with diazo compounds.® Inspired by former
reports and in continuation with our ongoing interest in gold
catalysis,” we report the gold-catalyzed cycloadditions of 1,3,5-
tris(aryl/benzyl)hexahydro-1,3,5-triazines with N-allenamides
and allenoates, which resulted in the discovery of unprece-
dented regioselective [2 + 2 + 2]-cycloadditions.

N-Allenamides are versatile building blocks and have been
utilized in various gold-catalyzed cycloadditions.” Initially,
triazine 1a and allenamide 2a were utilized as model substrates
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Scheme 1. Previous Reports and Our Utilization of 1,3,5-
Triazines
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unprecedented reaction mode

to achieve the optimal reaction conditions (Table 1). First,
without the addition of gold catalyst, the reaction did not react
in dichloromethane (DCM) at room temperature (entry 1).
The addition of S mol % of Ph;PAuCl afforded 3a in 47% yield
(entry 2). The yield was improved moderately when AgOTf
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Table 1. Optimization of the Reaction Conditions”

R T T Fi cat plW\N Ph‘N— Ts
k ) ' I/N_TS solvent, rt < :>:/
frl J N
PMP o M o
entry catalyst additive solvent yieldb (%)

1 DCM

2 Ph;PAuCl DCM 47
3 Ph;PAuCl AgOTf DCM 73
4 Ph,PAuCI AgSbF DCM 79
s Ph,PAuCI NaBAry, ~ DCM 95
6 IPrAuCl NaBArg DCM <10
7 (PhO);PAuCI NaBAr;,  DCM 91
8 XPhosAuCl NaBArg DCM 82
9 BINAP(AuCl), NaBAr; ~ DCM 73
10 XantPhos(AuCl), NaBArg DCM 66
11 Ph;PAuCl NaBArg DCE 81
12 Ph;PAuCl NaBArg THF 27
13 Ph;PAuCl NaBArg toluene 56
14 Ph;PAuCl NaBArg 1,4-dioxane 30
15° Ph;PAuCl NaBArg DCM 56
167 Ph,PAuCl NaBAry DCM 87

“Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), catalyst (5 mol
%), additive (5 mol %), solvent (2.0 mL), rt, 12 h. “Isolated yields. “At
0 °C, 48 h. “Catalyst (2 mol %), 48 h.

and AgSbF, were used as additives (entries 3 and 4).
Gratifyingly, when S mol % of NaBArp (Arg: tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate) was added as an additive,
the yield of 3a was increased to 95% (entry 5). Next, different
gold catalysts were examined with NaBAr as the additive. The
N-heterocyclic carbene gold catalyst was inactive in this
reaction (entry 6). Other phosphite and phosphine gold
catalysts were also examined, delivering 3a in moderate to good
yields (entries 7—10). Next, solvent screening showed that
DCM remained the best choice (entries 12—14). Lower
temperature or catalyst loading decreased the reaction
efficiency (entries 15 and 16).

With the optimal conditions in hand, we next set out to
investigate the generality of this reaction (Scheme 2). The
reactions of 2a with different substituted 1,3,5-triaryl-1,3,5-
triazines bearing either electron-donating or electron-with-
drawing substituents at the aryl moiety all proceeded smoothly
to afford the cycloaddition products in good to excellent yields.
Typically, tribenzyl-1,3,5-triazine and trimethylbenzyl-1,3,5-
triazine both reacted well and delivered the corresponding
products 3i and 3j in excellent yields. Next, various substituted
N-allenamides were subjected to this reaction. First, by
changing the substituent group from p-toluenesulfonyl (Ts)
to other groups such as methylsulfonyl (Ms), acetyl (Ac),
benzoyl (Bz), pivaloyl (Piv), and tert-butoxycarbonyl (Boc), the
cycloadditions proceeded well to give the final products in good
to excellent yields (3k—q). Second, the allenes bearing different
lactam groups were also tolerated, providing the corresponding
products in moderate to good yields (3r—w). Furthermore, the
reaction of la with bis-substituted N-allenamide 2i furnished 3x
in 91% yield. Notably, the bis-allenamide 2n also worked well
in the reaction and afforded 3y and 3z in excellent yields. The
structure of 3b was confirmed by X-ray analysis.'’

The electron-deficient allenoates are also versatile inter-
mediates in organic synthesis. In particular, gold-catalyzed
cycloisomerizations of allenoates are well-known procedures for

Scheme 2. Scope for Reaction of Triazines with
Allenamides™”
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“Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), Ph;PAuCI (5 mol
%), and NaBArg (S mol %) in DCM (2 mL) at rt for 12 h. Isolated
yields. “1 (0.4 mmol) was used.

. . 1g,11a,b .
the formation of butenolides. ® "*” Moreover, the reactions of

allenoates with imines resulted in the formation of amino
esters''“ or [3 + 2]-cycloaddition productslld in the presence of
a nucleophilic catalyst. Then the allenoates were examined in
the gold-catalyzed cycloadditions (Scheme 3). The reactions of
la with different allenoates 20—t were performed, and the
corresponding products 4a—f were isolated in moderate to
good yields in 48 h. Various triazines were tested, and the
corresponding products were also obtained in moderate to
good yields (4g—o). Notably, the allenic ketone 2u was also
tolerated, and the product 4p was obtained in 75% yield. The
structure of 4a was confirmed by X-ray analysis."’

To further understand the cycloaddition processes, control
and deuterium-labeling experiments were conducted (Scheme
4). The reaction of la and lc with 2a was performed under
standard reaction conditions and afforded 3a and 3c in 46%
and 13% yields, respectively (Scheme 4a). The cross-cyclization
product S was also detected as an inseparable Z/E mixture,
which was determined by '"H NMR and HRMS analysis of the
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Scheme 3. Scope for Reaction of Triazines with
Allenoates™”
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Scheme 4. Control Experiments
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crude product. Moreover, the reaction of 1a and D-1a with 2a
delivered the cycloaddition products as an inseparable mixture
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of 3a, D-3a, and D-3a’ observed by HRMS analysis (Scheme
4b). Next, the reaction of 1b, 1c, and 20 was conducted, and
the cross-cycloaddition product 6 was confirmed by HRMS
analysis (Scheme 4c). A similar situation was observed for the
reaction of la, D-1a, and 20. D-4a’ was determined by NMR
and HRMS analysis (Scheme 4d). The above experiments
indicated that the formation of six-membered N-heterocycles
proceeded through iterative additions of formaldimines with
allenes, which is quite different compared with literature
reports.s’6

On the basis of former investigations, a plausible reaction
mechanism has been proposed. As shown in Scheme 5, the

Scheme 5. Proposed Reaction Mechanism
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reaction of cationic gold complex with N-allenamide generates
gold species I (route A). The nucleophilic addition of
formaldimine to I produces intermediate II. Subsequent
reaction with another molecule of formaldimine gives rise to
intermediate IIL. Then cyclization and deauration furnish 3 as
the final product. Alternatively, as a Lewis acid catalyst, the gold
complex can activate the carbonyl group of allenoate (route B).
The nucleophilic addition of formaldimine to allenoate
(Michael addition) generates intermediate IV. Subsequent
addition to another molecule of formaldimine and deauration
provides 4’, which would isomerize to 4 as the final product.

In summary, we have developed gold-catalyzed regiodiver-
gent cycloadditions of 1,3,5-triazines with allenes, providing the
six-membered N-heterocycles in moderate to excellent yields
under mild reaction conditions. Mechanism investigations
revealed that these cycloadditions proceed through stepwise
and iterative additions of formaldimines to the allene moieties.
Importantly, different functionalized allenes present quite
different cycloaddition pathways.
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