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Abstract

One of the most important reactions of 1,2,3-triazines with a dienophile is inverse electron demand
Diels—Alder (IEDDA) cycloaddition, which occurs through nucleophilic addition to the triazine
followed by N5 loss and cyclization to generate a heterocycle. The site of addition is either at

the 4- or 6-position of the symmetrically substituted triazine core. Although specific examples

of the addition of nucleophiles to triazines are known, a comprehensive understanding has not
been reported, and the preferred site for nucleophilic addition is unknown and unexplored. With
access to unsymmetrical 1,2,3-triazine-1-oxides and their deoxygenated 1,2,3-triazine compounds,
we report C-, N-, H-, O-, and S-nucleophilic additions on 1,2,3-triazine and 1,2,3-triazine-1-oxide
frameworks where the 4- and 6-positions could be differentiated. In the IEDDA cycloadditions
using C- and N-nucleophiles, the site of addition is at C-6 for both heterocyclic systems,

but product formation with 1,2,3-triazine-1-oxides is faster. Other N-nucleophile reactions with
triazine 1-oxides show addition at either the 4- or 6-position of the triazine 1-oxide ring, but
nucleophilic attack only occurs at the 6-position on the triazine. Hydride from NaBH, undergoes
addition at the 6-position on the triazine and the triazine 1-oxide core. Alkoxides show a high
nucleophilic selectivity for the 4-position of the triazine 1-oxide. Thiophenoxide, cysteine, and
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glutathione undergo nucleophilic addition on the triazine core at the 6-position, while addition
occurs at the 4-position of the triazine 1-oxide. These nucleophilic additions proceed under mild
reaction conditions and show high functional group tolerance. Computational studies clarified the
roles of the nucleophilic addition and nitrogen extrusion steps and the influence of steric and
electronic factors in determining the outcomes of the reactions with different nucleophiles.
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Introduction

1,2,3-Triazines represent an important class of heterocycles that has proven to be a valuable
synthetic scaffold due to their efficient uses in the synthesis of a variety of N-heterocycles!
and important pharmaceutical targets? because of their biological activities and therapeutic
applications. However, their chemistries, especially their reactions with nucleophiles, are
virtually unknown. Recently, the inverse electron demand Diels—Alder (IEDDA) reaction
between 1,2,3-triazines and amidines, previously thought to occur by Diels—Alder addition/
retro-Diels—Alder expulsion of dinitrogen, has been acknowledged as possibly occurring
by a nucleophilic addition/N, elimination/cyclization pathway (Scheme 1a).3 The site of
nucleophilic addition is at either the 4- or 6-position of the substitution-symmetrical 1,2,3-
triazine core, but evidence presented thus far has not allowed distinction between these two
centers because the triazines that have been examined have been substitution-symmetrical.
Our recent access to 1,2,3-triazine-4-carboxylates 1-oxides* and, following deoxygenation,
their parent 1,2,3-triazine-4-carboxylates® (eq 1) provides substrates through which the 4-
and 6-positions could be differentiated.
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Investigating reactions of 1,2,3-triazine 1-oxides with a variety of nucleophiles (Scheme
1b), we uncovered a divergence in reactivity with carbon and nitrogen nucleophiles, and
by borohydride undergoing addition to the 6-position, while azides, alkoxides, and thiols
reacted at the 4-position. To our surprise, these nucleophiles (H, C, N, and S) underwent
nucleophilic attack on 1,2,3-triazines only at the 4-position (Scheme 1c). We report

herein systematic experimental and computational investigations that unraveled remarkable
structural effects underlying the divergence in reactivity of diverse nucleophiles with 1,2,3-
triazine 1-oxides and 1,2,3-triazines.

Results and Discussion

Classic IEDDA conversions of 1,2,3-triazines with p-ketoesters to form pyridines® and

with amidines to form 1,3-diazines’ occur in high yields under mild conditions. Treatment
of ethyl 5-phenyl-1,2,3-triazine-4-carboxylate 1a in the presence of a base and methyl
3-oxopentanoate formed ethyl 2-ethyl-5-methylcarboxylato-3-phenylpyridine-2-carboxylate
2 and with benzamidine formed ethyl 2,5-diphenylpyrimidine-4-carboxylate 3,2 whose
structures were confirmed by X-ray crystallography, in high yields under mild conditions
(Scheme 2). The site of nucleophilic attack in both cases is the 6-position of the
1,2,3-triazine ring. Since 1 was formed from its 1-oxide, ethyl 5-phenyl-1,2,3-triazine-4-
carboxylate 1-oxide 4a, we also performed the same reactions on identically substituted
1,2,3-triazine 1-oxide 4a with methyl 3-oxopentanoate and benzamidine, which formed the
same pyridine (2) and pyrimidine (3) products as from triazine 1a in near quantitative
yields under the same mild conditions. Furthermore, efforts to optimize the yield of 2

and 3 revealed that 1,1,1,3,3,3-hexaflouro-2-propanol (HFIP), known for its activation of
cycloadditions, 3?9 did not accelerate these IEDD cycloadditions (Supporting Information,
Tables S1 and S2). To substantiate the evolution of N,O in the IEDDA cycloadditions with
4, IR analysis of the atmosphere above the reaction solution was determined, and strong
absorbance peaks at 2213.1 and 2235.7 cm™1 were observed, as well as were their overtones
at 2550 and 3460 cm™1, which are characteristic of N,0.10 Notably, the two transformations
differ only in their gaseous extrusion: N, from 1a or N,O from 4a.

To determine the rate of each reaction, the time courses for reactions between methyl
3-oxopentanoate with triazine 1a and triazine 1-oxide 4a were monitored by 1H NMR (0.1
M, CDCI3) (Figures S1 and S2). Triazine 1 is consumed very slowly, and after 65 min, its
molar amount is still more than 40% with product 2 formation barely at 60% (Figure S1).

In contrast, the consumption of triazine 1-oxide 4a occurs very rapidly, and just after 12
min, its molar amount is 20%, while the amount of pyridine 2 is 80% (Figure S2). The data
acquired fit second-order kinetics from which the rate constants, Airiazine 1-oxide @aNd Atriazine:
were calculated to be 2.39 and 0.217 x 1072 M~1 s71, respectively. Thus, the rate of product
formation from triazine 1-oxide 4a is 10-fold faster than that from triazine 1a when the
same reactions are performed under the exact same conditions (Figure 1A). Intrigued by this
substantial difference in rate for product formation with the B-ketoester, the progress of the
reaction between benzamidine and triazine 1a and triazine 1-oxide 4a was also monitored
by 1H NMR spectroscopy (Figures S3 and S4). In less than 30 min, the molar amount of
1,2,3-triazine 1-oxide 4a is 20% and the amount of the diazine product 3 is 80% (Figure S3).
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Similarly, diazine 3 is obtained in 80% yield after 35 min from 1,2,3 triazine 1a under the
same reaction conditions (Figure S4). From the NMR studies, the second-order constants of
this IEDDA cycloaddition between benzamidine and 1,2,3-triazine 1-oxide and 1,2,3 triazine
were determined to be Agiazine 1-oxide = 1.04 X 1072 M~ s71 and Aiazine = 0.809 x 1072

M1 571 demonstrating that product formation from triazine 1-oxide 4 is 1.4-fold faster than
that from triazine 1 when the same reactions are performed under the exact same conditions
(Figure 1B).

To further determine if the same site selectivity occurs in reactions with other N-
nucleophiles, we studied the reaction of 1a and 4a with MeNHNH, and TMSN3. Treatment
of 4a with MeNHNH,, in a DCE solution at room temperature generated after 3 h the
corresponding pyrazole compound 5 in high yield (Scheme 3a). The reaction proceeded

by nucleophilic addition at C-6 followed by N,O extrusion and intramolecular cyclization
with elimination of NH3. Under the same reaction conditions, triazine 1a produced the same
pyrazole 5 in 65% yield. Surprisingly, when TMSN3 and triazine 1-oxide 4a were used in

a MeOH solution at 45 °C for 12 h, site selectivity was reversed, and addition occurred

at the 4-position to furnish in modest yield the corresponding enoxime 6, whose structure
was confirmed by X-ray crystallography (Scheme 3b). In contrast to what was observed
from the reactions with MeNHNH, and benzamidine, the addition of azide from TMSN3 is
selective at C-4, which is followed by N, elimination and protonation to obtain the enoxime
6. Instead, the treatment of TMSN3 with triazine 1a produced multiple intractable materials
from which no major product was identified, and 6 was not detected.

To determine if the same site selectivity occurs in reactions with other nucleophiles, we
have examined reactions of 1 and 4 with borohydride, ethoxide, and thiols, which have
received scant or no prior attention. Sodium borohydride (NaBHj,) is a common tool in
organic chemistry for mild reductions of heterocycles; 1! yet, electron rich heterocycles
such as pyridines react with NaBH,4 under harsh conditions only if they carry electron
withdrawing substituents, especially in the 3-position.12 In contrast, the corresponding
pyridine A-oxide, whose ring is electron-deficient, reacts with NaBH, in refluxing ethanol
to effect reduction and deoxygenation.:® The Atoxide on pyridine derivatives activates the
2- and 4-positions of these heterocycles for nucleophilic addition.4 Borohydride addition to
4-methyl-6-phenyl-1,2,3-triazine is reported to occur at position 5 to form the 2,5-dihydro
triazine.1> However, Ohsawa and co-workers showed that the reduction of 1,2,3-triazine
2-oxide is not selective, based on deuterium labeling experiments, and occurs at positions
4 and 6 to furnish the fully reduced tetrahydro-1,2,3-trazine-2-oxide in which the A-oxide
group remained intact.18 The same group subsequently reported a different outcome when
a 1,2,3-triazine 1-oxide reacted with NaBH,.1516 Based only on 'H NMR spectra, the
authors proposed that the reduction reaction is selective at position 5 and proceeded with
spontaneous deoxygenation to deliver 2,5-dihydro-1,2,3-triazine as the only product.

Treatment of 1a with sodium borohydride in MeOH at 0 °C for 4 h produced the
corresponding the a-amino acid ester 7, albeit in very low yield. This product is consistent
with nucleophilic addition occurring at position 6 and followed by N5 elimination, then by
imine reduction (eq 2).17 Nucleophilic attack at position 6 on triazine 1a is in agreement
with Boger’s mechanistic proposal of stepwise nucleophilic addition.32
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Surprisingly, the reduction of triazine 1-oxide 4a with NaBH4 in MeOH at 0 °C was
complete within 30 min but did not undergo deoxygenation to produce the corresponding
2,5-dihydro-1,2,3-triazine, as was reported by Ohsawa.1516 Instead, 3,6-dihydro-1,2,3-
triazine 1-oxide 8a, whose structure was confirmed by X-ray crystallography, was produced
in 70% yield (Table S3). Milder or stronger reducing agents, sodium triacetoxyborohydride
or litium aluminum hydride, 18 furnished dihydrotriazine 1-oxide 8a in only trace amounts.
2,2,2-Trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) increased the
solubility of the triazine 1-oxide 4a and the yield and therefore were more suitable

solvents for the reduction of triazine oxide 4a with NaBH,. Under optimized conditions
2,5-dihydrotriazine 1-oxide 8a was formed in 94% isolated yield in just 4 h by slow addition
of 4a into a vial containing only 50 mol % of NaBHjy in 2,2,2-trifluoroethanol at 0 °C.

With the optimized conditions in hand, the generality of the synthesis of 3,6-dihydro-1,2,3-
triazine-4-carboxylate 1-oxides 8 through reduction of 4 with NaBH,4 was examined
(Scheme 4). An array of 5-aryl-1,2,3-triazine 1-oxides bearing either electron donating
groups (EDG) (4a-4e) or electron withdrawing groups (EWG) (4f-4g) furnished the
corresponding 2,5-dihydrotriazine 1-oxides in excellent yield. The mild reduction conditions
allowed high functional group compatibility and tolerance to a variety of functional
groups. Substituted triazine 1-oxides bearing functional groups such as azide, phenylalkyl,
tert-butyldimethylsilyl ether (OTBS), and alkyl were converted into the corresponding
dihydrotriazine 1-oxides 8h-8k in high yields, as was the 5,6-unsubstituted triazine-4-
carboxylate 8l. To further demonstrate the generality of this method, more constrained
five- and six-membered bicyclic triazine-4-carboxylate 1-oxides (4m and 4n) formed the
desired products in good to high yields. Potential late-stage functionalization by this
method was examined using 40, which was directly derivatized from the steroid hormone
epiandrosterone, which was converted to the dihydrotriazine 1-oxide 50 in 65% isolated
yield. Mechanistically, similar to what was observed with 1a, the hydride from NaBH,4
selectively undergoes nucleophilic addition at the electrophilic 6-position of the triazine
oxide 4. However, instead of undergoing the loss of nitrous oxide (dinitrogen in the

case of 1), the anionic intermediate is protonated by the solvent to form 3,6-dihydro-1,2,3-
triazine-4-carboxylate 1-oxides 8.

To explain this selective borohydride addition at position 6 of the triazine 1-oxide 4, density
functional theory (DFT) calculations were performed to investigate the mechanism and

to gain insights into the observed nucleophile-dependent divergent reactivity. The hydride
addition from borohydride at the C6 position of the triazine 1-oxide ring proceeded via

a substantially lower barrier (AG* = 17.9 kcal/mol for TS2-C6) than hydride addition at
the C4 position (AG* = 23.8 kcal/mol for TS1-C4) (Figure 2A), which is in line with
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the experimental observations. Interestingly, while nitrogen extrusion from the resulting
energetically preferred C6-reduction intermediate 9 was found to be precluded by the
prohibitively high activation barrier (AG* = 40.0 kcal/mol for TS4-C6) en route to

strained azetidine 10, dinitrogen extrusion in the C4-selective pathway was, by comparison,
kinetically accessible (AG* = 8.8 kcal/mol for TS3-C4). However, the high C6 selectivity
of the reduction step (AAG* = 6.4 kcal/mol) precluded accumulation of C4-intermediate

11 that would be required to access the irreversible dinitrogen extrusion step en route to
acyclic product 12, resulting in the formation of the experimentally observed dihydrotriazine
1-oxide 8a. Taken together, these results account for the observed C6 selectivity of the
borohydride-mediated reduction and are in agreement with the experimental isolation of the
product derived from N-protonation of 9.

Activation-strain distortion/interaction analysis!® was performed to examine the factors
influencing the observed C6-selective reduction (Figure 2B). This analysis indicated that
reduction at C4, proceeding through TS1-C4, is associated with a substantially higher
distortion energy (16.7 kcal/mol, cf., 11.0 for TS2-C6) and only slightly higher stabilizing
interactions (=7.4 kcal/mol cf., —6.3 kcal/mol for TS2-C6). Decomposition of the distortion
energies associated with achieving either transition state structure on a per-fragment basis
revealed a smaller difference in distortion for the borohydride fragment. By contrast, the
triazine Aoxide ring fragment suffers from a more significant distortion en route to TS1-
C4, suggesting that the smaller distortion of the triazine ring on the pathway traversing
TS2-C6 is responsible for the observed C6-selectivity (Figure 2B,C), as expected for a
reaction occurring at a less sterically congested C6 site and at the relatively short distances
between the incoming nucleophile and the reacting triazine 1-oxide carbon in both TS1-C4
and TS4-C6 (1.40 and 1.46 A). The increased steric encumbrance for the addition to C4

is also evident from an energy decomposition analysis (EDA)20 of the two regioselectivity-
determining transition state structures TS1-C4 and TS2-C6 that revealed a substantially
greater destabilizing Pauli repulsion in TS1-C4 than in TS2-C6 (Figure 2D). The greater
Pauli repulsion in TS1-C4 is compensated by stronger electrostatic and charge transfer
interactions, with the donation from the borohydride HOMO to the triazine 1-oxide LUMO
for TS1-C4 and LUMO + 1 for TS2-C6 as the dominant charge transfer contributions, as
indicated by an analysis of complementary occupied-virtual pairs (COVPs)2! (Figure 2E).

In our endeavor to determine if the selectivity observed with carbon, nitrogen, and hydride
nucleophiles is general, we further evaluated nucleophilic addition reactions using stronger
nucleophiles including alkoxide (RO™) and thiolates (ArS™ and RS™). We speculated that
ethoxide or thiolates could undergo addition to the more electrophilic C-4 position, being
adjacent to the electron-withdrawing carboxylate group.

With 1,2,3-triazine 1-oxide 4 nucleophilic attack at position 4 was expected to form a
conjugated oxime followed by loss of molecular nitrogen. Enoximes are important scaffolds
in organic synthesis for the preparation of a.,B-unsaturated carbonyl compounds,2? nitriles,23
pyridines,24 and pyrazole-A-oxides.2> Moreover, enoximes have also demonstrated
biological properties as contact allergens.26 1,2,3-Triazine 1-oxide 4a and NaOEt were
chosen to evaluate selective nucleophilic addition. Remarkably, in ethanol, triazine 1-oxide
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1a was converted into the conjugated enoxime 13a as the only product (83% isolated yield)
in less than 1 h. In addition to being selective for addition to the 4-position, this nucleophilic
reaction is also diastereoselective, producing only one geometrical isomer.

After finding the optimum conditions using 1.2 equiv. of EtONa in ethanol at room
temperature (Table S4), an array of enoximes was prepared from the selective O-
nucleophilic addition at the 4-position of 1,2,3-triazine 1-oxides 4 (Scheme 5). Triazine
1-oxide bearing either EDG or EWG (4b—c, 4f, and 4p) were converted to the corresponding
enoximes 13b—p in high yields but, more importantly, a simple quench and extraction

makes this reaction very practical by not necessitating the use of column chromatography.
Conjugated enoximes with hydrogen as Ry and R, as ethyl 13q or borneol 13r carboxylates
were selectively prepared in moderate to good yields. 1,2,3-Triazine 1-oxides with an

alkyl group in position 5 (isopropyl 4s, cyclopropyl 4t, and cyclopentyl 4u) furnished

the corresponding enoximes 13s—u with excellent dr ratios. Notably, phenols, including
tyrosine, did not undergo nucleophilic addition, and the reactants were recovered unchanged.
However, thiophenolate, generated in situ from thiophenol and triethylamine in methylene
chloride (Table S5), underwent nucleophilic addition at the same 4-position to furnish
enoxime 14a in 95% yield. In addition, sulfur containing amino acid derivatives I-cysteine
methyl ester hydrochloride and I-glutathione dimethyl ester hydrochloride were compatible
for this protocol and provided cysteine/glutathione-substituted enoxime 14b—c in very good
isolated yields (81-88%) at room temperature without evidence of any reaction with the
amino functional group. This highly selective thiolate reaction has potential applications for
protein modifications.2’

The selective methoxide addition at position 4 of the triazine 1-oxide 1 was also
corroborated computationally (Figure 3A) by a lower barrier to the methoxide addition
(AAGF = 1.5 kcal/mol) in the C4 pathway (-5.9 kcal/mol for TS5-C4, cf., —4.4 kcal/mol for
TS6-C6). Interestingly, although greater distortion was observed for TS5-C4 than for TS6-
C6 (Figure 3B), mirroring steric effects for attack at the more congested C4 site observed
for borohydride reduction, methoxide addition to C4 proceeded with a substantially higher
interaction energy, resulting in a smaller activation barrier. EDA of transition states TS5-
C4 and TS6-C6 indicated that the higher interaction energy of TS5-C4 is due to greater
contributions of charge transfer, dispersion, and polarization (Figure 3C). The strong effect
of charge transfer on the C4 selectivity was confirmed by analysis of COVPs that revealed

a significantly stronger dominant HOMO — LUMO + 1 charge transfer in TS5-C4 than in
TS6-C6 (Figure 3D). The reduced steric repulsion and increased interactions for the reaction
with methoxide are in line with the longer distance between the nucleophile and the reacting
site (1.92 and 2.55 A for TS5-C4 and TS6-C6) and the higher HOMO energy (-5.66

eV for methoxide and —7.88 eV for borohydride), resulting in the reversal of selectivity

in favor of C4 addition. Dinitrogen extrusion is readily accessible for the reaction with
methoxide from C4 addition intermediate 15 via TS7-C4 (AG* = 13.6 kcal/mol), resulting
in the exergonic formation of E-product 16, consistent with the experimental observations.
Furthermore, in parallel to the reactivity observed in the borohydride reduction, the barrier
to dinitrogen extrusion from intermediate 17 in route to azetidine 18 in the C6 pathway was
prohibitively high, restricting the methoxide system to the kinetically facile C4 pathway. A

JAm Chem Soc. Author manuscript; available in PMC 2024 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

De Angelis et al. Page 8

broadly similar kinetic profile was observed for the reaction with thiophenolate (Figure S10

in the Supporting Information), i.e., selectivity was determined by the lower-barrier nitrogen
extrusion in the C4 pathway despite the kinetic preference for the C6 position in the addition
step.

With 1,2,3-triazines 1, nucleophilic attack at position 4 was expected to form aldehyde
derivates after loss of N, and subsequent imine hydrolysis (eq 3).28 However, a different
outcome occurred when PhSH was added to triazine 1 in the presence of a base as
triethylamine. Thiophenoxide underwent nucleophilic addition at the 6-position to furnish
in high yield the sulfide compound 19 after N, elimination and hydrolysis of imine (eq 4).

H,0
NN i —
Nu addition gy -+
N N :tc-{-‘:” Elimination ~ NH Nu NH, 0 Nu
(Eq. 3)
Ph Ph H.O Ph
A COE prgs H COEY
I , -N, ~ 2 H Z COQE!
N\N-,N Nu addition  Elimination ;Ph NH 'h 0
atC4 A N5 10, 879%
1a '
(Eq. 4)

The presence of imine intermediate A was observed by HRMS, and the configuration of 19
was established by NOE correlation between the vinyl hydrogen and the aromatic protons
on both phenyl rings. In contrast, treatment of EtO™ with triazine 1a produced a complex
mixture of byproducts from which no major product was identified, and products anticipated
from attack at either the 4- or 6-position (eq 3 and eq 4) were not detected.

Conclusions

In conclusion, 1,2,3-triazine 1-oxides showed similarities, but remarkable differences, with
1,2,3-triazines in nucleophilic addition reactions. In particular, the site of addition in 1,2,3
triazines 1-oxide was the same as that for 1,2,3-triazine in IEDD cycloadditions, and C

or N addition occurred at the 6-position followed by N,O/N5 elimination and cyclization
pathways, but triazine 1-oxide exhibited an enhanced rate of product formation. The site

of addition in the triazine 1-oxide core was reversed when TMSN3 was applied, which
occurred at the 4-position to form enoximes. Hydride addition from NaBH,4 occurred at the
6-position of both N-heterocycles but furnished different products and yield, the probable
cause for which is explained. Sulfide addition to 1,2,3-triazine also occurred at position 6.
However, the addition of O and S nucleophiles to triazine 1-oxides showed a reversal in the
site of addition, preferring the 4-position to obtain enoximes. Our computational studies,
which include activation-strain distortion/interaction analysis, have provided a detailed
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description of the structural and electronic effects that are responsible for the divergent
outcomes observed in the reactions of triazine 1-oxides with different nucleophiles. While
the less substituted C6 position favors the attack by a nucleophile that is sensitive to steric
encumbrance (i.e., borohydride, due to the shorter forming C-H bond), the reaction with
methoxide benefits from stronger interactions at the C4 position. Finally, the kinetic facility
of nitrogen extrusion after the C4 addition of methoxide and thiophenolate leads to the
formation of enoximes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Linear fitting of triazine 1-oxide 4a (blue) and triazine 1a (orange) with methyl
3-oxopentanoate; (B) linear fitting of triazine 1-oxide (orange) and triazine (blue) with

benzamidine.
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Figure 2.

DIgT computational studies of borohydride reduction of triazine 1-oxide 4a. (A) Computed
Gibbs free energy profile, AG, kcal/mol. (B) Distortion/Interaction analysis for TS1-C4
and TS2-C6. (C) Distortion/Interaction analysis for the C4 and C6 pathways. (D) Energy
decomposition analysis for TS1-C4 and TS2-C6. (E) Dominant complementary occupied-
virtual pairs (COVPs) for TS1-C4 and TS2-C6.
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Figure 3.
DFT computational studies of the methoxide reaction with triazine 1-oxide S1. (A)

Computed Gibbs free energy profile, AG, kcal/mol. (B) Distortion/interaction analysis for
TS5-C4 and TS6-C6. (C) EDA for TS5-C4 and TS6-C6. (D) COVPs for TS5-C4 and
TS6-C6.
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a. Nucleophilic addition to 1,2,3-triazine (ref. 3)

N A=B A N2 V? Cyclization B
III\N/’N Nucleophilic HN. -N Elimination HN W//A N\B/,A
> °  addition N B
b. H,C,N,S Nucleophilic addition to 1,2,3-triazine 1-oxide this work
Nu @ 4 position N oF N o Q%ro
- I I I
N N; _N  OEt N SR
HO HO HO
H
Nu@ 6 positiorl X oF I X BF =
O N _NH N__B -3
0 &N’ N A-B
c. H,C,N,S Nucleophilic addition to 1,2,3-triazine this work
Nu @ 6 position X — oF | N or P
/
NH N__B =
X=8SAr, H

Scheme 1.
Nucleophilic Addition to 1,2,3-Triazine and 1,2,3-Triazine 1-Oxide
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4 Reaction conditions: 1 or 4 (0.1 mmol, 0.1 M in DCM) was added all at once to a vial
containing methyl 3-oxopentanoate (1.2 equiv., 0.12 M) and DABCO (2.0 equiv.) at rt.
Benzamidine (1.2 equiv.) was added all at once to a vial containing 1 or 4 (0.1 mmol, 0.05 M

in dioxane) at rt.
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(a) C-6 selectivity

| ] (b) C-4 selectivity
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Scheme 3.

Reverse Site of Nucleophilic Addition with

N-Nucleophile ¢

4 Reaction conditions. MeNHNH as the nucleophile: MeNHNH, (1.5 equiv.) was added all
at once in a vial containing 4a (0.1 mmol, 0.05 M in DCE). The reaction was continued for
4 h at rt. TMSN3 as the nucleophile: TMSN3 (1.5 equiv.) was added all at once in a vial

containing 4a (0.1 mmol, 0.05 M in MeOH) at rt. The reaction was continued for 12 h at 45

°C. b71% of 4a was recovered.
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Scheme 4.
Synthesis of 3,6-Dihydro Triazine-1-oxide with NaBH,¢

4 Reaction conditions: 4 (0.1 mmol, 0.05 M in CF3CH,0H) was added dropwise to a vial
containing NaBH, at 0 °C. The reaction was continued for 4 h min at 0 °C.
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Scheme 5.

Synthesis of Enoxime with Ethoxide or Thiophenolate as Nucleophiles?

4 Reaction conditions. NaOEt as the nucleophile: 4 (0.1 mmol, 0.05 M in CH3CH,OH) was
added in a vial containing CH3CH,ONa (1.2 equiv., 0.1 M in CH3CH,OH) dropwise at rt.
The reaction was continued for 2 h at rt. RSH as the nucleophile: 4a (0.1 mmol, 0.05 M

in CH,Cl,) was added in a vial containing RSH (1.2 equiv. 0.1 M in CH,Cl,) and triethyl
amine (2.0/3.0 equiv.) dropwise at rt. The reaction was continued for 1-2 h at rt.
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